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ABSTRACT  

 

 Cystic fibrosis (CF) is a genetic disease with pathology highly focused on pulmonary 

complications. Infection and colonisation of CF airways by well established pathogens (e.g., 

Pseudomonas aeruginosa, Staphylococcus aureus) are continual issues, and these infections are 

commonly managed through prolonged use of multiple antibiotics. Neutrophils respond to 

pulmonary bacterial infections. In CF, however, altered airway physiology and neutrophil 

function contribute to inflammation, tissue remodeling, and fibrosis. It has been established that 

circulating neutrophils from individuals with CF are functionally altered, either intrinsically or 

from the inflammatory environment of the airways, and this alteration appears to involve 

increased neutrophil survival and reduced apoptosis. Furthermore, this alteration in neutrophil 

physiology has been related to undefined mediators present within plasma from individuals with 

CF. Therefore, to better understand disease pathogenesis and improve CF patient management, it 

is important to identify the plasma factors causing these alterations of the CF neutrophil. With 

these concerns in mind, the primary objective of this research was to identify plasma factors that 

altered the physiology of circulating neutrophils in CF, and to determine which neutrophil 

signaling pathways were stimulated by these factors. A further objective was to investigate how 

these plasma factors and altered neutrophil functions related to disease progression and medical 

chart data for individuals with CF. 

 To address my research objectives, blood samples were collected from 22 adult 

volunteers with CF who were ȹF508 homozygotes, and from 11 age and sex matched non-CF 

control volunteers. This study did not incorporate inclusion or exclusion criteria based on clinical 

assessment of stability for the volunteers with CF. Plasma samples were first screened for the 

capacity to stimulate the NF-əB pathway using the THP1-Dual cell, NF-əB reporter assay. In 

addition, proteins present in a plasma sample collected from a volunteer with CF were analysed 

using mass spectrometry. Plasma samples were also analysed for specific factors known to have 

stimulatory effects on neutrophils. These factors included G-CSF and CXCL1, which were 

measured using enzyme- linked immunosorbent assay (ELISA) methodology, and endotoxin, 

which was measured using the limulus amebocyte lysate (LAL)  endotoxin assay. Neutrophils 

from these blood samples were also isolated and the number of neutrophils isolated/ml of blood 
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were calculated. Some of these circulating neutrophil samples were analysed for gene expression 

of several pro- inflammatory factors using reverse transcription - quantitative real- time 

polymerase chain reaction (RT-qPCR). In addition, expression of the anti-apoptotic protein 

XIAP and phosphorylated XIAP were evaluated through western blotting analysis of neutrophil 

lysates. Finally, intracellular signaling in circulating neutrophil samples was analysed using 

kinome arrays and the resulting data was subjected to pathway over-representation analyses. 

Medical chart data (including detection of sputum bacteria, antibiotic therapy regimen, and lung 

function testing) was abstracted for 20 of the volunteers with CF and used to perform statistical 

analyses with laboratory data. 

 There was a significant (p Ò 0.01) increase in the numbers of circulating neutrophils 

isolated/ml blood (i.e., neutrophil numbers) from volunteers with CF when compared to the 

control group. Furthermore, for the volunteers with CF, significantly (p Ò 0.01) increased 

neutrophil numbers were associated with antibiotic regimens that contained the ɓ- lactam 

antibiotic aztreonam lysine for inhalation (AZLI) (i.e., AZLI positive). Among those volunteers 

who were AZLI negative, significantly (p Ò 0.05) decreased circulating neutrophil numbers were 

associated with volunteers who had S. aureus detected in their sputum (i.e., S. aureus positive). 

In addition, statistically there was an interaction between the associations of AZLI and S. aureus 

status with circulating neutrophil numbers, which was indicated by the greatest mean neutrophil 

numbers being observed in volunteers who were both AZLI positive and S. aureus positive. 

Volunteers with CF who were AZLI positive also had a significant (p Ò 0.05) association with 

decreased lung function parameters FVC % and FEV1/FVC, and trended (p = 0.056) toward a 

decrease in FEV1 % when compared to those volunteers who were AZLI negative. Similar 

associations to those made for AZLI were not observed for other antibiotics investigated, 

including inhaled tobramycin.  

 When cytokines were analysed in plasma samples from volunteers, it was observed that 

G-CSF and CXCL1 concentrations were detected in the majority of samples from volunteers 

with CF. It was also identified among the volunteers with CF who were S. aureus negative, that 

increased plasma concentrations of G-CSF and CXCL1 were significantly (p Ò 0.05) associated 

with volunteers who were AZLI positive. Plasma G-CSF and CXCL1 were also significantly 

(r(19) = .45, p = .039) positively correlated with each other for the volunteers with CF. In 
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addition, G-CSF concentrations were significantly (r(19) = .53, p = .013)  positively correlated 

with plasma endotoxin levels. CXCL1 concentrations, however, were only significantly (r(5) = 

.83, p = .024) positively correlated with endotoxin levels among volunteers who were on 

antibiotic regimens that contained ciprofloxacin, which is a common therapy during CF 

pulmonary exacerbations. Correlation analysis of plasma cytokines and circulating neutrophil 

numbers revealed that G-CSF concentrations trended (r(19) = .41, p = .063) toward a positive 

correlation with neutrophil numbers, and G-CSF-related pathway signaling was altered in the 

majority of CF neutrophil samples. Alteration of G-CSF-related signaling pathways was further 

linked to alterations in apoptosis signaling through the ñApoptosisò pathway. Accordingly, 

western blot analyses revealed that elevated XIAP protein may have been present in CF 

circulating neutrophils, and this elevated XIAP protein may have been associated with increased 

G-CSF, endotoxin, and CXCL1 concentrations in plasma. In addition, kinome array analysis 

revealed significantly (p Ò 0.05) increased phosphorylation of peptide XIAP S87 among the 

volunteers with CF who did not have detectable levels of plasma endotoxin (i.e., endotoxin-

negative) when compared to the endotoxin negative control volunteers. This increase in 

phosphorylation of peptide XIAP S87 coincided with alterations in the G-CSF-related signaling 

pathways ñJAK STAT pathway and regulationò (4.4% coverage by array peptides with 

significantly [p Ò 0.05] associated phosphorylation levels) and ñEPO signaling pathwayò (6.6% 

coverage by array peptides with significantly [p Ò 0.05] associated phosphorylation levels) as 

well as alterations in the ñApoptosisò pathway (11.4% coverage by array peptides with 

significantly [p Ò 0.05] associated phosphorylation levels) between the endotoxin negative CF 

and control groups. Furthermore, peptide XIAP S87 was the most informative single peptide on 

the kinome array. Peptide XIAP S87 was observed to be significantly (p Ò 0.05) differentially 

phosphorylated in several of the analyses of kinome array data against parameters from 

laboratory experiments and medical chart abstracts. For the majority of volunteers with CF, this 

data strongly implicated XIAP as a key factor involved in the alteration of apoptosis-related 

pathway signaling in neutrophils. That said, similar results for apoptosis-related pathway 

signaling and phosphorylation of array peptide XIAP S87 were not observed for volunteers with 

CF who were endotoxin positive (i.e., who had detectable levels of plasma endotoxin).  

 Plasma CXCL1 concentrations for volunteers with CF were not correlated (r(19) = -.22, p 

= .349) with neutrophil numbers, while plasma endotoxin levels were significantly (r(19) = .52, p 
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= .017) positively correlated with neutrophil numbers. Possibly confirming the biological activity 

of plasma endotoxin, volunteers with CF who were endotoxin positive were observed to have 

altered neutrophil signaling in the TLR4-related pathway ñMyD88 cascade initiated on plasma 

membraneò (9.6% coverage by array peptides with significantly [p Ò 0.05] associated 

phosphorylation levels) when compared to volunteers with CF who were endotoxin negative. For 

neutrophil samples from volunteers with CF, it was also identified that alteration of the 

ñApoptosisò pathway may have been associated (10.2% coverage by array peptides with 

significantly [p Ò 0.05] associated phosphorylation levels) with volunteer who were S. aureus 

positive, and that alteration of this pathway did not coincide with alteration of the G-CSF-related 

signaling pathways for these volunteers. Also, as expected, circulating neutrophil numbers in the 

volunteers with CF were significantly negatively correlated with parameters of lung function: 

FEV1 % (r(18) = -.52, p = .019); FVC % (r(18) = -.55, p = .012); and SpO2 (r(18) = -.57, p = 

.008). 

 In conclusion, for the volunteers with CF, AZLI was highly associated with neutrophil 

numbers. Theoretically this association may have been mediated through a release of endotoxin 

which then stimulated production of CXCL1 and G-CSF. It cannot be excluded, however, that 

this association with AZLI was driven by disease severity, where increased bacterial burden and 

lower lung function may have been related to the previously mentioned release of endotoxin and 

cytokine production. G-CSF may have then stimulated the release of neutrophils from the bone 

marrow, as it is known to do, and may have also directly activated circulating neutrophils 

through NF-əB. This activation by G-CSF may have then increased expression and 

phosphorylation of XIAP, which was probably also influenced by other effectors (e.g., 

endotoxin, S. aureus).  Collectively these effects on the inhibition of apoptosis-related pathway 

signaling may theoretically explain a mechanism by which reduced apoptosis occurs in 

circulating neutrophils in relation to plasma from individuals with CF. It is certainly possible that 

increased numbers of these functionally altered neutrophils were related to disease progression in 

volunteers with CF, as neutrophil numbers were associated with decreased lung function. Inhaled 

tobramycin was not observed to have the same associations as AZLI; however, because this was 

predominantly an exploratory study, it is difficult to ascertain practical meaning from this 

discrepancy between inhaled antibiotics. In summary, our findings provide evidence that support 

antibiotic use and pulmonary bacteria being associated with the functional alterations detected in 
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CF circulating neutrophils, which appear to occur through endotoxin and G-CSF-related 

increases in circulating neutrophil numbers as well as inhibition of apoptosis-related pathway 

signaling. 
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CHAPTER 1: LITERATURE REVIEW  

 

1.1. CYSTIC FIBROSIS (CF)  

1.1.1. General information 

 CF is a disease related to many different types of genetic variation in the two alleles 

coding for the cystic fibrosis transmembrane conductance regulator (CFTR) gene [1, 2]. In 

Canada the average estimated age of survival for individuals with CF is approximately 50 years 

which is an increase of roughly 20 years in the past three decades [3]. Although there are many 

clinical manifestations related to disease progression in CF, around 90% of CF mortality is 

caused by pulmonary complications [4]. Because the CFTR protein is found on many different 

cell types, the dysfunction caused by genetic mutation of the CFTR gene is extensive. This 

means that manifestations of this disease arise which are not directly related to lung or neutrophil 

function. One highly prevalent manifestation in individuals with CF is pancreatic insufficiency, 

which is due to pancreatic damage during fetal development and results in the need for 

pancreatic enzyme supplementation [5]. Pancreatic insufficiency can also result in malnutrition, 

another common issue associated with CF that can reduce survival [6]. Another commonly 

observed issue in CF adults is cystic fibrosis-related bone disease which is thought to result in 

part from osteoblasts dysfunction [7, 8]. Other complications in CF include intestinal epithelium 

dysfunction, CF-related diabetes, CF-related liver disease, and congenital bilateral absence of the 

vas deferens [9]. 

 In CF pulmonary complications appear to arise from several factors. One of the main 

issues that has been identified is that the air surface liquid (ASL) is altered [10] due to 

malfunction of the CFTR protein. This produces a compromised pulmonary mucosal surface 

which leads to increased and recurring bacterial infection and poor clearance of colonizing 

bacteria [1, 2]. CF disease progression and pathology is associated with an increased 

inflammatory response to bacterial infections, and this altered immune response is a primary 

contributor to pulmonary dysfunction, chronic lung infection, and inflammation, and is 

responsible for lung damage leading to pulmonary fibrosis [11, 12]. Immune dysfunction in CF 

has been identified in macrophages which exhibit reduced bactericidal activity [13]. Dysfunction 
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has also been reported for T cells with immune responses skewed towards a Th2 response that 

coincides with poor bacterial clearance [14]. It is neutrophil dysfunction, however, that is 

thought to be the primary factor contributing to the altered immune response observed in CF 

[15].  

 

1.1.2. The cystic fibrosis transmembrane receptor 

 The CFTR is a transmembrane chloride ion transport channel which is functionally 

important to epithelial cells and the organs in which these cells reside [16, 17]. There are five 

different classes of genetic mutations related to CFTR malfunction and when both CFTR alleles 

contribute to a loss of function, from these mutations, then CF will  develop [11]. The class 2 

mutation, where the CFTR protein is misfolded and undergoes quality control within the 

endoplasmic reticulum, is based on the homozygous ȹF508 genotype which is the most common 

genetic defect associated with CF [3, 11, 16]. The exact nature behind CFTR absence of function 

relating to the CF pulmonary disease phenotype is still under debate with theories diverging on 

the interaction, or lack thereof, between CFTR and epithelial transmembrane sodium ion 

transport channels (ENaC) as well as the role of other chloride ion channels and processes in 

controlling chloride ion levels [11]. Either way the end result is an alteration of the pulmonary 

air surface liquid (ASL). 

 The CFTR is also thought to be an active protein in mature neutrophils, specifically for 

the phagolysosome, where it appears that the ȹF508 CFTR mutation contributes to decreased 

hypochlorous acid production and reduced bacterial killing in the phagolysosome [18]. This 

mutated CFTR-related neutrophil alteration may contribute to some of the neutrophilic 

dysfunction observed in CF; however, it does not account for all observed changes in function 

[19]. 

 

1.1.3. Lung disease progression 

 Progression of lung disease is the primary cause of death in CF, and it appears that a 

combination of altered ASL composition, increased pulmonary bacterial infection, and 
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inflammation from an improper immune response result in eventual pulmonary damage and 

fibrosis is the main cause of lung disease progression in CF [11, 12]. 

 

1.1.3.1. Air surface liquid  

 The physiological change with the greatest impact in the CF airway is the composition of 

the ASL which relates to both neutrophil dysfunction and colonization by opportunistic bacteria 

[15]. The ASL is comprised of the periciliary layer and the mucus layer. The periciliary layer 

consists primarily of water and as such is less viscous than the mucus layer [10]. Furthermore the 

periciliary layer comes in direct contact with the apical epithelial cell surface and its cilia [10], 

where the cilia play an important role in bacterial clearance through the mucociliary ladder [11]. 

 The CFTR mutation in pulmonary epithelial cells appears to impair the ASL, but theories 

on how this relates to pulmonary disease in CF are divided into two different camps. One is the 

óisotonic theoryô of decreased periciliary layer volume where there is thought to be a drastically 

reduced periciliary layer [10]. Due to poor mucociliary clearance this reduction results in a 

substantially thickened mucus layer with increased volume [10, 11, 15]. This altered ASL with 

an increased volume of thick mucus promotes bacterial colonization and biofilm formation [1, 2, 

11, 15]. The main contributor to this altered ASL composition appears to be osmosis-related, 

where a lack of CFTR inhibition on sodium ion channel ENaC causes movement of sodium and 

osmotically-related water out of the periciliary layer [10]. In this isotonic theory, molecular ionic 

balance of negative chloride ions is maintained in the ASL by channels and processes other than 

the CFTR [11].  

 An alternative theory is the ócompositional theoryô which hypothesizes that the total salt 

concentration (e.g., sodium ions, chloride ions) is greatly increased in the CF ASL due to 

increased levels of negatively charged chloride ions related to a lack of CFTR function. This 

maintains a higher level of positively charged sodium ions in the ASL [11]. Although water 

levels and related periciliary layer volumes are thought to be maintained in the ASL, the salt 

concentration does increase and this is thought to inhibit the normal function of antimicrobial 

peptides which are salt sensitive [11]. 
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 In both of these situations, although the periciliary layer may be decreased, the volume of 

the mucus layer is considerably larger and appears to primarily result from CFTR-related 

submucosal gland dysfunction which includes goblet cells (i.e., secretory glands) that secret 

abnormally large amounts of mucin which further increases the volume of the mucus layer [10, 

11]. Furthermore, increased salt concentration or decreased isotonic volume of the periciliary 

liquid layer appears to impair the ciliaôs capacity to clear the increased volume of mucous [11]. 

 Multiple processes cause the mucus layer of the ASL to become hypoxic [10, 11, 15]. 

This is thought to include increased epithelial cell activity related to compensation for osmotic 

issues, metabolism of oxygen by neutrophils for the generation of reactive oxygen species (ROS) 

[20], and reduced oxygen penetration of the thickened mucus layer. This hypoxic environment 

interferes with the function of epithelial cells and neutrophils in the CF airway [10, 11, 15, 20], 

and creates an environment suitable for bacterial growth in macrocolonies and biofilms [10, 11, 

15, 20]. Supporting the concept that the hypoxic mucus filled environment accommodates 

chronic bacterial colonization, CF airway infections appear to share characteristics observed in 

biofilm infections. This includes an inability to clear the infection, a poor antibody response, and 

an increased resistance to antibiotic therapy [11].  

 In summary, CFTR-related ASL alterations result in a thicker mucus layer and reduced 

clearance. This alteration produces a hypoxic environment which supports the formation of 

biofilms with associated macrocolonies and may even decrease antimicrobial peptide function. 

Together this enhances the growth of opportunistic bacterial pathogens, like Pseudomonas 

aeruginosa, in the airway of individuals with CF [11]. 

 

1.1.3.2. Bacteria and fungi 

 The environment of the CF airway is interconnected to the microorganisms that inhabit it. 

For individuals with CF, colonization by opportunistic and pathogenic bacteria is similar to, yet 

fundamentally different from, bacterial pneumonia [21]. This is because pneumonia affects the 

alveoli while bacterial colonization in CF usually spares the lower airways and alveoli [21] until 

the later stages of CF disease progression [12]. Therefore in CF the infection more closely 

resembles a chronic endobronchial bacterial infection rather than a bacterial pneumonia [11].  
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 Several bacterial species known to colonise the CF lung are capable of causing chronic 

infections [22], while some fungi appear to elicit an allergic response and can develop into 

opportunistic infections [23]. The most common microbes identified in volunteers in the current 

study are described here. Microbes were considered common enough for further analysis in this 

study when they were detected in at least three volunteers. That said, it is important to note that 

other bacterial species can play a pathogenic role in CF (e.g., Stenotrophomonas maltophilia, 

Haemophilus influenzae, Burkholderia cepacia, Mycobacterium abscessus), some of which are 

associated with specific age groups [11, 15, 22, 24, 25]. 

 

1.1.3.2.1. Pseudomonas aeruginosa 

 P. aeruginosa is by far the most prevalent chronic infection in CF adults where 

colonisation is associated with declining lung function [22, 26]. P. aeruginosa is a Gram-

negative opportunistic pathogen that is commonly found in the environment and is able to induce 

a strong neutrophil response in the lung due to multiple structural components (e.g., endotoxin, 

flagellin, alginate) [27] and several traits (e.g., biofilm, antibiotic resistance, decreased motility, 

immune modulation) which make it adaptable to the CF airway [28-31]. In comparison to other 

bacterial species P. aeruginosa is highly prevalent in older individuals, infecting over 50% of 

adults with CF [22]. 

 Different strains of P. aeruginosa have been documented to reside in different areas of 

the CF airway [26] with some strains being more adept at alginate (a secreted polysaccharide) 

production and related biofilm formation [28]. The hypoxic environment of the mucus layer in 

the CF airway has been partially attributed to this increase production of alginate by P. 

aeruginosa [10]. Macro-colonies of P. aeruginosa have then been shown to develop in the 

hypoxic thickened mucus layer with infections occurring at the luminal mucosal surface rather 

than the epithelial cell surface [10, 11]. P. aeruginosa, however, is a facultative aerobe, and 

therefore not all infections with this organism are related to biofilm formation in hypoxic 

environments but rather some strains may survive better in less hypoxic areas where mucus 

accumulation also occurs [10, 26].  
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 Beyond altered alginate production, during chronic colonisation P. aeruginosa changes 

and adapts in multiple ways to the environment of the CF airway. Under these conditions P. 

aeruginosa has been shown to alter the structure of its lipopolysaccharides (LPS) [32, 33] and to 

decrease surface expression of flagella or potentially just reduce motility [30], which results in a 

reduced neutrophil response. In fact, an adapted form of P. aeruginosa in the CF airway has even 

been shown to inhibit neutrophil ROS production [15, 34]. Similarly, although neutrophil 

extracellular trap (NET) formation remains the same in neutrophils from individuals with CF and 

non-CF controls, P. aeruginosa strains isolated from CF patients late in disease progression 

appear to be resistant to the bactericidal properties of these NETs [35]. In addition P. aeruginosa 

also has the ability to acquire antibiotic resistance [29, 36] with around 18% of P. aeruginosa 

infections in individuals with CF being multi-drug resistant [22]. Chronic colonisation of the CF 

airway has therefore allowed P. aeruginosa to adapt to the hypoxic environment, evade immune 

responses, and develop antibiotic resistance, all of which make this bacterial infection more 

difficult to clear. 

 

1.1.3.2.2. Staphylococcus aureus 

 S.  aureus is a Gram-positive bacteria that is among the first bacterial species to colonise 

the CF airway [15] and is overall the most prevalent bacterial pathogen, infecting over 50% of 

CF individuals younger than 45 years [22]. In fact, in the past few years S. aureus appears to 

have outpaced P. aeruginosa as the most prevalent pathogen detected in adults with CF [22]. 

That said, the exact relationship between S. aureus airway colonisation and disease progression 

in CF is unclear [37-40]. 

 Unlike many of the other opportunistic bacteria commonly infecting the CF airway, S. 

aureus is known to cause pneumonia in non-CF individuals [11]. In contrast, S. aureus is also 

known to colonise the upper airway of healthy individuals in a non-pathogenic manner [41]. In 

fact, the role of S. aureus in CF appears to not be strictly pathogenic, with reports implying that 

the lack of S. aureus pathogenicity should be considered when determining patient management 

[37]. The different interactions of S. aureus within the airway of adults with CF may actually 

prove beneficial to the host [42], and an association of S. aureus with better lung function in CF 
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has been reported [38]. In addition the use of anti-staphylococcal therapy has been shown to have 

negative consequences such as the increased presence of P. aeruginosa [43], with prophylactic 

anti-staphylococcal therapy being recommended against in the current guidelines [44]. In 

contrast, S. aureus has been related to disease when it moves into the lower CF airway [39] and 

upon initial airway colonisation in children [40]. Therefore, it appears that the exact relationship 

between S. aureus and CF disease progression is questionable and likely situation dependant. 

 Potentially there are different strains of S. aureus in the CF airway which produce small 

colony variants of the bacteria and may be related to longer chronic infections and a more 

pathogenic nature [45]. Furthermore, S. aureus is known to develop a mucoid phenotype in the 

hypoxic CF mucus layer environment, which may lend to its incorporation into biofilms with 

other bacterial species (e.g., P. aeruginosa) and chronic infection status [10]. 

 

1.1.3.2.3. Achromobacter xylosoxidans  

 A. xylosoxidans is another bacterial species known to colonise the airways of individuals 

with CF; however, this species is considerably less prevalent in CF than P. aeruginosa or S. 

aureus [11, 15, 22, 25]. A. xylosoxidans is a Gram-negative pathogen which, although more 

prevalent in CF and immunocompromised individuals, is not limited to opportunistic infections 

[46]. 

 In the context of CF disease progression, chronic pulmonary infection with A. 

xylosoxidans has been associated with decreased lung function and increased pulmonary 

exacerbations of disease resulting in hospitalization [46]. Lung function decline, and therefore 

progression of pulmonary disease progression, appears related to inflammation caused by A. 

xylosoxidans in the CF airway and has been reported as similar to that associated with P. 

aeruginosa infection [47]. 

 

1.1.3.2.4. Fungi (Aspergillus fumigatus and Cladosporium sp.) 

 A. fumigatus and Cladosporium sp. are fungi found in the CF airway [23, 48]. A. 

fumigatus is the most common fungus isolated from the CF airway; however, the prevalence of 
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this fungus within the CF population varies considerably among studies [23]. Although A. 

fumigatus is primarily associated with allergic responses, with around 7% of adults with CF 

having bronchopulmonary allergic reactions [22], there are also possible non-allergy based issues 

related to disease progression in CF, including decreased lung function, pulmonary exacerbation 

of disease, and hospitalization [23]. That said, outside of an allergic response, the exact extent to 

which fungi contribute directly to disease progression in CF is still under question [49]. 

Inhalation of A. fumigatus from the environment is considered ubiquitous, but in CF it does not 

appear to be properly cleared from the lungs [23]. The clinical significance of Cladosporium sp. 

in CF is still unknown and largely undocumented [48]. 

 

1.1.3.3. Immunopathology 

 Many types of immune cells participate in the cystic fibrosis (CF) antimicrobial response 

and are known to cause inflammation and contribute to disease progression. Of all these cells 

none have better evidence, in thoroughly reported dysfunction and inflammation, relating them 

to disease progression than the neutrophil [11, 15, 50]. Altered neutrophil function appears to 

play an important role in disease progression, lung pathology, decreased lung function, and 

increased damage and fibrosis [1, 2, 51]. Accordingly, neutrophils have been implicated as the 

main contributors to the improper immune response observed in CF [1, 15, 51, 52]. Neutrophils 

recruited to the CF airway play an important role in the clearance and resolution of bacterial 

infections, and in non-CF situations have been shown to be essential for clearance of specific 

bacterial infections. Neutrophils have been reported to be absolutely necessary for protection 

against P. aeruginosa pneumonia in a mouse model, where decreased circulating neutrophil 

numbers caused low level intranasal inoculations of P. aeruginosa to be lethal [53]. Neutrophils 

are also indispensible for the clearance of Listeria monocytogenes [54]. Furthermore, the extent 

to which neutrophils are required for clearance of bacterial pneumonia can be shown in studies 

where neutrophils were specifically and efficiently depleted. In these studies the clearance of 

Legionella pneumophila and Streptococcus pneumonia in mice, was drastically hindered [55, 

56]. Alternatively individuals with lower peripheral blood neutrophil counts have increased 

susceptibility to Mycobacterium tuberculosis infections [57]. Neutropenia has also been shown 

to drastically delay the clearance of Enterococcus faecium [58]. Furthermore, patients with 
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chronic neutropenia have intermittent pneumonia and recurring infections of the upper 

respiratory tract [59]. 

 Some would contest neutrophils being essential for clearance of specific bacteria. A study 

of aspiration pneumonia in guinea pigs indicated that CXCR1/CXCR2 antagonism of neutrophils 

did not cause significant changes in bacterial clearance, even though neutrophils in the airway 

were reduced by at least 86% but were not completely removed [60]. Similarly another study 

reported control of Klebsiella pneumonia in guinea pigs, even though pulmonary neutrophils 

were significantly decreased through CXCR1/CXCR2 antagonism but again neutrophils were not 

completely removed [61]. I t appears that in these studies neutrophils were merely reduced in 

number and not removed. Therefore modulation of the neutrophil response without complete 

removal of neutrophils, such as when using CXCR1/CXCR2 antagonism, can be beneficial. This 

beneficial effect appears to be caused by reduced neutrophilic inflammation with no inhibition of 

bacterial clearance because neutrophils are in fact still present in sufficient numbers to control 

some aspects of the bacterial infection. Neutrophils usually accomplish their bactericidal role 

through the use of many efficient and powerful antimicrobial mechanisms [35, 53, 62, 63]; 

however, in CF many of these mechanisms become inefficient and do not function properly [18]. 

This can lead to chronic bacterial infection from reduced bactericidal activity [18, 35]. 

 In CF increased airway inflammation caused by recurrent neutrophil recruitment 

contributes to pulmonary damage and lung pathology [1, 51, 52]. In this setting both bacteria- 

and neutrophil-based pulmonary damage result in structural changes and impaired pulmonary 

function [64-66]. The resultant altered pulmonary environment further relates to increased 

inflammation, a dysregulated immune response, and further decreased bacterial clearance [64-

66]. Neutrophilic pulmonary tissue damage appears to occur from irregular and overwhelming 

release of histotoxic components by neutrophils [67]. Even without bacterial colonisation, the CF 

airway is affected by abnormally high levels of inflammation and neutrophil recruitment [15, 

67]. Highly potent proteases are a key mechanism of neutrophil-related tissue damage with 

matrix metalloproteinase (MMP)7, MMP9, and neutrophil elastase (NE) being foremost among 

these [67]. Furthermore, high levels of these proteases in the CF airway appear to be caused by 

the inflammatory environment. In this environment a feedback loop with NE causes epithelial 

cells to produce CXCL8, which then recruits more neutrophils and results in further NE release 
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[15, 51]. Both NE and another elastase produced by P. aeruginosa have cytotoxic effects on 

epithelial cells, causing cell sloughing from the basement membrane [65]. NE is also thought to 

cleave phosphatidylserine on the apoptotic neutrophil leading to necrotic neutrophils that are not 

recognised by macrophages for proper containment through efferocytosis [67]. When neutrophils 

are not properly efferocytosed they can release their histotoxic components into the airway upon 

necrosis [67]. High levels of airway NE are not common during bacterial infections within non-

CF individuals, but are decidedly a crucial factor in CF airway inflammation with its intrinsically 

poor bacterial clearance [68, 69].  

 The chronic inflammatory infections in the CF airway are likely related to a putative 

newly described subpopulation of active neutrophils that are distinct from necrotic or apoptotic 

neutrophils [70]. These active neutrophils release inflammatory mediators, are unresponsive to 

anti- inflammatory signals and modulate the adaptive immune response [15, 70]. Deliberate 

release of primary granule contents (e.g., NE, MPO) into the lungs by these active CF 

neutrophils is different from the passive release of these histotoxic proteases from necrotic 

neutrophils [71]. Furthermore, these active neutrophils in the CF airway do not appear to respond 

to anti- inflammatory IL-10 and spontaneously produce high levels of inflammatory CXCL8 [72]. 

They also appear to suppress T-cell responses in the lungs through up-regulation of MHCII and 

CD80 while releasing and activating arginase 1 [15, 70, 73]. Together this produces a tissue 

damaging inflammatory environment by the CF neutrophil, which is also unable to clear 

bacterial infections. 

 Some other components of the immune response related to the immunopathology seen in 

CF include altered cytokine profiles in the CF airway where increased pro- inflammatory factors 

(e.g., CXCL8, IL-1ɓ, TNF-Ŭ) and decreased anti- inflammatory factors (e.g., IL-10, IL-1RA) 

define an environment of increased inflammation and decreased resolution of inflammation [74, 

75]. Individuals with CF also develop high levels of P. aeruginosa-specific antibodies [11]. 

Although this type of antibody response would normally resolve the infection, this B-cell 

response is rarely sufficient to resolve P. aeruginosa infections in the CF airway due to biofilm 

formation and thickened mucus [11]. 

 In summary, pulmonary tissue damage pursuant to repeated neutrophil recruitment 

combines to create a cycle of inflammation and bacterial infection. The neutrophil centric 
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immune response, however, is unable to clear the bacterial infection, and instead causes 

progression of disease pathology through the release of inflammatory and histotoxic factors. 

Together this causes a profound impairment of lung function whereby the organ is no longer able 

to function adequately and this eventually culminates in death. 

 

1.1.4. Pulmonary function testing 

 With multiple factors contributing to pulmonary disease (e.g., altered ASL, pathogenic 

bacteria, inflammatory immune response) there is clinical need to monitor the progression of 

pulmonary disease and responses to therapy (e.g., antibiotic therapy, physiotherapy), and this is 

done through pulmonary function testing [76]. Although declining lung function is normally seen 

with age and disease progression, there are large individual variances that can reveal important 

information in a patient-specific manner [77]. Such alterations in lung function can be assessed 

using pulmonary function testing [78]. Forced expiratory volume in one second as a percent of  

the predicted normal value (FEV1 %) is the pulmonary function tests which gives the most direct 

insight into alteration of lung function and disease progression, while other aspects of lung 

function used in this study included forced vital capacity percent of predicted (FVC %) [79, 80] 

and oxygen saturation of the blood (SpO2) [81]. Percent of predicted values take into account 

factors that are known to affect lung function but are not themselves a cause of disease (e.g., age, 

sex, height) [80]. 

 

1.1.4.1. FEV1 %  

 Levels for FEV1 % are the most relied upon indicator of lung function in CF and have 

been shown to be highly related to disease progression, mortality, and factors of clinical 

importance [77]. Decline in FEV1 % is related to both disease progression in CF and death [80]. 

For FEV1 % the normal (non-CF) range is anywhere above 80% of predicted, while abnormality 

is considered mild when below 70% and severe when below 35% [79]. There is a progressive 

early decline in FEV1 % over time for individuals with CF. Likely attributable to survivor effect 

this decline appears to slow in early adulthood (18-30 years) and levels off beyond that.  
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Nonetheless, individual variation (i.e., non-age-related changes) is fairly broad [77]. The average 

FEV1 % levels in adults with CF appear to be between 80% and 55% but decline with age, while 

the variance for FEV1 % in adults with CF ranges from 100% to 25% [3, 77]. 

 

1.1.4.2. FVC %  

 FVC % is commonly measured at the same time as, and has a strong functional 

relationship with, FEV1 % [82]. As such, decline in FVC % has a similar relation to disease 

progression and death as does FEV1 % [80]. Because FEV1 % is the most informative and 

commonly used indicator of lung function in CF, it is not surprising that levels for FVC % in CF 

are not as well documented as they are for FEV1 %. That said, FVC % levels of approximately 

70% have been reported to be average for CF individuals [76]. FVC % is an indicator for the 

volume of air that the lungs can hold (i.e., total lung volume), such that decline in FVC % can be 

related to the remodeling and fibrosis of the lung tissue that is observed in CF [15, 79]. Reduced 

FVC % levels are a useful indicator of restrictive lung function, and this has been observed in 

some individuals with CF where, for a subset of these individuals, this reduction in FVC % only 

indicates a reversible restriction of lung function [83]. 

 

1.1.4.3. FEV1/FVC 

 Although FVC % is an indicator of restrictive lung disease, the ratio between FEV1 % 

and FVC % (FEV1/FVC) is an indicator of obstructive lung disease, which is thought to be the 

main condition in CF that is related to lung disease [76, 79, 83]. FEV1/FVC indicates the amount 

of the forced vital capacity that can be exhaled in the first second of forced exhalation [84]. 

FEV1/FVC values lower than 70% [79], or below the 5th percentile when comparing to normal 

distribution [84], are considered suspect and may indicate obstruction of lung function. Although 

FEV1/FVC may be used more extensively in chronic obstructive pulmonary disease (COPD), as 

an indicator of airway obstruction it can also be used to detect airway obstruction in CF [76, 79].  
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1.1.4.4. SpO2 

 SpO2 levels are commonly assessed for many patients including individuals with CF as 

they are considerably easier to evaluate than FEV1 % or FVC % levels [81]. SpO2 levels indicate 

the percentage of hemoglobin in the circulating red blood cells that is saturated with oxygen (i.e., 

blood oxygen saturation). This reveals how well oxygen is being delivered to the blood from the 

lungs and in effect how well tissue is being oxygenated (the normal range for SpO2 is 94% to 

99%) [81]. At the severe end of the spectrum it has been observed that SpO2 levels correlate well 

with FEV1 % levels and appear to be a good indicator of disease status [81].  The range for SpO2 

levels in CF has been reported to extend below the normal range and down to around 70%, with 

chronic pulmonary bacterial infections being linked to decreasing SpO2 levels [81]. 

 

1.1.5. Antibiotic therapy 

 In CF an antibiotic regimen is a common part of disease management. Antibiotics are 

used chronically in CF for several different purposes including maintenance of a chronic 

bacterial infection, prophylactic therapy to prevent infection, and acute treatment of an 

exacerbation of disease relating to infection. Depending on the specific pathogen, therapy 

regimens can commonly consist of cycles between multiple antibiotics [44, 85]. It has previously 

been reported that antibiotics can affect circulating neutrophils [86-92]; from these reports, the 

majority of antibiotics appear to elicit their effects through reduction of bacterial numbers, and 

this reduction is thought to result in lower circulating neutrophil numbers [86, 87, 89]. Macrolide 

antibiotics (e.g., azithromycin, erythromycin) are an exception to this as they elicit their effects 

through direct immunomodulation of neutrophils [90-92]. Although the most common antibiotics 

used in CF are covered in the next subsections [22], there are several other antibiotics used in CF 

that are not the focus of this study. Some of these include inhaled colistin, intravenously 

administered meropenem, tobramycin, and ceftazidime as well as orally administered 

sulfamethoxazole with trimethoprim, cefuroxime, and cephalexin [11].  
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1.1.5.1. Aztreonam lysine for inhalation 

 Aztreonam lysine for inhalation (AZLI ) is a nebulized inhalable form of the antibiotic 

aztreonam, a ɓ- lactam antibiotic that is a monobactam, which is used to inhibit growth of 

pulmonary P. aeruginosa in individuals with CF [85, 93]. The common trademarked name for 

AZLI is Cayston (Gilead Pharmaceuticals, USA) [93]. Although aztreonam itself was available 

in the 1980s [93, 94], AZLI  was not available for use in CF patient until around 2010 [93]. Being 

a relatively new antibiotic therapy, many previous studies on CF do not include patients that 

were taking AZLI or do not include information related to AZLI  therapy. As such nothing has 

been reported on the potential effects of AZLI on circulating neutrophils. That said one study did 

investigate the effect of intravenously administered antibiotic component of this drug (i.e., 

aztreonam) on neutrophils [95].  The study in 1993 by Goya et al. was in rats using high 

antibiotic concentrations, but indicated that aztreonam may have directly interacted with 

neutrophils to increase chemotaxis at serum concentrations of 100 µg/ml or more. 

 AZLI is commonly administered over periods of time that may consist of cycling one 

month on and one month off [93]. The formulation for a one millilitre dose of AZLI contains 

75.0 mg aztreonam with 46.7 mg lysine monohydrate as a stabiliser [93]. Although the drug is 

targeted to pulmonary bacteria, at this dose the serum concentration of aztreonam has been 

shown to be around 0.6 µg/ml [93]. AZLI use in individuals with CF has been reported to 

decrease sputum P. aeruginosa levels and improve pulmonary function [93]. Although 

aztreonam is effective against Gram-negative bacteria, it does not appear to be active against 

Gram-positive bacteria, including S. aureus [94, 96]. 

 

1.1.5.2. Azithromycin   

 Azithromycin (AZM) is a macrolide antibiotic that has been reported to help with 

management of bacterial biofilms [44, 97]; however, in many situations AZM alone is not 

sufficient for treatment of bacterial infections. As such, AZM is commonly used with other 

antibiotics, such as AZLI and inhaled tobramycin [44, 85, 93, 97, 98]. Of particular interest in 

the context of CF, AZM treatment appears to alter aspects of even healthy, non-CF neutrophils 

associated with reduced inflammation (e.g., increased apoptosis, reduced ROS production) [90]. 
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This may be related to observed decreases in pulmonary exacerbations in CF patients taking this 

antibiotic [44]. Several studies have reported that AZM and other macrolide antibiotics have 

direct immunomodulatory effects on neutrophils [90-92] including, as noted, reduced ROS 

production and increase apoptosis [90, 92] as well as inhibition of NE [91], which is a known 

perpetrator of pulmonary damage in CF [99]. 

 

1.1.5.3. Inhaled Tobramycin  

 The nebulizable form of tobramycin was the first antibiotic formulated for inhalation in 

CF [93] and is used to control P. aeruginosa infections [100]. Inhaled tobramycin is commonly 

used for prolonged terms, and this may include cycles consisting of one month on and one month 

off [100]. Unlike aztreonam, tobramycin does not need to be stabilised for inhalation and instead 

is only pH balanced in saline with each dose containing around 300 mg of the antibiotic [100]. 

Serum levels of tobramycin after use of the inhaled drug have been shown to average around 

0.98 µg/ml [100]. Inhaled tobramycin has shown significant effectiveness at decreasing P. 

aeruginosa levels in CF sputum and has been shown to improve lung function, as FEV1 %, in 

CF patients with pulmonary P. aeruginosa infection [100]. Although use of tobramycin does not 

appear to have any direct effects on neutrophils, it can alter endothelial cells in a way that 

impedes transendothelial migration of neutrophils [101]. 

 

1.1.5.4. Ciprofloxacin  

 Ciprofloxacin is a quinolone-based and orally administered antibiotic commonly used in 

CF. It has a wider spectrum of anti-bacterial activity than the previously mentioned antibiotics, 

being effective against P. aeruginosa and other Gram-negative bacteria as well as S. aureus 

[102]. Ciprofloxacin therapy for acute pulmonary exacerbations of disease usually consists of an 

approximately two-to- five week period [102]. Common issues with ciprofloxacin which limit  its 

usefulness include the development of resistance to the antibiotic by P. aeruginosa [29]. 

Furthermore, although ciprofloxacin reduces P. aeruginosa numbers, substantial levels of the 

bacteria commonly remain after therapy, indicating that treatment with this antibiotic does not 
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always clear infection in the CF airway [102]. Ciprofloxacin has been shown to accumulate in 

neutrophils where it maintains bactericidal activity against S. aureus [103]. That said, 

ciprofloxacin does not appear to substantially alter circulating neutrophil numbers [89]. 

 

1.2. THE NEUTROPHIL  

 The role of neutrophils in innate immune responses is pivotal to the clearance of bacteria 

from the lung [53-59]. This function of bacterial clearance by neutrophils, however, is 

augmented in CF [67]. Improper activation and increased ageing of blood neutrophils (i.e., 

circulating neutrophils) are associated with poor clearance of pulmonary bacterial infections, 

increased neutrophil li fe span leading to reduced efferocytosis by macrophages, increased release 

of histotoxic granular contents with resultant tissue damage, and decreased resolution of 

inflammation [67, 104]. In a healthy state circulating neutrophils are relatively short lived and 

quiescent [105], where various stages of activation or apoptosis appear to be related to the cellôs 

age and external stimulation [104]. During chronic disease, including CF, stimulation of 

circulating neutrophils appears to foster a longer- lived and seemingly activated state [1, 52]. 

Even with this extended survival neutrophils still have a relatively short lifespan, which has 

made investigation of neutrophil functions and properties more difficult [106]. 

 

1.2.1. Bone marrow 

 Neutrophils differentiate from progenitor hematopoietic stem cells in the bone marrow 

through a process called granulopoiesis, before being released into the circulation [107]. The gut 

microbiome has been documented to stimulate normal granulopoiesis and appears to do this 

through the release of factors containing microbe-associated molecular patterns (MAMPs) [108, 

109]. Every day up to 100 billion granulocytes, predominantly neutrophils, are produced and 

released from the bone marrow into the circulation as a normal response to plasma G-CSF [110] 

and other cytokines (e.g., GM-CSF, IL-3, and IL-6) [105, 111]. Release of neutrophils from the 

bone marrow is controlled by decreased surface expression of the chemokine receptor CXCR4 

on neutrophils [111] but can also be induced by increased plasma chemokine levels (e.g., 
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CXCL1, CXCL8) [112, 113]. In this way neutrophils are continuously derived from the bone 

marrow, which means that not all circulating neutrophils are synchronized and therefore display 

different states of maturation and apoptosis [114].   

 

1.2.2. Circulation  

1.2.2.1. Circulating and marginal pools 

 When mature neutrophils are released from the bone marrow, they circulate in the blood 

for approximately six to 12 hours before being removed by the spleen, liver, or bone marrow 

[105, 115]. Circulating neutrophil numbers are interconnected with different pools of 

neutrophils, including those in the bone marrow and those in the marginated pool. Marginated 

neutrophils line the endothelium of arteries and veins usually at areas of low blood flow and 

decreased vascular diameter such as capillaries. These physical conditions allow for margination 

through augmented interactions between neutrophil and endothelial cell surface proteins such as 

those involved in rolling (e.g., CD44, E-selectin ligand, L-selectin, PSGL-1), adhesion (e.g., 

LFA-1, VLA-4), and crawling (e.g., Mac-1) [111], three well-documented facets of leukocyte 

recruitment [116]. 

 The vasculature in a number of organs account for a large proportion of the marginated 

neutrophil pool due to the physical characteristics of this vasculature promoting neutrophil 

attachment. These organs include the liver, lungs, and spleen [111]. Neutrophils from the 

marginated pool normally move in and out of the circulating neutrophil pool, and this balance 

can be altered by various stimuli that are known to affect blood flow (e.g., adrenaline, exercise) 

[111, 117, 118]. Although these neutrophil pools are in constant flux, on average they appear to 

contain evenly distributed cell numbers with perhaps a slight increase of neutrophils in the 

marginal pool when normal conditions exist [118]. 

 Neutrophils in the marginated pool can be removed through efferocytosis by 

macrophages, either after homing back to the bone marrow or directly in the liver and spleen. 

Alternatively, these cells can be mobilized into the tissue in situations of extravascular 

inflammation [111, 119]. Clearance of aged circulating neutrophils by efferocytosis helps 

regulate proper cell numbers and removes potential unwanted inflammation [120]. Neutrophils 
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within the marginated pool in the lungs, however, appear to have several functions including 

replenishment of circulating numbers, detection of pulmonary infections, and ï as is the case 

with older neutrophils ï  reprogramming or priming to express increased surface CXCR4 and 

thereby home back to the bone marrow for removal [111].  

 Earlier research on neutrophils using methodology for ex vivo labeling of these cells 

indicated that the process of release from the bone marrow and eventual removal through 

efferocytosis (i.e., neutrophil lifespan) took under 24 hours [121]. In contrast, modern research 

using methodology for in vivo labeling of neutrophils has revealed that on average circulating 

neutrophils live for 5.4 days [122]. The differences in perceived neutrophil lifespan between 

these two methodologies has been suggested to exist due to the functional changes that physical 

manipulation of these cells can cause [122].  The concept that circulating neutrophils can have a 

prolonged lifespan has inspired research to investigate more intricate functional and phenotypical 

alterations in these neutrophils. This includes changes caused by the environment due to 

fluctuations in stimuli over time and changes that prime neutrophils, allowing them to have a 

greater range of functions than previously thought. 

 

1.2.2.2. Plasticity and stimulation 

 There are some stimuli which subtly affect and thereby prime the circulating neutrophil 

in a way that alters the cellôs function and lifespan. Priming of circulating neutrophils can also be 

thought of as a partial activation that does not immediately cause the induction of antimicrobial 

mechanisms and has also been referred to as neutrophil programming [123]. This priming alters 

neutrophils in a way that modifies the antimicrobial mechanisms to be used subsequent to full 

cellular activation. Stimulation of circulating neutrophils in this way alone can result in poor 

bacterial clearance, impaired efferocytosis, chronic inflammation, and tissue damage from 

improperly released histotoxic granular contents [67, 104]. There are many factors which have 

been reported to do this, including G-CSF, testosterone, adiponectin, and the endotoxin LPS 

among others. 

 G-CSF, a cytokine with well documented effects on circulating neutrophils, is primarily 

known to stimulate release of neutrophils from the bone marrow [124]. In fact, G-CSF is used 
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clinically to treat neutropenia [125]. Beyond these effects on circulating neutrophil numbers, G-

CSF is also involved in inhibition of neutrophil apoptosis which is observable when G-CSF is 

administered in vivo [126]. Furthermore, when G-CSF is added to neutrophils ex vivo, reduced 

apoptosis has been linked to inhibition of caspase-3 [127] in a manner that involves the X- linked 

inhibitor of apoptosis (XIAP) [128]. Plasma G-CSF levels have been reported to be increased 

during pulmonary bacterial infections [129, 130] creating a potential link between these 

infections and functional alteration of circulating neutrophils. 

 In the last decade the concept of aged neutrophils has been established, as has the idea 

that aged neutrophils have a distinct phenotype [131]. The phenotype of aging neutrophils may 

be influenced by circadian rhythms or circadian rhyth-induced endothelial cell changes and the 

interactions with marginated neutrophils that these changes facilitate. Aged neutrophils 

accumulate in the marginal pool of the lung vasculature. On the beneficial side, aged neutrophils 

respond more rapidly to infections and as such may produce a preferred response against 

infection [120]. Circadian rhythm is also known to affect the innate immune system in other 

ways [132]. For example, it appears to alter neutrophil priming or function enough to worsen 

myocardial infarction outcomes, potentially by increasing the numbers of responding neutrophils 

[133]. Testosterone levels are linked to circadian rhythm and also appear to influence circulating 

neutrophils by producing an increase in their recruitment response while decreasing their 

bacterial killing via reduced myeloperoxidase and production of anti- inflammatory cytokines 

(e.g., TGFɓ1, IL-10) [134, 135]. 

 Other factors can prime circulating neutrophils in a manner that results in an accelerated 

and more robust response to pathogens, upon subsequent activation [123]. There are many forms 

of such priming, including stimulation in ways which alter ROS responses. Factors that prime 

neutrophil ROS production include cytokines (i.e., adiponectin, GM-CSF, IL-1ɓ, CXCL8, IL-18, 

TNFŬ) as well as pathogen-associated molecular patterns (PAMPs) (i.e., LPS, flagellin, 

zymosan, lipopeptide, LAMs, fMLF) and related factors (i.e., C5a, LTB4, PAF) [136]. The 

mechanisms behind this altered ROS response are fairly well understood and involve changes to 

NADPH oxidase in the neutrophil plasma membrane [136]. These changes cause conformational 

alteration and partial phosphorylation of proteins in the NADPH oxidase complex, which 

positions NADPH oxidase closer to an active ROS producing configuration [136].  
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 The Gram-negative bacterial component LPS, an endotoxin that can prime circulating 

neutrophils, has two documented effects. LPS priming can increase the release of immature 

neutrophils (i.e., band cells) into the circulation and these cells are associated with poor 

antibacterial responses [137]. LPS can also stimulate mature neutrophils in a way that primes the 

cells to release increased quantities of ROS upon full activation [137]. Expanding on this, 

intravenously delivered LPS appears to cause decreased surface expression of inflammatory 

receptors on circulating neutrophils along with the release of immature neutrophils, where 

CXCR1 and CXCR2 are significantly decreased on all circulating neutrophils but Toll- like 

receptor (TLR) 4 is only decreased on the immature neutrophils [137]. 

 It is thought that under normal circumstances these primed circulating neutrophils 

associate better with the marginated pool, specifically in the lungs, but also that priming can be 

reversed, in a manner that is thought to involve IL-10, so that these neutrophils can return to the 

circulating pool in a non- inflammatory state, for subsequent removal in the bone marrow [136]. 

 

1.2.2.3. Apoptosis 

 It has been observed in CF, and other chronic diseases (e.g., arthritis [138]), that 

circulating neutrophils are stimulated or activated in a way that results in a longer lifespan [1, 52, 

139]. Both G-CSF and GM-CSF can stimulate neutrophils to activate their anti-apoptotic 

pathways, resulting in augmented neutrophil survival [140-142]. G-CSF is known to inhibit 

apoptosis by preventing calpain-based degradation of the XIAP protein [128]. Plasma G-CSF 

levels are also increased during pulmonary bacterial infections, making it reasonable to postulate 

that XIAP protein levels will be higher under these conditions [129, 130]. XIAP itself functions 

to inhibit apoptosis at several levels. XIAP can bind to the functional sites of active caspases 

(e.g., caspase 3, caspase 7, caspase 9) thus stopping caspase- induced apoptosis [143-145], but it 

can also inhibit apoptosis before mitochondrial activation (i.e., before the caspase level) [146] or 

prevent TNF-Ŭ from causing apoptosis [147, 148]. 

 Hypoxia, or perhaps hypoxia inducible factors, may also contribute to reduced apoptosis 

of neutrophils in hypoxic tissue [149]. Apoptosis can also be greatly decreased by priming 

circulating neutrophils with PAMPs or cytokines (e.g., LPS, IL-17, TNF-Ŭ) [111]. Furthermore, 
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the microbiome may also contribute to circulating neutrophil priming, where the gut microbiome 

can influence the regulation of neutrophils and apparently decrease their levels of apoptosis 

[104]. This appears to occur, in part, from the nucleotide binding oligomerization domain (NOD) 

1 detection of the bacterial peptidoglycan ɔ-D-glutamyl-meso-diaminopimelic acid (iE-DAP) or 

from IL-17A subsequently released by other cells in response to iE-DAP [150]. This microbiome 

influenced inhibition of apoptosis is likely the main component that changes the short (i.e., less 

than one day) ex vivo lifespan of neutrophils to the 5.4 day lifespan of neutrophils when in 

circulation [122]. 

 

1.2.2.4. CF-related alte ration of neutrophils 

 As noted above, several studies have reported that circulating neutrophils in volunteers 

with CF are altered, with the most evident component of this alteration relating to increased 

neutrophil survival due to reduced apoptosis [139]. It is still unknown precisely how this 

stimulation occurs and the entirety of what this means in terms of neutrophil function [151].  

 Apoptosis of circulating neutrophils in individuals with CF is thought to be decreased by 

the CF airway environment and related factors [139], but some reports have implicated 

intracellular alteration caused by the malfunctioning endogenous CFTR protein [152]. That said, 

there is a larger body of evidence against a role for endogenous CFTR in alteration of apoptosis 

in CF neutrophils, where problems with experimental design appear to explain the contrasting 

reports supporting a role for endogenous CFTR [34, 71]. From the current body of evidence, it 

appears more likely that factors extrinsic to the neutrophil (e.g., stimulatory factors in the 

plasma, pulmonary epithelial cell dysfunction, bacterial colonisation) result in altered priming of 

circulating neutrophils and an extended lifespan. Specifically, it has been reported that CF 

plasma can induce decreased apoptosis in control (i.e., non-CF) neutrophils [139]. Both CFTR 

mutation related epithelial cell dysfunction and chronic bacterial infection cause disruption of the 

CF airway environment [52]. This environment creates a cycle of inflammation and bacterial 

infections with a neutrophil-centric immune response that is unable to clear these bacterial 

infections. Instead this immune response creates a chronic inflammatory environment with 

factors that can potentially reduce apoptosis in neutrophils (e.g., cytokines, PAMPS) [52, 111, 
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140]. Independent of the underlying cause, this extended lifespan could contribute to the 

increased numbers of circulating neutrophils reported for multiple CF populations [34, 153, 154]. 

 Some of the other, non-apoptosis based, alterations observed in the circulating CF 

neutrophil population include decreased ROS production, where hypochlorous acid production is 

impaired in the phagosome due to the malfunctioning endogenous CFTR [18]. Impaired 

hypochlorous acid production was related to decreased bactericidal activity [1, 18]. P. 

aeruginosa can inhibit ROS production in neutrophils and this effect is thought to be the 

underlying cause of the previously mentioned reports on altered ROS production in circulating 

neutrophils from individuals with CF [34, 155]. Taking this into consideration, findings from 

previous studies would have been influenced by the P. aeruginosa status of their volunteers and 

even the specific strains of P. aeruginosa they were colonised with, as it appears that inhibition 

of ROS production is due to an adapted form of P. aeruginosa and not CFTR dysfunction [15, 

34]. The adhesion molecule ICAM-1 may also play a role in altering the function of circulating 

CF neutrophils. Serum ICAM-1levels were reported to be increased in stable CF patients, with 

relatively normal lung function, and neutrophils from these individuals displayed increased 

spontaneous NE release [151, 156].  

 The combined implication of the above mentioned alterations reported in circulating CF 

neutrophils appears to be an association between the increased inflammation, tissue damage, and 

lung pathology prevalent in CF patients and the increased lifespan, increased release of 

inflammatory factors, and paradoxically decreased bactericidal activity reported in CF 

neutrophils [1, 15, 51, 52, 151, 156]. 

 

1.2.3. Recruitment and migration 

 Neutrophils in the marginated pool can be mobilized into the tissue in situations of 

inflammation and infection [111, 119]. In this way, during an immune response to a pulmonary 

bacterial infection, neutrophils are recruited into the lung earlier than other phagocytes [115, 

157]. This response is initiated by endothelial cells lining the pulmonary vasculature which 

facilitate neutrophil recruitment into the lungs after being stimulated by products of the infection 

(e.g., bacterial components, inflammatory cytokines) [158]. The interactions between P-selectin 
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glycoprotein ligand-1 (PSGL-1) and L-selectin on circulating neutrophils and P-selectin and E-

selectin on endothelial cells start off as low affinity interactions that slow down neutrophils and 

start the rolling phase [159, 160]. In neutrophils PSGL-1 is uniformly distributed on the surface 

while L-selectin is concentrated near the tips of the neutrophil microvilli (or pseudopodia) with 

this area being the initial site of interaction between neutrophils and endothelial cells [161]. 

These initial interactions between neutrophils and endothelial cells induce signaling within both 

cells [162]. In neutrophils this signaling causes the cytoskeletal protein talin-1 to interact with 

the CD18 (ɓ2 integrin) subunit of LFA-1 and induces a conformational change in LFA-1 from 

bent to partially extended. Partial extension of LFA-1 increases its binding affinity for 

intercellular adhesion molecule 1 (ICAM-1) on endothelial cells to an intermediate level which 

causes slow rolling of the neutrophil on the endothelium [160, 163]. 

 These initial processes allow for increased interaction between neutrophils and the 

endothelium bound chemokines which are produced at sites of inflammation (e.g., CXCL12, 

CCL21, CXCL9) [164]. This interaction results in chemokine-specific G-protein coupled 

receptor (GPCR) signaling to talin-1 and kindling-3 with further induction of conformational 

change to LFA-1 on neutrophils [164]. This conformational change then causes high affinity 

binding to ICAM-1 on endothelial cells that result in neutrophil arrest [164, 165]. After this Mac-

1 (CD11b/CD18) on neutrophils is activated and causes ICAM-1-mediated neutrophil crawling 

and spreading along the endothelium [162]. 

 After neutrophil adhesion to the endothelium, the neutrophil must make its way through 

the endothelium, through the basement membrane, and into the tissue. This process is called 

transendothelial migration (TEM) and can occur paracellularly, where the neutrophil moves 

through junctions between endothelial cells, or transcellularly, where the neutrophil moves 

through a pore that develops in the endothelial cell itself [166, 167]. Chemokine gradients play 

an important role in the initiation of TEM along with PECAM1, ICAM-1, JAMs, and other 

proteins on endothelial cells that are employed during TEM [160, 165]. The paracellular route 

utilises ICAM-1 binding to induce contraction of the endothelial cells. Then ICAM-1, ICAM-2, 

JAMs, PECAM1, and CD99 adhesion proteins cause separation of endothelial cells at adherens 

junctions, creating endothelium permeability and allowing the passage of neutrophils to the 

basement membrane. [162, 168]. The transcellular route for neutrophil TEM involves ICAM-1 
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and PECAM1 in creation of a vesiculo-vacuolar organelle and begins with extensions of the 

membrane into the endothelial cell and results in formation of a pore that allows the neutrophil to 

move through and towards the basement membrane [162, 169]. Surprisingly the transcellular 

route comprises approximately 70% of neutrophil TEM [170]. 

 After migrating through or between the endothelial cells, neutrophils reach the 

endothelial basement membrane. Neutrophils move through the endothelium basement 

membrane and into pulmonary tissue by releasing proteases (e.g., MMPs, NE) that create holes 

in the basement membrane [162, 171]. At this point neutrophils must make their way through the 

lung tissue to the front lines of inflammation and bacterial infection and this is done by 

chemotaxis in response to a chemoattractant gradient. During pulmonary bacterial infections the 

chemokine CXCL8 is one of the predominant neutrophil chemoattractants and binds to both 

CXCR1 and CXCR2 on neutrophils [172]. Other chemokines of interest include but are not 

limited to CXCL1 (Gro-Ŭ), CXCL2 (Gro-ɓ), CXCL3 (Gro-Ὓ/GRO3), and CXCL5 (ENA-78) 

which bind either CXCR1 or CXCR2 and also the chemokine CCL3 (MIP-1Ŭ) [173]. Other 

potential chemoattractants include LTB4 [172] and the complement component C5a [173] as 

well as bacterial components like fMLP [174]. Altogether, it appears that a vast network of 

chemoattractants result in the guidance of the newly migrated neutrophils toward the site of 

infection and inflammation. 

 

1.2.4. Lungs 

Neutrophils recruited into the lungs during bacterial infections survive approximately 24 to 

48 hours [115, 157]. When in inflamed or infected tissue neutrophils are stimulated and activated 

by factors that delay apoptosis and this is responsible for the increased neutrophil survival [140]. 

Increased neutrophilic expression of NE is known to occur in the CF lung and has multiple 

pro-inflammatory effects [68]. These include degradation or cleavage of immunoglobulins and 

complement receptors leading to decreased phagocytosis of opsonised bacteria with impaired 

bacterial clearance [175-179]. Furthermore, NE and other proteases can cleave CXCR1 on 

neutrophils, decreasing their bactericidal activity. This CXCR1 fragment, probably via specific 

protein glycosylation, is then capable of interacting with TLR2 on epithelial cells leading to 
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increased expression of CXCL8 and additional pulmonary inflammation [180]. In the lungs, 

release of NE and the ROS-generating myeloperoxidase (MPO) was commonly thought to occur 

from necrotic neutrophils but has been reported as a normal function of recruited neutrophils 

[70]. 

 During infection or inflammation, neutrophils activated in the tissue have the capacity to 

move back into the circulation through a process termed reverse transmigration [149]. These 

reverse transmigrated neutrophils appear to have an increased lifespan and increased ROS 

production [149]. Although inflammation and potential damage to pulmonary tissue is a side 

effect of neutrophil recruitment and their histotoxic responses, the primary function for 

neutrophils in the lungs is their bactericidal activities. 

 

1.2.5. Bacterial clearance 

 The short lifespan of the neutrophil is accompanied with a short response time. 

Neutrophil recruitment and response occurs within four hours [115], giving this cell of the innate 

immune system a great temporal advantage over the adaptive immune response [181]. 

Differentiation and clonal expansion of the adaptive response requires approximately three to 

five days while an effective humoral or cellular response can take an additional seven to 10 days 

[181, 182]. Under proper regulation neutrophils can be released from the bone marrow, recruited 

into infected tissue, kill bacteria, and be cleared from the tissue in less than two days [115, 157, 

181]. In this way neutrophils are optimised for quick resolution of pulmonary bacterial infection. 

As such neutrophils are an important part of the immune response when bacteria infect the lungs 

[53].  

 Once at the site of infection neutrophils must recognise and eradicate bacteria. Pattern 

recognition receptors (PRRs) (e.g., TLRs, NOD-like receptors [NLRs]) are expressed by 

neutrophils and allow for detection of many bacterial components [183]. The main TLRs utilised 

by neutrophils to detect bacteria include TLR4, TLR5, and TLR9 [183]. TLR4 is found on the 

plasma membrane [183, 184] and detects LPS from Gram-negative bacteria with the help of 

other proteins [185, 186]. These proteins include TLR4 adapter proteins (i.e., CD14, LPS-

binding protein, MD-2) which form a receptor complex [187-190]. TLR5 is also found on the 
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plasma membrane and responds to flagellin, the main structural protein of bacterial flagella [183, 

184]. During pulmonary bacterial infections, TLR5 plays a role in the initial neutrophil response 

including increased CXCL8 production and antimicrobial activity [191-193]. TLR9 is found only 

intracellularly and is on the membrane of the neutrophil phagosome where it detects 

unmethylated CpG motifs of bacterial DNA [183, 184]. Neutrophils recruited into the CF lung 

have increased expression TLR2, TLR4, TLR5, and TLR9 compared to circulating neutrophils 

[193-195].   

 The main NLRs utilised by neutrophils against bacteria include NOD1 and NOD2, both 

of which detect components of bacterial peptidoglycans. NOD1 recognises multiple components 

of peptidoglycan, including iE-DAP which is produced by many different types of bacteria and 

N-acetylglucosamine-N-acetylmuramic acid tripeptide which is specific to the peptidoglycan of 

Gram-negative bacteria [183, 196, 197]. NOD2 functions to recognise the main component of 

peptidoglycan in both Gram-negative and Gram-positive bacteria called muramyl dipeptide 

(MDP) [183, 197]. 

 After bacterial detection, neutrophils are able to utilise a large number of antimicrobial 

options including phagocytosis, azurocidin, bacterial permeability increasing (BPI) protein, 

defensins, NE, proteinase 3, cathepsin G, ROS (e.g., superoxide, hydrogen peroxide, 

hypochlorous acid, hydroxyl radical, peroxynitrite), NETs, cathelicidins, lactoferrin, cationic 

phospholipases, and MMP-9 [1, 63, 198-207]. This substantial repertoire of antimicrobial 

mechanisms give neutrophils a bactericidal advantage over many other cells, such as 

macrophages [208]. 

 Neutrophils can phagocytose bacteria through the recognition of antibodies (e.g., IgG, 

IgA) or complement factors (e.g., iC3b, C4b) that have opsonised the bacteria. Antibody is 

recognised by Fc receptors including FcɔRIIIB which recognises IgG antibody while 

complement components are recognised by complement receptor 1 and complement receptor 3 

also known as CD11b/CD18 or Mac1 [66]. Via FcŬRI neutrophils can respond to IgA, the main 

antibody found at mucosal surfaces, to initiate phagocytosis and ROS production [209, 210]. 

 Most of the neutrophilôs bactericidal activity is achieved through degranulation, where 

granule content is usually released into the cellôs bacteria- laden phagosome [207]. Formation of 
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granules occurs in three stages. Primary granules are formed first during the promyelocyte phase 

of neutrophil differentiation and primary granule contents include NE, MPO, BPI, defensins, 

cathepsin G, and proteinase 3. Secondary granules and then tertiary granules are formed during 

the metamyelocyte phase of neutrophil differentiation; secondary granule contents include 

cathelicidin and lactoferrin while tertiary granule contents include lysozyme and MMP9 [1, 207]. 

NE is a serine protease that cleaves proteins at His-Asp-Ser amino acid sequences and thus can 

cleave the outer membrane protein A of Gram-negative bacteria [211]. The protease activity of 

NE is known to degrade virulence factors from bacteria and perhaps in concert functions to 

inhibit escape of bacteria from phagocytosis [212]. NE also has immunomodulatory effects 

which relate to increased bactericidal activity and include increased mucin production by 

epithelial cells, enhancing MMP-9 activity, and a non-proteolytic interaction with MPO that 

increases its antimicrobial functions [213-215].  

 NADPH oxidase and MPO operate together in neutrophils to create antimicrobial ROS. 

NADPH oxidase converts oxygen to superoxide which then reacts with two hydrogen ions to 

form hydrogen peroxide in a spontaneous dismutation reaction [200]. Both superoxide and 

hydrogen peroxide can react with iron to produce hydroxyl radicals. Alternatively hydrogen 

peroxide and chloride ions can be converted by MPO into hypochlorous acid [1, 200, 206, 216]. 

Of further interest superoxide can react with nitric oxide to produce the powerful antimicrobial 

peroxynitrite [203]. After bacteria are phagocytosed these ROS are used along with other granule 

proteins to kill the bacteria [1]. In this setting another role for NADPH oxidase may be to create 

a substantial electron gradient in the phagosome through the production of ROS and thus, 

through the influx of other ions caused by this electron gradient, lower phagolysosome pH which 

vastly increases the bactericidal activity of proteases and antimicrobial proteins therein [1, 217, 

218]. Furthermore the ROS produced by NADPH oxidase can induce the formation of NETs 

[219]. It therefore appears that NADPH oxidase activity in the phagolysosome has developed 

with other antimicrobial processes to elicit a synergistic effect where electron gradient 

production, ROS antimicrobial function, and NET formation all work together to sufficiently 

clear bacteria.  

 Non-oxidative antimicrobials are produced by neutrophils and include defensins, BPI, 

and the cathelicidin LL-37, all of which are cationic, membrane intercalating proteins [202, 220, 
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221]. Other non-oxidative antimicrobials include the proteolytic enzymes NE, proteinase 3, and 

cathepsin G [222]. Similar to NE, azurocidin has the homology of a serine protease although it 

does not carry any proteolytic activity. In a non-serine-protease-dependant manner azurocidin 

appears to have cationic related antimicrobial activities and the capacity to cause chemotaxis 

through its binding to the formyl-peptide receptors [205]. Also of interest, group IIA PLA2 is a 

cationic phospholipase of neutrophils with the capacity to attack Gram-positive bacterial cell 

walls [201]. Lipocalin 2 and lactoferrin are also non-oxidative proteins that bind to and chelate 

iron, sequestering it against uptake by bacteria, and thereby inhibiting bacterial growth [223, 

224]. 

 NETs consist of extruded neutrophil DNA and decondensed chromatin to which are 

bound antibacterial histones as well as antimicrobial proteins including defensins, NE, and MPO 

[198, 204, 225]. NETs are initiated by different triggers, each of which have different time 

frames for the formation of NETs. LPS stimulation of TLR4 results in quick NET formation, 

while cell death utilizing either apoptosis or necrosis takes substantially longer to produce NETs 

[226, 227]. In a similar manner NETs can be formed through a pathogen-dependent form of 

programmed cell death which may utilise ROS signaling and is called NETosis [227, 228]. NETs 

have been documented to kill many different bacteria [229]. The main role for NETs is likely to 

increase the capacity of neutrophil-derived antimicrobial agents to destroy bacteria by co-

localising the bacteria and antimicrobials, allowing multiple antimicrobials to work together for a 

potentially synergistic effect [229]. 

 

1.2.6. Inflammation and tissue damage 

Resolution of Inflammation 

 The resolution of neutrophilic inflammation after pulmonary bacterial infection is largely 

controlled by anti- inflammatory cytokines [230] but also involves self- regulation of 

inflammatory mediators [231] and efferocytosis of apoptotic neutrophils by macrophages [232, 

233]. The release of anti- inflammatory cytokines (e.g., TGF-ɓ, IL-10), primarily by 

macrophages, occurs after bacterial clearance to resolve the inflammation [230]. Furthermore 

some inflammatory pathways induce self- regulatory mechanisms to reduce inflammation 
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including the NF-əB pathway and the SOCS inhibited, JAK/STAT related, IL-6 signaling 

pathway [231]. Another self-regulatory mechanism, but with specificity to neutrophils, appears 

to be the capacity of the DNA and chromatin components of NETs to disable the proteolytic 

activity of NE, thereby reducing host tissue damage once the bacterial infection is cleared [234]. 

The presence of neutrophils in the lungs after and even during bacterial infection is associated 

with many levels of inflammation and tissue damage [65, 142, 215, 235, 236]. Therefore, 

physical removal of neutrophils from the lungs is essential for resolution of inflammation. 

Macrophages perform this essential role by phagocytosis of apoptotic neutrophils in a process 

called efferocytosis [237, 238].  

 

Inflammatory Dysfunction  

 Problems with inflammation and tissue damage exist when inflammatory processes are 

dysregulated or if pulmonary bacterial infection and inflammation are not resolved quickly. 

Neutrophils are associated with significant levels of inflammation and pulmonary tissue damage 

when they are not tightly regulated and efferocytosed quickly after infection. Neutrophil 

degranulation, along with lysis of necrotic neutrophils, appears to be the primary cause of this 

tissue damage [236, 239]. Thus impaired efferocytosis, decreased apoptosis, and prolonged 

neutrophil recruitment contribute to an increase in pulmonary neutrophils [142, 182, 240] and 

thereby pulmonary inflammation and tissue damage. 

 Extracellular release of neutrophil granule contents from degranulating or necrotic 

neutrophils is the main cause of neutrophil-associated pathology [236, 239]. Proteases (e.g., NE, 

MMP9) released in this manner appear to be the most significant cause of tissue damage, while 

ROS contributes only a minor role [66, 239]. Of the proteases released, NE makes the largest 

contribution to inflammation and tissue damage as it degrades the structural proteins in the 

basement membrane and connective tissue (e.g., collagen, elastin, proteoglycans) [241-245]. The 

release of NE and the necrosis of neutrophils has also been associated with poor epithelial 

integrity and detachment of epithelial cells [246]. Furthermore, in vitro studies have shown that 

NE can decrease ciliary beat frequency potentially inhibiting proper functioning of the 

mucociliary escalator and stimulate goblet cells to increase secretion of mucous [65, 215]. Other 
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potentially histotoxic proteins released from neutrophils include MMP9, proteinase 3, and 

cathepsin G [66, 241]. 

 Antiproteases (e.g., secretory leukocyte inhibitor, alpha-1 antitrypsin) can offset some 

protease damage; however, this depends on the relative balance of protease to antiprotease 

activity in the lung [1]. Protease activities in the CF airways are at high enough levels to 

overwhelm antiprotease activities and cause a significant amount of pulmonary tissue damage 

[247]. An in vitro study looking at neutrophils and H. influenzae, a common bacteria in CF, 

reported that neutrophils became necrotic after phagocytosing the bacteria, resulting in increased 

inflammation and also survival of the bacteria within the necrotic cells [248]. Issues like this, 

where decrease bacterial clearance allows the infection to persist, result in continual recruitment 

and activation of neutrophils, which impedes resolution of inflammation and perpetuates further 

tissue damage. 

 Neutrophils die by necrosis if they are not efferocytosed by macrophages. Thus, 

dysregulation of efferocytosis plays an important role in neutrophil-mediated inflammation and 

tissue damage, inasmuch as the necrotic cell inevitably releases the contents of its histotoxic 

granules [240]. The main cause of such dysregulation is the cleavage of phosphatidylserine 

receptors on the macrophage by NE and cathepsin G, providing another mechanism by which 

NE contributes to inflammation [249]. As previously mentioned, in CF not all neutrophil- related 

damage is caused by necrotic neutrophils but also from an active sub-set of neutrophils in the CF 

lung [70]. This sub-set of neutrophils actively release primary granule contents (e.g., NE, 

MMP9) [71] opposed to necrotic neutrophils which do this passively [71]. These active 

neutrophils also appear to spontaneously produce high levels of CXCL8 [72], ignore anti-

inflammatory IL-10 [72], and even suppress T cell responses [70, 73]; through up-regulation of 

neutrophil MHCII and CD80, which increases interaction with T cells, and the release and 

activation of arginase 1 which suppresses T cells [70, 73]. 
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1.3. THE KINOME  

1.3.1. Kinase signaling 

  Signal transduction occurs in a cell primarily through the activity of kinases and their 

related phosphorylation of other proteins. In this way, the activity of many different kinases are 

required to transduce a signal from receptor stimulation to effector responses (i.e., signaling 

pathway) [250]. Kinases achieve this through phosphorylation of specific amino acid targets on 

other proteins which then function as signaling intermediates. This phosphorylation event alters 

the function of the signaling intermediate which transduces the signal to other proteins, either by 

forming complexes with them or, if the protein target is a kinase, by changing their 

phosphorylation state. The entirety of all the proteins and factors involved in these interactions 

and alterations of phosphorylation and function, encompass a specific signaling pathway [250, 

251].  It is therefore observed that phosphorylation of multiple proteins within a signaling 

pathway indicates an altered activity within said pathway. 

 The known human kinome consists of over 500 kinases which phosphorylate over 20,000 

phosphorylation sites, which in turn regulate some 5,000 different proteins [252]. This points to 

an intricate system where a small number of kinases are responsible for controlling a large 

number of proteins through their respective phosphorylation sites, with some of the target 

proteins being other kinases. Many of these proteins are controlled by multiple phosphorylation 

sites and some kinases have been reported to phosphorylate multiple proteins [253]. Furthermore 

a single phosphorylation site on a protein can be acted on by multiple proteins, with many having 

at least one kinase and one phosphatase, and others having the capacity for self- regulation (i.e., 

auto-phosphorylation of a site within the same protein) [254]. The combined complexity of all 

the different events involved in signal transduction can make it difficult to identify how signaling 

transduces through a pathway, but this complexity is important as it allows for dynamic control 

of a wide range of downstream effects. 

 Investigation of kinase signaling has been previously explored in human neutrophils 

using a variety of methodologies to identify many of the kinases and other proteins involved in a 

large number of signaling pathways [255]. More recently kinome array technologies have been 

used in human neutrophils to discover potentially altered signaling pathways [256]. 
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1.3.2. Kinome arrays 

1.3.2.1. General array information  

 Kinome arrays are used to simultaneously assay the activity of a large number of kinases 

within cell lysates [257]. This is accomplished by evaluating the magnitude to which a cell 

lysate, containing cellular kinases, causes phosphorylation of a known phosphorylation site on a 

protein, as determined using a fluorescent stain specific for phosphorylated protein [257, 258]. 

Cell lysates are prepared from a large number of cells (5x106 neutrophils were used for each 

sample in this study) and a combined lysate with ATP containing activation mixture is layered 

on the kinome array so kinases present in the cell lysate can phosphorylate individual peptide 

targets, for subsequent detection of phosphorylation using a fluorescent phosphoprotein stain. 

These phosphorylated peptides are then detected as brightness intensities (i.e., signal) by imaging 

the array [257-259]. 

 Cellular kinase activity can be inferred from the known list of kinases that specifically 

target the protein phosphorylation sites represented by individual peptides printed on the array. 

Inference of kinase activity, however, is difficult because a single phosphorylation site may be 

acted on by multiple kinases [254] and some kinases phosphorylate target sites on multiple 

proteins [253]. Because of this, kinome array analysis is usually directed at the protein from 

which the peptide on the array was derived and not the cellular kinases which phosphorylate the 

peptide [257, 259]. Inferences in this way are a good indication of absolute kinase activity inside 

the cells being analysed. That said, the use of phosphatase inhibitors in the cell lysis buffer, 

along with other disruptions during cell lysis, interfere with proper representation of the overall 

phosphorylation activities associated with proteins within the cell. 

  Information from all of the observed phosphorylation events is then used to identify 

altered phosphorylation levels of the array peptide-related proteins when comparing different cell 

samples or different groups of cell samples (e.g., different cell treatments, cells isolated from 

individuals with different disease states).  Within different treatment groups, altered 

phosphorylation of multiple proteins related to a single signaling pathway can then indicate that 

the signaling pathway is differentially regulated [257, 259, 260]. 
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1.3.2.1.1. Array design and format 

 The kinome array consists of a glass slide with peptide spots printed in three replicate 

blocks per slide [260]. Each replicate block includes a specific number of technical replicates for 

each peptide spot (three spots for each block resulting in nine technical replicates per slide in this 

study). Each unique peptide spot is then specific for a different target, where a single unique spot 

consists of identical 15 amino acid long peptides that are specific for a known phosphorylation 

site on a particular protein (282 unique peptide spots per slide were used in this study) [260]. 

Each peptide spot is 0.35 mm across with a space of 0.75 mm between each spot [260]. The 

arrays used in this study did not include any specific negative or positive control spots.  

 Kinome arrays are designed by choosing protein-specific phosphorylation sites in 

proteins relevant to cell signaling pathways, specifically pathways which are related to what is 

being investigated. At the time of this study, technical limitations for the number of different 

peptide spots limited the array to around 300 different targets (i.e., phosphorylation sites) [258, 

260]. This is multiple orders of magnitude smaller than other array platforms (e.g., RNA 

microarrays, DNA microarrays) in which current methods of microarray production can provide 

several million targets or probes [261, 262]. Given that the human kinome likely includes over 

20,000 phosphorylation sites on 5,000 different proteins [252], it was only possible to analyse a 

small percentage (~1.5%) of the kinome with the kinome array used in this study. The selection 

of specific phosphorylation sites for an array therefore focuses analyses on a limited number of 

possible cell signaling pathways at the expense of others. In this study we used an array designed 

to detect changes in immune response signaling with representation of interleukin receptor and 

TLR signaling pathways. 

 

1.3.2.1.2. Reproducibility  

 Experimental design is important in improving the reliability and reproducibility of 

results for array platforms and other experimental methods. The nine technical replicates for each 

peptide, spread across three different sections (i.e., blocks) of the kinome array, increase the 

chances of detecting a reproducible signal as an increased number of technical replicates has 

been reported to improve reliability and reproducibility with DNA microarray platforms [263, 
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264]. An issue arises, however, as all of these technical replicates are on the same kinome array 

instead of across different arrays, where they would be processed separately. This can lead to 

issues with reproducibility at the level of sample preparation and experimental technique. 

Common to all experiments, technique when running the experiment plays a big part in 

reproducibility and therefore variation in technique needs to be accounted for [265]. Issues 

related to technique that have been previously reported to affect reproducibility with kinome 

arrays include preparation of cell lysates, quality and consistency of the reagents used for 

detection, proper amalgamation of cell lysate and ATP containing activation mixture, and 

ensuring the array is properly and completely washed of all non-specific phosphoprotein stain 

[258, 260]. This means that in addition to adequate numbers of technical replicates, a stringent 

protocol needs to be developed and followed consistently to achieve results within a study that 

are reproducible. 

 

1.3.2.1.3. Non-specific activity: Foreground and background intensity 

 Extracting useful information from high noise to signal RNA microarrays presents many 

issues [264] and similar issues apply to kinome arrays. When dealing with the relatively small 

magnitude changes in signal, as found for phosphorylation levels in kinome arrays or expression 

levels in other array platforms [266], it becomes difficult to discern true biological signals if the 

foreground intensity of a spot is overpowered by the background intensity (i.e., noise). 

 Foreground in the kinome array image is the level of brightness intensity that is detected 

for a peptide spot; however, not all of this intensity may be due to phosphorylation of the peptide 

by cellular kinases. Background in the kinome array image is the level of brightness intensity 

caused by any non-specific sources (i.e., not directly related to array peptide phosphorylation) 

[260] and presents similar issues and consequences to those reported for DNA microarrays [265, 

266]. The main cause of high background intensity for kinome array platforms is improper 

washing of the array after incubation and staining. Improper washing results in brightness 

intensity being detected, both inside peptide spots and between peptide spots, due to non-specific 

or residual fluorescent phosphoprotein stain (i.e., stain that within the peptide spot is not 

associated with kinase activity from the cell lysate, or any phosphoprotein stain that remains 
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between the peptide spots) [258, 260]. Under reasonable conditions the background intensity is 

relatively uniform throughout the entire array and can be accounted for. In this situation the 

actual biological signal can then be properly calculated as the intensity from the foreground (i.e., 

spot intensity) minus the intensity from the background (i.e., noise) [266]. This is also referred to 

as the background subtracted foreground intensity and is calculated for each separate peptide 

spot on the kinome array [259]. 

 With kinome arrays, achieving low levels of uniform background with relatively high 

levels of foreground intensity requires good protocol and technique. Low levels of biological 

signal, which result in poor foreground intensity, can be attributed to the use of insufficient 

numbers of cells when producing the cell lysate or from improper lysis of the cells. This leads to 

insufficient levels of kinase activity, where detected activity (i.e., signal) can easily be 

overpowered by normal levels of background. This underscores the importance of using the 

correct number of cells for each sample; for bovine monocytes this has been reported as 5x106 

cells/sample [259] and the same number of neutrophils were used in the present study. Improper 

preparation of the cell lysate with the ATP containing activation mixture and uneven application 

of this mixture on the array can also lead to issues with uneven or high levels of background 

intensity, making it difficult to calculate the true biological signal or lead to falsely negative 

signal intensities [259]. Background intensity of this type is a large contributor to issues with 

reproducibility [266] and is why proper and consistent technique is incredibly important when 

running array experiments [265].  

 Therefore, in order to calculate true biological signals in a reproducible manner, it is 

important to evaluate the level and distribution of background intensity within each kinome array 

before data analysis to ensure that background distribution and intensity levels are acceptable or 

reasonable [265]. Unlike DNA and RNA microarrays, however, reliable methods for the 

evaluation of acceptable levels of background intensity, to ensure quality and reproducibility, 

have not yet been clearly defined for the kinome array platform. 
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1.3.2.2. PIIKA 2  

 The large data sets produced by array experiments overpower the use of conventional 

methods of data analysis and therefore many programs have been developed to analyse data from 

RNA and DNA microarrays. An analysis software was specifically designed to analyse kinome 

array data and has been named Platform for Intelligent Integrated Kinome Analysis 2 (PIIKA 2) 

[267] and is currently available as a web-based program (http://saphire.usask.ca/saphire/piika). 

 PIIKA 2 enables the user to manage and analyse the large data sets produced by kinome 

array analysis and includes, among other things, the ability to identify peptides on the array with 

reliably differential phosphorylation levels when comparing different samples or treatment 

groups [259]. This is done through calculation of signal as background subtracted from 

foreground intensity and evaluation of the nine replicates for each peptide to discern true signal 

from noise [259]. PIIKA 2 also incorporates hierarchical clustering in the form of heatmaps with 

euclidean distances for visualisation of peptide phosphorylation data differences between 

samples or treatment groups [259, 267]. PIIKA 2 also includes several other features for data 

visualization and data analysis, although these features were not employed in this study. 

 The endpoint for kinome array analysis with PIIKA 2 is to report differential peptide 

phosphorylation levels when comparing samples or groups tested with the arrays. This endpoint 

does not, however, interpret the meaning of these altered phosphorylation events or the pathways 

to which groups of differentially phosphorylated peptides belong. Furthermore, this analysis does 

not indicate which groups of protein-related peptides on the array are known to be biologically 

related. The biological relationships between the array peptide-associated proteins that are 

differentially phosphorylated and the signaling pathways that these proteins belong to, represent 

the most robust insights that can be derived from kinome array experiments [259]. 

 

1.3.3. Pathway over-representation analysis 

 Kinome array data provided by PIIKA 2 can then be analysed for biological significance 

with the use of pathway over-representation analysis. This type of analysis adds biological 
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context to the list of significantly altered phosphorylation events when comparing between 

different samples or treatment groups [259]. 

 Pathway over-representation analysis is a form of functional enrichment analysis (i.e., 

pathway analysis) that utilises a list of proteins from high throughput experimental data (e.g., 

DNA microarrays, RNA microarrays) to search through databases which contain annotated 

information on the proteins involved in different pathways. This is accomplished by 

computational algorithms based on statistical principles which are used to calculate the 

likelihood that a specific signaling pathway is best associated with a list of proteins [268]. In 

 effect this systems-based approach gives biological meaning to the large number of proteins that 

display differential phosphorylation. In this type of analysis, analytical power is gained by 

identifying and combining multiple related proteins into the same response or pathway [268]. 

Current programs for pathway over-representation analysis (e.g., GoMiner, WebGestalt, 

InnateDB) are designed for use with expression data from DNA and RNA microarrays [268]; 

however, InnateDB (www.innatedb.ca) pathway over-representation analysis [269] has proven 

useful for the analysis of kinome array data [259]. 

 InnateDB has the benefit of accessing annotated protein and pathway data from multiple 

databases including INOH, NETPATH, KEGG, REACTOME, PID NCI, and PID BIOCARTA 

and is therefore a more robust and comprehensive tool for pathway over-representation analyses 

[269]. In a pathway over-representation analysis, cut-off points are commonly used to create the 

list of proteins destined as input for the analysis [268]. These cut-off points can be based on 

expression levels or p values (p Ò 0.05 in this study). For data to be used with InnateDB pathway 

over-representation analysis, the list of proteins must be converted into standard protein 

identifier codes (UniProt codes in this study) that can be read by other databases to properly 

identify the kinome array peptide-related proteins [269]. The results from pathway over-

representation analysis indicate that a particular group of proteins are related through a pathway. 

In this way alteration of a group of proteins within a pathway is usually more biologically 

interesting than alteration of an individual protein, as it provides a greater likelihood that 

signaling is altered within a specific pathway [268, 269]. 
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 There are, however, some limitations to the InnateDB pathway over-representation 

analysis. The identification of pathways through these methods do not take into account that 

some of the pathways are interconnected with entire sets of proteins belonging to multiple 

pathways [268]. It is therefore important to determine how much overlap there is between the 

indicated pathways. Another issue is that the analysis does not take into account the total list of 

proteins that were tested on the array and as such cannot correct for any bias that may be 

incorporated at that level. Furthermore, although the results produced from pathway over-

representation analysis ranks identified pathways based on significance values, it is important to 

evaluate the number of proteins from the input list that were in a given pathway against the total 

number of proteins annotated for that pathway (i.e. percent coverage). Information on the percent 

coverage of a pathway is factored in during the analysis for significance; however, due to the fact 

that InnateDB pathway over-representation analysis was designed for use with RNA microarray 

expression data, this percent coverage likely becomes even more important when analysing 

kinome array phosphorylation data. 

 Although InnateDB pathway over-representation analysis was designed for use with gene 

expression data, it can also be applied to kinome array phosphorylation data but some points 

should be kept in consideration [259]. One of the biggest limitations of this program, in the 

context of kinome data, is that it does not take into account multiple phosphorylation events 

within individual proteins (i.e., proteins are only entered once). InnateDB also does not account 

for the activating or deactivating effect that a phosphorylation event has on a pathway, but this 

effect may change based on cell type or stimulation type. Therefore, to make proper inferences 

regarding pathway signaling, more information would be required regarding the activating or 

deactivating effects of a phosphorylation event than what has currently been annotated. In this 

way, current pathway over-representation analysis (i.e., without accounting for the effects of a 

phosphorylation event) may, at this point, be a better inference of pathway signaling than trying 

to account for the effects of a phosphorylation event.  

 Another consideration that should be made when using InnateDB with kinome array data 

involves p values. The variation and implication of p values associated with gene expression data 

may be considerably different from those associated with phosphorylation data. As such, the use 

of p values within a modified pathway over-representation analysis may not be properly 
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represented when analysing kinome data. Likewise, fold change values from expression data 

have a different indication than alterations in phosphorylation levels and should not be used 

within a modified pathway over-representation analysis. The most obvious reason being that a 

decreased phosphorylation level could mean that the protein was involved in down regulation of 

a pathway and therefore could be very important to pathway analysis; however, a decreased gene 

expression level (i.e., under representation) is processed differently by the program as it usually 

indicates absence of this protein and, potentially, absence of the pathway(s) it is involved in. 

Therefore only using basic pathway over-representation analysis with a list of protein names, 

created by a cut-off point, is likely the best way to analyse kinome array data using a program 

that was designed for analysis of gene expression data.  
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CHAPTER 2: HYPOTHESIS, RATIONALE, AND RESEARCH OBJECTIVES  

 

Hypothesis 

 Circulating neutrophils in individuals with cystic fibrosis are increased in number and are 

functionally altered in intracellular signaling pathways, specifically in pathways related to 

apoptosis. These increased numbers of circulating neutrophils and their functional alterations are 

influenced by stimulatory factors present in the plasma and relate to patient status and current 

therapy, including sputum bacteria cultures and antibiotic regimens. Furthermore, functional 

alterations in these neutrophils will be observable in cell signaling pathways while increased 

neutrophil numbers and functional alterations will be associated with disease progression in CF. 

 

Rationale 

 Circulating neutrophils in individuals with CF have previously been reported to display 

altered functions, including decreased apoptosis, which translates into a longer lifespan [1, 52, 

139]. Furthermore this increased lifespan is likely related to increased numbers of circulating 

neutrophils, yet increased neutrophil numbers are not observed in all members of the CF 

population [34, 153, 154]. Therefore it has been suggested that factors beyond a malfunctioning 

CFTR cause these changes in circulating neutrophil lifespan and number [34]. Plasma from 

individuals with CF can decrease apoptosis in non-CF neutrophils [139]. It is therefore possible 

that there could be multiple factors present in CF plasma that are known to affect apoptosis in 

neutrophils (e.g., endotoxin, GM-CSF, G-CSF) [111, 140-142]. In addition, based on recent 

reports of circulating neutrophil plasticity [123], along with the fact that some component(s) in 

the CF plasma caused decreased neutrophil apoptosis, it is highly likely that functional 

alterations in CF circulating neutrophils will be observable at the level of intracellular kinase 

signaling. Finally, neutrophils are known to be integral to the airway inflammation and disease 

progression observed in individuals with CF [11, 15, 50], as such increased neutrophil numbers 

and functional alterations of neutrophils will likely relate to disease progression in CF. 
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Research objectives 

1. To identify variables relating to patient status and current therapy for the volunteers with 

CF (e.g., sputum bacteria, antibiotic therapy, lung function) and use these variables to 

stratify volunteers during the analysis of experimental data generated through other 

objectives (e.g., plasma factors, neutrophil numbers, signaling pathways). 

2. To identify specific factors, present in plasma from volunteers with CF, which have the 

capacity to alter the function of circulating neutrophils (e.g., priming, apoptosis) and 

determine if these factors are associated with disease progression in volunteers with CF. 

3. To evaluate associations between circulating neutrophil numbers from volunteers with 

CF and the previously identified specific factors in CF plasma as well as associations 

with disease progression. 

4. To identify alterations in the intracellular signaling pathways of circulating neutrophils 

from volunteers with CF in relation to non-CF neutrophils, in the context of the 

previously identified specific factors in CF plasma, or in the context of disease 

progression. 
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CHAPTER 3: SCREENING FOR NEUTROPHI L -STIMULATORY FACTORS IN 

PLASMA FROM  VOLUNTEERS WITH CYSTIC FIBROSIS 

 

3.1. OVERVIEW  

 CF plasma has been reported to decrease apoptosis in non-CF (i.e., control) neutrophils 

[139]. Therefore there should be components in the CF plasma which are related to this altered 

neutrophil function and which should be differentially represented between CF and control 

plasma, or within a group of the CF population. These CF groups could be related to CF patient 

therapy or status and as such could include groups based on the presence or absence of antibiotic 

therapy (e.g., AZLI, AZM) or sputum bacteria (e.g., P. aeruginosa, S. aureus) or could include 

correlative associations with parameters of lung function (e.g., FEV1 %, FVC %). 

 To investigate this possible differential expression of plasma components different 

factors were screened for in the plasma isolated from both control and CF blood samples. This 

process included the following: THP1-Dual cells stimulation assays, to evaluate the stimulatory 

capacity in a selection of the plasma samples; mass spectrometry, to explore factors (i.e., 

proteins) with altered levels in plasma; LAL endotoxin assays, to evaluate plasma for endotoxin 

content; and ELISA methodology, to evaluate plasma for select cytokines with known 

stimulatory effects on neutrophils. Variables abstracted from the medical charts of the volunteers 

with CF were then used to stratify volunteers during the analysis of this experimental data. 

 Statistical analyses were performed using comparisons between two groups, as well as 

correlation analyses, for data obtained from plasma analysis (e.g., ELISA, LAL endotoxin assay) 

when grouped by the CF and control volunteers or by data obtained from medical charts for the 

CF group. Two-tailed Mann-Whitney U tests were performed when two groups were being 

compared and two-tailed Spearmanôs rank correlation tests were used for correlation analyses. 

Statistical results were reviewed for statistical significance, logical association, and biological 

meaning. The comparisons for all statistical analyses that were identified to be statistically 

significant or have known biological importance are presented. 
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3.2. INTRODUCTION  

 In CF circulating neutrophils appear to be stimulated or primed in a way that relates to 

decreased apoptosis and a longer lifespan [1, 52, 139]. These functional alterations in circulating 

neutrophils appear to be mediated through the CF plasma, which has been reported to induce 

decreased apoptosis when applied to non-CF (i.e., control) neutrophils [139]. It is still unknown 

what the exact cause of this alteration in neutrophil apoptosis is, or which plasma components 

are involved [151]. Previously reported information, however, would suggest that G-CSF and P. 

aeruginosa may play a role in alteration of neutrophil physiology in CF [270]. To explore the 

cause of the plasma-related functional alteration in circulating neutrophils in CF, plasma-based 

factors were investigated in blood samples from volunteers with CF and controls and this data 

was analysed across different parameters of medical chart data for the volunteers with CF. 

 

3.3. METHODS  

3.3.1. Volunteer information.  

 Volunteers with CF in this study were all of a homozygous ȹF508 genotype and were 

recruited from the Royal University Hospital CF clinic. Because this study did not incorporate 

inclusion or exclusion criteria based on clinical assessment of stability, the volunteers with CF 

included individuals experiencing pulmonary exacerbations as well as those with stable status. 

Information related to disease status (e.g., lung function, sputum bacteria), antibiotic regimen, 

age, and sex was abstracted from medical charts for 20 of the 22 volunteers with CF and is 

displayed in Table 3.1. Only abstracted medical chart variables that were present for at least 

three volunteers were investigated. There were 11 control volunteers who were matched for age 

and sex. Due to limited sample volume many experiments were only performed within a subset 

of the volunteers (i.e., < 22 CF and < 11control volunteers), where exact sample size is indicated 

in the results for each experiment. Several individuals in this study volunteer on more than one 

occasion, where a grand total of 30 samples were collected from 22 volunteers with CF and 21 

samples were collected from 11 control volunteers. Informed consent was received for venous 

blood draw and for CF medical chart review. This study was approved by the University of 

Saskatchewan Biomedical Research Ethics Board (ID # Bio 04-38 and Bio 14-115). 
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3.3.2. Blood sample collection 

 Blood samples were collected by RUH Selective Test Center phlebotomy staff into 

lithium heparin treated vacuum tubes by venipuncture. Blood samples were collected for 20 

different sampling groups, where sampling groups contained multiple volunteers, and each 

sampling group was collected on a separate day. To help improve continuity between the CF 

and control volunteers, both a volunteer with CF and a control volunteer were present in 17 of 

the 20 different sampling groups. All blood samples were processed immediately after 

collection for isolation of plasma and neutrophils.  

 

3.3.3. Plasma isolation 

 Plasma was isolated from the blood samples by centrifugation with an equivalent force of 

at least 3,000 g for 10 minutes. Supernatant was then aliquoted (200-750 µl) and stored at -80°C 

and thawed only once before further analysis was performed. 

 

3.3.4. THP1-Dual cell stimulation assay 

 The monocyte lineage derived THP1-Dual cells (InvivoGen, Canada) release secreted 

embryonic alkaline phosphatase (SEAP) under the control of the NF-əB pathway, such that a 

broad array of inflammatory stimuli activate SEAP expression and related secretion. The 

QUANTI-Blue reagent (InvivoGen, Canada) then reports secreted embryonic alkaline 

phosphatase (SEAP). Stimulations of THP1-Dual cells were performed on all samples in 

triplicate. Instructions from the manufacturer (TLR stimulation section) were followed with the 

following modifications: 50 µl were used for each sample (e.g., plasma, media, LPS), samples 

were diluted 1:1 with 1x105 cells in 50 µl of  the recommended media per well for a final 

volume of 100 µl, and cell stimulations were incubated for approximately 18 hours at the 

recommended conditions. Preliminary studies indicated that longer incubation times led to 

unacceptably high background as observed in the negative controls (e.g., media, H2O). 

Supernatants from these cell stimulations were then added to the QUANTI-Blue reagent and the 

optimal incubation time before detection of SEAP was found to be around 30 minutes. This  
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Table 3.1: Characteristics related to volunteers with CF   

 
Information abstracted from medical charts for 20 volunteers with CF. 
S.Dev., standard deviation; FEV1 %, forced expiratory volume in one 
second as a percentage of the predicted normal value; FVC %, Forced 
vital capacity as a percentage of the predicted normal value; 
FEV1/FVC, ratio between FEV1 and FVC values given as a 
percentage; SpO2, Oxygen saturation of the blood given as a 
percentage; AZLI, aztreonam lysine for inhalation; AZM, 
azithromycin; Inh. Tobramycin, inhaled tobramycin; Fungus, 
combined Aspergillus fumigatus and Cladosporium sp. For antibiotics: 
Yes = part of volunteerôs antibiotic regimen, No = not part of regimen. 
For bacteria and fungi: Yes = detected in volunteerôs sputum, No = 
not detected in sputum. 
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QUANTI-Blue related report of SEAP was detected as absorbance at 620 nm using a NOVOstar 

70-0088 plate reader (BMG LABTECH GmbH, Germany).  Negative controls (e.g., media, 

H2O) were included both with QUANTI-Blue and without the reagent, in which case it was 

replaced with H2O. Where deemed appropriate, 160 pg/ml of LPS was used as a positive control 

to ensure responsiveness of the THP1-Dual cells. 

 

ELISA of plasma for IL -2, VEGF, GM -CSF, CXCL5, CXCL8, G-CSF, and CXCL1 

 For IL-2 antibodies and recombinant human IL-2 were from the IL-2 Ready-SET-Go! 

ELISA Set (Cat. No. 88-7026, eBioscience, Canada). IL-2 capture antibody was used at 2.0 

µg/ml, while the recombinant human IL-2 standards were diluted in PBST (1.0% Tween 20 in 

phosphate buffered saline [137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4 , and 1.8 mM KH2PO4 

in H20 at pH 7.4]) and the plasma samples were diluted 1:1 in PBST with two replicates per 

sample. Biotinylated detection antibody for IL-2 was used at 1.0 µg/ml. The limit of detection 

(LOD) for the IL-2 ELISA was 62.5 pg/ml. For VEGF the capture antibody (Clone 26503, 

Mouse IgG2B, R&D systems, Canada) was used at 2.0 µg/ml. Recombinant human VEGF (R&D 

systems, Canada) standards were diluted in ELISA diluent (0.1% bovine serum albumen [BSA] 

in PBST) mixed 1:1 with plasma while plasma samples were diluted 1:1 in ELISA diluent with 

three replicates per sample. The biotinylated detection antibody for VEGF (Cat. No. BAF293, 

Goat IgG, R&D systems, Canada) was used at 0.4 µg/ml. The LOD for the VEGF ELISA was 

31.3 pg/ml, and all samples under the LOD for this assay were assigned a value of 31.3 pg/ml. 

For GM-CSF capture antibody (Clone BVD-23B6,  Rat IgG2A, BD Biosciences, Canada) was 

used at 2.0 µg/ml, while recombinant human GM-CSF (R&D systems, Canada) standards were 

in ELISA diluent and plasma samples were diluted 1:1 in ELISA diluent with three replicates per 

sample. The biotinylated detection antibody for GM-CSF (Cat. No. 18592D, Rat IgG2A, BD 

Biosciences, Canada) was used at 1.0 µg/ml. The LOD for the GM-CSF ELISA was 31.3 pg/ml, 

and all samples under the LOD for this assay were assigned a value of 31.3 pg/ml. For CXCL5 

the capture antibody (Clone 33170, mouse IgG1, R&D systems, Canada) was used at 2.0 µg/ml. 

recombinant human CXCL5 (R&D systems, Canada) standards were diluted in ELISA diluent 

mixed 1:1 with plasma while plasma samples were diluted 1:1 in ELISA diluent with three 

replicates per sample. Biotinylated detection antibody for CXCL5 (Cat. No. BAF254, Goat IgG, 
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R&D systems, Canada) was used at 0.4 µg/ml. The upper limit of detection (ULOD) for the 

CXCL5 ELISA was 2,000 pg/ml while the lower limit of detection (LLOD) was 125 pg/ml. All 

samples under the LOD for this assay were assigned a value of 125 pg/ml. For CXCL8 the 

capture antibody (Clone 6217, Mouse IgG1, R&D systems, Canada) was used at 2.0 µg/ml. 

Standards used recombinant human CXCL8 (R&D systems, Canada) in ELISA diluent mixed 

1:1 with plasma while plasma samples were diluted 1:1 in ELISA diluent with three replicates 

per sample. The biotinylated detection antibody for CXCL8 (Cat. No. BAF208, Goat IgG, R&D 

systems, Canada) was used at 0.2 µg/ml. The LOD for the CXCL8 ELISA was 15.6 pg/ml and 

the standard curve for this assay was extrapolated out further to produce a limit of extrapolation 

(LOE) of 1.4 pg/ml. All samples under the LOE for this assay were assigned a value of zero. For 

CXCL1 capture antibody (Clone 20326, Mouse IgG2B, R&D systems, Canada) was used at 4.0 

µg/ml. Recombinant human CXCL1 (R&D systems, Canada) standards were diluted in ELISA 

diluent mixed 1:1 with plasma. Samples were diluted 1:1 in ELISA diluent with three replicates 

per sample. Biotinylated detection antibody (Cat. No. BAF275, Goat IgG, R&D systems, 

Canada) was used at 0.2 µg/ml. All samples under detection limits for the CXCL1 assay were 

assigned a value of zero. For the IL-2, VEGF, GM-CSF, CXCL5, CXCL8, and CXCL1 assays, 

eBioscienceTM Avidin HRP (Thermo Fisher Scientific, Canada) was used at 1:250 with 3,3',5,5'-

tetramethylbenzidine (TMB) as the reagent for development which was stopped with H2SO4 and 

the plates were read at 450 nm using a NOVOstar 70-0088 plate reader (BMG LABTECH 

GmbH, Germany). 

 For G-CSF, antibodies and recombinant human G-CSF were from the 900-K77 kit 

(PeproTech, USA). Capture antibody was used at 1.0 µg/ml. For standards, recombinant human 

G-CSF in ELISA diluent was diluted 1:1 in plasma while samples were diluted 1:1 in ELISA 

diluent with three replicates per sample. Biotinylated detection antibody was used at 0.3 µg/ml. 

The limit of detection for the G-CSF ELISA was 62.5 pg/ml, and all samples under the LOD for 

this assay were assigned a value of 44.2 pg/ml. The plates were developed and read as indicated 

in the manual for the kit. 
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3.3.5. Preparation of plasma samples for mass spectrometry 

 Plasma samples from one volunteer with CF and one control were diluted 1:50 in H2O 

before being sent to the Core Mass Spectrometry facility (University of Saskatchewan) for 

analysis. In brief, plasma samples were run at an equivalent of 30 µg of protein in each well on a 

4.0% to 15.0% gradient polyacrylamide gel under reducing conditions and stained with 

Coomassie blue G-250. Protein bands that were Ò 50 kDa were then excised from the gel (bands 

were chosen to remove the presence of highly represented immunoglobulin and albumin 

proteins). Proteins from these bands were then trypsin digested and the proteins from each band 

were analysed separately by quadrupole time of flight (Q-TOF) liquid chromatography tandem 

mass spectrometry (LC-MS/MS). This was performed using an Agilent 1260 series LC System 

(Agilent Technologies Canada Ltd., Canada) along with the Agilent HPLC-Chip II: G4240-

62030 Polaris-HR-Chip-3C18 (Agilent Technologies Canada Ltd., Canada). This was connected 

through the Agilent Chip Cube LC-MS interface (Agilent Technologies Canada Ltd., Canada) to 

an Agilent 6550 iFunnel Q-TOF mass spectrometer (Agilent Technologies Canada Ltd., 

Canada). Spectral data from Q-TOF LC-MS/MS analysis was then used as input for the 

Spectrum Mill computer program (Agilent Technologies Canada Ltd., Canada) to search the 

Swiss-Prot Human database (UniProt release 2015_11). Further details for the specific methods 

of sample preparation and handling along with the protocols related to mass spectrometry and 

protein identification have been previously reported [271]. The resultant annotated spectral data 

were then received from the Core Mass Spectrometry facility and analysed in a spreadsheet to 

identify the largest differences between the CF and control plasma samples. This was performed 

for each of the separate bands excised from the polyacrylamide gel.  

 

3.3.6. Limulus amebocyte lysate endotoxin assay 

 Plasma samples were diluted 1:10 in endotoxin- free water before being heat-treated for 

25 minutes at 70°C. Samples were then diluted in a MgCl2 10 mM solution with less than 0.005 

EU/ml (Lonza; Cedarlane, Canada) to the lowest dilution wherein the plasma did not inhibit the 

detection of endotoxin that was naturally occurring in the plasma, as determined through testing 

serial dilutions of plasma. This ended up being a 1:130 dilution of the original plasma. 
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Endotoxin was then detected in these samples, with two replicates per sample, using a Kinetic-

QCL Kinetic Chromogenic LAL ASSAY 192 Test Kit (Lonza; Cedarlane, Canada) with LAL 

Reagent Grade Multi-well Plates (Lonza; Cedarlane, Canada) and the ELx808 absorbance 

reader (BioTek, USA) and following the protocols from the manufacturer. The limit of detection 

for this assay was 0.507 EU/ml in plasma, and all samples under the LOD for this assay were 

assigned a value of 0.507 EU/ml. 

 

3.3.7. Statistical Analysis 

  Statistical analysis for nonparametric data was used to determine significance, due to 

relatively small sample sizes and a lack of normal distribution in the datasets. Shapiro-Wilk 

normality tests were performed when testing the distribution of the datasets for normality, while 

further determination of normality included visually observing dataset histograms. Two-tailed 

Spearmanôs rank correlation tests were used for correlation analyses and were reported as 

(r(degrees of freedom) = r value, p = p value) where a p value found to be lower than 0.001 was 

simply reported as p < .001. When two groups were being compared, two-tailed Mann-Whitney 

U tests were performed; exact significances were calculated and used where possible. For 

associations between two variables, two-tailed Fisherôs exact tests were implemented. Where 

assays involved technical replicates (i.e., duplicates or triplicates), assay results were calculated 

as mean values of the replicates for each sample and these mean values were then used for 

statistical analysis. Results were considered significant where p values were Ò 0.05. Significance 

was indicated as *, p Ò 0.05; **, p Ò 0.01; ***, p Ò 0.001. Due to the large number of variables 

and relatively small sample size in this study (i.e., high dimensionality) results where p values 

were Ò 0.10, or small samples size limited the power of statistical analysis, were further 

evaluated for importance. Where importance appeared to exist in these situations, evidence was 

presented in the results and importance was determined in the discussion on a case by case 

basis. Besides case specific factors, this evaluation considered the distribution of the data within 

the scatter plots, biological context, and analysis of similar data in a larger sample size where 

samples were not all independent (i.e., replicate samples from a single volunteer). Where sound 

arguments could be made that useful information actually did exist, the results were then 
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referred to in this document as trending (i.e., trended toward a significant difference or 

correlation) rather than significant. 

 

3.4. RESULTS 

3.4.1. NF-əB pathway activation in THP1-Dual cells stimulated by plasma from CF and 

control volunteers 

 THP1-Dual cells are monocyte derived reporter cells that express SEAP upon stimulation 

of the NF-əB pathway. The gene construct linking activation of the NF-əB pathway to 

expression of SEAP, involves the consensus sequence for the NF-əB transcriptional response 

element bound to both the minimal IFN-ɓ promoter and the binding site for c-Rel. SEAP 

activity is then measured colorimetrically (as a change in absorbance at 620 nm [A620]) due to 

the chromogenic reaction between the enzyme SEAP and the substrate QUANTI-Blue reagent. 

We performed two assays to evaluate the NF-əB pathway activating capacity of plasma samples 

from both volunteers with CF and controls.  

 Initial investigation revealed an increase in the mean value for A620 for CF versus 

control plasma samples, although sample size (n = 2) was too small to perform statistical 

analysis. In addition, a difference in A620 between media and plasma alone (i.e., without cells) 

was observed. This difference indicated the presence of naturally occurring phosphatase activity 

in the plasma (Fig. A9.1A) which needed to be taken into consideration. We then analysed four 

control and five CF plasma samples either with or without THP1-Dual cells, which allow for 

evaluation of results with (Fig. 3.1) and without (Fig. A9.1B) correction for nonspecific 

phosphatase activity. In addition a control containing media and cells was incorporated to 

account for the background activity of the cells themselves. Although naturally occurring 

phosphatase activity did vary slightly between samples there was not a large enough difference 

to significantly impact the results. The results displayed a numerically greater mean A620 value 

for the CF group (mean = 0.53) versus the control group (mean = 0.47), but these results only 

trended toward statistical significance (p = 0.063) (Fig. 3.1). In this analysis control and CF 

samples were lower than the positive control of 160 pg/ml LPS. It is worth noting that only one 

of the four control samples had an A620 above background while four of the five CF samples   
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Figure 3.1: Comparison of THP1-Dual cell stimulation by plasma samples from CF and 

control volunteers 

The capacities of plasma from volunteers with CF and volunteers without CF (control) to 

activate the NF-əB pathway in the THP1-Dual reporter cell line ware evaluated. Activation was 

evaluated as increases in absorbance at 620 nm (A620) in the colorimetric assay used. Values 

are shown for A620 of control plasma samples, CF plasma samples, LPS (positive control [160 

pg/ml LPS]), and Media (media control without THP1-Dual cells). The background for this test 

(B with dashed line at 0.46) was the A620 from the THP1-Dual cells in media. No statistical 

significance (p Ò 0.05) is indicated by n.s. (not significant). 
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had an A620 above background although this was not a statistically significant difference (p = 

0.21; Fisherôs exact test). 

 

3.4.2. Concentrations of VEGF, GM -CSF, CXCL5, CXCL8, and IL-2 in control and CF 

plasma samples 

 Plasma samples from volunteers with CF and control volunteers were also analysed for 

VEGF, GM-CSF, CXCL5, CXCL8 and IL-2. Differences in the mean values for the CF and 

control groups were discerned for VEGF, GM-CSF, and CXCL5 (Fig. 3.2); IL-2 concentrations 

are presented in Fig. A9.2. Mean VEGF values were numerically greater for the two CF plasma 

samples tested (mean = 46.5 pg/ml) versus the two control plasma samples (mean = 34.0 pg/ml); 

however, due to insufficient sample size we refrained from statistical analysis of these results 

(Fig. 3.2A). GM-CSF (four control and seven CF) and CXCL5 (seven control and seven CF) 

analyses revealed no significant differences between CF and control plasma samples for these 

two cytokines (Fig. 3.2B and Fig. 3.2C respectively) wherein the majority of the values were 

below the limit of detection (LOD) for both cytokines. GM-CSF and CXCL5 were both 

detectable in only one control and one CF sample (one control sample [sample N5B] had 125.6 

pg/ml CXCL5) where one CF plasma sample (sample C17) had detectable concentrations of 

both GM-CSF and CXCL5. Upon comparison of the GM-CSF and CXCL5 results to medical 

chart data, sample C17 came from a volunteer with CF who was the only one of the seven tested 

that was on an antibiotic regimen containing AZLI (AZLI+), had A. xylosoxidans detected in 

their sputum, and had the lowest SpO2, FVC %, and FEV1 % values with no other abstracted 

medical chart data being observably different. It is difficult to gain any insight from these results 

due to the observations being represented by a single volunteer. 

 CXCL8 has a strong biological link to inflammatory responses and neutrophil 

recruitment through its chemokine activity [272] and was therefore investigated in a portion of 

the plasma samples from our CF and control volunteers. Analysis of CXCL8 concentration in 

seven control and six CF plasma samples was not significantly different (Fig. 3.3A). When 

comparing plasma CXCL8 concentrations to parameters abstracted from medical charts for the 

volunteers with CF, the only variable (e.g., antibiotics, bacteria, lung function) with a possible  
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Figure 3.2: Comparison of plasma VEGF, GM-CSF, and CXCL5 concentrations in 

samples from CF and control volunteers 

Plasma samples from volunteers, with and without CF, were evaluated for concentrations of 

multiple cytokines using ELISA methodology. Detection limits are indicated as dashed lines. 

LOD, limit of detection; ULOD, upper assay limit of detection; LLOD, lower assay limit of 

detection. A: Comparison of VEGF concentrations in control and CF plasma samples. Due to 

insufficient sample size we refrained from statistical analysis of these results B: Comparison of 

GM-CSF concentrations in control and CF plasma samples. C: Comparison of CXCL5 

concentrations in control and CF plasma samples where one control sample contained 125.6 

pg/ml CXCL5. No statistical significance (p Ò 0.05) is indicated by n.s. (not significant). 
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Figure 3.3: Comparison of plasma CXCL8 concentrations in samples from CF and control 

volunteers 

Plasma samples from volunteers, with and without CF, were evaluated for concentrations of 

CXCL8 using ELISA methodology where the standard curve was extrapolated below the lowest 

standard. Detection limits are indicated as dashed lines. LOD, limit of detection for normal 

interpolation; LOE, limit of extrapolation. A: Comparison of CXCL8 concentrations in control 

and CF plasma samples. B: Comparison of CXCL8 concentrations in plasma samples among 

volunteers with CF stratified based on absence or presence of sputum S. aureus (S.au.-, S.au.+), 

where due to insufficient sample size we refrained from statistical analysis of these results. No 

statistical significance (p Ò 0.05) is indicated by n.s. (not significant). 
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association to CXCL8 was S. aureus status. Samples from volunteers with CF who did not have 

S. aureus in their sputum (S. aureus-) had numerically greater mean CXCL8 concentrations 

(mean = 12.3 pg/ml) versus the sputum S. aureus-positive (S. aureus+) group (mean = 2.82 

pg/ml); however, due to insufficient sample size we refrained from statistical analysis of these 

results (Fig. 3.3B). Furthermore, the CF sample with the highest CXCL8 concentration was 

sample C17, the same sample with the only detectable levels of plasma GM-CSF and CXCL5 

for the CF group. 

 

3.4.3. Mass spectrometry of control and CF plasma 

 Mass spectrometry analysis was done as an exploratory experiment on plasma samples 

from one control volunteer (sample N2C) and one volunteer with CF (sample C17) where the 

CF sample analysed was chosen based on its detectable levels of GM-CSF, CXCL5, and 

CXCL8 (Fig. 3.2B, C, and 3.3A). Furthermore, upon comparison to medical chart data, sample 

C17 was negative for S. aureus in sputum and as previously mentioned was AZLI+ and positive 

for sputum A. xylosoxidans.  

 The control and CF plasma samples were run on a polyacrylamide gel. The molecular 

weights of 10 protein bands were interpolated based on the molecular weight standards run in 

parallel (Fig. 3.4). Each of these selected bands was excised from the gel, enzymatically 

digested, and then analysed by mass spectrometry. While numerous proteins were detected in 

each band, only those with the greatest differential representation between the control and CF 

plasma samples are displayed (Table 3.2). When evaluating proteins with the largest differences 

in expression across all bands (highlighted yellow in Table 3.2), it appeared that Haptoglobin 

and Apolipoprotein A-I had the largest increases while Transthyretin had the largest decrease in 

the CF versus control plasma sample. 

 

3.4.4. Endotoxin in control and CF plasma 

 As pulmonary manifestations of CF are often linked to concurrent bacterial infections 

[11], we wished to know whether bacterial endotoxins could be detected in the plasma of our  
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Figure 3.4: Determination of protein bands used for mass spectrometry 

Plasma samples from one control volunteer and one volunteer with CF were ran on 

polyacrylamide gel electrophoresis (PAGE) and 10 different bands were selected and associated 

with their molecular weight (indicated by the molecular weight standard in kilodaltons) then 

excised for digestion and analysis with mass spectrometry. 
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Table 3.2: Differentially represented proteins in one CF and one control 

plasma sample, as determined with mass spectrometry 

 














































































































































































































































































































































































































