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Abstract

The airway epithelium forms a continuous barrier from the nose to the alveoli and
serves a variety diunctions. Multiple functionally distinct cell types are involved in
these processes. The innate defence functions require a patent airway epithelium, with
infections often associated with epithelial defects and phenotypic alter#tianare
themselves associated with multiple lung diseasebBlontypeable Haemophilus
influenzag(NTHi) and respiratory syncytial virus (RSV) are frequently identified in the
airways in a range of respiratory diseaségse pathogens ofténgger exacerbations

and worseningysnptomsthat often resulin hospitalisationThis is particularly true in
paediatric populationsAlthough mortality for NTHi and RSV infections alone are
themselvedow it remairs unclear what role these infections play in mortality rates in
complex chraic respiratoryinfections.These studies aimed to estabINTHi and RSV
infectiors within airway epithelium models, and use them as tools to study pulmonary
innate defence mechanisnis order to understand the role of these infections in

respiratory disase

In vitro arway modelswere establishedsing ung derived cell lines, undifferentiated
primary human bronchial epithelial (UHBE) cells and-lguid interface (ALI)
differentiated uHBE cellcultures. Following establishment of differentiation ew
validated ALI culturesusing a number of markers, includifgr the putative innate
defencePLUNC family proteinsgelforming mucins and tubulinThesemarkers are
representative of different epithelial cell types within the cultu@stures were
infected with NTHi or RSV for periods of time ranging from 1 hour to 7 daigs a
view to establising chronic infectionsand allowing biofilm formation Monolayer
cultures showed an enhanced susceptibility to both infecti@ytekine array profiling
showed enhanced prinflammatory cytokine profiles in response to NTHi and RSV
infections in ALI cells resulting in an ability to manage infections compared to
monolayer culturesExpression analysis indicated that both infections altered the
transcription of a amber of preinflammatory genes. Neutrophil products and trypsin
were shown to degrade PLUNC proteins in ALI cell secretibiigdi alsoappeared to
causedegradation of PLUNC proteirmiggesting that infection may impair the innate
defence shield of theravay epithelium. Our data showed that differential ALI cultures

of human airway cells are a useful model for the study of respiratory pathogens
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1. Introduction

1.1. The Human Airway Epithelium

The human airway epitheliufiorms acontinuous liningof the entire respiratory tract

from the cartilaginous trachda the gas exchanging alveoli. From the trachea, through

the bronchi the respiratory bronchioles and finally the alveolar duitts, airways
graduallydecreasing in diametéEmpey 1978 The cellular structure of the airway at

these differingregionschanges according to the function oé fharticula section The

airway epithelium is an integral part of the airway system, with defence mechanisms to
protect the respatory surface from invading pathogens or foreign particles, which we

i nhal e constantl y. Patients with a 6dis
infections from t hese i arwayddeedio tpeaeffdttoof e n s

alterations of celllar structure on the innate defence mechanisms.

1.1.1.Structure of the Airway Epithelium

Predominantly the airway epithelium is a ciliatpdeudostratifiedcolumnar epithelium
broadly consisting of ciliated, basal and secretorytgpks in the proximal comutting
epithelium(Spina 1998 The epithelium is deemed pseudostratified as the Hewki
arrangement of the cefiswuclei makes it appear stratified despite all cells being in
contact with the basement membrane. As the airway narrows so does the thickness of
this epihelium until it is a single layer of roughly cuboidal cells in the distal gas
exchanging epitheliungEmpey 1978(See Figure 1)1

1.1.1.1.BasalCells

Basal cells are charactdrcally the smalestcdls of the airway epitheliunwith a large
nucleus to cytoplasmic ratio and a densely staining nucleus. There are few cytoplasmic
organelles, secretory granules or cilia; there hovever bundles of low molecular
weight cytokeratir(Hicks, Hall et al. 199)which function in cell adhesion to the basal
lamina and other cellBasal cell morphology differs depending on the height of the
epithelium. In a tall epithelium, the basal cells have higher levels of keratin filaments
than shorter epithelium. The primary role of basal cells is to interact with the basal

lamina and columar epithelium to adhere the cells of the airway epithelium together.



Bronchiolus

Clara Cell Cuboidal Cell

Bronchus
Goblet Cell

Figure 1.1: The cell types of the airway epithelium

The variety of cell types present in the airway decreases with size. The
bronchus contains basal, goblet and ciliated cells and is also the location o
submucosal glands. The smaller bronchiolus consists mainly of ciliated
Clara cells, eventually becoming a single layer of cuboidal cells in the very
airways(respiratory bronchioles)Finally, the respiratory surface of the alveol

consists of Type | and Type Il alveolar cells.

This interaction occurs viaemidesmosomal attachments that use anchoring filaments
and fibrils to form bonds with keratin in the basent membrangGreen and Jones

1996), acting as a tethea feature only found on basal cells in the airway epithelium
(Evans, Cox et al. 1990These attachments are strong, as the basal cells are the only
cell type that firmly attaches to the basal lamina. They are also responsible for the
binding of all other détypes; howeverttese do not bind tihe basal lamina so the

basal cell is an important mediator. Tracheal columnar cells bind to the basal cells as
well as neighbouring cells using desmosomal attachmatrensmembraneomplex
belonging to the cadhiarfamily consistingof cell adhesion and linking proteitisat
tetherintracellular keratin to the cell surface adhesion protaliesving cells to bind to
each othe(Green and Jones 199®esmosomal atthment structure numbers mbag

2



related to the level of physical stress on the epithelium as well as its adhssj\ani¢
appears that there are the same amounts of hemidesmosomal attachment structures per
cell (Evans, Cox et al. 1990Therefore basal cells are important to the integrity of the
airway epithelium as they differentiate with respect to the height apitieelium, as

well as the number of desmosomal attachments and the density of the keratin filaments.
Basal cellsaare also thought to secrete various cytokinedigdxygenase and neutral
endopeptidase as well as being the primary cell type from whidktgoid ciliated

cells originatgBoers, Ambergen et al. 199&night and Holgate 2003

1.1.1.2.Secretory Cells

The secretory epithelial cell typeconsistof mucous (goblet) cells, serous cells and
Clara (Club) cells. The main characteristic difie goblet cell ismembranebound
electronlucent acidic mucin (Muc) granules that are secreted throughout the airway.
Goblet cells areghe predominansource ofmucin secretion in the necartilaginous
airwaysalongsideClaracells, which have been shown to produce mucins in low levels
in mice (Evans, Williams et al. 200Zhu, Ehre et al. 2008Sub-mucosal glands found

in the cartilaginous airways also secrete mu@rmpey 1978 Mucins are the major
component of mucus, which is necessary for the trappingvading pathogens and
foreign particles for remal before they can cause damagéhe airway epitheliunand
preventing tissues from drying o@oblet cells are involved in regulating the amount

of mucins secreted as well as the acidity and viscosity of the mucus, all important
mediators in generating functional mucus. Normal human airways have approximately
6800 mucus secreting cells per maf epithelial surfacéKnight and Holgate 2003
which change in shape and size depending on the proliferation of other epithelial cells
(Rogers 2008 In some circumstancesolglet cells are thought to be progenitors for

ciliated cells(Patel, Brody et al. 20} andcanselfrenew.

Another type of cell classed as secretdsythe serous cell. These have a similar
morphology to goblet cells but their granules are eleatiemse rather than electron
lucent(Rogers 2008 Serous secretions act as a lubricant tagedriction generated by

muscle movement in the lungs.

The final major type of secretory cell type is the Clara d€lara cells are the
predominant secretory cell type in the bronchidfEBsompson, Robbins et al. 1995

They contain electredense granules of approximately 88@0nmandare thought to
3



secretemostly bronchiolar surfactandnd Clara Cell Secretory Protein (CCSBbher
than mucingRogers 2003Evans, Williams et al. 2004

1.1.1.3.Ciliated Cells

The most predominant cell type throughout the airway epithelium is the ciliated
columnar epithelial cell, which arises from basal cells. Each cell has up to 300 cilia
(Knight and Holgate 2003 which beat in a synchronized way at more than 100 beats
per minute(Empey 1978 to sweep mucus away from the peripheral airways and
towards the trachea as part of the mucociliary clearance process. It has been suggested
in various studies that ciliated and goblet cells share a conimeage and will trans
differentiate between the cell types, thus remodelling the airway epithelium. A recent
study conducted by Turner et al (2011) showed tdhffisrentiation of ciliated cells to
goblet cells by fluorescent tagging tife forkhead boxprotein J1 FoxJ]) gene a
ciliated cell specific proteirrequired for motile cilia(Yu, Ng et al. 2008 Using
lentiviral constructs, they inserted a Cre recombinase unéecdhtrol of the FoxJ1
promoter andfloxed the stop sequende prevent expression of the &rsed green
fluorescent protein (GFP) under the control of a cytomegalovirus (CMV) promoter.
FoxJ1 is expressed in ciliated cells, so upon differentiation and expression of FoxJ1, Cre
was also expressed, which irreversibdynoved the stop sequence to allow expression
of the GFP tagtherefore labelling the ciliated cell lineage gréBwatel, Brody et al.
20112, Turner, Roger et al. 2011t had previously been shown that cells cultured in the
presence ointerleukin (L)-13 developed more goblet ceflByner, Kim et al. 20086 so

after this period of differentiation, cells were exposed td3lto change the proportions

of cell types during a further differentiation periddirner et al (2011) founekpression

of green fluorescence in goblet celt also stained positively ffdUC5AC, showing

transdifferentiationof FoxJ1 expressing ciliated cells to goblet cells

1.1.2.Function of the Airway Epithelium

The majorfunction associated with the airway #@lium isthat of protectionit is the

first line of defence against foreign invading particld®e junctional mechanisms
holding the various cell types together mean that the airway epithalgonformsa
protective barrier. uhctional mechanisms comge 3 aspects; zonula adherens which
are involved in adhesion and recognition through use of cellular adhesion molecules
(CAM), desmosomes which gweviouslymentioned are involved in conserving the

integrity of the epithelium and finally tight junctionshich provide an effective
4



physical barrier against invading pathogdi®iompson, Robbins et al. 1995The
mucociliary phenotype of the airway epithelium protects the lower/smaller airways from
infection by trapping foreign particle@including bacteria and virusesh mucus
secreted by the goblet cells and snbcosal glands. The mucus, complete with trapped
particles, is then transported up towards the tracedthe oropharynx by the béng

of the cilia, where it is eitheswallowed or expectorated. The epitheliulwoasecretes
various antimicrobialgincluding lactoferrin(LF), defensins and cathelecidimgnt
proteaseqincluding secretory leukoprotease inhibitor, elafin and alphatitrypsin)

and antioxidantsas additional protective mechanism that aid in tfegping and

clearance of foreign particlégshompson, Robbins et al. 1995

1.1.2.1.Airway Lining Fluid

The airway lining fluid (mucus)s crucial for maintaiimg hydration and protection of
the airway epitheliumit broadly consists ofmucins, immunoglobulins, anthicrobial
enzymes and a variety of other proteamsl inorganic salts and water

The major contributor tanucus composition aremucing with geklforming mucins
MUCS5AC andMUCS5B being the most highly expresséducins are igh molecular

mass, highly glycosylated proteins that function as components of mucosal secretions
where they are involved as lubricants and also function as part of the host defensive
shield. Other mucins detected in low amounts inclild&/C2, MUC7 and MUCL16.

MUCY7 is expressed in the serous cells of theswizosal glandéSharma, Dudus et al.
1998. MUC?2 is expressed by goblet and serous a#lkhe submucosal gland and the
epithelum. MUC16 is expressed on the surface of serous and goblet cells, both on the
surface of the airway epithefiu and the sunucosal gland, and becomes trapped
within the ciliary layer as part of the periciliary flu{®avies, Kirkham et al. 2007

There are many more mucins trerementioned here; some are membréetbered and
someare secretedand theseare reviewed irLinden, Sutton et al. (200&nd Kreda,

Davis et al. (2012 As outlined above the gel forming mucins, MUC5AC and MUC5B

are the major airway mucins and are described in more detail below.

1.1.2.1.1MUC5AC
Initial identification of MUCS5 identified 3 proteinsMUC5A, MUC5B and MUCSC,
howeverMUC5A andMUCS5C were shown tbeencoded by the same gene, designated

Muc5AC which is localised tochromosome 11pl%Nguyen, Aubert et al. 1990
5



Charaterisation 6this gene identified a 24bp tandem repgatain and a consensus
cysteine rich domain consistirgf 10 cysteine residuagpeatednultiple times in the
protein (Guyonnet Duperat, Audiet @l. 1999.The genecontains at least 49 exons and
encodes a peptidgpproximately5700 amino acids in lent (Guo, Zheng et al. 20)4

The protein is highly glycosylated and this makes the protein form a huge complex that
is measured in the megaalibn range MUCS5AC is secreted in high quantities from
goblet cells(Hovenberg, Davies et al. 199 the respiratory and digestive trachs.

the airways of asthmatics, levels if MUC5AC are significantly increase in comparison
to normal airwaygOrdonez, Khashayar et al. 2Q0lakeyama, Fahy et al. 200Rose

and Voynow 2006Woodruff, Modrek et al. 200%ahy and Dickey 2010

1.1.2.1.2MUC5B

The gene encodinlylUC5B is also localised to chromosome 11p15, but is separated
from the Muc5AC gene by CpG island¢Nguyen, Aubert et al. 1990Guyonnet
Duperat, Audie et al. 1995The Muc5Bgene has a similar sequence to tfa¥lucSAC,
and encodes a peptide that is approximately 5662 amino acid@esggyn, Buisine et
al. 1998. Like MUC5AC, MUCS5B is also very highly glycosylateddUC5B is
expressegredominantlyin the mucous cells of the subucosal glangSharma, Dudus
et al. 1998. A recent paper identifieMUC5B as the dominmg gelorming mucin in
the normal distal awvay epithelium which consistsf dasal and muaus cells, and
expression of bottMUC5B and MUCS5AC are increased in idiopathic pulmonary
fibrosis/ usual interstitial pneumonia, associating them with respiratosgasi
(Seibold, Smith et al. 2013

As both MUCS5 proteins are secreted predominantly by goblet cells and from
submucosal glandst is perhaps not unsurprising to find that both proteins are
significantly elevated in a number of chronic lung diseases. Excessive production of
MUC5B and MUCS5AC in chronic inflammatory lung diseases is a direct result of
goblet cell hyperplasia and mptasia. This increase in cell number directly correlates
with increased MUC5B and MUC5AC levdldauber, Foley et al. 2006t is also clear

that the proteins can have alterations in their glycosylation agsdaigth lung disease
(Schulz, Sloane et al. 2005



1.1.2.1.3PLUNCs

A key family of proteins secretedtmt h e mu ¢ u dactericidal petmieabilityd
increasingBP) f ol d cont ai ni ralggknownBaP thdP3glatefLangiandy  (
Nasal Epithelium CloneRLUNC) family), which are localised to the goblet cells and
submucosal glands of the upper respiratory tratiough not all are mucus of
respiratory associatedhe genes for the PLUNC family members are located within a
300kb regon on human chromosome 20giBingle and Craven 2002 Family
members have very little sequence homolagially making them difficult to identify.

They aretermedo s hort 6 or 61 ongd de pléenddmamgtheg n t h
containand currentlyshort RUNCs contain a single domain whereas the LPLUNCs
have two domaindn humans, there are four short proteins (including one pseudogene)

and seven long proteins (including two pseudogefiajle, Bingle et al. 2011

The best characterised family memb®RLUNC1 (BPIFA1L) is encoded by thelunc

geneis a leucinerich protein of 256 amino acid8ingle and Bingle 2000 SPLUNC1

is found in some noniliated upper airway epithelial cells, but is predominantly found

in the airway submucosal glandgBingle, Cross et al. 2005SPLUNC1 has been
identified in a range ofcancers in the lungnd airwaygActon, Dahlberg et al. 1996

He, Xie et al. 2000lwao, Watanabe et al. 200Bingle, Cross et al. 20Q5salivary

gland (Vargas, Speight et al. 2008nd the stomac{Sentani, Oue et al. 2008&nd a
increase in SPLUNC1 expression has been associated with cystic fibrosis (CF) and

chronic obstructive pulmamy disease (COPIBingle, Barnes et al. 200.7

LPLUNC1 (BPIFB), another wellcharacterised family membes a 484 amino acid
protein that is postranslationally modified to form two differentially glycosylated
isoforms. It isexpressedn goblet cells of the upper airways and in the-sulrosal
glands(Bingle, Wilson et al. 2010 These proteins are rarely-tmxalised. The true
functions of these proteins are unknown but based on structural comparisons it is
thought that they may play a role in innate defefi8iagle and Craven 2004There is
increasingevidence that these proteiptay a role in host defence against a range of

respiratory and oral pathogens.

Studies have shown that SPLUN@EMctionsin the maintenance of homeostasis in the
upper airway(McGillivary and Bakaletz 200)Q0and has shown anbiofilm activity as a

surfactant(Gakhar, Bartlett et al. 20)1@nd antimicrobial functions against a number
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of pathogens, includingPseudomonas aeruginoghukinskiene, Liu et al. 20)land
Mycoplasma pneumonig€hu, Thaikoottathil et al. 200.7Ghafouri, Kihlstran et al.

(2009 has shown PLUNC in human nasal lavage fluid exhibits itsnaiatiobial effects

by binding to Ipopolysaccharide (LPSMore relevant to this thesis, SPLUNC1 has
also been shown to be involved in NTHi infectidrang, Wenzel et al. (2013howed

that SPLUNC1 was degraded by human neutrophil elastase, increasing the airways
susceptibility toNTHi infections, that is a known cause of acute exacerbations in
COPD, Data on functions of LPLUNC1 in the lungs is more limited but it has been
shown the protein is also differentially expressed in(BiRgle, Wilson et al. 201)2and

IPF lung tissues.

1.1.2.1.4 Anti-microbial agents

As well as secreting high waines of mucus, the suhucosal glands are responsible for
secreting some antnicrobial agentsthree major agents ahgsozyme(LYS), LF and
secretory leukoprotease inhibitor (SLPLDysozymeis a hydrolysing enzyme that

cl e av eA4 dgytosidichdnd between-hAcetylglucosamine and-Aceytimuramic

acid residues in peptidoglycan of the bacterial cell wall. It can easily ténget
peptidoglycan ofGrampositive bacteria;howeveri t i sndt agaigst Ggalmf ect i ve
negative bacterigesuting in the need for a etactor such as LF to aid its access to the
peptidoglycan layerLF binds to LPS, with the oxidised iron parts of LF forming
peroxides to destabilise membrane permeability and break down bacterial cell walls for
lysozyme to accesseptidoglycan(Ellison, Giehl et al. 1988Ellison and Giehl 1991
Farnaud and Eves 2003. LF is an 80kDa norhaem irorbinding glycoprotein
belonging to the transferrin famithat plays a major role in the maintenance of cellular
iron levels as well apossessingntimicrobial activity It is thought to exhibiits anti
microbial activity by two medinisms; one of which is direct interaction with the agent
causing infection, theother is the sequestering obn in infection sites therefore
depriving the infecting microrganism of nutrients(GonzalezChavez, Arevalo
Gallegos et al. 20Q9SLPI is an endogenous serine protease inhibitor secreted by the
serous cells of the subucacsal gland as well as Clara and goblet cells in the epithelium.
It provides protection from serine proteases rekkabg the neutrophil during
inflammation. The Nerminal domain has been shown to exhibit some antibacterial
activity (Hiemstra, Maassen et al. 1996LPI has also been shown to exhibit antiviral

activity, particularly against HIV(McNeely, Dealy et al. 1996 Other key anti



mi crobi al agents that interact with-1the
defensins and L1137 (Zuyderduyn, Ninaber et al. 20111

1.1.2.2 Airway Cilia Beating

Structurally the axoeme of the respiratory cilia consists of nine outer microtubule
doubl ets surrounding two single ea&mdrfl
tubulin heterodimers and provide a useful marker of ciliated CEfie. wave motion
exhibited by cilia is driven by inner and outer dynein arms, nexin links and radial spoke
apparatugFigure 1.2) The axoneme terminates at a cytoplasmic basal body in the
epithelial cell (You, Huang et al. 2004 FoxJ] the specific ciliated cellmarker
expressed in the later stages of ciliogenesis, traffics the cytoplasmic basal bodies to
positions directly below the cells apical surface to complete axoneme development
(You, Huang et al. 2004

The periciliary layelbrush is required for fluid movement of cilia. This layer is
approximately 7um in depth (cilia are approximately 6um in length) and is composed of
macromolecules forming a mediat act as a tether for mucins in the mucus layer. The
periciliary brush acts as an intermediate between the pancgpace and the mucus
layer to prevent penetration of mucus into the much more fluid paricibyer(Button,

Cai et al. 201p Any patrticles that survive this process ardchthe epithelial cells,
whether due to abnormalities in cilia function, inadequate mucus or increased pathogen
survival may prodice airway infections triggering the immune system to genenate a

inflammatory response
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Figure 1.2: The structure of cilia

The cilial axoneme consists of two single central tubules surrounded by
mi crotubul e doubdaentdtubbles Wletwave matianiexhibite

by cilia is driven by inner and outer dynein arms, nexin links and radial s

1.1.3.Diseases of the Human Airway Epithelium

Given the importance of the respiratapithelium in providing the respiratory tract
with much of its functionit is not surprising that many lung diseases are assdciate
with epithelial abnormalities.The arways of patients suffering from diseases such as
asthmaCF and COPD undergo celld remodellingproducing differing phenotypés
comparisond in the i n o r miawvhyd In airway diseases such as asthma, CF and
COPD theairways tend to have increased numbers of goblet cells and fewer ciliated
cells; they also tend to have an increasasdceptibility to structural damagParker,
Sarlang et al. 20)0Many of the morphologidachange seen in these different diseases
are actually quite similar and lend support to the view that multiple drivers underpin the
remodelling processThe following section gives a brief overview of some of the
changes that are seen in the airway epithreduring the development of a number of

chronic respiratory diseases.
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1.1.3.1.Asthma

Asthma is an inflammatory disease that is characterised by variable airflow obstruction,
airway inflammation and airway hypeesponsiveness (predominantly caused by
eosinophi$) (Sont, Willems et al. 1999 Symptoms include bnchaconstriction,
hypersensitive airways, breathlessness and wheezing. Relief from symptoms is achieved
through the regul ar -Zagomistsod relax the smoathonsuscle r o i
surrounding the narrowed airway. According to the World He@lt@anisation (WHO)
asthma is the most common chronic respiratory disease with prevalence on the increase.
Exacerbations of symptoms may be caused by a variety of environmexteis fach

as allergen exposui®jukanovic, Feather et al. 1996ollution (Taggart, Custovic et

al. 1996 van der Zee, Hoek et al. 1998nd cigarette smok@&hilmonczyk, Salmun et

al. 1993, as well as upper respiratory pathogens. The most frequent cause of
exacerbations is viral infection, such as rhinovirus (RMjch is the major viral cause,

and respiratory syncytial virus (RS¥icholson, Kent et al. 1993ohnston, Pattemore

et al. 199% The airway cells of asthmatics are deficientnterferon (FN)-b which

leads to an inadequate immune response, facilitating viral replication and further
infection of cells(\Wark, Johnston et al. 20DFRSV capitalises on a deficiency of IFN
exhibited by asthmaticéGehlhar, Bilitewski et al. 2006 which up regulates H10
expression to suppress eosinophil infii@rissell, Pwell et al. 200%

Bacterial pathogens have also been shown to be involved in exacerbations of asthma
(Cunningham, Johnston et al. 19%8berman, Lieberman et al. 2002\ recent study

of the microbiota of asthmatic airways shows that pathogenic Proteobacteria, especially
Haemophilus species, were identified much more frequently in the airways of
asthmaticsand exhibited a idturbed microbiota when compared to rasthmatic
controls(Hilty, Burke et al. 201D

Most asthma patients have increased levels of thanflesnmatory Th2 cytokines H4

and IL-13 in the airway(Grunig, Warnock et al. 1998Vills-Karp, Luyimbazi et al.
1998. Th2 cytokines appe to be activated nespecifically as a result of defective
epithelium. It is thought that the epithelimesenchymal trophic unit responsible for
maintaining the tissue micrenvironment of the epithelium becomes dysregulated,
leaving the epithelium susptible to damagéHolgate, Roberts al. 2009. A murine

model of mucous cell metaplasia showed no change in the number of cells after

epithelial injury, despite a 75% decrease in Clara cells (as a result of Clara cell
11



metaplasia) and a 25% decrease in ciliated cells, leading to an apgxnucous cell
population of 70% of total cellikeader, Tepper ai. 2003. This makes mucous cells

the predominant cell type whereas in normal airways ciliated cells are the predominant
cell type accounting for approxinedy 50% of total cell§Spina 1998 The increase in
mucous cell numbers lead® hypersecretion of mucus, resulting in ineffective
clearanceof pathogendy the cilia and obstruction of airflovEpithelial e@lls identify

the pathogens left behiridllowing the ineffective clearandlroughpattern recognition
receptors PRR9 and pathogerassociatedmolecular patterrs (PAMPS leading to

activation of the inflammatory response and a prolonged exacerbation.

1.1.3.2.Cystic Fibrosis (CF)

Cystic fibrosis (CF)s an autosomal recessive genetic disorder causing mutations in the
chloride ion channel cystic fibrosis tramembrane conductance regulator (CFTR),
giving rise to abnormal transport of chloride and sodium across the epithelium
(Trapnell, Chu et al. 1991 As a result of this impaice function the surface is
dehydrated causing the mucus layer to compress the periciliary brush and cilia to slow
down and eventually halt mucociliary clearance (mucus si@igfon, Cai et al. 2012

As is the case in asthma, the chronic and unresolvethfmonmatory environment that
exists in the lungs of patients with CF is associated with a proliferation of airway goble
cells. This directly leads to the over secretion of muang the resultingncreased
thickness of mucus preventbe effective host defenceaction of secretedand the
cellular immune response as movemetthese productare inhibited. Mucus stasis
allows invading pathogens trappredthe immobile mucus layer vercome/evade the
immune system and initiate chronic bacterial infection of the airways, particularly
anaerobic pathogens. The airways @F patientscan be colonised with multiple
pathogens, ame existing in biofiims which leads to increased frequency of
exacerbations and infections from multiple bacterial species at the same time

1.1.3.3.Chronic Obstructive Pulmonary Disease (COPD)

Chronic obstructive pulmonary disease (COPD) is a life threateling disease
characterised by irreversible lung damage and airway obstruction causing limitations in
airflow. It is predominantly caused by smoking and develops over a number of years.
The WHO estimated that in 2004 there were 64 million people worldwitfering

from COPD, with 3 million deaths. They predict that by 2030 it will be the third leading

cause of death worldwide. Symptoms include a persistent cough with increased sputum
12



production, increasing breathlessness, wheezing and frequent chesbmsteStifferers
endure frequent exacerbations of symptoms, eliciting an inflammatory response, which

is inherently linked to the progression of the disease.

The key aspect of COPD progression is tissue damage and the inflammation that
directly results fron this. Inflammation causes the recruitment of cells to the airways,
causing the lumen to become filled with mucus exudates and inflammatory cells
Investigations into the nature of the cellular inflammatory response, through analysis of
bronchoalveolar lage BAL) fluid, in the peripheral airways have identified CD8+ T
cells as the major contributor, as well as identifying neutrophils, macrophages and
CDA4+ T-cells (Saetta, Di Stefano et al. 19980gg, Chu et al. 20Q4ll with their own

range of cytotoxic agents to contribute to destruction of the airway epithelithmn.
immune response is also associated with thickening of the airway epithelium, resulting
in airflow limitation This remodelling process is more strongly associated with disease
progression than the extent and severity of the inflammatory res(féogg, Chu etl.

2004). This thickening of the airway wall, combined with a malfunction of the
mucociliary processthe expansion of goblet cells within the airway epitheliamna
increase in mucosal tissti@cknessyesults in the accumulation of mudnsthe lumen

of the airway.Unlike asthma and CFCOPD also affects the lower airways, with
destruction of the alveoli and development of emphysema resultimgdurction in

oxygen levels and increased shortness of breath.

It is thought that persistence of miemoganisms in the airway is a cause for disease
progression. A bacterial profiling study conducted using bronchoscopy in the distal
airways of COPD patients showed colonisation with a range of bacterial species, some
with the potential to be pathoger(i€abello, Torres et al. 1997The most abundantly
identified organisms were ngrathogenic microorganismsbut of the potentially
pathogenicthe most abundantvas Haemophilus influenzaéCabello, Torres et al.
1997. The presence potentially pathogenic microorganisms is significantly associated
with higher numbers of neutrophils and a higher concentrafitissue recrosisfactor
(TNF-U in BAL fluid suggesting that these

airway inflammation, linking them to disease progresgiwier, Ewig et al. 1999
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1.2. Infection of the Respiratory Tract

1.2.1.Bacterial Infection

It is now accepted that the humairway is not sterile buis host to a ariety of
commensabacterial species that remain in the airways without causing any harm to the
host. However, when the microbiota is altered, potentially by an imbalance of a
particular species or defence measure or infection withew bacterium, infegon
occurswith some infections resulting in colonisation of the epithelium in the form of a
biofilm. The airways are also home to a wide variety of bacterial species thaumake
the commensal microbiota. A study published by Hilty et al (2010) examhmed t
microbial communities of the airways of asthmatic and COPD patigiotsgside
healthy controls and found the airway microbiota was disturbed is asthmatic airways
They identified the seven most frequent generaCagynebacterium, Prevotella,

Staphylococcus, Streptococcus, Veilonella, Haemopaiiddleisseria

1.2.1.1.Biofilms

A bacterial biofilm isa complex ofaggregated cells, enclosed in extracellular
polysaccharide (EPS) matrix complete with water channels fordhsport oforganic
compoundsand nutrients to the bacteria deep within the biofilm strugieodworth,

Tamashiro et al. 2008Studies performed oRseudomonas aeruginoséofiims have

indicated a developmental sequencedimigle speciediofiim development consisting

of five stages; attachment, irreversible binding, two maturation steps and a cell
dispersion stegSauer, Camper et al. 2002’ he attachment step is probably triggered

within seconds of the activation of an environmental signal. This may be changes in
levels of nutrients, pH, temperature, iron levels or oxygenamgnation. Attachment is

reversible, however rough surfaces are more susceptible. It has also been found in
laboratory situations that bacteria attach more readily to hydrophobic surfaces than
other surfaces. The second step, occurring minutes after thehraent step, is
irreversible attachment/bindin@Chemical signals emitted by the bacteria are used to

0i Aactoemmuni catedé6 and once the signals have
mechani sms of EPS producti on aiadbacteaacit i vat ed
order to form cell aggregates as well as nutrients to feed the bacteria. Steps three and
four are maturation steps. Step three maturation is complete when the cell aggregates
have reached a thickness of 10um, whaduses a significant reciion in bacterial

motility. Step four is complete when the cell aggregates have reached 100um. The final

step is the cell dispersion step. Several days after the completion of step four, some
14
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bacteria develop a planktonic phenotype; they are releasedtfi@riofilm into the

airway in order to potentially infect another area and form another bi¢8auer,

Camper et al. 2002Aparna and Yadav 2008 Studies into the structure of the
aeruginosabiofilm, a common biofilm forming infecting baetam in the CF airway,

shows that the biofilm structure enables the bacteria to resist the effects of antibiotics,
>1000 fold, and to evade host defence factors much more effici@hbpdworth,
Tamashiro et al. 2008 Bacteria in the centre of the biofilm are thought toeerat

6dor mant 6 state, requiring fewer nutrien

chances of survival.

The development, structural integrity and viability of biofilms relies on signals
transcribed in response to stress and other signallingghrquorum sensingQuorum
sensingis a system that detects signals and responds in order to cihtrdénsity of

the bacteri al p o p ul abetiveemhactefiaghwidespréac aithimu n i ¢
nonpathogenic and pathogenic bacteria spe@gsrna and Yadav 2008Both Gram

positive and negative bacteria share the same principles but the signal molecules and
molecular mechanisms for activating this signalling differ. Quorum sensing plays an
important role in diseases that were caused by opportunistic pati@&jemsholt and

Givskov 2®7). Targeted blocking of the small molecules involved in quorum sensing

could be used as a method to controdatibns.

1.2.2.Viral Infection

The respiratory tract is also a target of viral infections, rhinovirus (RV), influenza and
respiratory syncytial virus (RSV) being the most common. These pathogens frequently
affect o6normal 6 ai r wimogrenses ithaf rseegeune nkcyy . tolfe
However, theimplications are more serioudor patients with a diseased airway
phenotype, as infections often trigger exacerbatmfngstablishedliseases, including

COPD, CF and asthma. The keyalipathogen used ithis thesis iRSV.

1.2.3.Impact and Treatment of Respiratory Tract Infections

NTHi is a major cause of mucosal infection, including sinusitis, conjunctivitis otitis
media and also triggers COPD exacerbations. This predominantly affects children under
the ageof 2 years old, the elderly and the immermmpromised. The incidence of
NTHi infections has increased steadily over the last 20 years @ysoptoms may

persist for several weeks without treatmeiiteatment usually compromises of
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antibiotics including amgcillin, cefcapene, clarithromycin, azithromycin and
fluoroquinolones such as levofloxac{®ekiya, Eguchi et al. 2008or several days

Any treatment with antibiotics increases the risk of bacterial resistance, especially in
patients with chronic respiratory disease that have experienced repeated infections with
multiple pathogenglue to treatment with multiple antibiotic¥his success of this
treatment can be limited, resulting in colonisation of the airway with multiple pathogens

and biofilm formation.

Similarly RSV predominantly affects children, the elderlyand the
immunocompromised, with most children having an RSV infection by the time they are
3 years ol d. Usually RSV is not treated and |
manage symptoms usually occurs if complications arise, such as development of
bronchiolitis and pneumonia, with bronchodilators and antibiotics, and in rare cases
antiviral drugssuch as ribvarinRibvarin use is limited due to the risk of toxicity and
variable efficacy(Olszewska and Openshaw 200Pavlizumab is a passiveonc

clonal antibody therapy that can be administered during the RSV sehlsacts by
preventing spread of RSV infection to the lower airways to prevent biaitishi
(Olszewska and Openshaw 200®nce infected with RSV, infections -oEcur
seasonally, impacting the subject throughout life.

In normal airways these infections are not usually an issue, and recovery occurs fairly

quickly and rarely requires hospitalisation. They aresaue for COPD, CF and asthma

sufferers, who are more likely to require hospitalisation as the infections trigger
exacerbations and worsening symptoms. The nat
increased mucus production often makes these infectiffitaild to treat. While child

mortality for NTHi and RSV infections is low, it is unclear what role these infections

play in mortality rates in complex chronic infections.

1.3.Haemophilus influenzae

In the asthmatic/COPIANd controlairways, a lot of the ba&erial species identified
belonged to thé&laemophilufamily, more specificalljHaemophilus influenzagHilty,
Burke et al. 201D H. influenzaeis divided into two specific types; encapsulate and
non-encapsulate strains. Encapsulate strains are serotyfpadtla serotype b being the
most prevalent, and oanonly causing systemic infections. The type b polysaccharide

capsule acts a virulence factand has been shown to promote intravascular survival
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(Moxon and Vaughn 1981 It is also known to cause bacteraemia, pneumonia,
meningitis and septicaemia and is frequently identified as a cause of respiratory
infections. However, the development and routine use oHammophilus ifluenzae

type b (Hib) vaccine has reduced the number of invasive Hib infections. Strains
categorised as neencapsulate lack a polysaccharide capsule, and are therefore known
as nontypeableHaemophilus influenzaéNTHi). They are frequently the causative
agent of localised infections of the respiratory t(&itsdorf, Chang et al. 1992

1.3.1.NTHi

NTHi, one of the many causes of COPD and CF exacerbdtatisi, Evans et al. 2002
Cardines, Giufre et al. 20)},2is a gran-negative pleomorphic bacillusommonly
identified as a cause of a variety of airway infections as well as being acaage of

otitis media. Furthermore itis routinely found to bea coloniser of the airways of
asthmatic and bronchiectasssibjectsas well as COPD and CF sufferers. A recent
reviewstates thaHaemophilus influenzas responsible for 2B0% of exacerbations in
COPD(Sethi 201}, and is a major pathogen in stable disease. As NTHi is part of the
normal human airway flora, infections can and do occur in people not suffering from an

airway disease, however colonisation is rarely seen in sudgects

Rarely casing diseases resulting from systemic infection, such as meningitis, NTHi is
able to adhere to the epithelium, causing respiratory infections and otitis amedia
mentioned abovelt is thought that NTHi can enter the epithelial cell, remaining
dormant unti the immune response has cleared beferemerging andcausing an
infection. NTHi have many surface antigens that aid them in establishing an infection
and evading host defence mechanisms, including lipooligosaccharide (LOS),
pili/fimbriae and outer menrhne proteins like HMW1, HMW2, Hap and Hidot all

NTHi are biofilm forming and gnetic profiling using multiple strains of NTHi show
high heterogeneity witkstrains haing different combinations of these surface antigens,
suggesting that there is no dmglefining feature responsible for infecti¢@lemans,
Bauer et al. 2000

1.3.1.1L0S
NTHi do not possess the typical lipopolysaccharide capsule of the encapsulate strains;
its major surface antigen is LOS. There is a considerable amount of antigenic diversity

between tk oligosaccharide epitopes of LOS between NTHi stri@hasrick, Kimura et
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al. 1987. NTHi can release highly active LOS, regardless of bacterial viability,
potentially prolonging inflammation, or gain easier access to targes as a smaller
molecule than the bacteriufiu, Tsai et al. 1995 LOS plays a large role in the
development of infection and stimulation of an immune respdheagh is not the only
feature to induce proinflammatory cytokin@lemans, Bauer et al. 2000NTHi has

been shown to adhere to and invade epithelial cells through interaction with the platelet
activating factor (PAF) receptdiSwords, Buscher et al. 200@hich then initiates
signalling in the host ce{Swords, Ketterer et al. 20D1

1.3.1.2.Haemagglutinating Pili

Haemagglutinating pili, initially identified in HilfGuerina, Langermann et al. 1982
Mason, Kaplan et al. 198%and later NTHi strains, are encoded by hiifdocus, which
consists of five geneifA-hifE (van Ham, van Alphen et al. 1994Characterisation
studies of Hib pili show therto be approximately 5nm in diameter and up to 450nm in
length (Stull, Mendelman et al. 1984Many early functional studies implicated pili in
the promotion and enhancement of adherence of Hib to human erythrocytes expressing
the AnWj (formerly Anton) antigerfvan Alphen, Poole et al. 1987human airway
tissues (Loeb, Connor et al. 1988arley, Stephens et al. 199Read, Wilson et al.
1991), as well as human mucir{gubiet, Ramphal et al. 20DOHifA (also known as
pilin), the major structural pilus subunis encoded by thkifA gene. The shaft of the
pilus consists of repeating HifA subunits, appearing to have a detraleded structure
similar in morplology to filamentous actinThe pilus tip fibrillum containHifD and
HIifE subunits(St Geme, Pinkner et al996) and it is suggesteithe HIfE mediates pilus
adherence, after antiserum was found to block jiesdiated haemagglutination
(McCrea, Watson et al. 1997 Assembly of the pilus structure is mediated by HifB,
which functions in the periplasm acting as a chaperone for the pilus subunits as they
move from the inner membrane to the outer membf@h&eme, Pinkner et al. 1996
HifC, located in the outer membrane, functions as an usher, in order to fachgate t
incorporation of the transported subunits into the pilus stru¢Wedson, Gilsdd et al.
1994. Analysis of NTHi isolates identified théif locus and pili expression in
approximately 15% of strains; these strains express the whole locus or notirendt
are thought to be important early in colonisati@eluk, Eijk et al. 1998Krasan, Cutter

et al. 1999.
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1.3.1.3.0uter Membrane Proteins

Haemophilus influenzastrains have been shown to possess many outer membrane
proteins (OMPSs); key proteins include P1, P2, P5 and P6. OMP P1 is encoded by the
gene ompP1which produces a heatodifiable protein(Gonzales, Leachman et al.
1987 approximately 47 kDa in siz@¢lunson and Grass 198&tudies performed with
OMP P1 from Hib in rat models showed P1 induced protection against bacteraemia
(Loeb 1987 Munson and Hunt 1989 Characterisation studies performed on Hib P1
have identifiel some surfageexpose immunodominant epitop@goulx, Munson et al.

1991 Proulx, Hamel et al. 199Panezutti, James et al. 199B1 has been shown to be
present in outer membrane vesicles (OM{&harpe, Kuehn et al. 201 lwith recent

work investigiting OMVs as potential vaccine targstsowing some crogsrotective

immunity between strains in a murine mo¢iRobier, Leitner et al. 2032

The most abundant outer membrane protein expresseddiyophilus influenzas the

porin, P2, which is highly variable in sizeanging from 32kDa to 42kDand between
strains(Loeb and Smith 1980 providing the basis for a subtyping syst@shurphy,

Dudas et al. 1983 This variability has been pipointed primarily to four large
hypeavariable regions in the gene that encode eight sudapesed loops, with
molecular mass correlating with size differences in these re@fsikissma and Murphy
1992. Persistence of the same strain in a patient with COPD showed immunological
changes in the surface of PZan Alphen, Eijk et al. 1991 which may aidbacterial
survival against the immune response and potential vaccines that may use P2 as a target.
The P2 protein expresses highly strapecific immunodominant epitopes on the
surface of the bacter{@aase, Campagnari et al. 199ih addition to being a target for
human serum bactericidal antibodylurphy and Bartos 1998 P2 is considered a
potentially useful target for a vaccines aome of the surfagexposed loops are
relatively conserved allowing antibody geagon against multiple straind.oop 5
contairs potentially immunodominant epitop€¥i and Murphy 1994 which have been
shown to be a target for a prominent antibody resp¢vis@and Murphy 197) and
antibodies raised against loop 6 have shown bactericidal activity against multiple strains
(Neary, Yi et al. 200)L P2 has also been identified in @®lelicited by NTHi(Sharpe,
Kuehn et al. 201)1 providing another potential vaccine target alongside continuing

work against the protein itsdlDstberg, Russell et al. 200Roier, Leitrer et al. 2012
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Another major outer membrane proteinHaemophilus influenzais the P5, a 35kDa
heat modiiable protein, displaying antigenic variability between strgMsnson and
Granoff 1983. It has been shown to form fimbriae, so is frequently referred to as P5
fimbria. The P&imbriae have a diameter of approximately 2.486nm and are long
and flexible(Bakaletz, Tallan et al. 1988akaletz, Ahmed et al. 1992They have been
implicated in attachment tmucus and respiratory cel(Bakaletz, Tallan et al. 1988
Bakaletz, Tallan et al. 198Miyamoto and Bakaletz 1996Reddy, Bernstein et al.
1996, as vell as cells infected with RSWiang, Nagata et al. 19p%tudies performed
using a chinchilla animal model showed the immune respnseater membrane and
fimbrial proteins resulted imeduced occurrence of otitis media and nasopigeal
colonisation(Bakaletz, Tallan et al. 198Sirakova, Kolattukudy et al. 199/NTHi has
been shwn to bind to the epithelium through interaction of P5 wititracellular
adhesionmolecule(ICAM)-1 (Avadhanula, Rodriguez et al. 2006

P6 is a highly conserved, surface exposed, 16kDa peptidoghgsaiated lipoprotein

(Kyd, Dunkley et al. 19956 It has been shown to have a protective effect, enhgncin
respiratory clearance in a @tyd, Dunkley et al. 1996and chinchilla modglDeMaria,

Murwin et al. 1998 P6 is highly conserved between species and has been shown to
elicit specific immune responses so has the potential to be utilised as a vaccination
target(Hotomi, Yamanaka et al. 20P2A later study identified an induction of specific

IgA and Th2 immune responses to P6 in a murine m@detlama, Suenaga et al.
2000. More recently, P6 was identileas an inducer of a variety of proinflammatory
cytokines, its most potent and selective effect was seen on macrophage proinflammatory
cytokines, specifically I1t8 and TNFU (Berenson, Murphy et al. 2005 urther study
conducted by this group using alveolar and blood macrophages from COPD patients
ex-smokers without COPD and ne@mokersshowedCOPD patients hateducedIL-8,

TNF-U alrdb Iin al veol ar macr ophauienstimblated not bl oo
with P6, showing a specific effect on alveolar macrophages and that the defective
responses xibited by COPD patients may allofer colonisationin COPD patients

(Berenson, Wrona et al. 2006

1.3.1.4.HMW Proteins
Whilst working to identify major targets of human serum antibody responses to
Haemophilus influenzadarenkamp and Bodo(1990) initially identified a group of

high molecular weigh(HMW) proteins. Further work identified two relatétMW
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proteins from a totypic NTHi strain; these proteins were termed HMW1 and HMW2
(Barenkamp and Leininger 1992HMW1 is encoded by théimwl gene which
transcribes into a 160kDa polypeptide. HMW2 is encoded byhthe2 gene which
gives a 155kDa polypeptide. Whilst in the periplasm, the cleavage of a 441 amino acid
N-terminal fragment gives mature proteins of 125kDa and 120kDa respediitely
Geme and Grass 1998 ocalised to the surface of NTHi these proteins are found in
approximately 76/5% of NTHi isolates, and are thought to be involved iotdrzl
attachment to the epitheliu(®t Geme and Falkow 199&t Geme, Falkow et al. 1993
Noel, Love et al. 1994 Despite this localisation, further study has shown it is unlikely
they are responsible for eliciting the proinflammatory respg@éemans, Bauer et al.
2000. The HMW1 adhesin has been shown to recognise sialylated glycoprotein
receptoron epithelial cell§St Geme 1994

1.3.1.5.Hap

Another factor implicated in the binding of NTHi to epithelial cells is a gene identified
as hap for Haemophilusadherence angenetration, thatncodes a mature protein
155kDa in ength (St Geme, de la Morena et al. 199BExpression of the Hap gene
results in three proteins: an extracellular protein of 110kDa that represents the N
terminal, and &5kDa outer membrane protein which represents therr@inal, and the
mature 155kDa proteirwhich is a serine protease that undergoes autoproteolytic
cleavage to provide the smaller protei(St Geme, de la Morena et al. 1994
Hendrixson, de la Morena et al. 199Titial seqence comparisons with proteins of
known function suggested similarity to IgA1 proteaseNeisseria gonorrhoeaand
Haemophilus influenzaand also to pertactin, a protein foundBordetella pertussis

tha promotes attachment to ceflaggesting a functioin attachment that has potential
protease actio(St Geme, de la Morena et al. 1994 urther work found that Hap does
facilitate attachment of bacteria to epithelial cells; however, it is unable to cleave human
IgAl.

The 110kDa protein acts as a monomeric autotransporter, facilitating the binding of
NTHi to the extracellular matrix proteins, such as laminin, fibronectin and collagen IV
(Fink, Green et al. 2002as well & epithelial cells. It is not clear what receptor
epithelial cells the @erminus interacts withbut it is thought that a region within it
enhances autoaggregation of bacteria and formation of ttidomies. Hapmediated

adherence is increased whes s$erine protease activity is inhibited, showing that this
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domain is retained on the surface of the bacterium rather than released extracellularly
(Fink, Green et al. 20QFink, Buscher et al. 2003

1.3.1.6.Hia

Further work conducted by Barenkamp and St Geme Il (1996) identified another gene
for a predicted outer membrane protein/adhesin that they tdmraddr Haemophilus
influenzaeadhesin. This gene codes for a protein of 114kDa and appears to be
expressed in NTHi strains that do not express HMW1/HMW?2 prqtébih of NTHi
strains express either HMW1/HMW2 or h{&t Geme, Kumar et al. 19P8Hia
functions as a trimericugotransporter that remains fully associated with the cell as there
is no capacity for @erminal cleavagesin Hap (St Geme and Cutter 20p0Two
binding domains are responsible the binding activity of HigHiaBD1 and HiaBD2

both of which interact with the same host, however HiaBD1 has a higher affinity than
HiaBD2 (Laarmann, Cutter et al. 200Xeo, Cotter etal. 2004. To achieve full
adhesive activity and stability, these birglidomains trimerise to give three identical
binding pocketgCotter, Surana et al. 2006

1.3.1.7.IgA1 Protease

IgAl proteases are present in many different bacterial species known to cause infections
on the human mucosal surfaces. They specifically cleave inthglei r egi on of t he
chain of IgA, releasing intact Fab and Fc fragmdMsale 1979, rendering the IgA
unable to bid antigens schampering the immune responsg&udies examining a
number ofHaemophilusspecies andtreptococcus pneumoniéer syntheis of IgAl
proteaseidentified both capsulate and ndgpeable strains oH. influenzae(Kilian,
Mestecky et al. 197Male 1979. IgA protease was latédentified in approximately

98% of H. influenzaestrains tested, with commensal strains appearing to be the small
percentage t hat (Maks,Korbfeldsey al. t180e Burttsere reséatch
conducted by this group showed thhtinfluenzaestrains produce distinct types of IgA
protease that seem to correlate with specific serotypes; type 1 target thesgnglyl

bond at positior231-232 and is produced mosthy theA, B, D and F serotypes, type 2
targets the prolythreonyl bond at position 23836 and is produced exclusively by C

and E serotypes, and type 3, with no specific bond target identified, exhibits a unique
double cleavage pattern, producing two fragmehtt differ in molecular weight
(Mulks, Kornfeld et al. 1982 The type 3 activity was later identified as simultaneous

action of type 1 and type 2 cleavage by straimat tsimultaneously secrete two
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serologically different proteases, each with one type 1 or type 2 cleavage activity
(Kilian and Thomsen 1983Gene studies show that IgAfofease is encoded by a gene
designatedga. Use of hybrid type 1 and typei@a genes localised the exact site of
substrate cleavage to a 370 bpa& (bp) region near the amiterminal coding region,
termed the cleavage specificity determinant (CSOje TSD regions exhibit large
sequence differences between the two typegafenes(Grundy, Plaut et al. 1990

The structure of IgA1 protease is stabilised by binding to the Fc region allowing the
hinge peptide access to the active gltthnson, Qiu et al. 20R9The length of the CSD
region is altered by its variability, which could determine which specific bond is
accessible(Lomholt, Poulsen et al1995 Mistry and Stockley 2011 There is
significant sequence homology between IgA1 and Hap pr¢&iGeme, de la Morena

et al. 1994, showing IgAl functionas an autotransporter and is involved in the
mediation of bacterial aggregation to form micaonies(Plaut, Qiu et al. 1992 This
bacterial aggregation activity implicates IgAl protease in biofilm faonaand has
subsequently been identified in NTHi biofilms, where imnHadeelling and electron
microscopy showed that the majority of labelling appeared to be associated with the cell
membrane in the top region of the biofilfwebster, Wu et al. 2006Most recently,
Murphy et al (2011showed that NTHi that expretise two different types dfa genes
(igaAfor type 1 protease andaB for type 2) are adapted for infection and colonisation

of the COPD airway.

1.3.2.NTHi and Biofilms

Recently studies have been conducted into the biofilm forming capabilities and
properties oH. infuenz#& i n t he airways. This process
(Moxon, Sweetman et al. 2008espite evidence showing its ability to form biofilms in

a chinchilla model of otitis media, the model most commonly used for studying NTHi
biofilms (Ehrlich, Veeh et al. 2002Unlike biofilms for other bacterial species, NTHi is
thought to switch gene expressidaring the attachment phase to form a dike
structured matrix, composed of multiple molecules and macromolecules including

proteins,deoxyribonucleic e@d (DNA) and EPSMoxon, Sweetman et al. 2008

Murphy and Kirkham(2002) found that P2, P5 and P6 and haemagglutinating pili are
needed for iofilm formation, however earlier work by Gilsdorf et al (19%iggests
that haemagglutinating pili are not required for internalisation or adherence but help

promote colonisation. This bacterium invades the airway by interacting with microvilli
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that are elongated from the airway suadarhis results in the formation of lamellipodia,

in process which is halted by CytochalasiqiMurphy and Kirkham 2002 Successful
invasion of the airwagccurswhen the bacterium has entered the vacuoles of a specific
but unidentifiednon-ciliated cell typg(Ketterer, Shao et al. 199A study by Starner et

al (2006) implicated NTHi irCF when bacterial isolates identified BAL fluid were
found to form biofilms on the Cal8 cell line. They also showed that, like.
aeruginosa NTHi has an increased resistance to antibiotics. Biofilm formation by NTHi

also elicited an inflammatory respor(§&tarner, Zhang et al. 2006

Utilisation of a chinchilla model of otitis media has shown that NTHi in a biofilm
structure is able to survivaeutrophil extracellular trapNET)-mediated clearance,
resulting in persistence of the bacterial commuf(titgng, Juneau et al. 2009-urther
study showed that NTHi LOS is involved in stimulating NET formation, wothlike
receptor TLR)-4 deficient muine neutrophils exhibiting decreased levels of NET
formation, implicating signalling through the immune mediator MyD88 as necessary for
NET formation. Survival of NTHi in NETs and resistance to killing by further recruited
neutrghils was partly conferrethy LOS moieties on the surface of the bacterium
(Juneau, Pang et al. 201An inability to kill and/or control the bacterium results in a
continual influx of neutrophils to the infection site, resultingaim increase in the
number of dead neutrophils. This further stimulates recruitment of inflammatory
cytokines, prolonging or worsening exacerbations of respiratory diseases or oftitis
media.lt has also been suggested that a significant amount of the naciéicontent
within the extracellular matrix of an NTHi biofilm is derived from host cells such as
neutrophils, with cdocalisation of staining for NTHi and neutrophil elastase seen by
Hong, Juneau et al. (2008uggesting that persistence in NET structures is another
method of the resistance to bacterial clearance. One sisdysuggested that NTHi
induces neutrophil necrosfdlaylor, Bakstad et al. 20Q,7which could provide nucleic
acids to the bacteria for use in biofilm formation. The NET may be imeticat the
antibiotic resistance a biofilm structure infers to the bacterium, as the increased biomass
related to the NET may provide an effective barrier against the actions of antibiotics
(Juneau, Pang et al021).

1.3.3.Immune Response and NTHi
NTHi predominantly stimulates the immune response through activation of TLR2 to

activate MyD88 and both the canonical andanonical NFe B si gnal |l ing pathw
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(Shuto, Xu et al. 2001 NTHi clearance studies performed in mouse lungs identified
MyD88-dependent signalling through TLR4 as import@itieland, Florquin et al.
2005, the same groupowever ruled out TLR9 importande host defence against
NTHi infection (Wieland, Florquin et al. 20)0Many studies havatilised the disease
otitis meadia, which as previously mentionedTHi is the major causative agent, to study
the immune responsdgiernandez, Leichtle et al. 2008eichtle, Hernandez et al.
2009. Activation of TLR2 by NTHi triggers both the MyD88 dependent and
independent pathways, utilising canonical and -camonical NFe B signal |l
particularly through activation of p38 MAPK tctivate a plethorafgro-inflammatory
cytokines(Jono, Xu et al. 2003Mikami, Gu et al. 2005Mikami, Lim et al. 2006 Lee,
Takeshita et al. 2008u, Xu et al. 2008 NTHi has also been shown to-tggulate
expression of some mucins, including MUC5A®Wang, Lim et al. 2002Jono, Xu et

al. 2003 Chen, Lim et al. 2004Shen, Yoshida et al. 20080, Lim et al. 201pand
MUC1, which has also been shown to have ariafiimmatory role(Kyo, Kato et al.
2012.

A major stimulator of the immune responsdipeoligosaccharideL(OS). It stimulates

early expression of H1 U, -1 B L -U,N ) IL-8 and macrophage chemotactic
protein (MCP)-1, leading to secretion of TNB, -6) IL-8 and MCP1 in 9HTEo
tracheal epithelial cell{Clemans, Baer et al. 2000 Inhibition of LOS using
polymyxin B showed that other factors contribute to immune response, not just LOS;
however it was also shown that the surface proteins implicatedherence previously
mentioned, haemagglutinating pili, HMW1, HMW2, Hia and Hap proteins, do not
stimulate the release of inflammatory cytokif€emans, Bauer et al. 200(Btudies
conducted using the ALI human cell culture model and whole NTHi organisms found
increased levels of the inflammoay cytokines Il-1 b ,-6, TNFU, -G3F and I8

in a long term culture with NTHiRen, Nelson et al. 20).2

TNF-U e x prr is $nduced earlier than 46 and IL-8 which Clemans (2000)
suggested may be used to sustah® land IL-8 levels and activate immune cells. This
finding was supported by Foxwell (1998) using tracheal infection in rats with formalin
killed NTHi who found that TNF0 h as di s-&5p postanfeetidn. Itl\2as
suggestedthat TNB had a priming effect to recrui
infection, to prevent progression to a more sever® mhediated inflammatory response

(Foxwell, Kyd et al. 1998 However, TNFU causes damage to ep
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NTHi preferentidly adhere to damaged cells, so levels of expression are not maintained

for an extended period of time.

1.4.RSV

RSV is a norsegmented, enveloped as@nseaibonucleic acid RNA) virus belonging

to theParamyxoviridadamily, more specifically a subfamily bed thePneumovirinae
(Zhang, Peeples et al. 2002t is the major cause of viral respiratory infections in
children, and is frequently associated with an increased risk of developing otitis media
(Sagai, Suetake et al. 2Q04&RSV causes significant damage to #wevay epithelium,

and preferendlly targets the ciliated cells, causing loss of cilia, ciliostasis thod
reduced funtion of mucociliary clearance mechanisii@ang, Peeples et al. 2002
Sajjan, Wang et al. 2008

1.4.1.The RSV virion

The genome of RSV, 15.2kb, has tmessengeRNAs (MRNAS) that code for eleven
proteins, four of these affer the nucleocapst@olymerase complex and three others are
virion surface proteins. The nucleocapsid protein (N), phosphoprotein (P), large
polymerase protein (L) and transcription aetimination factor (M2l) are theproteins
involved in the nucleogasid-polymerase complexhe heavily glycosylated attachment
(G) protein, fusion (F) protein and another small hydrophpbatein (SH) makes up

the three virion surface proteiighang, Peeples et al. 200Dther proteins include a
matrix protein (M), the RSV transcripticand replication ihibitor M2-2 and two non
structural (NS) proteins, NS1 and NS2.

1.4.1.1.M2 Proteins

The two proteins transcribed from the overlapping open reading frames (ORFs) of the
M2 gene, M21 and M22 (Collins, Hill et al. 1990, are involved in the viral RNA
synthesis process. MR has transcriptional processivity and aetimination functions
which are critical to RSV replication. It is associated with transcripétongation,
potentially inhibiting the polymerase from terminating at gene end signals to allow
transcription of downstream gen@ollins, Hill et al. 1996Fearns and Collins 1999

M2-2 inhibits transcription and replication of RSV in a mg@nome model system
however this proteitnas been shown to henecessary for RSV replicatidout may

have a role later in the infection in virion morphogenéSigllins, Hill et al. 199% and
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it is alsosuggested that M2 has a regulatory role in the balance between viral RNA
transcription and replicatio(Bermingham and Collins 1999Studies performed in
rodents using a deletion mutant showed attenuation of the virus despite formation of
larger syncytia than wildlype vral strains, providing the potential for a live attenuated
vaccine (Jin, Cheng et al. 2000 Overproduction of M2 protein resulted in an

inhibition of viral replication(Cheng, Park et al. 20D5

1.4.1.2.M Protein

The M proein is detected early in the infection process in the nucleus of infected cells
(Ghildyal, BaulchBrown et al. 2008 Further research conducted by this group

i denti fied that nuclear transport of M p
receptor and Ran, a guaninecteotidebinding protein(Ghildyal, Ho et al. 20065 and

later in the infection process is exported from the nucleus by al@tependent factor
(Ghildyal, Ho et al. 2000 Whilst in the nucleus, M protein affects cell replication. Cell
cycle analysis showed thatcumulation of p53, a cell stress response factor, coincided
with a maximaeffect of M protein induced G1 and G2/M phase ardsthe cell cycle

in primary human bronchial epitheli@diBE) cells (Bian, Gibbs et al. 201

1.4.1.3.P, N and L Proteins

The P, N and L proteins are essential components of the viral RNA polymerase, and are
all required for viral RNA replication(Grosfeld, Hill et al. 1995 they are also
associated with the viral RNA genome in the form of nucleocadids Cheng et al.

2000. P potein is approximately 241 amiraxids long and constitutively
phosphorylated within the virion core and infected cells, a process which is required for
P protein oligomerisation to form tetramg@senjo and Villanueva 2000and for
efficient virus replicatior(Lu, Ma et al. 2002 Alongside its essential function on viral

RNA replication and transcription, N protein is a major structural protein involved in
encapsidation of the RNA genome. It has also been identified as one of the major target
antigens of cyttoxic T lymphocytes in mice and humafdangham, Openshaw et al.
1986. A recent study showed that N protein allows continued translation of cellular and
viral proteins by I|limiting phosphoryl ati
(el F20) , preventing It f rom viral hproteinst i ng
(Groskreutz, Babor et al. 200N, P andM2-1 have been identified as components of
cytoplasmic inclusion bodies which have been suggested to be the site of RSV

replication (Garcia, GarciéBarreno et al. 1993 N and P protein have been show to
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interact, with 20 aminacids at the carboxterminal of P protein identified as the key
binding site(Slack and Easton 1998Vore recent work identified 6 amiraxids near to

the Gterminal of N protein as essential for binding ability to P protein and replication
functions(Stokes, Easton et al. 2003

The large (L) protein is an RNAepenént RNA polymerase, and contains multiple
enzyme activities required for replication of RSV. The L protein is approximately 2165
amino acids long, and consists of a single major @®&Ec, Hill et al. 1991 The
sequence composition was fourw e similar to other negatistand RNA viruses
including Sendai virus, measles virus and Newcastle disease (@tes, Hill et al.
1991). Six conserved regions in the L protein have been identified across the family of
nonsegmented negativgense RNA viruses and have been associated with individual
enzymatic activitiegTiong-Yip, Aschenbrenner et al. 20LAMost enzymatic activities
required for RSV RNA replication are associated with the L protein, making it a target
for drug development, most commonly L protein inhibitors to prevent viral replication

(Liuzzi, Mason et al. 2009 iong-Yip, Aschenbrenner et al. 2014

1.4.1.4.G, F and SH Fusion Proteins

RSV G protein is heavily glycosylated and expressed in two forms; a complete
membrane bound (mG) form and artéMminally truncated secreted (sG) fofireng,
Whitehead et al. 200Q1It is thought that sG is chiefly responsible for protection against
innate immune responses, allowing the viaseplicate. Early studies suggested that G
protein suppresses the release of theipitammatory cytokines 1£10, TNFU, -12 L
and IL-8 from peripheral blood mononuclear celBBMC9 (Konig, Krusat et al. 1996
Konig, Streckert et al. 1996Later studies using an RSV strain deficient in sG showed
increased expression of ICAN IL-8 andRegulated upor\ctivation inNormal T-cell,
Expressed andbecreted(RANTES) from the alveolar célline A549. An increased
binding activity of the epithelial cells to NiEB was also observed in the mutant strain
confirming suggestions of G proteins involvement in modification of the inflammatory
response to promote viral replicatiGdrnold, Konig et al. 2004 A more recent study
suggest that G protein acts as a decoy antigen to reduce the amibdidyed
neutralisation/clearance of RSV by inhibiting the effects okdéeytes that have the Fc
receptor, and that this process involves the pulmonary macrophages and complement
(Bukreyev, Yang et al. 20)J2RSV has recently been shown to modify microRNAs that

are known to affect the host antiviral response, and it is suggested G protein expression
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is a partial mediator of thilBakre, Mitchell et al. 2012 G protein has become a target
for therapeutic usehrough two mechanisms: (1) direct antiviral activity or (2)
immunomodulatory activity to reduce viral load and improve the dysfunctional immune

response protein mediateKauvar, Harcourt et al. 20).0

F protein is initially produced as68 kDa precursor in infected cells, which is activated

by cleavage in either the traf®lgi cisternae or trarGolgi network into two
disulphidelinked subunits; fis approximately 48kDa and,round 20kD&Fernie,
Dapolito et al. 1985Gruber and Levine 1985This cleavage is required for surface
expressior(Bolt, Pedersen et al. 2008nd it has been determined that the cytoplasmic
domain is not essential for fusigBranigan, Day et al. 2006The F sub-unit has been
shown to interact with LF, and the, Bubunit has been shown to interact with
surfactant protedA (SP-A) to modulate RSV infectiorfSano, Nagai et al. 20R3A

study conducted usinRSV deficient in G and SH protein showed F protein to be
associated with lipid rafts on the surface of cells to cause infe¢iteming,
Kolokoltsov et al. 2006 It has also been stvn that the F subunit determines the
specificity of RSV infection, and not G protein as initially thou@thlender, Zimmer

et al. 2003. F protein has also been shown to trigger-g&Bendent cell death, causing
loss of epithelial integnt by cell shedding, obstruction of the airways, secondary
necrosis and inflammation as a result of these actions. Apoptosis was reduced when a
monoclonal antibody to F protein was administered post infection, suggesting this may
be a useful target for thegoies after infectiofEckardtMichel, Lorek et al. 2008

The SH protein occurs in three forms: two unglycosylated species of approximately
7.5kDa (SH), a form that representranslational initiation (SH of approximately
4.5kDa and an Nlycosylated formof SH, approximately 135kDa (SH). The
multiple forms means that SH accumulates in both its glycosylated and unglycosylated
forms and all forms are present as oligom@esllins and Mottet 1993 Studies
conducted in a bid to elucitiafunction found similarities to Parainfluenzaus 5,
which also encodes a@H protein, in its ability to inhibit TNEJ) s i g fFaentesi n g
Tran et al. 200y Studies conducted on the transmembrane domain of SH in the
presence of lipid bilayers show that SH forms pentameric dipheal bundles forming
cation-selective ion channelGan, Ng et al. 2008 Further studies performed by this
group suggested that SH forms viroporins, which are short viral proteins that fo

oligomers of a specific size whichct as ion channels and enhammst membrane
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permeability. They found that SH forms a pentameric ion channel, however the

biological functionof this is still unknowr{Gan, Tan et al. 20)2

An analysis of the role of all three proteins in fusion found that when F, G amde&H
expressed togetherhenfusion occurred. They also found thatexpression of F and

SH genes elicited a higlevel of fusion but less #m when all three genes were
expressedHeminway, Yu et al. 1994 Using heparin agarose affinity chromatography
(HAAC) Feldman et al (2001) identified two high molecular weight complexes of
175kDa and 210 kDa that reacted with antibodies to all three proteins, suggesting th
all three surface proteins form an oligomeric complex within infected cells; whereas
ultracentrifugation analysis and immunoprecipitation showed F and G gretaegt on

the cell surface as a protein complex suggesting that multiple glycoprotein gemple
may exist in the envelope of RS¥ow, Tan et al. 2008 To facilitate attachment of
RSV to the host cell, F and G proteibmd to cellular glycosaminoglycar{lallak,
Collins et al.2000. It is thought that RSV infects through binding of F protein to TLR4
with G protein ca acting as a fractalkine receptor agonist to mediate immune cell

chemotaxigTripp, Jones et al. 2001

1.4.1.5.Non-Structural Proteins

The nonstructural proteins, NS1 and NS2, are both type 1 IFN antdg¢Bisssert and
Conzelmann 2002hat can form homaand heteromeré&Swedan, Andrews et al. 2011

NS1, localised to the nuclei when expressed alone and in ifeehondria when
expressed with NS@SwedanAndrews et al. 2011 can act as an E3 ligase by forming

a canplex with E3 ligase components. Thgscrucial for RSVs ability to degrade signal
transducer and activator of transcription (STAT)2 and evade the type 1 IFN immune
response; a process for which NS2 is also reqyEdobtt, Lynch et al. 200FNS2, a
multifunction IFN antagonist localised to the mitochondria when expressed alone
(Swedan, Andrews et al. 201lhas beenidentified as an important virulence
determinant as deletion of the NS2 gene attenuates (R8Mht, Karron et al. 2006
Expressed early in the infection process, NS1 and NS2 have been shown to delay
apoptosis of cells in order to allow more viral replication. This was achieved through an
IFN and epidermal growth factor receptolEGFR dependent pathwayBitko,
Shulyayeva et al. 200)7 They have also been implicated in suppression of dendritic cel
maturation, resulting in a weak or incomplete immune response as there would be less

T-lymphocyte activation and antigen presentatidtunir, Le Nouen et al. 2008 In
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their roles as an IFN antagonists, NS1 and NS2 have been shown to decrease levels of
TRAF3, a mediator of muftle IFN signals, although NS1 achieved this much more
efficiently. NS1, specifically the Nerminal (Swedan, Andrews et al. 201 Wwas also

shown to reducé @ B K ilKkK3esaespe(ific activator ofFN Regulatory Factors
(IRF)-3 (Swedan, Musiyenko et al. 2009NS1 has also been shown to disrupt the
association of IRB with its transcriptional cactivator CBP to reduce IRF binding

to the IFND pr omot er wi t hout bl ocking phosphct
dimerisation of virally induced IRB (Ren, Liu et al. 2011 NS2 binds to the N
terminal of caspase recruitment domains (CARD) therefore inhibiting induction of IFN
transcription from both theetinoic acid inducible gene (RIG)-1 and TLR3 pathways

(Ling, Tran et al. 2009 Swedan et al (2011) showed specific interactions with host
microtubuleassociategrotein 1B (MAP1B) for both NS1 and NS2.

1.4.2.Immune Response to RSV

The pathogenesis of RSV is largely driven by the presence of immune cells recruited to
the site of infection. Neutrophils are the predominant infiltrating cell type identified in
BAL fluid and tissueg(Villenave, Shields et al. 20L.3Monocytes, macrophages and
lymphocytes are also frequently identified in debris in the lumen of arterioles and

airways, alongside the neaphils(Villenave, Shields et al. 20).3

The activation of the immune response and recruitment of inflammatory leukocytes in
response to RSV is initiated by activation of a number of TLRs, including TLR2
(Murawski, Bowen et al. 2009TLR3 (Groskreutz, Monick et al. 200&luang, Wei et

al. 2009, TLR4 (Haeberle, Takizawa et al. 200Zulic, Hurrelbrink et al. 2007
Wheeler, Chase et al. 200@nd TLR7 (Huang, Wei et al. 20Q9 This results in
activation of the MyD88Rudd, Schaller et al. 20pand RIGI signalling pathways
(Ling, Tran et al. 2009 Activation of these pathways results in-nggulation of IFNs,
predominantly type lll(Okabayashi, Kojima et al. 2011IL-6, IL-8, IFN-2-induced
protein 10(IP-10), RANTES, ICAM-1 and TNFU (Tulic, Hurrelbrink et al. 2007Lotz

and Peebles 2013mith, Kulkarni et al. 20L3Villenave, Shields et al. 2013

1.5.Modelling the Airway Epithelium
Models are a key tool in understanding the fundamentals of many of the essential

functions and processes of the human body, including normal and inflammatory
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responses, disease pathogenesis and the action of potential therapies. A number of

vivo andin vitro models areurrentlyused to study the airway epithelium.

In vivois definal as the use of/or taking place in the whole organism. Small mammals,
such as mice and rats, are the most common toah fawo studies, which may include
functional studies or investigations into disease pathogenesis. Genetic modification of
animals carbe used to label genes/proteins of interest, introduce mutations or-knock

down/upregulate production to investigate function.

In the cases of genetic diseases like CF, genetic mutations can be introduced into

animals to achieve the disease phenotype. A frequently used model for CF is the
bENd&Cansgeni c mouse, i n  wegutated th BiMia tbe e x pr es s i
increased Na+absorption seen in CF patienfislall, Grubb et al. 2004 The most

common murine model of allergic inflammation of the airway is the OVA model, in

which the mouse inhales doses of ovalbumin to trigger the immune regiierse

Smith et al. 1992 Administration of lipopolysaccharide (LPS) is used induce a disease

state that resembles COPD.

In vitro study involves the use of components of an organism that have been isolated
from their usual biological niche. Thimost commonly involves the use of cells, either
primary or immortalised cell lines, to study a particular tissue. There are various cell
culture methods available for studying the human airway epithelium using immortalised
cell lines or primary cells. dle usually have a finite number of replications before they
undergo cell death, however it is possible to immortalise these by addition of DNA
tumour virus genes that code for regions with multiple functions, such as the simian
virus 40 (SV40) large T ptein, human papilloma virus (HPV) genes, or even the entire
genome of some viruses, most commonly the Ep&am virus (Reddel 199%
Examples of the most commonly used cell lines for work in the airways are2BE&as
A549 and NCIH292 cells of which A549s and NGH292s are derived from lung

cancers.

The alternative is the use of primary cells, obtained either directly from a
patient/cadaver or from commercial companies. Primary cells, particularly bronchial
epithelial or nasal cells are @y obtained by bronchial or nasal brushings. It is also

possible to extract cells from explants from cadavers if processed in an appropriate time
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frame. Cells purchased from a commercial company are usually obtained via resected

tissue and are screenext infections.

Cell lines are easy to obtain and work with, whereas primary cells are moderately easy
to obtain if from a commercial company but are surrounded by ethical implications if
taken from patients. Also, there is a high level oémaonor varability to consider.
Primary cells are also more difficult to maintain as they are more prone to infection,
particularly those obtained from locddrushings. They also have a finite lifespan and
cannot be cultured through repeated passages. Cells olftaimeexplants or brushings

may also have the addedmplication of contaminating cell types. Whilst both types of
culture technique use airway cells, there are issues surrounding accurate representation
of the human airway. It is thought that cell linesrix accurately represent the diverse

cell types present in the airway as well as the normal airways ability to senesce and re
new. Primary cells can be cultured using standard submerged culture methods, but still
do not represent the varying cell typesgant in a normal airway. However, culture at

an airliquid interface (ALI) allows cells to differentiate into the cell types seen in the
airway in representative proportions, thus forming a model for various studies relating

to the human airwaydRoss, Dailey et al. 2007

1.5.1.Primary Airway Epithelial Cell Culture at the Air -Liquid Interface (ALI)

The ALI culture technique was first established as a method for differentiating cells by
Whitcutt et al (1988). After using the technique on cells from multiple speaies, i
comparison to submerged culture, they achieved cell differentiation whilst using the
ALI technique for culture of guinea pig epithelial cells. This cellular differentiation
resembled the mucociliary structure, secreted mucus substances and had a similar
epithelial polarityto that inthe in vivo epithelium (Whitcutt, Adler et al. 1988 In
humans the ALI culture technique had been used for growth of keratinocytes from skin
and squamous carcinoma cells in 198&gnier, Desbas et al. 198&nd was first
described for use with tracheobronchial eglidd cells in 199qWu, Martin et al. 1990
Culturing primary cells, particularly primary human tracheobronchial epithelial cells, at
the ALI provides anin vitro model of airway differentiation. This allows for various
studes including the response of the airway to damage and its repair mechanisms, as
well as manifestations of bacterial/viral infections in the airway of both healthy people
and patients with a chronic airway disease such as COPD, CF and asthma. Recent

studies have concluded that this method of primary cell culture is important to
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recapitulate the transcriptional profile of the airway and provides a good representation
of the airway transcriptomia vivo (Dvorak, Tilley et al. 2011Pezzulo, Starner et al.
2011.

There are several publishedethods forculturing airway cells at ALI, on different
platforms using differing periods of time for difémtiation. The most common method
appears to be the use of polycarbonate transwells, with a porous membrane surface on
which cells form a confluent epithelial layer, with nutrients provided from the
basolateral compartmenthecells are allowed to differentiate for a set period of time,
usually between 14 and 28 days. The growth medium contains many growth factors,
including; bovine pituitary extract, human epidermal growth factor, insulin,
hydrocortisone, epinephrine, transfierand retinoic acidKettle, Simmons et al. 20).0

One of the most important growth factors for differentiation is retinoic acid as it has
been shown to be important for normal development and maturation of the lung by
regulating proliferation, differentietn and morphogenesis of cells thrbuactivation of
retinoid X receptors to activate and suppress many different genes. Cells cultured in the
absence of retinoic aciasulted indifferentiationof a stratified squamous epithelium
(Koo, Yoon et al. 1999 The mucous phengie can be restored to w&mously
differentiated cells througkhe addition of retinoic acid to culture mediu@ollagen

coated transwellBave also been used as a platf@hitend, Bookman et al. 20QRoss,

Dailey et al. 2007 Parker, Sarlang et al. 2010as collagen also affectghe
differentiation of the secretory kk¢ype but is thought to be mbenportant for ciliated

cell differentiation(Ross, Dailey et al. 200.7

1.5.2.Modulation of Differentiation with Growth Factors

Initial studies using extracted primary nasal cells from surgically removed polyps

cultured on collagen gelsaoukili, Perret et al. 20Q3showed that IE13 increasedhe

number of goblet cellshrough differentiation. A recentstudy (Turner, Roger et al.

2017 modulated the differentiation of these cultures by stimulating the cells wAfl8 IL

during the differentiation period; they specifically cultured primary cells for 14 days in

the presence ombsence of 1113 in the growth medium to see if this altered the

proportions of each cellype once differentiated. Stimulation with-Il3 caused an

increase in theumber of mucusecreting goblet cells, and a reduction in ciliated cells

after whichthec el | s reverted back to theirondonor mal o

removal of 1-:13 (Turner, Roger et al. 2011This has provided a model for studies of
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diseased airways as exacerbations of asthmaC&mate associatedith an increase in

the numbef mucous cells, known as mucous cell metaplasia. Mucous cell metaplasia
has been extensively studied in animals, specifically mice, in order to understand the
underlying signalling mechanisms that cause increased diffdientiaf Clara and
ciliated cells into goblet cells. It is thought that cytokines released by T helper 2 (Th2)
cells are involved irthe development of mucous cell metaplasia as an inflammatory

response tallergic reactions and asthma, for example.

IL-13 and IL-4 share the receptor subunit-4LR U 1 -13 induces STAT6 release
through the Ik4 RU 1, which in turn causes 1Iincreas
(e.g. SPDEF and GABAR) and decreased expression of ciliated cell markers.

FoxA2) (Curran and Cohn 20)Qo start transformation into a goblet cell. STAT6 is

also thought to be associated with MUC5AC expresdvurine models ruled out H4

as a major causd this, suggesting the involvement of-l3 (Curran and Cohn 20).0
However it is thought that H13 is the second signal required to induce mucous cell
metaplasia. lis hypothesised that EGFR release prevents the cell from undergoing
apoptosis, allowing 1113 to have an effect as a second sig@airran and Cohn 20).0
Arecentpubdl cati on by Kettle et al (2010) four
signalling pathway, also induces increased goblet cell differentiation, further suggesting

both are involved itheinduction of mucous cell metaplasia.

1.6.The Immune Response

A pathogen isa bacterium, virus, or other microorganism that can cause disease In
another organism. As the resultant evolutionary development of the defence
mechanisms known as the immune system occurred, so did evolution of the pathogen in

an attempt tevade the actions of the immune response.

Broadly, the immune response is made up of two components: the adaptive (specific)
response and thianate Qonspecific) response. The adaptive response takes time to
generate a specific response to pathogariesring longlasting protection to future
challenges. The innate response generates an immediate inflammatory response to
invading foreign material or endogenous signalling. This inflammatory response
recruits and activates immune cells at the site afryjpathogen invasiomrgsulting in
oedema and erythema as well as causing the capillaries to diladeallowing

movement of white blood cells. This inflammatory response is a crucial first line
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response to infectioand foreign materialattempting to pevent spread of infection
while theadaptive immuneystem respond®espite this essential role in host defence,
aberrant immune responsdsoth innate and adaptiveye also in parthe cause of

diseases such as COPD and asthma.

1.6.1.Neutrophils

Neutrophils also known as polymorphonuclear neutrophdse one of the major
leukocytes that contribute to the immune response. They are short lived, fast moving
polymorphonuclear(PMN) granulocytesrepresenting around 580% of the total
number of leukocytesirculating in the blood (Smith 1994. The main function of
neutrophilsis to engulf and degrade bacteeéher to prevent infection or control
commensal populationsThey achieve this function through use of one of three
mechanisms of action upon contact with targetsUfgnrecruitment to the appropriate

site, extracellular bacteria and debissengulfedinto the phagosome. The phagosome
fuses with the lysosome timrm the phagolysosome, in which process known as
respratory burst occurgSegal 200h During respiratory bursticotinamide adenine
dinucleotide phosphateNADPH) oxidase produces the reactive oxygen species
superoxide, which decays to form hydrogen peroxide &sndhen converted by
myeloperoxidase to form hypochloroasid which kills the bacteriéSegal2009. (2)

The neutrophil cytoplasm contains granules whiobntain a variety of potentially
harmful proteases, including elastase, which are involved in the degradation of
pathogens and extracellular matrix proteldgprocess callederanulation releses the
granules when the neutrophil is activated. In the absence of activation signals they go
through programmed cell death and are then engulfed aadedldy macrophages
(Savill, Wyllie et al 1989. Apoptosis is a tightly controlled asitiflammatory process

as it promotes clearance of neutrophils by mdtagps to prevent tissue damage
(Akgul, Moulding et al. 2001l (3) The formation ofNETs was first described by
Brinkmann et al (2004). They trap anrdll bacteria extracellularly through the
formation of web like structures consisting of fibreschfomatin and serine proteases
and were found to form as early as 10 minutes after activadigerpcess which is
quicker than apoptosi¢Brinkmann, Reichard et al. 20p4NETs may provide a
localisedcollection of antimicrobial components that can be used to control infection
by trapping and killing bacteria independently of phagocytosis, as well as prevention of
further infection in neighbouring areaby formation of a physical barrier to limit

bacterial spread.
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1.6.2.Macrophages

Macrophagesre traditionally thought tdifferentiate fromPBMCs which are initially
released from the bone marrow into the peripheral blood. As monocytes transmigrate to
the tissues they differentiate into macrophag®osser and &wards 2008
Macrophagesare much longelived than neutrophils, often remaining in tissues for
several months. As a result of thisacrophagebave &eyrole in the adaptive immune
response, interacting with- Bnd B-cells to function as antiggoresenting cellsas well

as roles in the innate immune responfbke major function of macrophages is to
phagocytose dead/dying celtgllular debrisand pathogns,during tissue remodelling
andespecially in the early stages of chronic inflammation when neutrophils are present.
After ingestion, the pathogen is trapped in a phagosome, which fuses with a lysosome to
form a phagolysosomdn the same way as neuttols. Phagolysosomes contain a
variety of enzymes and toxic agenisedto Kkill the bacteria contained within it
(Aderem and Underhill 1999 Eventually the macrophage produces enough of these
digestive compounds, as a result of repeated bacterial ingestion and killing, to kill itself.
Most phagocytosis is performidy macrophages that are localised to the spdisfioe;

these are then responsidier production ofa range of cytokines to recruit more
macrophageand neutrophilso the site of inflammatio(Mosser and Edwards 2008

Macrophagesare also key molecules in generating long lasting immunity via the

adaptive immune system by acting as antigen presenting cells. After ingestion of a
pathogen thenmacr ophage Opresentsé6é the antigen
parts of itinto its surface, resulting in the production of antibodies to provide a memory
of the pathogen. The next encounter of this pathogen results in recruitment and

proliferationof the specific antibody to aid phagocytosis.

1.7.The Inflammat ory Response

Predominantly the inflammatory responseinitiated by pattern recognition receptors
(PRRs) present on theurface of innate immune cededzhitov and Janeway 2000
Akira, Uematsu et al. 2006PRRs arectivated upomxposue tofecognition of one of

two signals: the pathogeassociated molecular pattern (PAMP) triggers inflammation

in response to infection, while the damage associated molecular pathogen (DAMP)
triggers inflammation as a result of tissue inj@kedzhitov and Janeway 200A8kira,

Uematsu et al. 2006 This results in secretion ofnflammatory cytokines and
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chemokineskey PRRs that recognise both PAMPs and DAMPs arelikellreceptors
(TLRS).

1.7.1.Toll-Like Receptors

TLRs are a amily of transmembrane proteins/receptorBhe toll gene was initially
identified inDrosophilawhere it is crucial for normal developméAnderson, Bokla et

al. 19895. Initially there were five sequences identifiaith sequence homology and
protein architecture to th®rosophila Toll that were designated as TLRRocKk,
Hardiman et al. 1998 howeverit is now known there are ten human TLRs distinctly
recognising a variety of extraceléwl and endosomal PAMPs to induce nuclear factor
(NF)-kB andIFN signalling and the mitogen activated protein kinase (MAPK) pathway
to secrete pranflammatory cytokines, chemokines andstonulatory moleculeviost
cells express at least one TlaRd cell surface expression of TLRs is-tggulated by
proinflammatory cytokinegMuzio, Bosisio et al. 2000 The association of TLRs with
the immune response results in a tightly controlled signalling system to prevent
impaired responses that may lead to disease.

1.7.2.Interleukin -1 Receptors
There are two types of receptor to the potmatinflammatory cytokine IL1: IL-1RI
and IL-1RIl. They bind to the ligand at three extracellular immunoglobikan

domains at the Nerminal, a key feature of the immunoglobulin class they belong to.

IL-1RI (80kD3 is exclusively responsible for HL signalling(Sims, Gayle et al. 1993

It binds IL-1 with high affinity in the presence of the-ILaccessory protein (AcP)he
AcP does not have any affinity for 4L itsef, but is recruited as the ligand binds to
form a heterotrimeric complex, resulting in signal transdudi@neenfeder, Nunes et al.
1995

IL-1RI'l (67kDa) acts as a O6decoylbyactegaspt or, at't
a sink (Colotta, Re et al. 1993With its high avidity for Ik1 b i t is able to fo
heterotrimeric signalling complex; however this does not result in signal transduction or

cellular responsed.ang, Knop et al. 1998 Both tyges are structurally similar, but4L

1RI has a much longer cytoplasmic tail (215 amino acids foiRLIand 19 amino acids

for IL-1RIl), and are predominantly found on different cell types-1Rl is
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predominantly found on T cells and fibroblasts andLRIl on B cells and neutrophils)
(Greenfeder, Nunes et al. 1995

1.7.3.TIR Domain

TLR and IL-1 receptorsfunction to identify and detect danger signals, resulting in
initiation of the immune response. The connection between TLRé$LahR is shown
through the use of common signalling components, more specifically TURITIR)
cytoplasmic receptor domaimhe TIR domain is a stretch of approximately 200 amino
acids arranged in three conserved domains, known as boxes, in theluiaapektion

of TLR/IL-1R. The sgnature sequence of the famil/box1, however box2 and box3
are also important in signallin¢fFitzgerald and O'Neill 2000 The most common
inflammatory routeinvolving this domain utilises the adaptor molecule myeloid

differentiation factor 88 (MyD88), triggering the MyD88 dependent signalling pathway.

1.7.4.MyD88-Dependent Sgnalling

MyD88 was nitially discovered as a myeloid differertt@n response gene induced in
response to H6 stimulation inM1 myeloblastic leukaemia celldord, Hoffman
Liebermann et al. 1990 Sequence analysis of MyD88 identified at&@minal TIR

domain that mediates interactions between receptor and adaptor TIR doamaiis

critical for signalling(Xu, Tao etal. 2000and a O0de(BR)&h domidd inni n
termiruswhich is now known to mediate protegmmotein interactiongFeinstein, Kimchi

et al. 199%. These linkMyD88 to functiors as an adaptor molecule for downstream
signalling actions.

Activation of the receptor causes MyD88 to recruit and inteséttt IL-1R-asso@ted
kinases (IRAKs)(Wesche, Henzel et al. 1997The IRAK family consists of four
members, IRAKL, IRAK-2, IRAK-4 and IRAKM (also known asRAK-3), which are
encoded from different areas of the genome, transcribing separate gene pnattiucts
similar amineacid sequencetat are all associated with TLRALR signalling.IRAK -

4 and IRAK1 are recruited by binding with the death domain of M§D8here IRAK-

4 rapidly phosphorylates IRAK to activate IRAK1s kinase domain leading to auto
phosphorylation of IRAKL (Burns, Janssens et al. 200Bhosphorylation of IRAKL
causes a reduction in its affinity to MyD88 but increases affinity to TNF reeeptor
associated factor 6 (TRAF@Fao, Xiong et al. 1996Nesche, Henzel et al. 1997
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TRAF6 belongs to a family of TNF receptassociated adaptor proteins that are

evolutionary conservedt is recruited to the TIR domain by the TRAF domain,

which mediates binding between thet&minal TRAF6binding motif (PreX-Glu-X-

X-aromatic/acidic residue) in IRAH and TRAF6(Ye, Arron et al. 200R Upon

binding to IRAK-1, the zinefinger and RING effector domains within thetdrminus

(Rothe, Wong et al. 1994Cao, Xiong et al. 1996are activated, allowing the

IRAK:TRAF6 complex to dissociate from the receptor complex and bind to the

membr ane bound transf or nactivaged lgnase Wt(TTAKLY act or b

signalling compleXNinomiya Tsuji, Kishimoto et al. 1999

TAK1 is a mitogenactivated protein kinase kinase kinase (MAPKKK or MAP3K)
family memberdirectly linked to the activation of N B and its -subsequen
regulation of pro-inflammatory cytokines (Yamaguchi, Shirakabe et al. 1995
NinomiyaTsuji, Kishimoto et al. 1999 For its functions in signalling, TAK1 is
associated with adaptor proteinsStAK1-binding proteinl (TAB1) (Shibuya,
Yamaguchi et al. 1996 TAB2 (Takaesu, Kishida et al. 20p@nd TAB3 (Cheung,
Nebreda et al. 2004 As the IRAK:TRAF6 complex binds to the TAK1 signalling
complex, phosphorylation (bgn as of yet unknown kinase) of TAK1 and TAB2
releases all components except IRAKNto the cytosolJiang, NinomiyaTsuji et al.
2002. TAB2 and TAB3act as adaptor moleculeallowing TRAF6 to activate the
kinase domain of TAKlKanayama, Seth et al. 200#AB1 enhances activation of
TAK1 (Shibuya, Yamaguchi et al. 199@esulting in release of N& Banuclear factor
kappa enhancer bindirngyotein)from inhibitory proteins.

1.7.5.Canonical NFa B ctikation

NFFeB is the primary tr ansc-LR sghaligiheNRct or act.i
aB family of transcription factor<Reconsists
pl05 E50NF-a B1) pH@ NFo RBR), characterised by the presence of &

terminus region of around 300 amino acids known as thd@&wablogy domain (RHD).

When activatedNF-ae B exi sts as a dimer in the cytosol
the most common consisting of RelA and pI0ercurio and Manning 1999It also

exists in the cytoplasm in resting cells, where it is held in its inactive form by a complex

of I nhi bitory p (Baetieda and Baltimore mi€@B8ThekreaalBes six
mammal i an | 8B ,hoaveverbnlyt meenbens t hese, l aBU, I o
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appear to be important for controlling NFB  a c (Baewerlet apd Baltimore 1996
Whiteside, Epinat et al. 1997

IKKs are large (708®00kDa) cytoplasmic complexéesh at phosphoryl at e
terminal sites to control turnovéZandi, Rothwarf et al. 1997Theycontain two serine
kinases | KKU (I KK1) and | KKb (1 KK2) and
The IKK complex is targeted by activated TAK1, where itogbhorylates serine
residues in the activation |l oop of | KK
proteasomatiegradation by the 26S proteasofden, Hagler et al. 1995Thisallows

NFFeB to tr ans| ousandeugegutate tatyet genes,ciricledingo
inflammatory cytokines

1.7.5.1. MAPK A ctivation

There are also other targets activated by TLRM signalling, such as mitogen
activated protein kinases (MAPKSs), which are also involved in many essential
processes, including cell growth, differentiatistress and inflammatory responses.
MAPKs are serine/threonine protein kinases that are activated by phosphorylation of
both threonine and tyrosine resid@sderson, Maller et al. 1990MAPKs are divided

into three sulrategories: the extracellular signal regulated kinase (ERK), p38 MAPK
and the Jun Nerminal kinase (JNK)also known as the streastivated protein kinase
(SAPKS).

The first MAPK family nember to be cloned were the ER@Boulton, Yancopoulos et
al. 1990 Boulton, Nye et al. 1991Further study showed the phosphorylation of ERKs
led to activation of other transcripti factorsfor exampleElk-1 (Gille, Sharrocks et al.
1992 Marais, Wynne et al. 1993The MAPK activation system ia threetiered
phosphorylation cascad®lAPKKK phosphorylates MAP kinase kinasesARKKS) in
order to activate MAPK. TAK1as mentioned previously (Section 1.3.4.)aikey
molecule in NFe B s i gandid a MARKKK and is responsible for the branching
of the signalling pathways.

The p38 MAPK was originally identified in mammalian cells a 32kDa protein that
underwent tyrosine phosphorylation in response to endotoxin stimulation and
extracellular changes in osmolar{tylan, Lee et al. 1994The p38 MAPKSs consist of

four isoforms p 3 8vihich is the original form of p38&nd shown to bacivated in
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response to W1 (Freshney, Rawlinson et al994, p @i@ng, Chen et al. 1996
Stein, Yang et al. 1997 p (Be®lmer, Zahalka et al. 1996i, Jiang et al. 1996and
p 3 §G@oedert, Cuenda et al. 199%ang, Gram et al. 199Kumar, McDonnell et al.
1997).

The JNK family of proteingre encoded by three genes, JNK1, JNK2 and JNK3 (also

known as SAPKo, SAPKU and SR gphcedisefermse ct i vel y)
(Derijard, Hibi et al. 1994Kyriakis, Banerjee et al. 1994%upta, Barrett et al. 1996

Activation by phosphorylation is initiated by a variety of cellular stresses, including

inflammation.

Both thep38 MAPKsand JNKsare involved in actiation of the transcription factor
activator proteirl (AP-1). AP-1 exists as a heterodimeand is activated by
phosphorylation of the trarectivating domain of ATF2, resulgnin up-regulation of
transcription of APL components(Karin, Liu et al. 199). Activated AP-1 is
translocated to the nuclewshere it is involved in transcription of genes for the
inflammatory respons@L-1, TNF), cell adhesion moleculd&-selectin)and proteases
(Karin, Liu et al. 1997Read, Whitley et al. 1997

AnoverviewofNFe B si gnalling caln be found in Figure
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Figure 1.3: An overview of canonicalNFe B si gnal |l i ng

Activation of TLR/IL-1R at the membrane results in formation of complex |
MyD88 is recruited to the receptor complex. This leads to hyperphosphorylatic
of IRAK-1 by IRAK-4 and subsequent binding of TRAF6. The IRAKTRAF6
heterodimer leaves the receptor to bind to TAK1 and its associated binding pr
TAB1, TAB2 and TAB3 to form complex Il. Formation of complex Ill occt
when IRAK-1 releases TRAF6:TAK1:TAB1/2/3 from thmembrane, where i
activates the IKK complex by phosphorylation. Phosphorylated IKK activates NF
9B by targeting the inhibitory prof
alowsNFe B to transl ocate to t he -negutaling

target genes.
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1.7.6.MyD88-Independent Sgnalling Pathways

All TLR/IL -1R signalling occurs through MyD88, except TLR3, which signals through
the TIR domaircontaining adaptor inducing IFB (T @lsoFkpown as TICAML),

and TLR4, which signalthrough both MyD88 and TRIFYamamoto, Sato et al. 2002
Oshiumi, Matsumoto et al. 20p3rhe TRF sequence contains a TIR domain for TIR
TIR interactions and a receptor interacting protein (RIP) homotypic interaction motif
(RHIM) in the Gterminus to mediate interactions of the RIP fanjMeylan, Burns et

al. 2004, which leads to activation of TAKdAnd subsequently the IKK complex as seen

in canonical NFe BCussorHermance, Khurana et al. 2005

TRIF was discoveredsing MyD88 deficient mice, which activateddFB and MAPKs
as a late phase response associated with activation of Type | IFNs, in response to LPS
and viral stimuli (Kawai, Adachi & al. 1999 Kawai, Takeuchi et al. 2001 Mice

deficient in functional TRIF show early phase activation of N&6B an d MAP K
signalling, but reduced proinflammatory cytokine andlype | IFN production,
suggesting a requirement for TRIF for Typ#FN induction/responses and maximal
production of cytokines in response to L@®ebe, Du et al. 200¥ amamoto, Sato et

al. 2003.

TRIF and TLR4 do not bind directly; they require an adaptor molecule, -idkdEed
adaptor molecule (TRAM), to activate TRéfependent signalling processes in response
to LPS(Yamamoto, Sato et al. 2003LR3 binds to doublstranded RNAdsRNA), a
product of replicatioty many viruses, and poly(l:C), a synthetsR8A TLR3 agonist
(Alexopoulou, Holtet al. 200 In response to poly(l:C), TRIF knockout mice do not
elicit a response, whereas MyD88 and TRAM knockout mice respond nortaatling

to the conclusion thafRIF is the only required adaptor for signalling through TLR3
(Yamamoto, Sato et al. 2003A summary of MyD88 independent signalling can be

found in Figure X4.

1.7.7.Non-Canonical NFa B igr&lling

Non-canonicalNFe B si gnal l ing was discoverXead during s
Harhaj et al. 2000 Two NFe B f ami |l y member s, pl100 and plO0!
precursor proteins that undergo proteolytic processing to become the active transcription

factors, p52 and p50 respectiveéind are involved in activating naanonical NFe B

signalling pathwaysT he pr ecur sor proteins function in tF
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Figure 1.4: An overview of MyD88-independent signalling

TLR3 is activaed in response to viral dsRNA, resulting in activation of TRIF.TI

recruits RIP1 which leads to activation of dFB t r anscr i pti or

the IKK complex. Activated TLR3 can also activate the transcription factor |
through | KKU/ RBat alsoiactieate dgD8Bddpendent pathway
through TRIF, to activate N B, and TRAM, to activate |F
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canonical signalling, by holding them @aminactive form in the cytoplasm. Activation

of the p100/p105 signalling pathways caupeastial degradation of the precursors C

terminal domainsremovingt he | a B | i ke ankyrin repeats to
fragments. Although theunmaskedRHD allows the proteins to bind to DNA,

transactivation domain (TAD) required for activating gene transorips not present

(Zhong, May et al. 2002 To overome this, p52/p50 fragments foheterodimers with

RelB, crel or p65, whereas homodimers of p52 and p50 have been shown to inhibit

gene transcriptiofZhong, May et al. 2002

The transcription factor p105 undergoes constitutive processing, by partial degradation
by the proteasome, to generate p50 fragmértiss is thought to be a etvanslational
mechanism to generate p50 fragments flanmation of the p50/p65 heterodimers
utilised in canonical N/ B s i g(Raa &and Mamnigtis 199Palombella, Rando et al.
1994 Lin, DeMartino et al. 1998 This processing is inhibited by formation of homo

or heterodimers with other N& B p r ¢Harbaj, Maggirwar et al. 1996Cohen,

Orian et al. 200} suggesting its rolis dependent upae cells availability oNF-a B

The processg of p100, however, is much more tightly regulatgdboth positive and
negative domainswith only minimal amounts of processing in unstimulated cells
(Heusch, Lin et al. 199%iao, Harhaj et al. 2001 The functions of p100 are to prevent
nuclear translocationof RelB and regulate its transcriptional activiffpobrzanski,
Ryseck et al. 199%0lan, Miyoshi et al. 2002The processing of p1Qfas been linked
to receptor activation of immune response molecules, including BRKKayagaki,
Yan et al. 200 CD40(Coope, Atkinson et al. 2002 n d  L(Oefar@in, Droin et al.
2002. BAFF-R and CD40 activation is linked to-&Il maturation and survival and
LTBbR binds t o Tnbérs.Thaipateways alsoiadtigatethyy some TNF
family members, howeveT, N Fddes not induce100 processin¢Coope, Atkinson et
al. 2003, but does lead to amegulation of p100 and Rel@erudder,Dejardin et al.
2003.

Activation of the p100 nowanonical signalling pathway has been linked to expression
of the NFa Binducingkinase (NIK); overexpression leads to plfi@dcessing to p52
(Senftleben, Cao et al. 2001whereas deficiencien functional NIK result in
significantly reduced levels of p3aut normal p100 level§Xiao, Harhaj et al. 2001

NIK contain a kinase domain that has some conserved sequence homology to the kinase
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domains of MAP3Ks; it has also been shown to intesdttt (Regnier, Song et al. 1997
and phosphdqling,lCaoteeal. 198K UThi s i nt eandbIKison o

independent of factors known twe required in canonical N&«B si gnal |l i ng
| KKabn d [(Sedtkeben, Cao et al. 200Xiao, Harhaj et al. 2001 Upon binding
with NIK, | KKU has been shown to direct

processing to p5gSenftleben, Cao et al. 2001

Non-canonical signallinghas not been studied as extensively as canonicad BF
signalling, therefore it is likely thergare many as of yet unidentified factors that act as
mediators and activators, however, key molecules identified so far are sumnnarised

Figure 15.

1.7.8.TLR3 Signalling

TLR3 could playa prominent role in detection of virusas ithas been shown to bind
doublestranded RNA (dsRA) (Alexopoulou, Holt et al. 20Q1which isa product of
viral replication or part of the virajenome TLR3 has also been showo bind to
poly(l:C) the stable synthetic dsRNA, which it does preferentially over dsRNA derived
from viral sourcegOkahira, Nishikawa et al. 20p5Binding of dsRNA and TLR3 is
dependent on an acidic gHe Bouteiller, Merck et al. 2003t was originally shown to
not recognise single stnded RNA (ssRNAJAlexopoulou, Holt et al. 2001 however,
more recent work showatiat mRNA, which is predominantly singled stranded acts as
a ligand to TLR3, showing that it is capable of binding to ssRMarshallClarke,
Downes et al. 2007 TLR3 activation leads to induction of type | IFN and-bIfB

activation through distinct pathways.

TLR3 is a type | transmembrane receptor so has dasistructure to the other TLR
family memberqJin and Lee 2008 Structural studies show that solution it exists as
a monaner, however can form homomultimers the membrane, which takes place
upon ligand binding(Bell, Botos et al. 2005Bell, Botos et al. 20Q6Leonard,
Ghirlando et al. 2008.iu, Botoset al. 2008.
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Activation of the norcanonical signalling pathway is mediated through the kir
NIK. NIK is involved in phosphorylating an IKK complex that only cisits of two
| KKU units. The activated | KK compl
pl100 to its active form p52, which then dimerises with RelB, which contain:
transactivation domain (TAD) required for nuclear translocation and subsequent up

regulation of target genes.
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TLR3 activation results in phosphorylation at twaeminal tyrosine residudSarkar,

Peters et al. 2004 leading to recruitment of TRIF. Stimulation of TLR3 leads to
activation of distint pathways that result in activation bfF-e B d@he tRFs (See

section 1.3.71)NFe B i s activated by TLR3 through
(RIP1) proteinbut has been shown to be negatively regulated by RIP3, another RIP
protein family membe(Meylan, Burns et al. 2004 TRIF contains a RIP homotypic
interaction motif init C-terminus that mediates it8nding to RIP proteins in order to
activate signalling. This recruits RIP1 to the TLRRIF signalling compleXMeylan,

Burns et al. 2004 RIP1 recruitment activate TAK1 and subsequently the IKK
compl ex which | eads to the degaBdaitgmal lo
(CussonrHermance, Khurana et al. 2005There are likely to be other mediators
involved in interactions between RIP1 ah8lK1 that are yet to be identified. However,
TRAF6 has been suggested as a likely candidate as TRIF contains three TRAF6 binding
motifs andover expression of dominant negative TRAF6 has shown inhibition of-TRIF
induced NFe B a c t (Satoa Sugiyama et al. 2003iang, Mak et al. 2004 IRF
activation and subsequentti@ation of both type | andll IFNs occurs when TRIF

binds to TRAF3. TRAF3 recruits kinases involved in phosphtingaand activating

| KKU aNKdindihg\kinase 1 (TBK1) IRF family membefidacker, Redecke et al.

2006 Oganesyan, Saha et al. 2D06

1.7.8.1.IRFs

The IRF family consists of nine different transcription factors (HRFxhat are all
involved in induction of Type | and Il IFNs. They all contain a DNA binding domain
consisting of five conserved tryptopheoh repeats in the #rminus forminga helix
turn-helix thatrecognises tIFN regulatory element upstream of IR€égulated genes
(Mamane, Heylbroeck et al. 199%aniguchi, Ogasawara et al. 200The Gterminal
domains which are less conservadgdiate interactions with other signalling meédia

and transcription factors.

The key RFs involved in antiviral immunity are IRF3 and IRfMarie, Durbin et al.
1998 Yoneyama, Suhara et al. 1998u, Yeow et al. 200}t both ofwhich have been
found to activate type | and Il IFNin response to viral stimulhoweverlRF1 and
IRF5 have also been associated with type | Ifeduction in response to viruses
(Mamane, Heylbroeck et al. 199Taniguchi, Ogasawara et al. 2Q0hkaoka, Yanai et

al. 2009. Upon viral infection, phospholgtion at specific serines in IREXterminal
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regulatory domain results in homodimerisationheterodimerisation with IRF7 and
subsequent assembly of the nuclear holocomplex. This holocomplex consists of IRF
dimers associated with dactors, either cyclicadenosine monophosphat&MP)
responsive element binding protein (CREB) binding prot€REBBP) or p300, which

are involved in binding to DNA and wegulating target gene transcriptighin,
Heylbroeck et al. 1998Sato, Tanaka et al. 1998V eaver, Kumar et al. 1998
Yoneyama, Suhara et al. 1998

IRF7 isstrongly induced by type I IFfhediated signalling but in contrast to IRF3 it is
expressed inmall amounts in most cell types. Binding of type | IFNs to the IFN
receptor results in IRF7 uggulation,suggesting that IRF7 is involved in lgtbase

IFN production as part of a positive feedback loop. Activation of IRF7 is similar to that
of IRF3, with phosphorylation of ®rminal serine domains leading to production of
homodimers or heterodimers with HR which then translocate to the nucleus te up
regulate transcription of target genes. Different combinations of IRF3 and IRF# homo
and heterodimers have different effects on target gene transcription; IRF7eschioth
IFNA and IFNB genes, whereas IRH8 a potentiFNB gene activator, but ndENA

(with the excepton of IFNA4) (Marie, Durbin et al. 1998Sato, Hata et al. 1998ato,
Suemori et al. 2000

Originally, it was thought that only IRF3 was involvedtiie early phase ofFNB gene
induction and that this type | IFNroduction leads to production of IRF7 for the late
phase induction ofFNA and IFNB genes However,a study conducted using an irf7
deficient {rf7-/-) mouse model, specificallyf7 deficient mouse embryonic fibroblasts,
showed a severe impairment in type | IFN induction in responsa &sRNA viral
stimulus suggesting theonstitutively producedmdl amount of IRF7 is vital for early
phase IFN productiofHonda, Yanai et al. 2005

1.7.9.RIG-1/MDAJ5 Signalling

It was initially thought that TLR3 was the key mediator involved in viral detection in
host cells until a study conducted using TLR3 knockout cells showed production of IFN
in response to both thgsRNA viral mimic poly(l:C) andviral infection (Yoneyama,
Kikuchi et al. 2004 This led to identification of the involvement odtinoic acid
inducible gend (RIG-1) and melanoma differentiah-associated gene 5 (MDAS)

members of the RIG-like receptor family of proteins, in sensing viral RNA in the
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cytoplasm (Yoneyama, Kikuchi et al. 2004RIG-I and MDA5 both contain two
repeated CARDs in the-Mrminal and a DExD/Hbox RNA helicase domain in the-C
terminal. The CARD domains have been implicatedIR¥3, IRF7 and N B
activation, and subsequent activation of IBNYoneyama, Kikuchi et al2004). The

RNA helicase domain has been shown to bind in an ATP dependent manner to
poly(l:C) (Saito, Hirai et al. 2007 The Gterminus of RG-1 has been to shown to act as

a repressor domain (RD) in order to keep it in the cytosol in its latent(f®aito, Hirai

et al. 2007.

RIG-I deficient mouse embryonic fibroblasts were shown to exhibit impaired IFN
release when infected with Sendai virus (SeV), Newcastle disease virus (NDV),
vesicular stomatitis virus (VSV), influenza virus or Japanese encephalitis virus (JEM)
or stimulatel with dsRNA transcribedh vitro. IFN release was unaffected in MDAS
deficient mouse embryonic fibroblasts showing that Ri@d MDAS5 recognise
different viruses. MDAS deficienhouse embryonic fibroblasts dil@v impaired IFN
release in responsetoent t i on wi th Picornaviridae vi
seen in the RIG deficient cells(Loo, Fornek et al. 2008 Recent studies have
identified the binding site for RIG  a striphosphale moiety in viral RNAThis 5 -0
triphosphatenoiety is usually capped in host endogenai®NA (Hornung,Ellegast et

al. 2006 Pichlmair, Schulz et al. 20Q6The structure recognised by MDA®s yet to

be elucidated.

1.7.10.Final Stage of $gnalling: Cytokine and Chemokine Production

Cytokines are intracellular signalling peptides3@Da)that act at any range (adto
para and endocrine) on a variety of cell ggincluding leukocytes and epithelial cells.
Their main function is to managbe immune responsky activating, inhibiting or
drawing leukocytes to a site of infectiby chemotaxis. Cytokines can be produced by a

variety ofnucleated cell type€Cannon 200p

Infections stimulate the TLR/HLR signalling pathway to activate various transcription
factors, including NFe B, to produce cytoki nemsantt some
inflammaory effect. Local proinflammatory responses stimulate leukocyte activity,
including proliferation, cytotoxicity and proteolytic enzyme release. They also
synthesie prostaglandins andhitiate a cascade ofi s e ¢ 0 nadtienflammmatory

cytokine synthesignd secretion. Systemic pnaflammatory cytokine release induces
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fever by raising the thermoregulatory set point and creates a hostile growth environment
for growth of some bacterial species bgdistributing iron from extracellularto
intracellular sitesThe central nervous system is targeted to cause a reduction in energy
consumption and skeletal muscle is broken down to provide amino acids for acute phase
plasma proteingvhich functionto work with leukocytes to remove pathogé@&nnon

2000.

Chemokines ara subset of cytokines that act as chemoattractants to immune cells to
recruit them to the site of infection/injur They are small proteins {B)kDa) sub
grouped based on their primary structure. The falrgroups are labelled CC, CXC,
CX3C and C, which are defined by the position of twaeNminal conserved cysteine
residuegMurphy 1994 Choi and An 2011l Chemokines exert their effects by binding

to G-protein receptors on the cedlurface, triggering cellular responses including
chemotaxis.The two major groups are the CC and CXC groups; CC chemokines are
involved in monocyte, lymphocyte and basophdruitment, whereas CXC chemokines

are involved in neutrophil recruitme(@hoi and An 2011

The cytokines and chemokines that are utilised as a stimulusneasure of
inflammatory responses throughout this thesis are discussed individually.

1.7.10.1.Interleukin -1

IL-1 is produced by cells in response to pathogens via the BRF p a tTheneaase.

two agonist forms of It1, IL-1 U awrmd , |1 lbbot h ar e #30kbgehe i n t he s
cluster (in humans chromosome 2q13) argproducel asindependent gene products

(Nicklin, Weith et al. 1991 Both forms bind the sae receptors, howevér-1 b i s t he

mostcommon mediator of systemic inflammation.

Transcription of the 1 b gene produces an inactive profor
by caspasé cleavagelt is largely produced by immune cells but csobe produced

by epithelial and endothelial celiannon 200D It is a potent pranflammatory

cytokine, capable of inflicting detrimental effects on hestuestherefore evolution of

a network of regulatory mechanisms was necessary to atemsigpotencyThe IL-1

receptor antagonist (HLra) (a 17kDa protein) astas competitive inhibitaio regulate

potency by binding with high affinity to HLRI, and with lower affinity to IL1LRII

(Dripps, Verderber et al. 1991All three proteins share similar amino acid sequences,
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gene structure and chromosomal locaijarend 1993 Nicklin, Weith et al. 199%IL -
lrarestricsIL-1 b a cthrdaughicdmpetitive inhibition

1.7.10.2Interleukin -6

Interleukin6 (IL-6) is a 212 amin@cidme mb e r  o-Helix haemaatogetidfamily

of cytokines.IL-6 is anaher gene regulated by N#-Bis not expressed constitutively

but is upregulated in response to a wide range of PAMPs and DAMPs, including LPS,
viral infection, IL1 6, -ON&ndo .|l FINt i s produced -by bc
immune cells, including magphages, lymphocytes, dendritic cells, fibroblasts and
endothelial and epithelial cel{May, Ndubuisi et al1995 Jawa, Anillo et al. 201)1

IL-6 acts in both a praand antiinflammatory capacity with knoekut murine studies
demonstrating that itds a key role in mediating the immune and acute phase response
(Kopf, Baumann et al. 19940ne of the many effects it has on the immune resp@s
involvement in immune cell maturation, including T cell differentiation and antibody
production in Beells buttd oes ndét appear to be invol ved
cells (Muraguchi, Hirano et al. 1988\aka, Nishimoto et al. 2002Its targeting of
endothelial cells causes an induction of chemokines and adhesion molecules that attract
and recruit leukocytes to the site of inflammat{@ronstein 200 IL-6 also induces
phospholipase A(PLA,) (Crowl, Stoller et al. 1991 leading tothe production of key
pro-inflammatory mediators including prostaglandins @& (Tilg, Dinarello et al.

1997, which is involved in neubphil priming, a procgs potentiated by IE6 (Biffl,

Moore et al. 1994

Inflammation is tightly ontrolled in order to avoid unnecessary damage to the host. The
pleiotropic effects of IL6 are important aninflammatory functionsit has been shown,

in vivo, to downregulate the potent effectsof-lL. and TNFU by induci
IL-1ra andTNFR (Tilg, Trehu et al. 19941t has also been shown to induce the tissue
inhibitor of matrix metalloproteina§@MP)s (TIMP) which reduce damage to cells

(Jawa, Anillo et al. 2001

IL-6 is activated by binding to a receptor complex containinggRLand gpl130
subunits Activation of the IL-6 receptor results in activation of the JAK/STAT pathway

and transcription of 16 stimulated genes.
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1.7.10.3.Interleukin -8

Interleukin8 (IL-8 or CXCLS8) is a CXC chemokine that is a potent chemoattractant for
neutrophils, but not monocyteandis produced by a wide range of cell types, including
monocytes, neutrophils, T lymphocytes, fibroblasts, endothelial cells and epithelial cells
(Schroder, Mrowietz et al. 198Walz, Peveri et al. 1987

Thereis a strag link between IL8 and inflammatory dieases in the respiratory trast
increased levels of H8 have been identified IBAL fluid obtained fromasthmaFahy,

Kim et al. 199% and COPD patient&eatings, Collins et al. 1996Thisis a key factor

in the establishmerdf a neutrophilic inflammatoryrironment within theairwaysof

these patientéFahy, Kim et al. 1996

IL-8 has the ability to bind to two different receptors, CXCR1 and CXCR2se
receptors are expressed on a variety of cell types including a variety of leukocytes and
nonthaematopoietic cells such as endothediad epithelial cells. However, they are
much more commonly associated with cells of a myeloid lineage, especially
chemoattraction of neutrophikStillie, Farooq et al. 20Q9 Transduction of signals
through both receptors plays a role in antimicrobial activity of neutrofBdggiolini

and ClarkLewis 1992, but CXCR1 plays a more dominant role in neutrophil
chemotaxis than CXCR@ammond, Lapointe et al. 199Quan, Martin et al. 1996

1.7.10.4RANTES

Also known as CCL5RANTES is a CG type chemokine discovered in a differential
screen between-Tand B leukocyteslt is an IRFstimulated gene tha&xerts its effects
by binding to four different chemokine receptors, CCfalho, Kuhns et al. 1993
Neote, DiGregorio et al. 1993CCR3(Daugherty, Siciliano et al. 1996CCR4(Power,
Meyer et al. 199pand CCR5(Combadiere, Ahuja et al. 199Raport, Gosling et al.
1996. Production is inducible upon mitogen or antigen stimulation-o€ll lines and
circulating lymphocytes and viral stimtilan of epithelial cells(Schall, Bacon et al.
1990. It functions as a potent chemoattractant for monocytes, but is less effective than
monocyte chemotactic proteinMCP)-1 (Schall, Bacon et al. 1990Uguccioni,
D'Apuzzo et al. 1996and has neffect on neutrophilsit is an important chemotactic
agent for many Iymphocyte subsets including Cband CD45R0in endothelial free
assaygSchall, Bacon et al. 199@&nd CD4 and CDS§ in transendothelial systems,
where it has been shown to be the most potent CC chemokine fdrTeddls (Roth,

Carr et al. 199pAs well as attracting and activating natukaller (NK) cells (Taub,
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Sayerset al. 1995Maghazachi, AlAoukaty et al. 1995 it alsoattracts ands secreted
by eosinophil{Rot, Krieger et al. 19924.im, Wan et al.1996 andit targets basophils,
causinghem to release histamii€una, Reddigari et al. 1992

1.7.10.5IP-10

Produced in response to viral stimyltise IRFstimulated gendP-10, also known as
CXCL10, is a CXC chemokinghat binds to the rotein coupled receptor CXCR3
(Loetscher, Gerber et al. 199@-10is producedrom a variety of cell types including
monocytes,keratinocytes, Mymphocytes, fibroblasts and endothelial and efighe
cell s i n r etsnplationfestert WUnkeleds Btal. 198% does not attract or
activate neutrophiléDewald, Moser et al. 1992but has been linked to chemotaxis of
T-lymphocytes(Murphy, Tian et al. 1996Taub, Longo et al. 1996and tumowr
infiltrating leukocytegLiao, Rabin et al. 1995

1.7.10.6 MCP-1

MCP-1, also known as CCL2xists in two forms, a precursor and mature form, of 23
and 76 amino acids in leng{Rurutani, Nomura et al. 198¥oshimura, Yuhki et al.
1989. Dominant negative inhibition studies showed that it functions as a d&hang
and Rollins 199% It is primarily seceted by monocytes, macrophages and dendritic
cells; however it requires cleavage by the metalloproteinase ko become
activated. It is linked to chemotaxasd activatiorof monocyteqUguccioni, D'Apuzzo

et al. 1995, CD4 and CDS8 T-lymphocytegLoetscher, Seitz et al. 199dnd basophils
(Bischoff, Krieger et al. 1992 however it does not attract neutroplalseosinophils.
Activation of basophils results in dgtamine releas€Alam, LettBrown et al. 1992
Bischoff, Krieger et al. 199XKuna, Reddigari et al. 1992MCP-1 exerts its effects by
binding to CCRZCharo, Myers et al. 1994 amagami, Tokuda et al. 199d4nd CCR4
(Power, Meyer et al. 1995

1.7.10.7 Interferons (I FNs)

The IRF stimulated family of cytokines, the IFNs, shaignificant amino acid
homology and exhibit similar cellular effects on target cells including modulation of the
immune response, astiral immunity and antproliferative effects. There are three
major IFN subgroups: Type(l1 NF U, | FNbB, INFCNType 11 (1 IFFANBal )a n d
Typelll( I FNa1, | FNa2 and | FNa3)
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The genes encoding all Type | IBNhare significant sequence homology and are
located in a cluster on chromosoméaz, Pomykala et al. 1994&6tark, Kerr et al.
1998. Type | IFN have been shown to possess potent\ardl activity which includes
up-regulation of proteins that bind to dsRNAilliams 1999, inhibition of protein
translation (Kerr and Brown 1978Jacobs and Langland 1996@nhibition of viral
ribonucleoprotein complex traffickingWWeber, Haller et al. 20Q0and induction of
apoptosis in virally infected cell§akizawa, Ohashi et al. 199Ber, Yang et al. 1997
Balachandran, Kim et al. 199&il and Esteban 20Q00showing them to possess potent
antiviral activity. The essential role dhese cytokiness confirmed in the Type | IFN
receptor knockout mouse, which is highly susceptible to viral infect{blvgang,
Hertzog et al. 19955teinhoff, Muller et al. 1995

| F Nthe,only Type Il IFN, shares little amino acid sequence homology with the Type |

IFNs (Stark, Kerr et al. 1998Studiesusingn | FN2 recept (Huanggnockout n
Hendriks et al. 1993Lu, Ebensperger et al. 1998nd humans with IFNo  r ecept or
mutations(Dorman, Picard et al. 20p4how that it does not play a significant rafe i

antiviral immunity. It has been associated with both-ogddiated immune responses

to intracellular pathogens and attimour immune responséBonnelly and Kotenko

2010.

The more recently discovered Type Il IFNs have dsen shown to be involved in

antiviral responseg¢Kotenko, Gallagher et al. 2008heppardKindsvogel et al. 2003

The genes encoding all three | FNes are <clust
sharing between-58% sequence homology to the Type | IRB®nnelly and Kotenko

2010) and induction occurs in response to the same stimuli as Type |(Ed¢Eia,

Severa et al. 2004Ank, West et al. 2006 They are often cexpressed in viral infeetl

cells, confirming their joint roles in antiral immunity (Kotenko, Gallagher et 22003

Sheppard, Kindsvogel et al. 2003ype Il IFNs have been strongly associated with

responses of human primary dilial cells to RSV infectiofSpann,Tran et al. 2004

Each I FN type binds a specific receptor; Ty
heterodimeric complex, Typk | to the I FNoR1/ 1 FNoR2 tetramer
that consists of two of each of the receptor domaansl Type Il IFNs bind to the

| F N a RIOR2 hieterodimeric receptor complex. Activation of any of these receptors

activates the JAK/STAT pathway aneabsto transcription of IFN sthulated genes
56



(ISG) throughSTAT binding to IFN stimulated response elemgii&SE) for Type |
and |11 | Fadséaciated rsequemc® (GAS) for TypelHNs (Donnelly and
Kotenko 2010.

1.7.11.T N F-Signalling

Tumaur necrosis factetd ( JUN B member of the TNFelated superfamily of
proteinsis a preinflammatory cytokine upegulded in response to acute inflammation

First identified as a lymphocyte and macrophage product that caused lysis of certain cell
types, including tumour cell&ranger, Shacks et al989, Carswell, Old et al. 1975it
hassincebeen shown tbe produced by a wide variety of cells, including macrophages,
CD4" and CD8 T-lymphocytes, B lymphocytes, NK cells, neutrophils, smooth muscle
cells and endothelial cel(¥ilcek and Lee 1991 It plays important roles in the immune
systeminclude activation of immune cells, including monocytes and platelets, and
enhancement of macrophages and NK cells abilities to kill viral, bacterial and parasitic
pathogensTNF-U has also been associated with causing cell death via apoptosis and
necrosis (Fiers 1991 Beyaert and Fiers 1994 Membrane bound TNFU i s
proteolytically cleaved byiNF-U converting enzyme (TACE)
soluble formwhich forms a homotrimer with two other soluble TNF pr ot ei ns
activate thefNF receptor TNFR) (Vilcek and Lee 1991

There are two differerfNF receptors that bind TNB : TNFR1 aandlboti NFR?2
bind with high affinity to the TNRJ h o mo.tTNARinend TNFR2 are type |
transmembrane glycoprotein receptors, however they have very little sequence
homology in their intracellular domains, suggegtactivation of separate signalling
pathways.Most of the biological effects of TNB occur t hrough TNEF
specific actions of TNFR2 include proliferation of thymocytes and possible sink activity
forTNFU as a way t o imedhbied st damadéPeachmm,aTloriace

et al. 1998 TNFRL1 activation leads to N& Bactivaion.

TNF-U signalling throughTNFR1 is essential foa successful defence response to a
variety of invading pathoger(&lynn, Goldstein et al. 19984arino, Dunn et al. 1997
Overproduction of TNFJ or membr ane TNFR1 accumul at i
the host. This damage has been essed with the pathogenesis of some diseases,
including multiple sclerosis and rheumatoid arthr{i®rner, Lemckert et al. 1997

McDermott, Aksentijevich et al. 1999
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TNF-receptorassociated protein with a death domain (TRADD) #red74kDaserine
threonine kinase receptor interacting proteifRIPl) are recruitedto the receptor
complex upon activation of TNFR1 by TNBE (Chan 200y. When this receptor
complex has been assembled, thdehninal TRAF binding domain of TRADD
facilitates binding tahe homotrimeimrRAF2.

The role of RIP1 in this signalling pathway remains somewhat controvensith
conflicting data arising from a numbef studies One group found normal N& B
activation in RIP1 knockout mouse embryonic fibroblgs¥%ng, Gentle et al. 20)0
whereas another group, using the same mastielved RIP1 is an essential part of-NF
aB activation(Devin, Cook et al. 2000 A third group showed alishmentof NF-a B
signalling in RIP1 deficient Jurkat ¢®l(Ting, PimentelMuinos et al. 1996 Binding
studies show that recruitment of the IKK complex is unaffected by RIP1 deficiency
(Devin, Cook et al. 2000 Later reconstitution studies showed the kinase activity of
RIP1 is not necessary for activation of dM t hr ough t he TNFR1 signal
(Lee, Shank et al. 20Q04uggesting its activation may mediate signalling activity in
other pathways. It has also been implicated in T&dpendent TR3 antiviral
responsegMeylan, Burns et al. 2004

To activate NFe B, t h eTRADDRP1 complex assembles and is subsequently

ubiquitinated with Lys63 polyubiquitin chains(Ea, Deng et al. 2006 The IKK

complex and its activating complex (TAKIAB2-TAB3) are recruited to the activated

TNFR1 receptor through thaibiquitin binding domains. This then undergoes
phosphorylation and lysine 63 ubiquitinatiflean, Yu et al. 2010Q activating TAKs

kinase domainr esul t i ng in | KKU and tiviatBdb IKKp hos phor y |
phosphoryl ate -8Bei nkiBli t(atrhye pNFot ei n) resul ti

degradation, finally leading to activation to MFB .

1.8.What was known

Prior to the start of this project, NTHiad been shown to elicit a response through
TLR2 and TLR3, however very little work had been performed to characterise the
cytokine response to NTHi, with only one study identifying early expressidnU ,- | L
16, -O,N#B/|IL-8 and MCP1, resulting insecretionof TNF-U, -6J IL-8 and

MCP-1 by the cells RSV had been well characterised in cell line models, identifying
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up-regulation of type Il IFNs, It6, IL-8 IP-10, ICAM-1, RANTES and TNFJ f r om
the airway epitheliumhoweve studiesin more complexairway moded were more

limited. The virus was known to have selective preference for ciliated cells in
differentiated epithelial cell cultures but had been shown to infect undifferentiated (non
ciliated) cells as wellBoth these pathogenhad been showto coinfect 6 di seas ed
airways, with studies showing that an initial RSV infection aids the establishment of an
NTHi infection.

1.9. Aims and Objectives

The airway epithelium functions as a respiratory surface in the lower airways and as a
defensive tool intte upper airways. The thickness and cellular structure of the airway
relates to the function. In the upper airways the epithelium consists of basal, secretory
and ciliated cell types, producing mucus to trap particles that are moved towards the
oropharynxby mucociliaryc | e a r a n ¢ e airwayduindergaacsllalar éemodelling,
alteringthe composition of the mucociliary phenotype and increasing the susceptibility

of the airway to structural damage and infection with a variety of respiratory pathogens.

We hypothesise that airway epithelial cells can be used as models for the study of host
pathogen interactions in vitrowe hypothesis that primary airway epithelial cells
cultured at theALI may represent a better model than established cell lines.
Furthemore growth of these cultures can be modulated by altering growth factors to
simulate the diseased airway. Exposing these cultures to pathogens could aid
understanding of poorly understood disease processes and innate defence mechanisms.

The main aim ofhis study was to model the airway epitheliimvitro in order to use it

as a tool to understand pulmonary innate defence mechaisgetdless of the disease
state/phenotype of the airway, RSV is a major causative pathogen of respiratory
infections in ciildren, the immuneompromised and the elderly, specifically targeting
ciliated cell types within the airway epithelium. Exhibiting a seasonal infection pattern,
RSV manages to evade host defences and recur periodically throughout life. NTHi has
also beerfound to be a leading bacterial cause of respiratory infection, particularly in
the 6diseased phenotype, w h e aievays, pftenis  f r ¢
biofilm form. My initial objective was teestablish the effectiveness of cell lines fise

as an airway model, and optimise bacterial and viral doses.
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As a result of theotential limitations ofcell line studies my second objective was to
reproducibly establish thALI culture modelwith primary cellsto allow for further
studies; and charct eri se the differences bet ween the

differentiated in the presenceoflL3 t o gi ve a O0di seased6 phenoty

Upon establishment dhe ALI culture modelwith primary cells my third objectve

was to expose the cultures toe pathogensRSV and NTHiin order to establish

infection to investigate the immune responséhese two pathogens have also been

implicated incaei nf ect i ons, parti culThus dkgy objective6 di seased
through use of the ALI culturenodel was to establishRSV andNTHi infections, a

biofilm-type infection/colonisatiof the NTHi, and establish emfections with both

RSV and NTHi

These modelsvere subsequently used to understaady progression of thenfections
and the roles of specific hdsictors involved in the establishment and prevention of the

infection process in both the normal and diseased airway.
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2. Materials and Methods

2.1.Materials
A full list of materials can be found in Appendix 1

2.2.Cell Biology

2.2.1.Initial culture from frozen stock

2.2.1.1.Cell Lines

The appropriate medium (Appendix 2) was made,aal@d5 flask containingOmiswas
placed in anncubator to pravarm. Cells were removed from liquid nitrogstorage
and placed immediatelyndice. The vial was then placed in water atG3and gitated
for 90 seconds until cells were thawéde cells were then added to the-pi@med
media and replaced into the incubator to grow.

2.2.1.2 Primary uHBE Cells

100mls of bronchial epitheli growth medium (BEGMWwas madgAppendix 2)and 2
T25 flasks cordining 10mls placed in the incubatand prewarmed Primary human
bronchial epithelial (HBE) cells were removed from liquid nitrogerage and placed
immediately o ice. The vial was then placed in water afBand agitated for 90
seconds until the dslwere thawed. They were then opened in the laminarfiood
and resuspended by pipetting up and down gently. Half the cells werel jphaeach
prewarmed T25 and placeobhck in the incubator. The BEGM was replaced after 24
hours and then every3daysuntil the flasks were approximately -80% confluent.
Upon achieving 8®0% confluence, one T25 flask was sulitured to passage 3 and

the other was frozen down for later usewer cell numbers in the vials required use of
T25 flask as opposed to the Tif&sk used for cell lines in section 2.2.1.

2.2.2.Sub-culture of cells

2.2.2.1.Cell Lines

After removing the media from the flask, the cells were gently washed with 5mis of
Phosphate Buffered Saline (PB®jthout Calcium/MagnesiumThe PBS was then
removed and 2mis ofrypsinEthylenediaminetetraacetic acifiEDTA) was added to

the flask and placed back in the incubator uhglcells began to detach. The side of the
flask was tapped gently to detach any remaining loose cells and the trypsin was

guenched withcompletemedium. This was pipetted up and down tesuspend cells
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and break up any clumps. Cells were counted using a haemocytareatefuged and
seeded into T75 flasks at 10,000cells/cithe flasks were then incubated af@@and
passaged upon reaching-80% confluence.

2.2.2.2 Primary uHBE Cells

Cells were only sugultured to a maximum of Passage 4 as cells could not be used for
ALI culture beyond passage After removing the BEGM from the flask, the cells were
gently washed with 5mis of PBS. The PBS was rerdarea 1ml of trypsrEDTA was
added to the flask which was then placed back in the incubatorlfémhutes to allow

the cells to begin to detach. The side of the flask was tapped gently to detach any
remaining loose cells and the trypsin was quencheld Svitl seruracontaining media.

This was pipetted up and down tesespend cells and break up any clumps. Cells were
counted using a haemocytometarentrifuged and seeded into T75 flasks at
10,000cells/crh The flasks were then incubated af@%eplacimy the BEGM after 24
hours and then every2 days until 8880% confluent. Upon reaching confluence, the
flasks were used to seed further flasks to Passage 4 or smedemlanswells for ALI

Culture.

2.2.3.Freezing of cells

The cells were detaed usingtrypsinEDTA as in 2.2.2and counted. Celines were
centrifugedand resuspended in freezing medium (Appendix 2) at a cell density of
1x1Ccells/ml. Primary @lls werecentrifugedand resuspended in Cry8FM at a cell
density of 0.5x18ells/ml. Cellswere placed in cryovials in 1ml aliquots and placed in
a Mr Frosty in the80°C freezer overnight so they could freeze gradually and stored in
liquid nitrogen.Primary cells were frozen at a lower density and in different medium to

cell lines

2.2.4.Isolation of Human Neutrophils

Density gradient centrifugation coupled with negative magnetic selection, using a
custom antibody cocktail (Stem Cell Technologies, Vancouver, Canada), was used to
isolate human neutrophils from the venous blood of healthy human gets(Babroe,
Prince etal. 2003 Basran, Jabeen et al. 2013sing a protocol approved by the
Sheffield Research Ethics Committee (UK).
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2.3.Protein Analyses

2.3.1.Western Blot Analysis

2.3.1.1.Generation and characterisation of humanspecific SPLUNC1 and
LPLUNCL1 antibodies

Two affinity purified antirabbit, peptidespecific, poyclonal antibodies against human
SPLUNC1 and LPLUNCIlwere generatedby Eurogentec (Seraing, Belgium) using
their DoubleX strategy. This involved the generation of two peptides from the same

antigen which are immunized into the host animal together to imgrmaess rate

For SPLUNC1, the peptide sequences use@dntibody Acorresponded to amino acids
169179 (AVRDKQERIHL) and to amino acids 1207 (DGLGPLPIQGLLDSL) for
antibody B. For LPLUNC1, the peptide sequences fmedntibody Acorresponded to
amino acids 13954 (TIRMDTSASGPTRLV) and to amino acids 4424
(ASLWKPSSPVSQ) for antibody B; which is located at the extrenter@inus of the
protein in the second BPI domain. All peptides were chosen to have minimal sequence
conservation étween man ananouse (Appendix 3and no similarity with other
members of the PLUNC family. Bioinformatic analysis also showed that these epitopes

had no significant sequence identity with any other human proteins.

2.3.1.2.Validation of antibodies by Western blotting of ALI cel culture secretions

and BAL

Antibodies were validated usingpieal secretions from ALI cells provided by Dr
Michael Campos (University of Miami) or by Dr Phillip Monk (Synairgen,
Southampton). Secretions were collectedery 23 days, from differentiate@BE cells

cultured at the ALI by washing each well of ad2ll plate with 100ul of PBS. Samples

were centrifuged at 600xG to remove cellular debris and 5ul aliquots usééegiern

blotting as outlined belonBAL samples (provided by Dr Michael Campbiyiversity

of Miami) were obtained by instilling 60ml of normal saline in the-d@eased middle

lobe or lingula of subjects with lung cancer undergoing clinically indicated
bronchoscopyas part of their diagnostic wotkp, under a protocol approved byeth
University of Mi ami 0 s Theynwerecollected and pracdésse®R e v i
under standard conditiorfMeyer, Raghu et al. 20).25ul of BALs were subjected to
Western blotting. Aliquots of ALI cell culture secretions and BAL were digdste
overni ght with PNGaseF accordi ngVNestem t he

blotted.
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2.3.1.3.Separation by Sodium Dodecyl Sulphatéolyacrylamide Gel
Electrophoresis (SDSPAGE)

Protein separation was performed using the -l MinFPROTEAN 3 Gel
Electrophoesis System. Glass plates for casting a 1.5mm thick gel were cleaned with
70% Industrial Methylated Spirits (IMS) and assembled in the casting stand. A
resolving gel (Appendix 2) was prepared and transferred to the casting equipment using
a Pasteur pipettto approximately 1.5cm below the top of the short plate. This was then
overlaid with a thin layer of propa2ol to remove oxygen and allowed thel to setas

well as bursting any bubbles that may have formed; this was then washed off with
distilled water. A staking gel (Appendix 2) waprepared and transferred to the top of

the resolving gel using a Pasteur pipette to the top of the glass plates. This helped to
eliminate air bubbles upon insertion of a 1.5mm thick;well comb which was
carefully remeed upon setting of the gel. The complete gel was then removed from the
casting equipment and assemblethia running tank, which wdsled with SDSPAGE

running buffer.

Samples for separation were prepared by addition of equal velohi#x SDS Lysis
Buffer (Appendix 2) and heated tt0O°C for 5 minutes. The samples were loaded
alongside ColorPlus Prestained Protein Ladder (New England BioLabsgeTheas

run at 120V until the blue dye front of the lysis buffer had passed through the stacking
gel; it was then turned up to 156200V until the dye front had reached the bottom of
the gel.

2.3.1.4.Transfer of Proteins to a membrane

Proteins were separated using SBSGE as previously describedWhen
electrophoresis was complethe apparatus was disassembled #me stacking gel
separated from the resolving gel. The resolving gel was then placed in transfer buffer
(Appendix 2). Six pieces of Whatman blotting paper and polyvinylidene fluoride
(PVDF) membrane were cut to the approximate size of the resolving lyelPVDF

was activated by soaking in methanol for 2 minutes and placed in transfer buffer. The
Whatman paper was also soaked in transféiebhuThese components wepéaced on

the surface of a Bikad TransBlot SD SemiDry Electrophoretic Transfer Celhithe
following order: (1) three pieces of Whatman paper (2) PVDF (3) the resolving gel and

(4) three pieces of Whatman papair bubbleswere squeezed out to ensure efficient
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transfer. For two gels transfer was conducted at 15V for 50 minutes, thisdueed to

40 minutes at 15V for one gel.

2.3.1.4.1 Dot-blotting
A grid of 1cm x 1cm boxes was drawn in pencila@®.2uM nitrocellulose membrane.
2ul of samples were spotted into the centre of the box and allowed to dry before being

immunao-blotted as below.

2.3.1.5.Immunoblotting and Detection

Upon completion of transfethe membrane was placed in blocking buffer (Appendix 2)
on an orbital shaker for 1 hour in order to reduce-specific binding of antibodies to
the membrane. The membrane was then washed for Sasiimu TBS (Appendix 2).
The primary antibody was diled in 5mls of blocking buffeand incubated overnight
on a rolling platform at +%€ (a full list of antibodies, including where they were
purchased from and dilution factors, can be found in AppengdidMémbranes were
washed 3 times for 5 minutes in THSveen (Apendix 2) on an orbital shaker, and
then inculated with the appropriate horssdish peroxidase (HRRpnjugated
secondary antibodyiluted in 5mls blocking buffer(Table 2.1) on a rolling ptform

for 1 hour at room temperature.

After a further 3 washes in TBSween HRP activity wasdetected by
chemiluminescence using the FELL Chemiluminescence Detection Kit according to
the manufacturerso instructi oeddetwednhveo t r e
pieces of acetate and any excess ECL and air bubbles eliminated. In the dark room the
membrane was positioned in a Hypercassette and exposedatofifn (Hyperfilm) for

varying periods of time to attain an optimum exposure with discretelsband
developed.

2.3.2.Human Cytokine Array

The human cytokine array was performed using a Human Cytokine Array Pagel A
(R&D Systems).The cytokines and chemokines included in this kit are all involved in
pro-inflammatory signalling in the innate and adaptive immune syst&iggsalling
pathways include both canonical and fsamonical NFe B si gnal |l i ng,

signalling, the complemesistemand IFN/IRF signalling.
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Reagentsf r om t he kit were diluted or reconstitut
instructions. Hybridisation of he array was performed in accordanegh the

manuf act ur es ThéSampkemntibodyldRP ibaumd ciokines were detected

using the EZECL Chemiluminescence Detection Kit for HRPstated insection 2.4.3

and exposed to Xay film in the dark room for 1, 5 and 10 minutbsfore developing

(section 2.4.3).

2.4. Histological Stainingand Imaging

2.4.1.Fixation of membranes

Media was removed from the basal compartne#L| culturesand replaced with 1ml

of PBS, with a further 500l added to thgical surface. Cultures were thglaced on a

plate shaker at 150rpm for 10 minutes to wash the cells. This wash \easeckpwice

to ersure all media was removed.el3 were fixed bythe addition of 1ml 10%
phosphate buffered formalin to the basolateral compartment and 500ul to the apical
surface(Villenave, Touzelet et al. 20L0Plates were sealed with parafilm to prevent
dehydration and stored at @ Wells containing fluorescefdbelled pathogens were
fixed for 15 minutes with 10% phosphate buffered formalin as mentioned above; this

was then removed and replaced with PBS before storagé@t +4

2.4.2.Haematoxylin and Eosin Staining

Transwell nembranessupporting ALl cultureswere formalin fixed and paraffin
embeddedProcessing, embedding and serial sectioning was performed by the Core
Histology Facility in the Medical School at the University of Sheffiekdfter
processing, the membranes were cut in half pri@mbeddingn paraffin blocks, with

the straight (cut) dge towards the cutting surface, to provide lateral sections of the
membrane Sections were deaxed byimmersionin xylene for 5 minutes, and
rehydrated to tap water tiymmersionfor 5 minutesn 100%, 70% and 50% ethanol and
finally tap water. Slides werimmersedn Gills Haematoxylin for 2 minutesvashed in

tap waterjmmersedi n Scott s tap water for 10 seconds
water. Sections were then stained with 1% aqué&mssn for 5 minutesjuickly rinsed

with tap water and dehydratéback through thalcohols to xylenébefore mounting

under coverslips with DPX mountant.
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2.4.3.Immunohistochemistry
The methods outlined in this section are the standard conditsaaby and outlined in
Bingle, Cross et al. (200andBingle, Barnes et al. (2007

2.4.3.1 Preparation

Serial sections were cut frofermalin fixed and paraffin embedded membranes and
mounted onto slidedy the Core Histology Facility in the Medical School at the
University of Sheffield The sections were then drawn round using a solvent resistant
pen and placed in a slide rack. Theserende-waxed twice in xylene for 5 minutes
Slides were thenmmersedtwice in 100% ethanol for 5 minutes to rehydrate the
sections. The slides were finallynmersedin 3% hydrogen peroxide diluted in
methanolfor 20 minutesfo quench any endogenous peroxidises present in the samples.
Some sections were subjected to antigen retrieval by boiling the slidesicrowave

for 8 minutes in 0.0 tri-sodium citrate(Bingle, Barnes et al. 20D.7Sections were

then incubated in 100% normal serum for 30 minutes in a humidified chamber at room
temperaturgBingle, Cross et al. 2003Bingle, Barnes et al. 20D.7The species of
serum chosen was thiabm the animalsed to rais secondary antibody. Blocking with

normal serum is important as it blocks repecific activity.

2.4.3.2.Primary Antibody

During the blocking period, therimary antibody was diluted with00% normal serum
(againfrom the animal used to raise the secondary antibody) (a full list of antibodies,
including where they were purchased from, dilution factors and normal serum used, can
be found in Appendix 1)After blocking, sections were incubated with primary
antibody overnight at ©€ in a humidified chambe€ontrol slides were incubated with
100% normal serum overnight at®&4(Bingle, Cross et al. 200Bingle, Barnes et al.
2007). Slides werethenplaced ina slide rack and washed in PBS twice for 5 minutes
each. The slide rack was raised inside the wasitainerto allow for the us of a

magnetic stirrer to mithe PBS during the washing step.

2.4.3.3.Secondary Antibody

A biotinylatedsecondary antibody was proed in a Vectastain Elite ABC kit for the
appropriate species. The Elite ABC Reagerd momplex avidin and HRP conjugated
biotin to enhance signaklides were then placed in a slide rack and washed twice for 5

minutes in PBS as before.
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2.4.3.4.Colour Development

The Vector NovaRed Substrate kit was used for colour development. The reagent was

mi xed according to the manufacturersod 1 nstruc
more than 5 minutes before submersion in distilled water to stop the reactionnsSectio

were then couerstained with haematoxylidehydrated to xylenemounted usindgpPX

mountant and allowed to d{Bingle, Cross et al. 200Bingle, Barnes et al. 200.7

2.4.4.Immunofluorescent staining of ALI cultures

2.4.4.1 Immunostaining

In the presence of fluorescently labelled pathogens, the platecosgered in foil
throughout the following steps to preserve fluorescence. The formalin/PBS was
aspirated from thapical and basolateral compartmenit§ixed membranesvashed by

the addition of 1ml PBS to the basolateral compartment and 500ul PBS to the apical
surface and placed on a plate shaker at 150rpm for 10 minutes. This was repeated twice
to ensure thorougremoval of formalin. The cells were then permeabilised by addition
of 200ul of permeabilisatin buffer to the apical surfacéhe platewas then placed on a
plate shaker at 150rpm for 1 hour at room temperaturep@imeeabilisation buffer was
removed andaplaced with 200ul of primary antibody diluted in permeabilisation buffer
andplaced on a plate shaker a®@4overnight.

Antibody was removed from the apical surface, and the celéhed 3 times with PBS

on a plate shaker for 20 minutes at 150rpm catnr temperature. The secondary
antibody was diluted in pmeabilisation bufferand 200uladded to the apical surface.
The plate wasovered in foil (to prevent phofoleaching of the secondary antibody)
and placed on a plate shaker at 150rpm &C+#dr 1 hour. The secondary antibody was
removedand the cells washed 3 times in PB& 30 minutes at room temperature on a
plate shaker at 150rpnithe plate remained covered in tin foil to shield the secondary
antibody. The membrane was then cut out using a scalpel and placed on a microscope
slide with the cell sidefacing up. The filter wasmounted by addition of 1 drop of
Vectashield mounting medium containing DARY,§-diamidine2-phenylindole) a
coverslipaddedand sealed with nail polish. Slides were covered with tin foil until the
nail varnish had set. Slides weséored in the refrigerator until they could be viewed on
an Olympus FV1000 Confocal Microscope and imagéd the Light Microscope
Facility in the Depement of Biomedical Science at the University of Sheffidltis

protocol was adapted and optimised from Villenawal (2010)
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2.5.Molecular Biology

2.5.1.RNA isolation and purification

Samples lysed in TRI reagent first underwent phase separatite agditionof 200ul

of chloroform per ml of TRIeagent used. The sample wased vigorously for 15
seconds and allowed to stand ferl® minutes at room temperaturefore centrifuging

at 13,000 rpm for 15 minutes &G} thisresulted in separation of the mixéuinto three
phases; a protein containing red organic phase, a DNA containing interphase and a clear
RNA containing upper aqueous phase. The upper aqueous phase was transferred to a
fresh tibe and 500ul of isopropanatided per ml of TRI reagent used ie thitial lysis.

This was mixed,allowed to stand at room temperature fel(® minutesand then
centrifuged at 13,000 rpm for 10 minutes &C4 The supernatant wasarefully
removed without touching the pellet. A minimum of 1ml 75% ethanol per ml of TRI
reagent was added to wash the RNA pellet and centrifuged at 13,000 rpm for 5 minutes
at £C. The supernatant was removed and the paltedried for 5-10 minutes. The

RNA pellet was noallowed to dry completely as this redussdubility. The pdet was
resuspended in up to 50ul of sterile water by repeated pipetting and ste2etCafor

the shorterm and-80°C for longterm storage. RNA qualitgnd yield was measured

using aNanodropl1000 spectrophotometer (Thermo Fisher Scientific, Loughborough,
UK) and a smih amount of sample visualised (using RNA gel electrophoresis) to

further examine quality.

2.5.2.RNA Gel Electrophoresis

A gel tank wascleaned and set up for casting. g&l was prepared by mixing an
appropriate amount &dNasefreeagarose iwaterand heatingn a microwave until the
agarose had fully dissolved. This was allowed to cool bef@aaddition of10x MOPS

and formaldehyde (Appendix.ZJhe gel wagpouredin the fume hoodind allowed to

set. The pouring apparatus was removed and thdagél filled with 1XMOPS as
running buffer. lel of sample was mixed with 2¢l
into the wells. The gel was run at 70V until the dye front had travelled approximately
1.5cm.The gel was then visualised using a{Bad ChemDod XRS' system and an

imagewascaptured

2.5.3.cDNA synthesis by Reverse Transcription
All work involving RNA was performed using RNagee filter pipette tipsRNA was

reverse transcribeohto complementary DNA (cDNA)RNA samples were quantified
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using a Nandrop-1000 spectrophotometer and an aliquot diluted to 200ng/ul

1000ng/ul depending on amount when quantifizdl of RNA was added to 0.75pul of

oligo(dT) and 8ul of RNase free water . This was then heated’@tfé0 5 minutes to

anneal the oligo(dT) andhén placed in ice for 5 minute&.master mix; cotaining 5ul

of AMV-RT buffer, 0.75ul of AMV-RT enzyme, 0.75ul of RNasin, 10ul 10mM
deoxyribonucleotideriphosphate(dNTP)s and 5.75l1RNasefree water per reaction

was made and5ul was aded to the tubesontainingRNA, oligo(dT) am water. The

reactions wer@lacedinaGRIPT 00 DNA Engi ne PCR machine in
42°C for 1 hour, followed by & for 5 minutes to inactivate enzyme activity, and

finally at 4C until the reactions could be removaad stored at20°C. The cDNA was

not quantified aftereverseranscription.

2.5.4.Polymerase Chain Reaction (PCR)

Primers (Appendix 2) were reconstituted by adding an equal volume of water to weight
(ug) to giwe a final concentration of 1ud/uThese werghen diluted 1:10 to provide a
0.1pg/ml working dilution. A master mix; containing 5ul of 5X Green GoTag®Flexi
Buffer, 2ul MgCh, 0.25ul of GoTag® DNA Polymerase, 2ul 10mM dNTPs and
12.75ul of water per reaction, was prepared. 1ul of cDNA, 1pl of forwardep and

1l of reverse primer were added together in individual reaction tubes, water was used
in place ofcDNA in the negative control. 22ul of master mix was added to each tube
and mixed. The tubes were then placed in the PCR machine for 35 @adedefault
program) consisting of a $€ denaturation step for 1 minute, #6Gnnealing step for

1 minute and a PZ extension step for 1 minute; reactions were then subjected to a
prolonged extension step of 7 minutes &iC7and cooled to PZ until removed. Exon

spanning RTPCR primers were designed using Prim@ip://simgene.com/Primey3

and wee chosen to have a default annealing temperature®Gf 60

2.5.5.Agarose Gel Electrophoresis

Successful amplificationof DNA by PCR was assessed using agarose gel
electrophoresis. A gel tankas set up for casting of a gel and-2% gel was prepared
by mixing an appropriate amount of agarose in 1x-dcstateEDTA (TAE) (Appendix

2) and heatingn a microwave until thagarose had fully dissolved. This was allowed to
cool beforethe addition of ethidium bromide (1ul per 100mi gel mixture). The gel
was poured and allowed to set, the pouring apparatasved and the gel tanKléd

with 1XTAE buffer. Samplesvere loadd alongside size markers, either Hyperladder |
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or Hyperladder IVand run at 780V until fully resolved. The gel was visualised using

a BioRad ChemDod XRS' system and an imageascaptured.

2.5.6.qPCR
Primers were reconstituted by the additionanof equalvolume of sterile water per

wei ght ( €gf)i ntad giowmec eat r adiluted h:10 dof provide g / ¢ |

O.l@g/ml working dilution. A master mi X ;
Hi gh ROX gPCR Master Mix ( S1YeBIR ogfr efemnr)wa r7d
and 1le¢l of rever se migedbymwertex pkJeclr eafct mant e

added to the appropriate well in a@8ll plastic gPCR plate. 1pl of sample was added
in triplicate perprimer pair. The plate wasealed and centtifjed at 13,000 rpm for 1
minute to ensuréhe sample was at éhbottom of the well. The plate wataced in an
Applied Biosystems 7900HT Fast Rdaime PCR System for amplification. The data
generated was analysed using tif&*2 method(Livak andSchmittgen 2001

2.6.Respiratory Syncytial Virus (RSV)
Redtagged RS\rr-RSV) stock wagyifted to us by Mark Peeples from the Nationwide
Chil drends Hos pi {GadrerePlata, Casblauetrdh B0P6 Ohi o

2.6.1.Propagation of RSV

HelLa cells were grown to 680% confluence in a minimum of 4 T75 flasks in 5%
SerumHeLa medium (Appendix 2). btiia was removed from the cells and replaced
with 5mls of a 1:2500 dilution of virus (8pl in 19992ul 28&rum HelLa medm). This

was incubated at 8C for 2 hours, gently shaking the flasks every 15 minutes. 8mis of
2% Serum HelLa medium wakenadded and cells were incubated for 3 day$%

CO, and 37C. On day 3,the approximate percentage of fluorescent cells was
calculated, and if less than 80% then 10mls of media were adgedvient cell death
andinfection of cells was monitored by fluorescent microscdpgnore than 80% then
virus was harvested from cell as on dayOh. day 5the media was removed from the
flask into a 50mlFalcon tube. 5mls of the original media was put back into the flask
and cells were then removed with a cell scraper and pigettehenpassed through a
21 and 19 gauge needle32times in order to shear the cells. Cells were theymé
frozen in liquid nitrogenthawed at 3%C to prevent killing the virus with large hot/cold

rapid temperature changasd centrifuged at 300rpm for 10 minutes 4@ #o pellet the
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cell debris. The supernatant was removed (as thisicenthe virus)aliquotedinto 8mi

samples and snap frozen in liquid nitrogen. These aliquots were then st@@Cat

2.6.2.Purification of RSV

To ensure complete dissolutionblock (0.1% Casein Solution) was prepared at least
three days before virus purification. Vivaspubés were washenh ethanol and air

dried in atissue culture hood. 5mls ofblock were added to each tylmentrifuged at

1000g for 5 minutes at’@, andthenremoved from the cadcting tube of the vivaspin

20mis of a 1:10 dilution of RSV stock in codgrum freeDul beccods Modi fi ed
Medium (DMEM) was added to the vivaspin tube and centrifuged at 2500g for 40
minutes at 2C. The filtrate in the bottom contadthe HelLa cells and cytokines, and

the retentate in the top chamber corgdithe RSV. The RSV was removed from the

top chamber and any remaining virus washed off with 1ml of serum free DMEM. The
purified virus was then diluted 1:2 with serum free media, aliquoted into 1ml or 500pl
samples, snap frozen in liquid nitrogen and stae®0°C. 12mls of the filtrate (3mls

from each vivaspin tube) were also stored to use as controls to ensure successful virus

purification.

2.6.3.RSV Plaque Assay

2.6.3.1.Hela cell Infection

HelLa cells were seeded at a density of 2.8x&lls/ml(100p! well of a 96well plate in

5% serum Hela mediupand incubated overnight at ®7. The plate wamverted to
remove the media and 90pul of 2% Serum HelLa medium added to each well. The stock
of RSV was thawed quicklgts previously described (section 2.1010Qul dilutedvirus

was added in triplicate to row A to give a concentration of xdfd pipettd up and
down gently to mix. 10ul from each of these wells was removed and placed in row B,
mixed gently and the process repeatedow H to givefinal concentratioa betveen
1x10%to 1x108, Filtrate from the purification was also added to the plate in triplicate of
neat filtrate and dilutions of 1xT0and 1x1C. The plate was then incubated for 48
hours at 37C.

2.6.3.2.Immunostaining
The plate was inverted to remove the naeaind fixedn 200ul of ice cold 50:50 PBS:
acetone solution for 5 minutes at room temperatfline. plate wasvashed 3 times with

200ul of wash buffer (0.1% BSA solution diluted in PBS)minutes per wash. 50ul of
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RSV antibody(AbD Serote¢79500004) diluted 1:500 in wash buffer was added to the
wells and incubated for 1 hour at room temperature on a rotating platform. The wells
were washeda further 3 times for 5 minutes50ul rabbit antigoat peroxidse
conjugated antibodgdiluted 1:500 was added to the wells amttubated for 1 hour at
room temperature on a rotating platform. The plate was then washed 3 times for 5

minutes with wash buffer.

A 30mg 4chloronaphthol substrate tableasvdissolved in 10ml of methanol ahdnl

was added to 10mls of 1x TAE buffer along with 12ul of 30% hydrogen peroxide. The
plate was incubated fol0-20 minutes with 50ul ofsubstrate until black colonies
appearedCells werewashed with distilled water and allowed to air dry. To determine
the plaque forming units (pfu)/ml, the number of black colonies was counted at each
dilution in triplicate the mean number calculated, and multiplied by 10 to calculate the

pfu/ml.

2.7.Non-Typeable Haemophilus influenzagdNTHi)

2.7.1.Culture of NTHi

Strains of No-typeable Haemophilus influenzae were obtained from the Medical
Microbiology Department irthe Royal Hallamshire Hospital on chocolate agar plates.
For broth culture, the bacteria were grown hmain heart infusion (BHI)broth
supplemented with yeast eatc t h e rNAD. Stamsl wefe maintained on
chocolate agar plates (Appendix 2). A 5% Qével was required in the incubator
(37°C) for growth.

The NTHi strain 86-028NRGFP, was a gift from Dr Glen McGillivary and Dr Lauren
Bakaletz at the Nationdie Chi | dr ends Ho s(dasdnaunson@tal u mb 1
2003. Provided in frozen glycerol stk the bacteria was streakedto chocolate agar

plates (Appendix 2) containing 20ug/ml of kanamycin (required to preserve the green
fluorescent protein (GFP) tagand added tBHI broth supplemented with yeast extract,

h e mi -NAD abd 20ug/ml of kanamyciiAppendix 2). Both plate and broth were
incubated at L with a 5% CQ level overnight. Growth was maintained on
kanamycin supplemented clodate agar at regular intervalsgver longer than two

weeks.
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In order to make glycerol stocks for long term atm, 86028NRGFP was grown
overnight in two broth cultures (as before). These werdrifugedat 13000 rpm for 2
minutes. The pellets were resuspended in 1ml of BHI broth and 1ml of 60% glycerol
added to give a final glycerol percentage of 3Q%l aliquots in cryovials werastored

at-20°C in the short term and in liquid nitrogen for long term storage.

2.8. Statistics

All statistics are listed in the figure legend¥e assumed normal distribution of data

therefore despite the small replicate numbers paramstatistical analyses were
performed as they test group means as opposed
statistical test, making them more likely to detect a significant effect when one exists.

2.8.1.Paired t test
There was only one viral dose to qoane against the control in gene expression studies.

As the sampl es obt ai nagedt testemassused toantalyde hed pai r s 6

differences between control and treatR@V infected samples.

2.8.2.ANOVA

Repeated measures eway ANOVA with Dunnetts raltiple comparisons test was
performed on expression data from NTHi infections. ANOVA was used as there are two
different doses being compared to a control (3 independent groups); it is possible to
have performed multipletests, however this increasbe chance of committing a type

1 error.

ANOVA was used to analyse the variation in bacterial count dataw@geANOVA
was used to analyse variance in bacterial count data from independent 1 hour, 3 day and
7 day infections. Twavay ANOVA was used to ahge the variation in bacterial count

data from two different doses of bacteria over independent short term infections.
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3. Establishment of an infection model using cell lines and

undifferentiated primary human bronchial epithelial cells (UHBE)

3.1.Introduction

In vitro studies provide a mean$ examiningbiological effects using components of an
organism taken from their biological niche. In lung reseamchyitro studies have
traditionally employed establishedelt lines whichare generally derived from lung
tumour tissue and as such can be considered immortal. Cell lines no longer possess the
usual senescence apparatus, allowing them to undergo infinite replication, making them
a useful tool for optimisation sfites, and generating replicate data as there are no issues
of interdonor variability. This obvious advantage has to be balanced against the
concern that such immortal cells willby definition have abnormal growth
characteristics that may result in thgenerating inappropriate responses to stimuli. In
addition cell lines havendergone genetic mutation to become tumorigehg impact
uponthe celltype specific characteristics found in the tissue of ofigunclear This is
particularly true with rgsect to airway epithelial gene expressitor, example, study
performed byStewart, Torr et al. (20)2howed the BEAZB cell line did not form the

tight junctians between cells in the airway, and in Calcells evidence of sesiory cell
types was cl ear with the i d-ubutini dtaimmgat i or
suggested cilia had not formed

Two established cells lines that have been used extensively to study the airway
epithelium are A549 and N&H292. A549 cells are a human adenocarcinoma, alveolar
basal cell lingGiard, Aaronson et al. 19y&and NCIH292 cells are mucoepidermoid
carcinoma cells(Yoakum, Korba et al. 19838BanksSchlegel, Gazdar et al. 1985
Carney, Gazdar et a985.

Primary HBE cells purchased from commercial companies or when freshly isolated
from tissue, undergo a period of-ddferentiation and can be considered to provide
cultures of cells with an undifferentiated/basal cell phgme. These celldo however

have a finite lifespan, and exhibit significant donor variability

The A549 and NGH292 cell lines and undifferentiated primary human bronchial
epithelial (UHBE) cells can be used to model aspects of the airway epithelium, eliciting

responsg upon stimulation or infection.



RSV is a common respiratory pathogen, frequently infecting children, the elderly and
immunccompromised. RSV exhibits a seasonal infection pattern, whilst evading host
defence mechanisms between periods of exacerbalitlesmechanism by which the
virus infects the lung and is able to evade the immune system remains only partially
characterised. Previous work from Sheffield has focused on the role that dendritic cells
may play in this process, finding high numbers of diiedcells during and after an
RSV infection in hospitalised infants. We have found that RSV is able to infect
dendritic cells with viral replication ractivated by stimulation with nitric oxiddones,
Morton et al. 2006Hobson and Everard 200Bverard, Ugona et al. 2009Ugonna,
Bingle et al. 2011 These studies focussed on the possibility that dendritic cells may be
where the virus is able to lie doant between infections but latterly our lab has become

interested in the role that the epithelium plays.

Haemophilus influenzae species, both encapsulate serotyfean@ norencapsulate
(nontypeable, NT) strains are readily identified in the flofenormal airwaygHilty,

Burke et al. 201D Routine use of the Hib vaccine against type b strains, which was the
most common cause of respiratory infection by encapsulate strains, reduced the number
of invasive Hib infections. NTHi strains aneore frequently identified as the causative
agent in localised respiratory tract infectigi@ilsdorf, Chang et al. 1992They are
frequently the cause of COPexacerbations and are involved in colonisation of the CF
airway. They are thought to be the first pathogen to infect the CF airway, allowing
further pathogens to colonise. The large amount of heterogeneity between strains results
in different combinatiogs of surface antigens/features, therefore no single feature has

been identified as essential for establishment of infe¢@bemans, Bauer et al. 2000

With specific relevance to the studies contained in my thesis, these three cell lines have
a history of use in infection studies. A549 sdiave frequently been used to study RSV
infections (Fiedler, WernkeDollries et al. 1996 Choudhary, Boldogh et al. 2005
Spann, Tran et al. 200Martinez, Lombardia et al. 200EckardtMichel, Lorek et al.
2008 Gibbs, Ornoff et al. 20QMunday, Emmott et al. 20}0and have also been used
to introduce NTHi infections to RS¥nfected cells to study adheren@d@gang, Nagata et
al. 1999 Fukasawa, Ishiwada et al. 2Q00NCI-H292 cells have also been subject to
viral sensitivity testing, including for RSYHierholzer, Castells et al. 199and have
also been used in NTHi adherence ass@yascher, Burmeister et al. 2004
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Undifferentiated primary cells havseen used to study NTHi infectiofi®ono, Xu et al.

2003 Chen, Lim et al. 2004Teng, Slavik et al. 20tMorey, Cano et al. 20}Jand

have also ben used to study RSMo identify immune responses and signalling
mechanisms activated in response to infection, and to investigate which RSV proteins
cytokine responses were elicited agaifBscker, Reed etl. 1997 Kong, San Juan et

al. 2003 Oshansky, Barber et al. 2010

3.1.1.Aims
The aims of the data presented in this chapter were to:
(1) Establish NTHi and RSV infections in A549 and N@292 cell lines and
UHBE cells and to potentially establish biofilms
(2) Characterise NTHi and RSV infections in A549 and N{2B2 cell lines and
UHBE cellsto determine the representativeness of cell lines for use as an airway

epithelial model

3.2.Methods

3.2.1.Infection with RSV

Prior to infection with RSVA549 and H292 cellandundifferentiated primary human
bronchial epithelial (UHBE) cells underwent a media chamfgV was dilutedto
concentrations 06x1C, 1x1¢ and 5x16 pfu in 50ul of serum free medigrior to

addition to the surface of the cells

3.2.1.1.Short term infections
A549 and H292 cells and uHBE cells were infected with $pflOof virus as described
above. At time points of 1, 2, 4, 8, 24 and 72 hours post infection, media was collected

and cellsnverelysed inTRI reagent for later RNA extraction.

3.2.1.2.Long term infections
A549 and H292 cells and uHBE cells were infected \Ri8V in 4-well chamber slides
(and transwells for the undifferentiated primary celtdy). The media was changed 48
hours after infection. A6 days post infection, the experiment was terminated by
collecting the media and fixing the cells with 10% phospbaféered formalin for 10
minutes. The fixative was then replaced with PBS for lotgen storageFor the
transwells (UHBE infections) embranes were cut from the transwell using a scalpel
and mounted with Vectashield containing DAPI, sealed with nail polish and imaged
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using the Olympus FM000 Confocal Microscopgsee section 2.4)Infections
performed in chamber slides were also store®®% longterm. The chambers were

removed and countetained and mounted in the same way as the transwell membranes.

3.2.2.Infection of cells with NTHi

A549 and H292 cells and uHBE cells underwent an antibiotic free media change for at
least 3 days prior tanfection. An appropriate amount of overnight broth growth was
taken, diluted to an OD600 of 0.38 and centrifuged at 13000 rpm for 2 minutes to pellet
the bacteria. This was resuspended in PBS and diluted to provide approximate MOIs of
5, 25 and 50 per 50pl

3.2.2.1.Short term infections

A549 and H292 cells and uHBE cells were infected with bacterial doses of approximate
MOI of 5 and 25 for periods of 1, 2, 4, 8, 24 and 72 hours. After which the media was

removed and frozen. Prior to freezing some samples were used to perform serial
dilutions and obtain viable bacterial counts. Two wells were lysed in 200ul of 2xSDS

lysis buffer and two were lysed in TRI reagent for later RNA extraction.

3.2.2.2.Long term infections

A549 and H292 cells and uHBE cells were seeded onto transwells to allow for
basdateral media changes during the letegm infection. Infections were conducted on
cells that had been cultured in antibiotic free media for at least three days. Cells were
infected with approximate MOIs of 5, 25 and 50 for 1 hour, 3 days and 7 days. After
which the media was removed from the surface of the transwell and frozen. Wells were
washed basolaterally in PBS to remove excess media and fixed for 10 minutes in 10%
phosphatéuffered formalin (basolateral and apical compartments). After 10 minutes
the formalin was removed and replaced with PBS for longer term stokégebranes

were cut from the transwell using a scalpel and mounted with Vectashield containing
DAPI, sealed with nail polish and imaged using the Olympusl1680 Confocal

Microscope(see sction 2.4)
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3.3.Results

3.3.1.Establishing infections in cell lines and uHBE cells

3.3.1.1.NTHi infections

The first series of studies were designed to develop protocols for reproducibly infecting
lung derived cell lines with NTHi. As we were ultimately interestedstablishing mie

term cultures with a view to generating biofilms, we initially studied infestiop to 7

days post infectiowithout any post infection washing of the cultures.

A549 (Figure 3.1), NGH292 (Figure 3.2) and uHBE (Figure 3.3) cells werfedted
for 1 hour (A and B), 3 days (C and D) and 7 days (E and F) with NTHi at an MOI of
25 and imaged using confocal imaging, to examine the effects of long term exposure on

cell numbers/confluence arige development dfiofilms on these cultures.

79



Infected Control

A B
1 Hour
{0 B ol s B 0 . )
20pm 20pm

3 Days

E F
7 Days
Ll_l_lzﬁ l_]_l_lle.“_“J

Figure 3.1: Infection A549 cells with NTHi for 1h, 3d and 7d

A549 cells were infected with NTHi at an MOI of 25 for 1 hour, 3 days and 7

Green fluorescence shows the presence of bacteria,floluescence shows DA

staining of nuclei. Control wells showed no green fluorescence. (Imag:

representative of n=3 infections).
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Infected Control
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7 Days

Figure 3.2: Infection of NCI-H292 cells with NTHi for 1h, 3d and 7d

NCI-H292 cells were infected with NTHi at an MOI of 25 for 1 hour, 3 days «

days. Green fluorescence shows presence of bacteria, blue fluorescence sho

staining of nuclei. Control wells showed no green fluorescence. (Imagt

representative ai=3 infections).
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Infected Control

1 Hour
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Figure 3.3: Infection uHBE cells with NTHi for 1h, 3d and 7d

uHBE cells were infected with NTHi at an MOI of 25 for 1 hour, 3 days and 7 ¢

Green fluorescence shows the presenceacteria, blue fluorescence shows DA

staining of nuclei. Control wells showed no green fluorescence. (Images

infection of cells from Donor 4, and are representative of =3 infections)
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In all three cell types, cells at the 1 hour time point (A Bhdvere confluent, with
small amounts of green fluorescence in the infected wells (A) showing that NTHi were
beginning to establish an infection. By tardays there appeared to b®re green
fluorescence in the wellsSThe A549 cell monclayer was less tiditly packed in the
infected wells (C) compared to controls (ODhe nucleiof NCI-H292 cellsappeagd
enlarged, with some spaces in the mtay@r beginning to appear. Thenas alsoa
higher level of NTHi (as shown by green fluorescence) in the uHBEateBslays post
infection. The uHBE cell layer did not appear to kedverselyaffected with spaces
appearingn both the infected and control well8y 7 days, all three cell types showed
dramatically reduced cell numbers, although the presence of dmeeestence showed
that there were still bacteria present. The bacteria appeared to have clusteredhaound

remaining cells.

As the uHBE cells did not appear to be adversely affected by infection and showed a
higher level of green fluorescenceagingof the surface of uHBE cells infected for 3
dayswith NTHi at an MOI of 25was performed. Thishowed clustering of bacteria
within what appeared to be a fluorescent mdsh structure that could perhaps

represent a biofilm (Figure 3.4).
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Figure 3.4: Surface of uHBE cells infected for 3 days
uUHBE cells were infected with NTHi at an MOI of 25 for 3 days. Gr
fluorescence shows presence of bacteria and blue fluorescence showst&ARY

of nuclei.(Donor 4)
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3.3.1.2.RSV infections

To study whether we were able to infect A549, NH292 and uHBE cells with RSV

and to establish an effective dose for further studies, cells ses@ed into chamber
slides at & initial density of 10,000adls per cr for the cell lines and 20,000 cells per

cnt for uHBE cells This was necessaty achieve confluence at the same time as the
primary cells grow much more slowly than cell linds.approximately 80% confluence

cells were infected with RSV albses of 5x19 1x10 and 5x18 pfu for 5 days. Cells

were fixed and imaged using a confocal microscope. An example of images captured
with the 1x16pfu dose show red fluorescence in all three cell lines (Figure 3.5A, C and

E), and no fluorescenda the ontrols (Figure 3.B, D and F).
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Infected Control

uHBE

Figure 3.5: A549, NCI-H292 and uHBE Cells are susceptible to RSV infection

A549 (A), NCFH292 (C) and uHBE (E) cells were infected with 1%ffu of red
recombinant RSV fob days alongside controls (B, D and F). Red fluoresce
shows infection with RSV and blue fluorescence shows DAPI staining of nt
(Images show infections from uHBE Donor 5, and are representative of

infections).

86



3.3.2.Characterisation of NTHi and RSV infections in cell lines and uHBE cells

To obtain some quantitative measurement of the levels of bacteria present in cultures
during the development of infectipiviable bacterial counts were performeand
although none of the changes seen were signifioga A549 celk, the viable bacterial
numbershadincreasd slightly by 3 days, butlecreasgto their lowest levels by 7 days

but not lower than the initial inoculurfFigure 3.8). Counts for NCIH292 cells
showed asmallincreasefrom 1 hourto 3 daysand a sharp increase betwexi days
(Figure 3.@) and uHBE cells shogd a decrease in viable tigria by 3 day$ut this
hadincreasedo more than the 1 hour time point by 7 délyggure 3.6C),suggesting

that numbers of NTHi reach and maintain a tho&sevel.

Due to the loss of viable cells in the longer term cultudesrter term infections with

MO | of & and 25 for periods up to Tdurs were also conducted on A549, N€A92

and uHBE cells with viable bacterial counts performed at 0, 1, 2add &4 hours. All

cell lines showd a slight decrease (approx. 15Q/mlin MOI 5 and 1x16cfu/ml

MOI 25) in viable bacteria during the initial stages of infectiamch increased through

log phase and began to plateau by 8 hours as a result of bacteria utilising all available
nutrients. By 24 hoursthe levels began to drop, e media was not changed atiee
bacteria began to die However there were more viabé bacteria remaining in the
washes from wells initially infected with NTHi at an MOI of 5 (Figur@)3.
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Number of Viable Bacteria at 1h, 3d and 7d
in NTHi Infections of AS49 Cells
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Figure 3.6: Viable Counts of 7day NTHi infections in A58, NCI-H292 and
uHBE cell lines

Viable counts were taken at 1h, 3d and 7d in A549 (A),-N292 (B) and uHBE
(C) cells. A oneway ANOVA using T=1h as the control showed no signific.

difference between samples (n=3). Error bars show SEM.
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A Number of Viable Bacteria During a
24h NTHi Infection of AS49 Cells
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Figure 3.7: Viable bacterial counts during a 24h infection in A549, NCIH292

and uHBE cells

Viable counts were taken at the start, 1h, 2h, 4h, 8h and 24h of short term infe
performed using A549 (A), NGH292 (B) and uHBE (C) cal Two way ANOVA
with Dunnetts multiple comparisons test performed using T=0h as the c«
showed significance in the MOI of 25 at 4 hours in A549 cells and 8 hours in NCI
H292 cells (p<0.05 for all) (n=3). Error bars show SEM.
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Cells were cultured on dnswellsin these experiment® allow changing of media
during the infection periodn order 6 gain information about the responses that the
cells made to the infections, conditioned mediaken from the apical surfacé A549

and NCHH292 cells 7 daysifter infection alongside controlswasused to perform a
cytokine arrayThese studies wergerformed at the same time for all samples thod

all films were developed for the same length of time allowing accurate analysis of any

differences

Control A549 conditioned medium showele presence of strong signals for GRO,

MIF and SerpinElwith less intense signals for CD40 ligand HN, -8 larid 1L-23

(Figure 38B). Infected A549 cell$adsimilar levelsof GRO-U , MI'F anahd Ser pi nE1
reduced signaldor CD40 ligand, IFNo  a n-#3. Thdre washowever, a 4-fold

induction of IL-8 (Figure 38A), which is reflected in densitometry analysis (Figure

3.9A) Densitometry showed a small increase in GR@roteinexpression but a small

reduction in MIF and SerpinEfirotein expressionConditioned medium from control

NCI-H292 cells showed the presence of GHQ M| F and Se8DplitmeE1 ( Fi gur
infected NCIH292 cellsSerpinElwas increased and there was mduction of IL-8

release into the mediuffrigure 38C) as shown by densitometry analysis, which also

showed smallincreases in GR@W and SerpinE1l butprotein reducti o
expression (Figure 9B). It is important to understand that th&se results arfeom a

single experimenthey camot be assessed feignificance)

90



Figure 3.8: Cytokine Array from A549 and NCI-H292 cells with NTHi for 7d
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AL,A2 Positive B1,B2 - C1,C2 - D1, D2 - ELE2 Positive
A3, A4 Csa B3, B4 IL-la C3,C4 IL-10 D3,D4 IL-32a E3,E4 RANTES,
CCLS
A5,A6 CD40 B5,B6 IL-1 C5,C6 IL-12 p70 D5,D6 IP-10, ESE6 SDF-1,
Ligand, CXCL10 CXCL12
CDI154
A7,A8 G-CSF, B7,B8 ILlra C7,C8 IL-13 D7,D8 I-TAC, E7,E8 TNF-q,
CSFB, CXCL11 TNFSF2
CSF-3
A9,A10  GM-CSF, B9,B10 IL-2 9,10 IL-16, D9,D10 MCP-1, E9,E10  STREM-1
CSFa, LCF CCL2
CSF-2
AlLA12 GROq, B11,B12 IL-4 C11,C12 IL-17 D11,D12  MIF, GIF, E11L,E12
CXCL1 DER6
Al3,A14 1-309, B13,B14 IL-5 C13,C14 IL-17E D13,D14 MIP-1¢, E13,E14 -
CCL1 CCL3
Al15A16  SICAM-1, B15,16 IL-6 C15,C16 IL-23 D15,D16 MIP-1B, EI5E16
CD54 CCL4
Al17,A18 IFNy,Type B17,B18 IL-8, C17,C18 IL-27 D17,D18  Serpin E1,  E17,E18 -
I IFN CXCL8 PAI-1
A19,A20 Positive B19,B20 C19,C20 - D19,D20 E19,E20  Negative

A549 (A and B) and NGH292 (C and D) were infected with NTHi (A and (

alongside controls (B and D) for 7 days. The cytokine array data table is also :

(E) (n=1).
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A Change in Cytokine Expression in A549 Cells
Infected with NTHi for 7 Days
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Figure 3.9: Densitometry analysisperformed on Cytokine Array from A549
and NCI-H292 cells infected with NTHi for 7d

A549 and NCIH292 were infected with NTHi alongside controls for 7 days (F
3.7). Densitometry was used to show the differences in levels of cytokines

to the cantrol in A549 cells (A) and NGH292 cells (B) (n=1).
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Having examined cytokine secretion from the infedtethortalisedcell lines wewent

on to determineat the response generated by the primary airway (eH8E cell9.
Conditioned mediunirom the 24 hour infections in uHBE cellgfectedwith NTHi at

an MOI of 5 and 25 and RSMvere usedn cytokine arrag alongsidean uninfected
control. Again arays were performed at the same tise thatdifferences between
sampleswould beanalysed fom the same exposudé# films. Uninfected uHBE cells
showedproteinexpression oGRO-U, -8 MIF and SerpinE1, with less robust signals
from G-CSF, GMCSF, IL-1 U, -1rd dnd 16 (Figure 3.10D). As such these cells
appearedad produce more cytokines tharther A549 or NGIH292 cells. Cells infected
with both doses of NTHi appeared to generate a very limited iogolkesponse at this
time point(Figure 3.10 A and BNTHi infected wells expressed the same cytokines as
the controlsbut in differing amountswith NTHi showing changes in 46, IL-1 U, - GM
CSF and SerpinE(these results ane=1 so cannot confirm significancéjigure 3.11)
Conditioned medium from the RSV infecteells (Figure 3.1C) showed induction of
IP-10, decreased production tf-1 ({1.75 fold) and increaseGM-CSF production
(1.75 fold)than the control cell@igure 3.1).
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Figure 3.10: Cytokine Array of uHBE cells infected with NTHi and RSV for

24h

UHBE cells were infected witlwb different doses of NTHi (A and B) and RSV (!

for 24h alongside an uninfected control (D). The cytokine array data table it

shown (E). (Washes taken from an infection of Donor 3 uHBE cells) (n=1).
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Change in Cytokine Expression in uHBE Cells
Infected with NTHi and RSV for 24 Hours
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Figure 3.11: Densitometry analysis performed on the Cytokine Array of uHBE
cells infected with NTHi and RSV for 24h

UHBE cells were infected with two different doses of NTHi and RSV for
alongside an uninfected control (Figure 3.IDensitometry shows the differences

cytokines relative to the control (E) (n=1).

To complement the protein secretions studies, RiXf&kacted fromA549, NCFH292
and uHBE cell®24 hous after infectionwas used to quantify gene expressidmP-10,
IL-6 and MUC5ACby qPCRIL-6 was chosen as it hamteviously been identified as
beingup-regulated in responge NTHi LOS stimulation of human tracheal epithelial
cells (Clemans, Bauer et al. 200@Gnd was also identified in owytokine arraydata
from 24h uHBE infectionsIP-10 mRNA expressiorwas not identified irour cytokine
array of 24h uHBE infectionbut it has previouslybeen shwn to be induced whe
cigarette smokexposed mice were challenged with NTHa@t in the lungs of control
mice airways(Gaschler, Skrtic et al. 20DMUCS5AC has previously been showmbe
inducedby NTHi in multiple studiesWang, Lim et al. 2002Jono, Xu et al. 2003
Chen, Lim et al. 20045hen, Yoshida et al. 2008ono, Lim et al. 2012
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IP-10 and I1-:6 mRNA expression was increased i®B49 cells infected with NTHi at an
MOI of 5 and 25Figure 3.12 andB), with IL-6 mMRNA expressiorbeing lower in the
MOI of 25 than in the MOI of 5. MUC5AC wgadecreased in the MOI of 5 and slightly
increased in the MOI of 25 in comparison to the control (Figur2C3.
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Figure 3.12. Comparison of IP-10, IL-6 and MUC5AC in A549 cells infected
with two doses of NTHi

Quantitative data was generated using qPCR performed with primers agalQs
(A), IL-6 (B) and MUCS5AC (C) in samples from A549 cellseafed with NTHi at
two different doses for 24h. Repeated measures one way ANOVA with Dur
multiple comparisons test showed no significance between any samples (n=3)
bars show SEM.
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Expression of IPLO (Figure 3.BA), IL-6 (Figure 3.BB) and MUGAC (Figure 3.BC)
all increased ilNCI-H292 cellsafter infection with MOI 54-fold increase in IPLO, &
fold in IL-6 and 2fold in MUC5AC) butinfection with MOI 25 led to lower expression
of MUC5AC than the control and expression ofll® and 1-6 wasless marked with
this higher dose of NTHiFigure 3.B).
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Figure 3.13: Comparison of IP-10, IL-6 and MUC5AC in NCI-H292 cells
infected with two doses of NTHi

Quantitative data was generated using gp@Rormed with primers against-IF)

(A), IL-6 (B) and MUC5AC (C) in samples from NEI292 cells infected with
NTHi at two different doses for 24h. Repeated measures one way ANOVA

Dunnetts multiple comparisons test showed no significance betweeraapjes
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IP-10 (Figure 3.4A) and IL-6 (Figure 314B) mRNA expression was increased in
UHBE, while MUC5AC mRNA expression is decreaségigure 3.4C). IP-10 mRNA
expression wa higher in the lower NTHi dosgMOI 5) and lower inthe higher dose
(MOI 25), but both levels we increased in comparisdo the contrqglsimilar to NC#
H292 cells IL-6 increasedwith increasingMOI, and MUC5AC mRNA expression
decreasedhore with the higher dodike IP-10 (Figure 3.4).
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Figure 3.14: Comparison of IP-10, IL-6 and MUC5AC in uHBE cells infected
with two doses of NTHi

Quantitative data was generated using qPCR performed with primers agalQs
(A), IL-6 (B) and MUCS5AC (C) in sampldsom uHBE cells infected with NTHi a
two different doses for 24h. Repeated measures one way ANOVA with Dur
multiple comparisons test showed no significance between any samples (n=3)

bars show SEM. (Data from Donor 1 and Donor 3 infections).
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Statistical analysis showed that none of these differences were significant as a result of
the high variability seen between replicatég, fold change data from the gPCR
reactions for each individual replicate, for all cell lines, can be found in Appénd

alongside dissociation curves and DNA gels for some of the primer pairs.

To focus on the early cell respons&d\A extracted from uHBE cells exposed to
1x1Ppfu of RSV at 1, 2, 4, 8 and 24 hour time poiwts reverséranscribed andsed
PCR. Based on our cytokine array data (Figure 3.10) and because it had previously been
shown to be wpegulated during RSV infectiof©shansky, Barber et al. 201ve used
primers against H20. As the changes inP-10 in the cytokine array showed marked
induction of IR10, we chose to use standard-RTR to identify differences between
time points. The results suggested timatre relative induction was seen in latter time
points (4, 8 and 24 hours post infectidn)t inductionwas present from 1 hour post
infection (Figure 3.15). We decided to quantify this difference more definitiv@hg
gPCR. Based on this data and a study publisheSetlyold, Smith et al. (2013PCR
was performed with primers for 40 and additionally 1t6 (Figure 3.16). There was an
increase in IPLO and IL-6 in all cell types at 24 hour®\ pairedt test showeda

significant increase in | 20 in uHBE cells (p<@>5) (Figure 3.16E).

Negative

300
200 IP-10
100

Figure 3.15: Comparison of gene expression in early time points using 0

PCR was performed on RNA extracted from Ri&¥cted and control uHBE cell
at 1, 2, 4, 8 and 24 hours using primers againdtOiRnd actin to compare mRN
expression across the time points. Bands appear at the expected size for bott

pairs in all samples. (n=1)
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Figure 3.16: Comparison of expression of IP10 and IL-6 in A549, NCIH292

and uHBE cells infected with RSV

Quantitative data was generated using qPCR performed with primers agalQst
(A, CandE) and It6 (B, D and F) in samplédsom A549 (A and B), NGH292 (C
and D) and uHBE (E and F) cells infected with RSV for 24 hours. A pairest

showed a significant increase in-1B in uHBE cells (p<0.05) (n=3). Error ba

show SEM. (For uHBE cells data is from Donor 1 and Donore&ttidns).
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3.4.Discussion

The aim of this chapter was to establish and characterise NTHi and RSV infection in
cell lines, specifically the adenocarcinoma human alveolar basal cell line (&hah@l,
Aaronson et al. 1973the mucoepidermoid carcinoma cell line NiE292 (Yoakum,
Korba et al. 1983BanksSchlegel, Gazdar et al. 1985arney, Gazdar et al. 198%nd
primary uHBE cells.These cells all showed poor survival when challenged with

pathogens, and stved limited cytokine responses.

Lung derived cell lines can be used to study the biological effects of infectious agents
and potential therapies vitro. Cell lines essentially undergo infinite replication,
making them useful tools for optimisation studies, and studying processestviitaou
confounding problems of donor variability. Both of these lines have previously been
utilised to study the effects of RSV and NTHi infection. PrimEBE cells have not

been immortalised so do have a finite lifespan, and the use of these cells nodyciait

an element of intedonor variability, however such cells are not transformed and are
thought by many people to more closely represent the normal cells of the lung. Using
these as an airway model, alongside immortalised cell lines, provides a direct
comparison between cell types when establishing an infection model.

One of theaims of this project was to establish NTHi biofilms in an appropriate airway
model; therefore infections with NTHi were performed on cell lines for periods of up to

7 days ast was felt that longer periods of infection would allow the best chance for
biofilm formation. Infection studies performed on A549, Nd€292 and uHBE showed

that NTHi was able to establish an infection on these cells, but the prolonged infection
period esulted in reduced cell numbers, affecting the confluence of the celllane1o
suggesting that the infection was leading to loss of cell numbers with a parallel
reduction of viable bacteria. We could have assessed cell death/loss of cell numbers
using anumber of techniques, including live/dead staining such as Hoescht pl, flow
cytometry, analysis of cell death markers such as lactate dehydrogenase and counting
the number of DAPI stained nuclei in confocal imagiHgwever, ve did not quantify

cell deathas they wouldchot haveallowedthe use of the well for imaging and counting

nuclei would require more images than were able to be taken.

As noted in the introductiorhiofilms are a complex of aggregated cells, enclosed in
EPS matrixIn vivo biofilms consist of multiple bacteriapeciesand micreorganisms
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that perform differentondition relatedmetabolic functionshoweversome bacterial
species will form singlspecies biofilms. Not all bacterial species are able to form
biofilms and initialdoubtsabout the ability of NTHi to form biofilms were disproved in
work conducted using a chinchilla model of otitis mettdrlich, Veeh et al. 2002
NTHi is thought to switch gene expression during the attachment phase to form a glue
like structured matrix, composed of multiple molecules and macromole@iteson,
Sweetman et al. 2008No specific gene or factor has yet been identified as necessary
for NTHi biofilm formation as heterogeneity of strains suggest&t multiple
combinations of factors are involvg®laut, Qiu et al. 1992St Geme, Falkow et al.
1993 Noel, Love et al. 1994Gilsdorf, Tucci et al. 1996Clemans Bauer et al. 2000
Murphy and Kirkham 2002Fink, Buscher et al. 2003Vebster, Wu et al. 2006 Our
confocal imaging of a 3 dafand later)uHBE infectiors showed clustering of bacteria
together within a structurthat had a meshke appearanceThe mesHike structure
could represent the gldd&e matrix observed byMoxon, Sweetman et al. (2008
Comparing this to biofilm studies performed on NTHi and other bactgretdies, this
appears to be consistent with initiation of the formation of a biofilm stru¢8iegner,
Zhang et al. 2006Hall-Stoodley, Nistico et al. 20081a, Conover et al. 2009uneau,
Pang et al. 20)1

It was also important to ensure that all three cell types used in this study were
susceptible to RSV infection. To do this we used a virus that expresses a red fluorescent
protein tag when it is actively replicating. Confocal imaging showed that infeatihg b
these cell lines and uHBE cells results in expression of the red florescent protein
showing that they were successfully infected and could be used to study RSV infections
in our hands. This is consistent with previous data as A549 lung epitheliahae#s

been used extensively to study RSV infectigf®dler, WernkeDollries et al. 1996
Choudhary, Boldogh et al. 200Spann, Tran et al. 200Martinez, Lombardia et al.

2007 EckardtMichel, Lorek et al. 2008Gibbs, Ornoff et al. 200Munday, Emmott et

al. 2010 Bian, Gibbs et al. 201 Zhirkova, BoyogluBarnum et al. 201;3rzyzaniak,
Zumstein et al. 2003 NCI-H292s have also been shown to $ensitive to RSV
infection (Hierholzer, Castells et al. 1998nd primary airway epithelial cells obtained
using bronchial brushings from children have also been shown to be highly susceptible

to RSV infection(Fonceca, Flanagan et al. 2012
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During the initial work with NTHi, bacteria were swhltured into the growth media
preferred by the cells (Complete culture mediappendix 2) but this id not result in
significant growthof the bacteriumHaemophilus influenzaeas been shown to require

a chemically defined media for growf@oleman, Daines et al. 200&hich may have
explained the absence of growth in the cultures. The growth of the bacteria in the
presence of cells suggests thatytheed some factor produced by the cells nibeo to

replicate in the airway model cultures.

Confocal images of all three cell types showed the presence of bacteria which appeared
to increase (as judged by microscopy) by 3 days and were still present at 7 days. Viable
bacterial counts showed thdtete were still live bacteria present in 7 day cultures;
however there did not appear to be large differences between 3 and 7 day washes. Cell
death in the 7 day cultures could have caused lifting of the adhered bacteria when
washes were performed that mhsve given a falsely low level of viable bacterial
counts. The viable bacterial counts did not take into account the bacteria clustered and
associated with the epithelium in the form of biofilms, so in making these counts we
were just taking viable counts the planktonic bacteria present in the infected cultures
This may well have led to an underestimation of bacterial numbers in the cultbees

long term nature of these infections showed that some cells were able to survive the
longer infection perid required to form biofilms, however there were not enough cells

to maintain a confluent morayer. Different times anthfective doses are important in
establishing infection models, to ensure infection is achieved without losing large
numbers of cells MOlIs of 25 and 50 wreinvestigated for 1 hour, 3 days and 7 days.

As there was better cell survival in the MOI of &gperimentave decided to show the
results from these infections. Naditionalinfection studies were performead this

work, but in orer to effectively utilise cell lines as airway model, further studies using
different doses and times might allow minimum dose and time required for successful

infection/biofilm formation to be determined.

To investigate the cellular responses in long term infection of A549 aneHRE2
cells, conditioned medium from day 7 infectionas analysedising cytokine arrays.
Strikingly, these cell lines were not influenced by the infection, as only picotein
expression altered. As cytokines are released early in the response to pathegems it

likely that the major cytokine responses elicited during these infectiahisdem missed
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by analysinghe 7 days post infectiosampleslt is also possible that thefection had
overcome the cells at this late time point.

To begin to address the cell survival issues, all three cell types were infected with NTHi
and RSV for shorter periods of time. In the NTHi infections, viable bacterial counts
were made up to the Z#bur time point and showed growth of bacteria in the first 8
hours, which plateaued by 24 hours. The number of bacteria present at 24 hours in the
short term infection was similar to those in the previous studies of longer term
infections. The data alsdhewed that infections with a lower dose of NTHi (MOI 5)
have higher viable counts by 24 hours (on average twice as many viable bacteria).
Washes from the 24 hour infection of uHBE cells with the two doses of NTHi and a
single dose of RSV as well as a cohtwash were used to perform a cytokine array.
Cells infected with NTHi secreted the same cytokines as the control cells, however
densitometry analysis showed varying levels of cytokine secretion. In the RSV infected
cells, the most notable change wasititauction of IR10, an observation that hagen
shown previouslyOshansky, Barber et al. 2Q18mith, Kulkarni et al. 2018 IL-6 and
GM-CSF were also increased the most6land GMCSF were frequently identified in
immune studies against RSV infection using cell lines or undifferentiated primary cells
(Cromwell, Hamid et al. 1992Noah and Becker 1992rnold, Humbert et al. 1994

IL-6 acts in both a praand anti inflammatory manner and is important in regulating
the inflammatoryresponse, preventing tissue damddjgkreyev, Belyakov et al. (20D1
generated a recombinant strain of RSV that expressedCGM and foundhat viral
replication was attenuated by GOSF, andhey also saw increased levels of antigen

presenting cells.

As a result of the cytokine array data (predominantly the uHBE cell dataying
alterations on secreted proteins we also studied the efifegene expressipmPCR
was performed with primers against1P and IL-6 as bothhave previously been shown
to be changes in mMRNA expression compared teinfacted cells in NTHi and RSV
infections(Clemans, Bauer et al. 200Gaschler, Skrtic et al. 200Dshansky, Barber
et al. 2010 Smith, Kulkarni et al. 2013 MUC5AC expressiorwasalsostudiedas this
has previously been shown to-tggulate MUC5AC mRNA expressigaVang, Lim et
al. 2002 Jono, Xu et al. 200xhen, Lim et al. 2004Shen, Yoshida et al. 2008ono,
Lim et al. 2012. In contrast to the cytokine array for A549 cells, which did not identify
either IR10 or IL-6, the gPCR data showed increases irRl0Pand [l-:6 mMRNA
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expression suggesting that they are expressed but not setietezlssufficient for the

array membrane to detect themMUCS5AC mRNA expression was reduced in the lower

dose infectiondut significartly changed in the higher dose infection. This does not
agreewith the study byWang, Lim et al. (2002 which shows increased MUC5AC
transcription in NTHi infected A549 cells by gPCRthalugh this study only infected

cells for 5 hoursFurther sudiesin A549 cells in response to NTHeportedinduction

of ICAM-1 (Avadhanula, Rodriguez et al. 2Q0#d activation of p38 MAPK and NF

9B resulting in i nduct2 andprostdglandily E2 (BGER)Y g e r
(Xu, Xu et al. 2008

The NCI-H292 celldata wasinconsistent. Cellsnfected with NTHi at an MOI of 5
showed increases in4F0, IL-6 and MUC5ACwhereas with atMOI of 25, IR10 was
increased slightly in comparison to the controkéllincreased to a lower level than that
with an MOI of 5 andMUC5AC mRNA expression was decreased in comparison to the
control. The cytokine array data did not identify eithe.0Por IL-6 as being secreted in
detectable amounts by these celsly one study has used NBR92 cells with NTHi

and this was to iderf§i a putative toximantitoxin locus of NTHi(Daines, Jarisch et al.
2009 thus there is no confirmation of cytokine profiling data.

NTHi infected uHBE cells show increased mRNA expression efdRand 1L-6, but
decreased mRNA expression of MUC5AC with both dosed40lI®vas not identified in

the cytokine array datdl -6 shovs a different pattern. Densitometry showed mor® IL
secretion in the MOI of 5 whereas the highest expression is in the MOI of 25 sample,
suggesting increased expression but reduced secretion. The decrease in MUC5AC is in
contrast to the study dfono, Xu et al. (2003vhich noted an increasa MUC5AC in
normal primary human airway epithelial cells infected with NTHi. As in the study by
Wang, Lim et al. (2002 cells were infected for 5 hours which could explain the
discrepang with our data.Other sudies in uHBE cells identified pathways involved in
regulating NTHi induced MUC5AC transcription and the involvement of TLR3 in
response to NTH{(Wang, Lim et al. 2002Jano, Xu et al. 2003Teng, Slavik et al.
2010.

RSV infected A549 cells showed increased expression of belld khd IL-6, as did
NCI-H292 cells and uHBE cells. A549 cells have frequently been used for RSV studies,
which have characterised cytoki and chemokine responses owene (Arnold,
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Humbert et al. 1994Jiang, Kunimoto et al. 199&hang, Luxon et al. 20Q0Martinez,
Lombardia et al. 20Q7 Increases have been noted inlP(Rudd, Burstein et al. 2005

and IL-6 (Arnold, Humbert et al. 1994liang, Kunimoto et al. 199&nd more recently

the use of clinical isolates has identified strain specific responses including RANTES
induction(Levitz, Wattier et al. 2012 Few studies have utilised the NB292 cell line

for RSV infection. One such study showed that the cells were sensitive to RSV infection
(Hierholzer, Castells et al. 199and the other that type 1 and 2 cytokines regulate
expression of programmed dedthigand (PDL) 1, PDL2, B7-H3 and nducible ce
stimulator ligand (ICOS.) (Stanciu, Bellettato et al. 20D6UHBE cells have also ba

used to study RSV infections; -lF0 expression increased upon RSV infection
(Oshansky, Barber et al. 201#nd in a more recent study changes were noted in a range
of chemokines including increases inl1B andIL-6 (Smith, Kulkarni et al. 2013
UHBE cells have not beesxtensively used to study the effects of RSV infections. A
preference has been shown towards the use of primaryrcalsALI culture model,of
differentiated airway epithealm as this is felt taggenerate a more accurate moadethe

airwaysfor study(Villenave, Thavagnanam et al. 2Q&mith, Kulkarni et al. 2013

Analysisof the control cytokine array data show timeited cytokine profiles of the cell
lines used prior to infectioAs cytokine secretiodid not change much upon infection
under the conditions we have investigated this sugdbatsthe cell lines exhibit a

limited response to infection

The aims of this chapter were to establish and characterise NTHi and RSV infections in
cell lines anl uUHBE cells. In doing this we had to establish how representative/effective
the cells were as an airway model, as well as investigate their ability to withstand
infection. Infections were performed multiple times, encompassing time periods ranging
from 1 hour to 7 daysConfocal imaging and characterisation of the responses of the
cells indicated that the cell lines and uHBE cells could not tolerate high infection MOls
for prolonged periods of time. This coupled wékhibition of limited inflammatory
respnses suggested thall lines and uHBE cells were natrepresentativenodel of

the human airway epithelium. Thiglléo the conclusion that theodel needs to be able

to withstand the infection process and elitie complex responseseen in the human
airway. This further suggests that a better modehefairway epitheliunis requiredto

successfully establish an infection model.
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4. Establishment of the Air-Liquid Interface (ALI) Culture Model

4.1.Introduction

Culture of diferentiated pmary cells at anALI was first performed using human
tracheobronchial cellsni 1990 (Wu, Martin et al. 1990 The key feature of this
technique was the development of a mucociliary phenotype, such that the epithelial
layer ceveloped a pseudostratified appance mimickinghe human airway. As a result

of this phenotypic organisation, thmodel is becoming an increasingly popular
experimentatool. Since its initial description a number of varying protodase been
establisked (Koo, Yoon et al. 1999NIlend, Bookman et al. 200Zampos, Abreu et al.
2004 Ross, Dailey et al. 200Kettle, Simmons et al. 201@arker, Sarlang et al. 2010
Dvorak, Tilley et al. 2011Pezzulo, Starner et al. 2Q1Turner, Roger et al. 2011
Horani, Nath et al. 2013Villenave, Shields et al. 20).3In general, theseubtly
different methods allow the cells to achieve similar levels of differentiation as judged by
morphology and through the use of gene expression analWéimle genome
transcriptional analysis, tbugh the use of microarrays, has identified a number of
genes specifically induced during the process of differentiatnmiuding SPLUNC1,
LPLUNC1, MUC5B, MUC5AC and tubulifRoss, Dailey et al. 200.7Theseare ideal
candidates to monitor and confirm differentiation of specific cell types within the

cultures.

The ALI culture method can be performed using primary cells from a variety of sources,
including commercidy available cells as wells as thodieectly obtainedrom patients

via bronchoscopic brushing or from resected tisguenajor drawback irthe use of
primary cells, particularlyhose from human volunteers,imability to obtain sufficient

cells for replicatesof experiments to be performegarticulaty when the interdonor
variations of cell phenotype and responses are consideogebver, the responses that
ALI cells make to stimuli are considered to be represeataf the airwayepithelial

lining than those froncell linesmaking their use invaluable.

Multiple growth factors mediate proliferation and differentiation of airway epithelial
cells, and identification of the pathwaiysolved has provided an understanding of the
pathophysiology of a number of airway diseases. The initial cell cultureestudi
identified key roles for retinoic acid, T3 and E@&oo, Yoon et al. 1999Takeyama,

Dabbagh et al. 199%ray, Koo etal. 2003 and modification of levels ohese in the
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culture medium allowgphenotypic alteration of éhcultures at will Other exogenous
mediatorscan modulate cell growth and differentiatidar examplethe rheassociated
protein kinase (ROCK) inhibitor Y27632. ROCKs are downstream effectors 6fARho
GTPasewhich direcly affectsthe cells cytoskeletal proteins. ROCK inhibita@lso
enhance basal cell proliferation in human airway epithelial ellaLI without any
subsequent effects dhe differentiation of the cellgHorani, Nath et al. 20233

Multiple immune molecules arable to act on the cultures to alter cell growth and

differentiation. Two key molecules shown to regulate differentiation and gene

expression in these cultures arell8 and IFNo . Cul turing primary

the presence of H13, during the diferentiation periodhas been shown to result in
increased numbers of goblet cells with a corresponding increase in the expression of
goblet cell markerg¢Laoukili, Perret et al. 20QITurner, Roger et al. 2011 IL-13 is a

Th2 cytokine that has been implicatedive development of mucous cell metaplasia in
murine models and is frequently detected in airwegakes such as CF and during
exacerbations of asthma when there is an inflammatory respatseaker, Niu et al.
2002 Berry, Parker et al. 2004Tyner, Kim et al. 2006Curran and Cohn 20}0
Therefore, treatment of the cultures with-1B can potentially provide an effective
model for studying diseased airways. Recent work investigating the role of SPLUNC1
in the respiratory tract showed inhibition of SPLUNCL1 resgionin differentiated
mouse tracheal epithelial cells treated with 45N Thi s finding
corroborated in humans, through use of the -NI92 cell line treated in the same
manner(Britto, Liu et al. 2013 as these cells also showed a reduced expression of
SPLUNCI1 following treatment with IHY .

4.1.1.Aims
The aims of this chapter were to:
(1) Reproduciblyculture primary HBE cells at an ALJto modulate the phenotype
of the® cultures through thaddition of IL-13 and to validate these cultures

using a variety of markers

epit

was P

(2) Investigate the effectof IIN  on t he expression of SPLUNC1

IP-10 (a molecule that is depgent on IFNo  f or i nducti on)
primaryHBE cells.
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4.2.Methods
4.2.1.Culture of Primary Human Bronchial Epithelial Cells at ALI
Primary HBE cells were purchased from Promocell, who provided 500,000 cells at

passage 2. The cells are from the hedlihgs of deceased subjects.

4.2.1.1.Seeding cells onto transwells

Cells were detached from the flasks using trytdDTA as detailed in section 2.2.3,
counted anaentrifuged They were resuspended in ALI media (Appendix 2) to a cell
density of 0.5x18cells/m. Transwell inserts (transparent PET membrane with 0.4pum
pores (BD Falcon)) werglaced into the central wells of a -2ll-plate. 100ul of
0.5x10cells/ml were added to the apicrface of the transwell with additional media
to make a final volume of 250ul, and 750ul of ALI media was addetie basolateral
compartment of each well. The media was changed in both compartments after 24 hours
and every 2 dayand cultured in suimerged conditions until confluence was reached;
typically 7 days At confluence, the media was removed from the apical surface to
expose the cells to an ALl Apical medium was frozen for further studi:

confluent cells do not undergo differentiation.

4.2.1.2 Differentiation at the ALI

Some cells were stimulated wifdng/mlof IL-13 in the basolateral compartment to
modulate differentiation to generate a more mucous phenuotiyjph consists of a more

0 g o b | eich@ultweéTurher, Roger et al. 20L1IL-13 was added to an appropriate
amount of media immediately prior to each media change; any remainder was disposed
of and mae fresh each time. After exposure to theagircal washes of all cells were
performed daily or at most every 48 hours, for the duration of the differentiation period.
Washes were frozen from three wells at each time palrdtmedia was changed in the
balateral compartment every 48 hours during the differentiation period of a minimum
of 21 days. Thisvas either ALI media, or ALI media supplemented with1® (Wu,
Martin et al. 1990Koo, Yoon et al. 199%Kettle, Simmons et al. 201Mvorak, Tilley

et al. 2011Pezzulo, Starner et al. 2011

Overall theculture of cells at ALIwas performed eighteen tinseand each complete
differentiation experiment took-6 weeks to perform (Figure 4.1Primary cells
obtained from five individuadonors were used nbughout these studigsletails of
which can be found in Appendix.1The progress of mucociliary differentiation was
109



initially studied through Western blotting for SPLUNC1 and LPLUNC1 as they have
been showrto be tightly associated with the process dfiedentiation(Campos, Abreu

et al. 2004 Bingle, Barnes et al. 200Zandiano, Bruschi et al. 200Ross, Dailey et al.
2007 Kesimer, Kirkham et al. 2008ingle, Wilson et al. 2010

4.2.2.Stimulation of ALI cells with IFN -2

ALI cells were media changed prior to stimulation. The apical surface of the cells was
washed with 180l of PBS and the washes frozelfrN-o was diluted to a concentration

of 50ng/ml with sterile PBSand 3@l added to the apical suracof the cells in
duplicate for 18 hours (based on the studyBbito, Liu et al. (201)), sterile PBS was
used agontrols. After 18 hours, the apical surface of the cells was washed with 180yl
of PBS. The wells were then lysed in TRI reagent, which was pooled to give greater

volume for RNA extraction.

Cells from Seed onto
Promocell transwells, allow to Differentiate for 21
Flasks- P2 to P3/P4 become confluent. days Experiment

Week 0 1 2 3 4 5 6 7/8

differentiation x
O e P P}}(,m b\)\v\,\ @Q&@w
Figure 4.1: Schematic to show timeline of ALI culture experiments
uHBE cells were purchased from Promocell and cultured in flasks to inc
numbers through to Passage 4. At a maximum passage of 5, cells were seec
transwells (100p! of cells at 0.5x%®IIs/ml)andcultured in submerged conditions
until confluencewas reached. After removal of apical medium, cultures v

differentiated for 21 days before being used experimentally.
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4.3.Results

4.3.1.Validation of PLUNC antibodies

At the beginning of this study thereeve limited commercial antibodies available to
PLUNC proteins.As we wished to use these markers to follow the process of
differentiation ve therefore generated antibodies against SPLUNC1 and LPUNC1 for
use in the validation of our ALI cultures. We chosegenerate two affinitpurified
antibodies using unique peptide epitopes present in each of the two proteins. The
antibodies were generated by Eurogentec and the epitopes used are shown in Appendix

Figure 2.

4.3.1.1.SPLUNC1 antibodies

The SPLUNCL1 antibodies were initially validated \Westernblotting with samples of

ALI washes taken from fully differentiated cultures using a range ticdy dilutions.
Similar immunereactive products of the appropriate size were clearly seen with both
antibodies, although the SPLUNC1B antibody also generated a spraitkrct (Figure
4.2A). Wedirectly compared these products with those generatedbliot probed with

a commer@al SPLUNC1 monoclonal antibodyhich gave very similar reactive
products (Figure 4.2B), suggesting that our antibodies wedeed reacting with
SPLUNCL.
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' 10 m— .
10— i '
! R&D Mono ! SPLUNCI1A
SPLUNCI1A E SPLUNC1B

Figure 4.2: Validation of SPLUNC1 antibodies

The two SPLUNC1 antibodies were used to probe 2 ALl wash sam
SPLUNC1A was used at 1:1000 and SPLUNC1B at 1:280 The R&D
monoclonal SPLUNC1 antibody and SPLUNC1A was used to p2oBé&l wash
samples (B). Both blots show presence of bands at the appropriate size

samples.
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4.3.1.2.LPLUNC1 antibodies

The LPLUNC1 antibodies were initially validated bwesern blotting with
recombinant proteins (LPLUNC1, SPLUNC1 and SPLUNC?2) produced bdath\biyo
transcription/translation and by transfected mammalian .cé&lteese samples were
providedby Dr Frances Barnes. An example of this validation is presentedpanilpx
Figure 1 (Appendix 3)We chose to do this for LPLUNCds at the timehis wasthe
first antibody generated and used against LPLUNCI.

Western blotsof ALl washes from cultures as they underwehe process of
differentiation were performedo validate the LPLUNC1 antibodies wittALI
secretions andbiological samplegBAL fluid) provided by Michael Gapos at the
University of Miami ALI secretions were collected every32days by washing each
well of a 12we | | pl at e wjpodedahdréngifugedotd renoBellular
debris BAL fluid was obtained by instilling 60ml of saline in the Adiseased lingula

or middle lobe from subjects undergoing clinically indicated bronchoscspyy a
protocol approved by the University of Miami Institutal Review BoardLPLUNC1
protein was readily detectable as two distinct immrewsctive products (Figure 4.3A)
and levels increagkas the cells underwent differentiation. Both protein bands were
largerthan the predicted size of LPLUN@82.4kDa)suggesing that the protein might

be subjected to postanslational modificationTo investigate this PNGaseF (which
hydrolyses most Nlycan chains)was added to the LPLUNCI1, after whicloth
immuncreactive bands reduced in size (Figure 4.3B). BAL fluwbténed from the
nontdiseased middle lobdor lingulg of patients undergoing clinically indicated
bronchoscopies and provided by Michael Campos at the University of Misgated
with PNGaseF demonstrated similar immueactive LPLUNC1 bands, suggestingtth
the protein product of the differentiated ALI cells is glycosylated in the same way as

that secreted into the airwaiysvivo (Figure 4.3B).

Having validated the PLUNC antibodies we were then able to use them to study the
differentiation of the ALI cdlcultures.
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Figure 4.3: Validation of LPLUNCL1 antibodies

Secretion of LPLUNCL1 into apical secretions harvested from ALI cell cultures
shown by Western blotting. Samples were harvested from theeselty 23 days
(A). Deglycosylation studies were performed using BAL fluid and ALI secretior
described in the materials and methods section. The resultant reaction produc
subjected to Western blotting and detected with the LPLUNC1B antibodys(i#)

blots show presence of bands at the appropriate size for all samples with a re:

in size for those samples used in deglycosylation reactions as expected.
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4.3.2.ALI Cell Model

To follow differentiation in cell cultures, ALI washes from Day 0, 7,8 21 were
separated using SDBAGE, Westerrblotted and probed for SPLUNC1 and LPLUNCL.

The results showed bands at the expected size in the day 14 and day 21 washes for
LPLUNC1 and in the day 21 wash for SPLUNC1 (Figure 4.4A). To identify when
transcrigion of LPLUNC1 and SPLUNC1 genes was induced during the differentiation
process, PCR data was generated using RNA samples isolated from day 0, 2, 7 and 14
of ALI differentiation experiments. This data showed transcriptional activation of both
LPLUNC1 andSPLUNC1 genes from day 2 of the diffenatibn process (Figure 4.4B)

which is consistent with studies previously performed in our lab using cell samples
provided by the Campos Lab in Miami, U$Bingle, Barnes et al. 2007
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Figure 4.4: Western blot and PCR of ALI samples to track differentiation
status

(A) 10ul of day 0, 7, 14 and 21 daily apical washes taken from throughou
differentiation period show bands at the appropriate size for LPLUNCL1
SPLUNC1, as well as bands at the correct size in the positive control (an
secretion from ALI cells cultured by Synairgen and provided to us for a pre
study). (B) RNA samples from Day 0, 2 7 and 14 were reverse transcribed an
performed with primers against LPLUNC1 and SPLUNC1 show presence of |
from day 2 (data genr at ed by and taken from
Varsha Ganesar()mages representative of all Donors (18 replicates), as all

successfully differentiated).

To comparedifferences between the relative amounts SFLUNC1 LPLUNCI,
MUCS5AC and MUC5B secreted frongells undergoingdifferentiation wth and without

IL-13 treatment? ¢ slamplesof apical secretions (from three experiments) vegretted

onto nitrocellulose membraseand probed.A clear variation in SPLUNC1 and
LPLUNCL1 secretion between individual cultures can be seen in Figure 4.5 A and C.
Densitometry analysishowed increase8PLUNCL1 (Figure 4.5 A and B), LPLUNC1
(Figure 4.5 C and D) and MUCS5AC (Figure 4.5 E andnF)4 day ciltures following

the addition ofL-13. Therewas nodifferencein thesecretion of MUC5B (Figure 4.5 G

and H. While the fold change data is portrayed, a ratio pairnest performed on the
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raw data values showed differences in LPLUNC1 (p<0.01) and MW@C&H40.05)are
significantbut not theSPLUNC1 levels.

To further nonitor the differentiation statuand examine the morphology of the
epithelium during the differentiatio@, 7,14 and 21daysALI cultures were fixed in

10% phosphatbuffered formalinand paraffin embedded. Serial sections were cut from
day 0, 7 and 14amplesbut not day 21 as initial differentiations became infected at day
16, and stained using haematoxylin and eosin to examine the morphology of
differentiated cultures (Figure 4.6). iShclearly shows different morphologies and cell
compositions between day 0 (Figure 4.6A), day 7 (Figure 4.6B) and day 14 cultures
(Figure 4.6C and D). The simple single celled epithelial layer segaly undergoes
significant thickening by day 7 andaigs a pseudostratified appearancehvatiiated

cells (indicated by red arrow) clearly visible dgy 14.Increased numbers of goblet
cells (denoted by black arrowajevisible in 14 day cultures following the additiaf

IL-13 (Figure 4.C and D)immundhistochemistrywith antibodies against LPLUNC1
was performed only omlay 14 cells cultured in the presence ofllR and showed
positive staining in goblet cells (Figure 4.6&jth no staining in the control section
(Figure 4.6F).
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Figure 4.5: Dot blot to compare SPLUNC1, LPLUNC1, MUC5AC and MUC5B
in cells cultured in the presence and absence of {13.

2ul of secretions was spotted onto nitrocellulose membrane and probed
antibodies to SPLUNC1 (A), LPLUNCL1 (C), MUC5AC (E) and MUC5B (G)
compare protein levels between ALI cells cultured in the presence and abse
IL-13. Densitometry analysis wassed to quantify levels of SPLUNC1 (B
LPLUNC1 (D) and MUCS5AC (F) and MUCS5B (H) expression in cells cultured v
IL-13 than those without. A ratio pairédest performed on the raw data valu
showed significant increases in LPLUNC1 (p<0.01) and MUC%p<€D.05) (n=3).
Error bars show SEMSecretions from differentiations performed using Donc

cells).
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\
Day 0 (HHE)

Day 7 (HHE)

Day N(lH—l‘)
Day 14 +IL-13 (HH+E)

Day 14+IL-13 (IHC-Control)
Day 14 +1L-13 (IHC-LPLUNC1)

Figure 4.6: Staining of ALI cultures at Day 0, 7 and 14 cultured in the absence
and presence of I:13

Haematoxylin and eosin staining showed that Day 0 (A) cultures are a sing|
monaclayer. By day 7 (B) the cell layer appears thicker and by day 14 (C ar
have developed ciliated and goblet cells. Cells cultured for 14 days in the pre
of IL-13 (D) visibly have more goblet cells than those without (C). Sections -
cells cultured in the presence of13 showed positive (red) staining for LPLUNC
(F). The control shows no positive staining for LPLUNCL1 (E). The red arrow st
a ciliated cell ad the black arrows show goblet cells. (Images are of cells -
Donor 1)
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Immunofluorescence and confocal microscopy allowed closer examination of the
differentiated cellsb-tubulin (Figure 4.7A and B) and MUC5AFigure 4.7C and D)
stainedcilia and mucus, respectivelyhich allowed for comparisons between the cells
cultured in the presence (Figure 4.7B and D) or absence (Figure 4.7A and €)3f IL
Higher levels of MUC5AC weregfound following the additionof IL-13 but no
differencewasdetected n t h e -tubmlin sthining.The differentiation status of

the cells was confirmed bynmunofluorescent staining for Z0 (Figure 4.8A), which
stains the tight junctions formed between cgellguBulin (Figure 4.8B) stainingf
ciliated cels, MUC5B positive (Figure 4.8Cyoblet cdls, and SPLUNC1 positive
(Figure 4.8D)serous cellsZ-stack images were not taken of these secti@Gostrols for

all staining were section stained incubated with secondary antibody only (Figure 4.7E
and F and Fjure 4.8E)

To obtain more quantitativeof the effects of IE13 on the cells RNA from
differentiated cultures wa®verse transcribed and gP@Rrformed using primers for
SPLUNCI1, LPLUNC1, MUC5AC and MUC5BNd actin as aandogenous control. 1L

13 treatmat had no effect on levis of SPLUNC1 (Figure 4.9A) oMUC5B (Figure
4.9D) while LPLUNC1 and MUC5AC was increased0.75 and 14fold difference
respectivelyin IL-13 cultued cells (Figure 4.9Bnd Q; a ratio paired test performed

on the raw data valué€®ld change data shown in graphs for better comparison) showed

the increase in MUC5AC was significant (p<0.05)
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Figure 4.7: Immunofluorescent staining of 2tday differentiated cell cultures to
compare effects of IL-13

Positive (green) i mmu n o f I|-tubalin AsandeB) @and
MUCS5AC (C and D) in cells cultured in the absence and presenceld. IControls
were stained with Animouse secondary antibody only (E and F). Muelere
stained blue with DAPI. (Cells from Donor 2)
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70-1

MUCSB SPLUNC1

Control

Figure 4.8: Immunofluorescent staining of 21day differentiated cultures with
other markers

Positive (green) immunofluorescent staining was seen@®@f.Z ( Atdbulin B),
MUCS5B (C) and SPLUNC1 (D). Control was stained with Auadbbit secondary
antibody only (E). Nuclei were stained blue with DAPI. (Images of cells from D

3, but are representative of all differentiations).
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Figure 4.9: Comparison of SPLUNC1, LPLUNC1, MUC5AC and MUCS5B in
cells cultured in the presence and absence of413 by gPCR.

Cell cultured in the presence of-ll3 appear to show lower levels of expressior
SPLUNC1 (A) and MUC5B (D). They show higher levels of LPLUNC1 (B) ¢
much higher levels of MUC5AC (C). A ratio pairetest performed on the raw da

values showed signifant increases in MUC5AC (p<0.05) (n=3).Error bars st

SEM. (Donor 3 cells).
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4.3.3.IFN -2 stimulation of ALI cells

After establishing the ALI model it was important to test the responsiveness to
additional stimulus that could be measured easily-dFN wa s  Brittcg ldu ehad.

(2013 showed a reduction of SPLUNCL1 expression in a murine airway epithelial model
when stimulated with IFMN |, a finding which was part:.i
using the NGIH292 cell line. Due to their pative functions in immune responses and

our previous use of PLUNCs as differentiation markers we sought to test these findings

in human ALI cells. We treated 21 day differentiated ALI cells with-FN f or 18 h ¢
based on the study IBritto, Liu et al. (2013 Apical surface washes were collected,

cells lysed in TRI reagent and RNéxtracted. Due to thémited number of cells

available we only ugka single doseof IFd f or a singl e time per

Apical secretions were separated using $SIA&E, Westernblotted and probed with
antibodies against PLUNC1 (Figure 4.10A)and SPLUNC1 (Figure 4.10C) The
results sbw bands at the expected sizes for both proteins. Densitometry analysis
showeddifference 4fold increasen LPLUNCL1 (Figure 4.10B)secretion and a-fbld
increase in SPLUNC(Figure 4.10Dsecretion when stimulated with [F)
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Figure 4.10: Western blot for LPLUNC1 and SPLUNC1 in ALI cells stimulated
with IFN -0 .

10pl of secretion was separated by SBSGE and Western blotted for LPLUNC
(A) and SPLUNCL1 (C). Bands appear at the appropriate sizes for both proteins
samples and positive contrghn apical secretion from ALl cells cultured t
Synairgen and progied to us for a previous studypensitometry analysis wa
performed to show induction of LPLUNC1 (B) and SPLUNC1 (D) after stimula
with IFN-0 . A r atttasteshowsano sigeificance (n=3). Error bars show S
(AlIFN-2 st i mul at i odifferengatonsfusing Banat 3 celis).
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gPCRgeneratd quantitative data on the expression of SPLUNC1, LPLUNC1 afidIP
following IFN-0 t r e A&ld sigmficant.differences in SPLUNC1 (FigureldA) and
LPLUNC1 (Figure 411B) were noted butmarked diference (average 125@old
difference)were seen in the induction of {20 following IFNNO st i mul at i on
4.11C), this wasnot significantupon statistical analysis withpairedt test This change
confirmed that the stimulation of the cells did exert an-tFN ef f ec t but
stimulation had no effect on expression of SPLUNC1 or LPLUNCL1. The fold change

data from each replicate is shown in Appendix 4.
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Figure 4.11: Comparison of SPLUNC1, LPLUNC1 and IR10 in cells stimulated
withlIFN-o by qgPCR

Quantitative data was generated using qPCR performed with primers a
SPLUNC1 (A), LPLUNC1 (B) and 20 (C) in samples from cells stimulated wi
IFN-0 and wunsti mul a tttesdshavedno significance (3).[Ea
bars show SEM.
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4.4.Discussion

The aim of this chapter was teeproducibly establish ALI cell culture in our
laboratory Previously, work from the lab with such cells was done on a collaborative
basis with ALI cell RNA and secretions being provided by a number of different
collaboratorgBingle, Cross et al. 2008ingle, Barnes et al. 200 Bingle, Wilson et al.
2010. We were able to successfully differentiate prim&BE cells using the ALI
culture method numerous time using cells from five different donors and modulate this

phenotype with the addition of 1.3 to generate a more goblet cell riclepbtype.

The ALI technique was established in 198Uu, Martin et al. 1990and hasbeen
replicated and utilised by many groups since, using a number of differing pratuaiols
havebecome increasinglynore @mplex, including modulation of cellular phenotype
with growth factors and use of a variety of culture tools with transwell inserts resulting
in effective differentiation of mucusecreting cell typesrhe process ofitferentiation
causes the cells to talon a pseudostratified appearafRess, Dailey et al. 200And

has been shown to be a good representation ofinh&ivo airway epithelial
transcriptome(Dvorak, Tilley et al. 201l We considered thathis differentiation
processaand the associated complex secretory products produmeid mot only closely
mimic the airwayin vivo but would alschelp to overcome the issues of cell death and
the limited responses seen in cell lines and uHBE defiscted with RSV and NTHi
and described in the previous chaped be a useful tool for studying the responses of

the airway epitheliumat a variety of stimuli

In principle,airways cells, whether extracted from patients or purchased commercially,

arecultured in transwells witlh source of growth medium availalilelow the transwell

in the basolateral compartmenthile the cells on thapical surface of the transwell are

exposed to the air. The transwells can be coated with a number of extracellular matrix

proteins, e.g. collagemgr cells to adhere ttNlend, Bookman et al. 20Q0Ross, Dailey

et al. 2007 Parker, Sarlang et al. 2010rhis is more commonly used in cases where

cells are limited, for example whecells are obtained from bronchial brushings, as it

aids in cellular adherence in order to aid growth of the CBEfls.commercial cells used

in this projectgrew well in flasks that were not collagen coatedveoe alsccultured on

noncollagen coated @answells. There is some suggestion in the literature that collagen

coatingis critical for ciliated celdifferentiation(Ross, Dailey et al. 200,7/howeverthis

was not the case for our studies, and the cells differeniidiediliated and goblet cells
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with proportions visibly altered when cultured in the presence el3Lto increase

goblet cell numbers(Laoukili, Perret et al. 20Q01Turner, Roger etal. 201).
Modification of the phenotype through #L3 provides a model for studies of airway
diseases that are associated with mucous cell metaplasia and increased production of
mucus, asn situ diseasd airways, such as those from patients with COPD and asthma
contain significantlyincreased numbers of goblet cells. Thus our aim twasstablish

these culture$or our own studiesincluding modulation of the phenotype by changing

the cuture conditions, and to validate these against tlad®ady established by other

groups.

Differentiation to a mucociliary phenotype, results in the induction of a significant
number of genes which can then act as markers for different epithelial cell types within
the cultures. These markers are easily accessible imtizeisrich secretions of the
mucociliary phenotype. Transcriptional analysis performe®bgs, Dailey et al. (2007
showed that two of the most induced gertkging the process omucociliary
differentiationare SPLUNC1 and LPLUNCI1. The proteins encoded by these genes are
membes of a larger family known as the PLUNC (BPIF) fam{Bingle and Craven
2002 Bingle, Bingle et al. 20))1and are found abundantly in the mucus of the upper
airways and nasal passadBsngle and Bingle 2000Bingle, Wilson et al. 2010 The
induction of PLUNC proteins as a direct result of differentiation of primary airway
epithelial cellsin vitro (Bingle, Barnes et al. 20Q0Ross, Dailey et al. 200Bingle,
Wilson et al. 201)) and the ease in which it is possible to obtain samples (by washing
the apical surface of the cultures) make them ideal candidates to use as markers for
tracking differentiation during the establishment of ALI cultuxeither of these genes

is significantly expressed in undifferentiated primary airway dq&lsss, Dailey et al.
2007). As our group workextensivelywith these proteis, they were chosen as markers

of differentiation for use in this projectlt was important to identify and validate

antibodies against PLUNC family members in order to use them as markers.

In the absence akadily availake commerciabntibodiesat the start of our studiege
generated antibodies agairstnumber of family members using/o epitopes per
protein to increasthe chances of successful antibody generafidre foundingPLUNC
family member, SPLUNC1 was idengfi by a number of groug8veston, LeClair et
al. 1999 Bingle and Bingle 2000lwao, Watanabe et al. 200Di, Harper et al. 2003
and has become one of the most charactefe®dy members since the@uring our
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studies commercial antibodies did become availaht® \ae used one of these as a
positive control for the antibodies we had generated. As the single discrete bands for
each SPLUNC1 antibody, including the commercial antibody, appeared to be the same
size on the gel we concluded that they were identifyingUNC1. In other studies in

the laboratory we have also validated these same antibodies against recombinant
SPLUNCI1 protein(Bingle, Cross et al. 2005 The LPLUNC1 gene was identified after
conducting BLAST and PSBLAST searches to identify expressed sequence tags
(Bingle and Craven@2). Qur recent publicatioriBingle, Wilson et al. 2010was the

first to focuson LPLUNCL1.Our inhouse antibodies were validated usiregombinant
LPLUNCL1 expressed in Chinese hamster ovary dellthe absence of a commerbyal

availableantibody.

Western blottingperformed usinghe LPLUNC1B antibodyshowed a discrete banding
patternwith a doublebandsuggesting that LPLUNC1 is pesanslationally modified

by N-linked glycasylation, an observatiorsupported by the identification of
glycosyhted LPLUNCL1 isoforms in saliv(Ramachandran, Boontheung et al. 2008
Deglycosylation studies showedreduction of thelouble band to a single band and
further supported this conclusion. We were also able to show that BAL fluid esmpl
contained bands with the same molecular mass as seen in the ALI secretion, suggesting
that the ALI cells produce native LPLUNCL1 essentially identical to that seen in lung
secretions. In other studies the antibodies have been used to localise LPLUBCL1 in

population of goblet cells situas well as in ALI cultureéBingle, Wilson et al. 2010

Data producedrom our cell cultures supports our suggestion that they were able to
differentiate into a mucociliary phenotype. Cells were cultured for 21 days as 14 to 21
days of culturehas previously been shown to be sufficient for full differentiation to
occur (Ross, Dailey et al. 20Q07urner, Roger et al. 20L1Western blotting for both
SPLUNC1 and LPLUNC1 confirmed that both proteins were increasingly detected in
the cell secretions during this period of diffdration. As expected, prior to
differentiation, cell secretions were negative for both proteins. Undifferentiated cells
have a more basal cell phenotype and do not express the differentiated cell markers. Our
data did exhibit some variation in the timewdtich each protein was detected which is
in agreement with previous results from our lab using cell samples prepared by the
Campos lab in Miami. It does appear however that cells cultured for this study secrete
the proteins at a later stage of culture tinan have seen previously with LPLUNC1
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being secreted by day &ampos, Abreu et al. 20048Bingle, Wilson et al. 2010
whereas we didnodot s e e Thistmayueildct differedcesyinthed i n t hi
origin of the cells, their passage number and the exact calbmditions that are used.

Our cells were from a commercial supplier whereas the Campos lab uses cells isolated
from unused donor material, cells are cultured on collagated transwells and the
media used is slightly differe€ampos, Abreu et al. 20p4 PLUNC1 was secreted as

a double band on Western blot illustrating differential glycosyfatiwhich was
removed by treatment with deglycosylation reag€Biagle, Wilson et al. 2010 This
confirms thatour cells were secreting a similar protein to that previously reported and
that is seenn vivo. As gene transcription always precedes the production of secreted
proteins pehaps unsurprisingly our PCR data showed activation of gene transcription
for both LPLUNC1 and SPLUNCL1 by day 2 of the differentiation period. This confirms
that cells used in this study begin to undergo the process of differentiation soon after
being moved to the ALI and that perhaps the lack of secreted protein may reflect a
sensitivityissue in the blotting procedure. Importantlye were able to show that both
LPLUNC1 and SPLUNC1 were always detectable in secretions from cells after 21 days
of ALI culture and in all of our subsequent studies we used cells that had been cultured
for this period of time prior to us&Vashes were collectetiroughoutall successful
differentiations with induction of both PLUNCSs protelmsinga consistent occurrence.

Our data also showed that the ALI cultures expressed a numleidibional marker
proteins. Examining the cellular composition by immunofluorescence staining
demonstrated aimcrease in the number of goblet cédlowing stimulationwith IL-13

during dfferentiation. The histological sections from similar samples clearly
demonstratedhe presence of ciliated and goblet cells, as well as the -lewdi
arrangement that gives the epithelium its pseudostratified appearance. These images are
in keeping withthoseproduced byRoss, Dailey et al. (200,7and confirmed that we

had been able to establishccessful differentiatiom our culturesOn the basis of all

of these observations we felt confident in using these cultures in subsequent infection

studies.

One of the major issues associated with the use of primary cells is that of donor
variation. This may in part have been the cause of the temporal differences in secretion
of the proteins discussed above. To attempt to overcome this variagiostugied
multiple samples froneighteen separate differentiatiexperimens using cells from
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five distinct donors We alsogeneragd quantitative data through use of gPCR, dot
blotting and densitometry analysis to compare differences between cells cultured in the
absence and presence ofl1B. Donors from all cells successfully differentiated into a
pseudostratified layer with a muchary phenotype. All showedinduction of
SPLUNC1 and LPLUNC1 upon differentiaticlthough thiswas consistent within
individual donorst was clear thathe level of induction was variable between donors.

Il mmunof | uor es c etobulie, asntkeriofrciliated celfs adentified in the

array studies oRoss, Dailey et al. (200,7and a classical ciliated cell marker confirmed

the presence of cilia on the surface of cells, although surprisingly there appeared to be
no clear difference betweehose cultured in the presence and absence-@BILThis
contrasts with changes seen previously where there was a marked decrease in the
number of ciliated cells in H13 positive culturegéLaoukili, Perret et al. 20Q;Lhowever

they utilised an antibody against glutamylated tub(lifolff, de Nechaud et al. 1992

a posttranslational modification found in cilial axonemes and essential for airway
ciliary function(lkegami, Sato et al. 20),0which identifies more than just one specific
class of tubulins providing a higher level of detection/positive staining. We used the
sane antibody a¥illenave, Touzelet et a(2010 as they had shown it to detect cilia in
cultures, staining with the more specific antibody may have identified a highemamo

of staining as well as confirming that the cilia are functional, and should be considered
for staining of cilia in the future. A later study showed a decrease in expression of
FOXJ1, a transcription factor expressed in ciliated cells, resulting inofossgia in
cultures treated with H13 as 1l-:13 was shown to regulate thfexjl promoter
(Gomperts, Kim et al. 2007 Although we have detected FOXJ1 in our cells (Varsha
Ganesan, unpublished data) wmave not studed differential expression withand

without IL-13 treatment.

Marked differences in MUCS5AC expression, consistent with previous st{igieskili,
Peret et al. 2001 Atherton, Jones et al. 2003 urner, Roger et al. 20)lwas
demonstrated by immunostaig, qPCR and immunoblotting. These studies utilised
immunostaining or fluorescent labelling to examine the morphology of the epithelium
and was then used to approximate proportions of goblet cells in comparison to ciliated
cells at varying times througthé differentiation period. These were estimated to be
around 50% secretory and 10% ciliated cells after 21 days of treatment wighiiL
comparison to the 15% secretory and 25%
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(Laoukili, Perret et al. 2001 Array studies were performed Boss, Dailey et al.
(2007 at differing time points throughout a 28 day differation period which
focussed on genes that showedregulation of more than Hold. These studies
identified large induction of MUC5B, confirming the studyBérnacki, Nelson et al.
(1999. However,initial array studies did not show MUCS5AC as undergoing large
induction however gPCR studies did show a large inductiohotf MUC5AC and
MUCS5B by day 12.0ur qPCR studies showed expression of PLUNC proteins,
MUCS5AC and MUCS5B in agreement witRoss, Dailey et al. (200And comparison of

the cells cultured in #hpresence and absence ofll& showed a significant difference

in MUCS5AC expression at day 21, consistent with previous stytasukili, Perret et

al. 2001 Atherton, Jones et al. 200®ur data sbwed a 15old increase in MUC5AC
expression, which is supported by the study conductetiuyer, Roger et al. (20)1
which utilised TagMan gPCR to compare expression of MUC5AC between cells
cultured in the absence and presence e13LThey showed large increases in mRNA
expression in cells cultured in the presence el3Lby day 14lL-13 has also been
shown to induce MUC18, which appeared to aid adherence of NTHi, suggesting action

as a receptor for NTHISimon, Martin et al. 2001

A study conducted using cells isolated from nasal polyps and cultured at an ALI in the
presence of differing doses of-I.3 showed dowanegulation of SPLUNC1 expression

(Yeh, Lee et al. 2000This is not consistent with our study usiHBE cells.The down
regulation seen in the nasal cells was dose responsive, using 0, 1, 10 and 100ng/ml and
as we used 20ng/ml of 413 this may account for the small decrease in our study, or it

could equally be a result of the differing cell types used for culture

Having successfully established the ALI technique the responsiveness of the model was
tested by stimulating the cellswith I[FN as i t w aBstto,rLia ptalr(20&3d by
that IFNO st i mul ati on of ALI di fferentiated
inhibits the transcription of SPLUNC1. This data was further confirmeBrhio, Liu
et al. (2013 using the human N@&H292 cell line. This data complements previous
studies on the NGH647 cell line using northerblotting (Bingle and Bingle 2000
When we performed these studies in Alifferentiated cells we anticipated that
standard PCR for LPLUNC1 and SPLUNC1 would show a decrease in gene expression
in accordance with the data froBritto, Liu et al. (2013 However my findings, of no
significant change in SPLUNC1, do not match thaBuwfto, Liu et al. (2013 or Bingle
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and Bingle (2000 both groups showed a reduction of SPLUNC1 upon -3FN
stimulation. Interestingly, we have been unable to readily detect SPLUNgZéassion

in the NCHH292 cells in our lab (unpublished results). The differences in responses
could be due to the differing cell types used or could be due to the length of time the
cells were stimulated for. We stimulated for only 18 hours in comparstreBritto,

Liu et al. (2013 study which stimulated cells for 248 hours. It seems unlikely that our

data was due to lack of activity of the IEN t r eat ment as tHd®& | ar
thelIFNO i nduci bl e protein, shows that-o.the
The® results need to be strengthened using both a dose and time course study before
any firm conclusiongan be drawn relating to the role of I¥Nn the regulation of
SPLUNC1 and LPLUNCL1 gene expression in human ALI cells.

As suggestegbreviously, a limitéion in the use of primary airway cells is the difficulty

in obtaining sufficient cell numbers for replicates of experimental exposures. This
certainly limited the number of studies wereable to perform in this validation work.
Development of methodsthat would allow increased cell numbers to be
isolated/cultured would allow more studies to be performed from a single donor.
Recently published data shows that treatment of ALI cells with akiase (ROCK)
inhibitor enhances basal cell proliferation wihoany subsequent effects on
differentiation at the ALI(Horani, Nath et al. 2033 This treatment may provide an
effective solution to issues of low celumbers, allowing seeding of cells at lower
densities which would be beneficial in future work to obtain more wells of cells for
differentiation. We performed a simple experiment to show that this treatment does
indeed appear to increase cetbliferation (Appendix 5) but time limitations did not
allow for a systematic analysis of the differentiation capacity of these cells. However,
subsequent work performed in the laboratory with primary mouse TBE cells has
confirmed increased cell numbers following RO@Kibitor treatment (Dr Khondoker

Akram, personal communication).

In conclusion, ALI culture was successfully and reproducibly establishiexligh
eighteen differentiationsising cells from five different donorsOur dataconfirmed
induction through useof several markers. Modification of the phenotype was also
achieved, with culture in the presence ofll8 resulting in increased goblet cell
numbers. StimulationwithIFd di d not appear t o ,asrh&di bi t
been showmpreviously; This could be due either to the length of tinmatt cellswere
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stimulated for or due to the doslkosenHowever, laving established a differentiatad
vitromo d e | of 6normal 6 and 6di seasedd airways we

studies as outlineish the next chapter
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5. Establishment of infection models using AlLidifferentiated primary

cells

5.1.Introduction

The ALI differentiation process results in development of a mucociliary phenotype, that
includes ciliated, serous and goblet cells as well as the secrefwadafcts from these

cells. ALI cells have been shown to provide a gdaondvitro model of the respatory
epithelium,and thusa more representative tool to study the interaction of pathogens
(Dvorak, Tilley et al. 201)L Cells become tightly packed, developing tight junctions

and a pseudostratified appearance. We considered that the increased cell densities seen
in the cultures as well as the multiple innate defence proteins that they release into the
apical secretions may prevent the cell death and destruction of tmecrelllayers seen

in the studies undertakémthe established cell lines addscribed in Chapté&.

As previously mentioed RSV is a common pathogen causing recurring infection in the
airway. It has previously been shown that RSV specifically infects ciliated cells in ALI
cultures (Zhang, Peeples et al. 2002This specificity of infection provides an
alternative tool to check the intéty of the ALI differentiation model as well as
characterise the responses elicited by an RSV infechidiHi is associated with airway
colonisation and exacerbations of symptoms in airway diseases. No key feature has
been identified that is necessary MTHi to establish an infection. HowevelTHi
strains are known to possess protease activitthe form of IgA1 proteas@laut, Qiu

et al. 1992, that is utilised to impair the immune respor{gdian, Mestecky et al.
1979 Male 1979. IgAl protease functian as an autotransporter in bacterial
aggregatiormediating the formation of micro coloniéBlaut, Qiu et al. 1992and the
proteasas foundnear the top of the biofilm structure, leadingthe suggestion that it
has a protective function against antibody atta(Webster, Wu et al. 2006
Examination of proteolytic activity exhibited by NTHi during the infection process may

also provide insight i@ early infection and biofilm formation processes.

5.1.1.Aims

The aims othis study weréo:
(1) Establish and characterise RSV infections in ALI cells
(2) Establish and characterise NTHi infections in ALI cells

(3) Investigate the proteolytic activigf NTHi on epithelial host defence products



5.2.Methods

5.2.1.Infection of ALI cells with RSV

ALI cells were infected with either 5x1@r 1x10 pfu/50pl of RSV; both doses were

used in cell line infections. After initial infections, 1X1¢fu/50ul was used for
infections toensureinfection of themore complexpseudestratified ALI cultures.The
surface of the cells was washed after 48 hours and the wash frozen. At 5 days post
infection, the experiment was terminated by washing the surface of the cells with 180ul
of PBS (as above) and fixing for 10 minutes with 10% phospbattered formalin.
Fixative was replaced with PBS for storage until they were immunofluorescently
stained.

5.2.2.Infection of cells with NTHi

Primary cells differentiated at the ALI were already ondveglls, and were cultured in
antibiotic free media for at least three days prior to infection. The surface of half of the
ALI wells was washed with 180ul of PBS 24 hours priomtiection;the other half was
washed immediately before infection. Cells wigrfected with approximate MOIs of 5,

25 and 50 diluted to final volumes of 50ul in PBS for 1 hour, 3 days and 7 days. After
which, a gentle wash was taken from the surface of the transwedt@med Wells were
washed in the basolateral compartment WWBS to remove excess media and fixed for
10 minutes in 10% phosphabeffered formalin (basolateral and apical compartments).
After 10 minutes the formalin was removed and replaced with PBS for longer term
storage. Before imaging, membranes were cut frlioenttanswell using a scalpel and
mounted with Vectashield containing DAPI, sealed with nail polish and imaged using

the Olympus FV1000 Confocal Microscope.

5.2.3.Co-infection of RSV and NTHi

ALI cells that had been differentiated for 21 daysre infected withpreviously
established doses of both RSV and NTHi. Cells were initially infected with
1x1CPpfu/50pL of RSV for 3 daysafter which the surface of the cells were washed and
basolateral media (antibiotic free) changemr to a secondary infection with NTHi at
an MOI of 25 for 3 days and 7 daySells were infected with RSV firstsait took
longer to establish an infectidghan with the NTHi Single pathogen infections of RSV
at 1x10pfw50puL and NTHi at an MOI of 25were performed alongsidéor the
durations stated irthe coinfections so asto act as controlsAt the end of the
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experimental exposuresiclei were countestained with DAPI mounted and imaged

using confocal microscopy.

5.3.Results

5.3.1.Infection of ALI cells with RSV

Differentiated ALI cells were infected with recombinant red RS\4 atose of 1x1D
pfu/50ul for 5 days This dose had previously been validated in the laboratory in a
related projecfUgonna, Bingle et al. 20}4Infections were performed on cells that had
been cultured for 2Mdays in either the absence (Figure/.4nd Figure 5.2A or
presenceRigure 5.1B andrigure 5.B) of IL-13. This allowedus to study the effects

of the differing phenotypeas IL-13 treated cells haan increased number of goblet
cells. After fixing, ne mbr anes wer e i mmu n o ftubulio (Figwsec e nt |
5.1) and MUC5AC (Figure 5.2). Membranes were then cowstééned with DAPI and
staining was visualised and-sfack images captured using confocal microscopy.
Control staining was performeding secondary antibody only, these were not routinely
imaged after initial images showed no background staining. Imaging of secondary

antibody only controls can be seen in figures 4.7E and F.

Overlapof green positivéb-tubulin with the red virus infectedells was demonstrated
(Figure 5.1)(white arrow$. Staining for MUC5AC did not overlap with virus infected

cells; ratherthe green staining of MUC5AC was seen around infected cells (Figure 5.2)
(white arrow$. Z-stack imaging allowed for a composite te made ofz-axis views,

with the same patterns as thexis views (Figure 5.1 and Figure 5.@ed arrows.

These observations suggest that RSV selectively infected ciliated cells. These results are

representativef n=3 individualexperimental infections
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To obtain a snapshot of géhcytokine profile produced by infected culturegical
washes from day 4 and 5 of the RSV infected control wellsvere combined and
cytokine levels werasessedFigure 5.3). The arrays were all performed at the same
time and densitometry was performed on a single exposutbe films to allow
comparison ofthe infected cells with controls. Washes from cells cultured in the
absence of 1113 showedncreases il5-CSF(8-fold), IL-1ra(6-fold), and IL-6 (4-fold)
alongside induction of K0 (Figure 5.4A Washes from the RSV infected cells
cultured in the presence of -IL3 showedinduction of RANTES as well as IPLO,
alongside increases in-GSF (2.75fold), GM-CSF(1.5fold), IL-6 (1.5fold) and MIF
(2-fold) (Figure 5.4B although the magnitude of these increases was less than was seen

in the IL-13 negativecultures
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A19,A20 Positive B19,B20 - C19,C20 - D19,D20 - E19,E20 Negative

Figure 5.3: Cytokine Array of RSV infections
Cells cultured in the absence (A and B) and presence (C and D)}X8 ilere
infected with RSV (A and C) for 5 days. Part E shows the data table for the cy!

array. (Secretions from infections of Donor 1 cells) (n=1).
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Figure 5.4: Densitometry performed on Cytokine Array of RSV infections

Cells cultured in the absence (A) and presence (B) -df3llwere infected with RS\

for 5 days and washes used to perform a cytokine array (Figure 5.3) and demngit

analysis performetb quantify and show the differences between cytokine respc

(n=1).
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5.3.2.Infection of ALI cells with NTHi

Infections of ALI cells with NTHi were performetb attempt toestablishchronic
infections on the surface of the celdgth the ultimate aim of developinigiofilms. To
directly examine the effect of surface secretions on infection and biéilmation
experiments were performed with the apical surfzfoeell cultures being washedleer
24 hours or immediately prior to thefection of the cultures.

Preliminarystudiesdetermined numbers of NTHi required to establish infections on the
ALI cells. We used the same doses (MOI of 5, 25 and 50) and time points (1 hour, 3
days and 7 days) as in the cell line infection studies outlined in Chapter 3. After
infection witha GFP-tagged strain of NTHtonfocal microscopy allowed visualisation

of resuling infections

All doses of NTHi used to infect cells in the presence and absence of apical secretions
were compared at 7 dayBigure 5.5). There we visible differences between the two
conditions with an MOI of 5 (Figure 5.5A and B). The presencapital secretions
appeared to have had an effeot rates of infection, with many fewer green bacteria
being present in the infections performed in the absence of secrdtioasuggested

the absencef mucus mayhave prevened the NTHi from establishing a sucssful
infection at this lower dose. Thafferencewas much less noticeable in the MOI of 25
(Figure 5.5C and D) and 5(Figure 5.5E and F) infections with imagelowing
presence of higher numbersiotlividual bacteria. Thuthe MOI of 25was useds tle
representative dose for presenting imaging data throughout the remainder of this

chapter.
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24h of secretions No secretions

MOI 5§

MOI 25

MOI 50

Figure 5.5: NTHi infections of ALI cells cultured with and without surface
secretions with three doses of NTHor 7days

ALI cells were infected with a GFRagged strain of NTHi at an MOI of 5 (A an
D), 25 (C and D) and 50 (E and F) for 7 days. The apical surface of cells
washed either 24h (A, C and E) or immediately prior (B, D and F) to infec
Nuclei ae stained blue with DAPI, and green fluorescence confirms the presei
bacteria in infected wells. (Images from Donor 3, representative of n=3 infec

including Donors 4 and 5).
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Using representative images from infections at MOI of 25 we shtiweegrogression of
the infection through the selected time pointd dfour(Figure 5.6AC), 3 days (Figure
5.6D-F) and 7 days (Figure 5.6[p; we utilised the one hour time point to check for
viable bacteria As we were interested in chronic infectionsdabiofilm formationwe
alsoutilised longer time pointfor infections Green fluorescence shedthe presence

of small amounts of bacteria at 1 hour, which increased by 3 days and further increased
by 7 days. As expected uninfected control wells showedreen fluorescence. DAPI
staining of the nuclei showed thtae majorityof cells remained in the cultures at day 7
suggesting that the confluent layer of cells was maintained throughout. Wagsreo
significant differencein the amount of bacteribetwveeninfection ofthe cellswashed
immediately prior to infection and those with apical secretions (mwashed 24 hours
before infection) however analysis of the green fluorescence channel showed an
increase in green fluorescence in cells infected Willi for 7 days in the presence of

apical secretions (Figure 5.6J).

Bacterial viability was assessed 7 days after infection using apical washes from all 3
MOlIs (Figure 5.7). There was no significant differereved the presence of apical
secretions on # cultures prior to infection also had no influence on viable bacteria

counts.

Infection did not have a&ignificant impact on cell viability or bacterial numbers,
thereforeadditional experiments were performed in which the infection was extéoded
10 (Figure 5.8AC) and 14 days (Figure 5.8B). Representative images with MOI 25
are showr(Figure 5.8). Green fluorescenatthe 10 and 14 day time points was clearly
below that seen in the shorter infections. DAPI staining of nuclei sftbthat cell
numberswerereducel, with spaces being visible in the 10 day image targlwas more
apparent irthe 14 day image when compared to the mock infected control.
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Figure 5.6: NTHi infections of ALI cells cultured with and without surface
secretions for 1hour, 3days and 7days

ALI cells infected with a GFRagged strain of NTHi for 1h (&), 3d (DF) and 7d
(G-1). The apical surface of cells was washed either 24h (A, D and C
immediately prior (B, E and Ho infection. Nuclei are stained blue with DAPI, a
green fluorescence confirms the presence of bacteria in infected wells. There"
green fluorescence in the controls (C, F and I). Images are from wells infecte
an MOI of 25. Mean green fluseence was measured using ImageJ to quant
differences between the presence and absence of apical secretions (J). (Imac

Donor 3, representative of n=3 infections, including Donors 4 and 5).
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