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Abstract 
Pseudomonas aeruginosa chronic lung infection is a major cause of morbidity and mortality in 

people with Cystic Fibrosis (pwCF). Although frequently treated with the polymyxin antibiotic 

colistin, chronic infection is often impossible to eradicate despite low rates of colistin resistance. 

In this work it was hypothesised that bacterial adaptation to the lung environment reduces 

susceptibility to colistin. 

The established synthetic sputum model SCFM-2 was modified to investigate the impact of 

sputum composition on P. aeruginosa susceptibility to antimicrobials, using the well 

characterised strain PA14 and relevant CF clinical isolates. Synthetic sputum significantly 

reduced susceptibility to colistin in both PA14 and clinical isolates.  

Extracellular DNA (eDNA) was found to be the key component responsible and was sufficient to 

reduce susceptibility to colistin in a dose-dependent manner. MALDI-ToF lipidomic analysis of 

lipid A revealed that eDNA induced LPS modification with phosphoethanolamine (pEtN). Mutants 

lacking either eptA or arnC confirmed modification of LPS with pEtN and 4-amino-4-deoxy L-

arabinose (L-ara4N) were important for eDNA-induced reductions in colistin susceptibility. 

Reduced susceptibility was shown to occur via multiple two-component systems: ColRS, PmrAB 

and CprRS. Next, it was found that eDNA also induced resistance to the novel antimicrobial 

murepavadin. However, eDNA-induced resistance was circumvented by exposing bacteria to 

colistin and murepavadin in combination. Bacteria could also be sensitised to colistin or 

murepavadin by targeted normalisation of pH in the presence of eDNA by NaHCO3 confirming 

environmental pH as an important trigger of reduced susceptibility. 

This work demonstrates a previously unrecognised role for endogenous pEtN modification of LPS 

in host-triggered colistin resistance in P. aeruginosa. Both NaHCO3 and the novel antimicrobial 

murepavadin enhanced colistin-mediated killing in synthetic sputum indicating their potential 

value as therapeutics in pwCF. 
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Chapter 1: Introduction 
1.1 Pseudomonas aeruginosa 

1.1.1 General characteristics 
Pseudomonas aeruginosa is a Gram-negative, non-lactose fermenting, oxidase-positive, 

catalase-positive, rod-shaped bacterium (1). First described by the French military surgeon 

Charles-Emmanuel Sédillot in 1850, P. aeruginosa was noted to cause a sweet odour and blue-

green discolouration of bandages around wounds (2).  Subsequently, the bacterium was isolated 

by the pharmacist Carle Gessard in 1882 (3). The blue-green colouration arises from the 

production of pigments pyoverdine and pyocyanin, synthesised by many strains, and remains a 

hallmark of P. aeruginosa infection (4,5).  P. aeruginosa is ubiquitous in the environment and is 

often found in water or wet environments (6). This can be particularly problematic in hospital 

water supplies where colonisation of sinks and damaged water pipes has been associated with 

outbreaks of invasive disease (7). P. aeruginosa causes a wide spectrum of disease in humans 

and, whilst it rarely causes severe disease in the immunocompetent, is a significant source of 

morbidity and mortality in immunocompromised individuals and people with cystic fibrosis 

(pwCF) (8). 

P. aeruginosa is an extremely versatile and adaptable pathogen. This versatility is, in part, 

conveyed by a relatively large genome (5.5-7 Mb), which allows for pleiotropic metabolic 

responses depending on nutrient availability (9). Freshi et al estimated the core genome to 

represent only 665 genes, or 1% of the entire genome (10). The relatively large accessory genome 

allows P. aeruginosa to adapt to a range of environments, including on and within humans, and a 

diverse range of animal species, in addition to persisting in the external environment (11). 

Coupled with the large genome are numerous two-component systems (TCSs) which allow P. 

aeruginosa to sense and respond to a wide variety of external stimuli. For example, P. aeruginosa 

strain PAO1 encodes 63 different sensor kinases, approximately double the number for E. coli 

(12). Although P. aeruginosa is commonly considered an aerobic organism, under anaerobic 

conditions it can utilise denitrification to produce energy in the presence of nitrite or nitrate, 

providing additional nutritional flexibility (13). Additionally, arginine or pyruvate can be used for 

fermentation (14). P. aeruginosa can utilise an array of carbon sources for aerobic respiration 

including amino acids, DNA, glucose, succinate, lactate and N-acetyl-glucosamine many of 

which are available during infection (15).    
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P. aeruginosa possesses a range of virulence factors that facilitate human infection. 

Quorum sensing is a system by which bacteria use small molecules to communicate with one 

another about population size (16). As the diffusible small molecules accumulate, they activate 

transcriptional pathways within different cells. P. aeruginosa possesses at least 3 known quorum 

sensing circuits: LasI/LasR, RhlI/RhlR and PQS (16). Whilst there is crosstalk between these three 

systems, an additional fourth circuit, IQS, modulates the behaviour of PQS and Rhl genes in low 

phosphate conditions (17). Collectively these systems regulate many virulence phenotypes 

including biofilm formation and pyocyanin production (18). P. aeruginosa is able to switch 

between planktonic and biofilm modes of growth (19). Biofilms are communities of bacteria 

encased in extracellular polymeric substances (EPS) such as secreted exopolysaccharides, 

extracellular DNA (eDNA) and proteins (19). Biofilms facilitate persistence in both the 

environment and in infection, including the CF lung, and reduce bacterial susceptibility to both 

antimicrobials and host immune effectors (20,21). Biofilm formation is also associated with 

medical devices including urinary catheters and endotracheal tubes contributing to urinary tract 

infection (UTI) or ventilator-associated pneumonia (VAP) respectively (22,23). With a plethora of 

virulence factors, metabolic and regulatory plasticity P. aeruginosa is readily able to adapt to the 

human host.  

1.1.2 P. aeruginosa as an opportunistic pathogen 
Being versatile, P. aeruginosa can infect a range of host tissues including skin and soft 

tissue, the lung, the urinary tract and the bloodstream (summarised in Fig 1.1). Skin and soft 

tissue infections are particularly prevalent in burn patients (24). The severity of skin infection can 

vary from relatively superficial colonisation of leg ulcers to an aggressive infection of the external 

pinna which progresses to invasive skull-base osteomyelitis in a condition called ‘malignant otitis 

externa’(25,26). Malignant here refers to the invasive nature of the disease and not a neoplastic 

process. The most severe manifestations of P. aeruginosa are seen in patients with underlying 

immunocompromise, with malignant otitis externa being far more common in patients with 

diabetes, for example (25). P. aeruginosa bacteraemia is much more prevalent in patients with 

neutropenia than the general population and P. aeruginosa is the most frequently isolated 

pathogen from the lungs of pwCF (27,28) 

 Severe infections in immunocompetent individuals are seen in conjunction with plastic 

medical devices and are promoted by the ability of P. aeruginosa to form biofilms. For example, 

P. aeruginosa is common cause of catheter associated urinary tract infection (UTI) and the most 

frequent cause of ventilator associated pneumonia (VAP) (22,23). P. aeruginosa is also 

associated with severe forms of keratitis (infection of the cornea) linked to contact lens use (29). 
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Aside from medical devices P. aeruginosa is increasingly recognised as a cause of infective 

exacerbations of chronic obstructive pulmonary disease and non-CF bronchiectasis (30). 

Figure 1.1 Clinical manifestations of P. aeruginosa infection. UTI – urinary tract 
infection. VAP – ventilator associated pneumonia. CF – Cystic fibrosis 
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1.1.3 Antimicrobial susceptibility and resistance in P. aeruginosa 
 One of the major challenges in treating P. aeruginosa infections is that the organism 

possesses intrinsic resistance to multiple classes of antibiotics. This intrinsic resistance arises 

from multiple mechanisms including: a relative impermeability of the outer membrane, alongside 

chromosomally encoded multi-drug efflux pumps MexXY, MexAB, MexCD, MexEF, and an AmpC 

β-lactamase(31–33). Together, these mechanisms confer resistance to many antibiotics 

routinely used to treat other Gram-negative infections, including: penicillin and amoxicillin with 

clavulanic acid; many cephalosporins; tetracyclines; macrolides; chloramphenicol and 

ertapenem (34). In addition to these intrinsic mechanisms, P. aeruginosa has a propensity for 

acquiring resistance via mutations that arise during infection, as well as via horizontal gene 

transfer (35). For these reasons P. aeruginosa is recognised as a WHO priority pathogen for which 

new treatments are urgently needed (36).  

Drug resistance in P. aeruginosa is particularly problematic due to the already limited repertoire 

of antibiotics available for treatment. Multiple studies have demonstrated that infection with 

antibiotic-resistant isolates is associated with a high excess mortality relative to susceptible 

strains (37–39). The reasons for this are likely complex, however, resistance to many first line 

agents coupled with a delay in effective antibiotic therapy and a particularly vulnerable 

susceptible population, likely contribute. Because of high levels of intrinsic resistance, it has 

been difficult to classify P. aeruginosa resistance in the same manner as other enterobacterales 

because acquisition of resistance to the very few classes of antibiotic available rapidly 

introduces significant therapeutic challenges. As such, the Infectious Disease Society of America 

(IDSA) has adopted a novel classification of resistance: Difficult-to-treat resistance (DTR) (40). 

Whereas multi-drug resistance (MDR) is defined as non-susceptibility to at least 1 drug in 3 

classes to which P. aeruginosa would be expected to be susceptible, DTR is defined by the IDSA 

as non-susceptibility to piperacillin-tazobactam, ceftazidime, cefepime, aztreonam, 

meropenem, imipenem-cilastatin, ciprofloxacin and levofloxacin (40). This list encompasses 

many of the first line agents used against P. aeruginosa. The remaining drug options are either 

novel compounds or older antimicrobials with an unfavourable side-effect profile. The currently 

available treatment options for P. aeruginosa infection are outlined below.  

β-lactams 

β-lactam antibiotics are a group of generally bactericidal compounds that block bacterial 

cell well synthesis by inhibiting penicillin binding proteins (PBPs) which cross-link the 
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peptidoglycan in the cell wall (41). β-lactams enter the bacterial cell through porins in the outer 

membrane (42). Due to their broad spectrum of activity and relatively mild side-effect profile β 

lactams remain first line therapy for many infections. The combination of β-lactams with β-

lactamase inhibitors further increases their spectrum of activity (41). This group of antibiotics 

includes penicillins, cephalosporins, carbapenems and monobactams (aztreonam). Due in part 

to a chromosomally encoded AmpC beta-lactamase, which can be readily upregulated in 

response to antibiotic exposure, P. aeruginosa is intrinsically resistant to many penicillins and 

cephalosporins however, the β-lactam β-lactamase combination piperacillin-tazobactam and 

cephalosporin ceftazidime are commonly used in the UK as first line therapy for severe infections 

where there is a low risk of pre-existing resistance (35,43,44). Second line therapy commonly 

involves the use of a carbapenem although it should be noted that P. aeruginosa has intrinsic 

resistance to ertapenem, and imipenem is recommended against due to the high risk of acquiring 

resistance during treatment (43). For resistant isolates, a range of new agents has become 

available recently, including the β-lactamase inhibitor combinations ceftazidime-avibactam and 

ceftolozane-tazobactam both now licensed in the UK for severe MDR infection (45,46). The novel 

cephalosporin / siderophore cefiderocol has also recently become available (47). Carbapenem 

resistance is an ongoing challenge and can arise from both the acquisition of carbapenemases 

and the upregulation of drug efflux pumps (48). 

Concerningly, resistance is emerging to newer cephalosporins. Ceftolozane-tazobactam 

is not effective against strains with metallo-betalactamases (MBLs) or carbapenemases but 

appears effective against P. aeruginosa with upregulated drug efflux or de-repressed AmpC 

production (43). Similarly, ceftazidime-avibactam is not active against MBLs but does retain 

some activity against KPC and possibly OXA-48 carbapenemases(43). Rates of resistance to 

cefiderocol appear to be low even amongst carbapenemase producing isolates (49). Reduced 

susceptibility has been associated with mutations in regulators of the TonB iron transporter 

pathway, mutations in ampC in strains possessing NDM carbapenemases (50).  

Aminoglycosides 

 Aminoglycosides are bactericidal antibiotics which inhibit the 30s ribosomal subunit of 

bacteria and cause aberrant peptide production (51), resulting in death due to misfolded proteins 

and an associated loss in membrane barrier formation. Cationic aminoglycosides promote their 

own uptake by binding to negatively charged components of bacterial membranes increasing 

permeability (51,52). Further entry into the cell is dependent on the electron transport chain and 

the resulting membrane potential this generates (52). Gentamicin, amikacin and tobramycin are 

the most widely used parenteral agents in the UK (53). Recently European Committee on 
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Antimicrobial Susceptibility Testing (EUCAST) has recommended against the use of 

aminoglycosides as monotherapy in severe infections and against the use of gentamicin for P. 

aeruginosa in general, due to the high risk of treatment failure (54). However, whilst monotherapy 

appears to be associated with worse outcomes than combination therapy in bacteraemia, it can 

be used for urinary tract infection (55). Tobramycin is the preferred agent for treating P. aeruginosa 

(56). Resistance to aminoglycosides arises from lipopolysaccharide (LPS) modification, target 

site modification, upregulation of drug efflux pumps, particularly MexXY, and can be acquired by 

antibiotic modifying enzymes (57,58). Due to the role of membrane potential in aminoglycoside 

uptake, the availability of carbon sources can also play a role in aminoglycoside susceptibility, 

though the significance of this mechanism is much less well defined (59,60). Aminoglycosides 

are available as intravenous, inhaled or topical agents but cannot be given orally. Systemic use 

can be associated with renal- and oto-toxicity (61). 

Quinolones 

 Quinolones act by inhibiting DNA gyrase and topoisomerase IV, blocking DNA synthesis 

(62). In Gram-negative organisms, they are taken up into the bacterial cell via porins in the outer 

membrane (63). Quinolones represent the only oral antibiotics available to treat P. aeruginosa 

and have the additional benefit of extremely high bioavailability. As such, ciprofloxacin and 

levofloxacin are commonly used for the treatment of infections caused by P. aeruginosa. In recent 

years there has been increasing concern over the use of quinolones due to a broad range of toxic 

side-effects including QT-prolongation, which can be associated with fatal cardiac arrythmias, 

and effects on connective tissue, including increased risk of aneurysmal rupture and tendonitis 

(64). Consequently, in the UK, the Medicines and Healthcare products Regulatory Agency (MHRA) 

has recommended against use of quinolone antibiotics if a commonly used alternative 

antimicrobial is available (65). Resistance most commonly arises due to target site modification 

and reduction of intracellular levels of drug either through the upregulation of drug efflux pumps 

or reduced expression of porins (63). 

Polymyxins 

Polymyxins are a group of cationic antimicrobial peptides with activity against a range of 

Gram-negative organisms including P. aeruginosa (66,67). Though systemic use is limited by 

significant toxicity, predominantly neurological and renal, they remain important last-line agents 

against antibiotic resistant isolates (68). By contrast, as an inhaled agent, colistin is first line 

treatment for chronic P. aeruginosa infection in CF in the UK and is also commonly used alongside 

intravenous antibiotics for the elimination of acute infection and to treat pulmonary 
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exacerbations (69). As the polymyxin colistin will form the main focus of this work, it will be 

discussed in more detail in section 1.3.  

1.2 Cystic Fibrosis 

 1.2.1 Pathogenesis 
Cystic fibrosis (CF) was first described in 1938 by Dorothy Anderson (70). The name arises 

from a pathological description of pancreatic tissue as, in that period, the condition was 

associated with death in early childhood due to nutritional deficiency resulting from defective 

exocrine pancreatic function (71). In the modern period, CF is recognised as a complex multi-

organ disease affecting the sino-pulmonary, gastrointestinal, pancreatic and reproductive 

systems.  In 1989, mutations in the cystic fibrosis transmembrane conductance regulator (cftr) 

gene were identified as the underlying cause of the disease (72–74). Since that time over 2000 

different mutations have been identified (75–77). CFTR is an anion channel, predominantly at the 

apical surface of epithelia, and mutations in cftr typically result in an inability to secrete Cl- and 

HCO3
- ions from epithelial cells. Dysfunction of CFTR results in upregulation of the epithelial Na 

channel (ENaC) giving rise to increased Na+ reabsorption, which in turn drives water reabsorption 

due to the resulting osmotic gradient resulting in increased viscosity of secretions  (78,79).  

Different cftr mutations are associated with differing severity of disease, although the 

data linking specific genotypes and phenotypes is incomplete. Mutations are classified I – VI, 

according to the way in which protein production or function is affected (80).  Class I mutations 

are associated with premature termination codons often as a result of frame shifts or deletions 

resulting in the production of almost no functional protein. Class II mutations act at the level of 

the endoplasmic reticulum, often resulting in protein misfolding and premature degradation. 

Class III mutations affect channel function by reducing the open probability of the channel. Class 

IV mutations alter the channel conductance. Class V mutations do not alter the structure of the 

channel but alter the abundance of the channel at the membrane, often resulting from changes 

in the promoter sequence or splice variants. Class VI mutations reduce expression at the plasma 

membrane by increasing turnover (80,81). Broadly, Class I, II and III mutations result in a more 

severe phenotype than IV, V or VI, because of the level of channel dysfunction. Recently it has 

been proposed to include a class VII which recognises mutations which do not respond to cftr 

modulator therapy (discussed below) due to the absent production of mRNA (82). It is recognised 

that other risk factors will contribute to severity of disease, including innate immune function, 

nutrition, gender as well as the genetic background of the affected individual (83). F508del is the 

most common CFTR defect, with approximately 90% of pwCF in the Caucasian population 
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carrying at least one F508del causing genetic variant (84). CF is most frequent amongst northern 

European Caucasian populations, although the condition is distributed globally (84). Neonatal 

screening for CF has allowed for accurate estimates of the disease incidence where programs 

are in place. CF is inherited as an autosomal recessive trait with approximately 11,000 affected 

individuals in the UK and an incidence of 1:2500 (27). Although CF affects multiple organ systems 

the greatest contribution to morbidity and mortality arises from lung disease (27,75,85).   

1.2.2 Lung-Disease in Cystic Fibrosis 
Lung disease in CF is typified by repeated episodes of infection, both symptomatic and 

asymptomatic, leading to excessive inflammation, mucus hypersecretion and destruction of lung 

tissue. Damage to lung tissue begins early in cystic fibrosis, with evidence of structural damage 

apparent in approximately 20% of pre-school children (86,87). Recurrent infection is the result of 

impaired mucociliary clearance and an ineffective, excessive immune response.  

Impaired mucociliary clearance is thought to arise from dehydration of respiratory mucus 

both as a consequence of increased Na+ absorption (78,79), which promotes the uptake of water 

by osmotic pressure, and a failure to secrete HCO3
- leading to defective mucin maturation (88). 

The resulting thick secretions compress the ciliated epithelium reducing the frequency of ciliary 

beating resulting in mucus stasis, which in turn results in ineffective pathogen and foreign body 

clearance allowing opportunistic infection, which drives further inflammation and associated 

destruction of lung tissue(89,90).  

Innate immune responses also appear to be dysfunctional in CF. Under normal 

conditions innate immune pattern recognition receptors (PRRs) expressed on epithelial cells and 

tissue resident immune cells, recognise pathogen associated molecular patterns (PAMPS) 

leading to the production of pro-inflammatory cytokines and the recruitment of innate immune 

effector cells and production of innate immune effectors (91). Inflammation in the lung is tightly 

regulated such that pathogens are cleared whilst bystander tissue damage, for example that 

caused by secreted proteases, is minimised. Inflammation in the CF lung is characterised by 

extensive neutrophilic infiltration and the production of pro-inflammatory cytokines. Defective 

CFTR function appears to directly impair the normal function of phagocytes, both neutrophils and 

macrophages, by reducing their ability to kill bacteria (92,93). CFTR appears to be important for 

the generation of intracellular chloride and oxidative mediators involved in lysosomal killing (93). 

Failure to effectively clear pathogens results in further immune cell recruitment. Activated 

neutrophils release neutrophil-extracellular traps (NETs), a combination of DNA, histones and 

enzymes, which, though cytotoxic, can contribute to biofilm formation by P. aeruginosa (94).  
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Local acidification by DNA release can impair the function of endogenous antimicrobial peptides 

(95). 

Acute deteriorations in respiratory function, often associated with infection, are referred 

to as pulmonary exacerbations. These exacerbations can be associated with a sudden, 

potentially irreversible, decrease in lung function (96,97) and frequent exacerbations are a poor 

prognostic indicator. Over time, repeated episodes of infection lead to a decline in lung function 

and the development of bronchiectasis, which describes the abnormal widening of the bronchi, 

and is associated with excessive mucus secretion, purulent sputum production, and ineffective 

airway clearance(85). Over time recurrent infection and inflammation results in lung damage 

leading to respiratory failure and the need for lung transplantation. Because of the concern that 

functional tissue, once lost during an exacerbation, may not be subsequently recovered, 

pulmonary exacerbations are managed aggressively, usually with a combination of inhaled and 

either intravenous or oral antibiotics (97–99). 

Pulmonary function is typically monitored with spirometry and much of our 

understanding of disease progression and the impact of treatment comes from observed 

changes in pulmonary function tests. The two most commonly assessed parameters are the 

forced expiratory volume in 1 second (FEV1) and the forced vital capacity (FVC) (100). The FEV1 is 

the maximum volume of air an individual can exhale in the 1st second following maximal 

inspiration. It is dependent on airflow in the lungs and is therefore reduced when there is airflow 

obstruction (100). FVC is the maximum volume of exhaled air that can be expelled with a maximal 

effort following full inspiration (100). Pulmonary function tests can indicate the rate of lung 

function decline but may also give an indication of pulmonary exacerbation. However, they may 

be relatively insensitive to lung damage in the distal airways as many individuals with 

bronchiectasis on cross-sectional imaging may have preserved pulmonary function tests 

(101,102). Results will also vary within the same individual based upon technique. Furthermore, 

they require a degree of compliance that is not achievable in very young children.  Other markers 

such as lung clearance index (LCI) are being investigated, particularly for use in young patients 

(103). 

During the lifetime of people with CF (pwCF) particular pathogens tend to predominate. 

In early life the Gram-positive bacterium S. aureus is the most frequently isolated respiratory 

pathogen and was isolated in post-mortem samples during Anderson’s original description (70). 

There is considerable uncertainty around the management of S. aureus in CF, although the 

bacterium if frequently isolated, it is unclear how far isolation contributes to infection and 
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disease. CF-START is an ongoing clinical trial examining the role of anti-staphylococcal 

prophylaxis in CF (104). There is particular concern that over-treatment of S. aureus with 

prophylaxis leads to early acquisition of P. aeruginosa (105,106). In the later stages of the disease, 

whilst P. aeruginosa is still present, other opportunistic pathogens may invade including 

Burkholderia cepacia and atypical (environmental) mycobacteria such as Mycobacterium avium 

(107). Fungal pathogens such as Aspergillus fumigatus may also emerge at this stage 

opportunistically colonising lung cavities (107). 

 

 
Figure 1.2 Model of Cystic Fibrosis Lung Disease (from (85)) 
 

1.2.3 P. aeruginosa in Cystic Fibrosis 
 P. aeruginosa is a major cause of morbidity and mortality in pwCF (108) and is the most 

frequently isolated pathogen from the lungs of pwCF in the UK (27) and second most common in 

the US (109). Chronic infection with P. aeruginosa is associated with a more rapid decline in lung 

function and early mortality (110–112). Initial infection occurs early in pwCF, with the most recent 

UK CF registry data reporting 2.8% of patients had P. aeruginosa detected in at least 1 respiratory 

sample before the age of 3 (27). Sampling bias from expectorated samples means that it can be 

difficult to know whether this reflects oropharyngeal colonisation or true airway infection. 

However, studies using bronchoalveolar lavage (BAL) for sampling, which identified P. aeruginosa 

within the lungs of young patients, support these findings. An Australian study that performed 

BAL screening annually in patients under 6 years old reported detection of pseudomonas in 

28.4% of children with a median age of just 30 months (113). Similarly, another Australian study 
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of BAL directed therapy of 168 children under 5 reported mean age of acquisition of P. aeruginosa 

of 2.4 years (114). The study also reported high genetic diversity of P. aeruginosa between 

individuals, consistent with distinct acquisitions from the environment, rather than patient-to-

patient transmission. Over time, acute and intermittent infection with wild-type P. aeruginosa 

gives way to chronic infection associated with the emergence of host-adapted phenotypes (108). 

Initial Infection 

Respiratory disease in CF is typified by repeated episodes of infection with characteristic 

organisms. In the first 3 years of life, S. aureus and H. Influenzae predominate (107). Over time, 

these give way to intermittent infection with P. aeruginosa. The precise mechanisms by which P. 

aeruginosa can establish infection in CF, but not in other healthy individuals, are incompletely 

defined. What is clear is that CF results in several important changes in the lung which favour 

bacterial colonisation. Thickened respiratory secretions contribute to impaired mucociliary 

clearance undermining the innate immunity of the airway (115). Evidence from post-mortem 

samples indicates that bacteria are localised to the mucus accumulated in the airway lumen and 

therefore it may be that impaired clearance of mucus is an adequate explanation by itself (116). 

Evidence from porcine models indicates that further defects of innate immunity are present, and 

that acidification or airway surface fluid (ASL) can impair the activity of innate immune effectors 

within the lung (117,118). Finally, pwCF may have impaired neutrophil killing through an inability 

to concentrate hypochlorous acid in phagolysosomes resulting in incomplete bacterial killing 

(93). Despite these immune defects, during acute infections it is still possible to eradicate P. 

aeruginosa with antibiotic therapy.   

Chronic Infection 

Over time, acute infection gives way to chronic infection where antibiotics are no longer 

effective in clearing bacteria. In the UK registry, chronic infection is defined as 3 or more isolates, 

from respiratory samples, of P. aeruginosa in a 12-month period (27). Longitudinal studies have 

revealed that individuals are often colonised by the same strain of P. aeruginosa for years (119–

121). The rapid expansion in availability and affordable whole genome sequencing has allowed 

for several studies to reveal the process of adaptive evolution which occurs in many P. aeruginosa 

strains during the chronic infection process (119).  Several phenotypes are frequently 

encountered in pwCF and will be discussed briefly below, they include: hypermutable strains; 

mucoid strains; lasR mutants; strong biofilm formers and strains with LPS modifications. 

Hypermutability 
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 Hypermutators are bacteria that show an increased rate of mutations, in some cases up 

to 1000-fold, compared to wild type isolates. Hypermutators are usually associated with loss of 

function in DNA repair or proof-reading enzymes (122). In P. aeruginosa mutations commonly 

arise in DNA mismatch repair enzymes mutS and mutL (123). Hypermutators are thought to occur 

with increased frequency in pwCF, possibly due to long-term colonisation (124,125). For 

example, one series published by Marvig et al, collected over 22 years, identified hypermutators 

in 48% of patients (125), whilst Waine et al identified hypermutators in 16/32 patients (126). The 

phenotype was more frequently seen in patients with worse lung function and mucoid 

phenotypes. Intuitively there would appear to be an advantage in increased adaptability in the 

‘hostile’ lung environment where bacteria will frequently encounter immune effectors, compete 

with other colonising bacteria, and be exposed to antimicrobials.  However, many mutations will 

be deleterious and so adaptability comes at a cost. 

Quorum Sensing 

As discussed earlier, the quorum sensing systems of P. aeruginosa allow the bacterium 

to regulate the expression of virulence genes in association with its population size and density. 

Whilst this may be important in early infection, chronic infection appears to select for loss of 

function mutations in lasR (127–129), although the selection pressure for this is unclear. One 

hypothesis is that it relates to the hierarchical structure of quorum sensing in P. aeruginosa with 

some products produced by Rhl or PQS negatively regulated by LasR conveying an advantage 

within the lung (130). Alternatively, D’argenio and colleagues observed enhanced growth in the 

presence of amino acids and increased production of β-lactamase in both clinical isolates and 

engineered lasR mutants (131).  

Exopolysaccharide production 

Mucoid colonies arise from over production of the exopolysaccharide alginate, which is 

synthesised by the products of a 12 gene operon algD-algA (132). Expression of the operon 

requires the activity of the sigma factor AlgT (aka AlgU), which also regulates an array of other 

genes involved in the envelope stress response (133,134). Under normal conditions AlgT is 

sequestered by the anti-sigma factor MucA (135). Commonly, in mucoid strains mutation in the 

gene encoding MucA gives rise to a truncated, non-functional protein and release of AlgT leading 

to the expression of its downstream effectors(136,137). Some of the downstream effectors of 

AlgT are known to repress several other virulence factors, including Psl and the type III secretion 

system(138,139). Mucoid P. aeruginosa typically emerges later in disease, with one longitudinal 

study from the US reporting median age of isolation of P. aeruginosa at 1 year but median isolation 
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of mucoid variants at 13 years (140). Consistent with this the emergence of mucoid variants is 

also associated with more severe lung disease (141,142). In vitro, oxidative stress selects for the 

emergence of mucoid variants, and it has been hypothesised mucoidy represents an adaptation 

to the host immune response (143–145). Although mucoid strains are associated with more 

severe disease, controversy remains over the selective advantage of mucoidy over wild-type (WT) 

strains. The best evidence supports a role in innate immune evasion and biofilm maturation 

(143,144,146–148). Mucoidy is thought to increase resistance to both antibiotics and host-

derived antimicrobials (147,149) 

Related to, but distinct from mucoidy, is the over production of exopolysaccharides Psl 

and Pel (145). This results in the formation of rugrose small-colony variants (SCVs), which are 

hyper-aggregative when grown in liquid culture (150,151) and thus have been hypothesised to 

play a role in biofilm formation (132,152). They have also been demonstrated to have reduced 

susceptibility to host antimicrobial peptides and the aminoglycoside tobramycin (150,153). 

Phenotypically, rugrose SCVs produce small, wrinkled colonies on solid media. 

Biofilm 

 P. aeruginosa has become a paradigm for biofilm formation (154). Biofilms are bacterial 

communities encased in an extracellular matrix adherent to a surface. The biofilm mode of 

growth provides a high degree of protection from host immunity and antimicrobials. Biofilm has 

been hypothesised to represent a major proportion of colonising P. aeruginosa in CF lung with 

biofilms identified in post-mortem samples (155,156). Under in vitro conditions designed to 

mimic the CF lung environment, P. aeruginosa switches to a biofilm mode of growth (157). 

However, even in the late stages of CF, bacteria with features related to planktonic growth and 

acute infection are still isolated (158,159). The biofilm matrix contains a combination of 

exopolysaccharides, lipids, proteins and extracellular DNA (eDNA) that provide structural 

support to the community. eDNA is increasingly recognised as a vital component of biofilm so 

much so that, even though most of the eDNA in biofilm is host-derived, P. aeruginosa possesses 

an autolytic mechanism, under the regulation of the PQS quorum sensing system, to release its 

own DNA (160–162). eDNA is thought to contribute to biofilm acidification and, being negatively 

charged can restrict diffusion of aminoglycosides and cationic antimicrobial peptides 

(94,163,164). Whilst the matrix itself contributes to restricted access of antimicrobials to 

bacteria, metabolism and gene expression of bacteria within the biofilm is also altered, which 

contributes to altered susceptibility. Pamp and colleagues demonstrated that metabolically 

active cells are restricted to the outside of the biofilm and that different subpopulations had 

altered susceptibility to different antibiotics (165). Metabolic quiescence can reduce 
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susceptibility to antimicrobials including those that target peptidoglycan synthesis (beta-

lactams), protein synthesis (aminoglycosides), and DNA synthesis (quinolones) (166). 

 Whilst a great deal of work and emphasis has been placed on strategies to eradicate 

biofilm, it is unclear whether eradication of established biofilms is possible. Even in 

immunocompetent hosts, treatment of biofilm requires surgical debridement and this is simply 

not possible in the lung. Current inhaled therapies therefore aim to suppress chronic infection 

rather than eradicate it. Recognising treatment recalcitrance in early CF infection and optimising 

P. aeruginosa clearance remains a reasonable strategy for preventing chronic infection. It is well 

recognised that the CF lung promotes biofilm formation and that biofilms reduce susceptibility 

to antimicrobials. What is less clear is whether the lung environment reduces susceptibility of 

bacteria to antimicrobials per se in the absence of biofilm and whether understanding the 

mechanisms of host-induced bacterial resistance may have wider implications for eliminating P. 

aeruginosa infection. 

LPS modification 

 LPS is the major constituent of the outer leaflet of the outer membrane of Gram-negative 

bacteria where it is responsible for restricting access of extracellular substances to the periplasm 

(167). Additionally, LPS is a potent immunostimulant, recognised by the innate immune receptor 

TLR4 (167,168) and is thought to play an important role in activating the host immune system in 

Gram-negative sepsis (169). In response to the presence of bacteria, the host often produces 

antimicrobial peptides such as LL37 that target the LPS-containing membrane (66,170). LPS is 

also targeted by the polymyxin antibiotic colistin, which is a front-line treatment for P. aeruginosa 

infection in CF. As such, there is a strong selection pressure to modify LPS to alter these 

interactions and promote P. aeruginosa survival. Ernst and colleagues reported that particular 

lipid A structures were more common in P. aeruginosa isolated from the sputum of pwCF (171). 

In particular, modification of the lipid A moiety with aminoarabinose (L-ara4N) loss of lipid A 

deacylase (PagL) activity and the addition of palmitate moieties (171,172). TheL-ara4N 

modification was reported in 24.3% of isolates and is associated with resistance to endogenous 

cationic peptides, polymyxins and aminoglycosides, though expression of this modification 

alone is not sufficient to convey high level colistin resistance(172,173). By contrast, increased 

acylation is associated with stronger inflammatory responses in host cells (174,175). 

 Whilst this list is by no means exhaustive, it highlights some of the more frequently 

encountered phenotypes of P. aeruginosa in CF and emphasises the key message that the CF 

lung environment exerts strong selection pressure on P. aeruginosa to adapt into a wide range of 
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phenotypes. Presently, work is being done to link our understanding of the diverse range of 

mutations identified in CF isolates and categorise them according to their functional impact on 

P. aeruginosa survival in CF lung. The genetic diversity of P. aeruginosa in addition to prolonged 

diversification within the CF lung means the impact of any given mutation will vary considerably 

between strains. Thus, linking single mutations or groups of mutations with functional outcomes 

can be challenging. 

1.2.4 Treatment of Cystic Fibrosis Lung Disease 
Cystic fibrosis management has seen remarkable progress in the last few years with the 

introduction of CFTR modulator therapy. The first cohort of patients treated with these 

remarkable drugs is aging and the long-term disease course of CF for individuals on treatment is 

only just beginning to be elucidated (176). Much of the data for this section comes from the pre-

CFTR modulator era. Where relevant I have highlighted where disease processes are changing, 

and I discuss CFTR modulators in more detail. Whilst there is much optimism, CFTR modulators 

are not curative and they do not treat all CFTR mutations. Furthermore, they will not reverse 

already-established structural lung disease. CF lung disease remains a major cause of morbidity 

and mortality and opportunistic infections remain a major challenge in prolonging the life of 

pwCF. 

Mucolytics 

 Treatment of CF lung disease aims to maintain lung function for as long as possible. 

Mechanistically this is achieved by clearing secretions and treating or preventing infection. Daily 

physical therapy helps clear secretions whilst inhaled mucolytics can reduce sputum viscoscity. 

Recombinant human DNAse (rhDNAse) reduces sputum viscosity by shortening DNA molecules 

which accumulate in CF sputum (discussed below). Systematic review of RCT data demonstrates 

that regular use of nebulised rhDNAse is associated with an increase in FEV1 relative to placebo, 

and a reduction in pulmonary exacerbation frequency (177).  

Mannitol and hypertonic saline are used as inhaled therapies to draw water into sputum 

and reduce sputum viscosity, although evidence supporting this practice is limited, with 

systematic reviews finding a small benefit to lung function with mannitol (178) but no clear 

evidence for hypertonic saline (179). 

CFTR modulators 

In the past few years, a novel class of drugs to treat CF have become available: CFTR 

modulators. These drugs act by restoring the native function of CFTR by compensating for defects 

at different levels of CFTR synthesis and transport. The drugs fall into two different classes: 
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potentiators and correctors. Ivacaftor was the first clinically available CFTR modulator 

specifically for the G551D substitution (180) and acts as a potentiator because it increases the 

open state probability of CFTR in the apical membrane (181) and therefore works for cftr 

mutations that do not block expression of CFTR at the apical membrane (182). Subsequently 

combination therapies were introduced including lumacaftor-ivacaftor and tezacaftor-ivacaftor. 

These combine a potentiator and a corrector. Correctors work by stabilising CFTR variants that 

are normally degraded before they reach the cell surface, such as the F508del variant (183). The 

clinical benefit of dual combination therapy was modest, however, with a 4% absolute increase 

in FEV1  and a 35% reduction in exacerbation frequency relative to placebo in one phase III trial 

(184). The addition of a second corrector, elexacaftor improved the combination of tezacaftor and 

ivacaftor (EFI) resulted in an approximately a 10% increase in FEV1 over tezacaftor-ivacaftor alone 

(185,186).  

As the first cohort of patients treated with this combination ages, data on the wider 

impacts of CFTR modulator therapy are becoming available. Regarding pulmonary infection in 

individuals starting therapy with established lung disease, whilst there appears to be a reduction 

in pathogen burden, and associated inflammation, infections with P. aeruginosa appear to persist 

and may rebound after the first few years (187,188). There is an optimism that early initiation of 

therapy may alter the disease course substantially and clinical data is eagerly awaited. At 

present, however, there is still clearly a need to understand the pathogenesis of and develop 

strategies for eradication of P. aeruginosa in CF. 

Antibiotics 

Antibiotics are a mainstay of treatment in CF. A major component in the management of 

pwCF is regular surveillance to identify new acquisitions of P. aeruginosa and/or identify the early 

indications of exacerbation so that infection can be treated early and aggressively. Antibiotics are 

currently used as treatment for both acute infection and exacerbations, and as suppression for 

chronic infection. Additionally, macrolide azithromycin, though not directed against P. 

aeruginosa, is commonly used as an immunomodulator and is associated with improved 

outcomes(189). The use of prophylactic antibiotics, mainly directed against S. aureus, remains 

controversial and is the subject of ongoing randomised clinical trials.  

One of the major challenges of antimicrobial treatment is that susceptibility in vitro is not 

always associated with clinical response to antibiotics (190). Current practice attempts to 

eradicate P. aeruginosa, when it is first identified, with a combination of intravenous or oral, and 

inhaled antibiotics, either tobramycin, colistin, aztreonam or levofloxacin. The TORPEDO-CF trial 
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identified that there was no benefit of utilising intravenous antibiotics over oral quinolones, in 

combination with inhaled colistin, for the eradication of acute P. aeruginosa infection (191). This 

finding is supported by a recent Cochrane review which found that use of antibiotics in the short 

term was associated with reduced isolation of P. aeruginosa compared to placebo, but existing 

trial data does not support any particular regime or route (99). The most recent NICE guidance 

reflects this, recommending treatment with an inhaled agent in combination with either an 

inhaled or oral agent (69). Despite this, the evidence that combination-therapy is more effective 

than mono-therapy is poor (192). Once chronic P. aeruginosa infection is established, antibiotics 

are used for suppression, most commonly, in the UK, with inhaled colistin .  

Evidence for the benefit of long-term inhaled antibiotics is surprisingly limited. Both the 

current UK guideline and a recent Cochrane review highlight the high degree of heterogeneity 

between studies examining the role of inhaled antibiotics, making it difficult to draw firm 

conclusions (69,193), but the authors of a recent systematic review concluded long-term inhaled 

antibiotics probably reduce the rate of lung function decline and the frequency of pulmonary 

exacerbations (69,193). Specifically regarding colistin, a single randomised controlled trial of 40 

patients compared inhaled colistin to placebo and found that following 90 days of treatment 

there was no statistically significant difference in FEV1 in the placebo or the colistin groups but, a 

greater decline in FEV1 was observed in the placebo group (194). By contrast, 4 trials examined 

the role of Tobramycin compared to placebo (195–198) and a pooled analysis by NICE reported a 

mean percent change in FEV1 of 9.36 (5.01 – 13.7) at 1 to 3 months (69). Randomised trials 

comparing colistin to tobramycin found no statistically significant differences between the two 

agents (199,200). Overall, considering the majority of pwCF and chronic P. aeruginosa in the UK 

receive inhaled colistin therapy in some form, there is remarkably little data suggesting that it is 

helpful in the long term.    

 Although colistin is widely used, with 80% of P. aeruginosa colonised patients treated in 

the UK (27), the pathogen is rarely eradicated, despite apparently antibiotic sensitivity as 

determined by in vitro testing. Although colistin resistance can arise through horizontal gene 

transfer and spontaneous mutation, it is rarely encountered in CF with reported resistance rates 

at about 5% of isolates (201). Colistin resistance is easily achieved in vitro following exposure to 

colistin (202) leading to the hypothesis that in the CF lung there is not a strong selection pressure 

for colistin resistance or conversely, that there is strong selection pressure against resistance. 

Given the poor clinical response to colistin and low rates of resistance, I hypothesise that the 

lung environment and P. aeruginosa’s adaptation to it, reduce susceptibility to colistin. 
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In understanding why colistin treatment fails in cystic fibrosis it is important to consider 

colistin’s mechanism of action and modes of resistance. 

1.3 Colistin 

1.3.1 Polymyxin antibiotics 
 Colistin (polymyxin E) is one of 2 polymyxin antibiotics in clinical use, the other being 

polymyxin B and both are cationic antimicrobial (lipo)peptides. Colistin was first discovered in 

Japan in 1949 and was isolated from Paenibacillus polymyxa var colistinus (203), although 

systemic use of the compound waned with the recognition of nephrotoxicity and the availability 

of alternative agents (68). Though colistin is frequently used as an inhaled agent in cystic fibrosis, 

systemic use has recently seen a resurgence due to the emergence of MDR and extensively drug 

resistant (XDR) Gram-negative infections(204). From a one health perspective, polymyxins have 

been used extensively in agriculture as growth enhancers (205,206), which has created a 

reservoir of colistin resistance.  

1.3.2 Structure and pharmacology 
 The structures of colistin and polymyxin B (PMB) are very similar (Fig 1.3). They comprise 

a cationic decapeptide ring and a hydrophobic tail resulting in an amphipathic structure (67). 

Position 6 in in PMB is occupied by D-Phe whereas in colistin it is occupied by D-Leu. 

Commercially available preparations are a mixture of PMB1 and PMB2 or colistin A and colistin B 

which are acylated by (S)-6-methyloctanoic acid and (S)-6-methylheptanoic acid respectively 

(67).  Although colistin can be administered intravenously, its use is limited by significant toxicity. 

In CF this is overcome by local delivery to the lung via either nebulisation or via a dry powder 

inhaler. Colistin is administered in two forms: colistin sulphate or colistimethate sodium (CMS) 

(207). CMS is a pro-drug with no antimicrobial activity itself but is used to reduce systemic toxicity 

and is spontaneously hydrolysed to colistin in the lung (207) . An additional benefit of delivering 

colistin directly to the lung is that higher concentrations can be achieved locally than would 

otherwise be possible with systemic delivery. Estimates on sputum concentrations vary. Yapa et 

al reported that following nebulised administration of CMS peak sputum concentrations of 

colistin lie in the range of 2-11 µg/mL following a nebulised dose of 2 million IU and 4-21µg/mL 

following 4 million units (208). Similar results were obtained by Magréault and colleagues 

measured sputum concentrations of between 1 and 40 µg/mL after 6 days of twice daily 

administration of 2 million IU (209). These results conflict with an earlier study by Ratjen et al who 

estimated mean peak sputum concentrations of ~40 µg/mL following a single nebulised dose of 

2 million IU (210). Yapa directly addresses this by suggesting the purification process used by 
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Ratjen may further promote the conversion of CMS to colistin whereas Ratjen acknowledges that 

higher concentrations were above the linear part of their assay and therefore unreliable. 

Complicating these estimates is also the observation that delivery of colistin by nebulisation is 

probably not uniform throughout the lung. This is supported by an animal model of P. aeruginosa 

lung infection in pigs, which demonstrated lower levels of colistin in more severely infected areas 

of lung following nebulised delivery (211). 

 
Figure 1.3: Structures of polymyxin B and colistin adapted from (212). Dab – diaminobutyric 
acid. For colistin key features have been highlighted including the hydrophobic tail (orange) and 
the cationic head group (blue). 

 

1.3.3 Mechanism of action  

Colistin is active against aerobic Gram-negative pathogens, notably P. aeruginosa, A. 

baumannii and Enterobacteriaceae (213). Much of the work to understand the mechanism of 

action has been done with polymyxin B, however given the overall similarity of structure the 
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mechanism is probably very similar. The primary target for colistin is the lipid A component of LPS 

(214–217), which is the most abundant component of the outer membrane of Gram-negative 

bacteria. LPS comprises 3 main components: The O-antigen, a core polysaccharide and lipid A, 

which acts as the hydrophobic anchor for LPS in the outer membrane. LPS is synthesised on the 

inner leaflet of the inner membrane, lipid A via the Raetz pathway, before the addition of the core 

carbohydrate (218,219). Lipid A with core carbohydrate is transported to the outer leaflet of the 

inner membrane via MsbA, before the O-antigen is attached (220). Newly synthesised LPS is then 

transported to the outer membrane by the Lpt complex (219).  

The cationic head group of colistin (Fig 1.3 blue) is attracted to the terminal phosphate on 

lipid A (216) and this binding interaction disrupts divalent cation bridges between adjacent LPS 

molecules leading to permeabilisation of the outer membrane (217,221,222). Increasing the 

availability of divalent cations is sufficient to displace polymyxins from this site and ablate 

antibacterial activity (214,223). Studies utilising the modified polymyxin B nonapeptide, which 

contains the charged polymyxin head group but not the hydrophobic tail, have demonstrated that 

the head group is sufficient to cause outer membrane disruption, but insufficient to kill bacteria 

(223–226). The hydrophobic tail (Fig 1.3 orange) of colistin is thought to stabilise polymyxins in 

the outer membrane and promote their uptake (215). The hydrophobic tail region also appears to 

be responsible for stabilising the interaction with Lipid A (214,223) . Permeabilisation of the outer 

membrane is thought to enable polymyxins to enter the periplasm and access the inner 

membrane via a process referred to as ‘self-directed uptake’(213). Binding of polymyxins to LPS 

on the inner membrane is hypothesised to cause permeabilization, and subsequent leakage of 

cytosolic contents and cell death (227,228). The proposed model of action of colistin is 

summarised in (Fig 1.4) At present it is unclear exactly how colistin enters and crosses the 

periplasm and whether this is an active or passive process. 

An alternative model of colistin activity has been proposed that hypothesises that colistin 

mediates fusion between the inner and outer membrane. Termed the vesicle-vesicle contact 

pathway evidence for this pathway arises from phospholipid exchange between the two 

membranes during colistin treatment (229,230).  

 Alongside their membrane targeting role, several authors have reported on the ability of 

polymyxins to inhibit cellular processes. Sampson and colleagues reported a hydroxyl radical 

death pathway whereby colistin triggered the production of reactive oxygen species within the 

cell leading to oxidative stress and ultimately cell death. This pathway was described in A. 

baumanii (231). The same could not be demonstrated in P. aeruginosa (232). Deris et al reported 



35 
 

on the ability of polymyxins to inhibit NADH-quinone oxidoreductases in E. coli, K. pneumoniae 

and A. baumanii but at high concentrations relative to MIC (233). These mechanisms hold some 

interest in that they partially explain the preference for aerobic Gram-negatives, and perhaps why 

de-nitrification offers some degree of protection against colistin in P. aeruginosa. It should be 

noted that they are under-explored in P. aeruginosa. 

 

 In addition to its direct mechanism of action, colistin also demonstrates beneficial off-

target effects. Permeabilisation of the outer membrane occurs at sub-lethal concentrations of 

colistin and can sensitise Gram-negative organisms to other antimicrobials in particular, beta-

lactams and rifampicin(234,235). Rifampicin, in particular, is not normally active against Gram-

negative organisms at physiological concentrations(236,237). In addition, it is well known that 

Figure 1.4: Primary mechanism of action of colistin. 1. Cationic colistin interacts with 
terminal phosphates on lipid A leading to 2. Disruption of divalent cation bridges between 
adjacent LPS molecules. This results in 3. Disruption of the bacterial outer membrane (OM). 4. 
Colistin enters the periplasm where it 5. interacts with colistin on the periplasmic face of the 
cytoplasmic membrane (CM) resulting in 6. Permeabilisation of the cytoplasmic membrane 
allowing 7. loss of cytoplasmic contents and cell death. Adapted from Sabnis et al (227) 
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LPS is a potent immunostimulatory molecule recognised by pattern recognition receptors of the 

innate immune system contributing to bacterial sepsis. Binding of colistin to LPS has been shown 

to reduce inflammatory cytokine production in human challenge studies (238). 

1.3.4 Mechanisms of resistance 
 The best described mechanisms of colistin resistance arises from covalent modification 

of the terminal phosphates of lipid A with either 4-amino-4-deoxy L-arabinose (L-ara4N) or 

phosphoethanolamine (pEtN) (Fig 1.5) (239). These modifications are thought to mask the 

negative charge on the terminal phosphate residues reducing their affinity for colistin. Several 

Gram-negative organisms are intrinsically resistant to colistin due to their constitutive 

modification of lipid A including Burkholderia cepacia, Proteus mirabilis, and Serratia 

marcescens (66,240–242). Although other Gram-negative organisms utilise a combination of L-

ara4N and pEtN, P. aeruginosa seems to rely predominantly on L-ara4N modification (243). 

Covalent modifications of lipid A are regulated by multiple two-component systems (TCS). To 

date 5 TCSs have been linked with polymyxin resistance: PmrAB (244,245), PhoPQ (58,246), 

CprRS (247,248), ParRS (247) and ColRS (248,249). PmrAB, PhoPQ, CprRS and ParRS all activate 

the arnBCADTEF operon (referred to as arn) leading to the synthesis and addition of L-ara4N to 

lipid A. It is only relatively recently that endogenous pEtN, synthesised and attached to lipid A by 

the phosphoethanolamine transferase EptA, has been identified in P. aeruginosa, triggered by 

ColRS (249). Cervoni and colleagues have questioned whether pEtN contributes to colistin 

resistance in P. aeruginosa at all (243,250). Mutational resistance to polymyxins in P. aeruginosa 

is, almost exclusively, linked to gain-of-function mutations in PmrAB and PhoPQ in colistin 

exposed isolates taken from pwCF (251–254). However, the overall rates of colistin resistance in 

P. aeruginosa isolates from CF remains low: approximately 5% in a recent meta-analysis and 

systematic review (201). 
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 Exogenous phosphoethanolamine transferases have been identified as a source of 

colistin resistance arising from horizontal gene transfer. These enzymes termed mobiles colistin 

resistance genes (mcr) have been identified in multiple bacterial species, particularly in 

healthcare settings. Since mcr-1 was identified in E. coli and K. pneumoniae isolates from China 

in 2016 (206) 8 further mcr genes have been identified (255). Mcr-1 remains the most commonly 

identified variant with a global distribution, although these plasmids are very rarely encountered 

in P. aeruginosa (256). 

 Although lipid A modification is by far the most common resistance mechanism, 

alternatives have been reported. LpxC catalyses the first step of lipid A synthesis (219). In A. 

baumanii mutations in lpxC prevent LPS synthesis altogether, resulting in bacteria with no LPS 

expression that are highly resistant to polymyxins (257). lpxC mutations have been identified in 

colistin resistant P. aeruginosa but the phenotype was not confirmed (258,259).  Other outer 

membrane proteins have been linked with polymyxin resistance in P. aeruginosa. The Drug-efflux 

pump MexXY-OprM was found to contribute to colistin resistance, but the precise mechanism is 

unclear because disruption of efflux can result in changes to the membrane (260). MexXY 

+ L-ara4N 

+ pEtN 

Figure 1.5 Covalent modification terminal phosphates of lipid A results in colistin 
resistance. Lipid A (black) can be modified with aminoaribinose (red) or 
phosphoethanolamine (purple). 
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appeared to be most important for resistance in the presence of both arn expression and 

expression of PA4773-74 which encode polyamine synthesis genes (260). Thus, MexXY may not 

be transporting colistin but may be involved in the export of polyamines or other LPS components 

(261). Similarly, OprH over-expression has been linked with reduced susceptibility to polymyxins 

but again the mechanism appears esoteric, with OprH potentially competing for divalent cations 

to bridge LPS molecules (246,262,263). 

 As mentioned above P. aeruginosa possesses its own polyamine synthesis pathways. 

Polyamines are primordial amino-acid derived polycations that subserve different functions 

across a range of organisms including prokaryotes and eukaryotes (264). The polyamines 

putrescine, spermidine, and spermine are derived from L-ornithine. The genes PA4773-4775 form 

an operon under the control of PmrAB (265) and ParRS (260) and have been implicated in P. 

aeruginosa polyamine synthesis. Johnson et al found disruption of PA4774 was associated with 

increased susceptibility to polymyxin B and endogenous antimicrobial peptides (265). 

 Being metabolically versatile, P. aeruginosa can grow under a range of different conditions 

and utilise an array of carbon sources. The effect of bacterial metabolism on susceptibility to 

polymyxins is relatively under-explored. However, it is clearly relevant to the CF lung 

environment. When amino acids were used as a sole carbon source in minimal media, 

susceptibility to colistin varied greatly, though the mechanism was not elucidated (266). 

Similarly, a more recent study by Sauvage et al identified that minimal media supplemented with 

glutamate increased the MIC of colistin relative to glucose (267). The effect was even greater 

when succinate or citrate were included instead of glucose (267), with proteomic analysis 

revealing that upregulation of proteins associated with lipid A modification: PhoP, PmrA, ArnA, 

ArnB and OprH. Anaerobic growth also appears to modulate polymyxin susceptibility. Hill and 

colleagues demonstrated reduced susceptibility of clinical isolates under anaerobic conditions 

in CA-MHB (268). By contrast, Kolpen demonstrated increased susceptibility to polymyxin in 

anaerobic conditions in the presence of 1mM nitrate (269). As previously discussed, P. 

aeruginosa can use de-nitrification to derive energy anaerobically however, excess nitrite can 

inhibit de-nitrification and biofilm formation itself, increasing susceptibility to polymyxins (270). 

Overall, it remains unclear whether, under physiological conditions, low oxygen tension 

increases or decreases susceptibility to polymyxins.  

1.4 The CF lung environment promotes P. aeruginosa persistence 
 I have discussed how P. aeruginosa is a versatile and adaptive pathogen, adept at 

establishing chronic infection in challenging environments, particularly the lung environment in 
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CF. We have already seen that availability of oxygen, carbon and nitrate can alter susceptibility to 

polymyxins (Section 1.3.4). In this section I will discuss how specific features of the CF lung make 

eradication of P. aeruginosa with antibiotics a challenge. There are several features of the lung 

environment in CF that are recognised to either directly interact with antimicrobials or alter 

bacterial behaviour making thus reducing susceptibility to antimicrobials to antimicrobial 

treatment.   

Airway Structure 

During the course of CF, repeated cycles of infection and inflammation lead to the 

destruction of lung tissue and bronchiectasis. The distal airways are key for effective gas 

exchange. Microscopic examination of the airways from late CF reveal gross destruction of airway 

architecture, alveolar obstruction and collapse, increased septal thickening and over expression 

of glycoproteins (271). Over time, some areas of the lung become more severely affected than 

others and the distribution of air flow is altered. In turn, this can alter the distribution of inhaled 

antibiotics (272). Mucus trapping can also lead to areas of relative hypoxia within the lung (273). 

The airways of the lung are covered in a ciliated respiratory epithelium, which is covered in a layer 

of airway surface liquid (ASL) which comprises a thin periciliary layer and a thick mucus layer 

(89).  Movement of the cilia wafts entrapped foreign particles and pathogens caudally where they 

can be swallowed or expectorated (274). Impaired secretion of Cl- and HCO3
- by defective CFTR 

function results in altered ASL composition, thick mucus and impaired clearance (75).  

1.4.1 ASL composition 
 ASL in CF is altered from the composition of healthy lungs (for a useful summary see 

(275)). The ASL in CF contains high concentrations of amino acids (276,277), the availability of 

which has been recognised as an important cue for biofilm formation and quorum sensing (278–

280) but can also dramatically alter susceptibility to antimicrobials when used as a sole carbon 

source (266,267). P. aeruginosa appears to metabolise amino acids in preference to sugars (281).  

Mucin 

Mucins are highly glycosylated glycoproteins secreted or tethered to the membrane at 

epithelial surfaces for lubrication and to help form a protective barrier against foreign bodies and 

pathogens (282). In CF, inflammation in the airway leads to the production of excess mucins both 

in steady state (90) and during pulmonary exacerbations (283). Healthy mucins appear to 

attenuate the virulence of P. aeruginosa by altering expression of quorum sensing and toxin 

production (284,285). However, the altered glycosylation seen in cystic fibrosis may promote 

bacterial adhesion and colonisation (286). Furthermore, mucins are anionic and have been 
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shown to bind to and reduce the activity of both cationic tobramycin and colistin (287–289). 

Butnarasu and colleagues demonstrated interactions with a range of antimicrobials from 

multiple classes though this wasn’t linked to any functional assessment (290). Incorporation of 

mucin into artificial sputum media (ASM) also reduced susceptibility to imipenem and 

quinolones in addition to colistin and aminoglycosides (291).  

DNA 

 CF sputum contains high concentrations of extracellular DNA which contributes to 

sputum viscosity. Estimates of eDNA concentration in sputum vary greatly from ~ 0.25 mg/mL to 

~5 mg/mL (292–295) and likely vary with disease progression, inflammation and relative tissue 

destruction (89). Examination of sputum eDNA has revealed that the majority is host-derived 

likely arising from tissue destruction and NETosis (94,296,297). Aside from altering the 

rheological properties of sputum, eDNA is also a pro-inflammatory signal recognised by innate 

immune receptors. Unmethylated CpG motifs from bacterial DNA are recognised by TLR9 leading 

to the upregulation of proinflammatory cytokines (298). NETs can lead to bystander tissue 

damage and help drive the inflammatory process of CF. In addition, eDNA forms a major 

constituent of biofilm, thus contributing to antibiotic failure (160). Bacteria, including P. 

aeruginosa, are able to promote conformational changes withing eDNA, from the more common 

B-form to the high energy Z-form, which renders the biofilm matrix recalcitrant to nuclease 

destruction and reduces the lethality of NETs (299).  Extracellular DNA can also chelate divalent 

cations and drive local acidification in the lung which act as signals driving LPS modification in P. 

aeruginosa reducing susceptibility to cationic antimicrobial peptides and aminoglycosides 

(164,300). Finally, P. aeruginosa can utilise eDNA as a nutrient source to promote growth (301). 

Phospholipids 

Estimates of phospholipid composition in ASL vary between 1% and 0.01% (w/v) and 

mainly consist of phosphatidylcholine (89,302,303). Interestingly, the total phospholipid content 

of CF sputum does not seem to be dramatically shifted from healthy individuals, but several 

authors have found changes in the relative abundance of different phospholipids (302–304). 

Relatively little data exists on the impact of exogenous phospholipids on susceptibility of P. 

aeruginosa to antibiotics. However, two studies identified that exogenous phospholipids could 

be incorporated into the membranes of P. aeruginosa (305,306). The absence of phospholipids 

from ASM dramatically increased the susceptibility of bacteria to the little used beta-lactam 

carbenicillin but did not alter susceptibility to gentamicin or colistin (305). Microarray analysis of 

P. aeruginosa isolated from the CF lung has demonstrated upregulation of fatty acid degradation 
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(fad) genes which allowed P. aeruginosa to grow in the presence of phosphatidylcholine as a sole 

carbon source (307). Furthermore, targeted mutation of fad genes was associated with altered 

virulence factor production (308). Taken together it is clear that phospholipid availability within 

the lung is likely to have an impact on P. aeruginosa virulence but it is unclear whether there is a 

significant effect on antimicrobial susceptibility. 

Polyamines 

In addition to the endogenous polyamines produced by P. aeruginosa, host-derived 

polyamines are also produced in the human lung. For example, Grasemann et al identified that 

spermine was elevated in the sputum of pwCF compared to healthy controls (309), whilst 

putrescine, spermidine and spermine were elevated during pulmonary exacerbation compared 

to healthy controls (309). This was confirmed by Twoney and colleagues, who found elevation of 

polyamines during pulmonary exacerbation (310). The impact of polyamines on antimicrobial 

susceptibility appears to be complex. Kwon reported the addition of exogenous spermidine and 

spermine reduced P. aeruginosa susceptibility to aminoglycosides, polymyxins and quinolones 

and the authors hypothesised that the effect was in part mediated by the induction of the PhoPQ 

two-component system (311).  Meanwhile, Johnson and colleagues identified that the addition 

of exogenous spermidine, localised to the cell surface of the bacteria, could reduce membrane 

permeabilisation induced by polymyxin B (265). More recently, Hasan et al found that a polymyxin 

susceptible P. aeruginosa strain with a loss of function mutation in pmrB, could be protected by 

the addition of exogenous spermidine (312). The authors proposed that loss of L-ara4N 

expression resulted in the coating of PmrB deficient bacteria in positively charged spermidine, 

shielding the bacteria from similarly cationic colistin (312). 

Collectively, these data highlight the importance of individual components of ASL in 

modulating antimicrobial susceptibility. However, relatively little work has been done to examine 

the overall effect in the lung environment. Many studies examined the role of individual 

components in minimal-media and it is therefore unclear the role many of these biomolecules 

have in the complex milieu of the CF lung. The study by Hasan et al is provides an excellent 

example whereby mutations in pmrB result in increased susceptibility of P. aeruginosa to 

polymyxins in vitro this was not the case in vivo (312). Similarly, Hunt et al identified that the 

combination of DNA and mucin was less effective at sequestering tobramycin than DNA and 

mucin treated with DNase (289) highlighting the possibility of macromolecular interactions. 

Complex models of the CF lung are required to elucidate these interactions and the net effect on 

antimicrobial susceptibility.     
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1.4.2 Modelling CF lung disease 
Animal Models 

One of the persistent challenges in studying the effect of the CF lung environment is the 

limited availability of models for pre-clinical study and how well / poorly they recapitulate the 

condition in humans. As outlined above severe CF is a complex, destructive disease altering both 

the macroscopic and microscopic properties of human physiology and progressing over years. 

No model can hope to recapitulate such complexity, but a lack of complexity in conventional 

tools can miss important interactions. Models from CF vary from genetic knockouts in animal 

systems, tissue explants and cell lines to synthetic sputum. 

 A range of animal models exist for the study of cystic fibrosis. None recapitulate the 

human disease pattern but offer limited benefits in particular domains. Murine models were 

established soon after the identification of CFTR in 1989. CFTR in the mouse has a 78% amino 

acid (āā) homology with the human protein (313). Initial germline knock-outs (KOs) were 

developed in the 1990s (314,315) and these were followed by models mimicking human 

substitutions, including F508del (316) and G551D (317). The severity of the phenotype broadly 

correlates with the amount of CFTR mRNA produced and each model has slightly different 

features depending on the presence of various modifier genes (318,319). The phenotype of 

disease in mice also differs from humans with a high rate of neonatal lethality in mice due to 

intestinal obstruction (319,320). Whilst meconium ileus is observed in around 20% of newborn 

human infants with CF (321), this is clearly a more dramatic difference. 

 Another key difference between the murine model and human disease is the poor 

reflection of lung disease probably relating to intrinsic differences between human and murine 

CFTR function and differences in cellular architecture (322). Human disease is thought to be 

driven, to some extent, by sodium reabsorption via ENaC leading to increased mucus viscosity, 

however in mice this channel does not appear to be upregulated in response to CFTR dysfunction 

as it is in humans (322). None of the CF mice develop spontaneous lung disease. Lung infections 

are mimicked by inoculation of bacteria into the lungs. Susceptibility to P. aeruginosa was 

demonstrated by this method thought, to achieve infection, a slurry of beads was inoculated into 

the lungs (323). A modicum of lung disease was achieved when KO mice were back-crossed into 

a C57BL/6J background (324). These mice developed spontaneously impaired mucociliary 

clearance, increased interstitial inflammation and fibrosis in early life (324) and progressive 

multi-organ features later (325). They also demonstrate increased susceptibility to P. aeruginosa 
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after direct inoculation, with enhanced inflammatory responses (326). As an alternative 

approach to mimicking the muco-occlusive disease seen in human CF lung pathology, 

researchers have over-expressed the beta-subunit of ENaC (βENaC) in mice (327). In human CF 

CFTR regulates ENaC leading to excessive reabsorption of Na+ ions driving fluid depletion in ASL. 

Similarly, the βENaC mouse develops chronic inflammatory lung disease characterised by 

mucus obstruction and inflammatory infiltration with a high mortality  (328,329). Crucially, these 

mice have normal CFTR function and expression of βENaC is restricted to the lungs. Murine CFTR 

shows varied responses to CFTR modulator drugs again highlighting a key difference from 

humans (330,331). Most recently a cftr KO expressing human cftr (hCFTR) as a platform for 

investigation of CFTR modulator drugs has been developed (332). 

Rat models provide a larger animal, allowing for greater tissue samples, whilst still being 

fast to rear in large numbers. Rat CFTR has a 76% homology to the human āā sequence (333). 

Tuggle and colleagues developed a cftr KO rat but again the animals showed an extremely high 

neonatal mortality from intestinal obstruction (~70%) and failed to develop spontaneous lung 

disease (334). Crispr/Cas9 has been used to generate F508del rats, but again GI pathology is 

dominant (335,336). Birket and colleagues reported that obstructive pathology developed as the 

rats aged and defects such as ASL acidification could be identified (337).  Reyne and colleagues 

also report quantifiable differences in lung function parameters with healthy rats, although these 

could not be restored by the combination of elexacaftor, tezacaftor and ivacaftor whereas nasal 

potential difference was restored (338).  

Due to the poor characterisation of lung disease afforded by smaller mammals, larger 

animals have also been used. Ferret CFTR has a 91% āā homology to humans and their lung 

architecture is closer to humans than mice or rats (339). The first cftr KO ferrets were developed 

by Sun and colleagues (340). The majority of kits (~80%) died soon after birth with meconium 

ileus or gastro-intestinal obstruction (341). For those that survived, histological evidence of 

spontaneous lung infection was identified in the neonatal period. Older animals only survived 

with antibiotic treatment but went on to develop recurrent respiratory infection (342) and 

demonstrate an impaired ability to clear directly inoculated P. aeruginosa and elevated cytokine 

production (343). More recently, the ferret model has been adapted to include the G551D 

substitution allowing the CFTR modulator Ivacaftor to be used (344). Interestingly administration 

of Ivacaftor to pregnant mothers and neonates reduced incidence of pulmonary infection and 

reduced the attrition rate from meconium ileus (344).  
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Perhaps the longest established large animal model of cystic fibrosis is the pig. Porcine 

CFTR has a 93% āā homology with human (345). There are also structural and immunological 

similarities between humans and pigs that make them a favourable animal model (346,347). The 

first cftr KO and F508del variant were generated by Rogers and Welsh (348,349). Newborn-pigs 

spontaneously developed lung infection, displayed features of inflammation, impaired 

mucociliary clearance, and an impaired ability to clear a S. aureus inoculum (350). However, all 

newborn piglets developed meconium ileus and were only enabled to survive a few months by 

the performance of ileostomy (350). This significantly hampers the utility of the model. Being 

larger animals, non-invasive imaging tools can be used in a fashion similar to humans (351). 

Overall animal models to date have had limited utility in recapitulating cystic fibrosis lung 

disease. Whilst all species generated exhibit severe GI pathology and to some extent there is 

evidence of immunodeficiency and hyperinflammation, there remains a large gap between 

human physiology and animal models, therefore any animal use should be limited in the study of 

CF and conclusions interpreted with caution.  

In vitro models 

 Given the limited utility of animal models, and their high cost, there is an increasing 

interest in creating better in vitro models for cystic fibrosis. To that end, considerable progress 

has been made in the last few years in generating 3D culture systems that mimic, to some extent, 

the architecture of the human airway. Traditional 2D cell culture systems have used immortalised 

cell lines or even primary human cells to examine disease processes. An immortalised trachea-

bronchial cell line expressing F508del CFTR, CFBE41o-, has been developed (352). A range of 

other immortalised CF cell lines have been used: CFTE29o-, IB3, CFT1-F508del and CuFi-1 being 

the most common (353). There is a good deal of experimental heterogeneity surrounding the use 

of these cells that can make generalisable conclusions difficult (353). The representativeness of 

immortalised cells, in particular, has long been debated. Whilst there is clearly a role for these 

systems due to their availability and relative simplicity more complex systems afford the 

opportunity to investigate CF / Pathogen / Drug interactions in more depth. 

 Air liquid interface (ALI) models have been developed that allow the formation of a 

polarised epithelium on a transwell membrane such that the basal part of the cells is in contact 

with culture medium and the apical surface is in contact with atmospheric air (354). Both cell 

lines and primary human airway epithelial (HAE) cells can be used to generate ALI cultures (355). 

Primary human cells grown in this way demonstrate similar transcriptional profiles to cells 

obtained from endo-bronchial brushings (356). However, the use of primary human cells is 
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limited by passage number. Recently, a method for prolonging the life of these cultures by 

‘conditional reprogramming’ was developed (357) further increasing their utility. Furthermore, the 

model can be adapted to include immune cells and endothelial cells increasing the physiological 

relevance (358). ALI systems have been adapted to co-culture bacterial pathogens including P. 

aeruginosa and have demonstrated reduced susceptibility to aminoglycosides (359,360). These 

models have also been used to test novel antimicrobials (361). ALIs using the CFBE41o- cell line 

increased the reproducibility, but the ASL produced lacks mucus production (362). To address 

this issue Murgia and colleagues were able to stably supplement growth medium with normal 

human mucus (362). Lewin et al have gone even further supplementing cells with artificial 

sputum medium (363).  

 An alternative approach to generating a polarised epithelial culture is the use of rotating 

wall vessel (RWV) bioreactors. RWVs culture cells in on extra-cellular matrix coated micro carrier 

beads in a low shear stress environment to produce in vivo like 3D cellular structures (364). The 

model has been adapted to examine the interaction between P. aeruginosa, A549 respiratory 

epithelial cells and antimicrobials (365,366). The system produces cells that are comparable to 

ALI models and can be adapted to CF cell lines (367). Validation by comparison to in vivo or ex 

vivo data is currently lacking. 

 Microfluidic devices are increasingly being used to create in vitro culture systems, the so-

called ‘organ on a chip’. These systems contain a cell-lined architecture perfused with medium 

and, in the case of lung mimicking systems, air (368). One of the first developed systems was able 

to generate an epithelial surface in contact with air separated by a semi-permeable membrane 

from an endothelial surface in contact with flowing medium. The system was able to recruit 

neutrophils when they were added to the culture fluid in response to bacteria or nanoparticles 

(369). A model of CF lung has been created in a similar fashion using primary cells from CF donors 

(370). Compared to chips seeded with healthy donor cells, the CF chip demonstrated enhanced 

mucus production, increased cilia density, increased cytokine production. P. aeruginosa was 

more readily able to proliferate in the CF chip and produced a more profound inflammatory 

response. This study represents the first attempt to recapitulate CF lung infection in such a 

model. It remains to be seen whether such systems more accurately reflect in vivo conditions. 

 Lung organoids are an alternative approach to recapitulating the host environment. 

Organoids are 3D culture systems derived from stem cells that are differentiated into tissue 

structures (371). The utilisation of stem cells allows for complex structures containing multiple 

cell types to be differentiated. The overall structure of organoids is spherical with the apical or 
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luminal surface at the centre. This provides a particular challenge for investigation of infection 

dynamics as microinjection is required to introduce organisms to the luminal surface (372). 

However, the dynamics of infection with P. aeruginosa are beginning to be investigated in such 

models (373). Recently, terminally differentiated cells from CF donors were converted to induced 

pluripotent stem cells (iPSCs) and used to generate lung organoids that were used to assess CFTR 

function (374,375).  

  Ex vivo models hybridise animal models with tissue culture. With regard to the respiratory 

system, isolated perfused lungs or precision cut slices have been used to examine host-pathogen 

interactions or drug efficacy (376). There is a clear benefit to these models in terms of the cellular 

complexity and 3D architecture they maintain (376). Ex vivo models have been adapted to 

examine host-pathogen interactions in the CF lung. Harrison and colleagues combine ex vivo pig 

lung (EVPL) with artificial sputum medium (ASM) to produce a CF-like environment (377,378). The 

model has been further adapted to investigate antimicrobial susceptibility (379). Most recently a 

transcriptomic analysis demonstrated that the transcriptome of P. aeruginosa isolated from the 

EVPL model was similar to that reported for isolates direct from human sputum (380,381). 

Notably, there was upregulation of pmrA and arnA relative to ASM at 24 hours of culture. Both 

genes are associated with resistance to cationic antimicrobial peptides (381).  

Artificial sputum media 

There has been significant progress in recapitulating the composition of CF airway 

surface liquid in vitro using artificial sputum media (ASM) based on the composition of sputum 

from pwCF. Broadly, there are two groups of ASM: Those based on the work of Ghani and Soothill 

(382) and those based on the work of Palmer et al (276). Ghani and Soothill set out to develop a 

medium to recapitulate CF sputum, promote biofilm formation and reflect antimicrobial 

susceptibility in the CF lung. Ghani and Soothill’s medium contained DNA, mucin, NaCl, KCl, egg 

yolk emulsion, as a source of lipids, and the iron chelator diethylenetriaminepentaacetic acid 

(DTPA) (382). The medium has been subsequently modified with the addition of āās (278,383–

386) albumin (383–385) or ferritin (384,385) and various authors have changed concentrations of 

different components (for review see (387)). In general, these models promote biofilm formation 

from P. aeruginosa and show differences in antimicrobial susceptibility against standard 

laboratory media but crucially lacked an external validation against actual CF sputum. 

 Palmer and colleagues set out to produce a chemically-defined medium (referred to here 

as SCFM-1) that would more precisely mimic the nutritional environment of CF sputum based on 

measurements from 12 adult non-exacerbating CF patients (276). SCFM-1 defined precise 
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concentrations of amino acids, FeSO4, MgCl2, CaCl2, lactate and glucose. SCFM-1 was validated 

against CF sputum by transcriptional profiling and whilst it was similar with respect to carbon 

utilisation SCFM-1 lacked sputum macromolecules. SCFM-1 was modified by Turner et al to 

include DNA, mucin, dioleoylphosphatidylcholine (DOPC) and N-acetylglucosamine (GlcNAc) to 

produce SCFM-2 based on published observations of these macromolecules (388). The medium 

was initially validated by Tn-Seq to define essential genes for growth in SCFM-2 and CF-sputum 

(388). The authors identified several components that were more abundant in CF sputum than 

SCFM-2: thiamine, NAD, purines, folate, branched-chain amino acids, and tryptophan. More 

recently SCFM-2 has been combined with an ALI interface model to improve the 

representativeness relative to human infection (363). Metatranscriptomic data identified that the 

expression level of around 86% of genes from PAO1 grown in SCFM-2 were expressed within 2 

standard deviations of genes from wild-type P. aeruginosa in expectorated sputum (AS2). This 

‘accuracy’ score was not significantly improved by the addition of the ALI model (363). 

Interestingly the model was improved by the addition of calprotectin to chelate exogenous zinc 

which had entered the SCFM-2 as a contaminant. In previous work Cornforth et al identified that 

random internal samples compared to the whole CF-sputum data set had an AS2 score of 97% 

(389).  

 Recently, Ruhluel et al have developed more complex chemically defined media to 

reflect both healthy and CF lung and sinus fluid (275). The model incorporates the amino acid 

concentrations identified by Palmer et al but also includes lysozyme, lactoferrin, polyamines, 

albumin, bile salts, succinate, galactose, ZnCl2 CuCl2 but not phospholipids (275). The model 

appears to show a subset of genes differentially expressed between SCFM-2 and the novel media 

but a direct comparison was not performed.  

Overall, ASM provides a tractable model for examining drug susceptibility and 

pathogenesis of bacteria in CF lung. A major limitation is the lack of a cellular component, though 

when this has been addressed by combining with an ALI model, whilst a different subset of genes 

were expressed, the model was not more accurate (363). As synthetic sputum models form a 

major part of this work they will be discussed in more detail in chapter 3.  

1.5 Hypothesis 
 Although Colistin is widely used in cystic fibrosis as an inhaled antibiotic in the UK, it 

rarely sterilises chronic infection with P. aeruginosa. Furthermore, in vitro susceptibility to colistin 

is a poor predictor of clinical response to antibiotics despite resistance rates to colistin remaining 

low. Many of the components of cystic fibrosis sputum have individually been implicated in 
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altering susceptibility to polymyxins though the relative importance of these individual molecules 

in physiological conditions is unknown. Therefore, I hypothesised that: 

The lung environment in Cystic Fibrosis impairs the ability of colistin to eliminate 

chronic P. aeruginosa infection by promoting adaptive changes in the bacterium.  

1.4.1 Aims 
 The aims of this project were: 

1. To investigate the effect of the host microenvironment on susceptibility of P. aeruginosa 
to colistin using a physiologically relevant in vitro model and representative clinical 
isolates. 

Based on the observations of this first chapter: 

2. To determine the mechanism by which eDNA reduces susceptibility of P.aeruginosa to 
colistin in synthetic sputum. 

3. To investigate strategies to enhance the antimicrobial activity of colistin under 
physiological conditions.    
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Chapter 2: Materials and Methods 
 

2.1 Bacterial strains and culture 

2.1.1 Bacterial Strains and Plasmids 
The Plasmids used in this study are listed in table 2.1. The bacterial strains used in this 

study are listed in table 2.2. Clinical P. aeruginosa strains were provided by Prof Jane Davies 

(Imperial College London). Transposon mutants, E. coli strains and the miniCTX-1 plasmid were 

provided by Dr Luke Allsopp (Imperial College London). Plasmids used in this study are listed in 

table 2.2. 

2.1.2 Growth Conditions 
All bacteria were grown to stationary phase over 18 hours in Lysogeny broth (LB) (Thermo 

Fisher Scientific) cation adjusted Muller Hinton Broth (CA-MHB) or SCFM-1 (see section 2.1.3) in 

a shaking incubator at 37°C and 180rpm. Where required, selection to maintain transposon 

mutants or plasmids was provided by supplementing media with 15 μg/mL gentamicin (Gibco), 

15 or 150 μg/mL tetracycline (Sigma) or 50 μg/mL Kanamycin (Sigma). Enumeration of colony 

forming units (CFU) was performed by generating and plating (10 µL) of 10-fold serial dilutions of 

samples in phosphate-buffered saline (PBS) on to LB supplemented with 1.5% agar (LBA; BD 

biosciences).  

 

Plasmid Description Reference 
pMiniCTX-1 Mobilisable self-integrating 

plasmid containing oriT, int, 
attP, TcR. 

(390) 

pMiniCTX-1-eptA MiniCTX-1 carrying eptA 
under its native promoter 

This Study 

pMiniCTX-1 colRS MiniCTX-1 carrying the ColRS 
operon under its native 
promoter 

This Study 

pRK2013 Conjugation competent 
plasmid containing oriT, tra, 
mob, KmR 

(391) 

Table 2.1 Plasmids used in this study. oriT = origin of transfer; int = integrase; attB = 
chromosomal integration targeting sequence; TcR = tetracycline resistance gene; tra = transfer 
locus; mob = mobilisation locus; KmR = Kanamycin resistance gene. 
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Strain Characteristics Reference 
PA14 P. aeruginosa. Wild-type, reference strain, isolated 

from burn wound. Normal colony phenotype. 
(392) 

AK3 P. aeruginosa. Clinical isolate from sputum of cystic 
fibrosis patient. Small colony phenotype. 

(227) 

AK10 P. aeruginosa. Clinical isolate from sputum of cystic 
fibrosis patient. Normal colony phenotype. 

(227) 

AK20 P. aeruginosa. Clinical isolate from sputum of cystic 
fibrosis patient.  Normal colony phenotype. 

(227) 

AK8 P. aeruginosa. Clinical isolate from sputum of cystic 
fibrosis patient. Mucoid colony phenotype. 

(227) 

AK11 P. aeruginosa. Clinical isolate from sputum of cystic 
fibrosis patient. Mucoid colony phenotype. 

(227) 

AK13 P. aeruginosa. Clinical isolate from sputum of cystic 
fibrosis patient. Normal colony phenotype. 

(227) 

AK16 P. aeruginosa. Clinical isolate from sputum of cystic 
fibrosis patient. Normal colony phenotype. 

This Study 

AK18 P. aeruginosa. Clinical isolate from sputum of cystic 
fibrosis patient. Normal colony phenotype. 

(227) 

AK1 P. aeruginosa. Clinical isolate from sputum of cystic 
fibrosis patient. Normal colony phenotype. Colistin 
Resistant 

This Study 

AK24 P. aeruginosa. Clinical isolate from sputum of cystic 
fibrosis patient. Normal colony phenotype. Colistin 
Resistant. 

This Study 

PA14 arnC::Tn PA14 transposon mutant with disrupted arnC gene  (393) 
PA14 eptA::Tn PA14 transposon mutant with disrupted eptA gene (393) 
PA14 pagL::Tn PA14 transposon mutant with disrupted pagL gene (393) 
PA14 pagP::Tn PA14 transposon mutant with disrupted pagP gene (393) 
Pa14 lpxT::Tn PA14 transposon mutant with disrupted lpxT gene (393) 
PA14 pmrA::Tn PA14 transposon mutant with disrupted pmrA gene (393) 
PA14 pmrB::Tn PA14 transposon mutant with disrupted pmrB gene (393) 
PA14 phoP::Tn PA14 transposon mutant with disrupted phoP gene (393) 
PA14 phoQ::Tn PA14 transposon mutant with disrupted phoQ gene (393) 
PA14 colR::Tn PA14 transposon mutant with disrupted colR gene (393) 
PA14 colS::Tn PA14 transposon mutant with disrupted colS gene (393) 
PA14 parR::Tn PA14 transposon mutant with disrupted parR gene (393) 
PA14 parS::Tn PA14 transposon mutant with disrupted parS gene (393) 
PA14 cprR::Tn PA14 transposon mutant with disrupted cprR gene (393) 
PA14 cprS::Tn PA14 transposon mutant with disrupted cprS gene (393) 
E. coli 1047 + 
pRK2013 

Helper strain used for 3 partner conjugation carrying 
the pRK2013 plasmid. 

(394) 

E. coli CC118λPIR Conjugation competent donor strain used for 3 partner 
conjugation. 

(395) 

PA14 eptA::Tn 
pEmpty 

PA14 eptA::Tn containing the empty pMiniCTX-1 This Study 

PA14 eptA::Tn PeptA PA14 eptA::Tn containing the pMiniCTX-1-eptA This Study 
PA14 colS::Tn pEmpty PA14 colS::Tn containing the empty pMiniCTX-1 This Study 
PA14 colS::Tn PcolRS PA14 colS::Tn containing the pMiniCTX-1-colRS This Study 

Table 2.2 Bacterial Strains used in this study. 
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2.1.3 Artificial sputum media 
SCFM-1 and 2 were prepared as described previously (276,388). The SCFM buffered base 

was prepared in 250mL aliquots and stored at 4°C for up to 2 weeks. 

The following reagents were dissolved in 190mL of nanopure water: 

Chemical Mass added (g) Final concentration (mM) 
NH4Cl 0.031 2.2808 
KCl 0.279 14.943 
NaCl 0.758 51.848 
MOPS 0.523 10 

Table 2.3 SCFM-1 Base. 

Stock solutions of the following reagents were prepared in advance in nanopure water 

(unless indicated), filter sterilised with a 0.2µm filter and stored at 4°C before adding to the 

mixture at the indicated volumes. Tryptophan and aspartate were prepared in 0.2M and 0.5M 

sodium hydroxide (NaOH) respectively. 

Chemical Stock concentration 
(M) 

Volume added (mL) Final concentration 
(mM) 

NaH2PO4 0.2 1.625 1.3 
Na2HPO4 0.2 1.563 1.25 
KNO3 1 0.087 0.348 
K2SO4 0.25 0.271 0.271 
Serine 0.1 3.615 1.446 
Sodium glutamate 0.1 3.873 1.549 
Proline 0.1 4.153 1.661 
Glycine 0.1 3.008 1.203 
Alanine 0.1 4.450 1.78 
Valine 0.1 2.793 1.117 
Methionine 0.1 1.583 0.633 
Isoleucine 0.1 2.803 1.121 
Leucine 0.1 4.023 1.609 
Ornithine 
monohydrochloride 

0.1 1.690 0.676 

Lysine 
monohydrochloride 

0.1 5.320 2.128 

Arginine 
monohydrochloride 

0.1 0.765 0.306 

Tryptophan 0.1 0.033 0.013 
Aspartate 0.1 2.068 0.827 

Table 2.4 Stock solutions for SCFM-1 base 

Stock solutions of the following reagents were prepared and filter sterilised in nanopure 

water on the same day as the buffered base was made except tyrosine which was dissolved in 1M 

NaOH. 
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Chemical Stock concentration 
(M) 

Volume added (mL) Final concentration 
(mM) 

Tyrosine 0.1 2.005 0.802 
Threonine 0.1 2.680 1.072 
Cysteine 
monohydrochloride 

0.1 0.400 0.16 

Phenylalanine 0.1 1.325 0.53 
Histidine 
monochloride 
monohydrate 

0.1 1.298 0.519 

Table 2.5 Same-day amino acids for SCFM-1 base. 

Following addition of the above reagents the pH of the solution was adjusted to 6.8 or 5.5 

with concentrated hydrochloric acid, the total volume adjusted to 250mL, and the solution filter 

sterilised with a 0.2µm filter. 

On the day of each experiment 50mL of SCFM-1 was prepared by the addition of the following 

reagents: 

Chemical Stock concentration 
(M) 

Volume added per 
50mL (µL) 

Final concentration 
(mM) 

Dextrose 1 150 3 
L-lactic acid 1 465 9.3 
CaCl2 1 87.7 1.754 
MgCl2 1 30.3 0.606 
FeSO4 0.0036 50 0.0036 

Table 2.6 Same-day reagents for SCFM-1 

Stock solutions were prepared and stored at 4°C except FeSO4 which was prepared fresh 

on the day of each experiment. Laboratory stocks of FeSO4 heptahydrate (Sigma) were replaced 

every 6 months or when there was visual evidence of colour change (green to white). The L-lactic 

acid stock was pH adjusted to 7.0 with NaOH. All solutions were filter sterilised with a 0.2µm 

filter. 

To Prepare SCFM-2, On the day before each experiment, bovine maxillary mucin (Sigma) 

and Salmon sperm DNA (Sigma) was incubated at 50°C overnight to ensure sterility and this was 

confirmed by plating for CFU.  

On the day of each experiment 50mL of SCFM-2 was prepared by the addition of the 

following reagents to SCFM-1: 
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Chemical Mass added to 50mL 
(g) 

Final concentration 
(mM) 

Bovine maxillary 
mucin (Sigma) 

250mg 5mg/mL 

Salmon Sperm DNA 
(Sigma) 

30mg 0.6mg/mL 

 

Chemical Stock 
concentration  

Volume 
added per 
50mL (µL) 

Final 
concentration  

N-acetylglucosamine (Sigma) 0.25M 60 0.3 
1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) 
(Fisher) 

250mg/mL dissolved 
in chloroform 

20 100 µg/mL 

Table 2.7 SCFM-2 macromolecules. 

After addition of DOPC (Fisher) chloroform was allowed to evaporate for at least 30 

minutes at 37°C prior to each experiment. 

For experiments where eDNA was pre-digested recombinant human DNAse (rhDNAse; 

Pulmozyme, Genentech) was added to SCFM-1 and SCFM-1 supplemented with eDNA to a final 

concentration of 3μg/mL and incubated for 1 hour prior to the addition of bacteria. 

For experiments where the acidity of eDNA was neutralised, 1mL of 1M NaOH was used 

to restore the pH of 30mL SCFM-1 containing 2.4mg/mL eDNA to pH 6.8. Neutralisation was 

performed immediately prior to each experiment. 

2.2 Bacterial growth and survival assays 

2.2.1 Determination of bacterial growth 
Stationary phase bacteria were washed twice by centrifugation (13,000rpm 3 minutes) 

and diluted 1:50,000 to approximately 1x105 CFU/mL in a volume of 200µL in sterile 96 well 

microtiter plates in the indicated media. Plates were incubated for at least 18 hours at 37°C with 

shaking at 180rpm on a Tecan Infinite 200 Pro multi-well plate reader. Optical density (OD) at 

600nm was recorded at 15-minute intervals. Background OD was determined using sterile media 

and subtracted from bacterial growth OD readings. 

2.2.2 Determination of Minimum Inhibitory Concentrations (MICs)  
MICs were determined by microbroth dilution in CA-MHB (Sigma), SCFM-1 and SCFM-2 

according to EUCAST methodology (396). Stationary phase bacteria were washed twice by 

centrifugation (13,000 rpm 3 minutes) in CA-MHB where MICs were performed in CA-MHB, or 
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SCFM-1 where MICs were performed in SCFM-1 or SCFM-2, and resuspension in the final 

medium, before dilution 10,000-fold to approximately 5x105 CFU/mL then added to prepared 96-

well microtiter plates containing either colistin (Sigma), tobramycin (Sigma), murepavadin (DC 

Chemicals, China) or Rifampicin (Sigma). Innoculum size was confirmed by enumeration of CFU 

counts as described above. 96-well plates were prepared immediately prior to testing by 2-fold 

serial dilution of antibiotics in triplicate or duplicate. Following inoculation, plates were 

incubated statically at 37°C for 20 hours in air. The MIC was read as the lowest concentration of 

antibiotic at which no visible growth occurred. For some experiments, bacterial growth was 

quantified by reading absorbance at 595nm using a Bio-Rad iMark microplate absorbance reader 

(Bio-Rad Laboratories, USA). 

2.2.3 Determination of bactericidal activity of antibiotics 
The minimum bactericidal concentration (MBC) of an antibiotic was defined as the 

minimal antimicrobial concentration required to eliminate 99.9% of the bacterial inoculum 

(5x105). This was determined by the broth microdilution method in tandem with the MIC outlined 

above (Section 2.2.2) according to CLSI methodology (397). Following incubation of MIC assays, 

a 10 μL sample from all wells that contained no visible growth was plated on to LBA and CFUs 

enumerated after 24 hours incubation. 

For time-kill assays, stationary phase cultures were washed twice by centrifugation 

(13,000rpm 3 minutes) and diluted 1:10, to approximately 3x108 CFU/mL in appropriate media 

containing indicated concentrations of colistin, murepavadin or tobramycin and incubated at 

37˚C and 180rpm on a shaking incubator. 20µL aliquots were taken at indicated time points and 

serially diluted in 10-fold increments in PBS. 10µL of each dilution was plated onto LB agar and 

CFUs enumerated after 18 to 24 hours static incubation at 37˚C in air. 

2.2.4 Determination of colistin activity in media 
The activity of colistin and tobramycin in specified media was determined using a zone of 

inhibition assay as described by Pader et al (398)100µL of approximately 1x107 CFU/mL PA14 was 

spread over the surface of CA-MHB agar and allowed to dry in air. 8mm circular wells were formed 

in the plate to receive media. Colistin or tobramycin was diluted to 8 and 16 μg/mL in PBS, SCFM-

1 or SCFM-1 supplemented with 0.6 or 2.6mg/mL eDNA. 130µL of media at each concentration 

was inoculated in to triplicate wells. Zones of inhibited growth were measured after 18 hours of 

static incubation at 37˚C in air. Zone sizes were measured using EUCAST criteria (399).  
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2.3 Cell culture and DNA extraction 

2.3.1 Cell culture 
The respiratory epithelial cell line cell line A549 (400) was donated by Dr Alex McCarthy 

(Imperial College London) and was cultivated as a source of human DNA to investigate the effect 

of DNA source on colistin susceptibility. Cells were grown in RPMI 1640 (Gibco) supplemented 

with 10% heat inactivated bovine serum (Gibco) at 37°C with 5% CO2. Penicillin and streptomycin 

(Sigma) were added to the growth medium to prevent bacterial contamination, at a final 

concentration of 100 U/mL and 100 μg/mL respectively. Cells were grown to confluence in T175 

vented flasks (Sarstedt) and split 1:2 approximately twice per week. To split, cells were washed 

twice in Dulbecco’s phosphate buffered saline (Gibco) before incubating for 2 mins 37°C 5% CO2 

with 0.25% trypsin-EDTA (Sigma). Following trypsinisation, cells were detached by gentle 

agitation and tapping of the flask before cells were resuspended in RPMI-1640 to deactivate 

trypsin. Cells were again washed in RPMI-1640 and resuspended to the desired concentration. 

Cells were harvested for DNA extraction when they reached a density of approximately 5x106 cells 

/ mL. Cells were washed and resuspended in 3mL PBS (Sigma) and stored at -20°C prior to DNA 

purification. 

2.3.2 DNA purification 
 A549 cells were lysed with SDS and proteinase K in a method outlined by Qamar et al 

(401). Cells were resuspended in a lysis buffer (table 2.8) for 2 hours at 50°C in a water bath with 

occasional agitation. Following incubation, the lysate was allowed to cool to room temperature 

before the addition of 3mL of 7.5M Ammonium acetate (Sigma) followed by 31mL of ice-cold 

ethanol. DNA was allowed to precipitate overnight at -20°C. Following precipitation, DNA was 

pelleted at 3750 rpm for 30 mins before washing twice in 70% ethanol. Purified DNA was allowed 

to dry before it was resuspended in nanopure water. DNA concentration was determined 

NanoVue Plus spectrophotometer (GE Healthcare) and stored at -20°C. 

Component Concentration Volume 
A549 cells  3mL 
Tris-HCl pH8.0 (Sigma) 
+ NaCl 

20mM 
25mL 

9mL 

SDS (Sigma) 10% 3mL 
Proteinase K in PBS (Sigma) 10mg/mL 75μL 

Table 2.8 Lysis Buffer 

2.4 Measurement of outer membrane integrity 
To assess the integrity of the outer membrane of P. aeruginosa, the NPN uptake assay was 

used as described by Helander and Mattila-Sandholm (402). Stationary phase cultures of P. 
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aeruginosa in CA-MHB were washed twice in HEPEs (5mM ph7.2 or pH 4.4 Sigma) and diluted to 

an OD600 of 0.5. Bacteria were then immediately added to a pre-prepared clear-bottomed black 

96-well microtiter plate containing colistin or DNA dissolved in HEPEs buffer with the fluorescent 

dye N-phenyl-1-napthylamine (NPN; Acros organics USA) to a final concentration of 10μM. The 

dye is normally excluded by the presence of LPS in the outer membrane of Gram-negative 

bacteria but fluoresces on contact with phospholipids. Fluorescence was immediately 

determined with a Tecan Infinite 200 pro multi-well plate reader (Tecan Group Ltd; Switzerland) 

with an excitation wavelength of 355nM and an emission wavelength of 405nM. Readings were 

taken every 30 seconds for 10 minutes and the NPN uptake was calculated with the following 

formula: 

Fluorescence of sample with NPN −  Fluorescence of sample without NPN

Fluorescence of HEPES buffer with NPN −  Fluorescence of HEPES buffer without NPN
 

 

2.5 Lipidomics 
Mass-spectroscopy-based lipidomic analysis was used to examine lipid A for chemical 

modifications in response to environmental conditions as described in (403). Stationary phase 

cultures were washed twice by centrifugation (13,000rpm 3 minutes) and diluted 1:10, to 

approximately 3x108 CFU/mL in 3mL of SCFM-1 or SCFM-1 containing 2.4 mg/mL DNA. Every 2 

hours 200μL aliquots were taken and washed 3 times in nanopure water before being subjected 

to mild acid hydrolysis with 2% acetic acid at 100°C for 30 minutes to remove carbohydrate 

moieties, before being washed again, then resuspended in 50μL nanopure water. Lipidomic 

analysis was performed by Matrix-assisted laser desorption time-of-flight microscopy (MALDI-

ToF) in collaboration with Dr Gerald Larrouy-Maumus (Imperial College London). 0.5μL of the cell 

suspension was spread on to the target plate and overlaid with 1.2μL of 9H-Pyrido[3,4-B]indole 

(Norharmane; Sigma) dissolved in 90:10 (v/v) chloroform-methanol (final concentration 

10mg/mL) and allowed to dry at room temperature. Once dried, samples were analysed on a 

MALDI biotyper Sirius system (Bruker Daltronics, USA) in negative ion mode. Lipid A peaks were 

identified manually from the resulting spectra. The relative abundance of Lipid A species was 

determined by dividing the area under the modified Lipid A peaks by the area under the 

unmodified native peak (m/z 1447).   
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2.6 Genetic techniques 

2.6.1 Bacterial DNA purification 
Genomic DNA was purified from P. aeruginosa using the GenElute Bacterial genomic DNA 

kit (Sigma) according to the manufacturer’s instructions. Stationary phase bacteria were lysed 

with a chaotropic salt buffer before binding to a silica-based column and repeated washes to 

remove contaminants. Genomic DNA was eluted into nanopure water. Purified DNA was 

quantified using a NanoVue Plus spectrophotometer (GE Healthcare) and stored at -20°C. 

2.6.2 Plasmid DNA purification 
Plasmid DNA was purified using the Qiaprep spin miniprep kit according to the 

manufacturer’s instructions. Stationary phase bacteria were lysed with a chaotropic salt buffer 

before removal of genomic DNA and contaminants by precipitation. Plasmid DNA is bound to a 

silica-based column and repeated washes to remove contaminants. Plasmid DNA was eluted 

into nanopure water. Purified DNA was quantified using a NanoVue Plus spectrophotometer (GE 

Healthcare) and stored at -20°C. 

2.6.3 Polymerase chain reaction 
PCR was used to confirm that transposons had been inserted into the correct genes and 

for cloning purposes. Reactions were performed using 100ng of purified genomic DNA from PA14 

or the appropriate transposon mutant. The high-fidelity Phusion polymerase (Thermo Fisher) was 

used. The composition of specific PCR reactions is described in table 2.8. Reactions were carried 

out in 200μL PCR tubes in a thermocycler (Applied Biosystems) using the conditions in table 2.9. 

Primers were designed using Snapgene viewer (Snapgene; USA) and were synthesized by Sigma. 

Annealing temperatures were optimised for each primer pair beginning at 5°C below the lowest 

estimated melting point of that pair. All primers used in this study are listed in table 2.10. 
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Component Volume (μL) 
Phusion Buffer (5x) 5 
dNTPs (10mM) 0.5 
Forward primer (10μM) 1.25 
Reverse primer (10μM) 1.25 
Template DNA Volume corresponding to 100ng 
Phusion polymerase 0.5 
Nanopure H2O Volume required to make 25μL 
Total 25 

Table 2.9 PCR components 

Cycle Stage Temperature °C Time Cycles 
First Denaturation 95 2 mins 1 
Denaturation 95 30s 30 
Annealing 55-65 30s 30 
Extension 72 30s /kb + 30s 30 
Final Extension 72 5 min 1 

Table 2.10 PCR conditions 

2.6.4 Agarose gel electrophoresis 
To analyse PCR products, DNA was separated by agarose gel electrophoresis. A 1% gel 

(w/v) was prepared by dissolving the required mass of agarose powder (Sigma) in TAE buffer 

(40mM Tris, 20mM acetic acid, 1mM EDTA) and heating via microwave. 1:10,000 SYBR safe 

(Thermo Fisher was added to the cooled mixture before it was poured into an appropriately sized 

mould with a comb. Once gels were set the combs were removed and the gel was submerged in 

a tank containing TAE buffer. To visualise DNA samples were mixed with 6x DNA loading dye (NEB) 

before loading into wells. Size was confirmed using a 2-log DNA Ladder (0.1-10kB; NEB). Gels 

were run between 100 and 120V until bands had separated.   
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Oligonucleotide Sequence 5’ > 3’ 
For confirmation of transposon insertion 

PA14_pmrA_Fw GGAATCACTGAAACGAGGCTG 
PA14_pmrA_Rv GCGAGAGGTGGTAGGTCAG 
PA14_pmrB_Fw GAAAACCGCCTACCGGAGTC 
PA14_pmrB_Rv CTATCCCTTTCCCGGCCAATG 
PA14_phoP_Fw CTGCTCGATGGTGTTCTCCAG 
PA14_phoP_Rv GGGCGCCAACTACAAGTTC 
PA14_phoQ_Fw GCGGAAACACCTCAGACGTAG 
PA14_phoQ_Rv CTTCAAGCCGATCGATACGGTG 
PA14_colR_Fw CTTATACTCCATTCGGCTCC 
PA14_colR_Rv CCGGTGAAGAATCCGTAAATG 
PA14_colS_Fw GTATGAATCCAGCCGTCAAG 
PA14_colS_Rv GAGGAGCCGAATGGAGTATAAG 
PA14_parR_Fw GATTCCGCTCCGACCGATG 
PA14_parR_Rv GAACAGGCGCAGCATTCAG 
PA14_parS_Fw CTGAATGCTGCGCCTGTTC 
PA14_parS_Rv GAAAGATTGTTAAGCCTCCGCTG 
PA14_cprR_Fw CCGTAGTTGCCGAGCATG 
PA14_cprR_Rv CGACCCAGGCCATGCATATC 
PA14_cprS_Fw GCTTCAGTCCGGTGTGGC 
PA14_cprS_Rv CTCAACGTGCACATGCACC 
PA14_arnC_Fw GAAGACGACGGCTTTCGAGG 
PA14_arnC_Rv GGACATCCTGGAGAAACGTCG 
PA14_eptA_Fw GAAATAGTCCTTTCGCCGGG 
PA14_eptA_Rv GAAGTCAGTGAAGATCCGTGC 
PA14_pagL_Fw GCCGATGGTCGACCTGAAG 
PA14_pagL_Rv GCAACTTTCGAAAAGGACGTTTC 
PA14_pagP_Fw CCTAGACCAGCCAGCGTTC 
PA14_pagP_Rv GTCTTGCCTTCCTTACCTGGC 
PA14_lpxT_Fw GTGACAGTCGTACGCCGAC 
PA14_lpxT_Rv GCGGCCAGGACTGAGAAG 

For construction of colRS:colS::Tn 
PA14_ColRSpromgib_Fw CCGGGCTGCAGGAATTCGATGTATGAATCCAGCCGTCAAG 
PA14_ColRSpromgib_Rv ACGGTATCGATAAGCTTGATCGGTCGTGCAGGATGTTC 

For construction of eptA:eptA::Tn 
PA14_eptApromgib_Fw CCGGGCTGCAGGAATTCGATGAAATAGTCCTTTCGCCGG 
PA14_eptApromgib_Rv ACGGTATCGATAAGCTTGATCTCGAGGAAATTCACAGAAG 

Table 2.11 PCR primers 
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2.6.5 Gel purification 
Prior to Gibson assembly, cloned PCR products and linearised plasmid were separated 

on an agarose gel as described above. The band of the correct size was excised with a clean 

scalpel and the DNA was extracted using the Gel extraction kit (Qiagen) according to the 

manufacturer’s instructions. Purified DNA was quantified using a NanoVue Plus 

spectrophotometer (GE Healthcare) and stored at -20°C. 

2.6.6 Restriction digestion 
Before assembly of newly cloned fragments into the miniCTX-1 plasmid, the plasmid was 

linearised with the restriction enzyme EcoRV-HF (NEB). Reagents were combined as described in 

table 2.11. The digest was allowed to proceed at 37°C overnight. Following overnight incubation 

linearised plasmid was phosphatase treated to prevent re-circularisation by adding 1μL of the 

Quick CIP (NEB) enzyme for 1 hour at 37°C. Linearised plasmid was gel purified as described 

above. 

Component Volume / Mass 
Purified Mini-CTX1 3μg 
Cutsmart Buffer (NEB) 2μL 
EcoRV-HF 1μL 
H2O 3μL 
Total 20μL 

Table 2.12 Restriction Digest components. 

2.6.7 Gibson assembly 
Cloned inserts were incorporated into the miniCTX-1 plasmid by Gibson assembly. In this 

method PCR primers (listed in table 2.10) were designed using the NEBuilder tool to contain 

sequences homologous to the plasmid which, through the action of a T5 exonuclease, allow the 

insert to anneal into the plasmid before the action of a high fidelity DNA polymerase fills any gaps 

in the annealed fragment and a ligase covalently links the fragments in a single isothermal 

reaction. Prepared fragments were assembled using the NEBuilder HiFi DNA Assembly cloning 

kit (NEB) according to the manufacturer’s instructions. Vector and insert were combined at a 1:1 

molar ratio. Given the low concentration of the vector, reaction mixtures were made up to 24μL 

with HiFi DNA assembly master mix in 200μL PCR tubes and incubated at 50°C in a thermocycler 

(Applied Biosystems) for 1 hour. 2.4μL of this reaction mixture was transformed directly in to 

chemically competent CC118λPIR E. coli as described in section 2.5.8. 
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2.5.8 Preparation of chemically competent E. coli 
E.coli CC118λPIR, donated by Dr Luke Allsopp, was grown overnight in LB then 200μL was 

inoculated into 200mL of LB and grown on the shaking incubator at 37°C 180rpm to an OD600nm of 

0.5. Cells were transferred to falcon tubes and centrifuged at 3750rpm at 4°C for 10 minutes. 

Cells were resuspended in 40mL of ice cold 50mM CaCl2 with 15% glycerol. Cells were left at 4°C 

overnight before a second spin (3750rpm, 10min, 4°C) and resuspension in 2mL 50mM CaCl2 

with 15% glycerol. Cells were then aliquoted into 50uL and flash frozen with liquid nitrogen before 

being stored at -80°C. 

2.5.9 Transformation of chemically competent E. coli 
Assembled constructs and empty plasmids were directly transformed into chemically 

competent CC118λPIR. 50μL Aliquots were thawed on ice before DNA was added (2.4μL of 

Gibson reactions) and allowed to rest for 30 minutes. Cells were then heat shocked at 42°C for 

30s in a water bath then allowed to rest on ice for 5 minutes. 500μL of LB was added and cells 

were allowed to recover for 2 hours at 37°C. Cells were then plated on to LBA containing 15μg ml 

tetracycline and incubated statically for 16 hours at 37°C. Positive clones were confirmed by DNA 

sequencing. 

2.5.9 Three-Partner conjugation of P. aeruginosa 
Once constructs were confirmed in E. coli, they were transferred into P. aeruginosa by 

conjugation. Recipient strains were grown to stationary phase overnight in LB supplemented with 

15μg/mL gentamicin to maintain the transposon in the target disrupted gene. 100 μL of the 

recipient strain was incubated for 2 hours at 43°C in a water bath to inactivate the P. aeruginosa 

restriction modification system. Helper strain E. coli 1047 containing the pRK2013 plasmid was 

grown overnight to stationary phase in LB supplemented with 50μg/mL Kanamycin. Donor strain 

CC118λPIR containing empty plasmid or constructs was grown overnight to stationary phase in 

LB supplemented with 15μg/mL tetracycline.  20 μL aliquots containing the donor and helper 

strain mixture were inoculated onto LBA and incubated for 2 hours at 37°C. After 2 hours 40 μL of 

the recipient strain was also added to the plate and it was incubated for 4 hours at 37°C. After 4 

hours the patch containing conjugated bacteria as well as control patches for donor, recipient 

and helper strains were suspended in LB and plated on PIA containing 15 μg/mL gentamicin and 

150 μg/mL tetracycline. Success was determined by the absence of growth on control plates and 

the presence of colonies on the plate corresponding to the conjugated strain. Approximately 4 

colonies of each conjugated strain were grown separately overnight in LB containing 15μg/mL 

gentamicin and 150 μg/mL tetracycline before being frozen in aliquots of 1mL at -80°C. 
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2.5.10 DNA sequencing 
Constructs were purified from overnight cultures of CC118λPIR grown in LB containing 15 

μg/mL tetracycline as per section 2.5.2. Purified plasmids were diluted to 50 ng/μL in nuclease 

free water and sent to Full Circle Labs (London; UK) for whole plasmid sequencing.   

2.6 Statistical analysis 
Statistical analysis was performed using Prism 11 (Graphpad, USA). Most data are shown 

as means with error bars indicating the standard deviation except MICs are demonstrated as 

median with error bars indicating the range. For multiple comparisons at a single time point 1-

way analysis of variance was used (ANOVA). for multiple comparisons across multiple time 

points, concentrations, or drugs, 2-way ANOVA was used. For multiple individual comparisons 

appropriate post-hoc tests were used as described in the figure legend. Statistical significance 

was taken as P<0.05 and denoted with an asterisk as described in the figure legend. 
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Chapter 3: The Host environment in CF modulates P. 
aeruginosa susceptibility to colistin. 
 

3.1 Introduction 
3.1.1The CF lung environment and its effect on antibiotic activity  

In the lung, the respiratory epithelium is coated in a layer of airway surface liquid (ASL) 

whose primary function is as an innate immune barrier entrapping foreign particles and bacteria 

and directing them caudally for expulsion (89). In CF, CFTR dysfunction and chronic inflammation 

result in changes to ASL composition, relative to unaffected individuals, resulting in a reduced 

ability to clear bacterial pathogens and favouring P. aeruginosa colonisation (89). Additionally, 

many of the components of ASL have been demonstrated to alter the activity of colistin impairing 

its ability to clear infecting bacteria. For example, amino acids can act as carbon sources for P. 

aeruginosa (404,405) and when acting as sole carbon sources, susceptibility to colistin could be 

both increased or decreased depending on individual amino acids, relative to CA-MHB (266). CF 

ASL is a rich source of amino acids (276), contains high concentrations of mucin and DNA and is 

frequently acidified, relative to unaffected individuals (132). Glucose concentrations in ASL are 

generally lower than in blood but appear elevated in CF (406,407).   

Chronic inflammation coupled with increased fluid resorption in CF lung results in high 

concentrations of mucin, producing a particularly thick mucus and impairing mucociliary 

clearance (408). Airway acidification can alter the rheological properties of mucin further 

increasing sputum viscosity (409). In addition to reducing clearance of microbes, mucin has been 

shown to bind and reduce the activity of colistin in synthetic sputum models (287,410).  

Another consequence of chronic inflammation is the recruitment of neutrophils (411), 

leading to tissue destruction and accumulation of large quantities of extracellular DNA (eDNA) 

which contributes to sputum viscosity, biofilm formation, and environmental acidification 

(164,412,413). Evidence for the degree of ASL acidification outside of CF pulmonary exacerbation 

is conflicting, however it would appear ASL is acidified in the presence of infection relative to 

unaffected controls (414,415). In addition to eDNA, impaired bicarbonate secretion in CF is 

thought to contribute to acidification as well as a failure to mature mucins (88). Furthermore, 

reduced pH has been associated with changes in antimicrobial susceptibility via effects on 

bacteria and/or the drug itself (416). As lung disease progresses, tissue destruction leads to 
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devitalised areas of lung with variable oxygen tension which in turn can further alter bacterial 

susceptibility to antimicrobials (269,270). 

3.1.2 P. aeruginosa adaptation to the lung environment 
 Longitudinal sequencing data has demonstrated that pwCF are often colonised with the 

same strain of P. aeruginosa for several years, resulting in adaption to the lung niche (417).  Whilst 

there appears to be high genetic diversity in P. aeruginosa isolates between and even within 

individuals, there is growing evidence that many of the adaptive changes represent convergent 

evolution (121,418–420). For example, particularly in late colonising strains, diverse mutations 

result in similar functional consequences resulting in frequent isolation of strains with certain 

phenotypes, including over-production of exo-polysaccharides resulting in either rugrose small-

colony variants (RSCV) or mucoid strains (152,421), attenuation of virulence factors, often 

through loss of function of quorum sensing  (422), favouring biofilm formation over planktonic 

growth (154), and reduced phenazine production (423).  

Although complete resistance to colistin remains rare in P. aeruginosa isolated from pwCF (201) 

decreased susceptibility to anti-microbials, including colistin, has been observed in long-term 

colonising strains. For example, Ernst and colleagues identified an increased abundance of LPS 

modified with aminoarabinose (L-ara4N) in isolates from pwCF, relative to environmental or non-

CF strains (171,424). Though modification of LPS with L-ara4N is commonly seen in resistant 

isolates, the presence of this modification alone does not convey high level resistance to colistin 

(173,425).  

3.1.3 Synthetic sputum models 
 To investigate the effects of the CF lung environment many groups have used artificial 

sputum media (ASM), of which several different formulations have been reported (426). Although 

these models define particular methods of preparation, frequently individual publications will 

make small modifications to preparation that may impact the reproducibility and translatability 

of findings. ASM aims to recapitulate the key features of the CF lung environment by including 

amino acids, salts and macromolecules at more physiologically relevant concentrations than 

standard laboratory media (426). Large shifts in antimicrobial susceptibility can be seen when 

more physiologically relevant media are used to culture bacteria. For example, Belanger and 

colleagues found that MICs to commonly used antibiotics varied greatly in a diverse panel of 

bacterial pathogens, including P. aeruginosa, when lung- or serum-mimicking media were used, 

relative to CA-MHB (39).  
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Ghani and Soothill developed one of the earliest ASM, to investigate the susceptibility of 

antimicrobial activity of P. aeruginosa biofilm (382). Whilst this medium contained salts, mucin, 

DNA, lipids, from egg yolk emulsion and an iron chelator, Ghani and Soothill’s medium did not 

contain supplemental amino acids (382). Sriramulu and colleagues modified that medium with 

the addition of 20 amino acids at fixed concentrations (278) and examined biofilm formation. The 

presence of amino acids promoted microcolony and biofilm formation (278). Following the 

inclusion of amino acids, several derivatives have been created with altered buffering capacity 

(386), altered mucin and DNA concentrations and the addition of albumin (383). Hare and 

colleagues made further changes by chelating iron with ferritin, and replaced the standardised 

amino acids with casamino acids, a collection of all naturally occurring amino acids resulting 

from the acid hydrolysis of casein,  to better reflect conditions in vivo (384) Further changes to 

amino acid and mucin concentrations were subsequently made by Quinn and colleagues to 

increase sputum consistency when examining complex bacterial populations in a column-based 

system (385). What these media have in common are mucin, DNA, lipids, iron and most contain 

amino acids. They are all based on published concentrations found in human CF sputum but 

crucially, in terms of validation, made little comparison between bacterial phenotype in artificial 

sputum and human sputum other than the ability to form biofilm and how this might be regulated.  

 Palmer and colleagues took the most rigorous approach to replicating the CF lung 

environment by creating a more strictly chemically defined medium, with respect to a wider range 

of constituents, containing specific concentrations of individual amino acids, Fe2+, Ca2+, Mg2+, 

lactate and glucose in a buffered MOPS solution to create SCFM-1 (276). Although Palmer found 

that the relative abundance of amino acids varied between CF sputum samples, the ratios of 

concentrations were relatively consistent. SCFM-1 was further modified through the addition of 

relevant sputum macromolecules: DNA, mucin, 1,2-Dioleoyl-sn-glycero-3-phosphocholine 

(DOPC) and N-acetylglucosamine (GlcNAc) to create SCFM-2 (388). Crucially the phenotype of 

P. aeruginosa in SCFM-2 was validated by high throughput transposon sequencing and compared 

relative abundance of transposon mutants in SCFM-2 and MOPS buffered CF-sputum from 

human donors. Although there was close correlation between SCFM-2 and CF sputum there were 

several mutants that still had a survival disadvantage in SCFM-2, with defects in pathways for 

synthesis of thiamine, folate, purines, branched chain amino acids and tryptophan indicating 

relatively higher abundance of these metabolites in CF sputum. Although the authors 

demonstrated that addition of individual substrates P-amino benzoic acid, purine nucleotides, 

and nicotinamide-adenine dinucleotide, in excess, could enhance growth of specific transposon 

mutants, they did not go as far as to formulate SCFM-3 or define physiological concentrations of 
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these substrates (388). More recently SCFM-2 has been incorporated into an ALI model which 

includes a cellular component. Interestingly when a metatranscriptomic analysis was performed 

the model was not more accurate than SCFM-2 alone (363). Lewin and colleagues confirmed 

previous findings that this model is fairly comparable to CF sputum with respect to the 

transcriptome of P. aeruginosa with 86% of genes expressed within 2 standard deviations of  P. 

aeruginosa grown in expectorated sputum of pwCF who were not receiving CFTR modulator 

therapy (363). 

 In the present work I have chosen to use the SCFM model as the best-validated and most 

representative model CF sputum available. It provides a reproducible way of examining 

antimicrobial susceptibility in a more physiologically relevant model system than laboratory 

media. I have also chosen to use the P. aeruginosa strain PA14 as a well validated and 

characterised strain isolated from human infection (392). Although the PA14 strain was not 

isolated from CF, PA14 clones are frequently isolated from in pwCF (417). The use of PA14 also 

provided access to an ordered transposon library and a range of other genetic resources (393). 

Alongside P. aeruginosa PA14, a range of P. aeruginosa clinical isolates from CF patients were 

selected to confirm the validity of my findings: AK3, AK10 and AK20. The isolates were selected 

as they demonstrate evidence of adaptation to the CF lung: AK3 is a small colony variant, whilst 

AK10 and AK20 had lost phenazine production. As described earlier, many chronic CF isolates 

demonstrate adaptation to the host niche and it is unclear how this process may alter their 

response to the sputum model. Having used a range of isolates at an early stage, more general 

conclusions about the behaviour of P. aeruginosa in CF can be drawn. This combination of model 

and strains enabled me to address my first aim: 

Aim: To investigate the effect of the host microenvironment on susceptibility of P. 

aeruginosa to colistin using a physiologically relevant in vitro model and representative 

clinical isolates. 

3.2 Results 

3.2.1 Synthetic sputum modulates the growth of P. aeruginosa 
As a starting point to test whether synthetic sputum medium altered P. aeruginosa 

susceptibility to colistin, P. aeruginosa strain PA14 and clinical isolates AK3, AK10, and AK20 were 

grown in cation adjusted Muller-Hinton broth (CA-MHB), SCFM-1 and SCFM-2. Growth analysis 

was important because the inability of strains to grow under the conditions used would make 

susceptibility testing difficult. Furthermore, understanding growth is an important precursor to 

understanding survival following antibiotic exposure as, over time, the size of the surviving 
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bacterial population will be determined by both the death rate and the growth rate. CA-MHB was 

included as the laboratory medium as it is the standard broth used for antimicrobial susceptibility 

testing of P. aeruginosa and therefore provided a useful benchmark. 

Growth was estimated from optical density readings at 600nm (OD600nm) over time at 37oC with 

shaking. All strains demonstrated strong growth in CA-MHB, with the exception of P. aeruginosa 

AK3, which is an SCV (Fig 3.1). Growth was reduced in synthetic sputum for all strains (Fig 3.1). 

However, this was more pronounced for clinical isolates compared to P. aeruginosa PA14 (Fig 

3.1B-D). For P. aeruginosa PA14 and AK10 there was little difference between SCFM-1 and SCFM-

2 (Fig3.1A and C). Both AK3 and AK20 isolates demonstrated marked impairment of growth in 

SCFM-1 relative to SCFM-2, implying that these strains used the macromolecules in SCFM-2 as 

nutrient sources (3.1B, 3.1D).  

 

 

 

 

Figure 3.1: Synthetic sputum modulates bacterial growth. P. aeruginosa strains PA14 (A) 
AK3 (B) AK10 (C) and AK20 (D) were inoculated into CA-MHB, synthetic sputum without (SCFM-
1) or with (SCFM-2) macro molecules and incubated at 37°C over 18 hours. Growth was 
determined by measuring optical density at 600nm. Data points represent the mean of 3 
independent experiments with error bars indicating the standard deviation. Data were 
analysed by two-way ANOVA with Tukey’s post hoc test. *P<0.05. 
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To assess the impact of individual macromolecules on growth, each strain was inoculated 

into SCFM-1 supplemented with each macromolecule separately (Fig 3.2). Extracellular DNA 

(eDNA) enhanced growth in P. aeruginosa PA14, AK10 and AK20  relative to SCFM-1 (Fig 3.2A, C 

Figure 3.2: Individual macromolecules exhibit strain dependent differences in growth. P. 
aeruginosa strains PA14 (A) AK3 (B) AK10 (C) and AK20 (D) were inoculated into CA-MHB, 
synthetic sputum without (SCFM-1) or with individual macro molecules (DNA, GlcNAc, Mucin) 
and incubated at 37°C over 18 hours. Growth was determined by measuring optical density at 
600nm. Data points represent the mean of 3 independent experiments with error bars indicating 
the standard deviation. Data were analysed by two-way ANOVA with Dunnett’s post hoc test. 
*P<0.05 **P<0.01 (relative to SCFM-1) 
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and D).Whilst there was a trend for the same in P. aeruginosa AK3interpretation of data for AK3 

was limited by marked inter-assay variability and lower overall growth (Fig 3.2B). Mucin did not 

significantly alter growth for any of the strains however there was a trend for enhanced growth in 

AK20 (Fig 2D P=0.1). GlcNAc also demonstrated a small but consistent enhancement of growth 

in AK20 (Fig 2D).     

3.2.2 Synthetic sputum modulates susceptibility of P. aeruginosa to colistin 

Next, the impact of ASM on colistin susceptibility was determined using two different 

approaches. Firstly, broth microdilution was used to measure the minimum inhibitory 

concentration (MIC). This is the recommended standard susceptibility test for antibiotics 

including colistin in vitro and provides a useful reference to compare clinical data. Secondly, 

time-kill assays were used to measure bacterial survival over time following exposure to clinically 

relevant concentrations of colistin (208). The use of both assays allows effects on both bacterial 

growth (MIC) and bacterial killing (time-kill) to be measured accurately.  

Across all four strains SCFM-1 resulted in 2 to 4-fold increases in MIC relative to CA-MHB (Fig 

3.3). The presence of macromolecules in SCFM-2 further increased the colistin MIC 2-fold for P. 

aeruginosa PA14 and AK20 but had no effect on AK3. The colistin MIC for AK10 was highest in 

SCFM-1, with SCFM-2 and MHB resulting in the same MIC.  
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Figure 3.3: Synthetic sputum modulates susceptibility to colistin.  MICs to colistin were 
determined by broth microdilution for P. aeruginosa strains PA14, AK3, AK10, and AK20. 
Strains were inoculated into CA-MHB, synthetic sputum without (SCFM-1) or with (SCFM-2) 
macro molecules and incubated at 37°C for 20 hours. Growth was determined by measuring 
optical density at 600nm. Data points represent the result of 3 independent experiments with 
coloured bars indicating the median and error bars indicating the range.  
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For Time-kill assays an initial concentration of 4 µg/mL was selected as twice the MIC in 

SCFM-1 for PA14 and therefore was expected to be high enough to achieve killing whilst also being 

in the physiological range (208) and close enough to the MIC that even small differences in 

survival would become evident. For P. aeruginosa PA14, there was relatively little difference in 

killing (the reduction in CFU following colistin exposure) in CA-MHB versus SCFM-1, with a single 

log10 difference apparent for PA14 at 2 and 6 hours (Fig 3.4A). However, there were no significant 

differences observed between CA-MHB and SCFM-1 for any of the clinical isolates (Fig 3.4 B-D). 

Much greater differences were observed in SCFM-2 relative to CA-MHB (Fig 3.5), with 97% of P. 

aeruginosa PA14 (Fig 3.5A) and 99% of AK20 (Fig 3.5D) killed after 2 hours of exposure to colistin, 

but both strains had begun to recover, as demonstrated by increasing CFUs, by 4 hours and fully 

recover by 6 hours. By contrast, there were no statistically significant differences in colistin-

Figure 3.4: SCFM-1 has a minimal effect on colistin susceptibility relative to MHB. 
Stationary phase P. aeruginosa strains PA14 (A) AK3 (B) AK10 (C) and AK20 (D) were 
inoculated into CA-MHB, or SCFM-1 containing 4 µg/mL colistin and bacterial survival 
enumerated over 6 hours. Data points represent the mean of 4 independent experiments with 
error bars indicating the standard deviation. Data were analysed by 2-way ANOVA with 
Sidak’s post-hoc test. *P<0.05 **P<0.01. The dashed line indicates the threshold of detection. 
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mediated killing observed for AK3 (3.5B) or AK10 (3.5C), between CA-MHB and SCFM-2, with both 

strains being eliminated after 6 hours of antibiotic exposure.  

 

3.2.3 Synthetic sputum does not significantly alter colistin activity 
 Cationic antimicrobial peptides have been reported to bind to several components of 

synthetic sputum namely, mucin (287) and eDNA (427). To investigate whether there was a 

significant effect of synthetic sputum on colistin activity a zone of inhibition assay was used. This 

approach has been used previously to show that the phospholipid phosphatidylglycerol 

specifically bound and inhibited activity of the lipopeptide antibiotic daptomycin (398).  Briefly, 

liquid media containing antibiotics is inoculated into a well on an agar plate spread with P. 

Figure 3.5: SCFM-2 Enhances recovery from colistin exposure. P. aeruginosa strains PA14 
(A) AK3 (B) AK10 (C) and AK20 (D) were exposed to 4µg/mL of colistin in CA-MHB or SCFM-2 
and bacterial survival measured over time. Data points represent the mean of 4 independent 
experiments. Error bars represent the standard deviation. Data were analysed by 2-way 
ANOVA with Sidak’s post-hoc test. *P<0.05 **P<0.01. The dashed line indicates the threshold 
of detection. 
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aeruginosa. The size of the resulting zone of inhibition around the well (Fig 3.6A)  is determined by 

the ability of the antibiotic to diffuse through the agar, as well as the susceptibility of the 

organism. In this experiment colistin concentrations were increased to 8 (Fig 3.6B) and 16 (Fig 

3.6C) μg/mL to produce large enough zone sizes for accurate measurement, as 4 µg/mL colistin 

resulted in a zone of only 1-2mm. There were no significant differences in zone sizes between 

either sputum formulation or MHB making significant sequestration of colistin unlikely in this 

model. 

 

 

3.2.4 Individual SCFM-2 macromolecules differentially modulate 
susceptibility of Pa to colistin  

Since SCFM-2 reduced susceptibility to colistin relative to SCFM-1 for most strains, it was 

next investigated which macromolecules were responsible (Fig 3.7). In these experiments SCFM-

1 was supplemented with each of the macromolecules and colistin MIC determined.   

For P. aeruginosa PA14 the presence of DNA or mucin resulted in 2-fold increases in MIC 

whereas there was no effect of GlcNAc or DOPC. For the AK3 isolate, neither DNA nor GlcNAc 

altered the colistin MIC but Mucin and DOPC each resulted in a 2-fold decrease from 0.5 to 0.25 

μg/mL. A similar picture was seen for P. aeruginosa AK10, with mucin resulting in a 4-fold 

Figure 3.6: Synthetic sputum does not significantly alter colistin activity. MHB agar plates 
were spread with a lawn of PA14 and indicated media containing colistin at 8μg/mL (B) or 
16μg/mL (C) was inoculated into wells. Zone diameters were measured around wells at 
symmetrical points (A). Data were normalised to MHB. Each bar represents the mean of 3 
independent experiments with each condition performed in triplicate. Error bars represent the 
standard deviation. Data were analysed by 1-way ANOVA with Dunnett’s post hoc test using 
MHB as the control.  
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decrease in MIC and DOPC a 2-fold decrease from 0.5 to 0.25 μg/mL. For P. aeruginosa AK20, 

DOPC resulted in a 2-fold decrease in colistin MIC whereas there was no change for other 

macromolecules. 

 

Next, the effect of individual macromolecules on colistin-mediated killing was 

investigated by time-kill assay. For P. aeruginosa PA14, DOPC resulted in a 2 log10 increase in 

killing relative to SCFM-1 alone by 4 hours, which was maintained by 6 hours (Fig 3.8A). By 

contrast, the presence of DOPC did not affect the survival of any of the clinical isolates relative 

to SCFM-1 alone (Fig 3.8B-D). The presence of GlcNAc had not significant effect on the killing of 

any of the P. aeruginosa strains relative to SCFM-1 (Fig 3.8) 

The addition of mucin to SCFM-1 did not increase the survival of P. aeruginosa PA14, AK3 

or AK10 relative to SCFM-1 alone (Fig 3.9 A-C). By contrast, the presence of mucin enhanced the 

recovery of P. aeruginosa AK20, resulting in a 3-log increase in survival of this isolate at 6 hours 

relative to SCFM-1 alone (Fig 3.9D). The addition of eDNA reduced killing and increased recovery 

in P. aeruginosa PA14, a 2-log difference at 6 hours, AK3, a 6-log difference at 6 hours, and AK20, 

a 3-log difference at 6 hours (Fig 3.9A, 3.9B and 3.9D). Although there is a trend for increased 

survival in AK10 this was not statistically significant (Fig 3.9C). Overall, eDNA resulted in the 

greatest increase in bacterial survival across most strains and was therefore selected for further 

investigation. 
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Figure 3.7: Sputum macromolecules differentially effect colistin sensitivity. MICs to 
colistin were determined by broth microdilution for P. aeruginosa strains PA14, AK3, AK10, 
and AK20. Strains were inoculated into SCFM-1 alone or SCFM-1 supplemented with 
individual macromolecules at the same concentration they are found in SCFM-2. bacteria 
were incubated at 37°C for 20 hours. Growth was determined by measuring optical density 
at 600nm. Data points represent the result of 3 independent experiments with coloured bars 
indicating the median and error bars indicating the range.  
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Figure 3.8: N-acetyl glucosamine (GlcNAc) and 1,2-dioly-phosphatidylcholine (DOPC) 
have minimal effect on colistin susceptibility. Stationary phase cultures of P. aeruginosa 
strains PA14 (A) AK3 (B) AK10 (C) and AK20 (D) were exposed to 4µg/mL of colistin in SCFM-1, 
or SCFM-1 supplemented with 0.3mM GlcNAc or 100 μg/mL DOPC bacterial survival 
measured over 6 hours. Data points represent the mean of 4 independent experiments and 
error bars represent the standard deviation. Data were analysed by 2-way ANOVA with 
Dunnett’s post-hoc test. *P<0.05  (relative to SCFM-1). The dashed line indicates the threshold 
of detection. 
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3.2.5 eDNA enhances growth but is inhibitory at a high concentrations. 
Estimates for the concentration of eDNA in CF sputum vary within the literature from 0.25 

mg/mL to 5 mg/mL (292–295). As SCFM-2 contains only 0.6 mg/mL eDNA, it was decided to 

investigate the effect of higher concentrations on bacterial growth and colistin susceptibility. This 

revealed that eDNA enhanced the growth of all strains at intermediate concentrations (0.6 and 

1.2 mg/mL), relative to SCFM-1 (Fig 3.10). At 2.4mg/mL, eDNA further enhanced growth of P. 

aeruginosa PA14 (Fig 3.10A), but inhibited the growth of each of the clinical isolates (Fig 3.10B, 

3.10C, 3.10D).  

Figure 3.9: Extracellular DNA (eDNA) reduces susceptibility to colistin. Stationary phase 
cultures of P. aeruginosa strains PA14 (A) AK3 (B) AK10 (C) and AK20 (D) were exposed to 
4µg/mL of colistin in SCFM-1, or SCFM-1 supplemented with 0.6 mg/mL DNA or 5 mg/mL 
Mucin and bacterial survival measured over 6 hours. Data points represent the mean of 4 
independent experiments and error bars represent the standard deviation. Data were 
analysed by 2-way ANOVA with Dunnett’s post-hoc test. *P<0.05 **P<0.01 (relative to SCFM-
1). The dashed line indicates the threshold of detection. 
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Figure 3.10: Extracellular DNA inhibits growth at high concentrations. P. aeruginosa 
strains PA14 (A) AK3 (B) AK10 (C) and AK20 (D) were inoculated into SCFM-1 containing 
increasing concentrations of eDNA (0, 0.6, 1.2, 2.4 mg/mL) and incubated at 37°C over 18 
hours. Growth was determined by measuring optical density at 600nm. Data points 
represent the mean of 3 independent experiments with error bars indicating the standard 
deviation. Data were analysed by two-way ANOVA with Tukey’s post hoc test. *P<0.05 

**P<0.01. Comparisons at appropriate time points are summarised in the table below each graph. 
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3.2.6 eDNA reduces susceptibility of P. aeruginosa to colistin in SCFM-1 

Next, to understand the whether the effect of eDNA on colistin susceptibility was 

conserved across P. aeruginosa, I measured the colistin MIC of a wider panel of clinical CF 

isolates grown in SCFM-1 supplemented, or not, with 1.2mg/mL eDNA (Fig 3.11). This panel was 

selected to include a wider range of phenotypic variants including colistin resistant (AK1 and 

AK24) and mucoid variants (AK8 and AK11). The higher concentration of eDNA was chosen to 

enhance the eDNA effect without being inhibitory, as seen for 2.4 mg/mL.  

 

 

The presence of eDNA resulted in 2-fold increases in colistin MIC for P. aeruginosa strains 

PA14, AK10 and AK18 and ≥4-fold increases were seen for P. aeruginosa strains AK11, AK13 and 

AK16. No consistent increase in MIC was observed for P. aeruginosa isolates AK8 or AK20, 

whereas AK3 became more susceptible to colistin at this higher DNA concentration, with a fall in 

MIC from 0.5 to 0.25 μg/mL. The two resistant isolates (AK1 and AK24) had MICs greater than 64 

μg/mL. 

Next, to better understand the relationship between eDNA concentration and colistin 

susceptibility, the survival of P. aeruginosa PA14 was measured over time in SCFM-1 

P
A
14

A
K
1

A
K
3

A
K
8

A
K
10

A
K
11

A
K
13

A
K
16

A
K
18

A
K
20

A
K
24

0.125

0.25

0.5

1

2

4

8

16

32

64

128

SCFM-1 vs DNA 1.2

Strain

C
o

li
s

ti
n

 C
o

n
c

. 
μ

g
/m

L SCFM-1

SCFM1 + 1.2mg/mL DNA

R R

Figure 3.11: Clinical strains demonstrate varied responses to extracellular DNA. MICs to 
colistin were determined by broth microdilution for P. aeruginosa and a range of clinical 
strains isolated from CF patients. Strains were inoculated into SCFM-1 with and without 
1.2mg/mL eDNA. bacteria were incubated at 37°C for 20 hours. Growth was determined by 
measuring optical density at 600nm. Data points represent the result of 3 independent 
experiments with coloured bars indicating the median and error bars indicating the range. 
Arrows indicate where the MIC is above the maximum concentration tested (64μg/mL). 
Strains known to be resistant to colistin are indicated by the letter R. 
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supplemented with increasing concentrations of eDNA (0.0375 – 2.4mg/mL) and 4 μg/mL (Fig 

3.12A) or 8 µg/mL (Fig 3.12B) colistin. Increasing eDNA concentrations were associated with 

decreased susceptibility to both concentrations of colistin, with killing by 8 μg/mL colistin 

completely abrogated at 1.2 and 2.4mg/mL eDNA. Notably, even a low concentration of 0.0375 

mg/mL eDNA appeared sufficient to enable P. aeruginosa replication in the presence of 4 µg/mL 

of colistin, after an initial fall in CFU counts. As such, eDNA efficiently induces decreased colistin 

susceptibility in a dose-dependent manner.  

 

 

Figure 3.12: Increasing concentrations of eDNA reduces colistin activity. Stationary phase 
cultures of P. aeruginosa PA14 were exposed to 4µg/mL (A) or 8µg/mL (B) of colistin in SCFM-1, 
or SCFM-1 supplemented with indicated concentrations of DNA (mg/mL). Bacterial survival was 
measured over time. Data points represent the mean of 4 independent experiments and error 
bars represent the standard deviation. 
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3.2.7 Physiological concentrations of eDNA induce tolerance to supra-
therapeutic concentrations of colistin 

To examine the apparent discrepancy between only minor shifts in MIC but much more 

dramatic reductions in killing, time-kill assays were performed for P. aeruginosa PA14 using 

higher concentrations of colistin in the presence of the highest concentration of eDNA, 2.4 

mg/mL. As before, bacteria were able to grow in the presence of 8 μg/mL of colistin when eDNA 

was present (Fig 3.13A). Although eDNA did not enable growth at colistin concentrations up to 64 

µg/mL, it did confer colistin tolerance with only a single log10 reduction in CFU between 0 and 6 

hours (Fig 3.13A).  

To further explore the effect of eDNA on colistin resistance and tolerance, the colistin MIC 

and MBC were subsequently determined for P. aeruginosa PA14 in both SCFM-1 and SCFM-1 

supplemented with 2.4mg/mL eDNA (Fig 3.13B). Although the MIC and MBC were identical in 

SCFM-1 at 2 μg/mL, in the presence of eDNA, though growth was inhibited at 8 μg/mL (MIC), 

bacteria were not effectively killed until 64 µg/mL (MBC) (Fig 3.13B). The ability of bacteria to 

survive in the time-kill but not MBC assay likely reflects the larger inoculum used in the former 

assay. 

Figure 3.13: High concentrations of eDNA induce tolerance to colistin. (A) Stationary 
phase cultures of P. aeruginosa PA14 were exposed to indicated concentrations of colistin 
in SCFM-1 supplemented with 2.4mg/mL eDNA. Bacterial survival was measured over time. 
Data points represent the mean of 4 independent experiments and error bars represent the 
standard deviation. Data were analysed by 2-way ANOVA with Sidak’s post-hoc test *P<0.05. 
(B) MIC and MBCs were determined for P. aeruginosa PA14 in SCFM-1 or SCFM-1 
supplemented with 2.4 mg/mL eDNA. Data points represent individual experiments with 
bars the median and error bars the range. Data were analysed by 2-way ANOVA with Tukey’s 
post-hoc test *P<0.05. 
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In summary the presence of eDNA resulted in a dose dependent reduction in P. 

aeruginosa killing by colistin but relatively small increases in colistin MIC. 

3.3 Discussion 
Colistin is the most widely used inhaled antibiotic in CF, in the UK, but is usually unable to 

eradicate infection. The aim of this chapter was to investigate whether- and how- the host 

microenvironment alters susceptibility of P. aeruginosa to colistin using a clinically relevant in 

vitro model.  

 Data from this chapter demonstrated that SCFM-1 and SCFM-2 do not support bacterial 

growth to the same extent as standard laboratory media (CA-MHB) and the effect is most marked 

in isolates from CF patients, perhaps reflecting the tendency of CF isolates to develop auxotrophy 

over time (404,405). Given that P. aeruginosa can utilise amino acids as a carbon source (266) it 

is perhaps a little surprising that we see limited growth in SCFM-1. Furthermore, extracellular DNA 

supported the growth of all 4 strains until it reached inhibitory concentrations. Data of the growth 

enhancing effects of eDNA is extremely limited. It is well recognised that eDNA forms an 

important component of P. aeruginosa biofilm  (160,428) but, wider effects on planktonic growth 

have not been reported. Kumar and colleagues isolated a purine auxotroph that was dependent 

on eDNA for growth (429). Mulcahy and colleagues demonstrated P. aeruginosa is capable of 

utilising DNA as a nutrient source with expression of a deoxyribonuclease to facilitate this (301). 

By contrast, DNA is known to be cytotoxic to cells and is an important component of neutrophil 

extracellular traps (NETs) (430). Growth in the presence of mucin and its breakdown product 

GlcNAc as an energy source have also been reported (431,432). Taken together these 

observations support the prevailing model that P. aeruginosa is metabolically versatile though 

becomes niche-adapted with chronic infection in the CF-lung. 

 It was clear from both antibiotic susceptibility assays used that both SCFM-1 and SCFM-

2 modulate bacterial susceptibility to colistin, with the greatest effect observed in SCFM-2, albeit 

with marked variability between strains. In SCFM-1, although there was a consistent 2-fold 

increase in MIC relative to MHB this was not associated with a significant decrease in killing in 

the time-kill assays for the clinical strains. Potentially, this could be attributed to an inoculum 

effect as much fewer bacteria bacteria are exposed to colistin in an MIC assay than in the time-

kill (105 vs 108). Sweeney and colleagues identified much larger shifts in MIC between MHB and 

SCFM-1 when they used a modified SCFM-1 which did not contain glucose (433) and as previously 

noted, the relative availability of carbon sources can have dramatic effects on MIC (266). In 

SCFM-2, there was a 4-fold increase in MIC and an increase in survival in P. aeruginosa strains 
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PA14 and AK20 in time-kill assays. There was no change in MIC or killing for strain AK3, and P. 

aeruginosa AK10 demonstrated a decrease in MIC in SCFM-2 (relative to SCFM-1). Such variability 

in response to ASM has been reported in the literature when a range of clinical isolates were 

exposed to polymyxin antibiotics, including colistin, in the presence of sputum macromolecules 

(410). Both AK3, and AK10 were rapidly killed by colistin at 4 µg/mL due to their high susceptibility, 

and statistically significant differences may become apparent at lower colistin concentrations, 

although these may be lower than colistin levels achieved in CF lung (208). 

When the effects of individual macromolecules were examined, a range of bacterial 

responses were observed. In general, there was a trend for DOPC to increase bacterial 

susceptibility to colistin. Deschamps and colleagues found a similar pattern where the addition 

of DOPC lowered the MIC of strain PAK to colistin, compared to colistin in SCFM-1 alone (305).  

Mucin caused various changes in susceptibility to colistin. Susceptibility of strains PA14 

and AK20 decreased whereas, susceptibility of AK3 and AK10 increased. Mucin has been 

reported to bind and sequester colistin, decreasing its activity (287) as well as the endogenous 

cationic peptide LL-37 (434). However, it should be noted that Huang and colleagues used higher 

concentrations of mucin to demonstrate restricted diffusion of colistin (12.5% vs 0.5% used here) 

and examined mucin in PBS or non-cation-adjusted MHB (287). This is important because 

electrolyte concentrations are likely to significantly alter the physico-chemical properties of 

mucin (435) and cation availability is crucial for determining colistin susceptibility (436). 

Therefore, the translatability between MHB, PBS and SCFM is likely to be limited. When the effect 

of synthetic sputum on colistin activity was examined, there was no evidence for significant 

sequestration in SCFM-2 relative to MHB. Finally, Huang et al. used porcine gastric mucin, a more 

widely used form of mucin than the bovine maxillary mucin employed in SCFM-2. Porcine gastric 

mucin was previously identified by Neve and colleagues as a significant source of contamination 

in synthetic sputum formulations in that commercial preparations contained additional iron and 

aromatic amino acids (426). Aside from direct interactions between mucin and colistin, mucin 

has been shown to alter the phenotype of P. aeruginosa and this may, in part, explain why 

increased susceptibility is seen in some strains (437). Taken together it is difficult to compare our 

work to these publications given significant methodological differences. However, colistin 

binding does not appear to be an important modulator of bacterial susceptibility in synthetic 

sputum given the variability of its impact on MIC and time-kill data reported here. 

In contrast to other sputum macromolecules modulation of colistin susceptibility with 

eDNA appeared greater in magnitude and more consistent across bacterial strains. Though large 
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shifts in MIC were not observed at 0.6mg/mL eDNA, when a limited panel of isolates was 

investigated, decreased killing was seen for strains PA14, AK3 and AK20, with a trend for the same 

in AK10. Additionally, larger colistin MIC shifts were seen at higher DNA concentrations across a 

wider clinical panel and a dose-dependent reduction in killing observed for P. aeruginosa PA14 

with both 4 and 8 μg/mL of the polymyxin antibiotic. Furthermore, tolerance to colistin was 

observed in strain PA14 up to 64 µg/mL in the presence of 2.4mg/mL eDNA, indicative of a 

significant reduction in bacterial susceptibility.  

The physiological range of peak colistin concentrations, following inhaled administration 

of colistimethate sodium (CMS) are 2-11 µg/mL following a 2 million IU dose and 4-21 μg/mL 

following 4 million IU administration (48)(438). Thus, even at supra physiological concentrations 

the bactericidal activity of colistin would be expected to be abrogated in the presence of high 

levels of eDNA.  

Previous work by Mulcahy and colleagues examined the effect of extracellular DNA on P. 

aeruginosa growth and colistin susceptibility (300). Concordant with the findings presented here, 

they identified high concentrations of eDNA were cytotoxic but sublethal concentrations induced 

colistin resistance when dissolved in LB or minimal medium. They used a reporter system to 

demonstrate activation of the arn operon, known to be responsible for the L-ara4N LPS 

modification, which could be abrogated by the addition of divalent cations. Further work 

suggested eDNA could also induce the production of polyamines (439) and have wider metabolic 

consequences for bacteria (440). However, none of these interactions were studied in the context 

of a sputum-like environment. 

In addition to colistin, eDNA has also been shown to trigger decreased bacterial 

susceptibility to several cationic antimicrobial peptides (410) in the context of an alternative ASM 

model (386). This suggests that the CF lung environment may reduce the potency of the host 

immune response, further contributing to the establishment of persistent infections. 

In summary, the data presented here highlights the key role of eDNA in modulating 

colistin susceptibility in the context of synthetic sputum, although further work will be required 

to confirm whether the mechanism of action is similar to that observed by Mulchay et al. 

Understanding how eDNA in ASM triggers decreased colistin susceptibility of P. aeruginosa will 

be explored in the next chapter.  
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Chapter 4: Extracellular DNA triggers LPS modifications 
associated with reduced susceptibility to colistin. 
 

4.1 Introduction 
Colistin treatment fails to eradicate P. aeruginosa from the CF lung. The previous chapter 

demonstrated that eDNA reduced susceptibility to colistin in a dose dependent fashion in 

artificial sputum. The aim of this chapter was to explore how eDNA reduces susceptibility to 

colistin. 

4.1.1 Colistin resistance in P. aeruginosa 
The primary mode of action of colistin is binding to the terminal phosphates of lipid A 

disrupting cation bridges between adjacent LPS molecules resulting in permeabilisation of 

bacterial membranes (213,222). Permeabilisation of the outer membrane allows colistin to 

access the inner membrane where disruption leads to cell death (227,228). Colistin resistance in 

P. aeruginosa arises through multiple mechanisms, the most common of which are the covalent 

modification of the terminal phosphates of lipid A with wither pEtN or L-ara4N, reducing their 

negative charge and therefore affinity for colistin (218). Though Lipid A can be modified by either 

L-ara4N or pEtN the former appears more common in P. aeruginosa relative to other Gram-

negative bacteria  (425,441,442). Colistin resistance in P. aeruginosa from CF is rare (443), but 

has most commonly been associated with gain of function mutations in two-component systems 

regulating the arnBCEATEF (arn) operon responsible for the synthesis and transfer of L-ara4N to 

lipid A (251,254,442). Indeed, targeted disruption of the arn operon leads to a dramatic reduction 

in spontaneous colistin resistance (425). 

 Although P. aeruginosa encodes the genes responsible for pEtN modification of lipid A, this 

appears to be a rare contributor to mutational polymyxin resistance in this bacterium (243). This 

is in contrast to many other bacteria where pEtN modification can occur via the acquisition of 

spontaneous resistance or mobile colistin resistance genes (MCR) which encode for 

phosphoethanolamine transferases, typically located on plasmids that are not readily acquired 

by P. aeruginosa (256).  

Aside from covalent modifications to lipid A, colistin resistance is associated with 

metabolic changes (441), mutations in the genes encoding the LPS synthesis pathway (258), 

upregulation of drug efflux pumps (260,262), and polyamine synthesis (265,312). Data 

surrounding efflux pumps and polyamine synthesis remains contradictory with some authors 
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reporting no effect on polymyxin susceptibility, and this may be due to the impact of efflux 

disruption on expression of the arn operon (260). Alternatively, the methods used to determine 

bacterial susceptibility vary in the literature with MICs appearing largely unaffected in some 

studies, whereas bacterial survival and outer membrane permeability assays due to polymyxin 

exposure appear more sensitive (260,265). In this chapter I have used a combination of these 

approaches to determine bacterial susceptibility.  

4.1.2 P. aeruginosa possesses multiple two-component systems linked to 
colistin resistance 

P. aeruginosa is a prevalent and versatile environmental organism, able to colonise a range of 

niches. As such, it has a wide range of two-component systems to respond to changing 

conditions, with 64 reported to date (444).  Two-component systems are a common way for 

bacteria to respond to their environment and are typically composed of a sensor-histadine kinase 

which phosphorylates a response regulator following activation or de-repression by a particular 

stimulus (445). The response regulator then goes on to affect a change within the cell via 

transcriptional activation or repression of specific genes. Five two-component systems have 

been directly linked to colistin resistance in P. aeruginosa (Table 2.1): PmrAB, PhoPQ, ColRS, 

CprRS and ParRS. Most systems are linked to the activation of arn, with the exception of ColRS 

which activates eptA (249). Importantly, these systems and in particular, PmrAB and PhoPQ were 

initially described and characterised in E. coli and S. enterica and inferences to their function in 

P. aeruginosa are often made with little supporting evidence. Furthermore, there are key 

differences in structure and function of these systems in P. aeruginosa relative to E. coli 

(245,446). 

 Both systems are activated by low concentrations of divalent cations (244,246) and low 

pH (164) PmrAB has been linked to activation by CAMPs themselves (244). CprRS and ParRS are 

likewise activated by CAMPS (247,447).  ColRS appears to respond to transition metals (448). 

Relatively recently, Wiesman and colleagues identified that susceptibility to iron appeared to be 

ColRS dependent and could be enhanced by lowering the pH (449). 

Gain of function mutations, particularly in phoPQ and pmrAB have been reported in 

clinical P. aeruginosa isolates from CF and elsewhere (442,450). These result in constitutive 

activation and thus modification of lipid A with L-ara4N, conferring polymyxin resistance.  
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Two-component 
system 

Gene locus in PA14 Environmental 
triggers 

Relevant 
Downstream effects 

PhoP 
PhoQ 

PA14_49180 
PA14_49170 

Divalent cations (246), 
pH (164) 

L-ara4N modification 
of lipid A (451) 

PmrA 
PmrB 

PA14_63150 
PA14_63160 

Divalent cations (244), 
pH (164), CAMPs (244)  

L-ara4N modification 
of lipid A (451) 
Polyamine synthesis 
increased (451) 
MexXY efflux pump 
upregulation(451) 

ColR 
ColS 

PA14_56950 
PA14_56940 

Transition metals 
(448,449) (pH 
dependent) 

pEtN modification of 
lipid A (249) 

ParR 
ParS 

PA14_41260 
PA14_41270 

CAMPs (447) L-ara4N modification 
of lipid A (447) 
Polyamine synthesis 
increased(260) 
MexXY efflux pump 
upregulation (260) 

CprR 
CprS 

PA14_24350 
PA14_24340 

CAMPs (247) L-ara4N modification 
of lipid A (247) 

Table 4.1 Two-component systems associated with decreased colistin susceptibility in 
P. aeruginosa. Key references are highlighted in parentheses. 

 

4.1.3 eDNA reduces susceptibility to colistin 
eDNA has been recognised as a key component of synthetic sputum, forming a part of 

biofilm matrix as well as reducing susceptibility to antibiotics. Mulcahy and colleagues 

recognised that eDNA could act both as a nutrient source (301) and that it could reduce 

susceptibility to polymyxins and aminoglycosides through activation of the arn operon (300). 

Additionally, eDNA has been demonstrated to bind and thus remove the activity of the cationic 

antimicrobial peptide LL-37 (427), as well as the similarly cationic tobramycin (289) raising the 

possibility that it could have a similar effect on polymyxins. However, the mechanism(s) by which 

eDNA modulates colistin susceptibility of P. aeruginosa in sputum is unknown. Therefore, the aim 

of this chapter was:  

Aim: To determine the mechanism by which eDNA reduces susceptibility of 

P.aeruginosa to colistin in synthetic sputum. 
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4.2 Results 

4.2.1 Validation of Salmon sperm DNA as a proxy for Human DNA. 
Sequencing experiments have confirmed that the most abundant extracellular DNA 

(eDNA) in CF sputum is of human origin (94,452). However, most artificial sputum media, 

including that used in chapter 3, utilise salmon sperm DNA (ssDNA) because it is readily 

available. To exclude a non-specific effect mediated by ssDNA or contamination during the 

commercial purification process, human DNA (hDNA) was purified from the respiratory epithelial 

cell line A549 (400). When added to SCFM-1, both ssDNA and hDNA at 0.6mg/mL inhibited killing 

of P. aeruginosa PA14 by 4 μg/mL colistin to comparable levels, resulting in a 2-log increase in 

survival by 4 hours relative to that seen for bacteria in SCFM-1 without eDNA (Fig 4.1). Therefore, 

ssDNA was deemed to be a suitable replacement for human DNA.  

 

 

4.2.2 eDNA does not significantly sequester colistin in SCFM-1 
eDNA has been reported to directly interact with cationic antimicrobial peptides, 

reducing their antibacterial activity (289,427). To investigate whether a significant interaction 

between eDNA and colistin occurred in synthetic sputum, a zone of inhibition assay was used as 
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Figure 4.1: Both low molecular weight salmon sperm DNA and human DNA reduce 
susceptibility to colistin. P. aeruginosa PA14 was exposed to 4µg/mL colistin in SCFM-1 or 
SCFM-1 supplemented with commercially available low molecular weight salmon sperm DNA 
(0.6mg/mL) or SCFM-1 supplemented with human DNA purified from cultured A549 respiratory 
epithelial cells (0.6 mg/mL). Data points represent the mean of 3 independent experiments and 
error bars represent the standard deviation. Data were analysed by 2-way ANOVA with Tukey’s 
post-hoc test. *P<0.05 **P<0.01 
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described in chapter 3.  Given there was no effect on colistin in SCFM-2, when the effect of eDNA 

alone was investigated, tobramycin was included as a positive control, given reports that eDNA 

sequesters aminoglycosides (289). For colistin there was no difference in zone size (Fig 2A) 

between phosphate buffered saline, SCFM-1 alone or SCFM-1 containing 0.6 (Fig 4.2B) or 

2.4mg/mL (Fig 4.2C) eDNA. By contrast there was a 10% reduction in zone size for tobramycin at 

2.4mg/mL of eDNA relative to PBS or SCFM-1 at both 8 (Fig 4.2D) and 16 µg/mL (Fig4.2E). This 

supports previous data showing that eDNA sequesters aminoglycosides, but rules out a similar 

mechanism for colistin, at least in the context of SCFM-1.  

 

 

 4.2.2 eDNA disrupts the outer membrane of P. aeruginosa  
 Mulcahy and colleagues identified that high concentrations of extracellular DNA resulted 

in disruption of both the inner and outer membranes of P. aeruginosa leading to propidium iodide 

uptake (300). Therefore, I hypothesised that sublethal concentrations of eDNA would be capable 

of disrupting the outer membrane of P. aeruginosa, triggering outer membrane modification that 

confers polymyxin resistance. To determine the integrity of the outer membrane the hydrophobic 

dye NPN was used (453). NPN is normally excluded from the outer leaflet of Gram-negative 

bacteria by LPS. Loss of integrity of the LPS monolayer allows NPN to bind phospholipids and 

produce a fluorescent signal (453). 

NPN was unstable in SCFM-1 and therefore the assay was performed in HEPES buffer as 

previously described (453). Stationary phase PA14 was diluted to 0.5 OD600nm and exposed to 

Figure 4.2: eDNA does not significantly reduce colistin activity. MHB agar plates were spread 
with a lawn of PA14 and indicated media containing either colistin (B and C) or tobramycin (D and 
E) at indicated concentrations was inoculated into wells. Zones diameters were measured around 
wells at symmetrical points (A). Data were normalised to MHB. Each bar represents the mean on 
3 independent experiments with each condition performed in triplicate. Error bars represent the 
standard deviation. Data were analysed by 1-way ANOVA with Tukey’s post hoc test. *P<0.05 
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eDNA at increasing concentrations. Colistin was included as a positive control. There was no 

significant difference in NPN signal between HEPES alone and HEPES containing 0.6mg/mL 

eDNA (Fig 3A). However, 2.4mg/mL of eDNA resulted in a 32-fold increase in fluorescence, 

comparable to colistin at 2 µg/mL, consistent with disruption of the outer membrane (Fig 3A).  

 

To confirm the functional integrity of the outer membrane had been compromised by 

eDNA, the rifamycin antibiotic rifampicin was used. Rifampicin is commonly used to treat 

infections caused by Gram-positive organisms as it is excluded from the cytosol of Gram-negative 

bacteria by LPS within the outer membrane (454). As such, susceptibility to rifampicin is 

increased by disruption of the outer membrane. Broth microdilution was used to measure the 

susceptibility of PA14 to rifampicin in the presence of increasing concentrations of eDNA (Fig 3B). 

Bacterial growth was quantified by measuring absorbance at 595nm. In SCFM-1, P. aeruginosa 

PA14 was able to grow at 256 µg/mL rifampicin, however, as the concentration of eDNA was 

increased, growth at 256mg/mL was first inhibited (~10% growth at 0.6mg/mL, 40% at 1.2mg/mL) 

Figure 4.3: eDNA disrupts the outer membrane of P. aeruginosa. (A) The hydrophobic dye 
NPN was used to assess outer membrane permeability. Stationary phase bacteria challenged 
with DNA at indicated concentrations (mg/mL) or colistin at 2 µg/mL in HEPES buffer. HEPES 
buffer alone acted as the negative control. Data points represent the mean of 3 independent 
experiments with 3 technical replicates. Error bars represent the standard deviation. Data 
were analysed by one-way ANOVA with Tukey’s post hoc test. (B) Susceptibility to Rifampicin 
was determined by broth microdilution in SCFM-1 in the presence of indicated concentrations 
of DNA (mg/mL). Bacterial growth was determined by OD595nm and normalised to bacterial 
growth media containing no antibiotics. Data points represent the mean of 3 independent 
experiments. Error bars represent the standard deviation. Data were analysed by 2-way 
ANOVA with Dunnett’s post hoc test. Significant differences between 2.4 mg/mL DNA and 
SCFM-1 alone are highlighted for clarity. *P<0.05 **<0.01. 
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and then the MIC shifted to 64 µg/mL at 2.4mg/mL DNA in keeping with increasing susceptibility 

to rifampicin.  Both rifampicin susceptibility and NPN uptake support the conclusion that high 

concentrations of eDNA damage the outer membrane of P. aeruginosa.  

4.2.4 Excess magnesium prevents membrane damage but does not restore 
susceptibility to colistin 

It has been suggested that eDNA damages membranes by chelating cations such as 

magnesium that form bridges between LPS molecules (455), triggering the arn operon and giving 

rise to colistin resistance (300). In support of this, membrane disruption by eDNA can be 

prevented by the addition of excess divalent cations. Therefore, I hypothesised that the addition 

of excess magnesium could prevent outer membrane damage and restore colistin susceptibility 

by saturating the cation binding capacity of eDNA. 

To understand the effect of Mg2+ on eDNA induced membrane disruption, NPN uptake was 

measured in the presence of 2.4 mg/mL eDNA with the addition of increasing concentrations of 

extracellular Mg2+ in HEPES buffer (0,1, 5 and 10-fold the base concentration of SCFM-1), with 

colistin used as a control (Fig 4.4). As expected, the addition of Mg2+ reduced outer membrane 

disruption by both colistin and eDNA. The effect of magnesium on colistin was not significant 
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Figure 4.4: Magnesium supplementation protects the outer membrane from damage. The 
hydrophobic dye NPN was used to assess outer membrane permeability. Stationary phase 
bacteria challenged with 2.4 mg/mL DNA or colistin at 2 µg/mL in HEPES buffer supplemented 
with addition magnesium (relative to SCFM). Bars represent the mean of 3 independent 
experiments with 3 technical replicates. Error bars represent the standard deviation. Data 
were analysed by 2-way ANOVA with Dunnett’s post hoc test. *P<0.05 **P<0.01 ***<0.001. 
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between 0 and 1-fold magnesium although p=0.06. At 5- and 10-fold Mg2+ there was significant 8-

fold reduction in NPN fluorescence. By contrast increasing magnesium concentrations resulted 

in decreasing NPN fluorescence in the presence of 2.4 mg/mL eDNA. 

Next, to understand how Mg2+ affected polymyxin-mediated killing of P. aeruginosa in the 

presence or absence of eDNA, magnesium chloride was added to SCFM-1 at 0,1, 5 and 10-fold 

the base concentration of SCFM-1, and bacteria were challenged with 4 or 8μg/mL colistin in 

SCFM-1 alone or SCFM-1 supplemented with 0.6 or 2.4mg/mL of eDNA before bacterial survival 

was enumerated over 4 hours (Fig 4.5).  

Because excess magnesium can reduce polymyxin-mediated killing independently of 

eDNA (217,221,222), it was first necessary to understand the impact of this cation in SCFM-1 

without eDNA. In the absence of eDNA, at 4 µg/mL colistin, the addition of Mg2+ resulted in a dose 

dependent reduction in killing (Fig 4.5A), which was not apparent when 8 μg/mL colistin was used 

(Fig 4.5B). In the presence of 0.6mg/mL of eDNA at 4 µg/mL, killing was abrogated at all 

concentrations of Mg2+ and growth was enhanced 5 or 10-fold (Fig 4.5C). At 8 μg/mL colistin killing 

was restored at 1-fold and 5-fold Mg2+ but abrogated at 10-fold (Fig 4.5D). Finally in the presence 

of 2.4mg/mL eDNA, 4 µg/mL of colistin was insufficient to kill P. aeruginosa and the addition of 

magnesium did not restore killing (Fig 4.5E). At 8 µg/mL colistin killing was observed at 0,1 and 5-

fold magnesium but abrogated at 10-fold (Fig 4.5F). Taken together there appears to be an 

additive effect whereby eDNA reduced susceptibility to colistin and magnesium further reduced 

susceptibility. Therefore, whilst eDNA is capable of sequestering divalent cations resulting in 

membrane disruption, this alone does not completely explain the reduced susceptibility to 

colistin observed in SCFM-1. Therefore, it was important to investigate other potential resistance 

mechanisms induced by eDNA.   
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Figure 4.5: Magnesium supplementation does not restore susceptibility to colistin in the 
presence of eDNA. Stationary phase cultures of P. aeruginosa PA14 were exposed to 4µg/mL (A, 
C, E) or 8µg/mL (B, D, F) colistin in SCFM-1 alone (A and B) or SCFM-1 supplemented with 
0.6mg/mL (C and D) or 2.4mg/mL (E and F) DNA with increasing concentrations of magnesium. 
Bacterial survival was measured at 0 and 4 hours. Data points represent the mean of 4 
independent experiments. Error bars represent the standard deviation. Pairwise comparisons 
are demonstrated in the table below. Data were analysed by 2-way ANOVA with Tukey’s post hoc 
test. *P<0.05 **P<0.01. 
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4.2.5 Acidification of SCFM by eDNA is partially responsible for colistin 
resistance. 

The phosphate backbone of DNA acts as a strong acid in solution and a key feature of the CF 

lung is that the pH is often lower than in unaffected individuals due to impaired physiological 

buffering (414,415). Since media acidification is known to modulate susceptibility to antibiotics, 

including colistin, it was hypothesised that eDNA may reduce polymyxin susceptibility via 

acidification of the medium (456).  As a first step towards testing this, the pH of SCFM-1 

containing eDNA or not was measured (Fig 6A). Basal SCFM-1 had a pH of 6.79. However, with 

the addition of 0.6mg/mL or 2.4mg/mL eDNA, the pH fell to 6.55 and 5.42 respectively (Fig 4.6A). 

When 2.4mg/mL of eDNA was added to HEPES buffer, which was used for the NPN assay, the pH 

fell even further to 4.40. To examine the role of pH on P. aeruginosa susceptibility to colistin, time-

kill experiments were performed with P. aeruginosa PA14. The role of pH was examined in two 

ways: firstly, SCFM-1 containing 2.4mg/mL eDNA was neutralised with NaHCO3 (33mM) (Fig 

4.6B), which is the main physiological buffer in the lung. Secondly, SCFM-1 was acidified in the 

absence of eDNA to pH 5.5 to establish whether this reproduced the phenotype seen with eDNA 

(Fig 4.6C). P. aeruginosa survival was then measured over time under these conditions in the 

presence of 8μg/mL colistin.  

The addition of NaHCO3 largely ablated the effect of eDNA during the first two hours of the 

assay, compared to SCFM-1 without eDNA (Fig 4.6B). However, bacteria were still able to recover 

from colistin exposure faster than in SCFM-1 alone (Fig 4.6B). Acidification of SCFM-1 in the 

absence of eDNA, was sufficient to abrogate killing to the same extent as the addition of 

2.4mg/mL extracellular DNA against 8µg/mL colistin (Fig 4.6C). As such, the acidification of 

SCFM-1 by eDNA appeared to make an important contribution to the reduction in polymyxin 

susceptibility.  

To determine whether pH was sufficient to explain the membrane disruption observed in the 

presence of eDNA, NPN fluorescence was quantified in the presence of eDNA in HEPES, or in 

HEPES adjusted to pH 4.4 with HCl (Fig 4.6D). Lowering the pH with HCl resulted in increased 

NPN fluorescence to a greater extent than that seen with1.2mg/mL eDNA, but not to the same 

extent as was seen with 2.4mg/mL eDNA. Together these results supported the hypothesis that 

acidification due to the presence of eDNA contributes to membrane damage and subsequent 

colistin resistance but did not explain the full extent of resistance observed.  
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Figure 4.6: Media acidification contributes to membrane damage and colistin resistance. The 
pH of experimental media used in this section is summarised in table (A). Values are the mean of 
3 independent experiments with the standard deviation shown.  Stationary phase cultures of P. 
aeruginosa PA14 were exposed to 8 µg/mL (B and C) of colistin in SCFM-1 or SCFM-1 
supplemented with 2.4mg/mL eDNA. NaHCO

3 
was added to restore the pH of SCFM-1 with DNA 

to 6.8 (B) or SCFM-1 was acidified to pH 5.5 (C) to mimic the addition of DNA. Bacterial survival 
was measured over time. Data points represent the mean of 3 independent experiments. Error 
bars represent the standard deviation. Data were analysed by 2-way ANOVA with Tukey’s post hoc 
test. Pairwise comparisons are summarised in the tables below each graph. NPN was used to 
assess outer membrane permeability (D). Stationary phase bacteria challenged with DNA at 
indicated concentrations (mg/mL) or HEPES buffer acidified to pH 4.4. HEPES alone was the 
negative control. Bars represent the mean of 3 independent experiments with 3 technical 
replicates. Error bars represent the standard deviation. Data were analysed by 1-way ANOVA with 
Tukey’s post hoc test. *P<0.05 **P<0.01 *** P<0.001 ****P<0.0001. 
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4.2.6 eDNA triggers LPS modifications 
Colistin resistance in P. aeruginosa arises due to covalent modification of the terminal 

phosphate groups of lipid A. To investigate whether eDNA gives rise to colistin resistance by 

triggering LPS modification, negative-ion matrix-assisted laser-desorption time of flight 

spectroscopy (MALDI-ToF) was used to determine the structure of LPS expressed by bacteria 

exposed to eDNA (403).  

P. aeruginosa PA14 was grown in SCFM-1 in the presence or absence of 2.4mg/mL eDNA. Bacteria 

were analysed at 2 h (Fig. 4.7A and B) and 6 h (C and D) in the presence (B and D) or absence (A 

and C) of eDNA in SCFM-1, since these were the most relevant conditions (peak bacterial 

killing/increased growth). Representative traces are shown in Fig 4.7 and reveal the presence of 

various lipid A variants. Since the absolute abundance of each peak varied between different 

measurements, the area under each peak, corresponding to each lipid A species, was 

normalised for each condition, with reference to the most abundant peak at baseline m/z 1447 

representing penta-acylated lipid A (Fig 4.8A). After 2 h growth in SCFM-1, either with or without 

eDNA, hexa-acylated lipid A (m/z 1617) was the most abundant lipid A species (Fig 4.8B). In P. 

aeruginosa, lipid A is synthesised as a hexa-acylated form and then converted to the penta-

acylated form by the action of the lipid A de-acylase PagL (424,457) (Fig 4.8D). At baseline there 

were no differences between PA14 grown in the presence or absence of eDNA (Fig 4.8A). 

Following 2 hours of growth in the presence of eDNA (Fig 4.8B), there was a relative increase in 

lipid A with a m/z of 1819, corresponding to hexa-acylated lipid A modified with an additional 

phosphate and pEtN compared to SCFM-1(Fig 4.8B). By six hours, the relative abundance of m/z 

1617 hexa-acylated lipid A (Fig 4.8C) had decreased regardless of the presence of eDNA. 

However, the presence of eDNA resulted in a relative increase in hexa-acylated tri-

phosphorylated pEtN modified lipid A (m/z 1819) compared to SCFM-1 (Fig 4.8C). Additionally, 

there was also an increase in tri-phosphorylated penta-acylated lipid A at m/z 1649 (Fig 4.8C) 

likely arising from the activity of PagL (424). Lastly eDNA resulted in an increase in penta-acylated 

mono-phosphorylated lipid A m/z 1367 (Fig 4.8C). In summary, eDNA triggers changes to lipid A 

that could feasibly confer polymyxin resistance, particularly the addition of the pEtN moiety to 

lipid A. 
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Figure 4.7: Representative MALDI-ToF traces. Stationary phase P. aeruginosa was grown is SCFM-1 
alone (A and C) or SCFM-1 supplemented with 2.4mg/mL eDNA (B and D) for 6 hours. Samples were 
taken at 2 (A and B) and 6 hours (C and D) and analysed by MALDI-ToF. 4 representative traces are 
shown from a single experiment. Dominant peaks are labelled with m/z. unlabelled minor peaks 
represent variation in hydroxylation (m/z +/- 16).   
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Figure 4.8: Extracellular DNA induces lipid A modifications associated with colistin resistance. 
Stationary phase cultures of PA14 were exposed to SCFM-1 or SCFM-1 supplemented with 2.4mg/mL 
DNA. Samples were taken for MALDI-TOF analysis in negative ion mode at 0 (A) 2 (B) and 6 hours (C) of 
exposure. The most abundant lipid A species at each time point are shown. The area under each peak was 
normalised to the most prevalent lipid A species at baseline T0 [m/z 1447]. Data points represent the mean 
of 3 independent experiments. Error bars represent the standard deviation. Peaks in m/z were identified 
+/- 5. Data were analysed by 2-way ANOVA with Sidak’s post-hoc test. *P<0.05 **P<0.01. Corresponding 
lipid A structures, their predicted mass / charge and key enzymes are shown (D): Penta-acylated mono-
phosphorylated lipid A [m/z 1367]; Penta-acetylated lipid A [m/z 1447]; Hexa-acylated lipid A [m/z 1617]; 
Hexa-acylated tri-phosphorylated lipid A; penta-acylated mono-phosphorylated lipid A; penta-acylated 
tri-phosphorylated lipid A modified with phosphoethanolamine [m/z 1649]; hexa-acylated tri-
phosphorylated lipid A modified with phosphoethanolamine [m/z 1819]. 
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Next, to investigate the functional consequences of lipid A modification, a P. aeruginosa PA14 

transposon library was used (393). Mutants defective for major pathways associated with lipid A 

modification were examined including those lacking functional copies of genes required for lipid 

A acylation: pagL (424)and pagP (175) as well as, and the lipid A phosphatase lpxT (458). LpxT was 

included due to its role in phosphorylation of lipid A which was always observed in conjunction 

with phosphoethanolamine (Fig 4.8). Although there was significant levels of mono-

phosphorylated lipid A detected at 6 hours, the enzyme responsible for this process has not been 

identified in P. aeruginosa. Nowicki et al, when they described the activity of LpxT in P. aeruginosa, 

identified that a knock-out of lpxT resulted in a significant reduction of monophosphorylated lipid 

A (458). Therefore, it is possible that LpxT has dual kinase / phosphatase activity. A mutant lacking 

eptA was also included based on the lipidomics detection of pEtN modified lipid A. Although L-

ara4N was not clearly present in the lipidomics data, it is possible that low abundance species 

could be missed as L-ara4N differs in m/z from pEtN by 10. As previously noted, L-ara4N is well 

recognised to play a major role in reducing colistin susceptibility in P. aeruginosa, and has 

reported to be induced by eDNA (300).  Although L-ara4N is synthesised and applied to lipid A by 

the arn operon previous authors have successfully disrupted this process by disruption of the 

Undecaprenyl-phosphate 4-deoxy-4-formamido-L-arabinose transferase arnC (300), therefore 

the arnC::Tn mutant also examined.  

Initially, the colistin MICs for all transposon mutants were determined by broth microdilution. To 

assess whether any of the mutants demonstrated altered susceptibility to colistin in the absence 

of eDNA, MICs were first measured in SCFM-1 (Fig 4.9A). None of the mutants demonstrated a 

different MIC from the P. aeruginosa PA14 (Fig 9A). As expected, the wild-type MIC increased 8-

fold in the presence of eDNA relative to SCFM-1 alone (Fig 9B). However, the MIC of the eptA::Tn 

mutant only increased 2-fold in the presence of eDNA, indicating that the pEtN modiciation of 

LPS contributions to eDNA-induced polymyxin resistance. The colistin MICs of the arnC::Tn and 

pagP::Tn mutants increased 4-fold, suggesting a minor contribution to eDNA induced polymyxin 

resistance. The pagL::Tn mutant had the same MIC as the wild type in the presence of eDNA, 

whereas the lpxT::Tn mutant had MICs that were at least 4-fold higher than wild type. 
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 Having demonstrated that eptA::Tn and arnC::Tn demonstrated lower MICs to colistin relative 

to PA14 in the presence of eDNA susceptibility was also examined by time-kill assay to confirm 

that the lower MIC was associated with increased killing over time. In keeping with the MIC data, 

there was no difference in susceptibility between wild type and mutants to 4 μg/mL colistin in 

SCFM-1 without eDNA at 4 hours (Fig 4.9C).  

 

 

Figure 4.9: eptA and arnC are required for high level resistance to colistin in the 
presence of eDNA. MICs to colistin were determined by broth microdilution for P. 
aeruginosa strains PA14 and PA14 transposon mutants in key lipid A modifying enzymes in 
either SCFM-1 (A) or SCFM-1 supplemented with 2.4 mg/mL eDNA (B). Bacteria were 
incubated at 37°C for 20 hours. Growth was determined by measuring optical density at 
600nm. Data points represent the result of 3 independent experiments with coloured bars 
indicating the median and error bars indicating the range. Arrows indicated where the MIC 
was above the range tested (0.05-64µg/mL). Stationary phase PA14, eptA::Tn and arnC::Tn 
were exposed to colistin at indicated concentrations in SCFM-1 (C) or SCFM-1 
supplemented with 0.6mg/mL (D) or 2.4 mg/mL eDNA (E). Bacterial survival was 
enumerated at 4 hours. Bars represent the mean of 4 independent experiments. Data were 
analysed by one-way ANOVA with Dunnett’s post hoc test *P<0.05 **P<0.01 ***P<0.001. 
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Likewise, there was no difference in susceptibility observed in the presence of 0.6 mg/mL 

eDNA at 4 µg/mL (Fig 4.9D). Hypothesising that there may be redundancy between the arn and 

eptA systems both the DNA and colistin concentrations were increased. When P. aeruginosa 

wild-type and mutants were incubated in SCFM-1 containing 2.4 mg/mL eDNA together with 

colistin (64 μg/mL), though the wild type strain survived at a high level, viability of both the 

eptA::Tn and arnC::Tn mutants was decreased ~50-fold relative to the inoculum (108 CFU/mL). 

Given the previously very limited recognition of a role for pEtN LPS modification to polymyxin 

resistance in P. aeruginosa (243,249), the eptA::Tn mutant was complemented with a wild-type 

copy of the gene, to confirm its role, using the miniCTX-1 system. eptA was cloned, along with its 

endogenous promoter, by amplifying both the gene and a 500bp upstream region. Gibson 

assembly was used to incorporate the cloned fragment into the miniCTX-1 vector. MiniCTX-1 was 

used as firstly, it is competent for conjugation and therefore improves transformation efficiency 

in P. aeruginosa. Secondly, miniCTX-1 stably incorporates cloned fragment into a target region of 

the P. aeruginosa genome, resulting in a stable single gene copy complementation (51). 

Successful assembly of the construct was confirmed by sequencing the entire plasmid miniCTX-

eptA. The annotated sequence alignment is demonstrated in Fig 4.10A. Plasmids were 

transformed into the conjugation competent E. coli strain CC118λPIR by heat shock, then 

conjugation with the helper strain E. coli 1047 containing pRK2013 plasmid was used to 

transform both the empty miniCTX-1 alongside miniCTX-1-eptA into the eptA::Tn background 

(394). The presence of the 997bp MAR2xT7 transposon in the native eptA gene was confirmed by 

PCR (Fig 4.10B) Successful incorporation of the plasmid was confirmed by tetracycline 

resistance. As before, wild type P. aeruginosa survived at a high level but CFU counts of the 

eptA::Tn mutant were ~50-fold reduced. Complementation of the eptA::Tn mutant restored 

survival to wild type levels, whereas the miniCTX-1 vector without eptA had no effect on survival. 

The data presented in this section supports the existing literature that eDNA can reduce 

colistin susceptibility by triggering the arn operon (300). However, this section also provides 

strong evidence that under conditions mimicking the CF lung, eDNA also induces eptA to modify 

lipid A with pEtN which plays a previously unrecognised role in reducing colistin susceptibility in 

P. aeruginosa. In the next section the two-component systems responsible for activating both arn 

and eptA were examined. 
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Figure 4.10: Complementation of eptA reduces susceptibility to colistin in the presence of 
eDNA. (A) an annotated vector map generated from plasmid sequencing data for miniCTX-1-eptA 
containing eptA with its native promoter (EptA_natprom). The plasmid also contains a functional 
tetracycline resistance gene (TcR), origin of transfer (oriT) integrase and targeting sequence for 
chromosomal integration (attP). (B)  Gel electrophoresis of PCR product using primers directed 
against the eptA gene confirming the presence of the MAR2xT7 transposon in eptA::Tn. (C) Mini-
CTX1-eptA was transformed into eptA::Tn alongside the empty mini-CTX-1 vector. Stationary 
phase bacteria were exposed to 64µg/mL colistin in SCFM-1 containing 2.4mg/mL eDNA and 
survival was enumerated at 4 hours. Bars represent the mean of 4 independent experiments. 
Data were analysed by one-way ANOVA with Dunnett’s post hoc test *P<0.05. 
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4.2.7 Multiple two-component systems contribute to DNA-induced colistin 
resistance 

Multiple two-component systems have been associated with LPS modification in P. 

aeruginosa (summarised in table 4.1). Most activate the arn operon, although ColRS is a known 

trigger of eptA (249). To understand which, if any, of these systems were involved in eDNA-

triggered colistin resistance, a panel of mutants was assembled from the P. aeruginosa PA14 

transposon library  (393). Mutants in both the sensor histidine-kinase and response regulator for 

each of the two-component systems were selected: PhoPQ, PmrAB, ColRS, CprRS and ParRS. 

Section 4.2.2 demonstrated that exposure to eDNA damages the bacterial outer membrane. 

To ensure that changes in bacterial survival, observed with any of the transposon mutants were 

due to changes in susceptibility to colistin and not to direct cellular effects of eDNA alone, time-

kill assays were used to compare the survival of each of the transposon mutants to PA14 in the 

presence of SCFM-1 supplemented with 2.4 mg/mL eDNA in the absence of colistin (Fig 4.11A). 

None of the mutants demonstrated reduced survival relative to PA14.   

Next, time-kill assays were used to investigate susceptibility changes associated with 

transposon mutants in each of the identified TCSs. After 4 h incubation in SCFM-1 

supplemented with 2.4mg/mL eDNA and 64µg/mL colistin colR::Tn, colS::Tn, cprR::Tn and 

cprS::Tn mutants had a 2-3-log decreased level of survival CFU relative to wild type bacteria, 

similar to that seen for the eptA and arnC::Tn mutants (Fig 4.9E; Fig 4.11B). The parR::Tn and 

parS::Tn mutants survived at similar levels to the wild type. There was also no survival defect of 

the phoP::Tn or phoQ::Tn mutants, but both pmrA::Tn and pmrB::Tn were associated with a 2-log 

increase in killing relative to the wild type strain (Fig 4.11C).  
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  Figure 4.11: Multiple two-component systems are responsible for high level colistin 
resistance induced by eDNA. Stationary phase PA14 and all transposon mutants were exposed 
to SCFM-1 supplemented with 2.4mg/mL eDNA and survival enumerated at 4 hours (A). PA14 and 
transposon mutants for all two-component systems linked with colistin resistance were exposed 
to colistin at 64µg/mL in SCFM-1 supplemented with 2.4 mg/mL eDNA. Bacterial survival was 
enumerated at 4 hours (B and C). Bars represent the mean of 5 (B) or 3 (A and C) independent 
experiments. Data were analysed by one-way ANOVA with Dunnett’s post hoc test *P<0.05 
**P<0.01. 
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Since ColRS was required for eDNA induced polymyxin resistance (Fig 4.11B), and it has 

previously been demonstrated to induce eptA (249), it was decided to complement the colS 

mutant. Although complementation of either colR or colS would have been a viable strategy. 

PCR of colS confirmed the location of the transposon within this gene whereas PCR of colR 

resulted in 2 bands consistent with both the transposon insertion and the WT gene (Fig 4.12A), 

therefore the decision was made to complement colS::Tn alone.  colR and colS are expressed 

as part of a 2 gene operon and therefore, for complementation, both genes and a 500bp 

upstream region were cloned as a single 2500bp fragment. As described previously (section 

4.2.6) Gibson assembly was used to create the construct (miniCTX-1-colRS) and success was 

confirmed by sequencing (Fib 4.12B). As above, the colS::Tn mutant survived significantly less 

well than wild type in the presence of eDNA and colistin. Complementation of the colS::Tn 

mutant with the intact colRS operon restored survival to wild type levels, whereas the miniCTX-1 

vector alone had no effect (Fig 4.12C). 

Combined, these data reveal that multiple pathways are required for eDNA triggered 

polymyxin resistance, most likely via their roles in regulating pEtN and /or L-ara4N modification 

of LPS. 
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Figure 4.12: Complementation of colRS reduces susceptibility to colistin in the presence of 
eDNA. (A)  Gel electrophoresis of PCR product using primers directed against the colRS operon 
confirming the presence of the MAR2xT7 transposon in colS::Tn but native gene in colR::Tn. (B) 
an annotated vector map generated from plasmid sequencing data for miniCTX-1-colRS 
containing the colRS operon with its native promoter (ColRS_natprom). The plasmid also 
contains a functional tetracycline resistance gene (TcR), origin of transfer (oriT) integrase and 
targeting sequence for chromosomal integration (attP). (C) Mini-CTX1-colRS was transformed 
into colS::Tn alongside the empty miniCTX-1 vector. Stationary phase bacteria were exposed to 
64µg/mL colistin in SCFM-1 containing 2.4mg/mL eDNA and survival was enumerated at 4 hours. 
Bars represent the mean of 3 independent experiments. Data were analysed by one-way ANOVA 
with Dunnett’s post hoc test *P<0.05. 
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4.3 Discussion 
Having established in the previous chapter that eDNA reduces colistin susceptibility in 

diverse CF-associated P. aeruginosa strains, the work in this chapter investigated the mechanism 

responsible. The data described in this chapter demonstrates that under conditions mimicking 

the CF lung eDNA resulted in modification of Lipid A with pEtN, that both eptA and arnC 

contribute to reduced susceptibility to colistin in the presence of eDNA and that multiple two-

component systems are required for eDNA induced polymyxin resistance. Furthermore, eDNA 

appears to trigger polymyxin resistance, at least partly, via acidification. 

Previously, eDNA was shown to reduce susceptibility to polymyxins in a synthetic sputum 

model by Schneider-Futschik and colleagues (410) although no work was done to elucidate the 

mechanism. Previous work has suggested that sputum macromolecules can reduce polymyxin 

activity by sequestering the lipopeptide (427). However, whilst reduced activity was observed 

this for tobramycin in the presence of eDNA, there was no effect on colistin activity in our assay. 

This led to the hypothesis that eDNA triggered changes to bacterial physiology that reduced 

susceptibility to colistin. 

In P. aeruginosa modification of lipid A with L-ara4N is thought to be central to the 

development of colistin resistance (173,243,425). The work presented in this chapter is the first 

strong evidence that, in a more physiologically relevant model system, eDNA can trigger colistin 

resistance via lipid A modification with pEtN,  as a result of eptA induction, in addition to L-

ara4N. Covalent modification of lipid A with pEtN has been linked to colistin resistance in other 

Gram negative bacteria and can either be chromosomally encoded (eptA) or acquired through 

horizontal gene transfer through the MCR genes (459). Both endogenous (eptA) and exogenous 

(Mcr-1) phosphoethanolamine transferases were found to result in reduced colistin 

susceptibility in P. aeruginosa when expressed on a plasmid under an IPTG promoter (250). 

However, this is the first report of eDNA induced eptA expression in P. aeruginosa. 

Mulcahy and colleagues demonstrated that eDNA, in standard laboratory media or minimal 

media, led to induction of the arn operon and decreased susceptibility to polymyxins as 

determined by MIC and minimum biofilm eradication concentration (MBEC) assays (300). 

Expression of an arn reporter could be abrogated by the addition of divalent cations, leading to 

the conclusion that eDNA acted by chelating cations and thus triggering expression of arn (300). 

However, the relationship between DNA and divalent cations is complex and highly dependent 

on the local pH and availability of other cations (460–462). For example, Gao et al demonstrated 

that the concentration of divalent cations required to neutralise the charge on λ phage DNA, and 
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trigger condensation, as observed by atomic force microscopy, was decreased from 100mM to 

3mM when the pH was shifted from 8 to 3 (461). The behaviour of eDNA is likely to be altered in 

complex media relative to minimal media. The data in this chapter supports the conclusion that 

eDNA can induce the arn operon, having demonstrated both a reduction in colistin MIC and 

reduced survival of P. aeruginosa in the absence of arnC in the presence of eDNA. However, the 

data in this chapter also indicates the interaction between P. aeruginosa and eDNA is likely to 

be more complex than cation sequestration alone in complex media.  

Arn can be triggered by multiple two-component systems in P. aeruginosa. PhoPQ and 

PmrAB are perhaps the best described although controversy exists as to the independence of 

these two systems in P. aeruginosa. Both have been reported to respond to low Mg2+ 

(58,244,451) and hypothesised to respond to low pH, although the evidence supporting this is 

less clear (164). Wilton and colleagues demonstrated that low pH could induce downstream 

effectors of both PmrAB and PhoPQ (164) but both were suppressed by the addition of excess 

Mg2+. Additionally, the induction of PhoPQ dependent genes was much lower than that of PmrAB 

dependent genes. This is in keeping with the finding of this work: that PmrAB was of greater 

importance for colistin resistance in the presence of eDNA than PhoPQ. 

 In addition to PhoPQ and PmrAB ParRS and CprRS were also examined. Both have been 

linked to arn induction but are less well described than PmrAB and PhoPQ. Both ParRS and 

CprRS appear to respond to the presence of cationic antimicrobial peptides (247,447,463). 

Fernandez found that a preference for ParRS or CprRS could be peptide specific or 

concentration specific (247). Thus, although a role for CprRS in survival at 64µg/mL of colistin 

was identified in this chapter, it does not preclude a role for ParRS at lower concentrations. 

Furthermore, Gutu et al identified that, in a ΔphoQ background which constitutively activates 

arn through PhoP, loss of CprRS resulted in increased susceptibility to polymyxin B, supporting 

the hypothesis that multiple two-component systems are required for high-level resistance to 

polymyxins (248). Interestingly Gutu also identified synergy between PhoPQ and ColRS and 

hypothesised that ColRS activated additional downstream effectors other than arn.  

The ColRS two-component system is able to trigger expression of eptA in response to 

transition metals (249,448,449). Nowicki and colleagues linked ColRS to eptA induction in the 

presence of excess Zinc but stated that this did not result in colistin resistance, although data 

supporting this assertion was not shown (249). The data presented in this chapter strongly 

refute that supposition by linking both ColRS and EptA to reduced colistin susceptibility in the 

presence of eDNA. Wiesmann et al identified that ColRS was essential for surviving exposure to 
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excess iron particularly at low pH in P. aeruginosa (449) which could be relevant to this model as 

SCFM-1 contains 3.6μM of FeSO4. In S. enterica EptA also been linked to iron tolerance 

(464,465). It is possible that the combination of low pH and media acidification by eDNA are the 

trigger for ColRS in SCFM although future work will be required to investigate the role of FeSO4 in 

this process.  Additionally, it is possible that pH links activation of both PmrAB and ColRS to 

induce high level colistin resistance through both arn and eptA. The data in this chapter has 

shown that SCFM-1 at pH 5.5 can mimic the addition of 2.4mg/mL eDNA and that neutralisation 

of eDNA can partially abrogate its effect on colistin susceptibility.  

 The results of lipidomics presented here strongly support a role for pEtN but provide little 

evidence of L-ara4N despite the decreased survival of arnC::Tn. A possible explanation for this 

is the relative importance of LPS modification at the inner membrane compared to the outer 

membrane. Sabnis et al established that, for bacterial killing by polymyxins, LPS at the inner 

membrane was the primary target (227). Indeed, expression of MCR-1 did not protect the outer 

membrane from permeabilisation by colistin (227). Penta-acylated lipid A modified with an 

additional C16 (through the action of PagP) and L-ara4N has a predicted m/z of 1816. LPS at the 

inner membrane makes up a small proportion of total bacterial LPS and therefore L-ara4N 

modification may not be detected in the presence of abundant pEtN modified Lipid A at m/z 

1819. Unfortunately, there is no evidence of intermediaries (lipid A modified with C16 or L-ara4N 

alone) in this process to support this hypothesis. 

In addition to conventional colistin resistance through L-ara4N and pEtN, the lipidomics 

data highlighted several other lipid A modifications of uncertain functional significance with 

respect to colistin susceptibility. pEtN modification was only found in the presence of tri-

phosphorylated lipid A. Phosphorylation of lipid A is mediated by the enzyme LpxT (458). In E. 

coli, LpxT appears to be reciprocally regulated with EptA through PmrA and competes for lipid A 

modification sites, with loss of LpxT associated with decreased susceptibility to polymyxins 

(466). Interestingly, Nowicki and colleagues found that hypomagnesaemia also inhibited LpxT 

activity in P. aeruginosa although it is unclear whether this was mediated by PmrA (458). In 

keeping with these findings this chapter demonstrates that loss of LpxT was associated with 

decreased susceptibility to colistin. The increase in abundance and significance of mono-

phosphorylated LPS, following eDNA exposure, is harder to explain. When they described the 

native LpxT in P. aeruginosa, Nowicki and colleagues noted an increase in mono-

phosphorylated LPS in ΔlpxT which they attributed to an artefact of the acid hydrolysis used to 

prepare the samples. It is notable that there is far less mono-phosphorylated LPS in the ΔlpxT 

mutant raising the possibility of dual phosphatase / kinase activity. It may also be that, if the 
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terminal phosphate is prone to hydrolysis at low pH, acidification by eDNA itself may result in 

phosphate loss and therefore upregulation of LpxT, as evidenced by the increase in tri-

phosphorylated Lipid A, may represent a physiological response to acidic conditions. Finally, 

other Gram-negative bacteria including H. pylori (467), possess phosphatases which 

specifically modify LPS and are linked with resistance to cationic antimicrobial peptides, though 

no such enzyme has yet been identified in P. aeruginosa. 

 Under the current model of colistin activity binding of colistin to lipid A disrupts cation 

bridges between adjacent LPS molecules resulting in membrane permeabilisation. Whilst L-

ara4N and pEtN reduce the charge on the terminal phosphates, reducing affinity for cationic 

antimicrobials, there is little consideration of how integrity between adjacent LPS molecules is 

maintained. Simulations suggest L-ara4N modified LPS molecules can bind to each other and 

maintain membrane integrity (468) whereas pEtN subsumes the role of the divalent cation 

(469). However, Cervoni et al demonstrated that whilst low level expression of eptA reduced 

membrane permeability in P. aeruginosa, high level expression increased permeability (250) 

underscoring the importance of regulated of eptA expression. Therefore, it is interesting to 

speculate that polar lipid-A structures expressing dual phosphates on one pole and pEtN help 

maintain membrane integrity which cannot be achieved by eptA alone beyond a certain point. 

The impact of lipid A acylation was also investigated using two mutants pagL::Tn, and 

pagP::Tn. PagL catalyses the conversion of hexa-acylated lipid A to the penta-acylated form 

(424). Mutations are commonly seen in cystic fibrosis (424,470). Loss of PagL does not appear 

to alter the susceptibility of wild-type P. aeruginosa to polymyxin B but could increase 

susceptibility of pmrB mutants constitutively expressing L-ara4N (471). I found no difference in 

MIC in the pagL::Tn mutant though time-kill assays were not performed. The 

palmitoyltransferase PagP is also responsible for the addition of C16 acyl chains to lipid A and 

was associated with resistance to the CAMP C18G but not polymyxins in a ΔphoQ background 

(175). A small (2-fold), variable shift in colistin MIC was found in the presence of 2.4mg/mL of 

eDNA the significance of this finding is unclear. The work presented in this chapter provides 

little evidence for the role of acylation of lipid A in colistin susceptibility though a more detailed 

examination utilising time-kill assays would provide more sensitive data. 

Overall, this chapter makes a significant contribution to our understanding of how eDNA in 

sputum triggers colistin resistance by demonstrating a central role for ColRS and EptA and 

supporting previous evidence that PmrAB and the arn operon likely play a role. This work also 
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raises the possibility that several other eDNA induced changes to lipid A modulate polymyxin 

susceptibility, including phosphorylation by LpxT. 

These findings, together with the literature help to build a model of how the CF lung 

environment modulates bacterial signalling systems and physiology to change antibiotic 

susceptibility: PmrAB and ColRS are activated by acidification and magnesium sequestration (in 

the case of PmrAB) or iron toxicity exacerbated by that pH (in the case of (ColRS) leading to the 

expression of both the arn operon and eptA and extensive modification of LPS. CprRS is also 

activated, likely through colistin itself and contributes to high level colistin resistance 

(summarised in Fig 4.13). These observations provide novel targets for therapeutic interventions 

aimed at preventing or reducing the impact of the CF environment on antibiotic susceptibility, 

which will be explored in the next chapter.  

   

 

  

Figure 4.13: Proposed model for how eDNA reduces colistin susceptibility of eDNA in 

sputum. Extracellular DNA reduces free Mg
2+ 

and reduces sputum pH triggering the PmrAB two-
component system (TCS) which in turn triggers L-ara4N modification of LPS. Reduced pH also 

increases the susceptibility to Fe
2+ 

which is sensed by the ColRS TCS and triggers pEtN 
modification of LPS. Reduced susceptibility to colistin allows survival of initial colistin exposure 
and sensing of colistin by the CprRS system, triggering further L-ara4N modification resulting in 
high level colistin resistance. Uncertainty remains on the effect of pH on the ability of eDNA to 

bind Mg
2+

in the cation rich environment of the lung. 
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Chapter 5: Developing Strategies to increase colistin 
susceptibility in synthetic sputum 
 

5.1 Introduction 
In the third chapter, eDNA was identified as an important component of sputum that 

reduced susceptibility of P. aeruginosa to colistin. In the fourth chapter, multiple two-component 

systems were found to be required for LPS modification as a mechanism of resistance, with pH a 

putative environmental trigger. Based on this new insight, the aim of this chapter was to develop 

new therapeutic approaches to restore the antibacterial activity of colistin in synthetic sputum 

based on the pathways involved.  

5.1.1 Targeting eDNA 
 Estimates of eDNA content of CF sputum vary from around 0.25 mg/mL (292,293) to 5 

mg/mL (294,295) and will vary with progression of the disease and/or severity of disease 

(293,472). Purification and analysis of eDNA from CF sputum has confirmed that it is mostly of 

human origin (94,452). Since mucus viscosity is increased with length and abundance of eDNA, 

which impairs clearance (473), inhaled recombinant human DNase (rhDNAse) was developed as 

a mucolytic. DNase use is associated with improvement in lung function in the short term, a 

reduction in pulmonary exacerbations in the longer term and is associated with a reduction in 

proinflammatory cytokines (177,474). Data on the effect of DNAse treatment on microbial 

physiology and susceptibility to antibiotics is limited, however. Hunt et al. found that treatment 

of sputum with rhDNAse reduced the activity of cationic tobramycin (289), whilst Halverson et al. 

identified that DNase treatment could abrogate the cytotoxic effect of DNA on bacteria (475). 

Since eDNA triggered colistin resistance, the first aim of this chapter was to determine the impact 

of DNase on colistin susceptibility of P. aeruginosa in the context of synthetic sputum.  

5.1.2 Targeting pH homeostasis 
  Acid-base homeostasis is perturbed in cystic fibrosis, with mutations in the CFTR gene 

directly resulting in an inability to concentrate HCO3
- in the extracellular space (476). This in turn 

contributes to airway acidification in the CF lung and impaired mucus hydration (477,478) 

reducing clearance of secretions. Acidification of CF sputum also contributes to innate immune 

dysfunction by reducing the activity of the endogenous antimicrobial peptides (479) and 

compromising neutrophil function (480). The addition of NaHCO3 appears to restore these 

functions (476). Furthermore, adjunctive NaHCO3 enhances killing by aminoglycosides as well as 



112 
 

exerting directly antibacterial effects and impairing biofilm formation in vitro (481–483). Several 

studies have examined NaHCO3 as an adjunctive therapy in CF, with Garcia and colleagues 

showing that inhaled NaHCO3 was well tolerated by human subjects in a small cohort (484). 

Therefore, the second aim of this chapter was to determine whether NaHCO3 can neutralise 

eDNA-induced acidification and thereby restore antimicrobial susceptibility in P. aeruginosa in 

the context of synthetic sputum. 

5.1.3 Targeting LPS transport with murepavadin 
 LPS transport and synthesis are promising targets for antibiotic development as they are 

conserved processes that only occur in Gram-negative bacteria. Murepavadin is a first in class 

LptD inhibitor with a narrow spectrum of activity targeted at Pseudomonas sp. (485). The Lpt 

complex transports LPS from the inner membrane (IM) to the outer membrane (486). 

Unfortunately, clinical trials of intravenous murepavadin were abandoned due to concerns 

around renal toxicity (487). However, murepavadin has been developed into an inhaled 

formulation, making it a potential therapy for CF, with a clinical trial due to be reported (488).  

Sabnis et al demonstrated synergy between colistin and murepavadin and hypothesised 

this was due to murepavadin induced LPS accumulation at the inner membrane providing more 

targets for colistin (227). Murepavadin also synergises with aminoglycosides (489). Alone, 

murepavadin seems to be extremely effective against P. aeruginosa, even demonstrating activity 

against XDR isolates (490). However, the function of murepavadin in a sputum model has not yet 

been explored. It was hypothesised that murepavadin may be able to resensitise P. aeruginosa to 

colistin in the presence of eDNA by increasing the pool of unmodified LPS in the IM. The final aim 

of this chapter was to test this hypothesis using a panel of clinical isolates. 

5.2 Results 

5.2.1 DNAse treatment does not restore susceptibility to colistin 
Pulmozyme, a currently used brand of rhDNase was obtained from the Royal Brompton 

Hospital to mimic as closely as possible the activity of DNase in human lung. To test whether 

direct treatment with pulmozyme was sufficient to restore colistin susceptibility, SCFM-1 

supplemented with 0.6 mg/mL eDNA and 4 μg/mL colistin was pre-treated with 3 µg/mL 

pulmozyme for 1 hour before bacteria were added, and survival measured over time. The 

concentration of pulmozyme used was based on the peak sputum concentration 15 minutes after 

inhalation of a standard dose (491). To control for off-target effects, pulmozyme was also 

supplemented into SCFM-1 alone. Since magnesium is an important co-factor of DNAse I 

(492,493), and hypomagnesaemia has been associated with a clinical failure to respond to 
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DNAse treatment (494), the impact of increasing magnesium concentration 5-fold was also 

investigated. 

Pretreatment with pulmozyme did not alter susceptibility of P .aeruginosa PA14 to colistin 

in either SCFM-1 or SCFM-1 + DNA (Fig 5.1A). The supplementation of magnesium decreased 

susceptibility to colistin further but this was not affected by pulmozyme (Fig 5.1B). To ensure that 

the lack of effect of DNase was not due to a lack of enzymatic function, a sample of the DNAse 

treated medium was run on an electrophoresis gel to examine digestion of eDNA. The addition of 

pulmozyme resulted in a visible reduction in DNA content (Fig 5.1 C). Therefore, digestion of eDNA 

using a clinically relevant DNAse did not reduce the induction of colistin resistance in P. 

aeruginosa. 

  

Figure 5.1: Dnase treatment does not restore susceptibility to colistin in synthetic sputum. 
SCFM-1 or SCFM-1 containing 0.6mg/mL eDNA containing 4 µg/mL colistin was supplemented with 
rhDNAse (pulmozyme) as indicated, in the presence of 1-fold (A) or 5-fold (B) magnesium and 
incubated for 1 hour at 37°C. DNA digestion was confirmed by agarose gel electrophoresis (C); p 
indicates the presence of pulmozyme. After 1 hour Stationary phase PA14 was added and bacterial 
survival enumerated after a further 4 hours. Bars represent the mean of 4 independent 
experiments. Error bars represent the standard deviation. Data were analysed by one-way ANOVA 
with Tukey’ post hoc test *P<0.05 **P<0.01 ***P<0.001 ****P<0.0001. To reproduce the conditions 
of the time-kill assay tubes containing bacteria were opened at 2 hours. 
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5.2.2 eDNA reduces susceptibility to tobramycin 
Second line inhaled therapy for P. aeruginosa is the aminoglycoside tobramycin (69). 

Given the evidence presented here supports the hypothesis that colistin is ineffective in the lung 

environment, examining the role of alternative antibiotics seemed prudent. In the previous 

chapter we saw how eDNA can bind and sequester tobramycin, restricting diffusion through agar 

consistent with previously publish data (289). There is also evidence that lipid A modifications 

that confer polymyxin resistance might also convey resistance to cationic aminoglycosides 

(164,300). Increasing eDNA concentration resulted in increased tobramycin MICs 2-fold, 4-fold 

and greater than 64-fold in the presence of 0.6, 1.2 and 2.4 mg/mL eDNA respectively (Fig 5.2).  

 

5.2.3 eDNA reduces susceptibility to murepavadin  
In chapter 4, it was hypothesised that the relatively small change in MIC relative to MBC 

induced by eDNA in P. aeruginosa was due to the protective effect of LPS modifications at the IM 

rather than successful protection of the OM. Sabnis et al., demonstrated that murepavadin 

treatment led to LPS accumulation at the inner membrane and so it was hypothesised here that 

this might also sensitise P. aeruginosa in the presence of eDNA by increasing the pool of 

unmodified LPS available for colistin to target. 

First, murepavadin susceptibility of P. aeruginosa PA14 was determined in SCFM-1 with or 

without eDNA supplementation Fig 5.3). MICs to murepavadin increased 4-fold with 0.6 and 

1.2mg/mL of eDNA but were increased 16-fold by the presence of 2.4mg/mL eDNA relative to 

SCFM-1 alone (Fig 5.3A). When susceptibility was examined by time-kill assay 5 µg/mL of 
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Figure 5.2: eDNA reduces P. 
aeruginosa susceptibility to 
Tobramycin in SCFM-1. MICs to 
tobramycin were determined by broth 
microdilution for P. aeruginosa strain 
PA14 in SCFM-1 supplemented with 
indicated concentrations of eDNA 
(mg/mL). bacteria were incubated at 
37°C for 20 hours. Growth was 
determined by measuring optical 
density at 600nm. Data points 
represent the result of 3 independent 
experiments with coloured bars 
indicating the median and error bars 
indicating the range. Arrows indicated 
where the MIC was above the range 
tested (0.25-64µg/mL).  
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murepavadin resulted in 2-logs of killing in 6 hours in SCFM-1 without eDNA (Fig 5.3B). There was 

no observable difference in survival with 0.6 mg/mL eDNA relative to SCFM-1. 1.2 mg/mL of eDNA 

reduced killing 10-fold at 6 hours, whilst killing was completely abrogated by 2.4mg/mL eDNA (Fig 

5.3B). Together these results demonstrated a dose-dependent reduction in susceptibility to 

murepavadin induced by eDNA. 

 

Figure 5.3: eDNA reduces P. aeruginosa susceptibility to murepavadin in SCFM-1. (A) 
MICs to murepavadin were determined by broth microdilution for P. aeruginosa strain PA14 in 
SCFM-1 supplemented with indicated concentrations of eDNA (mg/mL). bacteria were 
incubated at 37°C for 20 hours. Growth was determined by measuring optical density at 
600nm. Data points represent the result of 3 independent experiments with coloured bars 
indicating the median and error bars indicating the range. (B) Stationary phase PA14 strain P. 
aeruginosa was exposed to 5µg/mL murepavadin in SCFM-1 supplemented with indicated 
concentrations of eDNA (mg/mL) and survival enumerated every 2 hours for 6 hours. Data 
points represent the mean of 4 independent experiments and error bars the standard 
deviation. Data from (B) were analysed by 2-way ANOVA with Tukey’s post hoc test with 
results summarised in table (C) *P<0.05 **P<0.01. 
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5.2.4 The mechanism of reduced murepavadin susceptibility diverges from 
that of colistin. 
 Relatively little is known of the mechanisms of murepavadin resistance. Ghassani et al 

reported that mutations in pmrB were associated with decreased susceptibility to murepavadin, 

similar to colistin (495). However, the impact of sputum macromolecules on murepavadin 

susceptibility has not been reported at all. Based on the mechanisms of eDNA-induced LPS 

changes identified in the previous chapter, the susceptibility of transposon mutants in eptA, 

arnC, pagL, pagP,  and lpxT to murepavadin in the presence of eDNA were examined. In contrast 

to colistin, there was no difference in susceptibility of P. aeruginosa PA14 wild type and 

transposon mutants in either eptA or arnC (Fig 5.4). However, susceptibility to 5 μg/mL 

murepavadin in the presence of 2.4mg/mL eDNA was increased by disruption of the lpxT gene 

(Fig 5.4). 
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Figure 5.4: Disruption of lpxT and not arnC or eptA increases susceptibility to 
murepavadin in the presence of eDNA. Stationary phase PA14 strain P. aeruginosa  and 
indicated PA14 transposon mutants were exposed to 5µg/mL murepavadin in SCFM-1 
supplemented with 2.4 mg/mL eDNA and survival enumerated at 4 hours. Bars represent the 
mean of 4 independent experiments and error bars the standard deviation. Data were 
analysed by one-way ANOVA with Dunnett’s post hoc test *P<0.05 **P<0.01. 



117 
 

5.2.5 Murepavadin synergises with colistin in the presence of eDNA 
Sabnis et al demonstrated synergy between colistin and murepavadin killing when sub-

inhibitory concentrations of each antibiotic were used (227). Therefore, even though killing by 

each compound was inhibited separately by the presence of eDNA it was decided to test whether 

synergy could still be achieved; both compounds were used at 2 x MIC that occurred in SCFM-1 

(4 µg/mL for colistin and 5 μg/mL murepavadin). At these concentrations, when colistin and 

murepavadin were used in combination, killing was not more effective than colistin alone in 

SCFM-1 (Fig 5.5A). However, at 0.6mg/mL and 1.2mg/mL eDNA an additional 2-3 logs of killing 

were obtained by the combination over murepavadin alone (Fig 5.5B and C). At 2.4mg/mL eDNA 

killing by both compounds and the combination was completely abrogated (Fig 5.5D). 

 

Next, it was investigated whether the failure of the colistin-murepavadin combination to 

kill in the presence of 2.4mg/mL eDNA could be overcome by increasing the concentrations of 

each compound individually. Consistent with the results presented in chapter 3, colistin 

concentrations above 8 µg/mL resulted in, at most, a single log of killing of P. aeruginosa PA14 by 

6 hours exposure and increasing the concentration of colistin did not restore synergy with 

murepavadin (Fig 5.6A). Increasing the concentration of murepavadin restored P. aeruginosa 

killing at 10 µg/mL between 1 and 2-log at 6 hours but did not restore synergy. At 20 μg/mL and 

40μg/mL of murepavadin, 2 to 3-logs of P. aeruginosa killing were achieved, although there was 

no significant increase associated with the addition of colistin (Fig 5.6B). At 40μg/mL of 

Figure 5.5: Colistin and murepavadin synergise to overcome eDNA induced resistance. 
Stationary phase PA14 strain P. aeruginosa was exposed to colistin 4µg/mL colistin, 5µg/mL 
murepavadin  or the combination of the two in SCFM-1 (A) or SCFM-1 supplemented with 
increasing concentrations of eDNA (B-D) and survival enumerated at every 2 hours for 6 hours. 
Data points represent the mean of 4 independent experiments and error bars the standard 
deviation. Data were analysed by two-way ANOVA with Dunnet’s post hoc test with the 
combination as the reference condition *P<0.05 **P<0.01. 
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murepavadin the presence of colistin did increase killing at 4 hours between 1 and 2-logs whilst 

there was a single log difference at 6 hours, although this was not statistically significant (p=0.06). 

In summary colistin and murepavadin demonstrate synergy up to 1.2mg/mL eDNA. At 2.4mg/mL 

eDNA, higher concentrations of murepavadin are sufficient to restore killing but synergy was only 

restored at the highest concentration of murepavadin examined. 

 

5.2.5 Clinical isolates show decreased susceptibility to murepavadin in 
synthetic sputum 

Having demonstrated that synergy between murepavadin and colistin could achieve killing 

in synthetic sputum, it was next examined whether this was also true for CF lung-adapted P. 

aeruginosa strains.  When a panel of clinical isolates was tested for susceptibility to murepavadin 

in SCFM-1 without the presence of macromolecules, colistin MICs were 2-4 fold higher than PA14 

for the 8 colistin susceptible strains (Fig 5.7A). The two colistin resistant strains, AK1 and AK24 

had murepavadin MICs that were 8- and 16- fold higher than P. aeruginosa PA14 respectively. 

Figure 5.6: Increasing the concentration of murepavadin restores killing and synergy. 
Stationary phase PA14 strain P. aeruginosa was exposed to indicated concentrations of 
murepavadin or colistin or the combination in SCFM-1 supplemented with 2.4 mg/mL eDNA. 
Bacterial survival was enumerated every 2 hours for 6 hours. Data points represent the mean 
of 4 independent experiments and error bars the standard deviation. Data were analysed by 
two-way ANOVA with Sidak’s post hoc test *P<0.05 **P<0.01. 
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Figure 5.7: Clinical P. aeruginosa isolates from CF show decreased susceptibility to 
murepavadin. (A) MICs to murepavadin were determined by broth microdilution for P. 
aeruginosa strain PA14 and a panel of clinical isolates in SCFM-1. Bacteria were incubated at 
37°C for 20 hours. Growth was determined by measuring optical density at 600nm. Data 
points represent the result of 3 independent experiments with coloured bars indicating the 
median and error bars indicating the range. (B) Stationary phase PA14 strain P. aeruginosa and 
a panel of clinical isolates were exposed to 4μg/mL colistin or 5µg/mL murepavadin or both in 
SCFM-1 supplemented with 1.2mg/mL eDNA and survival enumerated at 4 hours. Data points 
represent the mean of 4 independent experiments and error bars the standard deviation. The 
dotted line indicates the starting inoculum.  Data were analysed by two-way ANOVA with 
Tukey’s post hoc test. *P<0.05 **P<0.01 
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Time-kill assays were used to examine the extent of killing achieved by the two 

compounds, again at 4 μg/mL for colistin and 5 μg/mL for murepavadin (Fig 5.7B). In chapter 3, 

eDNA at 2.4 mg/mL inhibited growth of AK3, 10 and 20, and completely abrogated killing in PA14. 

Therefore, a DNA concentration of 1.2 mg/mL was used for these assays with clinical isolates. At 

this combination of concentrations, synergy was only achieved for PA14 (Fig 5.7B). Killing by 

colistin alone was observed for AK3 and AK10 and the presence of murepavadin did not further 

reduce viability. Despite a lack of killing, growth was inhibited for AK11, AK18 and AK20 with the 

colistin-murepavadin combination. Taken together these results demonstrate that this 

concentration of colistin and murepavadin does not provide synergistic killing of most clinical 

isolates in the context of synthetic sputum. Since synergy against P. aeruginosa PA14 at 1.2 

mg/mL was achievable, it was hypothesised that targeting acidification of the lung environment 

may restore synergy.  

5.2.6 NaHCO3 restores susceptibility to murepavadin in the presence of 
eDNA 

In the previous chapter, it was demonstrated that NaHCO3 could partially restore 

susceptibility of PA14 to colistin in the presence of eDNA and that pH was therefore likely a 

significant environmental trigger of reduced polymyxin susceptibility. To investigate whether pH 

also contributed to reduced murepavadin susceptibility, a time-kill assay was performed 

comparing P. aeruginosa PA14 susceptibility to murepavadin in SCFM-1 alone versus SCFM-1 

containing 2.4 mg/mL eDNA with or without NaHCO3. As before, the presence of eDNA 

significantly reduced susceptibility to murepavadin (Fig 5.8A). However, when SCFM-1 containing 

eDNA was supplemented with 33mM NaHCO3, susceptibility to murepavadin was restored, with 

2-log of killing of P. aeruginosa PA14 (Fig 5.8A).  

 Next, the same assay was repeated on the panel of clinical isolates were exposed to 4 

μg/mL colistin and 5 µg/mL of murepavadin in the presence of 1.2 mg/mL eDNA with or without 

NaHCO3. As expected, in the absence of NaHCO3, there was limited anti-pseudomonal activity 

of the antibiotic combination (Fig 5.8B). However, when NaHCO3 was present, the growth of 7/8 

clinical colistin susceptible strains was inhibited (Fig 5.8B) and killing was observed in 5 of these. 

Neither of the two colistin resistant strains, AK1 and AK24, were susceptible to the colistin-

murepavadin combination in the presence of eDNA, even at pH 6.8.   
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Figure 5.8: NaHCO
3
 restores susceptibility to murepavadin and increases killing in the 

presence of murepavadin and colistin. (A) Stationary phase P. aeruginosa strain PA14 was 
exposed to 5μg/mL murepavadin in SCFM-1 or SCFM-1 supplemented with 2.4mg/mL eDNA 
or SCFM-1 supplemented with eDNA neutralised with NaHCO

3
. Bacteria were enumerated 

every 2 hours for 6 hours. Data points represent the mean of 4 independent experiments error 
bars the standard deviation. Data were analysed by two-way ANOVA with Tukey’s post hoc 
test *P<0.05 **P<0.01. (B) Stationary phase PA14 strain P. aeruginosa and a panel of clinical 
isolates were exposed to 4μg/mL colistin and 5µg/mL murepavadin in SCFM-1 supplemented 
with 1.2mg/mL eDNA with and without NaHCO

3 
and bacterial survival enumerated at 4 hours. 

Colistin resistant strains are annotated with the letter R. Data points represent the mean of 3 
independent experiments and error bars the standard deviation. The dotted line indicates the 
starting inoculum.  Data were analysed by two-way ANOVA with Sidak’s post hoc test. *P<0.05 
**P<0.01 ****P<0.0001 
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Having studied the impact of eDNA on colistin-murepavadin susceptibility in clinical 

isolates, the final step was to study this combination in SCFM-2, with all macromolecules 

present. P. aeruginosa PA14 was inoculated into standard SCFM-2, SCFM-2 containing 2.4 

mg/mL eDNA or SCFM-2 with supplemented with 2.4 mg/mL eDNA and NaHCO3.  

In SCFM-2 (which contains 0.6mg/mL eDNA), 4 μg/mL of colistin alone achieved a single 

log of killing by 2 hours but bacteria had completely recovered by 6 hours (Fig 5.9A). Although 

murepavadin alone (5 µg/mL) demonstrated little killing in the first 2 hours, 2 logs of killing were 

achieved by 6 hours (Fig 5.9A). The combination of colistin with murepavadin achieved an 

additional 2-logs of killing above murepavadin (4-log overall) at 4 and 6 hours, indicative of 

synergy. 

When the DNA content of SCFM-2 was increased to 2.4mg/mL, killing by colistin or 

murepavadin alone was again completely abrogated and there was no evidence of synergy 

between murepavadin and colistin (Fig 5.8B). However, when eDNA and NaHCO3 were present in 

SCFM-2, in contrast to SCFM-1, there was no restoration of killing by colistin, but there was a 2-

log reduction in P. aeruginosa PA14 CFU with murepavadin alone. NaHCO3 was not sufficient to 

restore synergy between colistin and murepavadin, however. Overall, these experiments 

demonstrated that the combination of colistin, murepavadin and NaHCO3 can be effective at 

overcoming eDNA-induced antibiotic resistance and tolerance in the context of synthetic 

sputum. 
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5.3 Discussion 
 The results described in this chapter demonstrate that eDNA-induced colistin resistance 

presents a particularly difficult challenge to overcome. However, whilst digestion of eDNA was 

unsuccessful in abrogating resistance, a combination of colistin and murepavadin, together with 

targeted normalisation of pH with NaHCO3 could restore colistin susceptibility in PA14 and most 

of the clinical P. aeruginosa strains examined. 

 When eDNA was digested directly with rhDNase susceptibility to colistin was not 

restored. Mechanistically, rhDNase does not completely degrade DNA to single nucleotides but 

produces oligonucleotides (496). Halverson reported on the ability of DNase to ameliorate the 

cytotoxic effect of DNA on P. aeruginosa but at much higher concentrations of DNase than are 

achieved clinically in the CF lung (475). Additionally, dilution of DNase to levels still higher than 

in CF lung, rapidly abrogated the ameliorating effect, raising the possibility of off-target effects 

(475). In CF, DNase is predominantly used as a mucolytic by reducing the length of eDNA, which 

may have a limited effect on its ability to trigger bacterial adaptation. In the previous chapter, 

eDNA was identified as an inducer of colistin resistance, in part by lowering pH, thus it is perhaps 

not surprising that cleavage of DNA does not alter susceptibility, as the medium remains 

acidified.  

 There are no established reference standards for ‘resistance’ to murepavadin as no 

breakpoint has been defined. However, several groups have tested murepavadin against a range 

of P. aeruginosa isolates, including MDR and XDR isolates from CF. In one of these cases, 

murepavadin MIC50 was 0.12 μg/mL and MIC90 2.0 µg/mL (443), which is similar to other studies 

(495,497). This is the first study examining the susceptibility of P. aeruginosa to murepavadin in 

liquid synthetic sputum and although a direct comparison was not made to MHB in this work, the 

MICs in SCFM-1 are high compared to published literature.  

Figure 5.9: The presence of sputum macromolecules further reduces susceptibility to 
Colistin in PA14. Stationary phase P. aeruginosa strain PA14 was exposed to 4μg/mL colistin, 
5μg/mL murepavadin or both in (A) SCFM-2 (B) SCFM-2 supplemented up to 2.4mg/mL eDNA 
or (C) SCFM-2 supplemented with 2.4mg/mL eDNA and neutralised with NaHCO

3
. Bacteria 

were enumerated every 2 hours for 6 hours. Data points represent the mean of 4(A and B) or 
3 (C) independent experiments. Error bars represent the standard deviation. Data were 
analysed by two-way ANOVA with Tukey’s post hoc test *P<0.05 **P<0.01.  
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Clinical trials of inhaled murepavadin are ongoing and it remains to be seen what murepavadin 

concentrations can be achieved in the lung. However, this treatment may not prove to be as 

effective in vivo as expected, if the impact of eDNA seen here holds true for the CF lung. It should 

be noted that Diez-Aguilar et al. used agar dilution with synthetic sputum and, whilst there was 

no difference in MIC between MHB and synthetic sputum on solid media, agar dilution alone in 

resulted in up to a 16-fold increase in MIC relative to broth microdilution (497) limiting the value 

of this approach.  

The presence of eDNA increased the MIC of P. aeruginosa PA14 for murepavadin in a dose-

dependent fashion up to 16-fold higher than the MIC in SCFM-1 alone. Since murepavadin is a 

cationic peptide, it raises the possibility of binding to eDNA itself and/or of being excluded from 

the outer membrane by LPS modification. Consistent with this second hypothesis, previous work 

showed that gain of function mutations in pmrB resulted in a modest decrease in murepavadin 

susceptibility (498). However, in the work described above, the arnC::Tn mutation did not restore 

susceptibility at the murepavadin concentration tested. By contrast loss of lpxT function was 

associated with a modest inhibition of growth in the presence of murepavadin and eDNA. lpxT 

mutations have been reported in murepavadin resistant isolates but the precise mechanism is 

unknown (497). As such, the mechanism(s) by which eDNA trigger loss of murepavadin 

susceptibility may differ from those for colistin, although pH seems to play an important role in 

both. 

 Although effective synergy was observed for colistin-murepavadin against P. aeruginosa 

PA14 at DNA concentrations up to 1.2mg/mL, killing was completely abrogated at 2.4mg/mL. 

Increasing the concentration of murepavadin was able to restore killing at the highest eDNA 

concentration and killing was further enhanced in the presence of colistin. This is consistent with 

a model of activity whereby murepavadin sensitises bacteria to colistin by increasing LPS on the 

cytoplasmic membrane. Under this model susceptibility to murepavadin is required for synergy 

with colistin. Consistent with this hypothesis, I speculate that synergy was not achieved in the 

clinical isolates at 1.2 mg/mL of eDNA, in the absence of NaHCO3 because all isolates 

demonstrated increased MICs to murepavadin relative to P. aeruginosa PA14 in SCFM-1 despite 

many being more susceptible to colistin.  

 Susceptibility to both murepavadin and colistin was dependent on pH in the presence of 

eDNA. Increasing pH to 6.8 with NaHCO3 partially restored susceptibility to colistin and 

completely restored susceptibility to murepavadin at the tested concentrations. Although the 

combination of murepavadin and colistin did not achieve killing in the panel of clinical isolates, 
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murepavadin, colistin and NaHCO3 achieved killing in the majority of susceptible strains (6/9) and 

inhibited the growth of 2 of the remaining 3 strains. Given that higher concentrations of 

murepavadin increase P. aeruginosa killing in the presence of eDNA, higher concentrations of 

murepavadin in combination with NaHCO3 are predicted to have been more effective against the 

clinical isolates. 

 Synergy between colistin and murepavadin was effective against P. aeruginosa PA14 in 

SCFM-2 at an eDNA concentration of 0.6 mg/mL but was abrogated at 2.4 mg/mL eDNA. NaHCO3 

was able to restore susceptibility to murepavadin in SCFM-2 containing 2.4 mg/mL eDNA, but not 

colistin and no synergy was observed. Highlighting that although eDNA remains of central 

importance for determining murepavadin susceptibility, the role of other sputum 

macromolecules with respect to colistin requires further exploration. This result underscores the 

role of pH in murepavadin susceptibility.  

Identifying optimal and achievable antibiotic combinations, together with adjunct therapies, in 

SCFM-2 should be a key focus of future work and the basis for exploring potential therapeutic 

combinations in CF which directly target bacteria in a physiological state that reflect the host 

context.  
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Chapter 6: Discussion 
 

 Though colistin is the most widely used inhaled antibiotic for CF in the UK (27), it is unable 

to eliminate chronic P. aeruginosa lung infection and long-term use is not associated with 

improved clinical outcomes (194). This is despite colistin resistance being a relatively rare 

phenotype in P. aeruginosa colonising the lungs of pwCF (201). One hypothesis to explain the lack 

of efficacy is that the CF lung environment reduces bacterial susceptibility to colistin. To test this, 

an artificial sputum model (ASM) was used. It was discovered that ASM dramatically reduces the 

susceptibility of P. aeruginosa to colistin, via a mechanism that involves sputum eDNA as a key 

trigger of LPS modification. This study also identified potential therapeutic routes to improving 

colistin efficacy in pwCF.   

6.1 The lung environment reduces P. aeruginosa susceptibility to 
colistin 

Inhaled colistin is a mainstay of suppression for chronic P. aeruginosa infection in pwCF. 

Despite this, in vitro susceptibility testing and clinical outcomes are very poorly correlated (190). 

A single randomised trial of colistin versus placebo for chronic P. aeruginosa infection found no 

improvement in lung function with colistin use (194). Despite frequent prolonged courses of 

inhaled colistin the emergence of resistance is rare from pwCF whereas it is easily induced in 

vitro following a few days of exposure to colistin (201,202). This work builds on the findings of 

previous work who have identified that individual sputum components can alter antimicrobial 

susceptibility individually and that the presence of biofilm in the lung renders P. aeruginosa 

recalcitrant to elimination by antibiotics (156,300,410).   

The work presented in this thesis demonstrates that under conditions mimicking the CF- 

lung P. aeruginosa becomes far less susceptible to colistin relative to rich laboratory broth. Even 

in the absence of sputum macromolecules, SCFM-1 resulted in 2-4 fold increases in colistin MIC 

across PA14 and 3 clinical isolates, although this was not associated with significant differences 

in bacterial survival by time-kill assay. Previous work demonstrated nutrient availability can 

influence susceptibility to colistin with various amino acids both increasing and decreasing 

susceptibility when used as a sole carbon source (266,267). By contrast, data from studies 

exploring susceptibility in more complex media, that better mimics the host environment, is more 

limited. Sweeney and colleagues found larger shifts in colistin MIC, up to 32-fold, when SCFM-1 

was modified by removing glucose (433) which is consistent with the findings of Sauvage and 
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colleagues, who identified that P. aeruginosa grown in the presence of glucose was more 

susceptibile to colistin compared with other carbon sources (267).  

The presence of sputum macromolecules in SCFM-2 had a large impact on susceptibility 

to colistin, with 4-8 fold increases in MIC and a significant reduction in killing in 2/4 strains 

compared to SCFM-1. Host-adapted phenotypes of P. aeruginosa are well described in the 

literature (499) and varied responses to individual sputum macromolecules have also been 

reported in another artificial sputum model (410).  When individual macromolecules were 

supplemented into SCFM-1, though changes in susceptibility were observed across all four 

strains tested in the presence of mucin and DOPC, the most consistent effect was observed for 

the addition of eDNA, which resulted in a dose-dependent reduction in killing against PA14, 

reduced killing in 3/4 clinical isolates and increases in colistin MIC in 6/9 colistin susceptible 

clinical isolates.  

eDNA is well recognised as a key component of P. aeruginosa biofilm (160,162,163) and 

has been demonstrated to reduce colistin susceptibility when supplemented into minimal 

media, where the mechanism was hypothesised to be dependent on sequestration of divalent 

cations (300). However, this work significantly adds to our understanding of the effect of eDNA 

under physiological conditions and across a range of concentrations found in the CF lung. For 

example, this is the first demonstration of eDNA induced tolerance to colistin and altered killing 

kinetics. Although the MIC of PA14 was raised to 8 μg/mL by the presence of 2.4 mg/mL eDNA, 

bacteria were able to survive exposure to much higher concentrations of colistin: up to 64 μg/mL, 

for 6 hours. This work highlights eDNA as a major barrier to colistin use in the CF lung. 

More broadly, eDNA is found under a range of physiological conditions outside of the CF 

lung. Henke and colleagues reported eDNA levels in healthy volunteers to be approximately 0.96 

mg/mL, still within our inhibitory range (283).  eDNA levels have also been reported to be elevated 

in VAP where P. aeruginosa is a major pathogen (500). Therefore, this work has significant 

implications for colistin treatment outside of CF. 

6.2 eDNA triggers LPS modification through multiple two-component 
systems. 

Whilst eDNA can bind and sequester the endogenous cationic antimicrobial peptide LL-37 

and similarly cationic tobramycin (289,427) I found no evidence of sequestration of colistin by 

eDNA. Mulcahy and colleagues reported that exposure of P. aeruginosa to eDNA triggered 

activation of the arn operon (300) and that high concentrations of eDNA were cytotoxic to 

bacteria. The work presented in chapter 4 confirmed that physiological concentrations of eDNA 
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can permeabilise the outer membrane of P. aeruginosa, allowing uptake of NPN and increasing 

susceptibility to Rifampicin. Mulcahy hypothesised that arn was activated by eDNA mediated 

sequestration of divalent cations which could, in turn, activate both PmrAB and PhoPQ (300). 

Crucially, in that publication, the pH effect of eDNA was not controlled for. Chapter 4 significantly 

increases our understanding of the mechanism by which eDNA decreases colistin susceptibility 

in P. aeruginosa by demonstrating that, in the context of synthetic sputum, the addition of divalent 

cations did not abrogate the eDNA effect on colistin susceptibility but instead augmented it. 

Furthermore, media acidification alone was sufficient to decrease susceptibility to colistin and 

gave rise to outer membrane disruption.  Neutralisation of eDNA by NaHCO3 was also successful 

in partially restoring susceptibility to colistin, underscoring the central, but not exclusive, role of 

reduced pH in eDNA induced colistin resistance. Further evidence supporting a range of 

environmental triggers was obtained from a PA14 transposon library which implicated ColRS, 

PmrAB and CprRS in decreasing P. aeruginosa susceptibility to colistin in SCFM-1 supplemented 

with eDNA.  

Whilst PmrAB has been reported to act as a sensor for low divalent cation concentrations, it 

has also been shown to be activated by low pH and by the presence of cationic antimicrobial 

peptides (164,244). ColRS has been demonstrated to activate in the presence of excess metal 

ions, of which perhaps the best described is Zinc, which should not be present in SCFM to any 

significant level (249,388,448). However, Wiesmann and colleagues reported that ColRS was 

important for survival of P. aeruginosa at low pH in the presence of excess metal ions most 

notably FeSO4 which is a major constituent of SCFM (449). Therefore, it is plausible that eDNA 

can trigger PmrAB directly, through cation sequestration, and through media acidification, and 

can trigger ColRS through media acidification in the presence of FeSO4, although further work will 

be required to confirm the requirement of iron for this process. 

 Therefore, the work presented in this thesis adds to our understanding of how high-level 

colistin resistance can be achieved by P. aeruginosa in response to environmental pressure. In P. 

aeruginosa, expression of the arn operon and modification of lipid A with L-ara4N are thought to 

be central to mutational colistin resistance (173,243). However, it has been reported that 

expression of arn alone is insufficient to achieve high level colistin resistance, and that arn 

mediated resistance was also augmented by the addition of divalent cations to MHB (173). Taken 

together it is therefore unsurprising that the data in chapter 4 revealed that the disruption of arnC 

or eptA alone was insufficient to restore susceptibility at low concentrations of colistin and only 

partially achieved restored susceptibility at high concentrations in the presence of eDNA. 

Evolutionary studies of P. aeruginosa in CF have highlighted that, whilst mutations in pmrB can 
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give rise to moderate colistin resistance, additional mutations in independent pathways were 

necessary for high level resistance, particularly LPS transport, BamA, and phospholipid 

metabolism (501). In chapter 4, multiple two-component systems namely: ColRS, PmrAB and 

CprRS were found to be important for high level resistance in synthetic sputum, underscoring the 

complexity of the system and the tuning of the response to multiple environmental signals.  

Relatively little work has been conducted investigating the contribution of multiple two-

component systems in complex media. Gutu identified that polymyxin resistance due to deletion 

of PhoQ, leading to expression of the arn operon, could be abrogated by disruption of ColRS or 

CprRS (248) and again confirmed that the presence of L-ara4N modified Lipid A alone was 

insufficient to confer resistance. Lee et al reported that in vitro selected resistance to colistin in 

the presence of ΔpmrA, ΔphoP, ΔcprR or ΔparR, involved compensatory mutations in the other 

TCSs that activate arn (502). In chapter 4, when LPS modifications, other than pEtN and L-ara4N, 

were investigated, acylation state, mediated by PagL or PagP, had a minimal impact on MIC, 

although disruption of the Lipid A phosphatase LpxT resulted in increased MICs to colistin in the 

presence of eDNA. Although I have primarily focused on LPS modification as a key downstream 

effector of these systems it is possible there are other effectors that contribute to resistance, for 

example PmrAB is known to activate expression of polyamines which in turn can modulate 

susceptibility to cationic antimicrobial peptides (265). To date much of our understanding of 

colistin resistance in P. aeruginosa has focused on L-ara4N and further work will be required to 

understand how this modification integrates into a wider framework of cellular changes arising in 

complex media.   

To date, evidence supporting the role of pEtN in spontaneous colistin resistance in P. 

aeruginosa has been limited. Though pEtN is recognised as contributing to polymyxin resistance 

in enterobacterales, both via spontaneous mutation and mcr gene acquisition 

(206,213,255,503), in P. aeruginosa there is strong evidence for the centrality of L-ara4N and the 

arn operon in colistin-selected resistance. Lo Sciuto et al. reported that P. aeruginosa strains from 

multiple backgrounds with ΔarnBCA were unable to acquire high level colistin resistance when 

selected for by increasing concentrations of the polymyxin antibiotic (425). Furthermore, when 

Nowicki and colleagues induced expression of eptA in P. aeruginosa with excess Zinc, they 

reported no change in colistin susceptibility (249). By contrast, when Cervoni et al expressed both 

endogenous eptA or mcr-1 via an IPTG-inducible promoter, colistin susceptibility was decreased 

to levels comparable to L-ara4N expression (250). Chapter 4 represents the first strong evidence 

of a role for endogenous pEtN-based LPS modification in P. aeruginosa contributing to high level 

colistin resistance under physiological conditions. This was confirmed, in chapter 4, by 
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disruption of eptA with transposon insertion resulting in a 4-fold decrease in MIC to colistin in the 

presence of eDNA and a 2-log reduction in survival of the eptA::Tn mutant relative to the wild-

type, which could be restored by complementation. Additionally, lipidomic analysis revealed an 

abundance of pEtN modified lipid A in the presence of eDNA. In contrast to data published by 

Cervoni et al., pEtN was only identified in the presence of tri-phosphorylated lipid A, raising the 

possibility of co-regulation of LpxT when the native eptA is expressed from its endogenous locus 

or that both modifications are responding to the same environmental trigger, rather than on a 

plasmid.  

Whilst the regulation of lpxT is poorly understood in P. aeruginosa, in E. coli, this gene is 

reciprocally regulated with eptA by PmrR (466). Unlike in E. coli, PmrAB does not regulate eptA 

expression in P. aeruginosa but does regulate the arn operon (245). Additionally, EptA appears to 

be site specific in P. aeruginosa rather than in E. coli only phosphorylating the 4’ phosphate of 

lipid A, whilst lpxT is able to phosphorylate wither the 4’ or 1’ position(249,458). Therefore, when 

both EptA and LpxT enzymes are activated, they will both compete for the 4’ phosphate of lipid A 

but, where lipid A is pEtN modified it will tend to be phosphorylated at the 1’ position.  

Cervoni identified that high levels of eptA expression were associated with disruption of the 

outer membrane and, surprisingly, increased susceptibility to colistin, relative to low level 

expression (250). One possibility is that by phosphorylating the opposite pole to pEtN, membrane 

integrity is maintained in P. aeruginosa by increasing the electrostatic interactions between 

adjacent LPS molecules normally conferred by divalent cations. Further work will need to 

investigate the complex interaction between modified LPS molecules.  

Taken together the work presented here emphasises a role for endogenous EptA in P. 

aeruginosa and raises the possibility that co-regulation with other lipid A modifications is 

important for colistin resistance in synthetic sputum.   

6.3 Targeting the CF lung environment reduces bacterial survival 
Having established that the CF lung-like environment of synthetic sputum, and 

particularly eDNA, reduced P. aeruginosa susceptibility to colistin, strategies were investigated 

to restore the activity of colistin.  

Despite the important role of eDNA, treatment with DNAse did not restore susceptibility. 

This is likely due to a combination of factors, namely that DNA is not completely degraded by 

DNAse I (496), and that the addition of eDNA led to media acidification, which wouldn’t be 

expected to be abrogated by hydrolysis. In related work, Hunt et al found that partial digestion of 
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DNA, in combination with mucin, increased the sequestration of cationic tobramycin rather than 

decreasing it the authors hypothesising that smaller fragments of eDNA had an increased binding 

capacity(289). The finding of eDNA driven media acidification is supported by the work of Wilton 

et al. who identified that eDNA biofilms of P. aeruginosa are locally acidified, leading to reduced 

susceptibility to aminoglycosides (164). Lewenza and colleagues demonstrated close 

similarities between the transcriptional profiles of P. aeruginosa grown in the presence of eDNA 

and bacteria grown at pH 5.5 (440). Whilst data is conflicting there is evidence that the airways of 

pwCF are acidified relative to unaffected individuals (415,504). Together, therefore, acidification 

of the airways in CF may represent a potential therapeutic target rather than digestion of eDNA 

itself.  

Given the failure of DNase to restore colistin activity, I next investigated the ability of the 

novel antimicrobial murepavadin to restore susceptibility because previous work from our group 

has demonstrated the ability of sub-inhibitory concentrations of this antibiotic to synergise with 

colistin (227). The combination of colistin and murepavadin was effective at low concentrations 

of eDNA against PA14, but 2.4 mg/mL of eDNA was sufficient to abrogate killing by either 

murepavadin or colistin or both in combination.  

This is the first study to examine the activity of murepavadin in synthetic sputum in the 

liquid phase. Previous work has examined murepavadin in standard laboratory media where P. 

aeruginosa appears to be extremely susceptible (443,495,497). When Diez-Aguilar and 

colleagues supplemented synthetic sputum into agar, although MICs were comparable to MHB 

agar, they were at least 8-fold higher than MHB in liquid phase (497). Although the combination 

of murepavadin and colistin was effective against P. aeruginosa PA14 up to 1.2 mg/mL eDNA, 

clinical isolates appeared to be less susceptible with only 3/9 colistin-susceptible strains killed 

and all strains growing in the presence of murepavadin alone.  

Limited data exists around the resistance determinates for murepavadin. Cross-

resistance has been reported between colistin and murepavadin arising through mutations in 

pmrB, bamA and lpxl1 (495,497). This is the first report of a significant effect of pH on 

murepavadin susceptibility. When susceptibility to murepavadin was examined in the panel of 

transposon mutants, disruption of neither eptA nor arnC restored susceptibility, although 

similarly high concentrations of murepavadin, as were used with colistin, were not examined. 

However, increased murepavadin susceptibility was observed when lpxT was disrupted. 

Interestingly, mutations in lpxT have been reported in laboratory-generated murepavadin 

resistance strains although further phenotypic work to understand the mechanistic relationship 
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was not undertaken (497). Further work will be required to understand the mechanism of eDNA-

induced murepavadin resistance in P. aeruginosa.  

As described above, ColRS and PmrAB have each been reported to be triggered by low pH 

(164,449). Additionally, CFTR dysfunction results in a failure to secrete HCO3
-, which leads to 

reduced pH and has been linked to endogenous AMP dysfunction (95). This has led to the 

investigation of NaHCO3 as a potential inhaled agent in CF with promising results (505). 

Therefore, I sought to supplement NaHCO3 to restore pH to neutral in eDNA acidified SCFM. 

Whilst this was partially successful in restoring susceptibility to colistin, it was more successful 

in restoring susceptibility to murepavadin. When NaHCO3 was added to the combination of 

colistin and murepavadin, increased susceptibility was observed in a further 3 bacterial strains 

increasing the total number of susceptible strains killed by the combination to 6/9. These findings 

raise the possibility that pH may be important for determining bacterial susceptibility to colistin 

and murepavadin in the CF lung. The pH of ASL in CF remains controversial, whilst multiple lines 

of evidence have supported the hypothesis that CFTR dysfunction leads directly to depletion of 

extracellular HCO3
- and ASL acidification including: cultures of primary cells (506), 

measurements from the pig model (117,507), and exhaled breath (504), a recent study by Schultz 

and colleagues, which directly measured pH in the lungs of CF and non-CF children, found no 

evidence for acidification (508). Future work will be required to establish whether NaHCO3 is a 

useful intervention alongside inhaled colistin. 
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6.4 Thesis Summary 
 The work presented in this thesis demonstrates that P. aeruginosa grown under 

conditions mimicking the CF lung environment has significantly reduced susceptibility to 

colistin. It identifies eDNA as a major environmental trigger which, in the presence of colistin 

itself, activates the TCSs PmrAB, ColRS and CprRS leading to LPS modification. Finally, this work 

demonstrates that targeting eDNA mediated acidification or LPS transport, with the novel anti-

microbial murepavadin, can restore susceptibility to colistin in at least some clinical isolates 

(Figure 6.1). 

 

  

Figure 6.1 Proposed model for how the CF lung environment reduces susceptibility to 
colistin. The airway surface liquid (ASL) is a rich source of amino acids (āā) iron and salts 
and contains high concentrations of eDNA and other sputum macromolecules. DNA is 
released from neutrophils (1) and dying host cells (2). Extracellular DNA can sequester 
divalent cations (3) interact with other sputum macromolecules (4) and contribute to 
biofilm formation (5). Release of eDNA results in acidification of the ASL (6). The presence 
of eDNA in ASL results in activation of the two-component systems PmrAB and ColRS. 
Colistin itself also activates PmrAB and CprRS. All three two-component systems trigger 
the modification of LPS alongside the expression of unknown downstream effectors (7) 
resulting in decreased susceptibility to colistin. NaHCO3 and murepavadin restore 
susceptibility by reversing media acidification and inhibiting LPS transport. 
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6.5 Future Work 

6.5.1 Increasing understanding of P. aeruginosa susceptibility to colistin. 
 Although there is sufficient data here to construct a theoretical model of how the lung 

environment reduces colistin susceptibility in P. aeruginosa (Figure 6.1), there are several key 

questions that remain to be answered. I have hypothesised that the combination of media 

acidification and excess Fe2+ are responsible for triggering the ColRS TCS and downstream 

activation of EptA. To test this hypothesis the iron content of SCFM containing eDNA could be 

varied to assess the impact on bacterial growth and susceptibility to colistin. Additionally, iron 

chelators such as diethylnetriamine, which is widely used in other synthetic sputum models (426) 

could be supplemented into the media to ascertain whether this has an additional effect on 

colistin susceptibility. Alternatively, the more physiological ferritin or lactoferrin could be used as 

both have also been supplemented into existing models (275,384). To confirm that the result of 

both media acidification and iron excess is conferring altered susceptibility, the expression of 

eptA can be measured directly via Real-time (RT-) PCR and lipidomics could be performed on 

both SCFM-1 supplemented with eDNA and NaHCO3 and media where the iron content has been 

modified to identify lipid A modification. As an alternative, reporter systems for both eptA and arn 

could be generated by cloning their cognate promoters into a GFP containing plasmid which 

could be transformed into P. aeruginosa PA14, or RNAseq analysis could be undertaken. The 

additional benefit of this approach would be that it would enable confirmation that both arn and 

eptA are activated in the presence of eDNA in SCFM excluding, polar effects of the transposon 

insertion process on arn. Additionally, the putative environmental tiggers including Fe2+, Mg2+, pH 

and colistin could also be investigated for their impact on PeptA-GFP and Parn-GFP expression.  

The work in this thesis raises some important questions into how high-level resistance to 

colistin is achieved in vivo. Previous work has supported the hypothesis that a range of cellular 

changes are required alongside L-ara4N to achieve high level resistance to polymyxins. The work 

presented here demonstrated that disruption of eptA or arnC alone were insufficient to restore 

susceptibility of PA14 to wild-type levels at low concentrations of colistin in the presence of high 

concentrations of eDNA. I hypothesise that in the complex lung environment activation of 

multiple TCSs achieves redundancy against disruption of either eptA or arn alone. To test this 

hypothesis, knock out mutants could be constructed using either homologous recombination or 

through use of the CRISPR/Cas9 system (509,510). Constructing a double knock-out of arnC and 

eptA would be useful to identify how much of the change in susceptibility is due to these two 

pathways per se, and how much is due to other down-stream effectors. Identifying further 

downstream effectors would be more challenging, however. Whilst several downstream effectors 
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are known e.g. MexXY (260) and polyamine synthesis (265), there may be as yet unidentified loci 

which contribute to colistin resistance induced by synthetic sputum. Therefore, a less selective 

approach using RNA sequencing to identify the relative abundance of gene transcripts for P. 

aeruginosa PA14 grown in MHB compared to SCFM-1 supplemented with 2.4mg/mL eDNA might 

be useful. This approach is likely to identify numerous metabolic pathways of little relevance to 

colistin resistance, but important for survival in SCFM. Therefore a more informative analysis is 

likely to arise comparing PA14 to colR::Tn, pmrB::Tn and cprR::Tn in SCFM supplemented with 

eDNA as this should give rise to differences relating specifically to each TCS’s downstream 

effectors. Alternatively, a TnSeq or TraDIS approach could be used to identify all genes that 

contribute to colistin resistance in SCFM (511). 

This work identified a key role for endogenous eptA in reducing susceptibility to colistin in 

P. aeruginosa. Interestingly, the lipidomics data identified pEtN modification in the presence of 

tri-phosphorylated lipid A, presumably mediated by LpxT, while the lpxT::Tn strain had 

dramatically increased MICs to colistin. The role of LpxT in this process could be confirmed by 

performing a lipidomic analysis of lpxT::Tn in the presence and absence of eDNA. It would be 

interesting to investigate the effect of disruption of both eptA and lpxT in tandem to see whether 

this enhances or decreases susceptibility to colistin, with the hypothesis that the two are working 

synergistically to maintain membrane integrity. This hypothesis could be further tested by 

comparing NPN uptake in response to low level colistin exposure and high level eDNA exposure 

in PA14, PA14ΔlpxT, PA14ΔeptA, and PA14ΔlpxTΔeptA. Given the hypothesised redundancy 

between pEtN and L-ara4N modifications in this model, it will be necessary to perform a lipidomic 

analysis in parallel with these strains as I would hypothesise, in the absence of pEtN, the relative 

abundance of L-ara4N would increase, as they are competing for the same terminal phosphates 

on lipid A.    

One of the key observations giving rise to the central hypothesis of this thesis: that the 

lung environment reduces susceptibility to colistin, was that despite prolonged therapy with 

inhaled colistin, mutational resistance rarely emerges. Given that the lung environment appears 

to reduce susceptibility to colistin there may be no strong selection pressure for mutational 

colistin resistance. To test this hypothesis PA14 could be grown in the presence of SCFM-1 

supplemented with increasing concentrations of eDNA and challenged with increasing 

concentrations of colistin for prolonged periods. Any resistant mutants could be identified by 

screening cultures on solid media containing colistin. From these experiments, the rate at which 

colistin resistance emerges could be compared between synthetic sputum and standard 
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laboratory media. I would anticipate that, if the model is correct, spontaneous colistin resistance 

would arise at a much slower rate in the presence of higher eDNA concentrations. 

6.5.2 Increasing our understanding of the host environment. 
 Defining optimal models for the investigation of the lung environment in CF is challenging. 

Animal models are limited in their utility due to the predominance of significant GI pathology and 

limited lung disease in smaller mammals (2). Throughout this work SCFM-1 and 2 have been used 

as a proxy for the lung environment, as one of the best validated models of CF lung, with the 

additional benefit that they were validated against the growth and survival of P. aeruginosa 

(276,388).  When it was originally devised, SCFM-2 did not contain all of the essential 

components for growth of all P. aeruginosa strains tested (388). However, SCFM-2 was not inferior 

to an air-liquid interface model (363), highlighting that increasing complexity does not necessarily 

increase the benefits of a model. Broadly, ASM can be used in two ways to investigate 

antimicrobial susceptibility: 1) to mimic as closely as possible the host environment to better 

understand the pathogenesis of disease and potentially identify changes in bacteria that alter 

susceptibility 2) to define key components of the media to more reliably reflect antimicrobial 

susceptibility in vivo. Whilst similar, these two aims can be investigated quite separately: The 

work of Hasan et al highlights how the composition of synthetic sputum models can alter 

bacterial interactions with antibiotics where bacterial survival was dependent on the presence or 

absence of polyamines in that model (312). That work led to the development of more complex 

media closely mimicking the composition of ASL in CF (275). To test the conclusions of this thesis 

key findings could be recapitulated in this more complex model. In particular, determining the 

survival of a range of clinical isolates to colistin exposure. This could be further validated using 

the reporter strains described above to confirm that resistance mechanisms are similar in a yet 

more complex model.  

It remains unclear what the key components of an in vitro model mimicking the CF lung should 

be. Coupled with the work outlined above (6.4.1) the key environmental triggers identified as 

determining colistin resistance eg eDNA, pH and Mg2+ could be used to produce a less complex 

medium. The benefits of this process would be that many of the biological components of ASM 

are purified from organic systems and have the potential to introduce contamination and/or vary 

from batch to batch. Neve et al highlighted that some commercial preparations of porcine gastric 

mucin were heavily contaminated with iron, undermining the conclusions that could be drawn 

from ASM produced using these products (426). Lewin and colleagues also identified Zinc as a 

potential contaminant in their sputum model, the source of which was unclear (363).  
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Naturally, there is always a trade-off between complexity and reproducibility in model systems, 

depending on the research question in mind.  For example, a minimal, reproducible medium that 

reflects colistin susceptibility in vivo has a potential application for antimicrobial susceptibility 

testing. Ersoy and colleagues identified significant differences between susceptibility testing in 

MHB or host-mimicking medium but were able to modify MHB through the addition of NaHCO3  to 

achieve similar results to host-mimicking medium (512). With respect to SCFM and other artificial 

sputum media a transcriptional analysis of P. aeruginosa strains grown in complex media, SCFM-

1 supplemented with eDNA, MHB II supplemented with eDNA and ex vivo sputum could provide 

a useful indicator of whether there are significant differences in the bacterial response to these 

models and the likely significance of those differences alongside MIC and time-kill assays to 

compare the differences in colistin susceptibility. 

The translatability of the current work to the in vivo setting was limited by recent 

developments in therapeutics in CF, which curtailed access to sputum samples. CFTR 

modulators have completely revolutionised the disease process in CF by partially correcting the 

underlying defect (513). What is clear from the evidence is that, although there are initial dramatic 

gains in lung function for pwCF started on these novel therapeutics, this still does not allow them 

to clear established P. aeruginosa infection (187,188). Furthermore, whilst there appears to be an 

initial benefit in lung function it remains unclear whether this will be maintained in the longer 

term. Whilst data are emerging that indicates the behaviour of bacteria may be different in pwCF 

on CFTR modulator therapy (514,515), there is little work identifying the compositional changes 

in CF sputum that arise from the use of these drugs. Furthermore, it is likely that there will be 

inter-individual differences between pwCF started on treatment with established lung disease 

compared to individuals started in early childhood (516). Measuring the difference in 

composition of CF sputum from these groups is likely to generate a more accurate model of the 

CF lung in the current and future cohorts of pwCF.  

Current sputum models are based on measurements from multiple studies over many 

years. Recapitulating some of that work would be a major challenge, however in the first instance 

quantifying the key components of SCFM-2 would be more achievable. A combination of 

chromatography, mass spectrometry and enzymatic analysis was used to determine the 

concentrations of amino acids and salts comprising the basal medium SCFM-1 (276). The 

concentration of eDNA could be determined by colorimetric assay (292), mucin content could be 

determined by western blot analysis (283,517) and phospholipids by lipid extraction and 

chromatography (518,519). The concentration of GlcNAc could be determined by 

chromatography (520). Whilst this starting medium would not reflect the total complexity of 
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sputum it would provide a basis for comparison to SCFM-2 and a starting medium to investigate 

CF sputum in the post CFTR-modulator era.  The new sputum model should be optimised with 

external validation in mind: RNAseq profiling of divergent strains of P. aeruginosa grown in 

expectorated sputum and compared to a synthetic sputum model could provide evidence to 

support the use of a new sputum model. 

6.5.3 Optimising treatment in based on the host environment. 
Murepavadin has shown promise as a potential new inhaled agent in CF. However, the 

work in this thesis raises some questions about the efficacy of murepavadin under physiological 

conditions, particularly against host-adapted strains. This should be investigated further by 

examining susceptibility against a broader panel of clinical isolates in SCFM-2 and against SCFM-

2 with supplemental eDNA. At present, there is no published data on the achievable lung 

concentrations of murepavadin following nebulisation. However, given that killing by 

murepavadin against PA14 could be restored by increasing its concentration, higher 

concentrations of colistin and murepavadin should be investigated to identify whether synergy 

can be achieved against clinical isolates in the presence of eDNA with and without supplemental 

NaHCO3.  

Whilst this work has predominantly focused on the effect of the lung environment on the 

growth of planktonic bacteria and the challenges of restoring susceptibility, there is strong 

evidence that P. aeruginosa biofilms exist throughout the cystic fibrosis lung (155,156). Having 

established a model of the CF lung and identified the central importance of eDNA with putative 

strategies to improve susceptibility to colistin, I propose investigating the efficacy of those 

strategies against P. aeruginosa biofilm. Haley and colleagues identified that, in an artificial 

sputum model, the availability of eDNA could have dramatic effects on biofilm structure with 

higher concentrations of eDNA associated with a failure to form defined biofilm structures (521). 

To investigate the effect of eDNA on colistin susceptibility in biofilm, simple biofilms could be 

grown using a Calgary device in SCFM containing increasing concentrations of eDNA. Bacterial 

survival could then be determined against colistin alone, colistin in the presence of murepavadin 

and colistin in the presence of murepavadin and NaHCO3. Moskowitz et al have proposed a 

reproducible method of generating biofilm using Calgary devices which has already been 

adapted to include the use of synthetic sputum (433,522) 

The work presented in this thesis provides strong evidence that acidification of the lung 

environment local to bacteria acts as a trigger for bacterial adaptation, which reduces 

susceptibility to both colistin and murepavadin. Supplementation of NaHCO3 was partially 
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successful in restoring susceptibility. What is less clear is whether this would be effective in 

humans. There has already been some interest in NaHCO3 as an adjunct to therapy in cystic 

fibrosis for several reasons: CFTR dysfunction results in lower levels of HCO3
- in secretions from 

cystic fibrosis than in unaffected individuals (523), this has been linked to a failure to mature 

mucins impairing mucociliary clearance, and to dysfunction of endogenous AMPs increasing 

susceptibility of pwCF to pseudomonas (117,477). NaHCO3 itself may have some intrinsic 

antimicrobial activity, although it is difficult to separate this from its effects on pH (117). There 

has also been some interest in the use of NaHCO3 as an anti-biofilm agent for the elimination of 

P. aeruginosa (482,483). Finally, NaHCO3 has already been trialled as a therapeutic agent in 

cystic fibrosis (505). Although the reported study is small with only 12 patients completing the 

study, inhaled NaHCO3 was well tolerated, with no adverse effects. Unfortunately, the study was 

not sufficiently powered to detect differences in infection or antimicrobial susceptibility. 

Increased sputum pH and decreased viscosity were identified (505). Finally, CFTR modulator 

therapy was only partially successful in restoring HCO3
- secretion in an ex vivo epithelial culture 

model (524) raising the possibility that inhaled HCO3
-
 therapy may be beneficial even in pwCF on 

CFTR modulators. 

Taken together there appears to be good evidence that inhaled NaHCO3 may be beneficial 

in pwCF, even in the presence of CFTR modulator therapy. There appear to be several potential 

benefits to all pwCF, not just those on inhaled colistin therapy or chronically infected with P. 

aeruginosa. A challenge in how to approach such a study lies in defining a clinical population 

most likely to demonstrate a benefit from inhaled NaHCO3, and the challenges of designing new 

interventional studies in pwCF already taking CFTR modulators. In the first instance investigating 

the effect on P. aeruginosa density in sputum in individuals already colonised with P. aeruginosa 

and receiving inhaled colistin would be a key target population. Ideally such a study could be 

designed to measure clearance of P. aeruginosa, however, it remains unclear whether this is 

achievable in chronic infection. Other important parameters to measure would include 

frequency of pulmonary exacerbation and lung function. Given the potential broader benefits of 

NaHCO3 therapy I would envisage this study nested in a larger study of inhaled NaHCO3 in CF as 

a mucolytic. Potentially this could also allow data to be collected on clearance and recurrence 

rates of individuals with acute P. aeruginosa infection as well as newly acquired of P. aeruginosa 

infection. 
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