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Abstract 
 

Although advances in the management of cystic fibrosis (CF) have led to a significant extension of life 

expectancy, the disease remains life-limiting. Successive pulmonary infections are the primary cause 

of morbidity, leading eventually to respiratory failure. Pseudomonas aeruginosa (Pa) is the dominant 

respiratory pathogen but difficulties in detection and increasing failure of conventional treatments 

to combat established infection mean that an urgent need exists for non-invasive techniques that 

screen for Pa, particularly in non-expectorating patients, and for novel antimicrobial therapies. 

The first part of this thesis aimed to determine whether markers in exhaled breath, measured using 

selected ion-flow tube mass spectrometry (SIFT-MS), could distinguish between CF patients with and 

without chronic Pa infection. In what is the largest study to date of well-phenotyped CF patients, I 

demonstrated that a fingerprint that differentiates according to Pa status does appear to be present 

in exhaled breath, although the technique is not sufficiently sensitive at present to be used on an 

individual patient basis. 

The second part of this thesis studies the potential of using bacteriophage in the treatment of Pa 

infection. I have shown that novel bacteriophage cocktails are efficacious in vitro against laboratory 

and clinical Pa strains isolated from CF patients. In a murine model of acute infection, I demonstrate 

that bacteriophage not only hasten clearance of Pa from the lung but also diminish the associated 

inflammatory response under certain conditions. Efficacy was demonstrated when bacteriophage 

was given prophylactically and after established infection, indicating potential utility in a clinical 

scenario. That bacteriophage remain viable following nebulisation, the preferred route of 

administration for future human trials, was also ascertained.   

Whilst the results are promising, with potential to improve patient outcomes, both strands of work 

only demonstrate proof-of-concept for the studied strategies. A significant amount of additional 

work, some already underway, is necessary before either approach can be used in a clinical setting. 
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Novel Methods of Detection and Treatment of 
Infection in Cystic Fibrosis 

Chapter 1: Introduction 

Section 1.1: Chronic Suppurative Lung Disease and Bronchiectasis 
 
Chronic suppurative lung disease (CSLD) is the term applied to a number of respiratory conditions 

the unifying symptom of which is a persistent wet cough (1), often productive of sputum. CSLDs 

include cystic fibrosis (CF), primary ciliary dyskinesia (PCD) and non-CF bronchiectasis, which itself 

has a wide range of underlying aetiologies (2). A hallmark of CSLDs is increased susceptibility to 

chronic and recurrent respiratory infections which, if not treated promptly and aggressively, can 

subsequently lead to bronchiectasis, which is characterised by chronic neutrophilic inflammation (3). 

 
Bronchiectasis is defined as “irreversible dilatation and thickening of the airways” (4) and results 

from destruction of bronchial and peribronchial tissue following bronchial obstruction and 

inflammation, which usually occurs secondary to successive respiratory infections or localised 

anatomical obstruction to an airway.  It is a radiological diagnosis, which is confirmed by high 

resolution CT scan (HRCT) of the chest, usually performed because of persistently abnormal plain 

chest radiographs but, more controversially, as a routine means of monitoring disease progression in 

CSLD, particularly CF (5-9).  Bronchiectasis was previously considered to be irreversible but there is 

increasing evidence that early changes suggestive of bronchiectasis in children (airway dilatation) 

can resolve (10); 26% of children had resolution of airway wall thickening and dilatation on serial 

HRCT scans in a recent study (11). Infective exacerbations in paediatric CSLD occur following periods 

of clinical stability. They are characterised by a constellation of symptoms including increased cough 

and sputum production, decreased exercise tolerance and reduced appetite (12) although attempts 

to establish a gold standard definition criteria have been unsuccessful and, as there remains no 

consensus, variability in reporting and clinical practice remains (13).  
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This is important as prompt recognition and aggressive treatment of infective exacerbations may 

reduce neutrophilic inflammation in the lungs, thereby decreasing incidence and preventing 

progression of bronchiectasis which in turn can achieve symptom control, maintain lung function 

(14, 15) and improve quality of life (16). However, even in cases where therapy is commenced, 25% 

of children with CF fail to recover baseline lung function after an exacerbation, with greater degree 

of decline in spirometry prior to hospital admission associated with worse outcomes (17). Similar 

findings are noted in adults with CF where female sex, malnourishment and time between 

exacerbations are identified as additional risk factors for failure to regain baseline lung function (18, 

19). Decline in respiratory function over time is currently therefore inevitable in CSLD as, even with 

optimal care, risk of infection is both ubiquitous and unavoidable. 

Section 1.2: Cystic Fibrosis 

1.2.1: Historical Perspective 

 
CF, as a multi-system disorder with a constellation of respiratory and gastrointestinal symptoms, was 

first described by Dorothy Andersen in 1938 (20) but it is thought that perhaps the first reference to 

the disease dates back to 1606 when Alonso y de los Ruyzes de Fonteca stated “woe to that child 

which kissed on the forehead tastes salty; he is bewitched and will soon die” (21). CF is the 

commonest autosomal recessive disease in the Northern European population with 1 in 2500 live 

births being affected in the UK (22) and 1 in 25 individuals being carriers (23) which equates to  

approximately 300 new cases per annum in the UK (24, 25). Since October 2007, newborn screening 

for CF by bloodspot analysis of immunoreactive trypsin has been offered to all babies born in the UK; 

if this is elevated, a further diagnostic algorithm is then followed (26). The protein encoded for by 

the CF gene, cystic fibrosis transmembrane conductance regulator (CFTR), was identified in 1989 (27-

29), four years after the locus was mapped to chromosome 7q31 (30, 31). It is mutations in this CFTR 

gene, of which over 2000 have since been identified (although less than 200 are considered to be 

definitely disease-generating (32)), that are the molecular basis of CF (33-35).  
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1.2.2: CFTR Structure and Function 

 
CFTR is a glycoprotein composed of 1480 amino acids (36) that belongs to the ATP-binding cassette 

(ABC) family of transmembrane proteins (37). ABC proteins facilitate active transport of molecules 

across cell membranes, a process that is driven by binding of adenosine triphosphate (ATP) to their 

nucleotide-binding domains (NBD) (38). All ABC transporters have two components; the NBD and the 

membrane-spanning domain (MSD). CFTR is unique in the ABC family because it has an additional R 

(regulatory) domain that contains multiple phosphorylation sites which can influence channel 

activity (39, 40). The R domain links two MSDs, which form a selective transmembrane chloride 

channel (38, 41), and two NBDs (42). This is schematically shown in Figure 1.2.2.1. 

 

Movement of chloride ions via CFTR is dependent on both phosphorylation of the R domain by 

protein kinase A (and, to a degree, protein kinase C) and CFTR-induced ATP hydrolysis (38, 43). CFTR 

also contributes to bicarbonate transport, both directly and indirectly (44, 45), and has indirect 

effects on cellular ion homeostasis through regulation of other ion channels within the cell 

membrane including the epithelial sodium channel (ENaC) (46, 47) and outwardly rectifying chloride 

channels (ORCC) (48). The pathophysiology of CF is therefore complex and, given the contrasting 

roles of epithelia in which CFTR is found, organ-specific manifestations of dysfunction exist. In the 

sweat glands for example, impaired chloride reabsorption leads to abnormally salty sweat with high 

chloride content; this is the basis of the pilocarpine-iontophoresis sweat test, first described by 

Figure 1.2.2.1: Schematic of CFTR. Two six-

segment MSDs are linked to two NBDs by 

the R domain which is phosphorylated prior 

to channel opening by cyclic AMP (cAMP) 

dependent protein kinase A (PKA).  

Protein phosphatases that dephosphorylate 

the R domain are responsible for returning 

CFTR to quiescence.   

Image reproduced from (31) 
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Gibson and Cook (49). Sweat chloride >60mmol/L was historically considered pathognomonic but it 

is now known that CF is not an “all or nothing disease” (50) and, whilst making the diagnosis is 

usually straightforward, there are a number of patients with non-classical CF that present a 

diagnostic dilemma. This variation in CF phenotype is partly explained by the sheer number of 

mutations in the CFTR gene that have been identified, but exact mechanisms underlying certain 

disease manifestations remain unclear. Twin studies (51) suggest that modifier genes (52) or 

polymorphisms influence CFTR function, accounting for some of the discord that exists between CF 

genotype and phenotype (53-55), even in patients that have identical mutations, whilst 

polymorphisms in non-CFTR genes including 1-antitrypsin (56) and mannose-binding lectin (57) 

have been associated respectively with milder and more severe CF pulmonary disease.   

Environmental influences such as socioeconomic status and availability of specialist care (58) and 

chance effects such as acquisition of respiratory infections at a young age (59) also affect the 

development and progression of CF lung disease. Despite these factors, genotype is important as 

CFTR mutations can be classified into six groups, based on their molecular mechanisms and likely 

functional consequences of dysfunction (55, 60, 61) such as pancreatic dysfunction (which is more 

predictable from genotype than extent of respiratory disease) or a degree of residual ion transport 

being present. However, as only five of more than 2000 known mutations occur at a frequency of 

greater than 1% on at least one allele in patients diagnosed with CF (62), accurate inferences about 

likely clinical manifestations cannot always be made.  

1.2.3: Classes of CFTR Mutation 

I. Defective Biosynthesis 

 

Class I (nonsense) mutations are large deletions or frameshifts that encode premature stop 

codons, resulting in production of truncated, unstable protein which is rapidly cleared from 

the cell by messenger RNA (mRNA) decay (63). As virtually no CFTR exists at the apical cell 
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membrane, these are severe mutations. Examples include G542X (p.Gly542x) (64, 65) and 

W1282X (p.Trp1282X), both of which are common in the Ashkenazi Jewish population (66). 

 

II. Abnormal Processing and Trafficking  

 

In class II mutations, CFTR is incorrectly folded (abnormal processing), most often due to 

abnormalities in glycosylation (55, 67), and degradation occurs prior to the protein arriving 

at the apical cell membrane (abnormal trafficking). Class II mutations include F508 

(Phe508Del), the commonest mutation worldwide (62), and are associated with a severe 

phenotype. Unlike class I mutations, some mutant CFTR may reach the apical cell membrane 

(68) and maintain residual function. Interventions that overcome abnormalities in 

processing, prevent degradation by the endoplasmic reticulum or improve trafficking of 

misfolded CFTR therefore appeal as potential therapeutic targets (69-71). 

 
III. Defective Channel Regulation or Gating 

 

Class III mutations affect ATP binding at the NBDs, preventing ATP hydrolysis which is 

necessary for the channel to function, although CFTR is processed and trafficked as normal 

to the apical cell membrane. The commonest class III mutation is G551D (p.Gly551Asp), 

accounting for around 3.1% of all mutations in the United Kingdom (62, 72). Compared to 

wild-type CFTR, the open probability of G551D is diminished to around 1% (73). The basic 

defect in class III mutations should theoretically be easier to correct than mutations where 

CFTR is not present at the cell membrane; this has been confirmed in vitro (74) and recent 

studies of the small molecule Ivacaftor have demonstrated efficacy in phase III clinical trials 

(75, 76). Class III mutations are generally associated with a severe phenotype. 

 

IV. Defective Chloride Conductance 

 

Class IV defects, some of which are due to missense mutations in MSD1, alter CFTR protein 

structure, leading to restricted movement of chloride ions through the channel (41). Like 
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class III mutations, there is a normal amount of CFTR but unlike class III mutations there is 

residual function; class IV mutations are thus associated with a milder phenotype and 

patients are often pancreatic sufficient (77). R117H (p.Arg117His) is an example of a class IV 

mutation; this affects splicing of exon 9 and is influenced by the polymorphic polythymidine 

sequence (5, 7 or 9 thymidines) that precedes the splicing receptor site (78). R117H only 

causes disease under certain circumstances even when another CF-causing mutation is 

present in trans (79) and has a particular association with isolated congenital bilateral 

absence of the vas deferens (CBAVD) (80). 

 

V. Reduced Synthesis and Trafficking 

 

Class V mutations are associated with atypical splicing of mRNA (81) or mutations that 

prevent full glycosylation and trafficking of CFTR (55, 82). As some residual CFTR is expressed 

in the apical membrane, these mutations typically display a milder phenotype. Examples of 

class V mutations are A455E (p.Ala455Glu) and P574H (p.Ile148LeufsX5), both of which are 

associated with pancreatic sufficiency (82). 

 
VI. Increased Turnover 

 

Class VI mutations have a truncation of the C-terminal of CFTR, leading to normal 

biosynthesis and trafficking but severe instability and accelerated degradation of the mature 

channel at the apical cell membrane (83). Examples of class VI mutations are Q1412X 

(p.Gln1412X) and 4326delTC (p.Cys1400X), both of which are associated with a severe CF 

phenotype (55, 83).  

 

Many mutations belong to more than one class; for example Phe508del, whilst primarily considered 

a class II mutation, also demonstrates defective channel regulation (class III), explaining the rationale 

behind use of CFTR potentiators (Section 1.7.6) in treatment (84), and decreased stability (class VI).  

A schematic diagram showing normal CFTR and the mutation classes is shown in Figure 1.2.3.1. 
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Figure 1.2.3.1: Schematic Diagram Showing Classes of CFTR Mutation. Reproduced from (85) 
 

1.2.4: Pathogenesis and Clinical Manifestations of CF 

 CFTR mutations have variable expression, such that CF genotype does not accurately predict the 

pattern or severity of clinical disease. Most morbidity and mortality in CF is secondary to lung 

disease (86), the pathogenesis and management of which will be discussed in detail in subsequent 

sections.  

1.2.4.1: Sinonasal Disease 

Upper and lower airway epithelial surfaces are similar, suggesting that pathophysiology of lung and 

sinonasal disease may be related. However, prevalence of rhinosinusitis is more than twice as high in 

carriers of a CFTR mutation compared with the general population (87) and, as there is no increase 

in lower respiratory symptoms in this group, other mechanisms are likely involved. Sinus disease 

may precede lung disease in children with CF (88, 89) and recent studies using the CF pig model have 

demonstrated defective ion transport and sinus hypoplasia in newborn piglets (88, 90). This fits with 

the finding that radiological sinonasal disease is virtually ubiquitous in CF patients (91), although less 
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than 10% report symptoms (92), perhaps due to overriding gastrointestinal and respiratory features 

being present. Symptoms of sinonasal disease include nasal obstruction, chronic rhinorrhoea, 

recurrent headaches and anosmia (91). Nasal polyps occur in up to 48% of patients (93). As with 

lower respiratory pathogens, bacteria isolated from the sinuses vary with patient age, although 

concordance between the two sites is poor (94). Despite this, two-way exchange of bacteria 

between the sinuses and lungs has been demonstrated (95), suggesting that aggressive medical 

therapy or sinus surgery, particularly prior to lung transplantation, might prevent chronic infection, 

although this has not yet been proven (96). 

1.2.4.2: Gastrointestinal (GI) Disease 

1.2.4.2.1: Meconium Ileus and Distal Intestinal Obstruction Syndrome (DIOS) 
 
Between 10-15% of CF patients present in the newborn period with meconium ileus (97) which may 

be detected antenatally from a second trimester antenatal ultrasound demonstrating echogenic 

bowel (98). The pathophysiology is not fully understood but likely related to CFTR dysfunction in the 

secretory intestinal epithelium causing dehydration of intraluminal contents and mechanical 

obstruction of the small bowel (97). Babies present with symptoms of bowel obstruction; 

conservative treatment with gastrograffin enema may be successful (99) but surgery is often 

required, though this does not usually affect long-term outcomes (100). A similar proportion of older 

CF patients develop faecal obstruction of the distal small bowel, termed distal intestinal bowel 

obstruction (DIOS), for which constipation is a differential diagnosis. Pathophysiology of DIOS is 

similar to meconium ileus although pancreatic insufficiency (97) and reduced intestinal motility (101) 

are also implicated and previous abdominal surgery is a risk factor (102). Management is usually 

medical (copious fluids and laxatives) with surgery indicated in non-responsive cases to prevent 

bowel perforation.  

  



32 
 

1.2.4.2.2: Gastro-oesophageal Reflux Disease (GORD) 

GORD is up to eight times more common in patients with CF than in the general population (103), 

but the mechanisms remain unclear. Increased intrathoracic and abdominal pressure due to forced 

expiration and cough is a likely mechanical cause (104) but a high prevalence in babies without 

respiratory symptoms (105) suggests that GORD is also likely to be a primary phenomenon in CF 

(106) due to factors such as increased frequency of lower oesophageal sphincter relaxation and 

prolonged gastric emptying time (103). Standard CF treatments such as high fat diet, pancreatic 

enzymes and postural drainage (103, 107) may exacerbate GORD, although a study from our centre 

found no association with infant physiotherapy (108). Symptoms of GORD include vomiting, 

dysphagia, regurgitation, chronic cough and hiccups (107). GORD can aggravate respiratory 

symptoms in CF by inducing aspiration or bronchospasm. Management is usually medical but 

patients may require surgical intervention such as Nissen’s fundoplication in severe cases. 

1.2.4.2.3: Pancreatic Disease 

In the pancreas, chloride secretion is impaired because CFTR function is defective and, due to the 

secondary effect on flow of sodium and water, thick mucus forms which blocks the pancreatic duct 

and prevents enzymes reaching the small intestine, causing nutrient malabsorption and, over time, 

destruction of pancreatic tissue (109). This leads to exocrine pancreatic insufficiency, affecting 

between 80-90% of patients with CF, that requires lifelong treatment with pancreatic enzyme 

replacement therapy (PERT). With progressive damage, inadequate bicarbonate secretion by the 

pancreas causes intraduodenal pH to become acidic, leading to inactivation of enzymes and 

denaturing of bile salts. This impairs lipid absorption and explains why supplementation of fat 

soluble vitamins (A, D, E and K) is essential in CF patients.  Destruction of the pancreatic islet cells 

also causes insulin deficiency and the development of CF related diabetes (CFRD) over time; this is 

not usually present from birth but is increasingly being recognised due to improved survival (110) 

and routine screening from childhood (111). CFRD has features of both Type I and Type II diabetes 
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mellitus (112) as glucose metabolism is influenced by clinical factors unique to CF including chronic 

malnutrition and infection, liver dysfunction, insulin resistance and glucagon deficiency (110) whilst 

pancreatic destruction over time causes progressive insulin deficiency. 38% of asymptomatic 

adolescents demonstrate abnormal glucose metabolism and approximately 50% of adults will have 

CFRD by the age of 30 (113). CFRD is associated with deterioration in respiratory and nutritional 

status though improved screening and institution of aggressive early treatment with insulin has led 

to a narrowing of mortality differences in CF patients with and without diabetes (114). This is likely 

because, even in the pre-diabetic period when hyperglycaemia is minimal, respiratory and 

nutritional decline are well described (115).  

Acute pancreatitis is also associated with CFTR dysfunction and has been described predominantly in 

patients without other manifestations of classical CF such as pancreatic insufficiency (116) 

1.2.4.2.4: Other GI Manifestations in CF 

20% of patients with CF develop rectal prolapse; other GI complications include intussusception and 

volvulus (117). Hepatobiliary manifestations include focal biliary fibrosis, fatty infiltration of the liver 

and macronodular cirrhosis (118) and there is an increased risk of GI malignancy, for reasons that 

are not yet completely clear (119) . An iatrogenic complication is fibrosing colonopathy that has 

been associated with high-dose PERT (120). GI features of CF have been reviewed (121). 

1.2.4.3: Bone Disease 

Low bone mineral density in CF was first reported in 1979 and 20-34% of adults have age-adjusted 

standard deviation bone density scores of less than -2 z-scores which is associated with an increased 

risk of pathological fractures (122). Pathophysiology of bone disease in CF is multifactorial, likely 

related to glucocorticoid use, vitamin D and K malabsorption, physical inactivity and chronic systemic 

inflammation (122). Furthermore, counter to earlier studies, it is now thought that CFTR is expressed 

in bone (123); this indicates that bone disease is an intrinsic part of CF, explaining why even very 

young children can present with osteopaenia (124). With CF patients living longer, treatment with 
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oral and intravenous bisphosphonates that can increase bone mineral density is likely to become 

increasingly necessary (125). 

1.2.4.4: Other Manifestations of CF 

In addition to the systems described previously, like any other chronic disease, CF can have 

psychological manifestations, often from a young age (126). Fertility is affected; 98% of men with CF 

have CBAVD resulting in azoospermia but, with advances in assisted reproductive techniques, are 

able to father children (127). Suboptimal fertility in women with CF is multifactorial; increased 

tenacity of the cervical mucus and suboptimal nutrition are implicated but natural conception is 

possible, particularly if lung function, glycaemic control and nutrition are optimised (128). It is 

important to note that, despite increasing knowledge of the pathophysiology and significant 

advances in the management of all aspects of CF disease over the past thirty years, median age of 

survival is still only 43.5 years (129) . As mentioned previously, although CF is a multisystem disorder, 

the vast majority of morbidity and mortality is due to lung disease which is predominantly the 

consequence of successive airway infections and the downstream consequences thereof. This is the 

focus of the next section and of the experimental work in this thesis. 
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Section 1.3 Host Defence of the Human Respiratory System 
 
Before describing the pathophysiology of CF lung disease, it is important to first place this in context 

by briefly discussing normal host defence.  

1.3.1: Biomechanical Defence and the Mucociliary Escalator 

The human respiratory tract is responsible for conducting air from the atmosphere to the terminal 

bronchioles and alveoli where gas exchange takes place. Effective mechanical and biochemical 

barriers exist throughout the respiratory tract to protect it from the constant insults to which it is 

exposed from the environment. The majority of inhaled particles are filtered by the nose which also 

humidifies and warms air (130). Like much of the respiratory tract, pseudo-stratified columnar 

ciliated epithelium lines the nasal mucosa (131) and goblet cells, which secrete mucus, are found 

interspersed within this epithelium. Mucus is separated from the cilia by a periciliary layer (PCL) 

(132, 133); together these constitute the airway surface liquid (ASL).  Whilst mucus is effective at 

trapping inhaled particles and contains antibacterial proteins such as IgA and lactoferrin that directly 

inactivate or destroy pathogens (130, 134), innate host defence also depends on movement of this 

mucus layer. Effective movement of the mucus requires not only co-ordinated beating of the cilia, 

which is compromised in conditions such as PCD and in smokers (135), but also homeostasis of the 

PCL; the optimal height of this is ~7m, which is maintained by a combination of sodium 

reabsorption and chloride secretion (136). Newer research suggests that this model of the 

mucociliary escalator might be simplistic, as mucus exists as a tangled mesh above the cilia (137), 

rather than as a discrete layer, although its role in innate immunity of the respiratory tract remains 

indisputable. Working in conjunction with mucociliary clearance (MCC) are the actions of coughing 

and sneezing; both are initiated by sensory receptors in the nose, bronchi and trachea which, when 

stimulated by irritants, communicate with higher centres in the brain, to trigger the reflexes that 

propel mucus and foreign particles out of the airways at high velocity (138).  
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1.3.2: Cells of the Innate Immune Response 

Pulmonary innate immunity is orchestrated by respiratory epithelial cells that line the conducting 

airways. In addition to creating a tight physical barrier with the underlying stroma, they also secrete 

a vast number of host defence molecules including -defensins, cathelicidin LL37 and surfactant 

proteins A and D, both at baseline and when exposed to pathogens and toxins (139). Such responses 

can influence "professional" immune cells; for example, increased secretion of the protein Foxa3 by 

epithelial cells in response to rhinovirus infection has been shown to induce cytokines IL-33 and IL-17 

(140) and enhance the adaptive immune response (Section 1.3.3), whilst dysregulation of this 

pathway is associated with recurrent infections in CF (139). The respiratory epithelium and innate 

immunity has been reviewed (139).   

Mucosal defence in the human lung is augmented by cellular mechanisms. Alveolar macrophages are 

the resident immune cells that initiate phagocytosis and orchestrate host cellular defence by release 

of cytokines and chemokines. These signalling molecules include IL-8 and IL-12 that respectively 

simulate neutrophil recruitment and activate natural killer (NK) cells (141) in response to stimuli 

such as lipopolysaccharide (LPS) in bacterial cell walls or autocrine signals such as TNF- (142). The 

neutrophil-mediated innate immune response to bacteria is critical to defence in the human lung 

and depends on a complex cascade of signalling, summarised in Figure 1.3.2.1. However, excessive 

accumulation of neutrophils can be detrimental, with ongoing inflammation resulting in lung injury 

(143) which is of particular relevance in CF. Other cells of pulmonary innate immunity are dendritic 

cells which are only weakly phagocytic but far more effective at antigen-presenting than alveolar 

macrophages; this is important for cell-mediated immunity as they bind antigen before migrating to 

regional lymph nodes where T-cell activation occurs and the humoral (acquired) response to 

pulmonary infection is initiated (141).  
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Figure 1.3.2.1: Schematic diagram showing cascade of events by which bacteria induce neutrophil 
sequestration. (1) Bacteria interact with alveolar macrophages and epithelium (2) inducing cytokine and 

chemokine production, (3) which upregulate expression of cell adhesion molecules on capillary endothelia 
(4) mediating migration of neutrophils into the alveolar spaces. (5) Neutrophils produce proteases, reactive 

oxygen species (ROS) and reactive nitrogen species (RNS) which act on infected cells (6) to cause necrotic cell 
death. These events eventually lead to extensive lung injury. Adapted from (143). 

 

1.3.3: Adaptive Immune Defence of the Lung 

The adaptive immune response depends on interactions between dendritic cells, NK cells and T-cells 

(144). Antigen presentation by dendritic cells to local lymph nodes leads to activation of naïve CD4 T-

cells to either type 1 or 2 (Th1/Th2) responses, which forms the basis of immunological memory. The 

interaction of NK and dendritic cells, influenced by cytokines such as IL-12 and IL-4, determines 

which response predominates. Responses to previously encountered pathogens are accelerated in 

the healthy human lung due to formation of memory T-cells, which are able to directly migrate to 

infected tissues, and because prior exposure leads to an increased number of dendritic cells which 

are immediately able to respond to infection. This immune response is modulated by regulatory T-

cells (Tregs) which are a subpopulation of T-cells that prevent autoimmunity and down regulate the 
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immune response once pathological organisms have been eradicated (145); the exact mechanisms 

by which Tregs function remain unclear but cytokines such as IL-10 and transforming growth factor  

(TGF-) have been implicated (146). Cell-mediated adaptive immunity in the lung has been reviewed 

(144). 

Section 1.4: Mechanisms of Impaired Host Defence in the CF Lung 

Although the exact mechanisms relating lung disease to CFTR dysfunction continue to be debated, it 

is clear that innate host defence mechanisms are impaired in the CF lung, leading to persistent 

infection and inflammation. Historically, the two prevailing theories for the mechanisms underlying 

CF lung disease were the low volume and high salt hypothesis, the former now being most widely 

favoured: 

1. Low Volume Hypothesis (147, 148) 

The PCL separates mucus from the cilia in the lung and has an optimum depth of 7m, which 

is maintained by a combination of sodium reabsorption and chloride secretion (136). Cell 

culture experiments show that ASL absorption is increased in CF which depletes the PCL and 

allows penetration of mucus into it, thereby impairing transport, which has been confirmed 

by in vivo studies of mucociliary clearance (149). Defective CFTR mediates this due to: i) loss 

of chloride secretion and ii) increased sodium absorption via ENaC (usually regulated by 

CFTR) which together reduces ASL volume whilst maintaining normal tonicity (147). That 

ENaC over-expressing mice develop CF-like lung disease lends credence to this mechanism 

(150). In addition, cell cultures show that mucus rheology is also altered by increased ASL 

absorption, exacerbating retention in the airways and predisposing to infection. Whilst it has 

been suggested that inflammation may precede infection (151), post mortem findings of 

retained mucus in CF neonates who died within 48 hours of birth suggests that this is the 

primary pathologic lesion (148). 
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Although depletion of the PCL in vitro leads to complete failure of mucus transport (148), 

mucus clearance in vivo remains measurable in many CF patients (152), suggesting that 

other mechanisms exist that are not recapitulated in static culture models. In a novel culture 

system that mimics the phasic motion and sheer stress in the lungs associated with normal 

tidal breathing, regulation (slowing) of sodium transport is maintained, not by CFTR but by 

release of ATP into the PCL where it interacts with purinergic receptors. The regulatory 

effects of phasic motion on adenosine concentration in the PCL also impact chloride 

secretion through upregulation of calcium-activated chloride conductance (153). Therefore, 

unlike in static culture models, CF airway epithelia in phasic motion are able to maintain PCL 

height at 7m and mucus transport is preserved (153).  

 
It is clear that the PCL has regulatory effects on clearance of CF mucus but, if this is in fact 

preserved by phasic motion, the mechanism for lung disease remains unclear. Lung disease 

in CF is characterised by exacerbations. Whilst changes in the bacterial microbiome are 

increasingly implicated in these exacerbations (154), 40% are attributed to viral infections 

which ultimately cause disease progression and decline in lung function (155). Respiratory 

viruses are isolated in over 50% of infants with CF who are admitted to hospital with 

respiratory symptoms, with a six-fold increase in the rate of acquisition of Pa at subsequent 

follow-up (156). Respiratory syncytial virus (RSV), the commonest respiratory pathogen in 

infancy that infects virtually all children by the age of two (157), damages respiratory 

epithelia both directly (to a limited extent) and indirectly, secondary to the effects of 

neutrophil influx into the airways (158). In addition, RSV depletes volume of the PCL in CF 

epithelial cells in phasic motion by upregulation of enzymes metabolising ATP (153). It is this 

"second hit", that knocks out the alternative ATP-driven mechanism for maintaining PCL 

depth in the CF lung, which is now thought to cause mucus stasis and adherence of bacteria 

to the airways. 
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Evidence against PCL depletion being attributable to sodium hyperabsorption is provided by 

animal models. In CFTR-/- pig epithelia there is reduced chloride and bicarbonate transport 

but no increase in transepithelial sodium reabsorption or reduction in PCL depth and, in 

keeping with humans, CF pigs demonstrate a heightened response to amiloride due to lack 

of chloride conductance as opposed to increased sodium transport (159). Similarly, no 

difference in sodium transport in response to amiloride is observed in the CF ferret trachea 

(160) or in nasal or lower airways of CF rats when compared to wild-type animals although, 

unlike the CF pig, ASL depth in the CF rat and ferret is diminished (161, 162). Taken together, 

these studies suggest that CFTR, not ENaC, is the primary regulator of the PCL depth and 

that loss of anion transport rather than sodium hyperabsorption triggers airway disease.  

 
Whilst the low volume hypothesis is now favoured, an important caveat is that, in freshly 

obtained airway biopsies from CF patients, although reduction in PCL height is observed 

(4.52 ± 0.47m compared with 5.60 ± 0.28m in controls), p = 0.06), PCL height was not 

currently recommended as an endpoint in clinical trials as large sample sizes would be 

required for sufficient power to be achieved (163).  

 
2. High Salt Hypothesis (164, 165) 

The apical surfaces of epithelial cells cultured from CF subjects demonstrate a deficit in 

bacterial killing in vitro compared to cells cultured from healthy controls. As this is corrected 

by the addition of water, whilst bathing healthy cells in sodium chloride leads to a loss of 

bactericidal properties, it has been suggested that innate mucosal immunity, mediated by 

molecules such as lysozyme and -defensin-1, is inhibited by high salt levels. It is postulated 

that CFTR in healthy airways favours sodium chloride reabsorption in excess of water, much 

like the normal sweat gland, such that the ASL is usually hypotonic, and that failure of this 

predisposes to infection in CF. However, airway epithelia are more permeable than sweat 



41 
 

glands and, although a number of theories have been suggested as to how ASL hypotonicity 

is achieved despite this, in vivo studies demonstrate that sodium concentration of ASL does 

not differ between CF infants and healthy controls (166) and that ASL in health is isotonic 

which would, according to the high salt hypothesis, inhibit defensin activity (148). For these 

reasons, this proposed mechanism for CF lung disease is now less widely accepted.  

 
Aside from these two theories of the pathophysiology of pulmonary infection in CF, it has been 

demonstrated that CF airway epithelial cells are less effective in eliminating viral infections, allowing 

increased replication (167) and airway inflammatory changes that predispose to earlier acquisition 

of bacterial infections such as Pseudomonas aeruginosa (Pa) in children (156) and loss of pulmonary 

function. It is not clear whether this is a direct consequence of CFTR dysfunction or whether CFTR is 

a modifier gene for antiviral proteins (167); that there are no obvious defects in immune cell 

function at sites other than the lung where CFTR is also expressed means that any direct impact of 

dysfunction in human immunity is difficult to explain. Early animal models such as the CF mouse, 

although lacking typical lung disease, demonstrate that exaggerated inflammatory responses might 

be explained by abnormal macrophage signalling pathways (168) while recent work using -ENaC 

over-expressing mice suggests airway surface dehydration and subsequent mucociliary dysfunction 

is associated with early onset airway neutrophilia (169). It has also been shown that low levels of 

CFTR mRNA are expressed in macrophages, neutrophils and dendritic cells; as these cells differ in CF 

and non-CF mice, as demonstrated by bone marrow transplant studies, a role in pathophysiology is 

suggested (170). This is supported by murine studies of conditional inactivation of CFTR in immune 

cells where prolonged inflammation and ineffective resolution of infection occurs despite these mice 

demonstrating no other phenotypic features associated with total absence of CFTR (170). These 

findings of an ongoing response to prior infection might explain why inflammation is seen in 

seemingly sterile bronchoalveolar lavage (BAL) samples taken from infants with CF (171). 
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Whilst neutrophils are vital for innate immunity, a persistent response can cause destruction of lung 

tissue (143) as demonstrated by the presence of neutrophil elastase (NE), a product of activated 

neutrophils, in BAL being associated with bronchiectasis (11) and decline in lung function in children 

(172) with CF. Although not always identified, it is likely that infection precedes this inflammatory 

response, demonstrated by the fact that BAL from neonatal CF pigs, which mimic CF lung disease in 

humans better than other animal models, does not contain activated neutrophils or inflammatory 

cytokines such as IL-8 at birth (173). It is likely that a defect in innate immunity exists within the CF 

lung that drives the inflammatory cascade; when bacteria are introduced into the lungs of CFTR-/- 

pigs there is impaired clearance in comparison to wild-type pigs (173) which has been attributed to 

differences in ASL pH (174) inhibiting action of antimicrobial peptides such as human -defensin-3 

and LL-37 (175). ASL in CF pigs is more acidic compared to wild-type pigs; reducing the pH of ASL in 

wild-type pigs inhibits bacterial killing whilst increasing the pH of ASL in CFTR-/- pigs reverses the 

defect, providing a causal link for loss of CFTR, which facilitates bicarbonate (HCO3
-) transport, and 

deficient host defence (174). This fits with increasing evidence that abnormalities in HCO3
- transport 

due to defective CFTR play a key role in the pathophysiology of CF; it has been suggested that loss of 

HCO3
- secretion impairs removal of calcium from mucins, preventing normal expansion and leading 

to stasis of mucus in areas such as the ducts of the pancreas which, in health, secrete large 

quantities of bicarbonate (176). This theory is given credence by work using CF mice which shows a 

similar ileal phenotype to humans; it has been shown that ileal mucus in CF mice is denser and more 

adherent than that in wild-type mice and this can both be normalised by secretion into a higher 

concentrated sodium bicarbonate buffer and that addition of HCO3
- to already formed CF mucus 

almost completely normalises mucus rheology (177).  

By contrast, although a pilot study in neonates has demonstrated more acidic pH of nasal ASL in CF 

(178), this difference is not apparent in older children (aged 3-16) and an earlier study in adults also 

failed to find any difference between ASL pH in CF patients and healthy controls (179). Studies in CF 

ferrets also suggest that the role of pH in the pathophysiology of an innate immune defect in CF is 
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less clear-cut. In this model, ASL height is reduced at birth but mucociliary clearance only becomes 

impaired after one week. CF ferrets demonstrate reduced antimicrobial activity in bronchoalveolar 

lavage fluid (BALF) and impaired clearance of Pa (but not Staphylococcus aureus) which is not 

ameliorated by changes in pH or bicarbonate (162). BALF from CF ferrets shows abnormal signalling 

in various inflammatory and immune pathways including complement and macrophage function and 

contains elevated levels of IL-8 and TNF- when compared to wild-type animals, despite BALF 

bacterial load being similar in both groups (162). These findings indicate that heightened 

inflammatory responses to bacteria occur shortly after birth and that a specific defect in innate 

immunity against Pa exists in CF, perhaps explaining why infection with this microorganism becomes 

so prevalent over time.  

Section 1.5: Infection in the CF Lung 

Abnormal MCC, mucus rheology and possible impairment of bacterial killing at mucosal surfaces due 

to CFTR dysfunction predispose to successive pulmonary infections, usually from infancy or early 

childhood, eventually leading to respiratory failure which is the primary cause of death in CF (180). 

Typically organisms such as Staphylococcus aureus and Haemophilus influenzae are associated with 

early CF infection and it is thought that these, and childhood viruses such as RSV (181), initiate 

inflammation and damage the epithelial surfaces of the lung, predisposing to increased attachment 

and infection with other organisms (180), primarily the opportunistic Pa, which is a chronic pathogen 

in approximately 80% of adult patients with CF (182). The change in prevalence of Pa and other 

common pathogens with increasing age in CF patients is shown in Figure 1.5.1 (overleaf). 
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Figure 1.5.1: Changing prevalence of common respiratory pathogens in CF with age. Adapted from (183); UK 
figures are similar except for significantly higher MRSA prevalence in the USA 

 

Although culture is the microbiological gold standard, only 1% of bacteria can be detected by this 

means (184); up to 41% of cultures during a pulmonary exacerbation are negative despite the 

presence of clinical signs and symptoms (185). New molecular sequencing techniques have 

increased our understanding of the respiratory microbiome such that, having once been considered 

sterile, it is now known that a diverse microbiota exists in the healthy human lung (186). In CF, loss 

of this microbial diversity, which likely coincides with ascendancy of pathological bacteria over time 

and the associated increase in antibiotic use, has recently been linked to decline in lung function 

(186). A role for bacterial diversity in health, which is still not fully understood, is given credence by 

the finding that enteral probiotics can reduce frequency of pulmonary exacerbations in CF (187); the 

mechanism for this remains unclear but may be secondary to translocation of bacteria into the 

airways or an indirect benefit of reduced inflammation of the intestinal wall.   
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1.5.2: Pseudomonas aeruginosa (Pa) 

Pa is the dominant respiratory pathogen in adult CF patients and is associated with increased 

morbidity and mortality (188). It is a gram-negative rod ubiquitous in the environment, notably in 

soil and water, which opportunistically infects susceptible patients such as those with indwelling 

medical devices such as tracheostomies or catheters, immunodeficiency or burns in addition to 

patients with CF. Motile, planktonic strains of Pa transmitted either from an environmental reservoir 

or through contact from another carrier are the usual cause of initial infection in CF and can often be 

eradicated by timely, aggressive therapy (189) but, following a period of intermittent infection of 

variable duration, most patients ultimately become chronically infected. This is due in part to early 

detection of Pa infection being problematic in children and adults with mild disease as they are often 

unable to expectorate sputum and oropharyngeal cultures (for example cough swabs) have poor 

sensitivity for lower airways pathogens (190); a retrospective review of paediatric bronchoscopies at 

the Royal Brompton Hospital showed that 20% of children with previously negative microbial 

cultures isolated Pa on BAL (191). However, Pa infection can still be missed by single or even two-

lobe BAL due to regional differences in bacterial infection (192, 193) and, because bronchoscopy is 

invasive, it cannot be performed repeatedly in children. Serum Pa antibodies can be measured but 

are generally low at time of first isolation and therefore not considered useful for early diagnosis in 

our centre, although may have a role in monitoring response to treatment (194). For these reasons, 

there is an urgent need for a non-invasive tool with which to screen for lower airways infection in CF 

but, even if this were available, the inherent characteristics of Pa indicate that the problem of 

chronic infection would remain unless better antibacterial strategies can be devised. 

1.5.2.1: Mucoid Pa and Biofilms 

Persistent Pa infection in CF occurs when, in response to triggers such as hypoxia within the CF 

mucus, genomic mutations occur that induce synthesis of a mucoid exopolysaccharide matrix 

(alginate) which shields the bacteria from both phagocytosis (195) and antibiotics (196). This matrix 

itself is highly pro-inflammatory and lung function in patients tends to be worse in patients who are 
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infected with mucoid strains of Pa (197). The transition from non-mucoid to mucoid infection is 

associated with a switch in Pa phenotype from planktonic to a biofilm mode of growth (198). This 

switch relies on quorum sensing, a complex process of signalling between bacteria which culminates 

in upregulation of genes necessary for the production of biofilms once a critical mass of bacteria are 

present (199). Pa in biofilms exist in sessile microcolonies, embedded in an extracellular polymeric 

matrix and differ from motile Pa in terms of gene transcription and growth rate; colonies tend to be 

larger, making mucociliary clearance difficult, and less metabolically active (197, 200). Biofilms shield 

bacteria from the host immune response and antibiotics and, even if antibiotics are effective against 

Pa in biofilms, highly resistant “persister cells” may remain which repopulate the polysaccharide 

matrix of the biofilm when antibiotic concentrations decline, leading to recrudescence of infection 

(201). For these reasons, eradication of mucoid Pa infection is often not possible using conventional 

therapy. A summary of the stages of biofilm formation is shown in Figure 1.5.2.1.1. 

 

Figure 1.5.2.1.1: Probable steps of biofilm formation. Schematically shown in A with confocal microscopy of 
fluorescently labelled organisms in B. Single planktonic organisms are inhaled (I) and settle onto the 

respiratory mucosa (II) and multiple into microcolonies (III). When a critical mass is reached, quorum sensing 
switches on genes necessary for biofilm formation, which surrounds the now large microcolonies (IV). It is 

thought that respiratory exacerbations result when the biofilm intermittently breaks down and a shower of 
organisms is released (V). Reproduced and adapted from (197, 202).  
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1.5.2.2: Pa and Antibiotic Resistance 

Antimicrobial resistance in general has been flagged as a major global health risk by the World 

Health Organisation (203) and, although initial infection can often be eradicated, Pa is inherently 

resistant to many classes of antibiotics due to drug efflux pumps that limit antibiotic accumulation 

within the cell (204, 205). Furthermore, Pa resistance can evolve in the presence of antimicrobial 

agents; for example, point mutations in the genes coding for deoxyribonucleic acid (DNA) gyrase and 

topoisomerase IV (target enzymes for quinolone antibiotics such as ciprofloxacin) reduce antibiotic 

susceptibility over time (206) which itself is often difficult to assess as in vitro sensitivity is not 

reflected in vivo (207). These factors, coupled with a decline in spending on research and 

development of novel antibiotics (208), mean that management of Pa infection in CF remains a 

challenge. For a full review of Pa and antibiotic resistance mechanisms see (209, 210) 

1.5.2.3: Pa, Innate Immunity and CF 

Whilst it is clear that an innate immune defect exists in CF, the reasons why Pa becomes the 

dominant organism in the CF airway remains largely unclear. Historically, it was thought that CFTR is 

itself an epithelial receptor for Pa that directly regulates infection (211). Recent work has looked at 

the direct dysregulation of signalling and phagocytosis due to interaction of Pa with CFTR-deficient 

airway cells and, whilst expression of CFTR in neutrophils remains controversial, a number of other 

possible pathways have been identified (212). These are discussed in this section; for a 

comprehensive review of the innate immune response to Pa infection see (213). 

Although defective ASL homeostasis and abnormal airway pH in CF are likely to predispose to 

infection (Section 1.4), a causal link with CFTR dysfunction was only demonstrated recently using 

synchrotron-based imaging that allows visualisation of the ASL in pig trachea (214). In this study, ASL 

secretion by submucosal glands was triggered by Pa introduced into the lumen of the pig trachea. 

ASL secretion was CFTR dependent; in tracheas treated with a CFTR-blocker, no response was seen. 

As normal ASL secretion is required to wash antimicrobials and mucins from the submucosal glands 
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into the airway lumen, this might explain why there appears to be an impaired innate response to Pa 

infection in CF. 

It has also been demonstrated that CFTR is expressed in monocytes and that phagocytosis of Pa is 

reduced in peripheral blood monocytes taken from CF patients and in those where CFTR is 

chemically inhibited. The underlying mechanism for this likely relates to impaired interaction of 

monocytes with Pa that has been opsonised by complement, which is thought to play a key role in 

Pa clearance (215); the alternative activation pathway and complement C3 are necessary for a 

protective immune response to Pa in mice (216) and an association with polymorphisms in C3 and 

risk of Pa infection in CF has been described (217). These findings indicate that there may be a direct 

cause and effect relationship between CFTR dysfunction and susceptibility to Pa infection.  

Toll-like receptors (TLRs) have recently been found to play a key role in phagocytosis of Pa by 

alveolar macrophages (218). Although previously thought to be only a signalling receptor, TLR-5 

activation was shown to be crucial for clearance of Pa by alveolar macrophages; non-flagellated Pa 

and mutants that do not bind to TLR-5 are resistant to phagocytosis. In addition, in TLR-5 knockout 

alveolar macrophages, there was a reduction in IL-1 production (which is vital in regulation of 

endosomal pH and bacterial killing by alveolar macrophages) in response to Pa. TLRs are also 

expressed in epithelial cells and thus, rather than being an "innocent bystander", it is now thought 

that the epithelium itself plays a key role in the mucosal inflammatory response (219). Innate 

immune receptors within the epithelium are able to respond to endogenous damage-associated 

molecular patterns (DAMPS) such as -defensin 2 or exogenous pathogen-associated molecular 

patterns (PAMPS) such as bacterial DNA (220). Murine studies have shown that TLR-4 dependent 

signalling in the respiratory epithelium is required for bronchoconstriction, neutrophil recruitment 

and cytokine release in response to Pa infection (221, 222). These TLR roles are thought to be 

independent of CFTR function but, because of the increased susceptibility to Pa infection in CF, TLR-5 

has been proposed as a modifier gene and possible target for future novel therapies (223). 
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1.6: Diagnosis of Pa Infection in CF 

Early identification of Pa infection enables timely aggressive therapy, with the aim of preventing or 

at least delaying chronic infection, but techniques such as oropharyngeal cultures are relatively 

insensitive in mild disease where bacterial load may be low (206). Molecular techniques such as 

polymerase chain reaction (PCR), although still predominantly a research tool, are becoming more 

widely available and can rapidly quantify Pa (224). However, these methods also identify other 

species not grown in vitro, the significance of which remains unclear. It is apparent that microbial 

diversity in the CF lung is reduced with increasing age (225), which might be linked to antibiotic 

treatment (226), and thus determining when and how to treat "infections" identified by these 

techniques is  likely to raise as many questions as answers.   

Other methods of diagnosing Pa, such as enzyme-linked immunosorbent assay (ELISA) to identify 

serum immunoglobulin G (IgG) and immunoglobulin M (IgM) antibodies (227), are effective in 

detecting chronic infection and response to treatment but no single antigen test detects an antibody 

response in all infected patients (228) and levels during early infection, although elevated, show a 

large degree of overlap with healthy controls (229). For these reasons, diagnosis in our centre 

continues to rely on conventional microbiological techniques with the addition of techniques such as 

sputum induction that may increase bacterial yield (230, 231).  

1.7: Management of CF Lung Disease 

Until recently, the aim of management of CF lung disease was to avert or alleviate downstream 

symptoms that result from retention of tenacious, dehydrated mucus and successive pulmonary 

infections. Over the past decade, focus has shifted towards targeting and correcting the basic CFTR 

defect which could, in theory, prevent complications of CFTR dysfunction prior to symptom onset. As 

a number of different classes of CFTR mutation cause disease (Section 1.2.3), treatments that target 

the underlying defect may not be applicable to all patients.  
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1.7.1: Infection Control 

Molecular fingerprinting techniques first confirmed cross-infection of CF patients with resistant Pa 

strains in 1996 (232). Segregation of patients was initially not deemed necessary (233) but has since 

been associated with a reduction in person-to-person transmission (234). Genotypic surveillance of 

Pa to enable strict cohorting of patients attending outpatient clinics is recommended to halt spread 

of epidemic strains (235). In our centre, all CF inpatients are isolated in single cubicles and 

discouraged from mixing with one another; in practice, particularly with children and teenagers, this 

is impossible to police. Infection with transmissible Pa strains has been shown to increase rates of 

hospitalisation and antibiotic use (236) and hence strict infection control measures for all patients 

and healthcare professionals should always be observed.  

1.7.2: Airway Clearance Therapies (ACTs) 

ACTs to overcome the effects of dehydrated ASL and impaired mucociliary clearance are considered 

a fundamental tenet of CF management (237). Respiratory physiotherapists are an integral part of 

the multidisciplinary team (238), administering therapy directly (percussion and postural drainage) 

or instructing patients how to perform active breathing exercises and autogenic drainage. A variety 

of mechanical devices that create positive expiratory pressure (PEP) to aid clearance of secretions 

are available including FlutterTM and acapellaTM. No one PEP is demonstrated as being superior to 

others (239) and, as the techniques are intrusive and time-consuming, regimes should be 

individualised to maximise compliance (237). However, although attractive to many patients, high-

frequency chest call oscillation (vest) is inferior to PEP techniques and is not recommended as the 

primary form of ACT in CF (240). Exercise has additional health benefits (preserving bone density for 

example) and is recommended as an adjunct (not a substitute) for ACT (239).  

1.7.3: Mucolytics 

Aside from infants and those with very mild disease, most CF patients undertake ACT in conjunction 

with at least one inhaled mucolytic to maximise mucus clearance. Early studies demonstrated that 
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bovine deoxyribonuclease reduces viscosity of CF sputum (241) by cleavage of neutrophil DNA and it 

has since been shown that regular use of nebulised recombinant deoxyribonuclease (rhDNase or 

PulmozymeTM) improves mucus clearance and lung function and reduces exacerbations (242-244). 

As impaired mucociliary clearance is associated with reduction in depth of the PCL of ASL (Section 

1.4), rehydrating agents are also effective mucolytics. Inhalation of hypertonic saline creates an 

osmotic gradient that allows water to be drawn into the airway lumen from the epithelial 

interstitium, facilitating movement of secretions which is further enhanced by its inherent 

propensity to induce cough (245, 246). Unlike rhDNase there is no clear long-term clinically 

significant improvement in lung function although there are clear benefits in quality of life and 

reduction in pulmonary exacerbations (247), which might also be linked to osmotic sensitivity of 

mucoid Pa stains (245). Mannitol has a similar mechanism of action to hypertonic saline; it has also 

been shown to reduce pulmonary exacerbations and also improve lung function in adult patients 

with CF (248, 249). 

1.7.4: Anti-Inflammatory Approaches 

A hallmark of CF lung disease is persistent neutrophilic inflammation (Section 1.4) triggered by 

microbial infection and, although long-term anti-inflammatory therapy with ibuprofen has been 

shown to slow disease progression in CF (250), it requires careful control of serum levels and has 

known systemic side effects which mean ibuprofen is not widely used (251). Inhaled corticosteroids 

are often prescribed, primarily for those patients believed to have concomitant "CF asthma" (252), 

and were initially thought to have direct anti-inflammatory benefits for all patients with CF (251). 

However, the CF-WISE study showed that many CF patients were able to discontinue treatment with 

inhaled corticosteroids without any clinical change (253) and, in vitro, glucocorticoids have been 

shown to prolong neutrophil survival (254) which might paradoxically increase inflammation if 

recapitulated in the airways.  Other safety concerns, notably that long-term use disrupts the lung 

microbiome and may increase incidence of non-tuberculous Mycobacterium (NTM) infection, also 
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exist (255, 256). Similar concerns exist over Azithromycin (257) which reduces pulmonary 

exacerbations and improves lung function in patients with chronic Pa infection (258, 259), 

presumably via anti-inflammatory mechanisms as it has no direct antibiotic action against planktonic 

Pa. It blocks quorum sensing (260) and impairs biofilm growth but a concern is that, once biofilms 

are established, it might upregulate bacterial adaptive resistance mechanisms (261). However, our 

own data (unpublished) and a CF registry study demonstrate no link between Azithromycin use and 

NTM infection (257). Another anti-inflammatory approach is the use of antioxidants such as 

glutathione (262) and N-acetylcysteine (263) to modulate oxidative stress, a hallmark of neutrophilic 

airway inflammation, though clinical efficacy has yet to be demonstrated.  

1.7.5: Antibiotic Strategies 

Prophylactic oral flucloxacillin to prevent infection with Staphylococcus aureus is recommended for 

babies diagnosed with CF in the United Kingdom (but not in USA or most of Europe) for at least the 

first three years of life (264) though concerns exist that this strategy may increase risk of Pa infection 

(265). No benefit has been shown with the use of prophylactic anti-pseudomonal antibiotics to 

prevent initial infection with this organism and the strategy has theoretical drawbacks such as risk of 

drug toxicity (206). Eradication of early Pa infection is possible and has economic and clinical 

benefits (266). There is currently a paucity of evidence for what the optimum treatment regimen 

might be (206, 267) with a multi-centre study currently ongoing in the United Kingdom (TORPEDO-

CF, UKCRN ID 7543/EudraCT 2009-012575-10). For patients not recruited to TORPEDO, current 

paediatric policy in our centre is to treat first Pa isolates with three weeks of oral ciprofloxacin and 

three months of nebulised colistimethate. If subsequent microbiological cultures are negative, then 

nebulised treatment is stopped. When Pa is isolated on subsequent occasions, long-term nebulised 

or inhaled chronic suppressive therapy is initiated. Colistimethate or Promixin is used first-line, 

alternating monthly with tobramycin if patients have persistent symptoms or lung function decline. 

Aztreonam lysine for inhalation (AZLI) is a newer nebulised anti-pseudomonal that has been shown 
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to improve respiratory symptoms and lung function (268) but is less widely used in children, partly 

because dosing is thrice daily compared with twice daily. 

Pulmonary exacerbations in patients who isolate Pa are treated with oral, or a combination of at 

least two intravenous antibiotics selected on the basis of several factors including sensitivity (though 

this can differ in vitro and in vivo), existing knowledge of local epidemic strains, patient 

characteristics (for example allergic status and individual patient preference) and cost (206). 

Intravenous therapy is typically for two weeks; due to psychosocial and economic benefits this is 

increasingly self-administered by adult patients within the home environment (269).  

1.7.6: Licensed Small Molecule Therapy 

The advent of high throughput screening has made it possible for thousands of small molecules to be 

rapidly tested in order to identify compounds that correct the basic CFTR defect. Ivacaftor, a CFTR 

potentiator that enhances opening of the channel, was the first small molecule to demonstrate 

efficacy in terms of improved lung and CFTR function (assessed by measuring sweat chloride) and is 

now licenced for use in patients aged six and over with at least one class III mutation (75, 270). A 

reduction in Pa burden in patients taking Ivacaftor has since been reported; this is likely secondary 

to improvements in mucociliary clearance with correction of the basic defect although no associated 

reduction in sputum biomarkers of inflammation was demonstrated (271).  

1.7.7: Lung Transplantation 

CF is now a leading indication for lung transplant despite historical concerns that systemic 

immunosuppression on a background of chronic Pa infection would be dangerous (272). 

Transplantation confers a survival benefit to patients with advanced CF lung disease (273-275) but is 

not curative. Recurrence of Pa infection is common in transplanted lungs (272), possibly secondary 

to chronic drainage of organisms from bacterial reservoirs elsewhere in the respiratory tract such as 

the sinuses (276) and is exacerbated by immunosuppression. In recent case series, five-year survival 

rates of up to 78% have been reported (273, 274). 
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1.8: New and Experimental Therapies for CF  

The ultimate aim of CF therapy is to correct the basic defect which, theoretically, could ameliorate 

downstream consequences of CFTR dysfunction, including Pa infection. Whilst progress has been 

made towards this goal, a need remains for new therapies that target Pa directly; even when 

conventional antimicrobials are commenced eradication failure rates are high (277), leading to 

greater risk of subsequent exacerbation (278) and loss of respiratory function. 80% of current 

patients with CF are chronically infected by the age of 18 and, even if CFTR function could be 

restored in this group, it is unlikely that this would result in resolution of persistent Pa infection, for 

which there is currently no definitive cure. 

1.8.1: Gene Therapy 

Gene therapy which, like small molecules would correct the basic defect in CF but unlike small 

molecules is not mutation-specific, aims to deliver functional CFTR protein to the respiratory 

epithelium. As CF is a single gene disorder, gene therapy was an obvious strategy for treatment once 

the CFTR gene was discovered in 1989. Progress has been slow however since early murine studies 

demonstrated approximately 50% of CFTR function could be restored by nebulised gene transfer 

(279), due to host defence mechanisms hampering effective gene delivery (280) and concerns about 

immunogenicity of viral vectors (281).  Efficacy of a non-viral cationic lipid vector (GL67A, Genzyme, 

USA) has been demonstrated (282) and safety using a different CFTR plasmid was established by the 

UK CF Gene Therapy Consortium in 2011. A recent trial of gene therapy nebulised monthly for one 

year using this plasmid demonstrated a statistically significant benefit in forced expiratory volume in 

one second (FEV1), with stabilisation demonstrated in the treatment group compared to decline in 

those subjects receiving placebo (283). Studies investigating the potential benefits of using gene 

transfer vectors with more potency are ongoing.  
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1.8.2: Experimental Small Molecule Therapy  

Ivacaftor (Section 1.7.6) provides proof-of-concept that the basic defect can be overcome and, if this 

can be achieved early enough in life, the hope is that downstream consequences, including chronic 

Pa infection, might be averted altogether. However, small molecules targeting non-gating CFTR 

mutations have so far been less successful. Ataluren (PTC124) showed initial promise for class I 

mutations (284) but a phase III trial failed to reach the primary end-point. CFTR correctors such as 

VX-809 (Lumicaftor) for class II mutations minimally reduce sweat chloride but with no associated 

improvement in clinical indices (285). Phase III trials using a combination of a CFTR potentiator and 

corrector (Ivacaftor and Lumicaftor) in Phe508del homozygotes aged 12 and over demonstrated a 

modest absolute improvement in lung function, improved weight gain and reduction in pulmonary 

exacerbations (286). This combination was recently approved under the name Orkambi by the US 

Food and Drug Administration but in the United Kingdom it is not currently recommended for 

routine use by the National Institute for Health and Care Excellence (NICE) due to concerns about 

cost and uncertainty about its long-term impact.  

1.8.3: Inhibition of Pa Adherence 

Initial Pa infection generally relies on adherence by piliated strains (287) and strategies that impair 

this, such as silver coating of urinary catheters (288) might inhibit formation of biofilms. -linked 

acetylmannan (acemannan) is a polymer that inhibits binding of both mucoid and non-mucoid Pa 

strains to cultures of human lung epithelia (289). Phosphatidylglycerol, the phospholipid component 

of surfactant that contributes to mucus adhesiveness and is deficient in CF secretions (290), has also 

been shown to inhibit Pa adherence in cultured non-CF and CF respiratory epithelium although in 

vivo efficacy has not been demonstrated for either of these strategies.  

1.8.4: Inhibition of Quorum Sensing 

Quorum sensing, a complex mechanism of bacterial communication, regulates many Pa virulence 

pathways (291); it is thus a target for novel therapeutic strategies. Garlic, a potent inhibitor of 
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quorum sensing, increases susceptibility of Pa biofilms to tobramycin in vitro and improves clearance 

of infection in a murine model although is associated with initial inflammation and doses in this 

study are too high to be tolerated by human subjects (292). "Quorum quenching" activity has also 

been demonstrated in chamomile, components of algae and bacterial enzymes capable of degrading 

N-aceylhomoserine lactones, which are key components of quorum sensing signalling (291), though 

none of these are clinically applicable at present.  

1.8.5: Inhibition of Biofilm Formation 

In combination with gentamicin, alginate lyase has been shown to enhance elimination of mucoid Pa 

from biofilms in a continuous flow culture medium possibly representative of CF sputum (293). This 

was thought to be due solely due to enzymatic degradation of alginate in the biofilm matrix but a 

recent study indicates that biofilm dispersion is independent of catalysis and rather alginate lyase 

modulates Pa cellular metabolism, causing cellular detachment and enhancing susceptibility to 

tobramycin (294). This data suggests that studies of efficacy in vivo should investigate synergistic 

effects of alginate lyase with conventional antimicrobials.  

Other substances may also inhibit biofilm formation. Seaweed extracts, particularly juglone, impair 

biofilm formation in a dose-dependent manner (295) and provided proof-of-concept for OligoG 

(Algipharma, Norway), a drug derived from Norwegian seaweed which reduces sputum viscosity and 

disrupts biofilms (296) in vitro and is currently in Phase IIb clinical trials as a dry powder for 

inhalation in patients with CF (ClinicalTrials.gov identifier NCT02157922). Sodium nitrite kills mucoid 

Pa in murine lungs (297) and reduces Pa biofilm formation in cultured human bronchial epithelial 

cells (298) at doses well tolerated and achieved by aerosolisation (299) though further work is 

necessary due to concerns about increased tobramycin and ciprofloxacin resistance (298). Growth of 

Pa biofilms requires iron (300) and down regulation of genes necessary for Pa biofilm production has 

been induced by iron chelators in vitro (301) which can be nebulised for delivery into the human 

lung (302). At present, no products specifically for inhibition of biofilm growth are commercially 
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available, although RhDNase has some effect in the presence of neutrophils (303) and under 

experimental conditions has been shown to act synergistically with poly(aspartic) acid (304). 

1.8.6: Attenuation of Inflammatory Response 

Neutrophilic response to chronic Pa infection in CF plays a key role in progressive lung parenchymal 

damage (143) and strategies that attenuate this response are attractive therapeutic options (Section 

1.7.4). Efficacy of recombinant secretory leukoprotease inhibitor (rSLPI), a potent inhibitor of NE, has 

been demonstrated in vivo following aerosolisation. However, it does not accumulate on the surface 

of the respiratory epithelium and levels required to suppress the significant burden of NE in the CF 

lung are difficult to achieve (305). Like rSLPI, 1-antitrypsin (AAT) is an endogenous inhibitor of NE in 

the human lung; when aerosolised in a small group of CF patients, anti-neutrophil elastase activity 

was enhanced and increased Pa killing, suggesting an additional benefit in augmenting host defence 

(306). However, a subsequent randomised controlled trial showed no significant reduction in 

sputum NE activity following treatment with recombinant AAT with concerns raised about drug 

delivery in patients with severe disease and possible inactivation of AAT within the proteolytic 

environment in the CF lung (307). Surprisingly, CF patients with AAT deficiency do not have more 

severe lung disease (308), suggesting the paradigm of adjunctive therapy to counteract excessive NE 

is over-simplistic; currently there is no clinical role for nebulised rSLPI or AAT in CF.  

Interferon gamma (IFN-), a Th1 signature cytokine (309), changes the inflammatory response to Pa 

infection from neutrophil to macrophage predominant when given intraperitoneally in rats (310), 

suggesting a role for therapeutic immunomodulation in CF. However, no improvements in lung 

function or sputum inflammatory markers and bacterial density were seen following thrice weekly 

nebulisation for twelve weeks in patients ≥ 12 years (311). There is increasing evidence of 

dysfunction in macrophage-pathogen interactions in CF; IFN- administered to monocytes derived 

from peripheral blood of CF patients has recently been shown to offset this by stimulating 

autophagy, a vital process in eliminating intracellular pathogens such as Burkholderia cenocepacia 
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(312) and attenuating the hyperinflammatory response in CF (313). Small numbers of CF patients 

with NTM infection currently receive subcutaneous or inhaled IFN- and, although there is no 

consistent benefit, reduction in need for intravenous antibiotics has been demonstrated (314).  

An important caveat to the potential of anti-inflammatory strategies is shown by a study 

investigating inhibition of leukotriene B4 (LTB4), a potent neutrophil chemoattractant (315) which 

induces lung damage in CF. A large randomised controlled trial of BIIL 284 BS, an inhibitor of the LTB4 

receptor, was terminated early when highly significant increases in pulmonary exacerbations  and 

pulmonary adverse events were noted in adults receiving the trial drug. The exact mechanisms for 

this were unclear but may relate to the fact that, as a consequence of reduced neutrophil 

chemotaxis in patients with established chronic lung infection, bacterial proliferation increased with 

a paradoxical elevation in peripheral neutrophil count (316). A murine study where animals infected 

with Pa and treated with BIIL 284 had higher rates of bacteraemia and pulmonary pro-inflammatory 

cytokine concentrations compared to those receiving placebo (317) is likely an analogous response. 

It is possible that suppression of inflammation in CF might only be beneficial at certain stages of 

disease, as demonstrated in a study of oral prednisolone which showed benefit only in patients who 

were chronically infected with Pa (318). Immunosuppression early in life could be detrimental as it 

might hasten onset of chronic infection (319) and this, coupled with concerns that systemic steroids 

may exacerbate complications such as bone disease and CFRD, explains why prednisolone is not 

used routinely in CF management.  

1.8.7: pH Restoration of CF Airways 

Abnormally low ASL pH has been demonstrated in cultured CF bronchial epithelium (320). This 

causes hyperactivity of ENaC channels in cultures of respiratory epithelium (321), exacerbating 

mucus dehydration, and inhibits bacterial killing in the porcine lung (174). Alkalinisation with 

bicarbonate has been shown to reverse these deficits (174, 321). A reduction in Pa density in CF 

sputum treated with alkalinised hypertonic saline has recently been reported, with stepwise 
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improvements demonstrated as pH of nebulised saline increased from 5.86 to 6.6 to 7.4 (322). Data 

from the only in vivo study of nebulised sodium bicarbonate therapy in CF has yet to be published 

(ClinicalTrials.gov identifier NCT00177645).  

1.8.8: Vaccination and antibody-based approaches 

Early studies of active vaccination for Pa infection in CF demonstrated no benefit (323, 324). This is 

not entirely surprising as most patients with persistent Pa infection have antibodies which do not 

confer any obvious benefit and may in fact be detrimental as marked antibody response correlates 

with poor outcome (325). However, a recent study suggests that four intramuscular vaccinations in 

patients aged 2-18 over a period of fourteen months reduces the relative risk of Pa acquisition by 

33% (324). This vaccine, based on outer membrane proteins of Pa, enhances opsonophagocytosis 

(326) and impairs the ability of Pa to bind to interferon gamma (IFN-), which is thought to enhance 

virulence, and warrants further investigation (327).  

Unlike active immunisation, passive monoclonal antibody prophylaxis provides immediate high titres 

with efficacy demonstrated in animal models of Pa infection; however, antibodies from healthy 

donors are variable in titre, expensive, have poor lung penetration and may even enhance 

inflammation (328). Newer techniques using i) transgenic mice to generate human monoclonal 

antibodies, ii) recombinant IgG human monoclonal antibodies (329) and iii) antibody phage libraries 

to select monoclonal antibodies against exopolysaccharide (330) have demonstrated efficacy in 

animal models. A phase 1 study of KB001-A, a PEGylated recombinant anti-Pa antibody that blocks a 

key Pa virulence mechanism, demonstrated good tolerability and reduction in sputum inflammatory 

markers but not Pa density in CF patient compared to controls (331); results of a phase 2 study are 

awaited (ClinicalTrials.gov identifier NCT01695343).  

Immunoglobulin Y, derived from hens receiving intramuscular Pa immunisation, has been shown to 

inhibit growth of Pa (332). In a case report, oral immunotherapy with immunoglobulin Y was shown 
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to reduce Pa infection by over 80% in a single patient over a period of ten years; the treatment is 

available on a case-by-case basis in Sweden (333) 

1.8.9: Other Novel Strategies for Pa Treatment in CF 

Several other novel approaches to the treatment of Pa infection in CF are also being investigated 

including antimicrobial peptides (206) and inhibitors of efflux pumps (implicated in antibiotic 

resistance). A full review of these strategies can be found in the literature (291). 

1.9: Context of Experimental Work 

Although much current CF research is focusing on correction of the basic defect, strategies to treat 

the commonest class II mutation, Phe508Del, have so far been less successful than approaches to 

correcting class III defects. For this reason, and with increasing antibiotic resistance, there remains a 

pressing need for new methods by which to detect and treat Pa infection in CF. These two themes 

form the basis of experimental work undertaken for the two following sections of this thesis which 

are i) identification and detection of biomarkers associated with Pa infection that can be measured 

non-invasively and in real time using mass spectrometry and ii) use of bacteriophage therapy as an 

adjunct or alternative to current antibiotic approaches for the treatment of Pa infection.  

These two themes are explored in more detail in the section-specific introductions to Parts I and II of 

this thesis. The context and rationale for my experimental work is further explained in these two 

sections, which are each followed by specific hypotheses, aims and objectives.  
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Part I: Novel Detection Methods for Pseudomonas 
aeruginosa Infection in CF 

"By the sense of smell, we can recognise the peculiar perspiration of many diseases, which 

has an important bearing on their identification (334)" 

Chapter 2: Background 

2.1: Volatile Organic Compounds in Exhaled Breath 

Volatile organic compounds (VOCs) are organic (carbon-based) atmospheric trace gases with a high 

vapour pressure and low solubility at room temperature (335). They are synthesised mainly by living 

organisms including trees, animals and bacteria (336) but can also be manmade, mainly as by-

products of industrial processes, a source that has been associated with adverse respiratory health 

in children (337). Anecdotal reports, stretching back to Hippocrates (c460-370 BC) description of 

fetor oris in the ancient Greek era (338), hinted at the potential of breath odour as an aid to medical 

diagnosis and the subsequent identification of over two hundred distinct VOCs in exhaled breath 

using gas-chromatography mass spectrometry (GC-MS) in 1971 (339) demonstrated that 

quantification of subtle differences in breath profile might be feasible. Whilst this diversity is 

advantageous in terms of the potential for numerous differences to be detected in exhaled breath 

depending on the underlying pathology, it has also undermined the rate at which breath diagnostics 

has progressed due to difficulties of simultaneously sampling and analysing VOCs belonging to 

different chemical groups. The variable amount of water vapour and sheer number of different 

compounds present in exhaled breath, coupled with the need to appreciate the influence that the 

external environment might have on their concentration, makes understanding the interaction 

between biological mechanisms underlying production of each individual VOC a complex and time-

consuming process (335). For these reasons, endogenous VOCs are not yet used widely in clinical 

settings for patient diagnosis and monitoring, although proof-of-concept research has shown that 

levels of breath ammonia are elevated in renal failure and fall during haemodialysis (340) and that 

patients with chronic liver disease can be identified through quantification of VOCs containing 



62 
 

sulphur (341, 342). It has also been demonstrated that electronic nose analysis of exhaled breath 

differentiates adult patients with chronic obstructive pulmonary disease (COPD) from those with 

asthma (343), GC-MS can distinguish breath from asthma patients from that of healthy controls and 

that VOC profile differs according to whether asthma patients display a neutrophilic or eosinophilic 

phenotype (344). The feasibility of using exhaled breath to directly influence patient care has been 

shown by: i) use of 13C-labelled urea to diagnose Helicobacter pylori infection in children (345), 

although this requires patients to drink a radiolabelled isotope prior to breath sample analysis and ii) 

use of nitric oxide (NO) which, although not strictly a VOC due to the lack of carbon in its structure, is 

an endogenous marker produced by the human lung which can be measured either nasally to screen 

for primary ciliary dyskinesia (PCD) (346, 347) or exhaled to monitor eosinophilic airway 

inflammation using chemiluminescence or commercially-available fraction of nitric oxide (FeNO) 

monitors (348). All of this evidence suggests that processes such as infection and inflammation, 

which disrupt normal biological function, might induce biochemical abnormalities within the host 

that can be detected by methods other than established invasive techniques such as blood tests. 

2.2: Endogenous Volatile Organic Compounds and CF 

Most studies relating to endogenous breath biomarkers in CF have focused on NO or nitrites, either 

in exhaled breath or exhaled breath condensate (EBC), but neither has proven clinically useful. For 

this reason, and the fact that no association has previously been demonstrated with Pa infection 

(349), it will not be discussed further here. A review of the literature is available (350). 

Carbon monoxide (CO), though toxic in high concentrations, is produced endogenously and is 

thought to have homeostatic importance in most tissue types of the human body (351). Levels in 

exhaled breath are higher in CF patients compared with healthy controls (352) (a difference that is 

more marked in those homozygous for the p.Phe508del mutation), increase with pulmonary 

exacerbations and decline following antibiotic therapy (353). These differences are thought to reflect 

oxidative stress in CF patients, which is higher than in healthy controls and increases further during 
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an exacerbation (354); such a mechanism is thought also to explain ethane (C2H6) being elevated in 

exhaled breath and correlating with CO levels in this group (355). However, the difficult of using 

endogenous VOCs to monitor disease due to the complexity of interacting biological mechanisms, is 

highlighted by the finding that breath isoprene (CH2=C(CH3)CH=CH2), also a marker of oxidative 

stress, did not differ in a small study of CF patients before and after they received treatment for 

infective exacerbations (356). 

2.3: Exogenous Volatile Organic Compounds produced by Pa 

As previously described, there is immense diversity of endogenous VOCs that can be detected in 

exhaled breath of human subjects but individual biological variability and lack of consistent findings 

due to understanding of the interactions between mechanisms means that clinical application has so 

far been limited. Of more interest as a diagnostic aid are exogenous VOCs that are not produced in 

health, as the presence of these would be strongly indicative of an underlying disease process. A 

recent study demonstrated that activation of the human immune system by lipopolysaccharide 

(bacterial endotoxin) resulted in a more aversive body odour than when subjects were exposed to a 

placebo, suggesting that a subconscious "behavioural immune response" based on smell has evolved 

to protect healthy individuals from contracting infection (357). However, as bacteria exist 

symbiotically within the healthy body, predominantly in the gastrointestinal tract (358) but also in 

the lungs (184, 359, 360), which were until recently considered to be sterile, it is clear that not all 

bacteria induce this response and that some VOCs in exhaled breath might be exogenous, but 

derived from organisms that are not harmful and live in the human host. The challenge is to identify 

specific VOCs that are produced by pathogenic bacteria which would facilitate rapid detection and 

early treatment of infection.  

2.3.1: 2-Aminoacetophenone (2-AA) 

Historically, microbiologists have described Pa growing in cultures or burn wounds as having a 

distinctive "grape-like" odour that serves as an aid to identification. In 1979, Cox identified 2-
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aminoacetophenone (2-AA, H2NC6H4COCH3) as the VOC responsible for this characteristic smell 

(361) and, more recently, 2-AA has been quantified in the exhaled breath of subjects with CF using 

GC-MS (362). The appeal of 2-AA as a potential biomarker of infection is confirmed by in vitro work 

demonstrating that it is relatively specific for Pa; it is not detected in air above (headspace) 

cultures of other pathogens including Haemophilus influenzae, Pseudomonas fluorescens, 

Burkholderia multivorans, Streptococcus pneumoniae and Aspergillus fumigatus, although traces 

have been detected in the headspace above cultures of Escherichia coli and Staphylococcus aureus 

(362). However, a major disadvantage to consider when proposing 2-AA as a breath biomarker, in 

keeping with the main disadvantage of breath being used to diagnose disease, is that 

contamination may occur from external sources; it is detectable in beer and wine and ingestion of 

various foods, including corn chips and cheese, can lead to elevated levels in exhaled breath (363, 

364).  

2.3.2: Hydrogen Cyanide (HCN) 

It has been shown that Pa synthesises hydrogen cyanide (HCN) under microaerobic conditions (FiO2 

<0.05) but not at higher oxygen tensions or under anaerobic conditions (365, 366). Few other 

respiratory pathogens are cyanogenic (367) (though HCN has been detected in vitro and in exhaled 

breath of patients with Helicobacter pylori infection (368)). As cyanide is a potent toxin, this might 

explain why Pa, which is inherently cyanide-resistant due to expression of the enzyme rhodanese 

that detoxifies cyanide to thiocyanate (369), consistently becomes the predominant organism in the 

CF lung (370). For these reasons, HCN has potential as a relatively specific biomarker for Pa infection. 

However, as human neutrophils have been shown to produce it in vitro after being exposed to 

Staphylococcus epidermidis (371, 372) and sputum neutrophil concentration correlates with cyanide 

levels (373), it is possible that inflammation caused by Pa infection, rather than Pa infection itself, is 

responsible for cyanide production. Counter to this theory is the finding that, although HCN is 

detected in the sputum of CF patients infected with Pa, it absent in sputum of patients infected with 

other organisms (374, 375), who would also have neutrophilic airway inflammation.  That HCN in 
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exhaled breath originates from Pa rather than inflammation is further supported by the finding that 

patients with asthma and chronic obstructive pulmonary disease (COPD), both conditions that can 

also be associated with neutrophilic inflammation (376, 377), do not have elevated levels in exhaled 

breath (378, 379). 

In addition to being detectable in the sputum of CF patients with Pa infection, where its presence is 

associated with significantly poorer indices of lung function (374, 375), HCN has been detected in the 

headspace above bacterial cultures using mass spectrometric techniques (380, 381); the degree of 

cyanogenesis has been noted to vary according to Pa strain (382, 383). It has been reported that 

children with CF have higher levels of HCN in exhaled breath than children with asthma (378), that it 

can differentiate between children with and without Pa infection in CF (384) and that nose-exhaled, 

but not mouth-exhaled, breath can differentiate between adult CF patients with and without Pa 

infection (385), although in all these studies the levels were very low and at the limits of detection 

for the technology being used for quantification. Like many other VOCs, other sources of HCN can 

confound exhaled breath quantification. HCN is present in the environment (cigarette smoke and car 

exhaust fumes) and may also be generated in the oral cavity of healthy human subjects by the 

oxidation of thiocyanate by salivary peroxidase (386), a theory given credence by studies 

demonstrating lower HCN concentrations in breath exhaled from the nose  rather than the mouth 

(385, 387). However, given the almost universal presence of sinus disease in CF adults, and the 

common isolation of Pa from sinus lavage (in up to 73% of patients (388)), using nose-exhaled breath 

to measure HCN may not be truly representative of the lower airways, indicated by the fact that 

bacterial strains in one study were concordant between the upper and lower airways in less than 

50% of cases (94). Whilst HCN clearly shows promise as an exhaled biomarker of infection, a recent 

study demonstrated no difference between concentrations in exhaled breath of subjects chronically 

infected with Pa and other organisms (389), so further study is warranted to elucidate whether it will 

be useful in a clinical setting. 
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2.3.3: Sulphide Compounds 

Sulphide compounds have also been shown to be produced by Pa (390). Dimethyl disulphide (DMDS, 

CH3SSCH3), which has an odour similar to garlic, has been detected in the headspace above bacterial 

cultures using mass spectrometric techniques (380, 381) although is less specific than HCN and 2-AA, 

also being associated with presence of other species such as Escherichia coli (391) as well as being 

present in the exhaled breath of patients with liver disease (392) (a potential issue in CF) and 

hypermethioninemias (393). Surprisingly, given that sulphides are produced by a range of bacteria 

(394, 395), levels of a similar molecule, dimethyl sulphide ((CH3)2S), associated with  a cabbage-like 

smell, are reported as being lower in CF patients compared to healthy controls (396), raising the 

possibility that consumption of VOCs by bacterial species may occur in vivo,. Counter to this, 

elevated levels of dimethyl sulphide were reported in headspace above Pa in another study (397) 

and high levels have also been reported in extra-oral blood-borne halitosis (398, 399) which could 

potentially confound in vivo measurements.    

2.3.4: Other Exogenous VOCs Associated with Pa Infection 

Whilst 2-AA, HCN and sulphide compounds are most commonly cited in the literature, a number of 

other VOCs belonging to diverse chemical groups including alcohols, hydrocarbons, acids, aldehydes 

and ketones have also been suggested as being associated with Pa infection (397, 400). Some of 

these are summarised in Table 2.3.4.1; as over 60 have been described, only those with multiple 

citations with relevance to the proposed experimental techniques of this thesis (Section 2.4.1) are 

listed. The diversity of potential markers that might be associated with respiratory infections, 

summarised in comprehensive reviews (368, 400-402), coupled with studies that analysed VOC 

profile rather than individual compounds (400, 403, 404), leads me to hypothesise that an approach 

looking to identify a number of VOCs constituting a unique "bacterial fingerprint" might be more 

fruitful than searching for a single specific biomarker that is pathognomonic for Pa status. The 
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difficulty in identifying such a fingerprint is alluded to by the fact that different studies, often using 

contrasting methods of quantification, have directly conflicting results as shown in Table 2.3.4.1.  

VOC Increased (References) 
 

Decreased (References) 

Acetone ((CH3)2CO) (383, 405) (406, 407) 

Acetonitrile (CH3CN) (380, 408)  

Ammonia (NH3)* (380, 407, 409) (405, 406) 

Butanol (C4H9OH) (390, 394) (408, 409) 

Ethanol (CH3CH2OH) (394, 408, 409) (391, 406) 

Methanol (CH3OH) (397)  (407) 

Methyl-thiocyanate (CH3SCN) (383, 394)  

Methyl-mercaptan (CH3SH) (380, 394, 407) (405, 406) 

2-Nonanone (CH3(CH2)6COCH3) (390, 394, 397, 404) (408) 

Toluene (C7H8) (390, 410)  

Table 2.3.4.1: Selected VOCs that have been associated with Pa infection in the literature. Over 

60 VOCs have been cited as possibly being increased or reduced in the presence of Pa (in 

studies looking at bacterial cultures as well as breath, urine and sputum) using a variety of 

different analytical techniques (400). Those listed here have multiple citations although 

findings are often inconsistent across different studies. 

2.4: Exhaled Breath Analysis 

Exhaled breath consists of primarily of nitrogen, oxygen, carbon dioxide, inert gases and water, with 

a small fraction representing volatile organic compounds in concentrations as low as in the parts-

per-trillion range (350). Until relatively recently, quantification of trace constituents was impossible 

and physicians relied on analysis of bodily fluids, tissue or imaging techniques, some of which are 

invasive or painful and have inherent problems associated with them such as the risk of spreading 

infection and logistics of sample storage and/or destruction following analysis. Breath analysis could 

circumvent many of these problems; it is non-invasive, breath would not ideally need to be stored or 

transported and, crucially, might be possible in real-time, thus reducing delays between sample 

collection and analysis. The identification and quantification of trace VOCs in exhaled breath using 

GC-MS (339) was considered the breakthrough required to make this a reality as it simultaneously 

separates and quantifies compounds within a complex mixture. Unfortunately the process is labour 

intensive, expensive and cannot be performed in real-time (411) and, as analysis of low molecular 

weight compounds (such as HCN) using GC-MS is difficult (412), a need remained for an alternative 

quantification technique. 
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2.4.1: Selected Ion Flow Tube Mass Spectrometry (SIFT-MS) 

Selected ion flow tube mass spectrometry (SIFT-MS) offers potential for gaseous mixtures containing 

VOCs to be analysed in real-time (413). Precursor ions (H3O+, NO+ or O2
+) are produced by a 

microwave discharge source and selected based on their mass/charge (m/z) ratio by an upstream 

quadrupole mass filter. Based on pre-existing knowledge of the kinetics and reactions of the VOCs 

that are to be quantified, the operator selects one of the three ion species to be injected into an 

inert carrier gas (usually helium) which convects VOCs as a thermalized swarm along a flow tube at a 

known flow rate. These ions do not react with the major compounds in air, instead selectively 

ionising only volatile and trace compounds present within a sample introduced upstream of the ion 

source to generate characteristic product (analyte) ions that are quantified downstream by a 

quadrupole detection mass spectrometer. The flow rate of the ion swarm/carrier gas determines the 

reaction time. By measuring the count rates of the precursor ions and the characteristic product ions 

downstream, real-time quantification can be achieved, giving absolute concentrations of VOCs 

present in the parts-per-billion by volume (ppbv) range (413). As the concentration of exhaled VOCs 

in the breath of healthy volunteers has been studied using SIFT-MS (414-419), differences associated 

with disease may be detected. Although sample preparation is not required, a drawback of SIFT-MS 

is that ion chemistry for each compound of interest needs to be known and included on the on-

board kinetics library to facilitate quantification.  

SIFT-MS has two different modes of analysis. In full-scan mode (FS), ambient air/breath is introduced 

at a known flow rate into the carrier gas and the downstream analytical mass spectrometer system 

will scan over a predetermined m/z range for a given time. Complete mass spectra will be produced 

that contain peaks relating to product ions which can then be identified using knowledge of ion 

chemistry and the on-board kinetics library. In multiple ion monitoring mode (MIM), the operator 

identifies which VOCs are to be quantified and the downstream analytical mass spectrometer 

switches between the m/z values that correspond to the targeted VOC species. By using the data 

obtained downstream in conjunction with the known rate co-efficients of the reactions between 
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precursor ions and VOC molecules from the kinetics library, simultaneous downstream 

quantification of several VOCs can be achieved. MIM provides more accurate quantification than 

using FS mode but both are used together to ensure that all mass spectra obtained have typical 

peaks, as this improves quality control, reducing likelihood of errors that might occur if using MIM 

alone. A detailed review of SIFT-MS can be found in the literature (413) and a schematic diagram, 

adapted from (413) is shown in Figure 2.4.1.1. 

 

Figure 2.4.1.1: Schematic diagram of SIFT-MS. H3O+, NO+ or O2
+ ions are selected by a downstream 

quadrupole mass filter (circled in red), and carrier along the flow tube in inert helium. Breath is 

introduced downstream (circled in blue). Constituent VOCs in the sample are quantified using existing 

knowledge of ion chemistry, stored in the kinetics library, by downstream quantification of 

characteristic product ions (circled in green).   
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2.4.2: Other Techniques for Exhaled Breath Analysis 

 
In addition to GC-MS and SIFT-MS, other experimental techniques exist that might aid study of 

exhaled breath including electronic noses (420), proton-transfer-reaction mass spectrometry (PTR-

MS) (421) and ion mobility spectrometry (422). If exhaled breath is passed via a cooling system, at 

temperatures in the region of 0-4oC, liquid exhaled breath condensate (EBC) is formed which can be 

collected and analysed not only for volatile biomarkers using mass spectrometric techniques (423, 

424) but also pro-inflammatory cytokines with ELISA (425) or flow cytometry (426). Despite such 

diverse techniques being available, breath analysis has not become part of routine clinical practice 

because of technical issues, particularly with sampling, whilst inconsistent methodology across 

different platforms has given rise to contradictory data (427). Table 2.4.2.1 summarises advantages 

and disadvantages of some of the technology currently available for analysis of exhaled breath. 

Method Advantage Disadvantage 
 

GC-MS Identification of unknown VOCs and 
profiling possible 
Highly reproducible 
Sensitivity in ppb range 
 

System immobile 
Slow 
Pre-concentration needed 
Real-time measurements not possible 
Expensive 
Not suitable for clinical use 

Ion Mobility 
Spectrometry 

No pre-concentration needed 
Mobile 
Low cost 
Suitable for clinical use 
Sensitivity in ppm range 

VOC chemical identification and profiling not 
possible 
Real-time measurements not possible 

SIFT-MS Measures VOCs in real-time 
Potential for online testing 
Fast 
Mobile system 
Sensitivity in ppb range 

VOC chemical identification and profiling not 
possible 
 

PTR-MS Measures VOCs in real-time 
Potential for online testing 
Fast 
Sensitivity in ppb range 

VOC chemical identification and profiling not 
possible 
 

Electronic 
Noses 

Easy to use 
Cheap, fast and portable 
Suitable for bedside use 
Sensitivity in ppb range 

Sensors not designed for single VOCs 
Devices not compatible with each other 

Table 2.4.2.1: Advantages and disadvantages of selected experimental techniques currently being used for 
exhaled breath analysis. Adapted from (368). ppb = parts-per-billion and ppm = parts-per-million. 
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2.4.3: Sampling of Exhaled Breath 

A single tidal exhaled breath consists of anatomical dead-space gas (approximately 150mls in adults) 

from the upper part of the respiratory tract that does not participate in gas exchange and alveolar 

air (typically around 350mls) that originates from the deeper parts of the lung and contains VOCs 

from the blood (368, 428). Spontaneously breathing subjects can easily provide tidal breath samples 

directly into analytical equipment such as the SIFT-MS or into bags or canisters for off-line analysis; 

the benefit of this approach is that no additional equipment for collection is necessary but there is 

the downside that the dead space component might dilute VOC concentrations (427). Sampling 

purely alveolar air might improve accuracy of exhaled breath analysis, as VOC concentrations will be 

in equilibrium with those in the lung alveoli (429), but requires additional equipment and levels can 

vary according to the breath manoeuvres used during collection (430). For these reasons, and the 

fact that it has been shown that a single vital capacity (from maximum inspiration to expiration) 

exhalation contains levels of volatiles that correlate well with those in alveolar air (431), approaches 

that use tidal or easily reproducible breathing manoeuvres are preferable when devising 

methodology for breath analysis with the ultimate goal of it being widely applicable in a clinical 

setting. This is of particular relevance to the work in this thesis as the aim is to develop a screening 

tool that can be used in the paediatric setting. 

2.4.4: Collection of Exhaled Breath 

Samples can be collected in a number of ways, either directly into an instrument for immediate 

analysis which has benefits with regards to cost and reducing the risk of sample deterioration over 

time but also has implications for infection control, particularly in diseases such as CF where 

segregation to minimise cross-contamination of patients is imperative, or into containers for off-line 

analysis. For the purpose of analysis using SIFT-MS, these come in a number of forms:  

i. TedlarTM bags: Made from polyvinyl fluoride and chemically inert. VOCs including 

methanol, acetone, isoprene and acetaldehyde have half-lives ranging from 5-13 days in 
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these bags and losses 52 hours after filling are less than 10% (432). Tedlar bags are 

expensive and single-use, although some studies have demonstrated stability for several 

uses provided they are washed between samples with pure nitrogen. 

 
ii. NalophanTM bags: Made from polyethylene terephthalate, these are cheaper than Tedlar 

bags and can be made from rolls of Nalophan in-house. Even when made to double-

thickness, these bags are slightly porous however, leading to loss of VOCs over time 

(433). Comparability of 20m thick bags to Tedlar bags has been demonstrated for 

storage times of up to five hours (433) and, for HCN analysis, using thicker 70m 

Nalophan to make collection bags gives rise to good correlation between online and 

offline measurements for storage times of up to 24hrs (384). Being cheap and easy to 

produce, Nalophan bags are single-use, which is preferable to reduce risk of cross-

infection.  

 

iii. SUMMATM canisters: Stainless steel containers with internal surfaces that have been 

electropolished, making them chemically inert. Advantages include durability, easy of 

transportation and stability of samples over time (434), although some studies have 

shown that loss of some VOCs can still occur due to physical adherence to the internal 

surface of the canisters as well as chemical decomposition (435). Although reusable, the 

canisters are expensive. 

2.5: Rationale for Experimental Work, Hypothesis and Aims 

2.5.1: Rationale 

As discussed in Chapter 1, there is a clear need for a rapid, non-invasive technique with which to 

accurately diagnose infection, particularly Pa, as this can help to reduce morbidity and mortality 

(436-438). The availability of SIFT-MS as a tool for detecting VOCs in exhaled breath without the 

need for additional costly sample preparation is an attractive strategy by which this might be 
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achieved. Most work to-date has focused on single biomarkers of Pa infection, primarily HCN and 2-

AA and, although some results have been promising, a clinically applicable test remains elusive. It is 

possible that, by broadening the scope of VOCs being analysed and using them in combination to 

make a "bacterial fingerprint" for Pa, more accurate discrimination might be achieved than by 

concentrating our search on a single pathognomonic marker.    

2.5.2: Hypothesis 

The presence of Pa infection in CF patients with chronic infection can be determined by analysis of a 

single, mixed alveolar/anatomical deadspace breath sample analysed offline within two hours of 

collection using SIFT-MS. 

2.5.3: Aims 

• To undertake a rudimentary pilot study analysing headspace above sputum from CF patients 

chronically infected with Pa. This aimed to: i) establish familiarity with the SIFT-MS 

instrument for ongoing work, ii) confirm whether findings from previous studies using SIFT-

MS to analyse headspace above CF sputum (380, 439) could be replicated using our patient 

cohort and technology and iii) determine if other VOCs in addition to HCN and 2-AA might be 

of interest for later analysis in exhaled breath. 

 

• To establish whether exhaled breath analysis using our SIFT-MS instrument was both 

repeatable and reproducible. This was necessary prior to recruitment of patients to ensure 

that any data produced from the final study was of sufficient quality. 

 

• To recruit well-phenotyped adult patients, with and without chronic Pa infection as defined 

by Leeds Criteria (440), and healthy control subjects to provide exhaled breath samples for 

offline analysis of multiple VOCs (including HCN and 2-AA) using SIFT-MS in order to 

determine if discrimination can be achieved. 
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Chapter 3: General Materials and Methods 

3.1: Construction of Sampling Bags 

NalophanTM (Kalle, UK) was used for collection of all samples in this study (Section 2.4.4). I 

constructed double-thickness bags using two A4-sided sheets of 25m Nalophan inserted into one 

another and sealed at the top using a heat sealer for five seconds. A 1ml Luer-LokTM syringe (Terumo, 

Belgium) was folded into the lower opening of the bag which was then also heat sealed to ensure 

that there were no leaks. This syringe acted as the conduit for sample collection for exhaled breath 

and also as the inlet for connection to the SIFT-MS for analysis for all experiments in this study. For 

sputum experiments, samples were put into the bags before sealing. A schematic diagram of the 

Nalophan bag construction is shown in Figure 3.1.1.  

 

Figure 3.1.1: Schematic diagram of construction of bags for sample collection. Bags were made in-house 

using double-thickness 25m Nalophan cut to A4 size as described above. 
 

3.2: SIFT-MS Analysis of Bag Samples 

All samples collected in Nalophan bags in this study (sputum or breath) were analysed by connecting 

the bags to a heated sampling line via the 1ml syringe (Section 2.4.1). Analysis was always over a 

period of 70 seconds (s), with the first 10s discarded from analysis to ensure sufficient headspace gas 

had passed down the sampling line prior to starting quantification. Measured VOC concentrations 

were averaged between the 10s-70s period. Bags were kept in an incubator at 37oC for the duration 
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of the analysis to minimise loss of water vapour during analysis, which would impact on the 

measured concentration of water-soluble compounds. This methodology and that for construction 

of the Nalophan bags had been validated in previous work by our group (441). 

3.3: SIFT-MS Maintenance 

Following each day of use, the flow rate of helium carrier gas was increased and the SIFT-MS left to 

sample ambient air for thirty minutes in order to flush the system of residual VOCs from previous 

experiments. Additional maintenance was undertaken when higher levels of 2-AA were detected 

during bacterial cultures experiments (Table 4.2.2.3), coinciding with other users of the instrument 

reporting inconsistencies in their data. This required fitting of a new sampling line and upstream gas 

discharge ion source, both of which are expected for wear-and-tear. A longer delay was experienced 

between September 2012 and January 2013 as other components of the SIFT-MS failed and external 

help had to be sought to resolve these problems.  

3.4: Statistical Analysis 

Sample sizes were opportunistic as there were no data to inform a power calculation. GraphPad 

Prism 6.0 (GraphPad, USA) and SPSS Statistics 21.0 (IBM, USA) were used for statistical analyses for 

all work in this part of the thesis. Specific statistical techniques for each experiment are described 

individually under the detailed materials and methods for that section of work. 
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Chapter 4: SIFT-MS – Development of Exhaled Breath Analysis Protocol 

Starting with the first aim (Section 2.5.3), a pilot sputum study was initially undertaken to establish 

familiarity with the SIFT-MS instrument for ongoing work and to confirm if findings from previous 

studies could be replicated. 

4.1: Pilot Sputum Study 

4.1.1: Materials and Methods 

Sputum from well phenotyped adult patients (n=13) with CF was collected after obtaining informed 

consent. All subjects were in-patients on Foulis Ward at the Royal Brompton Hospital (RBH) who 

were chronically infected with Pa, as defined by Leeds Criteria (440), and had a Pa-positive culture in 

the preceding two weeks. Adult patients were selected for the purposes of this chapter as, unlike 

many paediatric patients, they are more commonly able to expectorate spontaneously (442), 

particularly if having an acute exacerbation as may be expected during a hospital admission (443). 

Patients were asked to provide samples in the morning and typically produced these after their first 

physiotherapy session of the day.  

Sputum was plated directly onto Pa-specific agar (PSA) plates (Oxoid, UK) using single-use disposable 

sterile inoculation loops (Fisher Scientific, UK) using a standard streak plating technique. A new 

inoculation loop was used at each step of the streaking in order to ensure that cross-contamination 

from previously streaked sectors did not occur and that the density of cells decreased during the 

procedure. This was to ensure that single colonies were yielded which could then be identified by 

our microbiology laboratory at the end of the experiment to determine whether the headspace 

analysis was from pure or mixed bacterial growth.  This is shown in Figure 4.1.1. The sputum sample 

was then sent to our accredited CF microbiology laboratory for standard microscopy, culture and 

sensitivity testing. 
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Inoculated PSA plates (without lids) were placed in Nalophan bags (Section 3.1) before being sealed. 

Control bags (n=10) containing empty PSA plates that had not been inoculated with sputum were 

prepared in the same way. All bags were then incubated at 37oC for 48hrs to stimulate bacterial 

growth. 

After 48hrs, following visual confirmation of bacterial growth on PSA, the bags were taken to our 

Profile 3 SIFT-MS instrument (Instrument Science, UK) and attached directly to the sampling port 

following removal of the plunger from the 1ml syringe. The gas within each bag (headspace above 

the plated sputum) was analysed as described in Section 3.2. A standard panel of 25 VOCs (n=23) 

was initially used and 2-AA (n=10) was also measured when the kinetics for this compound were 

added to the SIFT-MS kinetics library at a later date.  

Pre-existing knowledge of the kinetics and reactions of VOCs that are to be quantified usually 

determines which one of the three precursor ions (H3O+, O2
+ and NO+) should be selected for 

carriage in the inert helium carrier gas to allow downstream VOC quantification. However, the SIFT-

MS kinetics library does allow more than one precursor ion to be used to quantify some, but not all 

VOCs; as I was familiarising myself with the technology and wished to see if detection varied if 

different precursors were used, some VOCs in sputum headspace were measured sequentially with 

two or even all three of the precursor ions, each time with the standard methodology described in 

Section 3.2. 

Figure 4.1.1: Inoculation of a Streak Plate 
 
1: Area of initial inoculation yields heavy growth 
2: Second streaks from area 1 yield less dense growth 
3: Third streaks from area 2 show weak growth 
4: Area of fourth streaks from area 3 should yield single colonies 
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Non-parametric Mann-Whitney U-test was used for data analysis as only some VOCs passed the 

D'Agostino-Pearson omnibus test for Gaussian distribution. As the pilot study was in part a “fishing” 

exercise to identify compounds that might be of interest in subsequent experiments, a multiple 

comparisons correction test was not used during this part of my work. 

4.1.2: Results 

A standard panel of 25 VOCs was measured (n=23) with 2-AA added to the analysis when the kinetics 

were available. Tables 4.1.2.1, 4.1.2.2 and 4.1.2.3 show VOC levels detected using H3O+, O2
+ and NO+ 

precursor ions respectively. Figure 4.1.2.1 shows the four compounds that differed significantly 

between bags containing Pa and control bags, as measured with the H3O+ precursor ion. Although a 

statistically significant difference is present, it is worth noting that there is significant overlap 

between the two groups.  

VOC 
 

Median ppbv Pa [IQR] Median ppbv Control [IQR] p 

AcetaldehydeBAMOD 94.4 [44.1 – 470.2] 233.9 [129.5 – 403.1] <0.05* 

Acetic Acid 38.3 [29.7 – 53.8] 44.8 [40.1 – 65.6] 0.1007 

Acetone 16.4 [11.6 – 23.3] 14.8 [12.3 – 20.3] 0.7118 

Ammonia 111.5 [88.1 – 156.7] 133 [96.2 – 195.9] 0.5473 

Butanol 0.0 [0.0 – 5.7] 13.5 [1.3 – 47.3] <0.05* 

Diethyl Ether 17.1 [12.5 – 12.8] 17.5 [9.5 – 26.8] 0.6809 

Dimethyl Sulphide + 
Ethaniol 

44.5 [9.9 – 95.4] 81.7 [11 – 154.5] 0.1809 

Ethanol 339.8 [228.8 – 417.0] 314.5 [240.7 – 725.0] 0.8435 

Ethanol83 116.6 [71.3 – 196.4] 105.7 [75.8 – 483.4] 0.6330 

Ethylphenol 12.8 [9.8 – 19.8] 19.3 [14.9 – 23.1] 0.0791 

FormaldehydeBAMOD 60.9 [38.4 – 77.6] 50.9 [42.4 – 62.4] 0,.4982 

Hexanoic Acid 47.0 [20.5 – 58.4] 52.6 [47.5 – 59.2] 0.1652 

Hydrogen Cyanide 4.2 [2.7 – 6.4] 3.4 [1.5 – 4.3] 0.4023 

Hydrogen Sulphide 0.6 [0.3 – 1.3] 0.6 [ 0.2 – 1.1] 0.6119 

Methanol 37.2 [30.25 – 44.4] 36.8 [32.3 – 133.1] 0.9999 

Methylphenol 16.3 [11.1 – 23.0] 24.2 [21.8 – 27.6] <0.05* 

Propanol 7.2 [5.8 – 9.3] 10.1 [6.3 – 21.4] 0.2551 

Pentanoic Acid 9.7 [8.1 – 17.3] 8.0 [6.7 – 13.3] 0.2138 

Pentanol 27.1 [23.4 – 37.9] 44.8 [32.2 – 60.6] <0.05* 

Phenol 19.8 [17.8 – 21.1] 20.3 [17.2 – 23.8] 0.6508 

Propanoic Acid 10.7 [9.4 – 15.6] 13.8 [7.2 – 20.1] 0.5938 

2-AA 7.1 [5.5 – 9.4] 8.8 [7.5 – 12.8] 0.2134 

Table 4.1.2.1: Summary of Pilot Data with VOCs measured using H3O+ Precursor Ion on SIFT-MS 
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VOC 
 

Median ppbv Pa [IQR] Median ppbv Control [IQR] p 

Acetone 9.5 [7.3 – 11.4] 10.2 [7.9 – 12.1] 0.8316 

Ethylphenol 8.3 [7.2 – 14.1] 11.7 [7.6 – 16.9] 0.4185 

Isoprene 13.8 [2.4 – 16.2] 6.8 [1.5 – 14.2] 0.2378 

Methylphenol 10.5 [7.4 – 14] 15.3 [11.3 – 21.0] <0.05* 

2-AA 8.3 [5.7 – 9.7] 7.7 [6.8 – 8.3] 0.6489 

Table 4.1.2.2: Summary of Pilot Data with VOCs measured using NO+ Precursor Ion on SIFT-MS 
 

VOC 
 

Median ppbv Pa [IQR] Median ppbv Control [IQR] P 

Acetone 37 [29.4 – 43.1] 32.1 [25.9 – 53.8] 0.9154 

Ammonia 113.4 [96.5 – 175.6] 157.3 [81.6 – 189.4] 0.6408 

Carbon Disulphide 49.8 [41.5 – 53.5] 48.8 [33.3 – 55.4] 0.5518 

Ethylphenol 20.5 [16.4 – 30.2] 24.6 [22.4 – 29.9] 0.4785 

Isoprene 15.5 [12.6 – 18.6] 15.2 [12.4 – 24.9] 0.5983 

Methylphenol 12.9 [9.6 – 17.1] 14.0 [11.8 – 17.3] 0.5943 

Nitric Oxide 418.7 [400.3 – 479.2] 409.6 [392.3 – 533.8] 0.6764 

Table 4.1.2.3: Summary of Pilot Data with VOCs measured using O2
+ Precursor Ion on SIFT-MS 

 

 
Figure 4.1.2: Graphs showing significant differences in four VOCs in headspace above plated sputum 

containing Pa compared with empty PSA plates as measured by SIFT-MS using the H3O+ precursor Ion. Whilst 
statistically significant differences were seen, note overlap between groups.  
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4.1.3: Rationale for Next Stage of Assay Development 

The pilot data differed significantly from the work of Carroll et al (380) despite the only discernible 

difference in methodology being the volume of the Nalophan bags in which agar plates were 

incubated (200mls vs. 2000mls). Of most concern was that there was no difference in HCN detected 

in sputum and control bags whilst, in the Carroll study, levels of up to 17190 ppbv were present. I 

therefore formulated a series of experiments using pure bacterial cultures to determine if higher 

levels of HCN would be detected by the SIFT-MS in our facility. 

4.2: Bacterial Culture Experiments – Solid Media 

4.2.1: Materials and Methods 

Three strains of Pa known to produce differing quantities of HCN (two naturally occurring, one 

genetically modified, kindly provided by Dr. Huw Williams, Reader in Microbiology, Imperial College 

London) were streak inoculated onto PSA plates (n=2 for each strain) from agar slopes and incubated 

in sealed Nalophan bags at 37oC for 48 hours as described in Section 4.1. Control bags containing 

empty plates (n=2) were also prepared.  

In addition to measurement of HCN on SIFT-MS, I here utilised specific cyanide-detection paper: a 

validated, semi-quantitative and rapid method for detection of cyanogenic bacteria (444, 445). 

Cyanide detection solution was produced by dissolving 5mg copper ethylacetoacetate (Sigma, UK) 

and 5mg tetrabase 4,4’-methylenebis (N,N-dimethylaniline) (Sigma, UK) in 2mls chloroform (the 

chemical structure of these compounds is shown in Figure 4.2.1.1). Into this, 8cm x 12cm pieces of 

3mm filter paper (Whatman, USA) were dipped, for a few seconds.  

 

 

 

 

Figure 4.2.1.1: Copper ethylacetoacetate (left) and 4,4’-methylenebis (N,N-dimethylaniline) (right) 

 

http://www.sigmaaldrich.com/catalog/product/aldrich/m44451?lang=en&region=GB
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Cyanide detection paper turns blue when cyanide reacts with the copper (I) ion to produce copper 

cyanide (CuCN), following which tetrabase is oxidised by the copper (II) ion to form a stain (Figure 

4.2.1.2). 

Reaction with HCN: 2CuAc2 + C17H22N3 + 2HCN  [C17H21N2]Ac + 3HAc 

Oxidation of Tetrabase: 

 

Figure 4.2.1.2: Reaction of copper ethylacetoacetate 4,4’-methylenebis (N,N-dimethylaniline) with HCN 
(above) and oxidation of tetrabase (below) which is blue in colour. Adapted from (444). 

 

A strip of cyanide detection paper was put into each bag prior to sealing and incubation. For each 

strain of Pa in this experiment, cyanide detection paper was both taped across the top of the open 

PSA streak plate (n=1) and left loose within the Nalophan bag (n=1) to determine whether diffusion 

throughout the headspace was taking place. After 48hrs, bacterial growth was confirmed by visual 

inspection and HCN was quantified by SIFT-MS as described in Section 3.2. The bags were then 

opened and the detection paper removed for examination: it is semi-quantitative – the darker the 

paper, the more cyanide has been detected. An example of a plate demonstrating assessment of 

cyanogenesis of bacterial strains cultured in a 96-well plate is shown in Figure 4.2.1.3. 

 

Figure 4.2.1.3: Example of detection paper kept over a 96-well plate to detect differing amounts of 
cyanogenesis by various strains of Pa. The darker the colour, the greater [CN-] 

 

http://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click on image to zoom&p=PMC3&id=2899875_PC.073502.wc.f2.jpg
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4.2.2: Results 

In the presence of Pa, cyanide detection paper in Nalophan bags changed from white to different 

shades of blue, confirming both the production of cyanide and the ability of the paper to detect 

HCN. The change in colour was consistent regardless of whether the paper was left loose in the 

Nalophan bag or taped across the open PSA plate on which the sputum was inoculated, 

demonstrating that HCN was diffusing freely throughout the headspace of the plate in the bag. 

When bags were connected to the SIFT-MS sampling port, HCN was detected at levels higher than 

that seen in the pilot sputum study and correlated both with i) the known cyanogenic properties of 

the cultured Pa strains (advised by Dr. Huw Williams) and ii) the degree of colour change noted in 

the cyanide-detection paper, confirming this to be semi-quantitative. These results are summarised 

in Table 4.2.2.1.    

Pa Strain Description Cyanide 
Paper 

SIFT-MS 
(ppbv) 

Pa14 Wild type clinical strain 
Most common clonal group worldwide (446) 

 

31.9 
29.8 

∆hcnA Mutant strain deficient in cyanide production 
Biosynthetic replacement gene for HCN synthase 

 

6.1 
8.3 

gacS Global activator dysregulated quorum-sensing  
Intermediate hydrogen cyanide production 

 

20.0 
14.0 

Control Empty Pa-specific plates  
Incubated concurrently with Pa samples 

 

7.2 
6.9 

Table 4.2.2.1: Levels of HCN detected in the headspace above three strains of Pa (n=2 for each strain) 
cultured on PSA (and control plates (n=2) containing no Pa) in Nalophan bags, as measured with cyanide 

detection paper and SIFT-MS.  

4.2.3: Rationale for Next Stage of Assay Development 

Whilst HCN levels were i) detected in quantities appropriate to that expected based on known 

cyanogenic properties of the three Pa strains being tested and ii) correlated with the degree of 

colour change of the cyanide detection paper, concerns persisted as levels detected by SIFT-MS 

remained relatively low in comparison to previously published work. Therefore, liquid culture 

experiments were undertaken to determine if levels would be higher if i) volume of headspace was 

reduced and ii) density of bacterial growth was increased. 
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4.3: Bacterial Culture Experiments – Liquid Media 

4.3.1: Materials and Methods 

Two clinical Pa strains (laboratory numbers PA12B-4973 and PA12B-5001, kindly provided by Mr. 

Neil Madden, Senior Clinical Microbiologist, RBH) and two laboratory strains (PA14 and PA5539, the 

latter a mutant known to produce only small quantities of HCN, kindly provided by Dr. Huw Williams) 

were introduced from agar slopes into 10mls of tryptone soy broth (TSB) with a single-use plastic 

inoculation loop (Fisher Scientific, UK) and incubated overnight at 37oC with agitation. TSB was made 

in-house, adding 3g TSB powder (Sigma, UK) to 100mls deionised water and sterilising by autoclaving 

(Priorclave, UK) at 121oC. Following overnight incubation, optical density of the bacterial broths was 

adjusted using spectrophotometry (Spectronic, UK) at a wavelength of 620nm to 1.0 (equivalent to 

approximately 1x109 colony forming units (CFU)/ml) by dilution with sterile TSB. 100l of this broth 

was added to 10mls sterile TSB in a 30ml Sterilin (Thermo Scientific, UK) and this was incubated 

overnight with agitation at 37oC (n=6 for each strain). 100l SM buffer was introduced aseptically 

into 10mls of TSB and incubated overnight in the same way, to act as a control (n=6). Following 

incubation of these samples, analysis of headspace in the Sterilins was performed by connecting the 

SIFT-MS sampling port to a 21 gauge MicrolanceTM needle (BD, Ireland) via a narrow bore extension 

line (Vygon, UK). The needle was used to pierce double thickness ParafilmTM (Bemis, USA) that was 

applied over the Sterilin tubes immediately after the lids were removed (to prevent loss of VOCs). 

Headspace was analysed described in Section 3.1, with the H3O+ precursor ion (to quantify HCN, 

butanol and ammonia) and NO+ precursor ion (for 2-AA quantification).  

The entire liquid culture methodology was repeated at a later date using PA12B-4973 (n=6 with 6 

control samples), the clinical strain identified for use in my bacteriophage work (see Part II, Section 

8.2). This was because I was considering whether it might be possible to collect exhaled breath from 

mice that had been infected with this organism to see if: i) HCN could be detected in it using SIFT-MS 

and, if it could ii) whether levels were lower in mice receiving bacteriophage therapy who would, in 

theory have had a lower Pa load in their lungs. This was ultimately not feasible (single experiment 
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only, not discussed in this thesis) but additional data for this section of work was obtained 

opportunistically by repeating the culture experiment with this extra strain. 

Where VOC production from more than two groups was being compared, one-way analysis of 

variance (ANOVA) assuming a non-parametric distribution (Kruskal-Wallis test) was used. Where 

only two groups were being compared, non-parametric t test (Mann-Whitney U test) was used for 

analysis. Median ppbv and range are given for all measurements in this section. 

4.3.2: Results 

Optical density of TSB inoculated with Pa and incubated overnight at 37oC ranged between 0.728 

and 1.862, which is expected due to biological variability. It was demonstrated that: i) different 

strains of Pa produce different amounts of HCN, as described in the literature (367, 380-382) and ii) 

significant amounts of HCN could be detected using our SIFT-MS using this method, although levels 

were still lower than some other published studies. Although the methodology was identical, the 

two experiments (one with three Pa strains and controls and the other with a different Pa strain and 

controls) are summarised separately in Table 4.3.2.1 and Figure 4.3.2.1 and Table 4.3.2.2 and Figure 

4.2.2.2. This is because there were marked differences between headspace VOCs above the control 

samples when the two experiments were compared. These differences are summarised in Table 

4.3.2.3.  

VOC PA5539 (n=6) PA14 (n=6) PA12B-5001 (n=6) Controls (n=6) p 
 

Ammonia 3997 [2525-5644] 4443 [1975 – 15764] 2323 [1506 – 5771] 1266 [1010 – 1465] <0.01 

Butanol 141.1 [13.8 – 400.3] 122.1 [36.1 – 322.6] 191.7 [58.8 – 487.4] 142.6 [21.9 – 221.2] 0.756 

HCN 739.9 [442 – 938.8] 2257 [793 – 4455] 3155 [1404 – 4177] 8.9 [5.7 – 11.3] <0.001 

2-AA 11.4 [5.3 – 15.9] 10.9 [9.9 – 14.4] 9.1 [7.3 – 10.5] 6.6 [5.1 – 9.4] <0.05 

Table 4.3.2.1: Median [range] levels of ammonia, butanol, HCN and 2-AA detected in headspace above 
different strains of Pa cultured in liquid media and TSB alone (controls). Cells highlighted in red show groups 

that differ significantly from controls in post-hoc analysis (Dunn’s multiple comparisons test). 
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Figure 4.3.2.1: VOCs detected in headspace above different strains of Pa cultured in liquid media 
compared to VOCs in headspace above TSB alone (controls). 

 
VOC PA12B-4973 (n=6) Controls (n=6) 

 
p 
 

Ammonia 1203 [794 – 1908] 1085 [655.6 – 2025] 0.571 

Butanol 509.3 [445.7 – 729.2] 725.9 [578.5 – 807.2] <0.05 

HCN 5802 [4431 – 6547] 318.8 [69.9 – 561.4] <0.01 

2-AA 44.2 [35.0 – 71.4] 36.3 [16.1 – 49.3] 0.387 

Table 4.3.2.2: Median [range] levels of ammonia, butanol, HCN and 2-AA 
detected in headspace above PA12B-4973 cultured in liquid media and TSB alone 

(controls). 
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Figure 4.3.2.2: VOCs detected in headspace above PA12B-4973 cultured in liquid media 
compared to VOCs in headspace above TSB alone (controls). 

 
VOC Controls  

Experiment 1 (n=6) 
Controls 
Experiment 2 (n=6) 

p 
 

Ammonia 1266 [1010 – 1465] 1085 [655.6 – 2025] 0.571 

Butanol 142.6 [21.9 – 221.2] 725.9 [578.5 – 807.2] <0.01 

HCN 8.9 [5.7 – 11.3] 318.8 [69.9 – 561.4] <0.01 

2-AA 6.6 [5.1 – 9.4] 36.3 [16.1 – 49.3] <0.01 

Table 4.3.2.3: Median [range] levels of ammonia, butanol, HCN and 2-AA 
detected in headspace above TSB alone (controls) in different 

experiments. 

 

Since the methodology for preparation of these controls (n=6 in each group) was identical, concerns 

were raised about the repeatability and reproducibility of SIFT-MS measurements. After further 

analysis, a methodological difference was noted; in the first experiment, where levels of headspace 

VOCs were consistently low, all six control samples were analysed before the bacterial samples 

whilst in the second experiment they were done at random, interspersed with bacterial samples 

containing large quantities of headspace VOCs. No clear pattern in readings was discernible for 

ammonia, butanol and 2-AA but there was an obvious sequential increase in HCN ppbv in the 

headspace above control samples, suggesting that carryover was taking place due to large amounts 

being detected in the headspace above bacterial cultures and complete washout from the system 

not being achieved. This is shown in Figure 4.3.2.3. 
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Figure 4.3.2.3: Sequential rise in HCN in ppbv (y-axis) detected in headspace above 
TSB inoculated with SM buffer (controls) when samples were analysed at random 

between bacterial samples rather than sequentially prior to bacterial samples 
being tested. Each point on the x-axis represents a control sample analysed at 

progressively later points during the experiment. 

 

4.3.3: Rationale for Next Stage of Assay Development 

As SIFT-MS sensitivity was noted to be compromised if high levels of HCN "flooded" the system, it 

was important to establish if this was also i) problematic for other compounds and ii) of any clinical 

relevance. As butanol was readily available in our laboratory, an experiment to quantify increasing 

concentrations was devised with the aim being to see if detection was compromised at higher 

concentrations and whether SIFT-MS detection was accurate enough to generate a standard curve. 

4.4: Quantification of Pure Butanol 

4.4.1: Materials and Methods 

>99% 1-butanol (Sigma, UK) was serial log diluted with deionised water (concentrations from neat to 

10-6) and the headspace above 5mls of each concentration in a 30ml Sterilin was analysed for 70s as 

described in Section 3.1. The Sterilin was connected to the sample port using narrow bore extension 

tubing and a 21g needle as described in Section 4.3.1. Readings were taken sequentially and 

separated by sampling from headspace above 5mls deionsed water.  
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4.4.2: Results 

The hypothesis that high VOC concentrations can flood the SIFT-MS system and make subsequent 

readings inaccurate was further clarified by quantification of pure butanol. Whilst it was clear that 

accurate detection still occurs at high concentrations, as shown by the linear relationship between 

concentration and measured ppbv in Figure 4.3.1, carryover was evident (as shown in Figure 4.3.2) 

with increasing butanol detected in the headspace above sequential control samples of deionised 

water despite attempts to flush the system by allowing five minutes to elapse with helium carrier 

gas running and the sampling port only exposed only to room air. These results are summarised in 

Table 4.4.2.1. 

Concentration SIFT-MS ppbv Control ppbv 
 

0.000001 321.0 176.4 

0.00001 1161.5 532.7 

0.0001 6407.0 774.3 

0.001 58235.5 1931.5 

0.01 344325.2 2521.3 

0.1 2041254.0 6364.7 

1 2496020.0 10934.9 

Table 4.4.2.1: Butanol detection by SIFT-MS in headspace above increasing concentrations 
of >99% 1-butanol. Note accumulation of butanol in headspace above deionised water 

(controls) after sequential analysis of increasing butanol concentrations. 

 
Figure 4.4.2.1: Detection of butanol by SIFT-MS above sequentially 

increasing concentrations of >99.1% 1-butanol. Note linear relationship 
between concentration and ppbv, indicating accuracy of detection. 
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Figure 4.4.2.2: Sequentially increasing butanol detection in headspace 
above successive control samples, demonstrating that carryover of 

detection occurs when high VOC concentrations are detected by SIFT-MS.  

 

4.4.3: Rationale for Next Stage of Assay Development 

Results in this section confirm the finding that SIFT-MS may not accurately quantify VOCs in 

sequential samples if there has been a very high concentration of a particular VOC in the previous 

sample (this was demonstrated for HCN and butanol). However, based on published data, this is 

unlikely to be of relevance clinically; levels of HCN and butanol that caused significant carryover of 

signal were way in excess of anything previously published in the literature as being physiological in 

exhaled breath, even in patients with significant Pa infection. It was however important to perform 

these experiments to understand this limitation of the SIFT-MS system. In ongoing breath work, this 

informed additional vigilance in monitoring data from sequential samples to ensure there was no 

stepwise increase in detection of any given VOC over the course of successive breaths. The assay 

experiments until now demonstrate that SIFT-MS does accurately measure VOCs, with the butanol 

experiment particularly reassuring, as a standard curve was generated from analysis of samples of 

increasing concentration. With this established, it was important to investigate the repeatability and 

reproducibility of SIFT-MS quantification of exhaled breath VOCs. 
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4.5: Repeatability and Reproducibility of Exhaled Breath Analysis using SIFT-MS 

4.5.1: Materials and Methods 

Healthy, non-smoking controls (n=3) recruited from postgraduate students at Imperial College, 

London were initially investigated. Each provided vital capacity exhalations, into double thickness 

Nalophan bags that were flushed before use with dry synthetic air (BOC, UK). Subjects were asked to 

inhale fully through the nose (as close to total lung capacity as possible) and then exhale from the 

mouth into the bag via the 1ml Luer-Lok syringe, shown in Figure 3.1.1. Subjects were asked to 

exhale slowly as rapid exhalation i) can affect VOC profile (447) and ii) because healthy adults were 

likely to exceed the 2L capacity of the Nalophan bag within the first second of expiration (FEV1) 

causing it to burst. Unlike with CF patients, there were no infection control concerns; samples were 

therefore collected at St. Mary's University Hospital where the SIFT-MS was based as opposed to 

being taken from patients at RBH and transported over to St. Mary's for testing as was necessary in 

later parts of this work. Sequential breath samples (between n=2 and n=5) were taken and VOC 

levels were measured as described in Section 3.1. On one day, five breath samples were measured 

sequentially following an overnight fast and then five breaths from the same subject were analysed 

thirty minutes after lunch had been consumed and the mouth rinsed with water. This was to see 

what effect fasting and ingestion of food had on VOC profile over the course of a single day. Results 

were displayed graphically and, where possible, co-efficients of variation (CoV) calculated. 

4.5.2: Results 

Reproducibility analysis of SIFT-MS measurements of VOC concentration in breath was carried out 

on six occasions. Two sequential exhaled breath samples were analysed on one occasion, three 

breaths on two occasions, four breaths on one occasion and five breaths on two occasions. CoV for 

each VOC was calculated when ≥3 breaths were analysed (n=5) which is shown in Figure 4.5.2.1 

Median [range] CoV for each compound is shown in Table 4.5.2.1. 
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VOC Median % CoV [range] 
 

Ethanol83 13.6 [7.6 – 47.5] 

Methanol 9.4 [3.7 – 12.2] 

Propanol 25.5 [10.8 – 42.1] 

Butanol 37.1 [25.8 – 51.5] 

Pentanol 23.2 [10.7 – 30.0] 

Dimethyl Disulphide 30.9 [15.8 – 62.0] 

Hydrogen Sulphide 85.4 [49.1 – 148.2] 

Hydrogen Cyanide 19.8 [7.2 – 41.6] 

2-AA 49.9 [22.1 – 92.7] 

Acetone 9.8 [3.9 – 25.2] 

Isoprene 21.5 [10.7 – 27.3] 

Ammonia 20.1 [6.8 – 29.5] 
Table 4.5.2.1: Median CoV [range] for VOCs in exhaled breath (n=3-5) measured 

on five separate occasions using SIFT-MS. 

 
Measured VOC concentrations in sequential breath samples measured on May 17th, May 22nd, May 

24th and June 18th 2012 are shown in Figures 4.5.2.2a and 4.5.2.2b. On June 19th 2012, five breaths 

were analysed in the morning following an overnight fast and five breaths from the same subject 

were run thirty minutes after the fast was broken with lunch on the same day. Median [range] of 

VOC concentrations pre- and post-lunch are summarised in table 4.5.2.2. p values are calculated 

using non-parametric Mann-Whitney U-test. Each individual VOC measurement pre- and post-lunch 

is shown in Figures 4.5.2.3a and 4.5.2.3b.
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Figure 4.5.2.1: CoVs for VOCs measured in sequentially exhaled breaths (n=3-5) using SIFT-MS on five different occasions in 2012.  

Lines are drawn at the median CoV.  



93 
 

 

 

Figures 4.5.2.2a and 4.5.2.2b: Measured VOC concentrations in sequential exhaled breath samples (n=2 to 

n=4) on four different days. Note significant day-to-day variability in concentration of some compounds and 

variation between individual measurements taken on the same day. Lines are marked at the mean 

measured concentration (in ppbv) on each day. 
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VOC Pre-Lunch Median ppbv 
[range) 

Post-Lunch Median ppbv 
[range] 

p 

Ethanol83 66.2 [51.7 – 71.0] 188.1 [167.9 – 273.4] <0.01 

Methanol 388.7 [340.8 – 434.6] 317.2 [297.8 – 397] 0.10 

Propanol 20.2 [10.7 – 32.0] 18.3 [14.4 – 32.1] 0.94 

Butanol 84.6 [15.7 – 99.8] 41.6 [25.8 – 58.5] 0.22 

Pentanol 39.8 [34.5 – 64.9] 46.6 [38.7 – 66.3] 0.41 

Dimethyl Disulphide 93.7 [24.8 – 101.7] 25.4 [11.2 – 59.6] 0.10 

Hydrogen Sulphide 3.6 [3.2 – 14.0] 1.3 [0.4 – 4.3] 0.20 

Hydrogen Cyanide 16.2 [9.3 – 24.2] 12.0 [6.2 – 16.9] 0.31 

2-AA 1.7 [1.0 – 3.2] 4.3 [2.2 – 6.2] <0.05 

Acetone 823.1 [754.0 – 886.5] 463.6 [396.8 – 517.7] <0.01 

Isoprene 94.7 [85.1 – 140.8] 81.9 [66.9 – 122.1] 0.22 

Ammonia 677.3 [413.0 – 853.0] 411.4 [344.8 – 569.3] 0.06 
Table 4.5.2.2: Median [range] of VOC concentrations in ppbv in five sequentially exhaled breath samples 

taken from a healthy control subject before and after breaking an overnight fast. 

 

 

Figure 4.5.2.3a: Measured VOC concentrations in sequential exhaled breath samples (n=5) taken following 

and overnight fast and thirty minutes after the fast was broken with lunch. Note significant differences in 

ethanol and acetone levels, and a trend towards a difference in levels of detected ammonia. 
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Figure 4.5.2.3b: Measured VOC concentrations in sequential exhaled breath samples (n=5) taken following and overnight fast and thirty minutes after the fast was 

broken with lunch. Note significant difference in 2-AA levels, with an increase noted after consumption of food. 
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4.5.3: Rationale for Next Stage of Assay Development 

This section helped with a fuller understanding of reproducibility and repeatability of SIFT-MS 

measurements of exhaled breath. Furthermore, measured VOC levels were not in the range where 

carryover of signal had previously been noted to be problematic (for butanol and HCN) and no clear 

incremental pattern of rising VOC concentrations was noted in sequential breath samples; an 

example of this is shown by the raw data for the pre- and post-lunch experiment (Table 4.5.3.1). 

Given these findings, I felt that reliability and sensitivity of our SIFT-MS instrument to detect VOCs in 

exhaled breath had been sufficiently established such that the primary aim of this section, to 

determine whether discrimination of Pa status is possible by exhaled breath analysis, could be 

attempted.  

VOC Pre-Lunch (Breaths 1-5)  
ppbv 

Post-Lunch (Breaths 1-5) 
ppbv 

Acetone 886.5 774.3 823.1 845.1 754.0 470.5 517.7 396.8 434.1 463.6 

Ammonia 413.0 853.0 818.2 677.3 503.2 428.1 411.4 569.3 344.8 379.0 

Ethanol 82.6 100.5 100.0 100.2 112.6 310.0 223.8 212.5 200.4 345.2 

Methanol 430.2 388.7 371.1 434.6 340.8 358.8 397.0 297.8 317.2 310.2 

Propanol 20.2 28.5 10.7 14.9 32.0 14.4 15.7 26.2 18.3 32.1 

Butanol 84.6 47.8 99.8 84.9 15.7 44.3 25.8 41.6 58.5 40.3 

Pentanol 39.8 34.5 64.9 56.9 35.0 38.7 46.6 42.7 60.1 66.3 

DMDS 101.7 93.7 96.0 49.6 24.8 59.6 29.7 25.4 11.2 21.1 

HS 3.6 3.6 3.3 3.2 14.0 0.4 1.3 4.3 3.5 0.6 

HCN 9.5 9.3 20.8 24.2 16.2 13.9 12.0 6.2 8.8 16.9 

2-AA 4.2 4.4 3.6 2.0 3.4 9.8 10.7 7.3 6.8 3.8 

Isoprene 128.1 94.7 85.5 140.8 85.1 109.2 122.1 66.9 81.9 69.7 
Table 4.5.3.1: Raw data for five sequential breath samples (taken pre- and post-lunch) analysed using SIFT-
MS. Note that there is no obvious incremental increase in detected concentration in sequential samples for 

any VOC, indicating that concerns about signal carryover are unlikely to have clinical relevance. 

 

  



97 
 

Chapter 5: Exhaled Breath Analysis of CF Patients and Healthy Controls 

5.1: Materials and Methods 

Inpatients and outpatients with a confirmed diagnosis of CF were recruited opportunistically from 

Foulis Ward or the clinics at RBH. Patients were stratified into those with chronic Pa infection 

(CFPa+) and those free of infection (CFPa-) based on Leeds Criteria (440): 

▪ CFPa+: Patients in whom airway culture results were Pa positive for ≥50% of samples 

obtained in the preceding twelve months. 

▪ CFPa-: Included patients falling under Leeds Criteria i) free of Pa (no isolates in the preceding 

year) and ii) never had a positive Pa culture. 

All subjects were required to have had at least four microbiological culture samples (BAL, cough 

swabs or sputum) sent for analysis to the microbiological lab at RBH in the previous twelve months.  

Healthy, non-smoking control subjects were recruited from staff and students at RBH. All 

participants provided written informed consent and the study was approved by the local and 

national ethics committee. A copy of the consent form is included in the Appendix to this thesis. 

Following a fast of at least four hours, each subject provided a single breath sample into a Nalophan 

bag, constructed as described in Section 3.1. This offline sampling of exhaled breath was necessary 

due to concerns about risk of cross-infection of CF patients at two stages: a) whilst waiting to be 

seen, due to lack of individual patient cubicles at the SIFT-MS laboratory facility and b) from the SIFT-

MS instrument itself. RBH has criteria for keeping CFPa+ and CFPa- patients apart by scheduling 

outpatient clinics on different days. Increasing the risk of cross-infection of CF patients for the 

purposes of a research study, when the benefits of segregation are widely accepted (448), was 

deemed unethical. Furthermore, as it has been shown that measured concentrations of VOCs 

collected into secure double thickness Nalophan bags correlate well with online breath samples, 

with better correlation seen when sampling at 37oC, as in this study, rather than at 20oC (384), the 
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benefits to patients of offline sampling outweighed the risks (primarily sample loss in transit) and 

inconvenience of transporting samples across London. 

All inpatient samples were collected at the time patients woke in the mornings, usually around 8am 

with the breakfast trolley, so the period of fasting was considerably longer, and these participants 

were also standardised in terms of not having undertaken physiotherapy overnight or having had 

any nebulised or inhaled therapy prior to providing the sample. It was more difficult to control for 

these possible confounding factors with outpatient samples; 5/29 of these patients came specifically 

to provide exhaled breath and therefore were under the same conditions as the inpatients but, for 

the remaining 24/29, the period of fasting was shorter (although at least four hours in all cases) and 

they had done physiotherapy and taken their morning inhaled and nebulised medications prior to 

providing the sample (at least four hours earlier). It was not considered ethical to ask that these 

treatments be withheld on the day of a clinic appointment as this might have affected clinical 

assessments such as spirometry.  Healthy controls all provided samples at around 8am, so had fasted 

overnight, and none of them were taking regular inhaled or nebulised therapy or undertaking 

vigorous physical exercise before providing the sample. It was not possible to control accurately for 

the volume of exhaled air collected within the bag; use of a pneumotach was considered but felt to 

pose a risk that was unacceptable in terms of increased likelihood of cross-infection. The majority of 

subjects were able to fill the bag to capacity, which was assessed visually and by touch. As VOC 

concentration was reported in ppbv, small differences in the volume of exhaled breath collected 

were unlikely to influence results. Two subjects with severe CF lung disease were unable to fill the 

bag with a single exhalation and, although all bags were inspected for leaks after being filled, some 

samples demonstrated significant loss of volume on visual inspection between time of collection and 

arrival for analysis; in both these situations, samples were discarded.  
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Patient samples were collected either on Foulis Ward or the outpatient clinic whilst healthy controls 

provided samples in the treatment room on Rose Ward. Figure 5.1.1 shows a healthy control subject 

exhaling into a Nalophan bag. Bags were transported in a sealed plastic box at room temperature to 

St. Mary's University Hospital where analysis for 12 VOCs of interest was performed within two 

hours of sample collection as described in Section 3.1. Multiple ion monitoring (MIM) mode was 

used to quantify VOCs in ppbv and full scan (FS) mode used subsequently to ensure that full spectra 

were available for visual analysis of peaks if discrepant results from MIM quantification became 

apparent when the data was reviewed. The rationale behind this is described in Section 2.4.1. 

Analytical chemistry information for the 12 VOCs used in the final analysis and the precursor ions 

used for their quantification are shown in Table 5.1.1. 

 
Figure 5.1.1: Photograph of exhaled breath collection from a control subject into a Nalophan bag. Informed 

consent to reproduce photograph obtained from subject. 
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 Molecular  
Formula 

Precursor ion  m/z Characteristic product ions Ref 

Methanol CH4O H3O+ 33, 51 CH5O+, CH5O+(H2O) (413) 

Ethanol83 C2H6O H3O+ 83 C2H7O+(H2O)2 (413) 

Propanol C3H8O H3O+ 43 C3H7
+ (413) 

Butanol C4H10O H3O+ 57 C4H9
+ (413) 

Pentanol C5H12O H3O+ 71 C5H11
+ (413) 

Dimethyl disulphide C2H6S2 H3O+ 95 C2H6S2H+ (413) 

Hydrogen sulphide H2S H3O+ 35 H3S+ (413) 

Hydrogen cyanide HCN H3O+ 28 H2CN+ (449) 

Ammonia NH3 O2
+ 17, 35 NH3

+, NH3
+(H2O) (413) 

Acetone C3H6O NO+ 88 NO+·C3H6O (413) 

Isoprene C5H8 NO+ 68 C5H8
+ (413) 

2-AA C8H9NO NO+ 135 C8H9NO+ (450) 

Table 5.1.1: Analytical chemistry information of the VOCs analysed in exhaled breath in this study including 
the molecular formula, mass to charge ratio (m/z), the precursor ions, and characteristic product ions used 

for their analysis by SIFT-MS. 

The choice of precursor ions for each VOC of interest was based on results from previous studies 

(414-419) and the SIFT-MS kinetics library that prevents certain combinations of precursor and VOC 

for detection being selected on the basis of pre-existing knowledge about ion chemistry. This 

theoretically ensured that accurate analysis was possible without interference from other VOCs.   

5.2: Statistical Analysis 

As no data was available to inform sample size, recruitment for this part of the study was 

opportunistic. Statistical analysis was performed using SPSS Statistics 21.0 (IBM, USA) and Prism 6.0 

(GraphPad, USA). Subject characteristics were explored using Kruskall-Wallis test (with Dunn's 

multiple comparison test where applicable) for age, body mass index (BMI), FEV1, immunoglobulin E 

(IgE) and specific IgE to Aspergillus fumigatus and 2 test for gender, genotype, pancreatic exocrine 

status, CF-related diabetes (CFRD) and CF liver disease. Mann-Whitney U-test was used to compare 
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concentrations of measured VOCs between 2 groups; comparisons were made between CFPa+ and 

CFPa- patients and between healthy controls and all CF patients.  

All 12 VOCs in the study were incorporated into a binary logistic regression model to discriminate 

between i) CFPa+ and CFPa- and ii) CF patients and healthy controls. Linear combination of VOC 

concentrations was compared to a variable threshold in order to construct a Receiver Operating 

Characteristic (ROC) curve. Binary logistical regression analysis, where the disease condition was the 

dependent variable and VOC concentration the independent variable, was used to obtain optimum 

weights of concentration for each individual VOC providing the maximal area under the curve (AUC) 

value. Using a linear combination of significant VOCs, the predicted probability (p) obtained from the 

binary logistical regression analysis is:  

ln (p/1-p) = coefficientn x VOCn + constant 

This statistical methodology has previously been validated in SIFT-MS studies of VOCs in exhaled 

breath of patients with Crohn’s disease (451) and upper GI cancer (452). 

Graphs of subject characteristics and individual VOCs in this part of the study are shown as Tukey 

box-and-whisker plots. In these, values are plotted as outliers if they are above the 75th centile plus 

1.5 times the interquartile range (IQR) or less than the 25th centile minus 1.5 times the IQR. Whiskers 

are therefore stopped at the largest value less than the sum of the 75th percentile plus 1.5 times the 

IQR or the smallest value minus 1.5 times the IQR.  
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5.3: Results 

5.3.1: Subject Characteristics 

 
111 subjects were recruited opportunistically from patients, students and staff at RBH between 

August 2012 and August 2013. Due to technical difficulties with the SIFT-MS, there was a pause in 

recruitment as no samples could be analysed between September 2012 and January 2013. One 

sample from 8th March 2013 and four samples collected on 10th April 2013 were transported to St. 

Mary's Hospital but could not be used due to VOC measurements and full spectra that appeared 

anomalous, most likely due to headspace above bacterial cultures having earlier been analysed using 

the SIFT-MS, resulting in carryover of signal as discussed in Section 4. Butanol and ethanol levels on 

two samples collected in January 2013 were unusually high (levels not considered physiologically 

possible), thought to be related to use of disinfectants in the lab over the holiday period, and these 

samples were also excluded from the analysis. When such issues became apparent the SIFT-MS was 

flushed by increasing the flow rate of helium carrier gas and allowing the machine to sample room 

air (≥6hrs); only when VOCs returned to expected background levels was any further breath analysis 

attempted. Two subjects with severe CF lung disease were unable to fill a Nalophan bag with a single 

exhalation of breath and these samples were also not analysed. Finally, on reviewing the clinical 

data, two subjects classified as CFPa- were excluded as single growths of Pa were detected in both at 

nine and eleven months prior to sample collection respectively. Therefore, 100 subjects were 

included in the final analysis; there were no significant differences in baseline demographics or 

clinical parameters between CFPa+ and CFPa- patients, aside from in FEV1 which, as expected (453, 

454), was lower in subjects chronically infected with Pa. The only clinical data collected from healthy 

controls was age, BMI and gender; BMI was significantly higher in control subjects compared to 

CFPa+ patients with no other differences apparent between groups.  
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A summary of subject characteristics is shown in Table 5.3.1.1. Figure 5.3.1.1 shows the difference in 

FEV1 between CFPa+ and CFPa- patients and Figure 5.3.1.2 shows BMI across the three groups.  

 CFPa+ (n=44) 
 

CFPa- (n=29) Controls (n=27) p 

Median Age [IQR] 27 [22.3-34] 24 [18.5-32.5] 31 [28-34] 0.12 

Male [%] 19 [43.2] 11 [37.9] 11 [40.7] 0.90 

Median BMI [IQR] 20.8 [18-23.8]* 22.3 [19.8-24] 23 [21.8-26]* <0.05 

p.Phe508del Homozygous [%] 
p.Phe508del Heterozygous [%] 

21 [47.7 
17 [38.6] 

16 [55.2] 
11 [37.9] 

 0.63 

Pancreatic Insufficiency [%] 40 26  0.86 

CFRD [%] 17 [38.6] 10 [34.5]  0.72 

Liver Disease [%] 8 [18.2] 7 [24.1]  0.54 

Median FEV1 [IQR] 45 [28.3-61.8] 57 [46.0-74.5]  <0.05 

Median IgE [IQR] 37 [8.3-187.5] 76 [30.5-380]  0.16 

Median Aspergillus IgE [IQR] 0.46 [0.05-4.3] 0.36 [0.65-7.8]  0.73 

Median % Water Levels in 
Exhaled Breath [IQR] 

4.2 [3.8 – 5.1] 4.5 [3.8 – 4.9] 4.3 [3.7 – 5.0] 0.84 

Table 5.3.1.1: Subject characteristics of 100 participants who provided exhaled breath samples for analysis 

using SIFT-MS. CF-related liver disease was defined as abnormal ultrasound scan with independent physician 

decision to treat with ursodeoxycholic acid therapy ± deranged LFTs. No patients had LFTs ≥3x the normal 

range or fulminant liver disease.  

 * indicates the groups across which a significant difference was evident using Dunn's multiple comparison 

test. 

 

 

Figure 5.3.1.1: Box-and-whisker plot 

(Tukey) showing significant reduction 

in % predicted FEV1 in CFPa+ subjects 

compared to CFPa- subjects (p <0.05). 
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In the CFPa- group, the median [IQR] number of culture samples (BAL, sputum or cough swabs) 

negative for Pa growth over the preceding 12 months was 8 [5-11]. Going back further, the median 

[IQR] of negative samples in this group was  18 [14-38]; one non-expectorating patient had no 

sputum samples on the hospital electronic database but 20 cough swabs negative for Pa. 4/27 of the 

CFPa- subjects had no pathogen growth in the preceding twelve months; the other patients in this 

group isolated a number of other organisms including bacteria (Staphylococcus aureus, methicillin 

resistant Staphylococcus aureus, Stenotrophomonas maltophilia and Haemophilus influenzae), fungi 

(Aspergillus fumigatus, Candida albicans and Scedosporium apiospermum) and non-tuberculous 

mycobacteria (NTM; Mycobacterium avium-intracellulare and Mycobacterium abscessus).  For the 

CFPa+ group, the median [IQR] of culture samples in the year prior to the breath sample was 9 [7 – 

17]. Both mucoid and non-mucoid strains were isolated from 24 (54.5%) patients, non-mucoid 

strains alone from 14 patients (31.8%) and mucoid strains alone from 6 patients (13.6%). Subgroup 

analysis of mucoid compared with non-mucoid VOC profiles were not done as the numbers were too 

small to interpret with confidence. There was no statistically significant difference in FEV1 between 

subjects only growing mucoid or non-mucoid Pa (median [IQR] % FEV1 56.5 [23.5 – 76.5] vs. 40.5 

[22.5 – 62.5], p = 0.483).  

Figure 5.3.1.2: Box-and-whisker plot 

(Tukey) showing significant reduction 

in BMI in CFPa+ subjects compared to 

healthy controls (p <0.05) 
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5.3.2: Full Scan Analysis 

Full scan analysis of all samples was performed after quantification of VOCs in MIM mode in order to 

identify the presence of various compounds in exhaled breath. This was a quality control measure 

that allowed complete spectra to be reviewed if concerns arose in subsequent data analysis 

regarding accuracy of measurements in MIM mode. A representative example of a spectrum from a 

CF patient is shown in Figure 5.3.2.1. 

Figure 5.3.2.1: Full scan spectra of exhaled breath from a CF patient analysed using (a) H3O+ precursor ion, 
(b) NO+ precursor ion and (c) O2

+ precursor ion. The individual characteristic product ions and their hydrates 
were assigned to the analysed molecules. In (a), m/z 19, 37, 55 and 73 are H3O+ (H2O) 0, 1, 2, 3; m/z 33, 51 is 
methanol; m/z 47 is ethanol; m/z 43 is propanol; m/z 57 is butanol; m/z 71 is pentanol; m/z 35 is hydrogen 
sulphide; m/z 28 is hydrogen cyanide; dimethyl disulphide was not detected in this sample, m/z 95. In (b) 
m/z 30, 48, 66 and 84 are NO+ (H2O) 0, 1, 2, 3; m/z 68 is isoprene; m/z 88 is acetone; m/z 135 is 2-AA. In (c) 

m/z 32, 50, 68 are O2
+ (H2O); m/z 17, 35 are ammonia. (c/s = counts per second). 
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5.3.3: Heatmap 

The concentration of each VOC detected in every subject, expressed as a percentage of the highest recorded value, is shown in Figure 5.3.3.1. High 

concentrations are shown on the heatmap in red with low concentrations in green, as indicated by the adjacent key.  

 

 

 

 

 

 

 

Figure 5.3.3.1: Heatmap showing VOC concentrations for each subject (n=100). The highest concentration of a particular VOC across the entire group is considered as 
100% (signified by the darkest shade of red). Concentrations in all other subjects are shown as a proportion of this maximum value, with lowest readings in dark green 

(0%), as shown in the adjacent key.  

Each column represents the VOC profile of each individual subject. If there was definite separation in any VOC across the groups, it would be expected that large blocks 
of red would coalesce in one of the groups (CFPa+ for example) with large blocks of green under the others. This would be seen, for example, if BALF neutrophils were 

being depicted in a similar way for these three subject groups. That no clear separation of red and green is seen for any VOC demonstrates that, although a signal might 
be present, there is marked overlap between groups and no single VOC from those measured here can be used clinically as a biomarker for Pa infection.  
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5.3.4: CFPa+ vs. CFPa- 

Significant differences were noted in 3 of the 12 measured VOCs according to Pa status of CF 

patients. Dimethyl disulphide (p < 0.05) and 2-AA (p<0.001) were significantly higher in the CFPa+ 

group whilst butanol (p < 0.01) was lower. No difference was detected in HCN or any of the other 

measured VOCs. These results are summarised in Table 5.3.4.1. Box-and-whisker plots (Tukey) of the 

VOCs that differed between groups and of HCN are shown in Figure 5.3.4.1.  

VOC 
 

CFPa+ (n=44) CFPa- (n=29) p 

Ethanol83 171.8 [106.5 – 392.0] 181.2 [121.2 – 328.3] 0.782 

Methanol 267.2 [209.1 – 328.4] 288.9 [208.9 – 349.9] 0.289 

Propanol 145.5 [67.3 – 207.6] 87.1 [47.4 – 188.6] 0.136 

Butanol 40.4 [26.3 – 79.3] 91.0 [41.2 – 181.4] <0.01 

Pentanol 47.6 [31.3 – 69.2] 46.3 [33.3 – 56.7] 0.359 

Dimethyl Disulphide 81.1 [42.0 – 149.6] 51.9 [26.2 – 88.9] <0.05 

Hydrogen Sulphide 1.0 [0.4 – 2.7] 1.7 [0.3 – 3.8] 0.608 

Hydrogen Cyanide 9.0 [5.5 – 12.8] 10.1 [6.2 – 12.9] 0.869 

2-AA (NO) 3.6 [1.2 – 6.0] 1.8 [0.0 – 3.3] <0.001 

Acetone (NO) 270.0 [164.0 – 360.6] 232.2 [167.4 – 309.2] 0.324 

Ammonia (O2) 321.7 [147.8 – 541.2] 364.2 [192.3 – 623.2] 0.585 

Isoprene (NO) 91.2 [64.8 – 141.8] 73.8 [57.6 – 192.7] 0.710 
Table 5.3.4.1: Median [IQR] of 12 VOCs in ppbv measured in the exhaled breath of CF patients with (CFPa+) 

and free (CFPa-) of Pa infection; p values calculated using the Mann-Whitney U test. 

 
A subgroup analysis of CFPa- patients was undertaken to see whether VOC profile was affected by 

being on chronic suppressive therapy (nebulised Colomycin, Tobramycin or Aztreonam). This was to 

help determine whether differences seen in CFPa+ subjects might be attributable to the effects of 

inhaled treatment rather than Pa infection itself. Ten patients were not receiving nebulised 

treatment, all of whom had not Pa isolated for at least two years, whilst nineteen patients were 

having regular nebulised therapy. VOC profile did not differ across these groups although FEV1 was 

lower in the group receiving nebulised therapy. Median [IQR] % FEV1 was 74.0 [50.1 – 89.5] in 

patients not receiving nebulised treatment compared to 53.0 [35.0 – 61.0], p < 0.05, in subjects on 

nebulised therapy. These findings are summarised in Table 5.3.4.2 and Figure 5.3.4.2. 
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Figure 5.3.4.1: Box-and-whisker plots (Tukey) demonstrating statistically significant but clinically 

unimportant differences in butanol, dimethyl disulphide and 2-AA in the exhaled breath of CFPa+ and CFPa- 

patients. No difference is demonstrated in mouth-exhaled hydrogen cyanide (HCN) between the groups. 

 

VOC 
 

No Nebulised Therapy 
(n=10) 

On Nebulised Therapy 
(n=19) 

p 

Ethanol83 188.3 [149.7 – 381.2] 168.9 [114.8 – 305.3] 0.437 

Methanol 282.7 [192.9 – 349.0] 288.9 [211.0 – 353.5] 0.500 

Propanol 80.2 [46.2 – 274.9] 91.3 [43.7 – 173.6] 0.910 

Butanol 43.5 [35.8 – 97.8] 98 [55.3 – 198.4] 0.167 

Pentanol 49.0 [35.2 – 52.1] 45.6 [25.0 – 58.9] 0.372 

Dimethyl Disulphide 67.8 [46.0 – 111.7] 36.2 [22.7 – 69.7] 0.112 

Hydrogen Sulphide 1.6 [0.4 – 3.7] 1.8 [0.0 – 4.2] 0.847 

Hydrogen Cyanide 9.6 [6.9 – 13.1] 10.2 [5.3 – 13.1] 0.990 

2-AA (NO) 1.5 [0.0 – 3.6] 1.8 [0.0 – 3.0] 0.864 

Acetone (NO) 282.0 [195.3 – 327.8] 225.3 [167.5 – 307.3] 0.406 

Ammonia (O2) 287.4 [168.6 – 484.9] 373 [194.4 – 631.3] 0.367 

Isoprene (NO) 72.8 [55.7 – 97.1] 96.5 [58.3 – 208.7] 0.417 
Table 5.3.4.2: Median [IQR] of 12 VOCs in ppbv in exhaled breath of CF patients free of Pa infection (CFPa-) 

who were either not on any anti-Pa therapy (n=10) or were receiving regular nebulised treatment (n=19). No 

difference in any of the 12 VOCs was demonstrated; p values calculated using Mann-Whitney U test. 
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Figure 5.3.4.2: Box-and-whisker plot (Tukey) showing significantly lower FEV1 in CFPa- patients receiving 
nebulised therapy (p <0.05). This is expected as subjects with more severe disease are more likely to be kept 

on chronic suppressive therapy despite the increased treatment burden. 

 

A diagnostic prediction model (ROC analysis) constructed using binary regression of butanol, 2-AA 

and dimethyl disulphide (the three VOCs that differed significantly across the groups) gave an AUC of 

0.774 (95% Confidence Interval (CI) 0.667 – 0.882) with a sensitivity and specificity of 0.828 and 

0.649 respectively. AUC was higher if all 12 analysed VOCs were used in the diagnostic prediction 

model at 0.842 (95% CI 0.753 – 0.930) with a sensitivity of 0.828 and specificity of 0.705. The ROC 

curves are shown in Figures 5.3.4.3a and 5.3.4.3b.  

Figure 5.3.4.3a (left) and 5.3.4.3b (right):  ROC curves for CFPa+ vs. CFPa- patients with (a) only the three 
VOCs (2-AA, butanol and dimethyl disulphide) that were significantly different between groups and (b) with 

all 12 analysed VOCs used in the binary regression model. 
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FEV1 was the only clinical parameter that differed between CFPa+ and CFPa- groups (p < 0.05). Linear 

regression analysis, assessing influence of FEV1 on VOC concentrations, demonstrated that, although 

propanol and dimethyl disulphide correlated with FEV1, r2 values were extremely low (0.066 and 

0.097 respectively), suggesting that FEV1 was unlikely to be confounding these results. 
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5.3.5: CF Patients vs. Healthy Controls 

Though not the primary focus of this study, exhaled breath from CF patients, irrespective of Pa 

status, and healthy controls was also compared as, although a new diagnostic test for CF is not 

required, any differences in breath profile between CF patients and healthy controls might provide 

information about underlying pathological mechanisms in CF. 4 out of the 12 quantified VOCs were 

significantly different; isoprene and pentanol were both increased (both p < 0.05) in CF patients 

whilst acetone (p < 0.01) and hydrogen sulphide (p < 0.05) were lower in CF patients compared with 

healthy controls. These results are summarised in Table 5.3.5.1. Box-and-whisker plots (Tukey) of the 

VOCs that differed between CF patients and healthy controls are shown in Figure 5.3.5.1. 

VOC 
 

CF (n=73)  Controls (n=27) p 

Ethanol83 177.2 [111.6 – 352.4] 145.3 [97.6 – 224.4] 0.185 

Methanol 275.2 [209.6 – 335.4] 294.3 [239.2 – 424.2] 0.230 

Propanol 126.1 [54.0 – 201.5] 112.4 [46.8 – 201.3] 0.672 

Butanol 55.7 [29.0 – 101.8] 41.0 [26.2 – 139.7] 0.856 

Pentanol 46.4 [32.5 – 62.7] 36.4 [22.0 – 50.4] <0.05 

Dimethyl Disulphide 63.1 [35.5 – 120.2] 73.5 [38.2 – 120.2] 0.744 

Hydrogen Sulphide 1.2 [0.4 – 3.1] 2.6 [0.8 – 6.8] <0.05 

Hydrogen Cyanide 10 [5.6 – 12.7] 7.1 [4.6 – 12.7] 0.156 

2-AA (NO) 2.9 [0.9 – 4.9] 2.5 [1.1 – 5.7] 0.968 

Acetone (NO) 258.6 [167.4 – 328.6] 341.7 [236.9 – 572.1] <0.01 

Ammonia (O2) 340.6 [189.1 – 585.1] 432.7 [332.4 – 522.8] 0.058 

Isoprene (NO) 88.2 [58.5 – 151.0] 74.1 [50.0 – 89.3] <0.05 
Table 5.3.5.1: Median [IQR] of 12 VOCs in ppbv measured in exhaled breath of CF patients and healthy 

controls; p values calculated using Mann-Whitney U test. 
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 Figure 5.3.5.1: Box-and-whiskey plots (Tukey) demonstrating significant differences in acetone, hydrogen 
sulphide, isoprene and pentanol in the exhaled breath of CF patients and healthy controls. 

 

ROC analysis using only the 4 VOCs that were statistically different across the two groups gave an 

AUC of 0.811 (95% CI 0.725 – 0.897), with sensitivity of 0.852 and specificity of 0.671. If all 12 VOCs 

were used in the diagnostic prediction model, discrimination was again superior; AUC increased to 

0.884 (95% CI 0.809 – 0.959), with sensitivity of 0.815 and specificity of 0.877. The ROC curves are 

shown in Figures 5.3.5.2a and 5.3.5.2b.  
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Figure 5.3.5.2a (left) and 5.3.5.2b (right):  ROC curves of healthy controls vs. CF patients with (a) only the 
four VOCs (acetone, hydrogen sulphide, isoprene and pentanol) that were significantly different between 

groups and (b) with all 12 analysed VOCs used in the binary regression model. 

 
Of possible confounders, BMI was significantly different lower in CFPa+ patients when compared 

with healthy controls (p < 0.05) on univariate analysis. When BMI of all CF patients in the study was 

compared to that of healthy controls, it was significantly lower (p < 0.05). No significant differences 

were found between the CFPa- patients and control subjects. Linear regression analysis to 

investigate influence of BMI on VOC concentration demonstrated that there was no direct 

correlation of any single VOC with BMI. 
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5.3.6: Exacerbating CF Patients vs. Stable CF Patients 

Post-hoc comparison of CF patients who were exacerbating or stable, regardless of Pa status, was 

also undertaken. Classification of these groups was: 

▪ Exacerbating: Patients experiencing a physician-diagnosed increase in pulmonary symptoms 

(n=43). These patients had been admitted to Foulis Ward and were receiving intravenous 

antibiotics; unfortunately the day of treatment could not be standardised as this was a post-

hoc analysis. For any future study, VOC profile would be measured at pre-defined times 

during an exacerbation (for example, admission, day 7 and day 14 of treatment). 

▪ Stable: Patients who attended hospital specifically to provide an exhaled breath sample 

(n=5) or outpatients recruited opportunistically from the CF clinic (n=25) who did not require 

an immediate emergency admission for an increase in symptoms.  

Significant differences were seen in ethanol83 (p < 0.05), HCN, 2-AA and isoprene (all p < 0.01). This 

is summarised in Table 5.3.6.1 (overleaf). Box-and-whisker plots (Tukey) of the VOCs that differed 

between exacerbating and stable patients are shown in Figure 5.3.6.1. The most striking difference 

was in exhaled isoprene (p < 0.001), which was lower in non-exacerbating patients. However, there 

was no difference in isoprene when stable CF patients and healthy controls were compared 

suggesting that differences observed previously between all CF patients and healthy controls 

(Section 5.3.5) was mainly attributable to the exacerbating CF patients. Detecting differences 

between exacerbating and stable CF patients was not a primary outcome measure of this work and 

confounding factors, such as effects of treatment, exist as a consequence. Data should therefore be 

interpreted with caution in the absence of a well-designed prospective study.  
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VOC 
 

Exacerbating (n=43) Stable (n=30) p 

Ethanol83 145.6 [87.5 – 261.3] 202.1 [125.6 – 388.6] <0.05 

Methanol 276.4 [217.9 – 346.9] 267.2 [197.2 – 322.6] 0.334 

Propanol 149.3 [78.0 – 211.4] 87.1 [50.4 – 169.1] 0.060 

Butanol 49.4 [26.1 – 114.3] 55.9 [33.3 – 91.1] 0.652 

Pentanol 45.6 [29.0 – 59.4] 49.8 [35.3 – 64.9] 0.229 

Dimethyl Disulphide 85.3 [36.2 – 186.9] 56.3 [28.5 – 80.0] 0.063 

Hydrogen Sulphide 1.7 [0.7 – 3.0] 1.0 [0.3 – 3.2] 0.305 

Hydrogen Cyanide 7.8 [4.8 – 11.9] 11.4 [9.1 – 14.3] <0.01 

2-AA (NO) 3.7 [2.2 – 5.6] 1.1 [0.5 – 2.9] <0.001 

Acetone (NO) 231.3 [161.1 – 309.8] 292.2 [210.7 – 364.4] 0.061 

Ammonia (O2) 306.8 [194.4 – 634.8] 356.8 [169.9 – 448.5] 0.349 

Isoprene (NO) 108.0 [84.3 – 208.7] 64.0 [47.5 – 88.2] <0.001 
Table 5.3.6.1: Median [IQR] of 12 VOCs in ppbv measured in exhaled breath of exacerbating and stable CF 

patients; p values calculated using Mann-Whitney U test. 

 

Figure 5.3.6.1: Box-and-whiskey plots (Tukey) demonstrating significant differences in ethanol, hydrogen 

cyanide, 2-AA and isoprene in the exhaled breath of exacerbating and stable CF patients. 
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Chapter 6: Discussion 

The ultimate aim of the experimental work in Part I was to determine whether SIFT-MS could 

differentiate between subjects on the basis of Pa status. However, several concerns became 

apparent during the period when I was trying to become familiar with the technology which needed 

to be addressed prior to commencing recruitment and which require further discussion.  

6.1: Pilot Sputum Study 

The pilot study was undertaken to ensure familiarity with SIFT-MS and the protocol for collection 

and analysis of samples in Nalophan bags and also to determine whether previously published work 

could be replicated using the instrument available in our facility. The most important finding of this 

study was that HCN was not detected above Pa sputum, which meant bacterial culture experiments 

were devised to ensure that this was not due to instrument malfunction. 

Pilot data differed significantly from the work of Carroll et al (380) despite the only discernible 

difference in methodology being the volume of the Nalophan bags in which agar plates were 

incubated (200mls vs. 2000mls). In Carroll’s study, headspace ammonia was 0-760 ppbv above 

sterile PSA plates (n=4) and 850-18840 ppbv above Pa-positive sputum (n=9) whilst HCN was 

undetectable above sterile plates and levels were as high as 3540 ppbv above the Pa cultured 

sputum, although levels were zero above two of the nine samples. It has been demonstrated that 

cyanogenesis by Pa differs according to strain (367) but all strains (n=26) in a SIFT-MS study of 

headspace produced at least 15 ppbv (IQR 30 – 1327 ppbv) after 48hrs incubation on blood agar 

(382). There was a non-significant trend towards non-mucoid strains producing more HCN. Although 

it is possible that all thirteen sputa in my pilot study only contained mucoid Pa, coming as they did 

from chronically infected adult patients, it is extremely unlikely that all of these strains produced no 

HCN whatsoever, such that no difference was apparent when headspace above cultured sputa was 

compared to that above blank plates. This raised concerns about the ability of our SIFT-MS (which to 

my knowledge was identical and set up in the same way to those in the literature) to accurately 
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detect HCN. In retrospect, I would have utilised Pa isolated from these sputa for bacterial culture 

experiments, as described in Section 4.2, to see whether this made a difference to detected levels 

but samples were no longer available in the clinical microbiology lab at RBH by the time I had 

concerns that there might be a detection issue; this is a weakness of my assay development 

experimental methodology. 

In addition to low HCN, levels of sputum headspace 2-AA were also negligible in my pilot study. 

Concentrations were around the SIFT-MS detection limit of 1 ppbv and no difference was noted 

between the headspace above blank PSA plates and those containing sputa. In a previous study that 

used GC-MS to detect VOCs, 2-AA was produced by all twenty clinical isolates of Pa that were 

cultured in liquid media (362) at significantly higher levels than that detected here by SIFT-MS. 

Although the production of 2-AA by Pa, like HCN, appears to be strain specific (381) and there were 

differences in experimental methodology (quantification performed using GC-MS that has a pre-

concentration step rather than SIFT-MS being the most obvious), these factors alone are unlikely to 

be responsible for such large discrepancies. A more recent study investigating production of 2-AA 

above Pa cultures using SIFT-MS (455) detected levels that were of similar magnitude to that seen in 

my pilot work (range 0.1 – 13.8 ppbv) and concurred that levels varied according to Pa strain; this 

group were also unable to explain why detected levels were much lower than previously published.  

In general, SIFT-MS studies aiming to identify volatile fingerprints have focused on VOCs that might 

be produced during Pa metabolism. A novel finding of my pilot study is that several compounds were 

significantly lower in the headspace above cultured Pa sputum, suggesting consumption (or 

inhibition of a production pathway) rather than production itself. Most striking was the observation 

that median butanol in the headspace above Pa sputa was 0 ppbv vs. 13.5 ppbv above blank PSA 

plates (p < 0.05) and was undetectable above 7/13 (54%) sputum samples. Although there are no 

published data for P. aeruginosa, another Pseudomonas strain, P. butanovara, expresses two 

butanol dehydrogenases (456, 457) that allow butanol to be utilised as a metabolic substrate (457, 
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458). This provides a plausible physiological explanation for this reduction in butanol, which has also 

been reported in a secondary electrospray ionisation mass spectrometry (SESI-MS) study; a relative 

lack of butanol was seen in association with Pa cultures when compared to other species including 

Salmonella typhimurium and Escherichia coli (408). Counter to this is GC-MS work suggesting 

production of butanol in cases of ventilator-associated Pa pneumonia, albeit at a far slower rate 

than respiratory infections caused by other bacterial species (394). Levels of butanol in that study 

were minute and detection only occurred after 24hrs. There are no reports in the literature of 

butanol production by human hosts but environmental contamination is a possible source of the 

butanol that was seen; it is used in the manufacture of pharmaceuticals, occurs naturally in lentils 

and pulses and has been reported as contributing to apple and pear aromas  (459). Although no 

consensus can be reached from the literature regarding butanol, further experiments to determine 

SIFT-MS detection capacity for butanol were devised due to the striking finding of undetectable 

butanol in over 50% of samples from my pilot data and also due to later concerns about the 

potential effects of signal carryover.  

Acetaldehyde was also reduced in the headspace above plated Pa sputa. Although consumption of 

this by Pa has been described in the literature (394) production by bacterial pathogens, including Pa 

(albeit to a lesser degree than other organisms), has also been demonstrated (400). Acetaldehyde is 

an intermediate in the metabolic pathway for ethanol, as shown in Figure 6.1.1, indicating that both 

host and environment could affect levels in exhaled breath. For this reason, it was not taken forward 

into the final diagnostic prediction model although I did measure it in all subjects in the final exhaled 

breath study; no differences were demonstrated according to Pa status or between CF and healthy 

controls (data not shown). 

Figure 6.1.1: Human metabolic pathway for ethanol 
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Reduction in pentanol has not previously been associated with the presence of Pa. Levels detected 

in my pilot study were low and there was significant overlap between groups. In view of this, the 

relatively small number of samples in the study and the fact that pentanol contamination might 

occur from environmental sources (cleaning products, polishes), the robustness of finding reduced 

levels in association with Pa is questionable. However, it is thought that alcohols such as pentanol, 

methanol and propanol are more prominently (but not exclusively) produced by Escherichia coli 

(which is not a common CF pathogen) (460) and there are no reports of it being produced by human 

metabolism. Hence, although pentanol might not be a specific marker of Pa infection per se, 

quantification of this (and other alcohol groups) might still be of use in distinguishing Pa from other 

infections through different VOC fingerprints. For these reasons, alcohols were taken forward into 

ongoing breath experiments and incorporated into my diagnostic prediction model. 

Methylphenol was the fourth compound that was significantly reduced in the headspace above Pa 

sputa. Methylphenol is a derivative of phenol which is produced endogenously from aromatic amino 

acid metabolism and found in drinking water, foods and is used in manufacturing (461). There are no 

reports in the literature indicating either production or consumption of this VOC by Pa (or other 

bacterial species). As levels were so low, which would potentially make measurements much more 

sensitive to the effects of contamination from the environment (where methylphenol is 

widespread), I considered other VOCs to be of more relevance and it was not used for ongoing work. 

In summary, the pilot data highlighted that VOC consumption as well as production might be useful 

in establishing a fingerprint for the presence of Pa. This helped guide selection of VOCs for later 

breath work but, before this could be commenced, concerns about the integrity of our SIFT-MS 

instrument had to be addressed. These arose because HCN, which according to the existing body of 

literature is the most promising biomarker for Pa infection, was not significantly increased in the 

headspace above Pa sputum compared to headspace above blank PSA plates.  
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6.2: Bacterial Culture Experiments – Solid and Liquid Media 

Only low levels of HCN and 2-AA, the two VOCs most associated with Pa infection in the literature, 

were detected during my pilot study. Bacterial culture experiments were thus performed to 

demonstrate whether our SIFT-MS machine could accurately detect these compounds. Measured 

HCN correlated with expected quantities, based on pre-existing knowledge of capacity for HCN 

production by strain, when three strains were cultured on solid media and also with degree of 

change in cyanide detection paper. This confirmed detection capability of our instrument, although 

absolute levels of HCN being detected remained lower than in previous studies of headspace above 

Pa cultures on solid media (382). By culturing Pa in liquid media, larger quantities of HCN, 2-AA and 

ammonia were detected in headspace with strain-dependent differences again observed. Although 

this indicates that presence of Pa in vitro can be demonstrated using our SIFT-MS instrument, a 

concern is that high VOC concentrations are able to flood the system and that carryover of signal 

occurs. This was seen with HCN and when the headspace above laboratory-grade butanol was 

sampled; although a standard curve was achieved in the latter experiment, suggesting accurate 

quantification, it was evident that headspace concentrations in each sequential control sample were 

increasing. The study on headspace above CF sputum that used a similar methodology to my pilot 

sputum study (380) does not indicate whether samples were analysed sequentially according to type 

(sterile vs. upper respiratory tract flora vs. Pa), or whether they were run in random order, and how 

much time elapsed between running each sample. From the data, it is likely that samples in that 

study were separated by sample type as all sterile plates had no HCN detected and, had these been 

run in random order following large quantities of HCN being detected previously, some degree of 

signal would be expected unless there was a substantial washout period between samples. For this 

reason, although my data from bacterial cultures supports the conclusion by Carroll that >100ppb 

HCN is highly specific as a biomarker for Pa growth, I have methodological concerns about that study 

and comparability to my pilot data should not be assumed. These results were not considered to 

have problematic implications for HCN and butanol as non-invasive biomarkers for Pa infection as 
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quantities reported in exhaled breath are far lower than that above bacteria (378, 384, 385, 419, 

462) and the likelihood of carryover between samples was therefore not felt to be significant, 

although was still looked for in all subsequent work. 

2-AA contributes to the characteristic odour of Pa (361). It has previously been readily detected in 

the headspace above Pa cultures using GC-MS but not SIFT-MS (362, 455) for reasons that remain 

unclear but may be related to differences in production according to Pa genotype and phenotype 

(390, 455) and experimental methodology. GC-MS has quantified 2-AA at up to one million ppbv in 

headspace above liquid cultures (362); the magnitude of the difference between this and what was 

detected in my experiments suggests that strain-specific differences in production are unlikely to be 

accountable and that the pre-concentration step required for GC-MS analysis is more likely to be 

responsible. Data from my bacterial cultures (Section 4.3.2) are inconsistent but show some 

similarities to that reported in the SIFT-MS literature (455). There was a significant difference in 

headspace 2-AA above cultured PA14 (but not two other strains of Pa) compared with sterile TSB, 

with levels comparable to two of three previously published studies. However, levels were far higher 

in a second experiment where no difference was seen between headspace above PA12B-4973 and 

sterile TSB. These findings are summarised in Table 6.2.1.  

Experiment/Reference 
 

Pa 2-AA  
(Median [range] ppbv) 

Controls 2-AA  
(Median [range] ppbv) 

1: PA14 
2: PA12B-4973 

10.9 [9.9 – 14.4] 
44.2 [35.0 – 71.4] 

6.6 [5.1 – 9.4]* 
36.3 [16.1 – 49.3] 

Gilchrist (455) 1.8 [0.1 – 13.8] <0.5 

Shestivska (381) < 14  

Thorn (409) 1.06 – 1.38  
Table 6.2.1: Magnitude of 2-AA detection using SIFT-MS in bacterial culture 

experiments compared to previous headspace analysis studies using SIFT-MS 
*indicates significant difference between two groups. 

 
PA12B-4973 and control headspace data was of concern given the magnitude of 2-AA detection; it 

was around this time that other users of our SIFT-MS instrument reported inconsistencies with their 

results. A full service of the instrument was subsequently undertaken (Section 3.3) after which time 

background levels of 2-AA normalised and exhaled breath studies could commence. 
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6.3: Repeatability and Reproducibility of Exhaled Breath Analysis using SIFT-MS 

With capacity for our SIFT-MS to detect several VOCs of interest established, accuracy of repeated 

measurements required investigation prior to recruitment of subjects for breath analysis. Key 

findings from this section are: i) there is significant individual breath-to-breath variability for some 

VOCs which is marked for some trace compounds such as 2-AA and hydrogen sulphide but lower for 

more abundant compounds such as acetone, ii) breath-to-breath variability also varies daily, as 

shown by wide range of CoVs measured on different days for some VOCs (for example, 22.1 – 92.7% 

for 2-AA) and iii) some VOC measurements are highly repeatable on any individual day but disparity 

exists in measured quantities from day-to-day, as shown in Figure 4.5.2. Understanding biological 

mechanisms for breath-to-breath and day-to-day variation in individual subjects is difficult given the 

complexity of human metabolism and it is unlikely that these processes could be modified for tighter 

standardisation of breath collection. However, there is accumulating evidence that there are diurnal 

variations in hormone secretion (463-465) which may differ between individuals and it is conceivable 

that these might affect exhaled breath profile. Furthermore, oral contamination of exhaled breath 

analysed using SIFT-MS has previously been described (387) and the potential of EBC in non-invasive 

diagnosis has also been hampered by concerns about contamination from the mouth, GI tract and 

nose (466, 467). For these reasons, sampling for repeatability and reproducibility was undertaken 

following overnight fast with breath collected between 8 and 9am but day-to-day variability 

persisted despite these measures. The impact of food ingestion on breath profile is demonstrated by 

repeatability testing pre- and post-lunch following an overnight fast, with significant increases in 

ethanol83 and 2-AA, found in foods such as bread, fizzy drinks and corn chips (364, 468), all of which 

were consumed prior to post-fast breath sampling. Acetone was noted to be significantly lower after 

breaking the fast, likely due to reduction in ketogenesis; this has previously been reported following 

oral glucose tolerance testing (469). Finally, there was a trend towards reduced ammonia (p = 0.06) 

when an overnight fast was broken; this can be explained by studies that demonstrate significant 
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correlation of plasma ammonia with glucagon (470), the hormone responsible for raising glucose 

concentrations in the bloodstream, which becomes elevated during a fasting state.  

In view of circadian differences in metabolism and differences before and after fasting, for which 

there are plausible biological mechanisms, breath samples from all inpatients and control subjects in 

the exhaled breath analysis study were collected in the morning following an overnight fast to 

ensure a degree of standardisation. Outpatient sampling could not be performed identically as adult 

CF clinics at RBH take place in the afternoon. All outpatients were also fasted for at least four hours 

but 24/29 of these samples were taken i) in a different part of the hospital, ii) at a different time of 

day and iii) after routine treatments such as physiotherapy and inhaled antibiotics and 

corticosteroids, all of which had potential to be confounding if inpatients (exacerbating) and 

outpatients (stable) were compared. Detecting differences in VOC profile between these two groups 

was not a primary outcome of the exhaled breath study and hence the post-hoc analysis (Section 

5.3.6) was considered hypothesis-generating rather than definitive. 

In summary, it is evident that significant intra-subject variability exists when measuring exhaled 

VOCs in breath of healthy control subjects. This is a concern as gold standard medical investigations 

should be sensitive, specific and reproducible. However, the ultimate aim of this work was to 

distinguish between patients with and without infection on the basis of volatiles either being 

produced or consumed by Pa. The expectation was that differences between infected and non-

infected patients would be sufficiently significant (when a number of VOCs were combined) such 

that, even with a high degree of individual breath-to-breath variability, differences would remain 

apparent. For example, median CoV of HCN in my data was 19.8%; on the basis of previous work, 

children with asthma had lower exhaled HCN than those with CF and Pa infection (median ppbv 

[IQR] 2.0 [0.0 – 4.8] vs. 13.5 [8.1 – 16.5]) and, even with 19.8% variability, differences in that study 

would have remained apparent, as there was clear separation between groups (378). For this 

reason, it was deemed appropriate at this juncture to begin patient recruitment. Ideally, I would also 
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have liked to undertake repeatability and reproducibility experiments in CF patients; due to 

previously described logistical issues and concerns about infection control, as well as difficulties for 

patients with severe lung disease to provide more than one exhaled breath sample, this was not 

done and is another relative weakness of this study.   

6.4: Exhaled Breath Analysis of CF Patients and Healthy Controls 

The exhaled breath analysis data demonstrates proof-of-concept that a signal is present in exhaled 

breath that differentiates CF patients according to Pa infection status. It is the most comprehensive 

breath profiling study in CF patients to date. VOCs were selected for analysis based on the pilot 

sputum study, their presence in exhaled breath of the general population and previously reported 

associations with bacterial infections and oxidative stress (390, 413, 415, 416, 462, 471, 472).  

Amongst analysed VOCs, 2-AA, dimethyl disulphide and butanol differed across CFPa+ and CFPa- 

groups but with considerable overlap suggesting that, on an individual patient basis, none of these 

VOCs alone are accurate biomarkers of infection and that single VOCs are only useful for inter-group 

analyses. The heatmap (Figure 5.3.3.1) shows all 100 subjects and, whilst clustering occurs across 

subject groups for some VOCs, complete separation is not apparent in any column, indicating that 

none of the VOCs individually are likely to be pathognomonic biomarkers. When combined in a 

diagnostic prediction model, the twelve VOCs discriminate between CFPa+ and CFPa- with a 

sensitivity and specificity of 0.828 and 0.705 respectively. Whilst encouraging, with sensitivity for Pa 

greater than oropharyngeal culture (473, 474), this does not compare favourably to the [13C] urea 

breath test that is used clinically to diagnosed Helicobacter pylori infection, which has a sensitivity of 

93.8% and specificity of 99.1% in children (475). It is possible that adding other VOCs to this "Pa 

fingerprint" might increase discriminatory capacity to a more clinically useful level or that improving 

SIFT-MS sensitivity (several VOCs in this study including 2-AA and HCN are trace compounds found at 

levels around the current detection limit of 1ppbv) may amplify differences; recent work has 

demonstrated detection in the parts-per-trillion range is now achievable with SIFT-MS (476). 
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As previously discussed, 2-AA is readily detected above bacterial cultures with GC-MS but results 

have been variable with SIFT-MS (362, 455). It has also been detected in exhaled breath of patients 

with Pa infection (362), although median levels were less than in our CFPa+ group (0.242 ppbv vs. 

3.6 ppbv). This might be attributable to production of 2-AA varying according to Pa genotype (390, 

455) with strains likely to have been different in this study compared to previous work undertaken in 

New Zealand (362). In contrast to major abundant VOCs such as acetone, median CoV of 2-AA was 

higher (35.4%) in reproducibility experiments. Using SIFT-MS, 2-AA can be analysed using both the 

H3O+ and NO+ precursor ions to produce characteristic product ions m/z 136, 154 and 135 

respectively (450). In this study, NO+ was employed as it produces a single downstream ion. Analysis 

of 2-AA using H3O+ was also conducted for additional validation; good consistency was demonstrated 

(median concentration of 2-AA using H3O+ 3.3 vs. 3.6 ppbv using NO+). Although differences between 

CFPa+ and CFPa- were observed, low levels around the SIFT-MS detection limit, considerable overlap 

between groups and CoV of 92.7% on one occasion means that clinical applicability cannot be 

assumed at this stage, with biological variability likely contributing to some of the differences seen. 

Like 2-AA, DMDS has been detected in the headspace above bacterial cultures of Pa (381, 477)  

although this is less specific, being associated with the presence of other species such as Escherichia 

coli (391). As exhaled breath samples have high humidity level, the characteristic product ion of 

DMDS using H3O+ precursor ions (m/z 97) might overlap with dihydrate ions of propanol (m/z 97). 

This potential influence was assessed, with no correlation found between DMDS and propanol 

concentrations (correlation data not shown). I have detected higher levels for the first time in 

exhaled breath of CFPa+ patients.  The concentration of DMDS detected in this study is orders of 

magnitude higher than 2-AA but significant overlap remains between groups with a median CoV of 

30.9% again indicating that, although a difference was detected according to Pa status, it is not 

sufficiently sensitive to be a unique infection biomarker.  
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Butanol was the third compound that differed significantly according to Pa status. In keeping with 

preliminary in vitro work measuring VOC concentrations in headspace above CFPa+ sputum, levels 

were significantly reduced in CFPa+ subjects, suggesting consumption by the bacteria. As previously 

stated, other strains of Pseudomonas possess enzymes that metabolise butanol (458). It is feasible 

that Pa, a facultative anaerobe, uses alternative metabolic substrates when under microaerobic 

conditions such as the CF airway. This has been demonstrated with nitrate-driven respiration (478) 

and might explain why butanol was lower in infected subjects. However, the findings contradict 

other in vitro studies suggesting that Pa produces butanol, albeit at a lesser rate than other bacteria 

(390), most of which produce very low concentrations (479). There was less overlap between groups 

compared to 2-AA and DMDS, although median CoV remained high at 37.1%. 

Of potential breath biomarkers of Pa infection, HCN has been previously thought to have the most 

potential. Raised HCN levels in Pa-infected sputum have been detected using a cyanide-sensitive 

electrode (375) and in vitro above bacterial cultures of Pa with mass spectrometry (380, 381). In 

exhaled breath studies, HCN has differentiated between CFPa+ children and children with asthma 

(378) and children with and without Pa infection in CF (384). However, in another study (389) and in 

our cohort, no difference was observed, although there was a trend towards elevated HCN in the CF 

group compared to non-CF controls.  Detected levels in our study were similar to those reported in 

the literature. HCN production varies with Pa phenotype and genotype (455), which may account for 

differences in measured concentrations in exhaled breath between studies. A recent study suggests 

that the oral cavity is the main contributor to mouth-exhaled HCN (480); as oral bacterial 

contamination in adult subjects may be greater than in children (385), nasally-exhaled HCN is 

postulated as a more accurate biomarker in this group which might explain why no difference has 

been observed in our study. However, given the almost universal presence of sinus disease in CF 

adults, and common isolation of Pa from sinus lavage (in up to 73% of patients (388)),  this approach 

to exhaled breath sampling may not be fully representative of the lower airways; bacterial strains in 
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one study were concordant between upper and lower airways in less than 50% of cases. For a 

comprehensive review of the SIFT-MS and HCN literature, see reference (481). 

Differences in VOCs patterns were also seen between controls and CF patients. The sensitivity and 

specificity of the VOC profile to differentiate between the groups were 0.815 and 0.877 respectively; 

whilst this is of interest as it gives a hint of quantifiable mechanistic differences that might be 

contributing to disease in the CF airway, a new diagnostic test for CF using VOCs is clearly not 

needed.  A test that relates either to degree or severity of lung disease or could provide a sensitive 

biomarker for pulmonary exacerbations would have more clinical value. In a post-hoc analysis 

comparing exacerbating and stable patients (irrespective of Pa status), isoprene was higher in 

exacerbating subjects with almost complete separation between groups (Figure 5.3.6.1) although 

there was no direct correlation between exhaled isoprene and FEV1. This finding might be explained 

by the fact that isoprene, the most abundant hydrocarbon in exhaled breath (387), is a marker of 

oxidative stress, which is increased in CF patients at the time of exacerbation (354). This has been 

investigated previously in a small pilot study of CF subjects before and after treatment for worsening 

symptoms (356) with no differences demonstrated in exhaled isoprene, although this might be 

attributable to the small sample size (n=24).  

Individually, none of the 12 VOCs significantly correlated with FEV1. However, other VOCs in addition 

to isoprene did also differ between exacerbating and stable patients (Table 5.3.6.1). Samples were 

taken opportunistically during exacerbations rather than at standardised time-points, so drawing 

firm conclusions is difficult and the findings are considered hypothesis generating, not definitive. 

ROC analysis gives an AUC of 0.940 (95% CI 0.885 – 0.995) and a sensitivity and specificity of 0.876 

and 0.893 respectively. A large prospective longitudinal study stratifying patients into groups based 

on pathogens isolated (by culture or, ideally using molecular sequencing techniques) and evaluating 

breath profile sequentially at pre-determined points during treatment for infective exacerbations or 
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as a screening test at clinic visits would be needed to clarify whether SIFT-MS is genuinely useful in 

monitoring treatment response.  

Concentrations of exhaled VOCs, including acetone, butanol, methanol, ethanol, propanol, ammonia 

and isoprene from healthy controls were compared to previous studies to verify the accuracy of 

breath analytical methods used in this study. Measured concentrations fell into the reported ranges 

for all compounds except propanol (418, 462, 482, 483) which was higher in our study compared to a 

previously reported median [range] of 18 [0-135] ppbv (483) for reasons that are unclear but might 

be related to its presence in alcohol-based hand gels (484) used extensively in RBH clinical areas.  

It is notable that, under all three conditions tested, accuracy of the diagnostic prediction model 

improved when all 12 VOCs were incorporated, as opposed to using only discriminatory VOCs.  This 

suggests some individual measurements are underpowered (because of the large CoV with some 

compounds) but still contribute to the sensitivity of the binary regression model. Further prospective 

studies would be required to elucidate the influence of each individual VOC that did not reach 

statistical significance when comparing groups.  

A further limitation of this work is that, although subjects fasted to reduce the potential influence of 

oral contamination on VOC concentration, it was not possible to stratify patients by concurrent 

medications (other than inhaled antibiotics) due to relatively small sample size and vast number of 

drug/dose combinations. It is possible that some medications, particularly those delivered directly to 

the respiratory tract such as mucolytics and corticosteroids, might influence VOC profile; this needs 

to be considered during future studies. Finally, it was not possible to formally measure breath 

exhalation rates in this work, although all subjects exhaled slowly and filled a Nalophan bag. It is 

possible, that, as with FeNO, VOC concentration demonstrates flow dependency (485) but, as the 

ultimate aim of this work was to develop a simple non-invasive tool that could be used in children, I 

felt that the most straightforward sampling approach should be tested in the first instance, though 

this is another limitation of this study.  
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6.4.1: Conclusions from Breath Study 

 
There remains an urgent need for rapid, non-invasive tool with which to screen for and detect Pa 

infection in CF because eradication can be achieved by early, aggressive therapy. This was the largest 

study of well-phenotyped CF patients and healthy controls to date using standardised techniques for 

collection and analysis of exhaled breath samples. Despite this, although a VOC signature that 

differentiates between patients according to Pa status appears to be present, there is a significant 

signal-to-noise component in this cohort of patients. Whilst the findings are of interest when 

comparing well characterised groups, the technique is not sufficiently sensitive for screening or 

diagnosis on an individual case basis and significant improvements are needed before this can be 

applied to the population most in need, young, non-expectorating patients with early infection. The 

data do not support use of any individual VOC as non-invasive biomarker of Pa infection; whilst 

single VOCs may help our understanding of the action of Pa in the CF airway, they are unlikely to 

offer clinical utility.  Post-hoc analysis demonstrates proof-of-concept that patterns of VOCs might 

be more useful as a screening tool for exacerbations or to monitor response to treatment and future 

work should place emphasis on validation of these findings in another cohort and establishing a 

more sensitive and specific fingerprint for Pa, perhaps through inclusion of additional VOCs or by 

applying a combination of analytical techniques (486).  
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Part II: Novel Treatment Approach for Pseudomonas 
aeruginosa Infection in CF 

Chapter 7: Bacteriophage Therapy – Background 

7.1: Historical Perspective 

Bacteriophages, also known as phages (from the Greek meaning “to eat”), are viruses that 

specifically infect bacteria but never eukaryotic cells, playing a key role in maintaining microbial 

equilibrium in the environment (487). Alluded to by Hankin in 1896 following the observation that 

antibacterial activity in the River Ganges might be limiting the spread of cholera (488), they were 

formally described by William Twort and Felix d’Herelle in 1915 and 1917 (489), the latter using 

phage therapeutically in humans for the first time in 1919 to treat dysentery (490, 491). For a short 

time afterwards, phage therapy was heralded as a panacea for bacterial infection but, due to limited 

understanding at the time of phage biology, efficacy in clinical trials was variable (490-492) and, 

following the discovery of penicillin in 1928 (493), therapeutic use ceased in the West although 

continued to be widespread in Eastern Europe and the former Soviet Union (490, 494, 495). 

Despite confirmation of the existence of bacteriophage in 1941 by transmission electron microscopy 

(TEM) which allowed direct visualisation for the first time (496), Western interest resurfaced only 

after antimicrobial resistance was identified as a major global health risk (203) and accessibility of 

historical phage research increased with the advent of Perestroika, subsequent dissolution of the 

Soviet Union and ending of the Cold War in 1989 (491). Despite the long history of phage therapy 

and it being available over-the-counter in some former Soviet republics (491, 497), it is not currently 

licensed for routine use in the West although is used for decontamination and preservation of food 

for human consumption (498-500). The potential impact of widespread phage therapy on the 

natural equilibrium that exists between microbial communities is cited as a concern and the 

perception that viruses are detrimental to health is likely also a barrier to their use (497). However, 

ethical approval has recently been granted for clinical trials (501, 502), several phage products are 
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now approved by the FDA (501, 503) and, anecdotally, during the course of this work a number of 

patients providing sputum or breath samples expressed interest in receiving phage for their chronic 

Pa infection, having had diminishing benefits with repeated and even prolonged courses of 

intravenous antibiotics. With this and the ongoing stagnation in development of new antibiotics for 

increasingly resistant organisms in mind, investigation of the safety and efficacy of bacteriophage as 

a novel therapeutic agent is important for the future of treating chronic Pa infection in CF.  

7.2: Bacteriophage Biology 

7.2.1: Classification and Morphology 

In contrast to the eukaryotic cell, the viral genome is composed of either DNA or ribonucleic acid 

(RNA), but not both (504). Bacteriophages are the largest virus group with over 5500 identified, 

however taxonomy remains controversial (505). Most are DNA viruses without a viral envelope; 96% 

are tailed and the remainder are polyhedral, filamentous or pleomorphic (506). Bacteriophage heads 

are usually icosahedral in shape though octahedral forms have also been described (496). 

Morphology shows diversity that is not apparent in viruses that infect other organisms but can be 

simplified into five distinct classes (496, 507). This is shown in Figure 7.2.1.1. 

 

Figure 7.2.1.1: Schematic showing morphological classification of bacteriophage. Adapted from (496). 



132 
 

7.2.2.: Life Cycle 

In common with all other viruses, bacteriophage requires a host cell to replicate. To infect the host, 

phage attach to specific receptors on the bacterial surface (adsorption) via base plates on their tails, 

which then contract, releasing lysozyme to digest peptidoglycan and puncture the cell membrane. 

Rapid ATP-driven transfer of the viral genome into the bacterial cell subsequently occurs and phage 

initiate either lytic or lysogenic replication (508, 509).  

Lytic (virulent) phages take over the cell machinery of the bacterial host, using it to produce proteins 

and nucleic acids that are translated by host ribosomes into new viral components. As these are 

assembled into new bacteriophage particles, enzymes such as endolysin are produced that destroy 

the bacterial cell wall from the inside, allowing the replicated phage to be released (490, 510). The 

three phases of the lytic life cycle can thus be described as adsorption, maturation and lysis. The 

number of phage produced, termed burst size, varies (usually 20-100) and is dependent on several 

variables including density of the host cell population (511). The typical life cycle of lytic phage is 30-

60 minutes and, as they rapidly destroy the bacterial host, they are considered most suitable for 

therapeutic use (490). 

Lysogenic (temperate) phages infect bacterial cells in the same way as lytic phage but, instead of 

inducing rapid lysis, they can integrate their genome into that of the bacteria allowing the host to 

continue normal replication with transmission of the phage genome (or prophage) into each 

daughter cell. Lysogenic phage can become lytic or be excised from the host genome, either 

spontaneously or following induction (for example by radiation). There are concerns that excision 

might allow phage to pick up and transfer bacterial DNA to subsequent hosts (512) or increase 

bacterial virulence by modifying the phenotype (491, 513) . Lysogenic phages are therefore less 

useful therapeutically and a failure to differentiate them from lytic phages might have contributed to 

the variable efficacy seen in early clinical trials (490).  
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A schematic representation of the lytic and lysogenic bacteriophage life cycles is shown in Figure 

7.2.2.1. 

 
Figure 7.2.2.1: Schematic diagram showing replication cycles of lytic and lysogenic phage. Step 1 

(attachment) and step 2 (injection of viral genome into the bacterial host cell) are the same in both cycles. In 
the lytic cycle (A), step 3 shows replication of phage DNA, stage 4 assembly of new phage and step 5 release 
of phage with bacterial cell lysis. Lysogenic phage (B) can either follow a lytic cycle (a) or integrate into the 

host chromosome (b). They can then replicate for many generations (1b) and/or undergo lysogenic 
induction (2b) where the phage genome is extracted from the bacterial genome, with or without fragments 

of bacterial DNA. Adapted from reference (490). 

7.3: Clinical Applications 

Following the first successful demonstration of phage therapy in humans in 1919, it was used 

intravenously to treat a variety of conditions including cholera, Staphylococcal bacteraemia, chronic 

orthopaedic infections and typhoid fever (491). Oral efficacy against colitis caused by Shigella or 

Salmonella has been reported and there is evidence that phage can translocate from gut to 

bloodstream in humans (514) and cross the blood-brain barrier in mice (515), lending credence to 

the concept that orally administered phage might combat systemic infection. Topical phage is also 

efficacious; cocktails targeting skin infections caused by organisms including Staphylococcus and 

Streptococcus are available without prescription in Georgia and are updated periodically to take into 

account emergent problematic strains (491). Although, by definition, phage require a bacterial host 

to survive, murine studies have demonstrated persistence in the blood, spleen and liver for up to ten 
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days following intravenous administration indicating that prophylactic therapy, historically used to 

prevent dysentery outbreaks in the former Soviet Union (497), might also be efficacious. A review of 

phage therapy for pulmonary infections, including Georgian data going back to the 1930s, has 

recently been published, making these studies accessible in English for the first time (516). 

7.4: Bacteriophage and Pseudomonas aeruginosa Infection 

Bacteriophage specific for Pa was first isolated in 1945 (517) and is a potential alternative to 

antibiotic therapy for an organism considered a “phenomenon of bacterial resistance” (518). Early 

animal studies demonstrated that topical application of phage could prevent destruction of skin 

grafts by Pa (519) and more recent work has shown that survival in mice following intraperitoneal 

injection of a lethal dose of Pa is prolonged by either simultaneous or delayed (up to six hours 

depending on the study) injection of bacteriophage (520-522). More relevant to CF infection are 

murine studies using bioluminescent Pa which demonstrate reduction in luminescence and disease 

severity (as assessed by histological analysis of lung tissue) in phage-treated mice compared with 

controls (523-525).  

Phage are commonly used for Pa urinary tract and wound infections in Russia and Georgia (526) but 

accessible evidence is limited to an Australian case report of usage in refractory urine infection 

(527), a non-controlled study of Pa infection in burn wounds (528) and a small phase I/II placebo-

controlled randomised trial demonstrating safety and efficacy following topical administration of 

bacteriophage for chronic antibiotic-resistant otitis (502).  Although in vitro models suggest that 

phage can be deposited successfully in the human lung by nebulisation (529), to date there have 

been no studies of efficacy in lung infection undertaken in accordance with strict regulatory criteria 

although two small Georgian trials have demonstrated reduction in Pa load in the sputum of nine CF 

patients following treatment with aerosolised bacteriophage (530). 
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7.5: Advantages and Disadvantages of Phage Therapy 

Phage therapy has a number of theoretical advantages over antibiotics. Efficacy against a wide 

variety of pathogens, including those that are multi-drug resistant (531) and in antibiotic-resistant 

biofilms (532-534), has been demonstrated. Lytic phages are bactericidal by definition, unlike 

antibiotics which can be bacteriostatic and allow resistance to evolve more readily (503, 535). Phage 

are highly specific for their target bacterial species (536) and thus less likely to either kill or induce 

resistance in non-targeted commensal bacteria contributing to the healthy human microbiome, both 

of which are issues with conventional antibiotics (503, 531, 535). Unlike antibiotics which require 

repeated dosing for maintenance of minimum inhibitory concentrations, lytic phage multiply in the 

presence of a host, increasing in concentration at the site of an infection and not elsewhere (537, 

538). This makes toxicity less likely than with antibiotic therapy (and single dosing a possibility) but 

there are concerns that impure phage preparations contain bacterial endotoxin that could induce 

host immune responses, as might substances liberated following phage-induced lysis of pathogens 

(501, 503, 539), although it could be argued that this is also theoretically possible with bactericidal 

antibiotics. Furthermore, newer methods of phage preparation can reduce contamination with 

bacterial components (540).  In common with antibiotics, phage can notionally be administrated by 

several routes, in different formulations and be combined with one another or with other 

antimicrobials to increase their antibacterial spectrum (490, 497, 503, 514, 515, 531). Bacteriophage 

are widely distributed in nature so in theory development costs should be no more than for new 

antibiotics with the added benefit that their use might reduce evolving resistance and prolong 

effectiveness of current antimicrobials (503). It is suggested that bacterial resistance to phage might 

develop in the same way as it has done to antibiotics; this has not been the case in nature as phage 

have also evolved at a rapid rate to retain efficacy against their bacterial hosts (541). It is possible 

that using phage therapeutically might alter the equilibrium between bacterial and phage mutation 

frequency, though this seems unlikely from the collated evidence to date. 
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A potential drawback of phage therapy is that the narrow therapeutic range requires susceptibility of 

the pathogen to be established prior to commencing treatment (490, 503, 531) which can be time 

consuming and costly. This can be assuaged by formulating cocktails containing several strains of 

phage and using knowledge of local endemic bacterial strains to guide therapy (503, 531, 538). As 

previously discussed, concerns exist regarding transfer of bacterial virulence factors by phage with 

evidence that conversion of Pa from a planktonic to mucoid phenotype by induction of alginate 

production is associated with presence of lysogenic phage (542). Vigilance in selecting only lytic 

phages for in vivo therapy has been suggested as a strategy that would avoid such issues but the 

finding that lytic phages may be involved in selecting for mucoid strains of Pseudomonas fluorescens, 

which bears some similarities to Pa, is worrying (543). Comparison of the virome in CF and non-CF 

patients demonstrates higher abundance of Staphylococcus phage and less phage diversity in CF, 

likely reflecting adaptation due to infection, although a similar increase in Pa phage is not seen  

despite universal infection with Pa in CF patients in this study (544). This implies that, although 

concerns regarding changes in bacterial virulence are valid, mucoid transformation is likely due to 

various other mechanisms rather than phage presence alone and should not be seen as a 

contraindication to clinical use. Concerns that phage efficacy might be reduced due to interaction 

with the humoral immune system is also cited as a potential drawback (503, 545); clearance of 

phage in B-cell deficient mice is impaired compared to wild type mice (546) and constant “natural 

immunisation” to phage is likely in humans due to persistent environmental exposure (545). 

However, phage purification can reduce carriage of bacterial constituents likely to be culpable for 

inducing an immune response (540) and inherent immunogenicity of many phage to eukaryotic cells 

is minimal (545). Rapid removal of phage by the reticuloendothelial system is another concern but 

could be overcome by repeated dosing, phage PEGylation (547) or use of engineered mutants (540) 

which may also enhance efficacy (548, 549), though this approach would itself raise concerns over 

potential for evolution and mutation of both phage and bacteria in vivo. The need to delineate 

safety, pharmacokinetics and efficacy exists for all new therapies; given that phage are ubiquitous in 
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nature and human exposure goes back millennia, long-term safety is more assured and time to 

market, which may be critical given the epidemic of antibiotic resistance (208), is likely to be less 

than for newer synthetic compounds. The potential benefit of phage therapy outweighs the risks 

and therefore forms the basis for the second part of my experimental work in this thesis. Although it 

is clear that phage therapy should work, I aimed to assess whether it does work, both in vitro and in 

vivo, in preparation for possible clinical use. 

7.6: Hypothesis and Aims 

7.6.1: Hypothesis 

Novel bacteriophage cocktails are safe and efficacious against a standard laboratory and clinical 

strains of Pseudomonas aeruginosa both in vitro and in a murine model of acute infection. 

7.6.2: Aims and Objectives 

• To characterise bacteriophage strains present in three novel bacteriophage cocktails and to 

investigate their interaction with Pa using transmission electron microscopy (TEM). 

• To test in vitro efficacy of these three bacteriophage cocktails against i) clinical strains of Pa 

from CF patients and ii) a genetically modified bioluminescent form of the laboratory strain 

PAO1, in preparation for non-invasive monitoring of response to therapy in vivo. 

• To establish if luminescence of a genetically modified strain of PAO1 i) is a proxy measure of 

bacterial density and ii) that changes in luminescence are proportional to the degree of 

phage-mediated bacterial killing in vitro.  

• Provided in vitro efficacy is shown, to establish if phage cocktails are safe and efficacious 

when used in vivo in a murine model of acute Pa infection. 

• If safety and efficacy are demonstrated in vivo, to determine if phage retains efficacy i) 

against Pa in sputum from CF patients and ii) following nebulisation, factors that are both 

relevant to future clinical trials in human subjects. 
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Chapter 8: General Materials and Methods 

8.1: Pa Storage 

Clinical and fluorescent strains of PAO1 were provided respectively by the microbiology laboratory at 

the Royal Brompton Hospital and Dr. Andrew Ulijasz, Imperial College London, on nutrient agar 

slopes which were stored for ongoing use at 4oC. Luminescent PAO1 was provided on agar slopes 

containing 10mg/L gentamicin.  Towards the end of the life of original agar slopes, MicrobankTM 

beads (Prolab Diagnostics, UK) were utilised for longer-term storage. These are prepared by 

inoculating Pa from the original agar slopes into vials of beads suspended in a cryopreservative with 

a sterile loop and leaving at room temperature. After ten minutes, the cryopreservative is removed 

using a sterile MicrolanceTM needle and syringe and the vials are stored at -20oC until required. To 

demonstrate the process is successful, one bead is introduced into sterile TSB and incubated 

overnight with agitation. New cultures are made periodically (6-9 monthly) to ensure ongoing 

viability of the microorganisms. 

8.2: Pa Culture 

Bacterial cultures were performed by introduction of Pa into 10mls of sterile TSB either i) from agar 

slopes using a plastic single-used sterile inoculation loop or ii) by transfer of a MicrobankTM bead 

using a sterile 19G MicrolanceTM needle. TSB was then incubated overnight with agitation at 37oC 

8.3: Semi-Solid Agar 

Semi-solid agar was produced in-house by dissolving 3g TSB powder and 0.4g agar (both Sigma, UK) 

in 100mls deionised water and autoclaving at 121oC. 

8.4: Standard Plaque Assays 

Standard plaque assays were used to determine phage efficacy throughout experimental work in 

this thesis. These are produced by measuring optical density of overnight Pa culture in TSB using 

spectrophotometry (Spectronic, UK) at a wavelength of 620nm (OD620) and adjusting this to 0.1 by 
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dilution with sterile TSB. 100l of this broth is added to 3mls of semi-solid agar that has previously 

been microwaved for two minutes and maintained at 55oC in a water bath.  The broth is then poured 

over a nutrient agar plate, creating a uniform carpet of bacteria. The plate is allowed to cool and 

solidify at room temperature. Potential antibacterials are pipetted onto the carpets prior to 

incubation overnight at 37oC to stimulate bacterial growth. 

8.5: Phage Cocktails 

Special Phage Services (AmpliPhi) isolated fifty-two phages against Pa from sewage and soil samples 

between June 2006 and 2008 using various protocols as previously described (550). They then tested 

these in triplicate against plaque assays of Pa strains to assess lytic activity. Ten bacteriophage 

strains were found to infect 77/80 (96%) of clinical Pa isolates with only three clinical isolates 

resistant to all phages. Four phages (Pa1, Pa24, Pa25 and Pa26) had the broadest lytic spectrum, two 

of which were in phage cocktail 1 (as supplied by Special Phage Services) which was used for the 

majority of in vivo experimental work in this thesis. 

All phages were stable when stored at 4oC for a period of twelve months with a non-statistically 

significant reduction in concentration of 0.8 Log. At 25oC, average reduction was 3 Log after twelve 

months and at 37oC some phage had no viable particles remaining by three months. These 

characteristics were previously demonstrated by Special Phage Services prior to commencement of 

my experimental work in this thesis. Based on these findings, I therefore stored all phage used in this 

at 4oC and requested new stocks for use every nine months. 
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Chapter 9: Characterisation of Phage Cocktails 

The experimental work in this chapter was undertaken to achieve the first aim of Part II, which was 

to visualise bacteriophage and their interaction with Pa. 

9.1: Materials and Methods 

9.1.1: Electron Microscopy 

Electron microscopy (EM) uses a beam of electrons, as opposed to light, for magnification. In 1873, 

Ernst Abbe first published an equation demonstrating that the resolution of the conventional light 

microscope was limited by the wavelength and diffraction of light (551). Although it had been 

postulated over fifty years previously that electrons  could be deflected by magnetic fields, it was 

not until the publication of the de Broglie hypothesis in 1924 that the wavelength of electrons was 

recognised as being many orders of magnitude less than photons (552). The first prototype electron 

microscope with a higher resolution than the light microscope (50nm vs. maximum of 200nm) was 

built in 1933 by Ernst Ruska, who was awarded the Nobel Prize in physics in 1986 (553). Modern 

electron microscopes have a quoted resolution of up to 50 picometres (554) although the model 

used during this work had a resolution limit of approximately 0.5nm.  

9.1.2: Transmission Electron Microscopy (TEM) 

TEM relies on the principles first utilised by Max Knoll and Ernst Ruska in the 1930s. An electron 

beam emitted by a cathode is transmitted in a vacuum through an ultrathin section of specimen and 

emerges carrying information that varies according to how much of the beam scatters and absorbs 

(555). This information is magnified via a series of lenses and, in our facility, is connected to a 

charge-coupled camera (CCD) which displays the image in real time on a monitor.  All experiments in 

this section were undertaken using a Hitachi H7000 TEM (125kV, maximum magnification 600,000x 

and digital imaging to 1376 x 1032 pixels) attached to a 1000x1000 CCD. A schematic and 

photograph of the TEM are shown in Figure 9.1.1.1 and 9.1.1.2.  
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Figure 9.1.1.1 (above): Schematic diagram of a transmission electron microscope. Reproduced from 
http://www.ammrf.org.au/myscope/tem/introduction/ 

Figure 9.1.1.2 (below): Photograph of transmission electron microscope at RBH used for 
bacteriophage visualisation. Images are transmitted to the screen on the right of the picture 
and adjustments to the magnification and focus are made from the panel and screen shown 

on the left of the picture. 

http://www.ammrf.org.au/myscope/tem/introduction/
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9.1.3: Negative Staining of Bacteriophage 

A negative staining technique was used for visualisation of phage and any Pa that might be present; 

this is more difficult than positive staining as it relies on some stain remaining around the edge of a 

virus so that details are clearly defined. There are a number of different protocols (556-559), all of 

which require a degree of persistence to ensure that just the right amount of stain is taken up. The 

protocol I used was kindly provided by Dr. Ann Dewar at the Royal Brompton Hospital and, as I had 

success after a few attempts of using it, others were not required. 

10l droplets of the suspension to be imaged were pipetted onto composite FormvarTM/carbon TEM 

grids (Agar Scientific, UK) held in EM grid-grade forceps and allowed to air dry for 30 seconds. The 

grid was placed in a 40m nylon cell strainer (BD Falcon, USA) that fitted securely above a 50ml 

polypropylene conical tube (BD Falcon, UK) containing 25mls 10% neutral buffered formalin solution 

(Sigma, UK) in a fume cupboard for twenty minutes. The grids were then placed shiny side down into 

500l of uranyl acetate dehydrate (Agar Scientific, UK) in a shallow 12 well plate (Thermo Scientific, 

UK) for seven minutes. The grids were held in EM grid-grade forceps against Whatman filter paper 

(Sigma, UK) to allow excess uranyl acetate to be absorbed before 10l of 2% phosphotungstic acid 

(PTA) adjusted to pH 7.2 with sodium hydroxide (VWR International Ltd, UK) was pipetted onto the 

dull side of the grid. This was allowed to stand for 1 minute before excess stain was wicked away 

from the grids using Whatman paper. The grids were allowed to air dry for one hour before being 

visualised by TEM. Several different suspensions were tested at different time points, in an attempt 

to try and determine the rate of phage-induced bacterial lysis, although as previously mentioned it is 

known that lytic phage typically have a life-cycle of between 30-60 minutes (490): 

1. Phage cocktails alone (1-3) 
2. Phage cocktail 1 + clinical Pa strain 
3. Phage cocktail 1 + PAO1] 

i. 0hrs 
ii. 2hrs 

iii. 4hrs 
iv. 8hrs 
v. 24hrs 
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For suspensions where phage and Pa were tested together, Pa was introduced from agar slopes into 

10mls TSB (Oxoid, UK) using a single-use sterile plastic inoculation loop and agitated overnight at 

37oC. The broth was centrifuged (ALC, Italy) at 4oC for ten minutes at 2000g (3500rpm, rotor radius 

15cm) and the remaining fluid subsequently removed using a 10ml CostarTM serological pipette 

(Corning, USA). The resultant cell pellet was then resuspended in 10mls TSB; 100l of this was mixed 

in an autoclaved Eppendorf with 100l phage cocktail 1. At each time given time point, 10l of this 

PAO1/phage suspension was pipetted onto the FormvarTM/carbon grids, fixed and stained as 

previously described above, allowing bacteria/phage interaction at each time point to be assessed. 

9.2: Results 

All electron micrographs in this thesis were generated using Hitachi H7000 TEM (125kV, maximum 

magnification 600,000x and digital imaging to 1376 x 1032 pixels) attached to a 1000x1000 charge-

coupled camera. Assistance in using the electron microscope was kindly provided by Dr. Amelia 

Shoemark, Royal Brompton Hospital.  

9.2.1: Phage Cocktails Alone 

Eleven different strains of anti-Pa phage were present in the cocktails provided. Only one (Pa37) was 

present in more than one cocktail. Cocktail 1 contained three strains (Pa24, Pa25 and Pa37), cocktail 

2 four strains (Pa39, Pa67, Pa 77 and Pa119) and cocktail 3 five strains (Pa3, Pa6, Pa10, Pa32 and 

Pa37). On TEM, it was not possible to differentiate each of these phages from one another but some 

morphological differences were apparent. Figures 9.2.1.1 and 9.2.1.2 show examples of phages from 

cocktail 1, figures 9.2.1.3 and 9.2.1.4 show from cocktail 2 and figures 9.2.1.5 and 9.2.1.6 from 

cocktail 3.  
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Figure 9.2.1.1: Morphological differences in heads and tails of phage seen on TEM of phage cocktail 1. 

 

 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9.2.1.2: Multiple phage from cocktail 1. 
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Figure 9.2.1.3: Morphological differences in head and tail seen on TEM of phage cocktail 2. 

 

Figure 9.2.1.4: Differing morphology, triangular head (left image) and multiple phage particles (right image); 
projection of TEM appears topographical on the right with several phage particles visualised from above, 

demonstrating one of the difficulties encountered when imaging virus particles with TEM. 
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Figure 9.2.1.5: Morphological differences in head and tail seen on TEM of phage cocktail 3. 

Figure 9.2.1.6: Differing morphology, dark head and contracted tail on bottom phage, lighter head and non-

contractile tail in upper phage (left image) and projection of multiple phage, some seen from top down and 

others in the horizontal plane (right image). 
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9.2.2: Pa Alone 

Overnight batch culture of PAO1 and the clinical strain selected for in vivo experiments typically had 

an optical density between 1.5 and 1.8. Visualisation using TEM at these optical densities was 

difficult due to large numbers of bacteria in each field. An optical density of 1 was therefore used in 

subsequent attempts, equating to a theoretical 1 x 107CFU in the initial 10l pipetted onto the EM 

grids. As multiple bacteria were visible at this concentration but could still be seen as distinct, 

separate entities, planned experiments with lower optical densities of bacteria were not required. 

Figure 9.2.2.1 shows images of the clinical Pa (laboratory number Pa12B-4973) and Figure 9.2.2.2 

shows PAO1; an image of phage from cocktail 3 is depicted alongside to demonstrate the size 

difference. 
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Figure 9.2.2.1: TEM of the clinical strain of Pa selected for use in vivo. Note the reduction in magnification 

compared to that which was used for phage particles. 

 
Figure 9.2.2.2: TEM of PAO1 (left image, denoted by red arrows) at lesser magnification than phage from 

cocktail 3 (right image). Note differences in scale in black circles. 

 

9.2.3: Pa and Phage Cocktail 1 

Several attempts were required to visualise PAO1 and phage together. Images taken at 0hrs and 

2hrs showed phage congregating around PAO1 and, after both 2hrs and 4hrs, phage particles were 

visible within the bacterial cell wall. This is shown in Figure 9.2.3.1 – 9.2.3.6. At both 8hrs and 24hrs, 

it was not possible to visualise either intact phage or PAO1, suggesting that the process of bacterial 

cell lysis was complete, in keeping with the published literature (490). 
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Figure 9.2.3.1: TEM of PAO1 and phage cocktail 1, 2hrs after being mixed. Phage have congregated on the 

bacterial cell wall with possible loss of cell wall integrity and heads are predominantly black. 

 
Figure 9.2.3.2: Higher magnification at 2hrs; phage particles visible within PAO1 in the right image. 
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Figure 9.2.3.3: Further TEM of PAO1 and phage cocktail 1 2hrs after being added together. More phage particles 

visible within bacterial cell wall on right TEM. 
 

 
 

Figure 9.2.3.4: Higher magnification at 2hrs with phage, all with black heads, congregated around a bacterial cell 
that is now indistinct (left image); TEM at 4hrs with multiple phage visible inside and outside the bacterial cell 

wall. Red arrow points to bacterial cell wall and blue arrow shows phage particles within the cell. 
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Figure 9.2.3.5: TEM of PAO1 and phage cocktail 1 4hrs after being added together. Phage 

visible within cell walls; note most phage heads are black. 

 
Figure 9.2.3.6: Pouching out of bacterial cell wall (circled in red), possibly representative 

of points at where cell lysis is beginning. 
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9.3: Discussion 

The experiments in this chapter were undertaken in order to visualise the bacteriophage present in 

three novel cocktails and to investigate their interaction with Pa, and this aim was achieved.  

 
Following the schematic phage classification in Figure 7.2.1.1, bacteriophages visualised by TEM in 

each of the three cocktails belonged to either class IV or V. Class IV phage with non-contractile tails 

are most widely distributed in nature. Tails are curved to varying degrees and striations on the tail 

are a characteristic feature; if these are not visualised, it is most likely due to inadequate resolution 

as opposed to the structures being absent (496). Most phage with non-contractile tails have 

polyhedral heads, usually an icosahedron or octahedron, an example of which is seen in Figure 

9.2.1.1. The structure of the class IV bacteriophage endplate has significant variation but is often 

difficult to visualise, as seen in my images, due to the relatively small size in comparison to the head 

and tail. Furthermore, the endplate is delicate so integrity is easily compromised during sample 

preparation and, as TEM only images in one plane, it is often impossible to appreciate the spatial 

configuration of the endplate using this technique. By contrast, the endplate of class V phage almost 

universally gives off long, thin fibres, seen in Figures 9.2.1.3 and 9.2.1.4. The tails consist of an outer 

sheath and hollow inner rod; the sheath is stretched when class V phage are intact and the inner rod 

only becomes exposed when the sheath contracts. Most class V phage contain double-stranded high 

molecular weight DNA, necessary for transmitting the larger volumes of genetic information that are 

necessary for replication compared to phage with simpler tail structures. When this DNA is injected 

into host bacterial cells, the tails of class V phage contract and the virus is no longer active; class IV 

phage infect bacteria in a similar fashion but no change in tail structure is seen. Common to both 

class IV and V phage following infection of a bacterial host is a change in the appearance of the head 

as seen under TEM; the heads of phage particles containing DNA appear white when negatively 

stained whilst those where DNA has been transmitted to a bacterial host appear black. This is best 

seen in Figure 9.2.1.6, along with changes in contractile tail morphology. Only general morphological 
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changes could be detected using TEM rather than eleven distinct phages from the three cocktails 

being distinguishable; it is entirely possible given the nature of TEM that class III phage were present 

as phage heads without long tails being seen. These were assumed to be class IV or V particles seen 

from above, though class III phages infecting various species of Pa have been described (496). 

 
A striking feature of TEM images of phage and Pa is the difference in size between the two, with far 

less magnification required to visualise bacterial cells. From TEM images it is clear that phage start to 

attack Pa almost immediately; tail attachment to the bacterial cell wall via the endplate occurs in a 

co-ordinated fashion in images taken after 2hrs, as shown in Figures 9.2.3.1 and 9.2.3.2, and in later 

images there is evidence of phage replication occurring within the bacterial cell wall. Imaging at both 

8hrs and 24hrs after phage was added to Pa did not delineate any phage particles or Pa, suggesting 

that the process of cell lysis was complete. This was relevant to ongoing work as it showed a signal 

might be expected within a short time frame if these phage cocktails were efficacious in vitro and in 

vivo and that Pa might not be recovered if prolonged periods elapsed between infection and sample 

collection. 
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Chapter 10: In vitro Efficacy of Phage Cocktails 

The experiments in this chapter were designed to test the hypothesis that bacteriophage cocktails 

were efficacious in vitro against i) clinical strains of Pa from CF patients and ii) a genetically modified 

bioluminescent form of the laboratory strain PAO1. This needed to be done prior to in vivo 

experiments to ensure that the proposal for non-invasively monitoring response in a murine model 

was feasible. If efficacy could not be demonstrated in vitro, then phage therapy would be unlikely to 

be effective in vivo and, even if I proved in vitro efficacy, if bioluminescence was not shown to be an 

accurate proxy measure of bacterial density then it would not be useful for monitoring the response 

to phage treatment in a murine model. 

10.1: Materials and Methods 

Standard plaques of non-mucoid Pa strains (n=3 for each strain so that repeatability of any 

treatment effect could be demonstrated) from five chronically infected, as defined by Leeds Criteria 

(440), adult CF patients were produced as described in Section 8.4. 10l of each phage cocktail (1, 2 

and 3, each containing 6.2 x 1010 phage forming units (PFU)/ml) was serially diluted with SM buffer 

(giving dilutions from neat to 10-6) and pipetted onto the cooled bacterial carpet. 10l of SM buffer 

was also pipetted onto an area of the plaques as a control. Plates were incubated overnight at 37oC 

after phage droplets had dried. 

Plaque assay was also used to assess efficacy of each cocktail against PAO1, a well described 

laboratory reference strain (560, 561), that was transformed with a recombinant plasmid containing 

the luxCDABE gene cassette of Photorhabdus luminescens (kindly provided by Dr. Shona Nelson, 

UWE, Bristol) in order to make it bioluminescent. The recombinant plasmid, pBBR1MCS-5 lite, was 

constructed by insertion of the 7kb EcoRI fragment from plasmid pLite27 (562) into the broad host 

range plasmid pBBR1MCS-5 (563) with the luxCDABE genes, under the control of the Ap lac 

promoter. All plasmid reconstruction was undertaken at UWE and I was sent the bioluminescent 

PAO1 on gentamicin agar slopes, ready for use. 
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Efficacy of each cocktail against the five clinical strains and bioluminescent PAO1 was assessed by 

visualisation and digital photography of the bacterial carpets following overnight incubation. Pa was 

determined to be susceptible at a given concentration of phage if inhibition of growth was 

demonstrated where 10l of that concentration had been pipetted.  

10.2: Results 

Table 10.2.1 summarises efficacy of each phage cocktail against each strain of Pa. Clinical strains are 

numbered according to their Royal Brompton clinical microbiology lab number (with my own 

identifying number (1-5) in parentheses). Where there was incomplete inhibition of growth, this is 

stated in brackets and if there was no inhibition, this is recorded as none. Photographs of each plate 

were taken; examples of these are shown in Figure 10.2.1. 

Pa Strain Cocktail 1 
 

Cocktail 2 Cocktail 3 

PA12B-4854 [1] 10-2 None None 

PA12B-4973 [2] All All (less at 10-5/10-6) All 

PA12B-5001 [3] 10-5 (less at 10-4/10-5) 10-5 All 

PA12B-5025 [4] 10-2 10-2 10-4 

PA12B-5099 [5] 10-2 None None 

PAO1 
pBBR1MCS5 

All All All 

Table 10.2.1: Dilutions at which bacteriophage cocktails were effective in vitro against five clinical [1-5] and 
one laboratory strain of Pa. Each cocktail was tested down to a dilution of 10-6; if Pa was sensitive at all 
dilutions, this is marked as “all” and if there was no inhibition of Pa growth, this is marked as “none”. 

 

These results demonstrate that these bacteriophage cocktails are efficacious against clinical Pa 

strains isolated from CF patients in vitro, in keeping with previous studies (564, 565). Based on this, 

order of order of susceptibility of the clinical strains to phage cocktails was defined as: 

PA 12B-4973 
PA 12B-5001 
PA 12B-5025       Reducing Susceptibility 
PA 12B-4854 
PA 12B-5099 
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Figure 10.2.1: Photographs showing inhibition of Pa growth with bacteriophage cocktails; P2 = Pseudomonas 

aeruginosa 2 (PA12B-4973) and P5 = Pseudomonas aeruginosa 5 (PA12B-5099). 1, 2 and 3 = Phage 1, 2 and 3.  
 

Note different appearances of the two Pa strains (P2 is light green in the left column and P5 is darker green in the 
right column). Clear circles indicate where there has been inhibition of bacterial growth by phage. The left hand 

column shows that P2 is sensitive to 1 at phage concentrations from neat (N) down to 10-6 (the final box is a 

control where 10µl SM buffer is added), sensitive to 2 to dilutions down to 10-4 and to 3 to 10-6. In the right 

hand column, there is less inhibition of growth; P5 is only sensitive down to a dilution of 10-2 with 1 and there is 

no inhibition of growth with 2 and 3, as shown by the bacterial carpets having no clear circles in all boxes 
where 10µl of phage at each dilution was added. 
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10.3: Discussion 

Phage cocktail 1 was most efficacious overall against clinical Pa strains. In order to maximise the 

likelihood of a signal being detected, this was selected to be used in vivo. Coincidentally, later work 

investigating the potential effects of bacteriophage cocktail alone on inflammatory response in the 

airway lung (Section 12.3.4) showed that cocktails 2 and 3 were far more immunogenic than cocktail 

1. This was subsequently discussed with Ampliphi who stated that they were aware of this and that 

both cocktails 2 and 3 were at a far less advanced stage of production than cocktail 1. The selection 

of cocktail 1 for in vivo work was therefore serendipitously further justified. PA12B-4973 (referred to 

from here on as "clinical strain") was most sensitive to phage cocktail 1, so was chosen as the in vivo 

strain for ongoing use. All three cocktails were equally efficacious against bioluminescent PAO1 

pBBR1MCS5-lite (referred to as PAO1 from here on); with this established, it was necessary to clarify 

that luminescence was an accurate proxy measure of bacterial density in vitro prior to formulating a 

protocol for in vivo experiments using this strain.  

It is relevant to note that antibiotic susceptibilities (as provided by RBH microbiology lab) indicated 

that these phage cocktails might be efficacious in situations where conventional antibiotics might 

not. Table 10.3.1 shows that PA12B-5025 was inherently resistant to 8/11 antibiotics tested in vitro 

but was not the least susceptible strain to phage, being sensitive at dilutions down to 10-2 for 

cocktails 1 and 2 and down to 10-4 for cocktail 3. 

 PA12B-4973 PA12B-5001 PA12B-5025 PA12B-4854 PA12B-5099 
 

Amikacin S S R S S 

Aztreonam S S R S S 

Ceftazidime S S R S S 

Chloramphenicol S S S R S 

Ciprofloxacin S S S I S 

Colistin S S S S S 

Co-trimoxazole R R R R R 

Meropenem S S R S S 

Piptazobactam S S R S S 

Timentin S S R S S 

Tobramycin S S S S S 

Table 10.3.1: In vitro antibiotic susceptibility of five clinical strains of Pa used for phage sensitivity assays. 
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Chapter 11: Preparation for Non-Invasive Monitoring of Response 
 
The initial intention for in vivo studies of phage efficacy was to use optical imaging to take sequential 

images of mice at various time points after infection ± phage treatment in order to determine the 

efficacy and pharmacokinetics of therapy without need for animals to be sacrificed at different time 

points. This was in order to adhere with the guiding principles underpinning humane use of animals 

in scientific research which aim to replace the use of animals, reduce the number of animals used 

and refine experiments such that suffering is minimised (3Rs). The experiments in this chapter were 

formulated to answer the question of whether non-invasive monitoring of response to phage 

therapy in vivo was a feasible approach. 

11.1: Materials and Methods 

11.1.1: Luminescence of Pa Alone 

PAO1 was introduced from nutrient agar slopes containing 10mg/L gentamicin into 10mls TSB using 

a single-use plastic inoculation loop and agitated overnight at 37oC. Optical density of this broth was 

measured by spectrophotometry and adjusted by dilution to six optical densities (between 0.025 

and 1) using sterile TSB. 500l of each solution was pipetted into a 24 well NunclonTM plate (Nunc 

A/S, Denmark) and luminescence measured using IVISTM optical imaging system (Xenogen 

Biosciences, USA) using  a camera coupled to LivingImage software (version 3.1, Xenogen). Data was 

exported to Excel 2010 {Microsoft, USA) and luminescence of TSB alone (background) subtracted 

from total luminescence to give a value for the luminescence attributable to bacteria. Six 

measurements were made at each optical density and then plotted using Prism 6.0 (GraphPad, USA).  
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11.1.2: Luminescence of Pa and Bacteriophage 

Luminescence of PAO1 following bacteriophage treatment was assessed in two ways: 

1. 500l of a stock broth of PAO1 adjusted to an optical density of 1 by dilution using 

spectrophotometry was added to 12 wells of a 24 well NunclonTM plate. Each bacteriophage 

cocktail was serially diluted from neat down to a concentration of 10-2 using sterile SM 

buffer and 50l of each dilution was added to one of the wells containing PAO1. A control 

well of PAO1 was treated with 50l of SM buffer alone. The plates were kept at 37oC and 

luminescence in each well was assessed as described in Section 11.1.1 at three time points 

(0, 6 and 24hrs after addition of bacteriophage cocktail). After 24hrs, 10l of each broth was 

serially diluted, as per Miles and Misra protocol (566), and plated onto PSA to determine 

number of colony-forming units per millilitre (CFU/ml) of PAO1 remaining. PSA plates were 

incubated overnight at 37oC prior to performing colony counts. The experiment was later 

repeated but with plating performed 48hrs following addition of bacteriophage (to see 

whether this had any additional impact on bacterial killing). 

 

2. 500l of six different optical densities of PAO1 were added to 12 wells of a 24 well 

NunclonTM plate and 50l of neat bacteriophage cocktail was added (n=3 for each cocktail). 

Three control wells were inoculated with 50l of SM buffer alone. Plates were kept at 37oC 

and luminescence measured at 0, 24 and 48hrs as previously described.  

11.1.3: Fluorescent Pa and Response to Bacteriophage Cocktail 

The methodology in Section 11.1.2 demonstrated that the luminescent strain of PAO1 was not 

suitable for non-invasive monitoring of response to phage therapy (see results in section 11.2.1). A 

fluorescent strain of PAO1 (561, 567) modified with a heme-based chromophore (kindly provided by 

Dr. Andrew Ulijasz, Imperial College London), was thus investigated to see whether it was a more 

suitable strain for non-invasive monitoring of response to phage therapy. 
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Efficacy of phage cocktail 1 against PAO1 expressing near-infrared fluorescent protein (iRFP) was 

established using standard plaque assay as described in Section 8.4. PAO1 expressing iRFP was then 

introduced from agar slope into 10mls TSB using a single-use plastic inoculation loop and incubated 

and agitated overnight at 37oC. This was centrifuged at 4oC for 10 minutes at 2000g and the 

resultant cell pellet resuspended in TSB. Optical density of this broth was adjusted by dilution with 

sterile TSB to 0.05, 0.1, 0.25, 0.5 and 1 using spectrophotometry. That fluorescence was a proxy 

measure of bacterial density was established with methodology as described previously in Section 

11.1.1, although an Infinite Pro plate reader (Tecan, Switzerland) was used to measure fluorescence 

of 500l of iRFP PAO1 (n=6 at each optical density) in a black clearTM 96-well plate (Greiner Bio-

One, Germany) rather than the IVIS/LivingImage setup. These results are shown in section 11.2.3. 

To establish the effect of phage on fluorescence, 100l of iRFP PAO1 at each of the five optical 

densities was added to a black clearTM 96-well plate, in triplicate. 10l of phage cocktail 1 was 

added to each well containing Pa and to three wells containing 100l of TSB alone (controls, n=3). 

The plate was incubated without agitation at 37oC in an InfiniteTM Pro plate reader (Tecan, 

Switzerland) which was configured to take absorbance (a proxy measure of bacterial density) and 

fluorescence readings automatically every 60 minutes which were exported using MagellanTM data 

analysis software (Tecan, Switzerland). Fluorescence filters were set at 690/9nm and 725/20nm for 

excitation and emission respectively and absorbance was measured at 600nm according to standard 

protocols (567, 568). This methodology was also used to measure fluorescence and absorbance of 

wild-type PAO1 (effectively a control experiment, as wild-type PAO1 should not fluoresce).  
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11.2: Results 

11.2.1: Luminescence vs. Optical Density 

A linear relationship between bacterial density and luminescence was demonstrated by the first part 

of the described methodology. Figure 11.2.1.1 shows an example of the images produced using IVIS 

and LivingImage in combination and Table 11.2.1.1 shows corrected luminescence readings  (n=6 at 

each optical density) that were obtained by subtraction of the luminescence attributable to TSB 

alone from the total measured luminescence.  

 

Figure 11.2.1.1: Example of IVIS LivingImage picture produced when photographing 24 well 

plates containing luminescent PAO1. Note decreasing luminescence from left to right in the top 

and third rows, reflecting a sequential drop in the optical density of PAO1 added to each well 

(from 1.0 down to 0.05 in both these rows). Rows 2 and 4 were kept empty in order to 

minimise the risk of contamination between wells. 

 

 

 

 

 

Table 11.2.1.1: Luminescence readings at each optical density for PAO1 (n=6). 
 

0.025 0.05 0.1 0.2 0.4 1.0 
 

3.23E+08 6.56E+08 1.1E+09 2.192E+09 3.323E+09 4.91E+09 

3.26E+08 6.02E+08 1.1E+09 2.108E+09 3.622E+09 5.66E+09 

3.19E+08 5.87E+08 1.11E+09 2.306E+09 4.302E+09 6.38E+09 

3.29E+08 6.24E+08 1.02E+09 2.049E+09 3.573E+09 5.25E+09 

3.21E+08 6.2E+08 1.05E+09 2.109E+09 3.44E+09 5.52E+09 

3.25E+08 5.51E+08 1.03E+09 2.202E+09 4.13E+09 6.27E+09 
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When luminescence was plotted against optical density, a linear relationship became apparent; this 

is shown in Figure 11.2.1.2; each point represents the mean reading (n=6) and the error bars are 

indicative of the range.  

 

Figure 11.2.1.2: Linear relationship between luminescence and optical density for 
a genetically modified strain of PAO1. 

 

11.2.2: Luminescence following Bacteriophage Treatment 

As linearity of luminescence against optical density was established, it was necessary to determine 

how this was affected by bacteriophage therapy. In the first experiment, each cocktail was added at 

dilutions from neat to 10-2 to 500l of PAO1 at an optical density of 1 and luminescence measured at 

0, 6 and 24hrs. At 0hrs, luminescence was of a similar magnitude, as would be expected, to that seen 

in the preceding section where linearity was established. After 6hrs, luminescence had declined with 

addition of each of the phage cocktails but was highest in wells where each neat bacteriophage 

cocktail had been added and typically lowest where phage cocktail at a 1 in 100 concentration was 

used. After 24hrs, the magnitude of luminescence had again declined but there was no consistent 

relationship between this and the concentration of bacteriophage that had been added to PAO1; for 

cocktails 1 and 2 the luminescence was lowest in wells where bacteriophage at 1 in 10 dilution had 
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been added whilst for cocktail 3 luminescence was lowest where neat bacteriophage was used. This 

is shown in Figures 11.2.2.1 and 11.2.2.2. 

 

Figure 11.2.2.1: Graph showing luminescence of PAO1 (with an initial optical density of 1), 6hrs after 
treatment with three bacteriophage cocktails at three concentrations (Log10 dilutions). 

 

Figure 11.2.2.2: Graph showing luminescence of PAO1 (with an initial optical density of 1), 24hrs after 
treatment with three bacteriophage cocktails at three concentrations (Log10 dilutions). 
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When bacterial colonies were counted from the broths in the 24 well plates after the 24hr 

luminescence readings were taken, there was only a trend towards bacteriophage being more 

effective at higher concentrations (neat > 10-1 > 10-2). The number of colonies recovered from each 

of the broths at each dilution was very similar; this was expected given earlier in vitro work that 

suggested PAO1 was highly sensitive to all three cocktails. However, this was not reflected in 

luminescence; after 24hrs there was a significant disparity between luminescence of the broths 

according to which phage had been used (Figure 11.2.2.2) which cannot be explained by significantly 

different numbers of bacteria being present in the wells. Colony counts are shown in Table 11.2.2.1; 

note that it was not possible to count colonies in wells that were not treated with bacteriophage, 

even at the lowest dilutions of 10-8, again indicating sensitivity of PAO1 to all three phage cocktails. 

Luminescence of these control wells at 24hrs was slightly less than that seen at the optical density of 

1 in the previous linearity experiment but significantly (and paradoxically) higher than that of wells 

treated with phage cocktails.  

Broth Dilution Neat 10-1 10-2 10-3 10-4 10-5 10-6 10-7 10-8 

Phage 1 Strength 

Neat +++ 102 21 13 0 0 0 0 0 

1 in 10 Dilution +++ 65 12 8 3 0 0 0 0 

1 in 100 Dilution +++ 58 29 18 5 7 7 12 7 

 

Broth Dilution Neat 10-1 10-2 10-3 10-4 10-5 10-6 10-7 10-8 

Phage 2 Strength 

Neat +++ 110 22 29 19 41 8 6 5 

1 in 10 Dilution +++ 75 29 8 10 17 6 2 4 

1 in 100 Dilution +++ ++ 9 9 13 23 70 67 45 

 

Broth Dilution Neat 10-1 10-2 10-3 10-4 10-5 10-6 10-7 10-8 

Phage 3 Strength 

Neat +++ 93 17 4 1 0 0 0 0 

1 in 10 Dilution +++ 89 17 9 3 0 1 0 1 

1 in 100 Dilution +++  92 9 1 2 0 0 0 0 

 

Broth Dilution 10-4 10-5 10-6 10-7 10-8 

 
LPA Broth (Control) 
No bacteriophage 

+++ 
Green 

+++ 
Green 

+++ Light 
Green 

+++ Light 
Green 

+++ Light 
Green 

Table 11.2.2.1: Colony counts after plating serially diluted PAO1 broths with an initial optical density of 1 
onto PSA 24hrs after treatment with three bacteriophage cocktails at three concentrations. The bottom 

table demonstrates that it was not possible to count colonies, even at dilutions of 10-8, where phage was not 
added to the broths. 
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In the second experiment, luminescence of differing optical densities of 500l of PAO1 alone was 

measured at 0, 24 and 48hrs, and also at these time points following addition of 50l of each neat 

bacteriophage cocktail. For the control broths where no bacteriophage was added, luminescence at 

0hrs mirrored earlier linearity experiments (Figure 11.2.2.3) as would be expected. It was less at 

24hrs than at 0hrs but remained higher at higher starting optical densities (Figure 11.2.2.4). At 48hrs 

luminescence declined further and there was a loss of the linear relationship seen previously such 

that broths with higher initial optical densities at time point 0 now had the lowest luminescence, 

although measurements were much more variable (Figure 11.2.2.5).  

 

Figure 11.2.2.3: Graph showing luminescence of PAO1 at different optical densities prior to 

addition of 50l of neat bacteriophage cocktails (n=3 at each optical density, time 0hrs). 

 



166 
 

 

Figure 11.2.2.4: Graph showing luminescence of PAO1 at different optical densities (n=3) 
after 24hrs incubation at 37oC. 

 

Figure 11.2.2.5: Graph showing luminescence of PAO1 at different optical densities (n=3) 
after 48hrs incubation at 37oC 

 
Where PAO1 was treated with neat bacteriophage cocktail, differences in luminescence became 

apparent after 24hrs. These were not consistent between different cocktails. Luminescence trended 

towards being greater in the broths that had a higher initial optical density for those treated with 

cocktails 1 and 2, but was lower at higher starting optical densities for cocktail 3 (Figure 11.2.2.6). 
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More important was that the magnitude of luminescence was higher in the treated broths compared 

with the control broths after 24hrs, which was paradoxical given that phage-induced killing of PAO1 

at this time point was demonstrated in the first part of this section.  

 

Figure 11.2.2.6: Graph showing luminescence of PAO1 at different optical densities 

24hrs after addition of 50l of three bacteriophage cocktails. 

 
After 48hrs incubation at 37oC with bacteriophage cocktails, luminescence of PAO1 did not appear to 

be related to initial optical density of the original broths. Luminescence of broths treated with phage 

cocktails were significantly different between the 24 and 48hr time point (p <0.05 using Wilcoxon 

matched-pairs signed rank test) although the pattern of luminescence compared to initial optical 

density had changed; luminescence of cocktail 3 tended to be greater in broths that had higher 

initial optical densities, having been lower after 24hrs though no obvious linear pattern was 

apparent across each of the optical densities (Figure 11.2.2.7). Importantly, the magnitude of 

luminescence at 48hrs was significantly greater in all treated broths when compared to the PAO1 

control broths that were not inoculated with bacteriophage after 48hrs incubation at 37oC, despite 

the fact that the number of bacteria in the broths would have decreased with the addition of phage. 
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Figure 11.2.2.7: Graph showing luminescence of PAO1 at different optical densities 

48hrs after addition of 50l of three bacteriophage cocktails. 

11.2.3: Fluorescence vs. Optical Density 

 
iRFP PAO1 was sensitive to phage cocktail 1 on standard plaque assay, as shown in Figure 11.2.3.1. A 

relationship between bacterial density and fluorescence was demonstrated by the first part of the 

described methodology. Table 11.2.3.1 shows corrected fluorescence readings (obtained following 

subtraction of fluorescence attributable to TSB alone from total measured fluorescence, n=6 for 

each optical density) and Figure 11.2.3.2 demonstrates that this was relatively linear, with each point 

representing the mean reading (n=6 at each optical density) and the error bars indicating the range. 

This suggests that the iRFP PAO1 would be a suitable infection with which to monitor response to 

bacteriophage, although when compared to the graph of luminescence against optical density 

(Figure 11.2.1.2) it is apparent that fluorescence measurements demonstrated more variability.  
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Table 11.2.3.1: Fluorescence readings at each optical density for PAO1 (n=6). 

 

 
 

Figure 11.2.3.2: Linear relationship between fluorescence and optical density for a 
genetically modified strain of PAO1 (iRFP). 

0.05 
 

0.1 
 

0.25 
 

0.5 
 

1 
 

468 705 2674 4771 5006 

1075 890 504 4086 8647 

257 74 1241 4908 6643 

952 1192 1007 2371 6616 

50 2166 2908 3666 7229 

239 628 2328 3228 8544 

Figure 11.2.3.1 (left): Standard plaque assay for iRFP 
PAO1. Phage cocktail 1 was serially Log10 diluted and 

10l pipetted onto the bacterial carpet. Inhibition of 
growth is demonstrated down to a phage dilution of 10-

5 with no inhibition as lower dilutions or where 10l SM 
buffer (C = control) was added. 
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11.2.4: Fluorescence following Bacteriophage Treatment 

Unlike the luminescent strain of PAO1, a clear reduction in fluorescence was demonstrated when 

iRFP PAO1 was treated with phage cocktail 1. This was most apparent for broths with a starting 

optical density of 0.05 and 0.1 which showed consistent increase in fluorescence over time, with no 

peak reached by the end of the experiment. iRFP PAO1 with a starting OD of 0.25 had a lower peak 

in fluorescence of approximately 10000 arbitrary units after 18hrs which was sustained through to 

the 48hr end point. The broths with starting OD of 0.5 and 1 peaked in fluorescence at around the 

same time but this then declined such that, by the end point differences in fluorescence between 

phage-treated and control wells (n=3 for each), was minimal. As expected, fluorescence of wild-type 

PAO1 wells was persistently low, regardless of the starting optical density, and did not change 

significantly over time.  

Absorbance, considered an accurate proxy measure of bacterial density (like optical density), was 

measured sequentially over the course of the experiment. Absorbance of wild-type PAO1 that was 

treated with phage remained lower than untreated wild-type PAO1 wells until at least 30hrs; 

depending on the starting optical density, absorbance of phage-treated wells surpassed that of 

untreated wells after this point. For the iRFP PAO1, absorbance of phage-treated wells followed a 

similar pattern at starting optical densities of 0.05, 0.1 and 0.25, although the time point at which 

absorbance of the treated wells surpassed that of untreated wells was earlier, at around 15-18hrs 

after the start of the experiment. For iRFP at starting optical densities of 0.5 and 1.0, absorbance of 

phage-treated wells remained lower than that of untreated wells throughout. Graphs of 

fluorescence and absorbance for wild-type PAO1 and iRFP PAO1 with starting optical densities of 

0.05 and 0.1 that were treated with either phage or with SM buffer (controls) are shown in Figure 

11.2.4.1. Graphs of fluorescence and absorbance for starting iRFP PAO1 optical densities of 0.25, 0.5 

and 1.0 are shown in Appendix A2.
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Figure 11.2.4.1: Graphs showing absorbance and fluorescence over time for wild type (WT) PAO1 and iRFP Pa01 with starting optical 
densities of 0.05 (top) and 0.1 (bottom) with and without treatment with phage cocktail. Note that fluorescence of iRFP is reduced over the 
entire 48hrs when phage is added (blue lines compared to red lines) at both starting optical densities, indicating impairment of growth by 

phage, but that absorbance is paradoxically not reduced; this suggests that absorbance is not an accurate proxy measure of bacterial density. 
As expected, there is no difference in fluorescence of WT Pa01 regardless of whether phage is added or note. 
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11.3: Discussion 

The aim of this chapter was to determine whether non-invasive monitoring of response to phage 

therapy was a feasible approach. Ultimately, the experiments demonstrated that, whilst both 

luminescence and fluorescence of modified Pa strains were good proxy measures of bacterial 

density, for different reasons it was unlikely that efficacy of phage therapy in vivo could be 

accurately monitored by using these organisms. 

All three phage cocktails demonstrated efficacy in vitro against a luminescent strain of PAO1 and 

cocktail 1 was also shown to be effective against fluorescent PAO1. Luminescence and fluorescence 

both increased in a linear fashion with increasing optical density, indicating that both readouts were 

accurate proxy measures of bacterial density. However, at both 6hrs and 24hrs, luminescence was 

paradoxically highest in wells where more bacteriophage had been added and therefore, by 

conjecture, more phage-induced killing was likely to have occurred. This assumption was shown to 

be incorrect by experiments demonstrating minimal difference in CFU/ml from wells treated with 

concentrations of bacteriophage cocktail that ranged from neat to 10-2; the reasons for this are not 

entirely clear although, given the dramatic decrease in CFU/ml in phage-treated wells compared to 

control wells, it is possible that a threshold effect was reached even when phage was diluted 100-

fold and, in order to see a dose-related difference in phage-mediated killing, further phage dilution 

might have been necessary. As these phage cocktails contained 6.2 x 1010 PFU/ml, 50l added to 

each well contained 3.1 x 109 PFU/ml; if 500l of PAO1 with an optical density of 1 contain 5 x 108 

CFU/ml, more than six phages were present for every PAO1 when neat cocktails were added. Given 

the lytic life cycle previously described and demonstrated, even at the lowest concentrations of 10-2 

where 0.06 phage per PAO1 would initially have been present, it would only take one lytic life cycle 

with 20 PFU (burst size) released from an infected PAO1 for the ratio to tip back in favour of the 

bacteriophages. Lower phage dilutions were not tested as paradoxical results were also seen in later 
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experiments. These findings verified that the strain of luminescent PAO1 being used was not suitable 

for accurately monitoring response to phage non-invasively. These data are discussed further below. 

Although differences in luminescence with the addition of differing concentrations of phage cocktail 

were minimal, differences were apparent between the cocktails. At both 6hrs and 24hrs, the 

luminescence was significantly higher in wells treated with cocktail 1 than in wells treated with 

cocktail three; this was a reproducible finding (data not shown). There was no clear explanation for 

this given that previous experiments did not demonstrate differences in sensitivity of this particular 

strain of modified PAO1 to the three cocktails and it raises questions as to the feasibility of using 

luminescence as a non-invasive marker of response. However, as PAO1 luminescence was lower at 

6hrs and lower still at 24hrs than that seen for PAO1 broths with a starting optical density of 1 in the 

linearity experiments, it remained possible that non-invasive monitoring in vivo might be useful. It 

was necessary to elucidate i) whether this reduction was due to phage-induced killing and ii) 

whether a signal could still be seen at lower optical densities, given that in vivo infection was likely to 

be with a much more reduced inoculum of PAO1. 

In the second experiment in this section, PAO1 luminescence had declined after 24hrs but remained 

highest at higher optical densities. After 48hrs, there was further reduction in luminescence which 

was most marked in wells where optical density had initially been highest; at this time point, the 

most luminescence was from wells with the lowest starting optical density. This might be explained 

by the bacterial growth curve shown in Figure 11.3.1; when bacteria are grown under favourable 

laboratory conditions (batch culture), they have five distinct phases of growth (569-573): 

I. Lag phase 
II. Exponential phase 

III. Stationary phase 
IV. Death phase 
V. Long-term stationary phase 
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Figure 11.3.1: Bacterial growth curve. Slow initial growth, followed by rapid exponential 

growth, stationary phase, rapid death phase and then more prolonged phase of decline due 

to accumulation of toxins and depletion of nutrients. 

Lag phase occurs as bacteria adjust to a growth medium, often with transient upregulation of genes 

involved in metabolism (569), which is followed by exponential growth. This occurs by binary fission 

that slows as nutrients become limited and bacteria enter a stationary phase of growth associated 

with metabolic and morphological changes (573). It has been shown that, independent of 

environmental conditions, bacteria grown in batch culture lose viability and go from the stationary 

phase to death phase, the mechanisms for which are not fully understood. However, as some 

bacteria in culture enter a long-term stationary phase, it is likely that depletion of nutrients and 

accumulation of toxins alone does not account for the death phase and that there are inherent 

mechanisms of pre-programmed bacterial apoptosis and quorum sensing that have evolved to 

ensure long-term survival of a species (570). Both these potential mechanisms may have contributed 

to the finding here that PAO1 at the highest initial optical densities (and luminescence) had lower 

luminescence after 48hrs; it is possible that these populations reached critical mass sooner and were 

therefore more likely to be metabolically inactive or dead. 
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Luminescence of PAO1 broths treated with each of the bacteriophage cocktails was higher at both 

24hrs and 48hrs than luminescence of the untreated broths. This was unexpected because it was 

previously shown that significant phage-related killing occurred by the 24hr time point and, if 

luminescence truly is a proxy measure of bacterial density, as demonstrated by the initial linearity 

experiments, then it could reasonably have been expected to fall. A possible explanation for this 

anomaly is that the particular strain of PAO1 used in these experiments was labelled with a full 

complement of lux genes, imparting the ability for it to continually produce light whilst under the 

control of the constitutive promoter and negating the need for a luciferin as an exogenous substrate. 

Whilst this added to convenience of using this strain, an unwanted consequence may be that, 

following bacteriophage infection and osmotic lysis of the PAO1 cell wall prior to release of new 

phage particles, luciferase might be also be released, thereby increasing measured luminescence 

despite fewer viable bacteria being present. There is no clear pattern of luminescence variation 

across the strains of phage cocktail and initial optical densities at the 24hr and 48hrs time points but 

it is likely that a combination of this mechanism and those relating to initial bacterial density and the 

previously described selective growth pressures in batch culture all played a role. These findings 

were replicated on a number of occasions and, as a consequence, it was concluded that this strain of 

luminescent PAO1 was not suitable to take forward for non-invasive in vivo monitoring, although, as 

it was sensitive to bacteriophage cocktails at all dilutions, it could be used for more conventional 

monitoring of response in a murine model. 

 
As a consequence of the shortcomings of luminescent PAO1 in vitro, the fluorescent strain of PAO1 

was investigated as a potential alternative for non-invasive monitoring. Absorbance readings for iRFP 

PAO1 in phage-treated wells rose more slowly than in untreated wells, but had a greater peak when 

starting optical densities were 0.05, 0.1 or 0.25 (but not 0.5 or 1), whilst fluorescence was 

consistently lower in phage-treated wells throughout the course of the experiment. Absorbance 

measurements using automated plate readers are at least as accurate as traditional methods of 
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spectrophotometry using cuvettes but may not increase linearly with increasing cell density (574), it 

is not possible to differentiate between viable and dead cells and the technique is only accurate 

when cell density is between 108 – 1010 CFU/ml (575). For these reasons the absorbance curves 

obtained are likely to be an inaccurate readout of true bacterial density. However, the curves for 

iRFP PAO1, with and without phage added, and for wild-type PAO1 are similar to the typical bacterial 

growth curve shown in Figure 11.3.1 and the slower rise in the phage-treated wells could be 

indicating inhibition of growth. This is seen more clearly in wells containing wild-type PAO1 treated 

with phage which have a very prolonged delay in increasing absorbance and therefore do not have a 

shape akin to the usual bacterial growth curve. The difference in the absorbance curves between 

wild-type PAO1 and iRFP PAO1 suggest that the transformation of PAO1 with the chromophore 

might alter bacterial growth properties and phage susceptibility, an important point to consider if 

using this organism as evidence of clinical applicability in human subjects.   

The fluorescence curves obtained are understandably identical (showing minimal fluorescence) for 

both phage-treated and untreated wild-type PAO1. Fluorescence is consistently lower over the 48hr 

experimental period in wells containing iRFP that were treated with phage compared with control 

wells, regardless of the starting optical density of the broths. However, fluorescence does not 

appear to be a linear readout of bacterial density; peak fluorescence of PAO1 iRFP with a starting 

optical density of 0.05 is 17796 arbitrary units and is still increasing at the end of the experiment 

whilst peak fluorescence of PAO1 iRFP with a starting optical density of 1 was only 11796 after 15hrs 

and started to decline thereafter. Absorbance at these times was 0.073 for the broth with a starting 

optical density of 0.05 and 0.295 for the broth with a starting optical density of 1. At time zero for 

the broth with a starting optical density of 1, absorbance was 0.087, similar to that of the 0.05 broth 

at 48hrs, yet the fluorescence was only 6765 compared to 17796 arbitrary units. Hence, although 

the curves consistently demonstrate lower fluorescence in iRFP PAO1 wells that were treated with 

phage, the relationship between bacterial density and fluorescence appears far more complex and 

fluorescence alone would not allow any quantitative inference of bacterial load in a murine model of 
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infection. A further concern is that, although the iRFP integrated into the PAO1 genome is only 

expressed in metabolically active cells, there is a lag time between cells becoming inactive and the 

fluorescence dropping off. A reduction in iRFP should correlate with bacterial cells entering the 

stationary phase; however, this is only seen in untreated iRFP broths with a starting optical density 

of 1, where absorbance clearly correlates with fluorescence, everywhere else the fluorescence 

continues to increase despite the absorbance curves appearing to demonstrate cessation of 

logarithmic growth.  

Despite these concerns, as there was clearly a reduction in fluorescence signal when iRFP was 

treated with phage, a preliminary in vivo experiment was attempted, with the same methodology as 

described in Section 12.2.2. 50l of iRFP PAO1 at an optical density of 2 (incompatible with life based 

on dose-finding experiments in Section 12 but deliberately high in order to give the best chance of 

seeing a signal) was nasally instilled into two BALB/c mice under isoflurane anaesthesia; one mouse 

was treated simultaneously with 20l bacteriophage cocktail 1 and the other with 20l SM buffer. 

Pictures were taken using the LivingImage system 30 minutes and 60 minutes after the infection; no 

signal was seen at either time point. The experiment was not repeated due to i) concerns about 

animal welfare (high infectious dose and repeated inhalational anaesthesia) and ii) fluorescence 

alone being unlikely to provide sufficient information with regards to the safety and efficacy of 

phage treatment. A proof-of-concept experiment, conducted by Caroline Mullineaux-Sanders at 

Imperial College London, demonstrated that it is possible to visualise iRFP PAO1 in BALB/c mice 

using the LivingImage system. In this experiment, inoculum far in excess (6x109 CFU) of what was 

lethal in nasal infection dose-finding experiments (2 x 107 CFU, Section 12.2.2) was injected directly 

into lung tissue of already dead mice and, even then, only a small focus of fluorescence was visible. 

For these reasons, it was felt that monitoring of phage response using iRFP PAO1 was unlikely to be 

fruitful; attempts to establish surrogate readouts of efficacy were abandoned at this point and 

ongoing work focused on analysis of samples obtained by more conventional, invasive techniques.  
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Chapter 12: In vivo Efficacy of Phage Cocktail 

12.1.1: Ethics Statement 

 
All in vivo work was carried out in accordance with the Animals (Scientific Procedures) Act of 1986 

following my completion of Modules 1-4 of the Imperial College/Central Biomedical Sciences Pre-

Licence training course and the subsequent issue of a Personal Licence. Animals were housed in a 

specialist facility in accordance with European regulations. Food and drink were provided ad libitum 

and the work was prospectively approved by the United Kingdom Home Office.  

12.2: Materials and Methods 

12.2.1: Preparation of Pa for Murine Infection 

 
For all in vivo work, PAO1 and the selected clinical strain of Pa (see Chapter 10) were inoculated into 

10mls TSB as previously described and cultured overnight at 37oC with agitation. Broths were then 

centrifuged (ALC, Italy) at 2000g at 4oC for ten minutes and the resultant cell pellet resuspended in 

10mls of phosphate buffered saline (PBS: Gibco, UK). Optical density of broths was measured by 

spectrophotometry and adjusted by dilution with sterile PBS. Serial dilution and plating of a broth 

with a starting optical density of 1 onto PSA confirmed that this was equivalent to approximately 

1x109 CFU/ml.  

Varying doses of inoculum were used for different in vivo experiments. All were prepared using 

optical density as a proxy measure of bacterial density with sterile PBS used for dilution. 

Spectrophotometry at OD620 was used throughout.  

12.2.2: Dose-Finding Methodology 

Female adult BALB/c (Harlan, UK) mice were used for in vivo work. These were initially selected 

because they are an albino strain and therefore more suitable for non-invasive monitoring with 

optical imaging. In the dose-finding study, mice (n=3 /group) were anaesthetised by isoflurane 

inhalation and infected by nasal gavage (sniffing) of 50l of either PAO1 or the clinical strain at ODs 
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of 1, 0.5, 0.1 and 0.05 (equivalent to 1x109, 5x108, 1x108 and 5x107 CFU/ml). After 24hrs, mice 

infected with the three highest inoculums of PAO1 were either deceased or very unwell and mice 

infected with anything greater than 5x107 CFU/ml of the clinical strain were deceased or showing 

signs of severe infection such as hunching, irregular respiration and paucity of movement. A 

maximum inoculum of 5x107 CFU/ml (OD 0.05) was thus selected for initial experimental use. 

12.2.3: Murine Infection Protocol 

Mice were infected by pipetting 50l of PAO1 or the clinical strain intranasally following induction of 

anaesthesia by isofluorane inhalation. 20l (12.4x108 PFU/ml = 1.24x109 PFU in 20l) of phage 

cocktail or SM buffer (controls) was administered, the timing of which varied according to the 

experiment protocol. A number of different conditions were investigated: 

I. Infection with 5x107 CFU/ml (2.5x106 CFU) PAO1 or the clinical strain followed 

immediately by administration of 20l of phage cocktail 1 or SM buffer. Bronchoalveolar 

lavage (BAL) performed after 48hrs.  

II. Infection with 1x108 CFU/ml (5x106 CFU) PAO1 followed immediately by administration 

of 20l of phage cocktail 1 or SM buffer. BAL performed after 48hrs. 

III. Infection with 5x108 CFU/ml (2.5x107 CFU) PAO1 followed immediately by administration 

of 20l of phage cocktail 1 or SM buffer. BAL performed after 24hrs. 

IV. Infection with 5x108 CFU/ml (2.5x107 CFU) PAO1 followed by administration 24hrs later 

of 20l of phage cocktail 1 or SM buffer, under second isoflurane anaesthesia. BAL 

performed 24hrs after second anaesthetic. 

V. Administration of 20l of phage cocktail 1 or SMB buffer followed by infection 48hrs 

later with 5x108 CFU/ml (2.5x107 CFU) PAO1, under second isoflurane anaesthesia. BAL 

performed 24hrs after second anaesthetic. 

VI. Administration of 20l of phage cocktail (1, 2 or 3) or SM buffer. BAL performed after 

48hrs. 
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Conditions I-III were not representative of the clinical situation as bacteriophage was administered 

at the time of Pa infection; however this strategy was used initially because I felt that it was most 

likely to yield a signal. Initiation of treatment post-infection, as in condition IV, is the probable 

scenario in a medical setting. Condition V, where phage was administered prophylactically, is a 

strategy that might also be useful clinically if i) phage persistence can be demonstrated without a Pa 

host being present and ii) phage itself does not cause an inflammatory response in the lung, which 

was assessed by condition VI.  

All conditions were assessed by analysis of BALF and non-quantitative splenic culture (a proxy 

measure of systemic spread of infection). BALF was obtained following induction of terminal general 

anaesthesia by administration of Hypnorm (Vetapharma, UK) and Hypnovel (Roche, UK) that had 

been mixed in a 1:1:2 ratio with water for injections and has been demonstrated to provided good 

surgical anaesthesia with a single injection (576). 400l was administered intraperitoneally with a 

25g MicrolanceTM needle (BD, Ireland) and 1ml PlastipakTM syringe (BD, Spain). When anaesthesia 

was achieved, midline abdominal incision was made and exsanguination induced by cutting the 

ascending aorta. Following cessation of circulation, the trachea was surgically exposed by blunt 

dissection and cannulated with 22g AbbocathTM (Hospira, UK). Bronchoalveolar lavage was 

performed with sequential instillation and aspiration of 500l PBS (three cycles) from a 1ml syringe. 

BALF was collected into 1.5ml Eppendorf TubesTM (Eppendorf, UK) and spleens were harvested into 

Eppendorf TubesTM containing 500mls sterile PBS. All samples were transported on ice for 

processing.  

12.2.4: Processing of Samples 

100l of BALF was serially Log10
 diluted and 5 x 10l drops cultured overnight at 37oC on PSA plates 

as per Miles and Misra (566) prior to colony counting. Non-quantitative culture of homogenised 

explanted spleens was also performed by pipetting of 5 x 10l droplets onto PSA.  
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The remaining BALF was centrifuged at 4oC for ten minutes at 2000g. 100l aliquots of supernatant 

were removed using a pipette and stored at -80oC for later batched analysis of soluble inflammatory 

markers using a multiplex ELISA platform (MesoScale Discovery, United States). The remaining cell 

pellet was resuspended by adding 200l PBS and put on a vortex mixer (StuartTM, UK) at 1000rpm. 

20l of this was then added to 40l tryphan blue (Sigma, UK) and 20l PBS (1 in 4 dilution); 

inflammatory cells were quantified from 20l of this suspension visualised under a light microscope 

(Leitz Labrolux, Germany) on a Neubauer haemocytometer. If more than 100 cells per field were 

visible, dilution of the suspension was increased until   100 cells/field were visible. Both viable 

(white) and dead cells (stained blue due to integrity of cell wall being compromised) were counted in 

each of the four large corners (Figure 12.2.4.1); cells touching only the upper and left edges of 

smaller squares were counted in order to prevent counting the same cell twice. The number of cells 

per ml was calculated using the following formula: 

Total Cells x 104/ml = (Live Cells + Dead Cells) x dilution factor/8 (quadrants on haemocytometer) 

 

Figure 12.2.4.1: Schematic of Neubauer haemocytometer. 10l of solution is introduced into the notch and a 
coverslip is applied. Sample depth is 0.1mm (left). Magnification of counting grid; green area signifies one 

large square; cells in four large corner squares are counted to give cell count which is multiplied by the 
dilution factor and divided by 8 (quadrants) to give the total cell count (right). 
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Differential cell count was performed following cytospin (Shandon, UK) at 400rpm for five minutes 

on a further 100l of the resuspended cell pellet. After air-drying for ten minutes, slides were fixed 

in methanol for five minutes before being allowed to dry. Staining was done with May-Grunwald-

Giesma Quickstain (Sigma, UK); reagents were added to Coplin jars and slides dipped 5 times into 

reagent A, 20 times into reagent B, 5 times into reagent C and then into water to remove excess 

stain. Slides were dried overnight before coverslips were mounted using one drop of DPX (Sigma, 

UK) in a fume cupboard. After drying, slides were blinded by Dr. Michael Waller, Clinical Research 

Fellow, Imperial College London, before I counted 300 cells per slide using light microscopy; the 

proportion of neutrophils, eosinophils and lymphocytes was measured and absolute numbers 

calculated following unblinding of slides (using the total cell count done previously).  

12.2.5: Cytokine Analysis 

Batched supernatant samples were analysed for soluble inflammatory markers using a multiplex 

ELISA as previously discussed. The assay uses capture antibodies in 96-well plates to simultaneously 

detect multiple cytokines, namely interleukin (IL) 1b, IL-12p70, IL-6, IL-10, interferon gamma (IFN-), 

tumour necrosis factor alpha (TNF-) and KC (keratinocyte chemoattractant), the murine analogue 

of IL-8 (577). These cytokines were part of a standard "Mouse Pro-inflammatory 7-Plex Ultra-

Sensitive Kit" (Product Number K15012C-1) available from MesoScale Discovery. This was selected as 

all seven cytokines have key roles in inflammation and infection and preformed kits were more cost-

effective than custom-made plates. I was keen to also measure macrophage inflammatory protein-2 

(MIP-2), a cytokine that promotes neutrophil chemotaxis and degranulation. The additional expense 

of adding this could not be justified as KC is also a neutrophil chemoattractant that binds to the 

same CXCR2 chemokine receptor as MIP-2 and thus has a very similar function (578). Further 

information about the measured cytokines is given in the product insert (see Appendix A3).  

100l aliquots of frozen supernatant were thawed and 45l added to 5l of bovine serum albumin 

(BSA) which acts as a carrier protein to prevent loss of analyte to the labware. 25l of this mixture 
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was required for analysis which was performed as per the manufacturer’s protocol. Standard 

calibration curves (in duplicate for each plate) were prepared, also as per the standard operating 

procedure, full details of which are given in the MesoScale product guidelines that have been 

reproduced in Appendix A3. 

12.2.6: Statistical Analysis 

Based on modest group sizes and assuming non-Gaussian data distribution, Mann-Whitney t-test 

was performed where treated and control groups were being compared. Kruskall-Wallis test with 

Dunn’s multiple comparisons test was used if more than two groups were being compared. If 

correlations were calculated, Spearman rank (non-parametric) was used. All statistical analyses were 

performed using Prism 6.0 (GraphPad, USA) or Excel 2010 (Microsoft, USA).  

12.3: Results 

12.3.1: Simultaneous Administration of Bacteriophage and Pa 

Mice were infected with 2.5x106 bacteria of either PAO1 (n=16) or the clinical strain of Pa (n=12) and 

treated under the same anaesthetic with either phage cocktail 1 (n=14) or SM buffer (n=14). BALF 

culture demonstrated that all phage-treated mice and most control mice cleared Pa; 2/6 control 

mice infected with the clinical strain had persistent infection but with low bacterial load (20 and 40 

CFU/ml) on quantitative culture. There was no statistically significant difference in colony counts 

between phage-treated and control animals at this low inoculum of either PAO1 or the clinical strain 

and no evidence of systemic spread, as indicated by positive splenic cultures, was seen. 

Although there was no difference in bacterial load after 48hrs, inflammation assessed by total and 

differential cell counts was significantly reduced in phage-treated animals compared with controls. 

Total inflammatory cells were lower with both PAO1 and the clinical strain when phage had been 

administered, with a significant reduction in neutrophils with both strains and fewer macrophages 

being observed with the clinical strain. This is shown in Table 12.3.1.1 and Figures 12.3.1.1 and 

12.3.1.2. An example of BALF fluid as seen under the light microscope is shown in Figure 12.3.1.3. 
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  n Total 
Cells 
(x104/ml) 

p Neutrophils 
(x104/ml) 
 

P Macrophages 
(x104/ml) 
  

p Lymphocytes 
(x104/ml) 
 

p 

PAO1 
 

Controls 8 288.8 
[275.5 – 
337.5] 

<0.01 229 
[190.1 – 
285.9] 

<0.01 76.6 [36.3 – 
86.3] 

0.32 5.624 [4.9  - 
9.8] 

0.78 

Phage-
treated 

8 205.5 
[134.5 – 
288.5] 

138.2 
[91.86 – 
230.8] 

56.05 [37.3 – 
76.2] 

6.3 [1.9 – 
10.5] 

Clinical 
Strain 

Controls 
 

6 228  
[173.3 - 
346.5] 

<0.01 174 
[112.1 -
266.8] 

<0.01 62.97 
[39.0 – 71.2] 

<0.05 6.8 
[1.4 – 19.2] 

0.57 

Phage-
treated 

6 112.4  
[71 – 
146.5] 

73.17 
[35.15 - 
102.1] 

37.9 
[22.8 – 56.9] 

4.1 
[2.1 – 9.3] 

Table 12.3.1.1: Inflammatory cells and differential (median [range]) in BALF at 48hrs from mice infected with 
2.5 x 106 PAO1 or a clinical strain of Pa and simultaneously administered either bacteriophage or SM buffer 

(controls). A significant reduction in total cells and was seen with both bacterial strains where bacteriophage 
was given. 

 

 

Figure 12.3.1.1: Differential cell counts (median/range) from BAL performed at 48hrs in 
mice inoculated with 2.5x106 of a clinical strain of Pa and simultaneously treated with 

20l phage cocktail 1 (1.24 x 109 PFU) or SM buffer. Note significant reduction in 
neutrophils (p < 0.01) and macrophages (p < 0.05). 
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Figure 12.3.1.2: Differential cell counts (median/range) from BAL performed at 48hrs in 

mice inoculated with 2.5x106 of PAO1 and simultaneously treated with 20l phage 
cocktail 1 (1.24 x 109 PFU) or SM buffer. Note significant reduction in neutrophils (p 

<0.01). 

 

 

Figure 12.3.1.3: Example of mouse BALF under 40x light magnification. Macrophages with 
single large nucleus (circled in red) are predominant in uninfected BALF (see later 

experiments with phage or SM buffer alone) whilst smaller neutrophils with multi-lobular 
nucleus (circled in green) are the principle cell in BALF of mice infected with Pa.  
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Differences in inflammatory cell count persisted when the inoculum of PAO1 was increased to 5x106 

CFU (condition II) but there remained no difference in bacterial load, with all phage treated and 

control mice (n=9 in each group) still able to clear the larger infectious dose after 48hrs. This is 

shown in Table 12.3.1.2 and Figure 12.3.1.4. 

 
  n Total 

Cells 
(x104/ml) 

p Neutrophils 
(x104/ml) 
 

P Macrophages 
(x104/ml) 
 

p Lymphocytes 
(x104/ml) 
 

p 

PAO1 
 

Controls 9 243.0 
[214.0-
382.0] 

<0.01 206.0 
[160.1 – 
331.6] 

<0.01 54.8 [16.1 – 
101.0] 

0.05 11.5 [0.0 – 
25.7] 

0.94 

Phage-
treated 

9 151.0 
[139.0 – 
265.0] 

122.1 
[105.4 – 
187.4] 

31.6 [18.2 – 
56.5] 

8.5 [1.5 – 
27.5] 

Table 12.3.1.2: Inflammatory cells and differential in BALF at 48hrs from mice infected with 5x106 PAO1 and 
simultaneously administered either bacteriophage or SM buffer (controls). A significant reduction in total 
cells was seen where bacteriophage was given although no difference in bacterial load was demonstrated. 

 

 

Figure 12.3.1.4: Differential cell counts (median/range) from BAL performed at 48hrs in 

mice inoculated with 5x106 of PAO1 and simultaneously treated with 20l phage cocktail 
1 (1.24 x 109 PFU) or SM buffer. Note significant reduction in neutrophils (p <0.01). 

 

Levels of inflammatory cytokines were also lower in BALF supernatant. At the inoculum of 2.5x106 

CFU this was only seen with the clinical strain and not with PAO1; this was thought to be attributable 

to differences in virulence, suggested by mice being less tolerant of higher inoculums of the clinical 
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strain in the initial dose finding study. However, when the infectious dose of PAO1 was increased to 

5x106 CFU (condition II, results above), there was still no difference in cytokine levels (or bacterial 

load) despite the differential cell count being significantly different. Table 12.3.1.3 shows cytokine 

levels (median/range) for both strains at the initial 2.5x106 infectious dose and Figure 12.3.1.5 

depicts the five cytokines that were significantly different between treated and control mice infected 

with the clinical strain. Table 12.3.1.4 shows cytokine levels in mice infected with 5x106 PAO1; higher 

doses of the clinical strain were not used in ongoing work as mice were either dead or extremely 

unwell within 24hrs of infection and had to be sacrificed for ethical reasons.  

 
  n IL-1 p IL-6 

 
p IL-10 

 
p IL12-p70 p 

PAO1 
 

Controls 8 117.6 
[83.7 – 
181.5] 

0.16 4136 
[1078 – 
8526] 

0.08 23.1 
[8.0 – 
47.5] 

0.49 146.4 
[68.8 – 
285] 

0.49 

Phage-
treated 

8 151 
[111.7 – 
206.3] 

1847 
[527.6 – 
2857] 

17.4 
[4.1 – 
56.1] 

173.8 
[77.1 – 
303.3] 

Clinical 
Strain 

Controls 
 

6 110.2 
[92.2 – 
161.1] 

0.14 2451 
[658 – 
2989] 

0.03 13.2 
[4.9 – 
40.9] 

0.04 184.5 
[121.7 – 
257.7] 

0.01 

Phage-
treated 

6 90.3 
[39.5 – 
130.7] 

671.9 
[247.5 – 
1256] 

5.2 
[1.5 – 
8.7] 

90.9 
[57.8 – 
149.5] 

 

  n TNF- p IFN- 
 

p KC 
 

p 

PAO1 
 

Controls 8 267.8 
[107.6 – 
902] 

0.93 179.4 
[75.1 – 
236.8] 

0.70 638.5 
[254.9 – 
1107] 

0.43 

Phage-
treated 

8 337.9 
[144.4 – 
642] 

173.3 
[113.7 – 
346.2] 

741.9 
[336.5 – 
1385] 

Clinical 
Strain 

Controls 
 

6 303.6 
[186.5 – 
561.8] 

0.03 147.0 
[52.6 – 
243.2] 

0.87 590.2 
[378.8 – 
1272] 

0.04 

Phage-
treated 

6 142.6 
[82.7 – 
247.2] 

159.6 
[73.0 – 
311.3] 

378.4 
[261.1 – 
469.1] 

Table 12.3.1.3: Levels of pro-inflammatory cytokines (median [range] in picograms (pg)/ml) in BALF at 48hrs 
from mice infected with 2.5x106 PAO1 or a clinical strain of Pa and simultaneously administered either 

bacteriophage or SM buffer (controls). A significant reduction in 5/7 measured cytokines is demonstrated in 
mice infected with the clinical strain, but no differences are seen in mice infected with PAO1 at this dose. 
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Figure 12.3.1.5: Pro-inflammatory cytokines (median/range) from BAL performed at 48hrs in mice 

inoculated with 2.5x106 of a clinical strain of Pa and simultaneously treated with 20l bacteriophage 
cocktail (containing 1.24x109 PFU) or SM buffer. 

Cytokine 
 

Controls (n=6) Phage-Treated (n=6) p 

IL-1 153.3 [36.9 – 225.2] 195.2 [89.6 – 331.4] 0.33 

IL-6 10913 [1065 – 20217] 6429 [1904 – 21720] 0.36 

IL-10 62.9 [12.0 – 79.6] 37.4 [10.5 – 73.0] 0.19 

IL-12p70 391.7 [125.0 – 568.8] 238.5 [154.2 – 553.4] 0.24 

TNF- 1343 [208.1 – 3610] 776.5 [278.5 – 3150] 0.19 

IFN- 105.0 [21.2 – 204.3] 109.4 [47.1 – 363.4] 0.37 

KC 1370 [221.1 – 2403] 887.4 [376 – 1806] 0.15 

Table 12.3.1.4: Levels of pro-inflammatory cytokines (median [range] in pg/ml) in BALF at 48hrs from mice 
infected with 5x106 PAO1 and simultaneously administered either bacteriophage or SM buffer (controls). 

 
As all mice were able to clear Pa infection regardless of whether they had been treated with the 

bacteriophage cocktail, condition III was implemented, whereby the inoculum of PAO1 was 

increased tenfold (to 2.5x107 CFU) and BAL carried out after 24hrs rather than 48hrs. The rationale 

behind this was threefold: i) increased inoculum would stress the murine immune system and be 

inherently more difficult for mice to clear naturally, ii) by performing BAL at 24hrs sicker mice could 

also be studied rather than needing to be sacrificed for ethical reasons and iii) TEM undertaken 

previously demonstrated that bacteriophage begin infecting Pa within hours, so any difference in 

bacterial load might reasonably be expected to be apparent early on, rather than necessarily 48hrs 
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post-treatment. Under these conditions, a signal for bacterial killing was detected; all control mice 

(n=6) had detectable Pa infection (median [range] 1305 [190-4700 CFU/ml) and no bacteria were 

cultured from any mice treated with bacteriophage (n=6), p <0.01. This is shown in Figure 12.3.1.6. 

There was no growth from splenic cultures of treated or control mice. Unlike the previous 

experiments, no difference in inflammatory cell counts was demonstrated, as shown in Table 

12.3.1.5 and Figure 12.3.1.7 but two cytokines (IL-10 and IL-1b) were significantly different between 

the groups, shown in Figure 12.3.1.8. All cytokine measurements under this condition are 

summarised in Table 12.3.1.6. 

 

Figure 12.3.1.6: Colony counts/ml from BAL performed at 24hrs in mice 

inoculated with 2.5x107 of PAO1 and simultaneously treated with 20l 
bacteriophage cocktail (containing 1.24x109 PFU) or SM buffer. 

  n Total 
Cells 
(x104/ml) 

p Neutrophils 
(x104/ml) 
 

p Macrophages 
(x104/ml) 
 

p Lymphocytes 
(x104/ml) 
 

P 

PAO1 
 

Controls 6 166 
[129.5 – 
345] 

0.40 151.2 
[121.2 – 
317.4] 

0.47 9.30 
[6.00 – 23.52] 

0.78 1.75  
[0.0 – 6.90] 

0.67 

Phage-
treated 

6 162.5 
[129.5 – 
191.5] 

145.8 
[114.9 – 
164.4] 

12.64 
[2.72 – 16.30] 

2.02 
[0.56 – 4.08] 

Table 12.3.1.5: Inflammatory cells and differential in BALF at 24hrs from mice infected with 2.5x107 PAO1 
and simultaneously administered either bacteriophage or SM buffer (controls). No differences in 

inflammatory cell count are observed. 
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Figure 12.3.1.7: Differential cell counts (median/range) from BAL performed at 24hrs in 

mice inoculated with 2.5x107 of PAO1 and simultaneously treated with 20l phage 
cocktail 1 (1.24 x 109 PFU) or SM buffer. 

Cytokine 
 

Controls (n=6) Phage-Treated (n=6) p 

IL-1 431 [313.3 – 536.3] 266.8 [194.9 – 364.6] 0.02 

IL-6 9824 [6151 – 45226] 5755 [4116 – 13282] 0.06 

IL-10 150.7 [114.5 – 321.7] 81.4 [40.0 – 113.6] <0.01 

IL-12p70 270.4 [169.7 – 374.7] 288.7 [118.4 – 321.8] 0.68 

TNF- 9822 [8643 – 10020] 9444 [6268 – 9791] 0.31 

IFN- 142.5 [28.9 – 263.4] 212.3 [69.3 – 579.7] 0.39 

KC 4109 [2116 – 5230] 4370 [3728 – 5155] 0.39 

Table 12.3.1.6: Levels of pro-inflammatory cytokines (median [range] in pg/ml) in BALF at 24hrs from mice 
infected with 2.5x107 PAO1 and simultaneously administered either bacteriophage or SM buffer (controls). 

A significant reduction is seen in two cytokines and a strong trend toward reduction in IL-6 is shown. 

 

Figure 12.3.1.8: Significant difference in two pro-inflammatory cytokines (median/range) 
from BAL performed at 24hrs in mice inoculated with 2.5x107 of PAO1 and simultaneously 

treated with 20l phage cocktail 1 (1.24 x 109 PFU) or SM buffer.  
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12.3.2: Delayed Administration of Bacteriophage (Post Pa-Infection) 

A signal for improved bacterial killing and reduced inflammatory response following treatment with 

anti-Pa bacteriophage was demonstrated in results section 12.3.1. However, as simultaneous 

administration of therapy does not mimic the clinical situation, condition IV set out to investigate 

the potential of bacteriophage treatment being administered after infection. Mice were intranasally 

infected with 2.5x107 CFU of PAO1 and treated with intranasal phage cocktail or SM buffer 24hrs 

post-infection, with BAL performed a further 24hrs later. This higher inoculum of PAO1 again 

produced a significant signal in regards to bacterial killing; all control mice (n=8) had positive BAL 

cultures (median [range] 5950 [40-194000] CFU/ml) whilst only one mouse in the treatment arm 

(n=7, due to technical difficulties with one BAL) had bacteria isolated from BALF (median [range] 0 

[0-160] CFU/ml, p <0.01). This is shown in Figure 12.3.2.1. There was growth of Pa from non-

quantitative splenic culture in 25% (2/8) of the control mice, indicating systemic spread, but no 

growth from the spleens of any of the phage-treated mice. There was a reduction in IL-10 (p <0.05) 

and KC (p <0.01) but no differences in any of the other tested cytokines or inflammatory cell counts. 

This is shown in Table 12.3.2.1, Figure 12.3.2.2 and Table 12.3.2.2 and Figure 12.3.2.3.  

 

Figure 12.3.2.1: Colony counts/ml from BAL performed at 48hrs in mice 

inoculated with 2.5x107 of PAO1 and treated with 20l bacteriophage cocktail 
(containing 1.24x109 PFU) or SM buffer 24hrs post-infection. 
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  n Total 
Cells 
(x104/ml) 

p Neutrophils 
(x104/ml) 
 

p Macrophages 
(x104/ml) 
 

p Lymphocytes 
(x104/ml) 
 

P 

PAO1 
 

Controls 8 297.5 
[230.5 – 
447] 

0.84 253.0 
[202.8 – 
390.4] 

0.84 46.49 
[20.24 – 
57.48] 

0.39 5.34 
[1.85 – 7.50] 

0.64 

Phage-
treated 

7 310.5 
[224.0 – 
391.0] 

240.4 
[185.9 – 
337.6] 

48.67 
[33.68 – 
67.28] 

4.59  
[0.78 – 8.76] 

Table 12.3.2.1: Inflammatory cells and differential in BALF at 48hrs from mice infected with 2.5x107 PAO1 
and administered either bacteriophage or SM buffer (controls) 24hrs post-infection. No differences in 

inflammatory cell count are observed. 

 

 

Figure 12.3.2.2: Differential cell counts (median/range) from BAL performed at 48hrs in 

mice inoculated with 2.5x107 of PAO1 and treated with 20l phage cocktail 1 (1.24 x 109 
PFU) or SM buffer 24hrs post-infection. 

 
Cytokine 
 

Controls (n=8) Phage-Treated (n=7) p 

IL-1 409.4 [165.2 – 631.0] 333.5 [60.0 – 387.5] 0.67 

IL-6 18393 [4198 – 40792] 6590 [1147 – 10620] 0.28 

IL-10 237.4 [132.7 – 290.0] 150.5 [69.0 – 231.5] 0.03 

IL-12p70 97.5 [54.0 – 156.5] 64.5 [40.6 – 147.7] 0.45 

TNF- 4334 [1573 – 11426] 5256 [1835 – 6993] 0.68 

IFN- 47.7 [30.4 – 228.8] 49.9 [22.2 – 77.3] 0.67 

KC 2960 [2507 – 4239] 1512 [1024 – 2791] <0.01 

Table 12.3.2.2: Levels of pro-inflammatory cytokines (median [range] in pg/ml) in BALF at 48hrs from mice 
infected with 2.5x107 PAO1 and administered either bacteriophage or SM buffer (controls) 24hrs post-

infection. A significant difference is seen in two cytokines. 
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Figure 12.3.2.3: Significant difference in two pro-inflammatory cytokines (median/range) 
from BAL performed at 48hrs in mice inoculated with 2.5x107 of PAO1 and treated with 

20l phage cocktail 1 (1.24 x 109 PFU) or SM buffer 24hrs post-infection. 

 

12.3.3: Prophylactic Administration of Bacteriophage 

 
Having demonstrated that bacteriophage cocktail is efficacious in improving bacterial clearance and 

also reduced some, but not all, measures of inflammation, the therapeutic potential of prophylactic 

therapy was investigated. The specific question was, if phage is given prophylactically, in the absence 

of any Pa, would it be able to survive long enough in the host to exert beneficial effects when Pa is 

introduced. This would be a beneficial approach in CF patients as it would allow pre-emptive therapy 

that may prevent infection from ever being established, perhaps at times of increased risk such as 

intercurrent viral infection or need for general anaesthesia. Such an approach using prophylactic 

nebulised gentamicin was demonstrated to be effective in a pilot study of children with CF (579) 

although a later study of cycled prophylactic therapy did not show benefit and raised concerns about 

disruption of the pulmonary microbiome (580). Emergence of resistant strains is another concern 

associated with long-term antibiotic prophylaxis (581) and for these reason an alternative approach 

using highly-specific bacteriophage is appealing. 
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20l of bacteriophage or SM buffer was instilled intranasally 48hrs prior to inoculation with 2.5x107 

CFU of PAO1 with BAL being performed 24hrs after the bacterial infection. Two control mice died 

post-infection, prior to BAL being performed. Of the surviving mice (n=5), all had persistent and high 

levels of bacteria in the BALF (median [range] CFU/ml) whilst the majority of phage-treated animals 

(n=7) had successfully cleared the infection and those which had not had only low levels of bacteria 

detected (median [range] 0 [0-20]), p <0.01). This is shown in Figure 12.3.3.1. 80% (4/5) surviving 

control mice had positive splenic cultures, indicating systemic spread; this was not seen in any 

phage-treated mice. Figure 12.3.3.2 shows splenic cultures of treated and control mice on PSA. 

 

Figure 12.3.3.1: Colony counts/ml from BAL performed at 24hrs in mice inoculated 

with 2.5x107 of PAO1 following pre-treatment with 20l bacteriophage cocktail 
(containing 1.24x109 PFU) or SM buffer 48hrs prior to infection (prophylactically). 
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In addition to prophylactic phage therapy having an effect on bacterial killing, there were also 

differences in total and differential cell counts and KC, all of which were significantly reduced in 

treated mice compared with controls. Other measured cytokines were similar between groups. This 

is shown in Table 12.3.3.1, Figure 12.3.3.3 and Table 12.3.3.2 and Figure 12.3.3.4.  

  n Total 
Cells 
(x104/ml) 

p Neutrophils 
(x104/ml) 
 

p Macrophages 
(x104/ml) 
 

p Lymphocytes 
(x104/ml) 
 

P 

PAO1 
 

Controls 5 336.0 
[309.0 – 
425.5] 

<0.01 272.2 
[179.1 – 
364.2] 

<0.05 57.1 
[52.1 – 146.8] 

0.74 7.2 
[5.65 – 
10.08] 

<0.05 

Phage-
treated 

7 192.0 
[173.5 – 
309] 

142.5 
[72.96 – 
251.2] 

59.0 
[35.1 – 111.4] 

2.0  
[0.94 – 7.68] 

Table 12.3.3.1: Inflammatory cells and differential in BALF at 24hrs from mice infected with 2.5x107 PAO1 
following administration of either bacteriophage or SM buffer (controls) 48hrs prior to infection 

(prophylactically). Note significant reduction in total cells, neutrophils and lymphocytes in treated mice. 

 

Figure 12.3.3.2: a) PSA plates following BALF culture; 

note no growth at any concentration for sample T6 

(top) and growth down to a dilution of 10-5 (one 

colony visible, arrowed) for sample C5 (bottom). 

b) Positive splenic cultures for samples C9 – C11 

(controls) but no growth from spleen of mouse T12. 
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Figure 12.3.3.3: Differential cell counts (median/range) from BAL performed at 24hrs in 

mice inoculated with 2.5x107 of PAO1 following pre-treatment with 20l phage cocktail 1 
(containing 1.24 x 109 PFU) or SM buffer 48hrs prior to infection (prophylactically). 

 

 

Cytokine 
 

Controls (n=5) Phage-Treated (n=7) p 

IL-1 199.4 [151.0 – 1924] 134.0 [5.6 – 204.5] 0.10 

IL-6 2044 [966.1 – 20364] 2023 [206.1 – 20638] 0.98 

IL-10 82.8 [46.8 – 1150] 90.7 [6.4 – 462.8] 0.86 

IL-12p70 229.6 [58.7 – 276.6] 320.9 [60.2 – 546.9] 0.26 

TNF- 6699 [646.2 – 9246] 1571 [9.0 – 3279] 0.27 

IFN- 133.6 [9.0 – 453.9] 297.4 [2.9 – 1123] 0.50 

KC 7775 [2685 – 14610] 1189 [43 – 2552] <0.01 

Table 12.3.3.2: Levels of pro-inflammatory cytokines (median [range] in pg/ml) in BALF at 
24hrs from mice infected with 2.5x107 PAO1 and following pre-treatment with either 

bacteriophage or SM buffer (controls) 48hrs prior to infection (prophylactically). A 
significant reduction is seen in KC under these conditions.  



197 
 

 

Figure 12.3.3.4: Significant reduction in KC (median/range) from BAL 
performed at 24hrs in mice inoculated with 2.5x107 of PAO1 following pre-

treatment with 20l phage cocktail 1 (containing 1.24 x 109 PFU) or SM buffer 
48hrs prior to infection (prophylactically). 

 

12.3.4: Administration of Bacteriophage Cocktails Alone 

The finding that bacteriophage administered prophylactically to mice had a significant effect on both 

bacterial killing and measures of inflammation raises the possibility that this may be a useful therapy 

to prevent Pa infection. However, two key questions must be answered prior to considering this: i) 

how long does bacteriophage persist in the lungs if there is no infection present and ii) does 

bacteriophage itself cause an inflammatory response that is being masked in these experiments by 

the overwhelming reaction to Pa infection. The first question has been answered to a degree in the 

literature (524) although not with the cocktails being used here. If prophylactic therapy is to be 

considered in the future, I would plan to instil phage cocktails alone into murine lungs and quantify 

PFU/ml in BAL at serial time points using methodology similar to that used by Ampliphi to quantify 

phage particles following nebulisation (as described in Appendix A5). The second question is more 

important because, although fears about safety of bacteriophage with regards to bacterial lysis 

leading to toxicity have been assuaged by previous experiments, it remains unclear whether the 

cocktails are completely benign when administered alone. Prophylactic therapy, which might be 
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initiated in the way that Flucloxacillin is for children diagnosed with CF in the neonatal period in the 

UK, would have to be shown to be safe and not pro-inflammatory. This is of particular importance 

when considering prophylactic phage therapy in CF because it is possible that defective CFTR primes 

the airways for excessive inflammation (15), even prior to bacterial infection (171, 582, 583), and 

thus anything that triggers an inflammatory response might be detrimental. A further issue is that, if 

phage does elicit an immune response in humans, efficacy will likely be reduced over time, as has 

been shown in trials of gene therapy using adenoviral vectors (584). 

20l of phage cocktail 1, 2 or 3 (treated, n=6 in each group) or SM buffer (controls, n=10) was 

administered intranasally to mice and BAL performed 48hrs later. There was a significant increase in 

total inflammatory cells and neutrophils in mice administered phage cocktail 2, an increase in 

neutrophils in mice administered phage cocktail 3 and a trend towards increased neutrophils in mice 

that received phage cocktail 1, although the latter did not reach statistical significance. No other 

differences were observed between groups. This is summarised in Table 12.3.4.1 and Figure 

12.3.4.1. There was no bacterial growth from the BALF of any mice, as might be expected given that 

phage was administered without any Pa co-infection.  

 n Total 
Cells 
(x104/ml) 

p Neutrophils 
(x104/ml) 
 

p Macrophages 
(x104/ml) 
 

p Lymphocytes 
(x104/ml) 
 

P 

Phage 
Cocktail 
1 Only 

6 21.5 [8.5 
– 32.5] 
 

0.01 3.5 [0.15 – 
10.8] 

<0.01 14.7 [7.9 – 
20.8] 

0.05 1.3 [0.48 – 
3.7] 

0.16 

Phage 
Cocktail 
2 Only 

6 78.5 [16.3 
– 128.5]* 

20.1 [0.22 – 
75.2]** 

29.4 [15.6 – 
111.7] 

4.3 [0.46 – 
17.4] 

Phage 
Cocktail 
3 Only 

6 31.9 [25.8 
– 56.8] 

2.5 [1.5 – 
18.6]* 

22.4 [14.0 – 
52.4] 

1.5 [0.61 – 
2.9] 

SM 
Buffer 
Only 

10 17.0 [9.5 
– 67.3] 

0.27 [0.0 – 
1.6] 

19.6 [10.82 – 
62.8] 

0.61 [0.10 – 
3.0] 

Table 12.3.4.1: Inflammatory cells and differential in BALF at 48hrs from mice inoculated with 20l (1.24x109 
PFU) phage cocktail 1, 2 or 3 or SM buffer (controls). Values highlighted in red indicate groups where 

significant differences on post-hoc analysis were seen using Dunn’s multiple comparisons test. 
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Figure 12.3.4.1: Differential cell counts (median/range) from BAL performed at 48hrs in mice inoculated with 

20l phage cocktail 1, 2 or 3 (1.24x109 PFU) or SM buffer (controls). 

 

Cytokine 
 

Controls (n=10) Phage Cocktail 1 (n=6) Phage Cocktail 2 
(n=6) 

Phage Cocktail 3 
(n=6) 

p 

IL-1 2.5 [0.18 – 5.1] 4.0 [0.85 – 8.5] 5.8 [0.95 – 23.1] 5.1 [1.6 – 14.3] 0.24 

IL-6 8.7 [0.0 – 29.7] 1.6 [0.0 – 25.3] 11.1 [1.7 – 75.3] 27.1 [0.0 – 40.8] 0.14 

IL-10 1.2 [0.0 – 5.9] 0.0 [0.0 – 2.6] 1.6 [0.0 – 3.7] 0.07 [0.0 – 6.4] 0.64 

IL-12p70 22.3 [0.0 – 102.8] 6.7 [0.0 – 42.5] 5.3 [0.0 – 44.8] 58.8 [47.9 – 102.8] 0.007 

TNF- 5.1 [2.0 – 11.4] 7.9 [0.5 – 16.5] 11.5 [3.5 – 27.4] 2.6 [0.0 – 15.7] 0.09 

IFN- 0.0 [0.0 – 0.74] 0.02 [0.0 – 0.33] 1.1 [0.0 – 3.5] 0.15 [0.0 – 4.1] 0.07 

KC 38.8 [6.2 – 63.5] 124.6 [52.3 – 225.0]* 99.4 [2.7 – 320.0] 90.6 [0.36 – 107.0] 0.07 

Table 12.3.4.2: Levels of pro-inflammatory cytokines (median [range] in pg/ml) in BALF at 48hrs from mice 

inoculated with 20l (1.24x109 PFU) phage cocktail 1, 2 or 3 or SM buffer (controls). Values highlighted in 
red indicate groups where significant differences on post-hoc analysis were seen using Dunn’s multiple 

comparisons test. Note that TNF-, IFN- and KC trend towards being significantly different; increasing 
numbers might have led to these values reaching significance.  

 

12.3.5: Cytokine Comparisons 

Although most conditions tested were not directly comparable due to methodological differences, 

results from conditions I and II using PAO1 were compared as the intranasal inoculum was doubled 

but the remainder of the experimental protocol was unchanged. 6/7 measured cytokines were 
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significantly higher in mice infected with the bigger infective dose but IFN- was higher in mice 

infected with the lower dose (2.5x106 CFU). No significant difference was seen in total inflammatory 

cell count across the two conditions. This is shown in Figure 12.3.5.1. 

 

Figure 12.3.5.1: Pro-inflammatory cytokines (median/range) from BAL performed at 48hrs in mice 

inoculated with either 2.5x106 or 5x106 of PAO1 and simultaneously treated with 20l bacteriophage 
cocktail 1 (containing 1.24x109 PFU) or SM buffer. 

 

12.3.6: Cytokine Correlations 

To determine if cytokine levels were correlated with one another, and with total cell number and 

differential cell count, Spearman rank calculations were performed across all tested conditions. As 

multiple comparisons were performed, correlations were only deemed significant if p-values were 

reported as 0.000000. Spearman r values are shown in Table 12.3.6.1. 



201 
 

 IFN- IL-10 IL-12p70 IL-1 IL-6 KC TNF- Total Cells Neutrophils Macrophages Lymphocytes 

IFN-  0.519 0.827 0.510 0.484 0.526 0.538 0.438 0.434 0.300 0.365 

IL-10 0.519  0.607 0.857 0.857 0.887 0.912 0.659 0.709 0.189 0.254 

IL-12p70 0.827 0.607  0.625 0.631 0.611 0.647 0.426 0.430 0.172 0.381 

IL-1 0.510 0.857 0.625  0.883 0.913 0.899 0.560 0.615 0.050 0.257 

IL-6 0.484 0.857 0.631 0.883  0.830 0.851 0.641 0.691 0.123 0.327 

KC 0.526 0.887 0.611 0.913 0.830  0.950 0.549 0.609 0.026 0.221 

TNF- 0.538 0.912 0.647 0.899 0.851 0.950  0.553 0.627 0.013 0.215 

Total Cells 0.438 0.659 0.426 0.561 0.641 0.550 0.553  0.967 0.602 0.535 

Neutrophils 0.434 0.709 0.430 0.615 0.691 0.609 0.627 0.967  0.434 0.448 

Macrophages 0.300 0.189 0.172 0.050 0.123 0.026 0.013 0.602 0.434  0.522 

Lymphocytes 0.365 0.254 0.381 0.256 0.327 0.221 0.215 0.535 0.448 0.522  

Table 12.3.6.1: Spearman r correlation co-efficients (measured cytokines and inflammatory cell counts). Cells highlighted in red had a calculated p value of 0.000000 
and are felt to show significant correlation. 
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12.4: Discussion 

Efficacy of bacteriophage cocktail 1 against both a clinical strain of Pa and the laboratory strain PAO1 

has been demonstrated in this section. At lower infective doses, no difference in bacterial burden 

was demonstrated as most mice cleared infection regardless of whether they received phage 

therapy although there was a reduction in inflammatory cells with phage treatment. At higher 

infective doses with BAL performed earlier (24hrs vs. 48hrs), the objective of achieving persistent 

infection was achieved, but only in control mice; all mice treated with phage retained the ability to 

clear the lungs of infection though no difference was seen in inflammatory cell count. A similar 

pattern of findings was seen in mice that received phage 24hrs post- or 48hrs pre-infection 

(prophylactically). Efficacy when given prophylactically casts doubts on conventional wisdom that 

phage are rapidly removed by the host reticuloendothelial system if no bacterial host is present 

(585) and parallels studies indicating that phage, although cleared from the circulation, may remain 

viable in the spleen for several weeks post-administration (586). Across each condition, a variety of 

differences in soluble inflammatory cytokines present in BALF was demonstrated, although there 

was no clear pattern, which could be attributed to biological variation between animals under each 

tested condition. A relative weakness of this work is that the mice varied in age across the different 

conditions tested as the experimental procedures were time-consuming and impossible for a single 

investigator to complete them in a short time period; ideally, I would have liked to have analysed 

samples from multiple mice sacrificed at different time points to better understand the kinetics of 

the inflammatory processes. Concerns that osmotic lysis of Pa by phage might lead to toxicity, 

secondary to release of bacterial endotoxins, in vivo were allayed as mice administered higher 

inoculums had minimal bacterial growth from BALF if also treated with phage and remained healthy, 

as assessed by physical examination, at the time of sacrifice. In addition, there was no evidence of a 

vast inflammatory surge in BALF, as might be expected with endotoxin release. However, there are 

concerns that phage therapy may initiate a systemic inflammatory response as demonstrated by 

increased neutrophils and KC in BALF of mice treated with all three phage cocktails alone compared 
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to SM buffer alone. The response was less than that elicited by Pa infection but casts doubt on the 

potential for using these particular cocktails in cases where infection is not already established 

unless further purification to reduce the amount of bacterial endotoxin in the cocktails can be 

achieved. A recent Belgian study demonstrated that it is possible to prepare a cocktail appropriate 

for clinical use in human trials on a small scale within a laboratory (587) but historically there have 

been challenges with purification that have held back large-scale manufacture of phage products 

(539, 588). A weakness of my work is that lung histology was not undertaken; in future toxicity 

experiments that will need to be undertaken prior to a clinical trial, it would be useful to assess this 

in addition to BALF inflammatory cell counts to ensure that phage administration itself does not 

induce microscopic damage to the lung parenchyma. 

 
Previous studies looking at anti-Pa phage efficacy in vivo have demonstrated reduction in 

bioluminescence (523, 589), soluble inflammatory markers and survival (523, 524) if treatment is 

administered prophylactically. Phage therapy has been shown to improve survival if given within two 

hours of infection although this effect wanes with longer delays in treatment (523, 524); in one of 

these studies, this might be attributed to a higher infective dose (524) but in the other (523) the 

dose was only 1x107 CFU of luminescent bacteria in 50l of PBS (less than half the higher inoculum in 

this study) so it is likely that there were strain-specific differences in virulence. Another study 

demonstrated phage efficacy in a murine model when it was administered 24hrs post-infection but 

this was to treat Burkholderia cepacia complex (Bcc) rather than Pa infection (590). There are a 

number of novel findings in this section; lung histology has been compared in phage-treated and 

control animals (523, 524) but no previously published work has studied the effect of phage therapy 

on BALF differential cell counts or utilised such an extensive cytokine panel. Most previous work has 

survival following a lethal dose of Pa infection as the primary outcome measure whereas this study 

was focused on infection and inflammatory outcomes which are likely more relevant to a clinical 

setting. No previous studies have investigated change in cell counts in BALF samples. This is relevant 
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as persistent neutrophilic inflammation has been associated with lung injury (143) and, even during 

periods of stability, CF patients with chronic Pa infection have higher inflammatory indices than 

subjects without CF (591). Reduction in bacterial load demonstrated in previous studies does not 

necessarily equate to attenuation of inflammatory damage. An important unanswered concern was 

whether phage therapy itself induces a host inflammatory response either directly or secondary to 

phage-induced Pa lysis (leading to release of toxins such as LPS) or reduces the response by 

hastening bacterial clearance and the experiments performed here go some way towards answering 

that. In addition to BALF data showing reduced neutrophils and bacterial load under certain 

conditions, regular physical examination of mice receiving phage therapy did not reveal evidence of 

toxicity and, indeed, a survival benefit of treatment was demonstrated under several experiments 

that used a higher inoculum of PAO1.  

 
In keeping with the observation that BALB/c mice are inherently resistant to Pa infection (592), most 

mice in this study were able to clear a low dose of intranasally administered Pa with no evidence of 

systemic spread, even in the absence of phage treatment. However, mice demonstrated neutrophilic 

inflammation (localised to BALF) at 48hrs in response to both strains of Pa which reduced markedly 

with simultaneous administration of bacteriophage. This is significant because, although there might 

be dissociation between infection and inflammation in CF (171, 583), the role of neutrophils in 

mediating tissue injury is clear (593-597) and treatments that reduce their number may be of benefit 

(597, 598). In addition, reduced levels of TNF-, IL-6, IL-10, IL-12p70 and KC were observed in mice 

infected with the clinical Pa strain and treated with phage. TNF- plays a vital role in the acute phase 

response; it promotes recruitment of neutrophils to sites of infection (599, 600) and, along with 

bacterial endotoxin (601), is one of the physiological stimuli for IL-6 production. The correlation (r2 = 

0.72) between these two measures is therefore to be expected. IL-12p70, the biologically active 

form of IL-12, is important in Th1 immune responses to bacteria and viruses (602) and KC is a major 

neutrophil chemoattractant (603). Given these roles for TNF-, IL-6, IL12p-70 and KC and the fact 
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that there were fewer BALF neutrophils in phage-treated mice, the reduction in these four cytokines 

is not unexpected. When given to mice infected with small doses of a clinical strain of Pa, 

bacteriophage appears to complement the inherent resistance of these mice to Pa, perhaps 

hastening clearance (not demonstrated here as BALF culture was done at 48hrs but implied by later 

results where BALF was cultured earlier) and thereby diminishing the inflammatory response. That 

there was no significant reduction in cytokine levels in phage-treated mice given a low dose of PAO1 

likely reflects a difference in virulence between the two Pa species reflected by: i) differences being 

apparent in phage-treated mice when the inoculum of PAO1 was increased and ii) mice being unable 

to survive higher inoculums of the clinical strain. It is worth northing that, although neutrophils were 

reduced in BALF performed at 48hrs in mice given a low inoculum of PAO1 and simultaneously 

treated with phage, this was not seen when higher PAO1 inoculums were administered, which was 

surprising. However, as BAL was performed earlier, 24hrs after the higher infective dose, with 

persistence of bacteria demonstrated only in the control mice, it could be inferred that the 

inflammatory response to infection in the phage-treated mice was likely to be more short-lived and 

that, had it been possible to perform BAL serially, a difference in inflammatory cell counts might 

have manifested at later time points due to ongoing bacteraemia in lungs of control mice. That some 

cytokines were lower in treated mice despite no difference in inflammatory cells lends credence to 

this theory, particularly as IL-10 was one of the cytokines reduced in phage-treated animals.  

A reduction in IL-10 was demonstrated in phage-treated mice infected with a low dose of the clinical 

strain Pa which seems counter-intuitive as IL-10 is known to inhibit production of pro-inflammatory 

cytokines (including IL-1, IL-6, IL-12 and TNF-) by T-cells, thereby down-regulating the acute 

immune response (604), and there is close correlation of IL-10 with IL-1, IL-6 and TNF- (r2  0.73 – 

0.79) but not with IL-12p70 (r2 = 0.368) in this study. IL-10 was also reduced in phage-treated mice 

when the inoculum was increased and when phage was administered 24hrs post-infection, with no 

difference seen when phage was administered prophylactically, making it, along with KC, one of only 

two cytokines that was reduced across more than one of the conditions being tested. Recent 
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evidence suggests that IL-10 responses are related to the strength of a preceding pro-inflammatory 

response (604), which is subsequently down-regulated by IL-10 to prevent ongoing inflammation; 

high levels are associated with protracted infection and blockade of IL-10 may in fact promote 

clearance of bacteria (605).  If this is the case, and there remains no consensus in the literature due 

to the complexity of the IL-10 response (604), then reduced IL-1, IL-6 and TNF- in experiments 

with the clinical strain, reduced IL-1 and a trend towards reduced IL-6 (p = 0.06) when the inoculum 

of PAO1 was increased with simultaneous dosing of phage and a trend towards reduced IL-1 and IL-

6 with later dosing of phage, could account for reduced “anti-inflammatory” IL-10; with less initial 

inflammation in phage-treated mice, less IL-10 was produced. Further support for such a theory is 

the fact that IL-10, of all the measured cytokines in this study, correlated most strongly with 

absolute neutrophil count across each of the tested conditions (r2 = 0.50). However, from my data, it 

is not possible to distinguish if IL-10 and neutrophil levels have any direct influence on one another 

or whether levels of IL-10 simply change pari-passu with changes in neutrophil count that are driven 

by other pro-inflammatory cytokines. 

Persistent infection was established in all conditions where PAO1 inoculum was increased tenfold (to 

2.5x107 CFU/ml) and no bacteriophage was given. Efficacy of bacterial killing when phage was given 

simultaneously, after bacterial infection (mimicking a clinical “treatment” scenario) or beforehand 

(as “prophylaxis”) was demonstrated by a significant reduction in bacterial load and, in some 

conditions, attenuation of the inflammatory response, suggesting potential clinical utility.  

 
There are some discrepant results that are difficult to explain, notably the finding that prophylactic 

phage therapy significantly reduced inflammatory cell count following infection with high dose PAO1 

but simultaneous therapy did not, with bacterial killing demonstrated under both conditions. As 

previous work suggests that PFU declines by half a log per day in the absence of a bacterial host 

(524) it might be reasoned that prophylactic therapy would be less effective, particularly as TEM 

images indicate that phage would be efficacious almost immediately after administration. Whilst the 
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results from most conditions could not be compared directly due to of differences in methodology, 

the two experiments where PAO1 infection was established at an inoculum of 2.5x106 CFU and 5x106 

CFU were undertaken using identical methodology aside from the dose of infection. No differences 

were seen in inflammatory cell counts (although phage treatment ameliorated inflammation in both 

conditions) whilst levels of 6/7 cytokines were significantly higher in mice given the larger infectious 

dose. It is simplistic to think that a double dose of inoculum would lead to a linear change in results 

but, given the trend towards higher cytokine levels in these mice, it is surprising that no difference in 

inflammatory cells was seen. A further result that cannot be explained is that TNF- was higher in 

mice given the lower infectious dose. 

 
A chronic infection model with mucoid Pa strains or biofilm modes of growth was not established in 

this study. In general, CFTR-knockout mice do not recapitulate the lung disease characteristics of CF 

(606) and methods such as instillation of Pa embedded in agar beads to prevent mechanical 

clearance have therefore been used in attempts to establish and mimic chronic infection in murine 

models (607-610). Whilst this approach might be useful for studying host responses, I decided 

against using a similar strategy to test bacteriophage as a topically applied therapy as phage 

penetration might have been adversely affected by the presence of the agar which would cast doubt 

on any data obtained; in the future, it may be possible to study such mechanisms in alternative 

animal models such as the ENaC over-expressing mouse (150) or the CF pig. However, as it is entirely 

possible that biofilms might shield Pa from instilled bacteriophage, as they do antibiotics (611, 612), 

the lack of a chronic infection model is a relative weakness of my work. Counter to this concern is 

evidence implicating bacteriophage in physiological cell death within Pa biofilms (613) and for 

certain strains of bacteriophage possessing enzymes that degrade bacterial exopolysaccharide in 

biofilm matrices (614, 615). Phage has been shown to be effective against Pa biofilms in vitro (616-

618) and, as bacteriophage is considered benign (although my data suggest that, in their current 

form, the cocktails I tested are pro-inflammatory), there should theoretically be no disadvantage to 
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using high doses if this improves efficacy; experiments to establish the dose:response relationship 

need to be undertaken to confirm this. High antibiotic doses are more likely to cause toxicity and, 

whilst low antibiotic concentrations have been shown to inhibit biofilm formation (619, 620), other 

studies suggest that antibiotic concentrations for treating biofilms, particularly older biofilms (621), 

are likely to be higher than for treating planktonic growths (622). Concerns about antibiotic toxicity 

are compounded by the fact that sub-therapeutic concentrations may in fact encourage biofilm 

formation (623) making phage, either as monotherapy or an adjunct, even more appealing.  

 
Bacteriophages are widely reported as being harmless to eukaryotic cells (586, 624) although an 

inflammatory response, most marked with cocktails 2 and 3, was demonstrated in this work. This 

was attributed to the cocktails being in prototype development phase and not yet meeting Good 

Manufacturing Practice (GMP) criteria. Phage cocktail 1 was least immunogenic, likely due to 

containing the lowest level of lipopolysaccharide (found in the outer membrane of gram negative 

organisms used in phage manufacture); Ampliphi state that phage-induced inflammation should not 

remain an issue when cocktails are synthesised for clinical use but repeat testing in a murine model 

should be carried out when these purified cocktails become available. That a host immune response 

was seen raises the concern that repeated dosing of phage might be ineffective, as demonstrated 

previously in trials of gene therapy using viral vectors (281, 625). However, although anti-phage 

antibodies have previously been reported in the literature (626), the effect of phage might be too 

rapid for immunity to develop (590). If a clinical trial is approved, therapy would be guided using 

knowledge of local epidemic strains to selected appropriate phages and it might be possible to 

choose phages with different Pa antigenicity for repeat dosing in order to reduce the risk of 

inactivation by the adaptive human immune response. I would have liked to investigate the effects 

of repeated infection and dosing of phage in a murine model, primarily to see whether efficacy was 

maintained with repeated phage therapy, but the implications of this in regard to animal welfare 

cannot justified until a GMP product is available and it was not approved by our project licence.   
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12.5: Conclusions from in vivo Work 

A number of infection protocols, as outlined in Section 12.2.3 were investigated in the acute murine 

model. The key results in BALF from phage-treated mice compared to controls are summarised in 

Table 12.5.1: 

Condition 
 

Phage 
Administration 

CFU/ml Inflammatory Cells Cytokines 

Low Dose PAO1  
 

Simultaneous No growth Reduced No difference 

Low Dose Clinical 
Strain 

Simultaneous No growth Reduced Reduced  (IL-6, IL-10, 

IL12p70, TNF- and 
KC) 

High Dose PAO1 Simultaneous Reduced  No difference Reduced (IL-10 and 
IL-1b) 

High Dose PAO1 Delayed Reduced  No difference Reduced (IL-10 and 
KC) 

High Dose PAO1 Prophylactic Reduced  
 

Reduced Reduced (KC) 

Table 12.5.1: Key results from BALF in phage-treated mice when compared to control mice under five 
different infection conditions. 

 

From a translational perspective, the in vivo work has three key findings. Firstly, no evidence of 

murine toxicity due to rapid lysis of Pa by bacteriophage was seen, suggesting that this approach 

would be safe in a human trial. Secondly, a beneficial effect of phage treatment once infection was 

established provides support for bacteriophage as a therapy. Thirdly, and perhaps most 

encouragingly, administration prior to infection was efficacious, both aiding clearance and reducing 

inflammation. Recent studies have demonstrated proof-of-concept for prophylactic phage therapy in 

humans, particularly for gastrointestinal infections (490, 491). This is an attractive treatment 

strategy for periods when patients might be at high-risk, for example during outbreaks of epidemic 

Pa strains, or, if concerns regarding immunogenicity of phage cocktails are resolved, even as a 

routine therapy in all CF patients to try and prevent Pa infection from becoming established in the 

first place.  
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Chapter 13: In vitro Efficacy of Phage Cocktails Following Nebulisation 
 
As bacteriophages are living organisms, stability following nebulisation (the preferred route if being 

administered in patients with CF due to the benefits of local delivery to the site of infection) cannot 

be assumed. For this reason, efficacy of bacteriophage cocktails in vitro was assessed following 

nebulisation through different commercially-available nebulisation systems. 

13.1: Materials and Methods 

 Three different nebulisation systems were investigated: 

I. LC Plus (Pari, UK): a standard jet nebuliser that has been widely used for many years. As 

the technology is old, nebulisation times are longer than more modern systems and 

large volumes of sample might be required to counteract sample waste during 

nebulisation. 

II. AeroEclipse II (Trundell, UK): Actuated delivery jet nebuliser that is more efficient at 

drug delivery than the LC Plus because the drug is only delivered during inspiration. A 

trade-off is that delivery times are longer than the LC Plus. 

III. eFlowTM Rapid (Pari, UK): Vibrating mesh nebuliser that delivers drug quicker than 

conventional nebulisation systems and is more compact due to no need for a separate 

air compressor, although the cost (approximately £600) is a drawback. Due to the 

vibrating mesh mechanism, another concern is that bacteriophage might be damaged 

during passage through the nebuliser. 

Four individual phages were assessed through each of these systems; these were different from 

cocktails used in earlier experiments as selection was optimised by Ampliphi over the course of my 

work to cover local strains. This was achieved after I collected over 200 clinical isolates from the 

Royal Brompton Hospital and sent them to Ampliphi for sensitivity testing on standard plaque 

assays, as described in Section 8.4, in late 2012 and early 2013. Preliminary attempts to collect 

bacteriophage downstream following nebulisation through the LC Plus and AeroEclipse II were 
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made. These included using cooled tubing that would theoretically allow rapid condensation of the 

nebulised mist back into a liquid form; this was unsuccessful as only small amounts of phage solution 

could be recovered - although droplets were visible in the tubing, they were not readily collectable. 

Attempts to collect all the nebulised mist into a bag downstream from the nebuliser were also 

unfeasible as the rate of airflow from the compressors (approximately 8 litres/minute) meant that a 

120 litre bag was required for a fifteen minute nebulisation time.  Whilst Douglas bags with a 

capacity of 100 litres are readily available, the practicalities of then trying to condense such a large 

volume back into a collectable amount of liquid were impossible to overcome. A compromise was to 

simply sample the phage solution at regular intervals from the nebulisation chambers of the LC Plus 

and AeroEclipse II; as these are recirculating systems, it was thought to be reasonable to presume 

that any liquid taken from the nebulisation chamber after connection to the air compressor would 

have passed through the system at least once and hence, if efficacy was demonstrated, this would 

by proxy prove that the phage was able to survive nebulisation. For the eFlow, downstream 

collection was easier to achieve as it does not require large volumes of compressed air to function.   

For the LC Plus and AeroEclipse II, 5mls of each phage was added to the nebulisation chamber which 

was connected to the air compressor and nebulised for five minutes into a biological safety cabinet. 

After five minutes, the compressor was switched off and 0.5mls of the phage solution remaining in 

the nebulisation chamber was pipetted into an Eppendorf. The process was repeated with sampling 

of 0.5mls of phage solution after 10 and 15 minutes nebulisation time; mist was barely visible after 

the latter time point. This process was repeated six times for each phage. Nebulisers were washed 

with hot soapy water and left to air dry between each different phage being tested. Control samples 

(n=6) were also collected. This was achieved by putting 2.5mls of phage 1-4 into the nebulisation 

chamber, without running the air compressor, and collecting 0.5ml aliquots into Eppendorfs after 15 

minutes. This is summarised in Figure 13.1.1 and an example of the nebulisation set-up using air 

compressors is shown in Figure 13.1.2. 
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Figure 13.1.1: Flowchart showing nebuliser testing protocol for Pari LC Plus and Aeroeclipse II. 

Figure 13.1.2: Experimental nebuliser set-up. Six compressors running in parallel, attached to AeroEclipse II 
nebulisers within biological safety cabinet. Compressors were stopped after 5, 10 and 15 minutes and 0.5ml 
aliquots of phage removed from the nebulisation chambers. These aliquots were subsequently analysed to 

establish remaining phage titres/ml and efficacy again PAO1. 
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For the eFlow rapid, 5mls of phage was added to the nebulisation chamber and the outflow to the 

nebuliser was capped off using a black rubber bung from a 50ml PlastipakTM syringe (BD, Spain). The 

nebuliser was run until dry; this was confirmed by the automatic eFlow sensor that beeps when the 

nebulisation chamber is empty. The mouthpiece was tipped carefully so that the nebulised solution 

pooled into the rubber bung that was used to cap off the nebuliser and 0.5ml aliquots of phage were 

pipetted from this into Eppendorfs. This process was repeated six times for each phage (1-4) with 

the eFlow cleaned in between, in line with the manufacturers' recommendations. Control samples 

were obtained by placing 2.5mls of each phage into the nebulisation chamber but not switching it on 

and removing 0.5ml aliquots of phage after ten minutes (the maximum time required for 

nebulisation of the cocktails). A summary of this protocol is shown in Figure 13.1.3. 

Figure 13.1.3: Flowchart showing nebuliser testing protocol for eFlow rapid. 

Blinded negative control samples (0.5ml aliquots of normal saline, n=4) and positive control samples 

(0.5ml aliquots of phage 1-4, n=4 for each phage) were also prepared. Each sample from the entire 

experiment (n=278) was given a unique identification number and shipped to Ampliphi at a constant 
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temperature of between 2-8oC for blinded analysis. Absolute quantification of phage in each of the 

278 samples was performed by assessing efficacy against two strains of Pa; the standard operating 

protocol (SOP) for this experiment can be found in the Appendix A5. Results were subsequently sent 

back to me for unblinding and statistical analysis. 

In addition, I performed my own assessment of phage efficacy for each condition (phage 1-4, with 

each nebuliser plus controls) prior to receiving data from Ampliphi. Bacterial carpets of PAO1 were 

prepared as described in Section 8.4 and allowed to cool. Serial dilutions (from neat to 10-6 using SM 

buffer) of each phage taken either i) 15 minutes after nebulisation commenced for Pari LC and 

AeroEclipse II or ii) when nebulisation was complete for eFlow were made. 10l of each dilution was 

pipetted onto the bacterial carpets with 10l SM buffer also pipetted into one section as a negative 

control. The plates were incubated overnight at 37oC and photographed the next day. 

13.2: Results 

Continued efficacy of phage 1-4 following nebulisation was demonstrated under each of the 

conditions tested. These results are summarised in Table 13.2.1 

 Storage Control LC Plus AeroEclipse II E-Flow 
 

Phage 1 Partly Neat  Partly Neat  Not sensitive Partly Neat Partly Neat 

Phage 2 -3 -3 -2 -3 -4 

Phage 3 Neat  Neat  Neat Neat -2 

Phage 4 -1 -1 Neat (-1) Neat (-2) Neat (-1) 
Table 13.2.1: Dilutions down to which bacteriophage cocktail efficacy was demonstrated following 

passage through three different nebuliser systems. If numbers are shown in brackets, partial efficacy 

was seen to these dilutions. Note that no difference was seen in efficacy for phage applied directly 

from storage and control samples taken after 10 or 15 minutes in nebuliser chambers. 

 

Although no significant loss of effectiveness was seen, it was notable that, when bacteriophage were 

nebulised via eFlow, enhanced efficacy, particularly with phage 2 and 3, was noted, as shown in 

Figures 13.2.1 (a and b). PAO1 was not especially sensitive to phage 1, regardless of whether it had 

gone through the nebuliser or not.  
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Figure 13.2.1: (a, top): Sensitivity of PAO1 to phage 2 to a dilution of 10-3 when phage applied from stores or 

from being kept in chambers of LC Plus, AeroEclipse II or eFlow but not being nebulised (top left plate), with 

sensitivity after nebulisation of 10-4 with eFlow, 10-2 for LC Plus and 10-3 for AeroEclipse II. A similar pattern 

is seen (b, below) with phage 3 where sensitivity of PAO1 is maintained at dilutions of 10-1 whether it is from 

stores (top left plate) or nebulised via LC Plus or AeroEclipse II, but increased to 10-3 when nebulised through 

eFlow (top right plate). 
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Whilst no obvious loss of bacteriophage effectiveness was evident, a reduction in absolute phage 

titres under some conditions was demonstrated using the Ampliphi SOP. LCP caused significant 

decrease in titres of phage 1, 2 and 4 within five minutes of starting nebulisation and phage 3 within 

15 minutes (all p <0.05). This is summarised in Table 13.2.2 and Figure 13.2.2 which summarises 

changes in titres of phage 3 over time compared to controls.  

 LCP Phage 
1 

AE Phage 1 eFlow 
Phage 1 

LCP Phage 
2 

AE Phage 2 eFlow 
Phage 2 

Start Titre 
(PFU/ml) 

4.3x107 1.29x108 1.86x108 4.94x108 3.91x108 4.91x108 

End Titre 
(PFU/ml) 

2.17x106 5.38x107 3.41x108 1.03x108 9.78x107 2.37x108 

Log 
Difference 

-1.9 -0.50 0.30 -0.70 -0.73 -0.34 

 

 LCP Phage 
3 

AE Phage 3 eFlow 
Phage 3 

LCP Phage 
4 

AE Phage 4 eFlow 
Phage 4 

Start Titre 
(PFU/ml) 

5.16x106 9.87x106 2.13x106 1.32x108 3.79x108 1.14x108 

End Titre 
(PFU/ml) 

1.81x106 1.05x107 2.655x108 3.34x106 8.20x108 8.01x108 

Log 
Difference 

-0.46 0.03 1.1 -2.37 0.02 0.01 

Table 13.2.2: Change in phage titres after 15 mins nebulisation (LCP/AE) or at end of nebulisation (eFlow). 

 

Figure 13.2.2: Box-and-whiskers plot (Tukey) showing change in Phage 3 titres over time with nebulisation. 
Note, only 10 minute data available for eFlow as nebuliser was run until dry. 



217 
 

13.3: Discussion 

I have demonstrated here that phage 1-4 remained efficacious following passage through three 

different nebulisation systems, which was reassuring in terms of planning for a future clinical trial in 

human subjects. This was slightly surprising given that difficulties in delivering plasmid DNA vectors 

for gene therapy have been encountered due to degradation caused by hydrodynamic shearing 

forces (627), a phenomenon first observed when bacteriophage DNA was passed through a 

hypodermic needle (628). Shearing forces are thought to be particularly significant with jet 

nebulisers such as the LC Plus and AeroEclipse II which use compressed air to atomise liquid 

medications into respirable mists and less of a concern with vibrating mesh nebulisers, which are 

also more efficient (629). However, recent studies and our own experience at the Royal Brompton 

during planning for the CF gene therapy trial, showed that the most effective and efficient drug 

delivery was with the AeroEclipse II in breath-actuated mode (283, 630). This nebulises only during 

inspiration when the Bernoulli effect of expanding gas from the compressor is enhanced by negative 

pressure pulling down a central column in the nebuliser (629) so that suspension is not lost during 

expiration, as it is with the LC Plus.  A recent study using a compressor-driven Porta-neb 

(Respironics, UK) connected to an Anderson cascade impactor also demonstrated phage efficacy 

post-nebulisation with 25% deposition in secondary bronchi and alveoli (corresponding to stages 

four and seven of the seven–stage cascade impactor (631)). A further study showed that 12% of 

phage particles nebulised via AeroEclipse II were contained within particles small enough to reach 

the lower respiratory tract (<4.7µm), although only 1% were viable when given through an Omron 

nebuliser (632). 

My results indicate that the vibrating mesh eFlow is the best nebuliser to take forward into a clinical 

trial, as there was no decrease in efficacy of any of the nebulised phage cocktails and, in fact, it 

seemed that for phage 2 and 3, efficacy increased compared to bacteriophage that had not been 

nebulised. The reasons for this are unclear but, as the findings were replicated on two different 

cocktails on three occasions, they are unlikely to be artefactual. It is conceivable that passage via the 



218 
 

eFlow has a concentrating effect on the phage that enhances their activity. This theory is given 

credence by the finding that absolute PFU/ml (determined using the Ampliphi protocol) showed an 

increase per millilitre for three out of the four phage following eFlow nebulisation, although it is 

discrepant that there was an apparent reduction in phage 2 titres despite increased effectiveness on 

bacterial carpet assays (Figure 13.2.1). This has been discussed with Ampliphi who stated that a 

difference of ± 0.5 log falls within the acceptable variability of the methodology for this experiment; 

the 0.34 log reduction in phage 2 titres is therefore within this accepted level and the apparent drop 

in titres was deemed non-significant. Ideally, I would have liked Ampliphi to repeat this part of the 

study but, by the time I noted these results, it was not possible. It was felt that too much time had 

elapsed since the initial analysis of nebulised phage for comparisons to the re-tested samples to be 

meaningfully interpreted and I acknowledge this as a weakness of this study. 

Furthermore, if the eFlow was concentrating phage, similar improvement in efficacy might have 

been expected for phage 4, assuming other components of phage suspensions other than the 

constituent viruses were similar, and this was not seen. Phage 1 was less effective against PAO1 than 

the other three tested phages and thus enhancement of effect by eFlow was less likely to be 

expected; the fact that phage 1 became ineffective against PAO1 following nebulisation via LCP 

further suggests that this is the least favourable system to take forward into a clinical trial. It is worth 

noting that the AeroEclipse II has an advantage over eFlow in terms of cost and, as it was used in 

continuous rather than breath-actuated mode in these experiments, efficiency might have been 

under-estimated by these experiments. For these reasons, I would conclude that, although the data 

suggests that the eFlow is the best candidate to take forward into a clinical trial of nebulised 

bacteriophage, the AeroEclipse II has merits and is worthy of ongoing consideration. 
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Chapter 14: Efficacy of Phage Cocktails against CF Sputum 

Although demonstrating in vivo benefit in a murine model and in vitro efficacy of phage following 

nebulisation is important, extrapolation into assumed benefit in CF patients is over-simplistic. Airway 

mucus, which is a heterogeneous mix of cells, cell debris and secreted polypeptides (633) within 

larger molecules called mucins, tends to be more viscous in CF due to impaired mucociliary 

clearance (634). Therefore, although direct delivery of bacteriophage cocktail to the lungs via 

nebulisation would be the preferred route of administration in CF patients with Pa infection (as high 

concentrations are delivered directly to the site of infection, systemic side effects are minimised and 

factors affecting efficacy such as gastrointestinal absorption are partly circumvented), it is likely that 

chronic airway inflammation and impaired ciliary function would make delivery far less efficient than 

that seen with nasal instillation in a non-CF murine model where preceding airway infection and 

inflammation would be negligible. Positron emission tomography (PET) studies have demonstrated 

that deposition of nebulised therapy distal to airway obstruction is reduced in CF (635) and, as 

infection typically starts in the smaller airways, this may limit efficacy. It has previously been 

demonstrated that CF sputum is a barrier to large nanospheres of the type that might be used to 

delivery gene therapy to the lungs (636), although this was less of an issue with smaller particles 

more similar in size to bacteriophages. In this section, the hypothesis that CF sputum could present a 

barrier to bacteriophage efficacy is investigated.  

14.1: Materials and Methods 

Sputum from adult patients (n=40) with CF was collected after obtaining informed consent (consent 

form, Appendix A1). As in the SIFT-MS pilot study in Part I (Section 4.1), all subjects were inpatients 

on Foulis Ward at the Royal Brompton Hospital and were chronically infected with Pa, as defined by 

Leeds Criteria (440, 637), with a Pa-positive sputum culture in the preceding two weeks. Patients 

provided samples following morning or early-afternoon physiotherapy. Retrospective analysis of 
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treatments that subjects were having at the time was undertaken at the end of the study but 

patients were initially selected at random.  

Sputum samples were divided into three (n=34) or four aliquots (n=6). One aliquot was sent to our 

microbiology laboratory for microscopy, culture and sensitivity testing (M,C+s) and any Pa isolated 

was stored on agar slopes (Oxoid, UK) for later sensitivity to phage testing by standard plaque assay 

as previously described (Section 8.4). The remaining aliquots were divided by approximate weight 

and volume by visual inspection although it was not feasible to do this precisely without artificially 

affecting sputum rheology; as the aim of this section was to determine if untreated sputum presents 

a barrier to bacteriophage, it was not possible to ensure that each aliquot was of exactly equal 

weight and volume. Initially, (n=34, 2 aliquots), 100l of phage cocktail or SMB was pipetted directly 

onto the sputum samples which were then incubated and agitated at 37oC for 48hrs. Samples were 

then serially diluted and cultured onto PSA overnight as previously described before colony counts 

were performed. An RhDNase subgroup (n=6, 3 aliquots) was later added as I noted in the initial 

experiments that phage was particularly efficacious against sputa from two patients not on this 

medication, raising the possibility RhDNase might be inhibiting activity. The third aliquot in this 

subgroup was treated with 100l of phage cocktail and 2.5mg (2.5mls) of RhDNase; to ensure that 

any differences seen were not due to dilution, 2.5mls of SMB was added to the phage only and SMB 

only aliquots in this arm of the study. These samples were incubated and cultured in the same way 

as the other 34 sputa before colony counts were again performed. To confirm whether RhDNase 

affected phage efficacy, standard bacterial carpets of PAO1 were produced (as described in Section 

8.4) and treated with 10l of phage alone, RhDNase alone and phage + RhDNase in dilutions ranging 

from neat to 10-6. 
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14.2: Results 

Our microbiology laboratory isolated 51 strains of Pa from the 40 patient sputa. 31 isolates were 

non-mucoid and 20 mucoid. A summary of what was isolated is shown in Table 14.2.1: 

Isolate n 
 

Pa + PaM ( other bacteria) 13 

Pa only 7 (2 with two strains) 

Pa + other bugs 9 

PaM only 4 

PaM + other bugs 3 

No growth from sputum 4 
Table 14.2.1: Organisms isolated from sputa of inpatients (n=40) on Foulis Ward. 

 

18/31 (58.1%) non-mucoid and 11/20 (55%) mucoid Pa were sensitive to phage cocktail to some 

degree on standard plaque assay. Strains from 14 patients were not sensitive on plaque assay and in 

4 patients there was no growth from the sputum sample provided. Therefore, 22/36 (61.1%) of the 

CF patients had at least one strain of Pa in their sputum that was sensitive to phage cocktail on 

plaque assay. The lowest dilution to which bacterial growth in serially diluted samples treated either 

with SMB or phage was seen in these “sensitive” sputa is summarised in Table 14.2.2 (overleaf). 

 
Concerns that RhDNase might inhibit phage activity were allayed on bacterial carpet experiments 

which showed no reduction in efficacy. This is shown in Figure 14.2.1: 

 

Figure 14.2.1: Ongoing efficacy of phage cocktail 1 against PAO1 when given with RhDNase. Note no effect 

on bacterial growth by addition of serial dilutions of RhDNase alone to PAO1 bacterial carpet (far left). These 

photographs suggest that RhDNase will not directly impair phage activity by damaging viral DNA. 
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Patient 
Number 

Buffer 
Dilution down to which 
CFU (number) visible 

Phage 
Dilution down to which CFU 
(number) visible 

Sensitivity on Plaque Assay 
(Phage Dilution) 

1 10-6 (1) 10-6 (3) a) Non-mucoid 10-6 

b) Mucoid 10-3 

2 
 

10-4 (3) 10-2 (14) Mucoid 10-3 

3 10-7 (1) 10-3 (2) a) Non-mucoid 10-4 

b) Mucoid 10-4 

4 
 

10-6 (2) 10-7 (1) Non-mucoid 10-6 

5 
 

10-6 (4) 10-2 (8) Non-mucoid 10-2 

6 
 

Neat (+++), 10-1 (1) Neat (+++), 10-1 (0) Mucoid 10-6 

7 10-4 (3) 10-4 (1) a) Non-mucoid 10-2 
b) Mucoid not sensitive 

8 
 

10-7 (18), 10-6 (89) 10-7 (2), 10-6 (26) Non-mucoid 10-2 

9 
 

10-5 (31) 10-6 (36) Non-mucoid 10-6 

10 10-7 (1) 10-5 (28) a) Non-mucoid 10-6 

b) Mucoid 10-6 

11 10-7 (1), 10-6 (8) 10-7 (0), 10-6 (12) a) Non-mucoid 1 10-5 

b) Non-mucoid 2 10-3 

12 10-6 (2), 10-5 (21) 10-6 (1), 10-5 (5) a) Non-mucoid 10-2 

b) Mucoid 10-2 

13 
 

10-6 (7) 10-5 (12) a) Non-mucoid 10-5 

14 10-7 (+++) 10-7 (+++) a) Non-mucoid neat 
b) Mucoid not sensitive 

15 
 

10-7 (1), 10-6 (5) 10-7 (0), 10-6 (3) Mucoid 10-5 

16 10-7 (5), 10-6 (51) 10-7 (2), 10-6 (3) a) Non-mucoid 10-2 

b) Mucoid 10-1 

17 
 

10-7 (2), 10-6 (8), 10-5 (2) 10-7 (2), 10-6 (11), 10-5 (26) Mucoid 10-6 

Table 14.2.2: Sensitivity of CF Sputa (n=17) Treated with SM Buffer or Bacteriophage Cocktail and of Pa 

Strains Isolated from these Sputa on Plaque Assay (to Phage Cocktail at Dilutions from Neat to 10-6).  

Dilutions down to which colonies are visible are shown, with absolute numbers of CFU in brackets. The lines 

in red highlight where there is no difference between CFU whether sputa are treated with phage or buffer, 

despite the Pa strains isolated from the sputa being sensitive on plaque assay. 

As there were both mucoid and non-mucoid strains that were sensitive on plaque assay but that did not 

appear to be sensitive in sputum (patients 4, 9, 11, 18 and 20 grew only non-mucoid strains), the question of 

whether sputum is a barrier to phage efficacy does not appear to be related to whether or not strains are 

mucoid or non-mucoid. 

 
  



223 
 

Similarly, the lowest dilution to which bacterial growth was seen in the subgroup of “sensitive” sputa 

that had an additional aliquot which was treated with RhDNase is shown in table 14.2.3:  

Patient 
Number 

Buffer Only Phage Only Phage + 
RhDNase 

Plaque Assay 

18 10-5 (3) 10-5 (3) 10-3 (19) a) Non-mucoid 10-3 
 

19 10-7 (+++) 10-7 (1) 10-5 (1) a) Non-mucoid 10-1 
b) Mucoid not sensitive 

20 10-3 (+++) 10-3 (+++) 10-2 (+++) a) Non-mucoid 1 10-2 

b) Non-mucoid 2 n/s 

21 10-7 (3) 10-6 (5) 10-5 (7) a) Non-mucoid 10-3 

b) Mucoid 10-3 

22 10-7 (1) 10-6 (4) 10-5 (13) a) Non-mucoid n/s 

b) Mucoid 10-1 

Table 14.2.3: Sensitivity of CF Sputa (n=5) Treated with SM Buffer Alone, Bacteriophage Cocktail Alone or 
Bacteriophage Cocktail + RhDNase and of Pa Strains Isolated from these Sputa on Plaque Assay (to Phage 

Cocktail at Dilutions from Neat to 10-6) 
 

The red text in both tables indicates where there was no difference in CFU in sputa treated with SMB 

or phage, despite at least one of the strains isolated from the sputa being sensitive to phage on 

plaque assay. Therefore, 10/22 (45.5%) of patients with sputum that contained at least one sensitive 

strain of Pa did not show a decrease in CFU following direct phage application. Even accounting for 

the fact that three of these patients had two strains isolated in the sputa, of which one was not 

sensitive and might therefore account for the perceived lack of efficacy, this means that sputum 

appeared to be a barrier to phage efficacy in 7/22 patients (31.2%) who should theoretically have 

demonstrated a reduction in CFU isolated from their sputa after topical administration of phage 

(based on their Pa strains being shown to be sensitive on plaque assay).  

14.3: Discussion 

Just over half of all Pa samples isolated from this cohort of CF patients (n=40) were sensitive to 

bacteriophage cocktail on standard plaque assay, with 22/40 patients (55.0%) having at least one 

sensitive strain in their sputa. However, seven of these patients did not demonstrate a reduction in 

CFU following direct administration of phage cocktail to sputa, suggesting that sputum itself may be 

a barrier to efficacy and that, if our cohort is reflective of the wider CF population, only 37.5% of CF 

patients may see a benefit from this phage cocktail. 
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A subgroup of samples (n=6) had an additional aliquot that was treated with RhDNase and striking 

differences were seen in efficacy. Contrary to concerns that RhDNase may be inhibiting phage 

activity, all five of the sputa in this subgroup that contained a Pa strain that was sensitive to phage 

on plaque assay had a further reduction in bacterial growth (to varying degrees) when RhDNase was 

used in conjunction with the phage cocktail. The most prominent example of this is shown in Figure 

14.3.1. Confirmatory experiments where phage cocktail was mixed with RhDNase and agitated for 

48hrs prior to being applied to a standard plaque of PAO1 again demonstrated that RhDNase had no 

inhibitory effect on phage activity (Figure 14.2.1). As RhDNase reduces sputum viscosity in CF (241) 

and regular use has been shown to improve mucus clearance and improve lung function (242, 244), 

it is likely that concomitant use in this experiment potentiated bacteriophage activity by reducing 

the protective barrier provided by cellular and other debris in sputum.  

 

Figure 14.3.1: Photograph showing difference in phage efficacy when used in conjunction with 

RhDNase. Top left plate (buffer) shows growth from all five 10l drops added at dilutions down to 

10-7 compared to growth from only one of the 10l drops (circled in red) added at a dilution of 10-5 

in the top right plate (phage + RhDNase). In the bottom plate (phage only), growth is seen from 

three of the drops at a dilution of 10-6, suggesting that use of RhDNase in conjunction with phage 

cocktails might help to improve bacterial killing by a one log factor. 



225 
 

A French study has previously concluded that the microenvironment in the CF lung does not impair 

phage activity, based on the observation that bacteriophage counts increased (and therefore, by 

proxy, must have been infecting bacteria) in 41/48 (86%) Pa sputum samples from CF patients onto 

which a cocktail containing ten phage was applied (638). An alternative explanation for my 

observation that Pa strains that were sensitive on plaque assay were resistant when phage was 

directly applied to sputum is that identification of strains in the microbiology laboratory may not 

accurately reflect the composition of bacteria within the sputum due to significant phenotypic 

variability, which is a particular feature of Pa (639). Although there are an average of four Pa 

morphotypes in CF sputa and, in some cases, each of these morphotypes have different antibiotic 

susceptibilities (640), in this study a maximum of only two morphotypes were isolated from sputum, 

implying that other strains of Pa might have been present within the sputa that were not susceptible 

to bacteriophage. Sputum samples only represent a “snapshot” in time of the bacterial milieu in the 

CF airway (641) and recent studies suggest pulmonary exacerbations in CF occur due to changes in 

community structure rather than an increase in bacterial density with diversification of Pa 

communities particularly implicated (154). As all sputa in this study were taken from exacerbating 

patients, isolation of only 51 strains of Pa from 40 CF sputa in this study is likely to represent 

significantly less than 50% of the true number of strains that were present in the sputum samples. 

The discrepancy I have observed between bacteriophage killing of pure Pa isolates and those in 

sputum needs to be further clarified if phage therapy with this cocktail is to be taken forward as a 

clinical trial will focus on CF patients infected with susceptible strains as identified by our 

microbiology laboratory. It is unclear how many sputum samples would need to be collected prior to 

confirming that a patient is eligible for inclusion into a clinical trial because the susceptibility of pre-

treatment samples to phage therapy might change over time, reflecting geographical variability 

within the airways or temporal changes in the microbiome. For this reason, several sputum samples 

would need to be tested for phage susceptibility over a given time period and, given the likelihood 

that multiple morphotypes of Pa might be present within sputum samples, a large number of 
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colonies per morphotype identified (as opposed to the current practice of selecting a single isolate 

of a single morphotype during processing of mixed culture plates for antibiotic susceptibility testing) 

would need to be plated. This would help determine if there is variability in phage susceptibility not 

only between but also within different Pa morphotypes. A standard operating protocol for this work 

has already been drafted in preparation for ongoing study. I have undertaken preliminary 

experiments (data not shown) which strongly suggest that individual colonies of Pa that appear 

morphotypically similar on streak culture plates obtained from the clinical microbiology lab at RBH 

do indeed differ in i) visual appearances when prepared as bacterial carpets (as described in Section 

8.4) and ii) in their susceptibility to phage cocktail. This highlights that, whilst correlation between 

bacteriophage activity in vitro and subsequent success in vivo has previously been described in a 

murine model (642), a personalised approach based on more extensive culturing and sensitivity 

testing should be considered. Whilst this is costly and time-consuming, in the context of a proof-of-

concept clinical trial it is imperative as it gives the best chance of demonstrating efficacy and reduces 

the likelihood of inconclusive results which have previously been seen in clinical trials of 

bacteriophage therapy (Section 7.1).  
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Summary and Future Directions 

Despite advances in diagnosis and treatment of CF over the past three decades, which have led to 

significant improvement in life expectancy, it remains a life-limiting condition with no currently 

available definitive curative therapy. The primary cause of morbidity and mortality is respiratory 

failure, secondary to successive infections with various microorganisms, the most prevalent of which 

is Pseudomonas aeruginosa (Pa). The two primary aims of my PhD were to determine i) whether 

recent advances in mass spectrometry could enable improved detection and thereby more rapid 

treatment of Pa infection and ii) whether bacteriophage therapy is a viable alternative to 

conventional anti-Pa therapy. The latter is particularly important in light of increasing antibiotic 

resistance, treatment failures despite therapy with apparently appropriate antibiotics and no extra 

benefit being gained from administration of higher dose or prolonged antibiotic regimes, as 

demonstrated by the EPIC trial in over 300 children with recently acquired Pa infection (643) 

SIFT-MS and Pa: Key Findings and Future Directions 

 

During initial familiarisation with SIFT-MS and throughout the experimental work of this thesis, there 

were intermittent problems with the technology resulting in periods when the machine could not be 

used. This led to a series of unplanned experiments where I had to confirm the ability of our 

instrument to detect VOCs of interest. Whilst this delayed starting recruitment for the exhaled 

breath study, which was the foremost objective of this part of the thesis, the data ultimately 

produced are more robust as a consequence. 

A pilot sputum study was planned so that I could become acquainted with using SIFT-MS; I did not 

expect that the results of this would differ significantly from previously published worked, 

particularly in relation to HCN, which, at the outset of my PhD, was the VOC which I felt had most 

biomarker potential. As a consequence, bacterial culture experiments were performed and SIFT-MS 

data compared with a validated, semi-quantitative method of HCN detection in order to see if there 
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was correlation between the two techniques. Though this was confirmed, it highlighted a further 

concern; headspace HCN at high (non-physiological) concentrations “flood” the SIFT-MS instrument, 

making subsequent analyses inaccurate. That this was a flaw with the technology, and not confined 

to HCN alone, was confirmed by analysis of laboratory-grade butanol, which also caused signal 

carryover when high levels were detected. However, as measured levels were far in excess of what is 

likely to present in exhaled human breath, even in patients with Pa infection, and having shown that 

both HCN and butanol were accurately quantified with our instrument, I felt that breath studies 

could begin despite this weakness of the SIFT-MS instrument being identified.  

Twelve VOCs of interest were selected for further study on the basis of previously published 

literature and results of my pilot study. Repeatability and reproducibility were investigated and it 

was noted that the co-efficient of variation for some of these VOCs was extremely high (median of 

up to 85.4% for hydrogen sulphide); this meant that small differences in certain individual VOCs 

were unlikely to be detected, regardless of sample size. This is another relative drawback of the 

current technology, reflected in my final exhaled breath data by improved sensitivity and specificity 

of diagnostic prediction models when additional VOCs are included, when individually these VOCs do 

not differ significantly between groups. For these reasons, before summarising the key findings and 

future directions of exhaled breath analysis in CF, it is important to highlight that my data strongly 

suggest that SIFT-MS currently remains a research tool rather than one that can be used in a clinical 

setting to guide patient management. 

My key findings from studying exhaled breath were that differences exist in individual VOCs 

between groups of i) healthy subjects and patients with CF (which may provide insight into disease 

mechanisms but is not of diagnostic utility) and ii) CF patients with and without infection. No one 

VOC was shown to be a reliable biomarker of infection and combination of VOCs into a “fingerprint” 

is more likely to identify patients with and without Pa infection. In its current form, SIFT-MS is not 

sufficiently sensitive to differentiate between individual patients; the translational objective of this 
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part of my PhD, to establish a non-invasive technique with which to screen for Pa infection, was 

therefore not achieved. With improvements in instrument sensitivity (such that VOC can be reliably 

detected in the parts-per-trillion range) and the addition of other VOCs to the breath fingerprint, 

discrimination might improve, making the test clinically applicable; a precedent for this is the 13C 

urea breath test for detection of Helicobacter pylori infection.  

A novel finding from my SIFT-MS work, although not part of the initial hypotheses, was that isoprene 

in exhaled breath of CF patients with doctor-defined infective exacerbations was significantly higher 

than in CF patients who were in a period of clinical stability. Isoprene has previously been associated 

with oxidative stress, providing a plausible biological mechanism for this finding. This needs 

validation in a second cohort of patients; if reproducible, I would propose a prospective study in 

which isoprene be measured at defined points of infective exacerbations (admission, day seven and 

day fourteen) to see whether it correlates with treatment response. More importantly, if it can be 

shown that isoprene increases before clinical deterioration, it has potential as a screening tool for 

outpatient visits. As I found no association with FEV1, the information would be a useful adjunct to 

that provided by spirometry and has the potential to guide clinical decisions such that full-blown 

exacerbations might be prevented. A weakness of this work is that flow rates for breath collection 

into Nalophan bags could not be accurately standardised; in any validation cohort it would be useful 

to investigate if exhalation rates have any effect on measured concentrations of different VOCs.   

Non-Invasive Detection of Pa: Future Directions 

 

Whilst undertaking my PhD, the Royal Brompton Hospital was awarded funding by the CF Trust to 

establish the Pa Strategic Research Centre (SRC), a group of collaborators focused on several areas of 

Pa research. One project will take forward further non-invasive and metabolic profiling methods of 

detection. Whilst I have demonstrated proof-of-concept for a signal that differentiates according to 

Pa status, given concerns about the ability of current SIFT-MS instruments to discriminate between 

individuals rather than groups, other mass spectrometry techniques have been suggested to take 
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this work forward. A research proposal has been submitted i) to identify novel Pa biomarkers (such 

as cell membrane or quorum sensing molecules) from patient microbiological samples using rapid 

evaporation ionisation mass spectrometry (REIMS) and ii) to analyse liquid samples such as EBC, 

saliva and urine from CF patients with and without Pa infection using desorption electrospray 

ionisation (DESI). A new protocol for breath analysis, where exhaled breath is mixed with a solvent 

aerosol that has undergone high-voltage ionisation prior to analysis with mass spectrometry, is also 

proposed. This technique is similar to electrospray ionisation that has made direct analysis of 

solutions possible. The benefit of this proposal is that a purpose-built atmospheric pressure 

ionisation source will be built in the Respiratory Biomedical Research Unit; it will therefore be 

possible to analyse patient samples directly (online), rather than having to transport breath samples 

to another site. Although stability of exhaled breath in Nalophan bags has been demonstrated, 

having the technology and patients on the same hospital site should allow a much larger volume of 

data to be collected, with measurements from patients theoretically possible on each day of an 

admission to hospital or every outpatient visit. This work will be developed for her PhD by 

Emmanuelle Bardin. 

Although our SIFT-MS is not currently being taken forward for ongoing Pa work, it has been used to 

differentiate between benign and malignant oesophageal tumours with 90% accuracy via VOC 

analysis of exhaled breath (644). Oesophageal cancer is usually diagnosed at an advanced stage; 

survival is therefore poor (15% over five years (645)). Currently, diagnosis relies on fibreoptic 

endoscopy which is both invasive and expensive; economic modelling suggests that, if SIFT-MS 

screening becomes a clinical tool, savings to the NHS could be around £145 million. A second, larger 

cohort of patients is currently being recruited from University College London Hospital, Royal 

Marsden Hospital and Guy’s and St. Thomas’ Hospital to see whether these findings are 

reproducible.   
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Finally, it has recently been reported that German shepherd dogs can be trained to identify VOCs in 

urine that are associated with prostate cancer, with sensitivity and specificity of up to 100% and 98% 

respectively (646). Other reports suggest that canine recognition of smell can be used to detect lung 

and breast cancer (647), basal cell carcinoma (648) and monitor blood sugar levels in Type I diabetes 

(649). On the basis of these findings, we are thus exploring the potential for dogs to be trained to 

detect Pa through collaboration with the charity Medical Detection Dogs. If this is feasible, a study 

comparing sensitivity and specificity of sniffer dog detection with that of other technologies such as 

electronic nose and mass spectrometry and electronic nose is planned. 

Bacteriophage Therapy: Key Findings and Future Directions 

Initially, in vitro efficacy of bacteriophage cocktails against a laboratory and five clinical strains of Pa 

was demonstrated using standard plaque assays. As there is a drive towards minimising use of 

animals and because it would facilitate non-invasive monitoring of response to treatment at serial 

time points, in vitro assays to determine whether killing of luminescent and fluorescent Pa by 

bacteriophage correlated with bacterial density were performed; these showed that luminescence 

following phage therapy did not reflect bacterial density (probably due to release of luciferase 

following bacterial lysis) and could not therefore be used as a proxy measure for phage efficacy. 

Whilst fluorescence was shown to correlate with bacterial density in vitro, it was not sufficiently 

sensitive to be measured accurately when introduced into a murine model at non-lethal levels. 

Consequently, conventional monitoring of phage cocktail efficacy was performed; in a murine acute 

infection model, Pa was administered intranasally and mice were treated i) simultaneously, ii) 

subsequently or iii) prophylactically with bacteriophage with quantification of inflammatory cells and 

cytokines in bronchoalveolar lavage fluid at various time points. The key findings were: 

▪ Bacteriophage cocktail enables clearance of high-dose Pa infection from the murine lung 

whether given simultaneously, prophylactically or 24hrs post-infection. 
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▪ Inflammatory cell counts (predominantly neutrophils) in response to Pa infection are 

reduced when bacteriophage cocktail is administered simultaneously or prophylactically. 

This was not seen in all conditions tested however; this may have been due to a threshold 

effect caused by high inoculums of Pa being administered or because BAL was performed at 

earlier time points in some experiments. 

▪ Soluble inflammatory markers in response to Pa infection are reduced under certain 

conditions when bacteriophage cocktail is administered. There was some variability in the 

pattern of cytokines; this could be attributed to biological differences (it was not possible to 

standardise age of mice being used for example) or to experimental protocols being 

different. It is possible that, as I aimed to minimise the number of mice being used, some 

measurements were underpowered, as indicated by several tested conditions approaching, 

but not quite reaching, statistical significance.  

 
As prophylactic bacteriophage was efficacious, I set out to determine if bacteriophage cocktails 

alone induced an inflammatory response; a significant increase in neutrophils was noted with 

administration of phage cocktails 2 and 3, which were in the prototype stage and did not meet GMP 

standards at the time these experiments were performed. There was a non-significant increase in 

neutrophils following administration of cocktail 1. These studies will clearly need to be repeated 

with the final, GMP-compliant bacteriophage cocktail formulations, prior to administration in human 

subjects. The effect of repeated dosing, both in terms of detecting cumulative phage-induced 

inflammation or decreased efficacy due to formation of memory T-cells or specific anti-phage 

antibodies also needs to be investigated.  

With efficacy of bacteriophage demonstrated in vivo, it was important to determine whether i) 

nebulisation was an appropriate route of administration for bacteriophage cocktails and ii) whether 

sputum was a barrier to bacteriophage delivery. Nebulisation of bacteriophage is the most attractive 

potential route of delivery in any future clinical trial as it theoretically deposits medication directly 



233 
 

into sites of infection. Concerns about nebulisation inactivating bacteriophage due to shearing of 

DNA were allayed by showing that phage collected downstream through three different nebuliser 

systems remained efficacious against PAO1, although there were reductions in absolute phage titres 

that varied according to the phage strain and nebuliser used. A new nebulisation system favoured by 

AmpliPhi, the Philips Micro, has since been tested by Helena Lund-Palau, visiting medical student 

from Barcelona; results of this are awaited. For a future clinical trial, it might be necessary 

beforehand to demonstrate if bacteriophage should be co-administered with other medications, for 

example RhDNase, with which some synergy was demonstrated in vitro, or be given sequentially 

following airway clearance in order to improve deposition. Techniques to model medication 

deposition are available and these can be modified to mimic the environment in the CF lung. 

However, given that there are accepted protocols for medication administration, (RhDNase is given 

an hour before physiotherapy with nebulised antibiotics post-physiotherapy in an attempt to 

maximize dose and deposition for example), these studies, whilst of scientific interest, should not 

delay the start of any clinical trial. I would envisage that bacteriophage, like antibiotics, would be 

nebulised after physiotherapy to ensure optimal deposition.  

Frequency of dosing also needs to be established; further work is needed to establish how long 

bacteriophage survive in the absence of a bacterial host (if prophylactic therapy is to be considered 

in the future). In theory, bacteriophage should multiply wherever sensitive strains of Pa are present 

and there is a therefore a rationale for repeated daily dosing; however, unlike antibiotics, 

concentrations should not decrease in the presence of bacteria so it is unclear how often to give 

treatment. Any future clinical trial should therefore have several arms using different dosing 

regimens. However, each subject in these trials will likely have i) different milieu of Pa within the 

lungs and ii) heterogeneous lung disease, such that deposition of nebulised bacteriophage will vary, 

making direct comparisons difficult. In the first instance, I would aim to recruit patients for a pilot 

study. Safety needs to be established initially (likely with a dose escalation protocol) and, if this is 

demonstrated, primary outcome measures of reduction in sputum bacterial load and improvement 
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in FEV1 would be assessed. Despite my initial concerns that patients would be reluctant to 

participate in a trial using a nebulised virus, I had overwhelmingly positive responses from subjects 

who provided sputum samples in this study; over 75% immediately stated that they would like to try 

bacteriophage therapy when I showed them the findings of my in vitro and in vivo experiments. 

Other hurdles (including regulatory approvals) need to be cleared before a clinical trial can start, the 

most significant of which is concerns about the practicalities of manufacturing large quantities of 

bacteriophage to GMP standards. A new Ampliphi facility in Slovenia has been approved and is 

currently producing anti-Staphylococcal bacteriophage for another trial programme; the aim is for 

this to switch to full-scale production of anti-Pseudomonal phage in the future. 

With regards to the issue of whether sputum is a barrier to phage, I found that, despite strains of Pa 

being sensitive to bacteriophage cocktail in vitro on bacterial carpets, this was not always the case 

when sputum containing the same strain of Pa was treated directly with bacteriophage, although I 

did demonstrate a possible synergistic effect through co-treating sputum with RhDNase. The discord 

between sensitivity of bacterial isolates and Pa in sputum needs further investigation. This has 

already been commenced by Valerie Khoo, undergraduate medical student at Imperial College 

London; preliminary data suggests that, although multiple single Pa colonies isolated from CF 

sputum might be identical in appearance, their susceptibility to bacteriophage cocktail differs 

significantly. This suggests multiple different strains of Pa are present within each sputum sample, 

most of which are not being isolated by the clinical microbiology laboratory as they have no reason 

to plate out multiple single colonies that are identical on visual inspection for the purposes of 

antibiotic sensitivity testing. For this reason, future work needs to focus upon identifying just how 

much Pa diversity there is within sputum samples (ideally using high-throughput molecular 

techniques) and how this diversity changes in individual patients over time. This information could 

then be used to tailor phage cocktail therapy for individual patients, thereby maximising any 

potential clinical improvement (which may still occur even if only some strains of Pa are sensitive) 

and reduction in sputum bacterial load. I would also plan future work to focus upon possible 
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synergistic effects of antibiotics and bacteriophage; this can be performed relatively easily in vitro 

using antibiotic discs from our microbiology laboratory, with and without bacteriophage cocktail. 

Demonstrating synergy in vivo would be more difficult; as safety and efficacy of both bacteriophage 

and antibiotics has been demonstrated independently, it would be difficult to justify using animal 

testing particularly as, in reality, all CF patients receiving bacteriophage for Pa infection in the future 

are already likely to be on first-line nebulised antibiotics.  

A significant relative weakness of my in vivo work is that efficacy was only demonstrated in an acute 

model of murine infection. Wild-type mice have the advantage of being small, with a short 

generation time, making them cheap and meaning that relatively large numbers can be used for 

parallel experiments. However, these mice do not recapitulate CF lung disease and, as demonstrated 

by early experiments with low infectious doses of Pa, have an inherent ability to clear Pa infection. I 

would ideally have liked to test bacteriophage efficacy in a chronic murine infection model that can 

be established through instillation of Pa-laden agarose beads (650) which act as an artificial biofilm 

to prevent mechanical clearance. There was insufficient time to establish this model and, as agarose 

beads themselves are not identical to Pa alginate, which is more elastic (651), the effect of this on 

bacteriophage efficacy would have been unclear. An even better model for CF lung disease would 

have been the -ENaC over-expressing mouse or the CF ferret or pig but these were not readily 

available. Larger animals are more expensive and labour-intensive (requiring meconium ileus surgery 

in the neonatal period for example) than mice and using these would have been beyond the scope of 

my PhD. Although I only demonstrated efficacy in previously healthy wild-type mice with no barrier 

to bacteriophage deposition, unlike the likely situation in airways of CF patients with chronic Pa 

infection, proposals for a clinical trial in human patients has been favourably received by the 

Medicines and Healthcare products Regulatory Agency (MHRA), although a formal preclinical animal 

toxicology programme will be required. 
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Conclusions 

During the course of this PhD, I have demonstrated proof-of-concept that a signal exists by which CF 

patients with and without Pa infection can be differentiated. I have also shown that bacteriophage 

not only allows rapid clearance of Pa infection but, also reduces inflammation within the murine 

lung. Both strands of this work therefore have potential to improve patient outcomes, although a 

significant amount of further work is necessary before either approach can be used routinely in a 

clinical setting.   
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Appendix 

A1: Consent form for Collection of Exhaled Breath and Sputum (Version 4 – 

04/FEB/2014) 
 

Study Number:       

Patient Identification Number for this study: 

PATIENT CONSENT FORM 
 

Title of Project: Non-invasive physiological biomarkers in health and disease 
Chief Investigator: Professor Andrew Bush 
 
          Please initial boxes 

1.   I confirm that I have read and understood the information sheet dated 04/FEB/2014 (Version 4)  
for the above study.  I have had the opportunity to consider the information, ask questions 
and have had these answered satisfactorily.   

  

2. I understand that my participation is voluntary and that I am free to withdraw at any time,  
 without giving any reason, without my medical care or legal rights being affected.  
     

3. I understand that sections of any of my medical notes may be looked at by responsible 
 individuals from regulatory authorities where it is relevant to my taking part in research.  
 I give permission for these individuals to have access to my records.     
 

4. I understand that samples from the study will be stored for up to 10 years and may be  
used in the future for similar tests. Any remaining samples (e.g. sputum) at the end of  
this period may be transferred to an approved tissue bank.     
  

5. I agree to my GP being informed of my participation in the study.       
 
 

6. I agree to take part in the above study.       
   
    
_________________________ ___________________ ____________________ 
Name of Patient Date   Signature 
 
_________________________ ___________________ ____________________ 
Name of Person taking consent Date   Signature 
 
When completed, 1 for patient; 1 for researcher site file; 1 (original) to be kept in medical notes
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A2: Absorbance and Fluorescence of iRFP and Wild Type PAO1 with and without Phage Treatment 
 

 

 

 

 

 

 

 

Figure A2.1: Graph showing absorbance and fluorescence over time for wild type (WT) Pa01 and iRFP Pa01 with a starting optical density of 0.25. Note that, although 
fluorescence of iRFP is reduced over the entire 48hr period when phage is added (blue line compared to red line), indicating impairment of growth by phage, 

absorbance of iRFP Pa01 is paradoxically higher. This again suggests, as with lower starting optical densities (Figure 11.2.4.1), that absorbance is not an accurate proxy 
measure of bacterial density. Furthermore, it is concerning that the peak fluorescence of non-treated Pa01 iRFP is only around 10000 when starting optical density is 

0.25, compared to 17796 when starting OD was 0.05 and almost 15000 when starting OD was 0.1 (Figure 11.2.4.1); if fluorescence is an accurate and linear proxy 
measure of bacterial density, this suggests that there is significantly less growth in the wells where starting optical density was 0.25. This might be explained by the fact 
that, at higher starting optical densities, there is more competition for limited nutrients and bacterial growth may therefore be reduced. However, if that was the case, 

lower fluorescence would be expected with even higher starting optical densities and, as shown in Figure A2.2 (overleaf), peak optical density of Pa01 iRFP with a 
starting optical density of 0.5 exceeds that of Pa01 iRFP with a starting optical density of 0.25. These findings raise concerns about the feasibility of using Pa01 iRFP as a 

non-invasive measure of phage activity as they indicate that the relationship between fluorescence and bacterial density may not be linear. 
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Figure A2.2: Graph showing absorbance and fluorescence over time for wild type (WT) Pa01 and iRFP Pa01 with a starting optical density of 0.5. As with lower starting 
optical densities, fluorescence of iRFP Pa01 is reduced in phage-treated wells. However, unlike in previous graphs, absorbance is also lower, although the curves do not 

mirror the shape of the fluorescence curves. This is most notable for iRFP + Phage (blue line) where fluorescence is increasing from around 24hrs, suggesting ongoing 
growth, whilst absorbance is decreasing which paradoxically indicates reduced bacterial density. As discussed in Figure A2.1, it is difficult to account for the difference in 

magnitude of peak fluorescence observed at each of the starting optical densities; the peak for 0.05 and 0.1 exceeds that of 0.25 and 0.5 and, whilst this might be 
explained by increased competition for nutrients at higher starting optical densities, it would be reasonable to expect that all wells (containing the same amount of 
liquid culture medium) could sustain growth to a critical point (signified by comparable peak fluorescence) before dropping off. This appears not to be the case as 

fluorescence peaks at significantly lower levels in wells where starting optical density was higher, suggesting that using iRFP Pa01 fluorescence alone as a proxy measure 
of bacterial density is an overly simplistic approach that lacks accuracy. 
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Figure A2.3: Graph showing absorbance and fluorescence over time for wild type (WT) Pa01 and iRFP Pa01 with a starting optical density of 1.0. As with lower starting 
optical densities, fluorescence of iRFP Pa01 is reduced in phage-treated wells. However, unlike in graphs for starting OD of 0.05, 0.1 and 0.25, absorbance is also lower, 

although the curves do not mirror the fluorescence curves. This is most notable for iRFP + Phage (blue line) where fluorescence is increasing from around 20hrs, 
suggesting ongoing growth, whilst absorbance is decreasing which indicates reduced bacterial density. As discussed in Figure A2.1, it is difficult to account for the 

difference in magnitude of peak fluorescence observed at each of the starting optical densities; the peak for 0.05 and 0.1 exceeds that of 0.25, 0.5 and 1.0 and, whilst 
this might be explained by increased competition for nutrients at higher starting optical densities, it would be reasonable to expect that all wells (containing the same 
amount of liquid culture medium) could sustain growth to a critical point (signified by comparable peak fluorescence) before dropping off. This appears not to be the 

case as fluorescence peaks at significantly lower levels in wells where starting optical density was higher, suggesting that using iRFP Pa01 fluorescence alone as a proxy 
measure of bacterial density is an overly simplistic approach that lacks accuracy. 
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A3: Insert from MesoScale Discovery Multiplex Kit for Cytokine Measurements 
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25-Plate Kit K15012C-4 
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Introduction 
Inflammatory processes are involved in many physiological events, including infection, the 
healing response, and other disease states such as autoimmunity. Cytokines and chemokines 
are small, soluble proteins that can help mediate both acute and chronic inflammatory 
responses. 
Interleukin (IL)-1β is produced by dendritic cells, monocytes, macrophages and certain 
epithelial cells. IL-1β is produced in response to infection induced inflammation. It induces the 
production of adhesion molecules that enable the transmigration of leukocytes into inflammed 
tissues. IL-1β also participates in fever induction by the hypothalamus. 
IL-12p70 is the active heterodimer of IL-12, consisting of the p40 and p35 subunits. IL-12 
participates in the differentiation of naïve T cells in Th1 cells. It stimulates the secretion of IFN- γ 
and TNF-α and inhibits IL-4 induced proliferation of lymphocytes. IL-12 plays an important role in 
the mediation of the cytotoxic activity of NK cells and CD8+ cytotoxic T cells. It is produced 
by dendritic cells, monocytes, macrophages, and B-cells in response to intra-cellular pathogens. 
Interferon-γ (IFN-γ), also known as type two interferon, plays a role in the recruitment of 
leukocytes to the site of infection. IFN-γ is produced by Th1 cells and  NK  cells. IFN-γ activates 
macrophages by increasing the expression of major histocompatibility  complex (MHC) 
molecules and antigen processing components. It has also been show to contribute to 
immunoglobulin (Ig) class switching and suppress Th2 responses. IFN-γ enhances the effects of 
type one interferons, such as IFN-β. 
IL-6 is a proinflammatory cytokine secreted by monocytes, macrophages and certain non- 
lymphoid cell types in response to tissue damage or infection. It plays a role in the acute phase 
response, the regulation of fever, and the generation of plasma B cells. IL-6 has been recently 
shown to act in concert with TGF-β to induce the differentiation of IL-17 producing helper T 
cells from naïve progenitors. 
KC/GRO (keratinocyte chemoattractant; keratinocyte-derieved chemokine/growth related 
oncogene) also known as CXCL1, GROα, GRO1, NAP-3, and CINC (rat) is a small cytokine 
belonging to the C-X-C family of chemokines. KC/GRO is produced by macrophages, 
neutrophils and epithelial cells, and is involved in neutrophil chemoattractant activity. It plays a 
role in spinal cord development, angiogenesis, tumorigenesis and inflammation. 
IL-10 inhibits the production of proinflammatory cytokines by T cells, and it is a potent 
suppressor of monocyte and macrophage functions. As such, it plays an important role in the 
regulation and termination of inflammatory responses. IL-10 also plays an important role in the 
growth and differentiation of B cells, NK cells, Th cells, and cytotoxic T cells. IL-10 is produced 
by macrophages and certain T cell subsets, including CD4+CD25+Foxp3+ regulatory T cells. 
Tumor Necrosis Factor-α (TNF-α) plays a key role in the acute phase reaction and systemic 
inflammation. TNF-α is primarily produced by activated macrophages, but it is also secreted by a 
variety of other cell types under pathogenic conditions. Upon receptor binding, it has been 
shown to trigger diverse cell signaling pathways including apoptosis, proliferation, differentiation, 
chemoattraction, hypothalamic regulation, and cytokine production. TNF-α can also contribute to 
tumorigenesis and viral replication. 
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Principle of the Assay 
MSD assays provide a rapid and convenient method for measuring the levels of protein targets 
within a single small-volume sample. The assays are available in both singleplex and multiplex 
formats. In a singleplex assay, an antibody for a specific protein target is coated on one 
electrode (or “spot”) per well. In a multiplex assay, an array of capture antibodies against 
different targets is patterned on distinct spots in the same well. The Mouse ProInflammatory 7- 
Plex Assay detects IL-1β, IL-12p70, IFN-γ, IL-6, KC/GRO, IL-10, and TNF-α in a sandwich 
immunoassay format (Figure 1). MSD provides a plate that has been pre-coated with capture 
antibody on spatially distinct spots – antibodies for IL-1β, IL-12p70, IFN-γ, IL-6, KC/GRO, 
IL-10, and TNF-α. The user adds the sample and a solution containing the labeled detection 
antibodies— anti-IL-1β, anti-IL-12p70, anti-IFN-γ, anti-IL-6, anti-KC/GRO, anti-IL-10, and anti- 
TNF-α labeled with an electrochemiluminescent compound, MSD SULFO-TAG™ label—over 
the course of one or more incubation periods. Analytes in the sample bind to  capture antibodies 
immobilized on the working electrode surface; recruitment of the labeled detection antibodies by 
bound analytes completes the sandwich. The user adds an MSD read buffer that 
provides the appropriate chemical environment for electrochemiluminescence and loads the 
plate into an MSD SECTOR® instrument for analysis. Inside the SECTOR  instrument, a voltage 
applied to the plate electrodes causes the labels bound to the electrode surface to emit light. The 
instrument measures intensity of emitted light to afford a quantitative measure of IL- 1β, IL-
12p70, IFN-γ, IL-6, KC/GRO, IL-10, and TNF-α present in the sample. 

 
 
 
 

1 =  IL-1β 
2 =  IL-12p70 
3 =  IFN-γ 
4 =  IL-6 
5 =  KC/GRO 
6 =  IL-10 
7 =  TNF-α 

 
 
 
Figure 1. Spot diagram showing placement of analyte capture antibody. The numbering convention for the 
different spots is maintained in the software visualization tools, on the plate packaging, and in the data files. A 
unique bar code label on each plate allows complete traceability back to MSD manufacturing records. 

 
 



279 
 

Reagents  Supplied 
 

 
 

Required Materials and Equipment - not supplied 
 Deionized water for diluting concentrated buffers 
 50 mL tubes for reagent preparation 
 15 mL tubes for reagent preparation 
 Microcentrifuge tubes for preparing serial dilutions 
 Phosphate buffered saline plus 0.05% Tween-20 (PBS-T) for plate washing 
 Appropriate liquid handling equipment for desired throughput, capable of dispensing 

10 to 150 µL into a 96-well microtiter plate 
 Plate washing equipment: automated plate washer or multichannel pipette 
 Adhesive plate seals 
 Microtiter plate shaker 

 

Safety 
Safe laboratory practices and personal protective equipment such as gloves, safety glasses, 
and lab coats should be used at all times during the handling of all kit components. All 
hazardous samples should be handled and disposed of properly, in accordance with local, 
state, and federal guidelines. 

 
 
 
 
 

 

1 SULFO-TAG conjugated detection antibodies should be stored in the dark. 
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Reagent Preparation 
Bring all reagents to room temperature and thaw the Calibrator stock on ice. 

Important: Upon first thaw, separate Diluent 4 and Diluent 5 into aliquots appropriate 
to the size of your assay needs. These diluents can go through up to three freeze-
thaw cycles without significantly affecting the performance of the assay. 

 
Prepare Calibrator and Control Solutions 
MSD recommends the preparation of an 8-point standard curve consisting of at least 2 
replicates of each point. Each well requires 25 µL of Calibrator. For the assay, MSD 
recommends 4-fold serial dilution steps and Diluent 4 alone for the 8th point: 

 

Standard Mouse ProInflammatory 7-Plex 
Calibrator Blend (pg/mL) 

Dilution 
Factor 

100X Stock 1000000  

STD-01 10000 100 
STD-02 2500 4 
STD-03 625 4 
STD-04 156 4 
STD-05 39 4 
STD-06 9.8 4 
STD-07 2.4 4 
STD-08 0 n/a 

 
 

To prepare this 8-point standard curve for up to 4 replicates: 
1) Prepare the highest Calibrator point (STD-01) by adding 10 µL of the Mouse 

ProInflammatory 7-Plex Calibrator Blend to 990 µL Diluent 4. 
2) Prepare the next Calibrator by transferring 50 µL of the Mouse ProInflammatory diluted 

Calibrator to 150 µL Diluent 4. Repeat 4-fold serial dilutions 5 additional times to 
generate 7 Calibrators. 

3) The recommended 8th Standard is Diluent 4 (i.e. zero Calibrator). 
 
Notes: 

a. Alternatively, Calibrators can be prepared in the sample matrix or diluent of choice to 
verify acceptable performance in these matrices. In general, the presence of some 
protein (for example, 1% BSA) in the sample matrix is helpful for preventing loss of 
analyte by adsorption onto the sides of tubes, pipette tips, and other surfaces. If your 
sample matrix is serum-free tissue culture media, then the addition of 10% FBS or 1% 
BSA is recommended. 

b. The standard curve can be modified as necessary to meet specific assay requirements. 
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Dilution of Samples 
Serum and Plasma 
All solid material should be removed by centrifugation. Plasma prepared in heparin tubes 
commonly displays additional clotting following the thawing of the sample. Remove any 
additional clotted material by centrifugation. Avoid multiple freeze/thaw cycles for serum and 
plasma samples. Normal serum or plasma samples may not require a dilution prior to being 
used in the MSD Mouse ProInflammatory 7-Plex Assay. Serum or plasma with high levels of 
these analytes may require a dilution. 

Tissue Culture 
Tissue culture supernatant samples may not require dilution prior to being used in the MSD 
Mouse ProInflammatory 7-Plex Assay. If using serum-free medium, the presence of 
carrier protein (e.g., 1% BSA) in the solution is helpful to prevent loss of analyte to the labware. 
Samples from experimental conditions with extremely high levels of cytokines may require a 
dilution. 

Other Matrices 
Information on preparing samples in other matrices, including sputum, CSF, and tissue 
homogenates can be obtained by contacting MSD Scientific Support at 1-301-947-2025 or 
ScientificSupport@mesoscale.com. 

 
Prepare Detection Antibody Solution 
The Detection Antibody Blend is provided at 50X stock solution. The final concentration of the 
working Detection Antibody Solution should be at 1X. For each plate used, dilute a 60 µL aliquot 
of the stock Detection Antibody Blend into 2.94 mL of Diluent 5. 

 
Prepare Read Buffer 
The Read Buffer should be diluted 2-fold in deionized water to make a final concentration of 2X 
Read Buffer T. Add 10 mL of 4X Read Buffer T to 10 mL of deionized water for each plate. 

 
Prepare MSD Plate 
This plate has been pre-coated with antibody for the analyte shown in Figure 1. The plate can 
be used as delivered; no additional preparation (e.g., pre-wetting) is required. The plate has 
also been exposed to a proprietary stabilizing treatment to ensure the integrity and stability of 
the immobilized antibodies.

mailto:ScientificSupport@mesoscale.com
mailto:ScientificSupport@mesoscale.com
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Assay  Protocol 
1. Addition of Diluent 4: Dispense 25 µL of Diluent 4 

into each well. Seal the plate with an adhesive plate 
seal and incubate for 30 min with vigorous shaking 
(300–1000 rpm) at room temperature. 

2. Addition of the Sample or Calibrator: Dispense 
25 µL of sample or Calibrator into separate wells of 
the MSD plate. Seal the plate with an adhesive plate 
seal and incubate for 2 hours with vigorous shaking 
(300–1000 rpm) at room temperature. 

3. Wash and Addition of the Detection Antibody 
Solution: Wash the plate 3 times with PBS-T. 
Dispense 25 µL of the 1X Detection Antibody Solution 
into each well of the MSD plate. Seal the plate and 
incubate for 2 hours with vigorous shaking (300–1000 
rpm) at room temperature. 

4. Wash and Read: Wash the plate 3 times with PBS-T. 
Add 150 µL of 2X Read Buffer T to each well of the 
MSD plate. Analyze the plate on the SECTOR 
Imager. Plates may be read immediately after the 
addition of Read Buffer. 

 

Analysis of Results 

 
 
 

Notes 
 
Shaking a 96-well MSD plate 
typically accelerates capture at the 
working electrode. 

 
Lower sample volumes such as 10 µL 
are feasible, but it may reduce assay 
sensitivity. If lower sample volume is 
utilized, then the volume of the 
Calibrators / Standard Curve should be 
adjusted in parallel. 

 
 
 
 
 
 
 
 
 

Bubbles in the fluid will 
interfere with reliable reading of 
plate. Use reverse pipetting 
techniques to insure bubbles are not 
created when dispensing the Read 
Buffer. 

 
The Calibrators should be run in duplicate to generate a standard curve. The standard curve is 
modeled using least squares fitting algorithms so that signals from samples with known levels 
of the analyte of interest can be used to calculate the concentration of analyte in the sample. 
The assays have a wide dynamic range (3–4 logs) which allows accurate quantitation in many 
samples without the need for dilution. The MSD DISCOVERY WORKBENCH® analysis 
software utilizes a 4-parameter logistic model (or sigmoidal dose-response) and includes a 
1/Y2 weighting function. The weighting function is important because it provides a better fit of 
data over a wide dynamic range, particularly at the low end of the standard curve. 
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Typical Standard Curve 
The following standard curves are an example of the dynamic range of the assay. The actual 
signals may vary and a standard curve should be run for each set of samples and on each 
plate for the best quantitation of unknown samples. 

 
10000000 

 
 

1000000 

 
 

mIL-1

mIL-12p70 

mIFN- 
mIL-6 
mKC/GRO 

100000 mIL-10 
mTNF-



10000 
 
 

1000 
 
 

100 
0.1 1 10 100 1000    10000 100000 

Concentration (pg/mL) 
 

IL-1β  IL-12p70  IFN-γ 
Conc. 

(pg/mL) 
Average 
Signal %CV Conc. 

(pg/mL) 
Average 
Signal %CV Conc. 

(pg/mL) 
Average 
Signal %CV 

0 163 8.4 0 287 8.2 0 303 7.3 
2.4 324 3.8 2.4 302 4.1 2.4 868 3.0 
9.8 861 2.6 9.8 343 1.1 9.8 2571 1.0 
39 2995 2.8 39 455 5.7 39 8831 1.0 
156 11104 1.8 156 972 2.3 156 33039 2.6 
625 43777 1.9 625 2938 4.8 625 125242 2.1 

2500 166088 2.5 2500 14542 2.0 2500 469071 1.5 
10000 534299 3.2 10000 82687 4.4 10000 966829 2.9 

 

IL-6  KC/GRO  IL-10 
Conc. 

(pg/mL) 
Average 
Signal %CV Conc. 

(pg/mL) 
Average 
Signal %CV Conc. 

(pg/mL) 
Average 
Signal %CV 

0 310 2.8 0 320 7.8 0 370 4.3 
2.4 369 4.4 2.4 443 3.8 2.4 403 2.7 
9.8 479 7.8 9.8 813 5.4 9.8 484 4.3 
39 932 6.8 39 2217 5.7 39 863 1.1 
156 2792 5.8 156 8220 8.3 156 2215 3.2 
625 11793 8.6 625 34903 5.2 625 7419 1.7 

2500 52767 5.8 2500 175986 6.3 2500 26352 5.8 
10000 376903 4.0 10000 780038 2.8 10000 98572 3.6 

 

TNF-α 
Conc. 

(pg/mL) 
Average 
Signal %CV 

0 826 9.0 
2.4 1494 1.9 
9.8 3519 3.6 
39 10808 3.4 
156 38325 4.5 
625 143460 3.9 

2500 607294 3.5 
10000 1522508 2.6 

Si
gn

al
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Sensitivity 
The lower limit of detection (LLOD) is the calculated concentration of the signal that is 2.5 
standard deviations over the zero Calibrator. The values below represent the average LLOD 
over multiple kit lots. 

 
 IL-1β IL-12p70 IFN- IL-6 KC/GRO IL-10 TNF-α 

LLOD 
(pg/mL) 0.75 35 0.38 4.5 3.3 11 0.85 

 
 

Assay Components 
The mouse IL-1β, IL-12p70, IFN-γ, IL-6, KC/GRO, IL-10, and TNF-α capture and detection 
antibodies used in this assay are listed below. 

 
 Source species 

Analyte MSD Capture Antibody MSD Detection Antibody 
mIL-1β Mouse Monoclonal Goat Polyclonal 

mIL-12p70 Rat Monoclonal Goat Polyclonal 
mIFN-γ Rat Monoclonal Rat Monoclonal 
mIL-6 Rat Monoclonal Goat Polyclonal 

mKC/GRO Rat Monoclonal Goat Polyclonal 
mIL-10 Rat Monoclonal Goat Polyclonal 

mTNF-α Rat Monoclonal Rat Monoclonal 
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Summary Protocol 
 

MSD 96-well MULTI-SPOT Mouse ProInflammatory 7-Plex Ultra-
Sensitive Kit 

MSD provides this summary protocol for your 
convenience. Please read the entire detailed 
protocol prior to performing the MSD Mouse 

ProInflammatory 7-Plex Assay. 
 
 
 
Sample and Reagent Preparation 

Bring all reagents to room temperature and thaw the Calibrator 
stock on ice. If necessary, samples should be diluted in Diluent 4. 
Prepare Calibrator solutions and standard curve. 
Use the 100X Calibrator stock to prepare an 8-point standard curve 

by diluting in Diluent 4. 
Note: The standard curve can be modified as necessary 

to meet specific assay requirements. 
Prepare Detection Antibody Solution by diluting Detection Antibody Blend 
to 1X in a final volume of 3.0 mL Diluent 5 per plate. 
Prepare 20 mL of 2X Read Buffer T by diluting 4X Read Buffer T with 
deionized water. 

 
 
SERUM OR PLASMA SAMPLES 
Step 1: Add Diluent 4 

Dispense 25 µL/well Diluent 4. 
Incubate at room temperature with vigorous shaking (300-1000 rpm) for 
30 minutes. 

Step 2: Add Sample or Calibrator 
Dispense 25 µL/well Calibrator or sample. 
Incubate at room temperature with vigorous shaking (300-1000 rpm) 
for 2 hours. 

Step 3: Wash and Add Detection Antibody Solution 
Wash plate 3 times with PBS-T. 
Dispense 25 µL/well 1X Detection Antibody Solution. 
Incubate at room temperature with vigorous shaking (300-1000 rpm) 
for 2 hours. 

Step 4: Wash and Read Plate 
Wash plate 3 times with 
PBS-T. Dispense 150 
µL/well 2X Read Buffer T. 
Analyze plate on SECTOR Imager instrument. 
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A4: Examples of Standard Curves Generated from MesoScale Discovery Plates 

October 2012 
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A5: SOP for Absolute Quantification of Bacteriophage Following Nebulisation 
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A6: Abstracts arising from Thesis 

Anti-Pseudomonal Bacteriophage Reduces Inflammatory Responses in the Murine Lung 

Pabary R, Singh C, Morales S, Bush A, Alshafi K, Bilton D, Alton EWFW, Smithyman A and Davies JC 

▪ Poster Presentation, North American CF Conference, Orlando, 2012 
▪ Oral Presentation, UK CF Microbiology Consortium, Liverpool, November 2012 
▪ Oral Presentation, British Thoracic Society Winter Meeting, London, December 2012 
▪ Oral Presentation, European CF Conference, Lisbon, June 2013 
 

SIFT-MS Analysis as a Non-Invasive Determinant of Pseudomonas aeruginosa Infection in CF 
Patients 

Pabary R, Huang J, Kumar S, Alton EWFW, Bush A, Hanna GB, and Davies JC 

▪ Poster Presentation, North American CF Conference, Salt Lake City, October 2013 
▪ Oral Presentation, British Thoracic Society Winter Meeting, London, December 2013 
▪ Oral Presentation, 9th CF Young Investigator Meeting, Paris, February 2014 
▪ Oral Presentation, European CF Conference, Gothenburg, June 2014 

Towards the Clinical Application of Anti-Pseudomonal Bacteriophages: Activity is Retained 
Following Nebulisation with a Range of Commercially Available Nebuliser Systems  

Pabary R, Alegro A, Alton EWFW, Bilton D, Morales S, Smrekar F and Davies JC 

▪ Poster Presentation, European CF Conference, Brussels, June 2015 
▪ Oral Presentation, British Thoracic Society Winter Meeting, London, December 2015 

 

Variability in Susceptibility to Antibiotics and Bacteriophages between Individual Colonies of 
Pseudomonas aeruginosa from cystic fibrosis sputum samples: Implications for Future Clinical Trial 
Design 

Khoo V, Pabary R, Lund-Palau H, Turnbull A, Madden N, Schelenz S, Jones A, Morales S, Alton EWFW 

and Davies JC 

▪ Oral Presentation, British Thoracic Society Winter Meeting, London, December 2015 
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