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Summary 

Cystic fibrosis (CF) lung disease typically results in pulmonary infections and 

inflammation that produces progressive respiratory failure. The most common 

pathogen in adult patients with CF is Pseudomonas aeruginosa (PA), which in the 

majority of patients chronically colonises the airways and is associated with a 

neutrophil-dominated host response. This neutrophilic response fails to clear the 

infection but contributes to progressive lung injury. Prior to the establishment of 

chronic PA colonisation, patients experience intermittent pulmonary PA 

infections that can be cleared either by host responses or antibiotic eradication 

therapy. 

Recent attention has focused on the role of the cytokines interleukin-17 (IL-17) 

produced by T helper 17 (Th17) cells, in anti-microbial defences. IL-17 plays a 

critical role in the generation and recruitment of neutrophils to sites of infection 

and has been implicated in responses to PA as well as other pulmonary 

pathogens. Clinical data has also suggested a potential role for IL-17, Th17 cells, 

as well as other cellular sources of IL-17 in the pathogenesis of human CF 

pulmonary disease. An additional Th17-related cytokine IL-22 has previously 

been shown to hold a critical role in defence against acute pulmonary infections, 

as well as reparative functions in pulmonary disease. However, the functions of 

this cytokine are not clear cut, since pro-inflammatory effects are also seen 

depending on the local environment in which it acts.  

Given the pivotal role of IL-17 in neutrophilic immune responses, in this thesis I 

hypothesised that IL-17A is beneficial in early CF lung disease where it aids 

clearance of PA and delays the onset of chronic PA colonisation. However, as the 

organism adapts to the hostile environment and/or the lung environment 

becomes more conducive to bacterial growth then chronic PA infection 

inevitably develops; in this setting I proposed that IL-17A becomes pathogenic by 

driving persistent, damaging neutrophilic inflammation. In addition, I 

hypothesised that Th17 cells are a source of IL-17A in PA infection and that, due 

to persistent antigenic-stimulation in CF patients the Th17 response may be 

altered to that seen in healthy controls. I further proposed that IL-22 may have a 

reparative and protective role in persistent pulmonary PA infection, but 
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that the cytokine’s reparative effects become overwhelmed or IL-22 becomes 

pro-inflammatory and pathogenic in later CF lung disease with chronic PA 

colonisation. These hypotheses were addressed via the use of both clinical 

samples from patients with CF and a murine model of persistent PA infection. 

I firstly demonstrated that patients with CF, all with a history of pulmonary PA 

infection, and healthy adults have a memory Th17 and Th22 response against 

Pseudomonas aeruginosa, and these cells have a novel phenotype, lacking 

evidence of skin- or gut-homing (Chapter 3). The PA-specific Th17 cell 

population was lower in the peripheral blood of CF patients. In relation to my 

thesis hypothesis, taken together, these data could suggest homing to the lung 

under the conditions of continued antigenic stimulation of PA infection. My data 

demonstrating the presence of PA-specific Th22 cells in the peripheral blood of 

CF patients and the detection of IL-22 in bronchial washings from explanted CF 

lungs further suggests a role for IL-22 in response to persistent pulmonary PA 

infection.  

To explore my hypothesis further, I developed and characterised a murine model 

of persistent pulmonary PA infection utilising two clinical mucoid strains of PA 

embedded within agar beads (Chapter 4). These models demonstrate the 

potential to develop chronic pulmonary infection, bacterial adaptation that may 

facilitate biofilm growth and establishment of chronic infection, neutrophilic 

inflammation, and early structural lung changes. This best represents the critical 

stage in CF pathogenesis in which chronic colonisation with mucoid strains of 

Pseudomonas aeruginosa is becoming established in the lung. Utilising this 

model, I demonstrated that IL-17A- and IL-22-producing B1 cells are the 

predominant local source of these cytokines in response to pulmonary PA 

infection (Chapter 5). The IL-17-producing B1 cells responding to PA infection 

also produce PA-binding IgM and are predominantly confined to the CD5+B1a 

subset. These PA-responding B1 cells pre-exist in healthy animals, but migrate to 

and/or expand locally at the site of pulmonary Pseudomonas infection.  

Concordant with my hypothesis, utilising IL-17RA knockout mice, I demonstrated 

a critical role for IL-17 in preventing the establishment of persistent 

Pseudomonas aeruginosa infection and controlling bacterial load in those 
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that develop chronic pulmonary infection (Chapter 6). I had hypothesised that 

IL-17-mediated protection at this stage in disease may relate to effective 

neutrophil recruitment. However, I failed to demonstrate any significant 

attenuation in neutrophil recruitment in the absence of IL-17 activity at 2-weeks 

post-inoculation. Further, utilising PA-infected IL-22 knockout mice, I did not 

confirm my hypothesis that IL-22 may have a similarly important protective 

effect during the establishment of chronic PA colonisation.  

Having demonstrated a novel B1 cell population producing IL-17 and responding 

to pulmonary PA infection, I sought to ascertain if this represented a critical 

source of the cytokine during establishment of persistent PA infection. Utilising 

µMT animals, which lack mature B cells, I found that such IL-17A-producing B1 

responses were dispensable for protection against the organism, with evidence 

that other cellular sources may compensate, including Th17 and γδ T cells 

(Chapter 6).  

Collectively, the data presented in this thesis clearly demonstrate, for the first 

time, that IL-17 responses hold a critical role in preventing emergence of 

chronic pulmonary Pseudomonas aeruginosa colonisation. The cytokine can be 

produced by a not previously described population of IL-17+ B1a cells in 

pulmonary PA infection, in addition to Th17 and γδT cell populations. The novel 

description of a human PA-specific memory Th17 and Th22 response, which may 

be implicated in respiratory defence, holds potential for therapeutic targeting to 

augment a beneficial anti-pseudomonal response. The exact mechanism of IL-17-

induced protection against pulmonary PA colonisation requires to be further 

delineated, but may include time-critical delays in neutrophil recruitment, 

functional changes in neutrophils, and IL-17-related actions independent of 

neutrophil activity, such as anti-microbial peptide production. Importantly, the 

results presented in this thesis have a clear potential for translation into 

therapeutic intervention to prevent emergence of chronic pulmonary 

Pseudomonas aeruginosa infection, with the associated adverse implications on 

morbidity and mortality. Such findings are relevant to the cystic fibrosis 

population but also a wider population of patients with pulmonary disease 

complicated by persistent infections. 



 

 

 

23 

  



 

 

 

24 

 

 

 

 

 

 

 

 

 

Chapter 1. General Introduction 

  



 

 

 

25 

1.1 Introduction 

Cystic fibrosis (CF) lung disease typically results in pulmonary infections and 

inflammation that produces progressive respiratory failure. The most common 

pathogen in adult patients with CF is Pseudomonas aeruginosa (PA), which in the 

majority of patients chronically colonises the airways and is associated with a 

neutrophil-dominated host response. This neutrophilic response fails to clear the 

infection but contributes to progressive lung injury. Although chronic pulmonary 

PA infection is seen most frequently in the context of CF, PA remains an 

important pathogen in other acute and chronic respiratory conditions. 

Recent attention has focused on the role of the cytokines interleukin-17 (IL-17), 

and specifically production of the cytokine by T helper 17 (Th17) cells, in anti-

microbial defences. IL-17 plays a critical role in the generation and recruitment 

of neutrophils to sites of infection and has been implicated in responses to PA as 

well as other pulmonary pathogens. IL-17 is commonly co-expressed with 

interleukin-22 (IL-22) in classic Th17 cells. IL-22 has distinct anti-microbial 

functions and has been implicated in human pulmonary defence.  

The work presented in this thesis explores the production and role of IL-17A and 

IL-22 in the context of chronic pulmonary Pseudomonas aeruginosa infection, 

utilising both human samples from patients with CF and a murine model of 

chronic pulmonary PA infection. 

1.2 Cystic fibrosis pulmonary disease 

Cystic Fibrosis (CF) is the most common, fatal single gene defect in the 

Caucasian population.  Individuals of Northern European origin have the highest 

incidence of CF with approximately 1 in 2500 newborn children affected and a 

carrier frequency of 1 in 25.  Within the United Kingdom (UK), over 9,700 

individuals have cystic fibrosis1. In addition, CF used to be a fatal disease of 
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childhood, but the majority of the UK CF population are now adults over 16-

years of age and the predicted median survival* is currently 41.5-years of age1.  

Cystic fibrosis is an autosomal recessive condition caused by a mutation of the 

Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) gene on 

chromosome 72.  The commonest mutation in the CFTR gene is the Phe508del 

(Phe = phenylalanine, del = deletion) mutation – a 3 base pair DNA deletion that 

results in the deletion of phenylalanine at position 508 in the protein.  The CFTR 

protein is a cell membrane ion transport protein that predominantly functions as 

a chloride channel 3 situated in the apical membranes of epithelial cells. 

However, CFTR has many other regulatory roles. CFTR has been described as a 

regulator of other membrane channels, including the epithelial sodium channel 

(eNaC)4, and acts as a bicarbonate channel5. Additional proposed roles, 

unrelated to ion transport, include modulation of epithelial innate immune 

function6 and interaction with bacteria 7 (discussed further in section 1.4.1). 

CFTR is expressed in higher quantities in the tissues clinically affected by CF, 

such as the sinuses, lungs, pancreas, liver, gastro-intestinal tract, and 

reproductive tract. Consequently CF is a complex multi-system disease. 

However, it is the pulmonary disease that is the major determinant of life span 

and quality of life in affected individuals. 

Although there is continued debate as to the link between CFTR protein 

dysfunction and the pathophysiology of CF pulmonary disease, the most widely 

accepted hypothesis is of a “low-volume” state. This hypothesis postulates that 

loss of inhibition of epithelial sodium channels, due to CFTR dysfunction, results 

in hyperabsorption of sodium and water. Combined with the defective chloride 

efflux, this results in depletion of the airway surface liquid (ASL). The resultant 

decrease in periciliary liquid volume (PCL; a lubricating layer between the 

epithelium and mucus) results in compression of cilia and impairment of normal 

mucociliary clearance.  In addition, the lubricating function of the PCL is lost 

and mucus adheres to cell surfaces8. Mucus accumulates in the lower airways, 

trapping inhaled bacteria and forming hypoxic niches that can harbour bacteria, 

                                                
*	  This represents the age beyond which half of the current UK CF Registry patients 
would be expected to live, given the ages of CF patients in the Registry and the 
mortality distribution of deaths in the same year.	  



 

 

 

27 

particularly Pseudomonas aeruginosa. The most compelling data supporting this 

hypothesis are from ASL cultures showing shortening of the PCL height in 

cultures of epithelial cells from CF patients 8-11.   

The lungs of neonates with CF are pathologically normal12, but inflammation and 

infection occurs early. The initiating event for bacterial infection is unclear. In 

concordance with the “low-volume” hypothesis, it may be that impaired 

mucociliary clearance and adherent abundant mucus permits bacteria to 

colonise and adapt to avoid clearance. Others argue that inflammation pre-dates 

infection, evidenced by elevated polymorphonuclear neutrophils and 

inflammatory mediators in neonatal bronchoalveloar lavage (BAL) samples in the 

absence of viral or bacterial infection13,14.  Whatever the initiating event, 

infection with pathogenic bacteria is evident with Staphylococcus aureus and 

Haemophilius influenzae being the major pathogens in children. Such infection 

is associated with a florid inflammatory response with neutrophil recruitment 

and activation. Pseudomonas aeruginosa shortly become the predominant 

organism and results in chronic colonisation of the airways in the majority of 

patients. Pseudomonas aeruginosa infection is initially with non-mucoid strains, 

but a mucoid phenotype develops which is impossible to eradicate despite 

aggressive antibiotic therapy. A narrow range of additional pathogens may infect 

the CF lung, including Stenotrophomonas maltophilia, Burkholderia cepacia 

complex, Achromobacter xylosoxidans and non-tuberculuous mycobacteria 

(NTM). Increasingly the application of molecular non-culture-based techniques 

has identified anaerobic bacteria, such as the Prevotella and Actinomyces 

genera, as CF pathogens15-17. 

Consequent to the presence of pathogenic bacteria and impaired bacterial 

clearing, patients develop persistent suppurative lung disease.  Small airways 

become obstructed with viscous mucus, pathogenic organisms and inflammatory 

cells.  Damage to the airways is mediated both by toxic effects of the organism 

(section 1.3) and the host’s persistent but ineffective immune response (section 

1.6). A vicious cycle of infection, inflammation and progressive endobronchial 

destruction is established, leading to widespread fibrosis and bronchiectasis.  

Such changes can be seen radiologically (Fig. 1.1) and result in decreased lung 



 

 

 

28 

function. Respiratory failure may finally develop with hypoxaemia and 

hypercapnia, and this is responsible for at least 80% of CF-related deaths18. 

Despite the burden of disease in patients with CF, survival continues to improve 

(Fig. 1.2)1,19. Such gains in survival necessitate the need for novel therapeutic 

interventions for increasingly complex disease. 

1.3 Pseudomonas aeruginosa 

Pseudomonas aeruginosa is a Gram-negative rod-shaped bacterium. It is a 

ubiquitous environmental organism, found in soil and water sources as well as 

the surfaces of plants and animals in contact with soil or water.  Its intrinsic 

antibiotic resistance and adaptability enables the organism to survive in a range 

of natural and man-made environments, including the surface of medical devices 

and within healthcare facilities. 

Pseudomonas aeruginosa rarely causes infection in the normal host, but is 

associated with serious infections in the presence of immunosuppression, 

breaches in the host barriers such as mucosal membranes or skin (for example, 

following burns), and presence of foreign body (for example, urinary catheters 

or contact lens). The organism causes both acute and chronic respiratory 

infections, which will be discussed further in section 1.4. 

1.3.1 Virulence factors 

PA is endowed with a large genome containing genes for many different 

virulence factors and regulatory mechanisms, so allowing it to readily adapt to 

hostile environments20. A number of key virulence factors are known or 

suspected of contributing to respiratory pathogenesis, detailed in Table 1.121,22. 

In addition, it is clear that virulence factor expression is substantially different 

depending on the infection setting23. A wealth of virulence factors are found in 

isolates from acute pulmonary infections, while isolates from the chronically 

infected CF lung down-regulate virulence mechanisms such as flagella, pili and 

the type three secretion system (T3SS) 23,24. Such altered virulence is likely to 

result in reduced immunostimulation and clearance of the PA from the CF lung 

and thus foster chronic colonisation. This effect has been substantiated 



 

 

 

29 

utilising murine models where PA isolates from late/established CF lung disease 

resulted in reduced invasive disease and mortality but comparable capacity to 

produce chronic infection compared with non-CF isolates and isolates from early 

CF lung disease25. 

Two virulence mechanisms – alginate production and biofilm formation – merit 

separate discussion due to their relevance to pathogenesis of CF. The emergence 

of chronic airway colonisation is seen with the switch of PA from a non-mucoid 

to a mucoid phenotype24,26. This mucoid phenotype is generated by excess 

production of alginate, an extracellular polysaccharide that covers the surface 

of the bacterium. Mucoid PA is virtually pathognomonic of CF. Alginate protects 

PA from immune clearance via reducing phagocytosis by neutrophils and 

macrophages and inhibiting complement activation26-29. Although alginate is 

immunogenic and results in antibody production30, this immune response fails to 

clear infection and is indeed associated with poorer outcome in patients with 

CF31. 

A related virulence mechanism is the generation of biofilms; consisting of highly 

organised communities of bacteria attached to one another and a surface, and 

surrounded by extracellular polymeric substance (EPS) matrix that consists of 

lipids, proteins, nucleic acid and polysaccharides. Alginate production forms a 

component of biofilms, but in vitro evidence also suggests biofilm formation can 

occur independently32. Bacteria in biofilms also use secreted chemical signals to 

coordinate behaviour by cell–cell communication; this allows the bacteria to 

respond to their environment, for example, by assessing cell density (also called 

quorum sensing or QS) or environmental cues. In Pseudomonas aeruginosa QS has 

been linked with biofilm formation and virulence factor expression33,34. This 

protective coat of the biofilm provides the PA community with resistance to 

mechanical forces and decreases penetrance of anti-microbial agents (e.g. 

antibiotics and host defence molecules). Antibiotic resistance is further 

augmented in the biofilm by increased expression of resistance genes and 

antibiotic degrading enzymes. Several studies support the formation of biofilms 

in the CF lung, including the presence of QS molecules in CF sputum35 and PA 

clusters encased in matrix in CF sputum and lung specimens35,36. The diseased CF 
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airways also provide multiple components that can facilitate biofilm formation, 

such as viscous mucus and extracellular DNA and actin. 

1.3.2 Antibiotic resistance 

Pseudomonas aeruginosa infections are extremely difficult to treat as the 

organism has an intrinsic ability to resist many antibiotic classes as well as the 

ability to acquire resistance. It is also clear that antibiotic resistance rates are 

rising in clinical practice37,38. PA possesses an intrinsic resistance to naturally 

occurring antibiotics from bacilli, actinomycetes, and moulds, attributable to 

the organism’s natural habitat in soil. Further intrinsic resistance is afforded by 

the low permeability of the PA outer membrane, the constitutive expression of 

membrane efflux pumps, alginate production and tendency to form impermeable 

biofilms, and the natural occurrence of β-lactamases21. PA undertakes 

mutational changes in target enzymes, which result in maintenance of their vital 

role in cell metabolism but resistance to the action of selective inhibition by 

antibiotics.  PA is also able to acquire additional resistance genes via horizontal 

gene transfer, mainly by transduction and conjugation of DNA elements such as 

plasmids and transposons.  

Patients with CF are exposed to prolonged and frequent courses of antibiotics 

throughout their lives, which inevitably creates intense selection pressure 

favouring resistance emergence39,40. Indeed, antibiotic resistance levels are 

reportedly high in the UK CF population41 and higher resistance patterns are 

evident in CF isolates than isolates from non-CF patients42. 

1.3.3 Small-colony variants 

The mucoid Pseudomonas aeruginosa phenotype is the most widely studied 

phenotype in the context of CF. However, small-colony variants (SCVs) are a 

separate PA phenotype with relevance to CF and to the results discussed later in 

this thesis. SCVs are slow-growing subpopulations of bacteria, which can be 

distinguished morphologically as producing small colonies 1-3mm in size after 

48-hours of incubation at 37oC on agar plates and are typically around one-tenth 

the size of colonies produced by wild-type bacteria43,44. Over 2-years of follow-

up, Pseudomonas aeruginosa SCVs were isolated from 38% of patients with 
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CF infected with PA43. Compared with patients without SCVs, the presence of 

SCVs was associated with poorer lung function as well as daily inhaled antibiotic 

usage43. Functionally, PA SCVs demonstrate features favouring persistent 

infection including increased biofilm formation capacity45-47, greater adherence 

to a respiratory cell line45, increased antibiotic resistance43, and increased pili 

expression which facilitates adhesion to surfaces45. SCVs have the ability to 

revert to a fast-growing phenotype (called revertants), a feature that may allow 

the organism to rapidly increase bacterial density at the site of infection45. 

Study of a SCV and its corresponding wild-type isolate from a patient with CF 

demonstrated the SCV to have up-regulation of genes involved in the type three 

secretion system (a potent PA virulence mechanism; see Table 1.1), increased 

cytotoxicity on infection of murine macrophages, and increased virulence in a 

murine model of acute PA infection46. Finally, SCVs are also able to grow 

preferentially in nutrient-depleted conditions, demonstrated by co-cultivation 

experiments where SCVs out-grow the wild-type PA phenotypes in the late 

stationary growth phase48, an ability perhaps favouring growth in the CF lung. 

Thus, PA SCVs are an important component of infection of the CF lung with an 

ability to foster long-term colonisation and increased virulence, with a likely 

resultant impact on prognosis in CF patients. 

1.3.4 Hypermutation  

Pseudomonas aeruginosa strains in the CF lung frequently demonstrate 

hypermutation49,50. Hypermutable bacteria have an increased spontaneous 

mutation rate resulting from defects in DNA repair or error avoidance systems. 

The most frequent cause of PA hypermutator strains in CF patients is from 

alternations in the DNA mismatch repair system (e.g. inactivation of mutS and 

mutLgenes), which is responsible for detecting and repairing replication errors 

and results in increased mutation rates in effected PA strains of 100- to 1000-

fold49. The prevalence of PA hypermutation increases with chronicity of 

infection, with hypermutator strains evident in 20-65% of CF isolates from 

chronically colonized patients51,52. In CF disease pathogenesis, hypermutation of 

PA has been most widely associated with enhanced anti-microbial 

resistance49,53,54. However, PA hypermutation has also been associated with 

reduced virulence, potentially important in avoiding host detection and 
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clearance, and with poorer lung function49. Such hypermutable PA strains are 

also evident in chronic pulmonary PA infection in the context of COPD and non-

CF bronchiectasis54. 

1.4 Pseudomonas aeruginosa as a pulmonary pathogen 

Pseudomonas aeruginosa is an important respiratory pathogen in both acute and 

chronic infections. Acute lung infections are typically seen in the context of 

nosocomial infection, particularly ventilator-associated pneumonia, and in the 

context of immunodeficiency. Chronic infection is seen both in the patients with 

CF, but also in the context of other chronic lung conditions with damaged lung 

defenses.  

1.4.1 Pseudomonas aeruginosa in patients with CF 

Pseudomonas aeruginosa rapidly becomes the dominant pulmonary pathogen in 

the context of cystic fibrosis. High rates of infection are seen from a young age, 

with one group demonstrating 98% of a cohort of CF infants having serological or 

culture evidence of PA infection by 3 years of age55. Initial infections are 

typically recurrent, intermittent infection with non-mucoid PA that can be 

cleared by the host or aggressive antibiotic therapy. However, chronic airways 

colonisation, which cannot be eradicated, affects the majority of CF patients by 

adulthood (Fig. 1.3)1.  

Importantly, pulmonary PA infection has been clearly linked with poorer 

outcome in patients with CF. PA acquisition is associated with more rapid 

decline in lung function, worsening radiological markers of disease severity and 

poorer long-term survival in children and adults with CF56-59. In addition, 

aggressive eradication with antibiotics of early PA infection delays the decline in 

lung function seen with chronic infection60. 

The predisposition of the CF airway to Pseudomonas aeruginosa infection has 

been much debated and a simple explanation remains elusive. Proposed 

mechanisms include the “low-volume” hypothesis (discussed in section 1.2) 

where adherent mucus plaques and an impaired mucociliary escalator impair 

clearance8-11. PA is able to adapt rapidly within the hypoxic niches of 
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adherent mucus plaques61. It has also been suggested that high concentrations of 

airway sodium chloride in CF have a detrimental effect on the activity of 

antimicrobial peptides such as defensins and lactoferrin62; however, others have 

reported no differences in ion composition of CF airway fluid9,11. In addition, 

CFTR has been found to regulate airway bicarbonate (HCO3
−) secretion both 

directly, by conducting HCO3
− ions, and indirectly, through regulating members 

of the SLC26A family of apically located Cl−/HCO3
− exchangers63,64. Thus, loss of 

CFTR function in the CF airway leads to aberrant HCO3
− secretion via reduced 

HCO3
− efflux via CFTR and reduced Cl−/HCO3

− exchange activity. The resultant 

low airway surface liquid pH is suggested to result in increased lung bacterial 

infection in CF by inactivation of anti-microbial proteins such as defensins, 

lysozyme and lactoferrin. Recent data from the transgenic CF pig has indeed 

demonstrated that acidic airway liquid is associated with reduced efficacy of 

bacterial killing, including Pseudomonas aeruginosa, and that increasing the CF 

porcine airway pH, utilizing a NaHCO3
− aerosol, restored bacterial killing to the 

level seen in wild-type animals65. 

Pier and colleagues suggest that CFTR functions as a receptor that increases 

clearance of PA; thus defective CFTR could directly impair host defence against 

PA66,67. Despite in vitro evidence, there is, however, a lack of human data to 

substantiate a major role for CFTR in PA clearance. Several studies have 

implicated the receptor asialoganglioside GM1 (aGM1) on the apical surface of 

airway epithelial cell as a receptor for PA and suggest that increased expression 

of aGM1 occurs in the CF airway due to failure of CFTR to down-regulate the 

receptor or due to increased expression of the receptor on regenerating 

epithelium 68-70. However, the validity of the aGM1 hypothesis has been 

questioned due to low levels of binding to this receptor by PA compared with 

other pathogens, failure of PA binding in primary cultures from CF nasal polyps, 

and autopsy studies demonstrating that the majority of PA is not adherent to the 

epithelial cells in the CF airway71. 

Despite the above hypotheses, the predisposition of the CF airway to PA 

infection is likely to be multi-factorial, relating both to an abnormal airway rich 

in factors favouring PA growth and a highly adaptive organism able to capitalise 
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on its’ surroundings and resistant to host defence mechanisms and antibiotic 

therapy. 

1.4.2 Other chronic respiratory diseases 

Outwith CF, chronic infection with PA is most commonly seen in the setting of 

non-CF bronchiectasis and chronic obstructive pulmonary disease (COPD). Non-

CF bronchiectasis has a range of potential aetiologies but is commonly the result 

of severe childhood pneumonia with resultant irreversible damage to the lower 

airways72. Akin to CF, persistent infection with Pseudomonas aeruginosa has 

been associated with more rapid decline in lung function in non-CF 

bronchiectasis73. COPD results from chronic inflammation resulting in airway 

narrowing and irreversible airflow restriction, with cigarette smoking being the 

major risk factor for developing the condition. PA may cause acute or chronic 

infections in patients with COPD74-77. The PA isolates from COPD patients with 

persistent infection share features with that seen in CF patients being of a 

mucoid phenotype with increased mutation rates, increased antibiotic 

resistance, less cytotoxicity and form biofilms75,77. The majority of patients with 

non-CF bronchiectasis and COPD do not have a recognised defect in immune 

function, and thus failure of mechanical clearance of PA is the main determinate 

of chronic infection. 

1.4.3 Pseudomonas aeruginosa pneumonia 

Pseudomonas aeruginosa is a major cause of nosocomial respiratory infections 

and is associated with a higher mortality than other organisms22,78,79. Ventilator-

associated pneumonia (VAP) caused by Pseudomonas aeruginosa carries 

particularly high mortality with rates of 30-40% reported22,79-81, and multi-organ 

failure and septic shock are common complications22,81. The pathogenesis of VAP 

by PA is related to epithelial damage caused by the endotracheal tube. The 

endotracheal tube also facilitates PA to form biofilms on the plastic surface82 

and bypasses the natural barriers of the upper airway to allow micro-aspiration 

of infected oral or gastric contents. 

Pseudomonas aeruginosa can cause pneumonia in other hospitalised patients at a 

lower frequency than VAP83. Increasing age and multiple co-morbidities are 
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risk factors for PA pneumonia, with suggested mechanisms in the pathogenesis 

being impaired mucosal immunity related to underlying conditions, micro-

aspiration, and ineffective cough resulting in impaired clearance of respiratory 

secretions79. 

Those unable to mount an appropriate immune response are also at increased 

risk of PA pneumonia. Neutropenic patients, typically due to chemotherapy for 

an underlying cancer, are at increased risk of PA pneumonia79,84. Pseudomonas 

aeruginosa is implicated more frequently in pneumonia in patients with human 

immune deficiency virus (HIV) than non-HIV-related pneumonia85, and these 

patients are more likely to develop PA bacteraemia86. Both an abnormal 

neutrophil (neutropenia) and lymphocyte (low CD4 count) defence have been 

shown to be independent risk factors for PA infection in HIV patients85,86.      

1.5 Lung defences against microbes 

Humans can breathe over 10,000 litres per day, with the airways exposed to 

continual challenge from airborne pathogens and particulates from the 

environment. The lungs also represent the largest epithelial surface in the body 

and thus an important site for invasion by microorganisms. In order to prevent 

infection, robust defences are in place – firstly through physical barriers to 

microbes and, failing this, innate and then specific immune responses. As 

highlighted in section 1.3, Pseudomonas aeruginosa employs multiple strategies 

to evade or destroy these pulmonary host defence mechanisms. In addition, 

several of the immune defences may be impaired in the CF lung. 

1.5.1 Physical defences 

The epithelial cells of the lung form the first barrier to inhaled microbes. The 

ciliated epithelial cells of the airways beat their cilia in a unidirectional manner 

to transport mucous and mucous-encased microorganisms from the lung (known 

as mucociliary clearance or escalator)8. In addition, the tight junctions between 

epithelial cells prevent microbial invasion.  

The PA type III secretion system can cause loss of integrity of epithelial tight 

junctions via production of toxins interfering with cytoskeletal function87. In 
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addition, as described in section 1.2, the mucociliary clearance mechanism is 

impaired in the CF lung due to loss of airway surface liquid and so favouring 

bacterial persistence within the airways8. 

1.5.2 Innate immunity 

The innate immune response is evolutionarily conserved to provide rapid 

(occurring over seconds to minutes) defence in a broad and non-specific manner. 

These responses have often evolved to recognise and respond to commonly 

shared structures of microorganisms, such as components of the bacterial cell 

wall. 

1.5.2.1 Innate immune receptors 

Within the lung, innate immune receptors act to recognise conserved microbial 

components called pathogen-associated molecule patterns (PAMPs). Innate 

immune receptors include the membrane-bound Toll-like receptors (TLRs). 

These innate pattern recognition receptors are encoded in the host’s germ line 

DNA and thus do not require genetic rearrangement to create a ‘memory’ of 

prior infection. Following exposure to specific microbial components TLRs 

initiate an intracellular signalling cascade resulting in subsequent transcription 

for immune modulating genes, and consequent induction of inflammatory 

cytokines. The immune response initiated by these innate receptors is not 

amplified upon secondary infection by the same organism. 

Phagocytic cells (macrophages, neutrophils and dendritic cells) express the most 

diverse repertoire and highest levels of TLRs. However, the respiratory 

epithelium also expresses TLRs, so facilitating the active role of epithelial cells 

in innate defence. Surface components of Pseudomonas aeruginosa interact with 

several members of the TLR family: epithelial TLR2 will recognise PA pili; TLR2 

and TLR5 signalling can be triggered by PA flagella; and PA LPS signals via 

TLR422,79.  

1.5.2.2 Antimicrobial molecules  

A number of antimicrobial molecules are present within the airways, several of 
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which have been linked to anti-pseudomonal defence. 

The collectins are a large family of proteins with the ability to recognise and 

bind to carbohydrates on the surface of pathogens. Key members of the collectin 

family are surfactant proteins A and D (SP-A and SP-D, respectively), which 

enhance phagocytosis and killing of microbes88. SP-A deficient mice demonstrate 

decreased bacterial clearance and impaired alveolar macrophage phagocytosis in 

response to pulmonary PA infection89. SP-D has also been demonstrated to 

enhance phagocytosis of mucoid and non-mucoid PA strains90. However, PA 

elastase is able to degrade these surfactant proteins to avoid clearance91. In 

addition, reduced levels of SP-A and SP-D have been demonstrated in the lungs 

of patients with CF92,93.  

Defensins show a broad spectrum of anti-microbial activities, including the 

ability to form pores in target membranes, interfere with protein synthesis, and 

directly damage DNA94. Defensin activity is influenced by salt concentration in 

the airway surface liquid (ASL), with the CF ASL sodium and chloride levels 

suggested to be increased and thus impairing bacterial killing62. This finding 

does, however, remain controversial9,95. 

Additional anti-microbial molecules include lysozyme, lactoferrin, mucins and 

complement proteins21,96.  

1.5.2.3 Neutrophils 

Neutrophils are granular multi-lobed nucleated cells with the primary function 

of rapidly containing and killing invading pathogens. Lung neutrophils effectively 

phagocytose and kill bacteria, but also release anti-microbial peptides such as 

defensins and proteinases. Neutrophils have been clearly demonstrated to be 

indispensible in acute pulmonary PA infection, with neutrophil-depleted mice 

demonstrating increased mortality at extremely low inoculums of PA97,98.  

Neutrophil migration to the lung occurs rapidly in response to bacterial 

infection. This migration occurs under the influence of chemokines, particularly 

CXCL-8 (human) and KC (mouse) that are members of the CXC chemokine family. 

Akin to the neutrophil depletion experiments97,98, blockade of neutrophil 
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migration to the lung via administration of an anti-CXCR2 antibody (CXCR2 being 

the common chemokine receptor for CXC chemokines, including KC) resulted in 

50% reduction in the number of neutrophils recruited and increased fatality in 

response to acute pulmonary PA infection98. Of particular relevance to the work 

presented in this thesis, IL-17 has been shown to induce production of CXCL-8 by 

bronchial epithelial cells99 and thus may represent an important regulator of 

neutrophil recruitment and outcome from pulmonary PA infection. 

1.5.2.4 Macrophages 

Alveolar macrophages are resident phagocytes within the alveolar space with 

both innate and adaptive immune functions.  They contribute to the innate 

response via phagocytosis of foreign material as well as influencing the immune 

response via expression of cytokines and chemokines. In addition, macrophages 

have an antigen-presenting role to activate lymphocytes, so bridging innate and 

adaptive immunity. 

The role of pulmonary macrophages in defence against PA infection remains 

ambiguous and may be complex. Depletion of lung macrophages in murine acute 

PA models suggested a biphasic response with lower neutrophil recruitment, 

lower chemokine production and improved survival at an earlier time-point, but 

ultimately delayed bacterial clearance and lower survival100. Others have 

suggested increased bacterial burden and poor outcome related to failure of 

macrophage phagocytosis of PA101. Finally, the converse has been reported with 

no effect on neutrophil recruitment, bacterial burden, or survival following 

macrophage depletion102. 

1.5.3 Adaptive immunity 

Specific immunity in the lung depends on the recognition of microbial antigens, 

presented by an antigen-presenting cell, by receptors of B lymphocytes and T 

lymphocytes. In the case of bacterial infection, specific immunity is 

predominantly via B lymphocytes and CD4+ T lymphocytes.  

Specific discussion of the adaptive immune response against Pseudomonas 
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aeruginosa is detailed in section 1.6. 

1.5.3.1 Humoral immunity 

B cells constitute 1-10% of the lung lymphocyte population and the majority of B 

cells in the lung are mature memory B cells, primed to produce immunoglobulin 

(Ig) on re-exposure to antigenic challenge103.  The lower respiratory tract 

contains both IgG and IgA, with lesser amounts of IgE and IgM103-105. 

Immunoglobulin A secreted into the respiratory tract is polymeric, so allowing it 

to cross-link large antigens. The binding of IgA to bacterial surface antigens 

prevents the pathogen attaching to mucosal sites and so inhibiting the initiation 

of infection. IgA-antigen complexes are easily trapped in mucus and thus 

eliminated via the mucociliary clearance of the lung. When pathogens manage to 

reach the alveolar space, IgG functions to opsonise the pathogen so facilitating 

phagocytosis. 

The importance of humoral immunity in respiratory defence is highlighted via 

the condition common variable immunodeficiency (CVID) in which there is 

hypogammaglobulinaemia and an associated increased risk of pulmonary 

infection with encapsulated bacteria. Such patients are effectively treated with 

intravenous immunoglobulin therapy to reduce the risk of pulmonary 

infection.106 

1.5.3.2 CD4+ T cell immunity 

CD4+ T cell activation is thought to be initiated by dendritic cells (DCs) from the 

lung, which have encountered foreign antigen and migrated to the lung-draining 

lymph nodes. However, evidence from models utilising mice lacking peripheral 

lymph nodes107 or who are unable to perform DC trafficking from the lung108 

suggest that T cell activation is still able to occur in the lung outside of lymph 

nodes. 

Naive CD4+ T cells differentiate into effector and memory cells. The phenotype 

of the effector CD4+ T cell is dependent on the stimulating conditions and can be 

classified into several lineages according to the effector cytokines produced, cell 

surface markers and transcription factor expression (summarised in Fig. 
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1.4). T helper 1 (Th1), T helper 2 (Th2), T helper 17 (Th17) and regulatory T 

(Treg) cell subsets have all been implicated in pulmonary host defence. The 

secreted cytokines of these T cells can also act to down-regulate activity of an 

alternative CD4+ T cell subset response. From review of the published literature, 

it is clear that the role of the more recently described T helper 22 (Th22) cell 

subset in pulmonary defence has yet to be explored. 

Th1 cells produce the key effector cytokine IFNγ, which increases microbial 

killing ability of macrophages and up-regulates expression of CXCL-9, CXCL-10 

and CXCL-11, ligands for CXCR3, that act to recruit further Th1 cells. Th1 cells 

also secret IL-2 that functions to promote CD8+ T cell proliferation and cytolytic 

activity. The critical role of Th1 cells in respiratory defence is most clearly 

demonstrated in the response to the intracellular pathogen Mycobacterium 

tuberculosis109,110, with HIV patients with low CD4+ cell counts111 and patients 

with genetic defects in IFN-γ112 and IL-12-signalling113 having a significant 

increased risk of pulmonary M.tuberculosis infection.  

Th2 cells express the cytokines IL-4, IL-5 and IL-13. IL-4 plays a key role in B cell 

activation and differentiation and class switching to IgE production and 

secretion. IL-4 also acts in an autocrine fashion to increase differentiation to 

Th2 cells. IL-5 mediates eosinophilopoiesis and eosinophil activation. Finally, IL-

13 results in goblet cell hyperplasia and mucus hypersecretion. Th2 cells have 

been most studied and linked to allergic airways disease. However, Th2 cells 

also confer protection against helminth parasite infections, but their role in 

pulmonary bacterial infection appears to be limited. Parasitic infection is a rare 

cause of pulmonary infection, but is a recognised complication in the 

immunosuppressed host114. 

Induced (or adaptive) regulatory T cells (iTreg) produce IL-10, TGF-β and IL-35. 

IL-10 is a potent inhibitory cytokine, so limiting pro-inflammatory responses and 

any resultant inflammation-induced tissue damaged. IL-10 and TGF-β also have 

an important role in attenuating allergic responses by suppression of IgE 

production. Thus, within the lung, a Treg response plays a critical role in 

mediating tolerance to inhaled antigen and limiting potentially damaging 
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inflammatory responses to infectious agents115,116. 

Th17 cells produce the signature cytokine IL-17, play a key role in orchestrating 

neutrophilic responses and maintaining mucosal immunity, and have been linked 

to control of a number of pulmonary pathogens. Th17 cells are discussed in 

depth in section 1.7. 

1.6 Immune responses in cystic fibrosis 

There is considerable debate as to whether patients with CF have an intrinsically 

impaired immune response that may predispose to pulmonary PA infection, with 

particular focus being on neutrophil dysfunction6,117-120. CFTR is expressed by 

several leukocytes and led several groups to question whether CFTR-mediated 

immune dysfunction is an important component of CF pathogenesis. However, 

considerable clinical data indicates that patients with CF have a normal immune 

response at sites other than the lung. There is no increased incidence of 

Mycobacterium tuberculosis or Salmonella infections nor is there an increase in 

abscesses or recurrent non-pulmonary bacterial infections, which would suggest 

a major T cell or neutrophil defect, respectively, in patients with CF.  

A “hyper-inflammatory state” has also been hypothesised to underlie pulmonary 

inflammation seen in CF, supported by studies of bronchoavleolar (BAL) from 

neonates demonstrating pro-inflammatory cytokines in the absence of 

pathogenic bacteria or viruses13,14. However, the preponderance of studies in 

neonates, identified via newborn screening, and young children with CF have 

demonstrated elevation of pulmonary inflammatory markers only in the presence 

of infection121-123 and that inflammatory mediator levels correlate with the level 

of pathogens cultured124. 

The purpose of this thesis was not to explore the presence of a CF or CFTR-

related immune defect and thus what will follow is a discussion of the immune 

response to chronic PA infection in patients with CF related to the work 

presented in this thesis: namely neutrophil-mediated pulmonary damage and the 

adaptive immune response to PA. 
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1.6.1 Neutrophilic inflammation and lung injury 

High levels of neutrophils are recovered from airway fluid samples (sputum and 

BAL) from CF patients, and thus the disease is regarded as one dominated by 

neutrophilic airways inflammation. Elevated levels of IL-8 (CXCL-8) are an 

additional consistent finding and the chemokine acts as the major neutrophil 

chemoattractant. Neutrophil responses are clearly indispensible in the context 

of acute Pseudomonas aeruginosa infection97,98, but it has been consistently 

suggested that a persistent neutrophilic response in lungs chronically colonised 

with PA is pathogenic119,123,125.  

A large number of studies have investigated the relationship between 

neutrophils and neutrophilic mediators in patients with CF and correlated them 

with disease outcome measures 126-131. These studies provide evidence that 

neutrophils and neutrophil-related products, typically neutrophil elastase, 

correlate with a higher rate of decline in forced expiratory function in 1-second 

(FEV1; a routinely used measure of pulmonary function and, specifically, of 

airway obstruction). Recently, Sly et al 126 demonstrated that BAL neutrophil 

elastase levels as early as 3-months of age are associated with development of 

structural lung damage (bronchiectasis) measured on serial CT scans. 

There are multiple mechanisms by which neutrophils induce damage within the 

lungs. Neutrophils release matrix metalloproteinases (MMPs), which have a 

physiological role in degrading phagocytosed proteins. However, they also are 

able to degrade structural proteins of the lung. Neutrophil elastase is able to 

degrade a wide range of structural proteins of the lung, including elastin, 

collagen I-IV, fibronectin and proteoglycans125,132,133. Neutrophil elastase also 

augments mucus secretion so increasing airway obstruction134. Several 

components of the immune system (including immunoglobulins and complement 

components) and cell surface receptors (including CD4 and CD8 on 

lymphocytes135 and antigen presentation receptors on dendritic cells136) are 

inactivated by neutrophil elastase, thus impairing elimination of pathogens. 

During phagocytosis of bacteria, neutrophils produce reactive oxygen species to 

degrade internalised bacteria. However, these products can also induce 

structural damage125. Finally, on neutrophil death the released DNA can serve as 
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a biological matrix to facilitate PA biofilm formation137.  

Given limitations in in vivo models of chronic pulmonary PA infection (discussed 

in section 1.9), there is little experimental data to substantiate the clinical and 

in vitro data suggesting neutrophils are damaging in persistent PA infection. 

1.6.2 B cell responses 

The role of B cell responses against acute pulmonary PA infection remains 

unclear. Mice unable to produce secretory IgA in lung secretions were shown to 

have a three-fold increase in mortality in response to acute PA infection138. In 

contrast, Pier and colleagues demonstrated a live-attenuated vaccine active 

against acute PA infection was found to exert its protective effects not via an 

antibody response, but instead via the production of IL-17 139. However, further 

work by this group suggested that optimal vaccine-mediated protection required 

multifactorial immunity including humoral responses140. 

Pseudomonas aeruginosa-specific IgA and IgG levels are produced by CF patients 

in response to the organism and levels have been demonstrated to increase 

progressively as patients with CF develop chronic PA infection30,31,141. A similar 

serological response occurs in patients with COPD who develop persistent 

pulmonary PA infection75. However, this response is insufficient to prevent 

development of PA colonisation and indeed anti-PA antibody titre correlate with 

poorer lung function in patients with CF30,31. The latter finding has raised the 

possibility that a misdirected adaptive immune system, in addition to the innate 

neutrophilic response, could be contributing to pulmonary damage and disease 

progression. 

1.6.3 T cell responses 

The role of T lymphocyte immunity in both CF and the response to pulmonary 

Pseudomonas aeruginosa infection has not been well-characterised to-date. It 

has however long been established that PA evokes a T cell response. In a murine 

model of acute PA infection, T cell immunity was found to develop and be 

important in host defence, while humoral immunity was dispensable142. T cell 

immunity was further suggested to confer protection in a model of chronic 
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PA infection143. In healthy human controls, T lymphocyte proliferation was 

demonstrated on stimulation of peripheral blood-isolated cells with heat-killed 

PA144 and PA exo-enzyme S145, and that this appeared to be antigen-specific 

suggested by comparison with fetal cord blood responses144. 

Attempts to further phenotype the T cell response induced by PA have been 

limited. Moser and colleagues reported a study of 28 patients with CF utilising 

peripheral blood samples146.  They suggest a Th1-dominated response to PA may 

be beneficial, evidenced by higher IFN-γ production in patients without PA 

infection and a positive correlation between the level of IFN-γ production and 

improved lung function in PA colonised patient.  This is supported by a study of 

bronchalveolar lavage from 23 CF patients comparing Th1 versus Th2 responses 

via cytokine assay; this demonstrated a predominant Th2 response in those 

chronically colonised with PA and a correlation between higher levels of Th2-

related cytokine levels and poorer pulmonary function147.  Murine model data 

has suggested a protective effect of a Th1 response, initially by comparison of 

Th1- and Th2-responding murine strains148. Moser and colleagues further 

demonstrated the potential protective role of Th1-dominated responses in 

chronic pulmonary pseudomonal infection, where a potential Th1 response was 

observed on re-challenge (a second inoculation of PA) of the mice and this was 

suggested to be linked to the associated improved disease outcome with 

enhanced bacterial clearance, milder lung inflammation, and better survival in 

the re-challenged compared with singly-infected animals149.  These studies do, 

however, have methodological limitations. Cytokine levels alone were used to 

determine presence of a Th1/2 response and un-purified peripheral blood 

mononuclear cells146 or lung cells149 used for testing PA-specific responses, which 

will contain innate cells and thus contribute to the measured cytokine 

responses.  In addition, the cellular source of secreted cytokines were not 

confirmed147,149 and antigen-specific T cell responses were not examined in non-

CF controls146.  These studies also pre-date the discovery of further novel T 

helper cell subtypes, namely Th17 and Th22 cells. 

During the course of the research presented in this thesis, the role of Th17 cells 

in CF pulmonary disease attracted further attention and re-examination of PA-

induced T cell responses150. Stimulation of draining lymph nodes, from the 
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explanted lungs of CF patients and non-CF controls, with PA-derived antigens 

suggested a CD3+CD4+IL-17+ (Th17) population responding to PA and this response 

was more robust in CF patients with PA colonisation than non-CF patients with 

no evidence of pulmonary PA infection. The authors do not, however, report any 

other evidence presented for the PA-responding CD4+IL-17A+ T cells to confirm 

them as Th17 cells (e.g. RORC or CCR6 expression). It may also be that use of 

live PA stimulation, rather than an antigen preparation, provides a more realistic 

representation of the in vivo stimulation of the immune system. Finally, similar 

stimulation of lung parenchyma-derived cells with PA antigens did not confirm a 

robust Th17 response in the lung itself, with minimal IL-17 and IL-22 expressing 

cells responding. 

Thus, it is clear that a CD4+ T cell response against PA exists but the exact 

phenotype and role it may play in disease pathogenesis in pulmonary infection 

remains to be clarified. 

1.6.4 Immunomodulation in cystic fibrosis 

Given the evidence linking neutrophilic inflammation with disease progression in 

CF patients, therapies attempting to attenuate this response have been tested in 

clinical trials. Long-term ibuprofen151,152 and systemic steroids153 demonstrated 

an ability to preserve lung function even in the presence of chronic PA infection. 

However, routine use of these agents has been limited by concern regarding 

significant side effects. Long-term macrolide therapy (typically azithromycin) is 

now widely used in CF care, with resultant improved pulmonary function and 

reduced exacerbation frequency154. Macrolides have been utilised for both their 

anti-pseudomonal and immunomodulatory actions, the latter appearing to be 

multi-factorial155. Recently, an oral neutrophil elastase inhibitor, designated 

AZD9668156, was tested in a phase IIa study in CF patients157. After 28-days of 

treatment, there was no effect on clinical outcomes or sputum neutrophil counts 

compared with placebo, although a significant reduction in additional sputum 

inflammatory markers (IL-6 and RANTES) was seen. The neutrophil elastase 

inhibitor was well tolerated and a longer duration of therapy may demonstrate 

clinically significant effects.  
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Use of immunomodulatory therapies in CF provides further verification to the 

hypothesis that an intense inflammatory response is detrimental in the context 

of later disease with chronic PA infection. In addition, it highlights that a greater 

understanding of the mechanisms driving such neutrophilic inflammation, 

including the role of IL-17 and Th17 cells, will foster development of more 

targeted interventions. 

1.7 Interleukin-17 (IL-17) cytokines 

1.7.1 IL-17 cytokines, receptors and functions 

Over recent years the pro-inflammatory IL-17 cytokines have emerged as critical 

players in the immune response. IL-17A and IL-17F are the best characterised 

and studied of the IL-17 cytokine family, but IL-17B, IL-17C, IL-17D and IL-17E 

are also produced by a range of cellular sources (Table 1.2)158. IL-17A and IL-17F 

have similar biological properties, likely attributable to their 50% amino acid 

sequence identity158,159. Both cytokines form disulphide-linked homodimers, as 

well as forming a disulphide-linked heterodimer of IL-17A and IL-17F160-162. IL-

17A homodimers elicit more vigorous inflammatory responses than either the 

heterodimer or IL-17F homodimer160,162. 

IL-17 cytokines signal through members of the IL-17 (IL-17R) receptor family, 

which are expressed on a wide range of cells (Table 1.3). IL-17A requires 

signalling via a heterodimeric complex of IL-17RA and IL-17RC to elicit its 

effects. Consequently, the loss of either the IL-17RA or IL-17RC chain inhibits IL-

17A-mediated pro-inflammatory responses163. The same receptor complex is 

utilised by IL-17F, yet the binding affinity is significantly less than IL-17A, which 

may explain the difference in biological potency of IL-17A and IL-17F dimers. In 

addition, IL-17RA appears to be a common chain for a number of IL-17 family 

members158,164.  

Following IL-17 binding, IL-17RA and IL-17RC form a heterodimeric complex to 

initiate downstream signalling that results in target gene transcription (e.g. 

genes encoding IL-6 and IL-8)164. Firstly the adaptor protein Act1 is recruited to 

the IL-17RA and IL-17RC receptor complex. Act1 then recruits to the receptor 

complex and poly-ubiquitinates tumour necrosis factor (TNF) receptor-
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associated factor 6 (TRAF6). TRAF6 subsequently activates the nuclear factor-κB 

(NF-κB) pathway via the IκB kinase (IKK) enzyme complex. In addition to 

activating the NF-κB pathway, IL-17A can activate the CCAAT/enhancer binding 

proteins, C/EBPβ and C/EBPδ. 

IL-17A and IL-17F target multiple target cells to exert pleiotropic 

effects158,159,164,165. However, given the restricted expression of IL-17RC (Table 

1.3), it is believed that the main targets of IL-17A and IL-17F are epithelial cells, 

endothelial cells and fibroblasts159,164. IL-17A and IL-17F act on these cells to 

induce expression of genes encoding pro-inflammatory cytokines (TNF-α, IL-1, 

IL-6, granulocyte-macrophage colony stimulating factor (GM-CSF) and 

granulocyte colony stimulating factor (GCSF))166,167 and chemokines (CXCL-1, 

CXCL-5, CXCL-8, CCL20)168. IL-17 also induces production of anti-microbial 

peptides (mucins, β-defensins, S100 proteins)169,170 and matrix 

metalloproteinases (MMP1, MMP3 and MMP13)168,171, the latter having potential 

roles in tissue remodelling. IL-17 thus acts to prompt a robust pro-inflammatory 

response and, particularly, to orchestrate neutrophil recruitment via G-CSF-

mediated granulopoesis and chemoattraction via chemokines such as CXCL-1 and 

CXCL-8. The induction of CCL20 on pulmonary epithelial cells also acts as a 

strong chemotactant for lymphocytes, including Th17 cells, via the chemokine 

receptor CCR6 and so perpetuates the IL-17-producing response172. 

It is also important to recognise the interaction of additional cytokines in IL-17A 

and IL-17F-mediated responses, with TNF-α, IL-1β, and IFN-γ acting in synergy to 

induce pro-inflammatory responses158,164. 

Further work is required to delineate the cellular sources, receptor profiles and 

functions of the other IL-17 family members. IL-17E (also known as IL-25), for 

example, is known to activate the Th2 pathway and participate in the 

pathogenesis of allergic inflammation173, including allergic airways disease. IL-

17E has also been demonstrated to inhibit Th17174 and Th1175 responses. 

1.7.2 Th17 cells 

The T helper 17 (Th17) cells are a distinct subset of CD4+ T cells168,176 and potent 

producers of IL-17A and IL-17F in the adaptive immune response. The 
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cytokines transforming growth factor-β (TGF-β), IL-6, IL-1β and IL-23 have all 

been implicated in the differentiation of naïve T cells into Th17 cells in human 

and murine studies177. As for the Th1 and Th2 cell subsets (Fig. 1.4), Th17 cell 

development requires a lineage-specific transcription factor, namely retinoid-

related organ receptor-γ (RORγ; known as RORC in humans)178. In a recent 

detailed analysis of Th17 cell differentiation, three phases were identified: 1) an 

early ‘induction’ phase via IL-6 and TGF-β signalling, which lead to induction of 

the RORC gene (encoding the master transcription factor ROR-γt); 2) an 

intermediate ‘amplification’ phase at 4-20-hours in which mRNA for Th17 

cytokines were induced and mRNA for cytokines associated with T cell lineages 

were repressed; and 3) a late ‘stabilisation’ of the Th17 phenotype at 20-72-

hours mediated through IL-23 signalling179. This comprehensive study also 

highlighted the complexity of T cell differentiation, identifying multiple 

transcription factors other than ROR-γt involved in Th17 differentiation - both 

known (for example, aryl hydrocarbon receptor (AHR)) and novel (for example, 

Trps1)179.  

As for other T helper cell lineages, no single surface marker is specific for 

identifying Th17 cells. However expression of the chemokine receptors CCR4 and 

CCR6 have been reported180, the latter mediating migration of Th17 cells to 

inflamed tissues under the influence of CCL20172. 

In addition to the IL-17 cytokines, Th17 cells may also produce IL-21 and IL-22.  

The IL-21 receptor (IL-21R) is expressed on a range of immune cells and 

epithelial cells, indicating a broad range of actions.  IL-21 functions in an 

autocrine loop to amplify the Th17 cell response181,182.  IL-21 augments both 

humoral and cellular immunity via promoting the functions of B cells, Th1 cells, 

CD8+ cell, and NK cells183.  In addition, IL-21 acts on epithelial cells to synthesise 

matrix-metalloproteinases (MMPs), which mediate mucosal degradation183,184.  In 

contrast, IL-22 predominately acts on epithelial cells, producing increased levels 

of anti-bacterial peptides (such as human beta-defensins and S100 family 

proteins) and promoting epithelial repair (discussed further in section 1.8). 
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1.7.3 Alternative cellular sources of IL-17  

Although much attention has focused on Th17 cells in IL-17 responses, IL-17A 

production is still seen in genetically modified (RAG-/-) mice lacking T cells48. In 

addition, IL-17A expression can be seen within hours of infection and thus at a 

time point before an adaptive source would have developed to produce the 

cytokine48. Indeed a number of innate sources of IL-17A have been identified 

(Table 1.2) in a variety of conditions/disease states and to a number of 

infections48,158, including neutrophils185, mast cells186, γδ T cells187-189, natural 

killer (NK) cells190, NK T cells191 and lymphoid tissue inducer (LTi)-like cells192. 

These innate populations are enriched at common sites of microbial invasion in 

the lung, gut and skin, so facilitating their role in early defence to 

pathogens48,193.  

More recently B cells were identified as the major source of IL-17 in response to 

Trypanosoma cruzi infection194, with rapid production of the cytokine by B cells 

being critical for host protection in an in vivo model. Similar B cell production of 

IL-17 was seen on ex vivo infection of human B cells with the parasite194. 

1.7.4 Role of IL-17 and Th17 cells in anti-microbial defence 

IL-17 and Th17 responses have been extensively studied in autoimmune-

mediated conditions, with such responses linked to disease pathogenesis 

rheumatoid arthritis, multiple sclerosis, inflammatory bowel disease and 

psoriasis158,159,164. However, it is the role of IL-17 in host anti-microbial defence 

that is particularly relevant to this thesis. IL-17 is clearly important in defence 

against extracellular bacteria. In relation to pulmonary disease, IL-17A signalling 

via IL-17RA was found to be crucial in enabling clearance of experimental 

Klebsiella pneumoniae infection195. This protective effect was attributable to G-

CSF production, increased granulopoiesis and neutrophil recruitment induced by 

IL-17. In contrast, the role of IL-17 in the control of intracellular bacteria 

appears to be less important158,164. IL-17R signalling was found to be dispensable 

in primary infections with Mycobacterium tuberculosis, which instead required 

Th1-mediated immunity for bacterial clearance196,197. The cytokine does, 

however, play a critical role in controlling fungal infections. In models of 

pulmonary Pneumocystis carinii198 and Aspergillus fumigatus185 infections 



 

 

 

50 

neutralisation of IL-17 with IL-17-targeted antibodies resulted in impaired fungal 

clearance. The cellular sources of IL-17 in these infection models have not been 

clearly phenotyped, but given the rapidity of response it is likely that these 

represent, at least in part, innate IL-17-producing responses.  

Although the IL-17-pathway has been studied in perpetuating damaging 

inflammation in the context of autoimmune conditions, there is little data 

examining whether a similar pathogenic role may exist in the context of 

persistent infections, such as pulmonary Pseudomonas aeruginosa colonisation.  

1.7.5 Evidence of IL-17 and Th17 cells in CF pathogenesis and 
Pseudomonas aeruginosa infection 

Given the key role IL-17A and Th17 cells play in orchestrating neutrophilic 

inflammation and the role of such neutrophil responses in CF pathogenesis, a 

number of groups have sought evidence of the cytokines’ involvement in CF 

pulmonary disease199. In a study measuring sequential cytokine levels in sputum 

in CF patients during an acute respiratory exacerbation, elevated levels of both 

IL-17A and IL-17F were seen and these declined with exacerbation resolution, a 

decline that was paralleled by other Th17-related pro-inflammatory cytokines 

such as IL-6, IL-8, IL-23, G-CSF and GM-CSF167. Similar elevated levels of IL-17A, 

IL-17F and IL-23 were seen in the paediatric CF patients during an exacerbation 

of their respiratory disease199. Higher levels of sputum IL-17A mRNA were 

demonstrated in CF children with frequent pulmonary exacerbations compared 

with those with stable CF200. Finally, BAL IL-17 levels were found to be elevated 

in patients with establish CF compared with newly diagnosed CF, and that the IL-

17 level correlated with BAL neutrophil counts, thus suggesting a role for IL-17 in 

perpetuating chronic inflammation. 

The potential cellular sources of IL-17 in the CF lung have also been addressed. 

Immunohistochemistry of endobronchial biopsies from CF patients demonstrated 

an increase in IL-17+ cells compared with control samples, which included 

populations of IL-17+ CD4+ cells, IL-17+ γδ T cells and IL-17+ neutrophils201. A 

similar result was found on examination of explanted CF lung tissue, with the 

increased IL-17+ cells including both neutrophil and mononuclear cell 

populations202. Finally, an increase in CD4+ T cells expressing IL-17A and 
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responding to Pseudomonas aeruginosa were seen in explanted pulmonary lymph 

nodes from CF patients with chronic PA infection, suggesting potential migration 

and contribution of Th17 cells to the pulmonary immune response150. 

Thus it is clear that IL-17 and Th17-related cytokines are produced in CF 

pulmonary disease, but the role IL-17 might play in disease pathogenesis and in 

response to pulmonary PA infection remains unclear. Murine models utilising IL-

17 neutralising antibodies have suggested the importance of IL-17 in controlling 

acute infection with PA and limiting associated tissue damage203,204, with both 

CD4+203 and γδ T cells204 suggested to be sources of the cytokine within the lung. 

Only one study has attempted to delineate the role IL-17 may play in more 

persistent pulmonary PA infection205. Utilising the agar-bead model of chronic 

pulmonary PA infection, IL-23p19-/- mice were used to indirectly attenuate the 

Th17/IL-17 response resulting in lower levels of IL-17, KC (the murine IL-8 

homologue) and MMP-9, decreased BAL neutrophils, and less airway 

inflammation, but no difference in bacterial burden or survival rates compared 

with wild-type controls205. However IL-23 has broader effects than maintenance 

of Th17 cells alone206 so a direct link between Th17/IL-17 and disease 

pathogenesis in chronic infection was suggested but not proven. Secondly, the 

cellular source of the cytokine in persistent infection was not explored.   

1.8 Interleukin-22 (IL-22) 

1.8.1 IL-22, receptors and functions  

IL-22 is a member of the IL-10 family of cytokines. The cytokine signals through 

a complex of IL-10R2 and IL-22R1207. IL-10R2 is ubiquitously expressed and so it 

is the limited expression of IL-22R1 that governs the target tissues of IL-22. 

Interestingly, cells of the immune system do not express the IL-22R1, but instead 

the targets for IL-22 are the epithelial cells of the lungs and digestive tract as 

well as keratinocytes of the skin208,209. A soluble receptor, named IL-22-binding-

protein, also exists that, at least in part controls the bioavailability of IL-22210. 

Binding of IL-22 to the IL- 22R1 and IL-10R2 heterodimeric receptor complex 

results in downstream signalling predominantly mediated through JAK-STAT 

pathway, which involves activation of STAT3 and to a lesser extent through 
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STAT1 and STAT5208,211. Activation of the mitogen-activated protein kinase 

(MAPK) pathways has also been described208,211. 

Via its actions on non-haematopoeitic cells, IL-22 predominantly functions in 

tissue protection and repair – increasing innate defences, maintaining tissue 

barrier functions and enhancing tissue regeneration. IL-22 increases expression 

of a range of anti-microbial proteins important in innate defences, especially to 

extracellular bacteria. These include β–defensin-2, β-defensin-3, S100A7, 

S100A8, S100A9, and lipocalin-2170,208,209,212,213. IL-22 also stimulates the 

production of protective mucus (Muc1, Muc3, Muc10, and Muc13) from goblet 

cells214.  

Through its ability to enhance epithelial cell proliferation and survival, IL-22 

contributes to tissue regeneration and repair212,215,216. Proteins preventing 

apoptosis (for example Bcl-2, Bcl-xL and Mcl-I) as well as proteins involved in 

cell cycle and proliferation (for example c-Myc, cyclin D1, Rb2 and CDK4) are 

induced by IL-22208,217. These actions, in part, allow maintenance of 

transepithelial resistance to microbes196. The critical role of IL-22 in tissue 

repair within the lung was highlighted via a model of lung fibrosis resulting from 

hypersensitivity pneumonitis to Bacillus subtilis in which IL-22, derived 

predominantly from γδ T cells, reduced lung inflammation, collagen deposition 

and lung fibrosis218. 

However, IL-22 is an ambiguous cytokine that, in addition to the above 

protective and reparative effects detailed above, can be pro-inflammatory and 

pathogenic in certain settings. A pathogenic role for IL-22 has been 

demonstrated in psoriasis208,219, where IL-22 overexpression causes leukocyte 

infiltration and keratinocyte hyperproliferation, and rheumatoid 

arthritis208,220,221, where IL-22 promotes synovial fibroblast proliferation and 

osteoclastogenesis. The local cytokine environment may influence this balance 

between protection and damage. The production, responsiveness to and function 

of IL-22 is influenced by interaction with other cytokines such as IL-17, IFN-α, 

IFN-γ, or TNF-α170,208,209,222. In a model of acute airway inflammation induced by 

bleomycin, IL-22 was found to be protective only in the absence of IL-17 and, 
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when acting in synergy with IL-17, instead promoted airways inflammation222.  

1.8.2 Th22 cells 

T helper 22 (Th22) cells were recently identified as a distinct subset of CD4+ T 

cells, which characteristically secrete large amounts of IL-22 and TNF-α, but not 

IL-17 or IFN-γ223,224. Akin to Th17 cells, Th22 cells were found to express the 

chemokine receptor CCR6, but also were typically positive for the skin-homing 

receptors CCR4 and CCR10. The transcription factor aryl hydrocarbon receptor 

(AHR) is critical for IL-22 production by Th22 cells, but they express low or 

undetectable levels of T-bet or ROR-γt224. The differentiation of naïve T cell to 

Th22 cells is driven by IL-6 and TNF-α223.  

1.8.3 Alternative sources of IL-22 

CD4+ T cells are the predominant cells expressing IL-22 in humans that, in 

addition to the Th22 cells described above, includes Th17 and Th1 cells208,209. An 

additional adaptive source of IL-22 is CD8+ cytotoxic T cells, which produce IL-22 

alone or with IL-17208,225. As for IL-17, a range of innate sources of IL-22 has been 

identified including natural killer T (NKT) cells226, γδ T cells218, lymphoid tissue 

inducer (LTi) cells192, and NK cells227. 

1.8.4 Role of IL-22 in anti-microbial defence  

The importance of IL-22 in respiratory defence was demonstrated in a model of 

Klebsiella pneumoniae infection where IL-22 neutralisation resulted in a 

significant increase in bacterial burden within the lung, systemic bacterial 

dissemination and decreased survival; an effect which was exacerbated by the 

absence of IL-17196. T cells were believed to be the source of IL-22 in this model, 

with lung CD90+ T cells shown to produce IL-22 and Rag2-/-Il2rg-/- mice (deficient 

in natural killer, T and B cells) failing to produce the cytokine in response to 

infection196. However, whether these were innate or adaptive T cell sources 

were not defined. 

IL-22-mediated defence is critical to prevent fungal infections, with IL-22 

deficient mice infected with Candida albicans intragastrically having 
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increased dissemination of the yeast213 and humans lacking appropriate IL-22 

responses being unable to effectively clear Candida infections228. In relation to 

pulmonary disease, IL-22 has also been demonstrated to be critical in innate 

host defence against pulmonary infection with Aspergillus fumigatus229, a 

common isolate from the CF respiratory tract18,230. 

No study to-date has addressed the role IL-22 may play in acute or persistent 

pulmonary PA infection. The work by Kolls et al may have indirectly examined 

the absence of IL-22 in the PA agar bead model via the use of IL-23-deficient 

mice, but IL-22 production was not reported in this study205. It has been 

demonstrated that production of IL-22 occurs in response to a T cell stimulant 

(concanavalin A), from explanted pulmonary lymph nodes of CF patients infected 

with Pseudomonas aeruginosa196. This does, however, not delineate the cellular 

sources, including whether this includes a Th22 population, or antigenic-

specificity of the response. 

1.9 Murine models of chronic pulmonary PA infection 

In order to study the microbiology and immune response in the lung of a CF 

patient, the ideal in vivo model would demonstrate spontaneous development of 

bacterial infection, progression to chronic infection with switch to a mucoid PA 

phenotype and biofilm formation, excessive and persistent neutrophilic 

inflammation, and progressive destructive airways disease. Such a model has 

not, at yet, been achieved. 

The CFTR-deficient mouse was first developed in 1992231,232 and a range of CF 

mouse models then developed with either complete knockout of the CFTR gene 

or introduction of human mutations, including the two most common Phe508del 

or G551D233-235. The initial CF mice developed severe gastrointestinal disease 

impairing survival232, and thus gut-corrected CF mice were developed. However, 

all CF mouse models fail to develop spontaneous and chronic pulmonary 

Pseudomonas aeruginosa infection. Higher levels of cytokine production, 

neutrophil inflammation, and mortality have been reported in response to PA 

infection in CF mice compared with wild-type (WT) mice, but both CF and WT 

mice rapidly clear the infection233-236. The difference in CFTR-related phenotype 

in mice compared to human disease is hypothesised to result from 
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alternative murine chloride channels and absence of submucosal glands (the 

main site of CFTR expression in the human lung) in the bronchi of mice233,236. 

The CF mice are therefore of limited use in the study of the microbiology of 

persistent PA infection or the immune response, particularly adaptive, to such 

sustained infection. 

Mall and colleagues developed an alternative transgenic model with airway-

specific over-expression of the β-subunit of the epithelial sodium channel 

(βENaC), to mimic the increased Na+ absorption seen in human CF airways237. 

This model demonstrated similarities with early CF lung disease, with normal 

lung histology at birth, early airway obstruction with mucus, delayed mucus 

transport, decreased airway surface liquid, neutrophilc inflammation, goblet cell 

metaplasia and impaired bacterial clearance237,238. When the βENaC mice 

received intrapulmonary challenge with PA the bacterial clearance was 

significantly slower than WT mice, but did not result in chronic infection237. In 

addition, βENaC mice do not develop spontaneous pulmonary bacterial 

infections238. 

Recently, two additional CF models with mutant CFTR have been developed in 

the pig239,240 and ferret241,242.  The CF porcine lungs are normal at birth, but 

pulmonary disease develops within the first few months of life, with 

inflammation, mucus hypersecretion, and airway obstruction243. The CF pigs 

develop spontaneous pulmonary bacterial infection and demonstrate delayed 

clearance following inoculation with Staphylococcus aureus243. The CF ferrets 

also demonstrate lung infection early in life, which is severe enough to require 

maintenance on antibiotics. Both the pig and ferret models demonstrate a 

variety of bacterial species on BAL, but neither have shown spontaneous culture 

of Pseudomonas aeruginosa from the lung235,243. In addition, experimental PA 

inoculation with resultant chronic Pseudomonas aeruginosa infection has not 

been reported for these models. These models are not as yet widely available 

and, in the field of immunology, will be limited by availability of species-specific 

immunological cell reagents.  

Intranasal or intratracheal administration of free-living Pseudomonas aeruginosa 

to mice results in acute lung infection with either rapid bacterial clearance 
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or acute sepsis and death. Experience from our own laboratory group and 

reported in the literature233, is that PA is cleared and the inflammatory process 

resolving/resolved within 48-72 hours of infection. Such acute models are useful 

in the study of non-CF related pneumonia and perhaps the initial PA infections 

early in CF pulmonary disease. Repeated aerosol delivery of PA to mice has also 

been attempted; the technique causes significant lung pathology but chronic PA 

colonisation is not established233,244.  

An alternative means of replicating chronic PA colonisation in the CF lung is to 

embed the bacteria within an immobilising agent such as agarose or agar. Cash 

and colleagues245 originally described the model utilising PA-laden beads in rats 

and later it was adapted for use in mice by Starke et al246. The purpose of 

embedding the PA within beads is to retain the bacteria physically within the 

airways, protected from physical and immune response elimination, and thus 

mimics the bacterial biofilm seen in the CF lung. The PA-laden beads are 

surgically implanted into the lower airways (described in detail in chapter 2 and 

4) so bypassing the upper respiratory tract defences. The bacteria can migrate 

from the beads so eliciting persistent stimulation of the host immune 

system205,233,236,247. However, the immune response is insufficient to eliminate 

the bacteria in a variable proportion of infected animals and the bacterial 

burden is known to remain stable in this model from day 7 to over a month post-

inoculation (personal communication: A. Bragonzi and Braganzi 2010233). The 

embedding of PA in beads also results in growth within anaerobic conditions to 

form microcolonies and the development of an alginate-producing phenotype in 

vivo248. Thus, the agar/agarose bead model has similarities to the infected CF 

lung with persistent PA infection, bacterial adaptation and resultant lung 

pathology, including airways inflammation. The longevity of infection also allows 

the study of adaptive immune responses to pulmonary PA infection. It is 

therefore the agar bead model that is utilised in this thesis.  

A murine model utilising an alginate hyper-producing clinical PA mucoid stain, 

NH57388A, without the need for embedding in beads and resulting in persistent 

pulmonary PA infection has been described by Høiby and colleagues249. However, 

the free bacteria were suspended in purified alginate in order to achieve 

consistent chronic infection and thus a degree of artificial embedding was 
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required. The NH57388A stain was utilised within the work presented within this 

thesis, but in an adaptive method using agar bead embedding (described in 

chapter 2 and 4). 
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1.10 Thesis hypothesis and aims 

1.10.1 Research Hypothesis 

Clinical data from CF patients with Pseudomonas aeruginosa colonisation has 

confirmed the production of IL-17A in disease and has suggested a potential role 

of Th17 cells. Murine model work has also hinted at the importance of the 

cytokine IL-17A aiding clearance in acute infection203,250, yet potentially 

exacerbating a pathological inflammatory response in the setting of persistent 

infection205.  

Therefore, I hypothesise that IL-17A is beneficial in early CF lung disease where 

it aids clearance of PA and delays the onset of chronic PA colonisation. However, 

as the organism adapts to the hostile environment and/or the lung environment 

becomes more conducive to bacterial growth (due to factors such collateral 

epithelial damage and thick static mucus) then chronic PA infection inevitably 

develops; in this setting I propose that IL-17A becomes pathogenic by driving 

persistent, damaging neutrophilic inflammation (Fig. 1.5).  

I hypothesise that Th17 cells are a source of IL-17A in PA infection and that, due 

to persistent antigenic-stimulation, in CF patients the Th17 response may be 

altered to that seen in non-CF controls. Other cellular sources of IL-17A may also 

contribute to the cytokine’s effects in vivo. 

Th22 cells are a recently described cell subtype and their role in respiratory 

defence is not yet clear. A critical role for IL-22-mediated pulmonary protection 

has, however, been demonstrated for bacterial pathogens other than 

Pseudomonas aeruginosa. Reparative functions of IL-22 have also been 

demonstrated in pulmonary disease. However, the cytokine does have pro-

inflammatory effects, which may be attenuated by the concentration and 

duration of exposure, as well as the local cytokine milieu. I therefore propose 

that IL-22 may have a reparative and protective role in pulmonary PA infection, 

but that the cytokine’s reparative effects become overwhelmed or IL-22 

becomes pro-inflammatory and pathogenic in later CF lung disease with chronic 

PA colonisation (Fig. 1.6). 
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1.10.2 Aims  

To address the above hypotheses, the specific aims of investigation were as 

follows: 

1) To establish whether a memory T helper cell response against Pseudomonas 

aeruginosa existed in humans, if this included PA-specific Th17 and Th22 

populations, and whether the responses differed between patients with CF and 

pulmonary PA infection and healthy controls. 

2) To establish and characterise a murine model of chronic pulmonary PA 

infection, a disease model not currently in use within our institute. 

3) To establish the role IL-17 and IL-22 might play in chronic pulmonary PA 

infection via use of genetically modified murine strains.  

4) Finally, to ascertain what the important IL-17A-producing cellular sources are 

in response to PA during persistent pulmonary infection.  
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Figure 1.1: Radiological changes in cystic fibrosis 
Bronchiectasis in established cystic fibrosis pulmonary disease shown on chest radiograph (A) and 

computer tomography (B). Note presence of indwelling catheter (“port-a-cath”) on the right 

lateral chest wall to facilitate regular intravenous antibiotic admission.  
(Obtained from: Davies J et al 2007 BMJ) 
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Figure 1.2: Median predicted survival for patients with CF 
Graph demonstrates progressive increase in the predicted median survival in patients with CF 

between 1986 and 2008.  
(Obtained from: Cystic Fibrosis Foundation Patient Registry Annual Data Report 2008) 
  

CYSTIC FIBROSIS FOUNDATION PATIENT REGISTRY:  ANNUAL DATA REPORT 2008

3

SURVIVAL IS IMPROVING

Because of the hard work and strong partnership among people with CF, their families and CF 
Foundation-accredited care centers, the median predicted survival age for people with CF is steadily 
improving.  When the CF Foundation was established in 1955, few children with CF lived long enough 
to attend elementary school.  Today, the median predicted survival age is 37.4 years.  !e graph below 
shows how much this number has increased since 1986.  
Median predicted survival age represents the age at which half of the people with CF currently in the 
Patient Registry are expected to survive.  !is number is calculated every year and is based on the deaths 
that occurred during that year.  Continued improvement depends, in part, on gathering and using data 
in the Patient Registry from people with CF across the United States.  !e Foundation and its care 
centers continue to build partnerships with people with CF and their families to improve care and keep 
the median predicted survival age increasing.  
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Because of the Foundation’s and the CF community’s e"orts, all 50 states and the District of Columbia 
are screening newborns for CF.  !e earlier CF is diagnosed, the sooner treatment can begin, slowing 
the course of the disease and preventing complications.  Earlier diagnosis and treatment is one way to 
improve the quality and length of life for those with CF.
Research suggests that early treatment may help maintain lung health in infants.  CF researchers are working 
to find a drug that maintains lung function and could be started in infants with CF right after diagnosis.  
!e Phase 2 Infant Study of Inhaled Saline (ISIS) study is examining the e"ects of using inhaled hypertonic 
(7%) saline in children under 5 years of age.  !is may help prevent lung damage from the build up of 
mucus in the lungs.  Visit www.c".org/research/ClinicalResearch/Find for more information.
!e graph at the top of the next page is another way to show that survival continues to improve.  Of 
people with CF born between 1985 and 1989 (green line), 88 percent were alive at age 19.  For children 
born between 1990 and 1994 (yellow line), 92 percent were alive at age 19.  
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Table 1.1: Virulence factors of Pseudomonas aeruginosa  
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Figure 1.3: Pulmonary infections in the UK cystic fibrosis population 
Graph demonstrates proportion of patients with CF, according to age, with a given pulmonary 

infection.  
(Obtained from: Cystic Fibrosis Trust Annual Data Report 2011) 
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Figure 1.4: CD4+ T cell responses implicated in pulmonary defence  
Naïve CD4+ T cells differentiate into Th1, Th2, Th17 and Treg cells after antigen is presented to 

them via dendritic cells. T cell lineage specification is determined by the cytokine environment 

(e.g. IL-12 in the case of Th1 cells), which regulate the expression of lineage-specific 

transcription factors (shown in white lettering within the respective Th subset). The effector Th 

cells produce specific cytokines in order to perform distinct roles in respiratory defence. CTL, 

cytoxic T cell. PMN, polymorphonuclear leukocyte. 
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Table 1.2: Cellular sources of the interleukin-17 (IL-17) family members 
(Adapted from: Pappu R et al J Immunology 2011 and Iwakura Y et al Immunity 2011) 
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Table 1.3: Expression of the interleukin-17 receptors (IL-17R) 
(Adapted from: Pappu R et al J Immunology 2011) 
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Figure 1.5: Proposed role of IL-17 and Th17 cells during Pseudomonas aeruginosa 

infection in cystic fibrosis pulmonary 
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Figure 1.6: Proposed role of IL-22 and Th22 cells during Pseudomonas aeruginosa 

infection in cystic fibrosis pulmonary 
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Chapter 2. Materials and Methods 
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2.1 Human tissue sample collection 

Peripheral blood samples were collected from adult CF patients attending the 

West of Scotland Adult CF Unit, Gartnavel General Hospital, Glasgow. Healthy 

individuals, with no history of respiratory disease or intercurrent illness, were 

recruited as controls. A single blood sample was obtained for examination of 

peripheral blood mononuclear cell (PBMC) cytokine expression and activation by 

Pseudomonas aeruginosa. Two blood samples from the same individual were 

taken a week apart in order to perform memory CD4+ T cell and dendritic cell 

co-cultures. Informed consent was obtained from all subjects and the local 

ethics committee approved the study.  

2.1.1 Definition of chronic PA infection in patients with CF 

Patients with CF attending the West of Scotland Adult CF Unit are deemed to be 

chronically colonised with Pseudomonas aeruginosa if sputum cultures remain 

positive for PA after two attempts to clear the organism with combination 

antibiotic eradication therapy (personal communication: Dr. S. Bicknell, 

Respiratory Consultant in the West of Scotland Adult CF Unit).  

2.2 Peripheral blood lymphocyte IL-17A and IL-22 
expression 

Heparinised (sodium heparin) blood was mixed 50:50 with Hanks’ balanced salt 

solution (HBSS; Sigma-Aldrich) supplemented with 1% heat inactivated fetal calf 

serum (FCS) pre-warmed to 37oC. The blood/HBSS mix (25ml) was carefully 

layered on top of Ficoll-Plaque PLUS (15ml) (GE Healthcare) in order to isolate 

lymphocytes via gradient centrifugation. Preparations were spun at 400G for 30-

40 minutes at 18-20oC using low acceleration and the brake off. The plasma 

layer was then removed and discarded. The peripheral blood mononuclear cell 

(PBMC) layer, containing lymphocytes and monocytes, was gently pipetted from 

the interface above the Ficoll-Plaque and transferred to a clean centrifuge tube.   

After isolation of PBMCs from whole blood, all further preparations were 

performed on ice and using ice-cold solutions. The isolated PBMCs were washed 

in a large volume of ice-cold HBSS with 1% FCS and centrifuged at 500G for 
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7 minutes at 4oC to remove excess Ficoll-Plaque, followed by a further two 

washes spinning at 400G for 7 minutes at 4oC, to remove contaminating 

platelets.  

Resultant cells were suspended at 2x106 cells/ml in culture media (Iscove's 

Modified Dulbecco's Medium (IMDM)+glutamax, 5% heat inactivated FCS, 

1.25µg/ml fungizone (amphotericin B), 100µg/ml streptomycin, 100U/ml 

penicillin; all Invitrogen) and polyclonally stimulated with phorbol 12-myristate 

13-acetate (PMA) (50ng/ml; Sigma-Aldrich) and ionomycin (500ng/ml; Sigma-

Aldrich) in the presence of Brefeldin A (BD GolgiPlug at 1µg/ml; BD Biosciences) 

at 37oC for 5 hours. Following stimulation, cells were prepared for flow 

cytometry (detailed in section 2.22). Extracellular staining was performed for 

CD4 and intracellular staining for IL-17A and IL-22. 

2.3 Peripheral blood mononuclear cell (PBMC) activation 
by Pseudomonas aeruginosa  

Initial experiments assessed the utility of stimulating human PBMCs with 

Pseudomonas aeruginosa to measure antigen-specific T helper cell responses. 

Given limited evidence of CD4+ T cell responses and IL-17A and IL-22 production 

using direct PBMC infection, this technique was replaced by memory CD4+ T cell 

and dendritic cell co-culture experiments (section 2.4). 

In brief, PBMCs were isolated from whole blood by gradient centrifugation, as 

detailed in section 2.2. Resultant cells were suspended in IMDM+glutamax with 

5% heat inactivated FCS at 0.5x106 cells per well in 200µl in 96-well U-bottom 

tissue culture plates (Corning). PBMCs were infected with live PA using a given 

strain and multiplicity of infection (MOI). The technique of preparing bacteria 

for addition to culture is described in section 2.4.2. Bactericidal antibiotics 

(100U/mL penicillin, 100µg/ml streptomycin and 10mg/ml gentamicin; all 

Sigma) were added 90 minutes following infection. For polyclonal stimulation 

conditions, PBMCs were cultured with plate-bound anti-CD3 (5ug/mL) and 

soluble anti-CD28 (1ug/mL) (both eBioscience). 

PBMCs were cultured at 37oC for 3 or 6 days following infection. Supernatants 

were harvested and cytokine levels measured via enzyme-linked 
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immunosorbant assay (ELISA) for IL-17A, IL-22, and IFN-γ (all eBioscience), 

according to the manufacturer’s instructions. Following culture, PBMCs were 

also stimulated with PMA (50ng/ml) and inomycin (500ng/ml; Sigma-Aldrich) in 

the presence of Brefeldin A (BD GolgiPlug at 1µg/ml) at 37oC for 5 hours. 

Following such polyclonal stimulation, cells were prepared for flow cytometry 

(detailed in section 2.22). Extracellular staining was performed for CD4 and 

intracellular staining for IL-17A, IL-22 and IFN-γ. 

2.4 Human memory T helper cell co-culture 

To ascertain if a PA-specific memory CD4+ T cell response existed in healthy 

individuals and patients with CF. I developed a technique of co-culturing 

dendritic cells, which had been activated with live PA, with autologous memory 

CD4+ T cells. The resultant CD4+ T cell response could then be defined (i.e. PA-

specific Th1, Th22 and Th17 cells) and the magnitude of cytokine production in 

response to the organism measured. Live bacteria were used to activate 

dendritic cells as a means of best representing the in vivo environment. 

2.4.1 Monocyte-derived dendritic cells 

PBMCs were isolated from whole blood by gradient centrifugation, as detailed in 

section 2.2. Following enumeration, PBMCs were suspended in MACS buffer 

(composed of PBS, 0.5% bovine serum albumin (Sigma-Aldrich) and 2mM EDTA). 

CD14+ monocytes were then magnetically isolated by a positive selection kit 

(Miltenyi Biotech) following the manufacturer’s instructions. To prevent 

inadvertent cell activation, all preparations were performed on ice and using 

ice-cold solutions. CD14+ monocytes were suspended in culture media 

(IMDM+glutamax, 5% heat inactivated FCS, 1.25µg/ml fungizone, 100µg/ml 

streptomycin, 100U/ml penicillin) at 0.5x106 cells/ml with 1m per well. 

Monocytes were differentiated into dendritic cells (DCs) via the addition of IL-4 

(500U/ml; Peptrotech) and GM-CSF (50ng/ml; Peprotech)251. An additional 1ml 

of culture media with IL-4 (500U/ml) and GM-CSF (50ng/ml) was added to each 

well at day 3. Monocyte-derived DCs were harvested at day 6-7. Differentiation 

into dendritic cells was confirmed via CD11c expression and down-regulation of 

CD14 expression on resultant cells using flow cytometry. 
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Initial experiments demonstrated that monocyte-derived DCs had high levels of 

activation (high levels of CD40 and CD86 expression) following harvesting. This 

was attributed to mechanical and physical stresses during the process of 

harvesting DCs by well scraping. Thus the technique was adapted by placing the 

wells containing DCs on ice for 20 minutes prior to harvesting, so reducing 

adherence to the plate, and using gentle pipetting to remove DCs.  

Following harvesting, DCs were washed twice in ice-cold HBSS with 10% FCS, 

spinning at 400G at 4oC for 10 minutes, in order to remove residual antibiotics, 

IL-4 and GM-CSF. Resultant DCs were suspended at 0.5x106 cells per well in 1ml 

antibiotic-free culture media (IMDM+glutamax with heat-inactivated 5% FCS) 

with 50ng/ml GM-CSF, prior to activation as described in 2.4.4. 

2.4.2 Preparation of bacterial strains  

Bacterial cultures were grown routinely in Luria-Bertani (LB) broth (Invitrogen). 

PA strains were maintained in -80oC stocks until required. Prior to use in cell 

culture, each strain was grown to mid-log phase and the bacterial concentration 

at OD600 readings between 0.4 and 0.6 was quantified by serial dilution and 

plating to enumerate colony-forming units (CFU); OD600 being the optical 

density measured at a wavelength of 600nm using spectrophotometry 

(GeneQuant Pro spectrophotometer, Amersham Biosciences). 

A single colony or 50µl of a glycerol stock was added to 10ml of LB and grown 

overnight at 37oC at 225rpm (all bacterial liquid cultures performed in an Innova 

4400 Incubator Shaker). The overnight culture was then diluted 1:30 in LB and 

grown at 37oC at 225rpm until OD600 was between 0.4 and 0.6. The bacteria 

were then centrifuged and the bacterial pellet washed twice in cold sterile PBS, 

spinning at 4000rpm at 4oC for 10 minutes (all centrifugations to pellet bacteria 

performed on Megafuge 16R Centrifuge, Thermo Scientific). The bacteria were 

then suspended in the same media as the cells being infected to a concentration 

of 1x106CFU/µl. 

Heat-killed PA preparations were prepared by suspending the bacteria, at a 

known concentration, in sterile PBS and placing suspension in a pre-warmed heat 

block at 95oC for 10 minutes. Killing was confirmed by plating of the 
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resultant preparation and heat-killed PA strains were stored at 4oC until use. 

2.4.3 Preparation of Aspergillus fumigatus 

The Aspergillus fumigatus strain used in this study was a clinical isolate provided 

by Dr G. Shankland, Royal Hospital for Sick Children, Yorkhill, Glasgow. The 

preparation of Aspergillus fumigatus was adapted from Tang et al252. The fungal 

strain was first grown on Sabouraud dextrose agar (BD Biosciences) slants in 50ml 

flasks for 3 days at 37oC. Aspergillus spores were harvested by washing the slants 

with 0.1% Tween 20 (Sigma-Aldrich), pelleted by centrifuging, and the fungal 

pellet washed twice in PBS spinning at 3,000G for 15 minutes at 4oC. The final 

pellet was suspended in sterile PBS and the concentration of spores was 

determined using a haemocytometer. The fungal suspension was then placed in a 

pre-warmed heat block at 95oC for 10 minutes. Killing was confirmed by plating 

of the resultant preparation and heat-killed Aspergillus was stored at 4oC until 

use. 

2.4.4 Dendritic cell infection  

PA strains PA103 ΔpcrV, PA103 ΔUΔT, Yorkhill 1, Yorkhill 2, and Yorkhill 5 were 

used to activate monocyte-derived dendritic cells (Table 2.1). DCs were infected 

with live PA using a given strain and multiplicity of infection (MOI). In certain 

experiments, DCs were treated with heat-killed Candida albicans (HKCA; 

InvivGen) or heat-killed Aspergillus fumigatus spores at a given MOI, or tetanus 

toxoid (5ug/mL; Calbiochem). Additional DCs were left untreated (unstimulated 

DCs). Bactericidal antibiotics (100U/mL penicillin, 100µg/ml streptomycin and 

10mg/ml gentamicin; all Sigma) were added 90 minutes following DC infection, 

followed by overnight incubation at 37oC. Wells containing DCs were placed on 

ice for 20 minutes prior to harvesting and gentle pipetting used to remove DCs. 

Activated DCs were enumerated prior to culture with autologous memory T 

helper cells. 

2.4.5 Memory T helper cell isolation 

PBMCs were isolated from whole blood by gradient centrifugation, as detailed in 

section 2.2. Following enumeration, PBMCs were suspended in MACS buffer. 
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Memory CD4+ T cells (purity for CD4+CD45RO+ >98% confirmed by staining and 

flow cytometry) were magnetically isolated by a negative selection kit (Miltenyi 

Biotech) following the manufacturer’s instructions. Purified memory CD4+ T cells 

were suspended in culture media at 0.5x106/ml.  

2.4.6 Isolation of CCR6+ T helper cells 

In certain experiments, memory CD4+ T cells were further magnetically sorted 

into CCR6-enriched and CCR6-depleted populations using positive selection 

microbeads (Stemcell Technologies) following the manufacturer’s instructions. 

Sorted CCR6+ and CCR6- memory CD4+ T cells were suspended in culture media at 

0.5x106/ml.  

2.4.7 Measurement of cell proliferation 

In proliferation experiments, memory CD4+ T cells were labelled with 

carboxyfluorescein diacetate succinimidyl ester (CellTrace™ CFSE Cell 

Proliferation Kit; Invitrogen) or cell proliferation dye eFluor450 (eBioscience) 

prior to cell culture, following the manufacturer’s instructions.  

2.4.8 Cell co-culture 

Infected DCs (1x104 cells) were cultured with autologous memory CD4+ T cells 

(1x105 cells) in 96-well U-bottom tissue culture plates for 6 days. For polyclonal 

stimulation conditions, memory CD4+ T cells were cultured with plate-bound 

anti-CD3 (5ug/mL) and soluble anti-CD28 (1ug/mL) (both eBioscience). At 3 

days, fresh culture media was added to each well to give a total volume of 

300µl/well. 

2.4.9 Measurement of CD4+ T cell responses 

2.4.9.1 Cytokine levels 

Following 6 days of co-culture, supernatants were harvested and cytokine levels 

measured via ELISA for IL-17A, IL-22, and IFN-γ (all eBioscience). ELISAs were 

performed following the manufacturer’s instructions and plates were then 

measured at 570nm using a Tecan Sunrise plate reader using Magellan 
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software. Lower limits of detection were: IL-22 < 8pg/mL, IL-17A < 4pg/ml and 

IFN-γ <15 pg/ml. Cytokine levels less than the lower limits of detection of the 

assay were assigned a value of zero. 

2.4.9.2 Phenotype of responding CD4+ T cells 

Following 6 days of co-culture, cells were stimulated with PMA (50ng/ml) and 

ionomycin (500ng/ml) in the presence of Brefeldin A (BD GolgiPlug at 1µg/ml) at 

37oC for 5 hours. Cells were prepared for flow cytometry (detailed in section 

2.22). Extracellular staining was performed for αβ-TCR, CD4, CCR4, CCR9, and 

CCR10. Intracellular staining was performed for IL-22, IL-17A and IFN-γ.  

2.5 Measurement of dendritic cell activation and 
cytotoxicity by Pseudomonas aeruginosa  

2.5.1 Dendritic cell activation marker expression 

After infection with PA strains and HKCA and overnight incubation, levels of DC 

activation marker expression were measured and compared with unstimulated 

DC. Cells were prepared for flow cytometry (section 2.22) and stained for 

extracellular CD40 and CD86 expression, followed by flow cytometry.  

2.5.2 Cytotoxicity of Pseudomonas aeruginosa on dendritic cells 

In order to study the cytotoxic effect of different PA strains, DCs were infected 

with comparable MOIs of different PA strains (as described in section 2.4.4) and 

samples taken at 3 hours and 20 hours post-infection. DCs were prepared for 

flow cytometry and stained for annexin-V (5µl/sample; BD Biosciences) to 

identify early apoptotic cells and 7-aminoactinomycin (7-AAD at 5µl/sample; BD 

Bioscience) to identify late apoptotic and necrotic cells. Samples were processed 

within 1 hour of staining by flow cytometry. 

In addition, DC supernatants were analysed for lactate dehydrogenase (LDH) 

release following infection. LDH determinations were performed using the 

CytoTox 96 cytotoxicity assay kit (Promega), which measures released LDH in 

culture supernatants via a coupled enzymatic assay resulting in conversion of a 

tetrazolium salt into a red formazan product. The amount of colour formed 
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is proportional to the number of lysed cells. To prevent interference with the 

LDH assay, DCs were infected in media lacking Phenol red. As a positive control 

for total cell-associated LDH, DCs were also lysed with 1% Triton X-100 (Sigma-

Aldrich) at 37oC for 20 minutes. The absorbance at 490nm was recorded using a 

Tecan Sunrise plate reader with Magellan software. Background values were 

subtracted from the sample readings. The LDH release was then calculated as 

percentage of maximum. 

2.6 Airway lavage samples 

Airway lavage fluid were obtained from the explanted lungs of adult CF patients 

undergoing lung transplantation and bronchoalveolar lavage (BAL) fluid from 

healthy controls, as previously described202. All samples were kindly provided by 

Dr M. Brodlie, Freeman Hospital, Newcastle. Lavage fluid IL-22 levels were 

measured via ELISA (eBioscience). 

2.7 Mice strains 

All mice were used between 12 and 16 weeks of age, so ensuring the trachea 

was large enough to allow ease of cannulation for intratracheal instillation of 

agar beads. Table 2.2 details the mouse strains used throughout these studies.  

The µMT bred was utilized to study the absence of B cell responses in 

experimental chronic PA infection. The µ chain forms the membrane-bound 

immunoglobulin heavy chain component of the pre-B cell receptor (pre-BCR), 

which permits further differentiation of B cell precursors. C57BL/6 mice 

homozygous for an inactivating mutation of the membrane exon of the µ chain 

gene cannot form a pre-BCR and are, consequently, devoid of mature B-

lymphocytes.  

All strains were on a C57BL/6 background and, with the exception of the 

C57BL/6 mice obtained from Harlan, were bred in-house. C57BL/6 mice bred in-

house were used as wild-type controls for the IL-17RA and IL-22 knockout 

comparisons. Wild-type littermates were used as controls for comparison with 

µMT animals. All procedures were carried out in accordance with UK Home 
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Office regulations. 

2.8 Agar bead formation 

The technique of forming PA-laden agar beads was adapted from the 

methodology described by van Heeckeren et al247. All steps of the bead 

formation process were performed in a sterile tissue culture hood. The required 

PA strain was streaked, from a glycerol stock, on LB agar and incubated at 37oC 

overnight. One colony was isolated from the plate and used to inoculate 5 ml of 

LB broth and grown overnight at 37oC while shaken at 225rpm. The optical 

density (OD)/ml was calculated for the overnight PA/LB broth culture. The 

quantity of overnight culture to give 0.1 OD/ml was then used to inoculate 20ml 

LB broth and grown to late log phase (taking approximately 3 hours) at 37oC 

while shaken at 225rpm. The quantity of PA/LB broth culture that would provide 

a desired total OD was then centrifuged; typically this equated to total of 90ml 

for Yorkhill 5 and GRI-1 strains, and 120ml for NH57388A strain. Centrifugation 

was performed at 4000rpm for 15 minutes at 4oC. The LB broth was then 

carefully pipetted to leave the bacterial pellet. The pellet was suspended in 1ml 

cold PBS and the OD measured. To achieve sufficiently high PA concentration in 

the final bead slurry, the desired total OD to add to the melted agar was 12 for 

NH57388A, 60 for GRI-1, and 20 for Yorkhill 5. The PA/PBS suspension was kept 

on ice until required. 

Typtic soya agar (TSA) (Sigma-Aldrich) was melted and allowed to equilibrate to 

50oC in a heated water bath. The 1ml bacteria/PBS suspension was the added to 

9ml of melted TSA. Sterile agar beads were prepared with 10ml of melted TSA 

alone. A conical flask containing 150ml heavy mineral oil (Sigma-Aldrich) was 

sterilised and also allowed to equilibrate to 50oC in a heated water bath. The 

10ml TSA-PA/PBS mix was added to the heavy mineral oil while stirring rapidly 

at 1600rpm for 6 minutes at room temperature (bead formation performed on 

VWR 18cm x 18cm Hotplate/Stirrer); this ensured thorough mixing of the flask 

contents. The flask was then stirred at 400rpm for 20 minutes surrounded by ice 

and ice-cold water; this resulted in rapid cooling and setting of the PA-laden 

agar beads within the heavy mineral oil. The bead and mineral oil mix was then 

transferred to three 50ml tubes, placed on ice and left at 4oC for at least 15 
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minutes; this allowed the PA-laden agar beads to completely solidify. The 

bead/mineral oil mix was centrifuged at 4000rpm at 4oC for 15 minutes. The oil 

was then pipetted off leaving the bead slurry. The bead slurry was washed in 

cold PBS, centrifuging at 4000rpm at 4oC for 9 minutes; a total of 6 washes were 

performed. Prior to the final centrifugation, any large beads were individually 

removed from the bead/PBS suspension.  

The final bead slurry was suspended in 40ml of cold PBS. Two separate aliquots 

of bead/PBS suspension were mechanically homogenised (Power Gen 500 

homogenizer, Fisher Scientific). Quantitative bacteriology was then performed 

on each aliquot of homogenised bead suspension, with CFU counts of the plated 

samples enumerated after overnight incubation at 37oC. Bead diameter was 

measured over several fields using the bright field setting on an inverted 

fluorescent microscope (Zeiss Axiovent S100) with Openlab software 

(PerkinElmer). Beads of 100-200 microns in diameter were used for inoculation 

of animals. 

Pseudomonas aeruginosa-laden agar beads were prepared the day before 

inoculation, stored overnight at 4oC, and a different bead preparation used for 

each experiment. PA-laden beads were stored on ice throughout the murine 

surgery. Following inoculation of PA-laden beads, the administrated inoculum 

was confirmed by homogenisation and quantitative bacteriology on a further two 

aliquots of beads. Sterile agar beads were stored at 4oC and used for several 

experiments. Sterile agar bead preparations were similarly homogenised and 

confirmed to be sterile before and after each use. 

2.9 Surgical trans-tracheal instillation technique 

The technique for trans-tracheal instillation of beads is detailed in Fig. 2.1. Mice 

were anaesthetised with inhaled isoflurane delivered via nose cone, and secured 

in the supine position with tape to tails and cranial limbs (Fig. 2.1B). The ventral 

cervical region was surgically prepared and an approximate one-centimeter 

midline skin incision was made just cranial to the thoracic inlet. The trachea 

was visualised by blunt dissection (Fig. 2.1C). Traction on the lower jaw was 

used to extend and straighten the trachea and a 22G intravenous catheter (BD 

Biosciences) then used to cannulate the trachea (Fig. 2.1D). A one-millilitre 
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syringe was pre-filled with 110µl of beads suspended in PBS, which accounted 

for dead space in the syringe and cannula and resulted in delivery of 50µl 

beads/PBS to the animal. The syringe was attached to the cannula and the 

plunger depressed (Fig. 2.1E). The cannula and syringe were left in-situ for five 

seconds following depression of the plunger, followed by slow withdrawal of 

cannula and syringe. To aid full inspiration of the beads, the animal was then 

elevated head up to 45-degrees for a timed one-minute (Fig. 2.1F). A rapid rise 

in respiratory rate was frequently observed at this point, suggesting accurate 

intrapulmonary bead instillation. The incision was then closed with surgical 

staples (Fig. 2.1G and H). The mice were administered buprenorphine analgesia 

subcutaneously (Vetergesic; Alstoe Animal Health) immediately post-operatively, 

allowed to recover in a warm box and observed for 30 minutes post-procedure to 

ensure full recovery had occurred. 

2.10 Animal monitoring 

Animals were monitored closely post-operatively, with the clinical condition 

defined at approximately 1 hour, 4 hours and 8 hours using a scoring system for 

disease severity (Table 2.3). An animal reaching a moribund end-point was 

culled. Animals were weighed daily as a further measure of disease progression. 

Animals with weight loss of greater than 20% of baseline weight were culled. 

2.11 In vivo tissue harvest  

Animals were culled using carbon dioxide inhalation and tissues collected for 

given outcome measures, as described below. 

2.11.1 Blood collection 

The inferior vena cava was transected and blood aspirated for bacteriology (10µl 

blood added to 90µl sterile PBS until processed), neutrophil quantification 

(blood added to heparinised PBS until processed), and serum collection 

(undiluted blood sample). 

2.11.2 Bronchoalveolar lavage 
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The trachea was carefully exposed without damage to surrounding blood vessels, 

to prevent bloody contamination. The trachea was cannulated and 1ml sterile 

PBS used to infuse the lungs and then aspirated, infusion and aspiration was 

repeated a total of three times for each BAL sample. 110µl BAL was used for 

microbiology, with the remaining sample used for neutrophil and cytokine 

quantification. BAL samples were stored on ice until processing. 

2.11.3 Pleural wash 

The skin was dissected from the thorax to expose the ribs and intercostal 

muscles. A 21G needle attached to a syringe was inserted through the intercostal 

space and 3ml PBS instilled into the pleural space. The needle was removed and 

the thorax agitated to distribute and wash the whole pleural space. The pleural 

fluid was then aspirated with a 21G needle inserted through the diaphragm. 

Pleural wash samples were stored on ice until processing. 

2.11.4 Lymph node collection 

To collect mediastinal lymph nodes, the sternum and most of the anterior ribs 

were removed to expose the lungs and mediastinum. The bilateral cranial 

mediastinal lymph nodes (located lateral to the thoracic thymus)253 and single 

tracheobronchial lymph node (located at the tracheal bifurcation/carina)253 

were carefully removed using jewellers forceps (Sigma-Aldrich). Accuracy of 

identifying mediastinal lymph nodes was confirmed on an initial experiment via 

staining isolated cells for CD3 followed by flow cytometry. 

To collect the iliac lymph nodes, the abdominal and hind leg skin was removed 

and the iliac lymph nodes could then be visualised in the fold of the flank cranial 

to the thigh musculature, located near the deep circumflex iliac artery and 

vein253.  

Lymph nodes were stored in culture media (IMDM+glutamax, 5% heat inactivated 

FCS, 1.25µg/ml fungizone, 100µg/ml streptomycin, 100U/ml penicillin) on ice 

until processed. 
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2.11.5 Lung tissue 

Unless otherwise stated, the lung was divided based on given lobes for different 

outcome measures. 

The right lung was divided into three sections. The right apical lobe was used for 

myeloperoxidase (MPO) assay, being placed in 1ml MPO buffer (50mMol KH2PO4 

with 0.5% hexadecyl trimethyl ammonium bromide (HTAB) (both Sigma-Aldrich) 

in double-distilled water) until processing. The right cardiac lobe was used for 

lung digestion and flow cytometry, placing in PBS on ice until processing. The 

right diaphragmatic lobe was placed in 1ml sterile PBS and placed on ice for use 

for microbiology and quantification of lung homogenate cytokine levels. 

Following removal of the right lung, the left lung was inflation fixed for 

histology. The lung was cannulated via the trachea and 1ml zinc fixative (BD 

Pharmingen) instilled, the left main bronchus clamped, the inflated lung 

removed and placed immediately in zinc fixative. 

2.11.6 Spleen collection 

The spleen was placed in culture media (IMDM+glutamax, 5% heat inactivated 

FCS, 1.25µg/ml fungizone, 100µg/ml streptomycin, 100U/ml penicillin) on ice 

until processing. 

2.12 Bacteriology and chronicity definition 

BAL and whole lung/lung segments were plated for quantitative bacteriology. 

Lung tissue was mechanically homogenised in 1ml PBS. For both BAL and lung 

homogenates, to accurately quantify low bacterial burden, 100µl was evenly 

plated on a single LB agar plate and to quantify higher bacterial burdens serial 

dilatation and plating was performed. Colonies were confirmed to be PA by 

typical appearance, being Gram negative rods on Gram stain (Gram stain kit 

used following manufacturer’s instructions; BD Biosciences) and oxidase positive 

(Oxidase strips used following manufacturer’s instructions; Sigma-Aldrich). 

Recovery of mucoid Pseudomonas aeruginosa from lung cultures at 2 weeks post-
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inoculation was indicative of chronic infection.  

Terminal blood samples, diluted 1:10, were plated for evidence of bacteraemia. 

2.13 BAL and lung homogenate cytokine levels 

Following removal of samples for microbiology, BAL and lung homogenates were 

centrifuged at 300G for 10-minutes and then supernatants aspirated for cytokine 

levels. Murine IL-17A, IL-17F, IL-21, IL-22, and IFN-γ were quantified by ELISA, 

following the manufacturer’s instructions (all eBioscience). Lower limits of 

detection were: IL-17A < 4pg/ml, IL-17F < 15pg/ml, IL-21 < 16pg/ml, IL-22 < 

8pg/mL, and IFN-γ < 15 pg/ml. Cytokine levels less than the lower limits of 

detection of the assay were assigned a value of zero. 

2.14 Neutrophil quantification 

2.14.1 Peripheral blood and BAL Gr-1 staining 

Blood and BAL samples were centrifuged at 300G for 10 minutes and red cell 

lysis performed on the resultant cell pellet by addition of 500µl red blood cell 

(RBC) lysis buffer (Sigma-Aldrich) at room temperature for 4 minutes. Cells were 

washed in 1ml PBS and centrifuged at 300G for 10 minutes. For neutrophil 

quantification via flow cytometry, CountBright Absolute Counting Beads 

(Invitrogen) were added prior to washing cells and used according to the 

manufacturer’s instructions. Blood and BAL leukocytes were stained for Gr-1 (Ly-

6G) followed by flow cytometry.  

2.14.2 Myeloperoxidase assay 

Lung tissue was mechanically homogenized in 1ml MPO buffer and stored at -

80oC until processed. Sonication of the thawed samples was undertaken at 

amplitude 10µm for three cycles of 30 seconds (Soniprep 150, MSE). 1ml of 

sample was then transferred to a separate tube and centrifuged at 20,000G for 4 

minutes. For each lung specimen, 20µl of supernatant was added in triplicate to 

a 96-well flat-bottom high-binding plate (Costar). Immediately before analysis, 

200µl of reagent buffer (composed from 5ml of MPO buffer (50mMol KH2PO4 
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with 0.5% HTAB in double-distilled water) in 45ml double-distilled water with 

8.4mg 0-dianisidine dihydrochloride and 10µl of 3% H202; both Sigma-Aldrich) was 

added to each well. The assay was read as change in optical density per minute 

at 450nm using a Tecan Sunrise plate reader using Magellan software. 

2.15 Lung homogenates for flow cytometry 

Lung tissue was cut into small pieces and placed in RPMI media (Sigma-Aldrich) 

with 10µg/ml DNAse (Roche) and 0.65units/ml liberase (Roche). Tissue was then 

gently agitated for 1 hour at 37oC before being passed through 80µm nitex mesh 

(Cadish Precison Meshes) to obtain a single cell suspension. Samples were spun 

at 300G for 10 minutes and the resultant pellet suspended in 5ml RBC lysis 

buffer at room temperature for 5 minutes. The samples were then washed twice 

in PBS, centrifuged at 300G for 10 minutes.  

The final cell pellet was suspended in culture media (IMDM+glutamax with 5% 

FCS) and polyclonally stimulated with 50ng/ml PMA and 500ng/ml ionomycin in 

the presence of Brefeldin A (BD GolgiPlug at 1µg/ml) at 37oC for 5 hours. 

Following stimulation, cells were prepared for flow cytometry (detailed in 

section 2.22). Extracellular staining was performed for CD3, CD4, γδ-TCR, 

NK1.1, B220, CD43, IgM and CD5 and intracellular staining for IL-17A and IL-22. 

2.16 Pleural wash for flow cytometry 

Pleural wash samples were spun at 300G for 10-minutes and the resultant pellet 

suspended in 5ml RBC lysis buffer at room temperature for 5-minutes. The 

samples were then washed twice in PBS, centrifuged at 300G for 10-minutes. 

The final cell pellet was suspended in culture media (IMDM+glutamax with 5% 

FCS) and polyclonally stimulated with 50ng/ml PMA and 500ng/ml inomycin in 

the presence of Brefeldin A (BD GolgiPlug at 1µg/ml) at 37oC for 5 hours. 

Following stimulation, cells were prepared for flow cytometry (detailed in 

section 2.22). Extracellular staining was performed for CD3, B220, CD43 and IgM 

and intracellular staining for IL-17A. 
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2.17 Histology 

In certain experiments, the lungs from mice were inflated with zinc fixative, 

followed after 24 hours by transfer to 70% ethanol, and later embedded in 

paraffin, sectioned at 5µm and stained with haematoxylin and eosin and 

histologically scored, as well as being used for immunohistochemistry. 

2.17.1 Haematoxylin and eosin (H&E) staining 

De-waxing of paraffin embedded sections was performed by softening wax at 

60oC for 35 minutes, followed by submerging for 3 minutes each in: xylene x2, 

100% ethanol x2, 90% ethanol x2, 70% ethanol x2 and finally running water. 

Sections were then stained in Harris haematoxylin for 2 minutes, followed by 

submerging in running water for 2 minutes, then counter stained in 1% eosin for 

2 minutes. Sections were dehydrated by submerging in 70% ethanol for 30 

seconds, 90% ethanol for 1 minute, 100% ethanol for 1 minute x2, and finally 

xylene for 3 minutes x2 prior to cover slipping with DPX mountant (Sigma-

Aldrich). 

2.17.2 Histology scoring 

Randomly selected whole lung sections were evaluated at x10 magnification. 

Scoring of the lung sections were performed blindly. A histological scoring 

system previously applied to the PA agar bead model254 was adapted for use in 

this thesis. BAL had been performed in animals prior to lung harvest for histology 

so no meaningful score could be applied to intraluminal infiltrates. The 

predominant histological finding in the model was peribronchial infiltrates, with 

more limited alveolar involvement. Thus I adapted the score to give greater 

weighting to diffuse peribronchial changes (0-4), and scored alveolar 

involvement (0-3) (Table 2.4). 

2.18 Immunohistochemistry 

Dr. N. Ritchie, University of Glasgow, kindly preformed immunohistochemistry of 

lung sections. Lung sections were stained for B cells with Brilliant Violet 421 

anti-B220 (Clone: RA3-6B2, Biolegend) used at a concentration of 1:50, T cells 
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with anti-mouse CD90.2 (Thy-1.2) (Clone: 53-2.1, Biolegend) at 1:50 conjugated 

with Alex Fluor 488 streptavidin, and neutrophils with anti-Gr-1 (Clone: 1A8, 

Biolegend) at 1:100. The SYTOX Orange or Green nuclear stain (Invitrogen) was 

used at a concentration of 1:10,000. 

2.19 Thoracic lymph node and splenocyte stimulation 

Thoracic lymph nodes were pooled to allow sufficient cells for culture. Spleens 

from each animal were processed separately. Thoracic lymph nodes and spleens 

were passed through 80µm nitex mesh to create a single cell suspension, 

followed by centrifugation at 300G at 4oC for 10 minutes. The cell pellet was 

suspended in 5ml RBC lysis buffer at room temperature for 5 minutes, followed 

by washing twice in PBS with centrifuging at 300G at 4oC for 10 minutes. The 

resultant cells were suspended in culture media (IMDM+glutamax, 5% heat 

inactivated FCS, 1.25µg/ml fungizone, 100µg/ml streptomycin, 100U/ml 

penicillin) at 2x106 cells/ml and 4x105 cells added to wells in a 96-well U-bottom 

culture plate. Cells were either left in media alone (unstimulated) or stimulated 

with a given strain of heat-killed PA at MOI30. Following 3 days of culture, 100µl 

supernatant was removed for cytokine and PA-binding antibody quantification 

and cells polyclonally stimulated with 50ng/ml PMA and 500ng/ml ionomycin in 

the presence of Brefeldin A (BD GolgiPlug at 1ug/ml) at 37oC for 5 hours. 

Following stimulation, cells were prepared for flow cytometry (detailed in 

section 2.22). Extracellular staining was performed for CD3, CD4, γδ-TCR, 

NK1.1, B220, CD43, CD23, IgM and CD5 and intracellular staining for IL-17A, IL-22 

and IFN-γ. 

2.20 Peritoneal B1a cell isolation and stimulation 

Peritoneal washes were performed on untreated C57BL/6 mice as a rich source 

of B1a cells. Following culling, the skin was dissected from the abdominal wall 

and 4-6ml of sterile cold PBS was injected into the peritoneum using a 21G 

needle attached to a syringe. The needle was removed and the abdomen 

agitated to distribute and wash the whole peritoneal space. The peritoneal wash 

was then aspirated with a 21G needle and stored on ice until processing. 
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The peritoneal wash sample was spun at 300G for 10 minutes and the resultant 

pellet suspended in 5ml RBC lysis buffer at room temperature for 5 minutes. The 

samples were then washed twice in PBS and centrifuged at 300G for 10 minutes. 

A two-step selection kit (Miltenyi Biotech) was used to magnetically isolate B1a 

cells from the peritoneal wash; this involved depletion of non-B1a cells and then 

positive selection of B1a cells via CD5, following the manufacturer’s 

instructions. The B1a cells were washed twice in PBS with centrifuging at 300G 

at 4oC for 10 minutes. The resultant B1a cells were then suspended in culture 

media (IMDM+glutamax, 5% heat inactivated FCS, 1.25µg/ml fungizone, 

100µg/ml streptomycin, 100U/ml penicillin) at 2x106 cells/ml and 4x105 cells 

added to wells in a 96-well U-bottom culture plate. Cells were either left 

unstimulated or stimulated with a given strain of heat-killed PA at MOI30. 

Following 3 days of culture, 100µl supernatant was removed for cytokine and PA-

binding antibody quantification and cells polyclonally stimulated with 50ng/ml 

PMA and 500ng/ml ionomycin in the presence of Brefeldin A (BD GolgiPlug at 

1ug/ml) at 37oC for 5 hours. Following stimulation, cells were prepared for flow 

cytometry (detailed in section 2.22). Extracellular staining was performed for 

CD23, CD43 and CD5 and intracellular staining for IL-17A and IL-22  

2.21 Pseudomonas aeruginosa-binding immunoglobulin 
quantification  

The ELISA-based method of detecting PA-binding IgM and IgG was adapted from 

Moser et al149. A given PA strain was prepared by addition of 1 colony to 10ml LB 

broth and growth overnight at 37oC at 225rpm. The PA was then washed twice in 

sterile PBS centrifuging at 4000rpm for 15 minutes, prior to being suspended in 

1ml sterile PBS. Bacteria were then lysed via sonication at amplitude 10µm for 

twenty cycles of 15 seconds, with breaks of 45 seconds between each sonication 

(Soniprep 130, MSE). The PA sample was surrounded by ice-cold water and ice 

during sonication to prevent over-heating. The PA-derived protein concentration 

in the resultant suspension was measured via absorbance at 280nm (A280) using 

spectrophotometry (GeneQuant Pro spectrophotometer, Amersham Biosciences), 

with protein concentration (mg/ml) = A280/path length (cm). Bacterial protein 

was diluted to 25µg/ml in PBS with 0.1% Tween-20 (Sigma-Aldrich) and a 96-well 

flat-bottomed high-binging plate (Costar) coated with 100µl/well followed 
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by incubation at 37oC for 2 hours. The plate was washed 5-times in PBS with 

0.05% Tween-20. The plate was blocked overnight with 200µl/well of 0.1% goat 

serum (Sigma-Aldrich) in PBS with 0.1% Tween-20, incubating at 4oC. The plate 

was then washed 5-times in PBS with 0.05% Tween-20. Samples (culture 

supernatants from spleen, lymph node or peritoneal B1a cell, and serum 

samples) and culture media alone (used a measure of background created by 

media alone in the culture supernatant samples) were added at 100µl/well and 

incubated over-night at 4oC.  The plate was washed 5-times with PBS with 0.05% 

Tween-20 prior to coating with biotinylated goat anti-mouse IgM (mu chain 

specific) (Vectolabs) or anti-mouse IgG (Fc-specific) (Sigma-Aldrich) at 5µg/ml in 

PBS and incubating at 37oC for 1 hour. The plate was washed 5-times with PBS 

with 0.05% Tween-20 prior to incubation with 100µl/well avidin-horseradish 

peroxidase (eBioscience) at room temperature for 30 minutes. The plate was 

washed 5-times with PBS with 0.05% Tween-20 prior to a final incubation with 

100µl/well of tetramethylbenzidine substrate solution (eBioscience) and 

50µl/well of 1M hydrochloric acid subsequently added to halt the colour change. 

The well optical density were measured at 570nm using a Tecan Sunrise plate 

reader using Magellan software. The amount of immunoglobulin present was 

expressed as a fold-increase from an unstimulated condition (i.e. levels from 

unstimulated cells in the case of culture samples and serum from untreated mice 

in the case of serum levels). 

In developing the method, controls were used to ensure the assay was specific 

for immunoglobulin directed against PA proteins. Firstly, bovine serum albumin 

(BSA; Sigma-Aldrich) or PA-derived protein, both at 25µg/ml in PBS with 0.1% 

Tween-20, were used to coat wells and the ELISA followed as described above. 

There was no difference in optical density in BSA-coated wells compared with 

background. Secondly, a suspension of PA-derived protein was added to wells 

containing samples and the ELISA followed as described above. This 

demonstrated reduced optical density in the wells with PA-derived protein 

added, suggesting competitive binding of PA-specific immunoglobulin had 

occurred. 

Finally, limited or no PA-binding IgG was detected on analysis of samples. Thus, I 

confirmed sensitivity of the ELISA by coating the plate with serial dilutions 
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of mouse IgG (Sigma-Aldrich) instead of coating with PA-derived protein. This 

demonstrated the ELISA could detect murine IgG down to concentrations of 

0.5pg/ml. 

2.22 Flow Cytometry and antibodies 

Samples were prepared for flow cytometry by centrifugation at 400G at 4oC for 

10 minutes. If a viability dye was included in the staining protocol, the samples 

were washed twice in PBS prior to Fixable Viability Dye eFluor506 

(eBioscience) staining following the manufacturer’s instructions. Samples were 

suspended in FACS buffer (PBS, 2% FCS, 0.09% sodium azide (Sigma-Aldrich)) and 

stained with appropriate fluorochrome-conjugated antibodies for cell surface 

antigens, incubating at 4oC for 30 minutes protected from light. Samples were 

washed twice in FACS buffer, spinning at 400G for 10 minutes, and either 

acquired or fixed for intracellular cytokine staining. 

For intracellular staining, cells were fixed using 4% paraformaldehyde (PFA; 

Thermo Scientific) in PBS for 10 minutes at 4oC and then washed in FACS buffer, 

spinning at 400G for 10 minutes. Cells were permeabilised using PermWash 

buffer (BD Biosciences) incubating for 30 minutes at 4oC. Cells were then 

suspended in PermWash and stained with appropriate fluorochrome-conjugated 

cytokine-specific antibodies for 30 minutes at 4oC protected from light. Cells 

were washed twice with PermWash, spinning at 400G for 10 minutes, prior to 

being suspended in FACS buffer for acquisition. 

Fluorochrome-conjugated antibodies used in analysis of human and murine 

samples are detailed in Table 2.5 and 2.6, respectively. The specificity of 

staining was determined by comparison with appropriate isotype controls. In the 

case of intracellular cytokines additional measures were taken to ensure 

specificity (see Section 2.22.3). 

2.22.1 Dead cell exclusion 

In human memory CD4+ T cell and DC co-culture experiments, dead cell 

exclusion was achieved either by Boolean-gating based on cell scatter properties 
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(Fig. 2.2) or labelling with Fixable Viability Dye eFluor506 (eBioscience). 

In murine experiments, unless otherwise stated, dead cell exclusion was 

achieved for all samples by labelling with Fixable Viability Dye eFluor506. 

2.22.2 Chemokine receptor (CCR) staining 

In human studies, the chemokine receptor CCR6 demonstrated decreased 

expression following polyclonal stimulation with PMA and ionomycin. Thus to 

analyze the role of CCR6-expressing memory CD4+ T cells in response to PA the 

cells were sorted into CCR6 enriched and depleted populations (described in 

section 2.4.6).  

To confirm that CCR4, CCR9 and CCR10 expression was not significantly 

decreased following polyclonal simulation, human PBMCs in culture media were 

either left untreated or stimulated with 50ng/ml PMA and 500ng/ml ionomycin 

in the presence of Brefeldin A (BD GolgiPlug at 1µg/ml) at 37oC for 5 hours, 

followed by staining for CD4, CCR4, CCR9 and CCR10. This confirmed limited 

reduction in chemokine receptor expression in PMA and ionomycin treated CD4+ 

cells (Fig. 2.3) and therefore my subsequent analysis of PA-specific CD4+ IL-

17A/IL-22-expressing cells’ chemokine receptor status was valid.  

2.22.3 Confirmation of specific intracellular cytokine staining 

In staining of human samples, the specificity of IL-22 and IL-17A staining was 

confirmed by comparison with isotype controls or, if isotype controls 

demonstrated non-specific binding, by demonstrating competitive inhibition of 

staining via the addition of recombinant cytokine (Fig. 2.4 and 2.5). In the 

latter, PBMCs were stimulated with PMA and ionomycin in the presence of 

Brefeldin A and, following permeablisation, were stained with the fluorochrome-

conjugated cytokine-specific antibody for 30-minutes in the presence of 

increasing concentrations of recombinant human IFN-γ (Fig. 2.4) or IL-22 (Fig. 

2.5) (both Peptrotech). To ensure the competitive inhibition of staining was 

genuine, equivalent concentrations of bovine serum albumin in PBS were 

simultaneously added to additional samples.  



 

 

 

91 

In murine studies, the specificity of intracellular cytokine staining was confirmed 

both by comparison with isotype controls and by demonstrating limited cytokine 

expression in the absence of polyclonal stimulation with cytokine secretion 

blocked (i.e. without PMA, ionomycin and Brefeldin A) (Fig. 2.6).  

2.22.4 IL-22 antibody labelling 

Fluorochrome-labelled anti-mouse IL-22 from commercial companies 

demonstrated only non-specific labelling in our hands. The monoclonal antibody 

against mouse IL-22 (clone 3F11) has been widely used in the published 

literature and was kindly provided by Dr. W. Ouyang (Genentech, San Francisco, 

CA). The antibody was labelled with AlexFluor 647 (AlexFluor 647 Monoclonal 

Antibody Labelling Kit, Invitrogen) following the manufacturer’s instructions. 

The degree of labelling was determined using a PharmaSpec Spectophometer 

(Shimadza) with UVProbe software. 

2.22.5 Gating strategy and isotype controls for murine B cell 
identification 

A population of B cells responding to PA was identified in ex vivo murine 

splenocyte and lymph node cultures. The gating strategy and corresponding 

isotypes for this population are demonstrated in Fig. 2.7.   

2.23 Statistical analysis 

Results are presented as medians or, for technical repeats, mean and standard 

error of the mean (SEM). Non-parametric statistical tests were used (Mann-

Whitney, Kruskal-Wallis (KW), and, where appropriate, Dunn’s multiple 

comparison test). Comparison of animal weight changes were analysed using a 

repeated-measures ANOVA. Statistical analysis was undertaken using Prism 

Version 6.0  (GraphPad Software). 
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Table 2.1: Pseudomonas aeruginosa strains used in this study 
  

Strain Description Source 

PA103 !U!T Pseudomonas aeruginosa strain PA103 
lacking translocation toxins (exoU 
and exoT) with a functional type III 
secretion system (T3SS) 

D.W. Frank, 
University of 

Wisconsin 

PA103 !pcrV Pseudomonas aeruginosa strain PA103 
lacking the pore-forming protein of 
the T3SS (pcrV) rendering it 
nonfunctional 

D.W. Frank 

Yorkhill 1 Non-mucoid clinical Pseudomonas 

aeruginosa strain derived from 
patient with CF 

C. Williams, 
Royal 

Hospital for 
Sick 

Children, 
Glasgow 

Yorkhill 3 Non-mucoid clinical Pseudomonas 

aeruginosa strain derived from 
patient with CF 

C. Williams 

Yorkhill 5 Mucoid clinical Pseudomonas 

aeruginosa strain derived from 
patient with CF 

C. Williams 

GRI-1 Non-mucoid clinical Pseudomonas 

aeruginosa strain derived from 
patient with ventilator-associated 
pneumonia 

S.C. Irvine, 
Glasgow 

Royal 
Infirmary 

NH57388A Mucoid Pseudomonas aeruginosa 

strain derived from sputum of a 
patient with CF with hyperproduction 
of alginate due to a deletion in mucA  

N. Hølby, 
University of 
Copenhagen 
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Table 2.2: Mouse strains used in this study 
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Figure 2.1: Technique for intra-tracheal instillation of agar beads 
A, Sterile surgical equipment set-up required for instillation. B, Anesthesia of animal via nose 

cone. C, Midline neck incision and careful division of soft tissues to expose trachea. D, Insertion 

of 22G intravenous cannula into trachea, while extending neck using traction on lower jaw. E, 

Injection of 50ul of beads/PBS via cannula. F, Elevation of anaesthetized animal on surgical 

board to 45-degrees for 1-minute in order to aid full inspiration of beads. G, Closure of incision 

with surgical staples. H, Completed closure of incision. 
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Table 2.3: Clinical scoring system to monitor disease progression in mice  
  

Condition Level Description 

Normal Normal stance and movement 

Hunched 1 
2 

Slightly hunched stance 
Pronounced hunched stance 

Starey 
Coat 

1 
 
2 

Mild piloerection of coat, mainly around back 
of neck 
Marked piloerection over whole body 

Lethargic 1 
2 

Slightly slower movement than usual 
Obviously slower movement 

Moribund Unwillingness to move even when encouraged 
to do so 
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Table 2.4: Histological scoring system for inflammation in lungs of mice treated with 
agar beads 
Score applied to whole lung section, scored at x10 magnification. 
 
 
  

 
 

Score 

Peribronchial 

infiltrate 

 

Alveolar involvement 

0 None None 

1 Mild 

(infiltrate ! 4 cells 
thick) 

Mild 

(patchy increased 
cellularity/thickening) 

2 Moderate  
(infiltrate 5-10 cells 

thick) 

Moderate 

(25-50% visualized lung 
with increased 

cellularity/thickening) 

3 Severe 

(25-50% visualized 
lumens) 

Severe 

(>50% visualized lung 
with increased 

cellularity/thickening) 

4 Diffuse  

(>50% visualized 
lumens) 
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Table 2.5: Antibodies used for flow cytometry of human samples 
 

 
  

Antibody Clone Isotype 

 

Fluorochrome Source 

!"-TCR  IP26 mouse IgG1# PE eBioscience 

CCR4 
(CD194) 

1G1 mouse IgG1,# PE-Cy7 BD 
Biosciences 

CCR6 
(CD196) 

11A9 mouse IgG1,# PerCP-Cy5.5 BD 
Biosciences 

CCR7 
(CD197) 

4B12 rat IgG2a,# AlexFluor 488 BioLegend 

CCR9 BL/CCR9 mouse 
IgG2a,# 

AlexFluor 647 BioLegend 

CCR10 FAB 
3478P 

rat IgG2a PE R&D 
Systems 

CD3 OKT3 mouse 
IgG2a,# 

PE eBioscience 

CD4 RPA-T4 mouse IgG1,#  PE-Cy7 & PE eBioscience 

CD4 OKTA mouse IgG2b APC eBioscience 

CD4 RPA-T4 mouse IgG1,# APC BD 
Biosciences 

CD11c 3.9 mouse IgG1,# FITC eBioscience 

CD14 61D3 mouse IgG2b APC eBioscience 

CD40 5C3 mouse IgG1,# APC eBioscience 

CD45RO UCHL1 mouse 
IgG2a,# 

APC eBioscience 

CD86 IT2.2 mouse IgG2b PE eBioscience 

IFN-$ 4S.B3 mouse IgG1,# PerCP-Cy5.5 & 
PE 

eBioscience 

IL-17A eBio64 
DEC17 

mouse IgG1,# AlexFluor 488 eBioscience 
 

IL-22 22URTI mouse IgG1,# eFluor660 eBioscience 
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Table 2.6: Antibodies used for flow cytometry of murine samples 
 

  

Antibody Clone Isotype 

 

Fluorochrome Source 

CD3e 145- 
2C11 

Armenian 
Hamster IgG 

PE-Cy7 & 
eFluor 450 

eBioscience 

CD3e 145-2C1
1 

Armenian 
Hamster IgG 

BV 421 BioLegend 

CD4 GK1.5 Rat IgG2b,! eFluor 605NC eBioscience 

CD5 53-7.3 Rat IgG2a,! PE-Cy7 eBioscience 

CD11c N418 Armenian 
Hamster IgG 

PE-Cy5.5 eBioscience 

CD19 6D5 Rat IgG2a,! AlexFluor 647 BioLegend 

CD19 eBio1D3 Rat IgG2a,! eFluor 605NC eBioscience 

CD23 B3B4 Rat IgG2a,! eFluor 450 eBioscience 

CD43 eBioR2 
/60 

Rat IgM FITC eBioscience 

CD45R/
B220 

RA3-6B2  Rat IgG2a,! BV 510 &  
BV 421 

BioLegend 

"#-TCR UC7-13D
5 

Armenian 
Hamster IgG 

AlexFluor 488 eBioscience 

GM-CSF MP1- 
22E9 

Rat IgG2a,! 
 

FITC BioLegend 
 

Gr-1 
(Ly6G) 

RB6-8C5 Rat IgG2b,! PE BioLegend 

IFN-" XMG1.2 Rat IgG1,! AlexFluor 488 & 
PerCP/Cy5.5 

eBioscience 

IgD 11-26c Rat IgG2a,! eFluor 450 eBioscience 

IgM II/41 Rat IgG2a,! PE-Cy5 & APC eBioscience 
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Table 2.6: Continued: Antibodies used for flow cytometry of  
murine samples 
 
 

  

Antibody Clone Isotype 

 

Fluorochrome Source 

IL-17A TC11-18
H10.1 

Rat IgG1,! PE BioLegend 

IL-22 3F11 Mouse IgG2a Labeled in-
house with 

AlexFluor 647 

Provided by 
Genentech, 

San 
Francisco 
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Figure 2.2: Removal of dead cells via flow cytometry in human dendritic cell and 
CD4

+
 T cell co-cultures 

CD4
+
 T cells cultured with dendritic cells infected with PA strain Yorkhill 1 for 6-days. A & B, 

Gated on CD4
+
 cells and demonstrating an area of autofluorescence (red gate) which was 

removed from analysis by Boolean gating. C, Demonstrates the same cells with the use of fixable 

viability dye to remove dead cells and thus confirming the gated autofluorescent cells in B 

were dead cells. 
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Figure 2.3: CD4

+
 cell expression of chemokine receptors CCR4, CCR9 and CCR10 

following polyclonal stimulation with PMA and ionomycin  
PBMCs were stimulated with PMA and ionomycin in the presence of Brefeldin A (A, C & E) or left 

in media alone (No Stimulation; B, D & F) for 5-hours, followed by extracellular staining for CD4, 

CCR4, CCR9 and CCR10 and flow cytometry. Plots gated on live CD4
+
 cells demonstrating CCR4 

(A-B), CCR9 (C-D) and CCR10 (E-F) staining. Values represent percent of total cells contained 

within shown gate. 
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Figure 2.4: Blocking of specific IFN-γ staining with recombinant cytokine 
PBMCs were stimulated with PMA and ionomycin in the presence of Brefeldin A for 5-hours, 

followed by extracellular staining for CD4, permeabilised and intracellular staining with a 

fluorochrome-conjugated cytokine-specific antibody either alone (A), in the presence of 

recombinant IFN-γ at 12.5µg/ml (B), or with bovine serum albumin at 12.5µg/ml (C). Binding of 

the fluorochrome-conjugated IFN-γ antibody was completely inhibited by recombinant IFN-γ (B). 

Values represent percent of total cells in quadrant. 

B 

A 

C 

CD4 

IF
N

-!
 

2.23 5.21 

0.006 0.066 5.22 2.24 



 

 

 

103 

 
 
 
 
 
 
 
 
 
Figure 2.5: Blocking of specific IL-22 staining with recombinant cytokine 
PBMCs were stimulated with PMA and inomycin in the presence of Brefeldin A for 5-hours, 

followed by extracellular staining for CD4, permeabilised and intracellular staining with a 

fluorochrome-conjugated cytokine-specific antibody either alone (A); in the presence of 

recombinant IL-22 at 12.5µg/ml (B), 100µg/ml (D) or 500µg/ml (F); or with bovine serum 

albumin at 12.5µg/ml (C), 100µg/ml (E) or 500µg/ml (G). Binding of the fluorochrome-

conjugated IL-22 antibody was inhibited by recombinant IL-22 (D & F). Values represent percent 

of total cells in quadrant. 
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Figure 2.6: Specificity of cytokine staining demonstrated in murine stimulated 
splenocytes 
Murine splenocytes after 3-days cultured with heat-killed PA strain NH57388A were stimulated 

with PMA and ionomycin in the presence of Brefeldin A (A, C & E) or left in media alone (No 

Stimulation; B, D & F) for 5-hours, followed by permeabilisation and intracellular IL-22 (A –B), IL-

17A (C-D) and IFN-γ (E-F) staining and flow cytometry. Plots gated on live cells using fixable 

viability dye. Values represent percent of total cells contained within shown gate. 
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Figure 2.7: Gating strategy and isotype controls for murine B cell identification 
Murine splenocytes were stimulated with PA ex vivo for 3 days, followed by stimulation with PMA 

and inomycin in the presence of Brefeldin A for 5-hours prior to staining for flow cytometry. 

Cells (gated population) were first selected based on FSC and SSC (A). Alive cells (gated 

population) were selected using a fixable viability dye (FVD) (B); alive cell gate was based 

on comparison with heat-killed cells also stained with FVD (C). Alive CD3
lo-int  

cells (red 
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gated population) were selected on basis of CD3 expression (D); comparison was made with CD3 

isotype control (E). The B220
+
 cells (gated cells) in the live CD3

lo-int  
population were then 

selected (F); comparison was made to B220 isotype control (G). The final B cell population was 

gated on live CD3
lo-int 

B220
+ 
CD19

+
 cells (H); comparison was made with CD19 isotype control (I). 
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Chapter 3. Human memory T helper cell 
responses to Pseudomonas aeruginosa in 
healthy individuals and patients with cystic 

fibrosis 
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3.1 Introduction 

As discussed in Chapter 1, humans appear to have a T cell response against 

Pseudomonas aeruginosa144-146,150. However, the exact nature of this T cell 

response had not previously been clearly phenotyped. A potential role for IL-17A 

and Th17 cells in defence against PA had been suggested via clinical samples 

from CF patients and murine model work150,167,199-202,205. In addition, IL-22 had 

been implicated in respiratory defence and repair196,222, but the role of Th22 

cells against pulmonary pathogens had not been explored. I therefore set out to 

delineate whether adult humans had a memory CD4+ T cell response against PA 

and whether this included PA-specific Th17 and Th22 responses. 

This chapter describes how I developed an ex vivo method for examining 

antigen-specific memory CD4+ T cell responses utilising peripheral blood 

samples. How I then used this technique to identify PA-specific CD4+ T cell 

responses in healthy adults and compare these to the responses in patients with 

CF and pulmonary PA infection. I further explored the tissue-homing 

characteristics of the peripheral PA-specific CD4+ T cells, as well as the presence 

of secreted cytokine in CF BAL samples, in order to ascertain whether such 

responses may have a role in pulmonary defence.  

3.2 Preliminary PBMC sources of IL-17A and IL-22 

Previous work examining human T cell responses to PA146, and other 

pathogens255-259, have predominantly used stimulation of unfractionated 

peripheral blood mononuclear cells (PBMC). This approach has the advantage of 

ease of isolation and contains cells required to elicit a memory CD4+ T cell 

response, namely antigen-presenting components (CD14+ monocytes and 

dendritic cells) and CD4+ T cells. This blood fraction does however also contain 

NK cells, B cells, CD8+ T cells and γδ T cells which may also respond to 
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antigenic stimulation. Thus analysis of cytokine secretion alone following PBMC 

antigenic stimulation would be insufficient to confirm a specific T helper cell 

response and must be combined with extracellular and intracellular staining of 

the responding cells. I therefore initially set out to determine if use of PBMC 

cultures with PA stimulation would provide an effective means of examining PA-

specific Th17 and Th22 responses.  

I firstly ascertained if, in response to polyclonal stimulations, PBMCs expressing 

IL-22 and IL-17A were in the CD4- or CD4+ subsets. This demonstrated that the 

predominant source of IL-22 and IL-17A in PBMCs was CD4+ cells, consistent with 

potential Th22 and Th17 sources (Fig. 3.1). This finding was the case for both 

healthy controls (Fig. 3.1A and B) and patients with CF (Fig. 3.1C and D). The 

median percent of total IL-22 expressing cells within the CD4+ cell subset was 

96.3% (IQR: 92.8 – 96.5) for healthy controls (N = 3) and 95.1% (IQR: 91.5 – 97.5) 

for CF patients (N = 5) (p = 0.8571, via Mann-Whitney test). The median percent 

of total IL-17A expressing cells within the CD4+ cell subset was 99.4% (IQR: 97.8 – 

99.7) for healthy controls (N = 3) and 99.2% (IQR: 98.6 – 90.3) for CF patients (N 

= 5) (p = 0.6250, via Mann-Whitney test). 

I next sought to ascertain if a PA-specific T helper cell response was evident on 

stimulation of unfractionated PBMCs with laboratory strains of PA, PA103 ΔUΔT 

and PA103 ΔpcrV. Unstimulated PBMCs were used as controls for baseline 

cytokine secretion/expression. PBMCs stimulated with CD3 and CD28 (to mimic T 

lymphocyte stimulation via antigen presenting cells (APCs)) served as controls 

for maximal T cell cytokine secretion/expression on polyclonal stimulation and 

to ensure the absence of any antigen-specific response was not due to non-

functioning T cells in the cultures. Cultures were analyzed at 3- and 6-days to 

ensure that an adaptive memory CD4+ T cell response had not been missed. 

Negligible IL-22 (Fig. 3.2A) and IL-17A (Fig. 3.2B) secretion were seen in 

response to PA and was comparable with the baseline secretion from 

unstimulated PBMCs. T lymphocyte secretion of both cytokines was, however, 

evident in response to polyclonal stimulation (CD3/CD28; Fig. 3.2A and B). This 

cytokine production peaked after 6 days of CD3/CD28 stimulation consistent 

with production by adaptive rather than innate T cells sources. The lack of 
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a CD4+ T cell response to PA stimulation was confirmed via intracellular staining 

for the cytokines, with low levels of intracellular IL-22 or IL-17A expression and 

no difference between unstimulated conditions (Fig. 3.2C) and stimulation with 

PA (Fig. 3.2D). Consistent with the cytokine secretion data, polyclonally 

stimulated CD4+ T cells expressed increased levels of IL-22 and IL-17A (Fig. 

3.2E). In contrast to IL-22 and IL-17A, high levels of IFN-γ secretion occurred in 

response to PA stimulation (Fig. 3.2F), which peaked with 3 days of stimulation 

and so potentially consistent with innate production of the cytokine. Indeed, 

both CD4- and CD4+ sources of IFN-γ were evident on intracellular straining (Fig. 

3.2G). Thus both innate and adaptive sources of IFN-γ may be participating to 

the PBMC response to PA. In addition, IFN-γ negatively regulates development of 

Th17 responses via the reduced expression of the IL-23 receptor (IL-23R)176 and 

so a developing PA-specific Th17 response may have been dampened by such a 

robust IFN-γ response. I, therefore, concluded that use of unfractionated PBMC 

stimulation was insufficient to characterise the memory T helper cell response 

to PA. I next sought to develop a means of using purified antigen-presenting 

cells and memory CD4+ T cells to more clearly define the PA-specific response.  

3.3 Pseudomonas aeruginosa activates human 
monocyte-derived dendritic cells 

I chose to use monocyte-derived dendritic cells as the antigen-presenting cells 

for memory CD4+ T cell stimulation. Dendritic cells (DCs) represent the most 

potent antigen-presenting cell within the lung and, unlike other APCs, function 

solely to present antigen260. “Immature” DCs have limited capacity to stimulate 

T cells but readily sample and process antigen. When antigen occurs with an 

accompanying “danger signal” (such as molecular signatures (PAMPs) from 

pathogens or tissue damage), DCs become activated. Activated DCs display 

processed antigen on cell surface MHC molecules as well as T cell co-stimulatory 

molecules. In vivo DCs migrate to local lymph nodes to activate and induce 

proliferation of antigen specific T lymphocytes260.  
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3.3.1 Pseudomonas aeruginosa induces expression of co-
stimulatory molecules on dendritic cells 

Prior to culturing PA-stimulated DCs with memory CD4+ T cells, I sought to 

ascertain that PA did indeed result in DC activation. Expression of the co-

stimulatory molecules CD86 and CD40, which conjugate with receptors CD28 and 

CD40L on T cells respectively to facilitate T cell activation, were analysed on 

DCs which had been either left unstimulated or activated with PA strains or 

heat-killed Candida albicans (HKCA)(Fig. 2.3). Candida albicans was included as 

humans typically possess a strong Th17 memory response to the organism180. 

Figure 3.3 shows representative plots of flow cytometric analysis of CD86 (Fig. 

3.3A) and CD40 (Fig. 3.3B) on the surface of unstimulated DCs and DCs following 

infection with PA103 ΔUΔT and Yorkhill 1 strains of PA as well as exposure to 

HKCA. These examples all show a marked up-regulation of these activation 

markers on the surface of DCs in response to pathogen stimulation. This was 

quantified for both CD86 and CD40 for all strains utilized in this study as shown 

in Figure 3.3B and 3.3C, respectively. All strains produced an increase in 

expression of these co-stimulatory markers. There was a trend towards slightly 

higher levels of expression by DCs infected with the PA103 strains, but this did 

not reach statistical significance (p = 0.2884 and p = 0.9452 for CD86 and CD40 

expression respectively, via Kruskal-Wallis test). 

3.3.2 Pseudomonas aeruginosa induces cytotoxicity, including 
apoptosis, of dendritic cells 

While examining the activation of DCs by laboratory and clinical strains of PA, I 

did however note a change in the cellular scatter on flow cytometry. Figure 3.4A 

shows representative plots of forward (FSC) and side (SSC) scatter for 

unstimulated DCs and DCs stimulated with the laboratory PA103 ΔpcrV and 

clinical Yorkhill 5 PA strains. The PA103 laboratory strains used both have 

mutations in components of the major PA virulence, the type three secretion 

apparatus.  I thus postulated that the differences seen in response to clinical PA 

strains might represent increased cytotoxicity on DCs. I therefore stained DCs for 

annexin-V and 7-AAD markers (Fig 3.4B and C) at increasing time-points 

following infection with different PA strains. Alive cells do not express either 

annexin-V or 7-AAD, early apoptotic cells express annexin-V, and late 
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apoptotic and necrotic cells express both markers. Apoptosis is suggested by 

progression through these stages. Unstimulated DCs demonstrated little cell 

death over time (Fig. 3.4B and C). Apoptotic DCs were seen in response to 

laboratory PA103 strains (exemplified for PA103 ΔpcrV), but to a lesser extent 

than in response to infection with clinical PA strains (exemplified for Yorkhill 5) 

(Fig. 3.4B and C). Consequently, lower levels of viable dendritic cells were seen 

following infection with any clinical Yorkhill strain compared with either 

unstimulated DCs or DCs infected with laboratory PA103 strains (Fig. 3.4D). I 

further confirmed that the increased cytotoxicity of clinical PA strains was a 

function of viable bacteria (Fig. 3.5). Apoptosis (annexin-V expression) was only 

seen in response to live infection and not with the heat-killed organism 

(exemplified for Yorkhill 1 strain, Fig. 3.5A). The cytotoxicity in response to live 

PA was also confirmed on assay of LDH release (Fig. 3.5B). 

Although increased apoptosis and cytotoxicity of DCs is seen in response to 

clinical PA strains, importantly I found the remaining viable DCs were able to 

adequately stimulate T cells (discussed in section 3.4.1.2). 

3.3.3 Dendritic cells do not secrete IL-17A or IL-22 in response to 
Pseudomonas aeruginosa  

Supernatants from DCs activated with PA strains were measured after 24-hours 

for the secretion of IL-22, IL-17A, and IFN-γ, with no or negligible cytokine 

detected (repeated in two separate experiments). This ensured that any 

cytokine secretion later measured in DC and CD4+ T cell cultures was from the T 

lymphocyte source. 

3.4 Antigen-specific memory CD4+ T cell responses exist 
against Pseudomonas aeruginosa in healthy 
individuals 

I next sought to define the memory T helper cell response to PA by co-culturing 

PA-activated DCs with autologous CD4+CD45RA-CD45RO+ memory T cells, followed 

by quantification of cytokine secretion and responding cell phenotype after 6 

days. The 6 day time point was chosen to assess the resultant T cell response 

based on the results of the above described PBMC stimulation experiments 
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and results from vaccine studies suggesting this time period allows proliferation 

and maximum cytokine production by antigen-specific memory CD4+ T cells259. 

Given the memory CD4+ T cell response to PA had not been defined in the 

healthy adult population, I firstly examined responses in healthy individuals 

(controls) with no history of respiratory disease or inter-current illness. 

Participant characteristics are shown in Table 3.1. All subjects were British 

Caucasian. 

3.4.1 Cytokine production by human memory CD4+ T cells in 
response to Pseudomonas aeruginosa  

3.4.1.1 Secretion of cytokine by PA-specific CD4+ T cells is APC-dependent 
and from αβTCR positive T cells 

Memory CD4+ T cells were cultured in the absence and presence of unstimulated 

DCs or DC activated with PA. In the absence of DC infection (unstimulated), 

there was no significant production of either IL-22 (Fig. 3.6A) or IFN-γ (Fig 3.6B). 

Small amounts of IL-17A were produced; this was abolished in the absence of 

DCs (Fig. 3.6C). In contrast, co-culture of memory CD4+ T cells with DCs infected 

with PA103 gave robust production of IL-17A, IL-22 and IFN-γ (Fig. 3.6). This 

cytokine secretion was almost completely abolished when T cells were cultured 

with infected DC supernatants alone (Fig. 3.6); thus, direct contact between T 

cells and DCs is required for cytokine production. No cytokines were produced 

when T cells were infected directly with PA. Therefore, the memory T helper 

cell responses in healthy individuals were entirely dependent on physical contact 

between the DCs and T cells, as expected of an antigen-driven response. 

I also confirmed that the T cells producing the cytokines were classical αβTCR+ 

CD4+ T cells (Fig. 3.7A – C). In addition, I confirmed that the responding T cells 

had an effector cell phenotype being predominantly CCR7 negative (Fig. 3.7D 

and E), which is necessary for them to perform the functions of the cell (namely 

cytokine secretion in the case of CD4+ T helper cells)261.  
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3.4.1.2 Cytokine production by memory CD4+ T cells is comparable across 
PA strains 

Cytokine production did not vary significantly following co-culture of memory T 

cells with DCs infected at multiplicities of infection (MOIs) between 10-60 (Fig. 

3.8A – C), suggesting even at the lowest MOI used the stimulating effect on 

memory CD4+ T cells was already maximal.   

Next, I compared this cytokine production by memory CD4+ T cells in healthy 

individuals against different strains of PA. Similar levels of IL-22, IL-17A and IFN-

γ were produced following infection of DCs with strains of PA103 that differed in 

the possession of a functional type three secretion apparatus (namely PA103 

ΔpcrV and PA103 ΔUΔT) (Fig. 3.9). Additionally, these cytokine levels did not 

vary significantly between these laboratory strains and the response to clinical 

PA strains isolated from patients with CF (namely Yorkhill strains) (Fig. 3.9). This 

suggests that, despite the increased DC cytotoxicity seen in response to the 

clinical PA strains (section 3.3.2), the stimulating effect on CD4+ T cells of 

different PA strains is comparable at the MOIs used. 

3.4.2 Memory CD4+ T cells proliferate in response to 
Pseudomonas aeruginosa infection 

I then examined the proliferation of memory CD4+ T lymphocytes of healthy 

individuals following co-culture with DCs alone or DCs infected with PA, using a 

flow cytometric method. As expected, little proliferation was seen with T cells 

cultured with uninfected DCs (Fig. 3.10A). However, marked proliferation of 

CD4+ T cell was seen in response to DCs infected with either laboratory PA103 

ΔUΔT (average proliferation [+/-SEM] 18.8% [+/-9.0%] for three donors) and 

clinical Yorkhill 5 (average proliferation [+/-SEM] 35.1% [+/-5.2%] for three 

donors) PA strains (Fig. 3.10A). In addition, I stained these cells for the presence 

of intracellular cytokines to determine which cells were producing the measured 

cytokines. IL-17 and IL-22 production in the co-cultures was predominantly by 

cells proliferating in response to PA (Fig. 3.10B and C). Small amounts of 

intracellular IFN-γ were expressed by the non-proliferating CD4+ T cells following 

polyclonal stimulation (Fig. 3.10B); however, I had already demonstrated that 
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IFN-γ was only being actively secreted from memory CD4+ T cells in response to 

PA-infected DCs (Fig. 3.6C).  

Collectively, these data demonstrate the existence of a classical antigen-specific 

memory CD4+ T cell response to Pseudomonas aeruginosa in healthy individuals 

with no previous history of pulmonary infection with this organism. 

3.5 Pseudomonas aeruginosa-specific Th22, Th17 and 
Th1 responses in patients with cystic fibrosis and 
healthy controls 

I next examined the Pseudomonas aeruginosa-specific memory CD4+ T cell 

responses in patients with CF compared to healthy individuals. All CF patients 

had a history of chronic or intermittent PA infection (Table 3.1).  

3.5.1 Cytokine secretion by Pseudomonas aeruginosa-specific 
CD4+ T cells  

I firstly confirmed that memory CD4+ T cells from CF patients produced 

comparable cytokine levels to different laboratory and clinical strains of PA (Fig. 

3.11), as had been seen in healthy controls (Fig. 3.9).  

As seen in the co-culture experiments with memory CD4+ T cells from healthy 

control individuals, memory CD4+ T cells from patients with CF produce 

significant amounts of IL-22, IL-17A and IFN-γ in response to DC infection with 

either laboratory (PA103) or clinical (Yorkhill) PA strains compared with 

uninfected DCs (Fig. 3.12A - C). However, the magnitude of this response 

between patients with CF with a history of pulmonary Pseudomonas aeruginosa 

infection and healthy controls was not significantly different for all three of the 

cytokines measured (p > 0.05 for all strains, via Mann-Whitney test) (Fig. 3.13).  

3.5.2 Memory T helper cell subset responses to Pseudomonas 
aeruginosa  

To further assess the T cell subsets constituting the Pseudomonas aeruginosa-

specific memory CD4+ T cell response, I used polyclonal re-stimulation and 

intracellular staining of the resultant CD4+ T cell populations present at the 
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end of the co-cultures, followed by flow cytometric analysis. Production of IFN-γ 

on antigen stimulation is characteristic of Th1 cells. In humans, Th1 cells can co-

produce IL-22, which was indeed initially classed as a Th1 cytokine262,263. In 

addition, Th17 cells can express IFN-γ263,264. To provide an unambiguous 

classification of the different cytokine producing cells, I adopted the following 

definitions. CD4+ T cells expressing IFN-γ were designated as Th1 cells; Th17 

cells were IFN-γ negative cells producing IL-17A with/without IL-22; and Th22 

cells were defined as those expressing IL-22 alone (Fig. 3.14A). I used this gating 

strategy to quantify the proportions of memory CD4+ T cells in each of these 

categories following stimulation with PA-infected DCs.  

In healthy controls (Fig. 3.13B) and patients with CF (Fig. 3.13C) the 

predominant responding population was a memory Th1 response.  Within the 

population of IFN-γ positive cells proliferating in response to PA-infected DCs, 

there were cells that co-expressed IL-17A and/or IL-22 (Fig. 3.10C). Importantly, 

however, there were clear populations of PA-specific Th22 and Th17 cells in 

healthy controls (Fig. 3.14B) and patients with CF (Fig. 3.14C), as defined above, 

i.e. IFN-γ- IL-17- IL-22+ and IFN-γ- IL-17+ respectively.  

The proportion of Th1 and Th22 cells detected following co-culture with PA-

infected DCs was similar in healthy controls and patients with CF (Fig. 3.15A and 

B). This was the case for stimulation with both laboratory and clinical (isolated 

from patients with CF) strains of PA. However, although the observed IL-17A 

cytokine response was of a similar magnitude (Fig. 3.13B), there was a 

significantly lower proportion of peripheral PA-specific Th17 cells in CF patients 

compared with healthy controls (Fig. 3.15C). This was particularly evident in 

response to the clinical PA strains, where median percentage of Th17 cells was 

5.3% in healthy controls compared with 1.04% in CF patients (p=0.003, via Mann-

Whitney test) (Fig. 3.15C).  

3.5.3 Memory T helper cell subset responses to Tetanus toxoid, 
Candida albicans and Aspergillus fumigatus 

To provide further validity to above observed method of examining PA-specific 

responses and the resultant data, I conducted additional co-culture experiments 

utilizing tetanus toxoid and heat-killed Candida albicans (HKCA) stimulation 
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which have clearly defined memory T helper cell responses. In addition, I sought 

to ascertain if memory T helper cell responses might be seen to other CF 

pathogens and undertook preliminary experiments examining the response to 

Aspergillus fumigatus, a common isolate from CF sputum18,230. 

Tetanus toxoid (TT) vaccination is a component of the UK vaccine program and 

has clearly been shown to induce a predominant TT-specific Th1 cell 

response259,265-267. Consistent with this, I found CD4+ T cells proliferating in 

response to culture with TT-stimulated DCs predominantly expressed IFN-γ, with 

little co-expression of IL-17A or IL-22 (Fig. 3.16). A small subset of proliferating 

CD4+ T cell expressed IL-17A and, to a lesser extent, IL-22 (Fig. 3.16B). Assay of 

cytokine levels demonstrated no IL-22 production and very low levels of IL-17A 

secretion (average IL-17A level of 16.3pg/ml for 3 separate experiments) in 

response to TT. Consistent with a TT-specific Th1 response, however, IFN-γ was 

secreted by responding CD4+ T cells at a level similar to that reported by 

others267 (average IFN-γ level of 320.9pg/ml for 3 separate experiments).  

The response to Candida albicans in healthy humans includes a memory Th17 

response, which is essential for protection against the organism180,268,269. Human 

IL-22+ CD4+ cell responses against the Candida albicans have also been 

described270. I indeed found robust IL-17-expression in CD4+ cells proliferating in 

response to HKCA, consistent with a pre-existing memory Th17 response (Fig 

3.17). Populations of Th22 and Th1 cells were also evident (Fig. 3.17B). 

Consistent with the intracellular staining, Candida albicans-specific CD4+ T cells 

from healthy controls and patients with CF produced high levels of IL-17A (Fig. 

3.17C) and IL-22 (Fig. 3.17D). 

Finally, I examined the memory CD4+ T cell response to Aspergillus fumigatus 

spores in a small subset of healthy controls and patients with CF. Aspergillus 

fumigatus is the most frequent fungal isolate from the lungs of CF patients and 

present in up to 58% of patients230. Aspergillus commonly colonizes the airways, 

but a smaller proportion of patients develop allergy to Aspergillus known as 

allergic bronchopulmonary aspergillosis (ABPA)230. Three of the six CF patients 

studied had a history of sputum Aspergillus isolation or ABPA, although sputum 

identification of the fungus can under-estimate frequency of infection230. 
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Healthy individuals have previously been demonstrated to have a Th1 response 

against the organism271-273. I indeed found a robust IFN-γ CD4+ T cells response to 

Aspergillus, but interestingly both IL-17A- and IL-22-expressing populations were 

also evident (Fig 3.18A). Although limited by the preliminary nature of this data, 

there was a trend to higher cytokine production by Aspergillus-stimulated CD4+ T 

cells in patients with CF compared with healthy controls (Fig. 3.18B – D), 

particularly evident for IL-17A (Fig. 3.18B). 

3.6 Tissue-homing characteristics of Pseudomonas 
aeruginosa-specific CD4+ T cells 

In vivo T lymphocytes recirculate from the blood to tissue and back to the blood. 

Memory T cells preferentially return, or “home”, to regions of the body where 

their associated antigen was initially encountered. The homing of T cell to a 

specific area is largely controlled by chemotactic peptides named chemokines 

and chemokine receptors. Chemokine receptors directing homing to the skin 

(namely CCR4 and CCR10) and gut (namely CCR9) have been well defined274-276. 

Th17 and Th22 cells classically express the mucosal homing receptor CCR6, 

functioning to direct such T cells to inflamed tissue180,223,224.  Although a distinct 

pathway for homing to the lung appears to exist, the chemokine(s) and 

associated receptors directing T lymphocyte to the lung remain elusive277. Thus, 

I firstly sought to verify the existence of PA-specific Th17 and Th22 populations I 

had observed by confirming them to be CCR6 positive. Secondly, I sought to 

ascertain if these PA-specific T helper cells were destined to home to other 

likely target tissues, namely the skin and gut. 

3.6.1 Pseudomonas aeruginosa-specific Th17 and Th22 cells are 
confined to the CCR6+ subset of memory CD4+ T cells 

Initial experiments demonstrated up-regulation of CCR6 in all T cells in response 

to polyclonal stimulation with PMA and ionomycin. I thus sorted memory CD4+ T 

cells on the basis of their CCR6 expression prior to culture with PA-infected DCs. 

This confirmed that virtually all IFN-γ negative CD4+ T cells producing IL-17A 

and/or IL-22 (i.e. Th17 and Th22 cells) in response to PA infection were in the 

CCR6-enriched population (Fig. 3.19). 
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3.6.2 Pseudomonas aeruginosa-specific Th22 cells do not 
express skin-homing receptors 

The original description of Th22 cells demonstrated the cell subset expressed 

the skin-homing receptors CCR4 and CCR10223,224, and so consistent with the role 

of Th22 cells in inflammatory skin conditions. However, I found that the memory 

CD4+ T cells producing IL-22 in response to Pseudomonas aeruginosa were 

predominantly negative for both CCR4 (Fig. 3.20A) and CCR10 (Fig. 3.20B). 

3.6.3 Pseudomonas aeruginosa-specific Th22 and Th17 cells do 
not express the gut-homing receptor CCR9 

As Pseudomonas aeruginosa is a ubiquitous environmental organism, including 

within water supplies, an alternative potential site of initial antigen exposure is 

the gastrointestinal tract in humans. However, the PA-specific Th17 (Fig. 3.20C) 

and Th22 (Fig. 3.20D) cells did not express the gut-homing receptor CCR9.    

3.7 Production of IL-22 in the lungs of patients with 
cystic fibrosis and chronic Pseudomonas aeruginosa 
colonization 

The Th17-related cytokines, IL-17A and IL-17F, have previously been shown to be 

increased in a number of pulmonary clinical samples from patients with CF and 

Pseudomonas aeruginosa infection167,199,201,202. Secretion of IL-22 in CF pulmonary 

disease had not previously been examined. Given the identification of PA-

specific Th22 cells and the potential role of IL-22 in mediating respiratory repair 

and resistance, I measured IL-22 levels in airway lavage fluid from the explanted 

lung of CF patients. All CF lungs had been chronically colonized with PA prior to 

transplantation. Similar washings from explanted lungs of controls were not 

available and so BAL samples from healthy volunteers were used; although it 

should be noted that the dilution factor was different for the two types of 

pulmonary washings (Fig. 3.21). IL-22 was detectable within the lungs of CF 

patients but at a low level, and there may be a trend to higher levels in the 

disease group (Fig. 3.21). 
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3.8 Discussion 

To-date T cell responses have been implicated in the adaptive immune response 

to Pseudomonas aeruginosa; however, the exact phenotype of that response has 

not been characterised144,145,147. In addition, the majority of studies in this area 

pre-date the discovery of the T helper 17 and T helper 22 cell subsets. IL-17A 

and Th17 cell response had been implicated in CF pulmonary disease, but it 

remained unclear whether this was directed specifically against PA167,199-202. It 

was also not known whether a memory T helper cell response against the 

organism existed in healthy adults with no history of pulmonary disease. The 

data described in this chapter address these unanswered questions.  

The work described demonstrates, for the first time, that adult humans have a 

memory T helper cell response against Pseudomonas aeruginosa, and that this 

includes PA-specific Th1, Th17 and Th22 populations. These memory T helper 

cell responses were present in patients with cystic fibrosis with a history of 

pulmonary PA infection and healthy individuals. I found that the proportion of 

Th1 and Th22 cells responding to PA was similar in healthy controls and patients 

with CF. However, the proportion of Th17 cells responding to PA was 

significantly diminished in the peripheral blood of patients with CF. The PA-

specific Th17 and Th22 cells have a novel phenotype, lacking homing markers for 

skin and gut although retaining CCR6 expression. In addition I demonstrate that 

IL-22-producing cells are likely to be involved in CF pulmonary disease, with 

secreted IL-22 detected in airways samples.  

A surprising finding was that normal healthy controls had robust memory T 

helper cell responses to PA, as the organism is generally only pathogenic in 

immunocompromised states. Pseudomonas aeruginosa is, however, a ubiquitous 

environmental organism, including in water supplies, and healthy humans may 

therefore be exposed to PA early in life. Indeed the microbe is found within the 

bowel flora in normal individuals, with carriage rates of 4-18% reported278,279. 

However, I found that the PA-specific Th17 and Th22 cells demonstrated no 

evidence of homing to the gut or skin (Fig. 3.20), suggesting an alternative site 

of initial antigen encounter and immune stimulation must exist. Until recently, 

the healthy human lungs were viewed to be a sterile site. However, with 
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advances in culture-independent methods of identification, it is increasingly 

recognized that communities of bacteria inhabit the lungs of healthy non-

smokers280-282. The lung microbiome in healthy subjects appears to be diverse 

and includes Pseudomonas281-283. Thus, it seems reasonable to postulate that 

development of the T helper cell response to PA may initially begin in the lungs 

of both CF patients and healthy controls. 

I have defined the observed Th17 and Th22 population as being a PA-specific 

response, as it is clearly a memory T helper cell response only induced by APC 

presentation of Pseudomonas-derived antigen and not in response to a non-

specific mitogenic stimulus such as LPS. I have also demonstrated that the 

observed response to Pseudomonas differs to that seen upon stimulation with 

tetanus toxoid or Candida albicans. Others have previously demonstrated cross-

reactivity of Th17 cells against different bacterial serotypes and fungi284,285. I did 

not seek to define the antigenic component, of which there may be many, of 

Pseudomonas aeruginosa eliciting the observed Th17 and Th22 responses, which 

might be shared with other infecting organisms and particularly other Gram 

negative bacteria. The possibility of cross-reactivity of the observed human T 

helper cell responses to antigens expressed by other organisms remains, yet I 

have shown a lack of gut-homing and thus cross-reactivity with phylogenetically-

related organisms in the gut flora is unlikely. 

The presence of memory Th17 cells against PA is particularly relevant to my 

research hypothesis (Fig. 1.5), where a Th17 response is initially protective in CF 

pulmonary disease by fostering IL-17 responses which clear early infections with 

non-mucoid PA. However, under the situation of continual antigen stimulation 

with PA colonisation then this Th17 response may be pathogenic by driving IL-17-

mediated neutrophil recruitment and pulmonary damage, without PA clearance. 

The observed reduction in peripheral Th17 cells responding to PA in CF patients 

is particularly intriguing (Fig. 3.15C). A recent study from Jay Kolls’ group 

identified Pseudomonal-specific Th17 cells in the draining lymph nodes of 

patients with CF150. Others have also demonstrated increased IL-17+ CD4+ cells 

within endobronchial lung samples from CF patients and that these were 

significantly increased in established CF compared to early CF lung disease201. 

Taken together these data would suggest that a PA-specific Th17 population 
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translocates from the blood to pulmonary system during chronic pulmonary 

colonisation with Pseudomonas aeruginosa, where Th17 cells can perpetuate 

damaging inflammation.  

Recently, a small study (N = 5 patients with CF) suggested an increased intrinsic 

propensity for naïve T cells from patients with CF to differentiate to Th17 cells 

under polarising conditions ex vivo286. This was substantiated by a study of 

similarly treated naïve T cells isolated from mice homogenous for the Phe508del 

CFTR mutation. This study is, however, limited by low patient numbers and the 

fact that differentiation into a given T helper cell subset depends on the local 

cytokine environment, which may not be adequately replicated by ex vivo 

culture conditions. If these results are valid then, in concordance with my 

findings, it would suggest that CF patients may overall have heightened memory 

PA-specific Th17 responses but these Th17 cells have migrated to the lung in 

chronic PA infection.  

Although the peripheral Th17 cell population was lower in CF patients, it is 

notable that I found no significant difference in IL-17A production in culture 

supernatants from memory CD4+ T cells stimulated with PA (Fig. 3.13B). This 

may represent IL-17A production by other T helper subsets; indeed a proportion 

of the cells within the IFN-γ positive population co-expressed IL-17A (Fig. 3.10C). 

The ELISPOT method of enumerating the absolute number of cells producing 

cytokine to a given stimulus may be a useful method for ascertaining if overall 

the amount of cells producing IL-17 in response to PA is comparable in CF 

patients and healthy controls. An alternative explanation for the proportionally 

higher level of IL-17A production to the number of PA-specific Th17 cells is that, 

despite the lower proportion of peripheral Th17 cells in the CF patients, these T 

cells are primed to produce more cytokine in response to encounter with PA.  

An additional striking finding of this study is the identification of Pseudomonal-

specific Th22 cells in both healthy individuals and in those with CF. Th22 cells 

have predominantly been studied in the context of inflammatory and 

autoimmune skin conditions and rheumatological disease209. Their role in 

response to human infections has not been studied and this is, as far as I am 

aware, the first description of a human memory Th22 response against a 
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pathogen. In common with previous descriptions of Th22 cells in humans223,224, 

the Pseudomonal-specific Th22 cells I identified were in the CCR6+ population 

(Fig. 3.19) which facilitates migration to inflamed tissue producing the ligand 

CCL20 and β-defensins; both these CCR6 ligands are abundant within the CF 

lung287,288. In contrast to the original description of Th22 cells I did not identify 

them as bearing skin-homing receptors (Fig. 3.20). However, Duhen et al did find 

smaller proportions of IL-22 alone producers within sorted populations of 

CCR6+CCR4-CCR10- and CCR6+CCR4+CCR10- populations223. In addition, this study 

used clonally expanded cell populations and response to pathogen encounter 

may be different.  

Th22 and IL-22 responses act to improve innate immunity, protect tissues from 

damage, and enhance tissue regeneration. However, as discussed in chapter 1, 

the role of Th22 cells in protection versus pathogenesis depends on the local 

environment and cytokine milieu170,208,209,222. I hypothesised that IL-22 and Th22 

responses against PA may be beneficial in CF lung disease by mediating 

pulmonary protection and repair (Fig. 1.6). However, verification of this, and 

whether indeed the response becomes pathogenic in later disease by driving pro-

inflammatory responses, can only be answered via in vivo experiments, results 

of which are presented in chapter 6.  

Th17 and Th22 responses were the main focus of this investigation. Additional T 

cell subsets, namely Th2289-291 and IL-10/Treg292-294 responses, have been 

implicated in CF lung disease but were not studied in this thesis. I did however 

observe a robust memory Th1 response to PA in both healthy controls and 

patients with CF. Th1 cells and their major secreted cytokine IFN-γ are highly 

pro-inflammatory (discussed in chapter 1). Interferon-γ production in the 

context of CF pulmonary disease has been previously observed146,147. The murine 

model data to-date, although limited, has suggested a protective effect of a Th1 

response. Moser et al compared Th1- and Th2-responding murine strains, with 

improved PA clearance, improved survival and less lung pathology in the Th1-

responding animals148. The same group further demonstrated the potential 

protective role of Th1-dominated responses in chronic pulmonary pseudomonal 

infection, where a potential Th1 response was observed on re-challenge (a 

second inoculation of PA) of the mice and this was suggested to be linked to 
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the associated improved disease outcome with enhanced bacterial clearance, 

milder lung inflammation, and better survival in the re-challenged compared 

with singly-infected animals149. 

A limitation of the work described in this chapter is the small sample size. The 

co-culture technique described does not lend itself to screening of large 

numbers of patient and control samples. The technique and work presented 

does, however, allow description of a previously undefined memory T helper cell 

response to PA. A second potential issue complicating the study of T helper cell 

subsets is related to plasticity of such cells with the ability to change cytokine 

expression and production263,295,296. T helper cells were classically thought to 

exist in distinct committed lineages (as described in chapter 1, section 1.5.3.2). 

However, increasing evidence has indicated that differentiated CD4+ T cells can 

alter the cytokines they produce. For example, simultaneous IL-17 and IFN-γ 

production commonly occurs and Th17 cells can also stop producing their 

signature cytokine IL-17 to produce IFN-γ alone264,296-299. In addition, the master 

transcription factors associated with specific cell lineages may also not be fixed. 

For example, simultaneous expression of the Treg cell regulator, Foxp3, and the 

Th1 regulator, T-bet, or Th17 regulator, RORγt, has been described300,301. The 

flexibility of Th17 cells in murine models has been shown to be dependent on 

context, including the chronicity of inflammation and the local levels of IL-23298. 

The extent to which this plasticity occurs in vivo in humans is as yet 

unclear263,295. Such plasticity should be advantageous as T cells migrate to 

various body sites/organs and must be able to respond to changing challenges 

and conditions. It may be that in the context of chronic PA infection T helper 

cells alter their cytokine expression, for example Th17 cells may lose IL-17 

expression as has been seen in the model of chronic neurological inflammation, 

experimental autoimmune encephalomyelitis (EAE)298. However, delineating 

such T cell plasticity in the context of chronic infection will be best achieved in 

vivo. In this regard, genetically modified animals that permanently label T 

helper cells expressing the Il17a gene with a yellow fluorescent protein allow 

fate-mapping studies of all cells which have ever been or are Th17 cells in 

vivo298. 
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The predominant aim of this chapter was to define the memory T helper cell 

response to PA. However, additional interesting observations were the potential 

induction of dendritic cell apoptosis by the organism and a T helper cell 

response to the CF pathogen Aspergillus fumigatus. The ability of Pseudomonas 

aeruginosa to induce apoptosis in other cell subsets has been reported, including 

macrophages, T lymphocytes, endothelial and epithelial cells302-305. Apoptosis is 

a process in which cells are deleted in a controlled manner to limit excess 

damage to the surrounding environment and is thought to have a role in 

resolution of immune responses306. However, in the context of pulmonary PA 

infection such apoptosis of DCs, critical antigen-presenting cells within the 

lung260, may represent a method of immune-evasion by Pseudomonas aeruginosa. 

Indeed apoptosis of antigen-presenting cells is a major virulence factor for 

enteral pathogens, such as Salmonella and Shigella, where it results in impaired 

intestinal host defence and spread of infection307. Notably, I found increased DC 

apoptosis in response to clinical PA strains compared with attenuated PA103 

strains (Fig. 3.4). The type three secretion system, and related toxins, has been 

the focus of most work examining apoptosis induced by bacteria303,305,307. In this 

regard, the PA103 strains lack major components of the type three secretion 

system, including the pcrV protein and the major exotoxins ExoU and ExoT. Full 

analysis of the clinical Yorkhill PA strains was not performed but they, at least, 

lack the ability to secret the exotoxins ExoT and ExoS (functional testing 

performed by Dr. S. Irvine, Microbiology, Glasgow Royal Infirmary and University 

of Glasgow). Thus the critical virulence factor(s) governing the observed 

differences in cytotoxicity of clinical versus laboratory PA strains used in this 

study required further exploration. Further work would also be required to 

substantiate PA-induced DC apoptosis (with most studies utilising two different 

methods to define this mode of cell death) and the effect it may have in vivo.  

Aspergillus fumigatus is a common isolate from the airways of patients with CF 

and in the majority causes chronic colonization230. A small proportion of patients 

develop a Th2-mediated hypersensitivity to the organism and ABPA with 

associated symptomatology and clinical decline. The contribution of Asperillus 

fumigatus to the decline of non-ABPA CF respiratory function remains 

controversial, with studies suggesting it represents harmless colonisation while 

others suggest it causes active infection with adverse outcomes230. 
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Pulmonary aspergillus infection outwith CF is seen in the context of significant 

immunosuppression and causes a more aggressive, invasive infection. A 

protective Th1 response to aspergillus has been observed previously in human 

and murine studies271-273,308-310. I indeed demonstrated a memory Th1 response to 

aspergillus, but also populations of responding Th22 and Th17 cells (Fig. 3.18). 

Human peripheral CD4+ production of IL-22 in response to Aspergillus fumigatus 

was recently reported311 and IL-22 was found to confer protection in a murine 

model of acute pulmonary aspergillus infection312. Recent data has also begun to 

implicate IL-17 responses in pulmonary Aspergillus fumigatus infection, with IL-

17+CD4+ cells responding to the organism evident in CF lymph nodes150, 

aspergillus-responding IL-17+CD4+ T cells in the peripheral blood of healthy 

controls311, and the cytokine conferring protection in a murine model of invasive 

aspergillus infection313. Although preliminary in nature, the data presented in 

this chapter also suggested a trend towards increased production of IL-17A in the 

context of CF patients (Fig. 3.18). Therefore, intriguing further work would be in 

defining these additional aspergillus-responding T helper cell subsets and their 

role in more chronic pulmonary infection. 

Although this study has focused on PA-specific T helper cells in patients with 

cystic fibrosis, PA infections are significant in immunocompromised patients, in 

ventilator-associated and nosocomial pneumonia, following extensive burns and 

as an acute or chronic pathogen in chronic obstructive airways disease (COPD)74-

77,79. Thus, the presence of Th22, Th17 and Th1 memory CD4+ cells specific to PA 

may also play a role in these conditions. In relation to pulmonary disease, 

predominantly via clinical data, the IL-17/Th17 responses have been implicated 

in disease pathogenesis in patients with COPD314,315 and non-CF bronchiectasis201. 

In conclusion, this work has demonstrated the presence in peripheral blood of 

memory CD4+ T cells, including the Th17 and Th22 lineage that are specific for 

Pseudomonas aeruginosa antigens. These T cells lack conventional skin or gut 

homing markers, but under the influence of are CCR6+ may migrate to the 

inflamed lung. The role these responses play in persistent pulmonary PA 

infection is best explored via an in vivo model, with the results of these 

experiments presented in chapters 5 and 6. 
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Figure 3.1: PBMC sources of IL-22 and IL-17A in humans 
PBMCs were isolated and then polyclonally stimulated in the presence of Brefeldin A, followed by 

staining and flow cytometry for CD4 and intracellular IL-22 and IL-17A. Both IL-22 and IL-17A 

were found to be predominately expressed by CD4
+
 cells in peripheral blood of healthy controls 

(A and B) and patients with cystic fibrosis (C and D). Quadrant values represent the percentage 

of total IL-22 or IL-17A expressing cells contained within gate. Results are representative of 

experiments in 5 patients with cystic fibrosis and 3 healthy controls.  
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Figure 3.2: PBMC activation by Pseudomonas aeruginosa  
Human PBMCs were isolated and cultured with Pseudomonas aeruginosa strains PA103 DUDT or 

PA103 DpcrV at multiplicities of infection (MOI) 10 or 30. Additional PBMCs were left 

unstimulated or polyclonally activated (CD3/CD28). Cells were stimulated with PMA and 

ionomycin in the presence of Brefeldin A for 5 hours prior to staining for flow cytometry. 

Response was analysed by cytokine secretion and flow cytometry at day 3 and 6. A and B, 

production of IL-22 and IL-17A from PBMCs under different culture conditions. C-E, gated on 

CD4
+
 cells after 6-days in culture; quadrant values represent the percentage of total cells. C, 

cytokine expression by unstimulated PBMCs. D, cytokine expression by PBMCs infected with 

PA103 DpcrV. E, PBMCs cultured with CD3 and CD28. F, IFN-‐γ production by PBMCs under 

different culture conditions. G, Expression of IFN-‐γ by CD4
+
 and CD4

-
 subsets after 3-day of 

culture with PA103 DpcrV; quadrant values represent the percentage of total cells. Results are 

representative of 3 experiments.  
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Figure 3.3: Dendritic cell activation following infection with different strains of 
Pseudomonas aeruginosa 
Levels of CD86 (A) and CD40 (B) following DC activation 12-hours following treatment with the 

indicated microbes. The panels show representative plots of isotype staining (solid shading), 

staining of unstimulated DCs (blue line) and staining following microbial treatment (red line). C 

and D, mean fold increase in mean fluorescence intensity (MFI) of CD86 and CD40 respectively in 

DCs from 5 independent individuals. This was calculated as the fold-increase in MFI in infected 

DCs versus uninfected controls. Columns show mean + 1 SD. PA denotes Pseudomonas 

aeruginosa. HKCA denotes heat-killed candida albicans.  
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Figure 3.4: Clinical Pseudomonas aeruginosa strains result in increased cytotoxicity 
when infecting dendritic cells compared to laboratory strains 
A, Representative plots of DCs either unstimulated or 12-hours following infection with Yorkhill 

PA strains at MOI30. Annexin-V and 7-AAD staining of DCs either unstimulated (left panel), 

infected with PA103 DpcrV MOI30 (middle panel), or Yorkhill 5 MOI30 (right panel); staining 

performed at 3-hours (B) and 12-hours (C) post-infection. Values shown represent percentage of 

total cells in given gate. D, Percentage of live DCs (annexin-V and 7-AAD negative) at 3-hours 

and 20-hours post-infection; columns show mean + 1 SD. Representative of 3 independent 

experiments on different individuals.  
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Figure 3.5: Dendritic cell cytotoxicity is a function of live Pseudomonas aeruginosa 
A, Representative plots of dendritic cells (DCs) which were left unstimulated  (left panel), 

infected with live Yorkhill 1 (middle panel), or infected with heat-killed Yorkhill 1 (right panel) 

followed by annexin-V and 7-AAD staining 4-hours post-infection. Quadrant values represent 

percentage of total cells. B, Lactate dehydrogenase (LDH) release measured in the supernatants 

of unstimulated DCs and DCs infected with live and heat-killed microbes (all at MOI30). LDH was 

measured 4-hours following infection and expressed as percentage of maximum release by DCs 

treated with 1% Triton-X 100. Columns represent mean + 1 SEM for triplicate wells. 
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Table 3.1: Characteristics of participants providing peripheral blood specimens for 
the analysis of T helper cell responses to Pseudomonas aeruginosa  
n, number in group; na, non-applicable; FEV

1
, forced expiratory volume in 1 second 
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Figure 3.6: Cytokine production of human memory CD4

+
 T cells in response to 

Pseudomonas aeruginosa and the requirement of dendritic cells  
A-C Sorted human memory CD4

+
 T cells from healthy volunteers were co-cultured either with 

dendritic cells that had been infected with P. aeruginosa (DCs +) or with the supernatant from 

such infected DCs (DC -). Levels of IL-22 (A), IL-17A (B) and IFN-γ (C) were measured in 

supernatants after 6 days. DCs were infected at a MOI of 30 before culturing with T cells. 

Columns show the mean of triplicate determinations + 1SEM. Results are representative of 

experiments in three separate individuals. 
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Figure 3.7: Memory CD4

+
 T cells responding to Pseudomonas aeruginosa are αβ TCR 

positive and have an effector phenotype 
Human memory CD4

+
 T cells from healthy volunteers were co-cultured with dendritic cells 

infected with PA103 DUDT MOI30 for 6-days. A-C, Representative plots showing cytokine and αβ 
T cell receptor (TCR) expression; quadrant values represent the percentage of total cells. D and 
E, Representative plots of cytokine and chemokine receptor 7 (CCR7) expression; values 

represent the proportion of the total IL-22- or IFN-γ-expressing cells in gate. 
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Figure 3.8: Cytokine production by human memory CD4

+
 T cells to different 

multiplicities of infection of Pseudomonas aeruginosa  
Human memory CD4

+
 T cells from healthy volunteers were co-cultured with dendritic cells 

infected with PA103 at different multiplicities of infection (MOI). A-C shows levels of cytokines 

obtained from supernatants after 6-days of co-culture at the indicated MOI. Each point 

represents the result from one individual; an individual may be represented more than once by 

separate experiments. The line shows the median. Differences between MOIs for all cytokines 

were not significant (Kruskal-Wallis test). 
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Figure 3.9: Cytokine production by human memory CD4
+
 T cells from healthy 

individuals to different Pseudomonas aeruginosa strains 
Human memory CD4

+
 T cells from healthy volunteers were co-cultured with dendritic cells 

infected with different strains of PA. Levels of IL-22 (A), IL-17A (B) and IFN-γ (C) were measured 

in the supernatant after 6-days of culture. Each point represents the result from one individual; 

an individual may be represented more than once by separate experiments. The line indicates 

the median value. Differences between strains were evaluated by a Kruskal-Wallis (KW) test with 

pairwise assessments of differences between groups made using Dunn’s multiple comparison 

test. *, significance difference < 0.05. 

A 

C 

PA10
3 !

pcr
V 

PA10
3 !

U!
T 

York
hill 

1

York
hill 

2

York
hill 

5
100

101

102

103

104

B 

PA10
3 !

pcr
V 

PA10
3 !

U!
T 

York
hill 

1

York
hill 

2

York
hill 

5
0

50

100

150

200

IF
N

-!
 (p

g/
m

L)
 

IL
-1

7A
 (p

g/
m

L)
 

IL
-2

2 
(p

g/
m

L)
 

PA10
3 !

pcr
V

PA10
3 !

U!
T

York
hill 

1

York
hill 

2

York
hill 

5
102

103

104

105

106 *

KW test p = 0.236 

KW test p = 0.764 

KW test p = 0.012 



 

 

 

138 

 

 
 
 
 
 
Figure 3.10: Proliferation of memory CD4

+
 T cells following co-culture with infected 

dendritic cells   
Memory CD4

+
 T cells loaded with proliferation dye were co-cultured with unstimulated DCs, DCs 

infected with PA103 DUDT (MOI 30), or DCs infected with Yorkhill 5 (MOI 30). Cells were 

stimulated with PMA and ionomycin in the presence of Brefeldin A for 5 hours prior to staining 

for flow cytometry.  A, Panels show the distribution of the proliferation dye fluorescence in the 

live (fixed viability dye negative) CD4
+ 
cell population after 6-days; inset figures show the 

percentage of the initial population that has undergone one or more cell divisions. B, Patterns of 

cytokine expression by non-proliferating CD4
+
 T cells following 6-days of culture with DCs 

infected with Yorkhill 5. C, Patterns of cytokine expression by CD4
+
 T cells proliferating in 

response to culture with DCs infected with Yorkhill 5. Numbers in plot represent percent cells in 

each quadrant. The experiment was repeated in independent individuals with the same result. 
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Figure 3.11: Cytokine production by human memory CD4

+
 T cells from patients with 

CF to different Pseudomonas aeruginosa strains 
Human memory CD4

+
 T cells from patients with CF were co-cultured with dendritic cells infected 

with different strains of PA. Levels of IL-22 (A), IL-17A (B) and IFN-γ (C) were measured in the 

supernatant after 6-days of culture. Each point represents the result from one individual; an 

individual may be represented more than once by separate experiments. The line indicates the 

median value. Differences between strains were evaluated by a Kruskal-Wallis (KW) test with 

pairwise assessments of differences between groups made using Dunn’s multiple comparison 

test. *, significance difference < 0.05. 
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Figure 3.12: Cytokine production by memory CD4

+
 T cells in response to different 

Pseudomonas strains in patients with CF and healthy controls  
Human memory CD4+ T cells were exposed to unstimulated DCs or DCs infected with the 

laboratory strains (PA103) or clinical Pseudomonas aeruginosa strains (Yorkhill). After 6 days of 

co-culture cytokine levels were measured: IL-22 (A), IL-17A (B) and IFN-γ (C). Each point 

represents the mean of triplicate wells and is the result from one individual; some individuals 

were tested against different bacterial strains as indicated by: u, unstimulated; ¢, PA103 DpcrV 

; �, PA103DUDT; ▲, YH1; n, YH2; ✕, YH5. The line indicates the median value. Differences were 

evaluated by a Kruskal-Wallis test (all Kruskal-Wallis tests in A – C had p values <0.0009); where 
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significant, differences between unstimulated and infected conditions were then tested using 

Dunn’s multiple comparison test. ** significant p<0.01 and *** significant p<0.001. 
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Figure 3.13: Cytokine production by memory CD4

+
 T cells in response to 

Pseudomonas aeruginosa in patients with CF compared with healthy controls  
Human memory CD4

+
 T cells were exposed to unstimulated DCs or DCs infected with the 

laboratory strains (PA103) or clinical Pseudomonas aeruginosa strains (Yorkhill). After 6 days of 

co-culture cytokine levels were measured: IL-22 (A), IL-17A (B) and IFN-γ (C). Each point 

represents the mean of triplicate wells and is the result from one individual; some individuals 

were tested against different bacterial strains as indicated by: ¢, PA103 DpcrV ; �, PA103DUDT; 

▲, YH1; n, YH2; ✕, YH5. Differences between controls and patients with CF were evaluated by 

a Mann-Whitney test with the p value as shown. 
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Figure 3.14: Memory CD4

+
 T cells subset response to different Pseudomonas strains 

in patients with CF and healthy controls 
Following co-culture with dendritic cells infected with laboratory Pseudomonas aeruginosa (PA) 

strains (PA103) or clinical PA strains (Yorkhill), CD4
+
 T cells were classified into T helper cell 

subsets based on intracellular cytokine straining patterns, as shown for a representative patient 

in panel A. The Th1, Th17 and Th22 responses to both PA103 and Yorkhill PA strains is shown for 

healthy controls (B) and patients with CF (C), as a percentage of the total numbers of CD4
+
 

memory cells analysed. The columns show the mean values + SEM; n=8 for CF patients and 10 for 

healthy controls. 
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Figure 3.15: Memory CD4
+
 T cell subset response to Pseudomonas aeruginosa in 

patients with CF compared with healthy controls  
The proportion of PA specific CD4+ T helper cell responses to PA103 and Yorkhill strains that are 

Th1 (A), Th22 (B) and Th17 (C) were determined as outlined in Figure 3.14. Each point 

represents the mean of triplicate wells and is the result from one individual; some individuals 

were tested against different bacterial strains as indicated by: ¢, PA103 DpcrV ; �, PA103DUDT; 

▲, YH1; n, YH2; ✕, YH5.The line indicates the median value. Differences between controls and 

patients with CF were evaluated by a Mann-Whitney test with the p value as shown. 
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Figure 3.16: Memory CD4

+
 T cell subset responses to tetanus toxoid in healthy 

individuals 
Human memory CD4

+
 T cells from healthy controls were co-cultured with dendritic cells infected 

with tetanus toxoid for 6-days. Cells were stimulated with PMA and ionomycin in the presence of 

Brefeldin A for 5 hours prior to staining for flow cytometry. (A) Representative plots 

demonstrating patterns of cytokine expression by non-proliferating CD4
+ 
T cells following culture 

with DCs infected with tetanus toxoid. (B) Patterns of cytokine expression by CD4
+
 T cells 

proliferating in response to culture with DCs infected with tetanus toxoid. Representative of 

experiments in 3 independent individuals. 
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Figure 3.17: Memory CD4

+
 T cell subset response to heat-killed Candida albicans 

Human memory CD4
+
 T cells were co-cultured with dendritic cells (DCs) infected with heat-killed 

Candida albicans (HKCA) at MOI 4. Cells were stimulated with PMA and ionomycin in the 

presence of Brefeldin A for 5 hours prior to staining for flow cytometry. (A) Patterns of cytokine 

expression by non-proliferating CD4
+
 T cells following 6-days of culture with DCs infected with 

HKCA. (B) Patterns of cytokine expression by CD4
+
 T cells proliferating in response to culture 

with DCs infected with HKCA. Numbers in plot represent percent cells in each quadrant. C and D 
show levels of cytokines obtained from supernatants after 6-days of co-culture with either 

unstimulated DCs (unstimulated) or DCs infected with HKCA. Results are shown for experiments 

using CD4
+
 T cells obtained from healthy controls (controls) and patients with CF (CF). Each point 

represents the result from one individual; line shows the median. Differences were evaluated by 

a Kruskal-Wallis test (p values <0.0001 in both C and D); differences between conditions were 

then tested using Dunn’s multiple comparison test. NS non-significant (p>0.05), ** significant 

p<0.01 and *** significant p<0.001. 
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Figure 3.18: Memory CD4
+
 T cell response to heat-killed Aspergillus fumigatus in 

healthy controls and patients with CF 
Preliminary data for human memory CD4

+
 T cells co-cultured with dendritic cells (DCs) infected 

with heat-killed Aspergillus fumigatus at MOI 8. (A) Patterns of cytokine expression by CD4
+
 T 

cells following 6 days of culture with DCs infected with Aspergillus fumigatus; cells were 

stimulated with PMA and ionomycin in the presence of Brefeldin A for 5 hours prior to staining 

for flow cytometry. . B-D, Levels of cytokines obtained from supernatants after 6 days of co-

culture with either unstimulated DCs (unstimulated) or DCs infected with Aspergillus. Results are 

shown for experiments using CD4
+
 T cells obtained from healthy controls (controls) and patients 

with CF (CF). Each point represents the result from one individual; line shows the median.  
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Figure 3.19:  Pseudomonas aeruginosa-specific Th17 and Th22 cells are confined to 
the CCR6 positive subset  
A-C, Human memory CD4

+
 T cells were sorted into CCR6-depleted (CCR6 negative) and CCR6-

enriched (CCR6 positive) populations before being exposed to dendritic cells (DCs) infected with 

Yorkhill 5 MOI30. (A), DCs infected with PA103 DUDT MOI30 (B), or stimulated with anti-CD3 and 

anti-CD28 which acted as a positive control by polyclonal T cell stimulation (C). Plots show live 

CD4
+
 IFN-γ negative T cells after 6-days of co-culture. Cells were stimulated with PMA and 

ionomycin in the presence of Brefeldin A for 5 hours prior to staining for flow cytometry. 

Numbers in plot represent percent cells in each quadrant. Representative of the results seen in 

three independent individuals. 
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Figure 3.20: Tissue-homing characteristics of Pseudomonas aeruginosa-specific 
Th22 and Th17 cells 
Memory CD4

+
 T cells were cultured with DCs infected with PA103 DpcrV MOI30. Pseudomonas-

specific memory CD4
+
 T cells expressing IL-22 do not express the skin-homing receptors CCR4 (A) 

or CCR10 (B). Pseudomonas-specific memory CD4
+
 T cells expressing IL-17A (C) or IL-22 (D) do 

not express the gut-homing receptor CCR9. Numbers in plot represent percent cells in each 

quadrant. Representative of the results seen in three independent individuals. 
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Figure 3.21: Pulmonary IL-22 production in patients with cystic fibrosis and healthy 
control 
IL-22 levels were measured in airway lavage fluid from explanted CF lungs (30ml instilled) 

compared with bronchoalveolar lavage fluid from healthy controls (total of 180ml instilled). IL-

22 levels in healthy controls were multiplied by six to account for the difference in dilution 

factor between CF and control samples. Each point represents an individual participant. The 

horizontal line represents the median and levels were compared by Mann-Whitney test. The 

lower limit of detection was 8pg/ml. 
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Chapter 4. Development and characterisation of 
the agar bead model of chronic pulmonary 

Pseudomonas aeruginosa infection 
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4.1 Introduction 

A key component of the work described in this thesis was to establish a murine 

model of persistent pulmonary PA infection, in which the research hypothesis 

described in chapter 1 (Fig. 1.5 and 1.6) could be tested. My own experience, 

which is in concordance with the published literature233,234,247, was that 

inoculation of free live Pseudomonas aeruginosa results in either acute lung 

injury and rapid overwhelming sepsis or rapid bacterial clearance in the mouse. 

Thus, to mimic the persistent pulmonary PA infection seen in patients with CF, 

the organism must be inoculated within an immobilizing agent such as agar, 

agarose or alginate233,234,247,249. In chapter 1 (section 1.9), the agar bead model 

of PA infection is described further as well as the rationale for use in this 

research. This murine model had not, however, been used in our institute and 

was previously described as “challenging, particularly for new investigators”247. 

Previous studies had shown high intra- and post-operative mortality rates247, 

which would require to be minimized to comply with best practice and UK Home 

Office regulations. In addition, variable levels of chronic infection had been 

reported depending on the PA strain used in the model25. The work presented in 

this chapter describes how I developed and then characterized the agar bead 

model of chronic pulmonary PA infection. 

4.2 Development of agar bead model of chronic 
pulmonary Pseudomonas aeruginosa infection 

An overview of all agar bead model experiments included within this thesis is 

tabulated within appendix 1 and 2, including the experiments undertaken to 

develop and characterize this model. 

4.2.1 Development of bead formation with Pseudomonas 
aeruginosa  

The initial step in the agar bead model was to produce PA-laden agar beads 

(with the final protocol described in chapter 2, section 2.8). The method of PA-

laden bead formation had been described previously247, but was adapted for use 

in my research to ensure PA-laden beads of required size, purity and bacterial 

concentration were achieved. Firstly a technique for ensuring beads of a 
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uniform small diameter (100-200µm) could be consistently produced was 

required. The beads needed to be of such size to allow distribution to the small-

medium airways of inoculated mice and prevent lodging in the upper or larger 

airways, with the risk of rapid clearance or acute respiratory distress 

respectively. Following addition of the melted agar to the heated mineral oil, 

the bead size was affected by the rate of stirring and the rapidity of cooling. 

The uniformity of bead size was affected by the smoothness of stirring. I initially 

undertook experiments varying the stirring speed and rate of cooling to achieve 

the ideal bead diameter. Slow stirring with slow cooling, using ice alone around 

the mineral oil flask, resulted in large beads (approximately 500µm to 1mm in 

diameter). Stirring as rapidly as possible while ensuring smooth and 

uninterrupted stirring motion and cooling rapidly once the mineral oil and agar 

had mixed (using surrounding ice and ice-cold water) resulted in small beads of 

consistent size (Fig. 4.1).  

I next required to remove the beads from the mineral oil without significant 

contamination with mineral oil or loss of agar beads. I initially used the 

technique described by van Heeckreren et al247; this utilized a pear-shaped 

separating flask to separate the bead slurry from the mineral oil fraction by 

gravity. I found this resulted in inadvertent mineral oil contamination (evident 

on the surface of agar beads suspended in PBS) and ultimately low volumes of 

agar beads. I therefore, used centrifugation (as described in chapter 2, section 

2.8) to separate and then wash the agar beads resulting in little mineral oil 

contamination and reasonable, consistent volumes of final bead preparations. 

In order to deliver approximately 1-2x106 CFU in 50µl to an animal, I required to 

achieve final concentrations of viable PA embedded in beads of 2-4x107 CFU/ml. 

I initially used agarose (2% agarose in PBS) as the agent into which PA was 

embedded. This achieved low bacterial viability in the resultant PA-laden 

agarose beads. Others had found improved viability with agar (personal 

communication: Dr. A. Bragazoni) and thus I switched to use of typtic soya agar 

(TSA) as the embedding agent. I also undertook experiments heating the PA 

strains intended for use in the model to temperatures of 50oC or greater in a 

water-bath for 6 minutes, with quantitative bacteriology undertaken before and 

after heating. This demonstrated significant reduction in PA viability at 
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temperatures greater than 50oC and thus, for future bead formation, care was 

taken to ensure the mineral oil had equilibrated to 50oC before addition of the 

PA. Lastly, following growth of PA to late log phase and before addition to the 

melted agar, I concentrated the PA by centrifugation to achieve high 

concentrations of PA within the initial PA/agar mix. Combined, these adaptions 

resulted in consistent and sufficiently high bacterial burden in the PA-laden agar 

beads for use in the model. 

I lastly sought to ensure the PA had been concentrated within the beads 

themselves, rather than being free in the suspension. I allowed the bead slurry 

to dry onto glass slides and then stained the slides with crystal violet or Gram 

stain. This demonstrated high concentrations of PA within the agar beads and 

little bacteria outwith the beads (Fig. 4.1) 

4.2.2 Exploration of bead delivery techniques  

All previous published work had delivered the PA-laden agar beads to mice via 

trans-tracheal cannulation. This requires a relatively prolonged general 

anesthesia, short-lived partial occlusion of the trachea during cannulation and a 

surgical incision, with the associated risks of intraoperative fatality, collateral 

damage and infection. I thus initially sought to explore alternative means of 

delivering the agar beads, namely cannulation of the trachea via the oral cavity 

and intranasal instillation. Experiments on cadavers with attempted cannulation 

of the trachea via the mouth demonstrated high levels of insertion outside of the 

tracheal, particularly gastric cannulation. Secondly, I attempted bead 

inoculation via intranasal inhalation in animals under an inhaled general 

anesthetic, with inoculated animals culled 1 hour later and lung sections stained 

and screened for presence of agar beads. This demonstrated very infrequent, 

small agar beads within the airways (Fig. 4.2A and B), suggesting either lodging 

of the beads within the upper airways or swallowing of beads. This is in contrast 

to the frequent and larger beads that were identified in lung sections of mice 

administered beads via the trans-tracheal route (Fig. 4.2C and D). The trans-

tracheal route of administration also provided consistent correct delivery of PA-

laden beads to the lungs, with initial testing of the technique demonstrating PA 

present in the lungs of 100% of animals (N = 8) at 24 hours post-surgery. 
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Although trans-tracheal cannulation achieved reliable delivery of agar beads, 

previous authors had used injectable anesthetic agents, particularly intra-

peritoneal (IP) and intra-muscular (IM) anesthesia, with appreciable morbidity 

and mortality25,149,247,316,317. Intra-operative mortality had been reported to be up 

to 45%247, with a risk of post-operative peritonitis and ileus in the case of IP 

agents, and both IP and IM agents do not allow ready titration or reversal of 

anesthesia. I thus aimed to undertake the procedure using inhaled anesthesia 

with the advantages of more reliable and easily reversible sedation if respiratory 

compromise was to develop during the procedure and rapid post-operative 

recovery. With the assistance of Dr. M. Wilkinson (veterinary surgeon, University 

of Glasgow), I adapted the procedure for use with inhaled isofluorane anesthesia 

via a nose cone (described in chapter 2, section 2.9). Overall, I achieved 

extremely low rates of intra-operative or early perioperative (<1 hour after the 

procedure) mortality via the adapted trans-tracheal method, with 4 fatalities 

from a total of 300 procedures (overall operative mortality rate of 1.3%).  

Aseptic technique was adhered to throughout the surgical procedure and no 

animal developed a surgical wound infection. 

4.2.3 Determination of inoculum dose 

The inoculum dose utilized in the PA-laden agar bead model ranges substantially 

in the published literature; doses of 2x104 - 1x107 CFUs per animal have been 

used25,149,205,247,316,318. Previous studies had also reported appreciable acute 

mortality following inoculation25. My initial experiments aimed to establish an 

appropriate inoculum dose. I undertook experiments starting at a low 

inoculation dose (2x105 CFU/animal) and increasing to 1-3x106 CFU/animal 

(Appendix 1, experiment 1-4). At inoculation doses of 2x106 CFU/mouse, 

appreciable early mortality (up to 30% by day 3 post-inoculum) was evident with 

extremely high bacterial burden (animals succumbing at these early time-points 

having 1x107 – 4x109 CFU in right lung homogenates). To best represent CF lung 

disease, I intended the model to represent persistent pulmonary PA infection 

and not acute over-whelming PA infection/broncho-pneumonia; therefore I 

subsequently aimed for an infecting dose of 1-2x106 CFU/animal to achieve 

these outcomes.  
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4.2.4 Comparison of clinical Pseudomonas aeruginosa strains in 
establishing chronic infection 

Previous reports had demonstrated varying ability of clinical, environmental and 

laboratory PA strains to produce persistent pulmonary infection in the murine 

agar bead model25,233,248,316,319. I tested three strains in the agar bead model for 

their ability to establish chronic infection; these were the mucoid clinical CF 

strain Yorkhill 5 (Fig. 4.3A), non-mucoid clinical strain GRI-1 (Fig. 4.3B) and the 

highly mucoid clinical CF strain NH57388A (Fig. 4.3C) (Appendix 1, experiment 1-

4). The mucoid Yorkhill 5 stain was included as it directly related to the human 

work described in chapter 3. The GRI-1 strain was isolated from a ventilator-

associated pneumonia patient and I had found resulted in significant virulence in 

an acute infection model (data not included in this thesis). I utilized this virulent 

strain under the hypothesis that pulmonary damage elicited by the organism may 

facilitate PA to establish chronic infection. Finally, the NH57388A strain has a 

known mutation in mucA resulting in alginate hyper-production249; this is 

particularly relevant to CF as alterations in mucA represent the most frequently 

identified mutation in mucoid CF Pseudomonas aeruginosa isolates320. The 

NH57388A strain had also been previously suggested to produce chronic 

pulmonary PA infection in an alternative model of chronic PA infection249.  

These initial experiments gave an indication of the different strains’ ability to 

cause chronic infection in C57BL/6 mice. The Yorkhill 5 stain resulted in an 

initial chronic infection rate of 11.1% (1 out of 9 animals infected; total of 2503 

CFU retrieved from complete lung homogenate at 14 days post-innoculation). 

The GRI-1 strain resulted in a chronic infection rate of 14.3% with low bacterial 

burden (1 out of 7 animals infected; total of 100 CFU retrieved from complete 

lung homogenate at 14 days post-innoculation). The NH57388A strain obtained 

an initial chronic infection rate of 71.5% with the highest bacterial burden (5 out 

of 7 animals infected; average total of 1x104 CFU retrieved from complete lung 

homogenates). Given the relevance of the mucoid phenotype to CF 

pathogenesis, the higher bacterial burden and, for the NH57388A strain, higher 

chronic infection rate, the Yorkhill 5 or NH57388A strains were used for all 

subsequent in vivo experiments.  
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Overall, in C57BL/6 mice, I found NH57388A resulted in mean chronicity rates of 

43.4% (SD 23.9%; range 11.1-71.5%; results from 5 experiments with 7-10 

surviving animals/group) at 14 days post-inoculum. The Yorkhill 5 strain resulted 

in mean chronicity rates of 18.82% (SD 20.54%; range 0-37.5%; results from 6 

experiments with 7-14 surviving animals/group) at 14 days post-inoculum. 

Importantly, bacterial species other than Pseudomonas aeruginosa were rarely 

isolated from BAL or lung homogenates of mice at 14 days post-infection. 

4.2.5 Microbiology of sterile agar beads 

Three experiments were undertaken utilizing inoculation of sterile agar beads 

(totaling 34 mice; Appendix 1, experiment 5-7). The BAL samples and lung 

homogenates from animals treated with sterile agar beads were all negative for 

bacterial growth at 14 days post-instillation. In addition, a subgroup of mice 

treated with sterile beads (N=4 animals) were culled at 48 hours post-instillation 

so confirming the absence of any early microbial growth. 

4.3 In-vivo responses to experimental pulmonary 
Pseudomonas aeruginosa infection 

In establishing the agar bead model I characterized the clinical changes, 

bacteriology, neutrophil recruitment and structural changes occurring in 

response to persistent pulmonary Pseudomonas aeruginosa infection. 

4.3.1 Clinical changes in response to pulmonary Pseudomonas 
aeruginosa infection 

Following inoculation of beads mice recovered rapidly, being ambulant within 10 

minutes and clinically normal within 30 minutes of completion of the procedure. 

In general, animals remained clinically normal throughout the duration of the 

experiment (up to 14 days post-inoculation) and deterioration in clinical score 

(detailed in chapter 2, section 2.10, table 2.3) occurred rarely. Any animal with 

a clinical deterioration manifested as lethargy with or without a hunched 

posture at approximately 6 hours post-procedure. Affected animals would 

subsequently clinically recover.  Such animals were never seen in the sterile 

agar bead treated groups and, thus, such changes may be a manifestation of an 

initial response to pulmonary PA infection. However, given the invasive 
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nature of the procedure and administration of post-operative opiate analgesia, a 

non-infection related factor could potentially also have caused the clinical 

change. The absence of any persistent clinical deterioration meant that clinical 

scoring could not be used as a means of predicting animals that remained 

chronically infected with PA or judging the severity of disease. 

Post-procedure weight loss was a consistent finding across experiments. Weight 

loss in animals receiving PA-laden beads was significantly greater than those 

receiving sterile agar beads, illustrated in Fig. 4.4A for NH57388A-laden 

compared with sterile beads (p<0.0001, via repeated measures ANOVA). 

However, the relationship between chronicity of PA infection and weight loss 

was heterogeneous across experiments. Fig. 4.4B shows greater initial weight 

loss in animals that ultimately remained infected up to 2 weeks post-inoculation. 

However, in separate experiments there was no difference in weight loss 

between chronically infected animals compared with those clearing infection at 

any time point (Fig. 4.4C). This heterogeneity may reflect variation in the timing 

of PA clearance and differences in pulmonary PA burden between animals, which 

could affect the degree of pulmonary sepsis, immune response, disease-induced 

anorexia and increased metabolic rate of the animal. Therefore, overall, the 

degree of weight loss could not reliably predict presence of pulmonary PA 

infection at 2 weeks post-inoculation.  

4.3.2 Early deaths associated with overwhelming Pseudomonas 
aeruginosa growth, inflammation and structural changes 

Overall during the course of experimentation, seven C57BL/6 mice infected with 

PA-laden beads, survived the operative procedure but were culled within 5 days 

of inoculation due to weight loss greater than 20% predicted; such severe weight 

loss being taken as a marker of severe acute disease. Although acute pulmonary 

PA sepsis was not the subject of this study, several interesting observations were 

made on these animals. The significant weight loss was confirmed to be 

reflective of pulmonary sepsis with substantial bacterial growth having occurred 

within the lungs of affected mice post-inoculation; mean bacterial burden in BAL 

was 0.8x109 CFU (SD: 1.5x109 CFU) and in lung homogenates (using right 

diaphragmatic lobe homogenates) was 3.6x109 CFU (SD: 9.4x109 CFU). However 

sepsis was confined to the site of inoculation into the lung, with all terminal 
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blood cultures demonstrating the absence of bacterial growth and systemic 

spread.  

Macroscopically, raised nodules were present on the surface of the lungs of 

animals culled acutely (Fig. 4.5A and B). Such pulmonary nodules were also 

evident on lung sections, with a representative surface nodule highlighted at low 

magnification in Fig. 4.5C. These nodules appear to be inflammatory in etiology 

with intense cellular infiltrate (Fig. 4.5D showing the lesion in Fig. 4.5C at high 

magnification). Intense, widespread inflammatory infiltrate was also evident on 

lung sections both in the peri-bronchial and intra-bronchial regions (Fig. 4.5E 

and F). Interestingly, within the airways themselves, multiple lobulated areas 

surrounded by cellular infiltrate were noted (Fig. 4.5E); the etiology of these 

structures was not explored further but they may represent host-derived mucus, 

alginate production by PA or the formation of neutrophil extracellular traps 

(NETs). NETs are a meshwork of chromatin fibers extruded by neutrophils and 

containing granule-derived enzymes and peptides321. They represent an 

important means to immobilize and kill a range of invading microorganisms321. 

Pseudomonas aeruginosa has previously been shown to induce NET formation, 

but that clinical Pseudomonas aeruginosa strains from CF patients acquire 

resistance against NET-mediated killing322. 

Intense neutrophilic inflammation occurred within the lungs of animals with 

overwhelming PA infection, visible on high magnification of H&E lung sections 

(Fig. 4.6A), via immunohistochemistry (Fig. 4.6B), and in BAL via Gr-1 straining 

(on average neutrophils accounted for 92.2% of BAL leukocytes in animals culled 

acutely).  

4.3.3 Pulmonary bacterial burden and evidence of confinement to 
the lung in the Pseudomonas aeruginosa agar bead model  

Bacterial burden in the lungs of animals with persistent PA infection at 2 weeks 

post-inoculum was significantly lower than the inoculation dose but comparable 

for animals treated with either Yorkhill 5- or NH57388A-laden beads (Fig. 4.7A). 

The median CFU count for Yorkhill 5 was 1611.5 CFU (IQR: 287.5-4260; 14 

chronically infected animals from 4 experiments using inoculum doses of 2x105-

4x106 CFU/animal) and NH57388A was 1435 CFU (IQR: 182.5-5743; 14 
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chronically infected animals from 4 experiments using inoculum doses of 1x106-

2.5x106 CFU) (Mann-Whitney test, p = 0.5945). Due to varied intended outcomes 

from experiments, the portion of lung homogenate used to calculate bacterial 

burden did vary between experiments. In the case of Yorkhill 5-laden beads (Fig. 

4.7A), two experiments used BAL plus right diaphragmatic lobe homogenate, one 

experiment used BAL plus whole right lung homogenate, and a further used total 

lung homogenate to calculate the total lung bacterial burden. In the case of 

NH57388A-laden beads (Fig. 4.7A), three experiments used BAL plus right 

diaphragmatic lobe homogenate and one experiment used BAL plus whole right 

lung homogenate to calculate the total lung bacterial burden. Thus, in order to 

provide a fairer comparison of the bacterial burden in animals chronically 

infected with either Yorkhill 5 or NH57388A, experiments that used the same 

lung portions to assess CFU counts were analyzed separately (Fig. 4.7B). These 

experiments calculated total bacterial burden by combining BAL and right 

diaphragmatic lobe lung homogenate CFU counts. This comparison also 

demonstrated no significant difference in the bacterial burden of chronically 

infected animals treated with either Yorkhill 5 (median of 3300 CFU, IQR 525 – 

5840; 5 chronically infected animals from two experiments with an inoculum of 

2.4x105 CFU and 4x106 CFU) or NH57388A (median of 1355 CFU, IQR 147.5 – 3633; 

8 chronically infected animals from 3 experiments each with an inoculum of 

1x106 CFU) (Mann-Whitney test, p = 0.3543) (Fig. 4.7B).  

Control of bacterial burden occurred early post-inoculation of PA-laden beads 

into the host lung. Two experiments examined bacterial burden at time-points 

prior to the 2-week end-point used for studies of chronicity. Forty-eight hours 

post-inoculation of NH57883A-laden beads (inoculum 1x106 CFU/animal), all 

animals remained infected but median pulmonary CFU count was 950 (IQR: 200 – 

16100 CFU, N = 4 animals; calculated from BAL plus right diaphragmatic lobe 

lung homogenate). In a separate experiment utilizing Yorkhill 5-laden beads 

(inoculum 5x105 CFU/animal), 2 of 6 animals remained infected at 4-days post-

inoculum (with total lung CFU counts of 100 and 800; calculated from BAL plus 

total lung homogenate) and 1 of 6 animals at day 9 post-inoculum (with a total 

lung CFU count of 6500; calculated from BAL plus total lung homogenate). This 

time series data, combined with the data for 2-week lung CFU counts, may 

suggest that there is initial rapid control of infection followed by a trend 
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towards higher bacterial burden over time. However, repeat experiments 

examining bacterial burden over time would be required to verify this 

observation.  

Terminal blood cultures were performed on all animals, including those culled at 

earlier time-points (48 hours to 4 days) post-inoculum, with no evidence of 

bacteraemia at any time-point. 

4.3.4 Small-colony variants of the NH57388A strain develop in-
vivo 

Lung homogenates and bronchoaveolar lavage samples obtained from animals 

remaining persistently infected following treatment with NH57388A-embedded 

beads demonstrated two distinct Pseudomonas aeruginosa colony morphologies. 

These were the typical large mucoid colonies identical in morphology to the 

inoculating strain (Fig. 4.8A and C), and smaller atypical colonies known as 

small-colony variants (SCVs) (Fig. 4.8B - D). The small-colony variants were 

confirmed as Pseudomonas aeruginosa via Gram stain (gram negative rods) and 

oxidase testing (oxidase positive), followed by microbial identification via 

VITEK2® processing (VITEK2® performed by Dr. S. Irvine, Microbiology, Glasgow 

Royal Infirmary and University of Glasgow). The mucoid colonies were evident 

after 24 hours of growth on agar plates at 37oC. In contrast, SCVs were only 

visible after 48 hours of growth on agar-plates, consistent with the phenotype of 

SCVs described by others43. Again consistent with the reports of others45, the 

SCVs isolated from the agar bead model demonstrated a stable phenotype and 

did not revert back to the mucoid wild-type morphology despite serial 

subcultures (experiments performed by Dr. S. Irvine, Microbiology, Glasgow 

Royal Infirmary and University of Glasgow). 

Overall SCVs were present in 16 of 19 animals (83.2%) with chronic NH57388A 

infection at 2 weeks post-inoculation. SCVs were seen in the presence of mucoid 

colonies in the majority of persistently infected animals (15 of the 16 animals). 

In addition, I demonstrated that these SCVs developed rapidly in vivo in a sub-

group of NH57388A-treated animals, with all animals demonstrating PA in lung 

isolates and 75% showing SCVs at just 48 hours post-inoculation (N=4 animals). 

Finally, I sought to confirm that the small-colony variants were developing 
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due to in vivo pressures rather than due to the effect of artificially embedding 

the NH57388A strain in agar beads alone. I plated both intact and homogenized 

NH57388A-laden agar beads at intervals from 24 hours to 2 weeks after the 

beads had been formed; this was repeated for 3 separately produced batches of 

NH57388A-laden beads. No small colony variants were demonstrated from the 

beads at any time-point post-formation and therefore suggesting in-vivo 

factor(s) act to induce SCV emergence in the infected lung. 

4.3.5 Neutrophil recruitment in response to experimental 
Pseudomonas aeruginosa infection 

Pulmonary disease in CF is characterized by persistent neutrophilic inflammation 

in the context of chronic PA infection. In addition, IL-17 plays a critical role in 

orchestrating such neutrophilic responses. Therefore it was important to my 

research hypothesis and aims to establish the degree to which neutrophils were 

recruited to and persisted in the agar bead model.  

Initially I determined whether increased BAL neutrophil levels were seen in 

response to the presence of sterile agar beads alone. At 2 weeks post-

inoculation sterile agar beads had resulted in no significant pulmonary 

neutrophil inflammation; median BAL neutrophil levels, as percent of total BAL 

leukocytes, were 0.27% (IQR: 0.065 – 1.615%; N=16) in sterile agar bead treated 

animals 2 weeks post-instillation compared with 0.4% (IQR: 0.104 – 0.675%; N=4) 

in age-matched and sex-matched untreated C57BL/6 animals (Mann-Whitney, p = 

0.7389). 

I next ascertained the degree of neutrophil recruitment in response to PA-laden 

agar beads. For both Pseudomonas aeruginosa strains utilized in the model there 

was persistent neutrophilic inflammation in the context of ongoing pulmonary 

infection evidenced by BAL neutrophil levels (Fig. 4.9). However, even in the 

context of chronic infection, this neutrophilic response was at a low level by 2 

weeks post-inoculation, with median BAL neutrophils (as percent of total 

leukocytes) of 5.0% and 6.37% in the context of chronic NH57388A and Yorkhill 5 

infection, respectively. Myeloperoxidase assays also demonstrated no significant 

increase in activity in PA-laden bead treated animals at 2 weeks post-inoculation 

compared with sterile controls (repeated in 2 separate experiments; data 
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not shown), consistent with the neutrophilic inflammation being at a low level 

and predominantly confined to intra/peri-bronchial and/or localized 

parenchymal regions. Peripheral blood neutrophil levels were also not 

significantly elevated at 2 weeks post-inoculum of PA-laden beads compared 

with levels in either sterile agar bead treated mice (Fig. 4.10) or published blood 

neutrophil levels in normal C57BL/6 mice (mean peripheral neutrophils typically 

5.7% of total leukocytes in adult female mice)323,324.  

A more robust neutrophilic response was seen in the PA-laden agar model at 

earlier time points following inoculation. At 48 hours post-inoculation with 

NH57388A-laden beads, median BAL neutrophils (percent total leukocytes) was 

79.9% (IQR: 57.3-90.2, N=4 animals) and median blood neutrophils (percent total 

leukocytes) was 15.5% (IQR: 12.30-31.85, N = 4 animals). All animals at this 48-

hour time-point had ongoing pulmonary PA infection. At 4 days post-inoculation 

with Yorkhill 5-ladden beads, median BAL neutrophils were 21.8% (IQR: 8.75-

35.5, N = 6 animals). One animal had on-going pulmonary Yorkhill 5 infection at 

the 4-day time-point with BAL neutrophils at 34.6% of total leukocytes.  

Thus the presence of PA-laden agar beads does elicit an initial pulmonary 

neutrophilic response, but this persists at a low level only in animals remaining 

chronically infected with PA up to 2 weeks post-inoculation. 

4.3.6 Structural changes in response to experimental 
Pseudomonas aeruginosa infection 

In order to quantify the pathological changes induced in the lungs of the agar-

bead model, blinded histological scoring was performed on whole lung sections 

(described in chapter 2, section 2.17.2 and table 2.4), which incorporated 

scoring of peri-bronchial infiltrates and alveolar involvement. This quantified a 

small but statistically significant increase in histological abnormalities in the 

lungs following treatment with PA-laden agar beads compared with sterile agar 

beads (Fig. 4.11).  

Normal lung histology of C57BL/6 mice is shown in Fig. 4.11B for reference. 

Limited infiltrate was seen around the bronchi at 2 weeks post-instillation of 

sterile agar bead (Fig. 4.11C and D). In response to beads laden with both 
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PA strains Yorkhill 5 (Fig. 4.11E and F) and NH57388A (Fig. 4.11G and H) the 

most notable finding was that of cellular infiltrate around the bronchi. An 

additional finding was that of alveolar involvement with increased cellularity 

and thickening (Fig. 4.11H, blue arrows). These changes were observed both in 

animals who had cleared PA and those remaining chronically infected at 2 weeks 

post-inoculation. At the site of beads lodged within bronchi (Fig. 4.11, black 

arrows), there were clearly more extensive peri-bronchial changes to PA-laden 

beads (Fig. 4.11E) compared with that induced by the presence of sterile agar 

beads (Fig. 4.11D). These cellular infiltrates appeared mononuclear on 

histological sections and nature of these peri-bronchial changes is explored 

further in chapter 5, section 5.7.1. 
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4.4 Discussion 

Study of the pathogenesis of chronic Pseudomonas aeruginosa infection in cystic 

fibrosis pulmonary disease is limited by the paucity of useful animal models. The 

agar bead model utilizes immobilization of PA within agar beads to mimic the 

protective biofilm seen in human chronic PA colonization and induce persistent 

infection within the murine lung. This experimental model has been used to 

study the virulence of clinical PA isolates, inflammatory response to long-term 

infection and therapeutic interventions25,205,233,234,318,325-327. This disease model 

was, however, not in use within our institute and posed challenges of potentially 

unacceptable intra-operative mortality, technical ability to perform surgical 

inoculation of beads and strain-dependent ability to induce chronic PA infection.  

In this chapter I describe how I established the murine PA-laden agar bead model 

utilizing two clinically relevant PA isolates from CF patients. I developed a trans-

tracheal instillation method using short-acting inhaled anesthesia, which 

resulted in extremely low intra- and peri-operative mortality. The two PA strains 

used in the model resulted in reproducible low-grade persistent pulmonary PA 

infection, which was confined to the lungs and associated with limited acute 

sepsis and mortality. An early pulmonary neutrophilic response developed 

following inoculation of PA-laden agar beads and persisted at a low-level in 

animals with chronic pulmonary PA infection. Although mild inflammatory 

reactions were observed in response to sterile agar beads, pronounced cellular 

infiltrates were evident in the peri-bronchial regions in association with PA 

infection. 

In order to mimic human disease, the experimentally instilled PA should 

proliferate and, ideally, adapt within the infected lung. The high bacterial 

burden in those failing to control PA, and so succumbing acutely, and the 

development of small-colony variants demonstrates that the organism was 

actively proliferating and adapting in the in vivo environment and is not merely 

persisting within the inoculated agar beads. In addition, the adaptation of 

mucoid NH57388A into SCVs (Fig. 4.8) makes the model particularly relevant to 

the pathogenesis CF lung disease. These PA variants represent a frequent, 

although probably under-recognized, feature of chronic PA colonization in CF 
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with an increased propensity to biofilm formation and poorer clinical 

outcome43,45-47. The fact that the SCVs appear to be developing in response to in 

vivo pressures, rather than simply the embedding in agar beads per se, is 

particularly intriguing. The factors that trigger this mode of PA growth as well as 

the genomic changes and metabolomics of SCVs have not been studied in depth 

and, although not examined further in this thesis, represent an avenue for 

further investigation.  

Advanced CF lung disease is associated with chronic PA infection that is 

impossible to eradicate and structural changes of mucus plugging, gas trapping 

and bronchiectasis18,328. The PA-laden agar bead model has limitations in 

mimicking this established pathology. Although I found the PA-laden agar bead 

model resulted in persistent pulmonary PA infection, in up to 71.5% of mice 

inoculated with NH57388A, a significant proportion of animals were able to 

rapidly control and clear the organism. Bronchiectasis is the irreversible 

dilatation and destruction of airways associated with chronic bacterial infection 

and characterized by inflamed and dilated thick-walled bronchi. Others have 

suggested that such changes can be produced in the murine lung233,234, however I 

found only limited peribronchial inflammatory changes in the developed models. 

It is also arguably not possible to completely replicate in short-lived murine 

models a process that takes years of multiple infective and inflammatory insults 

to develop in the human CF lung.  

In conclusion, the developed NH57388A- and Yorkhill 5-laden agar bead models 

descried in this chapter demonstrate a potential to develop chronic pulmonary 

infection, bacterial adaptation that may facilitate biofilm growth and 

establishment of chronic infection, neutrophilic inflammation, and early 

structural lung changes. This best represents the period in which chronic 

infection with mucoid strains of Pseudomonas aeruginosa is becoming 

established in the CF lung. This is a particularly critical stage in CF pathogenesis 

and provides an excellent experimental model in which to examine the 

development and role of IL-17A and IL-22 responses (Fig. 4.12). 
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Figure 4.1: Visualisation and localisation of Pseudomonas aeruginosa within agar 
beads 

A, Agar beads visualized by bright field microscopy. White scale bar, in top right corner, 

represents 110µm. B and C, Pseudomonas aeruginosa embedded within agar beads, stained with 

crystal violet. D, Gram stain of Pseudomonas aeruginosa-laden agar beads. E, Gram stain of 

sterile agar beads for comparison. B-E, Scale bars shown in bottom right 
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Figure 4.2: Evaluation	  of	  intranasal	  and	  transtracheal	  agar	  bead	  delivery 
A and B, Infrequent agar beads demonstrated following intranasally delivery. C and D, Numerous 

beads demonstrated in airways following transtracheal delivery. A and C, Lung sections with H&E 

staining. B and D, beads demonstrated by autofluorescence on fluorescent microscopy. Red 

circle highlights an agar bead.  
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Figure 4.3: Pseudomonas aeruginosa strains utilised in agar bead model 
Pseudomonas aeruginosa strains grown on blood agar plates. A, Yorkhill 5 strain. B, GRI-1 strain. 

C, NH57388A. 
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Figure 4.4: Weight loss in C57BL/6 mice treated with sterile and Pseudomonas 
aeruginosa-laden agar beads 
  
Body weight measured daily in C57BL/6 mice treated with sterile or Pseudomonas aeruginosa-

laden agar beads administered via transtracheal instillation. A, Weight change in animals treated 

with NH57388A-laden beads compared with controls treated with sterile beads. Representative 

of 3 experiments with 10 animals per group. B, Representative experiment demonstrating 

greater weight loss in animals chronically infected with PA compared with those clearing PA by 2 

weeks post-inoculation. C, Representative experiment where weight change was no 
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different in animals chronically infected compared with those clearing PA by 2 weeks post-

inoculum. Both B and C relate to experiments using NH57388A-laden beads at an inoculum of 

1x10
6
 CFU/animal. Points show mean and error bars show +/- SEM. 
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Figure 4.5: Representative lung pathology in C57BL/6 female mice inoculated with 
mucoid Pseudomonas aeruginosa-laden agar beads and succumbing within 5-days of 
infection  
Lung pathology of animals treated with PA-laden agar beads and succumbing to infection within 

5-days of inoculation. A and B, Macroscopic lung pathology of C57BL/6 culled 3-days post-

inoculation of NH57388A-laden beads. Representative H&E lung sections from animal succumbing 

following NH57388A (C–E) and Yorkhill 5 (F) bead inoculation. White arrows and black box 

highlight raised nodules on lung surface. Black arrows highlight agar beads in airways. C, x4 

magnification. D, x10 magnification, E, x4 magnification. F, x10 magnification.  
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Figure 4.6: Neutrophilic pulmonary inflammation in C57BL/6 female mice inoculated 
with mucoid Pseudomonas aeruginosa-laden agar beads and succumbing within 5-
days of infection  
Lung pathology of animals treated with PA-laden agar beads and succumbing to infection within 

5-days of inoculation. A, Representative H&E lung section from animal succumbing following 

NH57388A bead inoculation with the multi-lobulated nuclei of neutrophils visible within the 

infected airway; x40 magnification. B and D, Representative anti-Ly-6G immunohistochemical 

staining of infected (B) and control animals (D); brown colour (DAB stain) demonstrates 

neutrophils which are predominantly seen within the alveoli of infected animals. Nuclei were 

counterstained with methyl-green. Isotype controls for infected and control animals shown 

in C and E, respectively. B-E, x10 magnification. 
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Figure 4.7: Bacterial burden in animals with chronic infection of Pseudomonas 
aeruginosa strains Yorkhill 5 and NH57388A 
C57BL/6 mice were inoculated with Yorkhill 5- or NH57388A-laden beads. The pulmonary 
bacterial burden (CFU count) of animals that remain infected at 2 weeks post-inoculation was 
compared for the two PA strains. A, Total lung CFU counts from all animals remaining chronically 
infected across 8 separate experiments. B, Comparison of lung CFU counts only from 
experiments which use comparable lung sections for calculation of bacterial burden (i.e. BAL 
plus right diaphragmatic lobe). The line indicates the median. P-values relate to Mann-Whitney 
tests. 
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Figure 4.8: Small colony variants develop in C57BL/6 mice inoculated with 
NH57388A-laden beads 
Subcultures of mucoid (A) and small colony variant (B) phenotypes isolated from the lungs of 
animals treated with NH57388A-laden beads 2-weeks following inoculation. C and D, Mucoid 
(white arrow) and small colony variants (black arrow) identified in lung homogenate of 
NH57388A-laden bead treated animal. A and B shows PA growth on Columbia blood agar plates. 
C and D shows lung homogenate plated on LB agar. 
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Figure 4.9: Bronchoaveolar lavage neutrophils in response to sterile and 
Pseudomonas aeruginosa-laden beads 
C57BL/6 mice received sterile, Yorkhill 5-laden or NH57388A-laden agar beads. Two-weeks post-
instillation, bronchoalveolar lavage (BAL) leukocytes were strained for Gr-1 followed by flow 
cytometry. BAL neutrophils (percent of total leukocytes) in animals treated with sterile beads 
were compared with mice that had cleared PA (infection free) or remain infected (chronic 
infection) at 2-weeks following treatment with NH57388A-laden (A) or Yorkhill 5-laden (B) 
beads. Combined results of two separate experiments. Line indicates median. Differences 
between groups were evaluated by a Kruskal-Wallis (KW) test with pairwise assessments of 
differences between sterile-bead and PA-laden bead treated groups made using Dunn’s multiple 
comparison test. NS, not significant. *, significance difference < 0.05. ****, significance 
difference < 0.0001. 
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Figure 4.10: Blood neutrophils two-weeks following pulmonary instillation of sterile 
and Pseudomonas aeruginosa-laden beads 
C57BL/6 mice received sterile or Yorkhill 5-laden agar beads. Two weeks post-instillation, 

peripheral blood leukocytes were strained for Gr-1 followed by flow cytometry. The line 

indicates the median. P-value relate to Mann-Whitney test. ★, animal with chronic PA infection. 
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Figure 4.11: Representative lung pathology in C57BL/6 female mice two weeks 
following transtracheal instillation of sterile agar beads or beads laden with mucoid 
Pseudomonas aeruginosa  
A,	  Quantitative	  histological	  scores	  of	  animals	  treated	  with	  sterile	  agar	  beads	  (N=9),	  Yorkhill	  5	  (YH5)-‐laden	  
beads	  (N=13)	  or	  NH57388A	  (NH)-‐laden	  	  beads	  (N=9).	  Kruskal-‐Wallis	  test,	  p	  =	  0.0013.	  ***	  denotes	  p<0.001	  
and	  *	  denotes	  p<0.05	  via	  Dunn’s	  multiple	  comparison	  test.	  Line	  denotes	  median	  score.	  H&E	  staining	  of	  
representative	  lung	  sections	  (all	  at	  x10	  magnification)	  in	  C57BL/6	  mice	  with	  no	  treatment	  (healthy	  control)	  
(B),	  treated	  with	  sterile	  agar	  beads	  (C-‐D),	  treated	  with	  Yorkhill	  5-‐laden	  beads	  (E-‐F),	  and	  treated	  with	  
NH57388A-‐laden	  beads	  (G-‐H).	  Black	  arrows	  highlight	  intra-‐bronchial	  agar	  beads.	  Blue	  arrows	  show	  
areas	  of	  alveolar	  involvement. 
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Figure 4.12: Pseudomonas aeruginosa-laden agar bead model and research 

hypothesis 
The developed PA-laden agar bead models best replicate the stage at which chronic PA 

colonisation is being established within the CF lung (indicated by vertical red arrow) and in 

which the IL-17 and IL-22 responses may be protective.  
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Chapter 5. Production and sources of IL-17A and 
IL-22 in response to experimental persistent 
pulmonary infection with Pseudomonas 

aeruginosa  
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5.1 Introduction 

In chapter 2, I demonstrated that Pseudomonas aeruginosa-specific memory 

Th17 and Th22 cells exist in patients with cystic fibrosis and healthy adults, 

which may contribute to pulmonary production of IL-17A and IL-22 in persistent 

infection with the organism. However a range of other cells can produce the 

cytokines, including innate sources48. Indeed, additional sources of IL-17 in CF 

pulmonary disease have been suggested and may act in response to PA infection; 

these include γδ T cells and IL-17+ neutrophils201,202. In response to experimental 

persistent PA infection using the agar bead model, pulmonary IL-17 appears to 

be present but the cellular source of the cytokine has not been defined205,327. 

This chapter describes how I sought evidence of IL-17 and IL-22 production in 

response to experimental chronic pulmonary PA infection and delineated the 

predominant IL-17- and IL-22-producing sources responding to PA using ex vivo 

stimulation of lymph node and splenic cells from infected animals. I further 

sought evidence that these PA-specific responses are acting in vivo during 

persistent pulmonary PA infection. 

5.2 Intrapulmonary IL-17A and IL-22 secretion in 
response to pulmonary Pseudomonas aeruginosa 
infection. 

To identify intrapulmonary IL-17A and IL-22 activity in the agar bead model of 

chronic infection, I initially measured cytokine levels in BAL and lung 

homogenates of treated animals. This demonstrated no significant difference in 

BAL IL-17A and IL-22 levels at 2 weeks post-instillation of either sterile or PA-

laden agar beads (Fig. 5.1A and B). In addition, there was no significant 

difference between sterile agar bead treated animals at 2 weeks post-instillation 

and untreated C57BL/6 controls for either BAL IL-17A (median in sterile bead 

treated mice (N=8) being 52.40pg/mL vs. untreated controls (N=4) at 

53.78pg/mL, p > 0.9999) or BAL IL-22 (median in sterile bead treated mice (N=8) 

being 83.68pg/mL vs. untreated controls (N=4) at 72.43pg/mL, p = 0.5960).  

A previous report suggested IL-17 production peaking early, at 2-4 days post 

infection, in the PA-laden agar bead model205. I therefore measured BAL IL-17A 

and IL-22 at 48 hours post-inoculation in a subgroup of animals treated with 
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NH57388A-laden beads, again with no significant difference in cytokine levels 

compared with sterile bead treated animals (Fig. 5.1C and D). Similar 

comparison was undertaken for other Th17-related cytokines, IL-17F and IL-21 

(Fig. 5.1E-H), with no significant change in production detected in BAL in the 

context of pulmonary PA infection. Direct comparison of the data shown in 

figure 5.1 demonstrated no significant difference in cytokine levels between 48 

hours and 2 weeks post-inoculation of NH57388A-laden agar beads. This was 

confirmed in a separate experiment, where IL-17A and IL-22 levels in BAL 

remained static at 4 days, 9 days and 14 days post-inoculation of Yorkhill 5-laden 

agar beads (data not shown). 

Assay of BAL samples is conventionally used to measure pulmonary cytokine 

production in murine models. Following preparation of lung homogenates for 

bacteriological analysis, I had access to supernatants from such homogenates 

and these were assayed as an additional measure of pulmonary cytokine levels. 

Supernatants from lung homogenates demonstrated high levels of IL-17A and IL-

22 at 48 hours and 2 weeks post-instillation. However, again no significant 

difference in the levels of these cytokines was seen in the context of pulmonary 

PA infection (Fig. 5.2A-D). In addition, for both BAL (Fig. 5.1) and lung 

homogenate supernatants (Fig. 5.2), the level of cytokines did not appear to be 

elevated in those with ongoing pulmonary PA infection vs. animals that had 

cleared the organism. Thus, direct assay of cytokine levels from both BAL and 

lung homogenates was insufficiently sensitive to implement IL-17A or IL-22 in the 

pathogenesis of chronic pulmonary Pseudomonas aeruginosa infection.  

5.3 Pseudomonas aeruginosa-specific responses in the 
context of pulmonary infection 

Simultaneous to the examination of cytokine production in the agar bead model, 

I sought to ascertain if Pseudomonas aeruginosa-specific responses had 

developed in the context of pulmonary infection. This was achieved by removal 

of the spleen and mediastinal lymph nodes from animals two weeks after 

inoculation with either PA-laden or sterile agar beads, and stimulating the 

derived cells with heat-killed PA strains. The resulting cellular response was 

then analyzed by assay of cytokine secretion and flow cytometry to define the 



 

 

 

183 

cell phenotype. The results for lymph node and splenocyte stimulation 

demonstrate specific features and are described separately. 

5.3.1 IL-17A and IL-22 production from thoracic lymph nodes 
stimulated with Pseudomonas aeruginosa  

Ex vivo mediastinal lymph node cells demonstrated IL-17A and IL-22 secretion 

only from animals that had been treated with PA-laden agar beads and the 

derived lymph node cells re-challenged with the organism (Fig. 5.3). Negligible 

IL-17A or IL-22 secretion was seen when lymph node cells were left in media 

alone (unstimulated). Importantly, negligible cytokine production was seen when 

thoracic lymph node cells from animals treated with sterile agar beads were 

challenged ex vivo with PA (Fig. 5.3). This data suggested a PA-specific response 

producing IL-17A and IL-22 had developed locally in the context of pulmonary PA 

infection. 

5.3.2 The non-T cell population expands and is the predominate 
source of IL-17A in thoracic lymph nodes in response to PA 

To examine the cellular phenotype following stimulation of mediastinal lymph 

node derived cells with PA strains, a set number of wells (with a comparable 

number of cells prior to stimulation) were combined for each condition, 

followed by straining for flow cytometry. Flow cytometry was performed on all 

cells within the given condition. Such analysis, therefore, allowed direct 

comparison of cell numbers between unstimulated cells versus those stimulated 

with PA ex vivo to ascertain if certain cell populations had expanded in response 

to Pseudomonas. For the mediastinal lymph nodes derived from animals treated 

with PA-laden beads, this demonstrated clear expansion in response to PA 

stimulation of a distinct cell population that was predominantly CD3 low-

intermediate (lo-int) with a higher side-scatter than the CD3 intermediate-high 

(int-hi) population (Fig.5.4A-C). In comparison to unstimulated lymph node cells 

(Fig. 5.4A), there was an 11.9 to 18-fold increase in the CD3lo-hi population in 

response to PA stimulation (Fig. 5.4B and C). The lack of high CD3 expression 

would be consistent with a non-T cell population responding to PA. Notably, this 

PA-induced expansion of the CD3lo-int cell subset was more robust in the animals 

treated with PA-laden beads (Fig. 5.4A-C) compared with sterile agar bead 
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treated animals (Fig. 5.4D-F). For the sterile bead treated animals there was a 

0-3-fold increase in the CD3lo-int population in response to PA stimulation (Fig. 

5.4E and F) compared with unstimulated conditions (Fig. 5.4D). Such PA-induced 

expansion would be best quantified in further experiments by incorporation of a 

specific cell proliferation dye. 

In addition, IL-17A was predominantly expressed by this expanded distinct CD3lo-

int population of mediastinal lymph node cells in response to stimulation with PA 

ex vivo (Fig. 5.5). Notably, although the actual proportion of IL-17A alone 

expressing cells appears to decrease between unstimulated conditions (Fig. 

5.5A) and following stimulation with PA (Fig. 5.5B and C), there is clearly an 

increase in the absolute number and intensity of IL-17A-expressing cells post-

stimulation with PA which is masked by interpretation of results as percent total 

cells. In contrast to the response in PA-laden agar bead treated animals, and 

substantiating the cytokine secretion data (Fig. 5.3), there was limited 

expression of IL-17A in mediastinal lymph node cells from sterile bead treated 

animals (Fig. 5.6).  

5.3.3 Thoracic lymph node B cells expand in response to PA re-
stimulation and express IL-17A 

Further examination of the expanding CD3lo-int lymph node population from PA-

laden agar bead treated mice that had responded to stimulation with PA (Fig. 

5.7A) demonstrated these to be predominantly positive for the B cell markers 

B220 and CD19 (Fig. 5.7B and C). In addition, these B cells were entirely CD11c 

negative confirming that these are not dendritic cells (data not shown). This 

expanded B cell population also expressed intracellular IL-17A (Fig. 5.7D), with 

limited co-expression with IFN-γ. 

5.3.4 Thoracic lymph node B cells responding to Pseudomonas 
aeruginosa have a B1a phenotype 

I hypothesised that the mediastinal lymph node B cells responding to PA 

stimulation and producing IL-17A may represent an innate B1 cell population. B1 

cells are important in early immune defence against mucosal pathogens and can 

be identified, in mice, by a panel of immunological markers (typically being 
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CD19+ CD5+/- CD43+ CD23- IgMhi IgDvariable)329. I firstly demonstrated that the 

expanded B cell population was predominantly expressing IL-17A from the CD5 

positive subset, a feature consistent in? B1a cells329 (Fig 5.8A). This was in 

contrast to IFN-γ expression, which was more evenly split between CD5 positive 

and CD5 negative B cell populations (Fig. 5.8B). 

B1 cells produce large amounts of poly-reactive low-affinity IgM, thus acting as 

an early response to pathogens and before adaptive B2 cellular responses 

develop and produce pathogen-specific IgG329,330. B1 cells can also act as rapid 

sources of pathogen-specific IgM331. Therefore I next sought to ascertain if the 

ex vivo stimulated mediastinal lymph node B cells were producing 

immunoglobulin against PA and of which isotype this constituted. Antigens from 

the same PA strain (NH57388A) used to initially infect the animals, as well as an 

additional PA strain (GRI-1), were used for assaying the production of PA-binding 

immunoglobulins. The supernatants from the mediastinal lymph nodes were 

assayed after 3 days of stimulation with heat-killed PA strains. This 

demonstrated a 5- to 9-fold increase in PA-binding IgM production from the 

lymph node cells stimulated with PA strains compared with unstimulated 

conditions (Fig. 5.9A). In contrast there was no significant production of PA-

binding IgG from stimulated lymph node cells (Fig. 5.9B). 

5.3.5 Thoracic lymph node B cells producing IL-17A do not co-
express GM-CSF 

Recent data had demonstrated innate B cells to be a major source of 

granulocyte-macrophage colony-stimulating factor (GM-CSF) in gram-negative 

sepsis332. In the ex vivo mediastinal lymph node cells stimulated with PA, I found 

GM-CSF was expressed by B cells but this was not in a pattern of co-expression 

with IL-17A (Fig. 5.10). 

5.3.6 A population of undefined lymph node CD3lo-int cells express 
IL-17A but are proportionally less following stimulation with 
PA 

Examination of the mediastinal lymph node expanded CD3lo-int cell subset 

responding to PA when stimulated ex vivo demonstrated that a significant 

proportion of IL-17A expression is from cells not expressing a B cell 
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phenotype (Fig. 5.11D-F), which may represent an innate lymphoid cell 

population. However, the cells have all received polyclonal stimulation (with 

ionomycin and PMA) prior to staining for flow cytometry and, thus, any cell with 

the potential to produce IL-17A will be evident. It is clear that this IL-17A+ CD3lo-

int B220- CD19- CD5- cell population is present under unstimulated conditions (Fig. 

5.11A-C), but that this population is not producing cytokine (Fig. 5.3). In 

addition, upon stimulation with heat-killed PA, the expression of IL-17A by B 

cells (CD3lo-int B220+ CD19+ CD5+) proportionally increases (Fig. 5.11D-F). Thus, in 

the context of lymph nodes derived from PA-infected animals, the B cell 

population is the likely predominant producer of IL-17. 

5.3.7 IL-17A and IL-22 production from splenocytes stimulated 
with heat-killed Pseudomonas aeruginosa 

I utilised a similar approach described above for the mediastinal lymph nodes to 

examine PA-induced responses at a site distant to that of the PA infection, 

namely via stimulation of splenocytes from the agar bead treated animals. 

Limited IL-17A and no IL-22 production was seen when splenocytes were cultured 

in media alone (unstimulated conditions) (Fig. 5.12A and B). Ex vivo stimulation 

of splenocytes with heat-killed PA resulted in IL-17A and IL-22 production (Fig. 

5.12A and B). However, there was no significant difference in cytokine response 

to PA between splenocytes derived from PA-laden bead treated animals and 

sterile controls; in response to splenocyte stimulation with heat-killed 

NH57388A, median IL-17A level was 31.5pg/ml in controls compared with 

26.8pg/ml in PA-infected animals (p=0.6434, via Mann-Whitney test) and median 

IL-22 level in controls was 183pg/ml compared with 408pg/ml in PA-infected 

animals (p=0.4559, via Mann-Whitney test). These data are in contrast to the 

mediastinal lymph node secretion of IL-17A and IL-22 (Fig. 5.3), where cytokine 

production only occurs from cells derived from animals with pulmonary PA 

infection that are re-challenged with PA ex vivo. Combined these data are 

suggestive of a pre-existing immune response against Pseudomonas aeruginosa 

able to produce IL-17A and IL-22, but that there is migration and/or expansion 

of the PA-responding cytokine producing cell population(s) at the site of 

pulmonary infection.  
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5.3.8 The splenic non-T cell population expands in response to 
PA in both sterile bead and PA-laden bead treated animals 

As seen with the ex vivo stimulation of mediastinal lymph nodes, the stimulation 

of splenocytes with PA results in expansion of a distinct CD3lo-int population (Fig. 

5.13). However, in stark contrast to the lymph node response, a robust PA-

induced expansion of this responding cell population is seen in both animals 

treated with PA-laden beads (Fig. 5.13A-C) and those treated with sterile beads 

(Fig. 5.13D-F). Consistent with the data in section 5.3.7, this would again 

suggest a pre-existing splenocyte population able to respond to PA. 

5.3.9 The splenic non-T cell population is the predominate source 
of IL-17A in response to PA 

The splenic CD3lo-int population, which had expanded in response to PA 

stimulation ex vivo, was found to be the predominant source of IL-17A (Fig. 5.14 

and 5.15). However, in contrast to the mediastinal lymph node response (Fig. 

5.5 and 5.6), robust cytokine expression following stimulation with PA was seen 

in splenic cells from both animals treated with PA-laden (Fig. 5.14) and sterile 

(Fig. 5.15) agar beads. This corroborates the cytokine secretion data for 

stimulated splenocytes (section 5.3.7 and Fig. 5.12). 

5.3.10 There is a pre-existing splenic B cell population 
producing IL-17A and IL-22 in response to PA re-stimulation  

I further examined the CD3lo-int splenocyte population expanding in response to 

PA stimulation ex vivo (Fig. 5.16A) and, once again, demonstrated these to be 

predominantly positive for the B cell markers B220 and CD19 (Fig. 5.16B and C). 

In addition, these splenic B cells were entirely CD11c negative confirming that 

these are not dendritic cells (data not shown). As seen with the mediastinal 

lymph node responses, this expanded B cell population also expressed 

intracellular IL-17A (Fig. 5.16D), with limited co-expression with IFN-γ. This IL-

17A-expressing B cell response was evident both in animals treated with PA-

laden and sterile agar beads. Additional staining for intracellular IL-22 was 

possible in splenocytes demonstrating that the B cells responding to PA 

stimulation ex vivo express both IL-17A and IL-22 (Fig. 5.17); although, using the 
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antibody available for intracellular IL-22 staining, the expression of this cytokine 

by B cells was relatively low compared with IL-17A. 

5.3.11 The splenic B cells responding to PA demonstrate 
features consistent with pre-existing B1 response 

Due to the greatly increased cell numbers obtained from spleens compared with 

mediastinal lymph nodes, I was able to perform additional staining of the PA-

responding B cells to confirm their B1 cell phenotype. B1 cells are typically CD43 

positive and CD23 negative329. Compared with unstimulated splenocytes 

(cultured in media alone) (Fig. 5.18A), there was a distinct shift in B cells (CD3lo-

int CD11c- CD19+ B220+) to a predominantly CD43 positive and CD23 negative 

population in response to stimulation with PA ex vivo (Fig. 5.18B); consistent 

with a responding B1 cell population. I also confirmed that this CD3lo-int CD19+ 

B220+ CD43+ CD23- population (i.e. B1 cells) were able to produce IL-17A and IL-

22 (Fig. 5.18C). Although, in contrast to the lymph node data (Fig. 5.8), the 

splenic IL-17-expressing B cell population was not discretely confined to the CD5 

positive (B1a cell) subset (Fig. 5.19).  

Finally I sought to ascertain if the ex vivo stimulated splenic B cells were 

producing immunoglobulin against PA. As for the ex vivo lymph node 

experiments, antigens from the same PA strain (NH57388A) used to initially 

infect the animals and an additional PA strain (GRI-1) were used for assaying the 

production of PA-binding immunoglobulins. The supernatants from the 

splenocytes derived from sterile and PA-laden agar bead treated animals were 

assayed after 3 days of stimulation with heat-killed PA strains. This 

demonstrated an 8- to 26-fold increase in PA-binding IgM production from the 

splenocytes stimulated with PA strains compared with unstimulated cells (Fig. 

5.20). The production of IgM against PA was evident both from PA-infected and 

sterile bead treated animals, so further confirming a pre-existing B1 cell 

population able to respond to PA when required. In contrast, there was no 

detectable production of PA-binding IgG from stimulated splenocytes derived 

from either sterile or PA-laden bead treated animals (data not shown).  
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5.3.12 A population of undefined splenic CD3lo-int cells 
express IL-17A but are proportionally less following 
stimulation with PA 

As I had observed in the lymph node stimulation experiments (Fig. 5.11), 

examination of the splenic CD3lo-int cell subset responding to PA on ex vivo 

stimulation demonstrated that a significant proportion of IL-17A expression is 

from cells not expressing a B cell phenotype (Fig. 5.21C and D). However, upon 

stimulation with heat-killed PA, the expression of IL-17A by B cells (CD3lo-int 

B220+ CD19+) proportionally increases from that of unstimulated conditions (Fig. 

5.21).  

5.3.13 The mediastinal lymph node and splenic CD3int-hi 
subset expressing IL-17A ex vivo is limited  

As described above, a discrete, low side-scatter CD3int-hi subset was evident in 

both lymph node and splenocyte cultures (Fig. 5.4 and 5.13), which would be 

consistent with a T cell population. However, for both mediastinal lymph nodes 

and splenocytes, there was limited expansion (Fig. 5.4 and 5.13) or expression of 

IL-17A (Fig. 5.5, 5.6, 5.14 and 5.15) by these cells in response to PA stimulation 

ex vivo. Due to the limited number of T cells expressing IL-17A after PA 

stimulation, it was difficult to perform any meaningful phenotyping of this 

subset. However, staining of T cells responding to PA ex vivo was possible in 

experiments utilising B cell deficient animals, described in chapter 6, section 

6.5.5. 

5.4 Peritoneal B1 cells produce IL-17A and IL-22 in 
response to Pseudomonas aeruginosa  

The data from ex vivo splenocyte and mediastinal lymph node stimulation 

identified B1 cells as a novel source of IL-17A in response to Pseudomonas 

aeruginosa infection. I had demonstrated B1 cell production of IL-17A and IL-22 

in response to PA from splenocytes derived from animals both with and without 

recent pulmonary Pseudomonas aeruginosa infection, so consistent with a pre-

existing innate B1 cell population. I next sought to further confirm this 

observation via ex vivo stimulation of purified B1a cells from untreated normal 

C57BL/6 mice. The peritoneum represents a rich source of B1a cells329,333,334 
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and thus B1a cells were purified from peritoneal washes, followed by culture for 

3 days in media alone (unstimulated conditions) or with the heat-killed PA strain 

GRI-1.  

Supernatants from the B1a cells demonstrated low level IL-17A and IL-22 

production (Fig. 5.22A and B) in response to PA, at a level less than that 

observed in splenic or mediastinal lymph node experiments. There was 

significant production of PA-binding IgM with a median fold increase of 9.4 over 

unstimulated conditions (p = 0.0040 compared with theoretical mean of 1.0, via 

Wilcoxon Signed rank test), but negligible IgG with a median fold increase of 1.4 

(Fig. 4.22C and D). Low numbers and viability of cells significantly limited flow 

cytometry analysis of the resultant B1a cells at end of the 3-day culture. 

The peritoneal B1a cell experiment does suggest an ability of this population to 

produce IL-17A and IL-22 in response to PA infection. However the results are 

limited by the observed low level of cytokine production, particularly compared 

with the splenic and mediastinal lymph node stimulation experiments. This may 

have been influenced by the methodology for isolation of B1a cells which 

resulted in prolonged processing (described in Chapter 2, section 2.20), 

ultimately limited total cells of interested for stimulation with PA, and low 

levels of viable cells (based on flow cytometry analysis) at the end of culture. 

Peritoneal B1a cells alone were stimulated and the contribution of B1b cells to 

cytokine production could not be assessed. Finally, in the splenic and 

mediastinal lymph node experiments, additional non-B cell sources of IL-17A 

may be contributing to the higher levels of cytokine secretion observed.  

5.5 Identification of IL-17A sources in vivo in response to 
pulmonary Pseudomonas aeruginosa infection 

The data detailed in this chapter has shown no elevation of IL-17A or IL-22 levels 

on BAL or lung homogenates in response to PA, but a clear IL-17A and IL-22 

response in the ex vivo stimulation of lymph nodes and spleens of PA-infected 

animals. I thus next sought to ascertain whether an increase in IL-17A-expressing 

cells could be detected in the pleura and lung in response to infection as well as 

ascertaining the cellular phenotype of IL-17A-expressing cells with particular 

attention to whether a B1 cell population could be demonstrated. Given the 
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limited IL-22 staining achieved with the available antibody and the limitations of 

flow cytometry channels available, I concentrated on identifying the IL-17A 

expression in the infected lung. In the experiment used to analysis lung 

homogenates by flow cytometry there were no simultaneously treated sterile 

agar bead animals (which would have represented the ideal control), thus age- 

and sex-matched untreated C57BL/6 mice were used as controls. 

5.5.1 IL-17A-expressing cells increase in the lung in response to 
PA infection 

To ascertain if there is an increase in cells that had the capacity to produce IL-

17A during pulmonary PA infection, lung homogenates from C57BL/6 untreated 

controls (N=5) and those treated with PA-laden beads (N=5) were, following 

polyclonal stimulation, stained for the intracellular expression of IL-17A (Fig. 

5.23A). This demonstrated a significant increase in total lung cells expressing IL-

17A up to 2 weeks following treatment with PA-laden agar beads (Fig. 5.23B).  

5.5.2 Both non-T cell and T cell sources of IL-17A increase in 
response to pulmonary PA infection  

I next sought to ascertain the phenotype of the cells potentially able to produce 

IL-17A in the context of pulmonary PA infection. I firstly found the pulmonary IL-

17-expressing cells were split between T cell (CD3+) (average 54.7% of IL-17A+ 

cells, SD 3.71) and non-T cell sources (average 45.3% of IL-17A+ cells, SD 3.71) 

(Fig. 5.24A). Compared to C57BL/6 untreated controls, there was a significant 

increase in the proportion of T cells (live CD3+ cells) expressing intracellular IL-

17A and non-T cell (live CD3- cells) expression of IL-17A in the context of 

pulmonary PA infection (Fig. 5.24B and C). The proportion of T cells able to 

produce IL-17A significantly increased in the context of PA infection with a 

median of 4.02% of CD3+ cells in controls (IQR: 2.19-6.50; N=5 mice) and 17.4% 

(IQR: 13.55-19.55; N=5 mice) of CD3+ cells in PA-infected lungs expressing the 

cytokine (p = 0.0079, via Mann-Whitney test). The proportion of non-T (CD3-) 

cells expressing IL-17A also increased from median of 0.87% in controls (IQR: 

0.57-1.80; N=5) to 4.03% (IQR: 2.98-5.20; N=5) in mice with pulmonary PA 

infection. Therefore, overall, there was a 4-5-fold increase in both T cell and 
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non-T cell expression of IL-17A in response to pulmonary PA infection.  

5.5.3 CD4+ T cells and γδ T cells are sources of pulmonary IL-17A 
in PA infection 

Much research attention has concentrated on T cell production of IL-17 

cytokines, especially Th17 cells, against pathogens and was indeed the focus of 

the work described in Chapter 2 of this thesis. Additional staining of the 

pulmonary CD3+IL-17A+ population seen in the PA infected animals demonstrated 

that this was predominantly composed of CD4+ T cells (potentially Th17 cells) 

and γδ T cells, with negligible NK T cells and a smaller subset of undefined T 

cells (Fig. 5.25).  

5.5.4 B cells are a novel source of IL-17A in pulmonary PA 
infection 

Having demonstrated B cell expansion and expression of IL-17A in the 

splenocytes and mediastinal lymph node derived cells stimulated with PA ex 

vivo, I sought to ascertain if a similar population could be identified in PA-

infected lungs. Examination of the CD3- cell population demonstrated that the 

majority of IL-17A expression is from non-B (B220-) cell sources, with B cells 

constituting 3% of the CD3- cells expressing IL-17A (Fig. 5.26A). The nature of 

the alternative pulmonary non-T cell sources of IL-17A was also not explored in 

depth, although staining for NK cells (using the marker NK1.1) demonstrated 

only 0.8% of CD3- IL-17A-expressing cells were IL-17+ NK cells in the PA infected 

lung. The CD3-B220+ cells (Fig. 5.26B) were predominantly expressing IL-17A 

from the CD43+ subset, consistent with expression by either B1 or activated 

antibody-producing B2 cells329. Therefore B cells in the lung have the potential 

to produce IL-17A and may include B1 and B2 cell populations. However, they 

appear to be an infrequent IL-17A-expressing population in lung 2 weeks 

following initial PA infection. Whether they have an additional role earlier in the 

immune response to pulmonary PA and/or have trafficked through the lung 

during infection cannot be answered by these data.  
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5.5.5 Non-T cell, non-B cell sources of IL-17A within the infected 
lung parenchyma 

Akin to the ex vivo lymph node and splenocyte stimulation experiments, a 

population of IL-17A-expressing cells negative for the T cell marker CD3 and B 

cell markers CD19 and B220 was identified (Fig. 5.26A). Detailed phenotyping of 

this population was not performed, although NK cells were only a very small 

proportion of this population (only 0.14% of lung CD3-CD19-NK1.1+ cells 

expressed IL-17A). 

5.5.6 Pleural B cell expression of IL-17A in response to 
pulmonary PA infection 

Akin to the peritoneal cavity, the pleural space is enriched in B1 cells329,334 and I 

thus sought to ascertain if a shift in pleural IL-17A-producing cells and IL-17+B1 

cells occurred in response to pulmonary PA infection. Pleural cells were isolated 

from C57BL/6 untreated controls (N=5) and animals treated with PA-laden beads 

(N=5) 2 weeks previously, polyclonally stimulated and stained for flow 

cytometry.  

In contrast to the lung homogenates, limited IL-17A expression was evident in 

pleural cells and no difference in expression was seen in response to pulmonary 

PA infection (Fig. 5.27A and B). I further sought to ascertain if B1 cells in pleural 

space could be identified and expressed IL-17A. Due to low cell numbers 

obtained from pleural samples, the washes from untreated controls and mice 

treated with PA-laden beads were separately combined to generate sufficient 

cells for analysis of the phenotype of pleural B cells. A population of CD3-

B220+CD43+IgM+ cells was identified, potentially consistent with B1 cells, and did 

express intracellular IL-17A (Fig. 5.27C). Interestingly the CD43+IgM+ subset 

constituted 39.4% of the B cell (CD3-B220+) population in controls but 28.2% of B 

cells in mice treated with PA-laden beads. This observation would require 

verification in a larger subset of animals/repeat experiments but raises the 

question of whether B1 cells are trafficking out of the pleural space in response 

to intrapulmonary PA infection. 
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5.6 Changes in thoracic lymph node composition in 
response to pulmonary PA infection and expression 
of IL-17A 

I had already demonstrated a cellular response against Pseudomonas aeruginosa 

had developed in the mediastinal lymph nodes of animals treated with PA-laden 

beads compared with sterile bead animals (section 5.3). This may represent 

expansion and/or migration of PA-responding cell population(s) to lymph in 

proximity to the site of infection. I therefore wished to substantiate this finding 

by examining changes in composition of thoracic lymph nodes occurring in 

response to pulmonary PA infection and, specifically, if there was expansion of B 

cell populations that expressed IL-17A.  To ensure any change in composition 

was due to a locally mediated effect of PA infection, comparison was made 

between the composition of mediastinal lymph nodes from sterile agar bead and 

PA-laden agar bead treated animals. In addition, mediastinal lymph composition 

was compared with inguinal lymph node cellular composition in PA-laden bead 

treated animals, where the inguinal lymph nodes acted as internal controls. Mice 

were treated with either sterile or NH57388A-laden agar beads and mediastinal 

and inguinal lymph nodes recovered at 2 weeks following bead instillation; the 

different nodal samples were combined for each treatment group in order to 

allow sufficient cells for detailed phenotyping. Following creation of single cell 

suspensions, cells were polyclonally stimulated to induce cytokine expression 

prior to staining for flow cytometry.  

5.6.1 Thoracic lymph nodes enlarge in response to pulmonary PA 
infection 

A clear finding was that PA-infected animals had macroscopically enlarged 

mediastinal lymph nodes compared with sterile agar bead controls at two weeks 

post-instillation (Fig. 5.28A), which was confirmed quantitatively on lymph node 

cell counts (Fig. 5.28B).  

5.6.2 B cell and B1 cell compartment expand in the thoracic 
lymph nodes in response to pulmonary PA infection 

In addition to overall enlargement of the thoracic lymph nodes in response to 

pulmonary PA infection, there was also evidence that the lymph node B cell 
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population had further expanded and become a more dominant cellular 

component. The CD19+B220+ (Fig. 5.29A) population composed 40.7% of the 

lymph node population in mediastinal nodes in mice treated with PA-laden 

beads, compared with 15.5% in the inguinal nodes of the same animals, and 

13.6% in the mediastinal nodes of mice treated with sterile agar beads. Within 

the B cell component itself, the B1 cell population (B220+CD19+CD43+IgMhi) (Fig. 

5.29B) may also have become a more dominant group in PA-infected animals; 

7.92% of B cells were B1 cells in the mediastinal nodes of animals treated with 

PA-laden beads compared 4.59% of B cells being B1 cells in mediastinal nodes of 

mice treated with sterile agar beads. The majority (>70%) of the expanded B1 

cell population in the mediatinal lymph nodes expressed CD5, consistent with a 

B1a phenotype (Fig. 5.29C). B1 cells show an IgMhiIgDlo profile329. Thus, to 

further corroborate an increase in the B1 cell population in the thoracic lymph 

nodes in response to PA infection, B cells were analyzed for a shift to this profile 

(Fig. 5.29D). In PA-infected animals 8.49% of B cells were IgMhiIgDlo compared 

with 3.8% in the inguinal nodes of the same animals, and 6.46% in the 

mediastinal nodes of animals treated with sterile agar beads.  

5.6.3 Thoracic lymph node B cell and B1 cells express IL-17A 

Having observed a B1 cell IL-17A-producing response when mediastinal lymph 

node derived cells were re-stimulated with PA ex vivo and an increase in B and 

B1 cell populations within such lymph nodes in response to pulmonary PA 

infection, I further sought to confirm that IL-17A-expressing B and B1 cells could 

be detected in the polyclonally stimulated lymph nodes. I confirmed mediastinal 

lymph node B220+CD19+ cells express IL-17A, with limited co-expression with 

IFN-γ (Fig. 5.30A and B). In addition, approximately 2.6% of B1 cells 

(B220+CD19+CD43+IgMhi) express IL-17A in the thoracic lymph nodes of mice 

treated with PA-laden beads (Fig. 5.30C and D) and IL-17A expression is virtually 

entirely limited to the B1a subset (Fig. 5.30E); the later finding being in keeping 

with the antigen-stimulated phenotype of IL-17A-expressing B1 cells (section 

5.3.4, Fig. 5.8). 
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5.6.4 Splenocyte composition does not significantly change in 
response to pulmonary PA infection 

In order to further ascertain if the increased B and B1 cells expressing IL-17A 

seen in mediatinal lymph nodes were a localised change or part of a more 

systemic immune shift in the context of pulmonary PA infection, I examined the 

composition and IL-17A expression in splenocytes of PA-laden bead and sterile 

bead treated animals. The same mice treated with either sterile agar beads or 

NH57388A-laden agar beads used for the lymph node analysis (sections 5.6.1 – 

5.6.4) were also used for splenocyte recovery at 2 weeks following bead 

instillation. Following creation of single cell suspensions and red blood cell (RBC) 

lysis, splenocytes were polyclonally stimulated to induce cytokine expression 

prior to staining for extracellular markers and intracellular cytokines, and then 

flow cytometry.  

The proportion of splenocytes that were B cells (B220+CD19+) was unchanged 

between animals treated with sterile and PA-laden beads (Fig. 5.31A and B). In 

the PA-laden bead treated animals there was a non-significant, quantitatively 

small increase in splenic B1 (B220+CD19+CD43+IgMhi) cells (Fig. 5.31C and D) and 

statistically significant but again quantitatively small increase in B1a 

(B220+CD19+CD43+IgMhiCD5+) cells (Fig. 5.31E and F). The B1 cells increased from 

a median of 3.26% of total non-RBC splenocytes in sterile bead animals to 4.32% 

in PA-laden bead treated animals (Fig. 5.31D). The B1a cells increased from a 

median of 1.74% of total non-RBC splenocytes in sterile bead animals to 2.42% in 

PA-laden bead animals (Fig. 5.31F). Animals remaining chronically infected 

trended towards higher splenic B1 and B1a populations (Fig. 5.31D and F). 

Separate staining of splenocytes from the same experiment demonstrated that, 

like lymph node B cells, splenic B cells (live CD4-B220+CD19+ cells) express IL-

17A, with limited co-expression of IFN-γ and IL-22 (Fig. 5.32A and B). However, 

IL-17A expression by splenic B cells (CD4-B220+CD19+) following polyclonal 

stimulation was not significantly increased in animals treated with sterile versus 

PA-laden agar beads (Fig. 5.32C). 
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5.7 B cells are active in vivo during pulmonary PA 
infection 

Having identified an IL-17A producing B, and specifically B1, cell response to 

pulmonary PA infection, I sought further evidence that these cells were active 

during the in vivo pulmonary infection via immunostaining for B cells at the site 

of infection and assay of systemic production of PA-binding immunoglobulins. 

5.7.1 Intrapulmonary B cells aggregates develop 

Monocytic peri-bronchial aggregates were the predominant pathological finding 

in the PA-laden bead treated animals (discussed in Chapter 4, section 4.3.6, and 

examples shown in Fig. 5.33A and B). Given my identification of a B cell 

population responding to PA ex vivo and expanding in local pulmonary lymph 

nodes, I hypothesised that these may represent areas of B cell accumulation and 

this was confirmed via immunohistochemistry (Fig. 5.33C-E). Sterile bead 

treated animals showed more limited pathological changes (Chapter 4, section 

4.3.6), which demonstrated negligible B220 expression on 

immunohistochemistry.  

To ascertain whether these collections of peri-bronchial B lymphocytes 

represented bronchus-associated lymphoid tissue (BALT), further staining was 

undertaken to delineate T cell populations (Fig. 5.33F and G). To constitute 

BALT certain architectural changes are required, particularly the development 

of discrete B and T lymphocyte areas, as well as presence of follicular dendritic 

cells and development of a vascular and lymphatic supply335,336. Although T cells 

were scattered through lung sections, there were no clear zones of T 

lymphocytes that would be in keeping with BALT formation (Fig. 5.33F and G).  

5.7.2 Serum PA-binding IgM following pulmonary PA infection  

In addition, B cell activation in response to pulmonary PA infection was evident 

with an increase in serum PA-binding immunoglobulins (Fig. 5.34). Two-weeks 

following initial PA infection, there was a median fold increase in PA-binding IgM 

of 1.162 (IQR: 0.994-1.362; p<0.0001 compared with theoretical median of 1.0, 

via Wilcoxon signed rank test) and in IgG of 1.334 (IQR: 1.101-2.521; p<0.0001 
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compared with theoretical median of 1.0, via Wilcoxon signed rank test) 

compared with sera for sterile bead treated animals.  
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5.8 Discussion 

To-date both clinical data150,167,199-202 and murine models205,327 had suggested a 

role for IL-17A in CF pulmonary disease and potentially in response to persistent 

pulmonary Pseudomonas aeruginosa infection. However what IL-17A- and IL-22-

producing cellular responses might be induced and act specifically against PA in 

persistent pulmonary infection had not been explored. In this chapter I 

demonstrate that IL-17A and IL-22 can be produced locally in response to 

persistent pulmonary Pseudomonas aeruginosa infection. A population of B cells, 

with a B1 cell phenotype (i.e. cells that were B220+CD19+CD3lo-intCD11c-

CD43+CD23- and CD5+/- secreting PA-binding IgM), responds to PA stimulation ex 

vivo to produce IL-17A and IL-22. Importantly this PA-responding B cell 

population was significantly more robust within the mediastinal lymph nodes of 

animals treated with PA-laden beads but not those treated with sterile agar 

beads. In addition, consistent with an early innate B1 cell response to the 

organism, this PA-responding B cell population was evident in the spleen and 

peritoneal cavity of animals in the absence of pulmonary PA infection. Taken 

together, these results suggest there has been migration to and/or expansion of 

the PA-responding B1 cells that are able to produce IL-17A and IL-22 within 

pulmonary lymph nodes, close to the site of PA infection and where they can 

participate in the local immune response. The data also suggests these B1 cells 

are likely to be active during the in vivo disease process, with IL-17A-expressing 

B1 cells detected (although at a low level) in the lung itself, formation of peri-

bronchial B cell aggregates, and systemic production of PA-binding 

immunoglobulin in the context of persistent pulmonary PA infection. However, it 

was also clear that other sources may produce IL-17A in pulmonary PA infection. 

Within the infected lung, CD4+ T cells and γδ T cells expressed the cytokine. IL-

17-expressing cells that were negative for T and B cell markers (potentially 

representing an innate lymphoid cell population) were also identified in the lung 

and mediastinal lymph nodes following polyclonal stimulation.  

The first notable finding of this work was the absence of any significant change 

in the cytokine levels of IL-17A, IL-17F, IL-22 or IL-21 in BAL or lung 

homogenates at intervals between 2 days to 2 weeks post-instillation of PA-laden 

agar beads. Others have suggested production of IL-17 occurs in response to 
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experimental acute194,244 and chronic205,327 pulmonary PA infection. However, 

these studies have shown only low levels of IL-17 production compared to 

controls and at very early time points post-infection, 3-6 hours in the acute 

infection model254 and 3 days in the PA-laden agar bead model205.  In the chronic 

infection model, Dubin et al further found that BAL IL-17 level normalised within 

7 days of PA-laden bead instillation205. Although a second group did suggest 

ongoing IL-17A production in BAL up to 12 days post-instillation of PA-laden 

beads327, there was no sterile agar bead control group reported for comparison. I 

failed to find any significant change in production of IL-17A, or other Th17-

related cytokines, in response to persistent pulmonary PA infection using 

NH57388A-laden and Yorkhill 5-laden agar beads. This finding may be explained 

by the low levels of infection and inflammatory response observed within my 

developed models (described in chapter 4) and/or a more local cytokine effect 

not detected by assay of the cytokine levels alone. In addition, Chong et al 

observed similar levels of serum IL-17A and regional lymph node Il17a expression 

(via quantitative real-time PCR) in animals treated with sham infection (intra-

muscular saline) as those treated with intra-muscular Streptococcus pyogenes; 

this included IL-17A production by γδ T cell, NK cell and CD4+ T cell responses 
337. Production of IL-17 in response to trauma is also evident in severe burns 

injuries in both clinical samples338,339 and murine models340. Taken together, 

these data suggest that trauma resulting from the intra-tracheal inoculation 

itself may also be sufficient to induce cytokine production and thus obscure a 

response specifically to PA based on measurement of secreted IL-17A and IL-22 

alone. 

To further elucidate a role for IL-17A and IL-22 in persistent PA infection I sought 

evidence of a cellular response to the organism. I was able to identify an IL-17A 

and IL-22 response against PA utilising ex vivo stimulation of mediastinal lymph 

nodes and splenocytes from infected animals, with the response being 

significantly heightened locally in the animals with pulmonary PA infection 

compared with sterile bead controls. The finding of B cells as a source of IL-17A 

and IL-22 in response to PA was surprising. Shortly following my identification of 

B cells producing the cytokines in the PA-laden agar bead model, a separate 

group demonstrated B cells to a critical source of IL-17 in a murine model of 

infection with the parasite Trypanosoma cruzi and that human B cells could 



 

 

 

201 

also secrete the cytokine194. I further demonstrated that the cytokine-secreting 

B cells seen locally in response to pulmonary PA infection were of the B1 subset. 

B1 cells are the first B cells to develop, formed in the neonate, and persisting 

thereafter as a self-replenishing population. This B cell subset secretes the 

majority of naturally occurring antibodies, particularly IgM in the serum and 

respiratory tract330,331. B1 cells can also produce poly-reactive IgA329,341,342. The 

B1-derived antibodies show specificity for both self-antigens and pathogen-

expressed molecules; in the case of the latter, including LPS on Gram-negative 

bacteria, phosphorylcholine of Gram-positive bacteria, and viral-expressed 

antigens329. Thus, B1 cells ensure early and continuous production of protective 

antibodies and represent an important innate defence mechanism. In the case of 

respiratory defence, B1 cells have previously been shown to hold a protective 

role in influenza infection via active secretion of IgM in the respiratory tract331. 

The B1 cell population is further divided into B1a and B1b subsets on the basis of 

being positive and negative for CD5 expression, respectively. CD5 acts as a 

negative regulator of B cell receptor (BCR)-mediated activation signals343. Thus, 

B1a cells do not respond to BCR-mediated signals but do respond to innate 

signals in vivo and in vitro329,341,344. I demonstrated that in response to persistent 

pulmonary PA infection, the CD5+ B1a cell response was the main B1 subset 

responding to the organism; B1a cells produced the majority of IL-17A in 

response to ex vivo stimulation of B cell with PA (Fig. 5.8), and B1a cells 

accounted for >70% of the expanded B1 cell population in mediastinal lymph 

nodes of PA infected animals (Fig. 5.30). Given the CD5 expression by B1a cells, 

this would suggest that the majority of the local B1 response is driven 

independently of BCR-mediated signals. Indeed, a similar accumulation of B1a 

cells was seen in regional lymph nodes in pulmonary influenza infection and the 

authors hypothesised that infection-induced pro-inflammatory signals, such as 

IL-1, IL-6 and TNF-α, might act to recruit such a B1a cell population to the site 

of infection331. These potential signals are also produced in pulmonary infection 

with Pseudomonas aeruginosa205,254,327. In addition, B1 cells have an enhanced 

response to TLR agonists329,345, which is likely to affect their recruitment and 

activation in pulmonary PA infection especially as the organism provides as a 

rich source of LPS.  
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B1a and B1b cells not only differ in their CD5 expression, but also 

developmentally and functionally329. Indeed, B1a cells have been predominantly 

suggested to provide passive protection via natural antibody production, 

whereas B1b cells respond actively to infection with certain parasites and 

bacteria342,346. However, in the pulmonary influenza infection model, B1a cells 

were found to actively migrate to and participate in respiratory immune defence 

via production of poly-reactive and, to a lesser extent, virus-specific IgM331. My 

data would suggest an additional, previously unrecognised, role of B1a cells in 

active anti-bacterial defence via the production of IL-17A and IL-22. 

In response to pulmonary PA infection, I demonstrated that B1 cells had 

accumulated in the pulmonary lymph nodes and that these B1 cells respond to 

PA in ex vivo culture. However, whether this represents recruitment and/or 

expansion of B1 cells in response to pulmonary PA infection cannot be answered 

from these data. I did, however, provide preliminary data suggesting a reduction 

in pleural B1 cells (CD3-B220+CD43+IgM+) in animals treated with PA-laden agar 

beads (section 5.5.5, Fig. 5.27). This latter observation raises the question of 

whether B1 cells are trafficking out of the pleural space in response to 

intrapulmonary PA infection to the pulmonary lymphoid tissue. I also 

demonstrated that a B1 population responding to PA pre-existed in the spleen, 

and probably peritoneum, of uninfected animals; these represent additional 

sources of PA-responding B1 cells that can traffic to the lymph nodes and/or 

lungs in response to infective challenge. Choi et al utilised bromodeoxyuridine 

(BrdU) incorporation in the influenza infection model to demonstrate the 

localised B1 cell response was due to recruitment to, and not expansion of, B1a 

cells in regional lymph nodes at the site of pulmonary infection331. These 

authors, in concordance with the PA-laden agar bead model findings, found a 

reciprocal reduction in B1 cells numbers in the pleural space of influenza-

infected animals331. Redistribution of B1 cells has also been seen in response to 

challenge with systemic LPS with migration from the peritoneal cavity to the 

spleen329,344. Finally the chemokine CXCL13 was implicated in migration of B1 

cells to the omentum and peritoneal cavity following intra-peritoneal 

Streptococcus pneumoniae administration347. 
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Whether a similar population of B1 cells responding to Pseudomonas aeruginosa 

and producing IL-17A exists in humans remains to be answered. Both CD5 

expressing B cells in humans and mice show similarities of early development, 

before being succeeded by a predominant CD5- B cell population, and poly-

reactive antibody production that may contribute to innate defence329,342. The 

primary human B cells found to produce IL-17A and IL-17F in response to 

Trypanosoma cruzi did so within 3 days of culture with the parasite, akin to the 

observed ex vivo B1 cell response to PA described in this chapter; however, the 

exact phenotype of these IL-17-producing human B cells was not explored 

further194. 

I had already established that Th17 responses against Pseudomonas aeruginosa 

were evident in the peripheral blood of human adults (described in chapter 3). 

Evidence that this response is involved in respiratory defence was required. In 

the present chapter, ex vivo culture of splenocytes and pulmonary lymph nodes 

failed to demonstrate a PA-specific CD4+ T cell response in the murine agar bead 

model (section 5.3.13). However, in the lung parenchyma there was a 13% 

increase in IL-17A-expressing T cells in animals treated with PA-laden agar beads 

(Fig. 5.24) and approximately 25% of all IL-17-expressing cells within the lung 

were CD4+IL-17A+ T cells, consistent with a Th17 cell population (Fig. 5.25). 

Additional staining for the transcription factor RORγt and other Th17-related 

cytokines would provide support for this representing a Th17 population. 

Whether the Th17 cells play a critical role in anti-pseudomonal defence is best 

addressed via in vivo deletion/attenuation of the cell type in the context of 

persistent infection, but the presented data at least suggests a pulmonary 

population of Th17 cells exists and may contribute to the response against the 

organism. 

Both the ex vivo stimulation of lymph nodes and splenocytes with PA (Fig. 5.11 

and 5.12) and examination of lung homogenates (Fig. 5.26) from infected 

animals clearly show a population of cells expressing IL-17A but not the T or B 

cell markers. A number of non-T cell sources of IL-17A have been described in 

the literature, including neutrophils, mast cells, and the innate lymphoid cells, 

NK cells and LTi-like cells (chapter 1, Table 1.2)48. IL-17A-expressing innate 

lymphoid cell population(s) may constitute the non-T/B cell sources 
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identified in the lymph node and splenic culture experiments having been 

identified within these tissues348, although the additional phenotyping required 

to confirm these populations348 was not performed. It was however evident that 

only low numbers of IL-17A-expressing NK cells exist within the infected lung 

tissue (Section 5.5.5).  

Much of the work described in this chapter demonstrates the cellular expression 

of IL-17A. Similar examination of IL-22-producing cells was limited by the lack of 

a commercial labelled antibody showing specific binding for the cytokine. It was 

however clear that IL-22 was produced in response to PA stimulation (Fig. 5.3 

and 5.12). A monoclonal anti-IL-22 antibody was finally labelled in-house, with 

an ability to produce specific labelling (described in chapter 2, section 2.22.4). I 

was thus able to demonstrate that splenic B cells, including the B1 subset 

(B220+CD19+CD43+CD23-), expressed IL-22 following ex vivo PA stimulation and 

with approximately 50% co-expression with IL-17A (Fig. 5.17B and 5.18C). 

Whether the B1 cells expressing IL-22 alone represent a different subset with an 

alternate role in respiratory defence is an intriguing avenue for exploration. 

The work presented in this chapter demonstrates that IL-17A and IL-22 can be 

produced locally in response to persistent pulmonary PA infection and that B1 

cells represent a previously unrecognised source of the cytokines. Whether these 

IL-17A and IL-22 responses confer pulmonary protection against Pseudomonas 

aeruginosa infection and whether the cytokine-producing B cells hold a critical 

protective role is explored further in chapter 6. 
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Figure 5.1: Bronchoalveolar lavage (BAL) cytokine levels in C57BL/6 mice treated 
with sterile or Pseudomonas aeruginosa-laden agar beads 
BAL IL-17A and IL-22 levels measured by ELISA at 2-weeks (A and B) and 48-hours (C and D) post-

instillation of sterile agar beads or beads laden with PA strain NH57388A. BAL IL-17F and IL-21 

levels measured at 2-weeks (E and F) and 48-hours (G and H) post-instillation of sterile agar 

beads or beads laden with NH57388A. 48-hour levels representative of 1 experiment. 2-week 

levels repeated in 2 separate experiments. Line represents median. P-values denote comparison 

by Mann-Whitney test. ★, animals with on-going pulmonary PA infection. 
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Figure 5.2: Lung homogenate cytokine levels in C57BL/6 mice treated with sterile or 
Pseudomonas aeruginosa-laden agar beads 
Supernatants were removed following lung homogenization and assayed by ELISA for IL-17A and 

IL-22. IL-17A and IL-22 levels measured at 2-weeks (A and B) and 48-hours (C and D) post-

instillation of sterile agar beads or beads laden with PA strain NH57388A. 48-hour levels 

representative of 1 experiment. 2-week levels repeated in two separate experiments. Line 

represents median. P-values denote comparison by Mann-Whitney test. ★, animals with on-going 

pulmonary PA infection.  
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Figure 5.3: IL-17A and IL-22 secretion from mediastinal lymph nodes stimulated ex 
vivo with Pseudomonas aeruginosa  
Two weeks following trans-tracheal instillation of sterile agar or PA-laden (NH73788A) beads, 

mediastinal lymph nodes were stimulated ex vivo with heat-killed PA strains or left unstimulated 

followed by measurement of IL-17A (A) and IL-22 (B) secretion at 3-days. Un, unstimulated. NH, 

heat-killed NH57388A MOI30. GRI-1, heat-killed GRI-1 MOI 30. Columns represent mean + SEM for 

4 (sterile beads) or 8 (NH57388A beads) replicate wells. Representative of results from three 

separate experiments. 
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Figure 5.4: Expansion of the CD3

lo-int
 population of mediastinal lymph node cells in 

response to stimulation with PA ex vivo 
Two-weeks following trans-tracheal instillation of sterile or PA-laden agar beads, mediastinal 

lymph nodes were excised and cells left in media alone (Unstimulated; A & D) or stimulated with 

heat-killed PA strains NH57388A (B & E) or GRI-1 (C & F) for 3-days. Lymph node derived cells 

from NH57388A-laden bead treated (A-C) and sterile bead treated (D-F) mice. Gating on live 

cells. CD3
lo-int

 cells in red gate and CD3
int-hi

 cells in black gate, with total number of cells in gate 

shown in table under plots. Representative of results from three separate experiments. 
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Figure 5.5: Expression of IL-17A by CD3

lo-int
 and CD3

int-hi
 populations of mediastinal 

lymph node cells from PA-laden bead treated mice in response to stimulation with 
PA ex vivo 
Two-weeks following trans-tracheal instillation of NH57388A-laden agar beads, mediastinal 

lymph nodes were excised and cells left in media alone (Unstimulated; A & D) or stimulated with 

heat-killed PA strains NH57388A (B & E) or GRI-1 (C & F) for 3-days. Cells were stimulated with 

PMA and ionomycin in the presence of Brefeldin A for 5 hours prior to staining for flow 

cytometry. Gating on live cells with A-C gated on CD3
lo-int 

cells and D-F gated on CD3
int-hi

. Values 

in quadrants represent percent of total cells. Representative of results from three separate 

experiments. 
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Figure 5.6: Expression of IL-17A by CD3

lo-int
 and CD3

int-hi
 populations of mediastinal 

lymph node cells from sterile bead treated mice in response to stimulation with PA 
ex vivo 
Two-weeks following transtracheal instillation of sterile agar beads, mediastinal lymph nodes 

were excised and cells left in media alone (Unstimulated; A & D) or stimulated with heat-killed 

PA strains NH57388A (B & E) or GRI-1 (C & F). Cells were stimulated with PMA and ionomycin in 

the presence of Brefeldin A for 5 hours prior to staining for flow cytometry. Gating on live cells 

with A-C gated on CD3
lo-int 

cells and D-F gated on CD3
int-hi

. Values in quadrants represent percent 

of total cells. Representative of results from two separate experiments. 
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Figure 5.7: B cell expansion and expression of IL-17A in mediastinal lymph node 
cells from PA-laden bead treated mice in response to stimulation with PA ex vivo 
Two-weeks following trans-tracheal instillation of NH57388A-laden agar beads, mediastinal 

lymph nodes were excised and cells stimulated with heat-killed PA strains NH57388A ex vivo for 

3-days. Cells were stimulated with PMA and ionomycin in the presence of Brefeldin A for 5 hours 

prior to staining for flow cytometry. A, Representative plot of the expanded CD3 negative 

population in response to PA stimulation (red gate). The CD3 negative population was 

predominantly B220 positive (B) and CD19 positive (C); values above gates represent percent of 

total cells shown in drawn gate. D, B cell (CD3
lo-int

 B220
+
 CD19

+
 CD11c

-
) intracellular expression of 

IL-17A and IFN-γ; quadrant values represent percent total cells. Representative of three 

separate experiments. 
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Figure 5.8: B1a cell expression of IL-17A and IFN-γ in mediastinal lymph node cells 
from PA-laden bead treated mice in response to stimulation with PA ex vivo 
Two-weeks following trans-tracheal instillation of NH57388A-laden agar beads, mediastinal 

lymph nodes were excised and cells stimulated with heat-killed PA strains NH57388A ex vivo for 

3-days. Cells were stimulated with PMA and ionomycin in the presence of Brefeldin A for 5 hours 

prior to staining for flow cytometry. Gating on live cells. Representative plot of B cell (live CD3
-
 

B220
+
 CD19

+
 CD11c

-
) expression of CD5 and IL-17A (A) and IFN-γ (B); values above gates 

represent the percent of total IL-17A-expressing cells within drawn gate. CD5 single stain (C) and 

isotype (D) shown for reference. 
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Figure 5.9: PA-binding IgM and IgG production by mediastinal lymph node cells from 
PA-laden bead treated mice in response to stimulation with PA ex vivo 
Two-weeks following trans-tracheal instillation of PA-laden (NH73788A) beads, mediastinal 

lymph nodes were stimulated ex vivo with heat-killed PA strains (NH57388A or GRI-1 at MOI 30) 

or left unstimulated followed by measurement of PA-binding IgM (A) and IgG (B) secretion at 3-

days. Graphs show fold increase in immunoglobulin production compared to unstimulated cells. 

Columns represent mean + SEM for triplicate wells. Columns were compared to a theoretical 

mean of 1.0 by Student’s t-test. NS, non-significant. *, p<0.05. **, p<0.01 
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Figure 5.10: B cell expression of IL-17A and GM-CSF in mediastinal lymph node cells 
from PA-laden bead treated mice in response to stimulation with PA ex vivo 
Two-weeks following trans-tracheal instillation of NH57388A-laden agar beads, mediastinal 

lymph nodes were excised and cells stimulated with heat-killed PA strains NH57388A ex vivo for 

3-days. Cells were stimulated with PMA and ionomycin in the presence of Brefeldin A for 5 hours 

prior to staining for flow cytometry.  Gating on live B cells (CD3
lo-int

 B220
+
 CD19

+
 CD11c

-
) 

demonstrating intracellular expression of IL-17A and GM-CSF; quadrant values represent percent 

total cells.  
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Figure 5.11: Expression of IL-17A by undefined CD3

lo-int
 lymph node cells stimulated 

with PA ex vivo 
Two-weeks following trans-tracheal instillation of NH57388A-laden agar beads, mediastinal 

lymph nodes were excised and cells were left in media alone (unstimulated) (A-C) or stimulated 

with heat-killed PA strains NH57388A (D-F) ex vivo for 3-days. Cells were stimulated with PMA 

and ionomycin in the presence of Brefeldin A for 5 hours prior to staining for flow cytometry. 

Gating on live CD3
lo-int 

cells with representative plots demonstrating IL-17A expression by B220
+
 

(A & D), CD19
+
 (B & E) and CD5

+
 (C & F) cells; values above gates represent percent of IL-17A-

expressing cells shown in drawn gate. Non-B cells (red gates) express more IL-17A than B cells 

(black gates), but B cell sources proportionally increase after PA stimulation (D-F). 

Representative of two separate experiments. 
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Figure 5.12: IL-17A and IL-22 secretion from splenocytes stimulated ex vivo with 
Pseudomonas aeruginosa  
Two-weeks following transtracheal instillation of sterile agar or PA-laden (NH73788A) beads, 
splenocytes were stimulated ex vivo with heat-killed PA strains or left unstimulated followed by 
measurement of IL-17A (A) and IL-22 (B) secretion at 3-days. Controls denotes splenocytes from 
untreated age-matched C57Bl/6 mice. Un, unstimulated. NH, heat-killed NH57388A MOI30. GRI-
1, heat-killed GRI-1 MOI 30. Columns represent mean + SD for 4 controls mice and 9 PA-laden 
bead treated mice. Representative of results from three separate experiments 
 
  

B 

A 

IL
-1

7A
 (p

g/
m

l) 
 

IL
-2

2 
(p

g/
m

l) 
 

Un NH GRI-1 Un NH GRI-1
0

200

400

600

800

Controls NH57388A 
beads 

Un NH GRI-1 Un NH GRI-1
0

20

40

60

80

100

120

NH57388A 
beads 

Controls 



 

 

 

218 

 
 
 
 
 
 
 
 
 
Figure 5.13: Expansion of the CD3

lo-int
 population of splenocytes in response to 

stimulation with PA ex vivo 
Two-weeks following trans-tracheal instillation of PA-laden or sterile agar beads to C57BL/6, the 
spleen was excised and splenocytes left in media alone (Unstimulated; A & D) or stimulated with 
heat-killed PA strains NH57388A (B & E) or GRI-1 (C & F) for 3-days. Splenocytes from NH57388A-
laden bead treated (A-C) and sterile bead treated (D-F) mice. Gating on live cells. CD3

lo-int
 cells 

in red gate and CD3
int-hi

 cells in black gate, with total number of cells in gate shown in table 
under plots. Representative of results from three separate experiments   

D 

A 

CD3 

S
S

C
 

B C 

S
S

C
 

E F 

No. 
CD3lo-int 
cells 

   7,734       115,547    244,604 

No. 
CD3int-hi 
cells 

   9,686       22,938    20,477 

Unstimulated 
Stimulated with 

NH57388A 
Stimulated with 

GRI-1 

CD3 

No. 
CD3lo-int 
cells 

  7,854       165,272    304,255 

No. 
CD3int-hi 
cells 

  9,084       16,070    11,377 

Unstimulated 
Stimulated with 

NH57388A 
Stimulated with 

GRI-1 



 

 

 

219 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.14: Expression of IL-17A by CD3

lo-int
 and CD3

int-hi
 populations of splenocytes 

from PA-laden bead treated mice in response to stimulation with PA ex vivo 
Two-weeks following trans-tracheal instillation of NH57388A-laden agar beads, the spleen was 

excised and splenocytes left in media alone (Unstimulated; A & D) or stimulated with heat-killed 

PA strains NH57388A (B & E) or GRI-1 (C & F) for 3-days. Cells were stimulated with PMA and 

ionomycin in the presence of Brefeldin A for 5 hours prior to staining for flow cytometry. Gating 

on live cells with A-C gated on CD3
lo-int 

cells and D-F gated on CD3
int-hi

. Values in quadrants 

represent percent of total cells. Representative of results from three separate experiments. 
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Figure 5.15: Expression of IL-17A by CD3

lo-int
 and CD3

int-hi
 populations of splenocytes 

from sterile bead treated mice in response to stimulation with PA ex vivo 
Two-weeks following trans-tracheal instillation of sterile agar beads, the spleen was excised and 

splenocytes left in media alone (Unstimulated; A & D) or stimulated with heat-killed PA strains 

NH57388A (B & E) or GRI-1 (C & F) for 3-days. Cells were stimulated with PMA and ionomycin in 

the presence of Brefeldin A for 5 hours prior to staining for flow cytometry. Gating on live cells 

with A-C gated on CD3
lo-int 

cells and D-F gated on CD3
int-hi

. Values in quadrants represent 

percent of total cells. Representative of results from three separate experiments. 
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Figure 5.16: B cell expansion and expression of IL-17A in splenocytes from PA-laden 
bead treated mice in response to stimulation with PA ex vivo 
Two-weeks following transtracheal instillation of NH57388A-laden agar beads, the spleen was 

excised and splenocytes stimulated with heat-killed PA strains NH57388A ex vivo for 3-days. Cells 

were stimulated with PMA and ionomycin in the presence of Brefeldin A for 5 hours prior to 

staining for flow cytometry. Gating on live cells. A, Representative plot of the expanded CD3 

negative population in response to PA stimulation (red gate). The CD3 negative population was 

predominantly B220 positive (B) and CD19 positive (C); values above gates represent percent of 

total cells shown in drawn gate. D, B cell (CD3
lo-int

 B220
+
 CD19

+
 CD11c

-
) intracellular expression of 

IL-17A and IFN-γ; quadrant values represent percent total cells. Representative of three 

separate experiments. 
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Figure 5.17: B cell expression of IL-17A and IL-22 in splenocytes from PA-laden bead 
treated mice in response to stimulation with PA ex vivo 
Two-weeks following trans-tracheal instillation of NH57388A-laden agar beads, the spleen was 

excised and splenocytes left in media alone (unstimulated; A) or stimulated with heat-killed PA 

strains NH57388A (B) ex vivo for 3-days. Cells were stimulated with PMA and ionomycin in the 

presence of Brefeldin A for 5 hours prior to staining for flow cytometry. Gating on live CD19
+
 

B220
+
 cells and demonstrating intracellular expression of IL-17A and IL-22; quadrant values 

represent percent total cells. 
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Figure 5.18: CD43

+
 CD23

-
 B cells expressing IL-17A and IL-22 in splenocytes from PA-

laden bead treated mice in response to stimulation with PA ex vivo 
Two-weeks following transtracheal instillation of NH57388A-laden agar beads, the spleen was 

excised and splenocytes left in media alone (unstimulated; A) or stimulated with heat-killed PA 

strains NH57388A (B & C) ex vivo for 3-days. Cells were stimulated with PMA and ionomycin in 

the presence of Brefeldin A for 5 hours prior to staining for flow cytometry.  A and B, gated on 

live CD19
+
 B220

+
 cells and demonstrating expression of CD23 and CD43; value above drawn gate 

represents the proportion of cells being CD43
+
 CD23

-
. C, gated on live CD43

+
 CD23

- 
B cells (B1 

cells) stimulated with NH57388A ex vivo and demonstrating IL-22 and IL-17A expression; values in 

quadrants represent proportion of total cells. 
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Figure 5.19: B cell expression of IL-17A and CD5 in splenocytes from PA-laden bead 
treated mice in response to stimulation with PA ex vivo 
Two-weeks following trans-tracheal instillation of NH57388A-laden agar beads, the spleen was 
excised and splenocytes stimulated with heat-killed PA strains NH57388A ex vivo for 3-days. Cells 
were stimulated with PMA and ionomycin in the presence of Brefeldin A for 5 hours prior to 
staining for flow cytometry. Gating on live cells. Representative plot of B cell (live CD3

lo-int
 B220

+
 

CD19
+
 CD11c

-
) expression of CD5 and IL-17A; values represent the percent of total IL-17A-

expressing cells within given quadrant. Represents results of two separate experiments   
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Figure 5.20: PA-binding IgM production by splenocytes from sterile and PA-laden 
bead treated mice in response to stimulation with PA ex vivo 
Two-weeks following trans-tracheal instillation of PA-laden (NH73788A) beads, splenocytes were 

stimulated ex vivo with heat-killed PA strains (NH57388A or GRI-1 at MOI 30) or left unstimulated 

followed by measurement of PA-binding IgM secretion at 3-days. Graphs show fold increase in 

immunoglobulin production compared to unstimulated cells. Points represent mean of triplicate 

wells for an independent animal. The line represents the median. Kruskall-Wallis, p=0.7330. 

NH GRI-1 NH GRI-1
10-1

100

101

102

103

Sterile 
beads 

NH57388A 
beads 

Fo
ld

 in
cr

ea
se

 in
  

PA
-b

in
di

ng
 Ig

M
 



 

 

 

226 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.21: Expression of IL-17A by undefined CD3

lo-int
 splenocytes stimulated with 

PA ex vivo 
Two-weeks following trans-tracheal instillation of NH57388A-laden agar beads, splenocytes were 

excised and cells were left unstimulated (A-B) or stimulated with heat-killed PA strains 

NH57388A (C-D) ex vivo for 3-days. Cells were stimulated with PMA and ionomycin in the 

presence of Brefeldin A for 5 hours prior to staining for flow cytometry. Gating on live CD3
lo-int

 

cells with representative plots demonstrating IL-17A expression by B220
+
 (A & C) and CD19

+
 (B & 

D) cells; values above gates represent percent of IL-17A-expressing cells shown in drawn gate. 

Non-B cells (red gates) express more IL-17A than B cells (black gates), but B cell sources 

proportionally increase after PA stimulation (D-F). Representative of three separate 

experiments. 
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Figure 5.22: Peritoneal B1a cells produce IL-17A, IL-22 and PA-binding IgM in 
response to PA stimulation ex vivo  
Peritoneal B1a cells were purified from untreated C57BL/6 mice and cultured in media alone 

(unstimulated) or stimulated with heat-killed PA strains GRI-1 (GRI-1) ex vivo for 3-days. 

Production of IL-17A (A) and IL-22 (B) was measured in culture supernatants; p-values relate to 

Mann-Whitney test. Production of PA-binding IgM (C) and IgG (D) was measured in culture 

supernatants and graphs show fold increase in immunoglobulin production compared to 

unstimulated cells. Columns represent mean + SEM for triplicate wells.  
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Figure 5.23: IL-17A-expressing cells in the lungs of C57BL/6 mice treated with 
Pseudomonas aeruginosa-laden agar beads 
Two-weeks following trans-tracheal instillation of PA-laden agar beads, the lungs were 

homogenized, red blood cells lysed, cells polyclonally stimulated, then permeabilized and 

stained for intracellular IL-17A, followed by flow cytometry. A, Representative plots of 

intracellular IL-17A-expression in C57BL/6 controls (left panel) and mice treated with NH57388A-

laden beads (right panel). Gated on live cells. Values represent percentage of total cells shown 

in drawn gate. B, Percent of total lung cells expressing intracellular IL-17A. Line indicates 

median. P-value relates to Mann-Whitney test. Representative of results from two separate 

experiments. 
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Figure 5.24: T cell and non-T cell expression of IL-17A in the lungs of C57BL/6 mice 
treated with Pseudomonas aeruginosa-laden agar beads and untreated controls  
Two-weeks following trans-tracheal instillation of PA-laden agar beads, the lungs were 

homogenized, red blood cells lysed, cells polyclonally stimulated with PMA and ionomycin in the 

presence of Brefeldin A, extracellularly stained for CD3, then permeabilized and stained for 

intracellular IL-17A, followed by flow cytometry. A, Representative plots of CD3 and intracellular 

IL-17A-expression in mice treated with Yorkhill 5-laden beads. Gated on live cells. Values 

represent percentage of CD3
+
 cells shown in drawn gate. B, Gating strategy for comparing 

expression of IL-17A by T cell and non-T cell sources, i.e. CD3
+
 or CD3

-
 populations were 

independently selected and the proportion of IL-17A
+
 cells within the selected population 

calculated for each animal. C, Percent of lung T cells (live CD3
+
) and non-T cells (live CD3

-
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expressing intracellular IL-17A. Line indicates median. P-value relates to Mann-Whitney test. 

Representative of results from two separate experiments. 
  



 

 

 

231 

 
 
 
 
 
 
 
Figure 5.25: CD3

+ 
sources of IL-17A in the lungs of C57BL/6 mice treated with 

Pseudomonas aeruginosa-laden agar beads 
Two-weeks following trans-tracheal instillation of PA-laden agar beads, the lungs were 
homogenized, red blood cells lysed, cells polyclonally stimulated with PMA/ionomycin in the 
presence of Brefeldin A, extracellularly stained for CD3, CD4, γδ TCR, NK 1.1, then 
permeabilized and stained for intracellular IL-17A, followed by flow cytometry. A, 
Representative plots of CD3 and intracellular IL-17A-expression in mice treated with Yorkhill 5-
laden beads. Gated on live cells. Values represent percentage of CD3

+
 cells shown in drawn gate. 

B, Gated on CD3
+
IL-17A

+
 cells demonstrating the CD4

+
, γδ and  NK T cell subsets. Gates drawn 

with reference to appropriate isotype. C, The division of CD3
+
IL17A

+
 cells in the lung in response 

to pulmonary PA infection. Representative of results from one experiment   
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Figure 5.26: B cell expression of IL-17A in the lungs of C57BL/6 mice treated with 
Pseudomonas aeruginosa-laden agar beads 
Two-weeks following trans-tracheal instillation of PA-laden agar beads, the lungs were 

homogenized, red blood cells lysed, cells polyclonally stimulated with PMA/ionomycin in the 

presence of Brefeldin A, extracellularly stained for CD3, B220 and CD43, then permeabilized and 

stained for intracellular IL-17A, followed by flow cytometry.. A, Representative plots of live CD3
-
 

population expression of B220 and IL-17A. Values above gates represent percentage of total IL-

17A
+
 cells shown in drawn gate. Representative of two separate experiments. B, Representative 

plots of CD3
-
B220

+
 cells expressing IL-17A and CD43. Quadrant values represent percent total 

cells. Representative of results from one experiment. 
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Figure 5.27: Pleural B cell expression of IL-17A in C57BL/6 mice treated with 
Pseudomonas aeruginosa-laden agar beads 
Two-weeks following trans-tracheal instillation of PA-laden agar beads, pleural washes were 
performed, red blood cells lysed, cells polyclonally stimulated with PMA/ionomycin in the 
presence of Brefeldin A, extracellularly stained for CD3, B220, CD43 and IgM, then permeabilized 
and stained for intracellular IL-17A, followed by flow cytometry.. A, Representative plots of live 
pleural cells expression of IL-17A. B, Percent of total pleural cells expressing intracellular IL-
17A. Line indicates median. P-value relates to Mann-Whitney test. C, Gating strategy to identify 
B1 cells (CD3

-
B220

+
CD43

+
IgM

hi
) in pleural space, and demonstration of low level IL-17A 

expression. Value above gate represents percentage of cells in drawn gate. Representative of 
results from one experiment   
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Figure 5.28: Thoracic lymph node enlargement in C57BL/6 mice treated with sterile 
or Pseudomonas aeruginosa-laden agar beads 
A, Two-weeks following trans-tracheal instillation of PA-laden agar beads, macroscopic 

enlargement of the mediastinal lymph nodes was evident. White arrow highlights medisatinal 

lymph node. B, Mediastinal lymph nodes were homogenized and total lymph node cells 

enumerated. Graph compares mediastinal lymph node cells in mice treated with sterile and PA-

laden agar beads. Columns shown mean + SD. P-value relates to comparison by t-test and 

includes results from 3 experiments (each with N=9-10 mice/group). 
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Figure 5.29: B cell and B1 cell expansion in thoracic lymph nodes in response to 
pulmonary PA infection 
Two-weeks following trans-tracheal instillation of sterile or PA-laden agar beads, mediastinal 

and inguinal lymph nodes were excised, cells polyclonally stimulated with PMA/ionomycin in the 

presence of Brefeldin A, extracellularly stained for CD19, B220, CD43, CD5, IgM and IgD, 

followed by flow cytometry. Gating strategy for B220
+
CD19

+
 cells (A), B1 cells 

(B220
+
CD19

+
CD43

+
IgM

hi
) (B), and B1a cells (B220

+
CD19

+
CD43

+
IgM

hi
CD5

+
) (C). D, B220

+
CD19

+
 cell 

expression of IgM and IgD; with mediastinal lymph nodes (LN) from PA treated mice as left panel, 

mediastinal LNs from sterile bead treated mice as middle panel and inguinal LNs from PA treated 

mice in right panel. Value above gate represents percentage of cells in IgM
hi
IgD

lo
 gate. 

Representative of results from one experiment. 
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Figure 5.30: B cell and B1a cell expression of IL-17A in thoracic lymph nodes of 
C57BL/6 mice treated with PA-laden agar beads 
Two-weeks following transtracheal instillation of PA-laden agar beads, mediastinal lymph nodes 

were excised, cells polyclonally stimulated with PMA/ionomycin in the presence of Brefeldin A , 

extracellularly stained for CD19, B220, CD43, CD5, IgM, permeabilized and stained for 

intracellular IL-17A and IFN-γ, followed by flow cytometry. Gating strategy for B220
+
CD19

+
 cells 

(A) which demonstrate intracellular IL-17A and IFNγ expression (B). C, Gating strategy for B1 

cells (B220
+
CD19

+
CD43

+
IgM

hi
) which demonstrate intracellular IL-17A and IFN-γ expression (D) and 

IL-17A from the CD5+ (B1a) subset. Quadrant values represent percent total cells. 

Representative of results from one experiment. 
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Figure 5.31: Splenic B cell and B1 cell populations in response to pulmonary PA 
infection 
Two-weeks following trans-tracheal instillation of sterile or PA-laden agar beads, splenocytes 

were excised, cells polyclonally stimulated, extracellularly stained for CD19, B220, CD43, IgM, 

and CD5 followed by flow cytometry. Gating strategy for B220
+
CD19

+
 cells (A) and comparison of 

B cells as percent of total splenocytes (B). Gating strategy for B1 cells (B220
+
CD19

+
CD43

+
IgM

hi
) 

(C) and comparison of B1 cells as percent of total splenocytes (D). Gating strategy for B1a cells 

(B220
+
CD19

+
CD43

+
IgM

hi
CD5

+
) (E) and comparison of B1a cells as percent of total splenocytes (F). 

P-values relate to Mann-Whitney tests. Line denotes median. ★, denotes chronically infected 

mice. Representative of results from one experiment. 
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Figure 5.32: Splenic B cell expression of IL-17A in the context of pulmonary PA 
infection 
Two-weeks following trans-tracheal instillation of sterile or PA-laden agar beads, splenocytes 

were excised, cells polyclonally stimulated with PMA/ionomycin in the presence of Brefeldin A, 

extracellularly stained for CD19, B220, CD4 and IgM, follwoed by permeabilization and IL-17A 

staining, followed by flow cytometry. Gating strategy for CD4
-
B220

+
CD19

+
 cells (A). Expression of 

IL-17A, IFN- and IL-22 by CD4
-
B220

+
CD19

+ 
splenocytes (B). Comparison of B cell (CD4

-
B220

+
CD19

+
) 

expression of IL-17A as percent of total splenocytes (C). P-value relate to Mann-Whitney tests. 

Line denotes median. ★, denotes chronically infected mice. Representative of results from one 

experiment. 
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Figure 5.33: Peri-bronchial B cell aggregates form with pulmonary Pseudomonas 
aeruginosa infection  
A & B, H&E staining of representative lung sections in C57BL/6 mice treated with PA-laden 
beads. Black arrows highlight areas of peri-bronchial monocytic aggregates. C and D, 
Immunhistochemitry of representative lung sections in C57BL/6 mice treated with PA-laden 
beads, with nuclear stain (green stain) and for B220 expression (red stain). C, x20 magnification. 
D, highlight of boxed are in C, x63 magnification. E, isotype control for B220. F and G, 
Immunhistochemitry of representative lung sections in C57BL/6 mice treated with PA-laden 
beads, with nuclear stain orange stain) and for Thy1.2 expression (green stain). F, x20 
magnification. G, shows boxed area in F focusing on T cells in peri-bronchial region. 
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Figure 5.34: Serum PA-binding immunoglobulin levels in C57BL6 mice treated with 
PA-laden beads 
Two-weeks following transtracheal instillation of sterile agar or PA-laden (NH53788A) beads, 

levels of serum PA-binding immunoglobulin M (IgM) and G (IgG) were assayed using NH57388A-

derived antigens. Graph shows fold increase in IgM and IgG levels in NH57388A treated animals 

compared with sterile bead treated controls. Line represents median. * denotes p<0.05 

compared with theoretical median of 1.0 via Wilcoxon Signed rank test. Combined results from 

two separate experiments. 
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Chapter 6. The roles of IL-17A and IL-22 in 
experimental persistent pulmonary infection 

with Pseudomonas aeruginosa  
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6.1 Introduction 

The data described in preceding chapters demonstrated that both IL-17A and IL-

22 responses develop in the context of persistent pulmonary Pseudomonas 

aeruginosa infection, notably with a population of cytokine-producing B1 cells 

responsive to PA developing locally. Interleukin-17 was suggested to be 

important in controlling bacterial burden in acute PA pneumonia203,250, while a 

critical role in early acute infection has been disputed by others254. A role for 

the cytokine was also suggested in the PA-laden agar bead model by indirect 

attenuation of Th17/IL-17 responses via use of IL-23p19-/- knockout animals205. 

Interleukin-22 has also been implicated in protection against another Gram-

negative organism, with IL-22 required to control bacterial growth in Klebsiella 

pneumoniae pneumonia196. The role IL-22 plays in pulmonary PA infection has 

not previously been addressed. 

The models of pulmonary PA infection developed in this thesis best represent 

the phase of transition from intermittent PA infections to establishment of 

chronic mucoid PA colonisation in the CF lung (described in chapter 4 and 

illustrated in Fig. 4.12). I hypothesised that, during this critical phase in CF 

pathogenesis, both IL-17A and IL-22 may have protective roles; IL-17A mediating 

host defence against PA via neutrophil recruitment and production of anti-

microbial peptides (Fig. 1.5), while IL-22 maintains trans-epithelial resistance 

and augments innate defences to reduce the risk of overwhelming PA infection 

and establishment of chronic infection (Fig. 1.6).  

This chapter describes how I utilised genetically modified mice that lack IL-17 

and IL-22 responses (IL-17RA and IL-22 knockouts, respectively) to define the 

role of the cytokines in the establishment of chronic pulmonary Pseudomonas 

aeruginosa infection. The emergence of chronic PA infection is a sentinel event 

in the progression of CF lung disease, with important clinical implications56-59. I, 

therefore, was particularly interested in the effect IL-17 and IL-22 have on the 

emergence of chronic PA infection, with rates of persistent pulmonary infection 

at 2 weeks post-inoculation being a key outcome from the experiments. 

Additional outcomes of survival, bacterial burden, weight loss, and pulmonary 

neutrophilic inflammation were studied. The responses of IL-17RA and IL-22 
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knockout mice to both Yorkhill 5- and NH57388A-laden agar beads were 

examined and are described separately. Finally, given the potential role of PA-

responsive B1 cells producing IL-17A and IL-22 identified in chapter 5, I sought to 

ascertain if such B cell responses were critical in protection against the 

organism; this was achieved via the use of the murine µMT strain which fails to 

develop any mature B cells. All experiments undertaken in genetically modified 

animals are summarised in Appendix 2. 

6.2 Response to chronic pulmonary Yorkhill 5 infection in 
IL-17RA knockout mice  

Given that the effect of the absence of IL-17 activity in the PA-laden bead model 

was unknown, the initial comparison between wild type controls (WT) and IL-

17RA knockouts utilised Yorkhill 5-laden beads at a low inoculum and an increase 

to a higher ‘optimum’ inoculum in subsequent experiments. The responses to 

both low and high inoculums of Yorkhill 5 are described separately. 

6.2.1 Response to Yorkhill 5 infection at low inoculum 

The initial comparison of WT (N=10) versus IL-17RA knockout (N=10) animals 

utilised a low inoculum of 2.4x105 CFU/animal.  Two WT animals were 

terminated before the end of the experiment due to overwhelming PA infection, 

while no early deaths were seen in IL-17RA knockouts. 

6.2.1.1 Chronic infection rates and bacterial burden 

There was no significant difference in the primary outcome measure of chronic 

PA infection rates in the absence of IL-17; 3/8 (37.5%) of WT animals compared 

with 1/10 (10%) of IL-17RA knockouts being chronically infected at 2 weeks post-

inoculum (p = 0.2745, via Fisher’s exact test). In the absence of IL-17 activity 

there was, however, the suggestion of impaired control of bacterial growth 

during chronic infection. The pulmonary bacterial burden (calculated from BAL 

and right diaphragmatic lobe homogenates) in the chronically infected IL-17RA 

animal was 4.5x105 CFU, whereas the three chronically infected WT animals had 

4.3x103, 0.33x103 and 3.3x103 CFU (mean being 2.6x103 CFU). All terminal blood 

cultures showed no evidence of bacteraemia. 
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6.2.1.2 Weight loss 

Interestingly, less weight was lost by the IL-17RA knockouts post-inoculation of 

Yorkhill 5-laden agar beads compared with WT mice (Fig. 6.1 A), although this 

failed to reach statistical significance (p = 0.0841, via repeated measures 

ANOVA). There appeared, however, to be no difference when only the animals 

that remained chronically infected were compared (Fig. 6.1B); the low rate of 

chronic PA infection in both groups does limit this latter comparison.  

6.2.1.3 Neutrophilic inflammation 

Interleukin-17 plays a key role in orchestrating neutrophilic responses and 

attenuation of the IL-23/IL-17 axis had previously been shown to result in lower 

levels of pulmonary neutrophilic inflammation in the PA-laden agar bead model 

at 5-7 days post-infection205. I had thus hypothesised that neutrophil recruitment 

would be a key component in IL-17-mediated protection from chronic PA 

infection. 

The median baseline peripheral blood neutrophils, prior to any infection, in IL-

17RA knockouts at 1.00% (IQR: 0.89-1.12%) were found to be lower than age- and 

sex-matched wild type animals at 1.54% (IQR: 1.18-2.27%) but, although 

statistically significant (p = 0.0016, via Mann-Whitney test), this difference is 

unlikely to represent a biologically important difference in the absence of 

infection. Others have previously reported a similar but small difference in 

baseline blood neutrophils between IL-17 receptor knockout and wild type mice 

in the absence of infection195. At low-dose inoculation, I demonstrated that 

systemic neutrophil responses were similar in the absence of IL-17, with blood 

neutrophil levels comparable in PA-infected IL-17RA knockouts (median 7.03%; 

IQR: 3.64-8.82) and WT mice (median 5.88%; IQR: 5.72-11.92) (Fig. 6.2A).  

Within the infected lung, I found the percent BAL neutrophils was significantly 

reduced in IL-17RA knockouts (median 0.67%; IQR: 0.22-2.53) compared with WT 

mice (median 7.12%; IQR: 1.51-20.88) (p = 0.0343, via Mann-Whitney test; Fig. 

6.2B). Absolute BAL neutrophil counts were also consistent with lower 

neutrophilic pulmonary inflammation in the absence of IL-17 activity, with a 

median count of 8.75x105 neutrophils/ml (IQR: 1.63x104-39x104) in WT mice 
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compared with 0.6x104 neutrophils/ml (IQR: 0.17x104-0.38x104) in IL-17RA 

knockouts (p=0.0545, via Mann-Whitney test; Fig. 6.2C). However, the single 

chronically infected IL-17RA knockout had a high level of pulmonary neutrophilic 

inflammation (24.7% of BAL leukocytes and absolute count of 5.09x105 

neutrophils/ml; indicated as a red star on Fig. 6.2B and C), thus suggesting 

adequate neutrophil recruitment in the presence of ongoing pulmonary PA 

infection despite the lack of IL-17 activity.  

6.2.1.4 Pulmonary histological changes 

The IL-17RA knockout animals demonstrated similar histological changes in 

response to Yorkhill 5-laden beads as those seen in WT animals, with 

predominantly peri-bronchial monocytic infiltrates (Fig. 6.3A-D). Lung 

histological scoring demonstrated a trend towards more severe pathological 

changes in the absence of IL-17 activity, including the highest score achieved by 

the single chronically infected IL-17RA knockout animal, but the pathological 

scores were not substantially different nor statistically significant (Fig. 6.3E).  

6.2.2 Response to Yorkhill 5 infection at ‘optimal’ inoculum 

As described above a low inoculum of Yorkhill 5-laden agar beads was well 

tolerated and suggested a potential increase in bacterial burden in the IL-17RA 

knockout animal remaining chronically infected. Thus an increase in inoculum 

was tested and repeated in two separate experiments. Inoculums of 1x106 

CFU/animal and 2x106 CFU/animal were used with 10 IL-17RA knockouts and 10 

wild type mice at each infection dose. No animal in either the IL-17RA knockout 

or WT group required to be terminated prior to the designated end of the 

experiment (i.e. 2 weeks). 

6.2.2.1 Chronic infection rates and bacterial burden 

Both experiments independently demonstrated a significant increase in chronic 

infection rates at 2-weeks post-inoculation in the absence of IL-17 activity. In 

the first experiment (inoculum 1x106 CFU/animal), 5/10 WT animals were 

chronically infected compared with 10/10 IL-17RA knockouts. In the second 

experiment (inoculum 2x106 CFU/animal), 0/10 WT animals and 10/10 IL-17RA 

knockouts were chronically infected. Thus, combined the chronicity rate at 
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2 weeks in IL-17RA knockouts was 100% (20 of 20 infected animals) compared 

with 25% (5 of 20 animals) in wild type mice (p = 0.0001, via Fisher’s Exact test).  

In addition, there was a significant increase in bacterial burden (calculated from 

BAL and right lung homogenate) in chronically infected IL-17RA knockouts (Fig. 

6.4). The median pulmonary PA count was 160 CFU (IQR: 55-2635) in wild type 

mice and 5315 CFU (IQR: 590-22795) in IL-17RA knockouts (p=0.0272, via Mann-

Whitney test). All terminal blood cultures were sterile. 

The increased chronicity rates and bacterial burden demonstrated a critical role 

for IL-17 in pulmonary protection; however the difference observed between the 

high-dose inoculum experiments compared with the low-dose inoculum 

experiment would also suggest a threshold effect at which IL-17 activity 

becomes critical. 

6.2.2.2 Weight loss 

In both high inoculum experiments, significantly less weight loss occurred in all 

IL-17RA knockouts compared with wild type animals following PA-laden bead 

instillation. Weight loss differences in response to pulmonary PA infection can be 

best compared in the experiment where both chronically infected and infection-

free animals were seen in both IL-17RA knockout and WT groups (Fig. 6.5A; p < 

0.0001, via repeated-measures ANOVA). Interestingly, this reduced weight-loss 

in the absence of IL-17 activity was seen even when comparing only chronically 

infected WT and IL-17RA knockout animals (Fig. 6.5B; p < 0.0001 via repeated-

measures ANOVA); an observation replicated in the second high inoculum 

Yorkhill 5 experiment where all IL-17RA knockouts remained chronically infected 

(Fig. 6.5C; p < 0.0001, via repeated measures ANOVA). 

6.2.2.3 Neutrophilic inflammation 

Peripheral blood neutrophils were significantly lower in IL-17RA knockouts 

compared with wild type mice two weeks post-instillation of Yorkhill 5-laden 

agar beads (Fig. 6.6 A and B). This reduced peripheral neutrophil level was seen 

even in direct comparison of only those with chronic pulmonary PA infection 

(Fig. 6.6B); median blood neutrophils (as percent total leukocytes) in 
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chronically infected wild type mice being 6.93% (IQR: 5.32-10.74%) and 3.59% in 

IL-17RA knockouts (IQR: 2.06-4.56%) (p=0.0047).  

Bronchoalveolar lavage neutrophil level (as percent total BAL leukocytes) was 

calculated in both high inoculum experiments. BAL neutrophil levels were 

elevated over those seen in untreated controls or sterile bead treated mice 

(chapter 4, section 4.3.5). However, there was no difference between WT and 

IL-17RA knockout mice in percent BAL neutrophils at two weeks post-inoculation 

of Yorkhill 5-laden beads; this was the case for all animals infected (Fig. 6.6C) 

and for only those animals with chronic pulmonary PA infection (Fig. 6.6D). In 

the second high inoculum experiment this observation was further corroborated 

by measuring absolute BAL neutrophil counts (Fig. 6.6E). Thus it appears that 

there is appropriate pulmonary neutrophil recruitment, even in the absence of 

IL-17 activity, in response to chronic pulmonary PA infection by two weeks post-

inoculation. Such analysis does not however preclude an earlier 

delayed/impaired recruitment or neutrophil dysfunction in IL-17RA knockouts.  

6.2.2.4 Pulmonary histological changes 

Overall, two-weeks following treatment with inoculum of 2x106 CFU/animal, 

there was no significant difference in histological score between wild type mice 

(median score being 4.5, IQR: 3 – 5.75) and IL-17RA knockouts (median score 

being 5.0, IQR: 2.75 – 6.0) (p = 0.8872, via Mann-Whitney test). There was also 

no significant difference between wild type and IL-17RA knockout animals when 

comparing only those animals remaining chronically infected (median score in 

wild type being 4.5 versus 5.0 in IL-17RA knockouts, p = 0.9920 via Mann-

Whitney test).  

6.3 Response to chronic pulmonary NH57388A infection 
in IL-17RA knockout mice 

To further define the role of IL-17 in response to persistent pulmonary PA 

infection, wild type (N=10) and IL-17RA knockout (N=11) mice were infected 

with the alginate over-producing PA strain NH57388A249 embedded in agar beads 

(inoculum dose at 2.5x106 CFU/animal in 50µl). 
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6.3.1 Survival and bacterial burden 

In response to NH57388A infection, there was a significant reduction in survival 

in the absence of IL-17RA signalling, with all knockout animals succumbing to 

overwhelming pulmonary PA infection within 3-days of bead inoculation (Fig. 

6.7A). These early deaths occurred 2-4 days after the initial inoculation. All 

terminations prior to the end of the experiment were due to weight loss greater 

than 20% of baseline, an endpoint that had previously been shown to reflect 

uncontrolled pulmonary PA infection (chapter 4, section 4.3.2). Indeed, high 

bacterial load was seen in all terminated animals and, interestingly, there was a 

statistically non-significant trend to higher bacterial burden in the lungs of IL-

17RA knockouts (median CFU count 2x1010; IQR 1x1010-4x1010) compared with WT 

animals (median CFU count 5.8x109; IQR 2x109-4.8x1010) culled at the same early 

time points (Fig. 6.7B). Due to the extremely high levels of mucoid PA colony 

growth from BAL and lung homogenates of PA-infected IL-17RA knockout 

animals, it was not possible to ascertain if small colony variants had or had not 

formed in absence of IL-17 activity during pulmonary infection with NH57388A. 

The PA infection remained confined to the lungs in almost all animals, with only 

one IL-17RA knockout demonstrating a positive, low level, Pseudomonas 

aeruginosa bacteraemia (2x103 CFU/ml) at termination.  

The mechanism by which the alginate hyper-producing NH57388A strain resulted 

in particularly high mortality in the absence of IL-17RA activity was not 

examined further and a specific IL-17A action against virulence factors of the 

strain, particularly alginate and small-colony variant formation would warrant 

future investigation.  

6.3.2 Neutrophilic inflammation 

Blood and pulmonary neutrophil recruitment was analyzed in all animals 

succumbing to pulmonary PA infection prior to experiment termination (Fig. 6.C 

and D). A neutrophilia was evident in all animals but there was a non-significant 

trend towards lower blood neutrophils in the absence of IL-17 activity (Fig. 

6.7C); median percent blood neutrophils being 34.35% (IQR: 19.65-51.08) in WT 

and 22.3% (IQR: 15.53-36.05) in IL-17RA knockout mice (p = 0.2398, via Mann-

Whitney test). Interestingly, at the point of termination, pulmonary 
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neutrophil recruitment was comparable in IL-17RA knockouts and WT animals 

(Fig. 6.7C and D); median percent BAL neutrophils being 79.80% (IQR: 66.25-

91.85) in WT and 85.75% (IQR: 81.58-90.03) in IL-17RA knockout mice (p = 

0.7173, via Mann-Whitney test). All animals were terminated 48-hours or more 

after the initial PA inoculation and, thus, these data cannot exclude a lack or 

delay in very early pulmonary neutrophil responses in the IL-17RA knockout 

mice.  

6.4 Response to chronic pulmonary Pseudomonas 
aeruginosa infection in IL-22 knockout mice 

The same series of comparisons detailed above for IL-17RA knockouts was made 

using IL-22 knockouts, with wild type controls shared between knockout 

experiments. Both the response to Yorkhill 5- and NH57388A-laden beads was 

examined. 

6.4.1 Response to pulmonary Yorkhill 5 infection 

No significant difference was evident in survival, chronicity rates, bacteriology 

or neutrophilic inflammation between IL-22 knockouts and wild type animals in 

response to either low (2.4x105 CFU/animal; N=10/animal group) or high 

inoculums (1x106 CFU/animal and 2x106 CFU/animal; N=10/animal group in two 

separate experiments) of Yorkhill 5-laden agar beads, with the results 

summarised below. 

6.4.1.1 Survival, chronicity and bacterial burden 

In the initial low inoculum experiment early deaths (due to weight loss greater 

than 20% of baseline) were seen in 2 of 10 wild type mice compared with 3 of 10 

IL-22 knockouts (p=1.0, Fisher’s exact test). In both the high inoculum 

experiments, no early deaths occurred. 

No significant change was seen in chronic infection rates in the absence of IL-22 

activity in any of the three Yorkhill 5-laden bead experiments. At low inoculum 

(2.4x105 CFU/animal), 37.5% (3/8) wild type compared with 14.3% (1/7) IL-22 

knockouts were chronically infected (p=0.5962, Fishers’ exact test). In the two 

high inoculum experiments, chronic infection was seen in no (0/10) wild 



 

 

 

251 

type mice compared with 10% (1/10) of IL-22 knockouts, and then 50% (5/10) 

wild type compared with 40% (4/10) of IL-22 knockouts (for both experiments 

p=1.0, Fisher’s exact test); therefore, combined, both groups had a chronic 

infection rate of 25% at 2 weeks post-inoculation.  

Pulmonary bacterial burden in chronically infected animals was also similar with 

and without IL-22 activity. This is best exemplified in the high inoculum 

experiment (2x106CFU/animal) with higher chronicity rates in both groups in 

which median total PA burden (calculated from BAL and right lung homogenates) 

in WT mice was 160 CFU (IQR: 55 – 2635) compared with 1225 CFU (IQR: 750 – 

1543) in the absence of IL-22 (Fig. 6.8). This finding is unchanged if data from 

both high inoculum experiments are combined (data not shown). 

6.4.1.2 Weight loss 

The pattern of weight loss in response to PA infection in IL-22 knockout animals 

compared with wild type controls was less consistent than that observed in the 

IL-17RA knockout versus WT comparison. The low inoculum experiment and one 

high inoculum experiment suggested no difference in weight loss in the absence 

of IL-22 activity, although both were limited by low chronic infection rates in WT 

and IL-22 knockout animals. In the final high inoculum (2x106CFU/animal) 

experiment, weight loss did appear to be significantly less in the IL-22 knockouts 

in all animals inoculated (Fig. 6.9A) and in those remaining chronically infected 

at two weeks (Fig. 6.9B) (p < 0.0001 for both comparisons, via repeated 

measures ANOVA).  

6.4.1.3 Neutrophilic inflammation 

In all experiments the peripheral blood and pulmonary neutrophil recruitment at 

two weeks post-inoculum of Yorkhill 5-laden agar beads was no different in the 

absence of IL-22 activity (Fig. 6.10). This was the case in comparison of all 

infected animals (Fig. 6.10A and C) and those remaining chronically infected at 

two weeks (Fig. 6.10B and D).  
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6.4.1.4 Pulmonary histological changes 

Analysis of histological changes was performed on IL-22 knockouts, and 

corresponding wild type animals, treated with the low dose (2.4x105 

CFU/animal) and high dose Yorkhill 5 inoculations (1x106 CFU/animal). Akin to 

the IL-17RA knockout experiments, IL-22 knockout mice demonstrated similar 

histological changes in response to Yorkhill 5-laden beads as those seen in wild 

type mice, with predominantly peri-bronchial monocytic infiltrates (Fig. 6.11A-

D). Lung histological scoring demonstrated no significant difference in the 

severity of pathological changes in the absence of IL-22 activity (Fig. 6.11E and 

F).  

6.4.2 Response to pulmonary NH57388A infection 

6.4.2.1 Survival, chronicity and bacterial burden 

NH57388A-laden beads (inoculum dose at 2.5x106 CFU/animal) were 

administered to wild type (N=10) and IL-22 knockout (N=10) mice. In contrast to 

the response in IL-17RA knockouts (Fig. 6.7A), there was no significant 

difference in survival in the absence of IL-22 (Fig. 6.12A) (50% of WT and 40% of 

IL-22 knockout mice surviving; p=0.9071 via log-rank [Mantel-Cox] test). In both 

groups, early terminations were due to greater than 20% weight loss from 

baseline and all early deaths were over the same time period (2 – 5 days post-

inoculation). 

There was also no significant difference in bacterial burden in the lungs of IL-22 

knockouts (median CFU count 1.2x1010) compared with WT animals (median CFU 

count 5.8x109) culled at the same early time points (Fig. 6.12B). The PA 

infection remained confined to the lungs with no bacterial growth on terminal 

blood cultures from either IL-22 knockout or WT animals at any time-point.  

6.4.2.2 Neutrophilic inflammation 

Blood and pulmonary neutrophil recruitment was analysed in animals succumbing 

from pulmonary PA infection prior to experiment termination (Fig. 6.12C and D, 

respectively; note meaningful blood neutrophil levels could only be made on 7 of 

the animals). This demonstrated no significant difference in peripheral (Fig. 
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6.12C) or pulmonary (Fig. 6.12D) neutrophil recruitment at the point of 

termination in IL-22 knockouts compared with wild type mice.  

6.5 Response to pulmonary Pseudomonas aeruginosa 
infection in B cell deficient mice 

The data present in this chapter has demonstrated a clear critical role for 

interleukin-17 in controlling pulmonary Pseudomonas aeruginosa infection and, 

particularly, in preventing the establishment of chronic infection. In chapter 5, I 

had identified B and, specifically, B1 cells as a potential source of the cytokine 

in the context of persistent pulmonary PA infection. I next set out to ascertain if 

B cell sources of IL-17A were critical to controlling pulmonary PA infection. This 

was achieved via use of the murine µMT strain, which genetically lack mature B 

cells. Age- and sex-matched wild type littermates were used as controls. Two 

experiments were undertaken using NH57388A-laden beads at inoculums of 

1.4x106 CFU/animals (10 WT and 6 µMT mice) and 4x106 CFU/animal (8 WT and 7 

µMT mice).  

6.5.1 Survival, chronicity and bacterial burden 

There was no difference in early deaths between wild type and µMT animals, 

with one animal from each group culled in the first 4-days post-infection due to 

weight loss of greater than 20% baseline.  

Both experiments independently demonstrated no significant difference 

between WT and µMT animals in chronic pulmonary PA infection rates at two 

weeks post-inoculation. In the first experiment (inoculum 1.4x106 CFU/animal), 

60% (6/10) WT mice were chronically infected compared with 20% (1/5) µMT 

mice (Fisher’s exact test, p = 0.2821). In the second experiment (inoculum 

4x106CFU/animal), 42.9% (3/7) WT and 71.4% (5/7) µMT mice were chronically 

infected (Fisher’s exact test, p = 0.5921). Thus, combining the experimental 

data, the chronicity rate at two weeks in µMT animals was 50% (6 of 12 infected 

animals) compared with 53% (9 of 17 animals) in wild type mice (Fisher’s exact 

test, p = 1.0). Small-colony variants of NH57388A were evident in 75% (3/4) of 

chronically PA-infected µMT animals. 



 

 

 

254 

In addition, there was no significant difference in bacterial burden (calculated 

from BAL and right lung homogenate) in chronically infected µMT animals 

compared with WT animals (Fig. 6.13). The median pulmonary PA burden was 

8000 CFU (IQR: 1315 - 15970) in wild type mice and 15650 CFU (IQR: 800 - 23595) 

in µMT animals (p=0.6669).  

6.5.2 Weight loss 

There was no significant difference in weight loss post-infection between µMT 

and WT animals, either when comparing all treated animals (Fig. 6.14A) (p = 

0.2443, via repeated measures ANOVA) or only animals remaining chronically 

infected (Fig. 6.14B) (p = 0.9266, via repeated measures ANOVA). 

6.5.3 Neutrophilic inflammation 

In the absence of B cells, the peripheral blood and pulmonary neutrophil 

recruitment at 2 weeks post-inoculum of NH57388A-laden agar beads was 

comparable to that of infected wild type animals (Fig. 6.15). This was the case 

for both the comparison of all animals infected (Fig. 6.15A and C) and only those 

remaining chronically infected at two weeks (Fig. 6.15B and D).  

6.5.4 Pseudomonas aeruginosa-specific responses in µMT 
animals 

In chapter 5, ex vivo splenocytes and mediastinal lymph node cell stimulation 

with PA had demonstrated an IL-17A-expressing B1 cell response. I sought to 

verify that this response was absent in the µMT animals and to ascertain if 

alternative sources of IL-17A may be acting in the absence of B cells. 

Splenocytes and mediastinal lymph nodes from µMT and WT controls, treated 

with PA-laden beads two-weeks previously, were removed and the derived cells 

stimulated with heat-killed PA strains. The resulting cellular response was then 

analysed by assay of cytokine secretion and flow cytometry to define the cell 

phenotype. 
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6.5.4.1 µMT animals fail to demonstrate an expansion of the B cell 
population following ex vivo stimulation with Pseudomonas 
aeruginosa  

I had demonstrated that, in wild type animals, the CD3lo-int subset of splenocytes 

and mediastinal lymph nodes expanded in the response to PA stimulation ex 

vivo, which consisted predominantly of a B cell population (exemplified by the 

results for PA-stimulated splenocytes; Fig. 6.16A and B). I confirmed that this 

CD3lo-intB220+ population was absent in the µMT animals (Fig. 6.16C and D) and 

thus represented a true B cell response to Pseudomonas aeruginosa. These 

results were replicated in the ex vivo stimulation of mediastinal lymph nodes 

(data not shown). Substantiating the lack of a B1 cell response, no detectable 

PA-binding immunoglobulin was detected in the supernatants of PA-stimulated 

lymph node cells and splenocytes or in the sera of infected µMT animals (data 

not shown). 

6.5.4.2 Alternative sources of IL-17A act in the absence of B cells 

Despite the lack of IL-17A-expressing B cells, I found that splenocyte and lymph 

node cells derived from µMT animals were still producing IL-17A and IL-22 

following stimulation with PA ex vivo (Fig. 6.17 and Fig. 6.18). In addition, there 

was no statistically significant difference between µMT and wild type animals in 

the magnitude of production of either cytokine by stimulated splenocytes (Fig. 

6.17C and D), and slightly higher levels of production by stimulated lymph nodes 

derived from PA-infected µMT animals (Fig. 6.18C and D). This data suggests 

that alternative sources of IL-17A may also be acting in vivo in the absence of IL-

17A-producing B cells and thus accounts for the lack of adverse outcome seen in 

the PA-infected µMT animals. 

6.5.4.3 Alternative sources of IL-17A in µMT animals 

In concordance with the cytokine secretion data (Fig. 6.17 and 6.18), 

splenocytes and mediastinal lymph node derived cells from µMT animals 

stimulated with PA ex vivo continued to demonstrate intracellular IL-17A 

expression. This included the potential for IL-17A production by both CD3 

negative (exemplified by results for splenocytes; Fig. 6.19A) and CD3 positive 

(Fig. 6.19B) populations. The IL-17A-expressing T cell populations 
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responding to PA ex vivo were predominantly γδ T cells (Fig. 6.19C) and a further 

10% were CD4+ T cells (Fig. 6.19D). As discussed in chapter 5, the observed IL-

17A-expressing CD3 negative subset in µMT mice may represent an innate 

lymphoid cell population. 
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6.6 Discussion 

Interleukin-17A plays a dominant role in orchestrating neutrophilic inflammatory 

responses and its critical role in pulmonary defence has previously been 

demonstrated in experimental pulmonary bacterial195,203,250 and fungal185,198 

infection. Interleukin-22 activity results in increased innate defences, maintains 

tissue barrier functions and enhances tissue regeneration. The cytokine has been 

shown to have a key role in an experimental Gram-negative pneumonia model by 

controlling bacterial burden and systemic spread196. Whether IL-17A and IL-22 

confer similar protection against the establishment of chronic pulmonary mucoid 

Pseudomonas aeruginosa infection had not previously been demonstrated. In 

addition, I had already demonstrated that IL-17A and IL-22 might be produced by 

both adaptive, Th17 and Th22 cells (chapter 3), and innate, B1 cells (chapter 5), 

sources in the context of persistent pulmonary PA infection.  

In the current chapter, I provide the first clear evidence that IL-17 is critical in 

preventing the establishment of persistent pulmonary mucoid PA infection; both 

in reducing the rates of chronic infection and the bacterial burden in chronically 

infected animals. In addition, the absence of IL-17 activity resulted in 

significantly reduced survival in persistent infection with an alginate hyper-

producing PA strain. The mechanism of IL-17-mediated protection was not clear; 

although systemic neutrophil levels (measured via peripheral blood neutrophil 

counts) were mildly reduced in infected IL-17RA knockout animals, pulmonary 

neutrophil recruitment was comparable in IL-17RA and wild type animals two 

weeks post-infection. In contrast to the critical role of IL-17, I demonstrated no 

difference in the establishment of chronic infection, bacterial burden, 

neutrophilic inflammation or survival in the absence of IL-22 activity in 

persistent pulmonary PA infection. Finally, having previously shown development 

of a local IL-17A-producing B1 cell response in pulmonary PA infection (chapter 

5), I demonstrated that this B cell response was dispensable for protection 

against persistent pulmonary PA infection. In the absence of IL-17A-producing B 

cells, alternative cellular sources were able to compensate by producing the 

cytokine, including CD4+ T cells and γδT cells, thus accounting for the lack of 

adverse outcomes that had been observed in the µMT mice. 
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The lack of evidence of any difference in pulmonary neutrophil recruitment in 

the absence of IL-17 activity at 2 weeks in PA-infected mice is a particularly 

notable finding. IL-17RA knockout animals demonstrated a lower baseline level 

of peripheral blood neutrophils prior to infection, although this is probably not 

biologically significant. The difference in peripheral neutrophil counts between 

wild type and IL-17RA knockouts did, however, widen following infection with PA 

and persisted until 2 weeks post-infection (Fig. 6.2A; 6.6A and B; 6.7C). In 

contrast, pulmonary neutrophil recruitment was predominantly found to be 

similar in IL-17RA knockout and wild type mice, including at 2-4 days (Fig. 6.7D) 

and two weeks (Fig. 6.6C-E) post-instillation of PA-laden agar beads. Others 

have examined the relationship between IL-17 activity and neutrophil 

recruitment in the context of pulmonary PA infection. The role of IL-17 in acute 

pulmonary PA infection had previously been examined by Liu et al, utilising 

antibody-mediated neutralisation of the cytokine203,250. Although there were 

limitations in the data presented in this work, the authors do demonstrate that 

IL-17 blockade results in lower pulmonary neutrophil levels and increased 

bacterial burden at 8- and 16-hours post-infection. In contrast, Dubin et al254 

found that IL-23, in synergy with IL-1β, acted early (1-3 hours post-infection) to 

promote pulmonary neutrophilic inflammation, control of bacterial burden and 

prevent dissemination in acute PA infection, and that this activity was 

independent of IL-17.  This group also found that in the short-term (0-6 hours) 

post-infection that IL-17 is not critical for pulmonary neutrophil recruitment, 

cytokine or chemokine production, or control of bacterial growth or 

dissemination254. Finally, in the PA-laden agar bead model of persistent PA 

infection, IL-23p19-/- knockout animals demonstrated reduced pulmonary IL-17 

levels, chemokine production and neutrophil recruitment over a medium term 

time course of 3-7 days205. The authors found no difference in bacterial burden 

over this period in the absence of IL-23, although less severe pulmonary 

histological changes were seen in IL-23p19-/- knockout animals205. This latter 

study has the obvious limitation of failing to separate the role of IL-23 and IL-17 

in persistent pulmonary PA infection. This study also examined earlier time-

points in persistent pulmonary PA infection than in the models described in this 

chapter. 
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Therefore, in combining the results of previous studies203,205,250,254 with my 

findings, it would suggest a potential time-dependent pattern of neutrophil 

recruitment by IL-17 in pulmonary PA infection. It may be that, following PA 

infection, very early IL-17-independent neutrophil recruitment occurs (e.g. 

through the activity of IL-23/IL-1β205), which would be concordant with my 

finding of the absence of very early mortality in the PA-infected IL-17RA 

knockout mice. Following this, over the first few days, IL-17 responses become 

critically important including through neutrophil recruitment; concordant with 

the increased mortality I observed in IL-17RA knockouts and when others report 

less neutrophil inflammation via attenuation of IL-17 activity203,250 or the IL-

23/IL-17 axis205). The lack of IL-17 activity over these days may be sufficient to 

allow time for bacterial adaptation (e.g. I had observed PA SCV development in 

75% of wild type animals within 48-hours of NH57388A infection; described in 

chapter 4, 4.3.4) and establishment of chronic infection. Over a more persistent 

period of infection, alternative compensatory pathways may act to mediate the 

effects of IL-17 neutrophil recruitment, and so account for the comparable 

pulmonary inflammatory responses seen in the PA-infected IL-17RA and wild type 

mice at two weeks post-inoculation (Fig. 6.2B and C; 6.3; 6.6C-E). 

An alternative hypothesis to explain the observed higher rates of chronic 

infection and bacterial burden in the absence of IL-17 activity is that there is a 

relative impairment of neutrophil recruitment for the significantly elevated 

pulmonary PA levels seen in the IL-17RA knockouts. Alternatively, although there 

is a large body of literature examining pulmonary neutrophil recruitment in 

response to IL-17, I am unaware of any work examining if neutrophil function 

itself is altered by the absence of IL-17 activity in pulmonary infection. Until 

recently, IL-17 has predominantly been thought to act via activation of epithelial 

cells that produce chemokines and pro-inflammatory cytokines to orchestrate 

neutrophil recruitment. However, Taylor et al demonstrated a subpopulation of 

human and murine neutrophils that both produce IL-17 in response to IL-6 and 

IL-23 and are activated by IL-17 via IL-17RA-IL-17RC349. The authors 

demonstrated that functionally IL-17A activation of neutrophils resulted in 

increased fungal killing both in vitro and in a murine model of Aspergillus 

fumigatus corneal infection349. A final hypothesis would be that IL-17-related 

activity acting independently of neutrophil recruitment is responsible for 
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the failure to control bacterial burden and increase infection rates; this may 

include reduced production of the anti-microbial peptides (mucins, β-defensins, 

S100 proteins)169,170 within the lung. Certainly, in the context of ocular 

infections, human β–defensin 2 plays an important role in host defence against 

Pseudomonas aeruginosa350-352. 

Despite IL-22 holding a critical role in protection against Klebsiella pneumoniae 

infection196, I found no impaired bacterial control or altered inflammatory 

response in experimental persistent PA infection. Aujla et al196 demonstrated 

that IL-22 was particularly important in limiting pulmonary trans-epithelial 

resistance to acute Klebsiella pneumoniae infection and so preventing systemic 

spread and overwhelming sepsis. Given the localised low-level intra-bronchial 

infection with Pseudomonas aeruginosa in the PA-laden agar bead model, which 

is akin to the PA infection seen in CF patients, trans-epithelial invasion is 

unlikely to be a significant component of pathogenesis and thus explains the lack 

of adverse outcome in IL-22 knockout mice. Interleukin-22 also functions in 

pulmonary repair; an experimental model of pulmonary fibrosis using repeated 

exposure, over up to 4 weeks, to Bacillus subtilis demonstrated that IL-22 

blockade resulted in accelerated lung fibrosis218. Whether IL-22 has a longer-

term reparative role in persistent pulmonary PA infection cannot be answered 

from the data to-date. Preliminary analysis of lung collagen deposition (via 

Picro-sirius red collagen staining of lung sections) at two weeks following 

instillation of PA-laden agar beads suggested no difference between wild type 

and IL-22 knockout animals (data not included in this thesis). Thus, study of 

more prolonged infection after PA-laden bead instillation may reveal a role for 

IL-22 in preventing aberrant lung repair and fibrosis in response to persistent 

infection with the organism.  

The observation of less weight loss, despite increased bacterial burden, in IL-

17RA knockout animals (Fig. 6.1 and 6.5) is intriguing. This observation is not 

only of interest from a scientific perspective but has clinical relevance, as poor 

growth and weight loss in patients with CF is a significant problem frequently 

necessitating supplementary feeding and affecting outcome57,59. The etiology of 

weight loss in CF is multi-factorial, but is likely to include an inflammation-

driven component353. Similar to my results in the presence of persistent PA 
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infection, Crowe et al354 reported less weight loss in a model of pulmonary 

influenza infection in IL-17RA knockout compared with wild type animals despite 

a higher viral load in the former group. The authors reported less neutrophilic 

and histological inflammation in IL-17RA knockout animals over a short-medium 

term infection (2-6 days), but also lower levels of pulmonary IL-17-related 

cytokines and chemokines (e.g. TNF-α, IL-1β, IL-6, G-CSF) and IFN-γ; these latter 

inflammatory mediators were not measured in my models. This reduced weight 

loss in the absence of IL-17 activity has also been seen in response to the non-

infectious pulmonary pathology of bleomycin-induced airways inflammation222. 

Thus, the lower levels of weight loss I observed in IL-17RA knockouts post-

instillation of PA-laden beads may reflect an attenuation of a local and systemic 

inflammatory response to persistent infection. Of note, and related to this 

hypothesis, is that the effect of persistent PA infection on IL-22 knockout 

animals was more heterogeneous (described in section 6.4.1.2). However, at the 

highest inoculum of PA-laden agar beads administered, significantly less weight 

loss was seen in IL-22 knockout compared to wild type animals (Fig. 6.9). 

Interleukin-22 can act in synergy with IL-17A to promote inflammation222, and 

thus this reduced weight loss in IL-22 knockouts may further support attenuation 

of inflammation-driven weight loss in the absence of IL-17A. An alternative 

hypothesis is that the weight change observed in IL-17RA knockout animals 

represents an intrinsic metabolic difference compared with wild type mice that 

protects against a weight-losing state following a pathological challenge. In this 

regard, others have reported a link between IL-17 activity and fat metabolism355-

357.  

As detailed in chapter 5, I demonstrated that a PA-responsive B1 cell population 

expands at the site of pulmonary PA infection and are able to produce IL-17A in 

response to the organism. However, it is clear from the µMT animal experiments 

that this IL-17A-producing B1 cell response is dispensable for protection against 

persistent pulmonary PA infection with ongoing IL-17A production possible. It is 

likely that both innate and adaptive IL-17A-producing populations contribute to 

protection against the organism in the absence of B cells. This finding is 

particularly relevant to the translational goals of this research, as it appears 

that attenuation of IL-17A activity in emerging pulmonary PA infection will 
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require a cytokine rather than cell-specific therapeutic target. 

A notable limitation of the work presented in this chapter is the inability to 

differentiate between the protective actions of IL-17A versus IL-17F in persistent 

pulmonary PA infection. IL-17RA knockout animals are capable of producing IL-

17A and IL-17F but, as they lack the common receptor component, are unable to 

respond to either of these IL-17 family members. Although IL-17A and IL-17F are 

highly homologous and bind to the same receptor complex, overlapping yet 

distinct roles for the cytokines in host immune responses have been 

suggested159. IL-17A has been linked not only with host defence but also 

autoimmune disease and hypersensitivity, whereas IL-17F is predominantly 

linked with mucosal host defence159,358. Few studies have attempted to delineate 

the importance of IL-17A versus IL-17F in infection196,358. Spontaneous 

mucocutaneous Staphylococcus aureus infections were seen more frequently in 

Il17a-/-Il17f-/- mice compared with Il17f-/- or Il17a-/- mice358. In concordance with 

this finding, higher susceptibility to pulmonary Klebsiella pneumoniae infection 

was seen in Il17ra-/- than il17a-/- mice196. Therefore both of these studies suggest 

an overlapping role for IL-17A and IL-17F in defence against these organisms. In 

contrast, a larger role for IL-17F compared to IL-17A was suggested in 

experimental colonic Citrobacter rodentium infection358. Thus it would appear 

that any differences in the roles of IL-17A and IL-17F depend on the infecting 

organism and also, potentially, the site of infection. Ascertaining a differential 

role for IL-17A and IL-17F in persistent pulmonary mucoid PA infection is 

particularly relevant if therapeutic targeting of the IL-17 pathway is to be 

considered in the future. 

A second potential limitation of the described work is the lack of examination of 

response to sterile beads in knockout animals. I previously demonstrated that 

sterile agar bead instillation is associated with a mild pulmonary inflammatory 

response in C57BL/6 mice (chapter 4), but that this is not associated with 

development of local IL-17A-producing responses, and specifically IL-17A-

producing B1 cells, in these animals (chapter 5). Therefore it would be 

unexpected for IL-17RA knockout animals to demonstrate adverse outcomes in 

response to sterile agar beads alone. Hypothetically IL-17-deficient animals may 

be at increased risk of superadded, opportunistic infection in the presence 
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of a physical defect in respiratory defence (i.e. agar beads). However, I noted 

no increase in isolation of non-PA strains from the lungs of IL-17RA knockout 

animals treated with PA-laden beads and, thus, this would also seem to be an 

unlikely outcome. 

In conclusion, the work presented in this chapter confirms for the first time that 

IL-17 is critical in preventing pulmonary Pseudomonas aeruginosa infection and 

in controlling bacterial load. This protective response is likely to be mediated by 

a number of innate and adaptive IL-17-producing cellular sources (Fig. 6.20). 

Further work is required to ascertain the mechanism of IL-17-mediated 

protection in persistent pulmonary PA infection. This data has the potential for 

important therapeutic implications, particularly strategies to prevent the 

detrimental emergence of chronic PA infection in patients with cystic fibrosis as 

well as other acute and chronic respiratory diseases (discussed further in 

chapter 7). Contrary to my proposed hypothesis, IL-22 has no clear role in 

preventing PA infection, although a more subtle and reparative role for the 

cytokine may exist following PA clearance or, over the longer-term, in persistent 

PA infection. 
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Figure 6.1: Weight loss in IL-17 receptor A knockout and wild type mice treated with 
Yorkhill 5-laden agar beads at low inoculum 
  
Body weight measured daily in IL-17 receptor A knockout (IL-17RA KO) and wild type (WT) mice 

treated with intratracheal Yorkhill 5-laden agar beads (inoculum 2.4x10
5
 CFU/animal). A, Weight 

change in all animals surviving to 2-weeks. B, Weight change in animals chronically infected at 2-

weeks. Points show mean and error bars show +/- SEM. P-value relates to repeated-

measures ANOVA. 
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Figure 6.2: Neutrophil recruitment in IL-17RA knockout and wild type mice treated 
with Yorkhill 5-laden beads at low inoculum 
Blood and bronchoalveolar lavage (BAL) neutrophil levels measured in IL-17 receptor A knockout 

(IL-17RA KO) and wild type (WT) mice two-weeks following treatment with intratracheal Yorkhill 

5-laden agar beads (inoculum 2.4x10
5
 CFU/animal). Peripheral blood (A) and BAL leukocytes (B 

and C) were stained for Gr-1 followed by flow cytometry. Absolute BAL neutrophil counts (C) 

were calculated via the addition of flow cytometry counting beads. The line indicates the 

median. P-values relate to Mann-Whitney test. ★, animal with chronic PA infection.  
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Figure 6.3: Representative lung pathology in wild-type and IL-17RA knockout mice 
two weeks following trans-tracheal instillation of Yorkhill 5-laden agar beads at low 
inoculum 
H&E	  staining	  of	  representative	  lung	  sections	  (all	  at	  x10	  magnification)	  in	  wild-‐type	  (A-‐B)	  and	  IL-‐
17RA	  knockout	  mice	  (C-‐D)	  treated	  with	  Yorkhill	  5-‐laden	  beads	  at	  low	  inoculum	  (2.4x10

5
	  

CFU/animal).	  Black	  arrows	  highlight	  intra-‐bronchial	  agar	  beads.	  E,	  Quantitative	  histological	  scores	  
of	  animals	  treated	  with	  Yorkhill	  5-‐laden	  beads.	  p-‐value	  test	  relates	  to	  Mann-‐Whitney	  test. ★,	  
animal	  with	  chronic	  pulmonary	  PA	  infection. 
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Figure 6.4: Pulmonary bacterial burden in chronically infected wild type and IL-17 
receptor A knockout mice treated with Yorkhill 5-laden agar beads  
The pulmonary bacterial burden (CFU count) for IL-17 receptor A knockout (IL-17RA KO) and wild 

type (WT) mice treated with intratracheal Yorkhill 5-laden agar beads (inoculum 1-2 x10
6
 

CFU/animal). CFU calculated from combined BAL and right lung homogenate at 2-weeks post-

inoculation. Line denotes median. P-value related to Mann-Whitney test. 
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Figure 6.5: Weight loss in IL-17 receptor A knockout and wild type mice treated with 
Yorkhill 5-laden agar beads at high inoculum 
  
Body weight post-inoculum of intratracheal Yorkhill 5-laden agar beads in IL-17 receptor A 

knockout (IL-17RA KO) and wild type (WT) mice. A and B, Yorkhill 5 at inoculum 1x10
6
 

CFU/animal with A showing weight change in all animals and B weight change in animals 

chronically infected at 2-weeks. C, Separate experiment showing body weight post-inoculum of 

2x10
6
CFU/animal, in which all IL-17RA KO remain chronically infected and all WT mice were free 

from infection at 2-weeks. Points show mean and error bars show +/- SEM. P-values relate to 

repeated-measures ANOVA 
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Figure 6.6: Neutrophil recruitment in IL-17RA knockout and wild type mice treated 
with Yorkhill 5-laden beads at high inoculum 
Blood and bronchoalveolar lavage (BAL) neutrophil levels measured in IL-17 receptor A knockout 
(IL-17RA KO) and wild type (WT) mice two-weeks following treatment with intratracheal Yorkhill 

5-laden agar beads (inoculum 1-2x10
6
 CFU/animal). Peripheral blood (A and B) and BAL 

leukocytes (C and D) were stained for Gr-1 followed by flow cytometry. Absolute BAL neutrophil 
counts (E) were calculated via the addition of flow cytometry counting beads. A and C, Results 
for all animals treated with PA-laden beads. B and D, Results only for animals chronically 
infected. E, All WT were infection free and all IL-17RA KO were chronically infected. The line 
indicates the median. P-values relate to Mann-Whitney test.   
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Figure 6.7: Response to experimental pulmonary Pseudomonas aeruginosa infection 
with strain NH57388A in IL-17RA knockout and wild type mice 
IL-17 receptor A (IL-17RA) knockout (N=11) and wild type (WT) (N=10) mice received agar beads 

laden with PA strain NH57388A. A, Survival comparison between the two murine strains; p-value 

relates to comparison via log-rank (Mantel-Cox) test. In animals succumbing prior to termination 

of the experiment (early deaths), pulmonary PA bacterial burden was measured on total lung 

homogenates (B), and both blood (C) and bronchoavleolar lavage (BAL) (D) leukocytes were 

strained for Gr-1 followed by flow cytometry. In B-D, the line indicates the median and p-values 

relate to Mann-Whitney test.  
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Figure 6.8: Pulmonary bacterial burden in chronically infected IL-22 knockout and 
wild type mice treated with Yorkhill 5-laden agar beads  
The pulmonary bacterial burden (CFU count) for IL-22 knockout (IL-22 KO) and wild type (WT) 

mice treated with intratracheal Yorkhill 5-laden agar beads (inoculum 2 x10
6
 CFU/animal). CFU 

calculated from combined BAL and right lung homogenate at 2-weeks post-inoculation. Line 

denotes median. P-value related to Mann-Whitney test. 
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Figure 6.9: Weight loss in IL-22 knockout and wild type mice treated with Yorkhill 5-
laden agar beads 
  
Body weight post-inoculum of intratracheal Yorkhill 5-laden agar beads (inoculum 

2x10
6
CFU/animal) in IL-22 knockout (IL-22 KO) and wild type (WT) mice. A, Weight change in all 

animals inoculated. B, Weight change in animals chronically infected at 2-weeks. Points show 

mean and error bars show +/- SEM.  
 
  

A 

B 

%
 w

ei
gh

t c
ha

ng
e 

fro
m

 
ba

se
lin

e 

Days post-procedure 

Days post-procedure 

%
 w

ei
gh

t c
ha

ng
e 

fro
m

 
ba

se
lin

e 
0 2 4 6 8 10 12 14

-20

-15

-10

-5

0

5

WT (N=10)
IL-22 KO (N=10)

0 2 4 6 8 10 12 14
-20

-15

-10

-5

0

5

WT (N=5)
IL-22 KO (N=4)

p < 0.0001 

p < 0.0001 



 

 

 

273 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.10: Neutrophil recruitment in IL-22 knockouts and wild type mice treated 
with Yorkhill 5-laden beads 
Blood and bronchoalveolar lavage (BAL) neutrophil levels measured in IL-22 knockout (IL-22 KO) 

and wild type (WT) mice two-weeks following treatment with intratracheal Yorkhill 5-laden agar 

beads  at inoculum 2x10
6
 CFU/animal. Peripheral blood (A and B) and BAL leukocytes (C-D) were 

stained for Gr-1 followed by flow cytometry. A and C, Results for all animals treated with PA-

laden beads. B and D, Results only for animals chronically infected. Representative of results 

from three separate experiments. The line indicates the median. P-values relate to Mann-

Whitney test.  
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Figure 6.11: Representative lung pathology in wild-type and IL-22 knockout mice 
two weeks following trans-tracheal instillation of Yorkhill 5-laden agar beads at low 
inoculum 
H&E	  staining	  of	  representative	  lung	  sections	  (all	  at	  x10	  magnification)	  in	  wild-‐type	  (A-‐B)	  and	  IL-‐22	  
knockout	  mice	  (C-‐D)	  treated	  with	  Yorkhill	  5-‐laden	  beads.	  Black	  arrows	  highlight	  intra-‐bronchial	  
agar	  beads.	  Quantitative	  histological	  scores	  of	  animals	  treated	  with	  low	  dose	  inoculum	  (E)	  and	  
high	  inoculum	  (F)	  of	  Yorkhill	  5-‐laden	  beads.	  p-‐value	  test	  relates	  to	  Mann-‐Whitney	  test. ★,	  animal	  
with	  chronic	  pulmonary	  PA	  infection. 
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Figure 6.12: Response to experimental pulmonary Pseudomonas aeruginosa 
infection with strain NH57388A in IL-22 knockout and wild type mice 
IL-22 knockout (IL-22 KO) (N=10) and wild type (WT) (N=10) mice received agar beads laden with 

PA strain NH57388A. A, Survival comparison between the two murine strains; p-value relates to 

comparison via log-rank (Mantel-Cox) test. In animals succumbing prior to termination of the 

experiment (early deaths), pulmonary PA bacterial burden was measured on total lung 

homogenates (B), and both blood (C; note results only available for 3 of 6 IL-22 knockouts) and 

bronchoalveolar lavage (BAL) (D) leukocytes were strained for Gr-1 followed by flow cytometry. 

In B-D, the line indicates the median and p-values relate to Mann-Whitney test.  
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Figure 6.13: Pulmonary bacterial burden in chronically infected wild type and µMT 
mice treated with NH57388A-laden agar beads  
The pulmonary bacterial burden (CFU count) for µMT and wild type (WT) mice treated with 

intratracheal NH57388A-laden agar beads. CFU calculated from combined BAL and right lung 

homogenate at 2-weeks post-inoculation. Combined results of two experiments. Line denotes 

median. P-value related to Mann-Whitney test. 
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Figure 6.14: Weight loss in µMT and wild type mice treated with NH75388A-laden 
agar beads 
  
Body weight post-inoculum of intratracheal NH57388A-laden agar beads (inoculum 

4x10
6
CFU/animal) in µMT and wild type (WT) mice. A, Weight change in all animals inoculated. 

B, Weight change in animals chronically infected at 2-weeks. Representative of results from two 

separate experiments. Points show mean and error bars show +/- SEM.  
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Figure 6.15: Neutrophil recruitment in µMT and wild type mice treated with 
NH57388A-laden beads 
Blood and bronchoalveolar lavage (BAL) neutrophil levels measured in wild type (WT) and µMT 

mice two-weeks following treatment with intratracheal NH57388A-laden agar beads  at inoculum 

4x10
6
 CFU/animal. Peripheral blood (A and B) and BAL leukocytes (C-D) were stained for Gr-1 

followed by flow cytometry. A and C, Results for all animals treated with PA-laden beads. B and 

D, Results only for animals chronically infected. Representative of results from two separate 

experiments. The line indicates the median. P-values relate to Mann-Whitney test.  
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Figure 6.16: The B cell population, expanding in response to PA stimulation ex vivo, 
is absent in µMT animals 
Two-weeks following transtracheal instillation of NH57388A-laden agar beads, splenocytes from 

WT controls (A & B) and µMT animals (C & D) were excised and stimulated with heat-killed 

NH57388A  ex vivo for 3-days. Cells were stimulated with PMA and ionomycin in the presence of 

Brefeldin A for 5 hours prior to staining for flow cytometry. Gating on live cells with 

representative plots demonstrating CD3
 
expression (A & C) and B220 expression (B & D) in CD3

lo-

int
 cells. Representative of two separate experiments. 
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Figure 6.17: IL-17A and IL-22 secretion from splenocytes from µMT animals 
stimulated ex vivo with Pseudomonas aeruginosa  
Two-weeks following transtracheal instillation of PA-laden (NH53788A) beads to µMT and WT 

controls, splenocytes were stimulated ex vivo with heat-killed NH57388A or left in media alone 

(unstimulated) followed by measurement of IL-17A and IL-22 secretion at 3-days. A and B, 

cytokine secretion by splenocytes derived from µMT animals. C and D, comparison of cytokine 

secretion by splenocytes of µMT and WT animals in response to stimulation with heat-killed 

NH53788A ex vivo. Columns represent mean + SD for 5 µMT and 10 WT animals. Representative of 

results from two separate experiments. 
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Figure 6.18: IL-17A and IL-22 secretion from lymph nodes from µMT animals 
stimulated ex vivo with Pseudomonas aeruginosa  
Two-weeks following transtracheal instillation of PA-laden (NH53788A) beads to µMT and WT 

controls, lymph nodes were stimulated ex vivo with heat-killed NH57388A or left in media alone 

(unstimulated) followed by measurement of IL-17A and IL-22 secretion at 3-days. A and B, 

cytokine secretion by lymph nodes derived from µMT animals. C and D, comparison of cytokine 

secretion by splenocytes of µMT and WT animals in response to stimulation with heat-killed 

NH53788A ex vivo. Columns represent mean + SD of 3-6 well repeats for a given condition. 

Representative of results from two separate experiments. 
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Figure 6.19: Alternative sources of IL-17A in splenocytes from µMT animals 
stimulated ex vivo with PA  
Two-weeks following transtracheal instillation of NH57388A-laden agar beads, splenocytes from 

µMT animals were excised and stimulated with heat-killed PA ex vivo for 3-days. Cells were 

stimulated with PMA and ionomycin in the presence of Brefeldin A for 5 hours prior to staining 

for flow cytometry. Representative plots demonstrating IL-17A expression from live CD3
- 
(A) and 

CD3
+
 (B) cells. Proportions of IL-17A-expressing T cells which are CD4

+
 (C) or γδ TCR

+
 (D). Values 

above gates represent percent of cells within drawn gate. 
  

B A 

IL-17A 

SS
C

 

IL-17A 

SS
C

 

D C 

CD4 

SS
C

 

!" TCR 

SS
C

 

Live CD3- cells Live CD3+ 

CD3+ IL-17A+ CD3+ IL-17A+ 

6.8 2.6 

10.5% 74% 



 

 

 

283 

 
 
Figure 6.20: Sources and role of IL-17 in the prevention of pulmonary Pseudomonas 
aeruginosa colonisation 
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Chapter 7. General Discussion 
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7.1 Thesis hypothesis and key findings 

Colonisation of the lungs with Pseudomonas aeruginosa occurs in the majority of 

patients with CF by adulthood and is associated with both an intense 

neutrophilic inflammatory response and clinical decline56-60. Prior to the 

establishment of chronic PA colonisation, patients experience intermittent 

pulmonary PA infections that can be cleared either by host responses or 

antibiotic eradication therapy. Clinical data had suggested a potential role for 

IL-17, Th17 cells, as well as other cellular sources of IL-17 in the pathogenesis of 

human CF pulmonary disease150,167,199-202. Given the pivotal role of IL-17 in 

neutrophilic immune responses, in this thesis I hypothesised that IL-17A is 

beneficial in early CF lung disease where it aids clearance of PA and delays the 

onset of chronic PA colonisation. However, as the organism adapts to the hostile 

environment and/or the lung environment becomes more conducive to bacterial 

growth then chronic PA infection inevitably develops; in this setting I proposed 

that IL-17A becomes pathogenic by driving persistent, damaging neutrophilic 

inflammation (Fig. 1.5). In addition, I hypothesised that Th17 cells are a source 

of IL-17A in PA infection and that, due to persistent antigenic-stimulation in CF 

patients the Th17 response may be altered to that seen in healthy controls. An 

additional Th17-related cytokine IL-22 had also previously been shown to hold a 

critical role in defence against acute pulmonary infections196,312, as well as 

reparative functions in pulmonary disease. Yet the functions of the cytokine are 

two-edged, with pro-inflammatory effects seen depending on the local 

environment in which it acts. I therefore proposed that IL-22 may have a 

reparative and protective role in persistent pulmonary PA infection, but that the 

cytokine’s reparative effects become overwhelmed or IL-22 becomes pro-

inflammatory and pathogenic in later CF lung disease with chronic PA 

colonisation (Fig. 1.6). 

I firstly demonstrated that patients with CF, all with a history of pulmonary PA 

infection, and healthy adults have a memory Th17 and Th22 response against 

Pseudomonas aeruginosa, and these cells have a novel phenotype, lacking 

evidence of skin- or gut-homing (Chapter 3). The PA-specific Th17 cell 

population was lower in the peripheral blood of CF patients. In relation to my 

thesis hypothesis, taken together, these data could suggest homing to the 
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lung under the conditions of continued antigenic stimulation of PA infection. My 

data demonstrating the presence of PA-specific Th22 cells in the peripheral 

blood of CF patients and the detection of IL-22 in bronchial washings from 

explanted CF lungs further suggests a role for IL-22 in response to persistent 

pulmonary PA infection.  

To further explore my hypothesis, I developed and phenotyped a murine model 

of persistent pulmonary PA infection utilising two clinical mucoid strains of PA 

(Chapter 4). These models demonstrate the potential to develop chronic 

pulmonary infection, bacterial adaptation that may facilitate biofilm growth and 

establishment of chronic infection, neutrophilic inflammation, and early 

structural lung changes. This best represents the critical stage in CF 

pathogenesis in which chronic infection with mucoid strains of Pseudomonas 

aeruginosa is becoming established in the lung. Utilising this model I 

demonstrated that IL-17A- and IL-22-producing B1 cells are the predominant 

local source of these cytokines in response to pulmonary PA infection (Chapter 

5). These PA-responding B1 cells pre-exist in healthy animals, but migrate to 

and/or expand locally at the site of pulmonary infection.  

Concordant with my hypothesis, utilising IL-17RA knockout mice I demonstrated 

a critical role for IL-17 in preventing the establishment of persistent 

Pseudomonas aeruginosa infection and controlling bacterial load in those that 

develop chronic infection (Chapter 6). I had hypothesised that IL-17-mediated 

protection at this stage in disease may relate to effective neutrophil 

recruitment. However, I failed to demonstrate any significant attenuation in 

neutrophil recruitment in the absence of IL-17 activity at 2-weeks post-

inoculation. Further, utilising PA-infected IL-22 knockout mice, I did not confirm 

my hypothesis that IL-22 may have a similarly important protective effect during 

the establishment of chronic PA infection.  

Having demonstrated a novel B1 cell population producing IL-17 and responding 

to pulmonary PA infection, I sought to ascertain if this represented a critical 

source of the cytokine during establishment of persistent PA infection. However, 

it was clear that such IL-17A-producing B1 responses were dispensable for 
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protection against the organism, with evidence that other cellular sources may 

compensate including Th17 cells and γδ T cells (Chapter 6).  

7.2 Thesis limitations  

My research hypothesis proposes that IL-17 responses are beneficial in early CF 

pulmonary disease was addressed as described above.  However, I had also 

proposed that IL-17 may subsequently become detrimental by driving damaging 

neutrophilic inflammation in established disease with chronic PA infection (Fig. 

1.5). A significant limitation in addressing the role of IL-17 in this setting is the 

lack of animal models demonstrating features consistent with established CF 

lung disease. My developed models were extending to two weeks post-

instillation of PA-laden agar beads with features most consistent with early CF 

lung disease (Chapter 4). Whether evidence of bronchiectasis and obstructive 

airway mucus plugging would develop on more long-term observation of the 

model was not assessed; however such changes develop in the CF lung as a result 

of persistent as well as acute intermittent infective/inflammatory challenges 

over decades and thus are unlikely to adequately replicated in relatively short-

lived murine models. Whether the developed CFTR mutant pig240,359 and 

ferret241,242 models of CF more accurately represent later stage CF lung disease 

has not yet been reported. Clinical data correlating IL-17 responses with disease 

progression is also weak. Bullen et al reported higher sputum IL-17A mRNA levels 

in children with CF and one or more exacerbation per year than those with no 

pulmonary exacerbations200. McAllister and colleagues reported elevated sputum 

IL-17A and IL-17F levels during infective pulmonary exacerbations in adult CF 

patients167. However, no study has reported correlation with lung function or 

provided longitudinal data of IL-17/Th17 responses in patients with CF that 

might indirectly support a detrimental role in disease pathogenesis.  

Contrary to my proposed hypothesis I failed to demonstrate any essential 

protective role for IL-22 against the establishment of persistent pulmonary PA 

infection (discussed in Chapter 6, section 6.6). I had also proposed a reparative 

role for the cytokine in response to persistent pulmonary PA infection (Fig. 1.6). 

This latter role was not evident on scoring of histological severity of lung 

changes or preliminary lung collagen staining at 2-weeks post-inoculation of 
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mice with and without IL-22 activity (Chapter 6, section 6.4 and 6.6). An 

increase in duration of the model may have assisted in examining this 

hypothesis.  

7.3 Therapeutic targeting 

Importantly, the data described in this thesis strongly highlights potential for 

translation into therapeutic targeting of IL-17 responses in the context of 

pulmonary PA infection. Given the protective effect of IL-17 responses in 

preventing chronic PA infection, interventions may include: (i) development of a 

protective vaccine which elicits/augments a PA-specific Th17 response which 

could be administered early in CF disease to prevent any future PA infections 

from persisting and/or (ii) cytokine augmentation, perhaps supplementing 

current antibiotic eradication regimens, when PA is isolated from the CF lung 

and thus improving the likelihood of clearance. The Th17 vaccine-mediated 

approach is particularly attractive and indeed additional data than that 

presented in this thesis would support such an intervention139,360.  

Development of a vaccine for preventing infection with Pseudomonas aeruginosa 

in CF has concentrated on generation of a protective antibody response and 

been ineffective in clinical trials to-date361,362. The ineffectiveness of an anti-

Pseudomonal antibody approach alone to confer protection was further 

illustrated in a clinical trial in which no benefit was seen in critically ill adults 

passively immunised with Pseudomonas aeruginosa-specific hyperimmune 

intravenous IgG (IVIG) from vaccinated donors363. In contrast, data from murine 

models suggests that a vaccine eliciting a PA-specific Th17 response may offer 

more effectively protection. Priebe and colleagues’ evaluations of live-

attenuated Pseudomonas aeruginosa vaccines demonstrated that IL-17 was 

essential for protection against acute PA pneumonia in the absence of 

opsonophagocytic antibody and was associated with rapid recruitment of 

neutrophils to the airways139. Wu et al further explored the potential for a Th17-

mediated vaccine and identified PA proteins (OprL, PopB, and FpvA) with 

potential Th17-stimulating properties360. In recognition of the fact that lineage 

decisions of T helper cells depend on the context of initial naïve T cell and APC 

interaction, the authors undertook combined immunisation with the PA protein 
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PopB and a known Th17 cell adjuvant, curdlan. Immunisation of mice with PopB-

curdlan elicited robust IL-17 responses against PA and resulted in IL-17-

dependent antibody-independent protection from acute Pseudomonas 

aeruginosa lung infection. Notably, the authors provide evidence of a Th17 cell 

response being elicited by the PopB vaccine, although whether other cellular 

sources of IL-17 were enhanced in response to vaccination was not confirmed360. 

Thus a role for vaccine enhancement of PA-responding IL-17-producing B1 

responses may exist. In addition, whether a similar vaccine-induced IL-17 

response can protect against chronic PA infection has not as yet been explored, 

but my data would strongly suggest this to be a viable therapeutic option. If such 

a vaccine-induced Th17 response is to be effective in the CF lung then caution 

must be applied to ensure that any elicited response does not exacerbate 

neutrophilic airways inflammation should vaccination fail to prevent PA 

infection.  

Chronic obstructive airways disease is a condition of high and increasing 

prevalence, with significant associated morbidity and mortality364,365. Pulmonary 

Pseudomonas aeruginosa colonisation is increasingly recognised in COPD74-77, as 

well as occurring in patients with non-CF bronchiectasis77. In addition, PA is an 

important cause of ventilator-associated pneumonia that carries particularly 

high levels of mortality22,79-81. Thus therapeutic targeting of a protective IL-17-

response to pulmonary Pseudomonas aeruginosa infection has potential 

implications for a far larger population of patients than CF lung disease alone.  

The data in this thesis have potential implications outwith the pulmonary 

disease. Inhibitors of the IL-17 pathway, including anti-IL-17A and IL-17RA 

monoclonal antibodies, are actively under development or study within clinical 

trials for treatment of a number of autoimmune diseases including rheumatoid 

arthritis (RA), psoriasis and multiple sclerosis164,366-369. Given the data presented 

in this thesis, a potential complication of IL-17 blockade would be pulmonary PA 

infection. The safety of such agents has generally been suggested via short-term 

clinical trial data. However, in a randomised, placebo-controlled proof-of-

concept study of an anti-IL-17A antibody (secukinumab) in Crohn’s disease an 

increase in infectious complications, including fungal infection, was seen in the 

treatment group370. Thus, on-going longer-term clinical trials of these 
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agents will better inform regarding the risk of significant infections in treated 

patients366. With additional relevance to pulmonary PA infections, RA has long 

been associated with the presence of bronchiectasis, which is associated with 

increased infection risk and shorter life expectancy than when either condition 

occurs in isolation371. Thus, particular attention should be paid to the 

development of chronic PA infection and worsening of respiratory disease in 

long-term studies and post-marketing surveillance of agents targeting the IL-17 

pathway in patients with co-existence of RA and bronchiectasis. 

7.4 Future directions 

The most directly translational finding of the work presented in this thesis 

relates to the protective effect of IL-17 against persistent pulmonary PA 

infection. The mechanism by which this protection is conferred was not however 

clear, with neutrophil recruitment occurring even in the absence of IL-17 

activity (discussed in Chapter 6, section 6.6). The mechanism of IL-17 protection 

may be that of time critical neutrophil recruitment; this would be best explored 

via non-invasive in-vivo fluorescence imaging of neutrophil influx, with the 

potential to show delayed pulmonary neutrophil recruitment in the absence of 

IL-17 activity. If a time critical delay was observed, then PA strains isolated prior 

to neutrophil recruitment in IL-17RA knockout animals could provide evidence of 

increased functional and genetic adaptation favoring persistence in the infected 

lung, e.g. increased formation of small-colony variants, down-regulation of 

immunogenic virulence factors and increased propensity to biofilm formation. A 

second mechanism of IL-17 protection may be through augmentation of 

neutrophil-mediated PA killing itself. Taylor et al demonstrated IL-17A 

activation of the IL-17RA-IL-17RC receptor on neutrophils induces production of 

reactive oxygen species (ROS) and increased fungal killing in a model of 

Aspergillus-induced keratitis349. The possibility of impaired neutrophil function 

in the absence of IL-17 could be further explored via ex vivo experiments of PA 

killing, including utilising neutrophils from IL-17RA knockout (which should fail 

to respond to IL-17 activation349) versus wild-type animals, and neutrophils in 

the presence of IL-17A with or without IL-6 and IL-23 (the later required for 

expression of IL-17RC by neutrophils349). In addition, having observed PA-induced 

apoptosis of dendritic cells during my thesis research (Chapter 4, section 
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3.3.2), it would be intriguing to ascertain if neutrophils also demonstrate 

apoptosis in response to PA and whether their susceptibility to this is altered in 

the absence of IL-17 signalling. Indeed, Boggio and colleagues found IL-17A 

inhibits human T cell apoptosis ex vivo372.   

An additional means by which IL-17 responses may prevent pulmonary PA 

infection persisting is via inducing production of anti-microbial peptides. 

Interleukin-17A results in β-defensin 2, S100A7, S100A8, and S100A9 production, 

an effect enhanced when acting in synergy with IL-22170. The importance of 

defensins in Pseudomonas aeruginosa defence has been demonstrated in ocular 

infections350-352. In addition, in CF single nucleotide mutations of the β–defensin 

gene, DEFB1, were found to correlate with increased rates of chronic 

Pseudomonas aeruginosa infection, independent of the CFTR genotype373. To 

further examine the role of these anti-microbial peptides, the relative 

production of such peptides could be assessed within my PA infection model in 

the presence and absence of IL-17 activity. Confirmation could be made in vitro 

of bactericidal activity of defensins against the clinical PA strains utilised in the 

model and the small-colony variants that develop during the pulmonary infection 

as well as by ascertaining the effect of augmentation or silencing defensin 

production in vivo. 

The observed development of Pseudomonas aeruginosa small-colony variants in 

my developed NH57388A-laden agar bead model opens an additional interesting 

avenue for investigation (Chapter 4, sections 4.3.4 and 4.4). There is a paucity 

of research studying the clinical prevalence and relevance of SCVs in CF, as well 

as no published work examining what role these variants play in non-CF 

pulmonary disease, e.g. in PA colonisation in patients with COPD. As most 

clinical microbiology laboratories do not specifically detect Pseudomonas 

aeruginosa SCVs and antibiotic sensitivity is based on the mucoid PA strains 

isolated, the clinical implications of these more virulent PA variants is under-

recognised. The in vivo factors that favor development of SCVs formation and 

the genetic basis for this change has not been thoroughly explored. However, it 

is clear that SCVs are associated with increased cytotoxicity, antibiotic 

resistance and biofilm formation45-47. The murine model developed in this thesis 

is an excellent tool in which to examine the transition to SCV formation. 
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Within our group, further work is ongoing to examine the genomic and proteomic 

changes between the SCVs derived from my murine models and the parent 

mucoid NH57388A strain, as well as physiological conditions relevant to the lung 

that may favor emergence. In direct relation to my observed protective effect of 

IL-17 in pulmonary PA infection, further work will be undertaken to ascertain if 

IL-17 activity per se influences SCV development; this was not determined in the 

work to-date due to the high burden of mucoid PA in IL-17RA knockout animals 

precluding identification of SCVs on BAL or lung cultures.  

The observation of a population of IL-17A- and IL-22-producing B1 cells 

responding to pulmonary PA infection is an additional area in which future 

investigation is intriguing (Chapter 5). An unanswered question is whether the B1 

cell population is expanding and/or migrating to the lung in response to PA 

infection. My data would suggest a pre-existing B1 population that migrates from 

distant sites, including the spleen and pleural space, to lung and it’s associated 

lymph nodes. Incorporation of bromodeoxyuridine (BrdU) into B cell subsets may 

be used to determine whether the observed increase in mediastinal lymph node 

B1 cells in response to PA infection is caused by migration or clonal expansion of 

these cells. If pulmonary recruitment is confirmed, then determining the factors 

governing B1 cell migration in pulmonary infection becomes relevant; although 

CXCL13347, LPS329,344 and pro-inflammatory cytokines331 have been proposed to 

recruit B1 cells, the relative roles of these and other chemoattractants has not 

been explored in pulmonary infection. This is of particularly importance if 

attenuating IL-17-producing B1 cell responses were to be a therapeutic 

intervention in pulmonary PA infection.  

Finally, if the results described in this thesis are to be translated into 

therapeutic interventions in humans (discussed in section 7.3) then it will also be 

important to demonstrate that augmentation of a pre-existing IL-17 response 

results in the expected decrease in chronic PA infection rates, as well as 

ensuring no paradoxical worsening in later disease should PA persist within the 

lung. 
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7.5 Closing statement 

Intense research interest has demonstrated the cytokine interleukin-17, and its 

production by T helper 17 cells, is critical in maintaining mucosal immunity, 

including within the lung. The neutrophilic pulmonary inflammation seen in 

patients with cystic fibrosis had been linked, via clinical samples, to the actions 

of IL-17, Th17 cells and other IL-17-producing cellular sources. However, it had 

not been determined whether such an IL-17 response was directed against the 

important CF pathogen Pseudomonas aeruginosa, whether PA-specific Th17 cells 

existed in humans, nor, importantly, whether IL-17 responses were protective or 

pathogenic in CF pathogenesis. 

The data presented in this thesis clearly demonstrated that IL-17 responses hold 

a critical role in preventing emergence of chronic pulmonary Pseudomonas 

aeruginosa infection. This data also opens the door for exploration of IL-17 

responses against other pathogens associated with chronic pulmonary infection, 

such as Burkholderia cepacia, Aspergillus fumigatus and Staphylococcus aureus. 

The cytokine can be produced by a not previously described population of IL-17+ 

B1a cells in pulmonary PA infection, in addition to γδT cell and Th17 cell 

populations. The description of a human PA-specific memory Th17 and Th22 

response, which may be implicated in respiratory defence, holds potential for 

therapeutic targeting to augment a beneficial anti-pseudomonal response. 

Collectively, the results presented in this thesis have a clear potential for 

translation into therapeutic intervention to prevent emergence of chronic 

pulmonary Pseudomonas aeruginosa infection, with the associated adverse 

implications on morbidity and mortality. Such findings are relevant to the cystic 

fibrosis population but also a wider population of patients with pulmonary 

disease complicated by persistent infections. 
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Exp. Main aims Beads 

(inoculum*) 

 

No. of 

animals 

Acute 

mortality ¶ 

Chronic 

infection 

rates § 

Bacterial 

burden in 

infected 

animals ⌘ 

1 Establish tolerance of Yorkhill 5 at 
low inoculum and degree of chronic 
infection at 2-weeks. 

Yorkhill 5 
 

 (2x105 cfu) 

10 
 

(1 intra-

operative 

fatality) 

nil 1/9 (11.1%) 2503 cfu in 
total lung 

homogenate 

2 Determine tolerance to increased 
inoculum, assess histology at 1-week 
and 2-weeks, and thoracic lymph 
node cells and splenocytes recall 
responses to PA ex-vivo. 

Yorkhill 5  
 

(9x105 cfu) 

12 nil Not 
assessed 

NA 

3 Time series assessing bacteriology, 
neutrophil recruitment, and cytokine 
levels at day 4, 9 and 14 post-
inoculum. 
Restimulation of thoracic lymph node 
cells and splenocytes with PA ex-
vivo. 

Yorkhill 5 
 

(5x105 cfu) 

20 
 

(1 intra-

operative 

fatality) 

nil 0/7 (0%) NA 

4 Determine whether NH57388A or 
GRI-1 strains would result in 
increased chronicity rates 

NH57388A 
(2.5x106 

cfu) 
 
 

GRI-1 
(2.7x106) 

10/group 
 
 
 
 

(1 intra-

operative 

fatality) 

3/10 (30%) 
 
 
 
 

2/9 (22.2%) 

5/7 (71.5%) 
 
 
 
 

1/7 (14.3%) 

Average 
1x104 cfu in 
total lung 

homogenate 
 

100 cfu in 
total lung 

homogenate 

Appendix 1: Details of experiments aimed to establish and phenotype the PA agar-bead model 
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Exp. Main aims Beads 

(inoculum*) 

 

No. of 

animals 

Acute 

mortality ¶ 

Chronic 

infection 

rates § 

Bacterial 

burden in 

infected 

animals ⌘ 

5 Compare immune response to 
animals treated with sterile beads, 
Yorkhill 5- and NH57388A-laden 
beads via bacteriology, neutrophil 
recruitment, cytokine levels, 
histology, and thoracic lymoh node 
cell and splenocyte recall responses 
to PA ex-vivo.   

Sterile 
 

Yorkhill 5 
 (4x106 cfu) 

 
 

NH57388A 
(1x106 cfu) 

10  
 
15 
 
 
 
10 

Nil 
 

1/15 (7%) 
 
 
 

Nil 

Nil 
 

2/14 
(14.3%) 

 
 

3/10 (30%) 

Nil 
 

720 cfu/RLL 
7420 cfu/

RLL 
 

70cfu/RLL 
130cfu/RLL 
1510cfu/RLL 

6 Compare immune response in 
animals treated with sterile beads 
and NH57388A-laden beads as 
experiment 5.  
Confirmation of B1 cell response to 
PA using thoracic lymoh node cell and 
splenocyte restimulation.  
Subgroup culled at 48-hours to 
confirm presence of small-colony 
variants and sterility, in case of PA-
laden beads and sterile beads 
respectively. 

Sterile 
 

NH57388A 
(1x106 cfu) 

 

14 
 
14 
 

Nil 
 

1/10 (10%) 

Nil 
 

1/9 (11.1%) 

Nil 
 

4990cfu/RLL 

Continuation of Appendix 1 
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Exp. Main aims Beads 

(inoculum*) 

 

No. of 

animals 

Acute 

mortality ¶ 

Chronic 

infection 

rates § 

Bacterial 

burden in 

infected 

animals ⌘ 

7 Examination composition of thoracic 
and inguinal lymph nodes and 
splenocyte composition of sterile 
bead and NH57388A-laden bead 
treated animals to ascertain if 
increased B(1) cells regionally in 
response to infection. 

Sterile 
 

NH57388A 
(1x106 cfu) 

 

10 
 
10 

Nil 
 

1/10 (10%) 

Nil 
 

4/9 (44.4%) 

Nil 
 

200cfu/RLL 
2530cfu/RLL 

4000/RLL 
1200/RLL 

*Inoculum per animal in 50ul; ¶ acute mortality denotes termination following successful procedure in first 5-days post-operatively;  
§ chronic infection being isolation of PA from lungs at 2-weeks post-infection; ⌘ bacterial burden being combined cfu count from  BAL  
and shown lung homogenate; RLL denotes right lower lobe 

Continuation of Appendix 1 
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Exp. Main aims Beads 

(inoculum*) 

 

No. of animals Acute 

mortality ¶ 

Chronic infection 

rates § 

 

1 Comparison of response to 
Yorkhill 5 infection in WT, 
IL-17RA KO and IL-22 KO 
animals. 

Yorkhill 5 
 

 (2.4x105 cfu) 

10 WT 
 
10 

IL-17RA  
 

12 IL-22 KO 
(1 intra-operative 

fatality; 1 soft 

tissue injection & 

thus excluded from 

experiment) 

2 
 

Nil 
 
 
3 

3/8 (37.5%) 
 

1/10 (10%) 
 
 

1/7 (14.3%) 
 
 

2 Comparison of response to 
Yorkhill 5 infection at 
higher inoculum in WT, 
IL-17RA KO and IL-22 KO 
animals. 

Yorkhill 5  
 

(1x106 cfu) 

10 WT 
 

11 IL-17RA KO 
(1 soft tissue 

injection & thus 

excluded from 

experiment) 

 

10 IL-22 KO 

Nil 
 

Nil 
 
 
 
 
 
 

Nil 

5/10 (50%) 
 

10/10 (100%) 
 
 
 
 
 
 

4/10 (40%) 

Appendix 2: Details of experiments using agar-beads in genetically-modified animals 
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Exp. Main aims Beads 

(inoculum*) 

 

No. of animals Acute 

mortality ¶ 

Chronic infection 

rates § 

3 Confirmation of increased 
colonisation in IL-17RA KO 
animals at higher inoculum  

Yorkhill 5 
 

(2x106 cfu) 

10 WT 
 

10 IL-17RA KO 
 

10 IL-22 KO 

Nil 
 

Nil 
 

Nil 

0/10 (0%) 
 

10/10 (100%) 
 

1/10 (10%) 

4 Comparison of response to 
NH57388A infection at WT, 
IL-17RA KO and IL-22 KO 
animals. 

NH57388A 
 

(2.5x106 cfu) 

10 WT 
 

11 IL-17RA KO 
 

10 IL-22 KO 

5/10 (50%) 
 

11/11 (100%) 
 

6/10 (60%) 

Not assessed 
 

NA 
 

Not assessed 

5 Determine importance of 
B1 cells in response to 
NH57388A in µMT animals 
and WT littermates. 
Compare thoracic lymoh 
node cell and splenocyte 
recall responses to PA ex-

vivo in µMT and WT 
animals. 

NH57388A 
 

(1.4x106 cfu) 

10 WT 
 
 
 

6 µMT 

Nil 
 
 
 
1 

6/10 (60%) 
 
 
 

1/5 (20%) 

Continuation of Appendix 2 
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Exp. Main aims Beads 

(inoculum*) 

 

No. of animals Acute 

mortality ¶ 

Chronic infection 

rates § 

 

6 Determine importance of 
B1 cells in response to 
NH57388A in µMT animals 
and WT littermates. 
Compare thoracic lymph 
node cell and splenocyte 
recall responses to PA ex-

vivo in µMT and WT 
animals. 

NH57388A 
 

(1.4x106 cfu) 

8 WT  
 
 
 

7 µMT 

1 
 
 
 
0 

5/7 (71%) 
 
 
 

3/7 (43%) 

*Inoculum per animal in 50ul; ¶ acute mortality denotes termination following successful procedure in first 5-days post-operatively;  
§ chronic infection being isolation of PA from lungs at 2-weeks post-infection 

Continuation of Appendix 2 


