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ABSTRACT

Chronic inflammation is a persistent inflammatory condition ultimately leading
to tissue destruction. The human lung is constantly exposed to foreign irritants
and microbes thus effective immune regulation is essential to maintain lung
homeostasis. The chronic infection of the cystic fibrosis (CF) lung with
Pseudomonas aeruginosa strongly correlates with the decline of pulmonary
function and mortality. Pseudomonas alkyl-quinolone signal (PQS), generated
through the 2-alkyl-4-quinolones (AQs) system, is a diffusible signal for cell-
to-cell communication controlling the production of virulence factors in a
population density dependent manner. PQS has been detected in the lung of CF
patients and the amount was proportionate to P. aeruginosa colonisation. PQS
molecules have also been demonstrated to inhibit pro-inflammatory signalling.
However, how PQS influences the recognition of P. aeruginosa by the human
lung is unknown. Towards this aim the contribution of PQS to the interaction
of P. aeruginosa with human bronchial epithelial cells (HBECs) was
characterised using a PQS-deficient mutdpgsA4, in comparison with its
isogenic wild type (WT).4pgsA. did not produce AQs and pyocyanin;
displayed reduced rhamnolipid synthesis and fragile biofilms suggesting an
attenuated phenotype. However, the pathogenesWfand 4pgsA. upon
infection of HBEC did not differin bacterial growth, actin degradation,
junction protein disruption, and pro-inflammatory activation in HBECSs.
Further, despite PQS being highly secreted by a CF isolate LESB5S8,

preliminary data showed that LESB58 was less cytotoxic than the laboratory



WT strain. Our results suggest that PQS does not alter P. aeruginosa

pathogenicity during infection of HBECSs.

Idiopathic pulmonary fibrosis (IPF) is a progressive pro-fibrotic disease
characterised by heterogeneous pathological patterns caused by scarring that
leads to destruction of lung architecture and high mortality. Despite the fact
that inflammation is considered secondary to the IPF pathogenesis, emerging
evidence suggests that dysregulated immunological events could cause the
failure of tissue healing. Systemic immune responses of patients with IPF and
age- and sex-matched healthy donors were determined by quantifying
cytokines produced by peripheral blood mononuclear cells (PBMCs) upon an
array of stimuli. Cytokine production in the cases was also correlated with their
survival. The results showed that PBMCs in patients with IPF were less likely
to produce IL-17A, IL-10 and IL-13 than healthy controls (IL-17A: OR 0.14,
95% CI 0.003; IL-10: OR 0.3, 95% CI 0.03; IL-13: OR 0.27; 95% CI 0.018).
Patients with lower levels of IFM-IL-17A, IL-13 production by PBMCs had

a four to six-fold increased risk of death (IFNHR 4.31, 95% CI 0.0176; IL-

17A: HR 4.60, 95% CI 0.0138; IL-13: HR 6.13, 95% CI 0.0052).

This study contributes to a better understanding of the role of PQS in the
pathogenesis of P. aeruginosa and identified cytokine production by immune

cells as a novel prognosis marker in IPF.
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1. GENERAL INTRODUCTION

The lung is a dynamic organ that constitutes one of the sangerfaces

between the body and the external environment and is constantly exposed to

microorganisms and particulate irritants (Suzuki et al., 008). In particular the

lung epithelium acts as a key orchestrator of the pulmonary immune response.
The aim of tis study was to extend the understanding of the immune
mechanisms of human pulmonary diseases by focusing on two chronic fibrotic
diseases: cystic fibrosis (CF) and idiopathic pulmonary fibrosis .(IREyder

to contextualise and justify the present study, this general introduction briefly
reviews the main features of the human respiratory system including anatomy
immunology and pathology, and introduces two fibrotic pulmonary diseases: (1)
CF focusing on the innate response of airway epithelium upon bacterial
infection and (2) IPF when the emphasis Wil placed on systemic immune

responses and their association with disease.



1.1. HUMAN RESPIRATORY SYSTEM

1.1.1. Lung structure and function

Humans have two lungs; a right lung consisting of three lobes and a left lung
slightly smaller and consisting of two lobd%$he primary function of the lung

IS gas exchange to obtain, @r the use of body cells and to eliminate £LO

Sherwood, 2007). The air passes through the nasal, larynx and pharynx down

into the conducting zone branching from trachea, bronchi to terminal
bronchioles (see structure in Fig. 1.1) where the conditioning process takes
place. This conditioning process involves warming and humidifying of
incoming air and removal of particulate materials. The respiratory, zds®

called lung parenchyma, comprises alveolar air spaces, alveolar epithelium and

the pulmonary capillaries where gas exchange ocpurs (Berube et all, 2010

Ross et al., 2010Y-he human adult lung has approximately 200 million alveol

with an internal surface area of 75 hrence it is a tremendous platform easily
accessed by foreign bodies. For this, the lung has evolved effective innate

defense mechanisms that constantly protect airways against bacterial and other

types of intrusiong (Knowles and Boucher, Z‘TOZ, Sherwood,| 2007).

The wall of bronchi contains five layers: (1) mucosa, which consists in a layer
of pseudostratified epithelium that lies on the basement membrane lamina
proprig (2) submucosa, a relatively loose connective tissue where glands and
adipose tissue are present in the larger bronchi (Fig. 1.2B); (3) muscularis, a
continuous layer of smooth muscle in the larger bronchi. Muscle contraction

maintains the shape of the airway; (4) cartilage layer and (5) adventica, the



moderately dense connective tissue that connects with adjacent structures, such

as pulmonary artery and lung parenchyma.
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Figure 1.1 Structure of the human lung.

Schematic presentation of the respiratory branches in the humanTiiegconducting zor
consists of the trachea, bronchi, and terminal bronchioles. In this aremss@sphrough b
no gaseous exchange takes place. The respiratory zone consists of respoatdriples, th
alveolar ducts and alveolar sacs where gas exchange occurs between the puigandn
capillaries. From the larynx, the branching starts dividing from the tract@awo priman
bronchi and up to 23 generations (Z) to the alveolar sacs. Figqn&add‘oom

[201d.

The bronchial epithelium is approximately 254 thick and is made up of

various differentiated epithelial cell types including ciliated cells, mucin-



producing goblet cells, secretory club cdl@ara cells were renamed as club

cells in 2013|(Irwin et al., 2013)) and basal cells that form a heterogeneous

pseudostratified columnar epithelium (Fig. 1.2). The ciliated columnaiscell

the most abundant cell type in the bronchial epithelium. It displays a
characteristic pseudostratified columnar appearance with each cell carrying
approximately 250 cilia at the apical surface, interspersed with microvilli that

projects to the respiratory lumen. The motile cilia beat with the aid of mucus,

traps noxious inhaled particles and propel them out of the [lung (Shah|et al.,

2009). This movement is termed the mucociliary clearance and protects the

lung by facilitating the removal of small particles or infectious pathogens prior

infection is established or further damage ocg¢urs (Mall, 008, Ross et al., 2010).

Goblet cells secrete mucins and are the second most numerous cell types in the
bronchial epithelium. Like ciliated cells, goblet cells span the full depth of the
epithelium and also project microvilli to increase surface area for mucus
secretion. Their cytoplasm is occupied mostly by mucinogen granules that
accumulate near the apical side. The mucins, secreted by goblet cells and from
mucus glandsmeke up the mucus layer which covers the luminal surface and

protects the epithelium from dehydration by saturation of inhaled air with

water, and potential damage from inhaled particles (Ross et al.| 2010,

Boucherat et al., 2013). Club cells are cuboidal non-ciliated cells located in

human terminal bronchioles and secrete glycosaminoglycans, club cell

secretory protein uteroglobin, and surfactaptapocrine secretion to protect

the bronchial lining| (Reynolds and Malkinson, 2Pp1QJub cells are also

facultative progenitor cells and are capable of self-renewal and restoring

terminally differentiated cells such as ciliated cells. Thus, this unique feature of



the maintenance and repair of lung epithelium suggests that an intervention that

stabilises the club cell pool could be used for the treatment of chronic lung

diseases| (Reynolds and Malkinson, 201Basal cds are undifferentiated

epithelial cells that extend into the respiratory lumen and are located adjacent

to the basement membrane. They are able to differentiate and replenish ciliated

and goblet cell$ (Ross et al., 2010).

The alveolar epithelium is composed of type | (95% of the coverage) and type

Il alveolar cells (less than 5%) and occasional brush ¢ells (Ross et al., 2010)

The direct contact with air and continuous exposure to particles and microbial
pathogens makes the alveolar surface vulnerable. Type | alveolar cells (also
named type | pneumocytes) are squamous cells that line the alveolar surface by
joining adjacent cells through occluding junctions. Type | alveolar cells are
terminally differentiated. Type |l alveolar cells (also named type Il
pneumocytes) are secretory cells rich in phospholipids, neutral lipids and able

to produce surfactant. Type Il alveolar cells are also the progenitor cells for

type | alveolar cells| (Barkauskas et al., 2013a). One proposed theory of

idiopathic pulmonary fibrosis (IPF) aetiology @sdefect of type Il alveolar
cellsto differentiate into type | alveolar cells; aberrant epithelial cell function

could result from continuous apoptosis of type | pneumocytes and proliferation

of type Il pneumocytes eventually leading to irreversible fibroblast foci (Hoo

and Whyte, 2012).
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Figure 1.2 Cellular composition in the human lower and distal respiratory tract.

A. The lower respiratory tract (RT) is comprisetltrachea, bronchi (primary, second
tertiary and small which are defined by the number of dividing branthe 4), bronchiols
and terminal bronchioles. The lower RT is covered with bronchial/ bronchiolare kit
comprised of ciliated cells, club (Clara) cells, basal cells, and goblet cells. Res
bronchioles and alveolar sacs, which belong to the distal RT, are comppsaldeola
epithelium containing type I, Il alveolar cells and alveolar macrophaggsreFadopted fro
(Berube et al., 20]|0). B. Cross-section of bronchial tissue straiitadhaematoxylin ar
eosin. Image taken from http://www.siumed.edu/.
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1.1.2. The innate immunity in the lung

1.1.2.1. Cells and their functions in the airway epithelium

The airway epithelium plays an essential role in innate immunity to xenobiotics.
In addition to gas exchange, airway epithelium participates in the regulation of
immune defense encompassing the passive physical barrier, active mucociliary
movement and immune modulation through the secretion of chemical
mediators. The mucociliary escalator is powered by the cilia that is continually
beating, pushing mucus up and out from the airway into the throat. Microbial
pathogens or particles ranging from 2 toplf in diameter are trapped in the

sticky mucus blanket and moved up by the mucociliary escalator away from

the respiratory tract (Ross et al., 2{J10, Widmaier et al.,|2006). The mechanic

movement able to expel pathogens and external irritants provides a major
barrier against infection. The epithelial barrier is impermeable to foreign
bodies because of the presence ofjtimetional complex consisting of tight

junctions, anchoring junctions (desmosomes and adherens junctions), and gap

junctions that tightly bind adjacent epithelial cells (Fig. 1.3) (Alberts ef al.,

20032). Epithelial cells are capable of triggering immune responses and killing

microbial pathogens through internalisation of pathogens, secretion of

cytotoxic molecules (NO, Dand HO,), anti-microbial peptides and cytokines

(described in section 1.1.2.3.) (Kowalski et al., 3007). Meanwhile, eplthelia

cells can be activated by bacterial components and cytokines such as tumour

necrosis factor-alpha (TNé&) and interleukin lbetall(-13) to regulate the

inflammatory responsg (Suzuki et al., 2D08).
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Figure 1.3 Epithelial cell junctions.

Three specialised junctions support the cellular polarity and paracellular cocaton o
differentiated epithelium. Tight junctions (TJs) are situated closest to the apicalranenam
form a continuous intercellular barrier between adjacent epithelial cells.whitsh art
composed of claudins, occludins and intracellular peripheral membrategngrcalled zonu
occludin (ZO) proteins form a restrictive barrier preventing the flux oid flions ani
macromolecules between the apical and basolateral| Giodfrey, 199Y. Beneath the TJs
adherent junctions (AJs) which form a belt made up by cadherin-catemplex around tt

circumference of cell membrane that linked to actin and myosin fiIeniBaUm and Georgic
20117). AJs function to join adjoining cells in a calcium-dependent maiderm and Georgio

2011). Gap junctions which sit near the basolateral side allow the exchange of inkaz

cytoplasm, ions and other small molecul@dbérts et al., 200R Figure adapted and modifthelial
from [Nature.com, 201}4)

ment of

Upon microbial infection, endothelial cells reorganise their cytoskeleton to
increase vascular permeability; the expression of surface proteins intercellular
adhesion molecule-1 (ICAM-1) and plaelactivating factor (PAF) on

activated endothelial cells are also enhanced to increase the binding of

neutrophils to facilitate the downstream inflammatory respgnse (Sherwood,




2007] Ross et al., 20[L0). In addition toithm®le as major constituents of the

connective tissue structure, fibroblasts produce extracellular matrix,

predominantly collagen type | and type Ill, to sustain the architecture of the

lung (Suzuki et al., 2008). Fibroblasts are important in wound healing, and this

activity is thought to be regulated by fibrocytes that reside in the tissue stroma.
Following tissue injury, fibroblasts migrate to the site of damage and facilitate

the healing process through the deposition of new collagen. At a healing
wound, they change their actin gene expression and take on the contractile

properties of smooth muscle cells that help to pull the wound margins tqgether

these modified fibroblasts are ternmegofibroblasts|(Rubin and Strayer, 2008).

Fibroblast secretion of matrix metalloproteases (MMPs) and cytokines induce

leukocytes activation and also help shaping the inflammatory response

Andersson et al., 200)8, Rubin and Strayer, 2008).

1.1.2.2. Innate immune cells in the lung

Macrophages are critical players in the initiation of inflammation and can

promote chronic inflammation in some circumstan¢es (Rubin and Strayer,

2008). Alveolar macrophages are the major resident myeloid-derived cells in

the lung. They are located on the luminal side of the lung and exert highly
phagocytic function to facilitate protection of the host against infections.
Alveolar macrophage activation is tightly controlled by soluble mediators in

the lumen and the close cell-cell binding with bronchial/alveolar epithelial cells

to limit unwanted inflammatory responses (Hussell and Bell, [2014). Current

research indicated that the negative regulation of macrophage activation is

controlled via the binding oflL-10 to IL-10R expressed by alveolar



macrophages that triggers Janus Kinase 1 (JAK1)-signal transducer and
activator of transcription 3 (STAT3) resulting in the expression of suppressor
of cytokine signalling 3 (SOCS3) and the microRNA miR-146b. The ligation
of the ligand CD200 at type Il alveolar epithelial cells with CD200 receptor
(CD200R) in alveolar macrophage also inhibits the extracellular signal-
regulated kinase (ERK), p38 mitogen-activated protein kinase (MAPK) and
JUN N-terminal kinase (JNK) inflammatory pathways. Binding of latent TGF-
B by avp6 integrin on the bronchial or inflamed alveolar epithelial cells induces

a conformational change in TGFthat facilitates access of the T@Receptor

(TGF$R) resulting in inhibition of pro-inflammatory signalling (Hussell and

Bell, 2014). A subset of alveolar macrophages was found to remain

immunosuppressive upon endotoxin induced inflammation through the
physical contact with alveolar epithelial cedisgap junctions. The connexion

43 expressing gap junction protein knock-out alveolar macrophages in mice
recruit higher amounts of neutrophils and secrete pro-inflammatory cytokines
indicating that the activation of alveolar macrophages is tightly controlled

through thé& intercommunication with alveolar epithelium to repress

inflammation|(Westphalen et al., 2014). Alveolar macrophages have a M2-like

(alternatively activated macrophages), a phenotype associated with the
resolution of many lung inflammatory conditions but that can also promote
fibrotic disease through the production of TEFSCL18 and platelet-derived
growth factor (PDGF). Despite that fact that alveolar macrophages produce
higher levels of IL-13 in asthma patients and that the expression of CD163 is
also higher on alveolar macrophages from patients with IPF, which activation

pattern of alveolar macrophages promote healing or aggravate tissue damage
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either transiently or chronically is still unclear and disputgble (Alber e} al.,

2017| Hussell and Bell, 20[L4).

Neutrophils are phagocytes with potent anti-microbial capabilities. During
pulmonary microbial infection, neutrophils migrate out of the pulmonary
capillaries into the air spaces. The combination of degranulation through the
release of proteases (neutrophil elastase, cathepsin G, lactoferrin,
myeloperoxidase, etc.) and the oxidative response (the production of
superoxide KO, by NADPH oxidase) result in efficient microbial killing in the
phagolysosome. Neutrophils are not only the hallmark of acute inflammation

but dysregulated function of neutrophils or neutropenia predispose patients to

chronic pulmonary inflammatiop (Rubin and Strayer, 2008).

Mast cells are ubiquitous in the airways and lung parenchyma (Suzuki |et al.,

2008). Mast cells are involved in the response to parasitic infections and in

mediating allergic responses. Aggregation of the IgE recept&tl iy binding

to multivalent IgE-coated antigens causes rapid degranulation of mast cells,

resulting in the release of various mediators such as histamine, prostaglandin

and leukotrienes together with an array of proteases and cytokines/chemokines

that cause immediate airway inflammation and the symptoms of asthma

Moiseeva and Bradding, 20[L1). Activated mast cells have been shown to

produce inflammatory cytokines TNk-IL-1p, and IL-6 to promote acute

inflammation in the rat lung after intratracheal instillation of P. aeruginosa

LPS |(Le et al., 2012). In addition, human cord blood-derived mast cells were

also implicated in neutrophil recruitment via secretiotiLela and IL-13 upon

activation with P. aeruginosa culture supernatants (Lin et al.| 2002).
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Eosinophils act to eliminate parasitic infections and are effector cells

responsive to allergic responses (Suzuki et al., 2008). Eosinophil granules

contain four different granule cationic proteins: eosinophil peroxidase,
eosinophil cationic protein, eosinophil-derived neurotoxin and a major basic
protein that is toxic to parasites and causes epithelial cell necrosis. Eosinophils
secrete lipid mediators such as leukotriene C4 and platelet-activating factor in

response to allergic inflammation that may result in dysfunction and injury to

other cells| (Rubin and Strayer, 2008)

1.1.2.3. Soluble immune mediators in the lung

Arway surface liquid and its anti-microbial properties

Airway surface liquid (ASL) is composed mainly of mucin glycoproteins and
anti-microbial molecules including-defensins, lactoferrin, and lysozyme
These anti-microbial molecules that can be secreted by neutrophils and
macrophages in addition to epithelial cells ASL have anti-microbial properties
and are effective at pH ranging from 6.5 to 7.3. Lysozyme hydrolyses
peptidoglycan is the major component of Gram-positive bacterial membranes.
Defensins are peptides containi@gysteines and 3 intramolecular disulphide
bonds.a andp forms are expressed by humans. Epithelial cells mainly express
6 B-defensins (hBD-1 to 6) whereas defensins 1-4 are produced by
neutrophils in the airways. Recruited neutrophils to the site of inflammation by

microbial products secrete defensins and thereby induce airway epithelial cells

to produce more IL-8, TNk and IL-1B to recruit additional neutrophils (van

Wetering et al.,, 2002). In addition to anti-microbial activities, defensins

enhance airway epithelial cells bacterial binding, cytotoxicity, and cytokine
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production. Lactoferrin is an iron-binding protein that directly damages
bacterial membranes resulting in the release of lipopolysaccharides (LPS) and
interferes with the binding of LPS to LPS binding protein. As a result,
lactoferrin prevents host cells from activation by bacterial LPS. Cathelicidin
LL-37 works synergistically with lysozyme and lactoferrin is secreted by
airway epithelial cells and mast cells. LL-37 exerts chemotaxis for leukocytes,

ligation of LPS, and induction of cytokine and chemokine expression by

epithelial cells and promotion of epithelial wound healing (Suzuki et al.,| 2008).

Complement components

Complement proteins circulate in the blood in an inactive form in the absence
of infection. In the presence of pulmonary infections, complement proteins
extruding from the plasma to airways are involved in the inflammatory

response against bacterial infection via opsonisation to facilitate leukocyte

phagocytosig (Murphy, 2011). Complement activation can be triggered through

three pathways: classical pathway that is initiated by the interaction of C1q (a
component of C1 complex) with pathogen surface or with antibodies to the
antigens bound bacterial surfaces; alternative pathway, the spontaneous
hydrolysis of C3 binding to factor proteins triggered by microorganism-derived
products, such as endotoxin, zymosan, polysaccharides; lectin pathway is
triggered by the recognition and binding of mannose-binding lectin and ficolins
to mannose groups on the pathogen surfaCesiplement C3a and C5a are
anaphylatoxins that stimulate smooth muscle contraction and promote vascular

permeability neutrophil recruitment into the lung and microbial kil1ﬁg|bin

and Strayer, ZOTF, Suzuki et al., 2p08).
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Surfactant proteins

Pulmonary surfactant is essential to reduce the air-liquid surface tension of the

lung [Pattle, 1955) and functions in various aspects of pulmonary host defence

Wright, 2005%). The majority of surfactant is composed of phospholipids and

about 10% of surfactant consists of proteins with four surfactant proteins
defined: surfactant protein A (SP-A), SP-B, SP-C and SP-D. SP-A ami SP-
along with mannose-binding lectin (MBL) belong to the family of collectins

which opsonise pathogens including a variety of bacteria, viruses, fungi,

allergens and apoptotic cells and thereby enhance the uptake of these cells and

particles by phagocytes (Crouch and Wright, 2001, Holmskov et al.,[.2003)

Distinctive roles have been ascribed to surfactant prot8R# inhibits the

maturation of dendritic cells (DCs), whereas SP-D promotes the uptake and

presentation of antigen by D({s (Lipscomb and Masten, |2002). Studies also

indicated that the binding of SP-A arBRD to T cells inhibits T-cell

proliferation |(Lambrecht et al., 199|9, Wright, 2005). The above evidence

suggests that surfactant proteins bridge innate and adaptive immunity.
Surfactant proteins also negatively regulate alveolar macrophage activation.
SRA and SPP prevent pro-inflammatory response througltlear factor k
light-chain enhancer of activated B cells (NB} activation in alveolar

macrophages by blocking the interaction of TLR2, TLR4 and its co-reseptor

MD2 and CD14 with their correspondent Iigan|ds (Hussell and Bell, |2014)

Binding of SP-A and SB to signal-regulatory protein- (SIRRx) on the

surface of alveolar macrophages recruits SH2 domain-containing protein

tyrosine phosphatase 1 (SHP1) that inhibits phagocytosis (Hussell angl Bell,

2014).
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Induced inflammatory mediators

Activation of receptors in the airway epithelial cells leads to the secretion of an

array of cytokines/chemokines and growth factors that recruit leukocytes and

lymphocytes to the site of infecti(1n (Parker and Prince, R@yitpkines can

be categorised asg@inflammatory and anti-inflammator{fNF-a, IL-6, IL-18

and the growth factor granulocyte macrophage colony-stimulating factor (GM-
CSF), chemokines IL-8, monocyte chemotactic protein-1 (MCP-1), T-cell-
specific CXC chemokines, IFN-induced protein of 10 kDa (IP-10) are among
the well-known pro-inflammatory mediators produced by airway epithelial

cells and haeatopoietic cells that participate in acute inflammatory response

Parker and Prince, 20[L1). Major anti-inflammatory cytokines includ&0,

transforming growth factor-beta (TQ#; soluble cytokine receptors/receptor
antagonist slL-1ra. Secretion of IL-10 and T@&By alveolar macrophages and

epithelial cells down-regulates the inflammatory response by T cells, NK cells

and monocytes (Stow et al., 2009).

1.1.2.4. Pattern recognition receptors on the airway epithelium

The innate immune response is the first line of host defence and is responsible
for immediate recognition and control of a broad range of microbial infections.
The sensing of infections relies on innate pattern recognition receptors (PRRS)
which include surface transmembrane Toll-like receptors (TLRs) and cytosolic
receptors retinoic acid-inducible gene | like (RIG-I-like) receptors, nucleotide-

binding oligomerisation domain-like (NOD-like) receptors and C-type lectin

receptors that recognise highly conserved microbial strucfures (Takeuchi and

Akira, 201Q(Tam et al., 201]1). Ligand-receptor binding triggers intracellular
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signalling and a major component of mucosal immunity involves the activation
of NF-xB, activator protein 1, IFN regulatory factors (IRFs), MAPKs leading

to recruitment and activation of neutrophils and other immune cells in the

airways (Parker and Prince, 20[L130 far, human airway epithelial cells have

been documented to express all ten TLRs mRNA but the predominant TLR

genes expressed are TLR2 to TLR6 (Kato and Schleimer,|2007, Hallstjand et

al., 2014). TLR2, which forms heterodimers with TLR1 or TLR6, recognises

lipoprotein, peptidoglycan and lipoteichoic acid (LTA) in Gram-positive

bacteria|(Kato and Schleimer, 2007). Interaction of airway epithelium with P.

aeruginosa involves TLR2, -4, an8 {Zhang et al., 20Q5). P. aeruginosa

infection induces the expression of TLR2 on airway epithelial cells and the

binding of TLR2 regulates the function of gap junction through’ €ignalling

Martin and Prince, 20Q8). The flagellum of P. aeruginosa is recognised by

TLR5 and asialoGM1 andnduces mobilization of these receptors to the

surface of the celll (McNamara et al., 2p{hang et al., 2005). TLR3

recognises viral double-stranded RNA (dsRNA) and a synthetic analogue of
dsRNA, polyinosine-polycytidylic acid. TLR4 recognizes LPS which is present
in Gram-negative bacteria and a protein that mediates membrane fusion from

respiratory syncytial virus, although TLR4 remains largely cytosolic thus less

responsive, in airway epithelial cells (Gomez and Prince, (2008)o

cytoplasmic RNA helicases, melanoma differentiation-associated gene 5

(MDA5) and (RIG-I) are expressed in airway epithelial cells that are

responsive to viral dsRNA recognition independent of TLR3 (Kato |and

Schleimer, 200[7). NOD-1 and NOD-2 which recognise peptidoglycan-derived
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peptides, y-D-glutamyl-mesodiaminopimelic acid and muramyl dipeptide

respectively, are also expressed in airway epithelial cells (Opitz et al{, 2004).
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Figure 1.4 Schematic view of innate immunity in the respiratory epithelial cells.

Airway epithelial cells express transmembrane surface receptors (@LRBad intracellule
receptors (endosomal receptors TLR3, 4, 7-9 and cytosolic resdpl@rl, MDA5, NOD1,2
IL-1B-converting enzyme protease activating factor (IRAF) and NOD-like recepton
domain (NLRP3)). The secretion of anti-microbial peptides and cytokiitersthe activation «
signalling results from the ligation of receptor-ligand. Figure adapteal [Rarker and Princ |

[2013.
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1.1.3. The adaptive immunity in the lung

Soluble antigens have limited access to lung draining lymph nodes (dLN)

through passive mechanisnis (Hulbert et al., 1989) at early time points

following intranasal challenge and it is unlikely that particulate antigens such
as non-invasive bacteria gain free accéssthe pulmonary lymphatics
However, the adaptive immunitis developed in the lung dLN following

transport of antigens, such as microbial pathogens and inhaled foreign irritants,

by antigen presenting cells to this sjte (Kirby et al., 2009). CCR7-dependent

migration of pulmonary dendritic cells is once thought to be the only

mechanismn antigen presentation transported from the lungs to LN (Legge

and Braciale, 2003). In fact, in addition to the immunoregulatory function,

alveolar macrophages also contribute to the antigen acquisition, patrol at

alveolar spaces and constitutively migrate to the dLN to orchestrate immune

responses (Kirby et al., 2009, Murphy, 2P11). Effective and efficient immune

defence follows the binding of antigen presented by antigen presenting cells to
T-cell receptor on T lymphocytes and B-cell receptor on B lymphocytes at the

site of inter cortex and subcapsular sinuses in the lympkshoespectively

Kirby et al., 2009)The secretion of antibodies by antibody-producing plasma

cells which differentiated from B lymphocytes provides an additional layer of
protection of the epithelial barrier against a wide range of different pathogens
after pulmonary infection and inflammation. Antibodies bind to pathogens

therefore facilitates antibody-dependent cell-mediated cytotoxicity in the lung

parenchyma| (Murphy, 2011). After encountering with antigens, T cells

proliferate and differentiate into functional effector T lymphocytes. CD8+

cytotoxic T cells are responsible for clearance of intracellular pathogens such
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as viruses. CD4+ helper T cells (Th cells) signal the function of antibody-
producing B cells and produce pro-inflammatory cytokines (JENNF-o)

that influence the macrophage phagocytic capacity against bacteria, viruses,
and intracellular parasites. TA2cells, another subset of CD4+ T cells which
secrete IL-4, IL-5, IL-9 and IL-13, promote the activation of eosinophils,

basophils, and mast cells to facilitate the control of parasite infections. Th1l and

Th2 responses counteract each other to maintain a fine balance (Murphy, 2011).

A dysregulated T-cell response could lead to chronic inflammatory diseases
such as asthma and chronic bronchitis (described further in section 1.1.4.2.).
IL-17-producing T cells such as ThiyaT cells and natural killer cells (NK

cells) are protective against some bacterial infections through the recruitment

and activation of neutrophils (Nembrini et al., 2D09). The airway epithelium

bridges the innate and adaptive immune responses through the secretion of
cytokines such as IL-25 (also known as IL-17E), IL-33 and thymic stromal

lymphopoietin (TSLP) that are considered upstream of Th2 cytokines IL-4, IL-

5 and IL-13 in allergic inflammation such as astima (Parker and Prince, 2011).

1.1.4. Pathogenesis of pulmonary inflammatory diseases

Respiratory tract diseases are diseases that affect the nasal passages, the
bronchi and the distal alveoli of the lung. Regulation of lung inflammation is
tightly controlled by cellular and molecular mechanisms for efficient
orchestration of pro-inflammatory responses upon stimulation. These responses
need to be proportionate to the type of stimulation and lead to the elimination

of intruders/irritants. Balance is achieved through an anti-inflammatory

inflammatory response characterised by the cytokines IL-10 and BTGF-

19



leading to airway remodelling and restoration of tissue homeostasis. Current
concepts in the pathogenesis of acute inflammatory diseases are covered in the
following sections and include infectious diseases such as bronchitis and
pneumonia, and chronic inflammatory diseases such as asthma and chronic
obstructive pulmonary disease (COPD). Two unconventional chronic
inflammatory diseases in the lung: cystic fibrosis in which inflammation is
propagated bychronic infectionsand idiopathic pulmonary fibrosis (IPF) in
which the inflammatory response is considered secondary to disease

progression was also discussed.

1.1.4.1. Respiratory tract infections

Upper respiratory tract is inhabited normal microbial flora but the lower
respiratory tract remains sterile. Many microbial pathogens preferentially infect
the peripheral airways, bronchi and bronchioles leading to bronchiolitis and
bronchiectasis, such as in the case of adenovirus, respiratory syncytial virus
(RSV) and measles infection. These infectious agents cause acute extensive
inflammation of bronchioles caused by extravasation of inflammatory cells and
congestion of the mucosa with subsequent healing by fibrosis. Non-obstructive
bronchiectasis usually results from respiratory infections or defects in the
defen@ mechanisms that protect the airways from infection. Bronchiectasis
displays irreversible abnormal dilation of bronchi with thickening of the
bronchial walls and fibrosis of the pulmonary parenchyma along with
exaggerated inflammation that is vulnerable to infective exacerbations.
Pneumonia is an acute lung inflammatory disease caused rbgiblgcterial

and viral infections in the lower respiratory tract that leads to alveolar filling
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with exudate in the lung parenchyma. Nosocomial pneumaniasually
initiated by the infections at the upper airways of hospitalised patients. The
transmission routs of pathogens leading to nosocomial pneumonia could be
through 1) ventilator devices and feeding tubes termed mechanical injuries, 2)
healthcare personnel that facilitate the transmission of Pseudomonas spp., and
Acinetobacter spp. and 3) antibiotics resistant strains such as methicillin-
resistant Staphylococcus aureus (MRSA). Pseudomonas pneumonia is
commonly seen in nosocomial infections and the chronic airway infection

progressing to bronchiectasis, gas trapping, and hypoxaemia that lead to

pulmonary insufficiency| (O'Sullivan and Freedman, 2009). In this case,

hospitalised patients with exposed wounds, immunosuppressed patients
undergoing chemotherapies, patients treated with broad-spectrum of antibiotics
and suffering from acquired immunodeficiency syndrome (AIDS) with T cell

dysfunction are vulnerable to opportunistic pneumonia that could lead to

systemic inflammation, shock or even sepsis (Rubin and Strayer, 2008).

The acute inflammation induced by bacterial infection and successful
resolution to restore tissue homeostasis involves multiple cellular component
(non-haemopoietic and haemopoietic cells) and molecular mediators. Taking S.
pneumoniae infectioras example, the entry of S. pneumoniae to the distal
alveoli is recognised by PRRs including TLRs on epithelial cells and alveolar
macrophages, and macrophage receptor with collagenous structure (MARCO)
expressed on alveolar macrophages. Low dose S. pneumoniae infection can be
contained by epithelial cells, resident alveolar macrophages and the release of
protective mediators such as IL-1, TMFSP-D and anti-microbial peptides

without the infiltration of neutrophils. At high doses of infection, neutrophils
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are recruited by chemoattractants to enhance the phagocytosis of the pathogen.
In the transition phase of inflammation, neutrophils under the action of pro-
resolving signals start undergoing apoptosis followed by efferocytosis by
alveolar macrophages. During efferocytosis, macrophage phenotypes switch
from M1 to M2-like phenotype producing anti-inflammatory molecules (such
as IL-10 and TGH) and pro-resolving mediators to promote tissue repair and
resolution. M2 macrophages then further switch to M resolution (Mres)
phenotype, which display reduced phagocytosis but produce anti-fibrotic and
anti-oxidant proteins that limit tissue damage and fibrosis. Such events of
increased production of pro-resolving mediators (such as lipoxin, resolvins,
protectins), anti-inflammatory and anti-fibrotic agents by resolution
macrophage (Mres), and lymph node drainage or apoptosis of macrophage
close the inflammatory process and restore tissue homeos@isisnic
infection is usually rare in immunocompetent individuals, but in cystic fibrosis

patients which are immunocompromised in epithelial barrier function are

predisposed to recurrent pulmonary infectigns (van der Poll and Opal, 2009,

Alessandri et al., 2013). Section 1.2 describes in detail cystic fibrosis aetiology

pathology, and explores intrinsic and exogenous factors in chronic airway

inflammation and respiratory infectisn

1.1.4.2. Chronic inflammatory lung diseases

Different phases of acute inflammatory processes are meticulously on-check
for successful resolutiomd successfutesolution is attributed to 1) abrogation
of chemokine signalling that blocks continued neutrophil tissue influx; 2)

neutrophil apoptosis that attracts monocytes and macrophages to induce their
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clearance; 3) clearance of apoptotic neutrophils promoted by a transitéon of
pro-inflammatory to an anti-inflammatory macrophage phenotype whalksa

a prerequisite for macrophages to rettortheir tissue homeostatic state; 4)
migration of macrophages and dendritic cells from the site of inflammation
after efferocytosis; 5) the aid of suppressive immune cells and the adaptive

immune response; 6) induction of tissue repair to return to homeostasis without

scarring |(Michlewska et al., 20(J9, Ortega-Gomez et al., |2013). However, an

extended or dysregulated inflammatory response may lead to chronic

inflammation in which persistent injury prevents the restoration of tissue

integrity and function (Ortega-Gomez et al., 2013). This section introduces the

mechanisms of pathogenesis of two well-recognised chronic inflammatory lung
diseases, asthma and chronic obstructive pulmonary disease (COPD). This led
us to address the current view of how interstitial pulmonary fibrosis could also

be propagated by inflammatory response which is regulated by macrophages

Lech and Anders, 201#ussell and Bell, 2014) and T lymphocytes (Wynhn,

2004| Kotsianidis et al., 20Q)9, Gilani et al., 2Daf] is distinct from the above

conventional mechanisms.

Asthma

Asthma, a life-long disease that usually starts during childhood; it is
characterised by recurrent, reversible bronchial obstruction and usually
associated with bronchial hyper-responsiveness and chronic airway
inflammation. Asthma is marketby a Th2-cell-dependent, IgE-mediated
allergic disease and asthmatic patients are more likelge sensitised to

aeroallergens. The pathology of asthma is characterised by mucus-cell

23



hyperplasia. The secretion of CCL20 from epithelial cells recruits dendritic
cells via binding to the receptor CCR6. The activated dendritic cells thereby
induce naive T cells to differentiate into Th2 cells. The infiltrated T cells

further interact with B cells, eosinophils, and mast cells to promote allergic

inflammation [(Martinez and Vercelli, 201L3). The Th2-centric paradigm of this

disease is also relatgd the capacity of regulatory T cells to control Th2

responses| (van Oosterhout and Bloksma, PPO05, Robinson| 2009). Airway

remodelling contributes to the development and progression of the disease. In
severe cases, airway obstruction attributed to mucus-cell hyperplasia, thickened
subepithelial basement membrane, increased smooth-muscle mass and the
undergoing airways fibrosis are in combination with increased deposition of
fibroblast and myofibroblast proliferation. Asthma has a strong genetic
component termed asthma-related loci, and the genes for CHI3L1, IL6R, IL-33,
SMAD3, ORMDL3-GSDMB, and IL2RB, etc. have been identified in
genome-wide association studies. However, only ORMDL3-GSDMB was
repeatedly found between studies indicatthgt a polygenetic component is
strongly involved in the genetics of asthma. The innate immune component is
responsible for the initiation and promotiofhthis Th2-mediated disease. The
release of IL-25, IL-33, TSLP by damaged airway epithelium upon allergens,

pathogens, or pollutants activates natural-killer T cells, mast cells, eosinophils,

and basophilg (Mjosberg et al., 2011, Klein Wolterink et al., P012). The newly

identified innate immune lineage type Il innate lymphoid cells (ILC2) found in
human lung tissue and peripheral blood, secrete Th2 cytokines IL-13 &nd IL-
in response to airway epithelial damage that also promote adaptive Th2

responses. Repetitive stimulation of epithelial cells, smooth muscle cells and
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fibroblasts by Th2-derived and ILC2-derived cytokines would lead to airway

hyper-responsiveness and remodelling. Inhaled corticosteroids remain to be the

mainstream treatment of mild and moderate astlivartihez and Vercelli

2013). Schematic inflammatory cascade of asthma is illustrated in Fig. 1.5.

Chronic obstructive pulmonary disease

Severe end of asthma comorbiditiesnverlap with chronic obstructive

pulmonary disease (COPD) (Martinez and Vercelli, 2013). However, COPD is

defined as a preventable disease characterised by progressive airflow

obstruction that is usually irreversible and the main cause is smoking tobacco

Decramer et al.,, 2012). Clinical manifestations of COPD include chronic

bronchitis, a condition of large-airway inflammation and remodelling, and loss
of elastic recoil by emphysema due to the destruction of parenchyma resulting

in progressive decline of forced expiratory volume (FEV) and inadequate lung

emptying on expiratior] (Tuder and Petrache, 2D12, Decramer et al| 2012).

Distinct from asthma, the cells that potentiate inflammatory response in COPD
are neutrophils, macrophages, and CD8+ T cells. There is a major infiltration
of neutrophils to the lung and neutrophilia is persistent throughout the
progression of the disease. Increased proteinase production by neutrophils
contributesto alveolar epithelial cell apoptosis leading to destruction of
alveolar structures (emphysema). Proteinases also promote mucus
hypersecretion resulting in increased goblet cell numbers and enlarged airway
submucosal glands and narrow the small airway walls (obstructive
bronchiolitis). In COPD, macrophages are increased in airway lumen, lung

parenchyma and bronchoalveolar lavage fluid. Increasing evidence showed that

25



lung macrophages orchestrate the inflammation of COPD through the release

of chemokines that attract neutrophils, monocytes and T cells and of proteases,

particularly matrix metalloprotease 9 (MMPT) (Barnes, 2004). Despite the

inflammation in COPD patients is aggressiymtients are refractory to

corticosteroid treatment. Recent transcriptomic analysis investigating the

pattern of macrophage activation demonstrated a distinct pattern in COPD

patients from those in healthy smokgrs (Xue et al., R014). Epigenetic regulation

in COPD patients showed that glucocorticosteroid insensitivity is attributed to
the nitrosylation at histone deacetylase 2 (HDACZ2) in macrophages and the

potential intervention to reverse the sensitivity has also been tEsted (Malhotra

et al., 2011). A brief summary of the inflammatory cascade of COPD was also

described in Fig. 1.5 in comparison with asthma.
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Figure 1.5 Inflammatory cascade of asthma and COPD.

The underlying disease mechanisms between asthma and COPD were illustratsttimi
inhaled allergens activate mast cells by crosslinking surface-bolihdolgelease histamir
leucotrienes and prostaglandin D2 as bronchoconstriction mediators. Allerggms@essed |
dendritic cells which conditioned with TSLP released by epithelial cells and calsttc
release CCL17 and CCL22 to act CCR4 on Th2 cells. Th2 cells amn@al role il
orchestrating the inflammatory response in allergy via the release odnd-.-13 to stimula
B cells to synthesise 1gG and IL-5 and IL-9 to induce eosinophilim’rnﬁation
The inflammation in COPD in the lung is perpetuated by neutrophilia. Inbajacette smok
and other irritants activate epithelial cells and macrophages to release CCL2 \Rth dt
monocytes, CXCL1 and CXCL9 to act on CCR2 to attract neutrophils nramocyte
differentiation in the lung. Release of proteinases from neutroghilginly), alveola
macrophages and epithelial cells together cause elastin degradation, englaysk muct
hyper-secretion. Release of TEHy macrophages and epithelial cells stimulates fibrc
proliferation leading to fibrosis in the distal airways. Figure adapted ).
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Interstitial lung diseases

Interstitium is the space between the alveolar epithelium and the capillary
endothelium. The thin side of capillary consists of the fused basement
membranes of the epithelial and endothelial layers where gas exchange occurs,
whereas the thick side governs the fluid exchange across the endothelium and
is composed of type | collagen fibrils. Interstitial lung diseases (ILDs; also
known as pulmonary fibrosis) result from the development of excess fibrous
connective tissue in the lung and #@nerefore termedscarring of the lung.

The scarring in the lung parenchyma (alveolar tissue) or the pleura and chest
wall cause the lungs to become stiffer and lose their elasticity to expand
leading to dyspnoea. This is later followed by an impaired repair process of the

epithelial barrier that results in extensive fibroblast proliferation, collagen

deposition and destruction of lung architecture and fungtion (Jakubzick [et al.,

2004) Noble et al., 2012). Reduced lung vital capacity and small resting lung

volume are the characteristics of these diseases, thus they are described as

restrictive pulmonary diseases (Wardlaw and Hamid, 002, West} 2003). ILDs

can be categorised as known and unknown causes. In the case of 1)
autoimmune conditions (lupus, rheumatoid arthritis and sarcoidosis); 2)
environmental irritants (asbestos, silica, dust, etc.); 3) chemotherapeutic drugs
(bleomycin, nitrofurantoin, sulfonamides, etc.) and 4) radiation therapies,

diseases are triggered by an inflammatory response with infiltration of

lymphocytes and plasma cells in the IL1ng (Wardlaw and Hamid,| F@3dn

and Strayer, 2008, Chen and Stubbe, 2005). Cigarette smoking may increase

the risk of developing ILDs and may aggravate the disease progression.

Idiopathic pulmonary fibrosis (IPF) for which no causative agent is known is
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the most common form of ILDs and shares the histological characteristics of
usual interstitial pneumonia (UIP). Patchy dense scarring with extensive
regions of honeycomb cystic change is the pathologic pattern of this disease.
Interstitial fibrosis is usually temporal and heterogeneous referring to the fact
that the fibrosis changes over time in the lung tissue. Fibrosis idymost
pronounced beneath the pleura and adjacent to the interlobular septa. The dense
scarring fibrosis leads to the remodelling of the lung architecture and dilation
of proximal bronchioles and growth of the bronchiolar epithelium into the
dilated air space that could ultimately result in collapse of alveolar walls,
formation of cystic space and destruction of the distal airway. Wound repair is
normally accomplished by four sequential steps: 1) clotting and coagulation; 2)
infiltration of neutrophils at early stage of wound healing, soon replaced by
macrophages after neutrophil degranulation; 3) fibroblast migration and
proliferation of myofibroblasts via epithelial-mesenchymal transition,
recruitment from fibrocytes or resident fibroblasts; 4) tissue remodelling.
Although the cystic spaces contain mucus, macrophages or neutrophils, the

interstitial chronic inflammation is usually mild or moderate and thus the

contribution ofinflammation to disease is considered secongary (Thannickal et

al., 2004). In this regard, intrinsic defects in the wound healing process

involving epithelial cells and fibroblasts have been proposed. The fact that an

active inflammatory response is not a prerequisite would partially explain the

failure of anti-inflammatory medications to treat pulmonary fibrgsis (Demedts

et al., 200%). Despite research being focused on the mechanisms on the

proliferation, activation and regulation of collagen-secreting myofibroblasts,

recent studies have identified different mechanisms that suggest macrophages
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and Th2 cells playing active roles in propagating the disgase (Wynn| 2011,

Homer et al., 2011)A schematic representation of the proposed inflammatory

regulation in pulmonary fibrosis is described in detail in Fig. 1.6. The
introduction of the most severe form of pulmonary fibrosis, idiopathic

pulmonary fibrosis was described in chapter 6.
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maintenance of pulmonary fibrosis.

() Irritants like silica, asbestos, and bleomycin can injure lung epithelial cell€amn b
detected by the Nalp3 inflammasome in macrophages. (2) These irritants stiting
production of ROS, chemokines, and cytokines. (3) Subsequent meentiiand activation
leukocytes are induced by these inflammatory mediators could enhance tidis#tee injury
such as via ROS-expressing neutrophils that further damage epithelial(4glls-1p also
promotes production of TGEt, an important profibrotic cytokine that triggers fibrob
proliferation and activation. (5) TG-also targets epithelial cells, inducing epithelial-
mesenchymal transition (EMT) and the formation of extracellular matrix (E@decing
myofibroblasts. (6) TGP further exacerbates the inflammatory response by stimulating the
differentiation of Th17 cells.

Th2 cells and macrophages play distinct roles in pulmonary fibrosisAfta) injury, epithelia
cells release IL-25, 1L-33, and TSLP, which facilitate the developmemptrafibrotic ThZ
responses. T cells also release IL-21 an@3lpromoting Th2 differentiation. (B) Th2 ce
release IL-4 and IL-13, which promote the development of a pro-fibroticraphag
subpopulation that secretes TGE-(C) IL-13 can directly activate fibroblasts independe
of TGF$1. Th2 cytokines also trigger specific chemokines that promote the recruitment of
collagen-secreting fibrocytes from the bone marrow, which amgilifiptic responses. T
resulting myofibroblasts release ECM components. (D) Th2 cytokines can aativat
arginase-1 activity in M2 macrophages, which inhibit further 18 -production ar
myofibroblast differentiation. 1L-13 can also up-regulate the IL-13 depegeptor i
fibroblasts, which antagonizes ECM production via a negative feedbapk Figure adaptt

and regenerated froll).
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1.2. CYSTIC FIBROSIS

1.2.1. Aetiology and pathophysiology of cystic fibrosis

Cystic fibrosis (CF) is an autosomal recessive disorder caused by a mutation in
the gene encoding cystic fibrosis transmembrane conductance regulator (CFTR)

which encodes a chloride channel categorised in the family of adenosine

triphosphate (ATP) binding cassette transporters (O'Sullivan and Fregdman,

2009, Patrick and Thomas, 2012). The abnormal chloride conductance caused

by the defect in CFTR promotes extensive absorption dfaNd water from

the lumen of the respiratory, gastrointestinal, and reproductive epithelial tracts

Kreda et al., 201f2). As a result, the decreased airway surface liquid (ASL) and

mucociliary escalator malfunction create an unusual thick viscous mucosal
layer. For the respiratory tract in particular, subsequent pulmonary lesions can
be caused by obstruction of the bronchioles that blocks the airways and leads to
thickening of the bronchiole walls (bronchiectasis) and the alveoli
(bronchiolitis). The plugs of mucoid material trapped in the airways favours
microbial colonisation resulting in a vicious circle of phlegm retention,
pathogen infections and chronic inflammati&@hronic inflammation causes

lung damage that ultimately advances to the stage of irreversible fibrosis

Hauser et al., 2011, Lavoie et al., 2{)11, Katkin, 2014).

CFTR is a large chloride channel glycoprotein consisting of two membrane-

spanning regions and a cytoplasmic regulatory R domain and is expressed

primarily in epithelial cells but can also be found in leukocytes (Cohen and

Prince, 201R) (Fig. 1.8). In addition to chloride transportation, CFTR also

regulates the functions of other ion channels such dsaNa HCQ thus
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coordinating the fluid and electrolyte absorption in the airway epithelium

Sheppard and Welsh, 1999, O'Sullivan and Freedman,| 2009). Nearly 2000

mutations in the CFTR gene have been identified and are classified into 5 types
of mutations: class I, lack of CFTR production; class Il, protein trafficking
defect with ubiquitination and degradation in the endoplasmic reticulum and
Golgi body; class Ill, defective CFTR activation; class IV, deficient ion
transport at the apical membrane; class V, splicing defect with reduced

production of normal CFTR, thus cause disease by impairing CFTR translation,

cellular processing, and/or chloride channel gating (O'Sullivan and Freedman,

2009] Rowe and Verkman, 2413he most prevalent mutatiockF508, which

accounts for two-thirds of mutated alleles in northern European and North

American population$ (O'Sullivan and Freedman, 2009), belongs to the class II

group of mutations and causes misfolding of the CFTR protein and degradation

by endosomg (Ratjen, 2009)utation G551D causes a partially functional

channel whose activity can be potentiatedpotentiators. The oral therapy
Ivacaftor, a potentiator that restores CFTR cAMP-dependent chloride channel

activity at the cell surface has recently been proved effective to treat CF

patients with mutation at G551D (Derichs, 2D13).

1.2.2. Airway inflammation in cystic fibrosis

In vitro studies showed that dysfunction of CFTR predisposes airway epithelial

cells to constitutive activation of proinflammatory signallings even in the

absence of microbial stimulation (Cohen and Prince, 2012). Elevated

endogenous activation of NéB leads to the induction of interleukin 8 (IL-8)

and TNFe in the airways and the recruitment of neutrop hen-
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Cymberknoh et al., 2013). High levels of IL-8 correlated with the increased

neutrophil count and free neutrophil elastase activity in the bronchoalveolar

lavage (BAL) of most infantg (Sagel et al., 2p12). In addition, the accumulation

of abnormally processed CFTR in the endoplasmic reticulum results in
unfolded protein responses that trigger 'cell stress' and apoptosis leading to

dysregulation of the epithelial cells and innate immune function in the lung,

resulting in exaggerated and ineffective airway inflammation (Konstan ¢t al.,

1994, Jacquot et al., 2008, Cohen-Cymberknoh et al.,|2013). The following

sections provide recent insights in the development of the airway inflammatory
process irCF including aspects of endogenous effects in the airway epithelium

and immune cell functions.

1.2.2.1. Effects of epithelial cells in CF airway inflammation

Inherent abnormal intracellular signalling pathways lead to abnormal apoptosis,
cell stress and exaggerated cytokine production and propagating the
inflammatory events in the CF airways. The activation of p38 and
ERK/MAPKs pathways with high levels of N&B, p65 (RelA/RelB) and
inhibition of kB kinase, which is the primary inhibitor of N&, was

demonstrated in some CF epithelial cell lines and has been associated with

altered CFTR functior|| (Cohen-Cymberknoh et al., 2013). As mentioned above,

another intrinsic proinflammatory feature in CF is the cytosolic accumulation

of misfolded or unfolded CFTR proteins in the endoplasmic reticulum (ER)

Cohen-Cymberknoh et al., 2413).
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Figure 1.7 Comparison of airway surface liquid topography between normal and CF
bronchial epithelial cells.

Mucus in airway surface liquid (ASL) is compact in CF airways dwextessive absorption
Na' ion and fluid retention. A, Confocal microscopic images show thicksesifluid surfae
layers at time O and 24 h after covering cultured normal (left) and CRt)(figonchis
epithelial cells with dextran (Green, Oregon green-dextran; regymlred fluorescel
microsphere). Ium red-bead retention was observed in the ASL belgunthick. B, Electro
micrographs of tissues 24 h after applying the same fluid load above diarh oficells. Th
thin CF layer above and the apparently compressed cilia in the image belcatdrexcessi
fluid absorption. C, Schematic illustration of the viscous mucus lageupying the apic
surface of the airway epithelium that causes ineffective mucociliaryadlearin CF. Figul
adapted from@uinton, 201{Matsui et al., 1998 yczak et al., 200R).
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Figure 1.8 Proposed model of CFTR structure.
Theoretical CFTR is shown with a schematic presentation (black and white ort {Shefpar |
[and Welsh, 1999 and a crystal structure simulation on the right (Serohijos et al8).208e
CFTR primary structure contains two nucleotide-binding dommgNBD1 and NBD2) th

control channel opening, two membrane-spanning domains (MSD1 ab®)M&ch with si
membrane-spanning-helix, and a regulatory region (R domain) that undergoes c.
dependent phosphorylation by protein kinase A (PKA) and possthisr &kinases results

channel activation. Each MSD contains two cytoplasmic loops that formaicésrfwith th
NBDs. Homologous NBD and MSD structures have been modglled (Patrickhancas, 201
whereas the R domain remains largely unstructured. Phenylalar8n@508) is located at t
N-terminal NBD1. PKA, protein kinase A. Figure reconstructed flom (Shepband Wels |
[1999Serohijos et al., 2008).

The production of antioxidants such as glutathione (GSH) and thiocyanate

(SCN) as well as thie trafficking to the ASL are essential in response to the

oxidative damage in the airway epithelium (Rahman and MacNee,| 2000).

Systemic GSH secretion to the epithelial surface is significantly reduced in CF

patients and in the CF mouse mqdeicreased oxidative stress in turn leads to

further induction of IL-8 gene expressign (Roum et al., 1P93, Bartling and
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Drumm, 2009). Bactericidal components hypothiocyanite (O¥@hNd SCN

generated by airway epithelial cells eliminate bacterial infections in the airway

surface. Epithelial cells with mutations @FTR fail to secrete SCNand are

compromised in their ability to kill bacterja (Moskwa et al., 2007).

Intracellular alkalinisation and pH reduction in the ASL are also caused by

CFTR deficiency. Reduced pH in the ASL resulting in impaired antimicrobial

function was demonstrated in the porc@ielung (Pezzulo et al., 201L2).

Mediators such as microRNA (miR) have also been studied in the regulation of

airway inflammation in the CF lung (Tsuchiya et al., 20X3gh levels of

miR-155 and miR-215 in ex vivo CF epithelial cells were associated with

increased production of IL-8 and pro-apoptotic pathway |p53 (Tsuchiya gt al.,

2013), suggesting miRNA also contributes to the differential regulation of

inflammation in the CF airways.

1.2.2.2. The function of immune cells@F

The influx of neutrophils is of importance for bacterial clearance during
infection However, the massive neutrophil accumulation in the CF lung does
not correlate with bacterial eradication but rather causes extensive tissue

damage and inflammation disproportionate to infection. This indicates that the

function of neutrophils is dysregulated in CF (Cohen-Cymberknoh et al.| 2013).

Neutrophil elastase, shown to be present in the airway early in paediatric CF

patients, induces a pro-inflammatory state of senescence in bronchial epithelial

cells in vitro and correlate with the decline of lung functigns (Gifford |and

Chalmers, 2014). Circulating neutrophils from CF patients display higher
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CD64 (marker of neutrophil activation) and decreased level of TLR2 compared
to neutrophils from healthy donors, and airways neutrophils from CF patients
produce high levels of IL-8, are unresponsive to lipopolysaccharide (LPS) and

peptidoglycan stimulation, as well as resistant to the anti-inflammatory

mediator IL-10|(Petit-Bertron et al., 2008). Thus, the differential expression

patterns of circulating neutrophils and airway neutrophils in CF suggest

complex neutrophilic inflammation in CF.

Alveolar macrophages in BAL were increased in paediatric CF patient (median
age 3 yr) compared with non-CF in the absence of infeciiod were
associated with elevated levels of CC chemokines including macrophage

inflammatory protein (MIP-8, MIP-1o. andMIP-1p), chemokine C-C motif

ligand (CCL20Q, and monocyte chemotactic protein-1 (MCHHBrennan et al/,

2009). The exaggerated pro-inflammatory response in CF might also derived

from impaired function of peripheral macrophages where decreased expression

of CD11b and TLRS5, elevated production of inflammatory cytokines and

deficient phagocytosis were demonstrTed (Simonin-Le Jeune et al, 2013).

Dysregulated adaptive immune response was also described in CF. Studies

have suggested that CFTR deficiency results in a Th2 cell bias upon P.

aeruginosa infection (Hartl et al., 2006), although recent data showed that

Th17 signalling plays key role in response to extracellular pathogens in CF

Tan et al., 2011). IL-17 is a proinflammatory cytokine that has been

implicated in mucosal neutrophil recruitment via regulating the local
production of CXCR2 ligands CXCL1, CXCL6 and CXCL8 that are

chemoattractants for neutrophils, together with neutrophil survival factors
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granulocyte macrophage colony-stimulating fac®M(CSF) and granulocyte

colony-stimulating factor (G-CSF) from the airway epithelium (Traves|and

Donnelly, 20013). High levels of IL-17 and IL-23 were found in BAL of

patients with CF during pulmonary exacerbations and increased numbers of IL-
17 secreting cells, including Th17, naturéldti (NK) T cells and yé Tcells

were also found in paediatric patients in the absence of elevated IL-8. The
above evidence indicates the importancellofl7 secreting cells in the

modulation of airway inflammation at early stage of CF.

1.2.3. Respiratory infections in cystic fibrosis

Infections in the upper airways predispose the lower respiratory tract of CF
patients to a particular subset of microbial pathogens. Staphylococcus aureus

and Haemophilus influenza are amongst the most commonly isolated

pathogens in infants and paediatric patients in |CF (Hauser et al.| 2011).

Although infections by these two pathogens are under control since antibiotic
intervention was introduced, the breach of epithelial barrier by the above
pathogens might therefore cultivate a colonisation niche for subsequent
infections from nosocomial pathogens or even opportunistic pathogens. The
prevalence of P. aeruginosa infection increases with age, and together with

Burkholderia cepacia infection, is associated with rapid declines in the lung

function of CF patient$ (Hauser et al., 2D11). B. cepacia is highly transmissible

and elicit robust inflammation in the host resulting in acute deteriorption (Jones

et al., 20041, Kalish et al., 2006). Around 15-20% of CF patients are colonised

with Stenotrophomonas maltophilia, meticillin-resistant S. aureus (MRSA) and

the colonisation is associated with the deterioration of pulmonary function
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Dasenbrook et al., 2008). Fungus Aspergillus fumigatus is also frequently

isolated in CF patients. A. fumigatus usually does not cause invasive infection
but rather induces intense allergic response which is known as allergic
bronchopulmonary aspergillosis. This may affect up to 15% of patients with

CF and the symptoms include wheezing, pulmonary infiltrates, and

bronchiectasis (Stevens et al., 2[)03, O'Sullivan and Freedman, 2009).

1.2.3.1. Pseudomonas aeruginosa

P. aeruginosa is a Gram-negative aerobic rod-shaped motile bacteriua with
single or two flagella categorised in the family Pseudomonadaceae. It is
environmentally ubiquitous and thrives in a wide range of ecological niches
from soil, water, plants to animal tissues. P. aeruginosa carries a large genome

size of 6.3 million base pairs that is believed to provide it with metabolic

versatility and environmental adaptabiliry (Stevens et al., 2003, Stover [et al.,

200Q). The intrinsic low susceptibilityto antibiotics of P. aeruginosa is

attributable to the action of multidrug efflux pumps and P. aerugiimosa
naturally resistant to penicillin and the majority @lactam antibiotics. P.
aeruginosa is also an opportunistic pathogen that preferentially infects
susceptible individuals with compromised epithelial barrier that can be caused

by tracheal intubation, urinary tract catheterisation, mechanical ventilation or

burn woundg (Lavoie et al., 2011, Engel and Eran, P011). The respiratory tract

infection by P. aeruginosa is the leading cause of mortality in patients with CF.

Consistent with the large genome size and versatile life pattern, P. aeruginosa
exploits tightly regulatory mechanisms to control the expression of virulence

determinants such as elastase, exotoxins, pyocyanin and biofilm formation.
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Many of them are regulated in a cell density-dependent manner via cell-cell
communication or so-called quorum-sensing \Q8nongstthe QS systems

identified in P. aeruginosa, this thesis has focused on the investigation of the
contribution of alkyl-quinolone (AQ) QS to P. aeruginosa pathogenesis and

that will be further discussed in chapter 2.

1.2.3.2. P. aeruginosa adaptatiorthe CF lung

According to the cystic fibrosis foundation annual report, half of CF patients

under 18 years of age are infected with P. aeruginosa and the prevalence rises

up to 80% of patients age above |18 (Hauser et al.,[2011). The mechanisms of

how P. aeruginosa compete with other pathogens to adapt in the CF lung is
still unclear, despite theories on the initial infections of the lung epithddyum

S. aureus and H. influenza cultivating a niche suitable for P. aeruginosa

persistencg (Hauser et al., 2011). Here the evidence of phenotypic changes of P.

aeruginosa that are considered superior for adaptation in the CF lung is listed.
As mentioned above, in the CF airways, the function of the mucociliary
clearance, cationic antimicrobial peptides and neutrophils and macrophages are
impaired and inflammatory signal transduction pathways exaggerated. This
results in the chronic airway colonisation with opportunistic pathogens and
leads to life-threatening lung disease. Being a ubiquitous environmental strain,
it is intriguing how P. aeruginosa shifts its lifestyle from an environmental
unobtrusive planktonic life-pattern to a biofilm-forming phenotype during
infection in the host. There are several virulence factors involved either in

initial attachment and invasion or in the later chronic stage.
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Early colonization

Colonisation of CF airways is mediated by the adhesion of cell appendages
such as flagellum and type IV pili to host epithelial cell surfaces. Studies have
demonstrated that a type IV pili-associated protein (PilY1) is required for P.

aeruginosa adherence to mucosal epithelium and preferentially binds to the

exposed basolateral cell surfages (Heiniger et al., |2010, Bucior et al|, 2012)

After attachment, P. aeruginogathought to inject type lll secretion proteins
ExoU, S, T, and Y into the host cells. These sednetoteins were identified to
have a role in activating pro-apoptotic pathways, modulating small GTPases,
enhancing P. aeruginosa invasive capabilities by interacting with multiple

eukaryotic cytoskeletal components, such as tight junctions and causing cell

deathas a consequenceg (Soong et al., 2008, Kipnis et al., 2006, Enggl and

Balachandran, 20(ﬂ9, Angus et al., 2010). In addition, P. aeruginosa elastases,

LasA and LasB, and alkaline protease dhought to modulate host

immunoregulatory proteins and damage epithelia through mitogen-activated

protein kinase (MAPK) pathways, increasing IL-8 expression (Azghani,| 1996).

Late stage adaptation

The long-term persistence of P. aeruginosa in CF lung is characterised by the

process of adaptive radiation, which causes the selection of a variety of

genotype and phenotypges (Hogardt and Heesemann|, 2010). The adajtability

P. aeruginosa confers a selective advantage to better thrive in the diverse
niches and microenvironments of the inflamed and hostile CF lung. Loss-of-
function mutations in genes such as lasR, mucA and mexT lead to a general

adaptation pattern of P. aeruginosa. More intriguingly, several cellular
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virulence factors including type Il secreted elastases and pyoverdines,
exotoxins S/T/Y secreted via T3SS, pyocyanin and siderophores were
attenuated. The most striking clinically important feature of P. aeruginosa
infection is the tendency of this bacterium to adjust its life style from a single
cell to mucoid phenotype. This phenatypchange probably initiates the
chronic infection stage and therefore, enables P. aeruginosa to survive in the
microaerobic or even anaerobic environment in CF lungs. P. aeruginosa
mucoid exopolysaccharide, alginate has been shown to reduce chemotaxis of
neutrophils into the CF lung and by itself to inhibit activation of the

complement system. Mutated mucoid P. aeruginosa is inherently resistant to

macrophage and neutrophil phagocytgsis (Matsui et al.,| 2006). Clinical isolates

of P. aeruginosa from a single CF sputum sample appear morphologically
diverse and include mucoid variants, non-mucoid pyomelanin producing
variants, non-pigmented LPS-rough variants and small-colony variants. This
high mutation rate of variants that coexist with non-mutated variants is another

evidence of how P. aeruginosa accelerates its ecological fitness in the CF lung

Hogardt and Heesemann, 2(J10, Hauser et al.,[2011).
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1.3. AIMS AND OBJECTIVES

A type of QS in P. aeruginosa, the Pseudomonas alkyl-quinolone QS signal
(PQS) which has been detected in the CF lung, regulates virulence and has
been shown to have immunomodulatory propertigsvever, the contribution

of PQSto P. aeruginosa infection of human bronchial epitheliw®edn better
characterisationChapters 2 to 5 aimed to increase our understanding of
inflammation in the CF airwaysy investigating the impact of the cell density-
dependent regulator of P. aeruginosa pathogenesis, PQS, in the interaction
with human bronchial epithelial cells. The main aims of each chapter were 1)
to generatea P. aeruginosa mutant deficient in PQS to identify the impact of
PQS on the expression of virulence factors in vitro; 2) to develop an in vitro
human bronchial epithelial infection model and 3) to asen vitro airway
epithelial model to investigate the role of PQS in the innate immune
recognition of P. aeruginosa by airway epitheliih to usea CF clinical

isolate to assess the efficacy of the airway epithelial cell infection model

retrospectively.

The aim of Chapter 6 was to understand the systemic immune response in
patients with idiopathic pulmonary fibrosis. This was achieved by an
exploratory study measuring cytokine production by PBMCs, whiablater

correlated with clinical outcomes.
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2. GENERATION AND CHARACTERISATION OF
A PSEUDOMONAS AERUGINOSA MUTANT

DEFICIENT IN ALKYL-QUINOLONE PRODUCTION

2.1. INTRODUCTION

P. aeruginosa is an opportunispathogenknown for its metabolic plasticity
to adapt a variety of environments such as that encountered in the CF lungs and

where it has evolved the ability to form biofilms which are difficult to eradicate

by antibiotics |(Winsor et al., 20[f1, Heeb et al., 2011). Antibiotics work by

inhibiting bacterial cellular processes that are essential for microbial survival,
thus they pose a selective pressure which results in the emergence of drug
resistant mutants. The population density-dependent regulatory systems called
quorum sensing are used by many bacterial pathogens to regulate the
expression of virulence factors, but they are not essential for survival under
most conditions. Therefore, the disruptiongabrum sensing (termed ‘quorum
quenching’) (QQ) is considered as an alternative to attenuate virulence without

imposing the level of selective pressure posed by currently used antibiotics.

Galloway et al., 201flJimenez et al., 2012 . aeruginosa employs a complex

cell-cell communication network to coordinate the expression of a plethora of

genes, many of which code for virulence determinants (Williams and Cdmara,

2009). Driven by the urgent need to develop alternative therapeutic strategies

LaSarre and Federle, 201B, Galloway et al., 2011), a comprehensive
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understanding on the role of QS on the interactions between P. aeruginosa and

the human airway epithelium is paramount.

For the present chapter, the influence of QS on P. aeruginosa pathogenesis and
its potential as a therapeutic target was further evaluated. In particular, the
work focused on the alkyl-quinolone (AQ) QS system that is also known as the
Pseudomonas quinolone signal (PQS) system. To achieve this, a mutant in
blocking the AQs biosynthetic pathway for these signal molecules was
constructed and its virulence was analysed. The following introduction sections
will describe the QS networks in P. aeruginosa, their roles in virulence as well

as the need for the generation of a new mutant in the PQS system.

2.1.1. Quorum-sensing

Quorum-sensing (QS) is an intercellular co-operative behaviour of bacteria

used to coordinate the activities of individual cells (Miller and Bassler,|2001

Heeb et al., 2011, Williams and Camara, 2009). This signalling mechanism is

based on the use of diffusible signal molecules (also known as ‘autoinducers’)

which, when they reach a threshold concentration, can coordinate multiple
gene expression and a change in the behaviour of the bacterial population
through the activation of sensor regulatory proteins. These activated regulators
are also able to induce the transcription of the genes involved in the

biosynthesis of the signal molecules triggering an autoinduction feed-back loop
which results in more signal generation and changes in the whole bacterial
population (illustrated in Fig. 2.1). QS is responsible for the regulation of a

large number of genes, for instance, around 10% of genes in the genome of P.

aeruginosa are regulated by QS system (Williams and Camara, 2009). The QS
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signal synthase, QS signal receptor, and QS signal molecules are three essential
elements of basic QS circuit machinery. The phenomena of QS was firstly
described in the marine bioluminescence bacterium Vibrio fischeri that has

been considered the paradigm of QS for the majority of Gram-negative bacteria

Nealson and Hastings, 1979). The bioluminescence was initiated with the

luciferase operon (luxICDABE) where luxl encodes the autoinducer synthase
that generates KB-oxo-hexanoyl)k-homoserine lactone (3-oxo-C6 HSL) and
luxCDABE codes for proteins responsible for bioluminescence production.
This operon is regulated by the LuxR protein, also known as the QS
transcriptional regulator/activator. Binding of 3-oxo-C6 HSL by LuxR
activates the expression of the luxiICDABE operon which in turns results in the

production of more of this signal molecule, through an auto induction feedback

loop, and bioluminescence (Engebrecht and Silverman, | 198&)/LuxR

homologues are widely spread in Gram-negative bacteria such as Yersinia

enterocolitical (Atkinson et al., 2006), Burkholderia pseudomallei (Eberl|2006),

Salmonella enterica (Michael et al., 2001), Vibrio harveyi, Vibrio cholerae

LaSarre and Federle, 2413) and Pseudomonas aerudinosa (Galloway et al.,

2011 Waters and Bassler, 2005) amongst many other. QS in P. aeruginosa

will be discussed further in this chapter.
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Figure 2.1 General mechanism of quorum sensing autoinduction in Gram-negative
bacteria.

(A) At low population densities autoinducer signal concentration is lowcandot bind to tr
corresponding transcriptional activator protein due to unfavourable bikdiegcs. (B) A
higher population densities, signal concentration reaches the threshold attwimds to th
transcriptional regulatory protein inducing a conformational change. Thadboomple
subsequently regulates the expression of QS dependent phenotypg@s. tRanscription
regulator (autoinducer receptor); I, autoinducer synthase. Figure adapm

[2003.
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2.1.2. Quorum-sensing in Pseudomonas aeruginosa

2.1.2.1. N-acylhomoserine lactone driven quorum-sensing in P. aeruginosa

Two N-acylhomoserine lactones (AHL)-based QS systems named las and rhl

circuits inP. aeruginosa have been widely studjed (Heeb et al.,|[2011, Lee|et al.,

2013, Diggle et al., 2006a). The las system is composed of an analogous of

Lux-like synthase Lasl and LuxR-like receptor, LasR. Lasl mediates the
synthesis of the autoinducer (8-oxododecanoyl)--homoserine lactone (3-

0x0-C12-HSL). This molecule is responsible for the activation of the
transcriptional regulator LasR which in turns binds to the promoter region of
lasl ultimately resulting in the production of more 3-oxo-C12-HSL. The LasR/I

QS system controls the secretion of virulence factors such as elastase, the

protease LasA, alkaline protease, exotoxin A and biofilm development (Diggle

et al., 2008). Similarly, the rhl system is composed of another Luxl/LuxR-type

system termed RhII/RhIR. Rhll mediates the synthesis of N-butanoyl-
homoserine lactone (C4-HSL) which upon binding to RhIR activates the
production of many virulence determinants including rhamnolipids, elastase,

LasA protease, hydrogen cyanide, pyocyanin, and the cytotoxic lectins LecA

and LecB [(Williams, 2004, Cooley et al., 2008). The las and rhl systems

control more than 6% of the P. aeruginosa genpme (Schuster et al., 2003).

Although it was originally thought that the LasR/I QS system work in a
hierarchical way by controlling the expression of the RhIR/I system, it has now
been shown that RhIR/I can function in the absence of the LasR being even

able to activate lasl expression and a range of LasR/I controlled phenotypes

Dekimpe and Deziel, 2009) (Fig. 2.2).
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Figure 2.2 Interactions between the two AHL QS systems in P. aeruginosa ameir
regulation in virulence.

After a threshold concentration of 3-oxo-C12-HSL is reached the 3542eHSL-Lask
complex binds the promoter regions of multiple genes, activatingepressing the
transcription. Among the genes upregulated by this complex are lasl, ehi@nces it
production of 3-oxo-C12-HSL (autoinduction effect), and rhIR, whiclcreases tt
production of the rhl transcriptional regulator RhIR, activating the seddtid pathway
Virulence factors regulated by correspondent receptor-ligand complex are detatited @it
Figure adapted from (Jimenez et al., 2012).
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2.1.2.2. The alkyl-quinolones QS network in P. aeruginosa

The study of the AQs from P. aeruginosa as signal molecules began from their

intriguing structures similar to antimicrobial quinolon|es (Pesci et al., |1999)

The role of PQS as a QS signal molecule was first described by Pesci et al.,
1999. Although PQS is not an antimicrobial, further studies unveiled that
among more than 50 alkyl-quinolones found in P. aeruginosa, 2-heptyl-3-
hydroxy-4(1H)-quinolone (PQS) and its precursor molecular 2-heptyl-4(1H)-

quinolone (HHQ) can also work as QS signal that cooperates with the AHL-

ST

dependent QS system in P. aeruginpsa (Xiao et al., §006a, Heeb et gl., 2011).

Synthesis of 2-heptyl-3-hydroxy-4(1H)-quinolone (PQS) depends on the
pgsABCDE operon. PqgsA, the anthranilate co-enzyme A ligase, catalyses
anthranilate that produced by phnA@ anthraniloyl-coenzyme APqsD then
mediates the synthesis of 2-aminobenzoylacetate (2-ABA) from anthraniloyl-
coenzyme A and malonyl-CoA, decarboxylating coupling of 2-ABA to an

octanoate group of octanoic acid that linked to PgsC and PqgsB to produce

HHQ (Dulcey et al., 2013). HHQ can be transformed to 2-heptyl-3-hydroxy-

4(1H)-quinolone (PQS) by the mono-oxygenase PgsH (Fig.[2.3) (Diggle |et al.,

20063 Pesci et al., 19|99). HHQ and PQS are the major AQ QS signalling

molecules. PgsR, also known as MVfR, is a LysR-type transcriptional regulator,
with a conserved N-terminal DNA-binding helix-turn-helix and a C-terminal
co-inducer-binding domain. PgsR activates the transcription of pqsABCDE and

possibly the phnAB operon when binding to PQS or HHQ and triggers the

typical QS autoinducing response enhancing AQ biosynthesis (Maddocks and

H

Oyston, 2004, Heeb et al., 2011). PQS has been shown to reach the maximal

X

production at late logarithmic phage (Diggle et al., 2003) and its production is
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also promoted by the availability of the substrate anthranilate and presence of

the aromatic amino acids tryptophan, phenylalanine and tyrpsine (Palmef et al.,

2008). The las QS circuit increases the expression of pgsR and pgsA as well as

controlling the expression of pqsH indicating las acts as a positive regulator of

PQS |(Xiao et al., 2006b). However, the biosynthesis of PQS only partially

relies on the las system since PQS is still produced during late stationary phase

in the absence of lasR (Diggle et al., 2003). In contrast to the las QS system,

the rhl system negatively regulates the PQS produgtion (Heeb et alf, 2011

Xiao et al., 2006p).

PQS is regarded as a multifunctional molecular in addition to the regulatory

role in quorum-sensing (Williams and Camara, 2009). PQS has iron-chelating

properties that contributes to iron transport and it is thought to facilitate

siderophore-mediated iron delivery (Diggle et al., 2007). PQS is also involved

in cell autolysis at high population densities in nutrient deprived conditions

Williams and Camara, 2009). It has been demonstrated that there is far less

DNA release in a pgsA mutants than its wild-type counterpart in both

planktonic and biofilm cultureg (Allesen-Holm et al., 2D06).

The control of virulence by the AQ systems remains a puzzle. Whilst PQS can
have an impact on the expression of genes related to iron starvation, the control
of most virulence factors is exerted by PgsE. Although this protein has been
crystallised, this has not revealed any key information with regards to its
mechanisms for controlling virulence gene expression. Virulence in a pgsA
mutant has been shown to be restored by PgsE on its own to nearly wild-type

levels. Furthermore, PgsE has been shown to negatively regulate the expression
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of the pgs operon as a way to modulate virulgnce (Folch et al.|| 2013, Rampioni

et al., 201(Q), Hazan et al., 2010).

Recently, a new QS molecule,(2-hydroxyphenyl)-thiazole-4-carbaldehyde
(IQS) encoded by the ambBCDE operon was discovered (Fig. 2.4). 1QS is
induced when P. aeruginosa is exposed to a phosphate deprived environment
(Lee et al.,, 2013). Under an unfavourable environment, expression of 1QS
overcomes the las-led QS circuit and promotes the expression of virulence
factors. This finding may also partially explain how P. aeruginosa clinical

isolates persist in CF respiratory infection in the absence of a functional las

system|(Winstanley and Fothergill, 2009).
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Figure 2.3 Biosynthesis, autoinduction, and virulence regulation by alkyl-quinolones
in P. aeruginosa.

Biosynthesis of PQS starts with the conversion (by the PgsABCigipsd of anthranila
(originates from either the kynurenine pathway or the PhnAB anthrasiatbase) int
HHQ, which is converted into PQS by the PgsH monooxygenase. BothadH®QS bir
the PgsR regulator, and the complex activates the transcription of $A8QIQE an
phnAB operons, increasing the levels of PQS (autoinduction) and pyogyaduction
Additionally, transcription of the PQS operon results in an increasigeifevels of Pqgs
that increases the levels of pyocyanin, lectin, HCN, and rhamnolipidseragapted fro
{(Jimenez et al., 2032
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Figure 2.4 Integration of quorum-sensing networks in P. aeruginosa.

The best described QS systems in P. aeruginosa are the AHL and AQ systems whic
are closely interlinked. The expression of the pgsABCDE operonriegupated by Lasl/Las
but negatively controlled by RhllI/RhIR system. PQS enhances the prodat®hll/RhIR by
activating the expression the autoinducer receptor, RhIR. The abovesimsteens wor
reciprocally in an intertwined manner resulting in a fine control ofletite gene expressi
in P. aeruginosa. A newly uncovered cell-cell communication sigs, functionall
substitutes the central las system when P. aeruginosa in undsphplte-deprive
environment. Disruption of 1QS biosynthesis disabled the pgs and)&hlsystems ai
attenuated P. aeruginosa virulence in vitro. Green lines denote positive regutadidine
denote negative regulation. This QS architecture diagram was expande
[Camara, 200fLee et al., 201B).
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2.1.3. The impact of alkyl-quinolones on P. aeruginosa pathogenesis

Despite the fact that the AHL-based QS systems of P aeruginosa have been
shown to play a central role in the regulation of virulence and immune
modulation in vitro, this situation could very much change in vivo. In the CF

lung 50% of strains from late stage CF patients are deficient in lasR function

Winstanley and Fothergill, 2009). Moreover, abolishing the whole AHL QS

by generating a quadruple mutation of rhlIR and lasIR exerted comparable

infectivity to the wild-type strain in a mouse lung infection model (Lazenby et

al., 2013), suggesting that the AHL-dependent QS might not be required for

full pathogenesis in vivo and other regulatory mechanism might be involved.

PQS has been identified in sputum, bronchoalveolar lavage fluid, and

mucopurulent fluid from distal airways of end-stage CF lungs removed for

transplant| (Collier et al., 2002) and at different stages of the disease, from

asymptotic early stage to late progression, implying a potential role of PQS in

coordinating virulence factors during the course of infection (Collier e} al.,

2007, Guina et al., 2003). An in vitro transcriptomic study investigating the

physiology of P. aeruginosa grown in CF sputum revealed that expression of
genes associated with PQS metabolism, such as these coding for the aromatic
amino acid aminotransferase, 4-hydroxyphenylpyruvate dioxygenase (hpd) and

pgsABCDE, was more than 10-fold induced compared to their expression in

media containing glucose as carbon source (Palmer et al.| 2005). In other

words, the Pg®S circuit, rather than the AHL-dependent QS may have a more
dominant role in the control of virulence factors during infection of the CF

lung. The above evidence suggests a pivotal role for the Pgs QS system in
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orchestrating the production of virulence determinants and facilitating P.

aeruginosa persistence in the human host.

2.1.3.1. Virulence factors under the control of PQS

P. aeruginosa produces a wide range of virulence determinants and many of
them are regulated by QS. The virulence factors chosen for discussion below

are those strongly controlled by the Pgs QS system.

Elastase B

Elastase B (LasB) is an elastolytic metalloproteinase encoded by the lasB gene.
Over 75% of clinical isolates of P. aeruginosa secrete elastase B. Previous in
vitro studies have shown that LasB degrades a number of components of the

innate and adaptive immune systems, including surfactant proteins,

antibacterial peptides, cytokines, chemokines and immunoglofulins (Kugang et

al., 2011} Singh et al., 20[10). PQS positively controls the expression of the

lasB gene and this expression increases synergistically in the presence of both

PQS and C4-HSL (McKnight et al., 2J00).

Pyocyanin

Pyocyanin acts as a redox-active toxin required for full pathogenesis of P.

aeruginosa in animal infection models (Lau et al., 2004). P. aeruginosa

produces high levels of pyocyanin in the CF lungs and these levels are directly

correlated with the deterioration of lung functipn (Winstanley and Fothargill,

2009,| Caldwell et al., 2009). Pyocyanin inhibits ciliary beat frequency in

airway epithelial cells, induces cytotoxicity in A549 alveolar epithelial cells by
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suppressing catalase activity and induces neutrophil extracellular trap (NET)

formation |(Rada et al., 20113, O'Malley et al., 2|003). PgskE is essential for

pyocyanin production via the control of phenazine biosynthetic operons.

Interestingly, PgsE can control pyocyanin production in the absence of PQS

Rampioni et al., 201D, Jimenez et al., 2012).

Rhamnolipids

Rhamnolipids are biosurfactants that enhance bacterial surface translocation

and mediate the uptake and degradation of hydrophobic compounds in the

surrounding environmenlt (Noordman and Janssen, |2002). Apart from being

involved in adaptation to the environment, rhamnolipids also act as innate
immune-modulators in the human host. Rhamnolipids purified from P.
aeruginosa culture supernatants inhibited the productiofiL-d3 and the

antimicrobial peptide, humarg-defensin hBD-2 from keratinocytes by

affecting protein kinase C signallirlg (Dossel et al., ﬁmz, Gerstel et al), 2009).

Rhamnolipids were also found to initiate bacterial biofilm dispersal from a

mucoid clinical strain PA17 and induce necrotic death of neutrthils (Dayey et

al., 2003| Jensen et al., 2007). Rhamnolipids exerted cytotoxicity and acted as

heat-stable extracellular hemolysins controlled by QS during P. aeruginosa

chronic infection| (Noordman and Janssen, ﬁOOZ, Johnson and Boese-Marrazzo,

198d[ Wang et al., 20“3, Jensen et al., 2007).

In P. aeruginosa, three genes linked to the rhl QS system, rhlAB and rhlIC,

code for the enzymes responsible for the last step of rhamnolipids synthesis

Abdel-Mawgoud et al., 20100, Reis et al., 2D11). The Pgs QS system positively

regulates