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Abstract

Modulation of neutrophil degranulation by hypoxia
Kim Hoenderdos

Neutrophils are key effector cells of the innate immune system. They employ a number of
power f ul Oweaponsd t o eaharm@ay of destreictive arotéinsge n s,
packaged into distinctive granule subsets. In addition to their microbicidakydinese
granule proteins are capable of causing substantial tissue damage if inappropriately
deployed. To mitigate against this possibility, most physiological stimuli induce minimal
extracellular degranulation. Sites of inflammation and infectioruaually hypoxic, and

it has been shown that oxygen depletcampromises neutrophil function by impairing

the generation of reactive oxygen species and hence bacterial killing.

The key finding reported in this thesis is that hypoxia substantially inar¢lseelease

of all neutrophil granule subsets, as measured by the release of (active) hallmark proteins
(elastase, myeloperoxidase, lactoferrin and matrix metalloprote®)ase consequence,
supernatants from hypoxic neutrophils induced substantiallye mdamage to lung
epithelial cell layers than supernatants from neutrophils cultured under normoxic
conditions; this damage was proteamd proteaséependent. This pattern of damage was
seen consistently across lung adenocarcindemeved epithelial céd, primary
immortalised lung epithelial cells, and primary human bronchial epithelial cells grown in
physiological ailiquid interface culture. Surprisingly, the mechanism of hypoxia
augmented degranulation was found to be independent of protein syntedbi
specifically, of the transcription factor HIFU ( t h e-r edgnud satt eorr 0 of h
responses); thus, hypoxia did not affect mRNA transcript or protein abundance of the
major granule components, and hypoxia mimetics failed to recapitulate the gieenoty
Inhibition of the key pathways known to be involved in neutrophil degranulation,
including, phosphatidylinositol &inase and phospholipase C, but natalcium flux
prevenedaugmented granule release under hypoxia

In conclusion, hypoxia induces a destive neutrophil phenotype, with increased release

of multiple histotoxic proteases. This may contribute to tissue injury and disease

pathogenesis in a range of clinically important conditions.

XV
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1. Introduction

1. Introduction

1.1The immune system

The immune system protects the body from invading pathogens and consists of a range of
physical barriers and cellular components. These barmerpravided by the skin, the

low pH of the stomach, the mucous membranes of the gut and thecihagoescalator

in the lungs. Besides comprising a physical barrier, the skin and epithelial surfaces of the
gut and lungs also secrete a range of-rmatrobial peptides. The second component of

the immune system is comprised of two constituent parts, namely the innate and the
adaptive immune systems. To function effectively these systems need to distinguish
bet ween har mfus$elpfadhoagbsd sa i ntbinsddsyues and p
The innate immune system provides an immediate, buspeaific response through the
recognition of norself proteins callegpathogerassociated molecular patterns (PAMPS),
which leads to the activation of range ofnmne cells through Talike receptors
(TLRs). Immune cells that play an important role in the innate immune system include
phagocytic cells like macrophages and neutrophils, which ingestkdh invading
pathogens, andatural killer (NK) cells, whose mia role is to identify and destroy
infected host cells. Dendritic cells reside in the physical barriers exposed to the external
environment such as skin, gut and lung epithelial surfaces; they are the interface between
the innate and adaptive immunity, apbcess foreign antigen to present to adaptive B
and T lymphocytesThe adaptive immune system is capable of mounting a very specific
response through this precise and tailored recognition of pathogens, leading to antibody
production and cytotoxic T celesponses. This is a slower process than the innate
response, but the specific generation of immunological memory results in a faster

response when the same pathogen is subsequently encotintered

1.2 Neutrophils

Neutrophils Figure 1.1) pl ay a key role in the innate
responderso in instances of pathogen 1invas
white blood cell present ithe circulation (31-62% of the leukocytalifferential count)

and have two important roles in the defence against microbial invasion; immune
surveillance and the elimination of mieooganisms. This is reflected in their

development, abilities and lifespan.

17|



1. Introduction

Figure 1.1 The neutrophil structure and phagocytic capacity

A. Cytospin of isolated human neutrophils stained withy/Grinwald/Giemsgax40
magnification). B. Confocal immunofluoresence image (x63) of neutrophils stained for
the nucles (blue, DAPI) the azurophil granules (rggat IgG antibody and Alexa Fluor
488 i donkey antigoat IgG) and actin (green: rhodamipdalloidin). C. Electron
microscope image of a neutrophil, highlighting the many intracellular granules; * indicate
electon dense Nlyeloperoxidase NIPO) positive) granule # indicate the electron light
(MPO negative) granules (x3500). D. Confocal immunofluoresence image of a neutrophil
that has phagocytosed RtodclabelledS. Aureugred), (nucleus blue, DAPI) x63 with

6x zoom(images taken from my own experiments)

18]



1. Introduction

Neutrophils are one of the three types of granulocytes (with eosinophils and basophils)
that develop in the bone marrow, witi2210" cells generated per dayJnder normal
conditions only a small percentage of the total neutropbgglent in the bone marrow

are released into the circulation, where they haweery short halfife and are rapidly
cleared by macrophages in the reticatwothelial systefi?. During inflammation, the
production of neutrophildncreasesand both mature and immature neutrophils are
released into the circulation to boost the available circulating pool. Their role in immune
surveillancerequires neutrophils to move quickly; they are the most motile cells in the
body’ and purposeful or directional motion (chemotaxis) enables them to hanétieir

prey. To enable these responses they esga large range of cell surface receptors
involved in the reaction to microbial invasion; these include receptors for the recognition
of microbial structures, those allowing the detection of soluble chemoattractants, those
responsible for recognising amflammatory environment and those involved in
activation of the adaptive immune systém

To avoid norspecific activation, circulating neutrophils are relativeyiescentcells.
However, neutrophils can be converted to a substantially more aggnelssivatype by a
process called priming, as shown by Forehand &t Mdeutrophil priming has been
studied extensively and it has been shown that a range of inflammatory mediators,
including TNF(, GM-CSF?, platelet activating factor (PAB)and lipopolysaccharide
(LPS)*? can induce this state of peetivation. Besides having a direct effect on cell
polarisation, deformabilify and integrin/selectin expressidn priming enables an
increased activatiomediated oxidative burst (up to 20 fi)g degranulation responSe

and lipid mediator (e.g. leukotriene B4 and arachidonic acid) réfedseriming is a
relatively quick process, which occurs within seconds to minutes, dependitigeon
ligand*. It has been suggested that neutrophil priming occurs in the circulation as a first
step in neutrophil recruitment and precedes extravasation and activation at the site of

infection'®,

1.2.1Neutrophil recruitment

Neutrophils are recruited rapidly to sites of infection or inflammation, through a number
of steps Figure 1.2), guided bysignals generated by microbes and host cells such as
tissue macrophagedleutrophils are present in the circulation in two pools; a freshly

circulating vascular poa@nd a marginating pool that consistgranulocytes
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Figure 1.2: Neutrophil recruitment and function

Upon pathogen recognition, neutrophils exeruitedrapidly to sites of infection, guided

by signals generated by the microbes agldent tissue macrophages. Circulating, un
activated neutrophils Aroll 06 along the end
damage/infection. The rolling, transient contact witle £ndothelial cells involveB-

selectin and Eselectin interations with L-selectin and Belectin ligandl (PSGL:1) on

the surface of neutrophils. After HAcapture
( 2 ) sintedirs interact with intracellular adhesion molecule (ICAMand ICAM2.

The final sep in reutrophil recruitment is mgration towards the site of inflammation
following a chemeattractant gradient. Neutrophils cross the endothelial cell layer (3) and

then migrate through the basal membrane. Neutrophil granule proteases play an important
role inthe latter process as they are capable of breaking down components of the basal
membrane such as collagen and laminins. When the neutrophils reach the site of infection

(4) they phagocytose pathogens, degranulate and undergo apoptosis or netosis. Apoptotic
neutrophils are taken up by macrophages. (Adapted from Borregaard)et al.
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transiently arrested isinusoids of the liver and spléén Circulating, noractivated
neutrophils Arol |l o al ong t he endot hel i al
damage/infection. The transient, rolling contact wéhdothelial cells involves the
interaction of Pand Eselectins with Eselectin (CD62L) and Belectin ligandl (PSGl-

1) on the surface of neutropHit$2 Upon contact with inflammatory stimuli, many cell
surface receptors involved in neutrophil recruitment areregplated; Fselectin
expression increases within minutes afiémulation with thrombin or reactive oxygen
species (ROSY and Eselectin expression increases after 1 to 2 hours of stimulation with
IL-1, TNFU or LPS. If the interetions between the selectins and their ligands are
sufficient, the rolling neutrophil becomes
After capture of the neutrophil ,xinteghrs next
play an important role, particularly CD11a/CD18 (L-BAandCD11b/CD18 (Mael)?.
CD11a/CD18 interacts with intracellular adhesion molecules I€AMNd ICAM2,

while CD11b/CD18 interacts with a larger range of receptors including KTAMAM-

2, fibrinogen and complement fragnei@3b. Further activation is mediated through
neutrophil chemokine receptéfswhich bind ligands secreted or presented by endothelial
cell>?® such as IL8, and patelet activating factor (PAF)Jpon activation by these
chemeattractants or contact with activated epithelium, neutrophils switch from a rounded
to a polarised morphology, formingells with a clear leading edge and a distinct rear
(uropod). The esablishment of a leading edge is controlled bypiGtein coupled
receptors through a complex signalling cascade; phosphoinositideas PI3K)
generates the second messenger phosphatidylinositol {Bidpblosphate (PHp from
phosphatidylinosito(4,5)bisphosphate (PHp, PIP; accumulates at the leading edge and
induces the activation of Rho GTPases and the polarisatiomctire’ >

The constant generation of araEtin mesh pushes the neutrophil forwards, while the
uropod detaches follawg degradation of PiP(by the phosphatases PTEN and SHIP),
and the engagement of RhoA/Rock dependent signalling, leading tonaasin
contraction Figure1.3). The finalstep in neutrophil recruitment is migration towards the
focus of inflammation following a chemattractant gradient. Neutrophils can cross the
endothelial cell layer by passing directly through an individual endothelial cell airiay
cellular migration, squeezing between celdigration is mediated by the integrins
CD11a/CD18 and CD11b/CD18 on the neutrophil cell surface, and their ligands-1CAM
and ICAM-2 on the endothelium (reviewed Byjck et al*®).
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Figure 1.3: Leading edge formationin the neutrophil

Upon activation by chemoattractants or by contact with activated epithelium, neutrophils
change from a rounded morphology to a pol a
undergo shape change to generate more elongated cells with a clear leading edge and a
distinct rear end (uropod). Activation of the cognate GPCR by fMLP leads to the

di ssociation of -amae-s @b upnriottse,i nwhiinctho alkt i v a
generags the second messenger phosphatidylinositol (dsphosphate (PHp from
phosphatidylinositol 4,5)-biphosphate (PHp, and PIR accumulates at the leading edge

to induce the local activation of Rho GTPases (particularly Rac) and polarisatien of F
adin’’?® The constant generation of aratin mesh pushes the neutrophil forward,

while the uropod detaches due to PTEN/SHIP degradation of the second messengers PIP
and RhoA/Rock dependent signalling leading to actwsimy contraction, again pushing

the neutrophil forward.
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Once they have crossed the endothelium, neutrophils must migrate through the basal
membrane. Neutrophil granule proteins play an important role in this process as they
contain proteases capable oééking down components of the basal membrane such as
collagen and laminiff& Both MMP-9 andneutrophil elastaseNE) have been shown to

play a role in migration through basement membranes and ECM breakoowitr,o

work has shown that MMB is needed for migration through Matrigel and amnion
membrane¥ and LlewellynJones et al? showed that connective tissue degradation can

be reduced byhes er i ne pr ot AR sSugestg & pobsible mie folUNE.
Despite the presence of abundant protease inhibitors in theceltrar space, NE is still
capable of degrading ECM for two main reasons. Firstly, secreted NE has been shown to
bind to the neutrophil plasma membrane locallg & chargelependent mechanisi
making it inaccesble to the tissue inhibitorsSecondly, the formation of shielded peri
cellular micreenvironments, in which NE molecules greatly outnumber the opposing
protease inhibitors, can protect NE and allow substantial but localised tisskddwaa

(6quantum**pProteol ysi s

1.2.2Neutrophil intracellular bacterial killing

Once at the site of infection, neutrophils fulfill their second role, namely the elimination
of micro-organismsKigurel.4). Neuto phi | s have a | arge arsenal
employ against pathogens. They are extremely effeptiagocytes, being able to ingest

an opsonized particle within 20 secotfdsAfter pathogen engulfment, the phagosome
matures through fusion with a range of vesicles present in the cytosol, acquiring
machinery to kill the ingested pathogen. Inside the phagosome, the environment is
renderedhostile to the pathogenybthe secretion of bactericidal proteins and proteases
and by a series of redox reactions including the production of reactive oxygen species
(ROS) by the NADPH oxidase complex. Upon neutrophil activation, the cytosolic
components of the NADPH complepd0™"® p47"™ p67"*and p2£9 translocate to

the plasma or phagosome membrane and interact with the meralssowated
cytochrome ksg. The assembled NADPH oxidase complex then catalyses a sequence of
reactions, culminating in the formation ofydrogen peroxide H,O,). Catalysed by
myeloperoxidase (MPO) from the azurophilic granules, and in the presence of halide
ions, H,O, is then converted into hypohalous acids. These and other products of the

oxidative burst are effective amticrobial agerg but can also cause tissue damage; they
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Figure 1.4: Neutrophil oxygen-dependent bacterial killing

After Fc receptor or complement recepassisted phagocytosis of pathogens, the
phagosome maturethrough fusion with a range of vesicles present in the cytosol,
acquiring the machinery to kill the ingested pathogen. Upon phagocytosis, the cytosolic
components of the NADPH complex (4%, p47"™ p67"*and p2£9 translocate to

the phagosomal mebrane and assemble with cytochromesbThe resulting activated
NADPH oxidase complex catalyses a sequence of reactions through which hydrogen
peroxide is formed. Hydrogen peroxide, catalysed by myeloperox{té2©) from the
azurophilic granules and the presence of halide ions, is then converted into hypohalous
acids, which are highly effective amtiicrobial agents. The neutrophil granules also play

a role in ROSndependent bacterial killing as they contain a range of bactericidal
proteins.
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activae procollagenases, prgelatinase¥ and induce the production of cholesterol
chlorohydring®*° The importance of the respiratory burst is epitomised by patients with
chronic granulomatous disease (CGD). Neutrophils from these patients migrate and
phagocytose normally but fail to mount a respiratory burst due to a defect in one of the
components of e NADPH oxidase. This impairs intracellular bacterial and fungal
killing, especially of Staphylococcus sppnd Aspergillus spp,leading to recurrent
infections and early dedth

In addition to the NADPH oxidaséhe neutrophil possess several muge populations
which contain a range of bactericidal proteifhalfle1.1) that play a key role in bacterial
killing, as discussed in detail Bectbn 1.3 Segal et af® postulate that instead of MPO

and ROS production being the primary killing systems they have been thought to be, they
help create conditions in the phagosome conducive to microbial killing and digestion by

enzymes released into the gbansome from the cytoplasmic granules.

1.2.3Neutrophil extracellular traps

An additional, recently discovered mechanism of bacterial killing is the formation of
neutrophil extracellular traps (NET&igure 1.5*3. NETs consistof decondensed
strands of DNAcoated with proteins from the nucleus, cytosol and granUldsan et

al.”® identified 24 different proteins present on NETs including histodegensins,
elastase, lactoferrin andathepsin G. NET formation is characterised thg loss of
intracellular membranes before the integrity of the plasma membrane is compromised and
ruptures, ejecting chromatin and attached proteins into the extracellular space as NETSs.
The main functions dNETSs are to trap microbes, prevent dissemination of infection, and
inactivate virulence factors. NETs capture microbes via a charge reaction, although some
pathogens have evolved either a capsule structure or an alteration of surface charge that
preventsbinding to NETS®. Proteases presentegt NETs such as elastase and cathepsin

G can inactivate bacterial virulence factorsNETs also contain anthicrobial proteins
including defensins and lactoferrin, which can kill or inhibit bacteria. The importance of
NETSs is illustrated by Li et af>, who showed that mice deficieimt NET formation were

more susceptible to necrotising fasciitis induced by gwagireptococcthen wild type

(WT) mice.However, like many components of the immune system, aberrant activation
can cause damagé&or example, NETs have been implicate@uto-immunity; Systemic

LupusErythematosus (SLE) patients make antibodies against histones and neutrophil
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Figure 1.5: NETs

A. Neutrophil extracellular traps (NETS) are characterised by long strami<¥A{blue)
decorated with the granular protein, neutrophil elastase (red). Immunofluorescence
image, Magnification= 40x. Adapted from CarmeRierd®. B. Scanning electron
microscope image showing blankets of NETs after 4 hours of PMA (200 nM) treatment
(B :This imags wagprepared and shown by courtesy of Daniel Storisteanu).
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proteins, and their neutrophils have been shown to be more prone to forming’.NETs
NETs have also been suggested to play a role in cystic fibrosis (CF); Manzenreifér et al.
found that NETs are prest in sputum from CF patients and their presence can contribute

to the viscosity of CF sputum.

1.2.4Role of neutrophils in disease: a doubledged sword

Neutrophils are expertly equipped to carry out their role, as illustrated by the
susceptibility of patiets with neutrophil defects such as congenital neutropenia or
chronic granulomatous disease to severe and recurrent infé&fibieutropenia is more
commonly due to chemotherapy, and thpaséients are likewiséighly susceptible to
sepsis’. Neutrophils are professional phagocytes designed to phagocytose and eliminate
pathogens rapidly, however in the context of adhesion or integrin activation, if they do
not not encounter pathogens within a short time frémevitro this is 1545 minutes),

they may release large amounts of reactive oxygen species into the extracellufdr space
This, combined with the release of granule proteins, cdosaksed tissue damage which
again can be beneficial: It |l eads to the
collagen disassembly which improves neutrophithogen contact, and the collapse of
lymphatics and capillaries therefore cutting offmaten escape roufés' >3

Besides fighthg infection, neutrophils have been shown to play an important role in
wound healing; patients with neutropefiiar those with dfective neutrophil adhesion
experience poor wound heallfig However, neutrophil function must be tightly
controlled to prevent inappropriate or excessive damage. Aberrant eacuation of
neutrophils las been related to a range of inflammatory diseases such as rheumatoid
arthritis (RA), where neutrophils have been implicated in joint damage. A mouse model
of RA shows a correlation between the earliest signs of ankle joint inflammation and the
presence foneutrophils in the synovial tisstfeand neutrophils have been found in high
numbesin the synovium during the initial stages of A

Anotherexample of a disease process in which neutrophils have a detrimental effect is
cancer.Several mouse models have shown that neutrophils modulate the tumour micro
environment to promote tumour progression, through promoting angiogenesis via the
release of &scular endothelial growth factor, and by promoting tumour cell motility,
migration and invasiof. Fridlender et al’ show that tumour associated neutrophils

(TANSs) can acquire a prumour phenotype (similar to M2 macrophea)gkly driven
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by TGFb Upon TGFb bl ockade, neutrophils acquire a
AN1O0O TANs (similar to M1). This pedgedadi gm
sword, capable of being proor antitumaurigenic, depending on the tumor
microenvironmentN2 neutrophils express higher levels of CXCR4, VEGF, M&&nd
arginase, supporting carcinogenesis, angiogenesis and immune suppgfeSsiomur
invasionrequiresthe degradation oextracellular matrix (ECM)which reutrophils are
capable ofeitherdirectly by the release of granule proteinsluding elastase, cathepsin

G, MMP-8 and MMRS9, or indirectly by activating MMR and thereby promoting the
invasion of tumour celf$:®

Additionally, neutrophils have beemplicated in a range of inflammatory lung diseases
such as chronic obstructive pulmonaryedise(COPD). This disease is characterised by
aberrant and persistent inflammation leading to severe damage both to the airways and
the lung parenchyma. Neutrophare the most abundant cells found in the bronchial wall
and lumen of COPD patiefit€* and their presenceorrelats with the decline in lung
function characteristic of thiselentlessly progressive dise&seNeutrophil granule
proteins, otherwise important in fighting infection, have been heavily implicated in
causing tissue damage in COPD; circulating levels of NE have been shown to increase
during exacerbatiofis and alveolar NE (as measured bronchoalveolar lavage fluid
(BALF)) is related to diease severity,

Thus while the neutrophil plays an essential role in host defeitcalso plays a
pathogenic role in many diseases. In the next section neutrophil degranulation, which has
many important physlogical functions butlso the capacity toatise substantial tissue

injury, will be discussed.

1.3 Neutrophil granules: development and function

Granule contents play a role in almost every step of the neutrophil inflammatory
response, from the initisndothelialcapture and extravasation to bactekgling and
modulating the inflammatory response at the site of infection. Thus neutrophil granules
not only contain antmicrobial proteins and proteases, lawé also a store of NAPDH
oxidase componesgitreceptors for endothelial adhesion moleculesraecellular matrix
proteins and soluble inflammatory mediators, as summarisédhle 1.1. Degranulation

can be induced by a range of ligands, including fMLP and®®&Fthe degranulation

response is very rapid, starting-80 seconds after stimulatiovith fMLP "%,
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Secretory vesicles

Gelatinase granules

Specific granules

Azurophil granules

Membrane Membrane Membrane Membrane
EAlkaline phosphatase FECD11b,CD15 ECD11b,CD15, CD66, | ECD63, CD69
FClgR FECytochrome bysg CcDh67 FV- type H*-ATPase
FCR1 EDiacylglycerot FCytochrome bssg

FCytochrome bssg
FCD10,CD11b,CD13,
CD14, CD16, CD45
EDAF

EfIMLP -R

ESCAMP

FU kinasetype
plasmasminogen
activatorR.

EV-type H-ATPase
EVAMP-2

deacylating enzyme
EfMLP -R

FSCAMP

U kinasetype
plasmasminogen
activator R.
EVAMP-2

FV-type H-ATPase

EfMLP -R
EFibronectinR
EG-proteinrsubunit
FLaminin-R

ENB 1 antigen
Z19-kD 155 protein
FRap1, Rap2
ESCAMP
EThrombospondiR
ETNF-receptor
FUrokinasetype
plasminogen activator R
Z VAMP-2

Matrix Matrix Matrix Matrix
FPlasma binding FAcetyltransferase ¥b, Microglobulin FAcid b-glycero
proteins Eb,Microglobulin ECollagenase phophatase

EGelatinase FGelatinase EAcid muco

ELysozyme EhCap18 polysaccharide
FHistaminase [ZU;5 antitrypsin
FHeparanase EUMannosidase
ELactoferrin EAzurocidin/CAP37/
ELysozyme EBacterial perm.
ENGAL increasing protein
EUrokinasetype b/ Gl ycer of

plasminogen activator R
ESialidase

ESGP28

FVitamin By, i binding
protein

e
Fb/ Gl ucur on
FCathepsins
FElastase
FLysosyme
FEMyeloperoxidase
EProteinases
FUbiquitin-protein

Table 1.1: Contents of neutrophil granules
This table summarises the major contents of each granule type, divided into membrane
and intracellular components. The granule membranes contain essential components for

neutrophil activation and recruitment (CD11b and fMRP ROS dependeimttracellular
bacterial killing (cytochrome dgg) and lysosome acidification (AFpump), which are

highlighted inblue The granule matrix contains many key components for extravasation

(gelatinases) and bacterial killing (lactoferrin, MPO and NE) higtdigiimred (Adapted
from Borregaard et af).
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Neutrophil granules are bounded byplaospholipid bilayer membrane and possess an
intracellular matrix incorporating proteins destined for delivery to the phagosome or for
exocytosi&’. There are four granule subsets that can be classified according to their
contents: primary (azurophil) granules, secondary (specific) granules, tertiary (gelatinase)
granules and secretory vesicles. However, this classification is not precise, as granules are
formed continuously from the early promyelocyte stage until nuskegmentation Table

1.2). Granulopoeisis involves budding of vesicles from the Golgi network and their fusion
to form early stage granufés* Borregaard et dF° and others®’’ showed that the
granule content depends on the changing transcriptional profile as neutrophil
development proceeds, and if the-Bymthetic window of a granule protein is changed it

will be incorporated into a different granule tyffesSince the expression of granule
proteins occurs as a continuum rather than in a distinct quantal fashion, there is some
overlap in protein contefft The azurophil granules are formed first, in the promyelocyte
stagé®, the specific granules in the myelocyte and metamyelocyte stages, and gelatinase
granules in the band cell and segmented cell &44&he secretory vesicles are last to

be formed and appear in segmenteeutrophil® (Table 1.3. Once maturation is
complete, it is thought that no further granule proteins are produced; Fouretretvatd

that mature neutrophils do not contain mRNA transcripts for myeloperoxidaB3®)M
lactoferrin or NE.

Granule subsets differ not only in their protein content but also in the timing of their
release; the secretory vesicles, which play a role in the earliest phases of the neutrophil
response, are released first. Tertiary, secondadlypaimary granules are progressively
less prone to mobilise to the cell surface (a control mechanism, which reduces the
likelihood of extracellular release of the potentially destructive serine proteases). This
hierarchical mobilisation of neutrophil grale populations can be reprodudedritro by
inducing progressive elevations of intracellular calémsuggesting that activation of
phospholipase C may be important in controlling this response. The primary (azurophil)
granule is preferentially targeted to the emerging phagosome, a process depetiient on
microtubule networ¥ and on the small GTPase R&Ehe precise molecular mechanisms
providing this fine control of granule deployment are not fully understood, but are likely
to involve differential granule expression of soluble-etylmaleimidesensitive

attachment protein receptor (SNARE) proteind differences in SNARE complex
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Developmental stage Granule population
Myeloblast

Promyelocyte Azurophilic granules
Myelocyte

Specific granules

Meta myelocyte

Band cell Gelatinase granules

Mature neutrophil Secretory vesicles

Table 1.2: Neutrophil granules develop at different stages during neutrophil
maturation

The formation of granules occusgquentially, during neutrophil maturation in the bone
marrow. Granulopoiesis starts in early promeyelocytes; the azurophil granules are formed
first, in this promyelocyte stage. The peroxidasgative granules, which include the
specific and gelatinasaanules, are formed next. The specific granules are formed in the
myelocyte and metamyelocyte stages and the gelatinase in the band cell and segmented
cell stages. The secretory vesicles are the last to be formed and appear in segmented,
mature neutrophils
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formatiorf®. This targeted and timed release profile is essential for optimal philtro
function and to minimise tissue dam&gé.

1.3.1Secretory vesicles

The secretory vesicles are the last to be formed during neutrophil development and are
the most readily exocytosed, for example following achtwith inflamed endothelial
surfaces or exposure to priming agefitsey contain a reservoir of membraagsociated
receptors such as integrins (CD11b/CD18) and fMLP receptaide(1.1), which
facilitate the earliest phases of the neutropmediated inflammatory response, in
particular the recruitment of these cells to the inflammatory f3€%isThe mobilisation

of secretory vesicles is accompanied bgdlectin shedding on the surface of neutrophils
and this allows the neutrophil to establish firm contact with the activated vascular
endothelium. Secretory vesicles only contain a few iméigicular components, which are

mostly plasma proteins, suggesting that they are formed by endotytosis

1.3.2Gelatinase granules

The gelatinase granules are the next most readily exocytosed granule population after the
secretory vesicles. This reflects their function as a reservoir of matrix degrading enzymes
(gelatinases) and membrane receptors (CD11b/CD18) requiced néutrophil
extravasation and migration through the tisslesvitro experiments have shown that
gelatinase activity is essential for neutrophil migration through Matrigel and amniotic
membrane$. Matrix metalloproteinase 9 (MMB or gelatinase B) is the predominant
component of gelatinase granules. MMP's are storedaasive preforms and undergo
proteolytic activation after exocytosis. Together with other MMP's, MMP capable of
degrading major structural components of the extracellular matrix, including collagen,
laminin and gelatin, thereby facilitating neutrdpéxtravasation and migration, but also
conferring the potential for tissue injdf*° In a recent study into the role of

intravenous salbutamol in the treatment of ARDS, an increase in BALF-BlMRel at

day 4 correlated with reduced eatascular lung water, suggesting a possible role for
MMP-9 in injury repair. However, excessive release of RS (or other
metalloproteases) in most settings is associated with tissue damage. Increased expression

of MMP-2 and MMR9 in tumours has been associated with the progression of ovarian
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cancef? and has been shown to play a role in breast tumour growth. Additionally-8IMP
has been shown to disrupt vascular integrity and to induce leukocyte migrataon
ischaemia/reperfusion liver injymodel; MMR9 knockout mice arprotected from liver
injury with reduced leukocyte infiltration, piiaflammatory cytokine expression and
liver necrosi&®. Furthermore increased MM® levels have been associated with tissue
damage in a range of inflammatory lung disease such as ¥@R® acute lung injury
(ALI)*¢ as discussed in more detail in Section Indtissues such as the lung, tissue
inhibitors of metalloprotease (TIMPs}4lare present, and can limit the damage caused
by these MMPs; an imbalance between TIM#Psl neutrophil proteases is a feature of
several inflammatory lung diseases, includkiRDS"".

The gelatinase granules also contain cytochroggg€®bthe major membrane component

of the NADPH oxidase, responsible for most of the proton pump activity of the
assembled compleX. Thus fusion of tertiary granules with the phagosome is essential
for phagosome acidification and intracellular ROS production. The gedatigranules
contain another iottransporter: natural resistanassociated macrophage protein 1
(Nramp 1) which also Iaates to the phagosome membramal transports divalent
cations so as to deprive mieooganisms of metals such asF&n*" and zrif* 1%,

A rare diseasealled Specific Granule Deficiency (SGD) illustrates the importance of the
gelatinase and specific granules. Neutrophils from these patients have abndohatibi
nuclei, and lack expression of both specific and gelatinase granule proteins. This leads to
an inability to infiltrate tissues, and defects in chemotaxis, receptor upregulation and
impaired bactericidal activit}’. SGD is an inherited disorderhich causes patients to
suffer severe and recurrent infectidhi$?%%and at least in some patientsflects loss
of-function mutations in the C/EBP factor gene which regulates the transcription of the

relevant granule proteins.

1.3.3Specificgranules

The specific granules have some overlap in granule contents with the gelatinase granules
(for example, both contain cytochromegsdp but have a different function; in particular,

they play an important antimicrobial rof8%. Lactoferrinis the principal constituent of
specific granuleS”!% It is a member of the transferrin family of irtiinding proteins

and impairs bacterial growth by the sequestration of ffort is also capable of binding
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to bacterial cell membranes via antNe r mi n a | a-ejical iregiant ¢aiising U
irreversible membrane damage and cell y&idt has antimicrobial activty against a
broad spectrum of grajmositive and gramrmegative bacteria. Lactoferrin has recently
been suggested to be a specific biomarker of cystic fibpesironary exacerbatiohs;
however, as other granule proteins includiig are also implicated in these episodes,
this probably reflects neutrophil activation and degranulation in general rather than a
process specific to lactoferrin.

Besides lactoferrin, the specific granules contain other bactericidal components including
hCAP-18, a cathelicidin peptide that exerts antimicrobial effects against both- gram
negative and graspositive bacteria and can induce chemotaxis of neutrophils, monocytes
and T-cells. Another antimicrobial peptide present in the specific granules is nlitrop
gelatinaseassociated lipocalin (NGALY*? This peptide can bind MMB, protecting it

from degradationput also plays a role in iredepleton by means of its ability to
sequester feic-siderophore complex®s. In adlition to its presence in neutrophil
granules, NGAL is also produced by a variety of normal, inflamed and neoplastic
tissues'**> Urinary NGAL has been shown to be a sensitive and specific biomarker of a
range of renal diseases suchaaste renal injurl® andtheinterstitial nephritiassociated

with IgA nephropath}!’. NGAL has also been suggested to be a key player in a range of
different cancertypes; its proposed functions range from inhibiting apoptosis (of thyroid
cancercells), invasion and angiogenesis (of panceazdncey to increasing proliferation

and metastasis (of breast and catancey as reviewed in Chakraborty et’af.

1.3.4Azurophilic granules

Azurophil granules are the last granules to be released and require the most potent stimuli
(such as cytochalasiB, which is not a physiological compound) to induce major
degranulation into the external milieu, although less potent stimuli may trigger a more
limited release. Instead they ad@ected preferentially to fuse with phagosomes that
contain engulfed patlyen$®&:

Azurophil granules are defined by the presence of MPO, a k@ microbicidal
haemoprotein. MPO reacts with,®h, a product of the neutrophil respiratory burst, to
increase its toxic potential. Through oxidation of chloride, tyrosine and nitrite,fbg H

MPO system induces formation of hypochlorous acid and a eumbother reactive

intermediates, which can attack the surface membranes of microorgdnisBesides
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playing a role in bacterial killing, MPO has also been shown to modulate the immune
response; El Kebir et &° have shown thaMPO rescueshuman neutrophils from
congitutive apoptosis and prolongkeir lifespan, potentially delaying thesmution of
inflammation. Furthermore it has been shown that MPO can disrupt endothelial cell (EC)
function throughb,.integrindependent neutropkiftC contact, which mediates MPO
transfer from neutrophils to EES this processhas beenshown to plg a role in
atherosclerosisral vasculitisMPO has also been associated with oxidative damage in a
range of diseases i H°C diabatels mglitdd® and ROPE4'Bn6s di
In contrast to its pranflammatory functions, MPO can also dampen the inflammatory
response bguppressing dendritic cell activation, function and migraffon

Azurophil granules also contain serine proteases including NE, cathepsin G and
proteinase 3. These proteases play an important role in thexidative pathwayof
intracellular and extracellular pathogen destruéfibnin the phagolysosome they
contribute to microbial killing together with the NADPH oxidase system, which produces
abundant reactive oxygen species to optimise protease attiithilst redundancy of

the serine proteases offers some protection from individual deficiencies, mice lacking NE
and/or cathepsin G show enhanced susceptibility to bacterial inféétioh fungal

infection*°, and mycobacterial inétion*>*

. Of particular relevance to the work described

in this thesis, Reece and colleagues showed that serineagwogetivity plays an
important role in the control dflycobacterium tuberculosis hypoxic lung granulomas

in mice. Finally, mutations in the human elastase geh&NE) cause cyclical or severe
congenital neutropenia syndromes, but the mechanism seeslate to defective protein
folding or processing?

Recently ithas been shown that serine proteases, especially NE, also have regulatory
functions during inflammation. Demonstrated functions include the release of active
cytokines from their inactive precursors, the proteolytic cleavage/inactivation of active
cytokines, proteolysis of cell surface bound cytokines and the activation of specific cell
surface receptors, including Proteinastivated receptors (PARs) and Thbike
Receptor 4 (TLR4Y? (full list of NE targetscan be foundn the appendixes, sectiodil).
Mihara et al** have shown thahat both NE and Bteinase3 can cleave the endothelial
proteinaseactivatedreceptor (PAR) leading to impaired endothelial barrier integrity,
and promoting neutrophil infiltration. Furthermore, NE has been shown to modulate the

expression and activity of importantinflamat ory cyt oki nes-C&t®%ch as
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in the context oPseudomonas aeruginogaduced pneumonia. However, it is important

to note that most of our knowledge of how NE regulates these targets comeas vitrm
studies, and further studies are needed to assess the role of NE in the modulation of
inflammationin vivo.

Mice lackingNE are protected from lung injury in some mod&|sbut the efficacy of
neutrophil elastase inhibitors in human disease has been disapgdintheutrophit
derived proteases have been implicated in the pathogenesis of CF (revie@eddeyet

al.”®® and 90% of the elastolytic activity in CF sputum has been attributed {8, MEt

again targeted therapeutic intervention has been unsucc¥Ssfeerhaps as a safety
measureagainst ovéractivity of the serine proteases, the azurophil granules also contain
a powerful endogenous aiiotease, alpha-A nt i t r pAT).sThis promidcuous
inhibitor can bind and inhibit not only elastase, but also a range of other serine grotease
The major it y;AToidreleased by thé lepatocytg; it [$ present in circulation
at 1.53.5 g/L***. In patients with3 AT- deficiency bw circulating serum levels GhAT,

leads to early onset and severe smokilgted pulmonary emphyseffia This is partly

due to damage caused by ceetivity of NE in the absence of an inhibitor as discussed
furtherin section1.5.1

BesidesUAT, other important endogenous serine protease inhibitors include secretory
leukocyte protease inhibitor (SLPI) and elafin. SLPI can inhibit the serine proteases
cathepsin G and NE, but not PR3. It can be found in all body finalisding bronchial
secretions but the highest concentrations of SLPI are present in the upper airways. It is
also produced by phagocytes including monocytes and neutr8plitsl, due its low
molecular weightjt hasunique acces® the space between adherent neutrophils and the
ECM, protecting it from degradatibff. Elafin inhibits serine proteases PR3 and NE, but
not Cathepsin G. It is mainly present in thens but like SLPI can also be found in
bronchial secretiongroduced by Clara cells and type Il pneumocifes

Furtherc onsti tuents of t he a zefensangyhich aregmah nul e s
antimicrobial peptides with activity against a range of bacteria, fungi, enveloped viruses
and protozo¥®*® They funcion by forming transmembrane pot¥sand upon release

into the extracellular matrix are able to induce chemotaxis of monocytes,&dB4£ D8
T-cells**®, Thus in summary, azurophil granule contents are essential for killing a range of
pathogens but also contrileuto tissue injury, with a particular predilection for lung

damage.
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1.4Lung epithelial dysfunction and damage

Neutrophil granule proteins have been strongly associated with lung epithelial cell
damage and dysfunction. An example of the severe damage ahabec caused by
neutrophil degranulation is supplied by Soehnlein &athey shown that a protein (M1)
released byStreptococcus pyogenesduces degranulation of aHleutrophil granule
subsetsbyfomi ng compl exes wi t hintégiinb, resuftimgneacutet h a t
lung injury in mice. Thus the respiratory epithelial surface is a highly relevant model in

which to study the damaging effects of neutrophil granule proteins.

1.4.1Structure of the respiratory tract

The lung epithelium is a complex system lining the airway spaces, which changes
composition along the lungs to fulfil its functions including gas exchange, hydration,
mucaociliary clearance and hostefence.The respiratory system extenfiem the nasal
cavities to distal bronchiand alveoli structureand can be divided into two sections; the
AUpper Respanadtlbdvwe rit r Raecst poi. Tha upper nespiftorg tcatt o
includes thenostrils nasal cavities pharynx epiglottis and larynx*>. The lower
respiratory tract consists of theathea bronchi bronchiolesand alveoli. The upper
respiratoy tract, trachea and large bronchi are lined with respiratory epithelium
consisting of peudestratifed columnar, ciliated epithelium with muesecreting goblet

cells (discussed in more detail belpvAs bronchi progressively decrease in size, there is

a gradual transition to ciliated simple columnar and finally simple cuboidal epithelium
and an accompanying decrease in the number of goblet cells. In areas subjected to
abrasion (eg. pharynx), respiratory epithelium is replaced by stratified squamous
epithelium. Gas exchange occurs in the alveolus which consists of 3 cell types; type |
pneumocytes which are simple squamous cells covering most of the alveolar wall, and
type Il pneumocytes which are cuboidal cells that produce surfactafy acting to
reduce the surface tension of the fluid lining the alveolar surface, surfactant helps to
prevent collapse of the alveofiurfactants are also responsilsiepartfor the regulation

of gas exchande”. The third cell type in this compartment is the alveolar macrophage,
which is a resident phagocyte and scavenges particulates andongarosms. Adjacent
alveoli form sandwicHike interalveolar septa consisting of the epithelial ngpiof the

alveoli on each side and a thin layer of loose connective tissue beVieenonnective
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tissue layer contains the extensive network of pulmonary capillarfesyfibroblasts,
somereticular fibres and numerous elastic fibres. This part of the lung is also known as
the interstitium, and is affected in a number of inflammatory and fibrosing
conditions>3*** Due to the lack of supporting cartilage and their small size, bronchioles
are vulnerable to blockage and collapséor example; in chronic bronchitis

hypersecretion of mucus may lead to bronchiolar blockage

1.5The airway epithelium

The airway epithelium contains a number of morphologically different cell types, which
can be divided into three categories according to theatifum basal cells, secretory cells

and ciliated celf$®. Basal cells are present throughout the large (50%) and smadlyairw
(81%) and can differentiate into secretory or ciliated €&ll8Vithin the epithelium, basal

cells are the only cells attached to the basement membrane, forming a scaffblel for t
other cells. They are able to release a number of bioactive molecules including neutral
endopeptidase, poxygenase products and cytokifi®s Goblet cells are the main
secretoy cells present in the lung epitheliumhey secrete mucin granules to form a
mucus layer covering the epithelium, which traps foreign particles in the airway
lumen®° This mucous layer is present in the airway from the trachea to the
bronchioles! n nor mal , Aheal thyo airways there
production and clearance; in contrast, goblet cell hyasigcan lead to excessive mucus
production and has been associated with diseases like chronic bronchitis and®3sthma
Another type of secretory cells found in the small airway, Clara cells, contain electron
dense granules and play a role in the regulation ohdbrial epithelial integrity and
immunity'®.. Clara cells produce protease inhibitors such as the'&lad have been
shown to produce p450 momxygenases, which can metabolise xenobiotic compounds
such as the aromatic hydrocarbons present in cigarette hokdliated cells
differentiate from basal cells, and are the most prominent cell type present in the upper
airway epithelium accounting for approximately 50% of all epithelial cells in this region.
They have around 300 cilia per cell and contain many mitoafetw supply the energy

for their main function, namely muagliary clearanc&®.

The muceciliary escalator provides a seqmermeable barrier that prevents most

pathogens from penetratingpe airway surfacebut still allows for theexchange of
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nutrients and gadt is highly effective as around 90% of inhaled particles including
bacteria and viruses are cleared of the lurigshis route'®,

The main components of the secreted mucous are the large, highly charged mucin
molecules MUC5B and MUCS5AC, which crebsk to form a viscoelastic gelot
contribute to airway defent® The mucus contains approximately 200 other proteins
including antimicrobial compounds such as defensins, lactoferrin, lysozyme oxide,
cytokines and antxidants®® All inhaled particles interact with the lung epithelium and

it is normally very effective in eliminat
defence is breached&hepithelium is able to signal efficiently to immune cells as a
variety of them reside within this layer, including mast cells, macrophages, dendritic cells
and neutrophif$’ (Figure1.6).

1.5.1Role of neutrophil proteases in airway epithelial injury and lung disease

The lung epithelium responds to infectious or inflammatory insults via stimulation of
pattern recognition recep® (PRRs) such as Tdlke receptors (TLRs), leading to the
release a range of inflammatory mediators includingl I a R3d whithLare both
neutrophil chemattractants The presence and actions of a range of immune cells
present in, or adjacent to,ettdelicate epithelial cell lining can be either beneficial or
detrimental; although they can respond quickly to limit infection, aberrant activation
and/or function can cause substantial damage

In chronic inflammatory lung diseases such as COPD, CF atmnas goblet cell
hyperplasia is a common finding and is thought to contribute to the productive cough
associated with these disedS&sNE is the archetypal neutrophil protease that has been
shown to induce goblet cell hyperpld&faand also to increase the expression of MUC5
and other mucirt&®!’® Whilst other aspectsf neutrophil biology such as ROS may
contribute to epithelial damage and dysfunction, the following discussion focuses on the
role of neutrophiderived proteases in this setting.

1.5.1.1Role of NE in airway epithelial injury and lung disease

Although NE and other neutrophproteases have an important role in neutrephil
mediated bacterial and fungal killing, they can also directly damage the ECM; NE and

MMP-9 are capable of degrading almost every ECM component including collagen,
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Figure 1.6: The lung epithelium in health and disease

Healthy airways are protected from infection by the innate immune system; bacteria are
cleared by the mueailiary escalator, by the action of aacterial peptides, and by
resident phagocytes. Pathogens which evade theselifiestdefences are ingested and
killed by recruited neutrophils, which then undergo apoptosis and efferocytosis,
controlling infection and | i mitidnge asnefd)am
pathogenstrigger the release of cheradtractants, promoting the recruitment of
neutrophils and otheinflammatory cells. Although there is increased neutrophil
infiltration, local or systemic hypoxia impairs bacterial killing and increases the release of
proteases, resulting in muediary dysfunction and cellular and tissue injury. Finally, the
pro-inflammatory state is perpetuated by increased neutrophil lifespan secondary to
hypoxia and inflammatory cytokines. ECM: extra cellular matrix, EC: epittesiél
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fibronectin, proteoglycans, heparin, and crtisked fibrin*’%. Stockley et af’® have

shown that neutrophils moving in close proximity to ECM degrada passantand that

this degradation can be -antirypsiné Ehd inabilityt of n ot a
naturally occurringoroteasenhibitors to prevent NElependent damage completely has

been attributed to a number of factors. One such factor is the phenomenon of quantum
proteolysis, which refers to the fact that NE molecukastly outnumberinhibitor
molecules in the immediate peellular zone¥. Another suggested mechanism is that

upon degranulation, serine proteases bind to the neutrophil cell surface, and these bound
proteases are remarkabsistant to protease inhibitors, a finding that has been attributed

to steric hindrancg'"

The installation of elastase in the lungs of experimental anifussally porme
pancreatic elastase, but the model is phenocopied when human NE is used) induces
emphysema in a doskependent fashidfi'"> Likewise, tansgenic mice lacking NE are
protected from cigarette smokeduced emphysem&. This evidence, together with the
observation that in hma n s-AT d&ficiency predisposes to early onset emphyséma

led to the protease:antiprotease imbalance hypothesis of EQRihich proposes that
alveolar and interstitial tissue destruction is driven by excessive proteolysis. In healthy
i ndi vip-ATuis praducdd in abundance by hepatocytes; ¢hiinv i d u atAF  wi t h
6def i ci-ATnpolymiers actumulate ithe ER of hepatocytesand secretion is
impaired, whichleads to the observed reduction in circulating protein; when this is
combined with the recruitment of neutrophils into the bronchi andrstitium by
cigarette smoke, failure of local pulmonary elastase inhibresnlts insmokinginduced

lung tissue destruction and early emphys€faTherapeutic eplacement dr
6augment aitAT m nhi diseasé hasbeen shown to improve some parameters
such as radiological disease progression; however to date, robust evidence of clinical
benefit from augmentation therapy is lacking. This may reflect upoeering of trials,

the initiation ofaugmentation therapy at too late in the disgmeeessor it may indicate
that the pul mo naAT geficikncgie rtscaused leya tack iofrfundional
U-AT alone.

In addition to its elastolytic activity, NE has a range of immmuelulatoryeffects. It has

been shown to cleave critical components of the bronchial defences, such as the C3Bi
opsonephagocytic receptor CRF and immunoglobulin€®, reducing the ability of the

airway tissue to retain sterility in diseases such as cystic fibrosis. Additionally, NE has
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been shown toebrade short palate, lung, and nasal epithelial clone 1 (SPLUNC1), which
destroys its natural antimicrobial activity. NEdependent SPLUNC1 degradation
increased the netypeable haemophilus influenzaNTHi) load in human airway
epithelial cells, and SPLUNICKO mice had a higher bacterial load in the lungs then WT
mice. Furthermore, SPLUNCL1 is reduced in the lungs of COPD patients, potentially
increasing airway susceptibility to infectigh

Perhaps as a consequence of its immuapdulatory functions and its ability teedrade

ECM components, NE has been implicated in a range of inflammatory essdasr
example, inhibitionor lack of NE has been shown to reduce neutrophilic infiltration in
neutrophilmediated injury models such as ischaenejgerfusion injury’?, endotoxin
induced lung injur}?® and ventilatoiinduced lung injur}?*. Lack of NE significantly
reduced airway neutrophilia, mucin expression, goblet cell metaplasia, and distal airspace
enlargement in a mouse model of cystic fibr8iSNE contributes to the progression of a
range of cancers by kancing tumour invasion and metast&$i$’. Together, these data
indicate that the modulation of NE secretion and function may be a gngnarget for
therapatic intervention.A recent Phase Il study &ZD9668, a newly developed oral

NE inhibitor, in patients with bronchiectasis, reported som@rovement in lung
function, with a trend towards a reduction in sputum inflammatory biomrsifke
However the improvements were small, indicating that inhibition of NE alone might not
be enough to prevent inflammation and further damage, and thanetiteophitderived

products may contribute to disease pathogenesis.

1.5.1.2Role of MPO in airway epithelial injury and lung disease

The presence of MPO defines the azurophil granule population, and its heme moiety is
responsible for the green colour of seiome rich in neutrophils, such as pus and sputum.

It is also expressed (to a lesser degree) by monocytes and macrophages. Like NE, MPO
has been associated with tissue damage in a range of diseases and disease processes; for
example, elevated leukocyte amdbod MPO levels have been associated with the
presence of coronary artery disé&%eand MPQdirected autoantibodies are asated

with a range of vasculgt® in particular graniematosis with polyangiitis (formerly
known as Wegener6s granul omatosi s) . MP O,
degranulation products, has been suggested to be a possible biomarket,iar@FMPO

presented on the suda of NETS has been associated with Pseudormodase airway
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damagé®™. SerumMPO levels are associated with rapid lung function decline andepoor
cardiovascular outcomes @OPD patient$®* and 3Chlorotyrosine, a specific product of
MPO oxidative activity, was shown to be upregulated in COPD spgtiurhate
intervention with the MPO inhibitor AZ1 in a guinea pig cigarette smoke exposure model
of COPD stopped the progression of emphysema and small airway remodelling and was
partially protective against pulmonary hymarsiort?>. These studiesuggest that the role

of MPO in COPD warrants further investigation; however, as the authors note, positive
findings in animal models of COPD have a disappointing record of failure in human
diseas&™.

Like NE, MPO has been shown tpregulate the inflammatory response directly; MPO
internalised by endothelial cells leads to-6LIL-8, and ROS releas®® (athough

others have shown that MPO can also inhibiBltelease by bronchial csif). MPO is
capable of inducing oxidative stress in inflammatory states, especially in the presence of

cigarette smok&'% and neutrophil MPO content is increased in smdkers

1.5.1.3Role of MMP-9 airway epithelial injury and lung disease

MMP-9 is a component of the gelatinase granules and is capable of degrading major
structural components of the ECM, including collagen, laminin, and gelatin, allowing
neutrophil extravasation and migratiof”®® However, indiscriminate MMB release
canalsocause substantial damage. MMFhas been related to parenchymal destruction
and lung function decline in both subclinical and established emph§8éfiaOther
studies have shown MMP to be elevated in the sputum of patients with COPD in
comparison to healthy control subjects, and M®IPsputum levels were found to
correlate with decreased lung functidf?>?%® Because neutrophils do not synthesise the
MMP-9 antiprotease TIMPL, substantiabnd unrestrainedelease of this enzymean
occuf®®. Vlahosand colleagué$ demonstrated anajor up-regulation of MMR9 in the

BAL fluid of patients with COPD and noted a striking correlation with disease severity
(21-fold increase in MMP9 activity in GOLD Il versus GOLD |V disease); upregulation

of NE was notedh the same samples, and it is noteworthy that NE can degrade T,IMP
further promoting the action of MMB?®>.

Thus there is abundant evidence that a range of neutaginfied proteases contribute to

the pathogenesis of COPD and other inflammatory lung diseases and to the persistence of

the inflammatory phenotype in these conditidhs? 2022210 Therapeutic strategs to
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control this aspect of neutrophil function may need to be directed at the broader spectrum
of neutrophiderived proteases rather than an individual target, and could be more
beneficial if administered early in the course of disease before majeersiigle tissue
destruction occurs. Interventions aimed at limiting neutrophil degranulation would ideally
target extracellular protease release and not inhibit the delivery of granules to the
phagosome.

1.6 Mechanisms of neutrophil degranulation

The mechanisms of neutrophil degranulation are complex and only partially delineated
(Figure 1.7). Different ligands have been shown to have different effects on
degranulation; for example, stimulation with low nanomolar concentrations of the
bacterialderived tripeptide fMLP alone rel¢siin a rapid and almost complalescharge

of secretory vesicles without significant release of the other granule popuihtishisst
priming with agents such as TNFU augments
MPO from the azurophilic granules; stimulation with the pharmacological agent PMA
(phorbol myristate acetate) alone leads to extensive release of gelatinase granules,
moderate release of specific granules and low grade release of azurophil §t&hules

In general, exocytosis of the granules occurs in 4 steps; upon receptor stimulation
granules areecruited from the cytoplasm to the target membrane (phagosome membrane
or cell membrane). This process is dependent on actin cytoskelathlmicrotubule
remodelling'>. The next step is vesicle tethering and dockifujowed by granule
Aprimingod (ensuring rapid fusion) i n whict
between the granule on the target membrane, and the final step is the rapid fusion
between the granule and target membféne

Resting neutrophils contain a cortical actin ring that formisaaier against granule
docking and fusion; this is rapidly disassembled upon receptor ligation and exd¢§tosis
Jog et af*® demonstrated that actin is associated with all granule subsets and that
disruption of the actin cytoskeleton by latrunculin Aogtochalasin D led to enhanced
basal and fMLP depelent degranulation, implying an active role for actin in granule
exocytosis. Converselgtracaine, which causes enhanced accumulatioraatift in the
periphery of fMLRstimulated cellsinhibits degranulatiof”. It was postulated by Lacy

et al?*?that cytoplasmidilamentous (Factin formation isrequired for primary granule

exocytosis and that, as granuledacalise with polarised
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Figure 1.7 Neutrophil signalling pathways involved in degranulation

GPCR ligation results in signalling through the heterotrimeripr@eins of the ¢

family; activation leads to the dissociation of the GRCR e ci f i ¢ GUthesub uni
shared Gbo di mer which triggers the activa
PLCHDb | eads to diacylglycerol formation ar
hydrolysis of PIR, generating IR Elevation of intracellular IPleads to an inease in

intracellular C&' r el ease from the endoplasmic reti
induces the production of PPy phosphorylation of PHP Ligation of integrins and of

cytokine receptors induces activation of tyrosine kinasaslimg to the dwvation of PLC

and eventually to a rise in €devels. PI3K activation is also mediated by integrin and

cytokine receptor binding.
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Factin during activati on, cytoskel et al rema
to guide granules to thetarget membrane for exocytosis. As actin
polymerisation/reorganisation plays an important role in not only degranulation but
inmany features of neutrophil function, including migration and the ROS response,

signalling pathways regulating these functiony rozerlap.

1.6.1Receptors regulating degranulation

Neutrophils express a large range of cell surface receptors to sense damage or danger,
including receptors for the recognition of microbial structures, receptors involved in
activation of the adaptive immurgystem, and receptors involved in recognising an
inflammatory environment (as summarised in Futosi é}. These receptors initiate a

range of complex intracellular signalling pathways that lead to the induction of an
appropriate spectrum of responses, ludmg neutrophil chemotaxis, activation,
phagocytosis, ROS production, degranulation, NET release, and cytokine release.

The receptors present on the neutrophil surface can be divided into a number of classes;
G-proteincoupled seveitransmembrane domaimeceptors (GPCRs), Heceptors,
adhesi on mol ecul e 6receptorso such as i n
recognition receptors (Telike receptors and B/pe lectins). Of these receptor classes,

Fc receptors, integrins and GPCRs have been shownintduce neutrophil
degranulatiof>?*® Femediated neutrophil interaction with immune complexes has been
shown to induce degranulatfdhthrough Src family kinase signalling leading to a rise in
intracellular calcium levef®. The combination of integridependent neutrophil
adhesion plus stimulation with inflammatory mediators also results in degrantifstfon
However, most of the research into the signalling pathways involved in degranulation has
focussed oiGPCR signallingNeutrophils express a rangedifferent GPCRs, including

those that recognise chemokines and chemoattractants suck8aglételet activating

factor (PAF) and leukotriene sBand those that recognise bacterial products (formyl
peptide receptors).

The archetypal ligand for the latter is the formylateepéptide fMLP, which is often

used to interrogate neutrophil functiomasponses such as degranulat@RCR ligation

results in signalling through the pertussis teg@msitive heterotrimeric @roteins of the

Gi, family; activation leads to the dissociation ofthe GPCR e ci f i ¢ G U subuni

shared Gbo dimer and subsequent activation

46 |



1. Introduction

It is currently thought that the majority of signal transductionn@utrophils occurs
through the Gbo di M@% and not the GU subun:

1.6.2Phospholipid and kinasesignalling in degranulation

Stimulation of GPCRs by H8 or fMLP leadstoth di ssoci ati on of the
the Gx subunit,triggering activation of two phospholipiohsed signalling cascades
relevant to degranulation: firstly, the phospiositide 3kinase (PI&) pathway, which

induces the production of phosphatidylinositol (34rBphosphate (PHp from
phosphatidylinositol (4,5pisphosphate (P¥#??> and secondly phospholipase-bC
(PLCb), which |l eads to both the activation
generation of diacylglycerol) and also to the hydrolysis of,RjBnerating inositol 1,4;5
trisphosphate (1§ and hence regulating calcium signalfifig?.

ThatPI3K plays a fundamental role in degranulation is illustrated by a number of studies
including that of Kampe et &f* who shoved that neutrophil degranulatidn vitro can

be inhibited by thé?I3K-inhibitor Wortmannin, and also Fensome et’3lwho showed

that PIXo i s required for granul e -6@getlsc gt osi s
neutrophitlike cell line. However, little data has been published regarding the precise
PI3K-isoform controlling neutrophil degranulation, altlylhh of note PIB2 is known to
specifically regulate mast cell degranulaffdn Phospholipase D (PLD) has also been

shown to influence neutrophil degranulation via the generatiophotphatidic acid
(PA)?*%%2" although recently others have shown that PLD is entirely dispensable for
neutrophil degranulation in mit&. Elevation of intracellular IPleads to an increase in
intracellular C&" by release of stores from the endoplasmic reticulum {&R)he

important role of IR and the resultant rise in intracellular i degranulation was
supported by the work of Reeves et*8lwho found thatrecombinant SLPI inhibited
fMLP-induceddegranulatiorpopulations, and that this was restored by the incorporation

of exogenoudP; into electrepermeabilised celld.igation of integrins anaf cytokine

receptors activates tyrosirienases leading to the subsequent activation of PLC and
thence to a rise in Calevels® %%

1.6.3Calcium signalling in degranulation

Translocation and exotrysis of neutrophigranules requires an increase in intracellular

Ccd* #3323 Receptor ligation induces a rise in intracellulaf’Gavels that is biphasic;
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the first phase is secondary to’Ceelease fom IPs.sensitive intracellular stores such as
the ER, and the second phase is due 3 i@8ux from the extracellular spat&. It has

been found that the hierarchy of granule exosi is linked tdhe magnitude of increase

in intracellular C&" levels, with secretory vesicle releasiggered by a minor increase,
and a far more significant elevatiobeing requiredto stimulate azurophil granule
exocytosi§®*?* A rise in C&* can be induced by a number of stimuli, including ligation
of GPCRs (e.g. those for fMLP/A8) andL-selectin and integrin engagentéft>"2#

The specific target mecules influenced by Gatransients in neutrophils are unknown,
but potential candidates include annefi€°®, PKC**! and calmodulif*, all of which

bind C&"* to modulate their activities and are involved in therdeglation process. The
role of calmodulin is supported by data from Nagaji ef*al.showing that a
Cd"*/calmodulincoupling inhibitor prevents MPO releaseAnnexins are a group of
phospholipidbinding proteins that mediate vesicle aggregation and membrane fusion
when exposed to high concentrations of 'G&". Several annexins have been identified in
neutrophils and appe#&o promote a calciumdependent fusion evemt vitro, including
annexin *° annexin Xf*® and lipocortin 11F** Furthermore, Zou et &f’ show that
storedoperated C4 entry plays a role in neutrophil polarisation by the downstream
regulation of Akt and Src family kinases and Rhmily small GI'Pases including Rac.

As actin polymerisation plays an important role in polarisation and in degranulation,
cytoskeletal reorganisation may represent another route by whiéh nlulates

neutrophil function.

1.6.4Src family kinases in degranulation

Tyrosine kinases, especially the Src family of rateptor tyrosine kinases, have also
been implicated in neutrophil degranulation, although the mechanism of tyrosine
activation through GPCRs is poorly understood.

Neutrophils express 3 members of the src tyrokinase family- Hck, Fgr and Lyri all

of which are activated by fMLIGPCR ligatioA*®, their inhibition (by $c family kinase
inhibitor PP1) prevents the release of all grarsubsets’. Research performed with
Hck’Fgr”™ double and HckFgrLyn” triple knockout neutrophils showed that
deficiency in these kinasdsads to a failure of granule release and also impaired ROS
production in response to fMEf¥?49%5! grc kinase deficiency also resulted in reduced

activation of JNK ¢-Jun Nterminal kinase)and p38 MAPK (mitogeractivated protein
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kinase) and impaired activation of Rac, but did not affeét §ignalling, suggestinthat
these pathways may mediate parallel «@#"-dependent events required for
degranulation and/adhe downstreaneffects of C4". Further studies have shown that the
different Src tyrosine kinases have a particular affinity for certain granule populations
swggesting separate and regulatetease of different granule populations; for example
Fgr associates with thevecific granule$? whereas Hck associates with the azurophil
granule$>

The Src familyof tyrosine kinase®ias a number of known dowresam targetswhich

affect degranulation; Hck and Fgr have been shown to regulate the activation of the Rho
guanine exchange factor (GEF) Vavl to signal through Rac, inducing actin
polymerisation and ROS reled3e Additionally, the Src family kinases have been shown
to work upstream of p38 MAPK as Htkgr'Lyn’ triple knockout neutrophils show
reducedp38 MAPK activity andthe p38 MAPK inhibitor SB203580led to reduced
azurophil and specific granule rele#Sé&>.

Data from Simed et al?®® also support a role for p38 MAPK, but not ERK (extiadar
signatregulated kinas&)2 in neutrophil degranulation. They showed that S100A9, a pro
inflammatory protein present in the neaghil cytosol(andalso expressed by activated
endothelial and epithelial ce)lsinduced degranulation via a p38 MARKpendent
pathway. Other cytoplasmic tyrosine kinases that are expressed in neutrophils and have
been implicated in degranulation arekSand PyK2 (proline rich kinase2). Syk works
downstream of integrin signalling and is involved in actin and microtubulin
polymerisation; Syk dé&fiency impairs integrin and Femediated receptemediated
neutrophil activation resulting in defective adhesio ROS production and
degranulatiof® and impaired neutrophidependent host defende vive?™'. Pyk2 is
activated upon integrin ligation and subsequent association with Src family
kinase&®®Kamen et af*® showed that Pyk2 participates in cell migrati@md
degranulation, as Pyk2 deficient mouse neutrophils display impaired adhesp@mdent
degranulation.

Recently proteomi@approachehave been employed to help identify the downstream
targets of protein kinases including Hck and Fgr. Luerman &f° aidentified
phosphoproteins that were associated with the gelatinase and specific granules after fMLP
stimulation, supplying new candidates thady potentially play a role in degranulation

including known regulators of vesiclérafficking. Several potential regulators of
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membrane trafficking and exocytosis were identified in this screen, including
ethylmaleimide sensitive factor (NSF), small molecular weight GTPases, GTPase
regulators and effectors, and proteins known to edgutytoskeletal rarrangement and

stability.

1.6.5GTPase signalling in degranulation

GTP-binding proteins act as molecular switches in processes such as cell survival,
transcriptional regulation and vesicle trafficking, cycling between active {6®0iRd)

and inactive (GDPbound) statéd® with their activity regulated by GEFs. Two GTP
binding proteins (Rho and Rac) have emerged as major players in cytoskeletal re
organisation, directed migrati@f neutrophils(chemotaxisjand degranulatidi**®2 Rac

is present as 3 isoforms; Racl, Rac2 and Rac3. Although both Racl and Rac2 are
expressed in neutrophils, Rac2 predominates in humari®elisile mouse neutrophils

also expres®kacl in additiorto Rac 2 It has been shown that Rac2 plays an essential
role in neutrophil degranulatiogenetic deletion of Rac2 in mice affects cytoskeletal re
organisation and leads to complete loss of azurophil granule release from murine bone
marrow neutrophil&2%4

However, specific and gelatinase granule relémset alteredin Rac2” neutrophils; this
suggests a neredundant role for Rac2 in azurophil granule redeasly. It is possible

that Rad, which is present in mouse but not human neutrophils,ostgoppecific and
gelatinase granule release in this context, whilst Rac2 might still sugyrtafunction

in human cells.A recent paper from Baier ef&linvestigated the role of Racl and Rac2
antigenstimulated exocytosis in mast cells. Their data suggest that Rac isoforms play
distinct roles in mast cell exocytosis, with Racl mediatimegnbrane ruffling and Rac2
signalling calcium influx. Rac2 neutrophils have also been shown to exhibit impaired
adhesiof® likely due to impaired Raethediated actin rerganisation. Data produced

by Mitchell et al®®” showed that fMLPmediated azurophil granule release was enhanced
by compounds such as Latrunculin B and Cytochalasin B, whictiatee actin
depolymerisation, but the opposite effect (reduced degranulation) occurrech@m F
stabilisation by Jasplakinolide or on inhibition of actin remodelling by the small molecule
Rac inhibitor NSC23766.

The exact signalling pathway(s) mediatiRgcdependent degranulation are still under

investigation, but a number of possible downstream targets have recently been
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identified?®®?*® For example, the GEF-Rex| is activated by PlPand regulates Rac
directly’®® and also indirectly by acting as a GEF foe upstream GTPase RHGS
Although this pathwaynightlink PI3K signalling to actin polymerisation via Rac, Welch

et al?’® have also shown that-Rexl is not an essential regulator of neutrophil
degranulationp2l-activated kinase (PAK) is a wedlstablished Rac binding protein that

is known to regulate the ctmrmation of the actin cytoskeleton and hence motility of
mammalian cel’ PAK is activated uponMLP stimulation of neutrophils and
accumulates at the actiich leading edgehusimplicating this serine/threonine kinase in
Racdependent actin remodelling in this setting. PAK inhibitiompaired neutrophil
polarisation andlirectional migration towais an fMLP gradient, and was associated with
dysregulated G signalling’? A similar role for PAK in mast cells was found by Allen

et al’”* who demonstrate@nportantlythat PAK plays a role in mast cell degranulation
through its effects on Gsignalling and cytoskeletal remodelling.

Together these data suggest a possible role for iRAteutrophil degranulation, as mast
cell signalling pathways has been shown to have some parallels with the analagous
neutrophil pathway$*?’®. More recent proteomic studie®q Eitzen et af’® have
identified further novel proteins that may play a roleRacmediated degranulation
including actin remodelling proteins such as HSP60, thetih binding protein coronin

1A, and the Factin capping protein (Cap ) as yethowever the relevance of these
findings is unclearRhofamily kinases such as Rac araimy involved in the early
phase of exocytosis that is dependent on actin cytoskeletal remodelling. Another family
of GTPases the Rab family- have been implicated in the more downstream aspects of
exocytosis including vesicle transport and dockifif® Chaudhuri et &’ identified 3

Rab GTPases that qurify with neutrophil granules,amely Rab3, Rab4 and Raldhe

role for Rab3 and Rab4 in neutrophil degranulation is currently unknbwnRab5a
directs intracellular fusion of granules with pathogentaining phagosom®$.
Additional Rab isoforms mediate vesicle docking in ottedl types including neural and
endocrine cells (Rab%)*®? and cytotoxic Tcells (Rab27f>. Thus a range of GTPases
are involved in various steps of the degranulation signalling pathway, but more

information is needed to elucidate their exact function(s) in the neutrophil
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1.6.6SNAP/SNARE proteins in degranulaton

The pathways linking intracellular €atransients and degranulation are not fully
understood, bugare thought to involve SNAP receptor (SNARE) proteins, which are
important in vesicle docking and fusf8h This system consists of the recognition of a
membranebound ligand present in the granule membrane by a memboamal receptor
on the target membraffé A range of SNARE proteins have been identified in
neutrophils, including vesiclassociated membrane prot&@n(VAMP-2), which is
located on the membrane of secretory vesicles, gelatinase and specific §fanules
syntaxin4 and-6, which can be found at the plasma memiff&f&’ and synaptosome
associated proteins (SNAP33 and 25, which are present imig on the peroxidase
negative granulesgscific and gelatinase granul&§y828°

Another SNARE protein found in neutrophils, syntakih is locatedoredominantlyon

the azurophil granule membrane with some expression on the selective and gelatinase
granules. The density of VAMP corresponds to the hierarchy of degranulation, and
antibodies against SNAP3 and syntaxi® inhibit C£*-induced secretion of the spici
granules and the azurophil granules respecti¥e\BNARE proteins have shown to
interact with other proteins to regulate degranulation including SNhREacting
Sed/Munc18 family members. Brochetta ef&show that Munc1& and MunclS are
expressed by neutrophils, interact with SNARE proteinstasyn-3 (Muncl182) and
syntaxin4 (Muncl83), and are associated with neutrophil granules. Both MuAcir&d
Munc183 can also be found in plasma membrane fractions and in the cytoplasm, where
they associ@ with cytoskeletal elements. Upon stimulatiomthb isoforms are
redistributed to the granule and plasma membrane and MihicitBbition by antibodies
blockes primary granule relea$®. Zhao et af°* provided furtherevidence tosupport a

role for Munc182 in neutrophil degranulatiothey found that mutations in the Met8

2 gene cause the rare genetic disorder familial haemophagocytic lymphohistiocytosis
(FHL) type 5, and lead to a profound defect of neutrophil granule mobilisation and
consequety impaired bacterial killing.

Thus there are still many gaps in eamowledge of the signalling pathways regingtthe

key neutrophil function of degranulation. There is evidence that both separate and
overlapping pathways exist to control the release of the differing granule populatidns,
greater understanding of tleedetails could provide ways to inhibit or promote the release

of individual granule populations without affecting other neutrophil funstion
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This could allow either novel investigative techniques and reveal new therapeutic

avenues.

1.7 Effects of cigaretie smoke on neutrophils

COPD is characterised by persistent local and systemic inflammation, leading to a
progressive decline in lung function. Cigarette smoke (CS) is the main risk factor for the
development of COPD, although the majority of smokers dodewelop this disease.

Even after smoking cessatigatients with established COPD exhibit@tinuous cycle

of airway inflammation leadingo ongoing decline in lung functié¥, indicating
persistent activation of inflammatory celSS is a multomponent mixture of gashase

and particlephase toxins with known immunomodulatory function, carcinogenic activity,
and addictive activities. Components of CS include metals, volatile hydrocarbons, gas
phase components such as carbon monoxide, polgay@matic hydrocarbons (PAHS),
acrolein, and reactive oxygen species. Since exposure of submerged culture cells to CS is
difficult to achieve in the laboratory setting, cells are usually exposed to either CS extract
(CSE, obtained by condensing CS in ddctrap) or CS medium (CSM), which is
prepared by bubbling CS through a tissue culture medium; the content and properties of
CSM and CSE may differ, perhaps giving rise to the rather surprising variability of results
in the reported literature.

As with thedirect installation of NE, exposure of mice to CS recapitulates emphysema,
and neutrophil recruitment is a key component of this nidtfeP. Since neutrophils are
though to play a key role in COPD pathogenesis, the direct effects of cigarette smoke on
neutrophils has been investigaiedvitro, albeitto a somewhat limited extent. Koethe et
al?>® dekcted a priming effect of CSE on neutrophils, leading to increased NE release
and ROS generation on stimulation with fMLP. They also suggjéisée CSE induced an
increase in fMLP receptor and integrin expression on the neutrophil membrane. In
contrast to these results, Zappacosta &t’@nd Matthews et &F® found a reduction in
stimdated neutrophil ROS formatiofollowing CSM preincubation, whilst Mortaz te

al?* andOverkeek et al®*® found that CSM induced the production of reactive oxygen
species, IE8, NE, MMPR-2 and MMR9 directly. The variabili in these results may
reflect significant inconsistencies ithe methodologyused for example differing pre
treatment times and the use of CSM or C8¥%erall howeverthe results suggest that

cigarette smoke may induce a neutrophil phenotype that is detrimental to defence from
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infection butwhich promotes tissuenjury. These effects are similar to the effects of
hypoxia; however the synergistic effects of hypoxia and cigarette smoke have not been

previously investigated.

1.8 Hypoxia
1.8.1Physiological and pathological hypoxia

A range of oxygen tensions exist throughout the besen under physiological
circumstances, ranging from 13 kPa in the arterial blood to 2.3 kPa in the*$pleéth

even lower oxygen tensions of around-0.6Pa in the skif®? skeletalmusclé® and gut
wall*** (Figure 1.8A). Different oxygen tensions exist even within a single organ such as
the liver, from 0.1%Pa in the venous sinusoid to 8 kPa in the portal retfiois Cells
present in the circulation such as leukocytes are exposed to oxygen tensions varying from
around 13 kPa in the alveolar capillaries to appnately 5 kPa in mixed venous blood
and venous capillaries. Upon migration to the lymphoid organs leukocytes may be
exposed to oxygen tensions as low as 0.5 ¥PaAlthough these oxygen tissues are
extremely low, this cannot be called hypoxia as this is a normal physiological state for
thee cells and or organs. Generallypoxia exsists because there is an insufficient
supply of oxygen in relation tdemand. Physiohical hypoxiaoccurs when there ian
inadequate supply of oxygen to the body as a whole &&mple at high altitude.
Pathological hypoxia occurs often at sitesndéction and injury. Hypoxia in this setting

can be caused by impaired blood flongadeng to a disruption of oxygen delivery, and/or

by influx of inflammatory cells creating a situation where oxygen demand exceeds
supply. Pathologicalidgsue hypoxia (andn some situations systemic hypoxia) is a
prominent feature in many disease stated, s been reported to have both positive and
detrimental effects. Campbell and colleagffebave shown that n&wphil-dependent
depletion of oxygen is integrto and promotes the resolution of inflammation in a mouse
colitis model. Additionally, therare data demonstrating that hypoxia withbsequent
HIF-1 Ustabilisation $ection1.8.3.) plays an important role in wound healfifiy>*>*
Whereas HIFLU st abi |l i sat i dealingp HIB2ribt @ & | entoiuonnd i nd L
accelerated rate of wound closdté

In the setting of liver transplantation, ischaemic-goeaditioning (10 min vascular
clamping) prior to organ harvest improved biochemical markers of liver function and

reduced livedonorcell apoposis and transplant neanctior?*2 Such ischaemic pre
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A
Atmospheric p0, 20 kPa
Brain p0, 6-8.6 kPa
Skl po; 0:5{1 KEn Arterial p0, 13.2 kPa
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B C

Figure 1.8: Hypoxia is present in physiological and pathologicatircumstances.

A. A range of different oxygen tensions exist throughout the body under physiological
circumstances; ranging from 13 kPa in the arterial blood to 6 kPa in the brain and
substantially lower oxygen tensions of around-®K&Pa in the skin, nacle and gut.B.

Axial and coronal PEACT images of a human patient with pulmonary tuberculosis. The
presence of hypoxic areas (white areas, see arrows) is dsag the hypoxia tracer

[*®F] F-MISO (adapted from Belton et &%) C. Local tissue hypoxia is present in
inflammation as demonstrated in this image which shows a section of mouse lung
infected with Aspergillus sppand stained for the pathogen (greenjlammatory cells

(blue) and for hypoxic areas with hypoxyprebéred, adapted froiGrahl et al'.
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conditioning has beetested in other clinical settings and is thought to work by pre
adapting the organ or tissue to hypoxia and hence reducing subsequent ischaemia
reperfusion injury (reviewed by Brooks and André)s Even more remarkably, brief
cycles of ischemia and reperfusion in the arm or leg may protect the heart against injury
following coronary artery occlusion and reperfusion, a phenomenon knowenmexe
ischemic preconditioning The mechanism by which this technique confers benefit is
uncertain; whilst one group found that the value of remote ischaemia was dependent on
HIF-mediated I1-10 transcriptioR®, another group found that HIF upgulation was not
required’. In contrast, the physiological responses to hypoxia have been shown to be
detrimental in other pathological settings. An example of thisumour formation.
Tumours are often hypoxi¢ due to rapidcell proliferation and insufficient or
disorganized neovascularisation and tumour hypoxia is associated with resistance to
chemotherapy and tumour metastadiiF-1 regulates glycolysis and the pentose
phosphate pathway, anihese cellular metabolic pathys increase the antioxidant
capacity of tumourghereby countering thexidative stress caused by irradiation. HIF
upregulation further stimulates tumour cells to produce VEGF and othemngrogenic
factors, which induce angiogenesis and protect rttierovasculature from radiatien
induced endothelial apoptosis.

Hypoxia has also been shown to play a role in a range of other diseasesegtispes

RAGE receptor expression in murine and human cystic fibrosis and its expression is
associated with infeion related, lung disease sevetity Belton et af'® show the
presence of hypoxic areas in patients viithcobacterium tuberculosi@TB); this was
demonstrated using PEJT scanning and the hypoxiacer {*F] F-MISO (Figure18B);
hypoxia potently upregulated MMP in MTB-stimulated primary humamonocyte
derived macrophages and in respiratory epithelial cells, and these proteases may
contribute to the tissue dama@avitation) that is so characteristic of this infection.

Others have shown that hypoxia induces an endothelial cell response similar to that seen
in systemic inflammation, with upregulation kf-13%°, IL-6%?% 1L-8%%2, PAF and ICAM

1 expressiori>?**4 Changes in oxygen tension and HIF activation have a profound effect
on cell function as described belokWowever, hypoxia may also exert Hikdependent
effects, and there is limited knowledge about primary human cell function under hypoxia,
especially in relation to the immune system. This is of significance, sites of

infection and injurycan be profoundly hypoxic. Hypoxia in this setting can be caused by
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impaired blood flow, leading to a disruption of oxygen delivery, and/or by indlux
inflammatory cells creating a situation where oxygen demand exceeds séoply.
illustration of local hypoxia in the setting of inflammation is showRigure1.8C; in this
imagé* a section of mouse lung infected wilspergillus spphas been stained for
hypoxia with hypoxyprobd (red); hypoxyprobe or pimonidazole is a commercial
research tool that forms addsiavithin a cell at oxygen tensions lower than 1.3 kPa and
labelled secondary antibodies to hypoxyprobe can then be used as a counté/astain.

by Niinikoski et al*® further showed that the presence of bacterial infection causes
additional wound hypoxia; whilst in uninfected wounds the oxygen tension rose from 0.9
to 3.9 kPa during healing, in the infected wounds the oxygen tensoppetl eve

further to near anoxic leveldissue hypoxia has also been demonstrated directly in
humans in head and neck tumours by Rademakers®& elho injected subjects with
pimonidazole prior to biopsy and showedlooalization of pimonidazole stainingith
HIFF1IU st abi | i s atfimetaboliamackersaof hypoxisb e r o

Above examples are ways to measure the presericgd t h oHypmxjab irc\vavd. The

term hypoxia(In-vitro hypoxia or fiexperimental hypoxia ) as wused in the
generallyindicates the use obxygen levels of approximately 1% (3 kPa) in the case

of cell based work’ and around 15% ©in case human volunteéf§ Howeve, as
mentioned above these are oxygen tensions that immune cells like neutrophils encounter
in physiological situations, so wheth&experimental hypoxia mimics fipathological

hypoxiais an important question.

1.8.2Cellular requirements for oxygen

Oxygen isvital for cellular energy production and is utilised mainly though a metabolic
pathway called oxidative phosphorylatian, which ATP is formed as a result of the
transfer of electrons from NADH or FADHo O, by a series of electron carriarsthe
mitochondria. Oxidative phosphorylation is highly efficient and generates 26 of the 30
molecules of ATP that are formed when a single glucose moiety is completely oxidized to
CO, and HO, and is the major source of ATP in aerobic organi&msiowever,
neutrophils contain relatively few mitochondf®***and due tcthe need to function at
very low oxygen tensions have adapted to function predominantly (although not
exclusively) by anaerobic metaboligihin the form of glycolysis During glycolysis,

glucose or glycogen is conved into pyruvate by a range of enzywatalysed reactions.
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This pathway is less efficient as the net gain is only 2 molecules of ATP. Key enzymes
that play a role in glycolysis have shown to be upregulated under hypoxic conditions
including glyceraldehyd&-phosphate dehydrogend$e®* and triosephosphate

isomerasel®®.

1.8.3Mechanism of oxygen sensing

Due to the importance of oxygenation of tissues and the wide range of effects hypoxia has
on cellular function, tB human body has sensitive mechanisms in placenonitor
oxygen tensions and induce appropriate respaatdesgh systemic and cellular levels. An
organ that plays an important role in oxygen tension in the body is the carotid body. This
is a neural credderived, highly vascularised organ, located at the bifurcation of the
carotid arteries, whose major function is to detect changes in blood oxygen tension. In the
carotid body, low arterial blood oxygen tensions lead to inhibition of freh&nnels and
hence glomus cell membrane depolarisation, resulting ffidBannel opening, increased
cytosolic C&" concentration and the release of transmitters such as catechofdfmines
this results in respiratory and cardiovascular reflexes that attempt to restore oxygenation
in the vital organ&’. On a cellular level the HIF signalling pathway fulfils the role of

oxygen sensing.

1.8.3.10xygen sensingthe prolyl-4-hydoxylaseHIF signalling pathway

HIF transcription factors are crucial mediators of ¢k#ular hypoxic responselhey are
heterodimers consisting @ine of three major oxygensensitive HIF s ubuni W,s ( HI
HIF2U o3 UHI Fand a c gessed suttunittHiEvbe | (ya lesxop known
hydrocarbon receptor nuclear translocator or ARNDfthe HIFU s u b u aliUt sa nHil F
HIF-2U0 ar e t he Umdersrormoxit oodditiendHIF1/2A is continuously
transcribed and translated t8IF-/720 pr ot ei n, which is rapid
degraded by the ubiqutjproteosome pathway, and hence normally present at very low
levelsHIF-F1U stability is regul at ed?2odxoglutardtee act i
and irondependent enzymes knowas the prolyld-hydroxylases or PHB%. PHDs

hydroxylate the two specific proline residues pro402 and pro564 within the oxygen
degradation domain (ODD) of HIE 823 Hydroxylation 6 HIF-1/20 al | ows it t «
to the VHL (Von Hippel Lindau) tumour suppressor protein, that acts as a recognition

component of the E3 ubiquitin ligase complex. Hydroxylated -HB) bec o me s
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polyubiquitinated at three lysines in the central ODD domain suh@mnce directed to the

26S proteosome for degradafidh The halflife of HIFF1 U is <5 minutes i
conditon§. As intracellular oxygen l|levels dro
become limiting, PHDs fail to hydroxylate the pna residues within ODD of HH/2U .

The urhydroxylated protein is not a substrate for the ubiquitin ligase, and thus becomes
stabilised and translocates to the nucl@iss oxygersensing mechanism is ubiquitous

and allows cells such as neutrophils fienction effectively over a range of patho
physiological oxygen tensiotf§ (Figure1.9).

A second protein regulatingllF-1/2U activity is Factor inhibiting HIF (FIH), which
rendersHIF-1 Uranscriptionally inactive by hydroxylation of asparagB@s, thereby

inhibiting its inteaction with ceactivators p300 and CREB binding protein (CBP)
Following hypoxic stabilisationHIF-1/2U migrates to the nucleus, where it forms a
heterodimer with HIFL b . This heterodi mer binds to spe
CGTG) called hypoxiceasponse elements (HREs) located in the promoter regions of a
large number of genes (a list of HIF targets is given in Appendix 2), inducing their
transcription and modulating cell functions includiregll migration, growth and

apoptosis, energy metabolismatrix and barrier functiomnd angiogenic signalliid}.

1.8.3.2Effects of hypoxia and HIF on cell signalling

The biology of HIF signalling has been investigated by liihsgenic knockout (KO)

and overexpression mouse models. Targeted homozygous inactivatidt-ef/20?*+34°

or HIF-1 #*in the mouse is embryonically lethal, due to abnorraatular development.

Mice with heterozygous defects biiF-1 Uhave a reduced protective effect of hypoxic
preconditioning in a model of cardiac ischetfifsee above) and display very different
carotid body neural activity and ventilatory adaptation to chronic hyp8xiehe role of

HIF-1 Un individual cell lineages has been explored using-t@mesgenics, and this
appoach has demonstrated that in addition to hypoxia adapkii;1 Us required for
normal physiological functions in a range of settings, in particular in the immune
systen****® Both of these studies show that HIFU defi ci ent myel oi
profound defects irkey effector functions includingadhesion, migration, chemotaxis,
matrix invasion and bactericidal capaciBeyssonnaux et &° also found that HIRLU-

null neutrophils showed decreased enzymatic activity and protease content in comparison

to WT neutrophils, while vHinull neutophils exhibited increased protease activity; this

59|



1. Introduction

Normoxia B Hypoxia
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responsive genes

Figure 1.9: Hypoxia inducible factor regulates most cell responses to hypoxia

Classically, cells respond to changes in oxygen levelsegns of hypoxia inducible

factor (HIFymediated signalling. Under normal conditions the HIEl s ubuni t
hydroxylated by the prolyl hydxylases (PHD's). This allowor HippetLindau factor

(VHL) to bind to HIF1 U, targeting it rdtecosomed dgherPERsat i on
exhibit reduced activity under hypoxic conditiomsipairing VHL binding to HIF1 U .

This allows HIF-1 Uo stabilize and migrate to the nucleus, where it forms a heterodimer

with HIF-1 b . This heterodi mer binds to hypoxic
of genes inducing their transcription.
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is discussed in more detail belose¢tion1.8.5. The role of the HIF oxygemensing

pathway in inflammation is supported further by a study of Walmsley %t sthowing

that PHD3deficient mice subjected to acute lung injury have increased levels of
neutophil apoptosis and clearanceHowever, PHD deficiency affected neutrophil
apoptosis in the presence of preserved HIF transcriptional activity, indicating a likely
specific function for PHD3 in regulating neutrophil apoptosis under hypoxic conditions.
Pharmacological approaches can also be used to interrogate the HIF signalling pathway,

in particular the use oflIF-1 U st a Hheleia® 8rcempounds that are widely
employed; dimethyloxalylglycinéDMOG), desferrioxamine mesylat®FO) and cobalt

chloride (CoCh). These compounds each work in a slightly different way but all lead to

the stabilisation of HIF. DMOGsia 2oxoglutarate analogue that acts as a competitive
inhibitor of PHDs and FIHDFO is an iron chelator, anthelation of F& bound to tle

active site of PHD inhibits its enzymatic activitgoCh alsoworks as an iron chelator,

but ha also been reported to bind to the PAS domain, blockinglHiFVHL binding

and thereby increasing HIE U s t 3% Work with theseHIF-1 U st aamnd With z er s
transgenic mice has helped identify many HIF targets and functions, although much
remains to be discovered. There are data, mainly in irencefis, linking some of the
effectsofHIF-1 W o t he NFaB pathway. NFaB is a f ami
that play an important role in regulating cytokine production, cell proliferation,
differentiation, adhesion, survival and apoptosis @sewed by Baeuerle et *3). In
resting cells NFaB i-sopmrmdk sfeanrt timatiomNsFrahBed anca c t i
by ligands suchas TNF  whi ch prompt the activation of
phosphorylatord e pendent degradation of | 8B, all ow
and activate target genes. Walmsley et>ahave shown that the hypoxiaduced

survival of neutroplis is mediated byHIF-1 W ependent NFeaB activat
support for crosstalk between these pathways comes from Cockmah ettad. showed

that FIHcan fdr oxyl ate ankyrin repelditan oxygen p105
dependent manner, and Dyugovskaya ef4. who show t hat NFaB pl
role in neutroph survival after intermittent hypoxic exposuriaterestingly, Culver et

al>*" demonstrated a HFndependent mechanism of hypoxi
hypoxic stress | e ad i thrgugh taocalciura/@&imddulim kinese  a c t |
dependent pathway. Hypoxia has also been shown to modulate a number of other key cell

signalling moleculesn vitro including 88 MAPK3*® PKC, and Src family kinase$®,

61|



1. Introduction

indicating that hypoxia can activatemultiple stressactivated signalling pathwaysjuch

of this data is derived from studies on rat neural cellatocardiac myocytes. Of possible
relevance to neutrophil degranulation, the GTPase Rac and thebiacling protein
Filamin A (FLNA) have recently been identified as hypoxia targets. Misra et
al.**demonstrated that hypoxia increased localisation of Racl to the plasma membrane,
leading to increased cell motility indicating a role in tumour metastasis. AltHouglan
neutrophils preferentially express Rac2, these GTPases have a high degree of sequence
homology and many overlapping functions, hence this could be relevant to human
neutrophil degranulation in the hypoxic setting. Filamin A (FLNA) is a large -actin
binding protein that is widely expresseahd stabilises -8limensional (3D)actin webs

and links them to cellular membrafd®szheng et af®? showed that FLNA interacts with
HIF-1 U b ut -2ndilomelatdinacell lines, increasing nuclear localisation of HIB .
HIF-1U can also be activated in a hypoxaependent manner, as shown by
Peyssonnaux et a1° using exposure of WT mouse monocytes to a range of pathogens
and inflammatory agents such as BPS On phagocyotosis of group Btreptococcs,
Staphylococusor Salmonellaspp, macrophages upregulated HIiFexpression to levels
similar to those found under hypoxia. In addition, LPS induced-dtfbilisation and
downregulated PHD2 and PHDBIRNA. These experiments indicate that HIB
regulates myeloid cefunction in inflammation, not solely in the context of hypoxia.

1.8.3.3The roles of HIF-1Uand HIF-2Uin neutrophil function

HIF-20was identified in 199943 andHIF-1 U &®IfF-80 can regul ate t h
of many hypoxianduced genesalthougheach HIFU i s ddsonique targetsTheir
stabilisation kineticsare also differentHIF-2 U st a b i Hdelaged,tbutonmore i s
sustained in comparison tdlF-1 U st a b The biclogital axtions oHIF-2 Un
response to hypoxia are distinct from those of -#HiF(reviewed by Loboda et &)
HIF-2Umediated signalling is of particular importance in erythropdi&sisiron
homeostasis®, metabolisr?*3"93"2 vascular permeability>, and tumour biology and
angiogenesisréviewed by Keith et a’%). The role of HIF2Uin immunity has been less
extensively investigated thahat of HIR1U However, Elks et a” showed that in a
zebrafish model of TBHIF-1 U a n-8 UnHhéuFophilshave opposing effects on host
susceptibility to mycobacterial infection via modulation of inducible nitric oxide synthase

(iNOS) signalling at early stages of infection; stabilisation of-HIEr deletion of HIF
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2 Uead to increased levels of reactive nitrogen speciesreshated the mycobacterial

burden in this modelThompson et a’® have recenthalsodelineated a role for HI2U

in human neutrophil longevity. Neutrophils derived from 3 patients with-gfaianction

mutations in HIF2U disday a reduction in austitutive apoptosis, although HIF
stabilizerswere able to further delay apoptosis in these cells. Neutrophils from these
patients showed increasetlF-2 U t ar get gene expression (VE
chemotaxis, respiratory burahd phagocytosis were unaffected. Finally, Thompson and
colleagues showed that HEU def i ci ency reduced neutrop
damage and vascular leak in a mouse model ofoB&iated lung injury. These studies

indicate that HI2 U i s  easnanrirgportarg regulator of neutrophil functiand
inflammation. Due to the temporal differences in expression of the two isoforms it is
possiblethatHIL a U pl ays a major role in th2aU0init:
mainly plays a rolemodulting neutrophil function inthe rsolution phase of the

inflammation

1.8.4Neutrophil function under hypoxic conditions

Neutrophils play an important function in the inflammatory response and their function is
profoundly affected by hypoxia. Using a @ezgetel myeloid HIF1U knockout mouse,
Cramer et af*®r emoved the myeloid cellsd capacity
drop in the glgolytic capacity of these cells; thigsulted in a substantial impairment of

myeloid cell adhesion, migration and bacterial killing. Hypoxia has been shown to alter

the phenotype and function of human neutropmmlwitro. Work by Mecklenburgh et

al>’" demonstrated that neutrophil apoptosis was delayed by exposure to hypoxia or by

iron chelation, sugging an important role for HIF in determining neutrophil lifespan.

Further work by Walmsley et & confirmed a role for HIRRU in this effect, since
neutrophils derived from the HIEUJ conditional knockout mice described above showed
increased apoptosis under conditions of hypoxia.

McGovern et af?’ demonstrated that hypoxia affects neutrophil function as well as

| i fespan; hypoxia compromi sed the neutroph
response tofiprimed stimulation ( -GIW/fMLP), stimulation (PMA), and even

ingested particles (zymosan). Ascansequencéactericidal capacityo S. aureuswas
alsoimpaired The impairment of bacterial killing wasostulatedo be due to a lack of

molecular oxygen as a substrate for ROSdpabion, since r@xygenation of the cells
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rapidly restored both the oxidative burst and killingsofaureusOf note, hypoxia did not
prevent phagocytosis or shape change in response -8 hencemany neutrophil
functionsappear to bereserved or eveaugmented at low oxygen tensions. A recent
paper from Shuang Ma et HP reported that hypoxia increased cell polarisation in
response to fMLP in HI60 cells (a neutrophiike cell line) and that storeperated

calcium entry plays a role in this process.

1.8.5Neutrophil degranulation under hypoxic conditions

Knowledge of how hypxia affects neutrophil degranulation is lackifublisheddata

from our laboratory/® suggestedhat NE release is increased under hypoxic conditions.
Peyssonnaux et &° found arole for HIFLU in the production of
proteases; HIAL Whull neutrophils showed decreased enzymatic activity and protease
content in comparison to WT neutrophils, while vHUll neutrophils exhibited increased
protease activity. Hower this might be caused by developmental differences, as
neutrophil granules form during maturation in the profoundly hypoxic environment of the
bone marrow, and othéf$**! have shown that mature circulating neutrophils do not
transcribe or translate mRNA for NE or other granule proteins. This probable
developmental effect complicates the use of-#MIBwll mouse neutrophils to study the

role of HIFF1 h hypoxic degranulation.

The effects of hypoxia on degranulation in other cell types have been studied in a little
more depth. There is some evidence that hypoxia can induce mast cell granule

releasé®?383

although others have suggested that thmnisndirect effect, mediated by
MCP-1 released from hypoxic alveolar macrophafesOthers, like Pinskey et &° and
Goerge et al**® have shown that hypoxia induces rapid endothelial cell degranulation.
Hypoxic exposure led to exocytosis of endothelial cell Wesade (WP) bodies,
releasing von Willebrand factor (VWF) and increasing expression of the adhesion
molecule, Rselectin on the cell surface; Pinskey et®apostulated that endothelial WP
body exocytosis occurs during hypothermic/hypoxic cardiac preservation, priming the
vasculature to recruit PMNs during reperfusion.

Thus the induction or augmentation of degranatain aher cell types under hypoxia,
plus thepreliminary data fromMcGovern et af’® indicate that hypoxia may modulate
neutrophil degranulation. Thmotential significance of such an effect to a range of disease

processes including common and debilitating conditions such as COPD, led me to

64 |



1. Introduction

hypothesise that hypoxia upregulates neutrophil degranulation, and that this is detrimental
to the host in diseassettings.

1.9Summary

Neutrophils are key effectors of the innate immune system and have an array of
Aweaponso t o el i mi n aabuadanp granules.g Ehess ,neutrophic | u d i
granules contain proteins capable of causing substantial tissue damagephiu
degranulation has been shown to be detrimental in a range of disease states, for example
the smokingrelated lung disease COPD. Neutrophil proteases such as NE, MPO and
MMP-9 can degrade extracellular matrix proteins, and are implicated in thegpa#sis

of emphysema. However, most physiological stimuli induce minimal extracellular
degranulation. Signalling pathways regulating neutrophil degranulation are poorly
understood, but include PI3K, PLC and calcium transients. Many tissues such as the ski
and gut are hypoxic under physiological circumstances (physiological hypoxia), but sites
of inflammation and infection can also be profoundly hypoxic (pathological hypoxia).
Hypoxia affects neutrophil function, impairing the generation of reactive oxygecies

and reducing bacterial killing. However, little is known about neutrophil degranulation

under hypoxic conditions, and thisll be the focus of my thesis.
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2. Hypothesis & Aims

2.1Hypothesis

Hypoxia induces a highly destructive neutrophil phenotype with an increased lifespan, a
substantial reduction in oxidasependent bacterial killing and an increase in their ability

torelease granule proteins. These effacesexacerbated by cigarette smoke.

2.2 Specific ams

1. To determine whether hypoxia upgulates the secretion of NE either in
isolation, or as part of a more generalisedregulation of the neutrophil

secretory repertoire.

2. To investigate whether cigareteanoke and hypoxia act synergistically to

modulate neutrophil degranulation.

3. To explore the effects of hypoxia on neutrophiédiated tissue injury.

4. To determine the mechanism(s) wherdiypoxia modulates degranulation

66 |



3. Materials and Methods

Chapter 3

Materials and Methods
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3. Materials and Methods
3.1 Materials

Amersham Biosciences (Buckinghamshire, URgrcoll®, dextran 500 (mw 500,000,

dissolved in sterile 0.9% saline (6% w/v) and stored at 4°C)
AnaSpec EGT groufEGTA (tetrasodium salt, 10 mM)

Baxter Healthcare (Berkshire, UKSterile 0.9% sodium chloride

BD Biosciences (Embodegen, Belgiurifalcon mlypropylene tubes (50 ml and 15 ml),

50 ml syringes, Falcon flexible 98ell plates, Cellfix"
Cal BiochemPanPI3Kinhibitor (LY294002)

Cell Signaling Technology®c | eaved caspase 3 r abaotint

polydonal antibody

Dako: goat antimouse horse radish peroxidase (HRB)jugated IgG

mo n (

Fisher Scientific K): Keratinocyte serush r ee medi a (VX17005075) A

pituitary extract, 0.23g/ml rEGF, 25Gg/ml puromycinand 285 g/ ml G4 1 8.
GE Healthcare (Little Chalfont, UKECL (Enhaaced Chemiluminescence) system
Hycult Biotechnology (Cambridgeshire, UKactoferrin ELISA

Hospira Venisystemssterile 19 gauge Butterfly needles

Invitrogen: (Paisley, Scotland, UKhjtanks balanced salt solution (HBSS)ahd6)-
chloromethyt2',7-dichloro-dihydro-fluoresceinrdiacetateacetytester(CM-H2-DC-

FDA), secondary antibodyA{exa Fluor 488 donkey antigoat IgG),F-actin stain
(rhodamine phalloidin), DAPI containing mountant (Gold datie)

Kentucky Tobacco Research & Deveinent centre3R4F cigarettes
Life Technologies (Paisley, UK): Iscove's Modified Dulbecco's Medium (IMDM),

Enzcheck Elastase assay kit;DBEK medium with 100 U/ml penicillin, 10 pg/ml
streptomycin, 25 pg/ml amphotericin B (Invitrogen) and 10% fetal ealfra (GIBCO).

Lonza (Berkshire, UK):human bronchial epithelial cells, bronchial epithelial growth

media (BEGM)

Martindale Pharmaceuticals Ltd (Essex, Ulsjerile calcium chloride, sterile sodium

citrate
Merck Ltd.( Nottingham UK)May/Grinwald/Giemsatain

National Diagnostics (UK)Protogel (40%), stacking buffer, resolving buffer.

Radiometer (Copenhagen, DenmarkBL80 Basic automated blood gas machine and

calibration reagents
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R&D Systems (Oxfordshire, UKhuman recombinant granulocyte macrophage celony
stimulating factor (GMCSF), MMR9 ELISA Duoset kit, goat anti rabbit 1g&PC,
phosphekinase antibody array

Ruskin Technologies, (Yorkshire, UKRuskin Invivo2 400 hypoxic chamber

Santa Cruz Technologyseérmany):neutrophil elastase goat polyclonal antibody, donkey

antigoat HRRPconjugated 1gG

SigmaAldrich, (Dorset, UK):cytochrome C from equine heart, phorbotrgristate 13
acetate (PMA), superoxide dismutase (SOD) from bovine erthrocytes, phospifextedou
saline (PBS) with (PBS or without (PBS calcium chloride and magnesium chloride,
dimethyl sulfoxide (DMSO), Trypan blue solution (0.4%), cytochalasin Boriyl-
methionyteucylphenylalanine (fMLP), tissue culture grade bovine serum albumin
(BSA), Tween20, Trireagent, Ur3122 (phospholipase C and, Ahibitor), trans
styrylacetic acid (PAM inhibitor), poH.-lysine solution, DMOG, DFO, hydrogen
peroxide (30%), @lianisidine dihydrochloride, TRI reag&ntPAM inhibitor (4phenyl 3
butenoicacid), PLC inhibitor (J73122),PI3Kdo i nhi bi t o PIBKOAS &GOS D4 @ ),
(IC87114), Thapsigargin, Cyclohexamide, RbHWysine solution, glyceregelatin,
lactate dehydrogenase (LDH)-daanisidine dihydrochloride (DMB), Triton 400,
polyvinylidene flworide (PVDF) membrane, -[3,5-dimethylthiazoi2-yl]-2,5-diphenyl
tetrazolium bromide (MTT)

Qiagen (Manchester, UKprimers for housekeeping genes B2M, 18S, granule proteins
NE, MMP-9 and lactoferrin and for hypoxia targets BNIP and GLUT1

VWR International(Leicestershire, UK)DPX mountant, methanol, Eppendorfs (Safe
Lock micro test tube, PCR cleannf).
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3.2Neutrophil isolation

Ethical permission for taking peripheral blood from healthy volunteers was obtained from
the Cambridge Local Research Ethics @uttee (REC reference 06/Q0108/281).
Neutrophil isolations were performed under sterile conditions in a laminar flow cell
culture hood (Microflow Class Il cabinet). Steriflypropylene tubes (Falcon) and
reagents were used throughout.

Neutrophils were lated using dextran sedimentation followed bytcRmation over
discontinuous lasmaPercoll® gradients. Blood was taken by venepuncture, performed
by a qualified operator using a sterile 19 gauge Butterfly ngéttispira Venisystems)

and 50 ml Plastipk disposable syringes. The blood was carefully transferred into 50 ml
tubes (Falcon) containing 4 ml of 3.8% sodium citrate, to a total volume of 40 ml. All
subsegent steps were performed at°€2 unless otherwise stated. The tubes were
centrifuged at 30 g for 20 min, to yield platelet rich plasma (PRP) and pellets comprising
red cells and leukocytes. The pellets were dexdetimented by the addition of 6%
dextranr500 (2.5 ml/10 ml of cell pellet). The volume was made up to 50 ml with pre
warmed(37°C) sterile 0.9% saline (Baxter), carefully but thoroughly mixed, and allowed
to stand for 30 min to allow erythrocyte sedimentation to occur. The PRP from the initial
spin was used to make platelet poor plasma (PPP) and autologous serum; autologous
seum was prepared by the adxadl0imboi PRPfand22 0 ¢
incubation at 37C, whilst PPP was prepared by centrifuging the remaining PRP at 1400
g for 20 min. The pellet from this spin (containing the platelets) was discarded and the
PPPretained.

After erythrocytesedimentation, the leukocyteh plasma (upper layer) was carefully
aspirated from the red cell lower layer and centrifuged at@2&8 5 min. The pellet
(containing mixed leukocytes) was gentlysiespended in 2 ml PPP atrdnsferred to a

15 ml tube (Falcon), where it was undiayered with 2 ml freshly prepared 42% Percoll®

in the autologous PPP, which was then further utadgred with 2 ml of freshly
prepared 51% Percoll® in PPP. Undigyering was performed using a ggapipette,
which had been sterilised by autoclaving (Zl@or 4 h). The gradients were centrifuged

for 10 min at 15@, with the brake and acceleration speed set to zero. The mononuclear
cells remained at the top interfabetween the plasma and 42% @ layer, with
granul ocytes <cell s (O 95% neutrophils) at
Percoll® layersKigure3.1).
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Figure 3.1: Neutrophil isolation using discontinuous fasmaPercoll® gradients

Neutrophils were isolated from healthy volunteers using discontinuous PRemall®
gradients. A. Photograph oplasmaPercoll® gradients following centrifugation.
Mononuclear cells comprise the top interface between the plasma and 42% Percoll®
layer, with neutrophils at the interface of the 42% and 51% layer Percoll® layers. B. & C.
are representative photomicrographs of cytasfiom the upper mononuclear and lower
neutrophil layers respectively (x40 magnification).
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Each band was aspirated with ateas pipette (Appleton WoodsJhe granulocyte pellet
waswashed once in PPP, once in phosphate buffered saline withbumgd (PBS)

and once in phosphate buffered saline witi"M4g?* (PBS), each time by spinning at
2569 for 5 min. Using this method, the neutrophil isolate is >95% pure with less than 1%
monocyte contamination. Cytospins were made by centrifugation in a @h&ydospin

3 centrifuge (3 min, 300 rpm). To assess purity, the cells were fixed in methanol and
subsequently stained with May/Grunwald/GiemSgre 3.1). Cells were countedsing

light microscopy (Olympus CX31).

3.3Working under hypoxic conditions
3.3.1The hypoxic incubator

An In-vivo 400 hypoxic incubator (Ruskin Technolgdiygure3.2A) was used to analyse

the effects of hypoxia on neutrophil function. The gas levels in the hood are controlled by
the Gas Mixer Q, which calibrates the §ensor automatically through a touch screen
control. It controls @levels from 0.0% to 20.9% and G@&om 0.0% to 30.0%; @and

CO; levels are programmable in 0.1% increments. The chamber is supplied with separate
feeds of compressed air, nitrogen, carlshoxide and 10% hydrogen/90% nitrogen. A
palladium catalyst can be employed to create anoxic conditions. Thermostatic monitoring
controls the temperature, and maximum humidity is limited by controlled condensation.
Items can be placed in the chamberavismall mailbox on the side, which is flushed with
nitrogen upon closure, thereby preventingpxggenation of the hypoxic chamber when
adding or removing materials. The chamber contains standard electrical supply points for
equipment (such as a miecentifuge and thermanixer) and the front is removable,
thereby allowing equipment to be placed into the chamber when needed. The chamber is
maintained at positive pressure above ambient levels and the control unit supplies an
appropriate gas mix when the psere falls. An important general issue is that it is the
oxygen tension in the chambtratis being controlled directly, not the oxygen tension
experienced by the cells placed within it, which aa¢hbd in tissue culture mediall

media to be used inng experimental setting were therefore placed in the hypoxic
workstation to equilibrate for at least 3 h prior to use and analysed as documented below
(section3.3.2.
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pH pO, (kPa) pCO, (kPa)
Hypoxia 7.45 +£0.001 3.35+0.14 4.19 £ 0.069
Normoxia | 7.40%+0.02 | 21.65+0.49 | 4.30+0.28

Figure 3.2: Working with the Invivo , 400 workstation

A. Ruskinn Invive 400 workstation used to conduct all work under hypoxic conditions.
B. Blood gas analyser from Radiometer used to check the pHamp®DpCQ. C. Blood

gas analyser readings (pH, pé@nd pCQ) of normoxic and hypoxic media from n>20
experiments. Resultgpresent mean + SEM. (A. Adapted fraitp://www.bioquip.com

B. Adapted fromhttp://francais.radiometer.ch
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3.3.2Analysis of media pH, pQ and pCO;

An ABL80 Basic blood gas analyser (Radiomekgure 3.2B) was used to measure the
gaseous partial pressures ¢Edd pCQ) and pH of the media encaened by cells. The
ABL8O0 Basic measures pHCO, andpO,through a multuse disposable sensor cassette
containing a low volume, flowhrough cell. The ABL80 basic has disposable solution
packs, containing precision tonometered electrolyte solutpatkaged in gas tight
di sposabl e pouches, to enable calibration.
before each experiment to ensure accurate function.

Because of the expense and limited lifespan of the calibration and QC solutions, |
analysed thenedia used in my experiments for periods of 2 months at regular intervals to
ensure that the hypoxic amder was delivering media witbartial pressureof O, of 3

kPa and pH of 7-2.4. The optimum settings for the hypoxic hood to achieve the desired
leved of hypoxia in the tissue culture media were determined previously by Dr Naomi
McGovern. Bicarbonate uf f er ed medi a, such I scoveos
(IMDM) required settings 5% Cf£and 0.8% @ which, after a 3 h equilibration, gave
media with apH of 7.4 and an ©partial pressure of approximately 2.92+0.29 kPa
(Figure 3.2C). For phosphatbuffered media such as PBS the optimal hypoxic chamber
settings were found to be 0.5% ¢&hd 0.8% @, which deliveredh pH of 7.16+0.03 and

an Q partial pressure of 3.07+0.09 kPa. All solutions for use in the hypoxic hood were
pre-equilibrated to hypoxia for 3 h.

Care was taken to prevent access of oxygethé hood during experimental procedures,

by ensuring that adequate flushing of the access mailbox or hand ports with the
appropriate hypoxic gas mixture was performed. All reactions were fully stopped (by
centrifugation and aspiration of supernatants)rpio removal of any samples from the
hood, to ensur#hat theresults were not confounded byarygenation. All experimental
procedures were performed in parallel in the hypoxic hood and outside the hood (ambient

oxygen = Onor mo x i phibpyepacation.t he same neutro

3.4 Preparation of cigarette smoke medium

Research grade 3R4F cigarettes (Kentucky Tobacco Research Institute) were used to
prepare the cigarette smoke medium (CSM). CSM was made by bubbling the smoke from

3 cigarettes through 25 ml of IM® in a 50 ml conical tubeThe CSM was filtered
through a 0.22 em filter to remove | arge
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measured and adjusted when necessary (to pHTh)solution was designated as 100%
CSM, and 500 pl aliquots were staor at-20°C. Aliquots were defrosted and diluted in

culture medium to yield concentrations specified for each experiment.

3.5Neutrophil extracellular reactive oxygen species production

The superoxide dismutase (SOiDhibitable reduction of cytochrome C svaised to
measure extracellular superoxide anion @roduction. Cytochrome C is an electron
transferring protein that contains a haem prosthetic group. The iron in the cytochrome
alternates between a reduced ferroud g2ate and an oxidized ferric*j3state during
electron transport. The color change induced by the reduction is quantified by measuring
the optical density of the solution at 550 nm. The concentration of superoxide anion

released was calculated by the Beambert Law:
A = “c¢cl, where

A = absorbance, | = path length (1 cm, the width of the cuvettes used), ¢ = concentration
of the substanceinmbl and ° = the molar absorption
Freshly isolated neutrophils were suspended in ‘P&S11.1*1F/ml at 37°C under
normoxic or hypoxic (0.8% ©and 5% CGQ@) conditions, in a thermmixer shaking at

450 rpm. Neutrophil aliquots of 90 pl in 2 ml Eppendorf tubes were primed with
granulocyte macrophage colony stimulating factor ¢GBIF, R&D) 10 ng/ml, or treated

with vehicle for 1 h. Next, g-warmed cytochrome C (prepared with hypoxic or

normoxic medium and kept at 7 under hypoxic or normoxic conditions) was added

(750 ¢, 1. 2 mg/ mThe dells waré sulisenunently stimulaaed withn ) .

either fMLP (100nM, Sigma), or PMA (200 nM, Sigma) or vehicle for 10 mitach
reaction was performed in quadruplicate,
included in one of each set of quadruplicatéslls were pelleted and the supernatants
transferred to freh tubes before removal from the hypoxic hood. The supernatants were
placed in cuvettes (200600 nm, Uvette, Eppendorfllhe superoxide dismutase
inhibitable reduction of cytochrome C was measured by assessing the optical density
(OD) of the supernatantgt 550 nm using a scanning spectrophotometer. The OD at 550
nm was converted to nmol superoxide/ml using the extinction coefficient of cytochrome
C (21*10Mcm™). The values for the tube incorporating SOD (which convegtst@®

hydrogen peroxide) were subtracted from the corresponding triplicates.

75|



3. Materials & Methods

3.6 Measurement of intracellular reactive oxygen species (ROS) production

To determine the effects of CSM on intracellular ROS production the proaed®)-
chloromethyd2', 7 dichlorodihydrofluorescein diacetate, acetyl ester (EMDC-FDA),
abbreviated henceforth as EKDA, was used. This compound is rituorescent until

the acetate groups are removed by intracellular esterases and oxidation occurs within the
cell. Esterase cleavagé the lipophilic blocking groups yields a charged form of the dye

that is much better retained by cells than is the parent compound. Once the probe is taken
up into the cell, the cells can be fixed and oxidation of the probe can be detected by
monitoringthe increase in fluoresnce using flow cytometry. A3C-FDA is susceptible

to photeoxidation, lowlight conditions were used and the reaction tuegpped in foil.

Freshly isolated neutrophils were-sespended in HBSS (om1! ) and 500 ¢l
transferred to Eppendorf tubes. BCDA (0. 2 ¢ M, 500 ¢1l) was
suspension for 10 min (final volume 1 ml). The IPOA-loaded cells were spun down

and the supernatant removed. Cells wersuspended in 500 ul of HBSS and incubated

for 10 min toallow for esterase cleavage of the acetate groups, rendering the dye sensitive
to oxidation. The cells were spun down anesuspended in HBSS (500 pl) with or
without a range of CSM concentrations and incubated for 30 minutes. PMA (200 nM, 10
min) was ued as positive controAl i quot s (200 ¢l ) of the cel
a mi x of-cod®itimised Cell €X8 and2 50 ¢°] SarfpBSwere analysed
immediately by flow cytometry (CANTOII, BD bioscience), using the-Flchannel,

gating on ganulocytes by forwardand sidescatter properties, and the mean fluorescence

of the individual samples was measured.

3.7 Apoptosis assays

To assess the effects of hypoxia/hypoxia mimetics on neutrophil apoptosis, purified cells
were resuspended at 5*f@ells/ml in IMDM supplemented with 10% autologous serum
and cultured at 37°C under normoxic conditions (with or without hypoxia mimetics) or
hypoxic conditions, in Falcon Flexiwell 98ell low attachment plate inserts (135 pl cell
suspension and 15 pl hgpia mimetic).For morphologic assessment, neutrophils were
harvested at 20 h by gently pipetting up and down 3 times, using cell saver tips. Cytospins
were made by centrifugation of the samples in a Shandon 3 Cytocentrifuge, 3 min at 300
rom,and the resuftg slides fixed in methanol (4 min) and stained with
May/Grunwald/Giemsa (DiffQuick reagents, Reagena).
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A

1. Healthy Nonapoptotic 2. Early apoptotic 3. Late apoptotic

[ &)

1. Nonapoptotic 2. Early apoptotic 3. Late apoptotic

e

Figure 3.3: Different stages of neutrophil apoptosis

Morphology of norapopotitic, early apoptotic and late apoptotic neutrophils.
Photomicrographs illustrating the different stages of neutrophils apoptosis. The cells were
stained with May/Griinwald/Giemsa (100x magnification) B. Cartoons illustrating the
nuclear morphological changes used in scoring slides

77|



3. Materials & Methods

Morphology was examed by oitimmersion light microscopy (100 x magnification,
Olympus CX31)with. 300 cells per cytospin were counted. Apoptotic neutrophils have a
distinct morphologic appearance with cell shrinkage, cytoplasmic vacuolation, and
condensation of chromatin,dding to the loss of the normal mtllbed nucleusKigure

3.3).

3.8 Assessment of degranulation
3.8.1 Assessment of the effect of hypoxia on secreted MEtivity

Freshly isolated neutrophils were -sespended in normoxic or hypoxic IMDM
(11.1*1F/ml). 270 pl aliquots were transferred to 2 ml Eppendorf tubes and incubated at
37 C for 4 h under normoxic of hypoxic conditions. After 4 h the cells were prisidd
cytochalasin B (5 pg/ml, Sigma) for 5 min, G&@SF (10ng/ml) or vehicle for 30 min.

The cells were subsequently stimulated with fMLP (100 nM) or vehicle for 10 min
(Figure 3.4). Cells were pelleted and the supernatants were transferred to fresh tubes
before removal from the hypoxic hooSamples werdrozen and stored aB0°C until
further analysisTo check that the neutrophils were intact (amat extracellular NE had

not been released by degranulatiather than by necrosis), aliquots (90 ul) were taken to
make cytospins after stimulation. The cells were subsequently stained with
May/Grunwald/GiemsaFigure 3.5 shows representative photomicrographs of cytospins
from 3 independent experiments (40x magification). The viability of the cells was also
checked using trypan blue staining and waginely >99%.

3.8.2Quantification of NE

Assays available to quantify NE fall into 2 categories: those that measuogaiheemount
of elastase releaséohcluding NE complexed with inhibitors such as alphkantitrypsin

(U-AT), plus free NE) and those thguantify the amount oéctive elastase, based on

enzymatic cleavage of a substrate. Total elastase is usually measured bybEEERA
assays, however such assays may not reflect accurately the capacity for tissue damage.
Measuremenbdf NE activity was hence performed using the EnChek® activity assay
(Molecular Probes), which is based on the cleavage oERGtin. The nofluorescent
substrate is digested by NE to yield fluorescent fragments. The resulting increase in

fluorescence can be monitorled a fluorescence multiwetllate reader. This assay was
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0 4h 25min 30 min 10 min
Incubation > Priming > Activation
normal/hypoxic conditions GM-CSF fMLP (100nM)
(10 ng/ml) _’.Cyt B
(5 ng/mi)

Figure 3.4: Flow chart of typical neutrophil incubation, priming and stimulation
protocol

Freshly isolated neutrophils were suspended normoxic or hypoxic IMDM
(11.1*1F/ml). 270 pl aliquots were transferred to 2 ml Eppendorf tubes and incubated at
37 C for 4 h under normoxic of hypoxic conditions (3 kPa5% CQ). After 4 h the

cells were primed with cytochalasin B (5 pg/ml) fominutes, or GMCSF (10ng/ml) or

vehicle for 30 minutes. The cells were subsequently stimulated with fMLP (100 nM) or
vehicle for 10 min. Cells were pelleted and the supernatant transferred to fresh tubes
before removal from the hypoxic hood and furthealysis.
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Normoxia Hypoxia

GM & fMLP Veh C

Cyt B & fMLP

Figure 3.5: Cytospins of resting and activated neutrophils incubated under
normoxic and hypoxic conditions

Neutrophils were rsuspended in hypoxic or normoxic IMDM at 11.1%h8l and
incubated under normoxia or hypoxia (0.8%and 5% CQ) at 37°C for 4 h. The cells
were then primed (GMCSF 10 ng/ml, 30 min or CB 5ug/ml, 5 min) and then activated
(fMLP 100 nM, 10 min). Cytospins were stained with May/Griinwald/Giemsa. Images are
repregntative of 3 independent experiments (x40 magnification).
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chosen because it is able to quantify active NE in supernatants, is sensitive ano quick
perform and can be used to measure multiple samples at low coshis-assay, 100 ul

of neutrophil supernatant (with 100 €L of
100 €L of diluted porcine pancreatic el as
combined with DQ elastin substrate diluted in 1x Reaction Buffieal(Eoncentration of

DQ elastin 25 pg/ml). The plate was then incubated in the dark, at room temperature (RT)

for 30 min (optimal time point determined in pilot experiments), after whiah

absorption at 485/535 nm was read by a nwéil plate readerRerkinElmer).The value

derived from the n@nzyme control was subtracted from each sample to correct for

background

3.8.30ptimisation of the NE activity assay

The number of cells per sample was titrated to optimise the sigmadise. As shown in
Figure3.6A, 3*10° cells gave a neamaximal response, and thisncentration was used
therefore used in all subsequent studies’ (@€lls per sample gave the maximum
response, but adoption of this as standard would have limited the number of conditions
that could be analysed in a single experiment). To study degranulation | used a priming
agent GMCSF (10 ng/ml) and subsequently anivating agent (fMLP 100 nM), as
stimulation with  GMCSF or fMLP alone did not reliably induce any detectable
degranulatonCyt ochal asin B (Cyt Bactin flaments,/istthe) w h
most effective agent known to augment neutrophil degraanlabut | wished to assess

and employ more physiological agonists; hence Cyt B was used as a positive. control
Under conditions of hypoxia (but not ambient oxygen)-GBIF (and also other priming
agents such as PAE  ¢) Bugmented the fML#hduced releas of enzymatically active

NE, although they were somewhat less effective than CyFigufe 3.8). GM-CSF
priming was used in further experiments. This assay was performed using IMDM as the
culture medium, because incubation in HBSS resulted in a high background signal in
unstimulated agative controls; this was speculated to be secondary to the stress induced
by lack of nutrients over the 4 h incubation periéddlditionally, it was found that
freezing the supernatants -80°C and subsequent thawing had no significant effect on

NE activity (Figure 3.€), enabling samples to be stored amdin batches.
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Figure 3.6: Optimising the neutrophil elastase activity assay

Neutrophils were subject to normoxic or hypoxic incubation for 4 h and primed with
cytochalasin B (5 pg/ml) or PAF (1 uM) for 5 min, or G&SF (10 ng/ml) or vehicle for

30 min; they were then stimulated with fMLP (100 hlgr vehicle for 10 min. NE
activity was quantified by the increased fluorescence caused by cleavageEa8Q.

A. Effect of cell density on basal and stimulated (cytochalasin B and fMLP) NE
production. B. Comparison of different priming agents C. Canispn of NE activity of
fresh versus frozen supernatants from the same experiment.-Eprésults represent
mean + SEM, samples were run in triplicate, n=3.
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3.8.4Investigation of the mechanism of hypoxianduced augmented neutrophil

degranulation

To investigate the specific role of hypoxia in neutrophil degranulation, a range of
different inhibitors were used. The NE assay was used as -@aueafl the effect of these
compounds. Details regarding the compounds, and the concentrations used, are given in

the relevant results sections and are summarisédhbie 3.1

3.8.5 Quantification of myeloperoxidase

This assay is based on theQ4-dependent oxidation of-dianisidine dihydrochloride
(DMB) by MPO, leading to a colour change and hence a change optibeat 460 nm.
Freshly isolated neutrophils (11.1*1@) in IMDM (270 pl aliquots) were subjected to
normoxia or hypoxia at 3« for 4 h and stimulatedxactly as documented in section
3.8.1 Cells were pelleted, and the supernatants were transferred to fresh tubes before
removal from the hypoxic hoodh addition, 3*16 cells in 200 ul PBSwere lysed with

10% Triton %100 (for assessment of total cellular MPO content). Lysed cells were spun
down, and the supernatants transferred to a new tube. Supernatants were H8QHD at

for subsequent analysis. Supernatants and lysates wdrestl, and 50 pl aliquots
transferred 1.25 pyg/mDMB indl® ( 50 €l ) wer e aThereattiont o eac
mixtureswere then incubated for exactly 15 min at 37°C. The reaction was stopped with
50 pl of 0.1% sodium azide in dB, and the samples were paicon ice. 200 pl of each
sample was transferred to a-@@ll plate and absorption was read at 460 nm by a multi
well plate reader (Biorad 680). MPO release (mean of triplicates) was expressed as a

percentage of the total MPO present in Tritod00-lysedcells.

3.8.6Quantification of lactoferrin release by ELISA

Freshly isolated neutrophi{¢1.1*1¢/ml) in IMDM (270 pl aliquots)vere subjected to
normoxia/hypoxia aB7 C for 4 hand stimulated exactly as documented in se&i8ri

Cells were pelleted and the supernatants transferred to fresh tubes before removal from
the hypoxic hood antéteezing at-80°C. Pilot experirants demonstrated that a Sf@ld

dilution of the thawed supernatants was appropriate to bring the samples into the range
measurable by a commercstlidphaseELISA (enzymelinked immunosorbenassay:
Hycult). The plates supplied with the kit wepee-coated with capture antibody against
human lactoferrin.
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, Final
Compound Function concentration Company
DMOG Competitive inhibitor of PHD 1 Me Sigma
enzymes
DFO Iron chelator 1 Me Sigma
. Inhibits interaction between .
Cobalt chloride HIFLU and VH 100nM Sigma
_— Inhibits eukaryotic protein :
Cycloheximide synthesis 1 pg/mi Sigma
Calcium chelator (1:1 AnaSpec
EGTA stoichiometry) 2 mM EGT group
Non competitive inhibitor of
Thapsigargin sarco/endoplasmic reticulum 10-100 nM Sigma
Cd* ATPases
LY294002 PanPI13Kinhibitor 10 uM CalBiochem
IC87114 SelectivePI3KU i nhi 3 UM Sigma
AS605240 SelectivePI3Ko i n hi 3 UM Sigma
U-73122 Inhibits the hydrolysis of PP 2 UM Sigma
4-phenyl Inhibits PAM ,
p epy 3. nhibits , an oxygen 1-500 M Sigma
butenoic acid sensor

Table 3.1: Compounds used in netrophil elastase activity assay

The compounds shown in the table were obtained and used at the concentrations
indicated; incubation times specified in the individual experisment
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Samples (1:500 dilution, 100ul) and standard4@0 ng/ml) were incubated in a-9&ll
plate.After an 1 h incubation at 37°C, the wells were washed 4 times with wash buffer
(supplied with kit), and a biotinylated tracer antibatided(1:11 dilution, 100 pl, 1 h,

22°C) which binds to the captured human lactoferrin, was added. After a further 4 washes
with the wash buffer, streptavidperoxidase conjugate (which binds to the biotinylated
tracer antibody1:23 dilution, 100 pl, 1 h, 22°C) wasdded. The peroxidase reacts with

the subsequently added substrate, tetramethylbenzidine (TMB, 1:11 dilution, 100 pl, 30
min in the dark, 22°C). This reaction was stopped by the addition of a stop solution
(supplied by kit, contains 2% oxalic acid, 100 ad the absorbance at 450 nm measured
with a spectrophotometer. A standard curve was obtained by plotting the absorbance
(linear) versus the corresponding concentrations of the human lactoferrin standards (log).
The concentration of lactoferrin presenttie samples (which were run concurrently with

the standards) was determined from the standard curve.

3.8.7Quantification of MMP -9 (gelatinase) release by ELISA

To quantify the total amount of MMP in the neutrophil supernatants, a DuoSet ELISA
(R&D) kit was used according to the supplied protocol, with minor modifications to
optimise detection of MM in neutrophil supernatants. Supernatamése prepared
exactly as documented in secti@mB.1 were defrosted and serially diluted 5fa0d.

Instead of overnight coating of the plate with the capture antibody (mouskuardn
MMP-9, 2 ng/ml), the plate was coated for 2 h at 22°C. rA3tevashes with PBSween,
nonspecific binding was blocked by 2 h incubation with PBSA (1% BSA), and the
plates were then washed thrice. Subsequently, the samples (1:500 dilution, 100 pl) and
calibration curve standards-800 pg/ml, 100 pl) were addeand incubated overnight to
maximise binding of MMP9 to the capture antibody. The supplied detection antibody
(goat antihuman MMR9, 100 ng/ml) was used (100 pl), but instead of strepta:ldRiP,
extravidin alkaline phosphatase (1:400 dilution in thepsad diluent, Sigma) was used

and the plate was incubated for 2 h, to improve the binding of the detection antibody to
the captured MMP. This antibody reacts with-ditrophenyl phosphate disodium salt;
using 4nitrophenyl phosphate disodium salt (heydtate tablet, Sigma) in
diethyanolamine buffer as substrate solution (100ul) eliminated the need for a stop
solution and enabled the absorption to be read continuously at 405 nm by -avehulti
plate reader (Biorad 680). This allowertto determine themt i ma | Ameasur emer
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The effect of these changes was assessed by repeated and comparative measurement of
the calibration curve. To quantify MM® in neutrophil derivedamples, atandard curve

was obtained by plotting the absorbance (linear) vetsisorresponding concentrations

of the human lactoferrin standards (log). The concentration of lactoferrin in the samples,

which were run concurrently with the standards, was determined from the standard curve.

3.8.8Quantification of secreted MMP-9 activity by gelatin zymography

Supernatants were prepared exactly as documented above (s@&if)n For this
experiment a 10% polyacrylamide gel was casing 30% acrylamide/ bisacrylamide
37.5:1in 375 mM Tris pH 8.8, 0.1 % sodium dodecyl sulphate (SDShaatporating 2
mg/ml of gelatin (Sigma). ®ymerisation was accelerated by the addition of 0.05%
freshly prepared ammonium persulphate (APS) @ido Temed (N,n,n;tetramethy
ethylenediamine). Watesaturated butanol was layered on top of the resolving mixture to
ensure a flat surface and exclude air. After the resolving gels had set (approximately 30
min) the butanol was washed away dimelstadking gel (5% acrylamide, 125 mM Tris pH

6.8, 0.1 % SDS with APS and Temed (to accelerate polymerisation as alaspsuned.

A 10-well comb was inserted carefully into each stacking. galpernatants were
defrosted and loaded (10 pl) onto thel in a 1:1dilution (in loading buffer). The gel was

run at 150 V for 120 min in 1 x Tris Glycine SDS. Followilgctrophoresis, the proteins
were renatured by rinsing the gel in 2.5 % Triton200 (3 x 20 min) at RT. After
rinsing, the gel was washed with MMPincubation buffer (50 mM TrisiCl (pH 7.6),

150 mM NaCl and 5 mM Cag)lmade fresh on the day of the experiment (2 x 20 moin) t
remove the TritorX. Subsequently MMP incubation buffer was added and the gel
incubated for 16 h at 3 allowing the MMP9 to digest the gelatin. Finally, the gel was
stained with 0.4% Coomassie Blue R250 in 45% methanol, 10% acetic acid for 1 h prior
to destaining with 30% methanol/10% acetic acid until the bands where clearly visible
(Figure 4.4B). The gel was photographed withGcaBBOX gel imaging systeniSynGene)

and densitometry analysis of the bands performed with ImageJ.

3.9Western blot analysis of neutrophil granuleprotein content
3.9.1 Preparation of cell lysates and protein extraction

Western blot lysates were prepared by incubating freshly isolated neutrophils under
normoxic or hypoxic conditions for 4 h in 6 well uli@av attachment plates (Costar) at
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37 °C, or by ptting freshly isolated neutrophils on ice immediately. After 4 h the cells
were collected in 15 ml Falcon tubegth the aid ofa cell scraper (Corning). The cells
were spun down at 31@§for 5 min at 4°C, washed with i@ld PBS, and resuspended

in hypaonic lysis buffer (TRIS (pH 7.8, 1&M), EDTA (1.5 mM), KCL (10mM), DTT
(500uM), Na-orthovanadate (1 mM)etramisole (2mM) in kD) with protease inhibitors

(1 tablet, Roche, 200 pl of lysis buffer per 20%k&lls). Following vigorous vortexing

for 15 sec, cells were placed on ice for 5 min, sonicated for 10 sec and returned to ice for
15 min. Finally the insoluble fraction was spun down at §106r 5 min at 4°C and the

supernatants transferred to new tubes

3.9.2Bicinchonic Acid (BCA) protein assay

The BCA assall’ was used to determine the protein concentration of the lysates. This
assay is based on the ability of progdim reduce Cti to Cu and on BCA to then chelate

the Cd, giving a purple coloration that can be quantified by spectophotometry (at 550
nm). 10 pl of each sample was incubated with 200 pl of BCA solution (BCA 10 ml +
250 pl copper (1) sulphate (40:1)) fB0 min at 37°C in a 9@vell plate, prior to analysis
using an automated plate readBrofad 68). Samples were assayed in duplicate, and
compared against standard curves prepared usingrgpared BSA standards-{0

mg/ml).

3.9.3SDSpolyacrylamide gelelectrophoresis

SDSpolyacrylamide gel electrophoresis (SP8GE) was carried out using the Biorad
Protean Il system. Resolving gels were cast using Protogel (37.5:1
Acrylamide:Bisacrylamide Stabilised Solution, National Diagnostidgble 3.2.
Polymerisation was accelerated by the addition of 0.05% freshly prepared APS and 0.1%
Temed. Ethanol was layered on top of the resolving gel to ensure a ftesand
exclude air. After theegels had set (approximately 30 min) the ethanol was washed away
and the stacking gels (Protogel with APS and Temed to accelerate polymerisation as
above,Table 3.2 were poured. A 1@vell comb was inserted carefully into each stacking
gel. Samples (15 pg protein per sample, volume required determined by BCA protein
assay as described above) were mixed in proportionéxitample buffer (60 mM Trs
HCL, pH 68, 2% (v/ w) SDS, -mkrbapioethandl,W0.01%g | y c e
(w/v) bromophenol blue), heated for 5 min at 994hd allowed to cool to room
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temperature before being loaded onto gets, together with one lanfor molecular

wei ght markers (Precision Plus ProteinE Du
gel was run at 100 V through the stacking gel and at 150 V through the separation gel in

1x running buffer (TrisgGlycineSDS PAGE Buffer, National Diagnossi).

3.9.4 Western blotting for MMP -9

Following electrophoresis (dye front run to the bottom of the gel), the proteins were
transferred to methanol pemaked polyvinylidene fluoride (PVDF) membrane using the
Transblot system. Care was taken to ensure the lonene was moist at all times. Gel
and membranes were sandwiched between 2 layers of Whatman 3M paper and placed in
the tank containing transfer buffer (24 mM Trizma base, 193 mM glycine, 10% methanol)
with a constant voltage of 75 V for 2 h. Following s#er, the two membranes were cut

in two, determined by molecular weight markers, and blocked in freshly prepared in 5%
Marvel dry milk powder (Nestle, France) in PB®een (PBST: PBS with 0.1% Tween

20, Sigma), for 1 h at room temperature, with consagitation. The upper membranes
were then incubated with a final concentration of 200 ng/ml-MMP-9 (rabbit
polyclonal, Abcam), in freshly prepared 2.5% Marvel/PBSThe lower membrane
portions were incubated with asfitiactin (rabbit polyclonal, Celli§naling, 1 in 5000) in
freshly prepared 2.5% Marvel/PBS Membranes were incubated overnight in primary
antibody as indicated above at 4°C ameking platform. Membranes were washed thrice
with PBST (10 min) and incubated with goat antouse horserash peroxidase (HRP)
conjugated IgG (Dako, 1 in 10,000) or donkey @uat HRPconjugated IgG (Santa
Cruz, 1 in 5,000) in 2.5% Marvel/PBE After a 1 h RT incubation, the membranes were
finally washed thrice with PBS. HRP-tagged proteins were detectading the ECL
(Enhanced Chemiluminescenasjstem (GE Healthcare). This detection method is based
on the HRPcatalysed oxidation of luminol, resulting in light emission. Detection reagents
1 and 2 were mixed (in equal volumes) and used to coat the membranes for 4 min.
Membranes were then blottedydmrapped in clingfilm, and the resulting light was
emission quantified by exposing to auto radiographic film in the dark for times ranging
from 1 sec to 10 min. The films were scanned @malsitometry analysis of the bands was

performed using ImageJ.
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7.5 % gel 10% gel 4.5% gel
Solutions Contents (separation) (separation) | (Stacking)
Separation
see text 3.9ml 3.9ml -
gel buffer
Stacking
see text - - 1.95 ml
gel buffer
37.5:1 Acrylamide
Proto gel _ .
to Bisacrylamide 3.75ml 5ml 1mi
(30%) . .
Stabilized Solution
De-ionised
- 7.19 ml 5.74 mi 4.47 ml
water
APS' 10% (w/v) APS 150 pl 150 pl 75 pl
. | Tetramethytethyt
TEMED 15 ul 15 ul 8 ul

enediamine

Table 3.2: Composition of SDS gels

The table shows the reagents used for the SDS gels. Reagents indicated * were obtained
from National Diagnostics, reagents designateere obtained from Sigma.
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3.10Reaktime PCR

Reattime PCR (RTPCR) experiments for assessment of BNIP3, M3&hd NE mRNA
abundance were performed. Neutrophils were cultured af 8&8/ml in IMDM for 4 h

under hypoxia or normoxia. Cell were gently scraped off the plates and pelleted by
centrifugation (325 g, 10 min). Supernatants wemdiscarded and the cell pellets
transferred to 2 ml Eppendorf tubes, spun at 15¢ff 5 sec, andhe excess medium
removed. Tot al RNA (-reagentg(S$igma),i wao usedtfae dDNAviI t h
generation accordn g t o t h e instactien$ (aightcapaciey c@NA kit, Applied
Biosystems). Relative gene expression was determined by qPCR (iCycl&a@jaising
Sybrgreen mastemix (Sigma) andrelevant primers obtained from Qiagen. Relative
gene expressiowas determined by correcting cycle threshold for the target gene against
two housekeeping genes (B&ami cr o gl o b ul 18&ribasdmal RNA 18S))d
Relative gene expression (fold change) was expressedoap@ T .

3.11Assessment of the effect of hypao&ion kinasesignaling

To screen for kinases that might play a role in modulating degranulation, a human
phosphekinase antibody array (R&D systems) was used. It detectgelh@ve site
specific phosphorylation of 43 different kinases and related potabins Table 3.3). A
nitrocellulose membrane is supplied with each capture antibody spotted on in duplicate,
and the levels of phosphorylated piota applied lysates can be assessed by the binding
of phosphespecific antibodies and chemiluminescence detectiautrophils were
incubated under normoxic or hypoxic conditions in ultna attachment 6 well plates
(Costar)(to accommodate the largeimber of cells reded per conditionand activated

as described previously, (secti8r8.]). After activationthe cells were collected in 15 ml
Falcon tubes by gently scraping the cells off the plates with a cell scraper (Cofiniag).
cells were spun down at 3Xfor 5 min at 4°C. The cells were washed with ice cold
PBS and resuspended at 1*Ifl in the lysis buffer provided with the kiThe lysates
were titurated to resuspend, rocked gently-8@ for 30 minutes, clarified (14,0Qf) 5

min, 4°C), and the supernatants transferred to @dppandorf tubes. Protein content was
gquantified using th8CA protein assay described in sect®f.2

All kit reagents where brought to RT before useray buffer 1 (1 ml, Blocking Buffer)
was added to each well of the supplied/@l multi-dish. The membranes were placed in
the aray buffer, and incubated for 1 h on a rocking platform shaker. The lysates were
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Kinase (phosphorylation site)

Akt (S4873)

Hck (Y411)

PRAS40 (T246)

Akt (T308) HSP27 (S78/S82) Pyk2 (Y402)
RSK1/2/3
AMPK alphal (T174) HSP60 (S380/S386/S377)
JNK pan (T183/Y185,

AMPK alpha2 (T172) T221/Y223) Src (Y419)
BetaCatenin Lck (Y394) STAT2 (Y689)
Chk-2 (T68) Lyn (Y397) STAT3 (S727)
c-Jun (S63) MSK1/2 (S376/S360) STAT3 (Y705)
CREB (S133) P27 (T198) STAT5a (Y694)

STAT5a/b
EGFR (Y1086) p38 alpha (T180/Y182) (Y694/Y699)
eNOS (S1177) p53 (S15) STAT5b (Y699)

ERK 1/2 (T202/Y204,

T185/Y187) p53 (S392) STAT6 (Y641)
FAK (Y397) p53 (S46) TOR (S2448)
Far (Y412) p70 S6 kinase (T421/S424) WNK-1 (T60)
Fyn (Y420) PDGF R betdY751) Yes (Y426)

GSK-3 alpha/beta
(S21/S9)

PLC gammal (Y783)

Table 3.3: Kinase array targets and phosphorylation sites
Adapted from R&D website.
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diluted with array buffer 1 to a final volume of 2 ml and 1 ml of diluted lysate was added
per well; the membranes were incubated with the lysates overnight on a rocking platform
at 28°C. The membranes were transferred to plastic containers with 20nakbfbuffer
(provided with the kit) and washed for 10 minutes (repeated for a total of three washes).
After the wash steps the membranes were returned to the wells of the (cleavedt) 8
plate, containing 1 ml of the supplied antibody detection cockd#iltéd 1 in 5 in array
buffer) and incubated on a rocking platform for 2 h at RT. Membranes were washed
thrice and returned to the wells of the (frestllganed) 8well plate, containing 1 ml of
diluted streptavidirHRP (in array buffer, diluted according dilution factor given on

vial). Following a 30 min incubation with streptaviettRP, another three wash steps
were performed. Excess wash buffer was allowed to drain from the membrane by blotting
the lower edge onto paper towels. The membranes wategbn the bottom sheet of the
plastic sheet protector with the identification number facing up, with corresponding part
A and B membranes exd-end. Chemreagent mix supplied with the kit waseasto

coat the membranes for 1 minute. Membranes were lthated dry, wrapped in cling

film, and the resulting light emission quantified by exposing to-sad@graphic film in

the dark for times ranging from 1 sec to 10 min. The films were scanned and

densitometric analysis of the signal was performed usiageJ.

3.12Assessment of hypoxia induced morphological changes
3.12.1 Assessment of neutrophil morphology by electron microscopy

Freshly isolated neutrophils were suspended in normoxic or hypoxic IMDM
(11.1*16/ ml 2 7 0 aad incubatad qtBB tors4)h under normoxic of hypoxic
conditions.After 4 h the cells were primed with cytochalasin B (5 pg/ml, Sigma) for 5
min, GM-CSF (10 ng/ml) or vehicle for 30 min. The cells were subsequently stimulated
with fMLP (100 nM) or vehicle for 10 min (Figuiz4). Cells were pelleted, washed with

1 ml of sterile 0.9% saline (Baxter) afided in 500 pl of 4% glutaraldehydedntaining
0.1% (v/v) hydrogen peroxide and osmium tetroxit®) 2 h at 4C. The cells were
washed 4 times and finally suspended in 1081% saline. Cells were embexttl in
Spurr's resin.Dr Jeremy Skepper (Department of Physiology, Development and
Neuroscience, University of Cambridge) completed sample preparation and took images
(magnifications specified in the individual figures) of tkells using a CM 100

transmission electron microscope (TEM: Philiphe images were scored for a range of
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morphological changes, including shape (rounded, irregular or elongated), membrane
ruffling (small microvilli, small/medium extensions, long extems), clustering,
presence of fAempty vacuoleso (none, l ow or
high) . The result was an-8dicating avquiesgent sef,or e 0,
9-12 an activated cell and 41F a highly activated cell. Thezoring system adapted from

that of Mitchell et af®, and is fully depicted iffigure3.7.

3.12.2Assessment of neutrophil cytoskeletal remodeling by immunbistochemistry

Freshly isolated neutrophils were -sespended in normoxic or hypoxic IMDM
(3.5*10°/ml) and 270 pl aliquots transfred to 2 ml Eppendorf tubes to be incubated at
37°C for 1 h under normoxic of hypoxic conditioddter 4 h the cells were stimulated
with 30 pl fMLP (100 nM final concentration) or vehicle for 5 min. All subsequent steps
were performed at RT (22°C) usk otherwise stated. The neutrophils were pelleted and
the pellets were fixed by 1®uspension in 200 pl of 4% paraformaldehyde (PFA), prior to
removing samples from the hypoxic hood. Fixed neutrophils were washed thrice with
PBS, resuspended in 200 ul BB and cytospins prepared. Before staining the
neutrophils were permeabilised with 0.5% Tri%100in PBS for 10 min and washed 3
times with PBS Non-specific staining was blocked with PESSA (0.5% BSA, 30 min),

after which the slides were washedifes with PBS The cells were stained with anti

NE (goat polyclonal, Santa Cruz, 1:1,000) for 1 h, washed 3 times with BEBS
incubated with the secondary antibody (Alexa Fluor 488nkey antigoat 1gG, 1:1,000,
Invitrogen) for 1 h in the dark, aftevhich a further wash step was performed. Next the
cells were stained for-&ctin using rhodamine phalloidin (a higfffinity F-actin probe
conjugated to the redrange fluorescent dye, tetramethylrhodamine, Invitrogen) 1:200,
30 min, in the dark, and waasth thrice with PBS Finally, to prepare slides for
microscopy, a DAPI containing mountant (Invitrogen) was dropped on to each sample,
and cover slips were applied. The slides were kept on ice and in the dark prior to imaging
with a Leica Sp5 confocal miescope. Representative images were taken in different
areas of the well with the observer unblinded to the treatments.

This protocol was developed by Cheng Chen, a Part 2 Medical Student at the University

of Cambridge, who worked under my diraapervision during a 1@eek lab project
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Feature Score

Shape rounded (1), irregular (2), elongated (3)

small extensions(1), small/medium extensions (2), long

Membrane ruffling extensions(3)

Cell clustering no (1), yeq2)
Intracellular
— 2 >
Vacuoles 0-2 (1), 25 (2), 5> (3)

Granule number high (1), medium (2), low(3)

Figure 3.7: Scoring system of neutrophil images made by transmission electron
microscopy (TEM)

The images obtained by TEM were scored on a number of morphological criteria;
including shape (rounded, irregular or elongated), membrane ruffling (A, small microvilli,
small / medi um extensions, |l ong extensions),
(C, none, low or high) and granule density (D, low, medium or high). The result was an
Afacti vity scor-@giodjcatingiagulescant celel® anectivated céll and

13-17 a highly activated cell.
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3.13Human airway epithelial cell culture systems
3.13.1A549 cells

A549 cells (a human lung adenocarcinoma cell line, ATCC) were initially used as a
model cellline to quantify neutrophime di at ed | ung Aepithelialo
cells were cultured in 75 cneell culture flasks in A2K medium wih 100 U/ml
penicillin, 10 pg/ml streptomycin, 25 pg/ml amphotericin B (Invitrogen) and 10% fetal
calf serum (FCS: GIBCO, Life Science€ell aliquots were taken from nitrogen storage,
defrosted and put into a flask with 15 mi1EK medium. After 24 h thenedium was
replaced to remove any DMSO (dimethyl sulfoxide) present in the freezing solution.
When the cell monolayers were confluent, the medium was removed and the cell layer
washed with 10 ml of sterile PBShe cells were then detached from the flagk b
incubation with 0.25% (v/v) trypsin/EDTA (Gibco) for 5 min at 37°C. Cells were viewed
under an inverted microscope to ensure that they had rounded up and detached. Trypsin
was inactivated by the addition of F&€8ntaining medium and the cells transferirgd a

15 ml Falcon tube, and spun at 10§)06 min at 22C. The pellet was rsuspended in

fresh medium prior to counting on a haemocytometer. To maintain cell stocks, the cell
suspension was diluted at a ratio of 1:10 or 1:20 and aliquotted into*A%ssoe culture

flasks and further stocks were frozen down.

3.13.2Immortalised human bronchial epithelial (IHBE) cells

Immortalised human bronchial epithelial cells were a gift from ProfeGssr Jenkins
(University of Nottingham These cellswere originaly derived from normal human
primary epithelial cells by Professor Jerry Shay, by transfection with egefpendent
kinase (Cdk) 4 and hTER®. The iHBE cells were cultured in 75 érell culture flasks
in keratinocyte serurdree media (500 ml, Fisher ScientifitX17005075)+ 25 ¢ g/ ml
bovine pituitary extract, 0.2g/ml rEGF, 250n g / ml puromycin and 25
Puromycin and G418 are used for positive selectiorthefimmortalised cells. Cell
aliquots were taken from nitrogen storage, defrosted and put into a flask with 15 ml
keratinocyte serudAree medium. After 1 day the meduwas replaced to remove any
DMSO present in the freezing solution. iHBE cells grew as a monolayer, adherent to the
culture flask.When the cells were confluent, the medium was removed and the cell layer
washed with 10 ml of sterile PBS The cells werehen detached from the flask by
incubation with 10 ml 0.25% trypsin/EDTA solution for 5 min at 37 °C as above. Trypsin
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was inactivated by the addition oind filter-sterilised FCS and the cells collected in a 15
ml Falcon tube, and spun at 10§ min at22°C. The pellet was +guspended in fresh
medium prior to counting on a haemocytometer, the cell suspension (diluted 120D
and aliquotted) into 75 chtissue culture flasks and further stocks frozen down.

3.13.3Normal human bronchial epithelial (NHBE) cells

Primary normal human bronchial epithelial (NHBE) cells were purchased from Lonza
and cultured by Dr Robert A. Hirst (Senior Scientist, Universify Leiceste)y as
previously describeéd® Dr Hirst has extensive experience in culturing and working with
these cells, and his input was vital asstheellsare both expensive and extremely
difficult to differentiate to ciliation. NHBE cells were grown on collagemated (0.1%;
Nutacon; Leimuiden, The Netherland&2-well tissue culture trays usingronchial
epithelial growth media (BEGM; Lonza; Berkshire, gfand) for 2 to 7 days. The
confluent norciliated basal cells were expanded into collageated 80 ctflasks and

the BEGM was replaced every 2 to 3 days. The basal cells were then seeded at
approximately 10 cells/cnf, on collagercoated, 1.2 cm diameteTranswell inserts
(Corning) under BEGM for 2 days. After confluence was reached, the basal cell
monolayer was fed on the basolateral side only witHiquid interface media (ALI)
medium comprising 50% BEGM and 50%-glucose minimal essential mediunithv

100 nM retinoic acid. The media wagchanged every 2 to 3 days and the apical surface
mucus removed by gentle washing with phosphatéered saline Kigure 3.8). When

cilia were observedusually around 2 weeks after ALI cultdtd on these cells they

were physically removeftom the Transwell insert by gentle scraping with a spatula and
the ciliated epithelium dissociated by gentle pipeffihgDissociated ciliated epitheli

cells weretreated as described beloge€tions3.14.4& 3.14.9 to observe the effect of

exposure to neutrophil supernatants.

3.14Assessment of damage to epithelial cell layers
3.14.1Poly-L -lysine coating of tissue culture plates

For experiments using A549 and iHEBEIls, tissue culture plates (see below) were coated
with 0.001% (v/v) polyl-lysine solution (Sigma) for 5 min. The pelylysine solution
was aspirated off the plates and the wells washed twice with sterilariRB&irdried
prior to all experiments.
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NHBE cells bought
from LONZA collagen-coated plates

Cells were grown on plates in bronchial [ i VS
epithelial growth media g

cells are expanded in flasks

Collagen coated, 1.2 cm
diameter transwell inserts

The basal cells are seeded at
approximately 15 cells/cm?

basal cell monolayer with air ciliated cell monolayer with air
liquid interface liquid interface

Filter Cultured until ciliaare observ;d

Figure 3.8: NHBE cell culture

NHBE cells (Lonza) were grown on tissue culture trays in BEGM fef @ays. The
confluent norciliated basal cells were expanded into collageated 80 chflasks and

the BEGM was replaced every 2 to 3 days. The basal cells were then seeded at
approximately 1®cells/cnf on a collagercoated 1.2 cm diameter, clear Transwell insert
under BEGM for 2 days. After achieving confluence, the basal cell monolagefed on

the basolateral side only with diquid interface. The media was exchanged every 2 to 3
days and the apical surface mucus was removed by gentle washing with phosphate
buffered saline. Ciliation occurred after approximately 2 weeks ofchlture and cells

were used shortly thereafter.
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3.14.2MTT assay

The MTT assay was used to determine the effect of neutrophil supernatants on A549 cell
viability. 3-[4,5-dimethylthiazol2-yl]-2,5diphenyl tetrazolium bromide (MTT) is
processed in the mitochondria;toghondrial dehydrogenases of viable cells cleave the
tetrazolium ring, yielding purple formazan crystals, which are insoluble in aqueous
solution. The crystals are dissolved in isopropanol and the resulting purple solution is
measured spectrophotomettiga A549 cells were plated onto 98ell plates (4*16
cells/well) and allowed to adhere overnight.

The next day the medium was removed and the neutrophil supernatants (diluted lin 2.5)
or equivalent volume vehicle controls added. After 72 h incubati@vd (based on
optimisation experiments using times of-120 h), the supernatants were removed and
500 pg/ml of MTT in IMDM added for 2 h at BZ. After incubation, the MTT solution

was removed and the cells dissolved in 100 pl isopropanol. The abssrbaribe
resulting solution was measured at 540 nm using a plate reader (Biorad). Toxicity of any

treatment was expressed as absorbance at 540 nm versus that of medium controls.

3.14.3Immuno-histochemistry of cell layers

A549/iHBEC cells were plated onto 6l plates at a density of 8*f@ells/well. The

cells were incubated at 37°C overnight to adhere and form a confluent monolayer. The
next day the medium was removed and the neutrophil supernatants (diluted 1 in 2.5) or
diluent controls added. After 48 h a7°C, the supernatants weren@ved, and the cell
monolayersvashed with PBSand fixed with 3.5% paraformaldahyde (PFA) for 20 min
(RT) prior to two finalwashes with PBSNHBE cells in ALI culture were exposed to
neutrophil supernatants (5@0 1:2 dilution) added to thedsal side for 6 hours ati37.

After this exposure the cells were gently scrapddiaf transwells and fixed in 4% PFA

for 30 mins prior to washing twice with PBS. Before staining, cytospins were made of
the cell scrapingsAll subsequent steps were performed at iiless otherwise stated.
Before staining the cells were permeabilised with 0.5% T+#kan PBS for 10 min and
washed twice with PB3Non-specific staining was blocked usii®BSBSA (0.5% BSA,

30 min) and washed 3 timesth PBS The cells were stained with aitieaved caspase 3
(goat polyclonal, Santa Cruz, 1:1,000, Cell Signalling) for 1 h, washed twice with PBS
and incubated with secondary antibodyefka-Fluor 488 donkey antjoat 1gG, 1:1,000,

Invitrogen) for 1 h prior to further washing steps. Rhodamine phalloidin (1:200,

08|



3. Materials & Methods

Invitrogen) was then added to the wells to stain factn (30 min), cells washed 3 times

with PBS and finally a DAPI containing mountafihvitrogen) was added.

Figure3.9 shows representative images of the A549, iIHBE and NHBE cell layers stained
in this fashion. The plates were kept on ice and in the dark prior to imaging with a Leica
Sp5 confocal microscop&hree representative images were taken in different areas of the
well, with care to avoid the edges of the wells. The observer was unblinded to the
treatments.

This protocol was developed by Cheng Chen, a Part 2 medical student at the University of

Cambrdge working under my supervision.

3.14.4Preparation of NHBE cells for electron microscopy analysis

Cells were cultured as described abd#hen cilia were observed on the culturébe

wells were fixed by submerging the inserts Sorensen phosphabeiffered (1 7.4)
glutaraldehyde (4% w/v). Dderemy Skepper (Department of Physiology, Development
and Neuroscience, University of Cambridge) completed sample preparation for electron
microscopy analysis (as described in sec8d®.]) and took images of the cells using a
FEI Verios 460 microscope.

3.14.5Assessment of cellular leakage by LDH assay

The lactate dehydrogenase (LDH) assay (Sigma) measures membrane integrity by
guantifying the release of cytoplasmic LDH into the medium. The assay is based on the
reduction of NAD by LDH; reduced NAD (NADH) leads to the stoichiometric
conversion of a tetmlium dye, and the resulting compound is measured
colourimetrically at 450 nna multiwell plate reader (Biorad 680Media samples (10

pl) were taken from the basolateral side of a Transwell of NHBE cells exposed to
neutrophil supernatants at t = 0, 12hy, 4 h, 8 h, and 24 h. Samples or NADH standard
(provided with the kit) weréransferred to a 9@vell plate and brought to a final volume

of 50 pl with the supplied LDH assay bufféext, 50 pl of the provided reaction master

mix was added, and the stibn mixed by pipetting up and down 4 times. During
subsequent steps the plate was protected from light and incubated at 37°C. After 2 min,
the initial measurement was made at 450 nN(A450)niia. Subsequent measurements
were made every 5 min for 1using a multwell plate readerRluostar Optima plate
reader, BMG Labteghfor 1 h;by this time the most active sample approximated to
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A549 cells

iHBE cells

NHBE ce_lls

Figure 3.9: Immunocytochemistry of A549, iIHBEC and NHBE epithelialcells
Three epithelial cell models were used to look at neutrophil mediated damage. A. A549

cell s. B. i HBECO6 s and C. Primary HBECO s
recommended tissue culture media and stained with DAPI (nucleus: blue) and rhodamine
phal | oi din (actin: green), x40 magni ficatio

uniform, cobblestone appearance compared with the A549 cells.
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or exceeded the end of the linear range of the standard climee.measurement
(A450Y)ina used for calculing the released enzyme activity is thenultimate reading
(whenthe finalmeasurement of the most active sample falls within the linear range of the
standard curveAll measurements were corrected for background. A standard curve was
obtained byplotting the absorbance versus the corresponding concentrations of NADH

standard

The change in absorbance was calculated by

PA 4 5 (A450%ina - (A450Mitial

The LDH activity can then be calculatby

LDH activity = (B x sample dilution factor)(feaction time) x V
B= Amount (nmol) of NADH generated betweepiik and Tina
Reaction Time = dra T Tiniiar (Minutes)

V = sample volume (mL) added to wellLDH activiitmean of duplicates) was expressed

asnmol/min/mL

3.14.6 Analysis of ciliary function
3.14.6.1 Assessment of ciliary beat frequency

Ciliated cells were cultured as described above. The ciliated cell layers were gently
scraped from the Transwell inserts, suspended in 500 pl of ALl medium per well and
transferred to Eppendorf tubes. The cells wefeto settle for 10 min, the medium was
removed and the cells exposed to neutrophil supernatants (undiluted). Directly after
exposure the cells were transferred onto a chassilkr (Figure 3.10). Beatingciliated

edges were recorded using a digital hegieed video camera (Kodak Ektapro Motion
Analyser, Model 1012) at a rate of 500 frames per second (x 63 lens), using a shutter
speed of 1 in 2,000.His allows video sequences to be recorded and played back at
reduced frame rates or frame by frame. Recordings of 4 different ciliated edges were
takenevery 30 min up to 2 h. The movies were subsequently analysed for ciliary beat
frequency, ciliary dyskiesia and cell damagEor the ciliary beat frequency the movies
were processed and cropped to the area of interest (ciliated cells) to eliminated

background signal. They were then processed using CilfaFprogram developed by
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Treatment with neutrophil
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Figure 3.10: Analysis of ciliary function

Ciliated cultures were removefdom the Transwell insert by gentle scraping with a
spatula and transferred to Eppendorf tubes. The cells were allowed to settle for 10 min
after which the media was removed and the cells exposed to neutrophil supernatants.
Directly after exposure the ke were transferred to a microscope chamber slide. Beating
ciliated edges were recorded using a digital high speed video camera at a rate of 500
frames per second (x63 magnification), using a shutter speed of 1 in 2000. Recordings of
4 different ciliatededges were made every 30 min for 2 h. The movies were subsequently
analysed for ciliary beat frequency and ciliary dyskinesia.
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Dr ClaireM. Smith (Institute of Child Health, University College Londofhe program
is based on Microsoft Excel and Imagewd uses Fourier transformation to calculate the

beat frequency (representative analysis sheet shown in the appendixes 8s&ction

3.14.6.2Assessmenbf ciliary beat pattern

Ciliary dyskinesia was assessed following an adapted version of a Standard Operating
Procedure (SOP) for the determination of ciliary dyskinesia used for patient samples in

the National Primary Ciliary Dyskinesia (PCD) service, kster (see appendix 3.2).
1. Calculation of Immotility Index.

In each movie the total number ciliated cells were counted, with a score of zero attributed
to each immotile cilium. This process was repeated for each cell on 4 separate epithelial
edges perandition. The Immotility Index is the percentage of zeros scored per edge per

condition.
2. Calculation of Dyskinesia Index.

Dyskinetic ciliawere defined as those with either no movement, or a slow or abnormal

beat pattern. In each movie the total cdihtcells were counted, with dyskinetic cilia

given a score of 1. This process was repeated for each cell on 4 separate epithelial edges
per condition. The Dyskinesia Index is tI

condition.

3.15Statistical Analysis

Data are reported as mean and SEM or SD from (n) independent experiments and
analysed using Prism 5.0 software (GraphPad, San Diego, CA). A p value of 0.05 was

considered significant.
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Chapter 4
Results: Hypoxia induces a more activd

neutrophil phenotype
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4. Hypoxia induces a more activated neutrophil phenotype

4.1 Introduction

It is well established that hypoxia modulates neutrophil function; published effects
,394

include delayed apoptost: and a reduced respiratory burst, resulting in impaired
ROSdependent killing oStaphylococus auretf. Previous work in our laboratory has
shown that sustained and stable hypoxia (oxygen tension of the cell culture media ~3kPa)
can be obtained using an InVivo400 hypoxic incubator (Ruskinn) deliveaimg
atmosphere 00.8% oxygen within the chamber. Thixygen tension is sufficient to
stabilise HIFL U i n neutrophils incubad®¥end isin
physiologically relevantas shown byPeyssonnaux, Gt al**® and otherg?432°:39°:3%
Research undertaken by Peyssonnatyal®®® has confirmed that hypé areas are
present in normal skin epithelial basal cell layers; this was shown by staining tissues with
Hy p o x y p-I redgentdpimonidazole), which binds thiol groups in a retEpendent
fashion, with binding occurring only at oxygen tensions <10mm ddgl.3 kPa.
Hypoxyprobe reactivity correlated to pronounced immunostaining forldI®ithin the

epithelial keratinocyte layein addition, lannittiet al'°

showed that hypoxia is also
present in the lungs of mice infected with the pathogenic fuAgpergillus fumigatus

and in both the human and mousstyfibrosis (CF) airway

Since hypoxia is encountered by neutrophils in both the physiological and pathological
settings, | wished to expand th@eliminary observatios made previously in our
laboratory by Dr Naomi McGovern that hypoxia augments tlease of NE. As well as
playing a fundamental role in bacterial killing, degranulation has also been ghown
contribute to neutrophil tissue migratfdrand modulation of the immune respotide
Furthermore, the products of neutrophil degranulation have been implicated in tissue
destruction, in both a beneficighromoting granuloma formation to limit the spread of
mycobacterial pathoges Taylor et al.**” and a detrimental setting (for example, leading

to matrix destruction and generating jinlammatory mediators like the neutrophil
chemoattractant fcetyl PreGly-Pro (PGPJ®3%3%.  Although evidence of
intravascular degranulation can be found in extreme clinical settings sdoloasng
cardiac arrest anseptic shock®%*** degranulation occurs gteminantlywithin tissues,

at the site of infection or inflammation, either at the phagosomal membrane in response to
pathogen ingestion (killing the engulfed organisms) or extracellularly at the plasma

membrane imesponse to receptonediated activatiofexposing the extracellular milieu
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to potentiallydamaging proteasesgeveral groups have found increased levels of NE in
conditions that have been associated with hypoxia, for example in COPD sputum
sample$’? and in the circulation of rats after bowel ischemgperfusion injur§’®. Our
previous observatidh’ that hypoxia augments NE release wesliminarymade only by
means of an ELISA, hence NE activity was not assessed. The distinction between protein
detection and NE activity isf physiological relevance as neutrophils also release the
prot eas e;AT'H the ELISA forrNE dbes not distinguish between active NE and
NE compl e@dBd with U

Furthermore, many granutierived proteins in addition tdNE contribute to both
pathogerkilling (for example, lactoferrin is directly bactericidal but also inhibits biofilm
formatiorf®) and tissue injury; for example, an MPO inhibitor halts disease progression
in a mouse cigarette smokep®sure model of COPE. To furthe investigate neutrophil
degranulation | have focused on the hallmark proteins of each granule (sk&tibn
1.3.49: NE and also MPO from the azurophilic granules, lactoferrin from the specific

granulesand MMPR9 from the gelatinase granules.

Thespecific aimsof the work preseld in this chapter are:
1. To establish whether hypoxia affects the release of any or all of the neutrophil

granule sufpopulations.

2. To confirm that proteases released under hypoxic conditions display full
biological activity.

3. To determine whether cigarettengke modulates the neutrophil degranulation

response under normoxic and hypoxic conditions.

4. To explore the effects of hypoxia on morphological features associated with

neutrophil activation and priming.

4.2 Confirmation of the neutrophil hypoxic response

TheCQO; levels in the InVivo400 chamber were titrated to maintain a stable, physiological
pH in the culture media during experiments, to prevent acidosis from confounding the
results. It should be noted that inflamed hypoxic tissuesvo may also be acidmt with

low nutrient availability; however the exploration of these parameters in the context of

hypoxia was nothought to fallwithin the scope of this thesis. Accordingly, theadd
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CO, levels and pH of the culture media weestedregularly to enste that stable
readings were obtained throughout each experiment and for the entire duration of my
experimental work (Normoxia: O= 21.65+0.49 Ra, CQ = 4.30+0.28 Rka, pH =
7.40£0.02. Hypoxia: @= 3.35%£0.14 Ra, CO,= 4.19+0.07 ka pH = 7.45+0.Q (section

3.3.2 Figure3.2). To confirmthat | could isolate usprimed, fully responsive neutrophils
and could recapitulate the previously published effects of hypoxia on neutrophil function,
the ability of neutrophils to mount an oxidative burst was assessed under conditions of
normoxia and hypda. Primed (GMCSF, 10 ng/ml) and unprimeiehicle treated)
neutrophils were activated with fMLP (100 nM gBotein coupled receptonediated
activation), and the extracellular release of superogigentified using the superoxide
dismutaseanhibitable reluction of cytochrome C. PMA (200 nM) was used as a maximal,
receptorindependent methodo achieveNADPH oxidase activation (PMA activates
protein kinase C directly). Neutrophils were incubated under normoxic or hypoxic
conditions for 1 h in PBSand stinulated as described above (see also section /&s5).
shown inFigure 4.1A, GM-CSFpriming augmented the fMLBtimulated respiratory
burst substantially (approximatelyféld up-regulation), whilst(as anticipatedhypoxia
significantly impaired the production ofigeroxide anions. The normoxic primed and
activated neutrophils producelb.90+1.45nmols Q710° cells, while primed hypoxic
neutrophils were only able to produs®9+1.03nmols Q/10° cells on stimulation with
fMLP. The inhibitory effect of hypoxia waalso apparent upon stimulation with PMA,
with the release of superoxide reduced fr@@50+0.95nmols Q/10° cells under
normoxia to 907+0.24nmols Q7/10° cells under hypoxic conditions.

Another published effect of hypoxia on neutrophils is delagpdptosi®**** To
recapitulate thesdata, freshly isolated neutrophils werestespended in normoxic or
hypoxic media (with 10% serum, 5*1@ells/ml) and incubated under normoxic or
hypoxic conditions. After 20 h, tyspins were made and apoptosis assessed by cellular
morphology (sectior3.7). These data are depicted kigure 4.1B and confirm that
hypoxia promotes neutrophil survival by delaying apoptosis, consistentthathiabs
previous reportsThese results show that the neutrophil isolation procestogetpyields
unprimed and highly responsive cells, and that the hypoxic conditions modulated
neutrophil function in a manner consistent with the published literatbfenote,

McGovernet al®?’

also demonstrated that hypoxia reduced the intraceloXatative
burst generated in response to particle ingestion, which is thought to be of direct

relevance to bacterial killing, whilst the extracellular release of ROS has been linked to
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Figure 4.1: Hypoxia alters neutrophil function

A. Neutrophils (11.1*1&ml) in PBS were incubated with GNCSF (10 ng/ml) or
vehicle under normoxic (filled bars) or hypoxic (0.8% &nhd 0.5% C@ open bars)
conditions for 1 h at 37°C. The cells were subsequstitiyulated with either fMLP (100
nM), PMA (200 nM) or vehicle for 10 min. Extracellulap @elease was measured by the
superoxide dismutasaehibitable reduction of cytochrome C as described. Cells were
pelleted and the supernatants transferred to tidsts before removal from the hypoxic
hood prior to measuring the optical density at 588 using a scanning
spectrophotometer. B. Neutrophils werestspended in hypoxic or normoxic IMDM at
11.1*1F/ml. The cells were incubated under normoxia or hypxi@% G and 5% CO)

at 37°C for 20 h. Cytospins were prepared and stained with May/Grinwald/Giemsa.
Morphology was examined by a@iihmersion light microscopy. Results represent mean *
SEM, A. n=5 experiments each performed in triplicate, B. n=8, expetimea&h
performed in triplicate. *= p<0.05, *** =¢0.001 (ManAWhitney test).
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neutrophitmediated tissue injuf{?*°” The reduced intracellular respiratory burst under
hypoxia was associated with impaired killing $faph A and reoxygenation restored
both ROS generation and killing. However, other mechanisms contribute to bacterial
killing, and some bacteria includirgscherichia coliand Streptococcus pneumoniaee

killed independentlyof the NADPH oxidase respiratory tstf®*°® Neutrophil granule

proteinsincluding serine ptease¥®**°and lactoferrirf'°

contribute to bacterial killing,
and NE and MMPD have been implicated in tissue injury. Hence | wished to investigate

the effect of hypoxia on neutrophil degranulation.

4.3The effects of hypoxia on neutrophil degranulation
4.3.1The effects of hypoxia on azurophil granule protein release

Since our preliminarydata related to NE, and the considerable body of evidence
implicating this protease in tissue injtiy**3 I initially looked at NEactivity released by
neutrophils (sectior3.8.2. Neutrophils were incubated under normoxic or hypoxic
conditions at 3iC for 4 h, primed (GMCSF, 10 ng/ml or Cytochalasin B (Cyt B) 5
eg/ ml 30 min) and activated (fMLP 100
activity in the supernatants. As showrFigure4.2A, there wadittle or no detectable NE
activity present in thesupernatants derived from ‘gtimulated cells under normal or
hypoxic conditions.However, stimulation with the physiologisaiming agent GMCSF

ard activation with fMLP did lead to detectable release of active NE, and importantly,
this was significantly increased (almost sixfold) by hypoxia4110*+7.5*10° Arbitrary

units (AU) versus61.2*10° +12.4*10° AU.). The combination of Cyt B and fMLP is
normally regarded as a maximal (if nphysiological) stimulus for neutrophil
degranuulation, but even the substantial NE release induced by this combination was
further and significantly upegulated under hypoxic conditionsngreasing from
173.4*10+325*10° AU. to 324.4*16+24.3*10° AU.).

At the end of the assay, the neutrophils still excluded trypan blue, indicating that the NE
release observed was not secondary to loss of membrane integrity or necrosis (data not
shown). To determine whether this fing was specific for NE (perhaps reflecting
increased expression of Niotein) or resulted from enhanced azurophil granule release,
the liberation of a second azurophil granule protein, myeloperoxidase (MPO), was also
assessed by means of theOHdependet oxidation of edianisidine dihydrochloride
(section3.8.5.
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Figure 4.2: Hypoxia augmentsthe exocytosis of azurophil granules

Neutrophils (11.1*18ml) in PBS were incubated under normoxic (filled bars) or
hypoxic (0.8% Q and 0.5% C@ open bars) conditions for 4 h at 37°C. The cells were
primed (or not) with GMCSF (10 ng/ml, 30 min) d€yt B (5 pg/ml, 5 min) and activated

with fMLP (100 nM, 10 min) or vehicle, and the supernatants assayed for granule protein
activity. A. NE activity was measured by the increase in fluorescence caused by the
cleavage of DEElastin, n=10. B. MPO activitwas measured by the,8}-dependent
oxidation of adianisidine dihydrochloride (DMB) at 460 nm, n=8. The results represent
mean = SEM; all sampdewere run in triplicate. ** = 90.01, *** = p<0.001 (Mann

Whitney test).
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Figure 4.2B shows that the release of active MPO closely paralleled that of NE. After
stimulation with either GMCSF plus fMLP or with Cyt B plus fMLP, MPO release was
significantly augrented by hypoxia, increasing frod8%=+0.56 of total cellular MP@
5.1%=+1.18with GM-CSF priming androm 10.8%=3.6 of total MPO to 46.1%+58th

Cyt B priming. During these experiments degranulation was measured in neutrophil
supernatants only, thistal amount of granule proteins in neutrophils after 4 hours of
normoxia or hypoxia was not samplddhese results show that the release of both NE and
MPO is increased by hypoxia, strongly suggesting that azurophil granule exocytosis is
facilitated by tkese environmental conditions. To explore whether this effect was limited
to the azurophilic granules, the effect of hypoxia on the release of gelatinase and specific

granules was explored.

4.3.2 The effects of hypoxia on specific granule protein release

While the proteases present in the azurophil granules are of particular importance to
bacterial killing, proteins stored in other granules also contribute to this function and to
the potential of the migrating neutrophil to degrade ma8irce hypoxia can aungent

the release of azurophil granules, which are considered to be the most resistant to
extracellular mobilisatio¥° it was felt plausible that hypoxia might also facilitate the
secretion of other neutrophil granule populations.

Lactoferrin is a potent antmicrobial agent, which impairs bacterial growth by the
sequestration of irdf’, and islocated principally in the specifigranules. As shown in
Figure4.3A, the effect of hypoxia on the release of lactofernmeésured by commercial
ELISA as described in sectidh8.9 recapitulated the pattern seen with NE and MPO.
Under normoxic conditions, there was minimal release of lactoferrin, but release was
increased upon istulation with GMCSF and fMLP or Cyt B and fMLP. The release of
lactoferrin was further augmented by hypoxia, fr881+82 ng/ml to 1331+407 ng/ml
(GM-CSF/fMLP) or from940+162 to 3286+663 ng/ml (Cyt B/fMLP$ince lactoferrin is

not an enzyme, activitgssays are not relevant in this context.

4.3.3The effects of hypoxia on gelatinase granule release

The gelatinase granules are readily exocytosed, reflecting their function as a reservoir of
matrix-degrading enzymes and membrane receptors to promote neugxipailasation

and diapedesi& 1%
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Figure 4.3: Hypoxia up-regulates the exocytosis of specific granules

Neutrophils (11.1*18&ml) in PBS were incubated under normoxic (filled bars) or
hypoxic (0.8% Q and 0.5% C@ open bars) conditions for 4 h at 37°C. The cells were
primed (or not) with GMCSF (10 ng/ml, 30 min) or Cyt B (5 pg/ml, 5 min) and activated
with fMLP (100 nM, 10 min) or vehiel, and the supernatants assayed for granule protein
concentration. Lactoferrin release was measured by ELISA (Hycult). Results represent
mean = SEM from n=6 independent experiments; all samples were run in triplicate. * =
p< 0.05, ** =p<0.01 (MannAWhitney test).
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Hypoxic enhancement of gelatinase granule release could lead to excessive matrix
degradation and contribute to disease pathogenesis; for exafigilesand colleagué$
demonstrated a dramatic -uggulation of MMR9 in the BAL fuid of patients with
COPD and noted a striking correlation with disease severityoldlincrease in MMF9

activity in GOLD IV versus GOLD Il disease).

To confirm that hypoxia augments neutrophil gelatinase granule release, | assessed the
liberation ofmatrix metalloproteinas® (MMP-9, neutrophil gelatinase B), an important
component of the gelatinase granules. Total MMFRelease was quantified by ELISA,

and MMR9 activity was assessed by gelatin zymographlye hypoxiaattributable
increase in degranulation was recapitulated for MMRs shown irFigure 4.4A. GM-

CSF priming induced a modest release of MMP37 ng/ml), which was significantly
increased by hypoxia (4.4 fold, 165 ng/ml). Of note, under conditions of hypoxia, the
fMLP-stimulated release of MMP achieved by GMCSF priming is almost equivalent

to that seenvith Cyt B (141 ng/ml versu®218 ng/m) consistent with the lower threshold

for gelatinase granule release previouslported>?* However MMR9 release is only
relevantin vivo if this protease is active and therefore capable of causing tissue damage,
hence neutrophil supernatants were also subjectedabrgeymographyFigure4.4B/C.

The basis of this assay it thattive gelatinase should cleave the gelatin embedded within

a polyacrylamide gel. Inclusion of EDTA (0.4 uM) to inhibit MMP's during the washing
and incub#on steps resulted in a blank gel, indicating that the bands showigune

4.4.C are produced by MMP digestion, not by other enzymes (data not shbuwn
representative zymogram and quantificatadrthe bands by imageaf n=3 experiments
(Figure4.4B) illustrates that active MM is released ima broadly similar pattern to that
detected by ELISAThere is an increase in active MMPreleased in response to GM
CSF/fMLP from 10.5*18arbitary densitometric units (normoxia) to 22.4*{Bypoxia).

There was no apparent difference between normoxighgpaolxia after Cyt B and fMLP
stimulation, reflecting the results obtained using the ELISA asBaying these
experiments degranulation was measured in neutrophil supernatants only, and the total
amount of granule proteins in neutrophils after 4 hounsooioxia orhypoxia was not
sampled. However electron microscopy data shown in Figure 4.8 indicates that there is no
difference in total number of azurophil granules and data shov@mapter 6, Figure 6.4
shown that there is no increase in Mi#@Pprotein #ter a 4 hour incubation under

normoxic or hypoxic conditions.
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Figure 4.4: Hypoxia up-regulates the exocytosis of gelatinase granules

Neutrophils (11.1*18ml) in PBS were incubated under normoxic (filled bars) or
hypoxic (0.8% @ and 0.5% C@ open bars) conditions for 4 h at 37°C. The cells were
primed (or not) with GMCSF (10 ng/ml, 30 min) or Cyt B (5 pg/ml, 5 min) and activated
with fMLP (100 nM, 10 min) or vehiel(Vehicle control= Veh G)and the supernatants
were assayed for granule protein concentration/activity. A. MMBlease was measured
by MMP-9 Duoset ELISA, samples were run in triplicate, n=5. B. Quantification of
MMP-9 activity by band analysis withmlageJ. Results represent mean = SfEvh an

n=3 independent experimensamples were run in triplicat& = p< 0.05 (ManAWhitney
test) Numbers over bars relate to the lane numbers in C. C. Representative (of n=3)
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Collectively, these results show that hypoxia augments exocytosis of multiple neutrophil
granule populations following stimulation by physiological agonists, conferring the

potential for increased tissue injury.

4.4The effects of cigarette smoke medium (OQ®) on NE release

Cigarette smoking is the most important risk factor for the development of COPD, and
some papers have reported that cigarette smoke primes/activates neutrophils to induce a
destructive phenotype. Mortaat af*®. and others ha found that CSM induces the
release of RO%® IL-8, NE, MMP2 and MMR9 from neutrophils. Zappacosta etH.

also showed an wpegulation of fMLP receptors and CD11B/CD18 integrin expression

on the cell surface, consistent with the mobilisation of secretory vesicles. Therefore |
wished to investigate whether hypoxia and cigarette smoke havévaddr even
synergistic effects on neutrophil degranulation, since such an interaction could be highly
relevant to the pathogenesis of COPD. Cigarette smoke medium (CSM) was prepared as
described above in sectiohi4. To confirm that the prepared CSM was capable of
eliciting its recognised biological effects, such as induction of oxidative stress, the impact
on intracellular neutrophil ROS produgatiavas quantified using the reagent {BOA,

which becomesstrongly fluorescent upon interaction with RO& shown inFigure

4.5A, CSM induced a concemattionrdependent increase in intracellular ROS production.
This effect was most pronounced with concentrations of CSM above 25%; the effects of
50% CSM were comparable to those of PMA (a maximal stimulus for the generation of
intracellular ROS). Guided bthe literature already cited and by the results above, the
effect of CSM, alone or in combination with GESF/fMLP, on normoxic and hypoxic
neutrophil degranulation was investigated. As showRigure 4.5B, rather surprisingly

25% CSM had no direct effect on the release of active NE, under either normoxia or
hypoxia, and did not augment the effects of priming and/or stimulation witCSMand

fMLP. Even escalating the concentration of CSM to 50% did not augment these responses
(figure 3.5B). Incubation of cells with 75% CSM was toxic to the cells and induced
substantial mixed apoptosis/necrosis under normdigu(e 4.6), whilst hypoxia seemd

to ameliorate CSMnduced toxicity somewhat, as judged by light microscopy.
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Figure 4.5: CSM inducesROS generation but does not affect NE release

A. Neutrophils (5*16 cells/sample) were suspended in HBSS +-EIA (final
concentration 0.1 pM) and incubated for 10 min prior tsuspension in HBSS with or
without 5, 25, 50, 75, 100% CSM. Following ination at 37°C for 30 min, 100 pl
aliquots were transferred to tubes containing optimised Cell'Fikhe cells were then
analysed by flow cytometry (n=2). B. Neutrophils weresuspended (11.1*£0nl) in
normoxic (filled bars) or hypoxic (open bars) IMDMijth or without CSM (650 % as
indicated), and incubated at 37°C for 4 hrell€were primed with GMCSF (10 ng/ml, 30
min) or Cyt B (5 pg/ml, 5 min) and activated with fMLP (100 nM, 10 min). &fvity
was measured by the increase in fluorescence cawsdlde cleavage of D@lastin.
Results represent mean + SD of n=2 independent experiments; all samples were run in
triplicate.
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Normoxia Hypoxia

Figure 4.6: High concentrations of CSM are toxic to neutrophils

Neutrophils were rsuspended in hypoxic or normoxic IMDM (11.1*18l) + CSM (5

50 %) incubated under normoxia or hypoxia (0.8%aBd 5% CQ) at 37°C. After 4
hours, aliquots (90 ul) were taken for cytospins and then stained with
May/Grinwald/Giemsa. The images are representative photomicrographs of cytospins
from 3 independent experiments (x40 magnification).
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4.5The effects of hypoxia on neutophil morphology

The data for azurophil granule releaség(re 4.2) suggest that even with maximal
stimulation there was incomplete neutrophil deglatmn; to verify this | studied the
morphology of neutrophils preand postdegranulation by electron microscopy. The
ability for hypoxia to potentiate degranulation suggested that this signal may prime
certain aspects of neutrophil function; as a consecgl other features that might indicate
augmented activation were also determined. Neutrophil sttzgoege is a feature of
neutrophil priming/ activation, requiring changes in actin cytoskeleton conformation to
facilitate migration. Furthermore, cytoskeleremodelling plays an important role in
degranulation. Hence Transmission Electron Microscopy (TEM) and confocal
microscopy were used to evaluate neutrophil morphology and cytoskeletal organisation in

the normoxic and hypoxic setting.

4.5.1TEM analysis of neutrophils morphology

To study the effects of hypoxia on neutrophil morphology using TEM, the cells were
incubated under normal or hypoxic conditions and activated as described above, then
fixed (4% gluataraldehyde) and prepared for TEM (sec8dr2.). The images shown
(Figure4.7) were obtainedby Dr Jeremy Skepper. Changes in cellular morphology were
scored based on published observations made by Mitchelf®tamid Hoffsteinet al**

the full scoring system is shown Figure 3.7. Cells were scored (with the observer

blinded to the experimentalondition) for shape (rounded, irregular or elongated),
membrane ruffling (microvilli, small/medium extensions, long extensions), clustering,
presence of Aempty vacuoleso (none, |l ow or
high) . The resulyt swas mdcatingiaaquidscer cell;12 an

activated cell and 137 a highly activated cell. As shown kilgure 4.8A, a significant

difference in activation status between normoxic and hypoxic cells was obtained in both
unstimulated neutrophils and in neutrophils stimulated with Cyt B/fMLP. Surprisingly,
GM-CSF/fMLP-stimulated neutrophils under hypoxic conditions did not differ from
comparable normoxic cells when assessed by this meltsi may reflect either the cell
processing for TEM in some way Obluntingé
scoring system itself. Hence further parameters were assessed using the TEM images.
Upon activation the neutrophils surface becomesgiriar with formation of microuvilli,

and the cell adopts a more polarised oval shape.
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Figure 4.7: Effect of hypoxia on neutrophil morphology: TEM images

Neutrophils were rsuspended in hypoxic (lefianels) or normoxic (right panels) IMDM

at 11.1*16/ml and incubated under normoxia or hypoxia (0.8%a@d 5% CQ) at 37°C

for 4 h. The cells were primed with GRSF (10 ng/ml, 30 min) or Cyt B (5 pg/ml, 5

min) and activated with fMLP (100 nM, 10 min). Cells were then fixed with 4%
gluataraldehyde and processed for TEM by Dr Jeremy Skepper. Representative images of
n=9-15 are shown; magnification = x3500.
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The outline of each cell was therefore measured using Imagel()=8nd was found to
increase upon activation; this increase was not greater for-@giied versus GMCSF

primed stimulated celld{gure 48B). A statistically difference in circumference between
normoxic and hypoxic conditions was seen only when cells were stimulated with
CB/fMLP. This methodlogy may be affected if the cells are not sectioned in the same
plane between conditions, although | attempted to compensate for this by choosing cells
with the nucleus cut in a similar plane.

Finally the number of azurophilic granules remaining witihie cells was counted; these
granules are electron dense and hence easy to identify. | predicted an inverse correlation
with NE release. However, as showrigure 4.8C), only treatmenwith Cyt BfMLP
noticeable decreased the number of intracellular azurophilic granules remaining, versus
unstimulated control cells. This may reflect the fact that- G8&~/fMLP treatment, even
under conditions of hypoxia, results in the release of less than 10% of the total azurophil
granule contentRigure 4.2B), and suggsts that this methodology may not be sensitive
enough to detect such minor changes in intracellular granule content.

Although these data are not definitive, they do suggest that hypoxia promotes changes in
neutrophil morphology. Since the actin cytoskaete plays such a key role in shape
change and in neutrophil degranulation, | chose to investigate more directly whether

hypoxia might induce actin cytoskeletal remodelling.

4.5.2Cytoskeletal changes under hypoxic conditions

Upon activation the neutrophil acges a polarised morphology with an aetich
lamellipodium (leading edge) and an elongatedliteél uropod at the rear end. This shape
change facilitates rapid directional movement along a chemokine gradient (chemotaxis).
Besides migration, actin+4@ganisation is also essential for the uptake of bacteria and the
release of granule protefr{&*'®

Neutrophils were incubated under normal or hypoxic conditions for 4 h and stimulated
with fMLP (100 nM) for 5 minutes prior to fixing and stainirag described above
(section3.12.9. Under normoxic conditions, estimulated neutrophils displayed diffuse
green Factin staining, with slight garisation apparent under hypoxia in the absence of
other stimulation. Upon activation with fMLP (100 nM) polarised actin staining, with the
formation of actin 0 c-angused maphdogichlechaage wasd . Tl
substantially increased and ap@nt in a far higher proportion of cells under hypoxic
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Figure 4.8: Effect of hypoxia neutrophil morphology: TEM quantification

Neutrophils incubated under normoxia or hypoxia (0.8%&@ 5% CQ) at 37°C for 4 h

were primed (GMCSF 10 ng/ml, 30 min or Cyt B 5 pg/ml, 5 min) atieen activated

with fMLP (100 nM, 10 min). Cells were fixed with 4% gluataraldehyde and processed

for TEM. Representative EM images (from R¥S) are shown irFigure 3.7 abve. A.

Cells were scored for morphology, clustering, granule density, membrane ruffling and
vacuole formation to give a ©6celll activit
circumference was measured by drawing around each cell margin and quantifid#tio

ImageJ. C. MPOgranule quantification by counting. For@®, values are mean + SEM,

with 9 images analysed per condition. * <0.05 (ManAWhitney test).
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Figure 4.9: Activation and hypoxia induce actin cytoskeletal remodelling

Neutrophils were rsuspended in hypoxic or normoxic IMDM at 11.1%10l and
incubated under normoxia or hypoxia (0.8%and 5% CQ) at 37°C for 4 h. The cells
were stimulated with fMLP (100 nM) for 5 min, prior txifig and permeabilisation. The
cells were stained for the cell nucleus (DAPI, Blue), NE (goat IgG and Alexa Flubr 488
donkey antigoat IgG, red) and -BActin (rhodamingohalloidin, green), magnification
=x60. Representative images shown of n=3 indepenapetieents.
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conditions as shown iRigure4.9 (representative images from n=3 experiments)
Cheng Chen, a®year Medical Student undertaking a&2ek project in the laboratory,
performed these experiments under my direct supervisionwéh my assistance.

4.6 Discussion

Neutrophilic inflammation predominates in the COPD airway $%/&*'° and an
extensive body of evidence (from cell culture to murine models and finally to the
susceptibility ofAT deficiermyto deelbd GORD) smpliwates NE U
as a key mediator of tissue damage andréientless decline in lung function that
occursn this disease. It is known that hypoxia can influence neutrophil function
profoundly’?’*** My results confirm and extend these observations; using a range of
different techniques | have showhat hypoxia induces an altered neutrophil phenotype
with an activated morphology, actin remodelling andhost importantly- increased
degranulation. The increased degranulation response includes all the neutrophil granule
types and leads tthe enhancd release of NE, MPO, MMB and lactoferrin; by
implication the release other histiotoxic granyeoducts such as cathepsins and
proteinasel is highly likely to ke also augmented by hypoxia. | have also shown that
these liberated products are biologigadictive, andhence have the potential to cause
significant tissue damage both in vitro and in vivo. There is no direct histological
evidence of increased neutrophil degranulation present in areas of cellular damage in
hypoxic tissue in the literature; hewer a substantial body of evidence links elevated
levels of neutrophil granule proteins with the presence of tissue hypoxia. The tumour
microenvironment, for example, is profoundly hypoxic, as rapidly growing tumours
outgrow their vascular supply. Neophil granule proteins have been found to play a role

in cancer; in particular NE has been implicated in tumour proliferation and metastasis. NE
directly induced tumour cell proliferation in both human and mouse Ilung
adenocarcinomas in part by gaining asceo an endosomal compartment within tumour
cells, where it degraded insulin receptor substtafRS-1) and led to PI13K activatidt.

A NE inhibitor was found to prevent hepatic and lung metastasis in a mouse model
involving intrasplenic injection of Lewis lung adenocarcinoma cells, partly by inhibition
of neutrophil NET formatioft®. In COPD, the airway wall may expence significant
hypoxia, as evidenced by the presence of HIF in bronchial epithelial cells in biopsies
from COPD patients but not in the biopsies of the healthy cofftt8f§ however it must

be acknowledged that inflammation as well as hypoxia can lead to stabilisation of
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HIF3%3421 polosukhifi*® and colleagues also showed that HIKJ ex pr essi on
associated with areas of goblet cell hyperplasia (93.2 + 3.9% of goblet cells weteUHIF
positive) whereas nuclear HIFU was not detected in individ
without COPD. This, combined with data from Stockley € @nd othersincluding

Vlahos et al’’ show that circulating NE and MM® levels increse during exacerbations

and that NE is related to disease severity in CO&fporing the hypothesis that hypoxia
contributes to the enhanced neutrophil degranulation that is felt to be pathogenic in this
condition.

Although there has been no previous Imited study of the effects of hypoxia on
neutrophil degranulation, some researchers have studied this phenomenon in other cell
types. There is evidence that hypoxia can induce mast cell granule ¥&&4sathough

others have suggested that thismindirect effect mediated by the release of MCIFy
hypoxic alveolar macrophag&s Additionally, Pinskey et a®> and other¥® showed that
hypoxa induce the exocytosis of endothelial cell Weiehlade bodies (WBodies),
releasing von Willebrand factor (VWF) as well as increasing expression of tHzouyP
derived PMN adhesion molecule;sBlectin. Pinskey et &> postulated that endothelial
WP-body exocyosis occurs during hypothermic cardiac preservation, priming the
vasculature to recruit PMNs during reperfusion. The two groups differed in their
assessment of the length of hypoxic exposure required to induced WP body release;
Pinskey et af® saw only a small increa in degranulation around 1 hour, with a more
significant increase at 4 hours, whilst Goerge éf°flound a very rapid degranulation
response with a substantial difference between normoxic and hypoxic conditions as early
as 5 minutes, nmiatained at 1 hour. Both groups use the same cell type and quantification
method so the reason for this difference in the rate of degranulation is unclear. Of note,
the kinetic pattern of degranulation reported by Pinskey ¥t eésembles previous data

on hypoxic NErelease from our laboratdty.

Given the important role of cigarette smoke in the pathogenesis of COPD, and the fact
that NE and other neutrophderived proteases may be important in mediating this effect,

| explored the potential for cigarette smoke to synergise with hypoxia in augmenting
neutrophil degranulation. No previous literature exploring the effect of CSM under
hypoxic conditions was found, ba substantial amount of data exist reporting the effects

of CSM on neutrophils under normoxia. However, the results presented by different
authors vary significantly. Different laboratories use different methods to prepare CSM,

and some laboratories havused commercially available cigarettes rather than
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standardised research cigarettes. The quantification of the CSM and the concentration
used by different laboratories is also substantially different, ranging from 1 cigarette per 5
mls of medium to 1 garette per 20 mIs of medium. Since commercial preparations of
cigarette smoke extract and condensate have also been reported to vary considerably, |
prepared my own CSM using research grade cigarettes, and verified the activity of the
CSM by demonstrating that it induced intracellular oxidative stress as predictéd a
concentratiordependent fashion. | also demonstrated that high (>50%) concentrations of
CSM were directly toxic to neutrophils and induced necrosis/apoptosis. Although
(interestingly) hypoxia largely prevented CSMiluced cell death, concentraticafSCSM

that were able to induce detectable intracellular oxidase activity had no effect on
neutrophil viability/survival at 4 hourand hencevere used to study degranulation. No
effect on basal or stimulated NE secretion, either in ambient oxygen oixibypo
conditions was found. These data contrast with those reported by Kaeitf€®, who
showed a priming effect of CSM on neutrophils, leading to increased NE release
following stimulation with fMLP, whilst Mortazt al**° andOverbeelet al>**° found that

CSM induced the pruction of reactive oxygen species;8L.NE, MMPR-2 and MMR9
directly. However, both of these groups useaduchlonger incubation time (9 h) and a
higher concentration of CSM than employed herein (smoke from 1 cigarette bubbled
through medium in comparison to smoke from 3 cigarettes in 25 ml medium). For the
experiments involving hypoxia, the 4 h incubation penweas deliberately selected as
sufficient to induce maximal upegulation of degranulation, but not sufficient to effect
neutrophil survival (which might confountthe results). As | could detect no effect of
CSM on neutrophil degranulation in the tiftamerelevant to my studies,did not study

this interaction further)

To ensure that the enhanced release of granule proteins did not reflect a loss of cellular
integrity, and to explore the effects of hypoxia on cellular features characteristic of
priming and activation, | performed a detailed morphological analysis. Using TEM | have
shown that the treatments | have used leave the cells fully intact, but that hypoxia induces
a number of morphological changes, over and above those induced by activation alone.
The scoring system | used was based on the observations of Mitcheltéetdlo show

that activated neutrophils have a more elongated profile, and also obseneeémpiy
vacuoles; these are similar to the morphological changes | saw and which are depicted in
Figure4.7. In an attempt to obtain quantitative data cellular morphology | analysed

neutrophil circumference from the TEM images, using nuclear morphology to try to
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ensure the selected cells had been cut in a similar plane (although this is still a potential
source of error). In agreement with Mitchell @t*®*® activation increased cellular
circumference, perhaps by increasing the number of cellular protrusions; hypoxia alone
had no significant effeain this indexbut did enhance the effect of Cyt B. A significant
reduction in the number of intracellular electrdense granules was detected only when
neutrophilshad been treated with CytfBILP under condions of hypoxia; as shown in

Figure 4.2, this is the only condition where >10% of total MPO was released from the
cell, suggesting that the TEM quantification is not sufficientlysgeve to detect these
smaller changes. | did not observe the peripheral granule redistribution reported by
Rittner et al*® in response to fMLP, perhaps reflecting the very high agonist
concentrations sed by this group (fMLP5uM). However this set of experiments did
confirm that the detection of increased extracellular granule proteins in response to
hypoxic stimulation depicted ifrigure 4.2-Figure 4.4 reflects the liberation of intact
granules rather than napecific cellula damage.

The neutrophil cytoskeletal changes in response to hypoxia described in this thesis have
not beento my knowledgepreviously reportedHypoxia has been shown to affect the
actin cytoskeleton and induce shape change in neuronaf’teltsd proximal renal
tubular cell§**in culture, but the mechanism and consequences of these effects were not
explored. Working in our laboratory, Dr Naomi MCGovern did not detect hypoxia
induced neutrophil shape changeéhen usinga FACSbased method, however by
immunofluorescence microscppl have shown a clear effect of hypoxia on the
distribution of polymerised 4dactin to cagdike structures. Since cytoskeletal
rearrangements have been linked to degranufdfiéf} this observation may provide a
mechanistic insight into the hypoxic wpgulation of neutrophil degranulation. The
mechanism of neutrophil degranulation under hypoxid @@ possibility of enhanced
degranulation leading to more epithelial cell damage are the focusy acfubsequent

chapters.
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Chapter 5

Results: The effect of neutrophHdinduced damage
to lung epithelial cells
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5. The effect of hypoxia on neutrophitinduced damage to lung

epithelial cells

5.1Introduction

There is abundant evidence that neutrophil proteemesause substantial tissue damage
as exemplified by research into COPBactors contributing to the occurrence and
progression of emphysema include chronic neutrophilic inflammation with protease/anti
protease imbalance and oxidative stress in the awewvlvironment, and lung epithelial
cell apoptosi&® neutrophitderived proteases can contribute to all of these proééSses
Neutrophil elastase (NE) in particular has been shown to play an important role in the
development of emphyseiia™? direct installation of purified NEporcine pancreatic
elastase of NEjnto the lungs of mice is used as an animal of emphySénaad mice
deficient in NE are protected from cigarette smitduced emphysent®. NE has also
been shown to cause mucous gland hypergfdsind enhance the secretion of
mucus®*?® and incubation with elastagm®sitive but not elastageegative respiratory
secretions lé to a decrease in ciliary beat frequency of primary nasal epithelidftells
Beside NE, bottiMPO™*'**and MMR9 have been shown to promote inflammation and
cause tissue injuf§’?** TogetherMMP-9 and NEare capable of degrading almost every
extracellular matrix component including collagen, fibronectin, proteoglycans, heparin,
and crossinked fibrin'’t. MMP-9 has further been related to parenchymal destruction
and lung function decline in subclinical anstablished emphyseri?a?** Other studies
have shown MMPD to be elevateth the sputum opatients with COPD in comparison to
healthy control subjects, and MMP levels were found to correlate with increased
neutrophilia and decreased lung functftfi*?®®> MPO can cause oxidative stress in
inflammatory settings anserumMPO levels have been showndorrelate with alecline
in lung functiort®?
Furthermore, neutrophil proteasesn compromise local pulmonary immune responses
NE has been shown to cleave critical protein componentsedfronchial defenses, such
as the C3Bi opsonophagocytic receptor €RImmunoglobulif®® and SPLUNC1 (short
palate, lung, and nasal epithelial clon®] which is thought to exert antiicrobial
activity in the context of pulmonary pseudomonal infeéi®rVIPO has been shown to
up-regulate the inflammatory response directly; MPO internalised by ezlddtiells
leads to 16, IL-8 and ROS release with thpotential for the perpetuation of
inflammation and injury?>*%
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These data suggests an important role for neutrophil proteases in a range of lung diseases.
In the light of the evidence summarised above, | wished to investigate the potential
pathophysiological relevance of my finding that hypoxia substantially uptegula
neutrophil degranulation. In order to do this, | explored the effects of supernatants
collected from neutrophils cultured under normoxic or hypoxic conditions on lung
epithelial cells in culture.

These supernatants were generated by priming neusd@hild® cells per sample) with
GM-CSF (10 ng/ml) and activating the cells with fMLP (100 nM) under normoxic or
hypoxic conditions (0.8 % £5% CQ, section 3.8.1). The amount of active MEeach
neutrophil supernatantvas quantified tocounter anybatch to batch variability and
samples were stored for no longer then 6 weeks to ensure there Wwae riependent

loss of protease activity. Initial experiments were performed using the A549 lung
adenocarcinoma cell line; | then progressed my findings tooexphe effects on
immortalised Normal Human Bronchial Epithelial Cells (IHBECs) and ultimately primary

human bronchial epithelial cells grown in-&quid interface (ALI) cultures.

Thespecific aimsf the work presented in this chapter are:
1. Toestablish whether the hypoxic enhancement of neutrophil degranuiastre

potential to damage A549 epithelial cell monolayers

2. To investigate the nature of the damagducing components of the neutrophil

supernatants.

3. To extend any relevant findings: iA549 cells to cells which more closely
resemble human bronchial epithelial cells in vivo.
4. To explore the effects of normoxic and hypoxic neutrophil supernatants on ciliary

function

5.2 The effect of hypoxia on neutrophitinduced damageto A549 cells

For my initial experiments | used the A549 lung epithelial cell line. These cells are
alveolar basal epithelial cells derived from a human lung adenocarcinoma; they are often
used as a lung epithelial cell mot’éf*’ having the advantages of being well
characterised, readily available and easy to grow in the cell culture environment. The
cells were used only at early passage number (6ptssage after defrostingand were
visually checked for signs of infection on a daily basis.
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5.2.1 The effects of hypoxia on neutrophil induced toxicity to A549 cells

To investigate the ability of neutrophil supernatants to cause damage to lung epithelial
cell layers, A549 cells werplated onto polL-lysine coated plates (98ell plates,
40,000 cells per well) and cultured overnight at 37 °C (5%)@OF12K medium with
antibiotic/antimycotic solution and 10% FCS overnight to obtain a fully confluent
monolayer. The next day the ktklyers were exposed to neutrophil supernatants (150 pl,
1:2.5 dilution, 37°C) for 72 h (earlier tinmoints did not show significant cell damage
visually, data not shown). To visualise cellular damage and delineate cell monolayer
integrity, the A549 cellayers which had been exposed to neutrophil supernatants for 72 h
were stained with the fluorescent dye 4li@midine2-fenylindool (DAPI) (which binds

to chromatin) andb-(and 6)}Carboxyfluorescein diacetate succinimidyl ester (CFSE),
which is able to wss cell membranes and hence highlights the cytoplasm. As shown by
the photomicrographs iRigure5.1A, there was a striking difference in A549 monolayer
integrity induced by supernatants derived from neutrophils activated (with GM
CSFfMLP) under normoxiaversusthose activated under hypoxigxposure to hypoxic
activated neutrophil supernatants resulted in only a minimal remaining intact cell layer,
whilst in the wells exposed to supernatants from normoxic neutrophils, a relatively intact
cell layer is still presentHgure 5.1A, representative image from n=11 experiments).
Since the supernatants from hypoxic neutrophils led to substantial disruption of
monolayer integrity on visual inspgon, the direct toxicity of the neutrophil supernatants
was quantified more precisely by(8,5dimethylthiazol2-yl)-2,5-diphenyltetrazolium
bromide MTT assay. Experimental conditions were precisely as described Alfteve.

72 h, the supernatants weaspirated from the epithelial monolayers and the cells were
incubated with MTT (100 pl500 pg/ml final concentratignn IMDM for 2 h at 37°C.

The resultant purple formazan crystals, formed by the mitochondria of viable cells, were
dissolved in isopropamhafter a 2h incubation and the absorbance measured at 540 nm.
The absorbance of cells exposed to control media (IMDM) is used as 100% living cells
(presence of an intact, fully confluent cell layer was confirmed by microscopy). The
exposure of the celbyers to neutrophil supernatants led to reduced absorbance at 540
nm, presented as percentage (%) of living céligure5.1B shows that the supernatants
from normoxic neutrophils, even those activated by-GSF/fMLP, caused minimal
(<10%) cell death. In contrast, even the supernatants from hypmgtimulated
neutrophils induced substantial (39%) cell death, and this incréa$®% A549 cell
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Figure 5.1: Hypoxic neutrophil supernatants compromise A549 cells survival

A549 cells were cultured in Poly-Lysine coated 9&vell plates (80,000 cells per well)

to obtain a fully cofluent cell layer, and were exposed to IMDM (Veh C) or supernatants
(1:2.5 dilution) from neutrophils cultured and activated (GEF/fMLP) under normoxic
(filled bars) or hypoxic (open bars) conditions. After 72 h the cells were stained with
cytoplasmic (ESE) and nuclear (DAPI) dyes (A) or assessed for viability by MTT assay
(B). A. Immunocytochemistry microscopy images from a single representative
experiment (of n=11) magnification = x20, B. MTT toxicity assay, n=11, each performed
in triplicate. Valuesare mean + SEM, *<0.05, **=p<0.01, ***=p<0.001.
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5. Results The effect of hypoxia on neutrophitluced damage to lung epithelial cells

death upon exposure to the supernatants from neutrophils activated {&/SGNMLP

under hypoxia. Toxicity was even more marked when supernatants from Cyt B/fMLP
treated neutrophils were used, and again the effects were significantly enhanced by
hypoxic versus normoxic neutrophil incubation.

These preliminary experiments show that snptamts produced by hypoxic neutrophils

can exert a highly damaging effect on A549 lung adenocarchummeed epithelial cells.

The following experiments were designed to explore this phenomenon in more detail.

5.2.2The effect of hypoxia on neutrophitinduced detachment of A549 cells

Immunocytochemistry was used to interrogate the damage caused by the neutrophil
supernatants in more detail and to explore the mechanism of A549 cell death, The A549
cells were plated onto pely-lysine coated plates (96 well optical plates (lbidi), 80,000
cells per well) and incubated at 37°C overnight to obtain a fully confluent monolayer,
before exposure to supernatants from normoxic and hypoxic neutrophils stimulated (or
not) with GM-CSF/fMLP as above (150 ul, 1:2.5 dilution) for 48 h. After the incobat

the supernatants were removed, the cell layers fixed with 3.5% PFA (20 min, 22°C) and
stained for cleaved caspase(@hticleaved caspase 3 goat IgG antibody (1:1000 1 h,
22°C) and Alexa Fluor 488lonkey antigoat 1gG, red (1:1000, 1 h, 22°C);a€tin
(rhodaminephalloidin, green, 1:200, 30 min, 22°C), nucleus (DAPI containing mountant,
blue 22°C). Caspase 3 is activated via extrinsic (death ligand) and intrinsic
(mitochondrial) pathways; cleavage and activation of caspase 3 irreversibly commits a
cell to apoptosis and is therefore often used as a marker for early apBptdsis

For analysishree representative images were taken in different areas of the well, with
care to avoid the edges of the wellxposure to hypoxic activated supernatafigire

5.2A. panel hypoxia, GM/fMLP) led to a substantial increase in cleaved caspase 3
staining, which was not seen upon exposure to hormoxic supernatants (full set of images
for all conditions are shvan intheappendies, sectior.3).

Figure 5.2A (representative images from n=6 experiments) also shows that exposure to
the hypoxic, but not the normoxic supernatants caused extensive cellular detachment from
the tissue culture surface, in kagpwith the data presented kiigure5.1. The cell layer
detachment seen on confocal images was quantified by measuring the "empty" areas
using imageJ, and the data are represented as detached area as a percentage of total area.
This quantification is shown iRigure5.2B. No cellular detachment was induced by
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Figure 5.2: Hypoxic neutrophil supernatants induce A549 cell detachment and
apoptosis

A549 cells were cultured in Poly-Lysine coated, 96 well plates to obtain a fully
confluent cell layer. The cells were exposed to neutrophil supernatants (1:2.5 dilution)
from neutrophilscultured and activated (GI@SF/fMLP) under normoxic (filled bars) or
hypoxic (open bars) conditions for 48 h before the before the cell layers were fixed with
3.5% PFA and stained for-&ctin (rhodamingohalloidin, green), nucleus (DAPI, blue)
and cleavedtaspase 3 (goat IgG atleaved caspase 3 antibody and Alexa Fluoni 488
donkey antigoat IgG, red). A. Representative images from n=6 experimentsfx0.

set of images is shown in append3 B. Quantification of cell layer detachment
measured by imageJ, shown as percentage of detachment of total area per field of view.
n=6, each performed in triplicate, values are mean + SEpK0G05, **=p<0.01.
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5. Results The effect of hypoxia on neutrophitluced damage to lung epithelial cells

supernatantfom resting normoxic neutrophils, whilst supernatants from resting hypoxic
neutrophils induced detachment of 15.5% of the total area. Damage to the epithelial cells
layers increased upon exposure to supernatants from activated neutrophils; detachment of
17.8% of the total area was observed with the application of supernatants generated by
activation under normoxia, increasing to 67.7% detachment in response to analogous
hypoxic supernatants.

Together with the data from the MTT toxicity assay, these reshiis/ that neutrophil
supernatants generated under hypoxic conditions can cause substantial damage to A549
lung epithelial cell layers. However, it does not tell us whether the damage is protease
even proteirdependent, or whether there is a contridoutirom other factors present in

the neutrophil supernatants. This was further investigated as outlined below.

5.2.3Nature of the damaging agent in hypoxic neutrophil supernatants

It has been shown that neutrophil proteases, especially NE, can cause cell damage and
even cell death. For example NE applied to A549 cells induced concentaimtime
dependent apoptosibtakajoh et af** showed that exposure to NE concations of 0.1

U/ml or greater for 24 h significantly compromised A549 cell viability, supporting the
hypothesis that neutrophil proteases in the lung have the capacity to cause epithelial cell
damage locally. Importantly, this effect was inhibited by Huglition of the serine
proteasesAT.nhi bitor U

To recapitulate this observation, A549 cell monolayers were exposed to increasing
concentrations of porcine pancreatic elastase (PPE) and stained with a nucleic (DAPI) and
a cytoplasmic (CFSE) dye exactlya@escribed above. This resulted in epithelial cell layer
damage Figure 5.3\) visually indistinguishable from the damage induced by neutrophil
supernants and shown iRigure5.1A. The MTT toxicity also showed a concentration
dependent toxicity of PPE on the A549 celgyre 5.8), with the concentration of 0.1

U/ml PPE being the equivalent of the amount of ;M&sent in the hypoxic, Cyt B/fMLP
activated supernatants as measured by the NE activity assay.

Thus hypoxic neutrophil supernatants in particular can darhang epithelial cell layers,

and this effect can be-e@apitulated using purified PPE. However, these experiments do
not prove that neutrophderived proteases, or even proteins, are responsible for this
cellular toxicity. To investigate whether the ndage is protewdependent, the

supernatants were boiled (10 minj @9to denature any proteins present. A549 cell
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Figure 5.3: Porcine pancreatic elastase recapitulates the damage caused by
neutrophil supernatants

A549 cells were cultured in Poly-Lysine coated 96vell plates to confluence. The cells
were exposed to IMDM (Veh C) or porcine pancreatic elastase at the indicated
concentrations for 72 h before staining of the cell layer (A) with a cytopdadye
(CFSE) and nucleic dye (DAPI) or determining the percentage of live cells by MTT assay
(B). A. Representative images from n=1 experiment with triplicate wells, magnification =
x20. B. MTT-assay data, n=1, each assay performed in triplicate. Valhgesnean +
SEM.
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5. Results The effect of hypoxia on neutrophitluced damage to lung epithelial cells

layers were cultured as before and exposed to the boiled and intact neutrophil
supernatants (1:2.5 dilution) for 48 h. Boiling the supernatants abolished the damaging
effects as illustrated ifrigure 5.4A, confirming proteirdependence. The quantification

of cell layer detachment is shown kgure 5.4B and confirms complete protection is
provided by protein denaturation. To assess whether the cell injury was protease
dependent , the physi ol ogantid aly psA)nwas(esedpr ot e a
UAT does not only inhih NE but also a range of other proteases present in the
neutrophil granules including cathepsin G and protein&Se 3

Neutrophil supernatants were pren ¢ u b a t eAd (1@vmin. B.64@Jug/ml) and the

cell layers treated as described above. These concentrations were chosen based on the
abi | i ATyto iohibit plre NE in a 2:1 ratfd’. From data from McGovern et &f°

and chapter 4, figure 4.3 it can be calculated tteatrophils primed stimulated with
GM/fMLP released approximateB/pg/ml of NE (from 1*1C° cells). A s 1AUinhibits a

range of proteases | used the inhibitor at a 2:1 ratio and higher. As shéiguia5.5A

and BT dectéased cell layer detachment in a concentralépendent fashion. The

hi ghest c o niARredudedhthel damagedniduced byaW-CSF/fMLP from
70.5% to 6.9 %, which islose to the baseline seen with vehicle alone. The fact that
UAT concentrations of greater that 4.6 pg/ml were required to achieve significant
protection may suggest that proteases other than NE may be involved in the cell
damage/detachment caused byd®p supernatants.

Data from the experiments shown in figures 4.3, 4.4 and 4.5 were performed with my
assistance and under my direct superviddgnMs Cheng Chen, a third yearelical

Student undertaking a 3®eek project in the laboratory.

5.3The effectof hypoxia on neutrophil induced damage to immortalized primary

bronchial epithelial cells.

Using A549 cells | have shown that neutrophil supernatants, particularly those generated
in a hypoxic environment can cause substantial damage. Although comatedas a
model for lung epithelial cells in the literature, the A549 cell line is still a cancer cell line
and may therefore have undergone substantial alterations in biochemical and functional
properties. When compared to primary cells A549 cell moggyis very irregular in
comparison to the more consistent cobblestone appearance of primarkigalie 8.9.

To use cells which more closely resemble the endogenous lung epithelium, and to
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Figure 5.4: A549 cell damage caused by neutrophil supernahts is protein

dependent

Confluent A549 cells monolayers in PdlyLysine coated 96vell plates were exposed to
IMDM (Veh C), (boiled, 5 min 99°C) or intact supernatants (1:2.5 dilution) from
neutrophils cultured and activated (GMSCF/fMLP) as indicatetbumormoxic (filled
bars) or hypoxic (open bars) conditions for 48 h. The cell layers were then fixed with
3.5% PFA and stained for-&ctin (rhodaminghalloidin, green) and nucleus (DAPI,
blue). A. Representative images of n=4, each performed in ttglicaagnification =

x40. . Full set of images is shown in append@3 B. Quantification of cell layer
detachment measured by imageJ, shown as percentage of detachment of total area per
field of view. n=4, each performed in triplicate values are mean + SEM<GO1.
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Figure 5.5: A549 cell damage caused by neutrophil supernatants is protease

dependent

A549 cells were cultured in Poly-Lysine coated, 96 well plates to confluence. The
neutrophil supernatants from cells cultured and activated -GEAfMLP) under
normoxic (black bars) or hypoxic (open bars) wereipme ¢ u b a t ;AT (0, w.6, 23hor U
46 pug/ml as indicated) for 10 min prior to application to the A549 cell layers. Following a
48 h exposure, the cell layers were fixed with 3.5% PFA ankhestafor Factin
(rhodaminephalloidin, green) and nucleus (DAPI, blue). A. Representative images from
1 of n=4 experiments, each performed in triplicate, magnification ¥ x4@ 6 ..d~gl/ ml
set of images is shown in append3. B. Quantification of cell layer detachment
measured by imageJ, shown as percentage of detachment of total area per field of view.
n=3-8, values are mean + SEM, 5=<0.05, **=p<0.01.
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5. Results The effect of hypoxia on neutrophitluced damage to lung epithelial cells

confirm that the damage to A549 cells caused by neutrophil supernatant is not due to a
specific cell linespecific susceptibility, the immunocytochemistry experiment performed
with the A549 cells were repeated using immortalised human bronchial epitedlsal
(IHBECs). These cells were originally derived in the laboratory of Professor Jerry Shay,
and with his permission were gifted to us by Professali Jenkins (Nottingham
Respiratory Research Unit, Nottingham City Hospital).

They are normal primary mthelial cells immortalized by transfection with cyelin
dependent kinase (Cdk) 4 and hTE®TThese cells do not have a cancer cell phenotype;
they do not form colonies on agar plates and have an intact p53 checkpoint pathway.

To assess the capacity of neutrophil supernatants to cause damage to the iHBEC's cell
layers, the cells wereultured as described above (sectibr2.]) and exposed to
neutrophil supernatants (1:2.5 dilution) for 48 h. After the exposure the cell layers were
stained exactly as described above fackn (rhodaminghalloidin, , 1:200, gregrand
nucleus (DAPI, blue) and detachment was quantified by measuring the "empty" areas
with ImageJ(Figure5.6). The results obtained from these expents align closely with

those seen with A549 cells; as shownFHigure 5.2 the supernatants from normoxic
stimulated neutrophils induced some ceydr detachment, but this was approximately
threefold less than that seen with supernatants derived under hypoxic conditions (11.5%
versus 29.3 % detachment).

Together with the A549 cell data these results show that hypoxic neutrstimilgated

under typoxic conditions display an augmentedtential to cause significant damage to
lung epithelial cells. To further place these results in a physiological context | wished to
investigate the effect of neutropluérived supernatants on cells grown air-liquid

interface (ALI) cultures.

5.4The effect of hypoxia on neutrophil induced damagen ALI -cultures.

Besides the structural damage found in the lungs of COPD patients, there is also an
susceptibility to respiratory infectioff&**® and a proportion of patients with COPD are
colonised with potentially pathogenic organisms suchHagmophilus spf*® and

Moraxella catarrhalié®°. The respiratory tract is linedith ciliated epithelial cells, which
function-casliamarygmwecsacal atord to move mucus
upwards and expel them from the lungs via the cough reflex. A delay of-cilizcy

clearance has been observed in chronic brosdue to a loss
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Figure 5.6: Hypoxic neutrophil supernatants damage iHBE cells layers

iIHBE cells were cultured in Poll-Lysine coated 9&vell plates to obtain a fully
confluent cell layer. The cells were exposed to exposed to IMDM (grey bar) or
neutrophil supernatants (1:2.5 dilution) from neutrophils cultured/activated under
normoxic (blackbars) or hypoxic (open bars) conditions for 48 h. The cell layers were
then fixed with 3.5% PFA and stained foraEtin (rhodaminghalloidin, green) and
nucleus (DAPI, blue). A. Representative images from n=3 experiments, each performed
in triplicate, x40magnification. B. Quantification of cell layer detachment measured by
imageJ, shown as percentage of detachment of total area per field of view. n=3, each
performed in triplicate. Values are mean + SEM.
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of ciliated cells that have been replaced by gobdis™,

also leading to mucus hyper
secretion. The impaired mucus clearance may play a role in the first step of mucosal
colonisation, and mucus hypsecretion is associated withhcreased mortality related to

infectior**

. Ciliary dysfunction has also been associated with an increased susceptibility
to infection in other diseasdike Primary Cilia Dyskinesia (PCEY and pulmonary
nontuberculous mycobacteridiseas&™.

Therefore | was interested to investigate whether exposure to neutrophil supernatants, and
in particular those derived from hypoxic neutrophils, would affect ciliary function, in
addition to exploring the effects of neutrophil supernatants on cells growing in conditions
that more closely resemble the human airway environment than monolayer tissue
cultures. Professor Chris O'Callagh@ortex Unit, Great Ormond Street Hospital and
University of Leicester) runs a nat@indiagnostic service for PCIDgsing a 3dimensional
culture system of primary ciliated bronchial epithelial cell layers. These eslallow
differentiation into goblet cells, basal cells and ciliated epithelial cEitpufe 5.7); this

team haveaccrued extensive expertise in tesessment of ciliary function and structure
using highspeed digital video microscopy. Furthermore, the use of diaid interface

(ALI) culture system more closely mimics tirevivo environment of alveolar epithelial

cells which are exposed to inhdlair at their apical aspect, but are in contact with tissue
fluid/pulmonary circulation basaffy?**> To undertake the following experiments |
worked in the PCD Centy®epartment of Infection, Immunity and Inflammation at the
University of Leicester, under the supervision of Dr Robert A. Hirst.

5.4.1The effect of hypoxia onneutrophil induced cell damage in ALI cultures.

Primary HBECs were purchased from Lonza and cultured and differentiated into a
polarised system incorporating basal, goblet and ciliated cells over a period of
approximately 2 months as describedsattion3.13.3 Cultures that failed to ciliate or
which became infected were discarded. To confirm that thecAltlres (grown on
Transwelf inserts) didindeed incorporate ciliated epithelial cells, scanning electron
microscopy (SEM) images were prepared from the cell layers. Theclltures were
exactly as described (sectid14.4. Images were obtained by Dr Jeremy Skepper
(Cambridge Advanced Imaging Centre, Department of Physiology, Development and

Neuroscience, University of Cambridge).
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Figure 5.7: Scanning electron microscopy of primary HBECs grown in ALI culture

A. Representative scanning electron microscope image (of n=2) showing (black arrows)
ciliated cells (A), basal cells (B), and mucus (C). The HBECs weyen on collagen

coated 1.2 cm diameter TransWelhserts and transferred into Atlltures. Mature
cultures with ciliated cells were fixed in the well with Sorensen phositidtered (pH

7.4) glutaraldehyde (4% v/w). Dr. Jeremy Skepper (Cambridge Addaimaging
Centre) completed sample preparation for electronmicroscopy and took the images using
a FEI Verios 460 microscope. B. Photomicrograph of section through HBECs growing in
ALI culture. Black arrow indicate ciliated cells, white arrows indicatsabaells image
imported fromhttp://www.lonza.com/).
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Figure 5.7shows a representative SEM image of one of the-ciliure NHBE cell
layers(Figure 5.7B), demonstrating theesence of ciliated cells (Apasal cells (B) and
mucus (C) and a photomicrogtaf a section through HBECs growing ALI culture
(Figure 5.7B, taken from Lonza website).

The length of the culture period required, and the difficulties of obtaining full ciliation
were a limiting factor in the number of experiments that could be undertakthis
section of work; to maximise the experimental outputs | used the same supernatant
exposed cultures in a range of assays, which restricted thepdimis | was able to
analyse. Since ciliation is unique to this culture system, | prioritisediexgats to study
ciliary beat frequency (CBF) and -awdination, hence other assays were restricted in
number and scope. To map onto the data obtained for A549 and IHBEC submerged
monolayer culture cells and investigate the effect of neutrophil supatsabn the
integrity of thesecells layers | employed immunocytochemistry and LDH assay (to assess
cell damage by means of cellular leakage.

Immunocytochemistry was used to look at cell damage and the induction of apoptosis, as
previously undertaken using49 cells and iIHBEC's. The ALI cultures were exposed to
neutrophil supernatants (500pl, 1:2 dilution) added to the basal side for 6 HCattl3ig
relatively short time period of exposure was dictated by the need to study ciliary motion.
After exposurdhe cells were gently scraped of the transwells and fixed in 4% PFA for 30
mins prior to washing twice with PBS. Befostaining, cytospins were made of the cell
scrapings. They were then stained feadin (rhodamingohalloidin, 1:200 green), nuclei
(DAPI, blue) and cleaved caspase 3 (ateiaved caspase 3 goat IgG antibody, 1:1000
and Alexa Fluor 488 donkey afgpat 1gG, 1:1000, red). Representative images (of n=3
stained edges imaged per condition, n=1 experiment) are shdviguire5.8. There is an
increase in cleaved caspase 3 detection, even following this brief exposure to hypoxic
activated supernatants relative to the normoxic equivalenis. iStentirely consistent

with the previous data obtained using A549 and iIHBEC submerged monolayer cultures.
No other significant signs of damage could be seen in the cell layer structure after this
brief exposure. Although the immunocytochemistry datanfilLl-culture primary cells

align with my previousexperiments, this data is only qualitative/semuantitative. In an
attempt to obtain quantitative data to measure toxicity to ALI cultures induced by
neutrophilsupernatants, | used a commercial LDH assay, which can be undertaken on a

small sample volume. Unfortunately, insufficient cells were available to undertake this
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Figure 5.8: Hypoxic neutrophil supernatants nduce apoptosis in ALI cultures

ALl -cultures were cultured and matured as described above. The cells were exposed to
neutrophil supernatants (1:2 dilution) generated from neutrophils cultured and activated
(GMCSF/fMLP) under normoxic dnypoxic conditions for 6 h before the before the cell
layers were fixed with 3.5% paraformaldehyde (4 h) and stained-dotif (rhodamine
phalloidin, green), nucleus (DAPI, blue) and cleaved caspase l@aed caspase 3

goat IgG antibody and Alexaldor 4881 donkey antigoat IgG, red) as a marker of
apoptosis. Representative images of n=1 experiment performed in triplicate,
magnification = x63.
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assay on only one occasion, due to the difficulties inherent in maintaining and
differentiating the prmary HBECs in ALI culture condition®\LI -cultures were exposed

to neutrophil supernatants (1:2.5. dilution) on the basal side for 24 h at 37°C. 10 pl
samples of the tissue culture media bathing the cells were removed at times t=0, 4, 8 and
24 h and analygl for LDH activity(Figure5.9). Consistent withmy previous data sets, a
time-dependent increase UDH release (indicative ofellular damage)was ®en upon
exposure to the supernatants, especially those derived from the hypoxic, activated
neutrophils in these culture conditionsthe released LDH activity more than tripled
(from 16.9 to 50.2 nmol/min/ml)Statistical analysis could not be undertakenthese

data since insufficient cells were available from subsequent ALI cultures to repeat this

experiment.

5.4.2The effect of hypoxia on neutrophil induced ciliary dysfunction

Ciliary dysfunction has been linked to increased susceptibility to infectience the
effects of neutrophil supernatants on ciliary function (CBF and ciliary beat pattern) were
assessed. The ALI cultures were gently scraped from the Trafismeatts, suspended in

500 pl of ALI medium per well, and the cell suspension was divided?2 Eppendorff

tubes. Cells were left to settle for 10 min before the medium was removed and the cells
were exposed to undiluted neutrophil supernatants. Directly after exposure the cells were
transferred onto a chambksliide Figure 3.10. Beating ciliated edges were recorded
using a digital higkspeed video camera (Kodak Ektapro Motion Analyser, Model 1012)

at a rate of 500 frames per second (xl&%. Figure5.10A shows single still images
captured from representative movies (of n=3) of ciliated edges exposed to neutrophil
supernatants for B; the movies are included on a CD supplied with the thesis. They
show that epithelial cell cilia are profoundly affected by the neutrophil supernatants,
application of which resulted in a reduction of the number of normally beating cilia and
cell swelling These effects were most apparent when the ciliated edge was exposed to the
hypoxic activated supernatangsot significant) The quantification of the ciliary beat
frequency was done by ImageJ and ciliaFA (programme developed by Dr. Claire Smith
university Collge London, Institute of Child HealtSmith et af®}). Fresh human
respiratory tract ¢ia beat in a coordinated fashion at a frequency of approximately 10 to

1 4 *#® and my readings were in agreement with tHiégure 5.10 shows that even

exposure to supernatants from firesedi ngodo ne:

145



5. Results The effect of hypoxia on neutrophitluced damage to lung epithelial cells

607 = Normoxia
E 3 Hypoxia -
S~
E
£ 401
£ T
& x
oy
2 20
&
: ]
Q |
—
0_ Ll

Time(h) 0 4 8 24 0 4 8 24

Veh C GM & fMLP

Figure 5.9: Hypoxic neutrophil supernatants induce LDH release from ALI cultures

ALI cultures of primary HBECs were maintained and matured exactly as described. The
cells were exposed to supernatants (1:2.5 dilution) derived from neutrophils activated as
indicated under normoxic (filled bars) or hypoxic (open bars) conditions, applitxae

basal side (500 ul). 10ul samples were aspirated from the basal side at 0, 4, 8, and 24 h
and analysed by commercial LDH assay according tontleen u f a ciristauctiens. 6 s
Results represent a single experimental procedure with all samples rumplicatdu
Values represent mean + SEM.
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Figure 5.10: Neutrophil supernatants do not affect ciliary beat frequency

Primary HBECs grown in ALl culture were scraped from the TranSwisiserts,
transferred to a chamber slide and exposed to undiluted neutrophil supernatants for 2 h.
Recordings were made at 0 and 2 h with a {sipped camera (500 fps). A.
Representative still images from n=3 movies, magnification = x100. B. Ciliary beat
frequency determined by analysis of n=3 movies with CiliaFA at t=2 h; fresh cells t=0
hours.
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CBF to 4.9Hz, and this effect was not more pronounced when supernatants from activated
or hypoxic neutrophils were applied (ie the decrease in CBF did not correlate precisely
with the enhanced degranulation products present in the hypoxic and actiigle cel
These results may suggest that either alternative (non grdeled) components of the
neutrophil supernatants are responsible for depressing CBF, or that maximal impairment
of this function is seen even with the level of granule components rdbyasesting
normoxic neutrophils. Alternatively, the lack of a quantifiable effect of increasing
protease content in the applied supernatants might be due to the fact that static cilia are
not included in this calculation of beat frequency.

To investiga¢ the latter possibility, ciliary beat pattern per cell was scored, based on
established clinical protocols used to diagnose patients with PCD. Dyskinetic cilia were
scored (includes static cilia, score of 1) and the resultayskinesia Index is the
percmt age of 0616s6 scored per edge per condi
cilia (score of ))andhe Mot i Il ity I ndex is the percent
condition.

As shown inFigure 5.11A-D, incorporating data from n=3 experiments using different
batches of primary HBECs, there was a dramatic decrease in healthy cilia and a marked
increase in static cilia on exposure to theutnophil supernatants after just 1 h, the
percentage of immotile cilia increased even further after 2 h. Although a trend towards a
more pronounced effect with the hypoxic supernatants was observed, with no healthy
cilia at all remaining after just a lihcubation, the differences between hypoxic versus
normoxic supernatants did not reach statistical significance. This can in part be explained
by the variability between different ALI cultures, but mostly reflects the considerable
detrimental effect of th@ormoxic restingneutrophil supernatants alone, narrowing the
window for a further effect of hypoxia to be observed.

5.5Discussion

Neutrophil proteases have been implicated in mediating cell and tissue damage using a
range of experimental methodologiebgse range from cell culture systems to mouse
models, and finally to the detection of increased proteases in the BALF derived from
patients lung diseases such as COPD and ARP'&2%

As sites of inflammation are profoundly hypoXit and hypoxia alters neutrophil
functior’?"*4 the impact of hypoxia on neutrophil function may have direct relevance to
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Figure 5.11: Neutrophil supernatants induce ciliary dysfunction in ALI cultures

Primary HBECs grownin ALl culture were scraped from the TransWeihserts,
transferred to a chamber slide and exposed to undiluted neutrophil supernatants for 2 h.
Recordings were made at t= 1 h and 2 h with a-Bgged camera (500 fps). A&B.
Ciliary beat pattern at t=1 hC&D. Ciliary beat pattern at t=2 h. Values represent mean +
SEM. 4 ciliated edges were examined per condition from n=3 experiments.
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diseases of the lung and other organ systems. My discovery that hypoxia has a marked
up-regulatory effect on neutropliegranulation (as detailed in Chapter 4) suggests that
hypoxia may promote neutroptmediated tissue injury. | therefore felt it was important

to explore the effects of hypoxia on the ability of neutrodeilived supernatants
generated under conditisrof normoxia and hypoxia to damage relevant target tissue. |
chose to study lung epithelial cells as these are thought to be important targets in human
neutrophitmediated lung diseases.

My results show that increased release of proteases in the cohtejtoxia can cause
substantial damage to lung epithelial cell monolayers grown in submerged or ALI
conditions. The damage to A549 cells caused by supernatants from neutrophils activated
under hypoxic conditions resembles data reported by Nakajoh “&t thht elastase
(extracted from purulent human sputum samples) induced a concentration dependent
decrease in the viability of lung epithelial cell lines (both A549 cells and BHAE&eIIS),

and also of primary human tracheal cells; they furtttéed a timedependent increase in

the detection of cleaved caspase 3, agatcapmtulating my findings. Additionally,
Venaille et a**’ demonstrated that neutrophiérived proteases present in CF sputum
samples (most likel]NE and cathepsin Ged to epithelial cell damage and detachment
(although these authors used amniotic rather than respiratory epithelial cells).

Most published studies have focused on the damage caused by a single isolated protease
such as NE; however this does not repnesbe physiological situation where a wide
range of granule proteins and proteases are released in conjunction, and which can
influence each othero6és funct i on sultureFob r e xa
MMP6s and NE r esul tenttoactived MMEs, thasebwirereasingdhe o f
potential for tissue injuf®. In agreement with the extensive range neutrophil
degranulation products, and the likely damaging contribution of multiple rather than
single factors present ineutrophil supernatants the damage to A549 cells could be
mostly ameliorated by incubaton wi t h t he more @Brine prote
The primary HBEC cultures comprise a far more complex system, with polarised layers
of basal, secretory and ciliated cells cultured on TranSvirdlerts, in the setting of an
air-liquid interface, to more closely resemble the situation in the environment of the

human lung. These Aldultures are challenging to undertake, with a requirement for
approximately6-8 weeks of culture in an dliquid interface to obtain optimal ciliary
growth and development (defined as visible cilia over > 10% of the surface area of the

culture). The cells were purchased from Lonza, and the initial batch of cells grew far
150



5. Results The effect of hypoxia on neutrophitluced damage to lung epithelial cells

better than subsequent batches; one attemfitlatulture did not yield ciliated cells and

a further batch of cells became infected; these cells had to be discarded. Further, higher
passage number cells grew less vigorously in culture and did not yield sufficient cell
numbers to repeat all of my iratiexperiments. Because of the limiting cell numbers, the
time taken to culture to ciliation, and also the expense of this system, | was not able to
refine my experimental conditions and had insufficient cells to repeat some of my initial
assays in subsegnt experimental runs. Ideally | would have wished to go on to dilute
my neutrophil supernatants, to see whether | could delineate a greater effect of the
hypoxic samples; with the conditions initially selected, the damage to the sensitive cilia
was too geat with the resting supernatants to see a differential effect with hypoxia.
Further, it has been shown that CBind ciliary beat pattern may be affected
environmental factors such as pH and temperdfif® to prevent temperature
influencing the resultshe chambeslides were kept in an incubator at 37°C (5%,CO
between time points and on a heated microscope stage during analysis. However we were
not able to control for changes in pH; as the cells are on a chairdeein a small
volume for 2 h, thigould have affected basaBF and ciliary beat pattern.

The technique used for the above experiments required me to gently scrape the cells of
the Transweflft o obt ain a suspension of cilagbeat fistri
frequency and beataftern. Thomas et &' determined with high speed digital video
microscopy that the cilia on disrupted epithelial edges showed significantly reduced beat
frequency and significantly increasedyslinesia compared with those on intact,
undisrupted ciliated epithelial edges (13.4 for intact edgeS.2diz for strips with
isolated ciliated cells)With the first set of Alicultures analysed, mostly intact,
undisrupted ciliated epithelial edges weetained; unfortunately, subsequent sets of
ALl -cultures were not as heavily ciliated and edges with a fewer and more isolated
ciliated cells had to be used. Additionally exposure to the neutrophil supernatants induced
visible cell damage, leading to sieas) damaged cell strips and making ciliary analysis
increasingly challenging. The varying quality of the ALI cultures thus resulted in
variability in the ciliary beat pattern analysis between experimé&rgsre5.10).

Despite these experimental challenges, the results shown above are in broad agreement
with published studies investigating the effects of neutrophil proteases on CBF and
epithelial cel damage Amitani et al?°°, demonstrate that NE reduced CBF and disrupted
the ultrastructure of human nasal ciliated respiratory epithelium, leading to cell

detachment, cytoplasmic blebbing and mitochondrial damage, although the cilia
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themselves remained intact. These studies sugigasNE and other neutroptderived
granule products may contribute to the delayed mucociliary clearance and epithelial
damage observed in patients with chronic bronchial infections in the setting of COPD and
bronchiectasis. Furthermore, a single iratadn of elastase into rabbit lung led to goblet
cell metaplasia and the formation atypical cilia. Although most data in the literature
relates to NE, application of MMP has also been shown to lead to detachment and
detachmeninduced cell death of aimy epithelial cells by damaging components of the
tight junction and the adherent junctidifs By targeting celcell junctions MMP9 may
disrupt the barrier function of the lung epitheliumpwaling pathogens to gain access to
the epithelial basolateral surface increasing infection efficiency. | have studied the effects
of secreted neutrophil products by exposing the epithelial cell layers to neutrophil
supernatants in an isolated cell cultuystem. It would be of interest to look at a more
complex, interactive system or anvivo model, as there is data showing that NE induced

a 4.4 fold increase in neutrophil chemo attractar8 ltelease from A549 ceff§. Both

hypoxia anl neutrophil granule producfd**>*%

can induce an inflammatomphenotype

in lung epithelial cel&®32132332¢reating a complex feedback system potentially leading

to more neutrophil recruitment and activation. This makes further investigation of the
epithelial cell phenotype under conditions of normoxia/hypoxia and in thenuesor
absence of neutrophils an interesting progression of this research.

In summary, | have demonstrated that enhanced neutrophil degranulation promoted by
hypoxia imparts a greater capacity for these cells to damage delicate respiratory epithelial
morolayers. This was seen in the A549 cancer cell line, in IHBECs and in primary
HBECs grown in ALI culture conditions. Since inflammatory sites are characterised by
hypoxia, preventing this hypoxic wupgulation of extracellular degranulation may limit
neutophil-mediated tissue damage in inflammatory diseases. To achieve this, a better
insight into the mechanism of enhanced degranulation is required, and the signalling
mechanisms that might underpin this effect are the focus of the experimental work

presentd in the next chapter.
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Chapter 6
Results: The mechanism of augmented

degranulation under hypoxia
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6. The mechanism of augmented neutrophil degranulation under

hypoxic conditions

6.1Introduction

Neutrophils are exposed to a wide range of oxygen tensions even in health, from 13 kPa

in the alveolar capillaries, through 5 kPa in mixed venous blood to oxggelsas low

as 0.5 kPA in the lymphoid orgafi§ this hypoxic exposure may be exacerbated and
prolonged when neutrophils are recruited to sites of inflammatitke other cells,
neutrophils adapt to these changes in oxygen tension by stabilisation-af Btlie near

ubiquitous orchestrator of cellular hypoxic responses-HIF mi gr ates to t he
form a heterodimer with HH b , recruits the <coactivator
expression of its transcriptional targets via binding to upstream hypespansive

elements (HREs). HREs are composite regulatory elements, comprising a conserved HIF
binding sequence together with a highly variable (and poorly characterised) flanking
sequence that modulates the transcriptional response.

Changes in oxygen tensi@andHIF-1U stabilisationhave profound effects on neutrophil

function as described abovee€tion1.8.4and sectiort.3). However,the mechanism by

which hypoxiamodulate the degranulatin response is currently unknown. SiktiE-1U

is the master regulator of hypoxic responses, it is plausible that it alsdiendde
degranulation response. Peyssonnaxal>*° suggested a role for HIEJ in the

production of neutrophil granule proteases; HFnull mouse neutrophils showed
decreased enzymatic activity of NE and cathepsin G in comparison to WT neutrophils,
while vHL-null neutrophils exhibited increased protease activity. However, mature
circulating neutrophils have been shown to be transcriptionally inight rggard to

granule proteins; no mMRNA transcripts of neutrophil granule proteins could be found after
neutrophil maturatioff~%

As neutrophil granules are formed during maturatiorth bone marrow, which is a
hypoxic environmerit*, HIF-1U may well play a significant role in the transcriptional
regulation of granule content proteins in early stages aftraphil development.
However, this mechanism may be less relevant in the context of mature peripheral blood
neutrophils experiencing a relatively brief (4 h) hypoxic exposure.

In addition to a direct effect of hypoxia on granule protein content, hypooudd

modulate the signal transduction pathways that control degranulation (se&ignThe
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short duration of hypoxic incubation required éatrain the enhanced degranulation
response makes it unlikehalthough not impossible) that increased expression of key
signalling components such as PI3 kinase or PLC underpins this effect. There is little
published data to suggebbw hypoxia might modiate such signalling pathways in
neutrophils or other relevant cell types, either via HIF1 o r by ot her me an
wished to elucidate the mechanism of the augmented degranulation seen under hypoxic
conditions. My initial focus was on HHEU | then pogressed to explore the role of the

key regulators of neutrophil degranulation.

Thespecific aimsof the work presented in ththapterare as follows:

1. To explore the role of HIF in the hypoxic enhancement of neutrophil

degranulation by the use of hypaxnimetics and other compounds.

2. To explore whether enhanced degranulation is dependerte omovo protein
synthesis (of granule proteins or of other proteins).

3. To investigate whether the hypoxic-tggulation of degranulation is dependent on

tyrosinekinase, PLC/C# or PI3 kinase signalling pathways.

6.1.1 Hypoxia andHIF-1 U s t a tielay neutr@philsipoptosis

It has been showpreviouslythat hypoxia induces stabilisation of neutrophil HIFJ a t

20 K that this is required to establish the increased lifespagpoxic neutrophils, and

that HIF-1 U s t areglidate this effectOur laboratorypreviously has shown that

hypoxia can induce stabilisation of HIFU an-2UH&F earl ier time po
h, personal communicatiandpublishedthesisDr. L. Portef*). | was unable to replacte

this data de experimental challenges with HIFU ant i bodi esmbaanfd t he
cells neededSince this is published data | did not spend significant amounts of time
trying to replicate these finding3.o confirm that | could recapitulate the established
effects of HIF stabilizers | measured the effect afimethyloxalylglyche (DMOG),
deferrioxamine mesylatddfFQO) and cobalt chlorideCQoChL) on neutrophil apoptosis. All

three compounds work by slightly different mechanisms (sedti®:3.), but all result in

the stabilisation of HIRboth HIF1 U a n-8 U PMOR is a 2oxoglutarate analogue

that acts as a competitive inhibitor of PHDs and HMRO is an iron chelator, and
chdation of Fé" bound to the active site of PHnhibits its enzymatic activityCoCh

alsoworks as an iron chelator, butshalso been reported to bind to the PAS domain,
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Figure 6.1: Hypoxia and HIF stabilziers delay neutrophil apoptosis

Neutrophils were rsuspended in hypoxic or normoxic IMDM at 11.1%0I with or
without DMOG (1eM), DFO (1 eM), or CoC}k (100 nM). The cells were incubated
under normoxia or hypoxia (0.8%,@nd5% CQ) at 37°C for 20 h. Cytospins were
prepared and stained with May/Grinwald/Giemsa. Morphology was examined-by o
i mmer si on | i gh tesultsirepresers meap ySEM,&rples were analysed
in triplicate. ** =p<0.01 *** = p<0.001 (ManAWhitney test).
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blocking HIF1 {VHL binding and thereby increasing HIFU s t. aNbuirdphils y
were cultured in 96 well plates (5*¥tnl in IMDM with 10% serum) under normoxic
conditions with or without DMOG (1 uM)DFO (1 pM) or CoCi (100 nM), or under
standard hypoxic conditions, for 20 h at 37°C. After these incubations, cytospins were
prepared and the slides were stained with May/Griinwald/Gielsa percentage of
apoptotic cells was determined based on the nuclear and cytoplasmic morphatogy,

the observer blinded to the incubati@onditions.HIF-1 U s t aDMOIG iard DFQ
could fully (and significantly) mimic the inhibition of neutroplapoptosis observed at

low oxygen tensions; however the effect of Codil not attain statistical significance
(Figure 6.1). These results are in agreement with data reported Mecklerbuarig’’.
Neutrophil apoptosis was reduced from 48.6% at 20 h under normoxia to 31.7% after 20
h of hypoxic exposure and the mimetiesapitulated the effect fue hypoxia; apoptosis

was reduced to 288 (DFO) and 29.1% (DMOG) after incubation with the hypexia
mimetics DMOG and DFO.

6.1.2 The effects ofHIF-1 U s t a tninéufroptel degranulation

AsHIF-1 U st adan recapiubatti® effects of hypoxia by stabilising HIFU, t hei r
ability to reproduce the effect of hypoxia on neutrophil degranulation was assessed. For
this experiment neutrophils were-saspended in normoxic (+ DMOG (1 uM), DFO (1

M) or CoCh (100 nM)) or hypoxidMDM (11.1*10°%ml), incubated under normoxic or

hypoxic conditions for 4 h at 37°C and activated as described before. Neutrophil
degranulation was assessed by active NE release, measured by activity assay. Unlike true
hypoxia, none of théllF-1 Ua  sersanbuceld any increase in NE release, either in

either resting or activated neutrophildure 6.2). These results suggest tlather the
enhanceddegranulation is not dependent on HIFJ st abi | i sati on, or
mimetics are less able to stabilise HIU i n the short 4 h ti mefr
incubation. To further investigate the possible role of the transcription factet HIF i n

the increased degranulation response | wished to determine whether there was increased
abundance of granule constituent mMRNA or expression of neutrophil granule proteins

following a hypoxic incubation.
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Figure 6.2: HIF-1 U
release

s t a toindt recapitulate the hypoxic upregulation of NE

Neutrophils were rsuspended in hypoxic (open bars) or normoxic (filled bars) IMDM at
11.1*1F/ml with or without 1eM DMOG (A) or DFO (B) 0r1l00 nMCoCh (C) (hypoxia
mimetics depicted bgrey bars). The cells were incubated under normfriEuding

the cells with hypoxiamimetcis) or hypoxia (0.8% @and 5% CQ) for 4 h at 37°C.

The cells were then primed and activated (GBF/fMLP). NE actrity was measured in

the supernatants by the increase in fluorescence caused by cleavageEt#sig A.
Effect DMOG on NE release, n=5. B. Effect of DFO on NE release, n=6. C Effect of
CoChk on NE release, n=5. Samples were run in duplicate. Respitesse:nt mean SEM.

* = p< 0.05, ** =p<0.01(Mann-Whitney test).
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6.1.3The effects of hypoxia on denovo granule protein production
6.1.3.1The effects of hypoxia on granule protein transcription

HIF exerts its functions mainly by inducing the transcription of agafgarget proteins.

As discussed (sectiah8.3.1andFigure1.10, under hypoxic conditions stabilised HIF

10 translocates to the nucleus and binds
influence gene transcription. To further investigate the role of HIF in neutrophil
degranulation, Dr S. Feow (GlaxoSmithKlein, Stevenage, Hertfordshire) performed a
bioinformatics screen for hypoxic response elements (HRE's, which corapaseserved

HIF binding site A/GCGTG, plus highly variable and poorly understood flanking
sequencéd’) in the upstream regulatory elementkef granule protein genes. Potential
HRE's were identified in the promoter sequence of NE, MPO and {9iMiat not in the
promoter region of lactoferrin (set@e appendies, setion 8.5. Although circulating
peripheral blood neutrophils (as used in all of my experiments) are terminally
differentiated, and no granule peot mRNA transcripts coulte identified in a previous
report ‘3% this study did not encompass hypoxia, heitds still possible that HIRLU
inducesde novotranscription of these genes in mature cells. Hypoxiaegplates
lactoferrin release as well as that of NE, MPO and MJMut our understanding of
HREs is incomplete, hence our failure to identify an HRE for lactoferrin does not
preclude this mechanisnHence gPCR was performed on RNA isolated from freshly
isolated neutrophils and from neutrophils incubated under normal or hypoxic conditions
(4 h, 37°C) identical to those used for the degranulation assays.

As a positive control, 2 webstablished HIL U t ar gets were used to
hypoxia induced stabilisation of HHEU under the conditions documented; BCL2 and
adenovirus E1B 19 kDa interacting protein (BNIP) is part of subfamily of BCL2 family
proteins and plays a role in autophagy andp#psis, and GLUTL is a glucose
transporte?*>**” As shown inFigure6.3A, BNIP transcription wasubstantially induced

by exposure of neutrophils to hypoxia for 4 h, but GEUTranscription was not. This
difference is likely to reflect the fact that BNIP is an edmjpoxic response gene whilst
GLUT-1 is a latehypoxic response gene. Using commerpiainers (Se¢he appendies,
section8.6), MRNA transcripts for NEMPO and MMP9 were quantifiedRigure6.3A).

No increase in mMRNA abundance was detetbecny of the granule proteins, indicating

that hypoxia does not induce granule protein transcription in neutrophils.

159 |



6. Results The mechanism of augment#hranulation under hypoxia

A
507 mm Fresh

= 40- W Normoxia
'% 304 [ Hypoxia
5% 20-
S §
o = 10—+
5 5T
o 8 47
g~ 34
3]
[ 2

1] ]

Tomr B[] Ball BlA

MMP-9 NE BNIP GLUT 1
B ns
8000007 mmm Normoxia ns
[ Hypoxia *

=2 600000~ — T
Iy ns L
3
S 4000004 —
3 %% *
S oA .
S 2000004 |1|

Jom O W iﬂ
CycloheximideI - 1“g/ml.. - 1“g/mlu - 1!48/m1|

" VehC " GM&FMLP CytB&fMLP

Figure 6.3: Hypoxia does not increase transcription or translation of granule
proteins

A. Freshly isolated neutrophils were-sespended in hypoxic or normoxic IMDM at
11.1*1F/ml and incubated at 37°C for 4 h undermoxic (black bars) or hypoxic (0.8%

0? 5% CQ open bars) conditions. RNA was extracted from freshly isolated neutrophils
(grey bars) or neutrophils incubated under normoxic or hypoxic conditions and qPCR
performed. Expression was norma e d -actino r=3bindependent experimenta]l
samples run in duplicate. B. Neutrophils weresuepended in normoxic (black bars) or
hypoxic (open bars) IMDM at 11.1*2@nl with or without cycloheximide (1 pg/ml). The
cells were then primed and activated with GMGBIEP as previously. NE activity in the
supernatants was measured by the increase in fluorescence caused by the cleavage of DQ
Elastin. Values represent mean = SEM, samples were run in duplicate, n$s. 0.65,

** = p<0.01 (ManrWhitney test).
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6.1.3.2The effects hypoxia granule protein translation

To investigate whether hypoxic incubation of neutrophils might to an increase in granule
protein through increased translation, cycloheximide was used. Cycloheximide inhibits
translation through inhibition of trEongation phastirough binding to the {&ite of the

60S ribosomal unit and interfering with deacetylated tRRé. this experiment freshly
isolated neutrophils were -ispended in normoxic or hypoxic IMDM (11.1%1@l) +
cycloheximide (1 pg/ml; a comeatration previously established in our laboratory to
inhibit translation in neutrophils without detectable toxicity), incubated undenoxic

or hypoxic conditions (4 h, 37°C) and activated as described bé&figuee 6.8 shows

that incubation with cycloheximide had no significant effect on NE release from
unstimulated or primed/stimulated cells under normoxic or hypoxic conditions.

As a final confirmation that the enhanced release of granule proteins seen following
hypoxic incubation is due tenhanceddegranulation rather than to incredsgranule
protein expression, the level of an exemplar granule prgkéiiP-9) was assessed by
Western blotting. Freshly isolated neutrophils wersuspended in normoxic or hypoxic
IMDM (5*10%ml) and incubated under normoxic or hypoxic conditions for 4 h at 37°C.
After incubation the cells were gently scraped off the plates, pelleted and ly€edl (20
ice-cold hypotonic lysis buffewith protease inhibitorgsection 3.9.1). Lysates were
prepared for Western Blot analysis exactly as describection3.9.1). Polyacrylamide

gels were transferred to PVDF membranes, which were probed for-8MRactin
staining was used to confirm equal protein loading. Incubation of neutrophils under for 4
h ledto a marked decrease in the detection of M8 comparison to protein levels
seen in freshly isolated neutrophilsidqure 6.4; this reduction was nte marked under
hypoxic conditions, perhaps reflecting the increased basal release ofoMMéker in this
setting Figure 6.4. An possible alternativeexplanation is that hypoxia leads to
autophagic destruction of neutrophil granules. These results suggesindredsed
availability of granule proteins does not underlie their increased release following

hypoxic incubation.
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Figure 6.4: Granule MMP -9 protein content deceases under hypoxic conditions
Neutrophils were analysed immediately (grey bars) esuspended in normoxic (filled
bars) or hypoxic (open bars) IMDM at 11.1*1@I and incubated under normoxia or
hypoxia (0.8% @and 5% CQ) at 37°C for 4 h. Cells were gently scraped off the plate,
pelleted and laced on ice immediately upon leaving the hypoxic hood. Lysates were
prepared and corrected for protein content. Polyacrylamée were run and proteins
transferred to PVDF membranas describedThe membranes were probed for MMP
(rabbit p o | -actinl (rabbiapolyclonalp A.Repfesentative Western blot. B.
Fold change of MMPD, corrected for protein loading, demsitetry analysis by ImageJ.
n=3, valus are mean + SEM. * p< 0.05 (@aired Ttest).
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6.1.4The effects of reoxygenation on the hypoxic upregulation of neutrophil

degranulation

Previous studies from our laboratory have shown that the hypoxic impairment of the
neutrophil respiratory burst and bacterial killing is due to depletion of molecular oxygen
(a substrate for the NADPH oxidase), since a brief period -okygenation (15 min)
restored these functioffé To see whether fexygenation would affect degranulation,
neutrophils were subjected to normoxia or hypoxia as described before,and a set of
samples was removed from the hypoxic hood after 4 h aoygenated for 15 min
beforepriming with GM-CSF (10 ng/ml) and activation with fMLP (100 nMRigure 6.5

shows that this rexygenation had no significant impact on the hypoxigegulation of

NE release, suggesting that a lack of molecular oxygen does not underlie this effect,
either directly or indirectly (via the effect on the NADPH oxidaBaen together these
experiments indicate that hypoxia does not induced#haovo synthesis of neutrophil
granule protein by either transcription or translation, and that the hypoxegufation of
degranulation is not mediated by the canonical transcription factor HIF or by an NADPH
oxidasedependent mechanism. In view of this unested finding (HIFmediated
signalling underpins the vast majority of hypoxic responses) | decided to investigate the
effects of hypoxia on both established and novel pathways with potential links to hypoxia

that are implicated in the control of degraniaiatsecretory responses.

6.2 The effects of hypoxia on degranulation signalling pathways

The signalling pathways that regulated neutrophil degranulation are complex, and
although some key players have been identified there are still gaps in our knowledge
(section 1.6). As fMLP has been used as the stimulus to activate neutrophils in most of
the experiments | have undertaken, | focused on G&giRatedsignalling pathways.
Activation of GPCRs leads to the downstream phosphorylation and activation of a large
range of proteins. To identify potential hypoxic targets an unbiplsesphekinase array

was performed. Additionally,dy players in the GPCGRepemlent degranulation pathway,
including PI3K, PLC, and calcium flux, were assessed for their role in the augmented
degranulation response seen under hypdkmavever, firstly | investigated a possible role

for a novel oxygesrsensing pathway based on peptigome monoxygenase (PAM).
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Figure 6.5: Re-oxygenation does not affect the augmented degranulah response

seen under hypoxia

Neutrophils were rsuspended in hypoxic (open bars) or normdgklack bars) IMDM at
11.1*1¢/ml. The cells were incubated under normoxia or hypoxia (0.8#n®5% COQ)

for 4 h at 37°C. After 4 h a set of samples were taken out of the hypoxic hood-and re
oxygenatedrpom air,normoxi) for 15 min (grey ba). The cels were then primed and
activated with GMCSF/fMLP as previously described. NE activity was measured by the
increase in fluorescence causky the cleavage of D@®&lastin. 4, all conditions
analysed in duplicate. Results represent mean + SEMp&0-:01 Mann-Whitney test).
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6.2.1The effects of peptidylglycinemonooxyenase on neutrophil degranulation

| investigated a potential role for peptidylglycim@nooxyenase (PAM) in the hypoxic
upregulation of neutrophil degranulation at the suggestion of Professor Peter Ratcliffe
(University of Oxford), in the light of unpublished data generated by Dr Normadvias
Using a bronchial carcinoiderived cell line (H727) that exhibits rapid secretion of bio
active peptides in response to hypoxia, Dr Masson has identified a novildé{fendent
secretory pathway. Peptidoglycine monoxygenase (PAM) was identifiedpassile
oxygen sensor in this setting, and PAM inhibition or knockdown by siRNA led to
increased secretion of chromogranin A from the secretory granules of H727 cells
(personal communication, Dr Norma Masson). Chromogranifi®saand PAM can be
found in neutrophils, therefore thefeft of the PAM inhibitor 4ohenyl 3 butenoic acid
(4p3-butenoic acid) on neutrophil degranulation was investigated. Freshly isolated
neutrophils were rsuspended in normoxic or hypoxic medium (11.fra0) + 4p3
butenoic acid (1, 10, 100, 250 and 500)ufigF 4 h at 37 °C and activated as previously.
Toxicity of 4p3butenoic acid to neutrophils was assessed by trypan blue staining and by
assessment of cell morphology with cytospins. -Bp&noic acidhad no significant effect

on degranulation under normoxor hypoxic conditions at any of the concentrations
tested Figure6.6). Cell were 99% trypan blue negative even at the highest concentration
of 4p3butenoic acid, but inhibitor concentrations of 1mM or more resulted in a
vacuolated morphology (data not showR)is experiment suggedtiisat PAM is unlikely

to underlieenhanced neutrophil degranulation seen in the hypoxic environment.

6.2.2The effects of hypoxia on kinase signalling

To perform an unbiased screen for kinases/phosphoproteins that might be involved in
degranulation under normal and hypoxic conditiontiuenan phosph&inase antibody

array (R&D Systems) was used. It detectsriative sitespecific phosphorylation of 43
kinases including MAP kinas®I3K and Src family kinases (a full range of targets is
given in Table 3.3). Each capture antibody is spotted in duplicate onto a nitrocellulose
membrane, r&d levels of theghosphorylated proteins are assessed using pheg@udic
antibodies and chemiluminescence detection.

Freshly isolated neutrophils were-saspended in normoxic or hypoxic medium
(11.1*1C cells/ml), incubated under normal or hypoxic ditions for 4 h (37°C)and

primed with GMCSF (10 ng/ml, 30 min) and activated with fMLP (100 nm, 10 min).
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Figure 6.6: PAM does not influenceneutrophil degranulation

Neutrophils were rsuspendeth hypoxic (open bars) or normoxic (black bars) IMDM at
11.1*1F/ml with or without the PAM inhibitor 4p®utenoic acid at the indicated
concentrations (1, 10, 100, 250, 500 uM). The cells were incubated under normoxia or
hypoxia (0.8% @and 5% CQ) for 4h at 37°C. The cells were then primed and activated
with GMCSF/fMLP as previously described. NE activity was measured by the increase in
fluorescence caused by the cleavage of-BE)gstin. n=2 experiments, all samples
analysed in duplicate. Results représaean = StDev.
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Figure 6.7: Phosphokinase array performed under normoxia and hypoxia

Neutrophils were rsuspended in hypoxic (open bars) or normoxic (black bars) IMDM at
11.1*1F/ml and incubatedinder normoxia or hypoxia (0.8%,@nd 5% CQ) for 4 h at

37°C. The cells were then primed and activated as described (section 2.8). Neutrophils
were pelleted and lysed. Lysates were adjusted for protein concentration and thephospho
kinase array was runcac or di ng to the manufacturer6s
singlicate, n=2. Results represent mean * StDev.
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After activation,the cells were gently scraped off the plates, placed on ice and lysed
immediately using the lysis buffer provided. The resulting samples were adjusted for
protein content (BCA protein assay) and the kinase array was undertaken according to the
manufacturés instructions (as detailed in secti@rll). The resulting deblots were

guantified using ImageJ.

Figure 6.7 and Appendix 8.7 show the proteins demonstrating differential
phosphorylatia levels in different conditions, grouped by pathwiigure 6.7A shows

the Src family kinases, which have been shown to play a role in degranulation. There was

a trend towards increased phosphorylation of Src, Hck and Fyn in unstimulated cells after
hypaxic exposure, but upon priming this difference disappeared; after subsequent
activation with fMLP, phosphorylation of these tyrosine kinases was in fact reduced
under conditions of hypoxia, although non of the detected changes attained
statisticasignificance.Figure6.7B shows the results obtained for kinases involved in the
PISK/PLC/AKT pathway. At the single time point studied, there were no significa

di fferences in the phosphoryl atandmporid PLCDO
incubated cells. Likewise, a wide range of other proteins/kinases in the array (not known

to be relevant to the degranulation response) did not show significaneddésr or even
consistent trends towards increased or decreased phosphorylation following hypoxic
incubation (appendi®.7).

Thus the results of the unbiased phoskimase array did not identify novel signalling
pathways that might be relevant to the hypoxic uplift of neutrophil degranulation.
Therefore, in subsequent experiments, | undertook a more detailed analysis ofwhe kno

key signalling el ement s t hat influence d
subunits released upon GPCR ligation in neutrophils directly trigger two key signal
transduction cascades in parallel,| namel vy
flux, and the stimulation of PiBinases (PI3Ksp and 0, I3 acauchulatian, t o P I

Akt phosphorylation and activation of small GTPases (sedtign

6.2.3The effects of phospholipase C (PLC) inhibition on the hypoxic uplift of

neutrophil degranulation

GPCR ligation inducethe activation of PLE which mediates the hydrolysis of Bl

generate inositol 1,4;8isphosphate (i}, in turn leadingto the release of intracellular

C&* from the endoplasmic reticulum. BIfydrolysis also yields diacylglycerol and
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results in the activation conventional protein kinase C (PKC) isoform&. fita in
particular has been strongly linked to degranulaffoiu-73122 is a phospholipase C and

Az inhibitor, which prevents the Pl-Gependent hydrolysis of PiRo IP; and DAG. To
enable me to dissect out the known immediate effects of fMLP (rapid but transient
activation of PLC) from anyLC-dependent signal that was generated earlier during the
hypoxic incubation period, 43122 (2 uM) was added either at the start of the 4 h
incubation or just 10 minutes prior to activation with fMLFhe concentration usedas
determined via a dose respse curve (data not showto) be the optimal concentration
without inducing cell toxicityand aligns with concentrations used in the literatti&°

The incubation and stimulation conditions were exactly as described previously, and
degranulation was assessed by the detection NE (activity assay) andRe® NIMUO-set
ELISA) into the supernatantds shown inFigure6.8A, addition of the PLC inhibitor just

prior to fMLP activation hadn inhibitoryeffect on the release of both NE and MdP
Elastase releasgecreased from 52.1.2*i@rbitrary units (AU)to 1.7*1C° AU under
normoxia and from 114.2*£0AU to 30.5*1G AU under hypoxic conditions; however,

this data also shows that the significant hypaplift of NE release (from 1.7*F0AU to
30.5*1¢° AU) remains when fMLRiependent PLC activation is prevented, despite the
much lower baseline valud-igure 6.8A). The effect on MMP9 release was similar in

this setting, decreasing from 64.0 ng/ml to 10.7 ng/ml under normoxia and from 221.2
ng/ml to 90.5 ng/ml under hypoxic conditionSidure 6.8A); thus again, a significant
hypoxic uplift was preservedOf note, PLC inhibition from the start of the
hypoxic/normoxic incubation had a more marked suppressive effect on degranulation
(Figure6.8B), and in this setting there was no longer a significant difference between the
normoxic and hypoxic cells, although a trend towards incdelgpoxic degranulation

was still present (2.8*F0AU under normoxic conditions in comparison to 15.5*A0

under hypoxic conditions)These results suggested that PLC activation may comprise
part of the hypoxianediated signal to augment degranulatiospomses, and prompted

me to explore the role of €aflux in this setting.

6.2.4The effects of modulating intracellular C&* transients on the hypoxic uplift of

neutrophil degranulation

Due to the limitations of working within the hypoxic hood, it was not possible to perform

direct measurements of intracellu@a* flux in real time in hypoxic neutrophils, and
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Figure 6.8: Role of phospholipase C activation in the hypoxic augmentation of
degranulation
Neutrophils were rsuspended in hypoxic (open bars) or normoxic (black bars) IMDM at

11.1*1¢/ml. The cells were incubated under normoxia or hypoxia (0.8#®5% CO)

at 37°C for 4h. The cells were then primed with G&SF (10 ng/ml) for 30 minand
stimulated with fMLP 100nM. The PLC inhibitor {€3122 2 uM) was added either 10
min prior to activation with fMLP (A and B) or from the outset of the incubation (C).
Cells were pelletedral the supernatants were assessed for NE activity by the cleavage of
DQ-Elastin (A and C) or for MMP release by ELISA (C). A: n=4, B: n=4 C: n=3.
Values represent mean + SEM, saasplwere run in triplicate, * =< 0.05 (Mann
Whitney test).
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