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ABSTRACT

Cystic fibrosis (CF)is a genetic diseaseith pathology highly focused grulmonary
complications Infection and colonisation &F airways by well established pathogerag.,
Pseudomonaaeruginog, Saphylococcusureus arecontinual issug, andthese infectionare
commonly managethroughprolongeduse of multiple antibioticsNeutrophit respondo
pulmonary bacterial infections. In CRowever, alteredirwayphysiologyand neutrophil
functioncontributeto inflammation, tissue remodeling, and fibrosis. It has les¢ab lishedhat
circulating neutrophd from individuals with CF are functionallgltered, eitherintrinsically or
from the inflammatory environment of the airwaygsd this alteratioappears to involve
increased neutrophil survival amdduced apoptosig.urthermore, this alteratian neutrop hil
physiology has beemlated toundefinedmediatorpresent withirplasmafrom individuals with
CF. Therefore to better understand disease pathogenesis and improve CF patient management, it
is important toidentify the plasmdactorscausing thesalteratios of the CF neutrophiWith
these concerns in minthe primary objective athis research was identify plasmafactors that
altered the physiology adfirculatingneutrophis in CF, and todetermine whicmeutrophil
signaling pathways &re stimulated by these factors. A further objective was to investigate how
these plasma factors and altered neutrophil functielated to disease progressamd medical
chart data for individuals witGF.

To address myesearch objectiveblood samplesvere collectedrom 22 adult
volunteers wittCFwho wereqpF 5 Bo8nozygotesandfrom11lage and sematched notCF
control volunteersThis study did not incorporate inclusion or exclusion criteria based on clinical
assesment of stability for the volunteers with GFlasma samplesere first screened for the
capacityto stimulate thdNF-a B p a wusingtlee yHP1-Dualcell NFa B r e gssaylt e r
addtion,proteins present in a plasma sample collected from a volunteer with CF were analysed
usingmass spectrometry. Plasma samples wereaalatysedor specific factorknown to have
stimulatory effect®n neutrophis. ThesefactorsincludedG-CSF and CXCLL, which were
measuredisingenzyme linked immunosorbent assglyLISA) methodologyandendotoxin
which was measuredsingthe limulus amebocyte lysai@ AL) endotoxin assayeutrophils

from these blood samples were aisolatedand the number of neutrophils isolated/ml of blood



were calculatedSome of these circulating neutrophil sample=re analysed fogeneexpression
of severapro-inflammatory factoraisingreverse transcriptionquantitative reatime
polymerase chain retion(RT-gPCR. In addition,expressiomf the antiapoptotic protein
XIAP and phosphorylated XIAP wesyvaluated through western blottiagalysis of neutrophil
lysatesFinally, intracellular signalingn circulating neutrophisamples was analysesging
kinome arrag and the resulting data was subjectepgtibway overrepresentation analyses
Medical chart data (includindetection oputum bacteria, antibiottherapyregimen, and lung
functiontesting was abstracted f&0 of thevolunteers wih CF andused to perform statistical

analyses withaboratorydata

Therewas& i gni fi cant ( phe @umiBers@diculatingnectroghdss e i n
isolated/ml bloodi.e., neutrophihumber$ from volunteers witlCF when @mpared to the
controlgroup Furthermorefor the volunteers with CF, significantyp O 0. 01) i ncr eas
neutrophil numbers were associatedvaith t i bi ot i ¢ r egi mdactan t hat cont
antibiotic aztreonam lysine for inhaian (AZLI) (i.e., AZLI positive). Among thoseolunteers
who were AZLI negative, significantly (p O O.
associated witholunteers who ha8. aureusletected in their sputum (i.&, aureugpositive).
In addition, satistically there was an interactibetweerthe associations of AZLI arfd. aureus
status with circulatingeutrophil numberswvhich was indicated by the greatest mean neutrophil
numbers being observed in volunteers who were both AZLI positiv&aadreu positive.
Volunteers with CF whavere AZLI positivealsohada s i gni f i cassociatiofwith O 0. 05)
decrease 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
associationso those made for AZLI were not observed for other antibiotics investigated,

including inhaled tobramycin

Whencytokines were analysed jlasma samplefsom volunteersit was observed that
G-CSF and CXCL1 concentrations were detected in the ma@frggmples from volunteers
with CF. It wasalsoidentified among the volunteers with CF who wBreaureusiegative, that
increaseglasmaconcentrations of @SF and CXCLweres i gni f i ¢ a nassbojated p O 0.
with volunteers who were AZLI positiv€lasmaG-CSF and CXCLlwere alsosignificantly
(r(19) = .45, p = .039positively correlatel with each othefor the volunteers with CF. In



addition,G-CSFconcentratios were significantlyr(19) = .53, p = .013)positively correlad
with plasma endotdn levels.CXCL1 concentratios however, wer@nly significantly(r(5) =
.83, p = .024positively correlated with endotoxin levelsnong volunteera’ho wereon
antibiotic regimens that containegrofloxacin which is a common therapy during CF
pulmonary exacerbatienCorrelation analysis qflasmacytokines and circulating ne utrop hil
numbers revealed th@& CSFconcentratios trendedr(19) = .41, p = .063{pward a positive
correlation with netrophil numbersand GCSFrelatedpathwaysignalng was altered in the
majority of CF neutrophil sampledlteration ofG-CSFrelatedsignaling pathways wasirther
linked toalterations impoptosisignalingthroughtheim Ap o p t ohwaay.sAccorgiraly,
western blot analyses revealed that elevated XiARein may have begmesentn CF
circulating neutrophilsand this elevated XIAP protein may have been associatedneidased
G-CSF, endotoxin, and CXCldoncentrations in plasmaln addition kinome array analysis
revealed significantly (©0.05) increaseghosphorylation of peptide XIAP S&ifnong the
volunteers with CF whdid not have detectable levels of plasma endotoxin (i.e., endetoxin
negative) when compared to the endotoxin negative cowttahteers This increase in
phosphorylation of pejale XIAP S87 coincided with alterations in t@eCSFrelated signaling
pathwaysi J AK S TAT pathatyo srovetagetby drdoy peides with
significantly [pO0.05] associated phosphorylation leyelsdii EP O si gnal ing pathw
coverageby array peptides with significantly [p0.05] associated phosphorylation leveds)
well asalterationsnt h epopio&i® p at h wacgverdge ly.ada¥Ypeptides with
significantly [pO0.05] associated phosphorylation leyeistweerthe endotoxin negative CF
and controbroups Furthermore, peptide XIAP S87 was the most informative single pegtide
the kinome array. &ptide XIAP S87 was observéa be significantlyp O0.05) differentially
phosphorylatedn several of the analyse$ kinome array data against parameters from
laboratory experiments and medical chart abstr&oisthe majorityof volunteers with CRhis
datastronglyimplicatedXIAP as akey factorinvolved in thealterationof apoptosisrelated
pathway signaling imeutrophils Thatsaid,similar results folapoptosisrelated pathway
signalingandphosphorylation of array peptidd AP S87werenotobserved fovolunteers with

CF who were endotoxin posttive (i.e., who ldetectable levels of plasma endotgxin

PlasmaCXCL1 concentratiosfor volunteers with CRrvere not correlate@(19) =-.22, p

= .349)with neutrophil numbersvhile plasmaendotoxin levels wersignificantly (r(19) = .52, p

iv



= .017)positively correlated with neutrophil numbePossiblyconfirming the biological activity
of plasma endotoxinvolunters with CF who were endotoxin positivere observetb have
alteredneutrophil signalingn the TLR4r e | at e d MpD8&caswoadeyinitifited on plasma
me mb r a n ecoveradge by@fageptd e s wi t h s i @OBliagsaciatednt |y [ p O
phosphorylation leve)svhen compared to volunteers with CF who were endotoxin negktve
neutrop hil sanples from volunteers with CF, it was also identifibdtalteration othe

A Aoptosi® p a tmayhawbeen associated (10.286verage by array peptides with
significantly [pO0.05] associated phosphorylation leyelgth volunteer who wer8. aureus
positive, andhat alteration of this pathwalid notcoincide withalteration of the5-CSFrelated
signaing pathways for these volunteefso, as expected,rculatingneutrophil numbers the
volunteers witltCF were significantf negatively correlated witparameters of lung function
FEV1 % (r(18) =.52, p = .019); FVC % (r(18) =55, p = .012)ard $02 (r(18) =.57, p =
.008)

In conclusion, dr the volunteers with CFAZLI was highly associated witlme utrop hil
numbers Theoretically his association may have been mediatedugha release of endotoxin
which then stimulateghroduction of CXCL1 an@-CSF.It cannot be excludedoweverthat
this association with AZLI was driveby disease severity, whergcreased bacterial burden and
lower lung functionrmay have been related to the previously mentioned release of endotoxin and
cytokine productionG-CSFmay have then stimuladehe release of @utrophils from the bone
marrow, as it is known to dajndmay have alsdirectly activated circulating ngrop hils
throughNF-a BThis activatiorby G CSFmay havethenincreased expression and
phosphorylation of XIAPwhich was probably alsafluenced by other effectorse.@.,
endotoxin,S. aureuls Collectively these effects othe inhibition ofapoptosisrelated pathway
signalingmaytheoreticallyexplain a mechanism by which reduced apoistoscurs in
circulatingneutrophilsin relationto plasmafrom individuals with CFE It is certainly possible that
increased numbepfthese functionally alteredeutrophilswere related to disease progression in
volunteers with CF, as neutrophil numbamsreassociated witbdecreased lung functioinhaled
tobramycin was natbserved to have the same associat@&&ZLI; however, because this was
predominantly an exploratory study, it is difficult to ascertain practical meaning from this
discrepancy beteen inhaled antibioticén summaryour findingsprovide evidencéhat support

antibiotc use and pulmonary bactebaing associated witiie functionahlteratiors detectedn

Vv



CF circulatingneutrophils which appeato occurthrough endotoxin and-GSFrelated
increass incirculating neutrophil nuivers as well amhibition of apoptosigelatedpathway

signaling.
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CHAPTER 1: LITERATURE REVIEW

1.1.CYSTIC FIBROSIS (CF)
1.1.1. General information

CF is adiseaseelated tomany different types ajenetic vaiation inthetwo alleles
coding for thecystic fibrosis transmembrane conductance regulator (CEER[1, 2]. In
Canada the average estimated age of survival for individuals with CF is approximately 50 years
which is an increase of roughly 2@ars in the past three decagi@s Although there are many
clinical manifestations related thseasgrogression in CFaround 90% of Cknortality is
caused by pulmonary complicatioj#§. Because the CFTRrotein is found ommany different
celltypes, the dysfunctiocaused byeneticmutationof the CFTR genés extensiveThis
means that manifestations of this diseagse whichare not directly related to lura neutrophil
function One highly prevalennanifestation in individuals with CE pancreatidnsufficiency
whichis due topancreatic damage during fetal development and results medaefor
pancreatic enzyme supplementatjdh Pancreatic insufficiencgan also resulh malnutrition,
another common issuessociated witleF thatcan reduceurvival[6]. Another commonly
observed issue in CF adultscigstic fibrosisrelated bone diseasehich is thought taesult in
part fromosteoblastslysfunction7, 8]. Other complications in CF includatestinal epithelium
dysfunction CFrelated diabetes;Frelated liver diseas@nd congenital bilateral absence of the

vasdefereng9].

In CFpulmonary complications appear to arise from several factors. One of the main
iIssues that has been identified is thetair surface liquid (ASL)s altered10] due to
malfunction of the CFTR protein. This produces a compromised pulmonary mucosal surface
which leads to increased and recurring beatanfection and poor clearance of colonizing
bacterig 1, 2]. CF disease progression apdthologyis associated with an increased
inflammatory response tbacterial infectiog andthis alteredmmune response &primary
contributor topulmonary dysfunctiorghroniclung infectionand inflammationandis
responsible for lung damage leadingptdmonary fibrosigl1, 12]. Immune dysfunction in CF

has beemdentified in macrophagewhich exhibitreduced bactericidactivity [13]. Dysfunction



has also been reported rcellswith immune responseskewed towards &h2 responséhat
coincides withpoorbacterial clearancd4]. It is neutrophildysfunction however thatis
thoudht to be thegrimary factor contributing tthealtered immune responséserved in CF

[15].

1.1.2. The oystic fibrosis trans membrane receptor

The CFTR is aransmembranehloride iontransporchannebwhich is functionally
important toepithelialcells andtheorgansin whichthese cellseside[16, 17]. Therearefive
different classesf genetic mtationsrelatedto CFTR malfunction and wen bothCFTRalleles
contribute toa loss of functionfrom thesemutatiors, thenCF will develop[11]. The class 2
mutation, where the CFTR protagimisfolded and undergogsiality controlwithin the
endoplasmic reticulumsbased on thbomozygpu s @F 5 0 8 wigcé is thetmyspcemmon
genetic defect associated with €37 11, 16]. Theexact naturéehindCFTRabsence ofunction
relating tothe CF pulmonarydisease phenotype is still under debaitd theoriesdivergingon
the interactionor lackthereofbetween CFTR anépithelial transmembrane sodium ion
transport channelEENaC) as well agzhe role of other chloride ion channels and processes
controllingchloride ion leveld11]. Either way the end resu#t analteration of the pulmonary

air surface liquid ASL).

TheCFTRIis also thoughto be an activ@rotein inmature neutrophilsspecifically for
the phagolysosomavhere it appears that h e  o@F BRON8tation contributeto decreased
hypochlorous acighroductionand reducedacterial killing in the phagolysoson&g]. This
mutatedCFTRrelated neutrophil alteratiomaycontributeto some ofthe neutrophilic
dysfunctionobserved in CFhowever, it does not account for adbserved changes fanction
[19].

1.1.3. Lung disease progression

Progression of lung diseaseth® primary cause of death in Gihd t appearshat a

combination ofltered ASL compositionncreasegulmonarybacterial infectiopand
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inflammation fromanimprope immune response resuiteventual pulmonargamage and

fibrosisis the main cause d&ing disease progression in CH, 12].

1.1.3.1. Air surface liquid

The physiologicathangewith the greatest impact the CF airway is the composition of
the ASLwhichrelates to both neutrophil dysfunction and colonization by opportunistic bacteria
[15]. The ASL is comprisedf the periciliary layer and the mucus layer. The periciliary layer
consists primarily of water and as such is lgscous than the mucus lay&6]. Furthermore the
periciliary layer comes in direct contact with the apical epishet€ll surface and its ciligLQ],

where the cik play an important role in bacterial clearance through the mucociliary lder

The CFTR mutation in pulmonagpithelial cellsappears to impathe ASL buttheories
on how thisrelates ® pulmonary disease in CF at&vided into twodifferentcampsOne is the
Gsotonictheoryof decreasegericiliary layervolume where theres ithought tdoea drastically
reduced periciliary layegl0]. Due topoor mucociliary clearandis reductionmesults in a
substantially thickened mucus layer with iresed volumé¢10, 11, 15]. This altered ASL with
anincreased/olume of thickmucuspromotedacterial colonization and biofilm formatigh, 2,
11, 15]. The man contributor tahis altered ASL compositioappears to besmosisrelated
where alack of CFR inhibition on diumionchannel ENaauses movement gbdiumand
osmoticallyrelated wateout of the periciliary layef1Q]. In this isotonic theorymolecular ionic
balance ohegative chloride ions is maintained in the A®tchannels and processes other than
the CFTR{11].

An alternative theory is theeompositionatheorydwhich hypothesizes thalbetotal salt
concentratiorfe.g.,sodium ions, chloride ions$ greatlyincreased irthe CF ASL due to
increased levslof negatively diarged chdride ionsrelatedto a lack of CFTR function This
maintairs a higher level opositively charged sodium ions in the Afl1]. Although water
levelsand relategbericiliary layervolumesarethought to banaintained in the ASlLthe salt
concentratiomoes increasand thisis thoughtto inhibit the normal function of antimicrobial

peptidesvhich are salt sensitiel1].



In both of these situationalthough theericiliary layermay be decreasethe volume of
the mucus layer is considdrly largerandappearsd primarily result rom CFTRrelated
submucosal gland dysfunction which includes goblet cedls §ecretory glands) that secret
abnomally large amounts of mucin whidtrther increasethe volume of the mucus laygro,
11]. Furthermoreincreased salt concentration or decreased isotonic vad@inhe periciliary

liguid layerappears tampairt h e capdciyta dearthe increased/olume of mucou$ll].

Multiple processes cause thricuslayer of the ASL to become hypoXit0, 11, 15].
This is thought to includacreased epithelial cell activity related to compensation for osmotic
iIssues metabolism obxygenby neutrophilsor the generation ofreactive oxygen speci€ROS)
[20], andreduced oxygen penetration of thEckenedmucuslayer. This hypoxic environment
interferes with thédunction of epithelial cells ahneutrophils in the CF airwdy0, 11, 15, 20],
andcreates an environment suitable for bacterial growth in macrocolonies and b[afirmg,
15, 20]. Supportingthe concepthat thehypoxic mucus filled enonment accommodates
chronic bacterial colonization, CF airway infecticapgpear tsharecharacteistics observedh
biofilm infections Thisincludesaninability to clear the infectiora poor antibody response, and

anincreased resistance amtibiotic therapyl1].

In summaryCFTR relatedASL alterationgesultin athicker mucuslayer andreduced
clearance. This alteration produces a hypoxic environment \ghjgbors the formation of
biofilms with associated macrocoloniasd may evedecrease antimicrobial peptide function.
Together thignhances the growth opportunistic bacteriglathogenslike Pseudomonas

aeruginosain theairwayof individuals with CH11].

1.1.3.2. Bacteria and fungi

The environment of the CF airway interconnected to the microorganistimst inhabit it.
For individuals with CE-colonization byopportunistic anghathogenic bacteria is similar, tget
fundamentally different fropbacterial pneumonig21]. This is becauseneumonia affects the
alveoli whilebacterial colonizatioin CF usually spargthe lower airways and alveq®1] until
the later stages of CF disease progresididh Therefore in CF the infectiomore closely
resembles a chronic endobronchial bacterial infegdimerthana bacteriapneumonig11].
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Several bacterial specignown to colonise the CF luragecapable o€ausingchronic
infectiors [22], while some fungi appear &dicit an allergic responsendcandevelop into
opportunistic infectionf23]. The mostommonmicrobesidentified in volunteers in the current
studyare described her®dlicrobes were considered common enough for further analysis in this
study when they wergetected in at least three voluntedrsat said it is important to note that
other bacterial species cplayapatho@nic rolein CF (e.g.,Stenotrophomonas maltophilia,
Haemophilus influenzadurkholderia cepaciaMycobacterium abscesgusome of which are
associated witepecificage group$ll, 15, 22, 24, 25].

1.1.3.2.1.  Pseudomonas aeruginosa

P. aeruginosais by far the mogprevalentchronic infectionn CF adultsvhere
colonisationis associatewith declining lung functioi22, 26]. P. aeruginosas a Gram
negative opportunistic pathogen that is commonly found in the enviroramdns able to induce
a strong neutrophil response in the lung due to multiple structural compo@anisridotoxin,
flagellin, alginate)27] and several traitge.g.,biofilm, antibiotic resistancajecreased motility,
immune modulationyvhich make itadaptable to the CF airw§®8-31]. In comparison to other
bacterial spec&P. aeruginosas highly prevalentin olderindividuals,infectingover 50% of
adultswith CF[22].

Different strains oP. aeruginosehave been documented to reside in different areas of
the CF airvay[26] with some strainbeing moreadept at alginatéa secreted polysaccharide)
productionand related biofilmformation[28]. The hypoxic environment of the mucus laiyer
the CF airway has beegpartially attributedto this increaseroduction of alginatey P.
aeruginosg 10]. Macra-colonies ofP. aeruginosahave tienbeen shown to develop in the
hypoxicthickenedmucus layer withnfectiors occurring at théuminal mucosal surface rather
than the epithelial cell surfa¢&0, 11]. P. aeruginosahowever is a facultative aerohend
thereforenot all infections with this organism are related to biofibmmation in hypoxic
environments but rather some strains sagvive better in less hypoxic areaberemucus

accumulation also occufs0, 26).



Beyondalteredalginate productiorduring chronic colosationP. aeruginosahanges
and adapts multiple waysto theenvironmenbfthe CF airwayUnder these conditio .
aeruginosahas been shown to alter the structur@éslfpopolysaccharide(LPS)[32, 33] andto
decreassurface expression dlagellaor potentially just rducemotility [30], which resuk in a
reducedneutrophil responseén fact an adapted form d¥. aeruginosan the CF airwayhas even
been shown tinhibit neutrophil ROS productiofd 5, 34]. Similarly, althougmeutrop hil
extracellular trapN ET) formation emains the same meutrophils from individuals wit&F and
nonCF controk, P. aeruginosastrainsisolated from CF patints late in disease progression
appeato be resistant tthe bactericidal properties of thed&Ts[35]. In additionP. aeruginosa
alsohas the ability t@cquireantibiotic resistancf29, 36] with around 18% olP. aeruginosa
infectionsin individuals with CFoeing multidrug resistarnt22]. Chronic colonisation of the CF
airway has therefore allowel. aeruginosao adapto the hypoxienvironmentevadeimmune
responsg anddevelop antibiotic resistancall of which makethis bacterial infectiomore

difficult to clear.

1.1.3.2.2. Staphylococcus aureus

S. aureusis a Grampositive bacteria that 8mong the first bacterial species to colonise
the CF airway15] andis overall the mogprevalent bacterigdathogeninfecting over 50% of
CF individualsyounger than 45 yeaf22]. In fact in the past few yealS. aureugppears to
haveoutpacd P. aeruginosasthe most prevalent pathogdatectedn adults withCF[22].
That said the exact relationship betwe8naureusirway colonisation and diseaprogression
in CF is uncleaf37-4Q].

Unlike manyof the otheopportunistic bacterisomnonly infecing the CF airways.
aureusis known to cause pneumonia in G individuals[11]. In contrastS. aureuss also
known to colonise the upper airway of healthy individuals in apatinogenc mannef41]. In
fact,the role ofS. aureusn CF appears to not l®rictly pathogenicwith reportsimplying that
the lack ofS. aureupathogenicityshould be considered whdatermining patient management
[37]. Thedifferentinteractions ofS. aureuswithin theairwayof adults with CF mawctually

prove beneficiato the hos{42], and amssociation 08. aureuswith better lung function in CF



hasbeen reportefB8]. In additionthe use of antstaphylococcal therapy has been shown to have
negative consequencesch as the increased presencB.aderugnosal43], with prophylacic
antistaphylococcal therapy beingcommended against hecurrent guideline$44]. In

contrastS. aureusas been relateld diseasavhen it moves into theewer CF airwa)[{39] and

upon initial airway colonisation iohildren[40]. Therefore it appears that thexact relatioship

betweers. aureusind CF disease progression is questionable and likely situation dependant.

Potentially there aralifferent strains o8. aureusn the CF airwayvhich producesmall
colony variars of the bacteria and may be related to longer chronic infections and a more
pathogenic naturgd5]. FurthermoreS. aureuss known to derelop a mucoid phenotype in the
hypoxic CF mucudayerenvironmentwhich may lend to & incorporation into biofilms with

other bacterial species.@.,P. aeruginosaqand chronic infection staty40].

1.1.3.2.3. Achromobacter xylosoxidans

A. xylosoxidangs anothebacteriabpecies knowio colonisethe airways ofndividuals
with CF, however this speciess considerablyessprevalentn CF tharP. aeruginosar S.
aureus[11, 15, 22, 25]. A. xylosoxidas is aGramnegative pathogewhich, althoughmore

prevalent in CF and immucompromised individualds not limited toopportunisticinfections

[46].

In thecontext ofCF disease progressiochronicpulmonaryinfection withA.
xylosoxidans$as been associated with decreased lung function and incpadsezhary
exacerbations of diseasesulting inhospitalizatior{46]. Lung function decline, and therefore
progression of pulmonary disease progressippearselated toinflammation caused bA.
xylosoxidansn the CF airway andhas beemeported asimilar to that associated wikh

aeruginosainfection[47].

1.1.3.2.4. Fungi (Aspergillus fumigatis and Cladosporiumsp.)

A. fumigatis andCladosporium spare fungi found ithe CF airway[23, 48]. A.
fumigausis the most common fungisolated fron theCF airway, however the prevalence of
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this funguswithin the CF population varies considerabiypong studie§23]. AlthoughA.
fumigausis primarily associated withllergicresponsesyith around 7% of adults with CF
having bronchpulmonary allergic reactiof22], there are alspossiblenonallergy basedssues
related tadisease progression in CiRcludingdecreased lung functiopulmonaryexacerbation
of diseaseand hospitalizatio[23]. That said, outside of an allergic response, the exgent to
which fungi contributalirectly to disease proggsionin CF is still under questiof49].
Inhalation ofA. fumigaus from the environmens considered ubiquitoubutin CF it does not
appeato be properly cleared from the I@3]. The clinical significance ofladosporium sp

in CF is still unknown andargely undocumentg[48].

1.1.3.3. Immunopathology

Many types ofimmune cells participate in the cystic fibrosis (CF) antimicrobial response
and are known to cause inflammation and contribute to dipeageession. Of all these cells
none havdetterevidence, in thoroughly reportetiy/sfunctionand inflammationrelating them
to disease progression thdne neutrophi[11, 15, 50]. Altered neutrophil function appears to
play an important role in diseapeogressionjung pathologydecreased lung functipard
increased damage and fibrofls 2, 51]. Accordingly, neutrophilhavebeenimplicated as the
maincontributos to the improper immune responsdservedn CF[1, 15, 51, 52]. Neutrophils
recruited to th€CF airway play anmportantrole in the clearance and resolution of bacterial
infectiors, andin nonCF situations have been showrbwessentiafor clearance o$pecific
bacterialinfections Neutrophils have been reported to be absolutely necessary for protection
againstP. aeruginosapneumonia in a mouse model, where decreased circulating neutrophil
numberscausedow level intranasal inoculations & aeruginosao belethal[53]. Neutrophils
arealsoindispendile for the clearance dfisteria monocytogengs4]. Furthermore, thextent
to which neutrophils are required for clearance of bacterial pneumonia can be shown in studies
where neutrophilsverespecifcally and efficiently depleted. In these studies the clearance of
Legionella pneumophilandStreptococcupneumonian mice, was dastically hindered55,
56]. Alternativelyindividuals withlower peripheral blood neutrophil couritaveincreased
susceptibility toMycobacterium tuberculosigfectiors [57]. Neutropenia haalsobeen shown

to drastically delay the clearancéEnterococcus faeciuf®8]. Furthermorepatients with



chronic neutropeniliave intermittent pneumonia and recurring infectiofihe upper

respiratory tracf59].

Some would antest neutrophils beingssential for clearance of specific bactefastudy
of aspiration pneumonia guineapigsindicated thaCXCR1/CXCR2 antagonism aie utrophils
did not cause significant chargm bacterial clearangeven though neutrophils theairway
were reduced by at least 863t were not completely removggl0]. Similarly another study
reportedcontrol ofKlebsiella pneumonian guinea pigseven thouglpulmorary neutrophils
were significantly decreased through CXCR1/CXCR2 antagonism but agatiop hilswere not
completely removef61]. It apoears that in these studies neutrophils weeeely reducedh
numberand not removedrl hereforemodulation of the neutrophil respawithout complete
removal of neutrophils, such as whasingCXCR1/CXCR2 antagonisjuan be beneficialThis
beneficial effect appears to be causeddayuce neutrop hilicinflammationwith no inhibition of
bacteriaklearance because neutrophitein fact still presenin sufficient numberso control
some aspesDf the bacterial infectioriNeutrophilsusuallyaccomplisttheir bactericidal role
throughthe use of many efficient and peviul antimicrobial mechanisnj85, 53, 62, 63];
however in CF many of these mechanisbecome inefficient ando not function properly18].

This canleadto chronic bacterial infectiomom reduced bactericidal activif{8, 35].

In CF increasedirwayinflammationcaused byacurrent neutrophil recruitment
contributesd pulmonary damage atdng pathology1, 51, 52]. In this setting bothacteria
and neutrophibasedoulmonarydamage resulh structural changes and pairedpulmonary
function[64-66]. The resultant altered pulmonary environment further relates to increased
inflammation,a dysregulated immune respoyaed further decreaseblacterial clearanc4-
66]. Neutrophilic pulmonary tsue damage appears to occur friomagularand overwhelming
release of histotoxic components gutrophils[67]. Even without bacterial cohisation the CF
airway s affected by abnormally high leved$ inflammaion and neutrophil recruitme fit5,

67]. Highly potent proteasesre akey mechanisnof neutrophilrelatedtissue damageith
matrix metalloproteinase (MMP)7, MMP9, and neutrophil elastase (¢l foremost among
thesg67]. Furthermorehigh levels of these proteases in the CF airajayeato be caused by
the inflammatory evironment In this environmer feedback loop witNE causegpithelial

cells to produce CXCL38whichthenrecruits more neutrophisndresults infurther NE release



[15, 51]. Both NE and amtherelastae produced bf?. aeruginosahavecytotoxc effects on
epithelial cellscausing celsloughng from the basement memdne[65]. NE is also thought to
cleave phosphatidylsemne on the apoptotic neutroplghdingto necrotic neutrophils that are not
recognised by macrophages for proper containment through efferodgtdsié/hen neutrop hils
are not properly efferocytosed they cailease their histotoxic components into the airwagn
necrosis[67]. High levels of airway NE are na@ommon during bacterial infections withmon
CFindividuals but are decidedly a crucial factor in CF airway inflammatiath its intrinsically

poor bacterial clearangé8, 69].

The chronic inflammatory infections in the CF airnvaglikely related to a putate
newlydescribedsubpopulation of active neuphils that arelistinctfrom necrotic or apoptotic
neutrophil70]. These active neutrophitelease inflammatory mediators, angresponsiveot
anttinflammatory signals anthodulate thedaptiveimmuneresponsgl5, 70]. Deliberate
releaseof primary granule contente.g.,NE, MPO) into the lungby these active CF
neutrop hilsis different from thgpassive release of these histotoxic proteases rfigorotic
neutrophis [71]. Furthermorethe seactive neutrophils in the CF airwagdo not appear teespond
to anttinfammatorylL-10 and spontaisly produce high levels ariflammatoryCXCL8 [72].
Theyalso appear teuppress kell responses in the lungs throughragulation of MHCII and
CD80 while releasing and ae#iting arginase 15, 70, 73]. Together his produces a tissue
damaging inflammatory eironment by the CF neutrophil, which is algoable to clear

bacterial infections

Someother componentsf the immune responselated to themmungathology seen in
CF includealteredcytokine profiles inthe CF airway wherencreasegro-inflammatoryfactors
(e.9.,.CXCL8,IL-1 b, -UNFand d e inflarmna®y fcton@d.,IL-10, IL-1RA)
definean environment of increased inflammation and dess@aesolution of inflammatidii4,
75]. Individuals with CFalsodevelophigh levels oP. aeruginosaspecific antibodiefl]].
Although tis type of antibody response would normallyotes the infectionthis B-cell
response is rarelufficientto resolveP. aeruginosanfectiors in the CF airwaylue to biofilm

formation and thickened muc{g1].

In summarypulmonary tissue damageirsuant to repeated neutrophil recruitment

combines to create a cycle of inflammation and bacterial infectithe neutrophil centric
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Immune responsdiowever is unable to clear the bacterial infectiamd instead causes
progression of disease pathology through the release of inflammatory and histotoxic factors.
Together thicauss a profound impairment of lung functiomherdoytheorgan is no longer able

to function adequately arithis eventually culminates ideath.

1.1.4. Pulmonary function testing

With multiple factors contributing to pulmonary diseasey(altered ASL, pathogenic
bacteria, inflammatory immune response) there is clinical need to monitor the progression of
pulmonary disease and responses to theray,&ntibiotic therapy, physiotherapy), and this is
done thraugh pulmonary function testiq@6]. Althoughdeclininglung functionis normally seen
with age and disease progression, there are large individual variances that can reveal important
information in a patienspecific mannef77]. Such alterations in lung function can be assessed
using pulmonary function testin@8]. Forced expiatory volume in one second as a percent of
the predicted normal val§e EV1 %) is the mimonaryfunction testavhich givesthe most direct
insight into alteration of lung functicaind disease progression, while other aspects of lung
function used in this studipcluded forced vital capacity percent of predicted (FVC P39, 80]
andoxygen saturation of the blood (Sp@81]. Percent of predicted values take intocat
factors that are known tdfact lung function but are not themselves a cause of diseageage,
sex, height]80].

1.14.1. FEV1 %

Levelsfor FEV1 % arethe most relied upon indicator of lung function in CF andeha
been shown to be highly related to disease progressiorality,and factor®fclinical
importanceg77]. Decline in FEV1 % is related to both disease progression in CF and8@ath
For FEV1 % the normal (ne@F) range is anywhere above 80%predicted while abnormality
Is considered mildvhenbelow70% and severe when below 3%%8]. There is a progressive
earlydecline in FEV1 % over tim®r individuals with CFE Likely attributable to survivor effect

this decline ppears to slow in early adulthood {88 years) and levels off beyond that
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Nonethelessindividual variation (.e., nonagerelated changes$ fairly broad[77]. The average
FEV1 % levelsn adults with CF appear toe between 80% and &bbutdecline with age, while
the variance for FEV1 % in adulisith CFranges from 100% to 2598, 77].

1.1.4.2. FVC %

FVC % is commonly measured at the same timeaad has a strong functional
relationship withFEV1 %[82]. As such, decline in FV@ hasasimilar relation to disease
progression and death dgesFEV1 %][80]. Because FEV1 % is the most informative and
commonly used indicator of lung function in CF, it is not surpgghat évelsfor FVC % in CF
are not as well documented as they are for FEVI Bat saidFVC % levelsof approximately
70% havebeen reported to keverage for CF individual§6]. FVC %is an indicator for the
volume of air that the lungs can holkk(, total lung volume)sucd thatdeclinein FVC %can be
related taheremodeling and fibrosis of the lung tissue that is observed iL&F9]. Reduced
FVC % levelsarea useful indicator of restrictive lung functicand thishas been observed in
some individuals with Ckvhere for a subset of these individuathis reductionin FVC %only

indicates a reversible restriction of lung functi8a].

1.1.43. FEV1/FVC

Although FVC % is anndicatorofrestrictivelung disease, the ratio betaeFEV1 %
and FVC % (FEV1/FV(Qis an indicator obdbstructivelung diseasewhich is thought to be the
main condition in CRhat isrelated to lung disea$@6, 79, 83]. FEV1/FVCindicates the amount
of the forced vital capacity that can be exhaled in the frsbsdof forced exhalatiofi84].
FEV1/FVC values lower than 70979], or below the B percentile when comparing to normal
distribution[84], are considered suspect and may indicate obstruction of lung fun&tibaugh
FEV1/FVC may be used more extensively in chronic obstructive pulmonary disease (COPD), as

an indicator of airway obstruction it caitso be used to detect airway obstruciim@F[76, 79).
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1.1.4.4. SpO;

SpGlevels arecommonlyassessetbr manypatientsincluding individuals with CF as
they areconsiderably easido evaluatedhanFEV1 %or FVC % levels[81]. SpO; levels indicate
the percentagef hemoglobin in the circuting red blood cells thas saturated with oxygefi.e.,
blood oxygen saturation].his revealdhrow well oxygen is being delivered to the bldoam the
lungsand in effecthow welltissueis being oxygenate(the normal rangdor SpG; is 94% to
99%) [8]]. At the severe end of the spectrum it has been observe8@atevels correlate well
with FEV1 % levels and appear to be adondicator of disease stati@l]. Therangefor SpO,
levelsin CFhas beemeportedto extend below the normalnmgeand down taaround70% with

chronic pulmonary bacterial infectisbeing linked todecreasing SpfQevels[81].

1.1.5. Antibiotic therapy

In CF an antibiotic regimen is a common part of disease managenmihtiofics are
used chronicallyn CF for several different purposes includingintenance of ahzonic
bacterialinfection, prophylactitherapy to prevent infectipmand acute treatment ah
exacerbation of disease relating to infectioeapBnding on the specific pathogérerapy
regimensancommonly consist of cycldsetwee nmultiple antibioticqd44, 85]. It has previously
been reported thanébioticscanaffectcirculatingneutrophils[86-92]; from these reportshe
majority of antibiotics appear to elicit their effects through reduction of bacterial nurabdrs
this reduction is thought to result in lower circulating ne utrop hil numl@&87, 89]. Macrolide
antibiotics €.g.,azithromycin erythromycir) are an exception to thasthey elicit their effects
throughdirect immunomodulation afeutrophilg90-92]. Althoughthe most commomntibiotics
used in CF are covered in the next subsectj@g, there areseverabtherantibioticsusedin CF
that are not the focus of this stu@ome of heseincludeinhaled colistinjntravenously
administerednerope nemobramycin andceftazidimeas well aorally administered

sulfamethoxazole with trimethoprimefuroxime andceplalexin[11].
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1.1.5.1. Aztreonam lysine for inhalation

Aztreonam lysine for inhalatiofAZLI) is a nebulizednhalable form othe antibiotic
aztreonamab-lactamantibiotic that is amonobactanmwhichis used toinhibit growth of
pulmonaryP. aeruginosan individuals with CH85, 93]. The common trademarked name for
AZLl is CaystonGilead Pharmaceduticals, USP3]. Although atreonam itself was available
in the 1980993, 94], AZLI was notavailable forusein CF patientuntil around2010[93]. Being
a relatively new antibiotitherapy many previoustudies orCF do not include patients that
were taking AZLlor do notinclude informationmelated toAZLI therapyAs such nothing has
been reported on the potential effects of AZLI on circulating neutrophils. That said one study did
investigatethe effect ofintravenously ad ministereantibiotic component of this drugd.,
aztreonampn neutrophild95]. Thestudy in 1993 by Goya et atias inratsusinghigh
antibiotic concentratios butindicated thadztreonammay havealirectly interacted with

neutrophis to increasehemotaxisat serumconcentrations of 100 pg/ml or more

AZLI is commonlyadministered over perisaf time thatmayconsist of cyclingone
month on and one month d83]. Theformulationfor a one millilitre dose of AZLI contains
75.0 mg aztreonam with 46.7 mg lggsimonohydrate as a stabaii§93]. Although the drug is
targeted to pulmonary bacteria, at this dose éhemmconcentration of aztreonam Hasen
shown tobe around.6 pg/ml [93]. AZLI usein individuals withCF hasbeerreported to
decreassputumP. aeruginosdevels andmprovepulmonary functior93]. Although
aztreonam is effective agairStantnegative bacted, it does not appear twe active against

Grampositive bacterigincludingS. aureug94, 96).

1.1.5.2. Azithromycin

Azithromycin (AZM) is a macrolide antibiotic thdtas been reportetd help with
managenentof bacterial biofilmg44, 97]; however in many situation®\ZM alone is not
sufficient for treatment dfacterial infectioa As suchAZM iscommonly used with other
antibiotics such asAZLI and inhaled tobramycifé4, 85, 93, 97, 98]. Of particular interesin
the context of CFAZM treatmenappeardo alteraspect®f evenhealthy non CF neutrophis
associated witheducel inflammation(e.g.,increased apoptosieduced ROS productip {00].
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This may berelated toobserved decreasespulmonary exacerbatioms CF patients taking this
antibiotic [44]. Several studies haweported thaAZM and other macrolide antibiotics have
directimmunomodulatory effeston neutrophd[90-92] including, as notedreduced ROS
production andncrease apoptosf90, 92] as well as inhibition of NE91], which is a known

perpetrator of pulmonary damamgeCF [99).

1.1.5.3. Inhaled Tobramycin

The nebulizable form ofobramycinwasthe first antibiotic drmulated for inhalation in
CF[93] andis used to controlP. aeruginosanfections[100]. Inhaled tobramycins commonly
usedfor prolonged terms, and this may includeyclesconsisting of one month on and one month
off [10Q). Unlike aztreonamobramycin does not need to $abilisedfor inhalation and instead
is only pH balanced in salingith each dose containing around 300 mg of the antibjih€c).
Serum levels ofobramycinafter use of the inhaled drimgave been shown to average around
0.98 pg/ml[104. Inhaled tobramycin has shown significant effective mestecreasing.
aeruginosadevels inCF sputumand las beershown to improve lung function, as FEWA, in
CF patients witlpulmonaryP. aeruginosanfection[100]. Although use ofdbramycindoes not
appear to have any direct effects on neutrophils, itadtenendothkal cells in a way that

impedestransendothelial migratioof neutrophilg[101].

1.1.5.4. Ciprofloxacin

Ciprofloxacinis agquinolonebased anadrally administered antibiotic commonly used in
CF. It has awider spectrunof antibacterid activity than thepreviously mentionedntibiotics
beingeffective againsP. aeruginosand other Granrmegative bacterias well asS. aures
[107. Ciprofloxacintherapyfor acute pulmonary exacerbations of diseasaallyconsists ofin
approximatelytwo-to-five week period102]. Common issues with ciprofloxacin whigitit its
usefulness include the development of resistance to theadiotioy P. aeruginosd29].
Furthermorealthough ciprofloxacirreduces”. aeruginosanumberssubstantial levelsf the

bacteriacommonlyremainafter therapyjndicating thatreatmentwith thisantibioticdoes not
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alwaysclearinfection inthe CF airway102. Ciprofloxacin has been shown to accumulate in
neutrophils where it maintains bactericidal activity agathsiureu$103]. Thatsaid,

ciprofloxacindoes not appear gubstantially altecirculating neutrophil numbe{89].

1.2. THE NEUTROPHIL

The role ofneutrophilsin innate immune resporse pivotal to the cleence of bacteria
from the lund53-59]. This functon of bacterial clearance mgutroplis, however is
augmented in CF67]. Improper activabn andincreasedigeing of bloocheutrophi (i.e.,
circulating neutrophd) areassociated with poarlearancef pulmonary bacterial infections
increasecheutrophillife span leading to reducedferocytoss by macrophagesncreasd release
of histotoxicgranular contestwith resultant tissue damagenddecreased resolution of
inflammation[67, 104. In a healtly statecirculating neutrophdarerelativelyshort lived and
quiescen[109, wherevarious stages cctivation orapoptosis appedo berelatedta he c e |l
age and external stimulati¢h04]. During chronic diseaséncluding CF stimulation of
circulating neutrophd appears tdostera longerlived and seemingly activated stdfe 52].

Even with this extended survivaéutrophilsstill havea relatively short lifepan which has

madeinvestigatiorof neutrophil functions and propertieoredifficult [106].

1.2.1. Bone marrow

Neutrophils differentiatédrom progenitorhematopoieticstem cells in the bone marrow
through a process called granulopoiesis, before being released into the cir¢u@fjoithe gut
microbiome has been documented to stimulate nograadulopoiesigind appears to do this
through the release @dctors containing microbassocited molecular patterns (MAMP§L08,

109. Every day up to 100 billion granulocytes, predominantly neutrophils, are produced and
released from the bermarrow intahe circulation as aaormal response folasmaG-CSF[110

and other cytokineg.g.,GM-CSF, IL-3, and 11:6) [105, 111]. Release of neutrophils from the
bone marrow is controlled by decreased surface expression of the chemokine receptor CXCR4

onneutrophilg111] but can also be induced by increased plasma chemokine (exgls
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CXCL1,CXCL8)[112 113. Inthis wayneutrophils are continuously derived from the bone
marrow which means thatot allcirculating neutrophilsre synchronized and therefodasplay
different stag¢s of maturation and apopto§ld 4.

1.2.2. Circulation

1.2.2.1. Circulating and marginal pools

When maturene utrophilsare released from the be marrowthey circulatein the blood
for approximately six td2 hourdefore beingemoved by tl 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 conditiorerati@ngination
throughaugmentednteractions betweemneutrophil and endothelial cell surface protesnsh as
those involved imolling (e.g.,CD44, Eselectin ligand, tselectin, PSGi1), adhesiond.g.,
LFA-1, VLA-4), and crawling€.g.,Mac-1) [111], threewell-documentedacets ofleukocyte

recruitmen{11q.

The vasculature ia number obrgansaccount fora largeproportion ofthe marginated
neutrop hil pootue to the physa characteristicef this vasculaturggromoing neutrop hil
attachmen These organmclude the liver, lungs, and splegiil]. Neutrophils from the
marginated pool normally move in and out of the circulating neutrophi] podlthis balance
canbealteredby various stimulthat are known to affect bloodfl (e.g.,adrenaline, exercise)
[111, 117, 118. Although these neutrophil poolseain constant flux, on averagieey appear to
containevenly distributeatell numberswith perhaps a slight increase of neutrophils in the

marginal pool whemormalconditions exis{11§).

Neutrophils in the marginated pool can be removedudsh efferocytosis by
macrophage<itherafter homing back to the bone marrow or directly in the liver and spleen.
Alternatively, these cells can be mobilized into the tissue in situatdestravascular
inflammation[111, 119. Clearance o&ged circulating neutrophitsy efferocytosishelps
reguate proper cell numbers aneimoves potentialunwanted inflammatiofil20. Neutrophils
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within the marginategool in the lungshowever appear to have several functioingluding
replenishment of circulating numbers, detectiompafmonary infectiog andi as is the case
with older neutrophil$ reprogramming or primingp express increased surface CXCR4 and

therebyhomebackto the bone marrow for remoHl11]].

Earlierresearcton neutrophilsusing methodology foex vivolabeling of these cells
indicated thathe process of release from the bone marrow and eventual removal through
efferocytosiqi.e., neutrophil lifespanjook under24 hours[121]. In contrast, rmdernresearch
using methodology fan vivolabeling ofneutrophilshas revealedhat on average circulating
neutrophils live for 5.4 dayd22]. The differences in perceived neutrophil lifespan between
these two methodologies has been suggestedist due to théunctional changes thathysical
manipulation of these cells can ca(is22. The concept thatirculating neutrophéican have a
prolongedlifespanhas inspired research to investigatere intricatefunctional and phenotypical
alterations irthese neutrophis. This includes changes caused by the environment due to
fluctuations in stimuli over time armhanges that primeeutrophis, allowing themto have a

greater range of functisnhan previously thought.

1.2.2.2. Plasticity and stimulation

There aresome stimulwhichsubtly dfect and therebprime thecirculating neubphil
in a waythatalterst h e furectioh ang lifespan. Priming of circulating neutrophils can also be
thought of as partial activation that does not immediately cause the induction of antimicrobial
mechanisms and has also been redetoeas neutrophil programmih@23]. This priming aters
neutrophilsin a way thaimodifiesthe antimicrobial mechanisns be usedubsequertp full
cellularactivation.Stimulation ofcirculating neutrophilsn this wayalonecan result irpoor
bacteriaktlearance, impaired efferocytosiironicinflammation, andissie damag from
improperly releasedlistotoxicgranular contest[67, 104]. There are many factowshich have
been reported to do thigicluding GCSF, testosterone, adiponectin, dhel endotoxin.PS

among others

G-CSF a cytokine with well documented effects on circulating neutropikifsrimarily
known to stimulate release of neutrophils from the bone mdiad. In fact, GCSF is used
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clinically to treat neutropenigl25]. Beyond these effects on circulating neutrophil numbers, G
CSF is also involvedh inhibition of neutrophil apoptosis which is observable whe@ & is
administeredn vivo[126. Furthermore, lwien GCSF is added to neutrophés vivq reduced
apoptosis has been linkeditthibition of caspas& [127] in a manner thaihvolves the Xlinked
inhibitor of apoptosis (XIAP)128]. Plasma GCSF levelshave been reported to bereased
during pulmonary bacterial infeions[129, 130 creating a potential link between these

infections and functional alteration@fculating neutrop hd

In the last decade the concept of aged neutrophilbdes establisheds haghe idea
that age neutrophils have distinctphenotypg131]. The phenotype afging neutrophils may
be influenced by circadian ythms or circadian rhytfinduced endothelial cell changes ahd
interactiors with marginatecheutrophilsthatthese changefacilitate Aged neutrophils
accumulate in thenarginal poobf the lung vasculatur®©n the beeficial side, aged neutrophils
respondmore rapidlyto infectiors andas suchmay produe apreferredresponse against
infection[120]. Circadian rhythm islsoknown to affect the innate immune systenother
ways[132]. For example, iappears to alter neutrophil priming or function enough to worsen
myocardial infarctioroutcome spotentially by increasing the mbers of responding neutrop hils
[133. Testosterone levels are linked to circadian rhythmedsahappear to influence circulating
neutrophils by producingnincrease itheir recruitmentesponse while decreasitigeir
bacterial killingvia reduced myeloperoxidase and production of axfithmmatorycytokines
(e.9.,T GF b 1:10)[134.135.

Other factorganprimecirculating neutrophd in a manner thaesults in an accelerate
and more robust response to pathogapen subsequent activatipI23. There are many forms
of suchpriming, including stimulationn wayswhichalterROS responge Factorsthat prime
neutrophil ROS mduction include cytokines.¢é.,adiponectin, GMCSF, IL-1 bCXCLS, IL-18,
TNFU) as wedadsociatsd mplectlan mateens (PANIR=., LPS, flagellin,
zymosan, popeptide, LAMs, fMLF)and related factor@.e.,C5a,LTB4, PAF)[136]. The
mechanisms behind this altered ROS respansdairly well understood and involedianges to
NADPH oxidase in the neutrophilasmamembrang13€g. These changasause conformational
alteration and partial phosphorylation of proteins in the NADPH oxidase comgioh
positions NADPH oxidase closer to an active ROS producing configuifdtigh
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The Gram negativebacterial componetPS an endotoxin thatan prime circulating
neutrop hils has two documented effects. LPS priming can increase the release of immature
neutrophils (.e.,band cell§ into the circulatiorandthese cells arassociatedavith poor
antibacterial respons¢$37]. LPScan also stimulatenature neutrophilgh a way that primes the
cells to releasencreased quantities of RQfpon full activatiorf137]. Expanding on this,
intravenously delivered LPS appears to cause decreased surface expression of inflammatory
receptors owirculating neutrophils along witthe release of immature neutrophilshere
CXCR1 and CXCR2 are significantly decreasedall circulating neutrophils bdtoll- like

receptor TLR) 4 is only decreased on the immature neutredbB7].

It is thought thatinder normal circumstances thgsened circulating neutrophils
associate better with the marginated papkcifically in the lungs, batisothat priming can be
reversedjn a manner that is thought to involile-10, so thathese neutrophils can retuothe

circulating poolin a norinflammatory statefor subsequent removal the bone marro134.

1.2.2.3. Apoptosis

It has been observed @F, andother chronic diseases.(.,arthritis[138]), that
circulating neutrophilarestimulated oractivatedin a way that results in a longer lifesgdn52,
139. Both GCSF and GMCSF can stimulate neutrophils to activate their-aptptotic
pathways, reulting inaugmentedeutrophil surviva[140-142. G-CSF is known tanhibit
apoptosis by preventing calpaiased degradation tfe XIAP protein[128]. Plasma GCSF
levels are also increased during pulmonary bacterial infectioakingit reasonable to postulate
that XIAP protein levels will be higher under these condit{d2®, 130]. XIAP itself functions
to inhibit apoptosis at several levels. XlI&Rnbindto the functional sites of actieaspases
(e.g.,caspase 3, caspasec@spase®) thus stoping caspasénduced apoptosigd43-145, but it
can alsanhibit apoptosis before mitochondrial activatio.e ( before the caspase lev§ljg or

preventTNF-Ufrom causing apoptosjd 47, 14§.

Hypoxia or perhaps hypoxia inducible factpreayalsoconribute to reduce apoptosis
of neutrophilsin hypoxic tissue[149]. Apoptosis can also be greatly decreased by priming
circulating neutrophilsvith PAMPs or cytokinese(g.,LPS, IL-17, TNFU J111]. Furthermore,

20



the microbiomemay also contributéo circulating neutrophil primingvherethe gut microbiome
can influence theegulation of neutrophiland apparently decrease thewels d apoptosis
[104). Thisappears to occur, in paftom the nucleotide bindingligomerization domaiNOD)
1 detection othebacterial peptidoglycam D- glutamyt mesediaminopimelic acid (IEDAP) or
fromIL-17A subsequently released bther cellsin response t@E-DAP [150]. This microbiome
influenced inhibitiorof apoptosiss likely the main component that changesghert f.e., less
than one daygx vivolifespan ofneutrophilsto the 5.4 day lifespan e utrophilswhen in

circulation[122.

1.2.2.4. CF-related alteration of neutrophils

As noted above everal studies haveportedthatcirculating neutrophd in volunteers
with CF arealtered with the most evident component of thieration reléing to increased
neutrop hil survivatiue toreduced apoptosjd39]. It is still unknownpreciselyhow this

stimulation occurs and the entiretywhatthis means in terms ek utrophilfunction[157].

Apoptosis of @culating reutrophis in individuals withCF isthought to belecreasethy
the CF airway environmeind related factofd 39, butsome reports havenplicated
intracellular alteratiomausedy the malfunctioninggndogenou€F TR protein[152. That said,
there isa larger body of evidenagainstarole for endogenous CFTR a@lteration of apoptosis
in CF neutrophis, whereproblemswith experimental desigappear to explain theontrasting
reportssupporing a role forendogenou€FTR[34, 71]. From the currerbody of evidenceit
appearsnore likely that factors extrinsic to the neutrophilg.,stimulatory factos in the
plasma, pulmonary epithal cell dysfunctionbacterial colonisatioresult in alteregbriming of
circulating neutrophiland arexterded lifespanSpecifically, it has been reported tHafF
plasmacaninduce decreased apoptosi€antrol(i.e., norCF) neutrophil§139. Both CFTR
mutation relateapithelial cell dysfunction andhronic bacterial infectiooause disruption of the
CF airwayenvironmen{52]. This environmentredesa cycle of inflammation and bacterial
infectiors with a neutrophilcentric immune responsbat isunable to clear trsebacterial
infectiors. Insteadthis immune responsgeates a chronic inflammatory environmetith

factors that can potentially reduce apoptosis in neutroghds,¢ytokines, PAMPS)52, 111,
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140. Independent of thanderlyingcause, thiextended lifespacould contributeto the

increased numbers oirculating neutrophd reported formultiple CF populationd34, 153 154)].

Some of the othemnorapoptosis based/terations observed in the circulating CF
neutrophilpopulationincludedecreased ROS productjomherehypochlorous acid productias
Impairedin the phagosomeue tothe malfunctioning endogenous CFTRS]. Impaired
hypochlorous acid productiomasrelated to decreased bactericidal activjty, 18]. P.
aeruginosacaninhibit ROS productionn neutrophilsand thiseffect is thought to be the
underlying cause ahe previously mentione@portson alteredROSproductionin circulating
neutrophils from individuals wit€@F [34, 155. Taking this into consideration, findings fro
previous studies auld havebeen influenced bthe P. aeruginosastatus of th& volunteersand
even the specific strains &f aeruginosdhey were colonised witlas t appears that inhibition
of ROS production is due to an adapted forrR oderuginoa and not CFTR dysfunctiofi5,
34]. The adhesion molecul€AM-1 may also play a role in altering the functiohcirculating
CF neutrophis. Serum ICAM-llevels were reported to biecreased in stable CF patigntgth
relativdly normal lung functionand neutrophilsirom these individuals displag increased
spontaneous NE releadd51, 156).

Thecombinedimplication of theabove mentionedlteratiors reportedin circulatingCF
neutrop his appeardo be an associatidretweerthe increased inflammationissue damagend
lung pathologyrevalentn CF patients andhe increased lifespaincreasedelease of
inflammatory factorsandparadoxicallydecreased bactericidal activitgportedin CF
neutrophild1, 15, 51, 52, 151, 156].

1.2.3. Recruitment and migration

Neutrophils in the marginated pomEn be mobilized into the tissue in situations of
inflammation and infectiofil1l, 119. In this way, diring animmune response @®pulmonary
bacteridinfection neutrophils are recruitadto the lungearlier than other phagocytgkl5,

157). This response is initiated by@othelial cells lining the pulmonary vasculatukich
facilitate neutrophilrecruitmentinto the lungs after being stimulatbg products of the infection
(e.g.,bacterialcomponentsinflammatory cytokiney[158. The interactions betweengelectin
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glycoprotein liganel (PSGL1) and L-selectin on circulating neutrophils anesBlecin and E
selectinon endothelial cells start off as low affinity interactions that slow down ne utsogil
start the rolling phasgl59, 16Q. In neutrophils PSGIL is uniformly distributed on the surface
while L-selectin is concentrated near the tips of thetnog hil microvilli (or pseudopodia) with
this area being the initial site of interaction betweeriroghils and endothelial cel[461].
These initial interactions betwe@autrophils and endothelial cellsduce signaling withimoth
cells[162. In neutrophilsthis signaling causes the cytoskeletal proteinalio interact with
the CD18 (b2 i nt-gandindocks axanforoahal ¢thangefin LEAE flom
bent to partially exteded. Partial extension of LFA increases its binding affinity for
intercellular adhesion molecule 1 (ICA8) on endothelial cell$o an intermediate levethich

causeslow rolling of the neutrophdn theendotheliun{160, 163].

These initial processedlow for increasednteractionbetweemeutrop hilsandthe
endothelium bound chemoleisa whichareproduced at sites of inflammatiqa.g.,CXCL12,
CCL21, CXCL9)[164]. This interactionesults in chemokingpecific G-protein coupled
receptor (GPCR3ignalingto tain-1 and kindling3 with furtherinduction ofconformational
changeto LFA-1 on neutrophil§164]. This conformational changbencauses high affinity
binding to ICAM-1 on endothelial celltha resultin neutrophil arresf164, 165. After this Mae
1 (CD11b/CD18pn neutrophilss activated and causes IC AlAmediated neutrophil crawling
and spreadinglong the endotheliufil62.

After neutrophil adhesion to the endothelitthee neutrophil must make its way through
the endothelium, through the basement membrane, and integbe.tThis process is called
transendothelial migration (TEM) and can occur paracellularhere the neutrophil moves
through junctions between endothelial cadistranscellularlywhere the neutrophil moves
through a pore that developsthe endothddl cell itself[166, 167]. Chemokine gradients play
an important ra in the initiation of TEM along witRECAM1, ICAM-1, JAMs, and other
proteinson endothelial cellthatare employed during TENML60, 165. The paacellular pute
utilises ICAM-1 binding to induce contraction of the endothelial cells. Then IEAMCAM-2,
JAMs, PECAML1, and CD99 adhesion proteins cause separation of endothelial cells at adherens
junctions creating endothelium permeability and allowing the pgss neutrophils to the
basenent membrang162 168]. The transcellular route for neutrophil TERMoIves ICAM-1
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and PECAML1 ircreation of a vesicueacuolar organellandbegins with extensions of the
membrane into the endothelial cell and results in formation of a pore that allows the neutrophil to
move througlandtowards the basement membr{hé2 169. Surprisingly the transcellular

route comprises appxonately 70% of neutrophil TENIL7Q.

After migrating through or betwedhe endothelial cellsneutrophils reackhe
endothelial basement membrane. Neutrophils move through the endothelium basement
membrane and into pulmonary tissue by releasing protéaseMMPs, NE) that createholes
in the basement membrajib2, 171]. At this pointneutrophils 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. Duuingp narybacterialinfectiors the
chemokne CXCLS8 is one of theredomnant neutrophil chemoattractaiatsd binds tdoth
CXCR1 and CXCR2 on neutrophil72. Other chemokines of interest include but are not
limited to CXCL1 (GreU) , CXC-b2, ( G¥X G-IYGROB)GNACXCL5 (ENA78)
which bind either CXCR1 or CXCR2 and also the chemokine CCL3{MIB[173. Other
potentialchemoattractantmcludeLTB4 [172 and thecomplement component C%&a73 as
well as bacterial componentgke fMLP [174]. Altogether it appears that a vast network of
chemoattractants result in the guidancéheinewly migratedneutrop hils tavard the sitef
infection and inflammation.

1.2.4. Lungs

Neutrophils recruitedhto the lungs during bacterial infectesurvive approxnately 24 to
48 hourq115 157]. When ininflamed or infectedissue neutrophils aimulated and activated

by factors thatelay apoptosis andhis is responsible faihe increased neutrophil survifa4Q.

Increasecheutrophilicexpression of NEs known to occur in the CF luregnd has multiple
pro-inflammatory effect§68]. These includeegradation or cleavage of immunoglobulins and
complement receptors leading to decreased phagocytosis of opsonised baittempaired
baderial clearanc§l75179. FurthermoreNE and other proteases caleave CXCR1 on
neutrophilsdecreaing theirbactericidal activity This CXCR1 fragmentprobably via specific
protein glycosylationis thencapable of interactingiith TLR2 on epithelial cells leadiniy
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increased expression of CXC bB$®idadditionalpulmonary inflammatiofl8d. In the lungs,
release of NEand the ROSjeneratingnyeloperoxidaséMPO) was commonly thougho occur
from necrotic neutrophils biitas been reported as a normal function of recruigadrophils
[70].

During infection or inflammationneutrophilsactivated in the tissueave thecapacityto
move back into the circulation through a process termed reverse transmiftdgohese
reverse transmigrated neutrophils appedratee an increased lifespan and increased ROS
production[149. Although inflammation and potential damage to pulmonary tissue is a side
effect of neutrophil recruitment artileir histotoxicresponsg theprimary function for

neutrophis in the lungs is their bactericidal activities

1.2.5. Bacterial clearance

Theshort lifespanofthe neutrophil is accompanied wilshot response time
Neutrophilrecruitment and response ocswithin four hours[115), giving thiscell of the innate
immune systema greatemporal advantage ovéte adaptive immune respord81]].
Differentiation and clonal expansiarf the adaptive responsequires approximately three to
five dayswhile an effective humoral agellular response caake an additionadevento 1@ays
[181, 187. Under preer regulatiomeutrophilscan bereleased from the bone marrow, recedit
into infected tissue, Kill bacteria, and be cleared from the tisslessrthanwo days[115 157,
181]. In this way neutrophils ameptimised for quick resolution gfulmonary bacterial infection

As suchneutrophils ar@n important part of the immune response wiaeteriainfect thelungs

[53.

Once at the site of infectiomeutrophils must gnise and eradicate bacteRattern
recognition receptors (PRR&.g., TLRs, NOD-like receptordNLRs]) areexpressed by
neutrophilsand allowfor detection of many bacterial compone[i83. The main TLRs utilised
by neutrophilsto detect bacteria include TLR4, TLR5, and TLR83. TLR4 is found onhe
plasma membrarid83 184] and detects LP8om Gramnegative lcteriawith the help of
other proteing185, 186. These proteins includELR4 adapter proteing.e.,CD14, LPS
binding proteinMD-2) which form areceptor complekl87-190. TLR5 is also found on the
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plasma membrane anesponds to flagellithe main structural protein of bacterial flagdll&3
184). During pulmonarybacterialinfections TLR5 plays a role in the initiade utrop hil response
including increased CXCL8 productionéantimicrobial activityf191-193. TLR9 is found only
intracellularly and is on the membrane of the neutrophil phagosdmee it detects
unmethylagéd CpG motifs of bacterial DNAL83, 184]. Neutrophils recruited into théF lung
have increased expression TLR2, TLR4, TLR5, and TLR9 compamdtdatingneutrophils
[193-195].

The main NLRs utilised bgeutrophilsagainstacteria includ&OD1 and NOD2both
of whichdetect components bacteriapeptidoglycaa NOD1 recognise multiple components
of peptdoglycan including i DAP which isproduced by many different types of bacteria and
N-acetylglucosamind-acetylmuramic acid tripeptidehich isspecific to the peptidoglycan of
Gram negative bacterifl83 196, 197]. NOD2 functionsto recognise the main component of
peptidoglycan in both Graxmegative and Graipositive bacteria called muramyl dipeptide
(MDP) [183 197].

After bacterial detectigmeutrophilsare able to utilise &rge number of antimicrobial
options including phagocytosiazurocidin bacterial permeability increasing (BPI) protein,
defensins, NE, preinase 3, cathepsin G, RQ&g.,superoxide, hydrogen peroxide,
hypochloous acid, hydroxyl radicaperoxynitrite),NETs cathelicidins, lactoferrin, cationic
phospholipasesind MMR9 [1, 63, 198-207]. Thissubstantial repertoiref antimicrobial
mechanismgjive neurophils a bactericideddvantage over mamgther cells such as
macropghageq209.

Neutrophils caphagocytose bacteria througle tltecognition o&ntibodies€.g.,19G,
IgA) or complemenfactors €.g.,iC3b, C4b) that have opsonised the bacteria. Antibody is
recognised by Fc receptors including FcoRIIIB
complement components are recoghisg complement receptoralhd complement receptor 3
ako known a£D11b/CD18or Mac1[66]. ViaF ¢ UR | neutrophilttemaimn r esp
antbody found at mucosal surfaces, tdiate phagocytosis and ROS produmti[209, 210].

Most of t hlbacterieidaltactiatyihaicHieded through degranulgtivhere

granule content is usually releasatbt he c e | tHadlenphbgessanieg207].iFarmation of
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granulesoccurs in three stages. Primary granules are formed first during the promyelocyte phas
of neutrophildifferentiation angrimary granule contents include NE, MPO, BPI, defensins,
cathepsin G, and proteinase 3. Secondary granules and then tertiary granules are formed during
the metamyelocyte phasé neutrop hil differentiationsecondary granule contsnbclude

cathelicidin and lactoferrin while tertiary graauwonters include lysozyme and MMPJ, 207).

NE is a serine proteasieatcleaves proteins at Hig\sp-Ser amino acid sequences and ttas

cleave he outer membrane protein A ofd® negative bacterif211]. The protease activity of

NE is known to degrade virulence factors from bactna perhaps in concertrittions to

inhibit escapef bacteria from phagocytodi212]. NE also has immunomodulatory effects

which relate to increased bactericidal activity amclude increasedhucin production by

epithelial cells, enhancing MMB activity, and a nofproteolytic interaction with MPO that

increags its antimicrobial function213-215.

NADPH oxidase and MPO operate togethengutrophilsto creae antimicrobial ROS
NADPH oxidase converts oxygen to supxide which then reacts with twxyydrogen ions to
form hydrogen peroxide in a spontaneous dismutation reg@@h Both superoxide and
hydrogen peroxide can react with iron to produce hydroxyl radicals. Alternatively hydrogen
peroxide and chloride ions can be conveligdPO into hypochlorous acjd, 200 206, 216].

Of furthe interest superoxide caeact with nitric oxide to produce the powerful antimicrobial
peroxynitrite[203. After bacteria are phagocytosed these ROS are used alongihatigranule
proteins to kill the bacterig]. In this setting anothaole for NADPH oxidasenay be tacreate

a substantial electron gradient in the phagostimmugh the production of ROS and thus,
through thenflux of other ionscausedy this electron gradieniower phagolysosome pH which
vastly increases theactericidahctivity of proteases ar@htimicrobial proteins thereid, 217,
218. Furthermore the ROS produced by NADPH oxideeseinduce the formation oflETs
[219. It therefore appeathat NADPH oxidasectivity in the phagolysosomieasdeveloped
with other antimicrobial processtselicit a synergistic effect ware electron gradient
production,ROS antimicrobial functiorandNET formationall work together to sufficiently
Clearbacteria.

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

andthecathelicidinLL-37, all of which are cationic, membramgercalatingoroteins[202 220,
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221]. Other noroxidative antimicrobials include the proteolytic enzymes prfeinase 3, and
cathepsin G222]. Similar to NE, azurocidin has the homology of a serine protease although it
does not carry any proteolytic adtiv In a norserineproteasedependanimanner azurocidin
appears to have cationic relateatimicrobialactivitiesand the capacityp causehemotaxis
through its binding to the formydepide receptor$205. Also of interest, group IAPLA2 is a
cationic phospholipase of neutralshwith thecapacityto attack Gantpositive bacterial cell
walls[201]. Lipocalin 2 and lactoferrin are also noridative proteins that bind to and chelate
iron, sequestering it against uptake by bactema thereby inhibihg bacterial growtfj223,

224.

NETSs consist oéxtruded neutrophil DNA and decondensed chromatin to warieh
boundantibacterial histones as well as antimicrobial proteins including defensins, NE, and MPO
[198 204, 225. NETs are initiatedy differenttriggers each of whicthave different time
framesfor the formation oNETs. LPS stimulation of TLR4asults in quick NET formation,
while cell death utilizing either apoptosis or necrosis takes sizdtg longer to produce NETs
[226, 227]. In a similar manner NETs can be formed through a pathdgpaendent form of
programmed cell death which may utilise ROghaling and is called NETos[@27, 228. NETs
have been documented to kill many differentteaia[229. The main role for NETs is likely to
increase theapacityof neutrophiderived antimicrobial agents to destroy bacteria by co
localising the bacteria and antimicrobials, allowing multiple antioli@ls to work together for a

potentially synergistic effe¢229.

1.2.6. Inflammation and tissue damage
Resolution of Inflammation

The resolution of neutrophilic inflammation affenimonarybacterialinfectionis largely
controlled byanttinflammatory cytokine$230 but also involveself regulation of
inflammatory mediator§231] andefferocytosis of poptotic neutrophil®y macrophagel32,
233. The release of antnflammatory cyokines €.g., TGFb |L-10), primarily by
macrophagesyccurs after bacterial clearance to resolve the inflamm§g2@@. Furthermore

some inflammatorpathways induceelf regulatory mechanisms to reduce inflammation
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including theNF-a Bpathway andhe SOCS inhibited JAK/STAT relatedIL-6 signaling
pathway[231]. Another selregulatory mechanism, but with specificity to neptnds, appears

to be the capacityf the DNA and chromatin components of NEisdisable the proteolytic
activity of NE, therebyreducing host tissue damagece the bacterial infection is clearf&84).
The presence of neutrofghin the lungs after and even during bacterial infection is associated
with many levels of inflammation and tissue damggje 142 215, 235, 236]. Therefore
physicalremoval of neutrophils frorthe lung is essential for resolution of inflammation.
Macrophages perform this essential role by phagocytosis of apoptotic neutroahisoress
called efferocytosif?37, 239].

Inflammatory Dysfunction

Problems with inflammatio and tissue damage exist wheflammatory processes are
dysregulatear if pulmonarybacterial infection and inflammaticare not resolved quickly
Neutrophils are associated with significant levels of inflammation and pulmonary tissue damage
when they are not tightly regulated agifierocytosed quickly after infection. Neutrophil
degranulatiopalong with lysis of necrotic neutrophilsppears to be thgrimarycause of this
tissue damagi236, 239. Thusimpaired efferocytosis, decreased apoptosis, and prolonged
neutrop hil recruitrantcontributeto an increase in pulmonary neaghils[142, 182, 24Q and

thereby pulmonary inflammation and tissue damage.

Extracellular release of neutrophil granule contents from degranulating or necrotic
neutrophils is the main cause of neutroj@sbociated patholo®36, 239]. Proteasese(g.,NE,
MMP9) released in this manner appear to bertioa significantcause otissue damageavhile
ROScontributesonly a minor rolg66, 239]. Of the proteases released, Niakesthe largest
contributionto inflammation and tissue damaae it degrades the structural proteins in the
basement membrane and connective tissug,€ollagen elastinproteoglycans)241-245. The
release of NE and the necrosis of neutrophilsaliesbeenassociateavith poorepithelial
integrity anddetachment of epithelial cell246. Furthermorgin vitro studies have shown that
NE candecrease ciliary beat frequenggtentally inhibiting proper functioningf the

mucocilialy escalator andtimulate goblet cells tmcrease secretion of mucol&b, 215. Other
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potentially histotoxigroteins release@tom neutrophilancludeMMP9, proteinase 3, and
cathepsin G66, 241].

Antiproteasesd. g.,secrgory leukocyte inhibitoralphal antitrypsin canoffsetsome
protease damagaowever this depends on the relative balance of protease to antiprotease
activity in the lung 1]. Proteasectivitiesin the CF airways are at high enough levels to
overwhelm antiprotease activitia®d causa significant amouraf pulmonary tissue damage
[247). Anin vitro study looking at neutrophils andl influenzaga common bacterim CF,
reported thaheutrophils became necrotic after phagocytosing the bacteria, resulting in increased
inflammation andalsosurvival of the bacterigvithin the necrotic cellf248. Issues like this,
wheredecrease bacterial cleararad®ws the infection t@ersist result in continual recruitment
and activation oheutrophils which impedsresolution of inflammation and perpetustarther

tissue damage.

Neutrophilsdie by necrosi# they are ot efferocytosed by macrophages. Thus,
dysregulation of efferocytosis plags important role in neutrophihediated inflammation and
tissue damaganasmuch ade necroticell inevitably releasethe contents oifs higotoxic
granules [24(. The main cause of such dysregulation is the cleavage of phosphatidylserine
receptors on the macrophage by Nid @athepsin GQyrovidinganothermechanism byvhich
NE contributes to inflammatiof249. As previously mentionedniCF not all neutrop hilrelated
damage is caused lmgcrotic neutrophildut also fronman activesubset d neutrophils in the €
lung[70]. This subset of neutrophilactivelyreleaserimary granule contentse(g.,NE,
MMP9) [71] opposed tanecrotic neutrophsl whichdo thispassively{71]. These active
neutrophilsalso appear tepontaneously produce high levelsGXCL8 [72], ignoreantt
inflammatoryiL-10[72], andeven suppress @ell responsel/0, 73]; through p-regulation of
neutrophilMHCII and CD80, whichncreass interaction with T cellsand the release and

activation ofarginase Ivhich suppresses T ce[80, 73].
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1.3. THE KINOME

1.3.1. Kinase signaling

Signal transduatin occurs in a cell primarily through the activity of kinaaed their
related phosphorgtion of other proteins. In this waye ativity of many differenkinases are
required taransducea signal fronreceptor stimlation to effector responsess(, signaling
pathway)[250. Kinases achieve this throughosphorylation o$pecific amino acid targetm
otherproteirs whichthenfunction assignaling intermediates.hls phosphorylation eveatters
the functionof the signaling intermediate whi¢tansduceshe signalto other proteinsither by
forming complexes with them oif the protein targt isa kinaseby changing their
phosphorylaibn state. The entirety of all the proteins aadtdrs involved in these interactions
and alterations of phosphorylation and functiem;ompasa specificsignding pathway[250,
251]. It is therefore observed thah@sphorylation of multiple proteins withinséggnaling

pathway indicate analtered activity withirsaid pathway

The known human kinomeonsists of over 500 kinasesichphosphoryate over 20,000
phosphorylation sitesvhichin turn regulate son,000 different proteing252]. This points to
an intricate system where a smalimber of kinases are resgsible for controlling a large
number oproteins throug their respectiv@hosphorylation sitesvith some of the target
proteins bein@ther kinasesM any of these proteins are controlledryltiple phosphorylation
sites andome kinases havween reported tphosphorylatanultiple proteins[253. Furthermore
a single phosphorylation sitn a proteircan be acted on by multiple proteimgth many having
at least one kinase and one phosphatas®othes having thecapacity forself regulation(i.e.,
auto-phosphorylatiomf a sitewithin the same protejrj254]. Thecombined complexityf all
thedifferenteventsinvolved in signal transduction can make it difficultide ntify how signaling
transduces through a pathwayt this complexity is important as tiaws for dynamic control

of a wide range of downstream effects.

Investigation of kinassignalinghas been previously exploregdhuman neutrophils
usinga variety ofmethodologieso identify many of thekinases and other proteins involvedain
large number ofgignaling pathwgs [255. More recently kinome array technologies have been

used in human neutrophils discover potentially alteredignalingpathwayq256.
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1.3.2. Kinome arrays

1.3.2.1. General array information

Kinome arraysre used teimultaneously assakieactivity of a largenumber okinases
within cell lysate4257]. 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 determinedsing afluorescent stain specific for phosphorylated profebv, 25§.
Cell lysates are prepardmm a large number of cell§x10° neutrophils were used for each
samplein this study) and combined lysate witlA\TP containing activatiomixture islayered
on the kinome array so kinagg®esenin the cell lysate caphosphoriate individualpeptide
targes, for subsequent detectiohphosphorylation using fluorescent phosplpwotein stain
These phosphorylated peptatere then detected as brightness intensities gignal)by imaging
thearray[257-259.

Cellular kinase activitycan beinferredfrom theknown list of kinases thapecifically
target the proteiphosphorylation siteepresentetdy individual peptides printed on the array
Inference of kinase activitynowever is difficult becausea single phosphorylation site malye
acted on by mitiple kinaseqd254 and some&inasegphosphorylatearget sites omultiple
proteins[253. Because of this, kinome arragalysis isusuallydirected at the proteimom
which thepeptideon the arrayvas derivedand not the cellulakinases which phosphorylate the
peptide[257, 259]. Inference in this wayare a god indication ofabsolutekinase activityinside
the cells bein@nalysed That saidthe use of phosphatase inhibitors in the cell lysis buffer,
along with other disruptions during cell lysisterfere with proper representationtbé overall

phosphoryléion activitiesassociated with protesrwithin the cell.

Informationfrom all of the observed phobprylation events ithen used to identify
alteredphosphorylation levels dhearray peptidaelated proteinsvhen comparinglifferentcell
samples odifferentgroupsof cell samplege.q.,differentcell treatmentscells isolated from
individuals withdifferent disease staeswithin differenttreatmenigroups, dered
phosphorylation of multiple proteimglated taa singlesignalingpathwaycanthen indicatehat
thesignalingpathway idifferentially regulated 257, 259, 26Q.
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1.3.2.1.1. Array design and format

Thekinomearray consists of glass slidewith peptide spots printed in threeplicate
blocks per slidg260. Eachreplicateblock includesa specific number of technical replicates for
eachpeptidespd (three spots for each block resulingnine technical replicatgser slidein this
study) Each uniqugeptide spots then specific for a different target, where a single unique spot
consigsof identicall5 amino acidong peptide shat arespecificfor a known phosphorylation
siteona particulaprotein(282 unique peptide spofer slidewere usedn this study)260.
Eachpeptide spois 0.35 mm across with a space of 0.75 mm between eac[2§0pt The
arrays used in this study did not include any specific negative or positive control spots.

Kinome arrgs are designed by choosipgpteinspecific phosphorylation sites
proteinsrelevant tocell signaling pathwayspecifically pathwaysvhich are related tavhat is
being investigatedAt the time of this studyethnical limitations for the number differert
peptide spots liméd the aray toaround 30 ifferent targetsife., phosphorylation sitgg§258
260. This ismultiple orders of magnitudemaller tharother aray platforms €.g.,RNA
microarrays DNA microarrays)in which current methods of microarray production can provide
several million targets or prob§261, 262. Given thatthe humankinome likelyincludes over
20,000phosphorylatiorsiteson5,000 different proteing257, it was only possible to analyse
small percentage (~1.5%) thfe kinomewith thekinomearrayused in this studyrheselection
of specific phosphorylation sitdsr an arraythereforefocusesanalyse®na limited number of
possible cell signalingathways at the expense of others. In this study we used amlasigged
to detect changes immune response signalingth representation of interleukin receptor and
TLR signalingpathways

1.3.2.1.2. Reproducibility

Experimental desigis importantin improvingthereliability andreproducibilityof
resultsfor array platforms and other experimi@hmethodsThe ninetechnicalreplicatesor each
peptide spread across three different sectifires, blocks)of thekinomearray increase the
chances odletecting a reproducible sigradanincreasechumber dtechnicalreplicates has
beenreportedto improve rdiability and reproducibility withDNA microarray platform$263
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264). An issue arisehowever asall of thesetechnicalreplicates are on the sak®mome array
instead ofaicrosdifferent arrayswhere theyould be processed separately. This can lead to
iIssues with reproducibilitat the level of sample preparation and experimental technique.
Common to alexperimentstechigue when running the experiment plays a big part in
reproducibilityand therefore variation in tecigue needs to be accounted [@65. Issues
related to échniquethat have beepreviously reported to affeceproducibilitywith kinome
arrays includgreparation of cell lysasequality andconsistency of the reagenised for
detectionproperamalgamatioof cell lysate andATP containingactivation mixtureand
ensuringthe array is properly and completely washed of all specificphosphoprotein stain
[258 260. This means thah addition toadequate numbgof technical replicatesa stringent
protocolneedto bedevelopedand followed consistentlp achieveresults within a study that

are reproducible

1.3.2.1.3. Non-specific activity: Foreground and backgroundintensity

Extracting useful information from high noise to signal RNA microargagsents many
iIssueq264] andsimilar issuesapply tokinomearrays.When dealing with theelatively small
magnitudechangesn signal, as found fgphosphorylation levels kinome array®r expression
levels in otherarray platformg266], it becomes difficult taliscerntrue biological signalif the

foregroundintensityof a spot is overpowered lblye backgound ntensity (.e., noisé.

Foregroundn the kinome array image the level obrightness intensitythat is detected
for apeptide spgthowever not all of this intensitynay bedue tophosphorylation of thpeptide
by cellular kinasesBackgroundn the kinome array image thelevel ofbrightness intensity
causedy any norspecific sourcg(i.e., not directly related to array peptide phosphorylation)
[26Q and presentsimilar issusand consequensdo those reported f@NA microarrays[265,
266]. The maincause ohigh backgroundntensity forkinomearray platforms isimproper
washing ofthe arrayafter incubatiorand staininglmproper washingesults inbrightness
intensity being detectetoth insidepeptide spotand between peptidgots due tononspecific
or residualfluorescent phosphoprotein stdire., stainthatwithin the peptide spas not

associated with kinase activity from the cell lysateanyphosphoprotein staitihat remains
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between the peptide spp{258 260. Underreasonable conditiorthe background intensityg
relatively uniform throughout the entire array ayach be acecunted for. h thissituationthe

actwal biological signal cathenbe properlycalculated as the intensity from the foregrourel (
spot intensity minus theintensityfrom the backgroundi.e., noise)[266. This is alsaeferredto

as thebackground subtracted foreground intensity and is calculated for each separate peptide

spoton the kinome arraj259].

With kinome arrays, achievirigw levels of uniformbackground withielatively high
levels offoregroundintensity requiregiood protocol and technigueow levelsof biological
signaJ which result ipoorforeground intensity, calme attributed to these ofinsufficient
numbers of cells when producing the cell lysate or fiowproperlysis of the cellsThisleads to
insufficient levels of kinase activityvhere detected activity (i.e., signal) can easily be
overpowered byiormallevelsof backgroundThis underscores thenportanceof usingthe
correct number of cells for each samite bovine monocytes thisas beeneported a§x1(®
cells/sampld259] andthe same number of neutrophilere used in the present stutimproper
preparation of the cell lysate with tAe'P containing activation mixturand uneven application
of this mixtureon the arrayan alsdead toissueswith uneveror highlevels of background
intensity making it difficult to calculate th&ue biological signadr lead tofalsdy negative
signal inensitied259]. Backgroundintensityof this typeis a largecontributor to issues with
reproducibility[266] and is why propeand consistent techniqueireredibly important when

running array experimenf265].

Therefore in order to calculate true biological signals in a reproducible maner,
important to evaluate the levehd distributiorof background intensityithin eactkinomearray
before data analysis ensurethatbackground distribution and intensity levels aceeptable or
reasonablg269. Unlike DNA and RNA microarrayshowever reliable methods for the
evaluation oficceiable levels of background intensitg ensurejuality and reproducibility

havenot yet beertlearly definedior thekinomearray platform
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1.3.2.2. PIIKA 2

The large data sets producedaryayexperiments overpower the usecohventional
methods oflataanalysis andhereforemanyprogramshave been developed to analgsgafrom
RNA andDNA microarrays.An analysis software was specifically designed to analyse kinome
array data and has been named Platform for Intelligent Integrated Kinoatgsis2 (P1IKA 2)
[267] and is currenthavailabde as a wekbased progranhftp://saphire.usask.ca/saphire/pjika

PIIKA 2 enables the user to manage and analyse the large data sets produced by kinome
array analysis and includesnong other things, the ability to identieptides on the arrayith
reliably differential phosphorylation levelghen comparinglifferent samples or treatment
groups[259. This isdone through calculation of signal as background subtracted
foregroundintensityand evaluation of the nine replicates for each pepbididscern trueignal
from noisg259]. PIIKA 2 alsoincorporateshierarchical clusteringn the form of heatmaps with
euclidean distancdsr visualisation opeptide phosphgiation datadifferencesdetween
samples otreatment group259, 267]. PIIKA 2 also includeseveral other features fdata

visualization and datanalysis althoughthesefeature svere note mployedin this study

The endpoint fokinome array analysiwith PIIKA 2 isto reportdifferentialpeptide
phosphorylationevelswhen comparingamples or groups testedth the arrag. Thisendpoint
doesnot, however interpretthe meaning ofhesealtered phosphgtation events or the pathways
to which groups of differentially phosphorylatpdptdes belong Furthermore, this analysis does
not indicatewhich groups oproteinrelatedpeptides on the arrare known to be biologically
related.Thebiological relationships between the array peptdsociated proteins that are
differentially phosphorylatednd the signaling pathways tlhese proteinsddong to,represent

the mostobustinsights that cabe derived from kinomm array experimen{259].

1.3.3. Pathway overrepresentation analysis

Kinome array datprovided byPIIKA 2 can then be analysed for biological significance

with the use opathway overepresentation analysishis type ofanalysisadds biological
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context to thdist of significantlyaltered phosphorylation evemgen comparindpetween

differentsamples or treatmegroups[259].

Pathway ovetrepresentation analysisasform of functional enrichment analysise(,
pathway analysis) thaitilisesa list of proteindrom high thoughputexperimental datae(g.,
DNA microarrays, RNA microarray$p searchihroughdatabases which contaamnotated
information on the proteins involved in different pathwaklis is accomplishedy
computational algorithmisased on statistical principleghich are usedo calculatethe

likelihood that a specific signaling pathwaybiest associated withlist of proteing268]. In

effect thissystemsbasedapproacthyives biological meanintp the large number of proteins that
display differentiaphospghorylation. In this type of analysianalyticalpoweris gained by
identifying and combiningnultiple relatedproteins into the samesponse or pathwd26§.
Current programs for pathway ovegpresentation analysie.f.,GoMiner, WebGestalt,
InnateDB) are designed for use wétRpression data roM@NA and RNA microarray§26§;
however Innate DB(www.innatedb.capathway ovetrepresentation analygi269 hasproven

usefulfor the analysis of kinome array d4£569.

InnateDBhas the benefit of accessiagnotated proteiand pathwayata from multiple
databases includinglOH, NETPATH, KEGG, REACTOME, PID NCiandPID BIOCARTA
and is therefore enorerobust anccomprehensive todbr pathway overrepresentation analyse
[269. In apathway ovetfrepresentation analysisut off points arecommonlyused to create the
list of proteins destirgtas input for the analysig268]. These cubff points can béased on
expressiorieveks or pvalues (pO0.05in this study)For datao beuseal with Innate DB pathway
overrepresentation analysihe list of proteirs must be converted intstandard protein
identifier codes (UniPratodes in this study) that can be read by other databapesperly
identify the kinome array peptidelated proteinf269. The resuls frompathway over
representation analysis indicatteat a particular group of proteins asdated though apathway
In this wayalteration ofa groupof proteinswithin a pathways usually more biologically
interestingthan alteratiof an individual proteinas itprovidesa greaterikelihood that
signalingis alteredwithin a specific pathwa268 269].
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There arehowever somelimitationsto the InnateDB pathway oveepresentation
analysis The identification ofpatiways through these methods do not take into account that
some of the pathways are interconnected enittiresets of proteins belonging to multiple
pathwayg268. It is therefore impdant todeterminehow much overlap there setweerthe
indicated pathwaysAnotherissueis that the analysis does not take into account the totaf list
proteins that were testeh the array and as such cannot correct for any bias that may be
incorported at that leveFurthermore, Bhough theresults produced frompathway wer-
representation analysiankside ntifiedpathwaysase on significance valuest is important to
evaluatethe number of proteins from the indistt that were in a given pathwayainst the total
number of proteinsranotated for thapathway(i.e. percent coveragdnformationon the percent
coverage of a pathway factored in during thanalysis for significancehowever due to theact
that Innae DB pathway overepresentation analysgasdesigned fouse with RNA microarray
expression dajahispercent coveragiikely becomes even more importamben analysing

kinome arrayhosphorylatiomata

Although Innate DB pathway oveepresentation amgsis was designed for use with gene
expression datat can alsde applied t.kinomearray phosphorylation data bagame points
should be kept in consideratifzb9]. One of the biggedimitationsof this programin the
contextof kinome datais thatit doesnot take inb accountmultiple phosphorylation eves
within individual proteirs (i.e., proteinsare only entered once). Innate@Bodoes noaccount
for the activating or deactivating effect tlaaphosphorylation event hasia pathway butthis
effect may changbased on cell type or stimulatibype Therefore, to make proper inferences
regarding pathway signaling, more information woulddmpuiredregarding the activating or
deactivating effects of a phosphorylation event than what dnas ntlybeen annotatedn this
way, currentpathwayoverrepresentation analysise., 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 phosphorylationréve

Another consideratiothat should be madehen using InnateDB wh kinome array data
involves pvalues. Thevariationand implication op valuesassociated witlge neexpressiomata
may be considerably differefrfom thoseassociated witphosphorylation dataAs suchthe use

of p values within a modified pathway ovegpresentation analysisay not be properly
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representetvhen analysing kinomeata. Likewisefold change valueBom expression data

have a different indication than altéioans inphosphorylationevelsand should not be used
within a modified pathway overepresentation analysis. The most obvious reason being that a
decreased phosphorylation legeuld mean thathe proteinwasinvolved in down regulation of
apathway and therefoi@uld bevery important to pathway analyst®owever adecreased gene
expression leveli.€., under representatipiis processed differentlyy the program as usually
indicates absence of this protein ambtentially, absence athe pathwags) it is involved in.
Therefore onlyusingbasic pathway overepresentation analysigith a list ofprotein names
created by a cubff point, is likely thebest way to analyse kinome array data using a program

that was designed for analysifgene expression data.
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CHAPTER 2: HYPOTHESIS, RATIONALE, AND RESEARCH OBJECTIVES

Hypothesis

Circulating neutrophils in individuals with cystic fibrosigeincreased in number and are
functionallyalteredin 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 plasmar@lateto patient statuand current
therapy including sputum bacteria cultures and antibiotic regimens. Furthermore, functional
alterations in these neutrophils will be observable in cell signaling pathways while increased

neutrop hil numbers and functional alterations will bsagiated with disease progression in CF.

Rationale

Circulating reutrophilsin individuals with CFhave previously been reported to display
alteredfunctions, including decreaseghoptosiswhich translates into a longer lifespgn52,
139. Furthermore this increased lifespan is likely related to increased numbensuteting
neutrophis, yet increased neutrophil numbers are not observed in all membersGH the
population[34, 153 154. Therefore it has been suggested that factors beyordfanctioning
CFTR cause these changes in circulating neutrophil lifespan and ni8dpétlasma from
individuals with CF can decreaapoptosisn nonCF neutrophils[139. It is therefore possible
thatthere could be multiple factors present in CF plasmeaatiesnown to affect apoptosis in
neutrophils (e.g., endotoxin, GKSF, GCSF)[111, 140-147. In addition, based on recent
reports of circulating neutrophil plasticif¥23, 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, netwophils are known to be integral to thewayinflammation and disease
progression observed in individuals with IR, 15, 50], as such increased neutrophil numbers

and functional alterations of neutrophils will likely relate to disease progression in CF.
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Research objectives

1. To identify variableselating to patient status and curréimtrapy forthe volunteers with
CF(e.g., sputum bacteria, antibiotic therapy, ldagction) andusethese variablet®
stratify volunteersduring the analysis of experimental dgenerated througbther
objectives (e.g., plasnfactors neutrophil numberssignaling pathways

2. To identify specific factors, present in plasma from volunteers with CF, which have the
capacityto alter the function of circulating neutrophils (e.g., priming, apoptosis) and
determine if these factors are associated with disease progression in velwite &€F

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 intracellulagsialing pathways of circulating ne utrop hils
from volunteers with CF in relation to nd®F 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 decreagptapis innonCF (i.e., control) neutrophils
[139. Therefore thershould becomponergin the CF plasmavhich arerelated tathis altered
neutrop hil functiorandwhich should be differentially representieetween CF and control
plasma, or within a group of the CBgulation. These CF groups could keéated to CF patient
therapyor status and as such could include groups based on the presence or absence of antibiotic
therapy (e.g., AZLI, AZM) osputum bacteride.g.,P. aeruginosaS. aureusor could include

correlative associations with parameterdumiy function(e.g.,FEV1 %, FVC %.

To investigatehis possible differential expression of plasma compo reiffesre nt
factors were screened fortine plasma isolated frobbothcontrol and CF blood sampleshi$
process includedhe following THP1-Dual cellsstimulation assaydo e\aluate the stimulatory
capacityin a selection of the plasma samplemss spectrometryo explorefactors(i.e.,
proteins)with alteredlevels in plasmal AL endotoxin assays, to evalugiasmafor endotoxin
content;andELISA methodology, to ealuat plasmafor select cytokinesvith known
stimulatory effect®n neutrophilsVariablesabstracted from the medical charts of the volunteers

with CF were thensed to stratify volunteers durinijeanalysis of this experimental data.

Statistical analyses weperformedusingcomparisons between two groyps well as
correlation analyse dor data obtained from plasma analygsy(,ELISA, LAL endotoxin assgy
when groued by the CF and control volunteensby dataobtainedfrom medical chad for the
CF group Two-tailed ManaWhitney U tests were performed when two groups were being
comparedandtwd ai | ed Spear mands rank clhtormaedlysesi on t e:¢
Statistical results wenmeviewed forstatistical significancdpgicalassociation, andiological
meaning.The comparisons fall statisticabnalyseghat wereidentifiedto bestatistically

significantor have knowrbiological importance are presented.
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3.2.INTRODUCTION

In CF circulating neutrophil@ppearo be stimulated or primed in a walyat relates to
decreased apoptosis and a longer lifeddas2, 139. Thesefunctionalalteratiors incirculating
neutrophis appear to be mediated throudje CF plasmawhich has been reported to induce
decreased apoptosis when applied to-@é(i.e., control) neutrophils[139. It is still unknown
what the exact cause tifis alteratiorin neutrop hil apoptosis, or which plasmacompmnents
are involved15]]. Previously reported informatigrmoweverwould suggest thad-CSFandP.
aeruginosamay play a role in alteration of neutrophil physiology in [2F(. To explore the
cause ofthe plasmlated functional alteration in circulating neutrophils in @Rsmabased
factorswere investigatedh blood samples from volunteers with CF and controls and this data

was analysed across different parametemnedicd chart datdor the volunteers with CF

3.3.METHODS

3.3.1. Volunteer information.

Volunteers with CHn this studywereallofah o mo z y g o wesnotgp&ad@ede
recruited from thdRoyal University HospitaCF clinic. Because this study did not incorporate
inclusion or exclusion criteria based on clinical assessment of stathityo lunteers witftCF
included individuals experiencing pulmonary exacerbations as well as those with stable status.
Information related to idease statu®(g.,lung function, sputum bacteria), antibiotic regimen,
age, andsexwas abstracted from medical chads 20 of the 22v0lunteers with CF ant
displayed inTable 3.1 Only abstracted medical chart variables that wenesentior at least
three volunteers weravestigated There were 11antrol volunteersvho werematched for age
andsex Due to limited sample volumany experiments wernly performed within a subset
of the volunteers (i.e., < 22 CF and < 11control volusteevhere exact sample sizanslicated
in the results for each experime8éveral individualsn this studyolunteeron more than one
occasion, where a grand total of 30 samples were collected from 22 volunteers with CF and 21
samples were collectedoim 11 control volunteer$nformed 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 Bdard# Bio 0438 and Bio 14115)
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3.3.2. Blood samplecollection

Blood samples were collected by R3¢lectiveTest Centephlebotomystaffinto
lithium heparin treated vacuum tubes by venipuncture. Blood samples were cdtbe@éd
differentsamplinggroups where sampling groups contained multiple vodems,and each
sampling groupvascollected on &eparatelay. To help improve continuity bgeen the CF
and control volunteerdotha volunteer with CF and a control volunteer were preseli mf
the 20 different samplingroys All blood samples were processaetnediately after

collectionfor isolation of plasma and neutrophils.

3.3.3. Plasma isolation

Plasma was isolated from the blood samples by centrifugation with an equivalent force of
at leasB3,000 g forl0 minutes Supernatantvasthenaliquoted(200-750 pl) and stored aB0°C

and thawed only once befof@theranalysis was performed.

3.3.4. THP1-Dual cell stimulation assay

The monocyte lineage derived THBLal cells (InvivoGen, Canada) release secreted
embryonic alkaline phosphata§®EAP) under the control ofthe \B pat hway, such
broad array of inflammatory stimuli activate SEAP expression and related secretion. The
QUANTI-Blue reagent (InvivoGen, Canada) then reports secreted embryonic alkaline
phosphatase (SEAP). Stimutats of THP1Dual cells were performed on all samples in
triplicate. Instructions from the manufacturer (TLR stimulation section) were followed with the
following modifications: 50 pl were used for each sample (e.g., plasma, media, LPS), samples
were dilued 1:1 with 1x18cells in 50 pl of the recommended media per well for a final
volume of 100 pl, and cell stimulations were incubated for approximately 18 hours at the
recommended conditions. Preliminary studies indicated that longer incubation tinhes led
unacceptably high background as observed in the negative controls (e.g., p€dia, H
Supernatants from these cell stimulations were then added @XA&ITI-Blue reagenand the

optimal incubation time before detection of SEAP was found to be around 30 minutes. This
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Table 3.1: Characteristics related to volunteers with CF

Variable Mean Range S.Dev.
Age (years) 28.7 18-53 10.6
FEV1 % 55 20-94 22
FVC % 76 36-102 19
FEV1/FVC 60 38-87 14
SpO, 95.9 87.5-100 3.0
Male Female
Sex 12 8
Yes No
AZLI 8 12
AZM 7 13
Inh. Tobramycin 9 11
Ciprofloxacin 7 13
S. aureus 12
P. aeruginosa 14
A. xylosoxidans 3 17
Fungus 5 15

Information abstracted from medical charts for 20 volunteers with CF.
S.Dev., standardeviation;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; SpQOxygen saturation of the blood given as a
percentageAZLI, aztreoram lysine for inhalation; AZM,

azithromycin; Inh. Tobramycininhaled tobramycin; Fungus,
combinedAspergillus fumigatsandCladosporium spFor antibiotics:

Yes = part o fotic vegitan,MNb e retrpaértof regimeéni b i

For bacteria and fungi: Yes = detected

not detected in sputum.
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QUANTI-Bluerelated 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,

H>O) were included both witQUANTI-Blue and without the reagent, in which case it was
replaced with HO. Where deemed appropriate, 160 pg/ml of LPS was used as a poositine

to ensure responsiveness of the THRU&I cells.

ELISA of plasma for IL -2, VEGF, GM -CSF, CXCL5, CXCL8, G-CSF, and CXCL1

For IL-2 antibodies and recombinant humar2lwere from thdL-2 ReadySET-Go!
ELISA Set Cat. N0.88-7026, eBioscienc&;anada)lL-2 capture antibodyas used &.0
pg/ml, while therecombinant humah.-2 standardsverediluted in PBST(1.0% Tween 20 in
phosphate buffered salif@37 mMNacCl,2.7 mMKCI, 10 mM NaHPQO;, , and 1.8 mM KHPO,
in H,0 at pH 7.4) andtheplasmasamples were diluted 1:1 PBSTwith two replicates per
sample Biotinylated detection antibodfpr IL-2 was used at 1.Ag/ml. The limit of detection
(LOD) for the 1L-2 ELISA was62.5 pg/ml.For VEGFthe capture antibod{Clone 26503,
Mouse 1gGg, R&D systems, Canadajas used &.0 pg/ml. Recombinant humaWEGF (R&D
systems, Canaglatandards werdiluted in ELISA diluent (0.1%bovine serum albume®BEA]
in PBST)mixed 1:1with plasma while fasma simples were diluted 1:1 BLISA diluent with
three replicates per sampEhe botinylated detection antibodigr VEGF (Cat. No. BAF293,
Goat 1gG, R&D systems, Canadads used at 0.4g/ml. The LODfor the VEGFELISA was
31.3 pg/ml and d samples under the LOD for this assay were assigned a valiepg/ml
For GM-CSFcapture antibod{Clone BVD23B6, Rat gGa, BD Biosciences, Canadeps
used aB.0 pg/ml, while recombinant humaBM-CSF(R&D systems, Canaflatandards were
in ELISA diluentand plasmaamples were diluted 1:1 IBLISA diluentwith three replicates per
sample The botinylated detection antibodipr GM-CSF(Cat. No. 18592D, Rat Igfz, BD
Biosciences, Canadajas used at.0 pg/ml. The LOD for the GMCSF ELISA was31.3 pg/m|
and dl samples under the LOD for this assay were assigned a vadle3pg/ml For CXCL5
the capture antibod{Clone 33170, mouse IgGR&D systems, Canad&as used a2.0 pg/ml.
recombinant huma@XCL5 (R&D systems, Canaglatandards werdiluted in ELISA diluent
mixed 1:1 with plasma while plasmaasnples were diluted 1:1 BLISA diluentwith three
replicates per sampl8iotinylated detection antibodigr CXCL5 (Cat. No. BAF254, Goat IgG,
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R&D systemsCanadayas used a.4 ug/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 p.ghithl
samples under the LOD for this assay were assigned a val2® pig/ml For CXCL8the
capture antibod{Clone 6217, Mouse IgGR&D systems, Canadajas used &.0 pg/ml.
Standards used recombinant hun@XCL8 (R&D systems, Canadan ELISA diluentmixed

1:1 with plasma while plasmaasnples were diluted 1:1 BLISA diluentwith three reptates
per sampleThe hotinylated detection antibodigr CXCL8 (Cat. No. BAF208, Goat IgG, R&D
systems, Canadajas used at 0.dg/ml. The LOD for the CXCL8 ELISA wa$5.6 pg/mland
the standardwrve for this assay waextrapolateaut further toproduce dimit of extrapolation
(LOE) of1.4 pg/ml All samples under the LOE for this assay were assigned a value ofFaero.
CXCL1 capture antibodfClone 20326, Mouse Igfg, R&D systems, Canad&jas used at 4.0
pug/ml. Recombinant human CXAL(R&D systems, Canaglatandards were dilutad ELISA
diluent mixed 1:1 witlplasma. Samples were diluted 1:1 in ELISA dilueith three replicates
per sampleBiotinylated detection antibodZat. No. BAF275, Goat 1gG, R&D systems,
Canada)vas used at 0.2 pgnl. All samples under detection limits for the CXCd4say were
assigned a value of zetéor the 1L-2, VEGF, GMCSF, CXCL5, CXCL8, and CXCL1 assays,
eBiosciencE™ Avidin HRP (Thermo Fisher Scientific, Canadajis used at 1:250 wit)3',5,5'
tetramethylbenzidin€fTMB) as the reagetibr developmentvhichwas stopped with 80, and
the plates were read at 450 meing a NOVOstar #0088 plate reader (BMG LABTECH
GmbH, Germany)

For GCSF antibodiesand recombinant human GSF werefromthe 900-K77 Kit
(PeproTechUSA). Capture antibody was used at 1.0 pgffalr standardsecombinant human
G-CSF in ELISA diluent was dited 1:1 in plasmavhile samples were diluted 1:1 in ELISA
diluentwith three replicates per sampiotinylateddetectiorantibody was used at 0.3 pg/ml.
The limit of detection for the &®&SF ELISA was 62.5 pg/mand d samples under the LOD for
this assay were assigned a value of 44.2 pd/hd plates were developed and read as indicated

in the manual for the ki
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3.3.5. Preparation of plasma samples for mass spectrometry

Plasma samplesom one volunteer with CF and one control were diluted 1:502@ H
before being sent to the Core Mass Spectrometry facility (University of Saskatchewan) for
analysisln brief plasma samples were rahan equivalent of 30 pg of protein in each voela
4.0% to 15.0% gradiemolyacrylamide geunder reducing conditiorsndstained with
Coomassie lie G250. Proteirbandsthat wereO50 kDawerethenexcisedirom the gel (bands
were choseto remove the igsence of highly represented immunoglobaind albumin
proteins).Proteins fromtese bands were thénypsindigestedand the proteins from eabland
wereanalysed separately loyiadrupole time of flight@-TOF) liquid chromatography tandem
mass pectrometry (LEMS/MS). This was performed usiran Agilent 1260seriesLC System
(Agilent Technologie€anada Ltd.Canadagalong with theAgilent HPLG-Chip I1: G4240
62030 PolarisHR-Chip-3C18 (Agilent TechnologieSanada Ltd.Canada). This was connected
through theAgilent Chip Cube_C-MS interface (Agilent TechnologigSanada Ltd.Canadajo
anAgilent 6550 iIFunneQ-TOF mass spectromet(Agilent Technologie€anada Ltd.
Canada)Spectral data from € OF LC-MS/MS analysis was theused as input for the
Spectrum Mill computer program (Agilent Technologigsnada Ltd.Canadajo search the
SwissProt Human database/(iProt release 20131). Further details for the specific methods
of sample preparation and handling along with the protocols related to mass spectrometry and
protein identification have been previopséported271]. The resultant@notatedspectradata
werethen received from the Core Mass Spectrometry facility and analysed in a spreadsheet to
identify thelargest differences between tG& and control plasma sampldhis was performed

for each of the separate bands excised from the polyacrylamide gel

3.3.6. Limulus amebocyte lysateendotoxin assay

Plasma sampleserediluted 1:10 in endotoxifree water before beingeattreatedfor
25minutes at 70°C. Samples wehen diluted in aMgCL 10 mM solutionwith less than 0.005
EU/ml (Lonzg Cedarlane, Canagito the lowest dilutionwherein the plasma did not inhibit the
detection of endotoxithat was naturally occurring in the plasraadetermined through testing

serial dilutions of plasmarhis ended up being a 1:130 dilutiohthe original plasma
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Endotoxin waghendetected irthese samplesvith two replicates per samplasing aKinetic-
QCL Kinetic Chromogenic LAL ASSAY 192 Test K(iLonza;CedarlaneCanadawith LAL
Reagent Grade Multvell Plates(Lonzg Cedarlane, Canadahnd the ELx808 absorbance
reader (BioTek, USAand following the protocols from the manufacturEne limit of detection
for this assay was 0.507 EU/mlplasmaand @ samples under the LOD for this assay were

assigned a value 6507 EU/ml

3.3.7. Statistical Analysis

Statistical analysis for nonparametdatawas usedo determine significancelue to
relatively smalsample sizeanda lack of normatistributionin the datasetsShapireWilk
normality tests werperformed when testing the distribution of the datasets for normality, while
further determination of normality included visually observing dataset histogfavostailed
S p e ar raakoodrdationtest wereused for correlatioanalyss and wereaeportel as
(r(degrees of freedom) = r value, p = p value) wherevalpefound to be lower thad.001 was
simply reported as p < .00lWWhentwo groups werdeingcomparedtwo-tailed ManAaWhitney
U test wereperformedgexact significance werecalculated and used where possiller
associations betweawo variables two-tailed Fisle r 6 s  esxvareiniplemeatsdiVhere
assays involvetechnical replicates (i.e., duplicatestgplicates), assg results were calculated
as mea valuesof the replicates for each sample @ahelse mean values were thesedfor
statistical analysiRe s ul t s were consider ed &Ob §ignifidance a nt
wasindicatedag , p O 0. @5; ***  Dme t@theGarg® Muber of variables
and relatively small sample size in this study (i.e., high dimensionality) results where p values
were O 0.10, or small samples size I|imited
evaluated for importance. Whemportance 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 actuallgxigt, the results were then

49

t

W



referred to in this document as trending (i.e., trended toward a significant difference or

correlation) rather than significant.

3.4.RESULTS
341.NFa B pat hwayinaHPL-Dualzdllsstomalated by plasma from CF and

control volunteers

THP1-Dual cells are monocyte derived reporter cells that ex@E#¢? upon stimulation
ofthe NFa B p a tThewgang construtinking activationofthe NFe B pat hway t o
expression of SEAP, involves the consensus sequence for theBi&nscriptional response
element band to both the minimal IFMN promoter and the binding site foiRel. SEAP
activity is then measuremblorimetrically @s a change in absorbancé&2® nm[A620]) due to
the chromogenic reaction between the enzyme S&#Pthe substrate QUAN-Blue reagent
We performed twassays tevaluateheNF-a B p a fchivatang/capacitpf plasma samples

from both volunteers with CF and controls

Initial investigation revealed ancreasen the mean value fo&620 for CF versus
control plasma samplealthough sample sid@ = 2) was too small to performstatistical
analysis. In additioradifference in A20between media and plas@ne {.e.,without celly
was observedrhis differenceindicated the presence of naturally occurpigpsphatase activity
in the plasma (FigA9.1A) which neeedto be taken ito consideration. We then analysfedir
control and five Chlasmasamplesitherwith or without THP1-Dual cells whichallow for
evduation of results with (Fig. 3)Jand without (Fig. A91B) correction for nonspecific
phosphatase activity. In addition a control containing media and cells was incorporated to
account for the background activity of the céfliemselvesAlthough naturally occurring
phosphatase activity did vary slightly between samiflesewas nota large enough difference
to significantly impact the resultshé& results displayed numerically greater meak620 value
for the CF grougmean= 0.53) versusthe control grougmean= 0.47), but these resulsnly
trended towardstatisticalsignificance(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 a6Z0above background while four of the five CF samples
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Figure 3.1: Comparison of THPX:Dual cell stimulation by plasma samples fronCF and

control volunteers

The capacities of plasma from volunteesish CF andvoluntees without CF(control) to

activate theNF-a Bpathway in the THP-Dual reporter cell line ware evaluateittivation was
evaluated agicreass in absorbance at 620 nfA620) in the colorimetric assay used. Values

are shown for 8200f control plasma samples, CF plasma samples, LPS (positive control [160
pg/ml LPS]), and Media (media control without THPAial cells).The background for this test

(B with dashed line at 0.46) was the A620 from the THIRAI cells in media. No statistit
significance (p O 0.05) is indicated by n.s.
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had an A20above background although this was not a statistically significant difference (p =

0.21; Fisherdés exact test).

3.4.2. Concentrations of VEGF, GM -CSF, CXCL5, CXCL8, and IL-2in control and CF

plasmasamples

Plasma sampleom volunteers with CF and control volunteesre alscanalyse for
VEGF, GM-CSF, CXCL5,CXCL8 and IL-2. Differences in the meavalues for theCF amnl
control groupsvere discerned foVEGF, GM-CSF,andCXCLS5 (Fig. 3.2); IL.-2 concentratios
are presented in Fig. A9.Rlean VEGF values were numerically greaterttwr twoCF plasma
samples testefinearn= 46.5 pg/ml)versusthe twocontrolplasma sample@nean= 34.0 pg/ml)
however due to insufficient sampleize we refrained from statistical analysis of these results
(Fig. 3.2A). GM-CSF(four control and seven Cland CXCL5(seven control and seven CF)
analysesevealedno significantdifferencesbetween CF and control plasma samjdeghese
two cytokines(Fig. 3.2B and Fig. 3.2C respectivglywheran the majority ofthe valuesvere
belowthe limit ofdetection(LOD) for both cytokinesGM-CSFand CXCL5 weréoth
detectable in only one control and one CF sar(grecontrolsample [sample N5Bjad125.6
pgml CXCL5) where oneCF plasma sampisampleC17) haddetectableoncentratios of
bothGM-CSF and CXCL5Uponcomparison of th&sM-CSFand CXCL5results to medical
chartdata,sample C17 came from a volunteer with CF wilasthe only oneof the seven tested
that was on an antibiotic regimen contain&gLl (AZLI+), hadA. xylosoxidansletected in
their sputumandhad the lowesspO,, FVC %, and FEV1 %alues with no other abstracted
medcal chart data being observaldlifferent It is difficult to gain any insight from these results

due to the observatioh®ing represented bysangle volunteer.

CXCLS8 has a strong biological link to inflammatory responses and neutrop hil
recruitmenthrough its chemokine activi{272] and was thereforenvestigated in a portion of
the plasma samples from our CF and contodlinteers Analyss of CXCL8 concentrationn
seven controand six CF plasma sampless not significantly differenFig. 3.3A. When
comparing plasma CXCL8 concentratidoparameters abstracted franedical chag for the

volunteers with CRthe only variabled.g.,antibiotics bacteria, lung function) with a possible
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Figure 3.2: Comparisonof plasma VEGF, GM-CSF, and CXCL5 concentrations in

samples fromCF and control volunteers

Plasma samplesom volunteers, with and without CF, were evaluatecc@onicentrations 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
detectionA: Comparison of VEGF concentrations in cattand CF plasma sampld3ue to
insufficient sample size we refrained from statistical analysis of these rBs@tsmparison of
GM-CSF concentrations in control and CF plasma sam@leSomparison of CXCL5
concentrations in control and CF plasma saswhere one control sample contained 125.6

pg/ ml CXCLS5. No statistical significance (p O
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Figure 3.3: Comparison of plasmaCXCL8 concentrations in samples fronCF and control

volunteers

Plasma samplesom volunteers, with and without CF, were evaludtadconcentrations of

CXCL8 using ELISA methodology where the standard curve was extrapbkited the lowest

standadl. Detection limits are indicated as dashed ling€3D, limit of detection for normal

interpolation; LOE, limit of extrapolatio: Comparison of CXCL8 concentrations in control

and CF plasma sample®. Comparison of CXCL8 concentrations in plasma samples among
volunteers with CF stratified based on absence or presence of sputwres (S.au-, S.au.+)

wheredue to insufficient sample size we refrained from statistical analysis of these. fdsults
statistical significance (p O 0.05) is indica
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association to CXCL8 wa&S. aureustatus. Samples from volunteers with CF who did not have
S. aureusn their sputum$. aureus) had numerically greater mean CXCL8 concentrations
(mean =12.3 pg/ml) versus the sputBnaureuspositive . aureus) group (mean = 2.82
pa/ml); howeverdueto insufficient sample size we refrained from statistical analysis of these
results(Fig. 3.3B). Furthermore, the CF sample with highest CXCL8 concentratiomas

sample C17, the same sample with the only detectable levels of plasm@SENMNnd CXCL5

for the CF group.

3.4.3. Mass spectometry of control and CF plasma

Mass spectrometry analysis was dasen exploratory experimesmplasma samples
fromone catrol volunteer(sampleN2C) andonevolunteer withCF (sampleC17) where he
CF sampleanalysedvas chosebased on itsletectable levels of GMCSF, CXCL5, and
CXCL8 (Fig. 3.2B, C, and 3.3AFurthermore, pon comparison to medicahart datasample
C17was negative fo. aureusn sputumand as previously mentioned was AZLI+ and positive

for sputumA. xylosoxidans

Thecontroland CF plasma samples were ruapalyacrylamide ge The molecular
weights of 1Qproteinbandswere interpolated based on the molecular weight standards run in
parallel(Fig. 3.4). Each of these selected bands wasisedfrom the gel, enzymatically
digested andthenanalysedy mass spetcometry.While numerougproteinsweredetected in
each bangonly those with the greatest differential representatetwe erthe control andCF
plasmasample aredisplayed Table 3.3. When evaluating proteins with the largest differences
in expression across all bands (highlighted yellow in Table B&)peared thataptodobin
and Apolipoprotein Al had the largeasncreasesvhile Transthyretin had the largest decrease

the CF versuscontrolplasma sample

3.4.4. Endotoxin in control and CF plasma

As pulmonary manifestations of CF are often linked to concurrent bacterial infections

[11], we wished to know whether baa#td endotoxins could be detectedthe 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 CFamexa r
polyacrylamide geelectrophoresis (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 inone CF and one control

plasmasample, as determined withmass spectrometry
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