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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 ΔF508 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-κB pathway using the THP1-Dual cell, NF-κB 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 ≤ 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 ≤ 0.01) increased
neutrophil numbers were associated with antibiotic regimens that contained the β- lactam
antibiotic aztreonam lysine for inhalation (AZLI) (i.e., AZLI positive). Among those volunteers
who were AZLI negative, significantly (p ≤ 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 ≤ 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 ≤ 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 “Apoptosis” 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 ≤ 0.05) increased phosphorylation of peptide XIAP S87 among the
volunteers with CF who did not have detectable levels of plasma endotoxin (i.e., endotoxinnegative) 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 “JAK STAT pathway and regulation” (4.4% coverage by array peptides with
significantly [p ≤ 0.05] associated phosphorylation levels) and “EPO signaling pathway” (6.6%
coverage by array peptides with significantly [p ≤ 0.05] associated phosphorylation levels) as
well as alterations in the “Apoptosis” pathway (11.4% coverage by array peptides with
significantly [p ≤ 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 ≤ 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 “MyD88 cascade initiated on plasma
membrane” (9.6% coverage by array peptides with significantly [p ≤ 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
“Apoptosis” pathway may have been associated (10.2% coverage by array peptides with
significantly [p ≤ 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-κB. 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
v

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 trans membrane 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 ΔF508 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 ΔF508 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
‘isotonic theory’ 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 ‘compositional theory’ 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 cilia’s 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 Gramnegative 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]. It 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 bacteriaand 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 [6466]. 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 nonCF 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-1β, TNF-α) 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 (SpO 2 ) [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 ha ve

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
SpO 2 levels are commonly assessed for many patients including individuals with CF as

they are considerably easier to evaluate than FEV1 % or FVC % levels [81]. SpO 2 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 SpO 2 is 94% to
99%) [81]. At the severe end of the spectrum it has been observed that SpO 2 levels correlate well
with FEV1 % levels and appear to be a good indicator of disease status [81]. The range for SpO 2
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 SpO 2 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 β- 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 antib iotic 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 life 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 cell’s
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 – as is the case
with older neutrophils – 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 cell’s 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, GCSF 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., TGFβ1, 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-1β, CXCL8, IL-18,
TNFα) 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-α 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-α) [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 γ-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 Eselectin 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 (β2 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 Mac1 (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 passa ge 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-α), CXCL2 (Gro-β), CXCL3 (Gro-ɣ/GRO3), and CXCL5 (ENA-78)
which bind either CXCR1 or CXCR2 and also the chemokine CCL3 (MIP-1α) [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, LPSbinding 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 FcγRIIIB 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 FcαRI neutrophils can respond to IgA, the main
antibody found at mucosal surfaces, to initiate phagocytosis and ROS production [209, 210].
Most of the neutrophil’s bactericidal activity is achieved through degranulation, where
granule content is usually released into the cell’s 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 substa ntially 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 colocalising 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-β, 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-κB 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 antiinflammatory 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 ≤ 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 overrepresentation 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 overrepresentation 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 c irculating
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.

40

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 NEUTROPHIL-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 Spearman’s rank correlation tests were used for corre lation 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 ΔF508 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. Plas ma 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-κB 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, H2 O).
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: Characte ristics 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 volunteer’s antibiotic regimen, No = not part of regimen.
For bacteria and fungi: Yes = detected in volunteer’s 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,
H2 O) were included both with QUANTI-Blue and without the reagent, in which case it was
replaced with H2 O. 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 Na2 HPO 4 , and 1.8 mM KH2 PO4
in H2 0 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,
eBioscienceT M 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 H2 SO 4 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 plas ma 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 ≤ 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: G424062030 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 KineticQCL 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
Spearman’s 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 Fisher’s 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 ≤ 0.05. Significance
was indicated as *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 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 ≤ 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-κB 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-κB pathway. The gene construct linking activation of the NF-κB pathway to
expression of SEAP, involves the consensus sequence for the NF-κB transcriptional response
element bound to both the minimal IFN-β 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-κB 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 plas ma samples from CF and
control volunteers
The capacities of plasma from volunteers with CF and volunteers without CF (control) to
activate the NF-κB 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 ≤ 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; Fisher’s exact test).

3.4.2. Concentrations of VEGF, GM-CSF, CXCL5, CXCL8, and IL-2 in control and CF
plas ma 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 SpO 2 , 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 ≤ 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 ≤ 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 plas ma
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 plas ma
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
plas ma sample, as determined with mass spectrometry
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Band, each band analysed (Fig. 3.4); kDa, molecular weight of detected protein; Intensity,
strength of signal for protein; Spec, spectra (the number of protein-related peptides detected
within a specific band); %, percent coverage of protein; #, number of unique peptides;
Highlighted (yellow), the three proteins with the greatest differential expression.
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volunteers with CF and control volunteers. There were no significant differences in endotoxin
levels when comparing the plasma samples from each of the 21 volunteers with CF to the
samples from each of the 10 control volunteers (Fig. 3.5A). Endotoxin levels were also analysed
when including additional samples from individuals who volunteered more than once (25 CF
samples and 19 control samples from the 21 volunteers with CF and the 10 control volunteers,
respectively) and still no significant difference was observed (Fig. 3.5B). That said, endotoxin
was only observed to be above 2.0 EU/ml in two samples from volunteers with CF.
Based on data from the analysis of plasma endotoxin levels presented in Figure 3.5A,
plasma endotoxin levels for volunteers with CF were assessed across all variables obtained from
medical chart data (Table 3.1) and all resultant statistically significant associations, along with
some comparisons identified to be of possible interest that were not statistically significant, are
presented here. Possible biological relevance of these associations along with possible clinical
significance is addressed in the discussion (Ch. 3.5). The four CF samples with the highest
endotoxin levels were from AZLI+ volunteers; however, the endotoxin levels associated with
AZLI+ versus AZLI- volunteers did not achieve statistical significance (Fig. 3.5C). We did
observe a significant increase in endotoxin levels for AZLI+ versus AZLI- volunteers among
those whose antibiotic regimens did not include AZM (AZM-) (p ≤ 0.05), but this did not hold
up among volunteers who were AZM+ (p > 0.05) (Fig. 3.5D). There was also a difference in the
correlation between age and endotoxin levels based on whether the volunteers were S. aureus- or
S. aureus+ (Fig. 3.5E) where a significant strong negative correlation between age and plasma
endotoxin levels was observed for those volunteers who were S. aureus+ (r(10) = -.75, p = .005)
that was not detected among volunteers who were S. aureus- (r(6) = .14, p = .746). Age was also
observed to display a significant strong negative correlation with plasma endotoxin among
volunteers who were AZM+ (r(5) = -.80, p = .03) that was not detected for volunteers who were
AZM- (data not shown). Among those volunteers with P. aeruginosa detected in their sputum (P.
aeruginosa+) there was a significant strong negative correlation between FVC % and endotoxin
levels for the volunteers who were AZLI+ (r(3) = -.92, p = .026), but this negative correlation
was not detected for volunteers who were AZLI- (r(7) = .52, p = .154) (Fig. 3.5F). We did not
detect statistically significant associations between endotoxin levels and any other variables from
medical chart data (e.g., FEV1 %, FEV1/FVC, SpO 2 , sex, inhaled tobramycin, ciprofloxacin,
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Figure 3.5: Comparison of plasma endotoxin levels in samples from the CF and control
groups, and correlation between levels of plasma endotoxin and age or lung function, with
consideration for antibiotic use and sputum bacteria within the CF group
Plasma samples from volunteers, with and without CF, were evaluated for endotoxin units per ml
(EU/ml) using the LAL endotoxin assay. Detection limits are indicated as dashed lines. LOD,
limit of detection. A: Comparison of endotoxin levels in plasma samples from the control and CF
groups. B: Comparison as in panel A but with inclusion of replicate samples collected from the
CF and control volunteers. C-F: Plasma endotoxin levels were compared within the CF group
when stratified based on variables abstracted from medical charts. C: Comparison of endotoxin
levels in plasma samples among volunteers with CF stratified based on absence or presence of
AZLI therapy in their antibiotic regimens (AZLI-, AZLI+) D: Comparison as in panel C but
further stratified based on AZM therapy (AZM-, AZM+). E: Correlation between the ages and
plasma endotoxin levels among volunteers with CF stratified based on sputum S. aureus status
(S.au.-, S.au.+). F: Correlation between a parameter of lung function (FVC %) and plasma
endotoxin levels among volunteers with CF who had P. aeruginosa in their sputum (P.ae.
Positive CF) and who were further stratified based on AZLI therapy. No statistical significance
(p ≤ 0.05) is indicated by n.s. (not significant).
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A. xylosoxidans, fungus) or any other previously investigated factors (e.g., VEGF, GM-CSF,
CXCL5, CXCL8).

3.4.5. G-CSF and CXCL1 in control and CF plas ma
G-CSF plays an important role in granulopoiesis [124] and has been shown to have
inhibitory effects on neutrophil apoptosis [128] and thus may contribute to the neutrophil
apoptosis decreasing capacity previously reported in CF plasma [139]. We therefore analysed GCSF concentrations in our CF and control plasma samples. Preliminary studies indicated that GCSF may have been more affected in CF subjects relative to healthy controls than the other
cytokines we tested for. G-CSF concentrations were therefore analysed in all available plasma
samples (Fig. 3.6). Plasma G-CSF concentrations were not statistically significantly different
when directly comparing samples from each of the 21 volunteers with CF to samples from each
of the 11 control volunteers (p = 0.13) (Fig. 3.6A); however, both CF and control groups had a
large number of samples below the detection limit for this test. Therefore differences between
CF and control plasma G-CSF concentrations were observed when looking at medians and the
proportion of samples that had detectable levels of G-CSF. The CF samples (median = 225.7
pg/ml) had detectable levels of G-CSF in 14 of 21 samples while the control samples (median =
44.2 pg/ml [value given to samples below detection for this test, refer to methods]) had
detectable levels of G-CSF in only three of 11 samples. Plasma G-CSF concentrations were also
analysed when including replicate samples from individuals who volunteered more than once (25
CF samples and 24 control samples from the 21 volunteers with CF and the 11 control
volunteers, respectively) where G-CSF was detected to be significantly (p ≤ 0.05) increased in
the CF versus control group (Fig. 3.6B).
Based on data from the analysis of plasma G-CSF concentrations presented in Figure
3.6A, plasma levels of this cytokine for volunteers with CF were assessed across all variables
obtained from medical chart data (Table 3.1) and all resultant statistically significant
associations, along with some comparisons identified to be of possible interest that were not
statistically significant, are presented here. Possible biological relevance of these associations
along with possible clinical significance is addressed in the discussion (Ch. 3.5). The mean
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Figure 3.6: Comparison of plasma G-CSF concentrations in samples from the CF and
control groups, with consideration for antibiotic use and sputum bacteria within the CF
group
Plasma samples from volunteers, with and without CF, were evaluated for G-CSF concentration
using ELISA methodology. Detection limits are indicated as dashed lines. LOD, limit of
detection. A: Comparison of G-CSF concentrations in plasma samples from the control and CF
groups. B: comparison as in panel A but with inclusion of replicate samples collected from the
CF and control volunteers. C-I: Plasma G-CSF concentrations were compared within the CF
group when stratified based on variables abstracted from medical charts. For these comparisons
the CF group was stratified based on C: AZLI therapy (AZLI-, AZLI+), D: Sputum S. aureus
status (S.au.-, S.au.+), E: AZLI therapy among volunteers who did not have S. aureus in their
sputum, F: AZLI therapy among volunteers who were not on AZM therapy (AZM-), G: Inhaled
tobramycin therapy (IT-, IT+), H: Inhaled tobramycin therapy among volunteers who were not
on AZM therapy, and I: Sputum P. aeruginosa status (P.ae.-, P.ae.+) among volunteers who
were not on AZM therapy. No statistical significance (p ≤ 0.05) is indicated by n.s. (not
significant).
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concentration for plasma G-CSF was numerically greater in samples from AZLI+ volunteers
(mean = 520.5 pg/ml) versus samples from AZLI- volunteers (mean = 165.4 pg/ml); however,
this was not found to be statistically significant (p = 0.069) (Fig. 3.6C). The mean concentration
for plasma G-CSF also appeared numerically increased for samples from S. aureus- volunteers
(mean = 489.2 pg/ml) versus S. aureus+ volunteers (mean = 186.3 pg/ml); however, this also
was not statistically significant (p = 0.12) (Fig. 3.6D). When these two categories were
combined; among those volunteers who were S. aureus-, there was a significant (p ≤ 0.05)
increase in plasma G-CSF concentrations for samples from the AZLI+ versus AZLI- volunteers
(Fig. 3.6E), and this was not detected in volunteers who were S. aureus+. Stratification based on
AZM and AZLI status revealed associations with plasma G-CSF concentrations in the CF
samples where, among volunteers who were AZM-, there was a significant (p ≤ 0.01) increase in
plasma G-CSF for samples from the AZLI+ versus AZLI- volunteers (Fig. 3.6F) that was not
detected in volunteers who were AZM+. In a similar manner AZM status appeared to confound
the associations between plasma G-CSF and other categories. Samples from volunteers with CF
on antibiotic regimens containing inhaled tobramycin (IT+) had a numerically greater mean
concentration of plasma G-CSF (mean = 445.4 pg/ml) versus samples from IT- volunteers (mean
= 194.6 pg/ml), but this was not statistically significant (p = 0.080) (Fig. 3.6G). Among those
volunteers who were AZM-, however, samples from IT+ volunteers displayed significantly (p ≤
0.05) increased plasma G-CSF concentrations compared to samples from IT- volunteers (Fig.
3.6H), and this was not detected in volunteers who were AZM+. Furthermore, plasma G-CSF
concentrations in samples from P. aeruginosa- volunteers with CF were not significantly
different to samples from P. aeruginosa+ volunteers (Fig. A9.3), but among volunteers who
were AZM-, samples from the P. aeruginosa- volunteers were significantly (p ≤ 0.05) increased
compared to samples from the P. aeruginosa+ volunteers (Fig. 3.6I). In fact it was observed that
the association between plasma G-CSF and P. aeruginosa may have been possibly reversed
among volunteers who were AZM+, although this was not statistically significant. We did not
detect statistically significant comparisons between plasma G-CSF concentrations in our CF
samples and any other categorical variables from medical chart data (e.g., sex, ciprofloxacin, A.
xylosoxidans, fungus).
Correlation analysis was also performed for plasma G-CSF concentrations with all the
previously investigated plasma factors (e.g., endotoxin, CXCL8, THP1-Dual cell stimulation)
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and with variables abstracted from medical chart data (Table 3.1). Among volunteers with CF
whose antibiotic regimens included ciprofloxacin (Cipro+), plasma G-CSF displayed a
significant strong negative correlation (r(5) = -.87, p = .012) with SpO 2 levels (Fig. 3.7A).
Ciprofloxacin’s association with the correlation between SpO 2 levels and G-CSF concentrations
was more apparent among volunteers who were AZLI-. Within this AZLI- group, the Ciprovolunteers displayed a significant strong positive correlation (r(6) = .85, p = .008) between SpO 2
levels and G-CSF concentrations, while Cipro+ volunteers trended toward a significant strong
negative correlation (r(2) = -.95, p = .051) (Fig. 3.7B). This association with ciprofloxacin
therapy was not observed among the group of volunteers who were AZLI+. Also among those
volunteers who were AZLI-, plasma G-CSF concentrations were observed to be significantly
positively correlated with FEV1 % among the volunteers who were IT- (r(6) = .74, p = .038). A
similar correlation was not observed for the IT+ volunteers (r(2) = -.80, p = .20) (Fig. 3.7C).
Furthermore, correlation analysis was performed between plasma concentrations of G-CSF and
endotoxin levels. Within the CF group, plasma samples with undetectable levels of G-CSF (n =
7) also had undetectable levels of endotoxin. In contrast, all samples with a detectable level of
endotoxin also had a detectable level of G-CSF. This resulted in a significant (r(19) = .53, p =
.013) moderate positive correlation between G-CSF and endotoxin but with a low R2 value (Fig.
3.7D). Plasma CXCL8 concentrations, mentioned earlier (Fig. 3.3A), displayed a significant
strong positive correlation with plasma G-CSF concentrations (r(4) = .89, p = .033) in
volunteers with CF who were tested for both cytokines (Fig. 3.7 E). For plasma G-CSF
concentrations in the volunteers with CF, it is worth noting that when performing correlation
analysis with the A620 values from THP1-Dual cell experiments, mentioned earlier (Fig. 3.1),
one CF sample (sample C19) had undetectable G-CSF levels and was the only CF sample to
have an A620 below background. The remaining CF samples, with detectable plasma G-CSF
levels, had A620 values above background. Even so, there was no correlation observed between
A620 and G-CSF (data not shown). Furthermore, age of volunteers with CF was not directly
correlated with plasma G-CSF levels, except among volunteers who were S. aureus+ (r(10) = .67, p = .018) or P. aeruginosa- (r(4) = -.85, p = .032), but this was not observed for those
volunteers with CF who were S. aureus- or P. aeruginosa+ (data not shown). There were no
statistically significant associations between plasma G-CSF concentrations and any other data
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Figure 3.7: Correlation between concentrations of plasma G-CSF, endotoxin, and CXCL8
as well as lung function, with consideration for antibiotic use within the CF group
For the volunteers with CF, plasma G-CSF concentrations were evaluated for correlations with
lung function values after volunteers were stratified based on variables abstracted from medical
chart data. G-CSF concentrations were also evaluated for correlations with endotoxin levels and
CXCL8 concentrations in the CF plasma samples. A: Correlation between plasma G-CSF
concentrations and SpO 2 levels among volunteers stratified based on ciprofloxacin therapy
(Cipro-, Cipro+). B: Correlation as in panel A but among volunteers who were not on AZLI
therapy (AZLI Negative CF). C: Correlation between plasma G-CSF concentrations and FEV1
% values among volunteers who were not on AZLI therapy and who were further stratified
based on inhaled tobramycin therapy (IT-, IT+). D: Correlation between plasma G-CSF
concentrations and endotoxin levels. Seven plasma samples had G-CSF and endotoxin levels
below the LOD and therefore cluster on the graph (arrow indicating 7 samples). E: Correlation
between plasma G-CSF and CXCL8 concentrations. No statistical significance (p ≤ 0.05) is
indicated by n.s. (not significant).
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abstracted from medical charts (e.g., FVC %, FEV1/FVC, sex, A. xylosoxidans, fungus) or any
other previously investigated plasma factors (e.g., VEGF, GM-CSF, CXCL5).
CXCL1 has a strong biological link to inflammatory responses and neutrophil
recruitment through its chemokine activity [272]. Our preliminary analysis of this cytokine
indicated possible differences in concentration when comparing plasma samples from volunteers
with CF to control plasma samples. Therefore, the concentration of CXCL1 was analysed in all
available plasma samples. When comparing plasma samples from the 21 volunteers with CF to
samples from the 11 control volunteers, the CXCL1 concentrations in the CF group (mean =
231.0 pg/ml, median = 135.7 pg/ml) were numerically greater than in the control group (mean =
55.3 pg/ml, median = 0.0 pg/ml). This difference was not statistically significant (p = 0.088), but
13 of 21 CF plasma samples had detectable levels of CXCL1 while only three of 11 control
samples had detectable levels of this cytokine (Fig. 3.8A). The concentration of CXCL1 was
also analysed after including additional replicate samples from individuals who volunteered
more than once (25 CF samples and 24 control samples from the 21 volunteers with CF and the
11 control volunteers, respectively). Increasing the number of samples analysed resulted in
significantly (p ≤ 0.05) greater CXCL1 concentrations in the volunteers with CF versus the
control volunteers (Fig. 3.8B).
Based on the analysis of plasma CXCL1 concentrations (Fig. 3.8A) we then investigated
possible associations between plasma concentrations of this cytokine and data abstracted from
medical charts for the volunteers with CF (Table 3.1). Both statistically significant associations
and associations that may be of biological relevance or interest are presented. Possible
biological relevance of these associations along with their possible clinical significance are
addressed in the discussion (Ch. 3.5). Stratification of the CF group based on S. aureus and
AZLI status indicated that among volunteers who were S. aureus-, plasma CXCL1
concentrations were significantly (p ≤ 0.05) increased in samples from the AZLI+ volunteers
versus the AZLI- volunteers (Fig. 3.8C). This difference was not detected in volunteers who
were S. aureus+. Furthermore, among volunteers with CF who were AZLI+, there was a
significant (p ≤ 0.05) increase in CXCL1 concentrations in the plasma samples from S. aureusversus S. aureus+ volunteers (Fig. 3.8D), and this was not detected in volunteers who were
AZLI-. A. xylosoxidans was detected in the sputum of only three volunteers with CF, but there
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Figure 3.8: Comparison of plasma CXCL1 concentrations in samples from the CF and
control groups, with consideration for antibiotic use and sputum bacteria within the CF
group
Plasma samples from volunteers, with and without CF, were evaluated for plasma CXCL1
concentration. A: Comparison of CXCL1 concentrations in plasma samples from the control
and CF groups. B: Comparison as in panel A but with inclusion of replicate samples collected
from the CF and control volunteers. C and D: Plasma CXCL1 concentrations were compared
within the CF group when stratified based on variables abstracted from medical charts. C:
Comparison of CXCL1 concentrations in plasma samples among volunteers who did not have S.
aureus in their sputum (S.au.-) and who were further stratified based on AZLI therapy (AZLI-,
AZLI+). D: Comparison of CXCL1 concentrations in plasma samples among volunteers who
were on AZLI therapy (AZLI+) and who were further stratified based on sputum S. aureus
status (S.au.-, S.au.+). No statistical significance (p ≤ 0.05) is indicated by n.s. (not significant).
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was a statistically significant (p ≤ 0.05) increase in plasma CXCL1 concentrations in the A.
xylosoxidans+ versus the A. xylosoxidans- volunteers (Fig. A9.4B). It is worth noting here that
all three A. xylosoxidans+ volunteers were also AZLI+. We did not detect any statistically
significant (p ≤ 0.05) differences in CXCL1 concentrations when stratifying volunteers with CF
on the basis of other medical chart data (e.g., AZM, inhaled tobramycin, ciprofloxacin, P.
aeruginosa, fungus).
Correlation analyses were also performed between plasma CXCL1 concentrations and the
variables (i.e., continuous variables) abstracted from the medical charts of volunteers with CF
(Table 3.1) as well as the other previously investigated plasma factors (e.g., VEGF, endotoxin,
G-CSF). CXCL1 concentrations displayed a significant moderate positive correlation (r(19) =
.45, p = .039) with plasma G-CSF concentrations (Fig. 3.9A). Discrepancies in this correlation
were associated with S. aureus status. Among volunteers who were AZLI-, S. aureus+
volunteers displayed a significant strong positive correlation (r(5) = .90, p = .006) between
CXCL1 and G-CSF concentrations, but S. aureus- volunteers did not display a significant
correlation (r(3) = -.78, p = .118) (Fig. 3.9B). S. aureus status also coincided with differences in
the associations between plasma CXCL1 concentrations and FEV1 % values. S. aureus+
volunteers displayed a significant moderate positive correlation (r(10) = .58, p = .046), but S.
aureus- volunteers displayed no correlation (r(6) = -.27, p = .520) (Fig. 3.9C). Differences in the
associations between plasma CXCL1 concentrations and FEV1 % values that coincided with S.
aureus status were further evident among volunteers who were AZLI-. Within these AZLIvolunteers, S. aureus+ volunteers displayed a significant strong positive correlation (r(5) = .77,
p = .041) between CXCL1 concentrations and FEV1 % values, but S. aureus- volunteers did not
displayed a significant or positive correlation (r(3) = -.78, p = .118) (Fig. 3.9D). When
volunteers with CF were stratified by the same factors (e.g., AZLI, S. aureus),there was further
evidence of an association between plasma CXCL1 and changes in lung function when using
FEV1/FVC as a comparator. Within these AZLI- volunteers, the S. aureus+ volunteers
displayed a significant strong positive correlation (r(5) = .88, p = .008) between CXCL1
concentrations and FEV1 % values, but S. aureus- volunteers displayed a significant strong
negative correlation (r(3) = -.89, p = .041) (Fig. 3.9E). There was also a significant strong
negative correlation (r(5) = -.76, p = .049)observed between plasma CXCL1 concentrations and
SpO 2 but only among volunteers who were AZM+ (Fig. A9.4A).When plasma CXCL1
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Figure 3.9: Correlation between plas ma CXCL1 concentrations, G-CSF concentrations,
endotoxin levels, and lung function, with consideration for antibiotic use and sputum
bacte ria within the CF group
For the volunteers with CF, plasma CXCL1 concentrations were evaluated for correlations with
plasma G-CSF concentrations and endotoxin levels. Plasma CXCL1 concentrations were also
evaluated for correlations with lung function values. During these evaluations variables
abstracted from medical chart data were used to stratify volunteers with CF. A: Correlation
between plasma CXCL1 and G-CSF concentrations. B: Correlation as in panel A but among
volunteers who were not on AZLI therapy (AZLI Negative CF) and who were further stratified
based on sputum S. aureus status (S.au.-, S.au.+). C: Correlation between plasma CXCL1
concentrations and FEV1 % values among volunteers stratified based on sputum S. aureus
status. D: Correlation as in panel C but among volunteers who were not on AZLI therapy. E:
Correlation between plasma CXCL1 concentrations and FEV1/FVC values among volunteers
who were not on AZLI therapy and who were further stratified based on sputum S. aureus
status. F: Correlation between plasma CXCL1 concentrations and endotoxin levels among
volunteers stratified based on ciprofloxacin therapy (Cipro-, Cipro+). No statistical significance
(p ≤ 0.05) is indicated by n.s. (not significant).
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concentrations were compared to plasma endotoxin levels in the CF group, the Cipro+
volunteers displayed a significant strong positive correlation (r(5) = .83, p = .024), but the
Cipro- volunteers did not display a significant or positive correlation (r(11) = -.33, p = .278)
between CXCL1 concentrations and endotoxin levels (Fig. 3.9F). Previously measured plasma
VEGF concentrations (Fig. 3.2A), for volunteers with CF, may have been associated with
plasma concentrations of both CXCL1 and G-CSF. Plasma VEGF concentration was
numerically greater (50.2 pg/ml) in the one CF sample that coincided with detectable levels of
G-CSF (329 pg/ml) and CXCL1 (256 pg/ml), when compared to the concentration of VEGF
(42.9 pg/ml) in the one CF sample that coincided with undetectable levels of G-CSF and
CXCL1. It was also observed that the CF sample C17 was previously shown to display the
numerically greatest plasma concentrations of GM-CSF, CXCL5, and CXCL8 (Fig. 3.2B, C and
3.3A respectively) and also displayed the numerically greatest plasma concentrations of G-CSF
(1,865 pg/ml) and CXCL1 (1,501 pg/ml) within the CF group (Fig. 3.6A and 3.8A respectively).
Again, it is difficult to gain any insight from these results related to sample C17 due to the
observations being represented by a single volunteer. There were no statistically significant
associations between plasma CXCL1 concentrations and any other data abstracted from medical
charts (e.g., Age, FVC %, sex, inhaled tobramycin, P. aeruginosa, Fungus) or any other
previously investigated plasma factors (e.g., GM-CSF, CXCL5, CXCL8).

3.5. DISCUSSION
To summarise our findings, when we investigated plasma samples from the volunteers
with CF, G-CSF and CXCL1 concentrations were detectable for the majority of these samples
and were positively correlated with each other. G-CSF concentrations were also directly
positively correlated with plasma endotoxin levels while CXCL1 concentrations were only
positively correlated with endotoxin levels for the ciprofloxacin positive volunteers.
Furthermore, it appeared that plasma G-CSF and CXCL1 concentrations and endotoxin levels
were associated with antibiotic regimens that contained AZLI and possibly, to a lesser extent,
the presence of S. aureus in sputum for G-CSF and CXCL1, or antibiotic regimens that
contained AZM for endotoxin. Further analysis implied that these plasma factors were probably
associated to lung function, but only when considering antibiotic regimens with known
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bactericidal effects on Gram- negative bacteria. Specifically when these antibiotics were absent
there may have been healthy relationship between moderate levels G-CSF and CXCL1 that
associated with better lung function.
At the time of this study the adult CF population with the homozygous ΔF508 genotype
living in the Saskatoon Health Region was limited to around 45 individuals. All 45 individuals
were contacted and the maximum number of individuals willing to volunteer for this study was
23. We were able to collect useable blood samples from 22 of these volunteers and abstract
medical chart data for 20 volunteers. This sample size proved suitable when comparing
experimental results directly between CF and control groups and when using a single parameter
abstracted from medical chart data (i.e., a single variable) to stratify the volunteers with CF.
When the volunteers with CF were further stratified on the basis of two different variables, the
power of statistical analysis remained adequate for the majority of variable combinations. This
is because the majority of two variable combinations resulted in even stratification of volunteers
across all subgroups and therefore a large enough sample size in each of these groups to provide
adequate statistical power. Stratification of the CF group on the basis of more than two
variables, however, would have reduced sample size of the subgroups below that necessary for
statistical power. Therefore, analysis of data when stratifying by more than two variables was
beyond the scope of this study. This was due to the limited number of volunteers we were able
to recruit and issues with dimensionality that arose from the CF population being highly
heterogeneous. That said, in general, biologically or clinically relevant information may still be
present when associations are not statistically significant. In situations with small sample sizes,
which occur in this study, relying strictly on the p value and ignoring results or analyses just
because they are not p ≤ 0.05 would result in missing a considerable amount of valuable
information. Instead it is important to look at the distribution of data points within the graphed
scatter plots and observe how the data groups. Viewing the data in this way is especially
important where p < 0.10 or small samples size limited the power of statistical analysis. The
way in which important information may be gained from these results is discussed in the related
sections of the discussion below and in the discussion for Chapter 4. These discussion points
will argue for the importance of information in specific results that were not statistically
significant and indicate that they are actually informative on some appreciable level (e.g.,
significance observed when replicate samples were used, difference in number of samples above
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a detection limit). Where sound arguments could be made that useful information actually did
exist, the results were then referred to in this document as trending (i.e., trended toward a
significant difference or correlation) rather than significant. That said, because these results
were not statistically significant, the insights that can be gained from them are limited, and as
such rely heavily on biological relationships that are well established in the literature.
Lung function values (e.g., FEV1 %, FVC %, SpO2) for the volunteers with CF in this
study related well to those reported for other CF populations with FEV1 % values ranging down
to 20% [76, 77, 81]. Therefore the insights gained here, from volunteers with the homozygous
ΔF508 genotype, may be applicable to the broader CF population, especially considering that
many concessions were made to account for the heterogeneity of the CF population when
analysing results (i.e., stratifying volunteers by different CF related parameters).
Reduced circulating neutrophil apoptosis that was previously reported for individuals
with CF [1, 52, 139] is likely related to effects of soluble factors in plasma [139]. However, the
mechanism by which neutrophil apoptosis is reduced or the plasma components mediating this
effect are still unknown [151]. Our analysis of plasma indicated that G-CSF, CXCL1, and, to a
lesser extent, endotoxin were present at detectable levels in samples collected from many of the
volunteers with CF. Levels for these plasma factors were not significantly different between the
CF and control samples; however, a wide range (i.e., large distribution) of concentrations for GCSF and CXCL1 was detected within the CF group. The plasma concentrations of these two
cytokines, within the CF group, were significantly associated with a combination of AZLI
antibiotic therapy and detection of sputum S. aureus.
Our investigation into the capacity of plasma from volunteers with CF to activate the NFκB pathway in THP1-Dual cells was completed with a small number of samples, and no
statistically significant difference was detected when comparing CF and control plasma samples.
There was, however, a trend (p = 0.063) toward a significant increase in CF plasma samples as a
numerically greater response was detected when comparing results from the CF versus control
volunteers. Therefore, these results may have indicated a modest capacity for stimulation in the
CF plasma samples which requires further consideration of the results in terms of whether the
samples did or did not stimulate the NF-κB pathway above background levels. Only 25% of the
plasma samples from control volunteers assayed stimulated a response above background from
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the THP1-Dual cells, but 80% of the plasma samples assayed from volunteers with CF induced
a response above background. This suggested that plasma samples from volunteers with CF may
have stimulated the NF-κB pathway of circulating neutrophils more often than plasma samples
from control volunteers. The varying capacities of plasma samples from different volunteers
with CF to stimulate the NF-κB pathway implies the possibility that this variance may be
associated with some population parameter within the volunteers with CF. The small number of
plasma samples analysed from the CF group, however, prevented further stratification of these
results. These differences between CF and control plasma samples in the activation of the NFκB signaling pathway may be relevant to reduced neutrophil apoptosis; however, NF-κB
activation may result in either increased or decreased apoptosis depending on the initial stimulus
[273, 274]. Activation the NF-κB pathway, in THP1-Dual cells, by CF plasma samples was
relatively moderate when compared to the LPS positive control. The contribution of this
moderate level of NF-κB stimulation to reduce neutrophil apoptosis in individuals with CF is
therefore questionable. Furthermore, apoptosis may be altered in CF neutrophils in ways that
does not require signaling through the NF-κB pathway (e.g., XIAP phosphorylation) and this
was not addressed by the THP1-Dual cell assay [275]. That said, endotoxin stimulation can
activate the NF-κB pathway which may result in increased production of G-CSF, thereby
implying a possible link between plasma endotoxin and G-CSF through NF-κB [276].
Furthermore, a similar link may also be possible between plasma endotoxin and CXCL1 through
NF-κB [277]. Therefore it is possible that our observed activation of the NF-κB pathway, by
80% of the CF plasma samples analysed, was connected to plasma endotoxin levels and may
also explain associations with elevated plasma concentrations of G-CSF and CXCL1. Indirect
evidence for this possible interaction was provided by the positive correlations identified for
these plasma factors.
Mass spectrometry analysis of a CF and a control plasma sample provided a possible
method to screen for factors with differential levels in CF. The main differentially expressed
factors that were identified did not appear to have an obvious connection with reduced
neutrophil apoptosis. Haptoglobin is an acute phase protein that is released upon inflammation
and by function binds up hemoglobin after haemolysis [278]. Therefore, there is a possible
connection between our detected increase in haptoglobin and inflammation and haemolysis
related to the bacterial infections [279] that occur in CF. In support of this finding, increased
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levels of haptoglobin have previously been observed in CF [280]. Apolipoprotein A-I, another
acute phase protein, is involved in lipid utilisation and is part of the high density lipoprotein
(HDL) cholesterol complex but can also bind endotoxin [281]. Although we detected increased
apolipoprotein A-I in the CF plasma sample, HDL has been reported to be decreased in CF
[282]. Furthermore, Apolipoprotein A-I has been reported to interact with CD11b on neutrophils
where it has been related to reduced neutrophil recruitment and inflammation but not reduced
apoptosis [283]. Transthyretin is involved in transport of thyroxine, a thyroid hormone [284].
The decreased transthyretin we observed in CF has also been previously reported by others
[280] and decreased plasma levels have been linked to malnutrition and inflammation [285]
which is commonly observed in CF [6]. Furthermore, transthyretin has been previously reported
to induce NET formation [286] in a way that would result in neutrophil death but not altered
apoptosis. Considering that haptogolbin and apolipoprotein A-I were both increased and are
both acute phase proteins, this may have been connected to this CF plasma sample (sample C17)
also having increased concentrations of inflammatory cytokines (e.g., CXCL8, GM-CSF,
CXCL5). It is therefore likely that the volunteer from whom this sample was collected was
experiencing an acute pulmonary exacerbation (i.e., CF pulmonary exacerbation) and that
haptogolbin and apolipoprotein A-I plasma levels may be useful as markers of this in CF. That
said, this analysis was only a screen performed on a single CF plasma sample therefore it is
difficult to know if the insights gained here are a true reflection of the CF population.
Our investigation of CF plasma, for specific soluble factors known to induce neutrophil
activation, indicated that for some of these factors (e.g., GM-CSF, CXCL5) there were no
differences, with the exception of sample C17, when comparing samples from CF and control
volunteers. For others factors (e.g., VEGF, CXCL8) small variations in plasma concentrations
were observed, but these differences were too modest to provide insight given the small
numbers of samples assayed. Plasma endotoxin was detectable in a greater number of samples
from CF volunteers than some of the other factors tested (e.g., GM-CSF, CXCL5); however,
most plasma samples had undetectable levels of endotoxin and this made further analysis
difficult. For G-CSF and CXCL1, however, a greater still number of plasma samples had
detectable levels of these cytokines, and the values for plasma G-CSF and CXCL1
concentrations were distributed over a wide range within the CF group. This increased detection
and variation in G-CSF and CXCL1 allowed for more robust statistical analysis between plasma
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concentrations of these cytokines and specific parameters abstracted from medical charts for the
volunteers with CF.
It is possible that endotoxins from bacterial infections in the lungs of individuals with CF
contribute to disease progression [11], and endotoxin has known stimulatory effects on
neutrophils [111]. Therefore, evaluation of plasma endotoxin levels was still informative
despite the large proportion of these values being below the limit of detection. There are several
factors which make analysing endotoxin in plasma samples difficult and impede an endotoxin
assays capacity to detect endotoxin [287]. One of these factors is the high dilution factor of the
plasma sample that is required to limit inhibition of the LAL endotoxin assay by various
components of the plasma (a dilution factor of 1:130 was used in this study). This limited
sensitivity of the LAL endotoxin assay to 0.507 EU/ml for the plasma samples we analysed.
This restricted the further evaluation of data to rely heavily on the few plasma samples from
volunteers who had endotoxin levels greater than 0.507 EU/ml. As a consequence we were not
able to properly account for the effects or associations for plasma endotoxin levels between 0.0
EU/ml and 0.507 EU/ml. The higher endotoxin levels, however, were likely more important for
neutrophil stimulation and reduced apoptosis when considering the biological link between
endotoxin and neutrophils [111, 288]. Further analysis of plasma samples from the CF group
revealed that the samples with the greatest levels of endotoxin were all from volunteers who
were on AZLI therapy, and that this was associated with a statistically significant increase in
endotoxin levels when controlling for AZM (i.e., when only looking at volunteers who were not
on AZM therapy). It does appear that AZM therapy may have been a confounding variable for
this association between AZLI and plasma endotoxin. This role of AZM as a confounding
variable was evident since endotoxin levels were significantly associated with volunteer AZLI
status only when AZM was not present. Detection of this significant association between AZLI
status and endotoxin levels, when controlling for the possible effects of AZM therapy, indicated
that there was an association between AZLI therapy and increased plasma endotoxin levels. In
addition, it is obvious that the AZLI group contained the plasma samples with the highest levels
of endotoxin and contained the majority of samples with detectable endotoxin. Therefore it will
be indicated in the remainder of this document that plasma endotoxin levels trended (p = 0.14)
toward a significant increase in association with AZLI therapy.
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Although detectable plasma G-CSF levels were observed in 27% of samples from control
volunteers, 67% of samples from volunteers with CF had detectable levels of G-CSF. This
observation implicated G-CSF as a possible factor mediating the previously reported capacity of
CF plasma to reduce apoptosis in control neutrophils [139]. This conclusion is supported by
previously reported evidence that G-CSF stimulates neutrophil granulopoiesis [124] and inhibits
neutrophil apoptosis [128]. Unexpectedly, one of our control volunteers had an unusually high
[289] plasma G-CSF concentration (2,730 pg/ml), which was confirmed by analysing this
sample twice. Removal of this sample from analysis would have resulted in significantly (p =
0.039) increased plasma G-CSF concentrations for the CF group when compared to the control
group; however, this control sample was left in the analysis as all other parameters indicated that
it was from a healthy volunteer (i.e., normal plasma endotoxin and CXCL1 levels). That said,
significantly increased plasma G-CSF concentrations were also observed for the CF group
versus the control group when including replicate samples during analysis. Therefore in the
remainder of this document it will be indicated that plasma G-CSF concentrations trended (p =
0.13) toward a significant increase in the CF group compared to the control group.
Detectable levels of plasma CXCL1 were observed in only 27% of samples from the
control group, while 62% of samples from the CF group had detectable plasma levels of CXCL1.
Although the difference in CXCL1 concentrations was not statistically significant between CF
and control groups, statistical significance was detected when including replicate samples during
analysis. Therefore, plasma CXCL1 concentrations in the CF group will be referred to as
trending (p = 0.088) toward a significant increase compared to the control group. This difference
between volunteer groups implies that CXCL1 may be an important factor in plasma from
individuals with CF. When it comes to biological relevance, however, CXCL1 is known to
induce inflammation and recruitment [272] rather than alter neutrophil apoptosis. There is
evidence that CXCL1 is related to decreased apoptosis in liver cancer [290], but it is difficult to
predict how this would relate to circulating neutrophils in CF.
The variance that was detected in the distribution of values for plasma G-CSF and
CXCL1 concentrations and endotoxin levels within the CF group, was associated with AZLI
status more than any other categorical variables that were abstracted from medical charts (e.g.,
antibiotics, bacteria). The different association found between all these plasma factors and AZLI
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may have been connected to the correlations we detected between the different plasma factors.
The presence of S. aureus in the CF airway as well as use of the antibiotic AZM were not
significantly associated with alteration of plasma G-CSF, CXCL1, or endotoxin levels. That
said, S. aureus and AZM status did play a confounding role in the association between these
plasma factors and AZLI. The role of S. aureus as a confounding variable was evident since GCSF and CXCL1 concentrations were significantly associated with volunteer AZLI status only
when S. aureus was not present. The association between AZLI and plasma concentrations of GCSF was not observed to be statistically significant within the CF group as a whole. However,
it is definitely possible that for G-CSF this lack of a statistically significant difference occurred
due to the confounding effects of S. aureus. Therefore it will be referred to in the remainder of
this document that increased plasma G-CSF concentrations trended (p = 0.069) toward a
significant association with the AZLI positive versus AZLI negative volunteers. It has been
previously reported that plasma G-CSF concentrations were increased in association to
individuals with CF whose airways were colonised by P. aeruginosa [270], but we did not
observe a similar association. That said, this previous study by Jensen et al. (2006) was
performed before AZLI was being used to treat CF patients [93]. Therefore it is likely that
without the use of this antibiotic, P. aeruginosa could have a detectable association with plasma
G-CSF concentrations. The biological explanation for the associations between AZLI and
increased plasma G-CSF, CXCL1, and endotoxin levels may relate to the bactericidal activity of
this antibiotic against Gram- negative bacteria [85, 96]. This activity would result in the release
of endotoxin [291] and, as previously mentioned and reported by others, endotoxin can induce
the up-regulation of both CXCL1 [277] and G-CSF [276]. That said, it cannot be excluded that
advanced disease severity and lower lung function, pre-existed the initiation of AZLI therapy.
Therefore, these associations with AZLI may have been driven by disease severity, where
increased bacterial burden and lower lung function, as related to advanced disease, would have
the capacity for increased endotoxin release and the previously mentioned up-regulation of
CXCL1 and G-CSF that endotoxin is known to cause.
The biological explanation for an influence on plasma G-CSF, CXCL1, or endotoxin
levels by S. aureus sputum status or AZM therapy are less clear than those for AZLI therapy.
That said, we did observe that seven of the eight volunteers who were S. aureus negative were
also P. aeruginosa positive. This may imply that the presence of S. aureus in the CF airway
81

could have had some interaction with P. aeruginosa that in turn may have been connected to S.
aureus status being a confounding variable on the associations between p lasma G-CSF and
CXCL1 concentrations and AZLI status. Results from previous studies support this idea of an
interaction between S. aureus and P. aeruginosa in individuals with CF [43, 292].
Staphylococcal protein A (SpA) from S. aureus has been reported to inhibit the formation of
biofilms produced by P. aeruginosa [292]. Other research has indicated that anti-S. aureus
therapy can result in increased P. aeruginosa infection [43]. In fact, the current understanding of
S. aureus in the airways of CF adults appears to support the concept that S. aureus plays a nondeleterious or possibly beneficial role [42, 43, 292]. In this light we did observe numerically
smaller mean values for plasma CXCL8 and G-CSF concentrations for volunteers with CF who
were S. aureus positive and significantly decreased plasma CXCL1 concentrations in the S.
aureus-positive volunteers when controlling for AZLI. The results for plasma CXCL8
concentrations implied that the presence of sputum S. aureus may have been associated with
decreased levels of this cytokine as mean values were numerically smaller, but due to
insufficient sample size we refrained from statistical analysis of these results. The results for
plasma G-CSF may have been questionable but did display a larger number of samples without
detectable levels of G-CSF in the S. aureus-positive group. Furthermore, significant increases in
G-CSF concentrations were observed in the AZLI-positive group for the S. aureus- negative
volunteers but not the S. aureus-positive volunteers. Theoretically, if these inflammatory
cytokines are actually decreased in the CF population that is S. aureus-positive then a logical
conclusion would be that S. aureus has the capacity to reduce inflammation in this setting. For
AZM the biological relationships with relevance to our observations likely include either the
known deleterious effect this antibiotic has on biofilms [97], such as those from P. aeruginosa
[28], or the immunomodulatory effects that have been reported for AZM and appear related to
reduced inflammation [90]. Independent of the actual mechanism, these findings indicate an
association for antibiotic therapy and airway bacteria with soluble factors in plasma that may
stimulate circulating neutrophils.
Plasma concentrations for G-CSF, CXCL1, and endotoxin levels from CF samples were
all positively correlated with each other in some fashion, which further lends to the possibility
that these factors may have been connected through a common variable (e.g., AZLI, disease
severity). The most probable explanation for the positive correlation between G-CSF and
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CXCL1, based on known biological relationships, is that induction of both cytokines has been
reported to be caused by endotoxin [276, 277]. Among the AZLI- negative volunteers, there was
a stronger correlation between G-CSF and CXCL1 for those volunteers who were S. aureus
positive. Hypothetically this could have been related to a setting with less inflammation from
lower levels of P. aeruginosa which were related to the presence of S. aureus. This in turn may
have resulted in the observed moderate levels of G-CSF and CXCL1 that were more balanced
(i.e., had a stronger correlation) for the S. aureus-positive volunteers. This could have been the
result of lower levels of endotoxin and other stimulatory factors from commensal Gramnegative bacteria. Whether or not this was the case, our observations indicated a possible
association between colonization with S. aureus and balanced plasma concentrations of G-CSF
and CXCL1.
The positive correlation detected between endotoxin and G-CSF appeared suspect at first
due to the high number of samples below detection; however, further analysis indicated that this
was a valid association. There were seven plasma samples that had undetectable levels of G-CSF
and all of these also had undetectable levels of endotoxin. In addition, all six plasma samples that
had detectable levels of endotoxin also had detectable levels of G-CSF. The previously reported
biological relationships between endotoxin and G-CSF [276] further supports these findings. The
correlation between plasma endotoxin and G-CSF concentrations may have been associated with
AZLI status, as the four CF samples with the highest endotoxin levels were also from AZLIpositive volunteers. Furthermore, the association between AZLI therapy and plasma G-CSF
concentrations trended (p = 0.069) toward a significant increase, and AZLI was observed to be
significantly associated with increased G-CSF concentrations when controlling for S. aureus
status. To further complicate this analysis, volunteer status of the Gram-negative bacteria A.
xylosoxidans was closely associated with AZLI status and there were only three A. xylosoxidanspositive volunteers. Furthermore, as previously mentioned it cannot be excluded that advanced
disease severity, and therefore lower lung function, pre-existed AZLI therapy. Also, because
these findings rely on associations, it is impossible to identify the actual cause of the elevated GCSF levels. That said, the well established biological relationship where endotoxin from Gramnegative bacteria stimulate cells to cause the release of cytokines does seem possible.
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A correlation between plasma levels of endotoxin and CXCL1 was only observed for the
ciprofloxacin-positive volunteers with CF. This antibiotic is commonly used by individuals
experiencing pulmonary exacerbations, and as such the observed association may be linked to
acute pulmonary exacerbations of disease and the related bacterial infection and inflammation.
That said, this may also have implicated the involvement of ciprofloxacin in endotoxin release
and concurrent CXCL1 production due to this antibiotics bactericidal activity for both Gramnegative and Gram-positive bacteria [102]. This bactericidal activity may have resulted in release
of endotoxin and inflammatory factors in a manner capable of inducing CXCL1, while in the
absence of this activity endotoxin levels were not as tightly linked to CXCL1 plasma
concentrations. As ciprofloxacin is an oral antibiotic, these observations may have also been
related to robust alteration of the gut microbiome as previously reported for this antibiotic [293].
It is likely that contributions from all of the above mentioned possibilities were involved.
The significant positive correlation between plasma concentrations of CXCL8 and GCSF in samples from volunteers with CF developed interest in analysing CXCL8 in a larger
number of samples. This analysis was not performed, however, due to the limited volume of
plasma available in this study. Further investigation of CXCL8 concentrations in a larger
number of plasma samples may reveal associations between this cytokine and parameters from
medical chart data, including S. aureus status.
Comparisons of the identified plasma factors of interest (i.e., G-CSF, CXCL1, and
endotoxin) to disease progression for the volunteers with CF were attempted by correlation
analyses with different parameters of lung function. Parameters of lung function were used as
they are good indicators of disease progression in CF [76, 77]. Our results provided mixed
findings, which implied that significant associations between these plasma factors and lung
function did exist, but that these associations were not similarly observed for all the different
parameters of lung function (e.g., FEV1 %, FVC %). Furthermore, these significant associations
were not observable upon direct comparison (i.e., comparison to the entire CF group without
stratification by other variables). Significant correlations were only observed after stratification
of the volunteers by one or two of the categorical variables that were abstracted from medical
charts (e.g., AZLI, ciprofloxacin, S. aureus). These observations probably imply that if
relationships did exist between these plasma factors and parameters of lung function for the
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entire CF group, then they were not particularly robust and may have been influenced by other
variables (e.g., antibiotics, bacteria). In addition, the possible influence of different antibiotic
therapies and sputum bacteria on these results is further indication that the volunteers with CF
represent a heterogeneous CF population. When viewing these results as a connected system,
antibiotic-related bactericidal activity and the presence of sputum bacteria may have a great
influence on any possible relationship between the plasma factors of interest and parameters of
lung function.
Endotoxin concentration was significantly associated with lower lung function (FVC %),
but only in those volunteers who were P. aeruginosa positive and AZLI positive. This
association is logical due to the previously mentioned biological relationship between AZLI and
Gram- negative bacteria [85, 96, 291] and the known capacity of endotoxin to cause
inflammation and affect lung function [294, 295]. G-CSF was associated with both SpO2 levels
and FEV1 % values, but only in volunteers who were not taking select combinations of the
antibiotics AZLI, ciprofloxacin, or inhaled tobramycin. Together this may have implied that
moderately increased plasma G-CSF levels were associated with better lung function,
theoretically due to the absence of inflammation from the endotoxin released during antibiotic
killing of Gram- negative bacteria. This conclusion was corroborated by our findings that the
AZLI-positive volunteers trended toward significantly increased plasma G-CSF (p = 0.069) and
endotoxin levels (p = 0.14). The positive correlation between CXCL1 and FEV1% or
FEV1/FVC for those volunteers who were S. aureus positive may imply that the biological
relationship between S. aureus bacteria and individuals with CF is possibly mutualistic and not
simply commensal or parasitic [42, 43, 292]. Support for this mutualistic role, however, is based
on the assumption that it would be beneficial for the host to maintain better lung function when
increased amounts of CXCL1 are being produced in relation to an inflammatory response. The
possibility that the positive correlation between plasma CXCL1 concentrations and FEV1% or
FEV1/FVC values may have been inverse among volunteers who were S. aureus negative is
interesting. This difference may have been connected to the high number of S. aureus-negative
volunteers who were P. aeruginosa positive, which would result in a lack of interaction between
these two bacterial species for the majority of S. aureus negative volunteers [43, 292]. Again
this supported the idea that reduced antibiotic killing of Gram- negative bacteria related to less
endotoxin from these pathogens. This in turn may actually have related to a moderate release of
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G-CSF and CXCL1 which was associated with better lung function. From these conclusions a
question presents itself: In order for G-CSF and CXCL1 to have a negative impact on lung
function and disease progression, do they needed to be induced or accompanied by endotoxin
which was derived from the antibiotic killing of Gram- negative bacteria? Further analysis into
these factors with a larger sample size would be required to properly answer this question.
However, with the results observed in this study, this does seem possible. As previously
mentioned it cannot be excluded that advanced disease severity, and therefore lower lung
function, pre-existed initiation of AZLI therapy. Therefore in many of the above situations it
may be that increased disease severity was related to endotoxin release from increased Gramnegative bacterial burden.
Although this study was predominantly exploratory with results based on associations
and not causation, the known biological relationships between G-CSF, CXCL1, and endotoxin
and the associated parameters abstracted from medical chart data (i.e., volunteer characteristics)
appear to complement our findings. When combined, these known biological relationships along
with our findings suggest a hypothetical system of what may have been occurring in the
volunteers with CF for this study. In this hypothetical system Gram- negative bacteria in the CF
airway were killed by AZLI [85] which resulted in release of endotoxin [291]. Alternatively,
endotoxin release may have resulted from advanced disease severity with increased Gramnegative bacterial burden, which may have preceded initiation of AZLI therapy. In eit her
situation, endotoxin in turn would have the known capacity to stimulate an inflammatory
response with increased production of CXCL1 [277] and G-CSF [276]. A question remains,
however, as to why associations with plasma G-CSF, CXCL1, and endotoxin were detected for
antibiotic regimens that contained AZLI, after accounting for S. aureus or AZM status, but not
for other antibiotics that target Gram-negative bacteria. The associations between these plasma
factors and AZLI therapy implied that if these plasma factors were related to the reduced
apoptosis previously reported in CF neutrophils [1, 52, 139], then AZLI therapy may be
associated as well.
One of the objectives of this research project was to analyse plasma from volunteers with
CF for specific factors known to alter neutrophil function and then compare these factors to
disease progression in CF. Another objective was to evaluate associations between these plasma
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factors and parameters abstracted from volunteer medical chart data. In this light G-CSF,
CXCL1, and endotoxin were identified and they were associated with volunteer status of AZLI
and possibly S. aureus or AZM. Finally disease progression, as assessed from results of lung
function testing, was not directly significantly associated to any of the plasma factors identified.
However, significant associations were found to exist between lung function and the identified
plasma factors after volunteers with CF were stratified by specific variables (e.g., AZLI,
ciprofloxacin). The combination of these findings provide insight into the extent of
heterogeneity within the CF population and suggest possible associations between antibiotic
therapy, colonisation of Gram-negative bacteria, plasma endotoxin, plasma G-CSF, plasma
CXCL1, and lung function.
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CHAPTER 4: ANALYSIS OF CIRCULATING NEUTROPHILS ISOLATED FROM
VOLUNTEERS WITH CYSTIC FIBROSIS

4.1. OVERVIEW
CF circulating neutrophils have altered function related to decreased apoptosis [139] and
a resultant longer lifespan [1, 52]. This longer lifespan appears to result in increased circulating
neutrophil numbers; however, this increase is not observed in all members of the CF population
[34, 153, 154]. Furthermore, this alteration appears to involve some component of the CF plasma
[139]. Lastly, G-CSF has previously been reported in relation to altered apoptosis in neutrophils
[140] and this antiapoptotic effect appears to be induced through XIAP [128]. Therefore
circulating neutrophil numbers in CF may be connected to factors that were previously identified
to be altered, or of interest, in the plasma (Ch. 3) and to CF patient status or therapy (e.g., sputum
bacteria, antibiotics). In addition, alteration of neutrophil apoptosis or circulating neutrophil
numbers may be linked to changes in intracellular components of the neutrophil (e.g., mRNA
expression levels, protein levels) and to disease status (e.g., FEV1 %, FVC %). Furthermore,
because plasma G-CSF concentrations were previously identified to be of interest (Ch. 3),
intracellular levels of the G-CSF signaling intermediate XIAP or XIAP phosphorylation may be
altered in CF circulating neutrophils and this may be connected to neutrophil numbers or other
previously investigated factors.
To investigate this, values were determined for isolated circulating neutrophil numbers
from both control and CF blood samples. Expression levels for several inflammatory factors
were then investigated using RT-qPCR for a subset of the neutrophil samples and included
comparison with matched neutrophil samples treated with a CXCR1/CXCR2 antagonist when
looking at CXCR1 and CXCL8 expression. Circulating neutrophil levels of XIAP protein and
phosphorylated XIAP were also evaluated in CF and control neutrophils through western
blotting.
Statistical analysis was performed comparing neutrophil numbers to previously obtained
data from plasma analysis (e.g., ELISA, LAL endotoxin assay) and that obtained from CF
medical charts for information on CF patient status and disease progression. Statistical results
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were reviewed for statistical significance, logical association, and biological meaning. Those
associations identified to be statistically significant or have biological importance are presented.

4.2. INTRODUCTION
Neutrophils have been shown to be a predominant factor in the inflammatory pulmonary
immune response seen in CF and in disease progression [11, 15, 50]. Several previous studies
have reported increased numbers of circulating neutrophils from the blood samples of volunteers
with CF when compared to controls [34, 153, 154]. This increase does not appear to be observed
universally in CF but rather only for a large group of individuals with CF [34, 153, 154]. These
increases in circulating neutrophil numbers are likely associated with the altered levels of
neutrophil apoptosis that have previously been reported in CF [1, 139] and in turn related to
some component of the CF plasma [139], yet the cause and mechanism for this is unknown
[151]. Therefore, we assessed human circulating neutrophil numbers isolated from CF and
control blood samples, along with intracellular factors biologically related to neutrophil
alterations. Previously obtained data from CF medical charts (e.g., sputum bacteria, antibiotics,
lung function) and plasma analysis (e.g., ELISA, LAL endotoxin assay) was then compared to
neutrophil data to explore possible associations with increased circulating neutrophil numbers
and disease progression.

4.3. METHODS
4.3.1. Neutrophil isolation
Neutrophils were purified from blood samples using methodology designed to reduce
neutrophil stimulation. This process included manipulation of samples at room temperature, the
use of glass pipettes, and centrifugation being performed without the deceleration brake. Blood
samples were mixed 1:1 with 6% (w/v) dextran (70 kDa) in PBS (phosphate buffered saline
[137 mM NaCl, 2.7 mM KCl, 10 mM Na2 HPO 4 , and 1.8 mM KH2 PO4 in H2 0 at pH 7.4]) for
unit gravity sedimentation for approximately two hours. The supernatant fraction was then
carefully added above 3.0 ml of Ficoll and sodium diatrizoate based lymphocyte separation
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medium (1.077 g/ml) for density gradient separation by centrifugation at 378 g for 15min.
Contaminating red blood cells in the neutrophil pellet were lysed using 9.0 ml H2 O for 17
seconds followed by 1.0 ml 10x PBS and 4 ml PBS before centrifugation at 271 g for 10 min.
The neutrophils were then suspended in fresh PBS, counted, and deemed to be of greater than
90% viability (determined with a haemocytometer and trypan blue staining) before
centrifugation at 271 g for 10 min. The resultant purified neutrophils were then suspended at
5.0x106 cells/ml in PBS with 0.1% bovine serum albumen (BSA), 0.5 mM CaCl2 , 5.0 mM
glucose, 5.0 mM KCl, and 1.2 mM MgCl2 at pH 7.4. Differential counts of white blood cells for
all samples indicated that the isolated neutrophil purity averaged 94%, with an average 3%
contamination from eosinophils, as determined using Wright’s stain and direct observation of
cell morphology.

4.3.2. Neutrophil counts
The number of neutrophils isolated from one millilitre of blood (i.e., neutrophil numbers)
was calculated as the total number of cells isolated multiplied by the percentage of neutrophils
from the white blood cell differential. This value was then divided by the volume of blood
initially used for isolation. The method of isolation used in this study provided a control
volunteer group mean value of 1.0x106 neutrophils isolated/ml of blood (neutrophils/ml). This
indicated that the number of neutrophils recovered, and reported as circulating neutrophil
numbers in the results, was approximately 23% of the absolute neutrophil count (ANC)
previously reported for similar groups (mean = 4.4x106 cells/ml) [296].

4.3.3. Neutrophil CXCR1/CXCR2 antagonis m with G31P
Some circulating neutrophils samples were incubated with 10 ng/ml of the
CXCR1/CXCR2 antagonist G31P [297] for approximately two hours during the unit gravity
sedimentation phase of the neutrophil isolation process.
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4.3.4. Reverse Transcription - Quantitative Real-Time Polyme rase Chain Reaction
Isolated neutrophils were stored in RLT lysis buffer (Qiagen, Canada) at -20°C until
RNA was purified using the RNeasy mini kit (Qiagen, Canada). RT-qPCR was then performed.
First RNA was reverse transcribed to make cDNA for each sample then qPCR was performed
with the cDNA using the SYBR Green PCR master mix (Applied Biosystems; Fisher scientific,
Canada) and primers with two replicates per sample. Primers for the reference genes included:
GAPDH3 F 5’-GAGTCCACTGGCGTCTTCA-3’ and R 5’-GGGGTGCTAAGCAGTTGGT-3’,
GNB2L1 F 5’-GAGTGTGGCCTTCTCCTCTG-3’ and R 5’-GCTTGCAGTTAGCCAGGTTC3’, HPRT1 F 5’-GACCAGTCAACAGGGGACAT-3’ and R 5’AACACTTCGTGGGGTCCTTTTC-3’, and for the genes of interest included: CXCL8 F 5’TTGGCAGCCTTCCTGATTTC-3’ and R 5’-CGCAGTGTGGTCCACTCTCAA-3’, c-Kit F 5’GCCCACAATAGATTGGTATTT-3’ and R 5’-AGCATCTTTACAGCGACAGTC-3’, CXCR1
F 5’-GCTGGGGACTGTCTATGAATCTG-3’ and R 5’-CCAAAGGTGTGAGGCAGGAT-3’,
TNF-α F 5’-CCGAGTGACAAGCCTGTAGC-3’ and R 5’GAAGAGGACCTGGGAGTAGATGA-3’, IL-10 F 5’-GAACCAAGACCCAGACATCAAG-3’
and R 5’-GGCATTCTTCACCTGCTCCAC-3’, IL-1β F 5’-GCACCTTCTTTCCCTTCATCT-3’
and R 5’-GCAGTTCAGTGATCGTACAGG-3’, and MMP9 F 5’CTATGGTCCTCGCCCTGAAC-3’ and R 5’-GGACTCAAAGGCACAGTAGTGG-3’.
Initially, qPCR for TNF-α, IL-10, IL-1β, and MMP9 used the reference gene GAPDH3 for
normalisation [297]. Subsequently, qPCR for c-Kit, CXCL8, and CXCR1 used both GNB2L1
and HPRT1 as reference genes for normalisation, as they have been shown to be superior with
human neutrophil samples [298]. These reactions were run using a CFX96 Touch System
thermocycler (Bio-Rad, Canada).
Results were analysed using Bio-Rad CFX Manager 3.1 software. The specific
quantification cycle (Cq) used was determined by manually setting the threshold to the lowest
point above the background that was still within the exponential portion of the amplification
curves. For each gene of interest, all normalised values are relative to the sample with the lowest
expression (i.e., relative normalised expression).
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4.3.5. HELA cell stimulation
HeLa (ATCC® CCL-2TM) cells were used as a positive control for X- linked inhibitor of
apoptosis (XIAP) during western blotting. Cells were cultured following the protocol provided
by ATCC. Unstimulated cells (H-) were used as a positive control for XIAP protein, while
stimulated cells (H+) were used as a positive control for phosphorylated XIAP protein. H+ HeLa
cells were cultured in serum- free media for 16 hours before being stimulated with 0.5 mM
okadaic acid (EMD Millipore, Canada) and 50 nM calyculin A (EMD Millipore, Canada) for six
hours. HeLa cell lysates were produced using the same protocol as that used for neutrophils with
the exception that the protease inhibitor diisopropyl fluorophosphate was not used with these
cells.

4.3.6. Neutrophil cell lysate preparation
Neutrophils at 1.0x107 cells/ml were incubated at room temperature in 0.5 ml to 1.0 ml
PBS with 0.1% BSA, 0.5 mM CaCl2 , 5.0 mM glucose, 5.0 mM KCl, and 1.2 mM MgCl2 at pH
7.4 with the addition of 1.0 mM diisopropyl fluorophosphate (BioShop Canada Inc., Canada) for
10 minutes. Diisopropyl fluorophosphates permeates into neutrophil granules and inhibits the
robust protease activity therein [299], with better performance when compared to the other
protease inhibitors used in these methods. Cells were then centrifuged at 4,500 g for 30 seconds
and the cell pellet was suspended, for 10 minutes on ice, in a protease and phosphatase inhibitor
cocktail which contained 2.5x cOmplete ULTRA (Roche applied science; Cedarlane, Canada)
and 1.25x PhosStop (Roche applied science; Cedarlane, Canada) in TBS (tris buffered saline pH
7.4). IGEPALA CA-630 (SigmaAldrich, Canada) was then added to make a 10% lysis buffer and
cells were vortexed for five seconds before being incubated for 10 minutes on ice. The lysed
cells were then centrifuged at 13,000 g for 20 minutes at 4.0°C and the supernatant (cytosolic
content) was aliquoted and stored at -80°C until use. All samples were thawed one time only,
immediately prior to use.
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4.3.7. Western blotting
Cell lysates were heated to 95°C for 10 minutes in Laemmli buffer before separation by
electrophoresis on 10% sodium dodecyl sulfate polyacrylamide gels. Western immunoblotting
was then performed using primary antibodies for phosphorylated XIAP Serine 87 (S87) (Clone
EPR572[N], Rabbit IgG, Abcam, Canada), GAPDH (Clone 686613, Mouse IgG1 , R&D systems,
Canada), and two different primary antibodies were used for XIAP (Cat. No. AF8221, Goat IgG,
R&D systems, Canada) and (Clone EPR22189-113, Rabbit IgG, Abcam, Canada). Fluorescent
secondary antibodies used included 680RD anti-Rabbit IgG (Product No. 926-68073, Donkey
IgG, LI-COR Biosciences; Cedarlane, Canada), 800CW anti-Mouse IgG (Product No. 92632212, Donkey IgG, LI-COR Biosciences; Cedarlane, Canada), and 800CW anti-Goat IgG
(Product No. 926-32214, Donkey IgG, LI-COR Biosciences; Cedarlane, Canada). Western blots
were then imaged using the LI-COR Odyssey imaging system and Image Studio software (LICOR Biosciences, USA).

4.3.8. Statistical Analysis
Nonparametric statistical analysis was used to determine significance, due to the
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
Spearman’s rank correlation tests were used for correlation analyses and were reported as
(r(degrees of freedom) = r value, p = p value) where p values found to be lower than 0.001 were
simply reported as p < .001. When two groups were being compared, two-tailed Mann-Whitney
U tests were performed; exact significances values were calculated and used where possible. For
comparisons of groups that contained matched samples from the same volunteers, two-tailed
Wilcoxon signed rank tests were performed. SPSS (IBM, USA) was used for multiple linear
regression analysis and incorporated the creation of dummy variables for those variables that
were found to have substantial interaction. Model building was performed manually by adding
variables (with n ≥ 5) one at a time and removal of variables if associated interaction was found
to be less than p = 0.200. The model with the best account of variance (highest R2 value) and
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that did not result in over- fitting was chosen from all models evaluated. For associations
between two variables, two-tailed Fisher’s 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 ≤ 0.05. Significance was indicated as *,
p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 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 ≤ 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 referred to in this
document as trending (i.e., trended toward a significant difference or correlation) rather t han
significant.

4.4. RESULTS
4.4.1. Levels of mRNA for inflammatory factors in CF neutrophils
The gene expression profile of CF circulating neutrophils has previously been reported to
be altered in comparison to control neutrophils [300]. Therefore, gene expression for several
factors biologically related to altered neutrophil function (e.g., cytokines, cytokine receptors,
proteases) were investigated in RNA purified from our CF and control neutrophil samples. RTqPCR was performed on circulating neutrophil RNA to assess the expression levels of IL-10,
TNF-α, IL-1β, MMP9, c-Kit, CXCR1, and CXCL8. Preliminary investigation indicated that
there were no appreciable differences in the expression levels of IL-10, TNF-α, IL-1β, and
MMP9 between the CF and control neutrophils (Fig. A9.5A-D) where we refrained from
statistical analysis due to insufficient sample size (n = 2). For c-Kit expression in neutrophils
there was no significant difference between eight CF and five control samples (Fig. 4.1A).
However, when the CF samples were stratified by AZLI status there was a numerically
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Figure 4.1: Comparison of c-Kit, CXCR1, and CXCL8 mRNA expression in circulating
neutrophil samples from CF and control volunteers, with consideration for antibiotic use
within the CF group.
RNA purified from circulating neutrophil samples from volunteers, with and without CF, was
analysed for expression of c-Kit, CXCR1, and CXCL8 using RT-qPCR. Relative normalised
expression values were compared, and comparisons were also stratified based on variables
abstracted from medical charts. Correlation analysis was also performed between CXCR1
expression and lung function. A: Comparison of c-Kit expression in control and CF neutrophil
samples. B: Comparison of c-Kit expression in neutrophil samples among volunteers with CF
stratified based on AZLI therapy (AZLI-, AZLI+). C: Comparison of CXCR1 expression in
control and CF neutrophil samples. D: Comparison of CXCL8 expression in control and CF
neutrophil samples. Medical chart data was not available for one volunteer with CF. No
statistical significance (p ≤ 0.05) is indicated by n.s. (not significant). Due to insufficient sample
size we refrained from statistical analysis of the results in B, C, and D.
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greater mean value in c-Kit expression for the six neutrophil samples from AZLI- volunteers
(mean = 4.69) versus the two samples from volunteers who were AZLI+ (mean = 2.42) (Fig.
4.1B), but due to insufficient sample size we refrained from statistical analysis of these results.
This possible association, between increased c-Kit expression and AZLI- volunteers, was also
observed in different CF neutrophil samples during a preliminary investigation of c-Kit
expression (Fig. A9.5E) where statistical analysis was not possible due to insufficient sample
size. AZLI was the only variable from medical chart data (Table 3.1) that had a visually
observable difference in c-kit expression (data not shown).
Analysis for CXCR1 revealed that mean expression levels in neutrophils from four CF
neutrophil samples (mean = 3.55) were numerically smaller versus the two control samples
(mean = 4.51) (Fig. 4.1C), and similar results were also observed in different neutrophil samples
during a preliminary analysis (Fig. A9.5F); however, in both situations due to insufficient
sample size we refrained from statistical analysis of these results. For analysis of CXCL8, mean
expression levels in the previously mentioned four CF neutrophil samples (mean = 2.99) were
also numerically smaller when compared to the two control samples (mean = 5.01) (Fig. 4.1D),
and again similar results were observed in different neutrophil samples during a preliminary
analysis for CXCL8 expression (Fig. A9.5G); however, in both situations due to insufficient
sample size we refrained from statistical analysis of these results. Furthermore, the CF
neutrophil sample, of those with available chart data, with the lowest CXCL8 expression (1.55)
was the only sample associated with AZLI+, ciprofloxacin+, or sputum A. xylosoxidans-positive
status. There were no other visually observable associations between the tested expression levels
and any other variables from medical chart data (e.g., Age, FVC %, FEV1/FVC, SpO2, sex,
AZM, inhaled tobramycin, S. aureus, P. aeruginosa, fungus) or any other previously
investigated factors (e.g., VEGF, GM-CSF, CXCL5, CXCL8, endotoxin, G-CSF, CXCL1).
The immunopathology caused by neutrophils recruited to the lungs in CF [1] indicates a
setting where antagonism of neutrophil recruitment and activation could result in the
amelioration of disease [301] likely in part through decreased gene expression of chemokine
receptors and inflammatory cytokines. Therefore CXCR1 and CXCL8 expression were also
evaluated in CF and control neutrophil samples after treatment with a CXCR1/2 antagonist
(G31P+) [297] (noted in the methods 4.3.3). These samples were run and analysed concurrently
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with samples only given the saline carrier (G31P-). The effects of G31P on CXCR1 and CXCL8
expression in the two control samples were not uniform, but more consistent results were
observed for the CF samples. CXCR1 expression was numerically smaller for the three G31P+
CF samples (mean = 2.19) versus their matched G31P- samples (mean = 3.33) (Fig. 4.2A).
CXCL8 expression was also numerically smaller for the three G31P+ CF samples (mean = 2.25)
versus their matched G31P- samples (mean = 3.52) (Fig. 4.2B). Both of these results were not
found to be statistically significant (p = 0.109), but due to the small sample size (n = 3), p =
0.109 was the lowest achievable p value.

4.4.2. XIAP protein in cell lysates of CF and control neutrophils and degradation of XIAP
Neutrophil apoptosis is decreased in the CF circulating neutrophil [139] and G-CSF has
previously been reported to alter neutrophil apoptosis apparently through XIAP [128, 140]. For
the plasma samples in this study, increased G-CSF concentrations were previously shown to
trend (p = 0.13) toward a significant association with the CF versus control group and to trend (p
= 0.069) toward a significant association with the AZLI positive versus AZLI negative
volunteers with CF (Fig. 3.6). Therefore, XIAP became an interesting target to investigate in the
circulating neutrophil samples from our volunteers with CF. To this end, circulating neutrophil
cell lysates were generated from control and CF samples for western blot detection of the antiapoptotic 56 kDa XIAP protein and XIAP that was phosphorylated at serine 87 (XIAP S87).
Phosphorylation of XIAP S87 was investigated as it was previously reported to be linked to
stabilization of XIAP and inhibition of apoptosis [302]. The two-colour western blot analysis we
used allowed for comparative quantification of the target protein between samples and proved
useful in detecting XIAP protein and XIAP S87 in unstimulated and stimulated HeLa cells
respectively (Fig. 4.3A).
Circulating neutrophil samples from one CF and one control volunteer were ran on
western blot just two days after isolation (and being stored at -80°C, refer to methods) and it
appears that in this short period of time, or possibly during cell lysate preparation with a
protease inhibitor (to be discussed later), XIAP was degraded or cleaved and the 56 kDa intact
protein was not detected in the neutrophil samples as in the HeLa cell controls (Fig. 4.3B).
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Figure 4.2: Comparison of CXCR1 and CXCL8 mRNA expression in circulating
neutrophil samples treated with the CXCR1/2 antagonist G31P for CF and control
volunteers
RNA purified from circulating neutrophils previously treated with 10 ng/ml of the CXCR1/2
antagonist G31P (noted in the methods 4.3.3) was analysed for expression of CXCR1 and
CXCL8 using RT-qPCR. Relative normalised expression values, among volunteers with CF and
controls, were compared between neutrophil samples treated with G31P (G31P+) and matched
samples given a saline carrier (G31P-). A: Comparison of CXCR1 expression. B: Comparison
of CXCL8 expression. No statistical significance (p ≤ 0.05) is indicated by n.s. (not significant).
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Figure 4.3: Detection of XIAP protein and phos phorylated XIAP S87 in neutrophil cell
lysates from CF and control volunteers
Cell lysates were analysed for XIAP protein and p hosphorylation of XIAP S87 using western
blotting methodology. Detection of phosphorylated XIAP S87 was imaged at the 694 nm
channel (red). Detection of XIAP protein and the normalisation protein GAPDH was imaged at
the 795 nm channel (green) where the housekeeping protein GAPDH was well represented in all
samples. A: Detection of XIAP protein (56 kDa) and XIAP S87 in HeLa cells. Wells contain the
following cell lysates; calyculin A and okadaic acid stimulated HeLa cells (H+) as a known
positive control for phosphorylated XIAP S87 and unstimulated HeLa cells (H-) for a XIAP
protein control that is relatively low or negative for S87 phosphorylation. B-C: Control
circulating neutrophil sample N8 and CF circulating neutrophil sample C13 were evaluated for
XIAP and XIAP S87 B: Two days after samples were isolated and C: Seven days after samples
were isolated and at five times normal protein concentrations. D-E: Control neutrophils were
stimulated with calyculin A and okadaic acid (N+) and this sample was D: Evaluated for XIAP
protein and XIAP S87 at 27 days after the sample was isolated and E: The N+ sample was
evaluated at 82 days after isolation. XIAP 48, a 48 kDa XIAP fragment was faintly detected in
many of the neutrophil samples.
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Upon further inspection a faint but noticeable green band for XIAP was observed just above
where the blot was cut in half for staining and appears just below the 48 kDa marker in lanes
containing neutrophil samples but only in blots that were cut low enough (Fig. 4.3B and C). For
reference this band can be properly observed when the blot was not cut and XIAP was stained
red (Fig. 4.4B) and this size of a XIAP fragment has been observed in other studies [303, 304].
Seven days after isolation, the same samples from Figure 4.3B were then run at five times the
normal protein concentration and again no intact XIAP protein was detected in the neutrophil
samples, however, the 48 kDa fragment was slightly easier to observe (Fig. 4.3C). Furthermore,
degraded GAPDH (housekeeping protein usually at 35 kDa) was detected in the neutrophil
samples but not the HeLa cells and was observed as two bands approximately 25 kDa and
11kDa, but only in the samples ran at a higher concentration and a later time point (Fig. 4.3C).
Neutrophils from a control volunteer were then stimulated in the same manner as the HeLa cell
positive control (e.g., calyculin A, okadaic acid) in an effort to generate a positive control
neutrophil sample (N+). Western blot of this N+ sample resulted in detectable XIAP protein at
the proper 56 kDa when tested 27 days after isolation (Fig. 4.3D); however, the XIAP protein at
56 kDa was not detectable when tested 55 days later (82 days after isolation) where again there
was a band for the 48 kDa XIAP fragment (Fig. 4.3E).
For verification, XIAP protein was evaluated in the unstimulated HeLa cells and a CF
neutrophil sample (sample C14) using a different staining methodology which incorporated
detection through horseradish peroxidase (HRP) (Fig. 4.4A). The intact 56 kDa XIAP protein
was strongly detected in the HeLa cells, but in the 105 day old C14 neutrophil sample bands in
the 56 kDa region were extremely faint, with possible visualisation of a band for XIAP slightly
lower (approximately 50 kDa). An alternative primary antibody was then used so that XIAP
protein could be detected in the red (694 nm) channel and be multiplexed with the detection of
GAPDH in the green (795 nm) channel thus removing the need for cutting the blot, for separate
staining, and allowing detection of XIAP over the entire blot (Fig. 4.4B). Our results from this
indicated that XIAP was likely cleaved or partially degraded in the two control and three CF
circulating neutrophil samples seen in Figure 4.4B as the presence of a 48 kDa XIAP fragment
(red band in neutrophil samples). Quantitative comparative analysis (normalised to GAPDH)
was performed for the 48 kDa XIAP fragment, and this revealed a numerically greater mean
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Figure 4.4: Detection, quantification and comparison of a 48 kDa XIAP fragment in
circulating neutrophil cell lysates from CF and control volunteers
Circulating neutrophil sample cell lysates from volunteers, with and without CF, were evaluated
for detection of XIAP protein using two different staining methods for western blotting. A:
Horseradish peroxidase (HRP) secondary antibody was used for the detection of XIAP protein
in the unstimulated HeLa cells (H-) and the CF neutrophil sample C14 that was isolated 105
days earlier (XIAP full protein 56 kDa). B: An alternate primary antibody was used to detect
XIAP protein so that it could be imaged at the 694 nm channel (red) with a different secondary
fluorescent antibody, while detection of the housekeeping protein GAPDH remained imaged at
the 795 nm channel (green). XIAP 48, 48 kDa XIAP fragment (red band). Samples included two
control neutrophil samples (N3B, N1B), three CF neutrophil samples (C14, C5B, C6B), and a
stimulated HeLa cell (H+) sample. C: Comparison between CF and control samples for the
quantified 48 kDa XIAP fragment normalised to GAPDH (XIAP 48 kDa Signal Normalised).
Due to insufficient sample size we refrained from statistical analysis of these results.
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signal value in the CF neutrophil samples (mean = 28,233) versus the control neutrophil samples
(mean = 0,700); however, due to insufficient sample size we refrained from statistical analysis
of these results (Fig. 4.4C). Using this method we also observed detection of the full 56 kDa
XIAP protein in the stimulated HeLa cell positive control along with a 63 kDa band (Fig. 4.4B).
The red band at approximately 63 kDa in Figure 4.5A (and other western blots) indicated
that phosphorylated XIAP S87 may have been detected at this higher than expected molecular
weight. Detection of XIAP at a higher than expected molecular weight can be observed in other
studies [303, 304], where it has been suggested to be non-specific. That said, the culmination of
this previously reported data [303, 304] along with the findings in this study, would actually
indicate that this band is specific for XIAP and therefore specific for XIAP S87 (further
information in discussion [Ch. 4.5]). Although the neutrophil samples did not have XIAP
protein detected at 63 kDa (only XIAP S87), a band for XIAP protein was observed at 63 kDa in
the stimulated HeLa cell samples (H+) from previous blots (Fig. 4.3A, 4.4B). Furthermore the
HeLa cells stimulated for increased Phosphorylated of XIAP S87 (H+) had observably more of
this 63 kDa XIAP S87 than the unstimulated HeLa cells (H-) (Fig. 4.5A). Upon quantification of
this 63 kDa XIAP S87 in the neutrophil samples of Figure 4.5A, there appeared to be no
difference between the CF and control groups, but due to insufficient sample size we refrained
from statistical analysis of these results. The quantitative values for the 48 kDa XIAP fragment
of Figure 4.4B and the 63 kDa phosphorylated XIAP S87 of Figure 4.5A were compared along
with all other experimental factors and variables from CF medical chart data. Any factors or
variables with observable associations to these XIAP-related values are presented in Table 4.1.
Possible biological relevance of these associations along with possible clinical significance is
addressed in the discussion (Ch. 4.5). The two CF samples (C14 and C6B) with increased
detection of the 48 kDa XIAP fragment also had increased detection of the 63 kDa
phosphorylated XIAP S87. Samples C14 and C6B had increased concentrations of plasma GCSF, CXCL1, and endotoxin and both samples were from volunteers with AZLI+ and S.
aureus- status, while the C5B CF sample, with lower detection of the 48 kDa and 63 kDa bands,
had undetectable levels of plasma G-CSF, CXCL1, and endotoxin and was from a volunteer
with AZLI+ and S. aureus+ status. With only two samples, results for the control volunteers
were difficult to gain insight from, but it is possible that lower detection of the 48 kDa and
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Figure 4.5: Detection, quantification, and comparison of a 63 kDa band with the
phosphorylated XIAP S87 antibody in circulating neutrophil cell lysates from CF and
control volunteers
Western blotting methodology was used to detect phosphorylated XIAP S87 protein (imaged at
the 694 nm channel [red]) as well as XIAP protein and the housekeeping protein GAPDH (both
imaged at the 795 nm channel [green]). A: Detection in samples from CF neutrophils (C14,
C6B, and C5B) and control neutrophils (N3B and N1B) along with stimulated (H+) and
unstimulated (H-) HeLa cell samples where phosphorylated XIAP S87 was detected at 63 kDa
(XIAP 63) for all samples and at the expected 56 kDa (XIAP) in the H+ sample. B: Comparison
between CF and control samples for the quantified 63 kDa phosphorylated XIAP S87 band
normalised to GAPDH (Phosphorylated XIAP Signal Normalised). Due to insufficient sample
size we refrained from statistical analysis of these results.
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Table 4.1: Comparison of 48 kDa XIAP fragme nt levels and 63 kDa XIAP S87 levels in neutrophils
from CF and control volunteers with circulating neutrophil numbers, plasma G-CSF and CXCL1
concentrations, plasma endotoxin levels, antibiotic status, and sputum microbiology

Name, samples from CF (C5B, C14, C6B) and control (N3B, N1B) volunteers; XIAP 48 kDa, 48 kDa XIAP fragment
quantified values; XIAP S87, 63 kDa phosphorylated XIAP S87 quantified values; Neutrophils, circulating neutrophils
isolated/ml blood; Plasma: G-CSF (pg/ml), CXCL1 (pg/ml), and Endotoxin (EU/ml) levels where n/d, not detected;
AZLI, S.au. (S. aureus), Cipro (ciprofloxacin), and Fungus (Aspergillus fumigatus and Cladosporium sp.) status where -,
not included in antibiotic regimen or not detected in sputum and +, included in antibiotic regimen or detected in sputum.
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63 kDa bands may have been linked to increased endotoxin and CXCL1 levels, which would
contrast with that observed for the CF samples. We did not observe associations between
detection levels of the 48 kDa XIAP fragment or the 63 kDa XIAP S87 and any other variables
from medical chart data (e.g., Age, FEV1 %, FVC %, FEV1/FVC, SpO2, sex, AZM, inhaled
tobramycin, P. aeruginosa, A. xylosoxidans, fungus) or any other previously investigated factors
(e.g., VEGF, GM-CSF, CXCL5, CXCL8, mRNA).

4.4.3. Numbers of circulating neutrophils isolated/ml blood from CF and control samples
In CF circulating neutrophils have decreased levels of apoptosis [1, 139]. In addition,
increased neutrophil numbers have previously been reported in the blood of volunteers with CF
when compared to controls [34, 153, 154]. Therefore we calculated the number of circulating
neutrophil that were isolated within a millilitre of blood in relation to the CF and control samples
collected from volunteers. The numbers of neutrophils isolated from blood samples (i.e.,
neutrophil numbers) for each of the 22 volunteers with CF had a mean value of 2.2x106
neutrophils isolated/ml of blood (neutrophils/ml) which was significantly (p ≤ 0.01) increased
compared to the 10 control volunteers mean value of 1.0x106 neutrophils/ml (Fig. 4.6A).There
was also a significant (p ≤ 0.001) increase in neutrophil numbers when including replicate
samples in the analysis (30 CF samples and 21 control samples from the 22 volunteers with CF
and the 10 control volunteers respectively) (Fig. A9.6).
Based on data from the analysis of circulating neutrophil numbers presented in Figure
4.6A, neutrophil numbers for volunteers with CF were assessed across all categorical variables
obtained from medical chart data (Table 3.1) and all of these comparisons are presented in Figure
4.6B-I with the exception of A. xylosoxidans, as only three volunteers were A. xylosoxidans+ and
there was no statistical significance or observable association with neutrophil numbers. Possible
biological relevance of these associations along with possible clinical significance is addressed in
the discussion (Ch. 4.5). Stratification based on AZLI status was associated with the largest
difference in CF neutrophil numbers where the eight samples from the AZLI+ volunteers were
significantly (p ≤ 0.01) increased compared to the 12 samples from the AZLI- volunteers
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Figure 4.6: Comparison of circulating neutrophil numbe rs in the CF and control groups,
with consideration within the CF group for antibiotic use, sputum microbiology, and sex
Blood samples from volunteers, with and without CF, were quantified for the number of
circulating neutrophils isolated/ml of blood (Neutrophils isolated/ml blood). A: Comparison of
circulating neutrophil numbers in the CF and controls groups. B-I: Circulating neutrophil
numbers were then compared within the CF group when stratified based on variables abstracted
from medical charts. For these comparisons the CF group was stratified based on B: AZLI
therapy (AZLI-, AZLI+), C: AZM therapy (AZM-, AZM+), D: Inhaled tobramycin therapy (IT, IT+), E: Ciprofloxacin therapy (Cipro-, Cipro+), F: Sputum S. aureus status (S.au.-, S.au.+),
G: Sputum P. aeruginosa status (P.ae.-, P.ae.+), H: Sputum Aspergillus fumigatus or
Cladosporium sp. Status (Fungus-, Fungus+), and I: Sex (Male, Female). No statistical
significance (p ≤ 0.05) is indicated by n.s. (not significant).
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(Fig. 4.6B). Stratification based on AZM status may have accounted for a modest amount of
difference in neutrophil numbers, where the mean value for the seven samples from AZM+
volunteers (mean = 2.6x106 neutrophils/ml) was numerically greater than the mean value for the
13 samples from AZM- volunteers (mean = 2.2x106 neutrophils/ml), but this was not statistically
significant (p = 0.097) (Fig. 4.6C). When analysed by themselves, none of the other variables
investigated (e.g., inhaled tobramycin, ciprofloxacin, S. aureus, P. aeruginosa, fungus, sex)
directly contributed in a statistically significant or observable way to the variance observed in CF
neutrophil numbers (Fig. 4.6D-I).
CF-related differences in neutrophil numbers were also assessed among volunteers
stratified on a combined basis of different antibiotic use and bacterial colonization where all
resultant statistically significant associations, along with some comparisons identified to be of
possible interest that were not statistically significant, are presented in Figure 4.7A-D and
A9.7A-I. Stratification of CF samples based on volunteer status of both S. aureus and AZLI
appeared to be associated with the largest differences in neutrophil numbers. Among those
volunteers who were AZLI- , there was a significant (p ≤ 0.05) increase in circulating neutrophil
numbers for the five samples from the S. aureus- volunteers when compared to the seven
samples from the S. aureus+ volunteers (Fig. 4.7A) that was not detected among volunteers who
were AZLI+ (Fig. A9.7G). In addition, among those volunteers who were S. aureus+, there was
a significant (p ≤ 0.01) increase in neutrophil numbers for the five samples from the AZLI+
volunteers when compared to the seven samples from the AZLI- volunteers (Fig. 4.7B) that was
not detected among volunteers who were S. aureus- (Fig. A9.7G). Stratification based on AZM
and S. aureus status or AZM and P. aeruginosa status indicated a possible association between
AZM status and neutrophil numbers (Fig. 4.7C-D). Among those volunteers who were S. aureus, the mean value for the three samples from AZM+ volunteers (mean = 3.0x10 6 neutrophils/ml)
was numerically greater than the mean value for the five samples from AZM- volunteers (mean
= 2.0x106 neutrophils/ml), and although this was not statistically significant (p = 0.071) (Fig.
4.7C), similar differences were not observed among volunteers who were S. aureus+ (Fig.
A9.7H). Among those volunteers who were P. aeruginosa+, there was a significant (p ≤ 0.05)
increase in neutrophil numbers for the five samples from AZM+ volunteers when compared to
the nine samples from AZM- volunteers (Fig. 4.7D) that was not detected among volunteers who
were P. aeruginosa- (Fig. A9.7I). Of possible related interest, although the Fisher’s exact test for
111

Figure 4.7: Comparison of circulating neutrophil numbe rs within the CF group, with
consideration for combinations of antibiotic use and sputum bacteria within the CF group
Circulating neutrophils isolated/ml of blood (Neutrophils isolated/ml blood) were compared
within the CF group when stratified based on the combination of two variables abstracted from
medical charts. A-B: Stratification of volunteers with CF based on AZLI therapy (AZLI-,
AZLI+) and sputum S. aureus status (S.au.-, S.au.+). A: Comparison of circulating neutrophil
numbers among volunteers who were not on AZLI therapy and who were further stratified based
on sputum S. aureus status. B: Comparison of circulating neutrophil numbers among volunteers
who had S. aureus in their sputum and who were further stratified based on AZLI therapy. C:
Comparison of circulating neutrophil numbers among volunteers who did not have S. aureus in
their sputum and who were further stratified based on AZM therapy (AZM-, AZM+) D:
Comparison of circulating neutrophil numbers among volunteers who had P. aeruginosa in their
sputum (P.ae.+) and who were further stratified based on AZM therapy. No statistical
significance (p ≤ 0.05) is indicated by n.s. (not significant).
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association between S. aureus and P. aeruginosa was not statistically significant (p = 0.325),
seven of the eight volunteers that were S. aureus- were also P. aeruginosa+. Comparison of CF
neutrophil numbers based on initial stratification by volunteer AZLI status was also analysed in
combination with all other categorical variables from medical chart data (e.g., AZM, P.
aeruginosa, inhaled tobramycin, ciprofloxacin, fungus, sex) (Fig. A9.7A-F) where in each
comparison samples from volunteers with AZLI+ status were always associated with an
observable increase in mean neutrophil numbers when compared to the corresponding samples
from AZLI- volunteers. We did not detect any other statistically significant associations between
neutrophil numbers and combinations of two categorical variables from medical chart data (e.g.,
sex, AZM, inhaled tobramycin, ciprofloxacin, S. aureus, P. aeruginosa, A. xylosoxidans,
fungus).
Table 4.2 displays results for the best multiple linear regression model we calculated
when comparing CF circulating neutrophil numbers to all the medical chart data categories (i.e.,
variables) previously mentioned. For this, categories for AZLI and S. aureus status were
combined into one variable set due to probable interaction between associations observed in
Figure 4.7A and 4.7B. Dummy variables were then created and used for the multiple linear
regression model where S. aureus+/AZLI- was used as the comparator. This analysis identified a
collective significant (F(3, 16) = 6.72, p = .004, R2 = .56) association where the combined
interaction of AZLI and S. aureus status accounted for 56% of the variance seen in CF
circulating neutrophil numbers. In addition, evaluation of Beta coefficients (Table A9.1) and
evaluation of residuals (Fig. A9.8) supported these results.
Several of our volunteers donated blood samples more than once which allowed us to
observe changes in circulating neutrophil numbers for a single individual between the two
different times they volunteered. For this evaluation we were able to include comparisons within
these matched samples for control volunteers, volunteers with CF who had an AZLI- status both
times they volunteered, and volunteers with CF who transitioned from AZLI- status to AZLI+
(Fig. 4.8) which was of possible interest from the earlier information on the association between
AZLI status and neutrophil numbers (Fig. 4.6B). When looking at these matched samples from
volunteers with CF, the addition of AZLI to the antibiotic regimens of those volunteers who were
previously AZLI- was associated with a substantial and uniform increase in circulating
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Table 4.2: Multiple regression analysis for circulating neutrophil numbers in
association with sputum S. aureus status and AZLI therapy within the CF group

Interaction for S. aureus x AZLI was accounted for through the creation of dummy variables
where the S. aureus+/AZLI+, S. aureus-/AZLI+, and S. aureus-/AZLI- groups were used as
predictors while the S. aureus+/AZLI- group was designated as the comparator.
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Figure 4.8: Comparison of circulating neutrophil numbe rs in matched samples from CF
and control volunteers, with consideration for changes in AZLI therapy within the CF
volunteers
Circulating neutrophils isolated/ml of blood (Neutrophils isolated/ml blood) from matched (i.e.,
dependant) samples were from individuals, with and without CF, who volunteered blood
samples more than once. Three groups were separately evaluated and changes in circulating
neutrophil numbers were compared within the matched samples. This included five control
volunteers, three volunteers with CF who had an antibiotic regimen that did not include AZLI at
both times they volunteered (AZLI-/AZLI-), and three volunteers with CF who transitioned
from an antibiotic regiment that did not include AZLI (when they first volunteered) onto an
antibiotic regimen that included AZLI (the second time they volunteered) (AZLI-/AZLI+). No
statistical significance (p ≤ 0.05) is indicated by n.s. (not significant).
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neutrophil numbers for each volunteer (mean change = 1.4x10 6 neutrophils/ml [p = 0.109]). Due
to the small sample size (n = 3), p = 0.109 was the lowest achievable p value, but all three
volunteers had numerically greater neutrophil numbers associated with starting an antibiotic
regimen that contained AZLI. Similar results were not observed among the volunteers with CF
who had AZLI- status both times they volunteered, where neutrophil numbers were modestly
numerically greater for two volunteers and modestly numerically smaller for one volunteer
(mean change = 5.1x105 neutrophils/ml [p = 0.29]). In comparison the changes observed for each
of the control volunteers were relatively small (< 5.8x10 5 neutrophils/ml) where numerically
there was a minor net decrease in neutrophil numbers and sample size was large enough to
determine this was not significant (mean change = -4.3x103 neutrophils/ml [p = 0.89]).

4.4.4. Factors associated with changes in lung function
Results from lung function testing provide a good indication of pulmonary disease
progression in CF [76, 77] with physiological connections and previously reported relationships
existing between different parameters of lung function [81, 82]. Furthermore, neutrophil- related
responses and inflammation have been indicated to negatively influence parameter s of lung
function in CF [38]. Therefore lung function testing, abstracted from CF medical chart data
(e.g., FEV1 %, FVC %, and SpO2 ), was subjected to correlation analysis among the different
parameters and against circulating neutrophil numbers to investigate any possible association
between neutrophil numbers and pulmonary disease in our study. For the volunteers with CF in
this study parameters of lung function displayed significant strong positive correlations with
each other (for each, r(18) > .70 and p < .001) (Fig. 4.9A-B). Furthermore, we observed that
circulating neutrophil numbers were significantly moderately negatively correlated with FEV1
% (r(18) = -.52, p = .019), FVC % (r(18) = -.55, p = .012), and SpO 2 (r(18) = -.57, p = .008)
(Fig. 4.9C-E).
Because volunteer status of AZLI and S. aureus best explained the variance in circulating
neutrophil numbers for our volunteers with CF (Table 4.2) and these neutrophil numbers were
significantly correlated to lung function (e.g., FEV1 % , FVC %, SpO 2 ), we wanted to see if
AZLI and S. aureus status for our volunteers with CF were also associated with lung function.
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Figure 4.9: Correlation between different parameters of lung function and circulating
neutrophil numbers within the CF group
For the volunteers with CF, three different parameters of lung function were abstracted from
medical charts and evaluated for correlations with each other. Circulating neutrophils
isolated/ml of blood (Neutrophils isolated/ml blood) were also evaluated for correlations with
these parameters of lung function. A: Correlation between FEV1 % values and SpO 2 levels
within the CF group. B: Correlation between FVC % values and SpO 2 levels within the CF
group. C: Correlation between FEV1 % values and circulating neutrophil numbers within the
CF group. D: Correlation between FVC % values and circulating neutrophil numbers within the
CF group. E: Correlation between SpO 2 levels and circulating neutrophil numbers within the CF
group.
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We detected that the mean FEV1 % value for the AZLI- volunteers with CF (mean = 63.0 %)
was numerically greater versus the AZLI+ volunteers (mean = 42.3 %); however, this was not
found to be statistically significant (p = 0.057) (Fig. 4.10A). Among those volunteers who were
S. aureus+, however, we did observe that increased FEV1 % values were significantly (p ≤
0.05) associated with the AZLI- volunteers versus the AZLI+ volunteers, but this was not
detected among volunteers who were S. aureus- (Fig. 4.10B). Increased FVC % values were
significantly (p ≤ 0.05) associated with the AZLI- volunteers versus the AZLI+ volunteers (Fig.
4.10C). Among those volunteers who were S. aureus+, increased FVC % values were also
significantly (p ≤ 0.05) associated with the AZLI- volunteers versus the AZLI+ volunteers, but
this was not detected among volunteers who were S. aureus- (Fig. 4.10D). In addition, among
those volunteers who were AZLI-, increased FVC % values were significantly (p ≤ 0.05)
associated with the S. aureus+ volunteers versus the S. aureus- volunteers (Fig. 4.10D).
Increased SpO 2 levels were also observed to be significantly (p ≤ 0.05) associated with the
AZLI- volunteers versus the AZLI+ volunteers (Fig. 4.10E). Among those volunteers who were
S. aureus+, we also observed a significant (p ≤ 0.05) increase in SpO 2 levels that was associated
with the AZLI- volunteers versus the AZLI+ volunteers, but this again was not detected among
volunteers who were S. aureus- (Fig. 4.10F).
We also investigated if there were any differential alterations with the correlations
between circulating neutrophil numbers and lung function (e.g., FEV1 %, FVC %, SpO 2 ) in
volunteers with CF when stratified by categorical variables (e.g., antibiotic use, sputum bacteria,
sex) from medical chart data (Table 3.1). Stratification based on most of these categorical
variables provided results which represented the original (i.e., not stratified) negative
correlations between neutrophil numbers and lung function, while a few of these variables were
associated with alteration of these correlations. Although these altered correlations were
significant, the effect was sporadic across different parameters of lung function. Volunteer AZM
and ciprofloxacin status, however, was observed to have uniform associations across these
different parameters of lung function and appeared to be the most significant overall (Fig. 4.11).
Where previously a significant moderate negative correlation between neutrophil numbers and
lung function was observed for samples from the volunteers with CF (Fig. 4.9C-E), among
samples from those volunteers who were AZM- this association with neutrophil numbers was
observed as a significant strong negative correlation for FEV1 % (r(11) = -.79, p = .001),
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Figure 4.10: Comparison of lung function values, with consideration for AZLI therapy and
sputum S. aureus status within the CF group
Three different parameters of lung function were compared within the CF group when stratified
based on variables abstracted from medical charts. These comparisons were stratified based on
AZLI therapy (AZLI-, AZLI+) and additional comparisons were further stratified based on
sputum S. aureus status (S.au.-, S.au.+). A: Comparison of FEV1 % values for volunteers with
CF stratified based on AZLI therapy. B: Comparison as in panel A but further stratified based
on sputum S. aureus status. C: Comparison of FVC % values for volunteers with CF stratified
based on AZLI therapy. D: Comparison as in panel C but further stratified based on sputum S.
aureus status. E: Comparison of SpO 2 levels for volunteers with CF stratified based on AZLI
therapy. F: Comparison as in panel E but further stratified based on sputum S. aureus status. No
statistical significance (p ≤ 0.05) is indicated by n.s. (not significant).
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Figure 4.11: Correlation between of lung function values and circulating neutrophil
numbers, with conside ration for AZM and ciprofloxacin therapy within the CF group
Circulating neutrophils isolated/ml of blood (Neutrophils isolated/ml blood) were evaluated for
correlations with three different parameters of lung function. These correlations were evaluated
within the CF group when stratified based on variables ab stracted from medical charts. A:
Correlation between FEV1 % values and circulating neutrophil numbers among volunteers with
CF stratified based on AZM therapy (AZM-, AZM+). B: Correlation between FVC % values
and circulating neutrophil numbers among volunteers with CF stratified based on AZM therapy.
C: Correlation between SpO 2 levels and circulating neutrophil numbers among volunteers with
CF stratified based on AZM therapy. D: Correlation between FEV1 % values and circulating
neutrophil numbers among volunteers with CF who were not on ciprofloxacin therapy (Cipro
Negative CF) and who were further stratified based on AZM therapy. E: Correlation between
FVC % values and circulating neutrophil numbers among volunteers with CF who were not on
ciprofloxacin therapy and who were further stratified based on AZM therapy. F: Correlation
between SpO 2 levels and circulating neutrophil numbers among volunteers with CF who were
not on ciprofloxacin therapy and who were further stratified based on AZM therapy. No
statistical significance (p ≤ 0.05) is indicated by n.s. (not significant).

123

FVC % (r(11) = -.81, p < .001), and SpO 2 (r(11) = -.84, p < .001) (Fig. 4.11A-C respectively)
and was not observed among volunteers who were AZM+, where in contrast all correlation
coefficients were observed to be positive. Further alteration of this association was observed
when volunteers were stratified by both ciprofloxacin and AZM status. Among those volunteers
who were Cipro-, the samples from AZM- volunteers retained a significant strong negative
correlation between neutrophil numbers and parameters of lung function (r(7) < -.80, p < .01),
while samples from the AZM+ volunteers now displayed a strong positive correlation that
trended toward significance for FEV1 % (r(2) = .95, p = .051) and was significant for FVC %
(r(2) = 1.00, p < .001) and SpO 2 (r(2) = 1.00, p < .001) (Fig. 4.11D-F respectively). These
significant differential alterations of the correlations between neutrophil numbers and lung
function were not observed among volunteers who were Cipro+ (data not shown). Upon further
investigation, volunteers with CF who were Cipro- were significantly (p ≤ 0.05) younger (mean
= 26 years, range = 18-53 years) than those who were Cipro+ (mean = 34 years, range = 23-49
years) (Fig. A9.9).

4.4.5. Circulating neutrophil numbe rs and G-CSF plas ma concentrations
G-CSF can induce the release of neutrophils from the bone marrow [111] and has well
known stimulatory effects on neutrophils [124] therefore we performed correlation analysis
between plasma G-CSF concentrations and circulating neutrophil numbers. We observed that CF
neutrophil numbers trended toward a significant positive correlation with plasma G-CSF
concentrations (r(19) = .41, p = .063) when analysing samples for each of the 21 volunteers with
CF (Fig. 4.12A). However, when including replicate samples from individuals who volunteered
more than once (25 CF samples from the 21 volunteers with CF), we did observe a significant
positive correlation (r(23) = .40, p = .045) (Fig. 4.12B) between neutrophil numbers and plasma
G-CSF concentrations. No correlation was detected between neutrophil numbers and G-CSF
concentrations for the control volunteers (data not shown). Based on data from the correlation
analysis of neutrophil numbers with plasma G-CSF concentrations presented in Figure 4.12A,
when samples were stratified by volunteer ciprofloxacin status, there was a significant strong
positive correlation for samples from the volunteers who were Cipro+ (r(5) = .86, p = .014)
which was not detected for volunteers who were Cipro- (r(11) = .21, p = .481) (Fig. 4.12C).
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Figure 4.12: Correlation between
circulating neutrophil numbers and plasma
G-CSF concentrations, with conside ration
for ciprofloxacin the rapy in the CF group
For the CF group, circulating neutrophils
isolated/ml of blood (Neutrophils isolated/ml
blood) were evaluated for correlation with
plasma G-CSF concentrations. This
correlation was also evaluated within the CF
group when stratified based on ciprofloxacin
therapy (Cipro-, Cipro+). A: Correlation
between plasma G-CSF concentrations and
circulating neutrophil numbers for the CF
group. B: Correlation as in panel A but with
inclusion of replicate samples collected from
the volunteers with CF. C: Correlation as in
panel A but among volunteers with CF
stratified based on ciprofloxacin therapy. No
statistical significance (p ≤ 0.05) is indicated
by n.s. (not significant).
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There were no statistically significant differential alterations in the correlation between
neutrophil numbers and plasma G-CSF concentrations when samples were stratified based on
any other variables abstracted from medical charts (e.g., sex, AZLI, AZM, inhaled tobramycin,
S. aureus, P. aeruginosa, A. xylosoxidans, fungus).

4.4.6. Circulating neutrophil numbe rs and CXCL1 plas ma concentrations
Circulating neutrophil numbers did not correlate with plasma CXCL1 concentrations
when analysing the samples for each of the 21 volunteers with CF (Fig. 4.13A). This observation
held even when including replicate samples from individuals who volunteered more than once
(25 CF samples from the 21 volunteers with CF) (Fig. 4.13B). Samples from control volunteers
also displayed no correlation between neutrophil numbers and CXCL1 concentrations (data not
shown). Furthermore, we did not detect statistically significant correlations between neutrophil
numbers and plasma CXCL1 concentrations when volunteers were stratified by any of the
categorical variables abstracted from medical charts (e.g., sex, AZLI, AZM, inhaled tobramycin,
ciprofloxacin, S. aureus, P. aeruginosa, A. xylosoxidans, fungus).

4.4.7. Circulating neutrophil numbe rs compared to plas ma endotoxin levels and
plas ma CXCL8 concentrations
Plasma endotoxin levels were previously investigated due to the link between pulmonary
issues and bacterial infection [11] while endotoxin itself has the known capacity to stimulate
neutrophils [111] and cause release of neutrophils from bone marrow [137]. Therefore
circulating neutrophil numbers were compared to these previously determined plasma endotoxin
levels. We observed that neutrophil numbers had a significant moderate positive correlation
with plasma endotoxin levels (r(19) = .52, p = .017) when analysing the samples for each of the
21 volunteers with CF (Fig. 4.14A); however, when including replicate samples from
individuals who volunteered more than once (25 CF samples from the 21 volunteers with CF)
this association only trended toward statistical significance (r(23) = .38, p = 0.061) (Fig. 4.14B).
Correlation between neutrophil numbers and plasma endotoxin levels was not detected for the
126

Figure 4.13: Correlation between circulating neutrophil numbe rs and plas ma CXCL1
concentrations within the CF group
For the CF group, circulating neutrophils isolated/ml of blood (Neutrophils isolated/ml blood)
were evaluated for correlation with plasma CXCL1 concentrations. A: Correlation between
plasma CXCL1 concentrations and circulating neutrophil numbers for the CF group. B:
Correlation as in panel A but with inclusion of replicate samples collected from the volunteers
with CF. No statistical significance (p ≤ 0.05) is indicated by n.s. (not significant).
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Figure 4.14: Correlation between circulating
neutrophil numbers, plasma endotoxin
levels, and plasma CXCL8 concentrations
within the CF group
For the volunteers with CF, circulating
neutrophils isolated/ml of blood (Neutrophils
isolated/ml blood) were evaluated for
correlation with plasma endotoxin levels and
plasma CXCL8 concentrations. A: Correlation
between plasma endotoxin levels and
circulating neutrophil numbers for the CF
group. B: Correlation as in panel A but with
inclusion of replicate samples collected from
the volunteers with CF. C: Correlation between
plasma CXCL8 concentrations and circulating
neutrophil numbers for volunteers with CF. No
statistical significance (p ≤ 0.05) is indicated by
n.s. (not significant).
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control volunteers (data not shown). Based on data from the correlation analysis of neutrophil
numbers with plasma endotoxin levels presented in Figure 4.14A, the only categorical variable
from medical chart data that may have been associated with this correlation was AZLI status.
The three samples with the numerically greatest neutrophil numbers also contained detectable
levels of endotoxin (Fig. 4.14A) and were from AZLI+ volunteers (Fig. 4.6B). We did not,
however, detect statistically significant differential alterations in the correlation between
neutrophil numbers and plasma endotoxin levels when samples were stratified by categorical
variables abstracted from medical charts (e.g., sex, AZLI, AZM, inhaled tobramycin,
ciprofloxacin, S. aureus, P. aeruginosa, A. xylosoxidans, fungus).
Other previously investigated factors displayed possible associations with circulating
neutrophil numbers, but limited sample size hindered the insight that could be gained from these
comparisons. Plasma CXCL8 values, previously mentioned (Fig. 3.3A), may have had an
association with neutrophil numbers in CF samples (r(4) = .77, p = .103), where a strong
positive correlation coefficient was observed but the correlation was not statistically significant
(Fig. 4.14C). The CF sample previously observed (Fig. 3.2A) to have a slightly numerically
greater plasma VEGF concentration (50.2 pg/ml) and detectable levels of plasma G-CSF and
CXCL1 (Ch. 3.4.5) also had numerically greater circulating neutrophil numbers (1.5x106
neutrophils/ml) when compared to the CF sample with a numerically smaller plasma VEGF
concentration (42.9 pg/ml) and undetectable plasma G-CSF and CXCL1 levels as well as
relatively (i.e., compared to all volunteers with CF) low neutrophil numbers (7.0x105
neutrophils/ml). Finally, although it is difficult to gain any insight from the following results due
to the observations being represented by a single volunteer; the CF sample C17, which was
previously mentioned to have relatively high (i.e., compared to the other volunteers with CF)
cytokine concentrations (e.g., GM-CSF, CXCL5, CXCL8, G-CSF, CXCL1) and was evaluated
with mass spectrometry (Fig. 3.2B, C, 3.3A, 3.6A, 3.8A, Table 3.2, and 3.3 respectively), was
observed to have relatively mid-range neutrophil numbers (2.0x106 neutrophils/ml) relative to
all other volunteers with CF. Sample C17, however, did have numerically greater neutrophil
numbers when only compared to the samples tested for GM-CSF, CXCL5, and CXCL8, as these
samples actually had relatively low to moderate neutrophil numbers (6.6x105 to 2.0x106
neutrophils/ml). As previously mentioned, the sample C17 was from a volunteer with S. aureus, AZLI+, and A. xylosoxidans+ status.
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4.5. DISCUSSION
To summarise our main findings, it was identified that XIAP protein may have been
increased in CF circulating neutrophils. In addition, numerically greater XIAP levels appeared to
coincide with numerically greater levels of phosphorylated XIAP S87, which in turn may have
coincided with detectable levels of plasma G-CSF, endotoxin, and CXCL1 as well as volunteers
who were both ciprofloxacin positive and S. aureus negative. Plasma G-CSF concentrations had
a significant positive correlation with the numbers of circulating neutrophils isolated/ml blood
(i.e., neutrophil numbers), but only for volunteers that were ciprofloxacin positive or when
replicate samples were included in analysis. Plasma endotoxin levels were also positively
correlated with neutrophil numbers. Furthermore, volunteer AZLI and S. aureus status were
associated with both neutrophil numbers and parameters of lung function, where volunteers who
were AZLI positive were associated with significant increases in both neutrophil numbers and
lung function. Also as expected, neutrophil numbers from our volunteers with CF displayed
moderate negative correlations with parameters of lung function. Upon further investigation of
these associations, stratifying volunteers based on AZM and ciprofloxacin status revealed strong
negative correlations between neutrophil numbers and parameters of lung function for the
volunteers who were AZM negative, while the AZM-positive volunteers displayed positive
correlations, but only among those who were ciprofloxacin negative.
CF plasma has been implicated in decreased CF neutrophil apoptosis [139]. Our earlier
investigations indicated that plasma concentrations of G-CSF and CXCL1 were positively
correlated with each other, and while G-CSF concentrations were positively correlated with
plasma endotoxin levels, CXCL1 concentrations were positively correlated with endotoxin levels
only among volunteers who were ciprofloxacin positive (Ch. 3). Furthermore, the CF group
trended toward significantly increased plasma concentrations of G-CSF (p = 0.13) and CXCL1 (p
= 0.088) when compared to the control group, and considerable variation of these cytokines was
detected within the CF group (Ch. 3). It has also been previously reported that individuals with
CF display increased numbers of circulating neutrophils, with variance in numbers from
equivalent to high when compared to controls [34, 153, 154]. These inferences, along with the
possibility that reduced neutrophil apoptosis is in some way related to increased circulating
neutrophils numbers in volunteers with CF [1, 52, 139], led us to hypothesise that the variance
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we detected in plasma G-CSF, CXCL1, and endotoxin would also be connected to variance in
neutrophil numbers in CF.
In general, it is possible to find biologically or clinically important information from
analyses even when results are not statistically significant. In a study like this with small sample
sizes and many variables to account for (i.e., high dimensionality), relying strictly on the p value
and ignoring results or analyses just because they are not p ≤ 0.05 would have resulted in missing
a considerable amount of valuable information. Instead it was important to look at the
distribution of the data within the scatter plots and observe how the data grouped, especially
where p < 0.10 or small samples size limited the power of statistical analysis. The way in which
important information may be gained from these results is discussed in the related sections of the
discussion below. These discussion points will argue for the importance of information in
specific results that were not statistically significant and indicate that they are actually
informative on some appreciable level (e.g., significance observed when replicate samples were
used, difference in number of samples above a detection limit). Where sound arguments could be
made that useful information actually did exist, the results were then referred to in this document
as trending (i.e., trended toward a significant difference or correlation) rather than significant.
That said, because these results were not statistically significant, the insights that can be gained
from them are limited, and as such rely heavily on biological relationships that are well
established in the literature.
Our findings when evaluating the circulating neutrophils isolated from volunteers with
CF revealed very modest insights for mRNA expression levels of neutrophil- related mediators.
Most of the differences identified for these expression levels proved relatively moderate in the
face of the low numbers of samples available for analysis. For CXCR1 and CXCL8 expression,
when comparing the CF and control neutrophil samples, we refrained from statistical analysis
due to insufficient sample size. Nonetheless, the CF group mean value was numerically smaller
than the control group mean value for both CXCR1 and CXCL8 indicating that both of these
may have been decreased in the CF versus control neutrophil samples. When comparing the
matched tests for CXCR1/CXCR2 antagonism in the CF samples, the sample size (n = 3) for this
assay was too small to achieve statistical significance. The p value of 0.109, however, was the
lowest achievable p value for this sample size when using the Wilcoxon signed rank test.
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Therefore, there was a higher probability the results observed correctly indicated a true
difference compared to the lower probability that these results happened by chance. When
further contemplating these results, it was interesting to observe that CXCR1 and CXCL8
expression may have been decreased in the CF versus control neutrophil samples considering the
known link these proteins have with inflammation and neutrophil recruitment [305-308]. It was
also interesting to find that CXCR1/CXCR2 antagonism of the CF neutrophil samples was
associated with a trend (p = 0.109) toward a significant decrease in the expression levels of
CXCR1 and CXCL8, especially considering that they may have already been at lower levels than
samples from control volunteers. This may have implied a system where these neutrophils were
already trying to reduce inflammation by decreasing expression of CXCR1 and CXCL8 and the
known anti- inflammatory effects of G31P [297, 301] may have pushed this reduction of
inflammation even further. How this specifically related to alteration of neutrophil function in
the context of CF would have required further study to investigate altered signaling pathways
within the neutrophils and comparison of this to volunteer characteristics. This was originally
pursued but abandoned due to issues with an outsourced kinome array assay.
Comparison of m-RNA expression levels for c-Kit in CF neutrophil samples stratified by
volunteer AZLI status resulted in only two volunteers for this analysis in the AZLI-positive
group. Due to this insufficient sample size we refrained from statistical analysis; however, the
mean value for the AZLI-positive group was numerically smaller than that for the AZLI-negative
group and this was also observed in a preliminary test using different neutrophil samples.
Together this indicated that the volunteers with CF who had positive AZLI status may have had
decreased levels of c-Kit expression compared to those who were AZLI negative. If c-Kit
expression was actually decreased in association with AZLI therapy then t his would be
interesting not only because this receptor is involved in neutrophil maturation [309] but also
because AZLI was associated with significantly increased neutrophil numbers and was
previously associated with increased plasma G-CSF and CXCL1 concentrations when
accounting for pulmonary S. aureus (Ch. 3). That said, a larger sample size would be required to
verify these observations for c-Kit expression.
Our evaluation of neutrophil samples also investigated cell lysates for XIAP protein and
phosphorylation of XIAP S87 as a possible link between the previously identified plasma factor
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G-CSF (Ch. 3) and the previously reported alteration of neutrophil apoptosis [139]. Upon initial
observation of the western blots for XIAP and XIAP S87, we suspected issues with non-specific
detection in our western blots and an absence of XIAP protein in our neutrophil samples. Further
investigation indicated with high certainty that this was not the case. When considering detection
of the XIAP protein, a 48 kDa XIAP-related band was detected using two different primary
antibodies and two different secondary antibodies, which indicated that this was in fact a 48 kDa
XIAP fragment. Furthermore, this 48 kDa fragment for XIAP has been detected by others [303,
304] and is reportedly not the result of XIAP cleavage by caspases [304]. When considering
detection of phosphorylated XIAP S87, the 63 kDa XIAP S87 was also detected by others [303,
304] where it was implicated but not confirmed to be possibly immuno-reactive. If it was
immune-reactive then a 63 kDa band should have been detected in the western blot of the
neutrophil samples in Figure 4.4B but this did not occur. This indicates that it was not immunereactive because the blot in Figure 4.4B had the same sources of IgG (e.g., rabbit IgG, donkey
IgG) and the same neutrophil samples as were used for the blot in Figure 4.5A, where the 63 kDa
XIAP S87 was detected. This means that the protein we detected in the 63 kDa band was most
likely XIAP and not another protein. It is highly unlikely that another protein contained the same
specific structural antigenic components that were reactive with the wide range of XIAP specific
antibodies as this 63 kDa band was. These antibodies include the anti-phosphorylated XIAP S87
antibody we used (observed in Figure 4.5A as red bands at 63 kDa) as well as the original antiXIAP antibody we used (observed in Figure 4.3A as green bands at 63 kDa). This would also
include the antisera specific for the BIR3-Ring of XIAP as well as the antisera specific for BIR2
of XIAP that were both used by Deveraux et al. (1999). Another observation which helped
confirm this 63 kDa bands identity was that, just like phosphorylated XIAP S87, the quantity of
the protein in this band was increased by the stimulation of HeLa cells with okadaic acid and
calyculin A. This was observed when comparing the much higher detection of the 63 kDa band
in the stimulated HeLa cells (H+) to the lower detection of the 63 kDa band in the unstimulated
HeLa cells (H-), which occurred even though GAPDH levels indicated equal loading of both
samples. These findings, relating to detection of XIAP at 63 kDa, were not directly related to the
objectives of this research project, yet they do indicate an area of XIAP research that has been
overlooked in the current literature [303, 304].
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Our results indicated that XIAP was present in the neutrophil samples but may have been
rapidly cleaved by proteases in the cell lysates, even though these were isolated with robust
protease and phosphatase inhibitors and stored at -80°C. It is highly possible that this rapid
cleavage was due to the wide range of proteases that are found at high levels in neutrophils [222,
310] and to XIAP being a labile protein [128, 303, 304]. Upon further investigation of the
literature it was found that intact XIAP protein has been detected in human neutrophils [128],
and that this was accomplish using even more robust methods than those we had found and
implemented for neutrophils [311]. Specifically, these methods differed from ours by using of
2.0 mM Diisopropyl Fluorophosphate instead of 1.0 mM and by boiling samples in Laemmli
buffer before cold storage [128]. That said, if all unphosphorylated XIAP protein was cleaved
into a 48 kDa fragment, as appeared to be the case for neutrophil samples, then levels of this
XIAP fragment were likely a good indicator of how much XIAP was originally in these cells.
As the main function of XIAP is to bind and inhibit active caspase fragments to control
apoptosis [144, 145] then XIAP must have a relatively high affinity for these caspase fragments
and this has been demonstrated with a co- immunoprecipitation study [303]. In this way the 56
kDa XIAP protein can bind to the 12 kDa subunit of activated Caspase-3, the 15 kDa subunit of
Caspase-7 [144] or the 12 kDa subunit of Caspase-9 [145]. Therefore binding to active Caspase3 or Caspase-9 would result in a XIAP-Caspase complex of around 68 kDa which is arguably
within the range of the band we detected for phosphorylated XIAP S87 where it was detected
just above the 63 kDa molecular weight marker. Therefore it is certainly possible that XIAP
remained bound to one of these caspase fragments, likely Caspase-3 [303], even though samples
were run under reducing conditions with SDS and boiled, as in practice this does not guarantee
the removal of all protein-protein interactions [312]. This is further possible due to the
previously reported stability of XIAP against heat and chemical treatment [313].
We were able to quantify values for the 48 kDa XIAP fragment and for phosphorylated
XIAP S87 at 63 kDa within the neutrophil samples. Due to insufficient sample size in the CF and
control groups we refrained from statistical analysis of these results; however, the mean value for
the 48 kDa XIAP fragment was numerically greater in the CF group versus the control group.
Furthermore when looking at the scatter plot of this data, the CF samples all group higher than
the two control samples. Together this indicated that there may have been an increase of the 48
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kDa XIAP fragment in the CF group. In addition this revealed that CF neutrophils, at one point,
may have contained more XIAP than control neutrophils. This finding fits biologically with the
antiapoptotic nature of XIAP [302] and the lower level of apoptosis previously reported in CF
circulating neutrophils [1, 52, 139]. In further support of this was our discovery that these CF
volunteers had numerically greater neutrophil numbers (mean = 3.0x106 neutrophils/ml)
compared to the control volunteers that were assayed (mean = 1.0x106 neutrophils/ml).
We were also able to quantify values for phosphorylated XIAP S87 at 63 kDa within the
neutrophil samples. Within the CF volunteers, higher levels of XIAP and phosphorylated XIAP
S87 appeared to be associated with increased plasma levels of G-CSF, CXCL1, and endotoxin as
well as ciprofloxacin-positive and S. aureus-negative volunteer status. Proper insight into these
comparisons was limited as there were only three CF samples, yet known biological relationships
may give validity to these summations. Our observations that levels of phosphorylated XIAP
may have been increased in CF neutrophil samples would directly connect with the known
alteration of neutrophil apoptosis in CF through the stabilizing nature of this phosphorylation
[302], while the relationship between G-CSF, XIAP protein, and phosphorylated XIAP has a
strong biological link in the literature [128, 302].
Our finding of significantly increased numbers of circulating neutrophils isolated/ml
blood (i.e., neutrophil numbers) from volunteers with CF versus controls was associated with a
large variance in neutrophil numbers for the volunteers with CF. These findings were similar to
that reported elsewhere [34, 153, 154]. When comparing these CF neutrophil numbers to the
plasma factors we previously identified to be of interest (Ch. 3), we detected several noteworthy
correlations. Although the positive correlation between neutrophil numbers and plasma G-CSF
concentrations was only near statistical significance (r(19) = .41, p = .063), the use of a larger
sample size with multiple samples from volunteers did reveal a statistically significant positive
correlation. Therefore, for the remainder of this document, it will be stated that neutrophil
numbers trended (r(19) = .41, p = .063) toward a moderate positive correlation with plasma GCSF concentrations for the CF group. In comparison to the entire CF group, volunteers who were
ciprofloxacin positive displayed a significant strong positive correlation. The link between GCSF levels and neutrophil numbers was expected due to the known biological relationships
between G-CSF and neutrophils [111, 124, 128] and reinforced the known connection between
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plasma G-CSF levels and decreased neutrophil apoptosis in CF [1, 52, 139]. These observations
also indirectly connected the wide spectrum antibiotic ciprofloxacin [102, 293] to this
association between G-CSF and neutrophils. The bactericidal activity of this oral antibiotic
against Gram- negative and Gram-positive bacteria is known to alter the gut microbiome [293] in
addition to its target lung microbiome. Furthermore, this type of alteration to the gut microbiome
has reported effects on circulating neutrophils [104]. In concert with this, the killing of Gramnegative bacteria by ciprofloxacin has been reported to cause the release of endotoxin [291]
which is known to stimulate epithelial or endothelial cells to produce G-CSF [276], and which
we observed was associated with CF circulating neutrophil numbers. That said, ciprofloxacin is
commonly used with individuals experiencing a pulmonary exacerbation, and as such the
observed association may be linked to acute pulmonary exacerbations of disease. We did not,
however, find an association between pulmonary exacerbation and ciprofloxacin therapy for the
volunteers with CF in this study (data not shown).
Plasma endotoxin levels were previously observed to positively correlate with plasma GCSF concentrations (Ch. 3) and here we detected that they also positively correlated with
neutrophil numbers. This association between endotoxin levels and neutrophil numbers appeared
to be reinforced by our observation that the four samples with the highest neutrophil numbers
also had detectable levels of endotoxin. This may have implied that exceptionally high neutrophil
numbers resulted in part from endotoxin, although detectable levels of endotoxin alone did not
guarantee increased neutrophil numbers. These findings were supported by the known
stimulatory effects of endotoxin on neutrophils [111, 288]. We had also previously observed that
plasma CXCL1 concentrations positively correlated with G-CSF concentrations (Ch. 3), but we
did not detect a correlation between CXCL1 concentrations and neutrophil numbers. This was
not surprising considering the different biological relationships each of these cytokines have with
neutrophils [124, 128, 272] where CXCL1 was likely recruiting neutrophils out of the circulation
and into the lungs due to its chemoattractant effects [314].
AZLI status was the only variable from CF volunteer characteristics that did not require
further stratification to have a significant association with circulating neutrophil numbers. This
finding was very interesting, especially when considering that other antibiotics have reported
effects on neutrophil numbers [88-90, 315]. Very little, however, has been reported for AZLI, as
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it is a relatively new drug [93]. In fact, only one study was found to include information on
aztreonam (i.e., the antibiotic component of AZLI) in relation to neutrophils where, although in a
rat model, high plasma concentrations of aztreonam were not related to increase neutrophil
numbers [95]. This study did indicate, however, that aztreonam may interact directly with
neutrophils to increase chemotaxis when at concentrations of 100 µg/ml or more [95]. That said,
serum concentrations of aztreonam when taking AZLI have only been detected to be around 0.6
µg/ml [93]. This would indicate a low likelihood for AZLI to be directly affecting circulating
neutrophils. Therefore, the results presented here demonstrate a novel finding for AZLI, where it
had a significant, and most likely indirect, association with increased circulating neutrophil
numbers in CF. This was unexpected because antibiotics usually have a diminishing effect on
neutrophil numbers [86, 87, 89]; however, this association between AZLI and increased
neutrophil numbers was further validated in our matched samples. These matched samples
indicated that volunteers who were not previously taking AZLI displayed numerically greater
mean values for neutrophil numbers after starting to take AZLI. This increase associated with
AZLI trended (p = 0.109) toward significance as it came as close to significance as can be
achieved when comparing three dependant samples with a Wilcoxon signed rank test (i.e., p =
0.109). That said, it cannot be excluded that advanced disease severity and lower lung function,
pre-existed the initiation of AZLI therapy. Therefore, these associations with AZLI may have
been driven by disease severity and not the direct or indirect effects of the antibiotic.
In connection with AZLI status, S. aureus status was also significantly associated with
neutrophil numbers, where volunteers with positive S. aureus status were associated with
decreased neutrophil numbers among the AZLI-negative volunteers but, surprisingly, also with
the highest neutrophil numbers among the AZLI-positive volunteers. This indicated that the
association between neutrophil numbers and S. aureus was significantly connected to AZLI
status. The model of multiple linear regression for neutrophil numbers took these findings for
AZLI and S. aureus one step further, as the interaction between the associations for these two
variables with neutrophil numbers represented the multiple linear regression model of best fit.
This statistical interaction accounted for more of the variance in neutrophil numbers than any
other combination of categorical variables, including the one-by-one addition of AZLI and S.
aureus to the model as separate variables (i.e., not combined for interaction). The reason for this
was likely because the statistical interaction between AZLI and S. aureus accounted for the
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highest neutrophil numbers (i.e., AZLI-positive/S. aureus-positive volunteers), moderate
neutrophil numbers (S. aureus-negative volunteers), and the lowest neutrophil numbers (i.e.,
AZLI- negative/S. aureus-positive volunteers). Of further interest, we previously observed that
combined AZLI and S. aureus status were associated with G-CSF plasma concentrations (Ch.3)
and this nicely coincided with our observation that neutrophil numbers trended (r(19) = .41, p =
.063) toward a positive correlation with plasma G-CSF concentrations for volunteers with CF.
All of these results, apparently pointing toward connected associations for AZLI and S.
aureus status, bring forward questions on the known biological relationships between AZLI and
S. aureus, and their further biological relationships with plasma G-CSF and circulating
neutrophil numbers. The literature on AZLI, and the related antibiotic aztreonam, would suggest
that AZLI should not have a direct effect on the Gram-positive S. aureus [94]. Therefore,
hypothetically, the connected associations between these two variables may have instead been a
consequence of interactions between S. aureus and P. aeruginosa in the CF airway.
Staphylococcal protein A (SpA) from S. aureus has been reported to inhibit the formation of
biofilms produced by P. aeruginosa and to decrease the phagocytosis of P. aeruginosa by
neutrophils [292]. This could imply that S. aureus-positive volunteer status may relate to
suppressed P. aeruginosa biofilm production, making P. aeruginosa more susceptible to
antibiotics [316] like AZLI. In such settings P. aeruginosa would have been killed more
effectively by AZLI and even had decreased clearance by neutrophils with reduced phagocytosis
[292], the combination of which would have allowed for increased endotoxin release and
inflammation. In addition, this would not have occurred in the S. aureus- negative volunteers who
were more likely to be P. aeruginosa positive and where the presence of AZLI was not
significantly associated with increased neutrophil numbers. Furthermore, due to this inhibitory
effect of S. aureus on biofilm formation, among those volunteers who were AZLI negative
volunteers who were also S. aureus positive had the lowest neutrophil numbers and, in respect of
the previously mentioned literature [292, 316], may have had reduced inflammation and bacterial
load of P. aeruginosa when compared to those who were S. aureus negative. This rationale was
further supported by previous research on anti-S. aureus therapy which was shown to result in
increased P. aeruginosa infection [43]. Another aspect to consider is that AZLI may have had
immunomodulatory effects through direct interaction with circulating neutrophils, as has been
reported for macrolide antibiotics like AZM [90]. The only literature involving AZLI (as
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aztreonam) and neutrophils contests this idea of a direct interaction as this type of interaction
would not be related to increased neutrophil numbers or be possible at the low serum
concentrations observed for AZLI use [93, 95]. Furthermore, this would not explain the
interaction observed with S. aureus, because if the observation of increased neutrophil numbers
was due to direct interaction with AZLI then this should have been universal across all
volunteers who were AZLI positive. As previously mentioned it cannot be excluded that
advanced disease severity, and therefore lower lung function, pre-existed AZLI therapy, and that
these associations with AZLI were driven by disease severity.
Other variables from volunteer characteristics appeared to have had negligible
associations with the variance in CF neutrophil numbers when looked at individually; however,
there may have been an association with volunteer AZM status when in combination with S.
aureus or P. aeruginosa status. The fact that AZM status was associated with neutrophil numbers
for both the S. aureus- negative and the P. aeruginosa-positive volunteers made sense, as seven
of the eight volunteers that were S. aureus negative were also P. aeruginosa positive. It was
previously reported that P. aeruginosa in sputum is related to increased neutrophil numbers
[270] but we did not observe this. That said, this connection between neutrophil numbers and P.
aeruginosa may have been linked our observation that P. aeruginosa positive volunteers, when
further stratified by AZM status, displayed significantly increased neutrophil numbers for the
AZM positive versus AZM negative groups. It is important to note that AZLI would not have
been used by the volunteers in the 2006 study by Jensen et al. as it was not approved for use until
over four years later [93]. This may indicate that the associations observed for AZLI
overshadowed any associations for P. aeruginosa in this study. It is also worth mentioning that
there was no association between AZLI and P. aeruginosa for the volunteers in this study.
Associations among FEV1 %, FVC %, and SpO2 have been previously reported [81, 82],
and positive correlations between these parameters were also observed for the volunteers with
CF in this study. Also as expected, from the known relationship between neutrophils and lung
function [15, 270], neutrophil numbers were directly negatively correlated with these parameters
of lung function. Because values for FEV1 %, FVC %, and SpO 2 were positively correlated with
each other and with neutrophil numbers, there is strong reason to believe that increases in
circulating neutrophil numbers were associated with progression of disease for the volunteers
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with CF in this study. This is more so evident when considering the link between lung function
and disease progression in CF [76, 77]. In brief this appears to be related to aged neutrophils
with an inflammatory phenotype invading the lung tissues and releasing histotoxic components,
which then cause the inflammation and tissue remodeling that are associated with decreased lung
function [38, 68, 71, 104, 214, 241].
Due to neutrophil numbers being associated with AZLI and S. aureus status as well as
FEV1 % and FVC % values and SpO 2 levels, a larger picture emerged when it was observed that
all three parameters of lung function were also associated with AZLI and S. aureus status.
Although it cannot be excluded that these associations with AZLI were driven by disease
severity, possible biological reasons for how AZLI and S. aureus were associated with altered
lung function are analogous to their associations with neutrophil numbers. Theoretically, one
possible reason for this association is that increased numbers of neutrophils directly caused
decreased lung function, as neutrophils have been reported to do [38, 68, 71, 214, 241]. Another
possibility is that the inflammatory setting that resulted in increased neutrophil numbers (i.e.,
endotoxin and biologically related inflammatory response) caused the decreased lung function
[294, 295]. The most likely scenario, however, is that a combination of both of these situations
resulted in the association between increased neutrophil numbers and decreased lung function
[67]. Other reports back up this conclusion and have indicated a link between chronic S. aureus
pulmonary infections and normal lung function values, while chronic P. aeruginosa was linked
to lower lung function [81].
Similar to that previously reported [81], in this study there was a strong positive
correlation between FEV1 % and SpO 2 levels. This emphasised the importance of our findings
for SpO2 levels throughout this research project, even though most observations for this
parameter occurred within the normal range of 94% to 100% [81].
The associations we detected between lung function and neutrophil numbers were only
moderate negative correlations and, as such, left open the possibility that alteration of these
correlations were associated with other factors. This type of alteration was discovered when
looking at volunteer status of AZM and ciprofloxacin where the AZM-negative volunteers
maintained a strong negative correlation between lung function and neutrophil numbers while
volunteers who were AZM positive displayed a positive correlation among those who were
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ciprofloxacin negative. This raised the question as to how AZM, specifically in the
ciprofloxacin- negative volunteers, could have been linked to differential correlations between
lung function and neutrophil numbers. The most likely explanation is that AZM, and other
macrolide antibiotics like it, have immunomodulatory effects on circulating neutrophils [90-92].
These reported effects include reduction of inflammation and increased apoptosis [90, 92] as
well as inhibition of neutrophil elastase [91], a known perpetrator of pulmonary damage in CF
[99]. Therefore this may have resulted in neutrophils that stopped causing pulmonary
inflammation and as such associated with improved lung function.
When considering the associations of ciprofloxacin with alterations of these previously
mentioned negative correlations between neutrophil numbers and lung function, the previously
reported effects of ciprofloxacin on both the intestinal and lung microbiome, along with its
possible connection to endotoxin release, need to be kept in mind [102, 291, 293]. Therefore, in
volunteers who were ciprofloxacin positive, these influences on the gut microbiome could
possibly have had an effect on neutrophil function, as alteration of the microbiome by antibiotics
has previously been reported to do [104]. Furthermore, these possible antibiotic effects from
ciprofloxacin appear to contrast with the known effects related to AZM [90-92] and thus likely
obscured the association of AZM on the correlations between neutrophil numbers and lung
function. Other observations relating to ciprofloxacin included an association with the positive
correlation between plasma G-CSF concentrations and neutrophil numbers, and ciprofloxacin
therapy appeared to coincide with increased protein and phosphorylation levels of XIAP in CF
circulating neutrophils. When taken together this may hypothetically implicate ciprofloxacin and
AZM therapy in the pathologic activities of circulating neutrophils, while AZLI and S. aureus
were associated with the numbers of these neutrophils. It cannot be excluded, however, that the
associations observed for ciprofloxacin were related to acute exacerbations of disease where this
antibiotic is commonly implemented. In addition, there may have been effects from these
variables that influenced or confounded each other but were not observable due to
dimensionality and our related limits with sample size.
In summary, we were able to draw associations between circulating neutrophil numbers
and plasma G-CSF concentrations, where a stronger associatio n with neutrophil numbers was
observed for those volunteers who were ciprofloxacin positive. We were also able to confirm
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that CF circulating neutrophil numbers were positively correlated with plasma endotoxin levels
but not with CXCL1 concentrations. Furthermore we may have identified a link between
increased levels of these plasma factors in volunteers with CF and alterations in neutrophilrelated XIAP, which may have been related to the known apoptosis inhibiting effect of G-CSF
[128, 302]. We also discovered an association between increased neutrophil numbers and AZLI
therapy, which was further associated with pulmonary S. aureus status for our volunteers with
CF. This discovery reflected what we previously observed for plasma G-CSF and CXCL1 (Ch.
3). Neutrophils have also been reported in relation to pulmonary inflammation and disease
progression in CF [11, 15, 50] and this most likely corresponded to the negative correlations we
observed between circulating neutrophil numbers and parameters of lung function. We also
uncovered that these parameters were associated with AZLI and S. aureus status in CF.
Although this study was predominantly exploratory with results based on associations
and not causation, the combination of all these associations along with known biological
relationships suggest a hypothetical system. In this hypothetical system, AZLI and possibly
ciprofloxacin antibiotic use in CF may relate to alterations of the lung and gut microbiome [93,
102, 293], with possibly reduced microbiome diversity [293]. Furthermore, in this hypothetical
system the bactericidal activity of these antibiotics on Gram-negative bacteria then results in
increased endotoxin release [291], where the nature of this release is reportedly altered by the
interactions of S. aureus with P. aeruginosa in the CF airway (e.g., inhibition of biofilm
production) [43, 292]. In this way presence of S. aureus in volunteers without AZLI may relate
to reduced inflammation and less endotoxin release from control of P. aeruginosa by S. aureus
[43]. When AZLI is present, however, S. aureus may relate to increased endotoxin production
from a biofilm- negative P. aeruginosa that is more susceptible to AZLI [292, 316].
Alternatively, endotoxin release may have resulted from advanced disease severity with
increased Gram- negative bacterial burden, which may have preceded initiation of AZLI therapy.
Either way, in situations where increased endotoxin from Gram- negative bacteria (e.g., P.
aeruginosa) may have been produced, this endotoxin would have a known capacity to cause
inflammation and increased production of CXCL1 and G-CSF [276, 277, 294]. This would then
connect the increased concentrations of these cytokines that we previously observed and their
positive correlations with endotoxin levels (Ch. 3). G-CSF released into the plasma would have a
known capacity to cause release of neutrophils from the bone marrow [124] and stimulation of
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neutrophils currently in the circulation and this may increase intercellular protein levels of XIAP
and phosphorylation of XIAP S87 [128, 302]. These increases would have a known capacity to
cause decreased apoptosis [128] and together these effects of G-CSF would result in increased
numbers of circulating neutrophils. Some of this neutrophil stimulation may also occur directly
from endotoxin [111, 288]. All of this may be related to reported neutrophil alteration in
conjunction with microbiome depletion [104]. The influence of multiple antibiotic use in CF
further complicates this system, where the anti- inflammatory nature of AZM on circulating
neutrophils [90-92] contrasts with the previously mentioned known biological effects of AZLI
and ciprofloxacin. Overall, increased neutrophil numbers may add [71, 241] to the initial
pulmonary inflammation that may have been caused by release of endotoxin [294, 295], and if
this occurred it would culminate in damage to the lungs from histotoxic neutrophil contents [67]
and finally result in reduced lung function.
One of the objectives for this research project was to compare the previously identified
plasma factors of interest to the CF neutrophils. This was accomplished by correlation of these
factors with neutrophil numbers but also by association with intracellular neutrophil levels of the
known inhibitor of apoptosis XIAP, where findings implied that G-CSF was the most probable
of these factors to cause altered neutrophil numbers and the previously reported decreased
apoptosis in CF circulating neutrophils [139]. That said, these conclusions rely on correlation
and associations, therefore it is still unknown whether plasma G-CSF was directly stimulating
the neutrophils and signaling inhibition of apoptosis. Another objective was to compare these
findings to medical chart data which was accomplished and revealed an association for
neutrophil numbers with AZLI and S. aureus status. Part of the first objective mentioned was to
also associate these findings with disease status which was accomplished through correlation of
neutrophil numbers with lung function where AZM and perhaps ciprofloxacin status indicated a
more complex association between neutrophils and lung function than what was observed at first
glance.
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CHAPTER 5: KINOME ARRAY ANALYSIS OF CIRCULATING NEUTROPHILS
ISOLATED FROM VOLUNTEERS WITH CYSTIC FIBROSIS

5.1. OVERVIEW
CF circulating neutrophils have altered function and decreased apoptosis [1, 52, 139]
which appears to result in increased circulating neutrophil numbers for a large group within the
CF population [34, 153, 154] and has been associated with the CF plasma [139]. Kinase activity
plays a key role in the transduction of signaling pathways through phosphorylation of target
proteins [250, 251] where multiple phosphorylation events represent a signaling pathway [257].
Although kinase-related signaling pathways have previously been investigated using kinome
array technology [257], array platforms, in general, have issues with high background intensity
which results in poor detection of true biological signals [259, 264, 266]. If extracellular factors
are associated with the circulating neutrophil’s longer lifespan and with increased neutrophil
numbers ⎼ as we identified previously for G-CSF, AZLI, and S. aureus (Ch. 4) ⎼ then these
factors are likely involved through the cell’s kinase signaling pathways. Investigating the
intracellular signaling pathways of CF circulating neutrophils within the context of these factors
then, should reveal the mechanism by which these neutrophils are altered.
To investigate this, circulating neutrophil samples collected from CF and control
volunteers were submitted for kinome array analysis by a third party. Three different sets of
neutrophil samples were analysed with kinome arrays. Some individuals volunteered more than
once and therefore neutrophil samples from those individuals were tested in more than one of
these sets. In addition, the second set of neutrophil samples contained duplicate samples that
were treated with a CXCR1/CXCR2 antagonist. The first set contained three control and six CF
samples, the second set contained 12 control and 15 CF samples, while the third set contained six
control and 13 CF samples, for a total of 55 circulating neutrophil samples. The kinome array
images and resultant data sets that we received were then evaluated for quality, where
experimental error was detected and affected poor quality kinome arrays were removed from
further analysis. Furthermore, the potential influence of extrinsic factors (e.g., time from
collection to testing) was evaluated and accounted for. Alteration of protein-related peptide
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phosphorylation levels for the acceptable quality kinome arrays were then determined between
control and CF groups, as well as between the volunteers with CF when accounting for other
variables (e.g., AZLI volunteer status, plasma G-CSF concentrations). Pathway overrepresentation analysis was then performed using lists of the proteins with significantly altered
phosphorylation, thereby identifying altered signaling pathways within the circulating
neutrophils that were associated with these groups or variables. Results were reviewed for
statistical significance, logical association, and biological meaning. Those associations identified
to be statistically significant or have possible biological importance are presented.

5.2. INTRODUCTION
CF circulating neutrophils have previously been documented to display altered function
related to decreased apoptosis [1, 52, 139] and this alteration appears to involve some
component(s) within the CF plasma [139]. Increased circulating neutrophil numbers have also
been reported in CF; however, this increase is not observed in all members of the CF population
[34, 153, 154]. This setting suggests the likelihood for discernibly altered signaling pathways
within the CF neutrophil with relation to altered neutrophil function and the responsible factors.
Kinase activity plays a key role in the transduction of signaling pathways through
phosphorylation of target proteins within a pathway [250, 251]. Kinase-related signaling
pathways have previously been investigated using kinome array technology, which
simultaneously detects the activities of a large number of kinases within a cell population [257].
Kinome arrays and other array platforms (e.g., RNA microarrays, DNA microarrays) reportedly
can have issues with quality (e.g., high background, poor detection of moderate signal) that
require careful evaluation [259, 264, 266]. In general, kinome arrays detect changes in
phosphorylation events on proteins in the form of many peptide spots on an array or chip which
correspond to phosphorylation sites [257]. Altered phosphorylation levels can then be identified
in this manner for multiple proteins between different samples. Furthermore, different groups of
these proteins with altered phosphorylation can represent altered signaling pathway [257] and
these signaling pathways can be identified and evaluated using pathway over-representation
analysis [259, 269]. Therefore, circulating neutrophil samples from CF and control volunteers
were sent away for kinome arrays analysis by a third party. Methods for evaluating the quality of
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the kinome array experiments and resultant data were then developed. Altered phosphorylation
events were then investigated between different samples or groups (e.g., CF and control, AZLI
volunteer status) and their associated signaling pathways were identified.

5.3. METHODS
5.3.1. Neutrophil preparation and storage
Preliminary investigation using neutrophil cell lysates generated with differing numbers
of neutrophils indicated that 5.0x106 cells/ml were adequate for proper detection of kinase
activity using the kinome array platform. Therefore, 5.0x106 circulating neutrophils from the
previously isolated samples (Ch. 4) were centrifuged at 271 g for 10 minutes in 2.0 ml cryogenic
U-tubes. Supernatants were then discarded and the pellets were snap frozen in liquid nitrogen
and stored at -80°C until enough samples were collected for kinome array analysis. Kinome
array analyses of 55 circulating neutrophil samples were performed by Dr. Scott Napper’s
laboratory (Vaccine and Infectious Disease Organization - International Vaccine Centre). The
methodology of which has been previously reported [260]. For the 10 CF and four control
neutrophil samples used in further analyses, differential counts of white blood cells indicated
that the isolated neutrophil purity averaged 96%, with an average 2% contamination from
eosinophils, as determined using Wright’s stain and direct observation of cell morphology.

5.3.2. Array image analysis
Raw array images were analysed with Image Studio software (LI-COR Biosciences,
USA) for colour interpreted visualisation to determine the quality of the array images.

5.3.3. Determination of activating and inactivating phosphorylation events
Information on the effects related to phosphorylation of specific proteins, and related
amino acids, was derived using PhosphoSitePlus (www.phosphosite.org) and investigation of the
data presented in the journal articles referenced by the website along with related literature.
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5.3.4. PIIKA 2
Analysis of kinome array data utilised the PIIKA 2 program [267] accessed through the
PIIKA 2 website (http://saphire.usask.ca/saphire/piika). Analysis setup and input data was
performed and formatted in accordance with the help files available through the PIIKA 2
website. All analysis when comparing kinome array results between groups, or for correlation
analysis with another variable, used the data provided in the intermediate results from PIKKA 2
(File: step5 averages). These results contained one data point for each peptide on each separate
array. These data points were the calculated average values for the phosphorylation signal (i.e.,
background intensity subtracted foreground intensity) across the nine replicates for each of these
peptides. Where full group analysis was performed in PIIKA 2, all results came directly from
PIIKA 2, including the heatmap and the significant t-test p values. These p values were used for
comparison of phosphorylation levels between different groups for each peptide (File: t-tests,
significant), while the peptides common to different comparisons were identified by analysing
this data in Microsoft Excel.

5.3.5. InnateDB
Array peptides that were detected to have significantly (P ≤ 0.05) altered phosphorylation
levels between different groups, or that significantly (P ≤ 0.05) correlated with another variable,
were used to create a list. The peptides on this list were then translated into the UNIPROT codes
for the specific proteins they were associated with. This translated list of proteins was then used
as input for pathway over-representation analysis as performed using the InnateDB website
(www.innatedb.ca) [269]. Settings used for pathway over-representation analysis included the
hypergeometric algorithm and the Banjamini Hochberg correction method, with inclusion of all
databases (i.e., INOH, NETPATH, KEGG, REACTOME, PID NCI, PID BIOCARTA).
Pathways related to the kinome array results were then identified in the following manner: The
top 20 pathways listed in the results from InnateDB were initially selected, with up to 30
pathways being included if additional pathways were of potential biological interest. Percent
coverage values for each of these top pathways were then calculated ([proteins in pathway from
input / total proteins in pathway] x 100). These percent coverage values were then used as the
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main indicators of pathway importance. Obvious duplicate pathways between different databases
were then accounted for by removal of the duplicate pathway with the lowest number of input
proteins followed by the lowest percent coverage.

5.3.6. Statistical analysis
Except where otherwise noted, nonparametric statistical analysis was used to determine
significance, due to the 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 Spearman’s rank correlation tests were used for correlation
analyses and were reported as (r(degrees of freedom) = r value, p = p value) where p values
found to be lower than 0.001 were simply reported as p < .001. When two groups were being
compared, two-tailed Mann-Whitney U tests were performed; exact significances values were
calculated and used where possible. Statistical analyses of kinome array data that were
performed by PIIKA 2 involved parametric t-tests for comparing peptides between groups. For
associations between two variables, two-tailed Fisher’s exact tests were implemented. Results
were considered significant where p values were ≤ 0.05. Significance was indicated as *, p ≤
0.05; **, p ≤ 0.01; ***, p ≤ 0.001.

5.4. RESULTS
5.4.1. Identification of reliable kinome arrays through computer analysis of intensity and
colour interpreted visualisation of array images
The array images and data sets we received for the 55 circulating neutrophil samples
were analysed for reliability, consistency, and quality through an iterative process which utilised
two different approaches (i.e., computer analysis and colour interpreted visualisation).
Evaluation of array quality had not been previously implemented or published at the time of this
research project and therefore our observations are of great importance to future kinome array
relate research.
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Computer analysis of intensity
Analysis was performed on the original array data files using a purpose-built program
(created by Conor Lazarou). This program helped interpret the quality of each array by looking
at the distribution of background intensity (i.e., noise) and foreground intensity across all
peptide spots on the array. Reliable arrays of acceptable quality and unreliable arrays of poor
quality were then distinguished by visual inspection of the output of this computer program.
Images for embedded background and foreground values provided the best predictor of array
quality (Fig. 5.1A-D). In these images, array position based values for foreground intensity and
associated background intensity were colour coded to visualize them, while possible peptide
phosphorylation signal is observed as peptide spots. Random variation of foreground intensity
levels between adjacent peptides spots along with an even distribution of intensity levels across
the entire array indicated an accurate representation of the actual kinase activity that was
observed for the acceptable quality arrays and is represented in Figure 5.1A. Large sections of
uniformly high, or low, Intensity levels indicated poor representation of actual kinase activity
and probable technical error where any signal was washed out by background intensity as
observed for the poor quality arrays (Fig. 5.1B-D). Each of the three sets of neutrophil samples
that were assayed had noticeably different issues relating to poor array quality. Figure 5.1B is a
good representative of the few poor quality arrays identified in the third set of neutrophil
samples assayed. Poor quality arrays from this third set had large sections of uniformly high, or
low, intensity levels, while strong foreground intensity was observable for peptide spots only
where high background intensity was also present. Figure 5.1C is a good representative of the
issues resulting in poor array quality for nearly all of the arrays from the first set of neutrophil
samples assayed, where very low sample-related signals were overwhelmed by high background
intensity. Finally, Figure 5.1D is a good representative of array issues resulting in poor quality
for nearly all of the arrays from the second set of neutrophil samples assayed, where a
combination of low sample-related signals and large areas of uniformly high, or low, intensity
were observed. The implications of these observations will be brought up in the discussion.
Colour interpreted visualisation
Kinome array quality was further visualised by colour interpretation of the original array
images. Similar to the computer analysis above, random variation of intensity levels between
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Figure 5.1: Evaluation of kinome array quality through compute r analysis of intensity
Kinome array analysis was used to investigate kinase signaling pathways in circulating
neutrophil samples. An in silica method was used to evaluate the reliability and quality of
individual arrays for each sample using images for embedded background intensity (i.e., noise)
and foreground intensity values from computer analysis of array data. Each peptide spot on the
array is represented as dots of foreground intensity with background intensity represented
between dots. Levels of foreground and background intensity are depicted by colo ur (high =
yellow, low = blue), while the X and Y-axes indicate spatial coordinates on the array. A:
Representative output for an array with acceptable quality and reliability (sample C13 from the
third set of neutrophil samples assayed). B: Representative output for an array with poor quality
issues that affected the third set of neutrophil samples assayed (sample N6) C: Representative
output for an array with poor quality issues that affected the first set of neutrophil samples
assayed (sample N9A). D: Representative output for an array with poor quality issues that
affected the second set of neutrophil samples assayed (sample N2A).
Images produced by Conor Lazarou, but analysed by Nathan Wright.
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adjacent peptide spots, along with an even distribution of intensity levels across the entire array
(Fig. 5.2A), indicated an accurate representation of actual kinase activity on the arrays with
acceptable quality. Large sections within the arrays of uniformly high, or low, phosphorylation
levels indicated poor representation of actual kinase activity that was observed for the poor
quality arrays. These issues resulted in poor differentiation of individual peptide spots and large
sections containing peptides at maximum intensity (oversaturated) or sections with no signal
(dead) (Fig. 5.2B-D). The same quality issues, as mentioned above for each set of neutrophil
samples assayed, can be observed for the third set (Fig. 5.2B), the first set (Fig. 5.2C), and the
second set (Fig. 5.2D).
We then compared the array images from the colour interpreted visualisation method
(Fig. 5.3A, C) to the rendered image files from the computer analysis method (Fig. 5.3B, D).
For the representative acceptable quality array of sample C13, similarities in low background
along with the same positioning of peptide spot intensities, related to phosphorylation signal,
were comparable between the two methods (Fig. 5.3A, B). For the representative poor quality
array of sample N6, similarities in the shape and size for large zones of uniform high or low
intensity, along with a poor range of peptide spot intensities, were also comparable between the
two methods (Fig. 5.3C, D).
Through these methods for evaluating kinome array quality, of the total 55 samples sent
away for kinome array analysis, only 16 samples (29.1%) were useable for future analysis.
These samples were all from the third set of neutrophil samples assayed where the majority of
arrays from this run consisted of arrays with acceptable quality (Fig. A9.10). Of these 16
samples, four were from control volunteers and 12 were from volunteers with CF. The CF group
included a single direct duplicate sample for internal comparison and validation where the array
with the highest quality was used for analysis of this sample. One CF sample was found to not
actually be homozygous ΔF508 upon medical chart review and was removed from further
analysis. Therefore, further kinome analysis was limited to the acceptable quality arrays of four
control and 10 CF samples from the third set of neutrophil samples assayed.
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Figure 5.2: Evaluation of kinome array quality through colo ur interpreted visualisation of
array images
Kinome array analysis was used to investigate kinase signaling pathways in circulating
neutrophil samples. An in silica method was used to evaluate the reliability and quality of these
arrays and incorporated use of Image Studio T M (LI-COR Biosciences) for colour interpreted
visualisation of array images. Standard array images (black and white, left side of each panel)
were visualised using colour coded interpretation of intensity levels where levels range from
black-low through blue, green, yellow, orange, and red-high (right side of each panel). A:
Representative image for an acceptable quality array (sample C13 from the third set of
neutrophil samples assayed). B: Representative image for an array with poor quality issues that
affected the third set of neutrophil samples assayed (sample N6). C: Representative image for an
array with poor quality issues that affected the first set of neutrophil samples assayed (sample
N9A). D: Representative image for an array with poor quality issues that affected the second set
of neutrophil samples assayed (sample N2A).
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Figure 5.3: Colour inte rpreted visualisation and computer analysis of intensity provide
comparable results for assessing kinome array quality
Two methods for assessing kinome array quality were compared and were observed to give
comparable visual results. Images were cropped to zoom in on one of the three array replicates
from each sample. For the computer analysis of intensity, rendered images were flipped and
skewed to be in the same orientation and relative shape as the original array image (through this
process peptide spots became slightly elongated). A: Colour interpreted visualisation for a
representative acceptable quality array image (sample C13). B: Computer analysis of intensity
for the same replicate from sample C13 as used in A. C: Colour interpreted visualisation for a
representative poor quality array (sample N6). D: Computer analysis of intensity for the same
replicate from sample N6 as used in C.
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5.4.2. Impact of neutrophil sample storage at -80°C on phos phorylation of array peptides
Neutrophil samples for kinome array analysis were collected from volunteers over a
period of six months. During this time neutrophil samples were stored at -80°C; however,
correlation analysis revealed that kinome array data showed statistically significant (p ≤ 0.05)
changes in intensity of phosphorylation signal for specific array peptides in relation to the time
phosphorylation levels over time from collection to testing (Fig. 5.4A); a large number of
peptides appeared to have had a sigmoidal loss in intensity of phosphorylation signal as a
function of time in storage at -80°C (Fig. 5.4B, E) where a large loss was observed over a short
interval of time. Other peptides appeared to have had non- linear losses in intensities (Fig. 5.4C)
and a small number of peptides appeared to have had gains in intensity of phosphorylation
signal over time (Fig. 5.4D). Of the 282 peptides on the array, we detected that 55 of them had
phosphorylation levels that were statistically significantly associated with time between
collection and testing (Table 5.1) and were therefore removed from future analysis of kinome
array data.

5.4.3. Neutrophil kinome analysis comparing volunteers with CF and control volunteers
Because CF circulating neutrophils have previously been reported to have multiple
alterations of function [15, 139, 155], we wanted to find out if alterations were also present for
signaling pathways within these neutrophils. To accomplish this we analysed our c irculating
neutrophil kinome array data with direct comparison between the four control and 10 CF
neutrophil samples. As mentioned above, this and all further analyses only included the arrays
of acceptable quality and the 227 array peptides that were not observed to significantly correlate
with time in storage at -80°C. The objective of this analysis was to produce a list of the array
peptides with significantly differential phosphorylation levels between the CF and control
volunteers, and then use this list for pathway over-representation analysis to identify altered
signaling pathways. When analysing the data in this manner none of the array peptides were
observed to be statistically significantly different. As such we implemented the use of a less
stringent cut-off point (p ≤ 0.200) for our list of array peptides under which 17/227, or 7.5% of
the array peptides were selected (Table 5.2). The data for four of these peptides are presented
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Table 5.1: Kinome array peptides with significant correlation between
phosphorylation levels and the duration of time that circulating neutrophil
samples were in storage at -80°C

Array Peptide, associated protein names and phosphorylation sites for kinome array peptides
with phosphorylation levels that were significantly correlated with time in storage at -80°C;
R2 values are for linear regression.

158

Figure 5.4: Evaluation of different relationships for inte nsity of phosphorylation signal as a
function of time in storage at -80°C for different kinome array peptides
Array peptide phosphorylation, from kinome array analysis of neutrophil samples, displayed
significant differential kinetics of signal intensity decay as a function of time in storage at 80°C. A: Representative example where there was a negative and linear relationship between
peptide phosphorylation and time in storage as exemplified in the Y132 phosphorylation site of
the protein MK2 (MK2_Y132). B: Representative example where there was a sigmoidal loss in
intensity of phosphorylation signal as a function of time in storage at -80°C (peptide
TRAF6_Y353). C: Representative example where there appeared to be a negative and nonlinear relationship (peptide Akt1_T450). D: Representative example where there was a positive
and linear relationship (peptide Bim_S69). E: Similar to B, Each plot represents a different
array peptide (annotated in legend). These six peptides represent those with the most prominent
loss in intensity of phosphorylation signal and are part of a larger group.
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Table 5.2: Kinome array peptides with the largest
differential phosphorylation levels between
circulating neutrophils from CF and control
volunteers

Peptide, array peptide associated protein name and
phosphorylation site. Cut-off point for comparisons
between 10 CF and four control samples among
the 227 array peptides was p ≤ 0.200.
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graphically in Figure 5.5. Possible differential phosphorylation of CFTR S737 is worth noting
considering the absence of this protein in the neutrophil cytosol and cell membrane for our
homozygous ΔF508 volunteers with CF [11, 16]. We observed that the mean level of kinase
activity specific for CFTR S737 phosphorylation in CF circulating neutrophil samples (mean =
9.9) was numerically greater than that in control samples (mean = 9.3), but this was not
statistically significant (p = 0.106) (Fig. 5.5A). The control volunteer sample N3B was
associated with the highest CFTR S737 phosphorylation levels within the control volunteers and
was the only control volunteer, in this assay, with detectable levels of plasma endotoxin (1.04
EU/ml) and a relatively high plasma CXCL1 concentration (318.9 pg/ml). Sample N3B also had
the highest levels of phosphorylated 4E-BP1 T46 and IRS-1 S616 among the control volunteers
in this assay (Fig. 5.5B and C respectively). We did not observe associations for our CF samples
between CFTR S737 phosphorylation levels and variables related to volunteer characteristics
(Table 3.1) or experimental factors (e.g., G-CSF, CXCL1).
We then converted the list of kinome array peptides (Table 5.2) to a list of the
corresponding proteins names and accession numbers which we used to evaluate what signaling
pathways best matched this data, as determined using pathway over-representation analysis
(www.innatedb.ca) (see Methods Ch. 5.3.5). We then evaluated signaling pathways that were
most likely to be altered (i.e., when significance levels of p ≤ 0.200 were used) in volunteers
with CF compared to controls (Table 5.3). We observed that up to 9/17, or 52.9% of the
peptides (i.e., the proteins that these peptides represent) used in this analysis were involved in
any one of these pathways where there was 5.2% - 9.9% pathway coverage by the involved
peptides. The biological relevance of these findings and inferences that can be made from them
will be mentioned in the discussion.
Previous analysis of kinome array data indicated that none of the array peptides had
significantly different phosphorylation levels between the CF and control neutrophil samples.
For this analysis it was observed that the only control sample with detectable plasma endotoxin
presented phosphorylation levels outside of that seen for the other three control samples.
Because endotoxin has a known stimulatory effect on neutrophils [111, 288], we wanted to see
if there was a difference in kinome signaling between CF and control neutrophils that was not
connected to endotoxin. To accomplish this investigation of non-endotoxin-related differences,
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Figure 5.5: Comparison of kinome array peptide phosphorylation levels for circulating
neutrophil samples from CF and control volunteers
Peptide phosphorylation levels from kinome array analysis of neutrophil samples were
compared between CF and control volunteers. Several peptides with the greatest levels of
differential phosphorylation between CF and control samples were subsequently graphed.
Kinome array peptide names (e.g., CFTR S737) indicate the name of the corresponding protein
and phosphorylation site (i.e., peptide CFTR S737 corresponds to the phosphorylation site for
serine at position 737 on the CFTR protein) A: Comparison of peptide CFTR S737
phosphorylation levels for control and CF circulating neutrophil samples. B: Comparison of
peptide 4E-BP1 T46 phosphorylation levels for control and CF circulating neutrophil samples.
C: Comparison of peptide IRS-1 S616 phosphorylation levels for control and CF circulating
neutrophil samples. D: Comparison of peptide Akt1 T308 phosphorylation levels for control and
CF circulating neutrophil samples. No statistical significance (p ≤ 0.05) is indicated by n.s. (no t
significant).
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Table 5.3: Signaling pathways related to differences in kinome array data between circulating
neutrophil samples from CF and control volunteers

Array peptide-related proteins from Table 5.2 were used as input for pathway over-representation analysis. Array
Altered Proteins, number of array peptide associated proteins that were found in the pathway; Total Proteins in
Database, total number of proteins that were in the database for the pathway; %, percentage of pathway coverage
by Array Altered Proteins; (a), pathway similarities where an identical superscripted letter has identical Array
Altered Proteins; (a* ), subgroup where all Array Altered Proteins are part of ( a).
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samples with detectable levels of plasma endotoxin were removed from both the control (one
sample removed) and CF (four samples removed) groups. This resulted in comparison of the
three control and six CF samples that did not have detectable levels of endotoxin (endotoxin-).
Results from this analysis provided substantially better contrast between array peptide
phosphorylation for CF and control neutrophil samples where 39/227, or 17.2% of array
peptides had significantly different phosphorylation levels between these two groups. This
allowed us to use the desired cut-off point of p ≤ 0.05 (i.e., significant) for the list of array
peptides, with differential phosphorylation, used for pathway over-representation analysis
(Table 5.4). The data for nine of these peptides are presented graphically in Figure 5.6.
The stimulatory nature of plasma endotoxin, when trying to compare array peptide
phosphorylation levels between the CF and control groups, was exemplified with peptide XIAP
S87 (Fig. 5.6A). Peptide XIAP S87 phosphorylation levels in the control group were
numerically smaller for the three neutrophil samples from endotoxin- negative volunteers (mean
= 14.1) versus the one sample from an endotoxin-positive volunteer (15.0). In the CF group, the
six neutrophil samples from endotoxin- negative volunteers were observed to be significantly
increased versus the four samples from endotoxin-positive volunteers with CF (p ≤ 0.01) and
versus the three samples from endotoxin- negative control volunteers (p ≤ 0.05). From the results
of kinome array analysis when only looking at endotoxin- negative volunteers, there are several
array peptides worth mentioning. NFkB-p65 S276 displayed significantly (p ≤ 0.05) increased
phosphorylation levels for the CF group compared to the control group (Fig. 5.6B and A9.11A).
NFkB-p65 S536 displayed significantly (p ≤ 0.05) decreased phosphorylation levels in the CF
(Fig. 5.6C and A9.11B). Phosphorylation of Akt1 T308, CFTR S737, CFTR S813, MyD88
Y257, and PKACa T197 were all significantly (p ≤ 0.05) increased while phosphorylation of
Bid T54 was significantly (p ≤ 0.05) decreased in the CF group compared to the control group
(Fig. 5.6D-I respectively).
When we used only the endotoxin- negative samples to compare the CF and control
groups, we were able to implement our desired cut-off point of p ≤ 0.05 (Table 5.4) for pathway
over-representation analysis, and evaluate what signaling pathways best matched this data
(Table 5.5). We observed that up to 15/39, or 38.5% of the peptides used in this analysis were
involved in any one of the represented pathways, where there was 4.4% - 12.9% pathway
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Table 5.4: Kinome array peptides with significantly different
phosphorylation levels between circulating neutrophil
samples from endotoxin-negative CF and control volunteers

Peptide, array peptide associated protein name and phosphorylation site.
Cut-off point for comparisons between the six CF and three control samples
that were endotoxin- among the 227 array peptides was p ≤ 0.05.
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Figure 5.6: Comparison of kinome array peptide phosphorylation levels for circulating
neutrophil samples from endotoxin-negative CF and control volunteers
Comparisons were made for several kinome array peptides with significant levels of differential
phosphorylation between CF and control neutrophil samples. A: Comparison of peptide XIAP
S87 phosphorylation levels for circulating neutrophil samples among CF and control volunteers
stratified by detectability of endotoxin (Endo-, Endo+) in related plasma samples. B-I:
Comparisons were limited to the CF and control volunteers that did not have detectable levels of
plasma endotoxin (Endotoxin-). B: Comparison of peptide NFκB-p65 S276 phosphorylation
levels for circulating neutrophil samples among endotoxin- negative CF and control volunteers.
C: Comparison of peptide NFκB-p65 S536 phosphorylation levels for circulating neutrophil
samples among endotoxin- negative CF and control volunteers. D: Comparison of peptide Akt1
T308 phosphorylation levels for circulating neutrophil samples among endotoxin- negative CF
and control volunteers. E: Comparison of peptide CFTR S737 phosphorylation levels for
circulating neutrophil samples among endotoxin- negative CF and control volunteers. F:
Comparison of peptide CFTR S813 phosphorylation levels for circulating neutrophil samples
among endotoxin- negative CF and control volunteers. G: Comparison of peptide MyD88 Y257
phosphorylation levels for circulating neutrophil samples among endotoxin- negative CF and
control volunteers. H: Comparison of peptide PKACa T197 phosphorylation levels for
circulating neutrophil samples among endotoxin- negative CF and control volunteers. I:
Comparison of peptide Bid T54 phosphorylation levels for circulating neutrophil samples
among endotoxin- negative CF and control volunteers.
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Table 5.5: Signaling pathways related to differences in kinome array data between circulating
neutrophil samples from endotoxin-negative CF and control volunteers

Array peptide-related proteins from Table 5.4 were used as input for pathway over-representation analysis. Array
Significant Proteins, number of array peptide associated proteins that were found in the pathway; Total Proteins in
Database, total number of proteins that were in the database for the pathway; %, percentage of pathway coverage
by Array Significant Proteins; (a), pathway similarities where an identical superscripted letter has identical Array
Significant Proteins; (a* ), subgroup where all Array Altered Proteins are part of ( a).
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coverage by the involved peptides. Our previous research (Ch. 3 and 4) was linked to the
decreased neutrophil apoptosis previously reported in CF [1, 52, 139], and the “Apoptosis”
pathway was present in the results of this pathway over-representation analysis (Table 5.5).
The 10 proteins representing this “Apoptosis” pathway were Akt1 (Fig. 5.6D), Bid (Fig. 5.6I),
MyD88 (Fig. 5.6G), PKACa (Fig. 5.6H), NFkB-p65 (Fig. 5.6B and C, A9.11A and B), and
XIAP (Fig. 5.6A) as well as IKK-beta, IKK-gamma, IRAK1, and TrKA (data not shown). The
possible biological relevance of these findings and inferences that can be made from them will
be mentioned in the discussion.
At this point it is worth noting that, for the samples subjected to kinome array analysis,
three of the four CF samples from volunteers who were AZLI+ also had detectable levels of
plasma endotoxin. In contrast only one of the six samples from volunteers who were AZLI- had
detectable endotoxin. A Fisher’s exact test for association between AZLI status and detectability
of endotoxin was performed for these samples and was not statistically significant (p = 0.19);
however, this association, and that between AZLI and A. xylosoxidans (p = 0.13), were the only
associations for AZLI with p < 0.50.

5.4.4. CF neutrophil kinome analysis based on volunteer characteristics for FEV1 % and
FEV1/FVC
Upon further investigation of the kinome array data it was observed that aspects of lung
function of the volunteers with CF, were significantly associated with the phosphorylation levels
of a large enough number of array peptides to warrant mention and further analyses.
FEV1 %
Because increased neutrophil numbers were previously associated with decreased lung
function for our CF volunteers (Ch. 4) and due to reported connections between altered
neutrophil function and disease progression in CF [1, 15, 52, 71], we wanted to see if alteration
of signaling pathways in CF circulating neutrophils was associated with lung function values.
To accomplish this, we compared the parameters of lung function abstracted from medical chart
data (e.g., FEV1 %, SpO 2 ) to array peptide phosphorylation levels. Significant correlations were
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detected between the parameter of lung function FEV1 % and array peptide phosphorylation
levels but only for 8/227, or 3.5% of array peptides (Table 5.6). That said, four of these were
strong correlations between FEV1 % values and peptide phosphorylation levels. Pathway overrepresentation analysis was performed with these significantly correlated peptides to evaluate
which signaling pathways were altered in CF neutrophil samples in association with FEV1 %
values (Table 5.7). From this analysis, many of the represented signaling pathways had
substantial similarity between the involved peptides. We observed that up to 5/10, or 50.0% of
the significant peptides used in this analysis were involved in any one of these pathways where
there was 1.9% - 4.8% pathway coverage by the involved peptides.
FEV1/FVC
FEV1/FVC values significantly correlated with phosphorylation levels for a greater
number of peptides than any of the other parameters of lung function. There were significant
correlations between FEV1/FVC values and phosphorylation levels for 26/227, or 11.5% of the
array peptides, with 10 of these being strong correlations (Table 5.8). The significant positive
correlation between FEV1/FVC values and peptide MDM2 S166 phosphorylation levels (r(8) =
.69, p = .028) in Figure A9.13A provides a good representative example. Pathway overrepresentation analysis was performed with these significantly correlated peptides to evaluate
which signaling pathways were altered in CF neutrophil samples in association with FEV1/FVC
values (Table 5.9). We observed that up to 10/20, or 50.0% of the significant peptides used in
this analysis were involved in any one of the represented pathways where there was 2.7% 16.7% pathway coverage by the involved peptides. The possible biological relevance of these
findings and inferences that can be made from them will be mentioned in the discussion.

5.4.5. Neutrophil kinome analysis comparing AZLI CF, S. aureus CF, and control groups
Our findings from previous chapters indicated significant associations between combined
AZLI and S. aureus volunteer status and both circulating neutrophil numbers (Ch. 4) and plasma
G-CSF concentrations (Ch. 3) for our volunteers with CF. Therefore, kinome array data for
neutrophil samples were grouped to account for this. Three groups of three samples each were
used for PIIKA 2 analysis (as this program required groups with equal sizes for analysis).
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Table 5.6: Kinome array peptides whose
phosphorylation levels were significantly correlated with
FEV1 % whe n analysing circulating neutrophil samples
from volunteers with CF

Peptide, array peptide associated protein name and phosphorylation
site. Cut-off point for correlations with FEV1 % for the 10 CF
volunteers among the 227 array peptides was p ≤ 0.05.

Table 5.7: Signaling pathways related to correlations between kinome array data for circulating
neutrophil samples and volunteer FEV1 % values for volunteers with CF

Array peptide-related proteins from Table 5.6 were used as input for pathway over-representation analysis. Array
Significant Proteins, number of array peptide associated proteins that were found in the pathway; Total Proteins in
Database, total number of proteins that were in the database for the pathway; %, percentage of pathway coverage
by Array Significant Proteins; (a), pathway similarities where an identical superscripted letter has identical Array
Significant Proteins; (a*), subgroup where all Array Significant Proteins are part of (a).
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Table 5.8: Kinome array peptides whose phos phorylation
levels were significantly correlated with FEV1/FVC
values when analysing circulating neutrophil samples
from volunteers with CF

Peptide, array peptide associated protein name and phosphorylation
site. Cut-off point for correlations with FEV1/FVC for the 10 CF
volunteers among the 227 array peptides was p ≤ 0.05.
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Table 5.9: Signaling pathways related to correlations between kinome array data for circulating
neutrophil samples and FEV1/FVC values for volunteers with CF

Array peptide-related proteins from Table 5.8 were used as input for pathway over-representation analysis. Array
Significant Proteins, number of array peptide associated proteins that were found in the pathway; Total Proteins in
Database, total number of proteins that were in the database for the pathway; %, percentage of pathway coverage
by Array Significant Proteins; (a), pathway similarities where an identical superscripted letter has identical Array
Significant Proteins; (a*), subgroup where all Array Significant Proteins are part of (a); Additional asterisks
indicate further subgrouping.
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The control group consisted of the three control samples that were from volunteers with normal
levels of plasma G-CSF and CXCL1 and excluded the one control sample from a volunteer with
detectable levels of endotoxin. The AZLI (CF) group consisted of the only three CF samples
from volunteers who were both AZLI+ and S. aureus-, where this group had the highest
neutrophil numbers and plasma G-CSF and CXCL1 concentrations while two samples related to
detectable levels of plasma endotoxin. The S. aureus (CF) group consisted of three of the four
samples from volunteers who were both S. aureus+ and AZLI- where the three most recently
collected samples were used for this group, while one sample related to detectable levels of
plasma endotoxin. Analysis of kinome array data for these three groups using PIIKA 2 produced
a heatmap (Fig. 5.7) with good organisation and visual distinction between the different groups.
From this we observed that array peptide phosphorylation values related to hierarchical
clustering and euclidean distances which, both visually and statistically, indicated a closer
relationship between the S. aureus (CF) group and the control group when compared to the
relationship between the two CF groups. Likewise this indicated that the largest differences in
kinome signaling were in the AZLI (CF) group compared to the other two groups. PIIKA 2
analysis identified significantly different phosphorylation levels for 95/227, or 41.9% of array
peptides between the AZLI (CF) group and the control group (Table 5.10), 44/227, or 19.4% of
array peptides between the S. aureus (CF) group and the control group (Table 5.11), and 82/227,
or 36.1% of array peptides between the AZLI (CF) group and the S. aureus (CF) group (Table
5.12).
Array peptides with phosphorylation levels identified to be significantly different
between these groups when analysed by PIIKA 2 (Table 5.10-5.12), were then graphed out and
analysed using Mann-Whitney U-tests for non-parametric data (as done for all other
comparisons not performed by PIIKA 2). Although group means were reported to be
significantly increased or decreased by PIIKA 2 analysis, these were not statistically significant
changes when determined using the appropriate non-parametric analysis as was expected, given
the small group sizes (Fig. 5.8, A9.11C). That said, analysis of the scatter plots in Figure 5.8
also indicated a closer relationship between the S. aureus (CF) group and the control group
rather than between the AZLI (CF) group and the S. aureus (CF) group, based on differences in
peptide phosphorylation levels for each group. As such these graphs exemplify some of the
phosphorylation values that were used by PIIKA 2 to calculate the hierarchical clustering and
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Figure 5.7: Heatmap of neutrophil kinome array data comparing CF groups based on
AZLI and S. aureus volunteer status and the control volunteer group
Data for 227 different peptides from kinome array analysis of circulating neutrophil samples
were hierarchically clustered using PIIKA 2 software to produce a heatmap. Green denotes
decreased, black similar, and red increased levels of array peptide phosphorylation, while
calculated euclidean distances are indicated by line height (above groups). Samples were
grouped as AZLI+/S. aureus- volunteers with CF [AZLI (CF)], control volunteers, and S.
aureus+/AZLI- volunteers with CF [S.au. (CF)] (n = 3 volunteers/group). The euclidean
distance between the control group and the S.au. (CF) group was 4.93 units while the euclidean
distance between the AZLI (CF) group and the control group was 9.78 and between the AZLI
(CF) group and the S.au. (CF) group was 9.72 units (units are relative to the phosphorylation
values from the array data).
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Table 5.10: Kinome array peptides with significantly different phosphorylation levels when
comparing circulating neutrophils from the AZLI (CF) group and the control group

Increase Phosphorylation, phosphorylation was increased for the AZLI (CF) group versus the control group;
Decreased Phosphorylation, phosphorylation was decreased for the AZLI (CF) group versus the control group;
Peptide, array peptide associated protein name and phosphorylation site. Cut-off point for comparisons between the
AZLI (CF) group and the control group (n = 3 volunteers/group) among the 227 array peptides was p ≤ 0.05.
Statistical significance was calculated using PIIKA 2.
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Table 5.11: Kinome array peptides with significantly different
phosphorylation levels when comparing circulating neutrophils
from the S. aureus (CF) group and the control group

Increase Phosphorylation, phosphorylation was increased for the S. aureus (CF)
group versus the control group; Decreased Phosphorylation, phosphorylation
was decreased for the S. aureus (CF) group versus the control group; Peptide,
array peptide associated protein name and phosphorylation site. Cut-off point
for comparisons between the S. aureus (CF) group and the control group (n = 3
volunteers/group) among the 227 array peptides was p ≤ 0.05. Statistical
significance was calculated using PIIKA 2.
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Table 5.12: Kinome array peptides with significantly different phosphorylation levels when
comparing circulating neutrophils from the AZLI (CF) group and the S. aureus (CF) group

Increase Phosphorylation, phosphorylation was increased for the AZLI (CF) group versus the S. aureus (CF) group;
Decreased Phosphorylation, phosphorylation was decreased for the AZLI (CF) group versus the S. aureus (CF)
group; Peptide, array peptide associated protein name and phosphorylation site. Cut-off point for comparisons
between the AZLI (CF) group and the S. aureus (CF) group (n = 3 volunteers/group) among the 227 array peptides
was p ≤ 0.05. Statistical significance was calculated using PIIKA 2.
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Figure 5.8: Comparison of kinome array peptide phosphorylation levels for circulating
neutrophil samples from the AZLI (CF), S. aureus (CF), and control groups
Circulating neutrophil samples were grouped as AZLI+/S. aureus- volunteers with CF [AZLI
(CF)], control volunteers, and S. aureus+/AZLI- volunteers with CF [S.au. (CF)] (n = 3
volunteers/group). Several of the array peptides that were previously indentified to be
significantly altered in phosphorylation levels between the three groups when analysed using
PIIKA 2 software, were subsequently graphed to compare their differences using nonparametric analysis. Here Mann-Whitney U-tests were implemented for statistical comparison
where the minimum achievable significance value was p = 0.10 for groups of n = 3. A:
Comparison of peptide PDGFRb Y716 phosphorylation levels. B: Comparison of peptide Sek1
S80 phosphorylation levels. C: Comparison of peptide 4E-BP1 T46 phosphorylation levels. D:
Comparison of peptide Flt3 Y591 phosphorylation levels. E: Comparison of peptide MDM2
S186/8 phosphorylation levels. F: Comparison of peptide Akt1 S473 phosphorylation levels.
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euclidean distances for the heatmap in Figure 5.7 and reflect the concepts observable there.
Peptide Flt3 Y591 had decreased phosphorylation levels for the AZLI (CF) group (mean = 11.6)
compared to the control group (mean = 12.6), while phosphorylation levels were increased for
the S. aureus (CF) group (mean = 13.2) (Fig. 5.8D). This placed the S. aureus (CF) group closer
to the control group than to the AZLI (CF) group (Fig. 5.8D). Phosphorylation levels for the S.
aureus (CF) group were also observably closer to the control group, than the AZLI (CF) group,
for the majority of array peptides including peptide Sek1 S180, 4E-BP1 T46, and MDM2
S186/8 (Fig. 5.8B, C, and E respectively). In contrast phosphorylation levels for some array
peptides (e.g., peptide PDGFRb Y716, peptide Akt1 S473) placed the S. aureus (CF) group
somewhere between the control group and the AZLI (CF) group (Fig. 5.8A, F respectively).
Only for a few array peptides were phosphorylation levels for the S. aureus (CF) group closer to
the AZLI (CF) group, than the control group, as was seen for peptide XIAP S87 (Fig. A9.11C).
Signaling pathways were then determined using pathway over-representation analysis for
the array peptides that had significantly different phosphorylation levels between different
groups (i.e., AZLI [CF], S. aureus [CF], control) when analysed with PIIKA 2 (Table 5.105.12). When comparing the AZLI (CF) group to the control group (Table 5.13), we observed
that up to 31/95, or 32.6% of the peptides used in this analysis were involved in any one of the
pathways where there was 9.3% - 24.1% pathway coverage by the involved peptides. When
comparing the S. aureus (CF) group to the control group (Table 5.14), we observed that up to
12/44, or 27.3% of the peptides used in this analysis were involved in any one of these pathways
where there was 10.2% - 17.8% pathway coverage by the involved peptides. Finally, when
comparing the AZLI (CF) group to the S. aureus (CF) group (Table 5.15), we observed that up
to 32/82, or 39.0% of the peptides used in this analysis were involved in any one of these
pathways where there was 11.7% - 26.7% pathway coverage by the involved peptides. The
possible biological relevance of these findings and inferences that can be made from them will
be mentioned in the discussion.
A total of 53 array peptides with significantly altered phosphorylation levels were
observed to be common (present in both comparisons) when the AZLI (CF) group was
compared to the control group (53/95, or 55.8% of significant peptides) and when the AZLI
(CF) group was compared to the S. aureus (CF) group (53/82, or 64.6% of significant peptides)
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Table 5.13: Signaling pathways related to differences in kinome array data between circulating
neutrophil samples from the AZLI (CF) and control groups

Array peptide-related proteins from Table 5.10 were used as input for pathway over-representation analysis. Array
Significant Proteins, number of array peptide associated proteins that were found in the pathway; Total Proteins in
Database, total number of proteins that were in the database for the pathway; %, percentage of pathway coverage
by Array Significant Proteins; (a), pathway similarities where an identical superscripted letter has ident ical Array
Significant Proteins; (a*), subgroup where all Array Significant Proteins are part of (a); Additional asterisks
indicate further subgrouping.
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Table 5.14: Signaling pathways related to differences in kinome array data between circulating
neutrophil samples from the S. aureus (CF) and control groups

Array peptide-related proteins from Table 5.11 were used as input for pathway over-representation analysis. Array
Significant Proteins, number of array peptide associated proteins that were found in the pathway; Total Proteins in
Database, total number of proteins that were in the database for the pathway; %, percentage of pathway coverage
by Array Significant Proteins; (a), pathway similarities where an identical superscripted letter has ident ical Array
Significant Proteins; (a*), subgroup where all Array Significant Proteins are part of (a).
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Table 5.15: Signaling pathways related to differences in kinome array data between circulating
neutrophil samples from the AZLI (CF) and S. aureus (CF) groups

Array peptide-related proteins from Table 5.12 were used as input for pathway over-representation analysis. Array
Significant Proteins, number of array peptide associated proteins that were found in the pathway; Total Proteins in
Database, total number of proteins that were in the database for the pathway; %, percentage of pathway coverage
by Array Significant Proteins; (a), pathway similarities where an identical superscripted letter has ident ical Array
Significant Proteins; (a*), subgroup where all Array Significant Proteins are part of (a).
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(Table 5.16). These common peptides appear to indicate how the AZLI (CF) group was
different from the other two groups with respect to kinase signaling in circulating neutrophils.
Pathway over-representation analysis was also performed with these common peptides to
evaluate which signaling pathways were altered in the neutrophil samples from the AZLI (CF)
group when compared to those from both the S. aureus (CF) and control groups (Table 5.17).
From this analysis we observed that up to 23/53, or 43.4% of the common peptides used in this
analysis were involved in any one of the represented pathways where there was 8.4% - 20.0%
pathway coverage by the involved peptides. Many of the 14 pathways in Table 5.17 were also
identified during individual comparison of the AZLI (CF) group to the control group (Table
5.13) and to the S. aureus (CF) group (Table 5.15).The possible biological relevance of these
findings and comparisons to other results will be mentioned in the discussion.
Only 15 array peptides with significantly altered phosphorylation levels were observed to
be common when the AZLI (CF) group was compared to the control group (15/95, or 15.8% of
significant peptides) and when the S. aureus (CF) group was compared to the control group
(15/44, or 34.1% of significant peptides) (Table 5.18). These common peptides appear to
indicate how the two CF groups were different from the control group with respect to kinase
signaling in circulating neutrophils. Pathway over-representation analysis was also performed
with these common peptides to evaluate which signaling pathways were altered in the neutrophil
samples from the two CF groups when compared to those from the control group (Table 5.19).
Many of these signaling pathways had substantial similarity between the involved peptides. We
observed that up to 7/15, or 46.7% of the common peptides used in this analysis were involved
in any one of these pathways where there was 2.3% - 17.6% pathway coverage by the involved
peptides. A small number of the 13 pathways in Table 5.19 were also identified during
individual comparison of the AZLI (CF) group to the control group (Table 5.13) and the S.
aureus (CF) group to the control group (Table 5.14). The possible biological relevance of these
findings and comparisons to other results will be mentioned in the discussion.

5.4.6. CF neutrophil kinome analysis based on volunteer characte ristics for AZLI and Age
Upon further investigation of the kinome array data it was observed that other variables,
from characteristics of volunteers with CF (Table 3.1), were significantly associated with the
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Table 5.16: Combined comparisons of significantly different array peptide
phosphorylation levels for the AZLI (CF) group compared to both the S. aureus
(CF) and control groups

Increase Phosphorylation, phosphorylation was increased for both the AZLI (CF) group
versus the control group and the AZLI (CF) group versus the S. aureus (CF) group;
Decreased Phosphorylation, phosphorylation was decreased for both the AZLI (CF) group
versus the control group and the AZLI (CF) group versus the S. aureus (CF) group; Peptide,
array peptide associated protein name and phosphorylation site. This list was comprised of
the common peptides between Table 5.13 and Table 5.15.
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Table 5.17: Signaling pathways related to combined comparisons between kinome array data for
the AZLI (CF) group compared to both the S. aureus (CF) and control groups

Array peptide-related proteins from Table 5.16 were used as input for pathway over-representation analysis. Array
Significant Proteins, number of array peptide associated proteins that were found in the pathway; Total Proteins in
Database, total number of proteins that were in the database for the pathway; %, percentage of pathway coverage
by Array Significant Proteins; (a), pathway similarities where an identical superscripted letter has identical Array
Significant Proteins; (a*), subgroup where all Array Significant Proteins are part of (a); Additional asterisks
indicate further subgrouping.
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Table 5.18: Combined comparisons of significantly different
array peptide phosphorylation levels for both the AZLI (CF)
and S. aureus (CF) groups compared to the control group

Increase Phosphorylation, phosphorylation was increased for both the
AZLI (CF) group versus the control group and the S. aureus (CF) group
versus the control group; Decreased Phosphorylation, phosphorylation
was decreased for both the AZLI (CF) group versus the control group and
the S. aureus (CF) group versus the control group; Peptide, array peptide
associated protein name and phosphorylation site. This list was
comprised of the common peptides between Table 5.13 and Table 5.14.
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Table 5.19: Signaling pathways related to combined comparisons between kinome array data for
both the AZLI (CF) and S. aureus (CF) groups compared to the control group

Array peptide-related proteins from Table 5.18 were used as input for pathway over-representation analysis. Array
Significant Proteins, number of array peptide associated proteins that were found in the pathway; Total Proteins in
Database, total number of proteins that were in the database for the pathway; %, percentage of pathway coverage
by Array Significant Proteins; (a), pathway similarities where an identical superscripted letter has identical Array
Significant Proteins; (a*), subgroup where all Array Significant Proteins are part of (a); Additional asterisks
indicate further subgrouping.
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phosphorylation levels of a large enough number of array peptides to warrant mention and
further analyses.
AZLI
Results from previous chapters indicated an association between AZLI status for our
volunteers with CF and plasma G-CSF concentrations when stratified by S. aureus status, and
between AZLI status and circulating neutrophil numbers. Further implication on the possible
associations with AZLI status was observed during PIIKA 2 analysis, above. Therefore, we
analysed the kinome data for the CF neutrophil samples when stratified based on AZLI status.
There were significantly different phosphorylation levels for only 10/227, or 4.4% of array
peptides between the six samples from volunteers who were AZLI- and the four samples from
those who were AZLI+ (Table 5.20). Pathway over-representation analysis was performed with
these significant peptides to evaluate which signaling pathways were altered between the
neutrophil samples from the AZLI- and AZLI+ volunteers (Table 5.21). Many of these signaling
pathways had substantial similarity between the involved peptides. We observed that up to 6/10,
or 60.0% of the significant peptides used in this analysis were involved in any one of these
pathways where there was 3.1% - 14.3% pathway coverage by the involved peptides.
Age
We also happened to observe that volunteer age for the CF group was significantly
correlated with phosphorylation levels for 11/227, or 4.8% of the array peptides, where six of
these were strong correlations (Table 5.22). It is worth noting that age displayed a significant
positive correlation with phosphorylation of peptide CFTR S813 (r(8) = .66, p = .036) (Fig.
A9.13B) considering that, as mentioned previously, the CFTR protein is absent from the
neutrophil cytosol and cell membrane for the volunteers with CF in this study as they all had the
homozygous ΔF508 mutation [11, 16]. Pathway over-representation analysis was also
performed with these significant peptides to evaluate which signaling pathways were altered in
CF neutrophil samples in association with volunteer age (Table 5.23). Many of these signaling
pathways had substantial similarity between the involved peptides. We observed that up to 7/11,
or 63.6% of the significant peptides used in this analysis were involved in any one of these
pathways where there was 2.2% - 20.0% pathway coverage by the involved peptides.
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Table 5.20: Kinome array peptides with significantly different
phosphorylation levels between circulating neutrophil samples
from AZLI- and AZLI+ volunteers with CF

Peptide, array peptide associated protein name and phosphorylation site.
Cut-off point for comparisons between samples from AZLI- (n = 6) and
AZLI+ (n = 4) volunteers among the 227 array peptides was p ≤ 0.05.

Table 5.21: Signaling pathways related to differences in kinome array data between circulating
neutrophil samples from AZLI- and AZLI+ volunteers with CF

Array peptide-related proteins from Table 5.20 were used as input for pathway over-representation analysis. Array
Significant Proteins, number of array peptide associated proteins that were found in the pathway; Total Proteins in
Database, total number of proteins that were in the database for the pathway; %, percentage of pathway coverage
by Array Significant Proteins; (a), pathway similarities where an identical superscripted letter has identical Array
Significant Proteins; (a*), subgroup where all Array Significant Proteins are part of (a); Additional asterisks
indicate further subgrouping.
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Table 5.22: Kinome array peptides whose phos phorylation levels
we re significantly correlated with volunteer age when analysing
circulating neutrophil samples from volunteers with CF

Peptide, array peptide associated protein name and phosphorylation site.
Cut-off point for correlations with age for the 10 CF volunteers among the
227 array peptides was p ≤ 0.05.

Table 5.23: Signaling pathways related to correlations between kinome array data for circulating
neutrophil samples and age of volunteers with CF

Array peptide-related proteins from Table 5.22 were used as input for pathway over-representation analysis. Array
Significant Proteins, number of array peptide associated proteins that were found in the pathway; Total Proteins in
Database, total number of proteins that were in the database for the pathway; %, percentage of pathway coverage
by Array Significant Proteins; (a), pathway similarities where an identical superscripted letter has identical Array
Significant Proteins; (a*), subgroup where all Array Significant Proteins are part of (a); Additional asterisks
indicate further subgrouping.
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The possible biological relevance of these findings, that were associated with CF-related
characteristics, and the inferences that can be made from them will be mentioned in the
discussion. Other variables from volunteer characteristics (Table 3.1) were analysed, but did not
display enough significant associations to warrant further investigation.

5.4.7. Neutrophil kinome analysis based on neutrophil numbers and plas ma levels of
endotoxin, CXCL1, and G-CSF in volunteers with CF
Upon further investigation of the kinome array data it was observed that experimental
values for numbers of neutrophils isolated/ml blood (i.e., neutrophil numbers), plasma
endotoxin detection, and plasma CXCL1 and G-CSF concentrations, were significantly
associated with the phosphorylation levels of a large enough number of array peptides to
warrant mention and further analyses. Significant associations were only observed for the
volunteers with CF and not for the control volunteers.
Neutrophil numbers
Circulating neutrophil numbers are increased in CF [34, 153, 154] and we previously
observed good variation in neutrophil numbers for our volunteers with CF (Ch. 4). Therefore,
we wanted to investigate if there were signaling pathways within these neutrophils that were
associated with this variation in neutrophil numbers. To accomplish this, we compared
circulating neutrophil numbers, as the number of neutrophils isolated/ml of blood
(Neutrophils/ml), to array peptide phosphorylation levels for 10 CF neutrophil samples.
Circulating neutrophil numbers were significantly correlated with the phosphorylation levels for
only 10/227, or 4.4% of the array peptides with six of these being strong correlations (Table
5.24). Pathway over-representation analysis was performed with these significantly correlated
peptides to evaluate which signaling pathways were altered in CF neutrophil samples in
association with volunteer circulating neutrophil numbers (Table 5.25). Many of these pathways
had substantial similarity between the involved peptides. We observed that up to 5/10, or 50.0%
of the significant peptides used in this analysis were involved in any one of these pathways
where there was 1.8% - 15.0% pathway coverage by the involved peptides.
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Table 5.24: Kinome array peptides whose phos phorylation
levels were significantly correlated with numbe rs of
neutrophils isolated/ml blood whe n analysing circulating
neutrophil samples from volunteers with CF

Peptide, array peptide associated protein name and phosphorylation
site. Cut-off point for correlations with circulating neutrophil numbers
for the 10 CF volunteers among the 227 array peptides was p ≤ 0.05.

Table 5.25: Signaling pathways related to correlations between kinome array data for circulating
neutrophil samples and numbers of neutrophils isolated/ml blood for volunteers with CF

Array peptide-related proteins from Table 5.24 were used as input for pathway over-representation analysis. Array
Significant Proteins, number of array peptide associated proteins that were found in the pathway; Total Proteins in
Database, total number of proteins that were in the database for the pathway; %, percentage of pathway coverage
by Array Significant Proteins; (a), pathway similarities where an identical superscripted letter has identical Array
Significant Proteins; (a*), subgroup where all Array Significant Proteins are part of (a); Additional asterisks
indicate further subgrouping.
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Endotoxin
We previously observed that plasma endotoxin was detectable in several volunteers with
CF (Ch. 3) and that levels of this endotoxin were positively correlated with neutrophil numbers
(Ch. 4). Furthermore, endotoxin has known stimulatory effects on neutrophils [111, 288].
Therefore, we wanted to see if plasma with detectable levels of endotoxin was associated with
alteration of signaling pathways within CF circulating neutrophils. To accomplish this we
compared array peptide phosphorylation levels between the six neutrophil samples from
volunteers who did not have detectable levels of endotoxin in their plasma (endotoxin-) and the
four samples from those who did (endotoxin+) (limit of detection for endotoxin was 0.507
EU/ml [Ch. 3.3.7]). For this endotoxin- versus endotoxin+ comparison there were significantly
different phosphorylation levels for 32/227, or 14.1% of the array peptides (Table 5.26).
Pathway over-representation analysis was performed with these significant peptides to evaluate
which signaling pathways were altered between the neutrophil samples from the volunteers with
endotoxin- and endotoxin+ plasma (Table 5.27). From this analysis we observed that up to
17/32, or 53.1% of the significant peptides used in this analysis were involved in any one of the
signaling pathways where there was 5.5% - 15.6% pathway coverage by the involved peptides.
CXCL1
We previously observed that plasma CXCL1 concentrations trended (p = 0.088) toward a
significant increase and had greater variation in values for the CF versus control group (Ch. 3).
Furthermore, CXCL1 has known stimulatory effects on neutrophils [272, 314]. Therefore, we
wanted to see if CXCL1 concentrations were associated with alteration of signaling pathways
within CF circulating neutrophils. To accomplish this we performed correlation analysis
between plasma CXCL1 concentrations and array peptide phosphorylation levels for the 10 CF
neutrophil samples. There were significantly correlated phosphorylation levels for 26/227, or
11.5% of the array peptides where 14 of these were strong correlations (Table 5.28 ). Pathway
over-representation analysis was performed with these significantly correlated peptides to
evaluate which signaling pathways were altered in CF neutrophil samples in association with
plasma CXCL1 concentrations (Table 5.29). From this analysis we observed that up to 12/26, or
46.2% of the significant peptides used in this analysis were involved in any one of the signaling
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Table 5.26: Kinome array peptides with significantly different
phosphorylation levels between circulating neutrophil
samples from plas ma endotoxin- and endotoxin+ volunteers
with CF

Peptide, array peptide associated protein name and phosphorylation site. Cut-off
point for comparisons between samples from volunteers with endotoxin- (n = 6)
and endotoxin+ (n = 4) plasma among the 227 array peptides was p ≤ 0.05.
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Table 5.27: Signaling pathways related to differences in kinome array data between circulating
neutrophil samples from plas ma endotoxin- and endotoxin+ volunteers with CF

Array peptide-related proteins from Table 5.26 were used as input for pathway over-representation analysis. Array
Significant Proteins, number of array peptide associated proteins that were found in the pathway; Total Proteins in
Database, total number of proteins that were in the database for the pathway; %, percentage of pathway coverage
by Array Significant Proteins; (a), pathway similarities where an identical superscripted letter has identical Array
Significant Proteins; (a*), subgroup where all Array Significant Proteins are part of (a).
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Table 5.28: Kinome array peptides whose phos phorylation levels were
significantly correlated with plas ma CXCL1 concentrations when
analysing circulating neutrophil samples from volunteers with CF

Peptide, array peptide associated protein name and phosphorylation site. Cutoff point for correlations with plasma CXCL1concentrations for the 10 CF
volunteers among the 227 array peptides was p ≤ 0.05.
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Table 5.29: Signaling pathways related to correlations between kinome array data for circulating
neutrophil samples and plas ma CXCL1 concentrations for volunteers with CF

Array peptide-related proteins from Table 5.28 were used as input for pathway over-representation analysis. Array
Significant Proteins, number of array peptide associated proteins that were found in the pathway; Total Proteins in
Database, total number of proteins that were in the database for the pathway; %, percentage of pathway coverage
by Array Significant Proteins; (a), pathway similarities where an identical superscripted letter has identical Array
Significant Proteins; (a*), subgroup where all Array Significant Proteins are part of (a); Additional asterisks
indicate further subgrouping.
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pathways where there was 2.5% - 17.2% pathway coverage by the involved peptides.
G-CSF
We previously observed that plasma G-CSF concentrations also trended (p = 0.13)
toward a significant increase with greater variation in values for the CF versus control group
(Ch. 3). In addition, plasma G-CSF concentrations trended (r(19) = .41, p = .063) toward a
significant positive correlation with neutrophil numbers (Ch. 4). Furthermore, G-CSF has
known stimulatory effects on neutrophils [111, 124, 128]. Therefore, we wanted to see if plasma
G-CSF concentrations were associated with alteration of signaling pathways within CF
circulating neutrophils. To accomplish this we performed correlation analysis between G-CSF
concentrations and array peptide phosphorylation levels for the 10 CF neutrophil samples. We
only observed significantly correlated phosphorylation levels for 9/227, or 4.0% of the array
peptides where six of these were strong correlations (Table 5.30). Pathway over-representation
analysis was also performed with these significantly correlated peptides to evaluate which
signaling pathways were altered in CF neutrophil samples in association with plasma G-CSF
concentrations (Table 5.31). Many of these signaling pathways had substantial similarity
between the involved peptides. We observed that up to 6/9, or 66.7% of the significant peptides
used in this analysis were involved in any one of these pathways where there was 6.8% - 22.7%
pathway coverage by the involved peptides. It is worth noting that four of the significant
peptide-related proteins (i.e., Grb2, JAK2, Sek1, PIK3R1) that were highly conserved in the 13
signaling pathways were also involved in either the EPO signaling pathway or the JAK STAT
pathway and regulation pathway (not included in Table 5.31).
The possible biological relevance of these findings, for associations with experimental
values, and the inferences that can be made from them will be mentioned in the discussion. We
did investigate comparisons and correlations between these experimental values and peptide
phosphorylation levels for the small sample size (n = 4) of the control volunteers, but none of
the results were statistically significant. It is important to no te that several pathways were
predisposed for selection because a larger number of their associated proteins were represented
on the kinome array compared to other pathways (Table A9.2). Many of these pathways were
commonly observed during other evaluations of kinome array data and included the IL2
pathway, the IL4 pathway, the Leptin pathway, and the Osteoclast differentiation pathway.
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Table 5.30: Kinome array peptides whose phos phorylation levels were
significantly correlated with plas ma G-CSF concentrations when
analysing circulating neutrophil samples from volunteers with CF

Peptide, array peptide associated protein name and phosphorylation site.
Cut-off point for correlations with plasma G-CSF concentrations for the
10 CF volunteers among the 227 array peptides was p ≤ 0.05.

Table 5.31: Signaling pathways related to correlations between kinome array data for circulating
neutrophil samples and plas ma G-CSF concentrations for volunteers with CF

Array peptide-related proteins from Table 5.30 were used as input for pathway over-representation analysis. Array
Significant Proteins, number of array peptide associated proteins that were found in the pathway; Total Proteins in
Database, total number of proteins that were in the database for the pathway; %, percentage of pathway coverage
by Array Significant Proteins; (a), pathway similarities where an identical superscripted letter has identical Array
Significant Proteins; (a*), subgroup where all Array Signif icant Proteins are part of (a); Additional asterisks
indicate further subgrouping.
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5.5. DISCUSSION
Issues with high background intensity (i.e., noise) are known to be problematic in terms
of successful outcomes for arrays and have been documented for both kinome and other array
based technologies [260, 264-266]. Previous reports have indicated protocols related to reduction
of background or how to account for it in RNA and DNA based array platforms [264-266, 317].
This level of scrutiny, however, has not yet been applied to the younger kinome array platform
[257, 260]. Implementation of increased technical replicate numbers on kinome arrays has been
utilised to abate these issues [260, 263, 264]. Even so, problems with background intensity can
overwhelm this use of technical replicates when protocol based issues, relating to improper
technique, are present [260, 265]. Another issue related to the kinome array platform is the
proper storage of biological samples, as the kinases need to remain active yet cellular processes
which may alter these kinases need to be suppressed during storage. In addition, samples are
often collected on different days and as such must be stored for different periods of time before
testing. Although sample storage at -80°C is commonly used for preservation of sample integrity,
it has previously been reported that alteration in enzyme activity still occurs over time at this
temperature [318]. In a similar way it could be possible that changes in the activities of kinases
occur over time when stored at -80°C and that these changes could be identified by a sufficiently
sensitive assay. Our findings indicated that two different methods proved useful in assessing
kinome array quality, where both computer analysis of intensity and colour interpreted
visualisation provided comparable assessment of not only issues with array quality but also
insight into the probable causes of these issues. We also observed that the time between
collection and testing of our neutrophil samples correlated significantly with the phosphorylation
levels for 19.5% of the peptides on the kinome arrays, even though samples were stored at 80°C.
Our findings indicated that high background and low intensity of true signal were
common issues with array quality. The way in which these issues manifested and were
distributed appeared to have similarity within sets of samples (i.e., samples assayed at the same
time). Therefore, these issues likely indicated specific problems with technique which
manifested differently each time the assay was performed. The first set of neutrophil samples
assayed suffered from fairly evenly distributed high background that drowned out the apparently
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low level of signal from the samples. This most likely indicated that the arrays were not properly
washed, thus leaving fairly evenly distributed high background due to leftover phosphoprotein
stain [258, 260]. This also indicated that the cell pellet was likely not properly lysed or properly
prepared with the ATP containing activation mixture thus causing the low level of signal from
the samples [258, 260]. The second set of samples suffered from different issues where very high
background was confined to one large area, while in addition little to no foreground intensity was
observed above the background. This most likely indicated that the cell lysate samples were
unevenly loaded onto the arrays. This then caused over exposure and high background in areas
where large amounts of the sample were loaded. This also meant that under exposure or lack of
intensity occurred in areas that were void of the sample. Furthermore, the lack of foreground
intensity was most likely caused again by improperly prepared cell lysate before incubation on
the array [260]. The majority of the arrays in the third set of neutrophil samples were of
acceptable quality. Two of the arrays from this third set, however, did suffer from the same
issues with very high backgrounds confined to one area that was previously observed for the
second set of samples. In contrast to the second set of samples, these two arrays from the third
set did have foreground intensities that were observable in spite of these issues with background.
These observable foreground intensities, however, were mainly observable around the edges of
the high background areas. This most likely indicated that the cell lysate samples for these two
arrays were loaded unevenly, but that the samples were prepared properly as indicated by the
apparently strong foreground from kinase activity in areas where the samples were actually
present on the arrays [260].
Problems with background are a common issue with kinome and other array based
technologies [260, 264, 317], where issues arise to a moderate extent even when proper
experimental protocol is followed (i.e., cell lysate and activation mixture prepared properly,
samples evenly distributed on arrays, arrays thoroughly washed after incubation and staining).
The use of technical replicates for each peptide as well as background correction of the
foreground helps account for these moderate issues [260, 263, 264]. That said, the issues we
observed in the poor-quality arrays indicated that proper protocols were not followed, and that
this error resulted in discrepancies too extensive to be accounted for by technical replicates and
background correction. These findings clearly indicated a distinction between acceptable quality
and poor-quality arrays where issues related to improperly executed protocol affected entire sets
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of samples and were likely due to the same technical issue or mistake occurring across the entire
set. This indicated that it is not only prudent but necessary for other studies using kinome arraybased analyses to implement a similar method for verification of array quality, even when
protocols are set up to avoid these issues. In this way, kinome array analysis may be more
effective in reporting results that accurately reflect true kinase activity and therefore will have a
greater chance of being reproducible.
Extraneous variables with possible influences on kinome array analysis were also
observed to be important to investigate. As samples were collected from volunteers over time
and had to be assayed in large groups, it was required that they be stored until use. Even though
samples were snap frozen in liquid nitrogen and stored at -80°C, we detected that the length of
time between sample collection and testing was statistically significantly correlated with changes
in kinase activities (i.e., array peptide phosphorylation levels). These changes were detectable
and significant despite the individual variations in array peptide phosphorylation levels observed
between different volunteers in this study. This was possible because the variations in
phosphorylation levels between samples collected from different volunteers on the same days
(i.e., samples that spent the same amount of time in storage) were considerably smaller than the
variations associated with time in storage, as can be readily observed in the graphs of Figure 5.4.
Although these findings did point out the highly sensitive capability of the kinome array
platform, they also appeared to indicate that a temperature of -80°C may not have been adequate
to maintain the activity of specific kinases in neutrophil samples. The possibility for decreased
enzyme activity over time when samples are stored at -80°C has been previously reported for
glutathione peroxidase, where activity was reported to be similar after 15 or 30 days but was
significantly decreased after 60 days of storage at -80°C [318]. Although glutathione peroxidise
has some similarities to kinases, in that it is an enzyme with functional activity, direct
comparison to all enzymes or kinases is problematic. Furthermore, it is very possible that
susceptibilities to changes over time when stored at -80°C are dependent on protein structure and
composition. This does make it difficult to relate the changes reported by Silvestre et al. (2010)
for glutathione peroxidase to the changes in kinase activities that we observed; however, it
provides evidence that these changes are possible and may be occurring for some kinases.
Ideally, further investigation using identical samples at different time points, along with specific
tests for activities of each of the kinases involved, would be required to definitively say that
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duration of time in storage when at -80°C was the cause of the changes in phosphorylation levels
for these array peptides. That said, from the results we observed here we would expect to see
similar correlations occur if this was performed. Regardless of the exact mechanism relating to
decreased kinase activity, because such a large number of different array peptides (i.e., 55
peptides) were identified to be statistically significantly affected, it is nearly impossible to
accredit this occurrence to chance or the effects of other unrelated variables.
CF circulating neutrophils have documented alterations of function relative to non-CF
controls [1, 15, 52, 139, 155] where alterations relating to neutrophil apoptosis appear to involve
some component of the CF plasma [139]. Our previous investigations indicated that plasma
concentrations of G-CSF and CXCL1 were positively correlated with each other, and while GCSF concentrations were positively correlated with plasma endotoxin levels, CXCL1
concentrations were positively correlated with endotoxin levels only among volunteers who were
ciprofloxacin positive (Ch. 3). Furthermore, G-CSF concentrations trended (r(19) = .41, p =
.063) toward a significant positive correlation with the numbers of neutrophils isolated/ml of
blood (i.e., neutrophil numbers), while endotoxin levels displayed a significant positive
correlation with neutrophil numbers (Ch. 4). Each of these plasma factors have known
stimulatory effects on neutrophils [111, 124, 128, 272, 288, 314] and therefore were thought to
be related to the altered neutrophil function in CF [1, 15, 52, 139, 155]. In addition, we
previously discovered associations between volunteer characteristics (e.g., AZLI status, S.
aureus status) and both neutrophil numbers (Ch. 4) and plasma factors (e.g., G-CSF, CXCL1)
(Ch. 3), while neutrophil numbers were associated with decreased lung functio n for our CF
volunteers (Ch. 4). Together this implied that these plasma factors and volunteer characteristics
may be connected to alteration of signaling pathways within the CF neutrophil.
The transduction of stimulatory signals to effector responses has been shown to involve
the activity of many kinases and phosphatases and their substrates [250, 251, 319, 320]. Kinome
arrays have previously been reported as a useful tool in identifying alterations in the kinase
activities of these signaling pathways [257, 260]. There is sizeable knowledge on the alteration
of signaling pathways in neutrophils [319, 321] at least some of which involve apoptosis-related
pathways [322-324]. Very little in this area, however, has been reported for CF circulating
neutrophils where the available information is related more to neutrophils in the CF airways [71].
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Therefore our kinome array findings which were related to the alteration of signaling pathways
in CF circulating neutrophils, provide insights into the reported alterations of circulating
neutrophil function in CF [1, 15, 52, 139, 155]. This may also provide insights into the
associations between neutrophil numbers and the plasma factors noted above (Ch. 3 and 4). In
this way we were also able to identify possible associations between volunteer characteristics
(e.g., AZLI status, S. aureus status) and CF circulating neutrophil signaling. In concert these
findings implied that a combined effect from multiple factors may have contributed to alteration
of signaling pathways in CF circulating neutrophils, and that this alteration may have been
caused in part by plasma endotoxin and G-CSF. These effects appeared to have been connected
to alterations in peptide phosphorylation and pathway signaling that are involved in apoptosis.
Performing kinome array analysis on only four control and 10 CF neutrophil samples
created an inability to properly account for multiple variables at the same time. This created the
need to infer our findings across results from different comparisons of individual variables when
associations between these variables and kinome array data were thought to exist. When
interpreting the results from large datasets (i.e., kinome array data) it is important to consider the
number of statistically significant events that will occur by chance given the large number of
variables (i.e., peptides) being looked at. Statistically speaking, for 227 peptides there would be
around 11 peptides identified as significant (p ≤ 0.05) by chance during comparison to another
variable. This is because at the 95th percentile (i.e., p ≤ 0.05) there is still a 5% chance that results
will be significant by chance. Therefore, it is important to also ensure reasonable biological
significance when trying to gain proper insight from these results.
As the main purpose of performing kinome array analysis was to identify altered
pathways in the neutrophil samples, the pathway over-representation analysis contained the most
important results. At the same time, valuable information can be gained from analysis of the
phosphorylation levels of purposefully chosen individual peptides from the array. It should be
noted, however, that proper insight regarding peptide phosphorylation levels requires more
context than entire signaling pathways. This context needs to include the effect that
phosphorylation of that peptide (i.e., related protein phosphorylation site) has within the pathway
you are investigating along with information on other phosphorylation sites for that related
protein and how they interact with each other [325]. Upon investigation of different peptides it
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appeared that even the cell type being investigated or the different forms of initial stimulation
(e.g., endotoxin stimulation, G-CSF stimulation) for the same pathway can relate to
discrepancies in outcomes of phosphorylation. Relying on information that is outside of the
investigated context may provide insight that is not accurate to the situation being observed (e.g.,
phosphorylation that inhibits apoptosis in specific cancer cells but not in neutrophils). Because of
this, pathway over-representation analysis has the further capacity to combine information from
multiple peptides thereby increasing the likelihood that a specific pathway is altered with each
additional peptide in the pathway.
Another important consideration to make when evaluating results from pathway overrepresentation analysis is that certain pathways would be naturally predisposed for selection due
to the peptides that were chosen for the array [260]. This occurred in our study because in
humans there are over 20,000 different phosphorylation sites found throughout 5,000 different
proteins [252], yet only 227 peptides were used during analysis. Due to the objectives of this
research project, the peptides on our arrays were highly related to signaling from immune
responses, with strong representation of interleukin receptor and TLR signaling. This means that
any of the pathways identified when pathway over-representation analysis was performed on all
227 peptides needs to be viewed with caution when it shows up in other comparisons. For these
pathways a healthy number of peptides representing the pathway, along with biological
relevance, may help indicate that the pathway was actually altered. For these reasons, certain
pathways (e.g., “IL2” pathway, “IL4” pathway) were not focused on even though they were
identified as altered.
There was relatively poor pathway coverage for the kinome array analysis that compared
the CF neutrophil samples to the control samples. This likely reflected the fact that none of the
peptides used for analysis were actually significantly different between the two groups and may
have indicated that most of these peptides and pathways were not actually associated with
differences in neutrophil signaling between these two groups. In contrast, when comparing the
endotoxin-negative CF and control samples there were 39 significant peptides, which was the
most for any comparison where non-parametric testing was used. Furthermore, the
preponderance of the associated pathways was represented by at least 10 peptides, which
appeared to indicate good representation. The well documented capacity of endotoxin to
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stimulate neutrophils [111, 288] likely played a big part in the alteration of signaling pathways in
neutrophils for the smaller subset of volunteers with CF who were endotoxin positive. In
addition, endotoxin has been reported to decrease surface expression of the G-CSF receptor
(CD114) on neutrophils [326], thus likely decreasing neutrophil sensitivity to G-CSF. At the
same time, the majority of CF plasma samples did not have detectable levels of endotoxin and
therefore we needed to control for endotoxin so that its stimulatory and G-CSF-desensitizing
effects did not confound or overshadow the pathways that were being altered in the majority of
our volunteers with CF who were endotoxin negative. We previously (Ch. 3 and 4) identified GCSF in plasma as a possible contributor to the plasma-related decreased apoptosis previously
reported in CF circulating neutrophils [1, 139]. Investigation of the databases used for pathway
over-representation analysis revealed that one pathway specific for G-CSF signaling was not
annotated; however, the “JAK STAT pathway and regulation” and the “EPO signaling pathway”
were observed to have the closest similarity to G-CSF signaling of all pathways in these
databases. Accordingly, our findings indicated good representation of the “JAK STAT pathway
and regulation” (4.4% coverage) and the “EPO signaling pathway” (6.6% coverage). This, in
connection with our previous findings for plasma G-CSF (Ch. 3 and 4) and this cytokine’s
known capacity to stimulate neutrophils, were certainly consistent with G-CSF acting as a
biologically significant stimulus for the CF neutrophil. Therefore, through kinome array analysis
we were able to verify that pathways relating to direct stimulation of neutrophils by G-CSF were
indeed altered in CF neutrophils when accounting for plasma endotoxin.
Many other cytokines are known to signal through JAK/STAT [327], and the “EPO
signaling pathway” in this analysis did share all of its related peptides with the “JAK STAT
pathway and regulation”. That said, G-CSF also has a strong biological relationship with
inhibition of apoptosis in neutrophils [128, 140, 328] and in part appears to affect this through
XIAP [128]. Indeed, it was also identified that the “Apoptosis” pathway (with 11.4% coverage)
and phosphorylation of the peptide XIAP S87 were both altered when comparing CF and control
neutrophils from endotoxin- negative volunteers. Furthermore this pathway has strong biological
relevance in the context of the previously reported decreased apoptosis in CF neutrophils [1,
139]. Part of this altered “Apoptosis” pathway was the increased phosphorylation levels of XIAP
S87 in the CF samples, which has been related to stabilization of the protein [302], allowing
XIAP to perform its anti-apoptotic function [143]. As such, increased XIAP S87 phosphorylation
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levels may have been related to the previously reported decreased apoptosis in CF
neutrophils[139], which was consistent with our findings that the “Apoptosis” pathway was
inhibited or decreased compared to control neutrophils. These findings are consistent with the
hypothesis that apoptosis is decreased in CF neutrophils in a way that is directly related to
plasma G-CSF but not to plasma endotoxin.
It was identified that phosphorylation of peptides CFTR S737 and CFTR S813 were
significantly increased for the CF samples compared to the controls when controlling for
endotoxin. Although at first glance these findings may seem important, the explanation for this
observation could be rather simple and not related to important biological changes. These
findings are most likely connected to the absence of cytoplasmic or plasma membrane bound
CFTR protein due to the homozygous ΔF508 class 2 mutation, where the protein does not make
it out of the endoplasmic reticulum [11, 16]. This absence of CFTR protein availability would
mean that CFTR specific kinases would not be bound to endogenous CFTR and as such would
be available at higher levels in the CF neutrophils when compared to controls. That is, in CF,
these kinases were more available to phosphorylate the CFTR-related array peptides.
Previous reports have indicated that AMPK and LMTK2, the kinases responsible for
phosphorylation of CFTR S737, bind to the CFTR protein in a manner strong enough to be coimmunoprecipitated with it [329, 330]. If these kinases were already bound to CFTR then they
would not be available to phosphorylate the CFTR-related peptides on the array. This rational
does negate the more common concept associated with altered phosphorylation levels, which is
that cellular signaling was increased in an effort to cause these altered levels of phosphorylation.
This concept would suggest that CF neutrophils were increasing kinase activity in an effort to
modify a protein that was absent. If this was actually the situation then the cell would have been
trying to activate the CFTR (i.e., increase CFTR function), but most reports would indicate an
inhibition of CFTR function from phosphorylation of CFTR S737 [329-331]. Because the nature
of CFTR S737 phosphorylation appears to be inhibitory, it does not make sense biologically that
the cell would be trying increase the corresponding kinase activity of AMPK and LMTK2. This
is because a cell without CFTR, as was the case with our CF neutrophil samples, would require
activation of CFTR to function normally and not inhibition, as the full effect of an inhibitory
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signal is already occurring (i.e., absence of the CFTR). That said, one study contradicts the other
reports and has indicated activation of CFTR function when S737 is phosphorylated [332].
In addition to our findings for CFTR S737, findings for CFTR S813 also supported the
idea that increased phosphorylation levels of the CFTR-related array peptides, in CF samples,
were caused by the absence of endogenous CFTR. The phosphorylation of CFTR S813 has been
reported to activate CFTR function [331, 333]. In this way, our observation that peptide CFTR
S813 also had increased phosphorylation levels in the CF neutrophils would contrast with our
above mentioned findings for CFTR S737. This would most likely be an incorrect indication that
the CF neutrophils were signaling for both inhibition and activation of the CFTR protein at the
same time. When all these concepts are connected, it appears more likely that CF-related
increased phosphorylation levels for peptides CFTR S737 and CFTR S813 were caused by
absence of endogenous CFTR protein. This absence would have left the associated kinases
unbound and therefore more readily available to phosphorylate the array peptides. Independent
of the mechanism behind this, these findings indicated the possibility for LMTK2 to have
increased availability and activity in the CF neutrophils. To our surprise, LMTK2 has been
reported to have anti-apoptotic effects through BCL- xL, BCL2, and Bim [334]. These findings
suggest that LMTK2 inhibition may be a good target for ameliorating some of the effects of the
absent CFTR protein in CF, specifically in the context of reduced neutrophil apoptosis. That
said, LMTK2 has been previously reported as a possible target for CF, although this was in
relation to improving cell surface density and activity of rescued CFTR [330] and therefore was
in a situation where CFTR was present.
Because volunteer AZLI and S. aureus status were previously observed to be associated
with plasma G-CSF concentrations and neutrophil numbers (Ch. 3 and 4), it was important to
analyse the kinome data in connection with these variables. This analysis, however, had
limitations in sample size (n = 3) and all four subgroups were not represented when stratifying
samples by AZLI and S. aureus status (e.g., AZLI-positive volunteers who were S. aureus
positive, S. aureus- negative volunteers who were AZLI negative). In spite of this we did observe
biologically relevant and meaningful results. Each of these PIIKA 2 comparisons produced a
large number of significant peptides, while the pathway over-representation analysis resulted in
most pathways having 10 - 15 peptides, which appeared to be respectable coverage. When
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comparing the AZLI (CF) group to the control group the “Activated TLR4 signaling” pathway
with 14.5% coverage was of particular biological interest, considering that the Gram-negative
specific bactericidal activity of AZLI [96] has been shown to result in release of endotoxin from
these bacteria [291]. This would imply that AZLI-associated release of endotoxin may have
stimulated the circulating neutrophils in the AZLI (CF) group through TLR4 [288, 335]. Further
supporting this, two of the three samples in the AZLI (CF) group were from endotoxin-positive
volunteers. That said, it cannot be excluded that advanced disease severity and lower lung
function, pre-existed the initiation of AZLI therapy. Therefore, these associations with AZLI
may have been driven by disease severity, where increased bacterial burden and lower lung
function, as related to advanced disease, would have the capacity for increased endotoxin release.
The G-CSF signaling related “JAK STAT pathway and regulation” (11.4% coverage) and “EPO
signaling pathway” (13.8% coverage) were also both identified as altered. This may have been
connected to our previous observation that the volunteers who were AZLI positive trended (p =
0.069) toward significantly increased plasma G-CSF concentrations, which were significantly
increased when controlling for S. aureus (Ch. 3). Together this indicated that plasma G-CSF may
have been stimulating these neutrophils as well. The effect that stimulation by both endotoxin
and G-CSF would have had on the AZLI (CF) neutrophils was likely complicated considering
the possible desensitisation of neutrophils to G-CSF by endotoxin [326]. Several cancer-related
pathways also appeared to be altered in this comparison and were likely associated with the
biological relevance of apoptosis in cancer [336]. Accordingly, four peptides (i.e., IKK-beta
Y199, IKK-gamma S43, NFkB-p65 S276, NFkB-p65 S536) associated with the cancer-related
pathways for the AZLI (CF) group compared to the control group, were also observed in the
“Apoptosis” pathway when comparing the endotoxin-negative CF and controls samples. Further
supporting this, XIAP was not present in any of the cancer-related pathways; however,
phosphorylation levels of peptide XIAP S87 were identified, by PIIKA 2 analysis, to be
increased in the AZLI (CF) group compared to the control group, and as previously mentioned
this would relate to inhibition of apoptosis [143, 302].
When comparing the AZLI (CF) group to the S. aureus (CF) group, 12 pathways and
over half (55.8% and 64.6%) of the significant peptides were shared or common to the
comparison between the AZLI (CF) and control groups. Again, the G-CSF-related “JAK STAT
pathway and regulation” (11.7% coverage) and “EPO signaling pathway” (14.4% coverage)
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were present. This may have been related to our previous observations that the volunteers who
were S. aureus positive had numerically smaller mean concentrations of plasma G-CSF
compared to those who were S. aureus negative, while the volunteers who were AZLI positive
trended (p = 0.069) toward significantly increased G-CSF concentrations versus those who were
AZLI negative (Ch. 3). These similar findings, when we compared the AZLI (CF) group to the
control group or to the S. aureus (CF) group, indicated that the largest changes is neutrophil
signaling occurred in the AZLI (CF) group. For the volunteers with CF, our previous findings
associated AZLI therapy with significantly increased neutrophil numbers, increased plasma GCSF concentrations that trended (p = 0.069) toward significance, and increased endotoxin levels
that trended (p = 0.14) toward significance (Ch. 3 and 4). The conclusion that AZLI is associated
with altered circulating neutrophil function is supported by observations from the heatmap of all
227 peptides, where the AZLI (CF) group was observed to be different from both the S. aureus
(CF) and the control groups. These observations from the heatmap were directly compared and
verified for phosphorylation levels of individual peptides, where it was observable that
phosphorylation levels for the S. aureus (CF) group were usually closer to the control group than
to the AZLI (CF) group. These comparisons also indicated that alteration of the “Signaling by
SCF-KIT” pathway (with 10.2% coverage) was associated with the AZLI (CF) group. Although
comparison based on AZLI status for the 10 CF volunteers provided few significant peptides and
modest pathway coverage, the “Signaling by SCF-KIT” pathway (with 3.9% coverage) was
observed for this comparison as well. Therefore, alteration of this pathway may have been
specifically associated to the volunteers who were AZLI positive. The “Signaling by SCF-KIT”
pathway is linked to hematopoiesis [337]. Alteration of the “Signaling by SCF-KIT” pathway in
association with the AZLI (CF) group could theoretically indicate that the volunteers who were
AZLI positive may have had immature neutrophils released from the bone marrow and that this
pathway was altered in these newly release neutrophils, which has been reported to happen for
bacterial abscesses [309]. Further investigation into neutrophil population dynamics for granular
maturity or band cells between volunteers with CF who have different AZLI status would need
to be done to properly evaluate this. As previously mentioned it cannot be excluded that
advanced disease severity, and therefore lower lung function, pre-existed AZLI therapy, and that
these associations with AZLI were driven by disease severity.
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When comparing the S. aureus (CF) group to the control group we observed that the
“Apoptosis” pathway was once again present but with 10.2% coverage. G-CSF signaling related
pathways, however, did not appear altered for this comparison even though two of the three S.
aureus (CF) volunteers had detectable levels of plasma G-CSF. This brought into question
whether there were other biological reasons why apoptosis-related pathway signaling was altered
in the neutrophil samples from the S. aureus (CF) group. It has been reported that S. aureus has
multiple immunomodulatory effects on neutrophils which help protect the bacteria from being
cleared by neutrophils [338]. One report has indicated that strains of S. aureus without specific
virulence factors can increase neutrophil CXCL8 production and alter phosphorylation of NFκB-p65 in a way which appears to decrease apoptosis, while strains of S. aureus with specific
virulence factors avoid this natural response [339]. Furthermore it has been reported that these
virulence factors can be induced by the neutrophil immune response [340]. When applying this
knowledge to our results we observed that the “Apoptosis” pathway did include NF-κB-p65,
where the array peptides related to NF-κB-p65 consisted of peptide NFkB-p65 S276 and peptide
NFkB-p65 S536. Our findings indicated that phosphorylation of peptide NFkB-p65 S276 was
not significantly altered for the S. aureus (CF) group compared to the control group, but that it
was commonly increased in the CF neutrophil samples. The most evident significant increase for
this was observed in the volunteers with CF who were endotoxin negative compared to both the
endotoxin-negative control volunteers and the other volunteers with CF. The three volunteers
with CF who were endotoxin negative and S. aureus positive did have some of the highest levels
of peptide NFkB-p65 S276 phosphorylation compared to the control volunteers and the other
volunteers with CF, while the two volunteers with CF who were endotoxin positive and S.
aureus positive had the lowest levels of peptide NFkB-p65 S276 phosphorylation for all the
volunteers with CF. This may have been related to S. aureus not expressing virulence factors
when endotoxin-related inflammation was absent, but when endotoxin-related inflammation was
present these virulence factors may have been induced and related to decreased phosphorylation
[339, 340]. That said, a larger sample size would be required to properly stratify and analyse
results based on both plasma endotoxin and S. aureus colonisation. Regardless of S. aureus
colonisation, the role of NF-κB-p65 S276 in the “Apoptosis” pathway is still significant for the
endotoxin-negative volunteers with CF and phosphorylation of NF-κB-p65 at S276 has been
indicated to activate NF-κB in a way that inhibits apoptosis [341, 342].
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Phosphorylation of peptide NFkB-p65 S536 was commonly observed to be decreased for
the CF neutrophil samples, with the most evident decrease identified in the volunteers with CF
who were endotoxin negative. We also observed that phosphorylation of peptide NFkB-p65
S536 was significantly decreased in the S. aureus (CF) group and to a lesser extent the AZLI
(CF) group when compared to the control group. This could have matched with the findings for
peptide NFkB-p65 S276 as there is evidence that phosphorylation of NF-κB-p65 at S536 can
either activate [343] or inhibit [344] apoptosis. Therefore it is very probable that, like other
phosphorylation events on many other proteins with multiple phosphorylation sites, the effect of
this phosphorylation on a particular pathway is highly dependent on the situation (e.g., stimulus
type, signaling crosstalk) and the phosphorylation status of other sites on the protein [325, 345,
346]. When phosphorylation of NF-κB-p65 at S536 is taken into the context of phosphorylated
NF-κB-p65 at S276 and CF neutrophils it likely relates to the activation of apoptosis. This would
mean that the decreased phosphorylation detected for peptide NFkB-p65 S536 was related to
inhibition of apoptosis-related pathway signaling and as such coincided with the increased
phosphorylation detected for peptide NFkB-p65 S276 that was also related to inhibition of this
signaling. When taken together these findings indicate that signaling in CF neutrophils,
specifically those from volunteers without detectable levels of plasma endotoxin and perhaps
who were S. aureus positive, resulted in down-regulation of the “Apoptosis” pathway through
proteins like XIAP and NF-κB-p65 when compared to the control neutrophils from volunteers
without detectable levels of plasma endotoxin . This inhibition of apoptosis-related pathway
signaling could very well be related to the decreased apoptosis previously reported for CF
neutrophils [139]. When comparing combined array data for both CF groups (i.e., AZLI [CF], S.
aureus [CF]) to the control group, it was difficult to gain insight as there were only a small
number of significant peptides in most pathways. That said, the “Apoptosis” pathway (with 4.5%
coverage) was still identified in this comparison which further supports a possible link between
the alterations of the “Apoptosis” pathway, which was detected during several analyses of
kinome array data, and the decreased apoptosis that has been previously reported in CF
neutrophils [139].
FEV1/FVC values were significantly correlated to more peptide phosphorylation levels
than any other single variable we looked at from medical chart data (e.g., AZLI status, FEV1 %
values). Even so, most pathways identified from these only included six or seven peptides,
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indicating modest pathway coverage. Of biological relevance, the G-CSF signaling related “JAK
STAT pathway and regulation” (3.7% coverage) and “EPO signaling pathway” (5.0% coverage)
were indicated here as well. In fact, all four of the significant peptides in the best represented
“IL9” pathway (16.7% coverage) were a subset (i.e., were all contained) within the 10 significant
peptides of the “JAK STAT pathway and regulation”. Also of interest, the “KitReceptor”
pathway (with 5.8% coverage) was associated with FEV1/FVC values and is directly related to
the “Signaling by SCF-KIT” pathway that was previously associated with the AZLI (CF) group
during PIIKA 2 analysis as well as during the comparison of AZLI status. Finding a shared
pathway between associations with volunteer AZLI status and a parameter of lung function was
likely connected to our previous findings that decreased values for parameters of lung function
were associated with the volunteers with CF who were AZLI positive compared to those who
were AZLI negative (Ch. 4). Further supporting the link between alteration of these pathways in
neutrophils and lung function was our previous finding that increased neutrophil numbers were
associated with decreased lung function for our volunteers with CF (Ch. 4). These findings may
be of biological importance considering the reported connections between altered neutrophil
function and disease progression in CF [1, 15, 52, 71].
Results from kinome array analysis when correlating FEV1 % values with array data
were difficult to gain insight from due to a low number of significant peptides. The number of
significant peptides was low enough to make it questionable if the correlations happened by
chance. This comparison, however, was still reported because FEV1 % is the most commonly
used parameter of lung function [77] and it was hoped that it would help verify our findings for
FEV1/FVC. Accordingly, half of the significant peptides from the FEV1 % correlation analysis
were shared with the FEV1/FVC correlation analysis (i.e., NFkB-p105 S337, rab4 Y189, Sek1
S80, and Smad3 S423). That said, the only pathway that was directly associated with both FEV1
% values and FEV1/FVC values was the “TNFalpha” pathway, while the “Toll- like receptor
signaling pathway” that was associated with FEV1/FVC values may have been reflective of all
the TLR-related pathways (e.g., “MyD88 cascade initiated on plasma membrane”, “TRIFmediated TLR3/TLR4 signaling”) that were associated with FEV1 % values. Biologically these
pathways may have related to the variation of CF pulmonary inflammation [347, 348] and
resultant TNF stimulation of these neutrophils [349] or to the pulmonary Gram- negative bacterial
infections in CF [11] and release of PAMPs and resultant TLR stimulation [335], both of which
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were likely to have been associated with changes in lung function [295, 350]. That said, with so
few significant peptides involved in these pathways it is difficult to gain proper insight. It is
certainly possible that proper insight would require a larger sample size so that results could first
be stratified by other variables (e.g., AZLI status, S. aureus status) before correlation analysis
was performed between FEV1 % values and peptide phosphorylation levels.
Volunteer age displayed significant correlation with only 11 peptides thus placing these
associations on the edge of having occurred by chance. Additionally, there were only four or five
peptides in most pathways. Apart from this, the biological relationship between certain aspects of
disease progression and age make some of these pathways worth mentioning. Age of our
volunteers with CF appeared to be associated with several pathways connected with bone
formation and absorption including the “Osteopontin- mediated events” (14.8% coverage),
“RANKL” (7.1% coverage), and “Osteoclast differentiation” (3.8% coverage) pathways [351353]. This is interesting considering the known issues with bone disease in CF [7], where loss of
bone density appears to advance quicker with age than that seen in individuals without CF [8,
354].
Our previous findings indicated that there were detectable associations between plasma
concentrations of G-CSF, CXCL1, and endotoxin levels as well as with circulating neutrophil
numbers for our volunteers with CF (Ch. 3 and 4). Furthermore all of these parameters had
previously reported biological relationships with circulating neutrophils in a way that could
cause alteration of signaling pathways within the neutrophils [111, 124, 128, 272, 288, 314]. For
these reasons, kinome array analysis in association with neutrophil numbers and plasma
concentrations of G-CSF, CXCL1, and endotoxin were all reported even though some of these
analyses had low numbers of significantly associated peptides.
For array analysis in association with neutrophil numbers for our volunteers with CF,
there were only 10 significant peptides with many pathways being represented by the same four
peptides. This likely indicated weak associations and as such required strong biological
connections to form proper insight. There is a known biological relationship between G-CSF and
neutrophil numbers [111, 124, 128] and the G-CSF signaling related “JAK STAT pathway and
regulation” (1.8% coverage) and “EPO signaling pathway” (2.8% coverage) were observed to be
associated with neutrophil numbers. There are also known biological relationships between
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endotoxin and neutrophil numbers [111, 288] and the endotoxin signaling related “TRIFmediated TLR3/TLR4 signaling” (4.1% coverage) and “MyD88 dependent cascade initiated on
endosome” (4.7% coverage) pathways were also observed to be associated with neutrophil
numbers. The same four significant peptides involved in the endotoxin-related pathways were
also observed in the G-CSF-related pathways. That said, G-CSF or endotoxin signaling still may
have been associated with circulating neutrophil numbers as they are known to be increased in
CF [34, 153, 154]. Supporting these conclusions, we previously observed considerable variance
in circulating neutrophils numbers within the CF group, and these neutrophil numbers displayed
a significant positive correlation with plasma endotoxin levels and trended (r(19) = .41, p = .063)
toward a positive correlation with plasma G-CSF concentrations (Ch. 4).
Because of the large number of plasma samples with undetectable levels of endotoxin,
kinome array analysis based on endotoxin looked at whether or not endotoxin was detected in
plasma (i.e., endotoxin positive, endotoxin negative). Endotoxin was the plasma factor
significantly associated with the largest number of peptide phosphorylation levels. This was not
surprising considering the sensitivity neutrophils have to endotoxin and its known related effects
[111, 288, 326]. Correspondingly, most pathways had reasonable coverage, with around 10
peptides identified for most pathways. Although a pathway directly related to apoptosis was not
observed in association with detection of plasma endotoxin, phosphorylation levels of both
peptide NFkB-p65 S276 and peptide XIAP S87 were increased in neutrophil samples from
endotoxin-negative volunteers compared to those who were endotoxin positive. Both of these
findings along with their previously mentioned biological relevance indicated another connection
to inhibition of apoptosis-related pathway signaling in the neutrophils from the volunteers with
CF who were endotoxin negative [302, 341, 342]. Building off this premise, good representation
of G-CSF-related signaling from the “JAK STAT pathway and regulation” (with 6.2% coverage)
and the “EPO signaling pathway” (with 8.8% coverage) was observed and G-CSF has been
previously reported to employ XIAP as part of its anti-apoptotic effects [128]. That said,
phosphorylation of peptide XIAP S87 was not increased in association with detectable levels of
endotoxin (i.e., endotoxin-positive volunteers) but rather with the absence of detectable
endotoxin (i.e., endotoxin- negative volunteers). This implies it was possible that G-CSF, but not
endotoxin, signaling may have been the cause of altered peptide XIAP S87 phosphorylation.
This G-CSF related signaling may also have been associated with altered peptide NFkB-p65
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S276 phosphorylation as G-CSF has previously been reported to signal through NF-κB [355]. As
would be expected biologically when endotoxin interacts with neutrophils [111, 189, 288], there
was representation of endotoxin signaling through TLR4 with the highly related “MyD88
cascade initiated on plasma membrane” pathway (9.6% coverage).
Plasma CXCL1 concentrations were significantly correlated with a large enough number
of array peptides to warrant further investigation, yet limited pathway coverage and overlapping
pathways made our findings difficult to interpret. The “P38 mapk signaling pathway” was the
best represented pathway with 17.2% coverage, although MAPK signaling is used in many
different pathways. CXCL1 has documented stimulatory effects on neutrophils [272, 314] and
there is evidence that alteration of this pathway was directly related to stimulation by CXCL1,
which has been reported to involve p38 MAPK signaling in neutrophils [356]. On the other hand,
we previously observed that plasma CXCL1 concentrations were positively correlated with
plasma G-CSF concentrations as well as with plasma endotoxin levels when accounting for
volunteer ciprofloxacin status (Ch. 3). In this regard, it has been reported that G-CSF signaling
can also activate p38 related MAPK signaling [357] and that endotoxin can involve p38 MAPK
signaling and that this can inhibit apoptosis [322, 358]. Further supporting this biological relation
to G-CSF and endotoxin stimulation, the G-CSF signaling related pathways “JAK STAT
pathway and regulation” (4.4% coverage) and “EPO signaling pathway” (5.0% coverage) and the
endotoxin signaling related pathway “Activated TLR4 signaling” (6.4% coverage) were all
identified to associate with plasma CXCL1 concentrations. Therefore, it is possible that one or
all of these factors stimulated the CF circulating neutrophils and caused the observed alterations
in signaling.
It was difficult to gain insight from the associations between plasma G-CSF
concentrations and the kinome array analysis as only nine peptides were observed to be
significantly correlated with G-CSF concentrations. This meant it was possible that these
findings happened by chance. That said, this analysis was still reported due to the strong
biological relevance between G-CSF and neutrophil stimulation [111, 124, 128] and our previous
findings linking plasma G-CSF concentrations to neutrophils (Ch. 4). Of more interest than the
poorly represented pathways that were identified, was the fact that most of these pathways were
represented by the same four peptides (i.e., Grb2 Y7, Jak2 Y1007, Sek1 S80, and PIK3R1 Y556)
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and that these peptides related to proteins that were involved in the “JAK STAT pathway and
regulation” or the “EPO signaling pathway”. Therefore, these findings may have been related to
G-CSF signaling as would be expected when analysing the array data in association with plasma
G-CSF concentrations.
None of the peptides with phosphorylation levels significantly associated with plasma
endotoxin, plasma CXCL1, or neutrophil numbers were common between these comparisons.
This finding was odd considering that plasma endotoxin, plasma CXCL1, and neutrophil
numbers were associated with the “JAK STAT pathway and regulation” and the “EPO signaling
pathway”. This could have indicated that these pathways were only selected for by chance, as
they were well represented in the peptides on the array and thus predisposed for selection. That
said, these two pathways were not observed for all comparisons (e.g., AZLI, FEV1 %, age). This
finding improved the likelihood that these two pathways were actually altered, but only in a
subset of our volunteers with CF (e.g., endotoxin negative). Again, this indicates that a larger
sample size, allowing for proper stratification of results based on multiple variables, would have
allowed for better identification of the specific subset of volunteers where these pathway
alterations were taking place. Furthermore, the strong link of plasma endotoxin levels, plasma
CXCL1 concentrations, and neutrophil numbers to plasma G-CSF concentrations from our
previous findings (Ch. 3 and 4) and the known stimulatory effect of G-CSF on neutrophils [111,
124, 128] all support the likelihood that these signaling pathways did not occur by chance.
Building on this link with plasma G-CSF concentrations, the only shared significant peptides for
these comparisons with experimentally derived values were between plasma G-CSF and either
plasma CXCL1 or neutrophil numbers. Three of the nine significant peptides for G-CSF were
shared between G-CSF and CXCL1 while a different three significant peptides were shared
between G-CSF and neutrophil numbers. Furthermore, three of these six shared peptides (i.e.,
Grb2 Y7, Jak2 Y1007, and Sek1 S80) were represented in the “JAK STAT pathway and
regulation” and “EPO signaling pathway”. These findings suggested that G-CSF signaling was
actually occurring and may have indicated that G-CSF-related signaling was separately
associated with CXCL1 and with neutrophil numbers in a way that did not directly connect the
two. This makes sense considering our previous observations that plasma G-CSF concentrations
were significantly positively correlated with plasma CXCL1 concentrations and trended (r(19) =
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.41, p = .063) toward a significant positive correlation with neutrophil numbers, but plasma
CXCL1 concentrations did not correlate with neutrophil numbers (Ch. 3 and 4).
We had previously observed that plasma CXCL1 and G-CSF concentrations as well as
neutrophil numbers had multiple factors (e.g., AZLI, S. aureus, ciprofloxacin) associated with
their variance (Ch. 3 and 4). Furthermore, our current findings from array analysis would
indicate that neutrophil signaling was altered in association with multiple factors (e.g.,
endotoxin, G-CSF). It would therefore be reasoned that clear identification of altered signaling
pathways in these circulating neutrophil samples would require stratification on two or more of
these variables or factors. In this way, specific pathways would have been easier to pinpoint, and
insights may have been gained on how the pathways are altered in each situation and how they
intersect to produce the overall outcome we observed. In a larger sample size this may have been
possible, but when limited to array data for only 10 volunteers with CF, proper analysis was only
possible when stratifying by a single variable or factor. Therefore, although insight was gained
for individual variables or factors, it was not possible to account for the potential confounding
influence of other variables and factors.
To summarise, G-CSF may have stimulated the CF circulating neutrophils and caused
inhibition of apoptosis through the “Apoptosis” pathway. More specifically, phosphorylation of
array peptide XIAP S87 by circulating neutrophil samples appeared to have a strong connection
to G-CSF-related signaling and linked inhibition of the “Apoptosis” pathway. These
observations, however, were primarily identified in the volunteers with CF when controlling for
endotoxin (i.e., endotoxin- negative volunteers) and were observable to a lesser extent in other
related CF subgroups. This meant that G-CSF signaling based alteration of apoptosis-related
pathway signaling did not occur in neutrophil samples from all CF volunteers, specifically,
endotoxin appeared to have its own stimulatory effects on neutrophil signaling which appeared
to confound the G-CSF-related signaling. Volunteers with CF who were endotoxin positive were
observed to have TLR4 or MyD88 associated signaling and these endotoxin-related pathways
were observed to be present in other, possibly related, subgroups of volunteers with CF. Other
variables and factors likely played a role in neutrophil signaling, but not to the same extent as GCSF and endotoxin, whose effects appeared to permeate throughout all comparisons of array
data. Other associations with neutrophil signaling appeared to have occurred from S. aureus,
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where altered “Apoptosis” pathway signaling may have possibly involved NF-κB-p65 and was
present in a manner that did not appear to involve G-CSF. Furthermore, the “Signaling by SCFKIT” pathway was observed to be associated with volunteers who were AZLI positive, while this
association may have also had some association with lung function. Important information was
also observed from individual peptides, where kinases responsible for phosphorylation of the
CFTR protein may have been more actively available in CF. This increased activity may have
been related to a more general CF associated inhibition of neutrophil apoptosis signaling due to
the actions of the kinase LMTK2 [334]. That said, the most informative single peptide still
appeared to be peptide XIAP S87 with its associated role in apoptosis [302]. Phosphorylation of
peptide XIAP S87 was identified to be significantly altered in five of the 13 comparisons of
kinome array data, which indicated that it was a likely driving factor in the inhibition of
apoptosis-related pathway signaling in neutrophils for the majority of our volunteers with CF.
We previously observed detectable levels of G-CSF, CXCL1, and endotoxin in plasma
samples from the CF group (Ch. 3), and positive correlations between plasma G-CSF
concentrations and both CXCL1 concentrations and endotoxin levels. Additionally, plasma GCSF concentrations trended (r(19) = .41, p = .063) toward a significant positive correlation with
circulating neutrophil numbers, while plasma endotoxin levels displayed a significant positive
correlation with neutrophil numbers (Ch. 4). These observations for plasma G-CSF, CXCL1, and
endotoxin indicated that these extracellular mediators were all present in the plasma to varying
degrees and therefore were available to interact with and stimulate circulating neutrophils to
similar degrees. As each of these extracellular mediators has a known capacity to stimulate
neutrophils [111, 124, 128, 272, 288, 314], and were in the blood at levels associated with one
another (Ch. 3), it is fair to suggest that any signaling we detected in the neutrophil samples was,
in part, related to the combined effects of signaling from all of these extracellular mediators. In
this way, it may be possible that each volunteer had a slightly different pattern of intercellular
signaling in their circulating neutrophils, and that this pattern was associated with their plasma
profile of these extracellular mediators. Likewise these conclusions could imply that groups of
volunteers with similar patterns of intercellular signaling may have also had similar profiles of
these extracellular mediators in their plasma. Building off of this concept, the common themes
we observed in pathways from different comparisons may indicated that two sets of pathways
were more dominant in their presence throughout the volunteers with CF. One set of pathways
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were related to G-CSF signaling and this cytokine’s known capacity to inhibit apoptosis in
neutrophils, partly through the phosphorylation of XIAP [128, 302]. This first set of pathways
also included NF-κB-p65 related alteration of apoptosis-related pathway signaling [341-343],
which may have been connected to G-CSF signaling in these neutrophils as it has previously
been reported to involve NF-κB [355]. Volunteers with this combined alteration of signaling may
have been linked to the previously reported decreased apoptosis in CF neutrophils in relation to
CF plasma [139]. Another set of pathways may have been connected to AZLI induced release of
endotoxin [291]. Alternatively, endotoxin release may have resulted from advanced disease
severity with increased Gram-negative bacterial burden, which may have preceded initiation of
AZLI therapy. In either situation, this endotoxin may have stimulated neutrophil signaling
through TLR4 [335] but may have also resulted in the release of immature neutrophils from the
bone marrow as these neutrophil samples had altered c-Kit-related signaling [309]. This
neutrophil stimulation from both endotoxin and G-CSF along with differential phosphorylation
between NF-κB-p65 S276 [341, 342] and S536 [343, 344] may have been indicative of a specific
balance of cell survival signaling related to NF-κB and its multifaceted role in cell apoptosis,
necrosis, and survival [324, 359]. The more direct influence on apoptosis by XIAP S87 did,
however, reveal a clearer picture of inhibition of apoptosis-related pathway signaling in CF
neutrophils [128, 302]. Even so, signals from multiple receptors were likely converging over
similar pathway intermediates (e.g., NF-κB, MAPK) to produce a combined balanced effect on
apoptosis-related pathway signaling in neutrophils [324]. This may have occurred through the
influence of multiple variables from volunteer characteristics and plasma factors (i.e., effectors).
In this way, further inhibition of apoptosis-related signaling in neutrophils may have possibly
come from volunteers who were S. aureus positive or, more specifically, the direct stimulatory
effect that S. aureus can have on neutrophils through NF-κB-p65 [339]. Because augmented
neutrophil signaling was associated with all of these effectors ⎼ without the ability to stratify
volunteers based on all of these associated effectors ⎼ it is difficult to identify which effector(s)
may be causing the augmented signaling. Therefore, the level of signaling pathway related
information that we were able to obtain while not being able to control for all of these factors
separately, was exceptional. For the most part this was achieved by making many individual
comparisons for each of the different effectors or variables with possible influences and then
finding the common pathways with strong biological relevance. That said, this study was
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predominantly exploratory with results based on associations with the different effectors or
variables, and do not by themselves give any evidence for causation.
One of the objectives of this research project was to identify alterations in the
intracellular signaling pathways of CF circulating neutrophils and to include comparisons based
on previous findings. We attempted the first part of this objective by evaluating signaling
differences in all 10 CF neutrophil samples compared to control samples. Findings for this
indicated that, as a whole (i.e., endotoxin-positive and endotoxin- negative volunteers), the large
variation in alteration of signaling pathways in different CF neutrophil samples precluded the
identification of specific altered pathways with representation for all individuals with CF. This
was reflected by the large variance in plasma G-CSF, plasma CXCL1, and neutrophil numbers
previously observed in our volunteers with CF. We then accomplished a modified version of this
objective by evaluating CF neutrophils compared to control neutrophils when controlling for
endotoxin (i.e., endotoxin- negative volunteers only). For this we observed that G-CSF-related
signaling in CF circulating neutrophils coincided with alteration of the “Apoptosis” pathway
which involved phosphorylation of peptide XIAP S87 and as such would indicate inhibition of
apoptosis-related pathway signaling in these neutrophils. We then accomplished the next part of
this objective by analysing neutrophil signaling in association with the previously identified
plasma factors of interest (i.e., G-CSF, CXCL1, and endotoxin) and neutrophil numbers. Our
findings from this indicated that, overall, G-CSF-related signaling was the most commonly
associated alteration in CF neutrophil samples but that endotoxin signaling through TLR4 was
also associated where larger numbers of endotoxin-positive volunteers were concerned. Another
objective was to include variables based on volunteer characteristics from medical chart data
when analysing altered signaling in these neutrophils. We accomplished this objective by
analysing neutrophil signaling in association with all different variables used in this study for
volunteer characteristics. Our findings indicated that only a few of these variables had adequate
enough association with array data to allow for proper analysis. It was identified that AZLI
status, S. aureus status, and FEV1/FVC values from our volunteers with CF had statistically
significant and biologically relevant associations with signaling alteration. AZLI status and
FEV1/FVC values were likely associated with endotoxin and possibly G-CSF based signaling
while S. aureus status may have had its own direct effects on CF circulating neutrophils.
Although we likely identified the most evident associations for alterations of signaling in CF
223

neutrophils, the combined influence of the investigated factors on neutrophil signaling as well as
the possible influences on signaling by factors that were not tested for remains unsolved.
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CHAPTER 6: GENERAL DISCUSSION

CF is a genetic disease [1, 52] where around 90% of deaths are precipitated by pulmonary
complications [4] associated with compromised pulmonary mucosal surfaces and recurring
bacterial infection [1, 52]. Therefore, in the study and understanding of CF pathology, great
importance has been put on the increased inflammation from these bacterial infections and the
resultant improper immune responses [11, 12]. By far the most prevalent chronic infection in CF
adults comes from the Gram- negative bacteria P. aeruginosa [22, 26], which has been linked to
strong pulmonary neutrophil responses due to multiple structural components (e.g., endotoxin,
flagellin, alginate) of the bacterium [27]. S. aureus is the second most predominant pathogen to
colonise the CF airway in adults [15, 22], but the exact relationship between S. aureus airway
colonisation and disease progression in CF is unclear [37-40]. Multiple antibiotics are used
chronically in CF to deal with bacterial infections [44, 85]. However, it has previously been
reported that antibiotics can affect circulating neutrophil function through direct
immunomodulatory effects (e.g., reduced ROS production, increased apoptosis, and inhibited
NE) as well as affect circulating neutrophil numbers, purportedly through the reduction of
bacterial numbers [86-90, 315].
It has also previously been reported that individuals with CF display increased numbers
of circulating neutrophils [34, 153, 154]. Furthermore, CF circulating neutrophils have
documented alterations of function [1, 15, 52, 155], including a decrease in apoptosis which has
been linked to the plasma from individuals with CF [139]. The exact cause and mechanism of
this neutrophil alteration as well as the plasma components mediating this effect are still
unknown [151]. Neutrophils have also been reported to be involved in pulmonary inflammation
and disease progression in CF [11, 15, 50, 270]. This effect is purportedly mediated by histotoxic
components within the neutrophil that when released have a substantial capacity for pulmonary
tissue damage, which contributes to the pulmonary fibrosis observed in CF [38, 68, 71, 214,
241]. This causal link is supported by a known association between neutrophil activity and
decreased lung function in CF [15], and this decreased lung function may be related to
progression of disease in CF [76, 77].
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When considering the factors and mechanisms responsible for altered neutrophil function
in individuals with CF, several aspects need to be taken into consideration. It was previously
reported that pulmonary P. aeruginosa in CF related to increased neutrophil numbers and to
increased plasma G-CSF concentrations, although G-CSF concentrations were not reported to be
related to neutrophil numbers [270]. There is, however, a strong biological link between G-CSF
and neutrophil granulopoiesis [110, 111] as well as apoptosis [111, 128]. Furthermore, due to the
biological importance of endotoxin in CF, as related to Gram- negative bacteria like P.
aeruginosa [11], and the stimulatory effects of endotoxin on neutrophils [111, 288], it is possible
that endotoxin also plays a direct role in the alteration of neutrophil function in CF. CXCL1 is
another factor in the plasma that is biologically related to bacterial induced inflammation and is
known to have stimulatory effects on neutrophils [272, 314]. When considering the mechanism
behind altered neutrophil function in individuals with CF [139] an important mediator of
apoptosis, with some relationship to G-CSF [128], is XIAP. One function of XIAP is to bind to
and inhibit active caspase fragments to control apoptosis [143-145, 304]. It has previously been
shown that phosphorylation of XIAP at S87 is related to inhibition of apoptosis through
stabilization of the protein [302]. Because CF plasma can cause decreased apoptosis in non-CF
neutrophils [139], it appears evident that plasma based factors are stimulating neutrophils to alter
their function, and these extracellular mediators must act through cell signaling pathways. In
general, the transduction of signal from stimulation of a receptor to effector response in a cell has
been shown to involve the activity of many kinases and their substrates [250, 251, 319, 320].
Accordingly, for the analysis of altered cell signaling pathways, kinome arrays have previously
been implemented in other areas with reported success [257, 260]. We therefore set out to
investigate soluble factors in plasma samples from volunteers with CF and the possible capacity
of these factors to alter neutrophil number, function, and signaling pathways. This investigation
also included consideration for parameters abstracted from the medical charts of the volunteers
with CF (e.g., antibiotic use, pulmonary bacteria).
In summary, when we investigated CF plasma samples, G-CSF and CXCL1 were both at
detectable levels in a greater percentage of the samples from volunteers with CF than control
volunteers. In addition, concentrations of these cytokines trended toward a significant increase
for G-CSF (p = 0.13) and CXCL1 (p = 0.088) in the CF versus control group. Furthermore,
concentrations of these cytokines were associated with a number of other parameters. Plasma
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concentrations of G-CSF and CXCL1 were positively correlated with each other, and while GCSF concentrations were positively correlated with plasma endotoxin levels, CXCL1
concentrations were positively correlated with endotoxin levels only among volunteers who were
ciprofloxacin positive. Upon comparison of these plasma factors with parameters related to
circulating neutrophils, we observed that G-CSF concentrations trended (r(19) = .41, p = .063)
toward a positive correlation with the numbers of circulating neutrophils isolated/ml of blood
(i.e., neutrophil numbers) in volunteers with CF. In addition, G-CSF-related signaling was
altered in the majority of CF neutrophil samples analysed. This G-CSF-related stimulation was
further linked to inhibition of apoptosis through alteration of “Apoptosis” pathway signaling in
these neutrophil samples. Accordingly, western blots revealed XIAP protein abundance may
have been increased in CF circulating neutrophils where it may have been linked to increased GCSF, CXCL1, and endotoxin plasma levels. In addition phosphorylation of array peptide XIAP
S87 revealed a possible connection to increased G-CSF-related signaling as well as signaling
related to the inhibition of apoptosis when comparing neutrophil samples from volunteers with
CF to controls and when only looking at samples from volunteers who did not have detectable
levels of endotoxin (i.e., endotoxin- negative volunteers). Furthermore, array peptide XIAP S87
was the most informative peptide with significant differential phosphorylation in five of the 13
comparisons of kinome array data. This strongly implicated XIAP as a factor driving inhibition
of apoptosis-related pathway signaling in neutrophils for the majority of our volunteers with CF.
That said, this alteration of both apoptosis-related pathway signaling and XIAP phosphorylation
did not occur in neutrophil samples collected from all volunteers with CF. Similar changes in
signaling and phosphorylation were not detected in neutrophil samples from volunteers who
were endotoxin positive, but endotoxin levels were positively correlated with circulating
neutrophil numbers in volunteers with CF. Possibly connected with this observation was that
volunteers with CF who were endotoxin positive were observed to have altered TLR4 or MyD88
associated neutrophil signaling.
Plasma factors were also associated with antibiotic regimens that contained AZLI and, to
a lesser extent, airway S. aureus. We observed that volunteer AZLI and S. aureus status were
associated with both circulating neutrophil numbers and lung function parameters. Volunteers
who were AZLI positive had a significant increase in neutrophil numbers and decreased lung
function. Alteration of the “Signaling by SCF-KIT” pathway was associated with volunteers who
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were AZLI positive and possibly further associated with changes in lung function. We also
observed that sputum S. aureus may have been associated with altered neutrophil signaling,
where altered “Apoptosis” pathway signaling was present even though altered G-CSF-related
signaling appeared to be absent. Also, as expected, neutrophil numbers in the volunteers with CF
displayed a moderate negative correlation with all parameters of lung function.
We then took into account the known biological relationships that G-CSF, CXCL1, and
endotoxin as well as variables abstracted from medical charts have with each other and with
neutrophils. Although this study was predominantly exploratory with results based on
associations and not causation, when combining the known information on these biological
relationships with the associations from this study, we were able to suggest a hypothetical system
of interaction (i.e., model), and a visual representation of this can be observed in Figure 6.1. In
brief we hypothesise that AZLI-related bactericidal activity caused the release of endotoxin [93,
291], or endotoxin release resulted from advanced disease severity with increased Gram- negative
bacterial burden, which may have preceded initiation of AZLI therapy. Either of these situations
in turn stimulated production of CXCL1 [277] and G-CSF [276], caused TLR4 signaling in
neutrophils [335], and the release of immature neutrophils from the bone marrow [137] with
altered c-kit signaling [309]. In addition, G-CSF stimulation of neutrophils caused
phosphorylation of XIAP [128] and NF-κB signaling [355] which resulted in increased
expression of XIAP [360]. Furthermore, it is possible that S. aureus may have played a role in
NF-κB-related stimulation [339]. The overall effect of plasma G-CSF on the circulating
neutrophils caused inhibition of apoptosis-related pathway signaling [128] for the endotoxinnegative volunteers with CF and an overall increase in CF neutrophil numbers [124], which
together caused increased pulmonary damage and related to further loss of lung function [38, 71,
214].
Expanding this hypothetical system into more detail, AZLI has specificity for Gramnegative bacteria [93] and a known capacity to cause increased endotoxin release when these
bacteria were killed [291]. This, in combination with other antibiotics like ciprofloxacin, could
have altered the lung microbiome of volunteers with CF, which has been reported for antibiotics
[85, 102, 293]. Accordingly, we observed that AZLI therapy trended (p = 0.14) toward a
significant increase in plasma endotoxin levels where this association was significant among
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Figure 6.1: Model of circulating neutrophil alteration in CF based on research findings and
known biological relations hips
Antibiotic therapy with AZLI interacts with the CF lung microbiome. This interaction causes
release of the endotoxin LPS from Gram- negative bacteria and alteration of the lung
microbiome. Alternatively, LPS release may result from advanced disease severity with
increased Gram- negative bacterial burden, which may have preceded initiation of AZLI therapy.
LPS then induces lung epithelial cells to secrete G-CSF which leads to increased G-CSF levels in
blood. Increased circulating G-CSF then causes the release of neutrophils from the bone marrow,
thereby increasing circulating neutrophil numbers. G-CSF also directly stimulates circulating
neutrophils through CD114 (i.e., the G-CSF receptor) which causes alterations in cell signaling
that mediate decreased apoptosis. LPS also travels from the airways into the blood where
circulating LPS then causes the release of immature neutrophils from the bone marrow, thereby
further increasing circulating neutrophil numbers. An increased number of circulating
neutrophils, combined with decreased neutrophil apoptosis, then contributes to pulmonary
damage through the release of histotoxic components, after neutrophils are recruited into the
lung, and leads to decreased lung function and the progression of disease in CF.
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volunteers who were AZM negative (Ch. 3). AZLI was also associated with significantly
increased neutrophil numbers (Ch. 4). That said, it cannot be excluded that advanced disease
severity and lower lung function, pre-existed the initiation of AZLI therapy. Therefore, these
associations with AZLI may have been driven by disease severity, where increased bacterial
burden and lower lung function, as related to advanced disease, would have the capacity for
increased endotoxin release. For either situation, this endotoxin release would have had the
capacity to stimulate an inflammatory response [294] which we hypothesise resulted in the
production of both CXCL1 [277] and G-CSF [276]. In support of a biological relationship
between endotoxin and these cytokines, it was identified that plasma concentrations trended
toward a significant increased for G-CSF (p = 0.13) and CXCL1 (p = 0.088) for the CF versus
control group. In addition, among those volunteers with CF who were S. aureus negative,
significant increases were associated for both of these cytokines with the AZLI-positive versus
AZLI- negative volunteers (Ch. 3). Furthermore G-CSF concentrations were positively correlated
with plasma endotoxin levels, while CXCL1 concentrations were positively correlated with
endotoxin levels among volunteers who were ciprofloxacin positive (Ch. 3). This meant that
varying levels of G-CSF, CXCL1, and endotoxin were in the blood of volunteers with CF and
that these levels were associated with AZLI therapy. Furthermore, it is possible that this
association with AZLI therapy was connected to the known bactericidal activity of AZLI, and
perhaps other antibiotics, through the release of endotoxin [93, 276, 277, 291]. As previously
mentioned it cannot be excluded that advanced disease severity pre-existed AZLI therapy and
was therefore related to this association. In addition, these varying levels of G-CSF, CXCL1, and
endotoxin in the plasma would have had the capacity to interact with and stimulate circulating
neutrophils, to corresponding varying degrees, based on their known biological effects on
neutrophils [111, 124, 128, 272, 288, 314].
Alteration of signaling pathways in neutrophils was associated with AZLI, possibly
through the release of endotoxin or relation to disease severity. The conclusion that neutrophils
were stimulated by endotoxin was supported by the observation of altered TLR4-related
signaling pathways (Ch. 5). These findings are supported by the known relationship between
endotoxin and TLR4 signaling [335]. It is also possible that endotoxin caused the release of
immature neutrophils from the bone marrow, as has been previously reported [137]. These
immature neutrophils may have been related to the altered c-Kit-related signaling pathway [309]
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which we detected in association with AZLI status (Ch. 5). Consistent with this conclusion, we
observed that endotoxin was positively correlated with circulating neutrophil numbers (Ch. 4).
Plasma G-CSF may also have caused direct stimulation of the circulating neutrophils in
volunteers with CF since alterations of pathways related to G-CSF signaling were observed (Ch.
5.). Supporting this is the known biological capacity of G-CSF to stimulate neutrophils [111,
124, 128]. We also observed that this G-CSF signaling was related to alteration of the
“Apoptosis” pathway in a way which most likely inhibited apoptosis-related signaling in these
neutrophils (Ch. 5). Specifically, it was identified that signaling through NF-κB was affected
through altered phosphorylation of NF-κB-p65 (Ch. 5), while XIAP protein levels may have
been increased (Ch. 4) and XIAP phosphorylation levels were increased (Ch. 5). Furthermore,
increased phosphorylation of XIAP may have coincided with increased plasma G-CSF
concentrations (Ch. 4). This was also supported by the literature as G-CSF is known to cause
inhibition of apoptosis in neutrophils through XIAP [128] and signaling through NF-κB [355].
Most of these alterations in neutrophil signaling were only evident in the volunteers with CF who
were endotoxin negative. This could have been due to the stimulatory effects of endotoxin which
could have overshadowed or inhibited G-CSF signaling, as endotoxin has been reported to cause
decreased expression of the G-CSF receptor on neutrophils [326]. We did find, however, that
plasma G-CSF concentrations trended (r(19) = .41, p = .063) toward a significant positive
correlation with neutrophil numbers (Ch. 4). This correlation was significant and stronger in
those volunteers who were ciprofloxacin positive (Ch. 4) which may have been connected to the
known effects of this antibiotic on the microbiome [293] and the known effects of the
microbiome on circulating neutrophils [104]. That said, ciprofloxacin is commonly used in
individuals experiencing a pulmonary exacerbation, and as such the observed association may be
linked to acute pulmonary exacerbations of disease. We did not, however, find an association
between pulmonary exacerbation and ciprofloxacin therapy for the vo lunteers with CF in this
study (data not shown).
Other effects on this hypothetical system appeared to come from S. aureus, both through
its interaction with P. aeruginosa and its interaction with neutrophils. The previously mentioned
capacity of AZLI to kill Gram- negative bacteria and release endotoxin may be altered by the
known interactions between S. aureus and P. aeruginosa in the CF airway (e.g., inhibition of
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biofilm production) [43, 292], as discussed in earlier chapters. These interactions may have been
related to our observation that S. aureus volunteer status was associated with altered associations
between neutrophil numbers or G-CSF concentrations and AZLI status (Ch. 3 and 4). Taking this
into consideration, S. aureus in the sputum of volunteers without AZLI may have related to
reduced inflammation and less endotoxin release from the prevention of P. aeruginosa
colonisation and SpA associated inhibition of P. aeruginosa biofilm production [43, 292]. For
volunteers who were AZLI positive, however, sputum S. aureus may have related to increased
endotoxin production from a biofilm- negative P. aeruginosa that was more susceptible to AZLI
[292, 316]. As previously mentioned it cannot be excluded that advanced disease severity preexisted AZLI therapy and may be related to these associations. We also observed that volunteers
who were S. aureus positive (i.e., the S. aureus [CF] group), and to a lesser extent the AZLI (CF)
group, had decreased phosphorylation of array peptide NFkB-p65 S536 and increased
phosphorylation of peptide XIAP S87 (Ch. 5). These findings indicated that apoptosis-related
pathway signaling was most likely inhibited in neutrophils from these volunteers (Ch. 5).
Because the majority of volunteers who were S. aureus positive appeared to have numerically
smaller concentrations of plasma G-CSF than the rest of the volunteers with CF (Ch. 3), and
because we did not observe G-CSF-related signaling for the S. aureus (CF) group (Ch. 5), this
may imply that the inhibitory apoptosis-related pathway signaling detected in neutrophil samples
for this group did not involve G-CSF. Instead, this inhibitory signaling may have been connected
to the previously reported ability of S. aureus to have a direct immunomodulatory effect on
neutrophils through NF-κB-p65 phosphorylation [339].
Overall there appeared to be a combined effect on CF neutrophil signaling from multiple
factors (e.g., endotoxin, G-CSF, S. aureus) with NF-κB playing a central role in this signaling.
Through an earlier investigation we observed that NF-κB signaling trended (p = 0.063) toward a
significant increase when THP1-Dual cells were stimulated by CF versus control plasma (Ch. 3).
Furthermore, our kinome array data indicated altered NF-κB-p65 phosphorylation in relation to
G-CSF-related signaling, with endotoxin also having a possible influence as significant
differences were observed between CF and control neutrophil samples only after volunteers who
were endotoxin positive were removed from analysis (Ch. 5). Together these observations
support the conclusion that the combined neutrophil stimulation and resultant differential
phosphorylation between NF-κB-p65 S276 (phosphorylation of which has been reported to
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inhibit apoptosis [341, 342]) and NF-κB-p65 S536 (phosphorylation of which in CF neutrophil
samples most likely related to the activation of apoptosis [343, 344] [Ch. 5]) was indicative of a
specific balance of cell survival signaling (Ch. 5). This would be consistent with NF-κB having a
multifaceted role in cell apoptosis, necrosis, and survival [324, 359]. Alteration of NF-κB-p65related peptide phosphorylation, which was significant for specific comparisons (e.g., AZLI [CF]
and S. aureus [CF] versus control) (Ch. 5), also appeared to coincide with a significant alteration
in peptide XIAP S87 phosphorylation. Furthermore, both NF-κB and XIAP are involved in the
“Apoptosis” pathway (Ch. 5). In support of this, signaling through NF-κB has been previously
reported to cause increased expression of XIAP [360]. Accordingly, this could have related to
our observations that XIAP protein may have been increased in the CF neutrophils and that
increased phosphorylation of XIAP S87 appeared to coincide with increased G-CSF
concentrations (Ch. 4). This is consistent with the known functions of XIAP to inhibit apoptosis
and of phosphorylated XIAP S87 to stabilise the protein [128, 302]. The combined effects of
neutrophil signaling involved the inhibition of apoptosis-related pathway signaling which may
have been related to plasma G-CSF and possibly with volunteers who were S. aureus positive
(Ch. 5). Furthermore, this hypothetical relationship is supported by the known biological
connection between G-CSF and the inhibition of apoptosis which involves XIAP [128].
Therefore, our findings would suggest that plasma G-CSF was related to the stimulation of CF
circulating neutrophils in a way which inhibited apoptosis-related pathway signaling, and this
may explain one mechanism by which CF plasma decreased apoptosis in neutrophils, as
previously reported [139].
Increased neutrophil numbers in our volunteers with CF (Ch. 4), and reported previously
by others [34, 153, 154], may have resulted from the effects of endotoxin and G-CSF. This may
have occurred through the known capacity of these factors to induce the release of neutrophils
from the bone marrow [110, 137] and the activation of signaling in neutrophils that can inhibit
apoptosis (Ch. 5) [128, 302, 341, 343]. Further corroborating this conclusion, CF neutrophil
samples which contained higher XIAP protein levels appeared to coincide with volunteers who
had increased circulating neutrophil numbers (Ch. 4). In addition, plasma G-CSF concentrations
trended (r(19) = .41, p = .063) toward a significant positive correlation with neutrophil numbers,
and endotoxin levels were positively correlated with neutrophil numbers (Ch. 4). Neutrophils
that were stimulated by endotoxin and G-CSF in this manner may have had altered function,
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outside of apoptosis, which would relate to what has been previously documented in CF [1, 15,
52, 155]. This possible combination of increased neutrophil numbers with inhibited apoptosisrelated pathway signaling and perhaps alterations in other neutrophil functions may have
contributed to the increased pulmonary inflammation and disease progression seen in CF [11, 15,
50, 270]. This is supported by the knowledge that neutrophils have histotoxic components with
the propensity to cause tissue damage that eventually would progress into the pulmonary fibrosis
seen in CF [38, 68, 71, 214, 241]. In this way neutrophils have previously been linked to
decreased lung function in CF [15]. Moreover, this inflammation would have added to the initial
pulmonary inflammation that may have been caused during the original release of endotoxin,
which was possibly related to AZLI therapy [67, 294, 295] or advanced disease progression that
may have preceded AZLI therapy. As such, it may have been a combination of these possible
causes of inflammation that resulted in reduced lung function for some of our volunteers with
CF. Lung function in volunteers with CF was observed to be negatively correlated with
neutrophil numbers, and decreased lung function was associated with volunteers who were
taking antibiotic regimens which contained AZLI (Ch. 4). However, it cannot be excluded that
decreased lung function preceded the initiation of AZLI therapy. Furthermore, the decreases in
lung function that were associated with neutrophil numbers were probably related to overall
disease progression, as lung function has been previously identified as a good indicator of
disease progression in CF [76, 77].
One of the observations worth further investigation was the associations between AZLI
and several parameters (e.g., neutrophil numbers, plasma endotoxin) that were not observed for
other antibiotics. As previously mentioned it cannot be excluded that advanced disease severity
pre-existed AZLI therapy and was therefore related to these associations with AZLI. However,
there is the possibility that these associations may have been linked to our previously mentioned
hypothetical system (i.e., model) where AZLI caused increased release of endotoxin due to
bactericidal activity with Gram- negative bacteria. One could postulate that if this occurred
following AZLI therapy then other antibiotics should also have had this effect. Our initial
consideration was that, unlike many antibiotics, AZLI is inhaled, but these findings were not
observed with inhaled tobramycin. Through further investigation of the literature we found that
tobramycin causes minimal endotoxin release when killing Gram- negative bacteria [291, 361],
while aztreonam (i.e., the antibiotic in AZLI) causes considerable release of endotoxin [291].
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The differences were quite remarkable between the two antibiotics, where aztreonam was
reported to release approximately 10 times more endotoxin than tobramycin when killing Gramnegative bacteria [291]. This effect may have been connected to the antibiotic’s mode of action,
where tobramycin inhibits bacterial translation of mRNA [362] while aztreonam actually inhibits
the synthesis of the bacterial cell wall [363].The endotoxin LPS is a major component of the
bacterial cell wall [364], and it is possible that improper synthesis of the cell wall could be
connected to release of this endotoxin. Even ciprofloxacin, which is problematic to compare
directly considering it is an oral antibiotic (i.e., not inhaled), released approximately eight times
more endotoxin than tobramycin [361]. Although this was lower than aztreonam, it was likely
enough to account for some of the associations we detected for ciprofloxacin (e.g., altered
correlation between G-CSF and neutrophil numbers [Ch. 4]). Beyond consideration of endotoxin
release, there are issues relating to antibiotic resistant and multi-drug resistant P. aeruginosa [22,
365] which also need to be considered. This includes the debate over combination therapy versus
monotherapy in the development of antibiotic resistance [366]. Although inhaled tobramycin was
not observed to have the same associations as AZLI, this was predominantly an exploratory
study, and as such it is difficult to ascertain practical meaning from this discrepancy between
inhaled antibiotics when based solely on association.
Indeed the possible influences of multiple antibiotic use in CF create a complicated
system, especially when considering the previously reported anti- inflammatory nature of AZM
on circulating neutrophils [90-92]. Our findings support the idea that AZM can reduce the
inflammatory nature of CF neutrophils. AZM was associated with alteration of the negative
correlation between neutrophil numbers and lung function, whereas this correlation was actually
positive for volunteers who were taking AZM (Ch. 4). This correlation therefore associated
AZM-affected neutrophils with better lung function in CF (Ch. 4). That said, we were not able to
find meaningful differences when comparing kinome array data based on stratification of
volunteer by AZM status, but this may have been due to confounding influences by other
variables (e.g., G-CSF, endotoxin).
As previously mentioned (Ch. 3 and 4), many variables were abstracted from the medical
charts of the volunteers with CF, but significant associations were not identified for several of
these variables. In this way, information relating to whether or not an individual was
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experiencing a CF pulmonary exacerbation was also investigated, but was not significantly
associated with the other variables abstracted from medical charts or the experimental results in
this study (data not shown). We surmise that, for the parameters investigated in this study, the
associations and probable influences of other factors (e.g., AZLI, S. aureus) were large enough to
overshadow any association or influence that may have existed for CF pulmonary exacerbations
in this small sample size.
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CHAPTER 7: CONCLUSION, RETROSPECTIVE, AND FUTURE DIRECTIONS

7.1. CONCLUSION
We found that a combination of AZLI antibiotic therapy and S. aureus airway bacteria in
volunteers with CF was associated with altered concentrations of plasma G-CSF and CXCL1,
while AZLI therapy among volunteers not taking AZM was associated with altered levels of
plasma endotoxin. In addition, AZLI was associated with increased numbers of circulating
neutrophils isolated/ml of blood (i.e., neutrophil numbers) while S. aureus was associated with
decreased circulating neutrophil numbers when AZLI was absent. Furthermore, the interactions
between the associations of these two variables with neutrophil numbers indicated that the
largest increase of neutrophil numbers occurred in CF when both AZLI and S. aureus were
present. We also were able to show that plasma endotoxin was positively correlated with
neutrophil numbers, and we identified altered TLR4 pathway related signaling in circulating
neutrophils in this situation. This signaling was further associated with altered c-kit pathway
related signaling in neutrophils from volunteers taking AZLI. These findings suggested the
possibility for AZLI-related endotoxin to have stimulated neutrophils through TLR4 and to have
also possibly induced the release of immature neutrophils with altered c-Kit pathway signaling
from the bone marrow. It cannot be excluded, however, that advanced disease severity with
increased Gram- negative bacterial burden preceded AZLI therapy and was related to endotoxin
release.
We also found that G-CSF in plasma from volunteers with CF may have stimulated
circulating neutrophils in these volunteers. G-CSF-related signaling in these neutrophils was
associated with an inhibition of apoptosis-related pathway signaling when comparing CF and
control volunteers who did not have detectable levels of plasma endotoxin. This inhibition of
apoptosis-related pathway signaling in these neutrophils involved increased phosphorylation of
XIAP S87 and altered phosphorylation of NF-κB-p65. In addition, protein levels of XIAP may
have been increased in CF neutrophils, and this may have been associated with increased plasma
G-CSF concentrations. G-CSF concentrations also trended (r(19) = .41, p = .063) toward a
significant positive correlation with circulating neutrophil numbers, and this correlation may
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have been associated with the use of the antibiotic ciprofloxacin. Although it cannot be excluded
that this association was related to ciprofloxacin being a common therapy during pulmonary
exacerbations, we did not find an association between pulmonary exacerbation and ciprofloxacin
therapy for the volunteers with CF in this study. Airway S. aureus may have also been involved
in the alteration of neutrophil apoptosis pathway signaling, possibly in a way that involved NFκB-p65 and was not related to G-CSF signaling. These findings may implicated plasma G-CSF
as a major contributor to the decreased apoptosis that has previously been reported in CF
neutrophils and has been contributed to CF plasma [139]. Furthermore, it appeared that increased
neutrophil numbers may have resulted from the combined effects of endotoxin and G-CSF,
through the release of neutrophils from bone marrow and the inhibition of apoptosis-related
pathway signaling. Finally, we were able to show that increased neutrophil numbers in
volunteers with CF, many of whom also had neutrophils with inhibited apoptosis-related
pathway signaling, were negatively correlated with lung function.
This study was predominantly exploratory with results based on associations and as such
the conclusions in this study are strongly dependant on known biological relationships with any
mention of causation being purely theoretical. That said, from the combination of all the
conclusions made thus far, it can be suggested that optimal CF antibiotic therapy should consider
not only the control of P. aeruginosa and other pathogenic bacteria, but also the effect that this
antibiotic therapy may have on the microbiome and the way in which the antibiotic kills bacteria.
Due to the alterations in neutrophil numbers and pathway signaling that we observed, these
antibiotic associated effects may be capable of causing poorer patient outcomes as measured by
lung function. In opposition to this, it cannot be excluded that the involved associations were
actually related to advanced disease severity preceding initiation of AZLI therapy. That said,
inhaled tobramycin was not observed to have the same associations as AZLI, but due to this
study being predominantly exploratory in nature and based on associations, it is difficult to
ascertain practical meaning from this discrepancy between inhaled antibiotics. In contrast, AZM
may have a beneficial role in reduced neutrophil associated disease progression from the
immunomodulatory effects of macrolide antibiotics on neutrophils [90, 92]. The possibility of a
beneficial role for S. aureus in the adult CF airway may also require further consideration when
determining patient management. This consideration should include the effects that different
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antibiotics may have when S. aureus is present, probably due in part to S. aureus’ competitive
interaction with P. aeruginosa [43, 292].
We provided evidence of a possible role for endotoxin and G-CSF in the alteration of CF
circulating neutrophils, specifically through associations with increased neutrophil numbers,
inhibition of apoptosis-related pathway signaling, and neutrophil associated loss of lung
function. Furthermore, we provided evidence that both AZLI and S. aureus are also associated
with these findings. That said, not all variance for neutrophil numbers or plasma factors were
accounted for by the variables assessed in this study. Therefore, to a smaller degree it is possible
that CF circulating neutrophils may be released from the bone marrow and stimulated by plasma
factors other than G-CSF and endotoxin, and in ways associated with variables other than AZLI
and S. aureus.

7.2. RETROSPECTIVE
Throughout the analysis of data from this research project, inherent issues relating to
small sample size were commonly observed. These issues included the extensive heterogeneity
of the CF population (e.g., different antibiotic therapies, different pulmonary pathogens, different
levels of disease progression) and limited sample volumes which resulted in some analyses being
performed on only a few volunteers. The main effect of these issues was a lack of power for
statistical analysis. Performing this study with a larger sample size would have, in many ways,
been beneficial as it would have increased the power of statistical analysis. A larger sample size
would have allowed us to include more variables during analyses. In addition, this would have
allowed us to better interpret the outcomes from statistical analyses, specifically where smaller
sample sizes may have possibly led to results only trending toward significance. The importance
of this issue became evident during analysis, as we realised that many of the experimental values
were associated with, and possibly influenced to some degree by, a large number of variables. As
such, the small sample size and large number of variables resulted in problems with
dimensionality during statistical analysis. At the time of this study, the fairly small population of
individuals with the homozygous ΔF508 genotype of CF within the Saskatoon Health Region
(previously discussed in Chapter 3.5), meant that increasing sample size would have required
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either the inclusion of volunteers from another province or performing this study in a location
with a larger CF population.
If this research project would have been done in a location with a larger CF population, it
is possible that more rigorous exclusion or inclusion selection criteria would have helped limit
dimensionality (e.g., only include volunteers with sputum P. aeruginosa, exclude volunteers on
ciprofloxacin). If this was done, however, it would have limited the findings to a more specific
portion of the CF population instead of being applicable to the CF population as a whole.
Blood sample volumes were a limiting factor in this study; however, collecting volumes
larger than the 20 ml we collected may not have been feasible for the volunteers with CF, who
were also getting other blood tests done at the same time. Preparation of neutrophil samples for
kinome array analysis required the use of 7.0 ml of the blood samples to ensure acquisition of the
appropriate number of neutrophils. Since the majority of kinome arrays ended up being unusable,
it would have been prudent to have used these large volumes of blood for other more reliable
testing. These blood volumes could have instead been used for isolating larger volumes of
plasma, which would have enabled us to test all plasma samples for CXCL8 concentrations and
NF-κB pathway activating capacity (i.e., THP1-Dual cell stimulation assays). In fact, these
reappropriated blood volumes would have allowed us to directly evaluate apoptosis levels for the
isolated neutrophils using annexin-V and propidium iodide with flow cytometry or using
caspase-3 activation assays. It can be said, however, that kinome arrays were a more inclusive
approach for evaluating overall alteration of pathway signaling and, as such, did allow for
detection of pathways which other methods would not have revealed (e.g., G-CSF-related
signaling pathways, TLR4-related signaling pathways).

7.3. FUTURE DIRECTIONS
After completion of this research project, the related results from multiple different
objectives helped identify areas with good potential for future research in a new project. There
would likely be a valid line of research involved in the evaluation of volunteers with CF, both
before and after they start AZLI therapy. Specifically, investigating changes in plasma G-CSF
concentrations, circulating neutrophil numbers, and levels of both XIAP protein and
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phosphorylated XIAP S87 for these volunteers. Evaluation of volunteers with CF in this way
would help verify possible roles of AZLI in the alteration of circulating neutrophils and should
limit many of the discrepancies related to other variables. For this line of research it would be
beneficial to control for several variables. This could be accomplished by using exclusion criteria
to remove the confounding effects of bias based on disease severity, ciprofloxacin, AZM, and S.
aureus while ensuring that all volunteers were sputum P. aeruginosa positive. Also, for studies
on the role(s) of XIAP in CF neutrophil biology, it would be important to increase the levels of
the protease inhibitor diisopropyl fluorophosphate from 1.0 mM to 2.0 mM, or to find an
alternative protocol, when producing neutrophil cell lysates for western blotting. This would
ensure better evaluation of XIAP, hopefully through detection of XIAP in its intact nonfragmented form. In addition to this, further testing that specifically evaluates neutrophil
apoptosis levels, using annexin-V and propidium iodide with flow cytometry or using caspase-3
activation assays, would provide further verification of the alteration of apoptosis in CF
neutrophils.
It may also be informative to design a research project which included the inhibition of
G-CSF in CF plasma. In this way, control neutrophils could be stimulated by CF plasma with or
without G-CSF inhibition. This could help confirm the role that G-CSF plays in the antiapoptotic capacity of CF plasma. Finally, due to the possible link between alterations of the CF
microbiome and alterations of CF circulating neutrophil function, it may be interesting to
investigate the capacity of oral probiotic supplementation to ameliorate altered neutrophil
function in CF. To add complexity, it could be investigated how concurrent AZLI therapy
corresponds with this supplementation and possible amelioration of altered neutrophil function.
This line of investigation could be accomplished by looking at changes in neutrophils from
volunteers with CF before and after a course of probiotic supplements. The sample size for this
investigation would need to be quite large to account for the heterogeneity of the CF population
and the many related variables (e.g., antibiotic therapy, bacterial colonisation of the airways) that
would probably influence the outcome variables being evaluated.
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CHAPTER 9: APPENDIX
9.1.

SUPPLEMENTAL FIGURES

Figure A9.1: Comparison of THP1-Dual cell stimulation by plas ma samples from CF and
control volunteers for initial samples and corrected values
The capacities of plasma from volunteers, with and without CF, to activate the NF-κB pathway
in the THP1-Dual reporter cell line were evaluated. Stimulation reported as absorbance at 620
nm (A620) for the colorimetric assay used. A: Initial comparison for CF versus control plasma
samples. Values are shown for control and CF plasma samples, Media (media control without
THP1-Dual cells) and Plasma (plasma control without THP1-Dual cells). Due to insufficient
sample size we refrained from statistical analysis of these results B: Comparison as in Figure 3.1
but after sample specific correction for nonspecific phosphatase activity. Corrected A620 values
are shown for control and CF plasma samples and for LPS (positive control [160 pg/ml LPS]).
The background for this test (B with dashed line at 0.32) is the A620 from the THP1-Dual cells
in media corrected by subtracting the A620 for media when cells were not present. No statistical
significance (p ≤ 0.05) is indicated by n.s. (not significant).
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Figure A9.2: Comparison of plas ma IL-2 concentrations in samples from CF and control
volunteers
Plasma samples were evaluated for IL-2 using ELISA methodology. Comparison of plasma
samples from one volunteer with CF and one control volunteer. Error bars indicate standard
deviation for two replicate wells. The detection limit is indicated as a dashed line. LOD, limit of
detection. Due to insufficient sample size we refrained from statistical analysis of these results.

Figure A9.3: Comparison of plas ma G-CSF concentrations, with conside ration for sputum
P. aeruginosa status within the CF group
Plasma samples from volunteers with CF were evaluated for G-CSF using ELISA methodology.
The detection limit is indicated as a dashed line. LOD, limit of detection. Plasma G-CSF
concentrations were compared among volunteers with CF stratified based on sputum P.
aeruginosa status (Pae-, Pae+). No statistical significance (p ≤ 0.05) is indicated by n.s. (not
significant).
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Figure A9.4: Correlation between SpO2 levels and plas ma CXCL1 concentrations stratified
based on AZM therapy, and comparison of plas ma CXCL1 concentrations stratified based
on sputum A. xylosoxidans status within the CF group
For the volunteers with CF, plasma CXCL1 concentrations were evaluated for correlation with
SpO 2 levels and comparisons after volunteers were stratified based on variables abstracted from
medical chart data. A: Correlation between SpO 2 levels and plasma CXCL1 concentrations
among volunteers with CF stratified based on AZM therapy (AZM-, AZM+). B: Comparison of
plasma CXCL1 concentrations in samples from volunteers with CF stratified based on sputum
A. xylosoxidans status (A.xyl.-, A.xyl.+). No statistical significance (p ≤ 0.05) is indicated by
n.s. (not significant).
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Figure A9.5: Initial investigation for comparison of IL-10, TNF-α, IL-1β, MMP9, c-Kit,
CXCR1, and CXCL8 mRNA expression in circulating neutrophil samples from CF and
control volunteers, with consideration for AZLI therapy within the CF volunteers
RNA purified from circulating neutrophil samples from volunteers, with and without CF, was
analysed for expression of IL-10, TNF-α, IL-1β, MMP9, c-Kit, CXCR1, and CXCL8 using RTqPCR. Relative normalised expression values were compared between CF and control
circulating neutrophil samples. A: Comparison for IL-10. B: Comparison for TNF-α. C:
Comparison for IL-1β. D: Comparison for MMP9. E: Comparison for c-Kit. F: Comparison as
in panel E but among volunteers with CF stratified based on AZLI therapy (AZLI-, AZLI+). G:
Comparison for CXCR1. D: Comparison for CXCL8. Due to insufficient sample sizes we
refrained from statistical analysis of all of these results.
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Figure A9.6: Comparison of circulating neutrophil numbers in the CF and control groups
when including replicate samples
Blood samples from volunteers, with and without CF, were quantified for numbers of
circulating neutrophils isolated/ml of blood (Neutrophils isolated/ml blood). Comparison of CF
and control groups with inclusion of replicate samples collected from the CF and control
volunteers.
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Figure A9.7: Comparison of circulating neutrophil numbers within the CF group, with
consideration for combinations of antibiotic use, sex, and sputum microbiology within the
CF group
Circulating neutrophils isolated/ml of blood (Neutrophils isolated/ml blood) were compared
within the CF group when stratified based on the combination of two variables abstracted from
medical charts. A-G: Volunteers with CF were stratified based on AZLI therapy (AZLI-,
AZLI+) and comparisons included further stratification based on A: AZM therapy (AZM-,
AZM+), B: Sputum P. aeruginosa status (P.ae.-, P.ae.+), C: Inhaled tobramycin therapy (IT-,
IT+), D: Ciprofloxacin therapy (Cipro-, Cipro+), E: Sputum fungus status (Fungus-, Fungus+),
F: Sex (Male, Female), and G: Sputum S. aureus status (S.au.-, S.au.+). H, I: Volunteers with
CF were also initially stratified based on AZM therapy and comparisons included further
stratification based on H: Sputum S. aureus status and I: Sputum P. aeruginosa status. No
statistical significance (p ≤ 0.05) is indicated by n.s. (not significant).

Table A9.1: Evaluation of Beta coefficients for multiple linear regression analysis of numbers
of circulating neutrophils isolated/ml blood for the CF group

Interaction for S. aureus x AZLI was accounted for through the creation of dummy variables where the S.
aureus+/AZLI+, S. aureus-/AZLI+, and S. aureus-/AZLI- groups were used as predictors while the S.
aureus+/AZLI- group was designated as the comparator.
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Figure A9.8: Evaluation of residuals for multiple linear regression analysis of numbers of
circulating neutrophils isolated/ml blood for the CF group
Standardized residuals were evaluated for the best fit model of multiple linear regression, which
identified the interaction of S. aureus and AZLI to best explain observed variance in numbers of
CF circulating neutrophils isolated/ml blood (NeutrophilsperML). A: Histogram for
visualisation of the distribution of the residuals. B: Probability plot for the visualisation of
residual variance.

Figure A9.9: Comparison of age for volunteers with CF stratified by ciprofloxacin therapy
Representation of age in years for volunteers with CF is compared after volunteers were
stratified based on ciprofloxacin therapy (Cipro-, Cipro+).
267

268

Figure A9.10: Evaluation of array quality for the third run of circulating neutrophil
kinome arrays using colour interpreted visualisation
Kinome array images for the third run of circulating neutrophil samples from CF and control
volunteers were visualised in Image StudioT M (LI-COR Biosciences) to evaluate the reliability
and quality of these arrays. Each array was separately visualised for signal and background using
colour coded interpretation of brightness where brightness levels range from black – low through
blue, green, yellow, orange, and red. Sample names are indicated above each array image. The
C17 sample was run on two separate arrays.
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Figure A9.11: Comparison of circulating
neutrophil kinome array phosphorylation
levels for NFkB-p65 S276 and NFkB-p65
S536 for CF and control volunteers
stratified based on detection of endotoxin
and for peptide XIAP S87 for the S.au.
(CF), AZLI (CF), and Control groups
Comparisons were made for several kinome
array peptides with significant levels of
differential phosphorylation between CF
and control neutrophil samples where A-B:
Samples were stratified by detectability of
endotoxin (Endo-, Endo+) in related plasma
samples. A: Comparison of peptide NFkBp65 S276 phosphorylation levels. B:
Comparison of peptide NFkB-p65 S536
phosphorylation levels. C: Samples were
grouped as AZLI+/S. aureus- volunteers
with CF (AZLI), control volunteers, and S.
aureus+/AZLI- volunteers with CF (S.au.)
(n = 3 volunteers/group), and
phosphorylation levels of peptide XIAP S87
were compared.
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Figure A9.12: Correlation between kinome array phosphorylation levels for circulating
neutrophil samples, FEV1/FVC values, and age for volunteers with CF
Kinome array peptide phosphorylation levels for the circulating neutrophil samples from
volunteers with CF were correlated with different variables abstracted from medical chart data.
A: Correlation between peptide MDM2 S166 phosphorylation levels and FEV1/FVC values for
the volunteers with CF B: Correlation between peptide CFTR S813 phosphorylation levels and
age in years (Age) for the volunteers with CF.
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Table A9.2: Signaling pathways that were naturally represented by the 227 peptides from the
kinome arrays that were used for analysis

All 227 array peptide-related proteins were used as input for pathway over-representation analysis. Array Proteins,
number of array peptide associated proteins that were found in the pathway; Total Proteins in Database, total
number of proteins that were in the database for the pathway; %, percentage of pathway coverage by Array
Proteins.
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