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SUMMARY

Respiratory epithelial cells, which form a primary interface between the lung and the environment,
play a crucial role in innate immunity. Controlled and regulated lung innate immune responses are
vital for the clearance of bacterial infections; however, dysregulation of these responses can lead to
tissue damage and chronic inflammation. Pulmonary surfactant, in addition to its biophysical
function, has been shown to exert anti-inflammatory properties in myeloid cells. In this work, the
potential immunoregulatory role of surfactant lipids on innate immune responses of lung epithelial
cells to Gram negative respiratory pathogens was investigated. The effect of the pulmonary
surfactants Survanta®, Curosurf® and the phospholipid component dipalmitoylphosphatidylcholine
(DPPC) on the growth, uptake and subsequent induction of IL-8 in lung epithelial cells by P.
aeruginosa and B. cepacia have been investigated using the A549 cell line as a model system. In
addition, the effect of the surfactants on the growth, uptake and IL-8 induction on both clinical and
environmental strains of these bacteria was also investigated.

Both surfactant preparations (Survanta® and Curosurf®) as well as DPPC at
physiologically relevant concentrations significantly inhibited the growth of P. aeruginosa and B.
cepacia in saline supplemented with either pooled human serum or tryptone soy broth. Utilising
fluorescence microscopy and FITC-conjugated bacteria, it was shown that A549 cells readily
internalised both P. aeruginosa and B. cepacia and the internalized bacteria were confirmed by
antibiotic protection assays and electron microscopy. The endocytosis of the bacteria by A549 cells
was cytoskeleton dependent as it was inhibited by cytochalasin D. Survanta®, Curosurf® and DPPC
significantly increased the uptake of B. cepacia by the A549 cells whereas Curosurf® and DPPC
increased but Survanta® decreased the internalisation of P. aeruginosa by A549 cells.

A549 cells released a significant level of IL-8 when stimulated with either clinical or
environmental strains of P. aeruginosa and B. cepacia and this was shown not to require bacterial
internalization. However, IL-8 release was markedly suppressed when membrane CD14 and TLR4
receptors were blocked with specific antibody indicating lipopolysaccharide (LPS) is a key initiator
of the bacterial-induced IL-8 responses in lung epithelial cells. Survanta®, Curosurf® and DPPC
markedly suppressed the release of IL-8 induced by both environmental and clinical strains of P.
aeruginosa and B. cepacia and LPS purified from these strains. Furthermore, semi-quantitative PCR
experiments revealed that the surfactants inhibited IL-8 mRNA formation, suggesting that they act
on signalling systems upstream of gene transcription.

The surfactants did not inhibit IL-8 induced by IL-1P in A549 cells suggesting that they act
at the level of the LPS receptor complex. Disruption of membrane micro-domains (‘rafts’) with
methyl-B-cyclodextrin significantly inhibited bacteria and LPS induced IL-8 in A549 cells. Isolation
of membrane raft containing fractions by sucrose density gradient ultra-centrifugation showed that
TLR4 was recruited into membrane lipid rafts on cell stimulation with the bacteria or LPS. The
surfactants inhibited the bacterial and LPS mediated translocation of TLR4 into raft domains
suggesting that their mechanism of action involves inhibition of LPS receptor complex formation in
lipid raft domains.

This study has shown that pulmonary surfactant can directly modulate inflammatory
responses of lung epithelial cells to Gram-negative bacterial pathogens and suggests the importance
of surfactants in regulating potentially damaging inflammatory responses in the lung.
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CHAPTER 1 INTRODUCTION

1 GENERAL INTRODUCTION

The respiratory system consists of two functionally and structurally distinct regions known as the
upper and lower respiratory tracts. The upper respirator tract consists of the nasal and paranasal
passage, and the pharynx (collectively termed the nasopharyngeal region). The trachea connect the
nasopharyngeal region to the lower respiratory tract, and the main bronchi (Fig 1.1A) are often
considered as the start of the lower respiratory tract, functioning in the conduction of inspired air

though to the gas exchange region of the alveoli.

The alveoli, or the air sacs, are organized as clusters continuous with alveolar ducts. Each alveolus
is surrounded by many blood capillaries in such an arrangement that constitutes an extensive air-
blood interface separated by a thin tissue barrier and which, therefore, allows for optimal diffusion
of gases across the respiratory membrane. The alveolar epithelial-pulmonary capillary barrier
comprises mainly the alveolar epithelium and pulmonary capillary endothelium. In part of the
barrier the basal membranes of the epithelium and endothelial cells are directly in contact, while in

other parts they are separated by interstitium.

The total alveolar epithelium surface area within an average adult human lung has been estimated,
using electron microscopy, to be as large as 140 m* (Gehr et al., 1978). The alveolar epithelium
surface is covered with a film of surfactant that lowers the surface tension during respiration. The
volume of this alveolar film has been calculated at between 7-20 mL for the alveolar surface area

(Bastacky et al., 1995, Macklin, 1954)

The alveolar epithelium is comprised predominantly of two specialized epithelial cells types;
alveolar epithelial cells type-1 (AETI) which constitutes approximately 93% percent of the alveolar
epithelial surface area (33% by number) and the surfactant producing alveolar epithelial type-II
(AETII) cells comprising the remaining 7% by surface area and 67% by epithelial cell number
(Crapo et al., 1982). The epithelial type II cells are considerably smaller than type I cells and a
uniform cell thickness of approximately 10 um (Carpo et al., 1982) and richly endowed with

organelles and microvilli on its apical membrane. The alveoli are connected to the bronchioles by
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tiny ducts and each alveolar sac is surrouned by a capillary bed, which is a network of tiny blood

vessels (Fig 1.1B)

The upper respiratory tract removes the vast majority of inhaled particles, and turbulent airflow
deposits most of the particles on the mucus. The highly efficient mucocilliary clearance system
acts to return most particles to the posterior pharynx where it is swallowed. Small concentrations
of inhaled infectious agents that avoid removal by the mucocilliary apparatus (Chandra et al.,
1981) and reach the underlying upper and lower respiratory tract epithelium require processing by

the immune system of the lung.

Respiratory diseases account for 25% of all emergency medical admission and 34% of all deaths in
UK (Chung et al., 2002). Lower respiratory tract infection (LRTI) caused by a variety of microbial
agents including viruses and both Gram-positive and Gram-negative bacteria. Bacterial pathogens
account for 40-60% of acute exacerbation of chronic bronchitis. Bacterial pneumonia caused by
Gram-negative bacteria are the commonest causes of nosocomial pneumonia (Mims C and Playfair
J, 1998). Gram-negative bacteria such as P. aeruginosa and B. cepacia are frequently isolated from

the lung and are considered the most important pathogens in cystic fibrosis patients.

Bacteria may cause injury to the lung epithelial cells and this may contribute to bacterial
persistence and progressive airway obstruction. Epithelial cells in the lung play a pivotal role in the
initiation of inflammatory responses by producing mediators such as interleukin-8 (IL-8)
(Diamond et al., 2000), which is a major chemoattractant for neutrophils. The inflammatory
response which is induced by bacterial pathogens or their products is critical for the host defense
helping to clear the infectious agent and its products from the area. In most cases the immune
response leads to elimination of the infectious agents without producing clinically detectable signs
of inflammation (Nelson and Summer, 1998). The increased level of this chemokine has been

reported from patients with chronic inflammatory lung diseases (Drost and MacNee, 2002).
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The innate immune system in the lung has both a recognition function, which detects bacteria and
bacterial products in the tissues and attracts phagocytic cells to the site of infection (Zhang et al.,
2000, Zhang P, 2000). The inflammatory mediators that are released by alveolar macrophages and

non-myeloid cells assist the migration of neutrophils that destroy the foreign agents.

Lung epithelial cells also secrete pulmonary surfactant, which plays an important role in lung
function. Pulmonary surfactant, a complex mixture of lipids and proteins, lines the respiratory
epithelium of the lung. It exhibits biophysical functions relating to its ability to confer low surface
tension at the air liquid interface and prevent lung collapse (Bastacky et al., 1995,Hills, 1999).

In addition to its biophysical action, pulmonary surfactant has been shown to play a role against
infection to a variety of bacterial, viral and fungal pathogens (Coonrod, 1987,Crouch and Wright,
2001). Several reports (Morris et al., 2000, Suwab et al., 1998, Tonks et al., 1999) suggested that
pulmonary surfactant lipids play an important anti-inflammatory role in the lung. In addition to its
anti-inflammatory role, pulmonary surfactant may also have direct effects on bacterial invasion of

the lung

As the respiratory epithelium forms the initial contact with bacteria and bacterial products after
pulmonary surfactant, understanding the pulmonary surfactant action on bacteria on the epithelial
cells response may provide an important potential tool in the elimination of infection in the lung

and modulation of the inflammatory responses in the lung epithelial cells.

The results of this study will increase our knowledge and understanding of the potential role of
pulmonary surfactant lipids on bacterial lung infection and on its anti-inflammatory role of within
the alveoli. This will be important in the development of new strategies to combat the increasing

prevalence of chronic inflammation and bacterial infection in the lung.
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Figure 1.1: Schematic diagram of the human lung. Complete gross anatomy of the lung (A).
Each bronchiole supplies air to a cluster of alveoli (B), called an alveolar sac. The alveoli are
connected to the bronchioles by tiny ducts and surrounded by many blood capillaries of tiny blood

vessels (B). (Modified from: Fuchs et al., 2002).
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1.1 LUNG INFECTIONS

Respiratory diseases account for 25% of all emergency medical admission and 34% of all deaths in
UK (Chung et al., 2002). The lung, which represents the largest epithelial surface area of the body,
is a uniquely vulnerable organ and exposed to damages from inflammation caused by airborne
particles, oxidant gases and infectious agents (Wright, 2003). Lower respiratory tract infection
(LRTI) describes a range of symptoms and signs, varying in severity from non-pneumonic LRTI in
the young healthy adult through to pneumonia or life-threatening exacerbation in a patient with
severe COPD. Approximately 1.7 million people aged between 16 and 79 years were treated for
LRTI in England and Wales in 1991, representing an incidence of 46/1,000 population
(Macfarlane et al., 1993). UK studies documenting the frequency of LRTI in the adult population
in general practice suggest an overall incidence of 44-84 cases per 1,000 population per year

(Macfarlane et al., 1993,Woodhead et al., 1987).

LRTI is a particularly common and serious illness in the elderly. In a population-based
retrospective cohort study in Rochester, Minnesota, USA, approximately one in 18 residents older
than 65 years experienced one or more episodes of bronchitis or pneumonia over one year, with an
overall 30-day mortality of 10.7% (Houston et al., 1995). UK prevalence-based burden of illness
analysis estimated the direct health care cost to be £1,364 million annually at 1992/93 (Guest and
Morris, 1997). Over 60% of these costs occur in hospital, although inpatient care accounted for
only 1.4% of all LRTI episodes.

Acute respiratory infections (ARI) are the most important single cause of global burden of disease
in young children globally and the largest single cause of mortality (Black et al., 2003,Mathers et
al., 2001). Acute respiratory infection is a major cause of morbidity and mortality in children
worldwide. Four million children under five years of age die from respiratory infections each year
(Leowski, 1986,Garenne et al., 1992) and most of the deaths are due to acute lower respiratory
infections (ALRI), primarily pneumonia (Garenne et al., 1992). Pneumonia and chronic lung
diseases such as COPD account nearly two thirds of deaths from respiratory disease (Chung et al.,
2002).
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Pneumonia is an acute infection of the parenchyma of the lung resulting from the infection of
bronchioles and alveoli in the lung. Pneumonia caused by a variety of microbial agents including
both Gram-positive and Gram-negative bacteria, which are the commonest cause of nosocomial

pneumonia (Mims C and Playfair J, 1988).

The airway epithelium is remarkably resistant to bacterial invasion. Epithelia provide a formidable
mucosal barrier and contribute mucociliary clearance functions. The tight junctions between cells
help to prevent microbial invasion (Knowles and Boucher, 2002, Whitsett, 2002,Kagnoff and
Eckmann, 1997). Normal epithelial cells secrete antimicrobial peptides (Nakamura et al.,
1992,Singh et al., 1998), such as B-defensin and lactoferrins, which directly contribute to host
defense (Harder et al., 2000). There are few bacterial receptors displayed on the apical surface of
airway epithelial cells, which may serve to prevent inadvertent activation by transient
contamination of the lower airways. However, in response to a significant bacterial challenge or
exposure to bacterial products, airway cells actively mobilize signaling components to the apical

surface of the airway cell to initiate inflammatory responses (Soong et al., 2004).

The invasion of host cells and tissues by microorganisms is a critical step in the series of events
that lead to a successful infection. Bacterial invasion of the respiratory epithelial cells and progress
infections to the lung cause lung injury of the epithelial cells (Dreyfuss and Ricard, 2005) and this
contribute to bacteria persistence and causes progressive airway obstruction (Gelb et al., 1993).
Many reports found that bacteria such as P. aeruginosa and B. cepacia adhere and bind to lung
epithelial cells (Azghani et al., 2002). Invasion and replication within the respiratory epithelial
cells was associated with some bacteria like B. cepacia (Bums et al., 1996) and S. agalactiae
(Doran et al., 2002, Mikamo et al., 2004).

Bacterial pathogens have been shown to induce the elaboration of pro-inflammatory cytokines
such as tumor necrosis factor TNF-a, IL-6 and IL-8 in the lung (Sethi and Murphy, 2001), which
are potential mechanisms that upregulate inflammation in the lung. Bacterial secreted components
also play a role in lung inflammation by inducing inflammatory cytokines such as IL-8 from lung
epithelial cells (Fink et al., 2003,Leidal et al., 2001,Palfreyman et al., 1997).
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Bacterial components like LPS, a major cell wall component of Gram-negative bacteria, (Rietschel
and Brade, 1992) contribute to the lung inflammation and induce different cytokines and
inflammatory products in lung epithelial cells (Palfreyman et al., 1997,Pechkovsky et al., 2000).
There are also a few reports showing that peptidoglycan (PGN) induces inflammatory cytokines
from lung epithelial cells (Saraf et al., 1999). Lipoteichoic acid (LTA) is a surface-associated
adhesion amphiphile from Gram-positive bacteria and regulator of autolytic wall enzymes
(muramidases). It is released from the bacterial cells mainly after bacteriolysis induced by
lysozyme, cationic peptides from leucocytes, or beta-lactam antibiotics. Although there were some
reports of cycooxugenase-2 (Cox-2) release from A549 cells (Lin et al., 2002,Lin et al., 2001) in

response to lipoteichoic acid of Gram-positive bacteria.

1.2 INNATE IMMUNITY OF THE LUNG

The upper respiratory tract removes the vast majority of inhaled particles, and turbulent airflow
deposits most of the particles on the mucus. The highly efficient mucocilliary clearance system
acts to return most particles to the posterior pharynx where it is swallowed. Small concentrations
of inhaled infectious agents that avoid removal by the mucocilliary apparatus (Chandra at al 1981)
and reach the underlying upper and lower respiratory tract epithelium require processing by the
immune system of the lung. The lung is an anatomically complex organ with at least three distinct
compartments, including the airways and the airspace, the interstitium, and vasculature. |
The cells in lung control the inflammatory response and do not respond to all inhaled particles but
it has selective response to pathogens. This process depends on the interaction between conserved
patterns on microorganisms, pathogen-associated molecular patterns (PAMPs), and host Toll like
receptors. Also dose of infection, type of the stimuli and components released are control the
response in the lung. This specifity of this response give rationale for anti-inflammatory regulation
in the lung. The integrity of the respiratory tract critically depends on a tightly regulated host
defence apparatus. The innate immune system provides initial protection against microorganisms

and stimulates the adaptive immune response (Medzhitove and Janeway, Jr., 2000).
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The infectious agents that reach the alveoli first come in contact with the epithelium and the
resident phagocytes (most notably alveolar macrophages). Cellular components of the innate
immune system include phagocytic cells such as neutrophils or macrophages, natural killer cells,
basophils, mast cells, eosinophils and others. Phagocytes as well as lung epithelial cells release
cytokines and chemokines to upregulate the cellular response. These cells initiate and coordinate
the host response to infection, including adaptive immunity (Bals et al., 1999,Medzhitov and
Janeway, Jr., 2000,McCormack and Whitsett, 2002).

The innate immune system in the lung has a recognition function, which detects bacteria and
bacterial products in the tissues and attracts phagocytic cells to the site of infection (Zhang et al.,
2000). The inflammatory mediators that are released by alveolar macrophages and non-myeloid
cells assist the migration of neutrophils that destroy the foreign agents. These mediators include
complement, and chemotactic proteins such as IL-8, macrophage inflammatory proteins such as

(MIP-2), and related cytokines (Zhang et al., 2000,Nelson and Summer, 1998a).

The inflammatory response, which is induced by bacterial pathogens or their products, is critical
for the host defense helping to clear the infectious agent and its product from the area. In most
cases the immune response lead to eliminate of the infectious agents without producing clinically

detectable sign of inflammation (Nelson and Summer 1998a).

1.2.1 THE ROLE OF LUNG EPITHELIUM IN INNATE RESPONSES IN
THE RESPIRATORY TRACT

The epithelial cells lining the airways and the alveoli act as the primary interface between
pathogens and the environment. Through the interaction of pathogens with the epithelium, the
protective barrier of the respiratory epithelium will be disrupted and compromised following
infectious insults and this will initiate an inflammatory response in the lung (Nelson and Summer,
1998,Diamond et al., 2000,Bals and Hiemstra, 2004). Epithelial surfaces are the most important
route of entry of microbial pathogens (Ganz, 2002). A few studies have provided evidence for the
presence of complement components at the alveolar epithelium where inhaled particles and

microorganisms deposited. The epithelium cells in the lung also synthesize and secreted specific
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components of the classical (C2, C3, C4 and C5) and alternative pathways (C5) (Strunk et al,,
1988,Zhao et al., 2000).

As a part of the innate immune response, pattern recognition receptors mediate the interaction
between conserved patterns on microorganisms, pathogen-associated molecular patterns (PAMPs),
and the host. Toll-like receptors (TLRs) have been demonstrated to participate in this process since
they are involved in the recognition of microbial-derived molecules from Gram-positive and
Gram-negative bacteria (Lien et al., 1999,Schwandner et al., 1999b). To date, at least 11 TLR

family members have been identified in mammalian cells (Takeda and Akira, 2005).

The epithelial cells in the lung express pathogen recognition receptors (PPR) and are therefore,
capable of detecting the pathogen associated molecular patterns (PAMPs) for LPS (Schulz et al.,
2002), peptidoglycan (PGN) and lipoteichoic acid (LTA) (Droemann et al., 2003). The innate
immune functions of the respiratory epithelium theréfore play a significant role in the pathogenesis
of a variety of human diseases. Failure of the mucosal host defense may result in bacterial
colonisation and subsequently infection of the airways and the lung parenchyma, which may lead

to the access of bacteria to the alveoli.

Stimulation of respiratory epithelial cells with infectious stimuli causes the increase expression and
secretion of a number of cytokines. Lung epithelial cells express and secrete chemoattractant
cytokines IL-8, growth regulated oncogenes GRO-a, GRO-B, GRO-y and epithelial cell derived
neutrophil chemoattractant (ENA-78) upon stimulation with LPS and supernatant from S. aureus
(Sachse et al., 2005) that have the ability to activate neutrophil (Zlotnik and Yoshie, 2000).
Activation of the epithelial cells also secrete monocyte chemotactic protein (MCP-1) (Krakauer,
2000), and regulated upon activation, normal T-cell expressed, and presumably secreted
(RANTES) (Ray et al., 1997) which act as chemoattractant for macrophages, eosinophils
(Diamond et al.,. 2000). During inflammation, lung epithelial cells respond to a range of signals
from neighboring cells like macrophages, T helper cells (Th) and other cells, as suggested by

expression of receptors for several cytokines including IL-1, TNF-a, IL-4.

10
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1.2.2 THE ROLE OF CHEMOKINES IN INFLAMMATION IN THE LUNG

Chemokines constitute a large family of chemotactic cytokines, which are divided into four
families based on the position of conserved cysteines: CXX, CC, C and CXC chemokines (Zlotnik
and Yoshie, 2000). As a further illustration, the archetypal CXC chemokine and neutrophil
chemoattractant, IL-8 has been redesignated CXCL8 and signals via receptors CXCR1 and CXCR2
(Rossi and Zlotnik, 2000). The chemotaxis activity is a well-established function of chemokines,
and several other responses are characteristic of the activation of leukocytes by chemokines. These
include the production of reactive oxygen intermediates (ROI) and the release of cytoplasmic
storage granules, such as proteases from neutrophils. Other functions of chemokine include
dendritic cell maturation and macrophage and T cells activation. Chemokines have multifunction
on the development of the immune responses by being involved in the maturation, differentiation,

activation, and chemotactic and trafficking of leukocytes (Wong and Fish, 2003).

Chemokines are thought to play an important role at the site of inflammation in the lung. The
human lung epithelial cell line A549 secretes different chemokines including Epithelial Neutrophil
Activating Peptide-78 (ENA-78) (Arenberg et al., 1998) a member of the CXC chemokine family,
which is defined as a family of leukocyte chemoattractant (Miller and Krangel, 1992). Activation
and migration of inflammatory cells are regulated by cytokines called Chemokines, which are
specialized cytokines with a very important role providing the directional step for trafficking of
leukocytes to the site of inflammation (Lloyd, 2002,Wong and Fish, 2003, Wong et al., 2004).

IL-8 is a non-glycosylated protein that belongs to CXC chemokine subfamily. IL-8/CXCL8 is the
most extensively studied member of this group, and its concentration increases during
inflammation. The concentrations of IL-8 have been noted to be increased in the sputum and BAL
of patients with cystic fibrosis (CF) (Kronborg et al., 1993). IL-8 is released by a variety of cells in
the lung including pulmonary epithelial cells (Nakamura et al., 1992). Also Gram-negative bacteria
such as B. cepacia and P. aeruginosa stimulate IL-8 release from lung epithelial cells (Palfreyman
- et al.,, 1997, Fink et al.,, 2003, Reddi et al., 2003). Gram-positive bacteria such S. aureus,
streptococcus agalactiae and streptococcus pneumonia also stimulate lung epithelial cells to
secrete IL-8 (Doran et al., 2002,Madsen et al., 2000,Mikamo et al., 2004b). Bacterial products such
as LPS activate the release of IL-8 from human lung epithelial cells (Koyama et al., 2000). The

11
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migration of neutrophils to the lung and airways is not completely understood. IL-8 orrelated CXC
chemokines lead to rapid neutrophil accumulation. IL-8 is substantially elevated in
bronchoalveolar lavage from patients with acute lung injury, and expression levels are positively

correlated to neutrophil recruitment (Lamblin et al., 1998).

The gene that transcribes IL-8 in humans is located on chromosome 4, q12-q21 (Luster, 1998,
Rollins et al., 1997), and consists of four exons and three introns. The 5'-flanking region of IL-
8/CXCLS contains the usual "CCAAT" and "TATA" box-like structures. In addition, this region
has a number of potential binding sites for several nuclear factors (Luster, 1998a,Luster,

1998, Rollins, 1997,Mori et al., 1999).

Previous studies have shown induction of IL-8 mRNA and increased protein level in response to
mediators or oxidative stress, including hydrogen peroxide, TNF-a, IL-1 (DeForge et al.,
1993,Kwon et al., 2001) and bacteria or their product such LPS (Eckmann et al., 1995,Kunkel et
al.,, 1991).

Regulation expression of IL-8 is beneficial for the lung immune response as it aids lung immune
responses in recruiting neutrophils into the lung and thus helping to clear infection. Over
production of IL-8 chemokine may lead to high amount of neutrophils recruitment and this may
lead to tissue damage by protease and elastase. Pulmonary surfactant may play on regulation of IL-
8 gene expression induced by bacteria and bacterial products such LPS. This study will investigate

the role of such possible regulation by surfactant lipids.

12
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1.2.3 THE ROLE OF ALVEOLAR MACROPHAGES AND NEUTROPHILS
IN LUNG IMMUNITY

AMs play a critical role in immune defence by protecting the lung from infectious agents that
evade the removal by the upper respiratory system and gain access to the lower airways. The
sources of pulmonary macrophages in the lung are generally peripheral blood monocytes that have
migrated into the lung generally or into the alveolus. AM are one unique class of macrophage that
function primarily in lung defense against inhaled particulate matter, microorganisms, and
environmental toxins (Dorger and Krombach, 2000). Macrophages are versatile in bactericidal
activity due to their phagocytic and secretary products capability. The alveolar macrophages are
capable of phagocytosing large numbers of infectious agents. The mechanism of phagocytosis is a
dynamic process in which the bacteria are attached to the macrophage membrane in the process of
ingestion. Besides their phagocytic and microbicidal functions, AM also secrete numerous
chemical mediators upon stimulation, thereby playing and initiating inflammatory responses

(Twigg, 111, 1998) and elaborate a number of proinflammatory cytokines (Miles et al., 1999) .

It has been shown in several lung injury models that activated AM release the cytokines tumor
necrosis factor-a (TNF-a) and interleukin-1B (IL-1B) as well as the chemokines monocyte
chemoattractant protein-1 (MCP-1) and macrophage inflammatory protein-1p (MIP-13) (Monton
and Torres, 1998). Alveolar macrophages phagocytose invading bacteria and kill bacteria such as
P. aeruginosa and B. cepacia, S. pneumoniae, S. aureus. The phagocytic defence is essential for
the clearance of small microbial challenges and maintaining the sterility of the alveolar surface in

the lung (Zhang, 2000).

Neutrophils are also one of the key effectors of innate immunity in the lung, and recruiting them
into the lung is important in clearance of infections. A variety of stimuli induce neutrophil
migration into the lung. LPS of Gram-negative bacteria stimulate the response to chemoattractants
and increases neutrophil migration at sites of inflammation. In the lung, the response to LPS is

most likely regulated by epithelial cells or alveolar macrophages.

The pattern of migration of neutrophils appears to be unique within the lung. The alveolar

epithelial surface contains high concentrations of adhesion molecules, such as intercellular

13



CHAPTER 1 INTRODUCTION

adhesion molecule-1, which are more concentrated near the junction of alveolar type I and type II
epithelial cells (Kang et al., 1993). Under normal conditions it is rare to find neutrophils in
pulmonary airways, and neutrophils that reach the alveolar surface are rapidly cleared, suggesting
that under normal conditions the lung is designed to exclude rapidly neutrophils from the its
alveolar capillary membrane. Regulation of neutrophil migration could be a useful mechanism for
allowing neutrophils to conduct surveillance functions. Mechanisms of neutrophils trafficking to
the lung, through the lung, and out of the lung are not well defined. Trafficking of neutrophils
involves a seemingly number of adhesion molecules and chemoattractants, although the IL-8

chemokine has emerged as a major determinant of neutrophils recruitment in the lung.

Also the recruited neutrophils become functionally activated through stimulation by
proinflammatory cytokines such as IL-8 and TNF and other mediators released within the
surrounded area in the infected compartment. Antimicrobial factors such as defensins, proteases,
lysozymes, reactive oxygen species and other mediators are crucial for the killing of the ingested

microorganism inside the neutrophils (Borregaard and Cowland, 1997)

Neutrophils are secondary phagocytic defence when AM fails to protect the lung in adult.
Neutrophils may also be important in ingesting and cleaning damaged epithelium from the airways
(Hyde et al., 1999). The recent observation that neutrophils undergo apoptosis rather than necrosis
in the airways and alveoli is essential to defining pulmonary infections and repair (Haslett, 1999).
The average life span of neutrophils is approximately 24 hours and neutrophils infiltrating
inflammatory milieu are programmed to die (Cox et al., 1992). Pulmonary surfactant has been
noted to modulate the survival of neutrophils in the lung following recruitment (Suwabe et al.,
1998).

Clearance of apoptotic cells by phagocytes also plays a role in survival and persistence of
inflammation during acute lung injury (Savill et al., 1989). Macrophages and other phagocytic
cells recognize apoptotic cells via a number of membrane surface molecules. One of these
membrane molecules, namely CD44, appears to play an important role in the clearance of
apoptotic neutrophils in vivo and in vitro (Teder et al., 2002,Hart et al., 1997). It was reported that
some bacterial product like B. cepacia lipopeptide caused could reduce the protective capacity of

pulmonary neutrophils by causing pore formation and cellular apoptosis (Hutchison et al., 1998)
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1.3 BACTERIAL LOWER RESPIRATORY TRACT INFECTIONS

Bacteria and viruses may cause infection of the lower respiratory tract. Bacterial infection of the
lower respiratory tract can be caused by Gram-positive bacteria such as Staphylococcus aureus,
Streptococcus pneumoniae, group B streptococcus (GBS), and by Gram-negative bacteria such as
Klebsiella pneumonia, Burkholderia cepacia, Pseudomonas aeruginosa and Haemophilus
influenzae. Many bacteria are associated with serious opportunistic infection of the lower
respiratory airways in many diseases like the association of Pseudomonas aeruginosa as an
important pulmonary pathogen with cystic fibrosis (CF) (McDowell et al., 2004,Manno et al.,
2004). Over the past decade or more however, Burkholderia cepacia has emerged as an important
lung pathogen in CF patients (Govan and Deretic, 1996). Bacterial products such as LPS also

cause lung inflammation and contribute to the lung infections.

Lung and epithelial cells injury by bacteria may occur during infection (Read et al., 1991) and this
will contribute to bacterial persistence. Chronic airway inflammation with recurrent P. aeruginosa
infections is the major cause of morbidity and mortality in patients with CF (Khan et al., 1995).

Bacterial factors contribute to the development of chronic infections in CF, particularly the ability
of P. aeruginosa to form biofilms (Costerton et al., 1999,Shirtliff et al., 2002). Alginate production
not only impeded pulmonary clearance but also resulted in more severe lung damage (Song et al.,

2003).

P. aeruginosa can cause community acquired pneumonia (CAP). In the community, the incidence
of P. aeruginosa pneumonia is increased in nursing home residents, patients with chronic
obstructive pulmonary disease, and patients recently discharged from the hospital. P. aeruginosa
rarely causes infection in previously healthy individuals. When P. aeruginosa infection occurs in
these patients, it has been associated with heavy exposure to aerosols of contaminated water and

can be rapidly progressive, with a reported mortality of 33% (Hatchette et al., 2000).

The pathogenesis of P. aeruginosa pneumonia is complex, and the outcome of an infection
depends on the virulence factors displayed by the bacteria as well as the host response. The large
genome of P. aeruginosa (Stover et al., 2000) provides a tremendous amount of flexibility and the

metabolic capabilities to thrive in environments that are inhospitable to most other organisms.
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Surface appendages, such as flagella and pili, which are critical for the initial colonization phase of
infection, function as ligands for phagocytic cells or stimulate the recruitment of neutrophils. Thus,

mutants that fail to express pili or flagella are less immunogenic (Feldman et al., 1998).

Gram-positive and Gram-negative bacteria may cause infection to the lower respiratory tract. The
severity of inflammation is dependant on the immunity in the lung and on the bacteria causing
inflammation. Bacterial cell wall components such as lipopolysaccharide (LPS), peptidoglycan
(PGN), lipoteichoic acid (LTA) and secretory products such as hemolysin and pyocyanin

participate in pathogenicity and inflammation in the lung.

Gram-negative bacteria remain an important cause of morbidity and mortality and have become
the leading cause of hospital-acquired pneumonia accounting for 40-60% of the pathogens
associated with nosocomial pneumonia (Eisenstadt, J. and L.R. Crane. 1994). Also the persistence
of Gram-negative bacteria like P. aeruginosa and B. cepacia in cystic fibrosis patients is an
important source of lower respiratory infections. In addition, P. aeruginosa is still the most
prevalent organism in the airways of CF patients (Pier, 1985). P. aeruginosa is perhaps the most
important pathogen associated with morbidity and mortality in CF patients. The mean prevalence
of P. aeruginosa in CF patients in 1990 was 60.7 % (FitzSimmons, 1993). Initial colonization with
P. aeruginosa quickly progresses towards a chronic infection, which is never eliminated and in
most cases eventually results in the death of CF patients. B. cepacia also frequently isolated from
CF patients. The percentage of patients colonized with B. cepacia has been found to be largely
dependent on the CF clinic being examined with colonization rates varying from as little as 10% to
as much as 40% (Govan and Deretic, 1996,Sajjan et al., 1995).
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1.3.1 GRAM-POSITIVE BACTERIA.

Lower respiratory infection can be caused by a variety of streptococcus bacteria such
Streptococcus pneumoniae is the most common cause of community-acquired bacterial pneumonia
throughout the world (Tuomanen et al., 1995), and group B streptococci like S. agalactiae is the

most common cause of neonatal pneumonia in industrialised countries.

The transmission of GBS rate from colonised women to the new-born is roughly 50%, and is
proportional to the density of maternal colonisation (Mandell et al., 2000). Factors associated with
increased invasive early-onset perinatal disease include: rupture of amniotic membranes for greater
than 18 h prior to delivery; maternal chorio-amnionitis or fever; rupture of membranes under 37

weeks’ gestation; and maternal bacteriuria (Schuchat et al., 1994).

Rates of invasive early onset neonatal disease vary between industrialised countries from 1.15 per
1000 live births in the UK, 0.76 per 1000 live births in Finland up to 3 per 1000 births in some US
centers (Beardsall et al., 2000,Kalliola et al., 1999). Only 3% of early onset disease presents as
pneumonia. Group B streptococci are important causes of sepsis in pregnant women, and a
recognised cause of pneumonia in elderly, non-pregnant adults with underlying liver disease,
diabetes mellitus or malignancy. Late onset disease, presenting up to 3 months, rarely presents as
pneumonia. GroupB streptococcal pneumonia is appearing to be involved in respiratory distress

immediately after delivery or within a few hours of birth, with cyanosis, tachypnoea, apnoea and

grunting.

The Gram-positive bacterium Staphylococcus aureus is a major pathogen responsible for a variety
of diseases ranging from minor skin infections to life-threatening conditions such as sepsis. The
pathogenicity of S. aureus is due to the repertoire of toxins, exoenzymes, adhesins, and immune-
modulating proteins that it produces. With the exception of diseases caused by specific toxins, such
as enterotoxins and exfoliative or toxic shock syndrome toxins, no single virulence factor has been
shown to be sufficient to provoke a staphylococcal infection. Such infection is rather promoted by
the coordinated action of various virulence factors, which are cell wall associated and secreted

bacterial proteins.
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Indeed, both localized infections, such as soft-tissue abscesses, and life-threatening systemic
diseases, such as sepsis, result from the ability of this pathogen to attach to cells or tissues; escape
the host immune system, i.e., factors that decrease phagocytosis and factors that interact with
antistaphylococcal antibodies; and elaborate proteases, exotoxins, and enzymes, factors that
specifically cause cell and tissue damage allowing dissemination of S. aureus (Projan, 1997). A
study of CF patients showed that S. aureus could be cultured from the sputum or respiratory tract
secretions of 47% of tested CF patients, respectively (Cystic foundation report 1998).

1.3.2 GRAM-NEGATIVE BACTERIA.

Gram-negative is a mixed group of different bacterial species can cause lower respiratory

infection. P. aeruginosa and B. cepacia are example of these bacteria.

1.3.2.1 Pseudomonas aeruginosa

Pseudomonas aeruginosa is a Gram-negative, aerobic rod belonging to the bacterial family
Pseudomonadaceae. Opportunistic pathogen such as Pseudomonas aeruginosa, the disease process
begins with some alteration or circumvention of normal host defenses. The pathogenesis of
Pseudomonas infections is multifactorial, as suggested by the number and wide array of virulence
determinants possessed by the bacterium. Multiple and diverse determinants of virulence are
expected in the wide range of diseases caused, which include septicemia, urinary tract infections,
pneumonia, chronic lung infections, endocarditis, dermatitis, and osteochondritis. Respiratory
infections caused by Pseudomonas aeruginosa occur almost exclusively in individuals with a
compromised lower respiratory tract or a compromised systemic defense mechanism. Primary
pneumonia occurs in patients with chronic lung disease. Lower respiratory tract colonization of
cystic fibrosis patients by mucoid strains of Pseudomonas aeruginosa is common and difficult, if

not impossible, to treat.

Of the two million nosocomial infections each year, 10% are caused by P. aeruginosa. The
bacterium is the second most common cause of nosocomial pneumonia and the most common
cause of intensive care unit (ICU) pneumonia. Pseudomonas infections can spread within hospitals

by health care workers, medical equipments, sinks, disinfectant solutions, and food. These
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infections are a very serious problem in hospitals for two reasons. First, patients who are critically
ill can die from a Pseudomonas infection, second, many Pseudomonas bacteria are resistant to

certain antibiotics, which make them difficult to treat.

The CF lung is particularly susceptible to P. aeruginosa, and this organism plays a critical role in
the development and progression of pulmonary disease in these patients (Wine, 1999). Chronic
airway inflammation with recurrent P. aeruginosa infections is the major cause of morbidity and
mortality in patients with CF (Khan et al., 1995). In a longitudinal assessment of P. aeruginosa in
young children with CF, Burns and coworkers (Burns et al., 2001) used bronchoalveolar lavage
and showed that 97% of children with CF were colonized with P. aeruginosa by the age of 3 years.
CFTR has been proposed to function as a receptor that increases clearance of P. aeruginosa,
therefore, lack of CFTR could directly impair host defense against this organism. Although there
are substantial in vitro data supporting this hypothesis (Schroeder et al., 2002,Pier et al., 1997),
there are no human data that conclusively demonstrate a major role for CFTR in bacterial clearance
mechanisms. There is general agreement that the persistent inflammatory response to bacteria
infecting CF airways eventually results in lung damage and fibrosis. However, it remains unclear
whether excessive inflammation in CF is entirely caused by exogenous bacterial stimulation
(Heeckeren et al., 1997, Muhlebach and Noah, 2002) or if CFTR dysfunction leads to endogenous
"hyperinflammatory” responses in the CF airway cell. The pathogenesis of P. aeruginosa
pneumonia is complex, and the outcome of an infection depends on the virulence factors displayed

by the bacteria as well as the host response.

The large genome of P. aeruginosa (Stover et al., 2000) provides a tremendous amount of
flexibility and the metabolic capabilities to thrive in environments that are inhospitable to most
other organisms. P. aeruginosa expresses a limited number of polar pili, which are involved in
attachment to eukaryotic cells. P. aeruginosa also produces polar flagella, which are critical for
motility. Flagella are involved in the initial stages of pulmonary infection and activate IL-8
production by binding to TLRS on the apical surface of airway epithelial cells (Adamo et al.,
2004). Shortly after colonization of the lung, flagella expression is turned off, coincident with the
expression of genes involved in biofilm production. P. aeruginosa encodes a type III secretion
system that is a major determinant of virulence and allows the bacterium to inject toxins into the

host cell.
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The type III secretion system is associated with acute invasive infections and requires pilin-
mediated bacterial-epithelial contact (Feldman et al., 1998 ,Hauser et al., 1998). P. aeruginosa
secretes four known effector proteins via type III secretion system: ExoS, ExoT, ExoU, and ExoY.
ExoT is a bifunctional protein possessing an N-terminal GTPase-activating domain and a C-
terminal adenosine diphosphate (ADP-) ribosyltransferase domain. ExoS, like ExoT, is a closely
related ADP-ribosyltransferase and ExoY is an adenylate cyclase. In a recent study, ExoS was
shown to induce tumor necrosis factor a (TNF-a) production via a MyD88-dependent pathway
through activation of both TLR2 and TLR4. The ability to activate cells expressing TLR2 was
attributed to the C terminus of ExoS, whereas the ability to activate TLR4/MD-2 complex was
attributed to the N terminus of Exo S. Exo U is a potent cytotoxin whose host cellular targets and
mechanism of action are not completely known (Finck-Barbancon et al., 1997,Finck-Barbancon
and Frank, 2001,Sawa et al.,, 1999). A recent study indicated that ExoU is a member of the
phospholipase A family of enzymes, possessing phospholipase A2 activity. In mammalian cells,
the direct injection of ExoU has been shown to cause irreversible damage to cellular membranes
and rapid necrotic death (Sato and Frank, 2004). ExoY, the most recently discovered protein, has
not been yet implicated directly in cellular toxic effects. P. aeruginosa produces two major
siderophores: pyochelin and pyoverdin (Takase et al., 2000,Meyer et al., 1996,Vasil and Ochsner,
1999). These siderophores bind iron efficiently and are then taken up by the bacteria through
specific cell-surface receptors. The siderophores are major virulence factors important not only for
providing iron to support bacterial metabolic processes but also for controlling the expression of
other P. aeruginosa virulence factors, such as exotoxin A, endoprotease, and pyoverdine itself

(Lamont et al., 2002).

In addition to the type III secreted proteins and the quorum-sensing system, P. aeruginosa
expresses many other virulence factors that contribute to its pathogenicity. Some of these factors
help colonization, whereas others facilitate bacterial invasion. Bacterial colonization involves
multiple factors, including fimbriae or pili, flagella, and surface polysaccharides. Tissue invasion
by P. aeruginosa is promoted by the production of elastase, alkaline proteases, hemolysins
(phospholipase and lecithinase), cytotoxin (leukocidin), siderophores with their uptake systems,
and diffusible pyocyanin pigment. P. aeruginosa elastases cleave collagen, IgG, IgA, and
complement. The elastases disrupt the integrity of the epithelial barrier by disrupting epithelial cell
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tight junctions and interfering with mucociliary clearance. P. aeruginosa elastase degrades
surfactant proteins A and D (SP-A and SP-D), which have an important role in innate immunity
(Mariencheck et al., 2003). Alkaline proteases lyse fibrin, interfere with fibrin formation, and
inactivate important host defense proteins, such as antibodies, complement, IFN-y, and cytokines.
Leukocidin is a pore-forming protein that has cytotoxic effects on host cells. Phospholipase and
lecithinase are hemolysins that act synergistically to break down lipids and lecithin. These proteins

promote invasion by causing cytotoxic effects on host cells (Wilson et al., 1987).

LPS is another important component of P. aeruginosa. Environmental isolates of P. aeruginosa
typically express smooth (typable) LPS with long O-side chains, as opposed to the strains that have
adapted to CF lung, which are often nontypable and have lost these O-side chains. Ernst and
coworkers (Emst et al., 1999) have demonstrated that LPS from CF isolates has a characteristic
penta- or hexa-acylated lipid A structure. This is associated with increased immunogenicity,
although it should be noted that P. aeruginosa LPS is much less immunogenic and evokes a more

modest cytokine response from macrophages other LPS from different bacteria (Ernst et al., 1999).

1.3.2.2 Burkholderia cepacia

Burkholderia cepacia was first described by Burkholder in 1950 as a phytopathogen or plant
pathogen causing soft rot in onion. B. cepacia comprises at least five distinct genotype species that
are phenotypically similar species and referred to as genomovar (Govan et al., 1996,Zhao et al.,

1995)

The Gram-negative bacterium B. cepacia causes serious opportunistic infections in humans and
has emerged as an important pulmonary pathogen in patients with cystic fibrosis (CF) (Govan and
Deretic, 1996,Govan and Nelson, 1992, Isles et al., 1984). In CF patients the clinical outcome of B.
cepacia colonization can vary from maintenance of a normal respiratory function to a rapid and
ultimately fatal clinical decline (Isles et al., 1984,Rosenstein and Hall, 1980). Although B. cepacia
is a phytopathogen, it is also recognised as opportunistic pathogen for human. Apart from patients
with CF, B. cepacia can colonise and cause infections in immunocompromised patients. B.
cepacia genomovar III (Vandamme et al., 2003) has been linked to most of the cepacia syndrome
deaths in CF patients (LiPuma et al., 2001,Clode et al., 2000).
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B. cepacia cell wall is like other Grame-negative has two layers, the outer membrane layer which
has the LPS and thin Peptidoglycan layer. Under appropriate cultural condition, strains may
elaborate extacellular polysaccharides or release material from outer membrane (Allison and

Goldsbrough, 1994).

Interestingly, all three B. cepacia strains transmissible genomovar III ET12 lineage, predominantly
invaded the epithelium by forming biofilms in mucus that ultimately reached epithelial surfaces
(Schwab et al., 2002). It showed bacterial clusters in the luminal exudates within the larger

bronchi, some of which were associated with the epithelial surface (Sajjan et al., 2001).

B. cepacia is now recognised as a considerable pathogen in nosocomial infection and in patients
with chronic pulmonary diseases. B. cepacia was first reported as pathogen in cystic fibrosis
patients in mid 1970s (Isles et al., 1984). B. cepacia has been implicated in various clinical
infections in non cystic fibrosis patients. Many cellular and extacellular product of B. cepacia
have been considered as putative virulence factors such as adhesion, surface hydrophobicity,
extacellular polysaccharide, lipopolysaccharide, extacellular enzyme such as proteases and lipases
(Mezzetti et al., 2005), hemolysin, siderophores. Study by Gressner and Mortensen 1990 showed
that clinical isolates of B. cepacia isolated from CF patients has more production of catalase,
omithine decarboxylase, C14 lipase, alginate and trypsin than environmental strain (Gessner and
Mortensen, 1990). Among other extracellular products, which considered, as virulent factors are
the siderphores. Production of siderophores has been coorelated with the ability of various bacteria
to establish and maintain infection (Sokol, 1986) Unlike P. aeruginosa, B. cepacia do not producé
exotoxin A (Vasil et al., 1986). However, the role of these virulent factors in the severity of
infection or transmission and mechanism by which B. cepacia colonise the lower respiratory tract

remain not fully understood.

Adherence and colonisation of B. cepacia is the first step in colonisation and bacterial fimbria has
been shown to involve in adhesion. After the discovery of the Cable pili (Cbl) and have been
identified as one of the adhesion of a specific epidemic B. cepacia clone (Goldstein et al.,
1995,Sajjan et al., 2000a). Sajjan et al, found that B. cepacia adhesion to respiratory mucin (the
major glycoproteins of respiratory secretions) is mediated by pilli. However, binding to the

epithelial cells also occurred by a mechanism independent of fimbria, involving a disaccharide unit
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and glycolipids receptors. Some epidemic strains of B. cepacia produce a brownish melanin-like

pigment (Govan and Deretic, 1996), however the role of such pigment in virulent is not clear.

1.4 BACTERIAL CELL WALL COMPONENTS

1.4.1 LIPOPOLYSACCHARIDE (LPS)

Lipopolysaccharide (LPS) is a major component of the outermost membrane of Gram-negative
bacteria. As such, it plays a central role in the pathogenesis of infections by these bacteria
lipopolysaccharide. LPS is found exclusively in the outer membrane of Gram-negative bacteria.
LPS forms a hydrophobic barrier, which restricts the entry of many substances such as bile salts,
and certain antibiotics, and enable the bacteria to evade many innate immune host defence factors
including complement and lysosyme and cationic proteins (Nikaido and Nakae, 1979). LPS is a
complex glycolipid composed of two parts, a hydrophilic polysaccharide moiety and a
hydrophobic domain known as lipid A (Seydel et al., 2000,Muller-Loennies et al., 1998). LPS is
released either in a free form or as a complex with bacterial surface proteins during multiplication
of the bacteria or after treatment with antibiotics and after cell death. LPS is a potent activator of
the innate immune system and triggers pro-inflammatory responses in many mammalian cells

(Heumann and Roger, 2002,Lukasiewicz and Lugowski, 2003,Janeway, Jr. and Medzhitov, 2002).

1.4.1.1 LPS structure

The basic structure of LPS (Fig 1.2A) consists of two main parts: lipid (lipid A) forming the matrix
of the outermost membrane leaflet, which is stabilized by divalent cations, and a hydrophilic
polysaccharide (PS), extending outward from the bacterium. The PS consists generally of two
distinct regions, a core oligosaccharide containing 10-12 sugars, and a polysaccharide chain of
repeating units, the O-specific chain. The core is covalently bound through an acidic sugar, usually

3-deoxy-D-manno-oct-2-ulopyranosonic acid (Kdo), to the lipid A.

The proximal "inner core" region also contains heptose residues (Hep), which are often substituted
by phosphate (P), pyrophosphate (PP) or diphosphoethanolamine (PPEtN). The "outer core" region

usually consists of neutral or amino hexoses such as D-glucose, D-galactose, D-glucosamine, D-
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galactosamine or N-acetyl derivatives. The presence of O-chains in the LPS structure indicates the
smooth morpohological colony appearance termed "smooth" (S), whereas, LPS lacking the O-

chain are accordingly termed rough (R) and the bacterial colonies will have rough appearance.

Lipid A have a common Backbone consisting a B-(1-6)-linked glucosamine disaccharide backbone
with phosphate monoesters at C-1 and C-4' and B-hydroxyl fatty acyl groups and acyloxyacyl
residues at positions 2 and 3, and 2' and 3', respectively (Fig 1.2B). Lipid A is linked to the
polysaccharide through the Kdo at position C-6 or the non-reducing glucosamine residue. Lipid A
is the primary immunostimulator center of LPS, promoting the activation of the innate immune
system via the induction of inflammatory cytokine released by human cells (Medzhitov,
2001,Zahringer et al., 1994). Initial chemical analysis of B. cepacia core LPS indicates the
absence of detectable 3-deoxy-D-manno-oct-2-ulopyranosonic acid (KDO) (Manniello et al.,
1979,Anwar et al., 1983), and with comparison to P. aeruginosa LPS, B. cepacia LPS has less
phosphorous content and more heptose. However it was reported that clinical strains of B. cepacia

have (KDO) (Straus et al., 1989,Straus et al., 1990).

The O side chain structure consist of repeating units one to eight sugars and the units are
polymerized during biosynthesis before addition before addition to the core. The whole chain may
contain up to 50 units and the nature and the number of the sugar in within a unit, the nature
linkages of the sugars as well as the number of repetitive units produce an enormous structural
diversity. The result of such diversity provide the serotypes specificity of each bacterial species or
strain (Caroff et al., 2002). Enormous structural diversity exists in O-chains involving the nature
and number of sugars within a unit, the nature of the linkages of the sugars as well as the number
of repetitive units. The result of such diversity provides the serotype specificity of each bacterial

strain.

Nevertheless, there are examples of different bacteria which are serologically the same and share
the same O-chain structure and they are, in addition, homopolymeric structures (Caroff et al.,
2001). The majority of B. cepacia strains isolated from clinical and environmental conditions
express smooth LPS (McKevitt and Woods, 1984). There is no evidence so far to confirm that
B. cepacia strains undergo phenotypic changes from smooth to rough LPS type within the lung as

observed with P. aeruginosa.
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Figure 1.2: Schematic representation of the chemical structure of LPS. Abbreviations: GIcN
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glucosamine; Kdo, 2-keto-3-deoxyoctulosonic acid; Hep, L-glycero-D-manno-heptose; P
phosphate; EtN, ethanolamine; zig-zag lines, fatty acids (A). Chemical structure of Lipid A (B).
Modified from (Caroff et al., 2002).
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1.4.2 PEPTIDOGLYCAN (PGN)

Gram-positive and Gram-negative bacteria have a cell wall containing a special polymer called
peptidoglycan. This peptidoglycan gives certain rigidity to the cell wall and gives the cell
mechanical strength. Its basic structure is a carbohydrate backbone of alternating units of N-acetyl
glucosamine and N-acetyl muramic acid. The N-acetyl muramic acid residues are cross-linked
with oligopeptides. The terminal peptide is D-alanine although other amino acids are present as D-
isomers. The cross-linking peptides are composed of alternating L- and D-amino acids and are
similar in all Gram-negative and in Gram-positive bacteria, but vary in length and amino acid
composition in Gram-positive cocci. According to the residue at position 3 of the peptide stems,
PGNs have been divided into two major types: Llysine-type (Lys-type) and meso-diaminopimelic
acid-type (Dap-type). The cell wall of Gram-positive bacteria is largely made up of peptidoglycan.
There may be up to 40 layers of this polymer, conferring enormous mechanical strength on the cell
wall (Stewart-Tull, 1980). Over the cell membrane is a shift of peptidoglycan and other polymers
including teichoic and teichuronic acids. Peptidoglycan is polymers of alternating N-
acetylglucosamine (GIcNAc) and N-acetylmuramic acid (MurNAc) in B (1—4) linkage, cross-
linked by short peptide stems. The glycan chains display little variation among different bacterial
species. Several lines of evidence support the view that TLR2 has a broad role as a pattern
recognition receptor for a variety of microbes and microbial structures. These include lipoproteins
from pathogens such as spirochetes, and mycoplasmas, inositol anchor, and zymosan from fungi
(Akira et al., 2001). Furthermore, TLR2 has been reported to be involved in the recognition of
staphylococcal peptidoglycan and lipoteichoic acid (LTA) (Dziarski et al., 2001,Yoshimura et al.,
1999b,Yoshimura et al., 1999a).

It has been found that larger amounts of peptidoglycan, in the range of 10 to 100ug/mL range, are
necessary to stimulate cellular responses compared to LPS, which induces responses in the ng/ml
range (Kusunokiet al., 1995). Since 1 x 10° to 6 x 10® CFU correspond to 1 pg of staphylococcal
peptidoglycan (Travassos et al., 2004), whereas 10’ CFU correspond to 20 ng of LPS, this suggests
that whole peptidoglycan is about 100-fold less active than LPS. Studies of S. aureus cell walls
indicate that only part of peptidoglycan is active. Indeed, insoluble and soluble peptidoglycan
chains of high molecular weight are not very inflammatory. Hydrolyzing these chains to sugar and

peptide monomers completely abolishes inflammation. In staphylococcal peptidoglycan, three
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cross-linked stem peptides appear to be the minimal structural constraint to be inflammatory
(Moreillon and Majcherczyk, 2003). Furthermore, treatment of S. aureus by lysostaphin, which
cleaves the pentaglycine bridge, moderately attenuates release of cytokines, whereas digestion with
cellosyl, a muramidase hydrolyzing glycosidic bonds, nearly abrogates the induction of cytokine
(Myhre et al., 2004,Yoshimura et al., 2000). This suggests that the glycan strand is crucial for
cytokine production, whereas stem peptide structure does not seem to be critical for the

inflammatory activities of peptidoglycan
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1.4.3 LIPOTEICHOIC ACID (LTA)

Teichoic acids are polymers of glycerol or ribitol linked via phoshodiester bond. These acids can
be found in the cell wall of Gram-positive bacteria and appear to extend to the surface of the
Peptidoglycan layer. Teichoic acids are not found in the Gram-negative bacteria. They can be
either covalently bonded to N-acetylmuramic acid of the peptidoglycan layer or linked to the
plasma membrane lipids found in the cytoplasmic membrane. The combined units comprised of
teichoic acids and lipids are referred to as Lipoteichoic acids. Teichoic acids are negatively
charged and therefore contribute to the negative charge of the Gram-positive cell wall. They may

also provide structural support for the cell wall.

The wall of the Gram-positive bacterium constitutes a multifaceted fabric that is essential for
survival, shape, and integrity (Weidel and Pelzer, 1964). Macromolecular assemblies of cross-
linked peptidoglycan (murein), polyanionic teichoic acids (TAs), and surface proteins function
within this envelope. Teichoic acids are composed of wall teichoic acid (WTA) and lipoteichoic
acid (LTA) (Wicken and Knox, 1975,Fischer, 1994,Baddiley, 1989). WTA is covalently linked to
the peptidoglycan, whereas LTA is a macroamphiphile with its glycolipid anchored in the
membrane and its poly (glycerophosphate) chain extending into the wall.

LTA is a member of a class of macromolecules known as modulins that induce a variety of
proinflammatory mediators (Fischer, 1994,Keller et al., 1992, Ginsburg, 2002). In synergy with
peptidoglycan, LTA causes septic shock and multiple organ failure (De Kimple et al., 1995). The
mediators in these host responses include cytokines (IL-18, IL-6, IL-8 and TNF-a), nitric oxide,
and reactive oxygen intermediate. A clear correlation between the D-alanyl ester content of LTA
and virulence has been established for S. agalactiae, and S. aureus (Collins et al., 2002,Poyart et
al., 2003). LTA has been implicated in the virulence of a number of Gram-positive bacteria (Hasty
et al., 1992,Sutcliffe and Shaw, 1991). Thus, LTA induces an inflammatory response. However,
very large amounts of LTA are necessary to induce responses of cells in vitro. Indeed, LTA, in the
1 to 10 pg/mL range is required to trigger cellular responses while LPS in the ng/mL range is
sufficient to elicit responses (Kusunoki et al., 1995). It must be taken into consideration that the
active concentrations of LTA (1 pg or 10° to 10’ CFU) as well as of LPS (20 ng or 10’ CFU) are

comparable when they are transposed to bacterial cell equivalents (Schroder et al., 2003,von
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Aulock et al.,, 2003), suggesting that LTA and LPS preparations may have similar potency.
Comparison of the activity of LPS versus LTA showed that staphylococcal LTA is able to promote
the same strong induction of chemoattractants (IL-8, MIP-1a, MCP-1), granulocyte colony-
stimulating factor, and anti-inflammatory cytokines (IL-10) as LPS, whereas it is a weaker inducer
of TNF-a,, IL-18 and IL-6 (von Aulock et al., 2003,von Aulock et al., 2004). The cytokine pattern
produced by LTA is similar to that induced by the whole bacterium (Kusunoki et al., 1995,von
Aulock et al., 2003,Wang et al., 2000).
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1.5 BACTERIAL ADHERENCE AND INVASION OF LUNG
EPITHELIAL CELLS

The epithelial cells in the lung are the first line of contact with bacteria. Adherence is the first
important step in initiation of infection, and the initial stage in lower respiratory infection is the
bacterial attachment to the epithelial cells, which may lead to bacterial invasion. A confusing
plethora of ligand receptor systems has been described for binding bacteria to the epithelial cells.
These include pili, outer membrane proteins and even lipopolysaccharide of the bacterium (Saiman
and Prince, 1993,Plotkowski et al., 1996) and gangliosides (asialyl-GM-1), fucose residues,
heparan sulphate proteoglycan or even mutant CFTR itself on the lung epithelial cells (Imundo et
al., 1995,Scanlin and Glick, 1999,Plotkowski et al., 2001).

Many pulmonary pathogens bind to the GalNAc B-4Gal moiety which is available on cells with
asialylated glycolipids (Krivan et al., 1988). Examples include lung pathogens such S. aureus, and
P. aeruginosa. While such asialylated receptors are not normally available on the airway surface to
any great degree, they are significantly increased in area of cell damage and regeneratin (de
Bentzmann et al., 1996). In P. aeruginosa and B. cepacia there is direct correlation between the
adherent and the amount of IL-8 expression in the epithelial cells. The epithelial binding is
mediated by pili, which bind directly to GaINAc B-4Gal moiety of asialylated glycolipids.

P. aeruginosa expresses a limited number of polar pili, which are involved in attachment to
eukaryotic cells. They bind to the GalNacB1-4 gal moiety exposed on asialylated glycolipids and
then activate NF-xB and proinflammatory gene expression through a receptor complex that
includes asialoGM1, Toll-like receptor 2 (TLR2), and associated kinases in a lipid raft (Adamo et
al., 2004). Because the antigenically dominant epitope of P. aeruginosa pili is distinct from the
cell-binding domain, strategies to prevent pilin-mediated bacterial adherence have been

unsuccessful thus far. P. aeruginosa also produces polar flagella, which are critical for motility.
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Flagella are involved in the initial stages of pulmonary infection and activate interleukin-8 (IL-8)
production by binding to TLRS on the apical surface of airway epithelial cells (Adamo et al.,
2004). Shortly after colonization of the lung, flagella expression is turned off, coincident with the

expression of genes involved in biofilm production.

Burkholderia cepacia binds to the epithelial airway in the lung, at least five morphologically
different pili have been detected on epidemic and non-epidemic strains including cable,
filamentous, spike and mesh form (Goldstein et al., 1995). Of these, cable pili, which are
associated with B. cepacia ET-12 strain, are the best charaterised (Sajjan et al., 2000b). Strains
with this pili bind to cytokeratin 13 (Sajjan et al., 2000a) which is enriched on the hyperplastic
epithelia of CF airways (Sajjan et al., 2000b). Some cable-negative B. cepacia appear to bind to
asailyl GM1 (Sylvester et al., 1996).
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1.6 INNATE IMMUNE DETECTION OF BACTERIA

The innate immune response is the first line of defense against microbial pathogens, and plays an
important role in activating acquired immunity. When bacteria reach to the lower respiratory tract
first interact to the epithelial cells and the start to initiate the binding and invasion. The epithelial
cells in the lung express pathogen recognition receptors (PPR) and are therefore, capable of
detecting pathogen associated molecular pattern (PAMP) which are conserve product of microbial
metabolism (Janeway, Jr., 1989). PAMPs are broadly distributed among pathogens for example,
for bacterial LPS (Schulz et al., 2002). The largest and best studied family of PRRs comprises the
Toll-like receptors (TLRs), which are membrane associated and have an external leucine-rich
repeat recognition domain and an intracellular Toll-interleukin 1 receptor signaling domain (Akira,
2003). Each TLR has been shown to recognize specific components of pathogens, thus
demonstrating that the mammalian immune system detects invasion by pathogens via the
recognition of microbial components by TLRs. It is now well established that TLRs play an

important role in the recognition of microbes during host defences (O’Neill, 2003).

The discovery of Toll, and hence the TLRs, came about as a consequence of a forward genetic
screen in the Niisslein-Volhard laboratory (Anderson et al., 1985), and TLR is the core receptors in
the signalling pathway and were identified in insect as a receptors that control dorsal-ventral
polarity during embryogenesis (Anderson et al., 1985; Stein et al., 1991). Subsequent studies
revealed that it also plays an essential role in the insect immune responses against fungal infection
(Lemaitre et al., 1996). Mammalian homologues of TLRs were subsequently identified through
expressed sequences tag and genomic sequence database search and named Toll-like receptor
(Medzhitov et al., 1997). The TLRs is the member of a bigger family of protein that are
characterised by a 150- amino acids domain termed as TIR (Toll/IL-1R/R) domain, which is
crucial for signalling, that they share with members of the IL-1R family and plant disease
resistance gene (Akira, 2003., Martin et al., 2002). TIR-domain containing proteins are involved in
the development and in both animal and plants. There are total of 21 TIR-domain-containing
protein so far described in human, 10 of these being TLRs, eight being more like the IL-1R1 and
three cytosolic proteins termed myeloid differentiation protein MYD 88 (Janssens et al., 2002),
MYD88 adaptor like (Mal) protein (Fitzgerald et al., 2001) and TIR domain-containing adaptor
inducing interferon-p (TRIF) (Yamamoto et al., 2003b), which act as adaptors in signalling. The
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extracellular domain of TLRs contains 19-25 tandom copies of the leucine-rich repeat (KRR)
motif. Each repeat consist of 24-29 amino acids and contains the leucine-rich sequence. The LRR
domains of TLRs are thought to be involved directly in the recognition of various pathogens
(Akira, 2003). Tow recent papers reveal the distinctive architecture of a TLR sensor domain and
hint at how this structural design facilitate the recognition of a wide array of pathogen molecules
(Choer et al., 2005; Bell et al., 2005). The cytoplasmic membrane domain-1 receptor (TIR) domain

named after the two groups of proteins where it was found initially.

Currently there are at least 11 homologues of Toll designated Toll-like receptors (TLRs) have been
found in mammalian (Takeda and Akira, 2005). TLR1-9 are conserved between human and
mouse. Of these known TLRs, TLR2, TLR3, TLR4, TLRS, and TLR9 have been extensively
characterized (Akira, 2003,Takeda et al., 2003) and showed to recognize distinct PAMPs. TLR1,
TLR6, TLR7, and TLR8 have not yet been shown to independently impart signals after recognition

of specific microbial products.

In addition to TLRs, a second class PRRs Nodl and Nod2 that detected PGN. These proteins are
located in the cytoplasm and are involved in the detection of bacterial PAMPs that enter into the
cell either with an invasive microbe or by translocation by certain pathogenic bacteria through
specialized transfer apparatuses (Chamaillard et al., 2003,Girardin et al., 2003c,Girardin et al.,
2003a). Like TLRs, Nod proteins have a leucine-rich repeat recognition domain linked to a
signaling motif called the caspase activation and recruitment domain. TLRs and Nod1 trigger
similar signaling pathways characterized by activation of the transcription factor NF-xB, leading to
the production of proinflammatory cytokines. TLRs comprise a family of transmembrane proteins
that play an essential role in detection and signaling infections. Individual TLRs recognize distinct
structural components of pathogens. TLR domain detect LPS from the outer membrane of Gram-
negative bacteria and Peptidoglycan which is found in the cell wall of both Gram-negative and

Gram-positive organisms, and Lipoteichoic acid (LTA) (Droemann et al., 2003).

Once detection of the PAMPs has occurred by the host TLRs, the signal is transmitted inside
leading to the activation of transcription factors such as NF-xB, which drive the expression of
genes, whose protein products play a key role in the defense response against the invading

pathogens.
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LPS, which part of the cell wall of Gram-negative bacteria is detected through TLR-4 and this will
be discussed later. Flagillin, which is part of the bacterial cells of Gram-negative, and also secreted
from the bacteria is a potent of inflammatory cytokines. Purification of the culture supernatants
containing TLRS5-stimulating activity led to the identification of flagellin as the active component
(Hayashi et al., 2001). Flagellin is the primary protein component of flagellar, a highly complex
structure that extends out from the outer membrane of Gram-negative bacteria. Flagella serve as
the propellers that move the bacteria through their aqueous environment. They also aid in the
attachment of the bacteria to the host cells, assisting in bacterial invasion and thereby contributing
to the virulence of pathogenic bacteria. The flagellin genes from a variety of Gram-negative
bacteria share highly conserved regions at their amino- and carboxy-termini, and these regions are

responsible for the immunostimulatory activity of flagellin (Eaves-Pyles et al., 2001).

Bacterial DNA is a potent activator of immune cells. The critical involvement of TLR9 in the
recognition of bacterial DNA was demonstrated using TLR9-deficient mice (Hemmi et al., 2000).
The immunostimulatory activity of bacterial DNA is attributed to the presence of unmethylated
CpG motifs, which are relatively infrequent in the vertebrate genome and when they occur are

typically methylated on their cytosine residues and lack any immunostimulatory activity.

Recent studies show that bacterial DNA induce cytokine from respiratory epithelial cells and
TLR9 is expressed in airway epithelia and is likely involved in this pattern recognition process
(Platz et al., 2004).
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1.6.1 INNATE IMMUNE DETECTION OF PGN AND LTA

Gram-positive bacterial cell walls are composed of multiple peptidoglycan layers, wall teichoic
acids linked to the peptidoglycan and lipoteichoic acid linked to the cytoplasmic membrane. Both
wall teichoic acids and lipoteichoic acids are highly charged polymers. They concentrate cations at
the cell wall surface and are associated with proteins to form complexes. LTA is the major
macroamphiphile molecule of Gram-positive bacteria. The physiochemical properties of LTA are
similar to those of LPS in Gram-negative bacteria. Staphylococcal LTA consists of about 25 poly
(1-3)-glycerol phosphate linked to a diacylglycerolipid anchor. The hydrophilic polyglycerol
phosphate chain is long enough to penetrate the peptidoglycan, and the lipid moiety attaches the
polymer to the surface of the cytoplasmic membrane. The glycolipid structure resembles the
bacterial membrane composition and usually diverges among Gram-positive bacteria in a genus-

specific manner (Fischer, 1988).

Several lines of evidence support the view that TLR2 has a broad role as a pattern recognition
receptor for a variety of microbes and microbial structures. These include lipoproteins from
pathogens such as mycobacteria, spirochetes, and mycoplasmas, lipoarabinomannan from
mycobacteria, Trypanosoma cruzi glycosylphosphatidylinositol anchor, and zymosan from fungi
(Akira et al., 2001). Furthermore, TLR2 has been reported to be involved in the recognition of
staphylococcal peptidoglycan (Schwandner et al., 1999a,Underhill et al.,, 1999) and lipoteichoic
acid (LTA). LTA appears to constitute a broad immunostimulatory factor of Gram-positive
bacteria with possibly differing potencies depending on the constituents of the molecule (Ginsburg,
2002,Hermann et al., 2002).

Although crucial for bacterial life, purified wall teichoic acids of S. aureus are not very
inflammatory (Majcherczyk et al., 2003). However, a number of studies suggest that the bacterial
LTA from S. aureus has been shown to provoke secretion of cytokines and chemoattractants (TNF-
a, IL-18, IL-10, IL-12, IL-8, and granulocyte colony-stimulating factor from monocytes or
macrophages (Bhakdi et al., 1991,Cleveland et al., 1996a,Keller et al., 1992,Standiford et al.,
1994,von Aulock et al., 2003).
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TLR2 is expressed by different cells involved in the inflammatory response such as
monocytes/macrophages, neutrophils, dendritic cells and mast cells (Esen et al., 2004,McCurdy et
al., 2003,Sabroe et al., 2003, Visintin et al., 2001).

Like Gram-negative bacteria, the major components of the Gram-positive bacterial cell wall
employ CD14 for immune recognition of both PGN and LTA. Both PGN and LTA have been
demonstrated to activate macrophage in a CD14-dependant manner (Gupta et al., 1996,Cleveland
et al., 1996b). LTA from S. aureus binds to membrane CD14 and acts as an antagonist to other
CD14-mediated stimuli (Kusunoki et al., 1995). Recently it has been shown that LTA/TLR2 and
its receptors molecules accumulate in the lipid rafts and subsequently targeted rapidly to the golgi

apparatus and this process occur in the cell surface (Triantafilou et al., 2004,da Silva et al., 2001).

The expression and activity of TLR signaling is regulated by soluble accessory proteins known as
MD-1 and MD-2 (Dziarski and Gupta, 2000). It has been shown that PGN binds to CDI14
(Dziarski et al., 1998), and that blockade of this receptor inhibits signaling events induced by both
PGN and LTA (Cleveland et al., 1996c,Weidemann et al., 1994) led to the contention that CD14 is
involved in signaling of Gram-positive infections. Both bacterial components such as PGN and
LTA activate the host defense by engaging TLRs and other pattern recognition receptors of the

innate immune system.

Upon recognition of a TLR2 ligand (e.g., PGN or LTA) a range of intracellular signaling events
occurs, leading to the activation of signaling kinases of the MAPK family (ERK1/2, JNK, and p38
(Schroder et al., 2001,Vasselon et al., 2002), PKB (Arbibe et al., 2000), and IKKp (Wang et al.,
2001b). Further, several transcription factors, including nuclear factor kB (NF-kB, p50, p65) are
activated. Also other factors are activated by the kinase cascade, resulting in the expression of a

wide range of proinflammatory mediator genes.

The first event that initiates the signaling cascade is most likely the colocalisation and clustering of
receptors and signaling molecules at the plasma membrane. Clustering of TLR2, TLR6, and CD14
in the recognition of secreted microbial products from group B Streptococcus (GBS) have been
shown (Henneke et al., 2001). The first intracellular molecule recruited to the complex is the

TolVIL-1 receptor (TIR)-domain containing adapter molecule MyD88 (myeloid differentiation
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factor 88 (Muzio et al., 1997). MyD88 then recruits IL-1 receptor associated kinases/IRAKs (Cao
et al., 1996). Further on, TAK1 will be activated and released, and may activate IKKp and MAP
kinase (Wang et al., 2001a). The NF-xB-inducing kinase (NIK) is required for the activation of
IxB kinase B (Ninomiya-Tsuji et al., 1999), which initiates IkB degradation and NF-xB nuclear
translocation (Karin and Delhase, 2000).

Also recent studies have shown that peptidoglycan signaling involve of nucleotide oligomerization
domains (NODs), and highlighted the importance of NOD1 and NOD2 in innate immunity. It is
thought that they act as cytoplasmic sensors of bacteria and bacterial products. These proteins are
part of a larger family of related proteins named CATERPILLER proteins by Ting and co-workers
(O’Connor, Jr. et al., 2003), characterized by an LRR and a nucleotide oligomerization domain

(NOD) (Girardin et al., 2003¢,0'Connor, Jr. et al., 2003).

The ligand binding sites of NOD1 and NOD?2 are likely within the leucine-rich repeat domains.
NODI1 also contains a single caspase activating and recruitment domain (CARD) while NOD2
contains two CARD domains. The CARD domain provides at least one point for assembly of the
NOD signalsome responsible for intracellular signaling triggered by ligand binding. A CARD
domain containing kinase known as RICK is required for NOD signaling (Kobayashi et al., 2002).
Although NOD?2 also detects bacterial peptidoglycan, its role in bacterial sensing is broader than
that of NODI1 since it can detect PGN from a wide range of both Gram-positive and Gram-
negative organisms. The reason for this is that NOD2 can detect the minimal structure of PGN,
which is MDP (Girardin et al., 2003b,Inohara et al., 2003). The precise signaling events triggered
via NOD1 and NOD?2 are poorly understood.
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1.6.2 INNATE IMMUNE DETECTION AND SIGNALLING OF LPS

Gram-negative bacteria cells have different componenents, which comprise the cell wall structure
including LPS and PGN in addition to protein like flagella. Moreover, Gram-negative bacteria may
excrete proteins that are involved in pathogenicity and induction of inflammatory cytokines. Of

these, LPS is the most important extensively studied virulence factor present on Gram-negative

negative bacteria.

The pathway that leads to LPS recognition and signalling involves many signalling proteins.
Although TLR4 is the principal signalling receptors of LPS (Poltorak et al., 1998), three other
accessory proteins are required for LPS-sensing. LPS first bind to LPS binding protein (LBP),
which transfer LPS monomer to CD14, which form a ternary complex with LPS and LBP. LBP is
a blood-born protein that is produced in the liver (Schumann et al., 1990) and has the properties of
an acute phase reactant (Schumann et al., 1999). In addition to the liver, LBP is produced in the
lung, where it has numerous proposed important physiological and pathophysiological activities,
including a role in ARDS, nosocomial Gram-negative pneumonia, pneumococcal disease and
asthma. LBP has opsonic activity, but its importance as a protein involved in LPS response lies
with its abilities to accelerate the binding of LPS to CD14 (Yu and Wright. 1996).

CD14 was initially discovered as the receptor for LBP bound LPS, and it is central to mammalian
responses to LPS. CD14 is present in two forms: a GPI-linked form and as a soluble proteolytic
fragment found in blood (referred to as soluble CD14). Soluble CD14 functions to enhance LPS
responses in cells that do not ordinarily express CD14. Over 1400 publications have documented
the importance of CD14 in LPS responses (Gangloff et al., 2005), and it has shown that CD14-

deficient mice are insensitive to LPS (Moore et al., 2000).

The third protein that TLR4 requires to interact functionally with LPS is MD-2 which was
discovered and identified as a molecule that associates with the extracellular portion of TLR4 and
enhances LPS responsiveness (Shimazu et al., 1999,Akashi et al., 2000). MD-2 is an 18-25-kDa
protein with a cleavable signal sequence that is both bound to TLR4 in the Golgi and is secreted as

a soluble molecule from MD-2-expressing cells (Shimazu et al., 1999, Visintn et al., 2001).
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It appears to be that CD14 bind to LPS and subsequently presenting it to MD-2 and TLR4
(Poltorak et al., 1998). It was revealed that the presence of MD2 was essential for LPS responses
(Akashi et al., 2000). CD14 was found to associate with TLR4 and MD (Pfeiffer 2001) forming a

tri-molecular receptor cluster that leads to LPS-induced activation.

Study by Visintin and his colleagues (Visintin et al., 2003) demonstrated that LPS binds to MD2
which is in turn, binds to TLR4 and induces aggregation and signal transduction. Another study
demonstrated that MD-2 binds to TLR-4 and this binding was dependent on Cys’> and Cys'®,
which might form an intramolecular disulfide bond that creates a tertiary structure that are required
for MD-2-TLR4 interaction (Re and Strominger, 2003).

Despite the evidence that for LPS recognition by TLR4-MD-2 complex, little is known about the
binding mode of LPS with regard to the role of TLR4 in this process. Following interaction with
LPS and MD-2, TLR4 forms a dimer, which appears to be pivotal in initiation of pr-inflammatory
cytokines (Medzhitove et al., 1997). The association of TLR4-MD2 with LPS induces a
conformational rearrangement that results in dimerisation of the TLR4 receptor, however, it is not
known how for certain (Gangloff et al., 2004) but at any event, LPS-trigger TLR4 dimerisation
results in TLR activation that delivers the signal downstream and couples LPS detection with LPS
signalling. Some groups have proposed that recognition of LPS by TLR4 involves direct binding,
while others have suggested that LPS binds to MD-2 and CD14, and this complex somehow
stimulates TLR4 (Lien et al., 2000,Poltorak et al., 2000,Viriyakosol et al., 2001,Akashi et al.,
2001). TLRs both bind ligand and transduce signals into the cell following ligand binding. The
latter occurs via the TIR domain and formation of a TLR-signals including members of the MyD88
family of adaptor proteins (Cristofaro and Opal, 2003,Beutler et al., 2003). MyD88 also contains a
TIR domain, which associates with the TIR domain of the TLRs (Hoebe et al., 2003a).

TLRA4 signals by way of four adaptor proteins, which seem to operate in functional pairs: MyD88
with Mal (also known as TIRAP), and TRIF with TRAM (Yamamoto et al., 2003a,Hoebe et al.,
2003a,Hoebe et al., 2003b,Yamamoto et al., 2003b). At present, it is believed that the LPS receptor

complex uses all of these adaptors when activated and none of them when quiescent.
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LPS activates mitogen-activated protein kinases (MAPKs) and the transcription factor nuclear
factor (NF)-xB (Sweet and Hume, 1996). The latter is kept sequestered in the cytoplasm by its
inhibitor of kB (IxB). Stimulation with LPS sequentially leads to phosphorylation, ubiqutination,
and finally, to proteasomal degradation of IxB. This allows NF-«B to be translocated to the nucleus
and bind to promoter regions of genes. The discovery of TLR-4 as the crucial receptor for LPS
signaling (Poltorak et al., 1998) has boosted a far more detailed investigation into the signaling
pathways that mediate this activation. LPS can trigger the so-called Myd88-dependent and
independent signaling cascade depending on the nature of TLR-4-associated adaptor proteins
(Akira and Takeda, 2004). The adaptor proteins Myd88 and TIRAP mediate signaling via
IRAK1/4to TRAF6, which seem to be important to activate early NF-kB and MAPKs.

Another ligand utilizing MyD88 is IL-1cytokine. The events following the binding of IL-1 to IL-
IR binding have been well documented (Dunne and O’Neill 2003). After forming a complex with
IL-1R/TLR, MyD88 associates with IL-1R-associated kinase (IRAK)-1 and IRAK-2. This appears
to be true also for the TLR4/My D88 /Mal complex (Fig 1.3).

In the MyD88-independent pathway the adaptor proteins TRIF and TRAM, conversely, are
responsible for initiating IRF-3 activation and thereby cytokine secretion. Additionally, this
pathway triggers late NF-xB activation, a process not well understood so far. MyD88-dependent
early and MyD88-independent late NF-xB activation is thought to contribute to the initiation of
transcription of most proinflammatory cytokines (e.g., IFN-B, IL-1, IL-6, IL-8, and IL-12) (Fig
1.3C).
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Figure 1.3: Simplified Schematic diagram for LPS-mediated TLR4 and IL-1B mediated IL-1R
signalling pathways. Two pathways in the LPS signaling transduction lead to cytokine production:
MyD 88 dependant (A) and MyD 88 independent (B) pathways. Also this diagram shows the
similarity (MyD88 to down stream) and difference (upstream of MyD88) between LPS MyD 88
dependant (B) and IL-1B pathways (C).
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1.6.3 LIPID RAFTS AND RESPONSES TO MICROORGANISMS

Lipid rafts are highly ordered microdomains of plasma membranes enriched in cholesterol and
sphingolipids that serve to comparmentalise membrane proteins. They are commonly defined
biochemically as membrane complexes insoluble in nonionic detergents like Titon X-100 (Munro,
2003,London and Brown, 2000). The plasma membrane has a homogenous phospholipids and
proteins composition that make very different from other membranes of the cells. Sterol and
sphingolipids are low level in internal membrane but at high level in plasma membrane (Hao et al.,
2002). A second bilayer property of plasma membranes is the asymmetry of lipid composition of
the two sides of the bilayer (Bretscher, 1973).The exoplasmic leaflet is rich in phospholipids and
the preponderance of saturated hydrocarbon chains in sphingolipids allow for cholesterol to be
tightly intercalated, similar to the organization of the liquid ordered state in model membrane
(Munro et al., 2003). The inner leaflet is probably rich in phospholipids with saturated fatty acids
and cholesterol but its characterisation is still incomplete (Simons and Toomre, 2000,Simons and

Ikonen, 1997).

So far the only regular and well defined membrane structure occurring in vivo that has been
identified as a lipid raft microdomain are caveolae (Kenworthy, 2002). These are small flask-
shaped membrane invaginations seen in many cell types and were considered the main
morphological manifestation of lipid raft micro domains but lipid raft may occur in other forms
and less defined shapes as well (Anderson, 1998).

The raft microdomains control numerous protein-protein and lipid protein interaction at the cell
surface. This function is possible on the basis of two important raft properties; their capacity to
incorporate or exclude proteins selectively and their ability to coalesce into larger domain. Proteins
with raft affinity (eg CD14 or TLR-4), GPI- anchored proteins or proteins that carry hydrophilic
modification probably partition into the raft owing to preferential packing of their saturated
membrane anchor. It is not yet clear why some transmembrane domains near the exoplasmic

leaflet are critical for the partition into the lipid raft (Scheiffele et al., 1997).
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It is likely that a given protein can associate with raft at different kinetic. For example, a
monomeric transmembrane protein may have a short residency time in rafts, spending most of its
time outside the raft. But when the same protein is cross-linked otherwise oligomerised (eg TLR-4
and TLR-2) (Soong et al., 2004), its affinity for the raft increased (Harder et al., 1998). The
clustering of separate rafts express proteins to a new membrane environment, enriched in specific
enzymes, such as kinase and phosphataes, even a small change in partitioning into a lipid rafts

through amplification, initiate signaling cascades (Resh, 1999).

One of most important function of the lipid raft at the cell surface may be their association and role
in mediated signal transduction (Scheiffele et al., 1997 ,Stefanova et al., 1991) as well as
microorganism internalisation. In signal transduction, now it is widely appreciated role of the lipid
raft is that it serve as a platform in concentration and recruiting for some molecules that are

involved in cellular signaling (Pfeiffer et al., 2001, Triantafilou et al., 2002).

Despite the role of lipid raft in activation the immune system, in many cases bacteria and viruses
utilising host lipid raft to gain entry to into the cells (Rosenberger et al., 2000), and influencing the
fate of phagocytosis (Watarai et al., 2002). The lipid raft in the cells are hijacked by the
intracellular organisms at different point in the process of infection and used as a gateway for
entry. Recent investigation by Kowalski and his colleague shows that P. aeruginosa cause
localization of CFTR to the lipid rafts of epithelial cells in cystic fibrosis (Kowalski and Pier;
2004).

Cell stimulation would activate raft clustering, forming specialised domains in which signaling
associates could meet and become further activated. These raft-signaling functions would be
enhanced by the sequestration of specific elements that are initially found in the raft membrane
regions to the raft membrane. Different studies demonstrated the involvement of lipid raft
signaling, in human macrophages it has been shown that stimulation with LPS led to TLR4
mobilization to the lipid rafts and MAPK activation (Cuschieri, 2004). Recent studies by
(Triantafilou et al., 2004) demonstrated that the receptor molecules that are implicated in LPS
activation, such as CD14, heat shock protein (hsp) 70, 90 and TLR4, are present in microdomains
following LPS stimulation of MonoMac-6 (MMG6) cells
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1.7 PULMONARY SURFACTANT

Pulmonary surfactant, a multicomponent complex of several phospholipids, neutral lipids and
specific proteins, is synthesized and secreted into alveolar spaces by type II epithelial cells
(Creuwels et al., 1997,Griese, 1999). The main functions of pulmonary surfactant are reducing the
collapsing force in the alveolus, conferring mechanical stability to the alveoli, and maintaining the
alveolar surface relatively free of liquid. Surfactant is primarily composed of phospholipids and
proteins. Most of the phospholipids consist of phosphatidylcholine (PC), and one particular PC
molecule, dipalmitoylphosphatidylcholine (DPPC), is the most prevalent component (Goerke,
1988) and is composed of 60-70% of phospholipids. The structure of DPPC is suited to form a
stable monolayer generating the low surface tension required to prevent alveolar collapse at end-
expiration. Phosphatidylglycerol (PG) also contributes to monolayer formation; its synthesis is
restricted to type II alveolar cells, and its detection in amniotic fluid is a reliable predictor of lung
maturation (Veldhuizen et al., 1998). Phospholipids alone are far from exhibiting all the
biophysical properties of pulmonary surfactant. These properties include the ability to generate low
minimum surface tension on dynamic compression, to rapidly absorb from the subphase to the
interface, to respread when collapse occurs after condensation, and to vary surface tension during
expansion and compression at each respiratory cycle. In this respect, the contribution of low-
molecular-weight SP-B and SP-C proteins to both structural organization and functional durability
is essential (Johansson and Curstedt, 1997,Weaver and Conkright, 2001).

The composition of pulmonary surfactant has both biophysical and immunological function. The
biophysical function is related to the ability of surfactant to reduce the surface tension at the air-
liquid interface and prevent the lung from collapse (Bastacky et al., 1995, Hills, 1999). In any
event, surfactant in the lung play an important role in the lung function by establishing the alveoli
and prevent their collapse when the lung undergoes successive cycles of compression during
respiration (Bernhard et al., 2004). In addition to its biophysical function, pulmonary surfactant has
also properties function that contribute to the pulmonary defence system in the lung. Pulmonary
surfactant has been shown to play a protective role against bacterial, viral and fungal pathogens, as
well as protection of the lung from injuries by inhaled particles (Coonrod, 1987,Crouch and
Wright, 2001,0fek et al., 2001)
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Surfactant is not only found in the alveoli, but also found in bronchioles and small airways
(Morgenroth and Bolz, 1985). The presence of surfactant phospolipids and proteins in bronchial
secretion has been documented from different studies (Bernhard et al., 1997,Bernhard et al., 2001).
Surfactant material forming monolayers and multilayers can be found at the air-liquid interface in
the airways. In addition to that the multilamellar vesicles and lattic-like tubular myelin can be
found the hypophase of the epithelial lining fluid covering the airways. The mass of these
surfactant materials may be originated from the alveoli (Bernhard et al., 1997). The surfactant in
the airways, as in the alveoli, has been postulated to have both biophysical and immunological
functions. Airways surfactant secure the airway architecture by minimizing the amount of negative
pressure in the airways walls (Bernhard et al., 1997,Gehr et al., 1993). It has been described that
the phospholipid layer is bound directly to the bronchial and alveolar epithelium (Hills and Chen,
2000),Bernhard et al 1997), and has been demonstrated that the airway mucusa contained less
phosphatidylcholine, and higher PE concentration compared to BAL fluid. Moreover, there is an
increased concentration of unsaturated fatty acid in the epithelium-bound PC compared with the

highly saturated PC composition of tracheal aspirate and BAL.
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1.7.1 PULMONARY SURFACTANT COMPOSITION

Pulmonary surfactant is a complex mixture of phospholipids and surfactant specific proteins.
Biochemically, pulmonary surfactant is composed of approximately 90% lipids and 10% proteins.
The majority of surfactant lipids are phospholipid. The most abundant classes of phospholipids are
approximately 85% phosphatidylcholine (PC) compounds, of which 40%-50% are
dipalmitoylphosphatidylcholine (DPPC), The other phosphatidylcholine include 9-12%
palmitoylmyristoyl-PC (PMPC), 8% palmitoylpalmitoleoyl-PC, 10% palmitoyloleoyl-PC (POPC),
6% palmitoyllineoyl-PC (PLPC), 9% phosphatidylglyserol (PG), 3% phosphatidylethanolamine
(PE) and 2% phosphatidyinistol (PI) (Bernhard et al., 2001,Bernhard et al., 1997).

The protein fractions of pulmonary surfactant comprise a high amount of serum proteins and the
remaining consists of four surfactant-associated proteins (SPs) (designated SP-A, SP-B, SP-C and
SP-D) (Possmayer, 1988). Surfactant proteins SP-A (28-36 kDa) and SP-D (43 kDA) represent the
larger of surfactant-associated proteins. They are the members of the member of collagenous
carbohydrate binding proteins (collagenous C-type lectins), now commonly known as collectins
(Malhotra et al., 1994,Hoppe and Reid, 1994). Recently, It has been reported that SP-D, but not
SP-A, increased TNF-o release from human monocytic cells in response to a subset of P.
aeruginosa and P. aeruginosa LPS (Bufler et al., 2004). Recently it has been shown that both SP-
A and SP-D increase phagocytosis of S. pneumonia and M. avium by alveolar macrohage, and SP-
A alone interact with TLR2-ligands such as peptidoglycan and inhibit TNF-a expressin (Sano ét
al., 2006).

Surfactant protein SP-B and SP-C (3.5-3.7 kDa) are extremely hydrophobic in nature and are
found in heavy but not light surfactant sub-fractions separated by different centrifugation. SP-B is
usually present as a dimeric structure, and SP-C is found as thio-esters of one or more fatty acids
(Gustafsson et al., 1997). Whereas, the alveolar epithelial cells are the only cells produce all
surfactant components. SP-A, SP-B and SP-D also produce and synthesized by are both secreted
and synthesised by both alveolar type II and non-ciliated bronchiolar epithelial cells (Kishore and
Reid, 2000, Watford et al., 2000,Kishore et al., 2001).
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Because surfactant secretion is a permanent process, there are clearance mechanisms that prevent
the alveoli from being filled with this material, thus guaranteeing a relatively stable surfactant
concentration. In normal lungs, possible mechanisms for surfactant clearance from the alveoli
include its removal via airways, blood, and lymph, its degradation in the alveoli, or its reuptake
into cells of the airways, into macrophages, and into cells of the respiratory epithelium (Wright,
1990). All pulmonary surfactant components with the exception of SP-D are synthesized in
endoplasmic reticulum of the alveolar type II cells and packaged in the lamellar bodies, which are
then translocated into the intraalveolar space. Most of secreted surfactant is taken and metabolized
and re-secreted again by the alveolar type II epithelial cells. Re-uptake and surfactant lipids and
proteins recycling have been demonstrated (Goerke, 1998,Fehrenbach, 2001).

1.7.1.1 Phospholipids structure and function

Lipids in general are major components of all biological membranes which are crucial to the life of
the cells. Despite their differing functions, all biological membrane have a common general
structure: each is a very thin film of lipid and protein molecules, held together mainly by
noncovalent interactions. Phospolipids are derived from either glycerol or sphingosine.
Phospholipids derived from glycerol are called phosphoglycerides, those derived from sphingosine
are referred as sphingolipids. Phosphoglycerides consist of glycerol esterified with two fatty acid
chains and phosphorylated alcohol group (Figure 1.4). The fatty acids esterified at sn-/ and sn-2
positions generally contain an even number of carbon atoms, 16 and 18 carbon fatty acid are the
most common, but may contain between 14 and 24 carbon atoms. The grouping at sn-3 position
can take the many forms including serine, choline, inositol or ethanolamine for example (Figure

1.5)

All of lipid molecules in the cell membrane are composed of phospholipids, glycolipids,
cholesterol and proteins. In 1972 Singer and Nicolson proposed the fluid mosaic model (Singer
and Nicolson 1972). The asymmetrical phospholipid bilayer contains many proteins and in some,
the proteins are exposed on the surface of the inner and out leaflet. Theses proteins are often
involved to in the transport of molecules across membrane and involve in signalling. The proteins

are able to move laterally in the membrane but maintains the integrity of the cell as individual unit,
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controls the movement of molecules in and out and provide the sensing and reacting to external

environment via various receptors molecules on the cell surface (Stryer, 1988).

Cellular membranes are asymmetrical with regard to the distribution of phospholipids species,
proteins and enzyme activities. The asymmetry of the membrane is introduced by positioning of
proteins an phospholipids in the membrane during the synthesis by the endoplasmic reticulum and
maintained by inability of theses proteins to move from side of the bilayer to the other (Stryer,
1988). Phospholipids on the other hand are able to flip-flop between the inner and the outer leaflet.
Within the plasma membrane phosphatidylcholine is predominantly located in the outer leaflet,

while PS, PE and PI tend to be located in the inner leaflet (Mathews and Holde, 1990).

The Fluidity of the plasma membrane is dictated by the saturation of the fatty acids within
phospholipids and proteins content of the bilayer. Increasing concentration of cholesterol in the
membrane reduces fluidity by reducing the proportion of total lipids within the membrane
(Mathews and van Holde, 1990). The phospholipids unsaturation introduces link to the fatty acid
chains and this may prevent phospholipids from packing tightly, therefore increasing membrane
fluidity (Albert et al., 1989).
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Figure 1.4 Phosphoglycerides structure. General diagram shows the structure of phosphoglyceride
indicating the main chemical groups.

49



CHAPTER 1 INTRODUCTION

Phosphatidylethanolamine (PE)

ANAANNA__Q - (lj-H |(|) I|{
+

CH,~ O -P -0 -CH,~ C- NI,

O COO

Figure 1.5: [llustrating the head groups of common phospholipids.
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1.7.1.2 Surfactant synthesis and alteration

Surfactant is predominantly synthesis by alveolar epithelial type II cells (Wright, 1997). The
secretion and reutilization of pulmonary surfactant in the alveolar type II cells and ancillary cells is
a dynamic cyclic process. Theses processes involve a number of complex regulatory mechanisms.
Surfactant is synthesised in within type II alveolar epithelial cells and stored in intracellular
organelles called the lamellar bodies (Mason and Voelker, 1998). The secretion and trafficking of
surfactant proteins is a little more complex, with the exception of surfactant proteins SP-A,
surfactant proteins are synthesised in polyribosomes, modified in the endoplasmic reticulum, Golgi
apparatus and multivesicular bodies and stored in lamellar bodies. Surfactant phospholipids are
synthesised in the endoplasmic reticulum transported through Golgi apparatus into multivesicular
bodies and packaged into lamellar bodies (Rooney et al., 1994).

Following the formation of the lamellar bodies they are transported to the plasma membrane,
where they fuse and are secreted by exocytotic mechanism, aided by annexins and calcium-
dependent phospholipid binding proteins (Mason and Volker, 19998; Liu et al, 1996). The
intracellular movement of lamellar bodies is believed to involve actin, microtubules and specific
attachment proteins (Tsilibary and Williams, 1983). It is widely accepted that upon release,
multiple lamellar bodies fuse and form tubular myelin (TM), and with assistant of SP-A, TM is
rabidly integrated into surface film at the air water interface (Froh et al., 1990).

It has been suggested that sorting of the TM occurs prior to the integration into the surface active
film, with preferential integration of DPPC rich domains, DPPC poor TM being recycled, leading
to DPPC poor lipid protein in the subphase (Goerke, 1998). Under physiological condition the film
is constantly being compressed and this leads to the collapse of components of the film into the
subphase. Subsequently surfactant is taken up by alveolar type II cells and surfactant components
retrieved, repackaged and recycled. Also it is documented that alveolar macrophage take part in

the catabolization process of surfactant components (Gurel et al., 2001).
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The surfactant system can be changed and altered rendered dysfunctional by inflammation that
occurs in obstructive or parenchymal lung diseases, which may modify surfactant abundance,
structure or function. Also, surfactant deficiency or abnormality may predispose an individual to
lung inflammation. The protelytic enzymes, phospholipases and oxidants that are generated during
inflammation damage phospholipids and proteins or change their production by the alveolar
epithelial cells (Meyer et al., 2002,Zhu et al., 2000). Thus, the anti-inflammatory abrogating may
leads to surfactant dysfunction, intensification of inflammatory cascade superimposed on

respiratory infection (Mayer et al., 2002).

Deficiency or dysfunction and alteration of pulmonary surfactant play a critical role in the
pathogenesis of respiratory diseases. Alterations of the pulmonary surfactant system, including
decreased total surfactant levels, have been implicated in the pathophysiology of acute lung injury.
Multiple studies of patients with a variety of lung diseases have shown that surfactant levels are
decreased in the inflamed, injured, or infected lung (Gregory et al., 1991,Pison et al., 1990,Gunther
et al., 1996). In agreement, decreases in alveolar surfactant lipid pools have also been observed in
several animal models of lung inflammation induced by both direct insults to the lung, such as
bacterial infection(Vanderzwan et al., 1998), oxygen toxicity (Holm et al., 1985), and endotoxin

administration (Viviano et al., 1995).

Abnormalities or dysfunction in the phospholipids and apoprotein fractions of surfactant have been
described in association with wide variety of pathogens, including bacteria (Baughman et al., 1993,
Gunther et al., 1996, Chimote and Banerjee, 2005), viruses and fungi (Hoffman et 1., 1992, Phelps
etal., 1991).

Because of the chronic lung inflammation seen in COPD and the surface destruction seen in
emphysema, the surfactant system may be involved in the underlying pathophysiology. Smokers
are likely to have a decreased in phospolipids content in BALF (Hohlfeld et al., 1997), and the
level of both SP-A and SP-D are also decreased and theses changes may contribute to the
increased incidence of respiratory infections in patients with COPD (Honda et al., 1996). Both

functions are dependent on both surfactant-associated proteins and surfactant phospholipids.
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It has been shown that P. aeruginosa degraded SP-A and SP-D (Mariencheck et al, 2003) and P.
aeruginosa elastase, was identified as one of the degradative proteins; however, other component
can be involved. P. aeruginosa protease degrades SP-A and SP-D, resulting in reduction in host
defense functions of these SPs, which may contribute to colonisation of the lung. Additionally,
protease alters the biophysical function of surfactant by inhibiting the surface tension-reducing
property of this material, thus potentially contributing to decreased lung function (Malloy et al.,
2005).

Alteration of phospolipids composition in young children with respiratory infections has been
described and DPPC was decreased in both infection and CF groups (Mander et al., 2002) and in
Asthma (Wright et al 2000). In CF patients, the analysis of surfactant isolated from BALF was
reported relatively decreased. Both surfactant proteins especially SP-A and Phospholipids were
decreased (Meyer et al., 2000, Griese et al., 2004). It has been reported that surfactant
phospholipid levels decreased in lavage from rats (Sheehan et al., 1986) and humans with different
pulmonary infections (Escamilla et al., 1993,Hoffman et al., 1992,Rose et al., 1994), whereas SP-
A concentrations in lavage are increased (Phelps and Rose, 1991, Phelps and Unstead, 1994). The
expression of SP-A and SP-D has also been shown to increase in murine (Atochina et al., 2000),
whereas the expression of SP-B can be decreased (Beers et al., 1999) or unchanged (Wright et al
2001) depending on the time of injury.

In pneumonia, bacteria induce changes in pulmonary surfactant. These changes are, mediated by
bacteria directly on secreted surfactant or indirectly through pulmonary type II epithelial cells. The
bacterial component most likely responsible is LPS since Gram-negative bacteria more often
induce these changes than Gram-positive bacteria. Also, endotoxin and Gram-negative bacteria
induce similar changes in surfactant. The interaction of bacteria or LPS with secreted surfactant
results in changes in the physical (i.e. density and surface tension) properties of surfactant. In
addition, gram-negative bacteria or LPS can injure type II epithelial cells causing them to produce
abnormal quantities of surfactant, abnormal concentrations of phospholipids in surfactant, and

abnormal compositions (i.e. type and saturation of fatty acids) of PC.
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1.7.2 THE ROLE OF SURFACTANT PROTEINS IN LUNG IMMUNE
DEFENCE AND INFLAMMATORY PROPERTIES

To date there are four surfactant proteins identified. The hydrophobic surfactant protein SP-A was
first identified in 1972 by King and colleagues (King and Clements, 1972) and SP-D was
originally characterised in 1988 (Persson et al., 1988). SP-A and SP-D are called collectins and are
important components in the immune response in the lung. They are oligomeric molecules
containing a collagen-like domain and a calcium-dependent lectin domain, known as a

carbohydrate recognition domain.

Both SP-A and SP-D have been shown to regulate a variety of immune cell functions in vitro and
in vivo. The lung collectins bind glycoconjugate expressed by a variety of Gram-negative and
Gram-positive bacteria including specific strains of such important pulmonary pathogens as K.
pneumoniae, P. aeruginosa, H. influenzae, and E.coli. SP-A bind specifically to lipid domain
rough form of LPS (Van Iwaarden et al., 1994,Kalina et al., 1995), and also bind to lipoteichoic
acids LTAs from Gram-positive bacteria (Polotsky et al., 1996). The mechanism by which
collectins enhance the immune response is not fully understood, but there is many reports showed
that SP-A opsonise and enhance the killing of H. influenzae by alveolar macrophages (McNeely
and Coonrod, 1993). Although, there is evidence that collectins can increase the internalisation of a
variety of microorganisms by modulating the function of phagocytic cells. SP-A and SP-D also
increase the uptake of Gram-negative E.coli and Gram-positive S.aureus and S.pneumoniae by
neutrophils (Hartshorn et al., 1998). SP-A also has been shown to enhance the phagocytosis of
serum opsonised S.aureus by alveolar macrophages (van Iwaarden et al., 1990) and group A
streptococcus (Ohmer-Schrock et al., 1995). SP-D has an important role in the first line defence
against lung fungal infections (van Rozendaal et al., 2000). Recently It has been documented that
SP-A and SP-D inhibit the growth of Gram-negative bacteria by increasing the permeability of
membrane (Wu et al., 2003).
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SP-A has also been shown to increase the binding of non-microbial particles to A549 epithelial
cells (Wang et al., 1996) and to inhibit production of pro-inflammatory cytokines in response to
LPS and to Candida albicans in peripheral mononuclear cells and alveolar macrophages
respectively (Borron et al., 2000,Rosseau et al., 1999). In contrast, other studies showed that SP-A
upregulates the production of TNF-a, IFN-y, IL-18,IL-6 and IL-8 by the THP-1 cell line (Kremlev
and Phelps, 1994,Kremlev et al., 1997) and that the addition of bovine surfactant lipids (Survanta®)
could inhibit SP-A activity for TNF-a but not IL-8 release.

Surfactant proteins B and C (SP-B and SP-C) are small and extremely hydrophobic. SP-B is
essential for the ability of surfactant to reduce surface tension (Nogee, 2004). The hydrophobic
surfactant proteins, SP-B and SP-C, promote adsorption of surface-active lipids to the air-liquid
interface of the alveoli and are essential for alveolar stability and gas exchange. SP-C deficiency
and mutations in the SP-C gene have been associated with interstitial lung disease (Amin et al.,
2001). Deletion or mutations in SP-B and SP-C cause an acute and chronic lung disease in
neonates and infants. While SP-B plays a critical role in maintaining lung function during infection
and/or injury, it is less clear whether loss of SP-B is a cause of pulmonary inflammation. SP-B
inhibited endotoxin-induced nitric oxide production by isolated alveolar macrophages, consistent

with its potential anti-inflammatory role (Miles et al., 1999b).

SP-B is a 79-amino acid polypeptide, synthesized, processed and secreted from alveolar type II
cells. SP-B interacts with surfactant phospholipids, enhancing spreading and stability of surfactant
films. Newborn mice and human infants lacking SP-B die of respiratory failure after birth. SP-B
deficiency in the newborn is associated with surfactant dysfunction, lack of lamellar bodies,
accumulation of incompletely processed pro-SP-C and altered levels of phosphatidylglycerol in
surfactant (Beers et al., 2000,Melton et al., 2003, Tokieda et al., 1997) . SP-B expression is reduced
in preterm infants and in patients at risk for adult respiratory distress syndrome. SP-C has recently

been shown to bind lipopolysaccharide (LPS) (Augusto et al., 2003).
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1.7.3 POSSIBLE ROLE OF SURFACTANT LIPIDS IN LUNG
IMMUNE DEFENCE

Recent evidence suggests that surfactant lipids may modulate innate immune responses in the lung.
The phospholipid components of surfactant inhibited the production of reactive species (ROS)
from rabbit, human and guinea pig alveolar macrophages (Hayakawa et al., 1989). In addition
Curosurf® was shown to inhibit the release of ROS from human monocytes (Walti et al., 1997).
Pulmonary surfactant lipid DPPC has been shown to modulate reactive oxygen intermediate (ROS)
released from human monocytes (Tonks et al., 1999). It has been reported that whole surfactant
phospholipids or DPPC alone can suppress neutrophil respiratory burst oxidase responses (Ahuja
et al., 1996,Suwabe et al., 1998). Also it has been shown that DPPC can modulate LPS induced
platelet-activating factor (PAF) in human monocytic cells in dose dependent (Tonks et al., 2003)
and TNF-a and PGE, (Morris et al., 2000). It has been shown that the whole surfactant
phospolipids (Ahuja et al., 1996) or DPPC alone (Suwabw et al., 1995) can suppress neutrophil
respiratory burst. Other studies indicated that surfactant could either enhance (Webb et al., 1986)
or not modify (Speer et al., 1991) the production of ROS. It has also been shown that DPPC alone
inhibits IL-8 release induced by GBS (Doran et al., 2002)

The major surfactant components, PC, PG and PI exert suppressive effect on lymphocytes
proliferation, however of the lesser components PE, SM and cholesterol have been shown to
augment lymphoproliferative responses (Kremlev et al., 1994; Whilsher et al., 1988), thus the role
of surfactant in regulation of immune responses in vitro may be determined by the relative
proportion of suppressive and stimulatory components, and these may be altered in various

pulmonary diseases (Hughes et al., 1989;Lesur et al., 1994).

Pulmonary surfactant preparations like Survanta® is natural/modified surfactant extracted from
lung bovine and Curosurf® also is a natural modified surfactant that contains 80 mg/mL of
phospholipids from porcine lung, which contains 99% polar lipids. Pulmonary surfactant
preparations such as Survanta®, Curosurf® and Exosurf®, which are devoid of surfactant proteins
SP-A and SP-D, and also the individual phospholipid component DPPC, have also been reported

to modulate the release of inflammatory cytokines and mediators. Survanta® and Curosurf® have
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been shown to suppress the LPS induction of TNF-a, IL-1p and IL-6 from human alveolar
macrophages (Thomassen et al., 1994, Thomassen et al., 1992). It has been reported that surfactant
attenuates both GM-CSF and LPS induced MIP-1 secretion from human alveolar macrophages
(Raychaudhuri et al., 2004) suggesting that surfactant may serve an endogenous immunoregulatory

role in the normal alveolar space.

Furthermore, pulmonary surfactant or the lipid components alone have been shown to modify the
invasion of myeloid and non-myeloid cells by bacteria. Golioto and Wright (2002) noted that
treatment of alveolar macrophage with increasing concentration of lipid resulted in the reduction of
the uptake of S. pneumoniae. Inset et al., 1996 have demonstrated that DPPC inhibits GBS induced
injury epithelial cells. Wheras SP-A increased phagocytosis of S. pneumonia by alveolar
macrophages, this phagocytosis was significantly decreased when exposed to higher concentration
of surfactant lipid (Golioto et al., 2002). An earlier study, has demonstrated that the phospholipid
DPPC, the major component of human surfactant, inhibits GBS b-h/c—induced injury to A549 lung
epithelial cells (Nizet et al., 1996) and, later study showed that DPPC also inhibited the ability of
GBS to intracellularly invade these cells and to stimulate their production of IL-8 (Doran et al.,
2002). Phospholipid components of human surfactant are known to inhibit GBS beta-hemolysin-
associated RBC lysis (Marchlewicz et al., 1980). Nitez et al., 1996 demonstrated that DPPC at 500
pg per mL inhibited 90% of lactate dehydrogenase (LDH) release from lung epithelial cells
exposed to beta-hemolysin induced epithelial cells injury. Surfactant prepared from sheep lung
showed to inhibit both intracellular killing of bacteria and the intracellular production of H,O, in
human monocytes and granulocytes (Geertsma et al., 1993). It has also been reported that
surfactant inhibit the killing of Candida albicans (Zeligs et al., 1984) and S. pneumoniae (Sherman
et al., 1988).

There are few studies that have investigated the direct effect of surfactant preparations on the
growth of bacteria but with conflicting results. Neumeister and his colleague (Neumeister et al.,
1996) show that addition of Survanta® to saline seemed to reduce the viability of E. coli, whereas
it supported and increased the growth of GBS. Herting and his colleagues (Herting et al., 1994)
reported that Curosurf®, consisting of 99% polar lipids (mainly DPPC) and 1% SP-B and SP-C,
exerts inhibition of GBS. Another report has shown that surfactant preparation like Curosurf® was
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bactericidal in a dose dependant fashion for GBS whereas the Exosurf® only reduced the bacterial
number (Rauprich et al., 2000).

Other reports showed that addition of different concentrations of Survanta® to GBS did not alter
bacterial survival, whereas Survanta® seemed to protect GBS and S. aureus against the
bactericidal. Unlike all other tested surfactant preparations, Survanta® significantly promoted the
growth of E. coli. At phospholipid doses of =10 mg/mL, the numbers of CFU per milliliter were
increased 4.5 times compared to the bacterial count at the beginning of the experiments (Rauprich
et al., 2000b). Furthermore, Pulmonary surfactant or lipid components have been noted to modify
and decrease the invasion of S. pneumoniae invasion to alveolar macrophages (Golioto and

Wright, 2002).

The limited amount of published studies on surfactant lipids, compared to the surfactant proteins,
highlights the need to study the possible modulatory role of surfactant lipids. Despite that, there are
a few reports indicating that surfactant lipids have an effect on innate immunity responses in the

lung (Hayakawa et al., 1989,Morris et al., 2000).

In conclusion, surfactant lipids play an important role in the regulation the immune defence system
in the lung. However, the potential role of surfactant lipids on the growth of bacteria and invasion
of the epithelial cells by lower respiratory bacterial infectious agents need to be elucidated. In
addition to that the role of surfactant lipids on modulating epithelial cells immune response have

not been well documented and needed to be studied.

58



CHAPTER 1 INTRODUCTION

1.8 A549 EPITHELIAL CELLS AS A MODEL FOR BACTERIAL
INVASION AND INFLAMMATORY RESPONSES

The complex nature of the lung architecture means that the alveolar epithelium is not readily
accessible. Therefore, the use of cultures of alveolar epithelial cells as a reliable in vitro
experimental model to resemble the lung epithelial cells has gained acceptance among
investigators. The most common example of an alveolar epithelial cell line is the human cell A549,
initiated in 1972 (Giard et al., 1973) through explant culture of lung carcinomatous tissue from a
58-year-old male. Further studies by M. Lieber et al (Lieber et al., 1976) revealed that A549 cells
could synthesize lecithin with a high percentage of desaturated fatty acids using the cytidine
diphosphocholine pathway. Multilamellar inclusion bodies were located by transmission electron

microscopy.

This cell shows similarities to AETII cells, including the synthesis of phospholipids, the presence
of lamellar bodies and microvilli. While A549 cells have been used as a model of the type II cells
in a wide range of applications (Asano et al., 1994,Stringer et al., 1996). A549 cell line has
characteristic features of Type II cells of the pulmonary epithelium, including lamellar bodies.
While this cell line has been extensively referenced in the toxicology literature, many of the typical
Type II alveolar epithelial cell biochemical properties and properties on permeable supports have
not been reported for A549 cells. Many investigators in the world use A549 cells in scientific
research and without doubt the A549 model has provided and contributed knowledge and

information to many research fields.

Other cell lines like Calue-3, 16 HBE, bronchial epithelial cell (BEAS-2B) and virus transformed
human bronchial epithelial cell line (HBEpC) were used by many investigators (Lee et al., 2005,
Schulz et al., 2002, Kunkel et al., 1991; Murphy, 1997) for their studies to represent the lung
epithelial cells. These cell lines are either difficult to grow or it takes for long to reach confluence
(like Calue-3) or not as physiological representative to normal cell line (like HBEpC). Other
sources of epithelial cells from gut and kidney HEK293 are not good example to use in this study
since they are originated not from the lung and may express and behave differently. For these

reasons A549 epithelial cell line were used in our investigation. In addition to that many
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investigators used the A549 epithelial cells as a model to represent airway epithelial cells (Arita et

al., 2005) and to study the responses to bacteria and bacterial secretions (Ader et al., 2005).

Also A549 epithelial cells were used to study bacterial invasion to lung epithelial cells (Finlay and
Falkow, 1988, Tomich et al., 2002, Bermusez et al., 2002, Cieri et al., 2002) or as a model for
inflammatory responses (Palfreyman et al., 1997, Madsen et al., 1999,Doran et al., 2002,Fink et al.,
2003, Utaisincharoen et al., 2004, Arita et al., 2004, Rosseau et al., 2005, Carteson et al., 2005).

Despite the similarities and differences to other bronchial cell line, the alveolar A549 epithelial cell
line, derived from carcinoma cells of type II pneumocytes behave like bronchial epithelium
(Lieber et al., 1976) and has therefore been widely used for studying bronchial epithelial
inflammation. In present study the A549 cell line was adopted as a model to study the effect of

pulmonary surfactant on bacterial invasion and inflammatory responses.
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1.9 AIMS OF THE STUDY

The relationship between the bacterial insults and pulmonary surfactant is one of the important
issues to be investigated. Not many studies have investigated the relationship of pulmonary
surfactant and growth of bacteria, but a limited number of reports describe contradictory results
(Ferrara et al., 2001,Bouhafs and Jarstrand, 1999,Rauprich et al., 2000a). These contradictions may
be due to differences in the experimental design or due to differences in the bacterial strains used

in the studies.

It is well known that some bacteria like, B. cepacia, invade the epithelium and survive in the lung
epithelial cells (Keig et al., 2001,Burns et al., 1996,Reddi et al., 2003b) whereas for other bacteria
like P. aeruginosa, one or two reports showed the invasion to the lung epithelial cells. The
relationship between pulmonary surfactant and bacterial invasion of the respiratory epithelial cells
is one of the main issues not investigated by researchers and needs to be elucidated in the present

study.

Lung epithelial cells release cytokines such as CXC chemokines and other neutrophil chemotaxis
upon stimulation with bacteria (Mikamo et al., 2004a,Reddi et al., 2003a), but it is not known if
this stimulation is related to the invasion or is independent of invasion by bacteria. Also, bacterial
products such as LPS, PGN, LTA and other secretary products may be involved in the
pathogenesis but it is not clear whether the lung epithelial cells respond directly to these bacteria

and bacterial products, and what role surfactant lipids play in these responses.

The aims of this project are: to investigate the effect of pulmonary surfactant on bacterial growth
and invasion of alveolar epithelial cells. Subsequently it aims to elucidate the bacteria and bacterial
product induced IL-8 release from lung epithelial cells and the possible regulatory role of

pulmonary surfactant and surfactant phospholipids on the production and release of IL-8.
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The specific objectives of the present study, therefore, are:

1- To determine the Effect of pulmonary surfactant and surfactant lipids on the growth of bacteria

involved in lower respiratory infections.

2- To investigate the uptake of bacteria by A549 lung epithelial cells, and the possible effect of
pulmonary surfactant and surfactant lipids on this uptake.

3- To characterise the IL-8 release from lung epithelial cells in response to bacteria and bacterial

products.
4- To investigate the possible immunoregulatory role of pulmonary surfactant and surfactant

phospholipids on the IL-8 released from lung epithelial cells and the mechanism involved this

modulation.
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2. MATERIALS AND METHODS

2.1 MATERIALS

All chemicals and reagents used for experiments in this thesis were purchased from Sigma-

Aldrich company, Ltd (Poole, Dorset, UK) unless otherwise stated.

2.1.1 CELL LINE, MEDIA AND SUPPLEMENTS

Human lung epithelial cells A549 (CCL-185) (American Type Culture Collection, Maryland,
USA)

Roswell Park Memorial Institute (RPMI) 1640 medium without L-glutamine (Gibco™ Cell
culture, Paisley, UK)

Foetal calf serum (Gibco™ Cell culture, Paisley, UK)

L-glutamine (Gibco™ Cell culture, Paisley, UK)

Sodium pyruvate solution (Gibco™ Cell culture, Paisley, UK)

Tryptone soy broth (Oxoid Limited, Hampshire, UK)
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2.1.2 SURFACTANT

2.1.2.1 Survanta®

Commercial pulmonary surfactant preparation Survanta® (Abbott Laboratories Ltd, Kent,
UK) is a natural/modified sterile, and non-pyrogeninc bovine lung surfactant extract.
Survanta® contains phospholipids (25mg/mL), neutral lipids, fatty acids (1.4-3.5 mg/mL) and
surfactant protein. Each millilitre of Survanta® contains 25mg of phospholipids, <Img of
proteins (SP-B, SP-C) and 0.5-1.75 mg of triglycerides. The primary lipid is
phosphatidylcholine; is 11-15.5 mg/mL. Of the PC species, DPPC constitute 75%.

2.1.2.2 Curosurf®

Curosurf® (Chiesi Farmaceutici, Parma, Italy) is a natural modified surfactant that contains 80
mg/mL of phospholipids from porcine lung which contains 99% polar lipids with more than
40% DPPC and 1% hydrophobic associated proteins (SP-B, SP-C).

2.1.2.3 Dipalmitoylphosphatidylcholine (DPPC)

1,2-Dipalmitoyl-sn-Glycero-3-phosphatidylcholine (DPPC) was purchased from (Avanti®
Polar-Lipid inc, Albaster, USA) in powder or in chloroform solution. Results showed no

difference between DPPC in powder and chlloroform solution.
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2.1.3 BACTERIAL STRAINS

All bacterial strains used in this study were purchased from Oxoid (Oxoid Limited,
Hampshire, U.K) unless otherwise stated. The bacteria used were:

Pseudomonas aeruginosa NCTC 10662 (Oxoid Limited, Hampshire, U.K)

Pseudomonas aeruginosa (clinical strain isolated from patient with lung infection), a gift
from Dr. H. Ryley Dept. Medical Microbiology, School of Medicine, Cardiff University, UK)
Burkholderia cepacia NCTC 10661 (Oxoid Limited, Hampshire, U.K)

Burkholderia cepacia ET-12 (clinical strain isolated from patient with Cystic fibrosis), a gift
from Dr. H. Ryley Dept. Medical Microbiology, School of Medicine, Cardiff University, UK)

2.1.4 ANTIBODIES

2.1.4.1 For ELISA assay

All antibodies for ELISA were purchased from (R&D, Oxon, UK):
Monoclonal mouse anti-human IL8 antibody (capture antibody)
Biotinylated goat anti-human IL-8 antibody

Monoclonal mouse anti-human IL-1 B antibody (capture antibody)
Biotinylated goat anti-human IL-1 B (detection antibody)

IL-8 and IL-1 B standard proteins were purchased from (R&D, Oxon, UK)

2.1.4.2 For Neutralising assay

Anti-human TLR4 antibody (clone HTA125), (e-bioscience, San Francisco, USA)
Anti-human CD14 antibody (clone: 134620) (R & D, Oxon, UK)
Anti-human TLR2 antibody (clone TL2.1), (Santa Cruz Biotechnology)
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Isotype control anti-human antibody IgG2a (clone Ebm2a) (e-bioscience, San Francisco,

USA)

2.1.4.3 For Western blot

Rabbit polyclonal anti-human TLR4 (clone HT80), (Cell Signalling Technology,
Hertfordshire, UK)
Rabbit anti-human horse radish (HRP) conjugated antibody (Cell Signalling Technology,
Hertfordshire, UK)

2.1.4.4 For flow cytometry

Anti-human TLR4-phycoerthrin (PE) conjugated antibody (e-bioscience, San Francisco,
USA)
IgGa,-PE, isotype antibody for TLR4 (e-bioscience, San Francisco, USA)

2.1.5 ANTIBIOTICS & CHEMICALS

Penicillin/Streptomycin (Gibco™ Cell culture, Paisley, UK)
Gentamicine (50 mg/mL IN deionized water)

Ceftazidime (500 mg in powder form)

Polymyxin B sulfate salt

Methyl-B-Cyclodextrin

Cytochalasin D
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2.1.6 RECOMBINANT CYTOKINES AND RELATED
MATERIALS

Recombinant Human IL-18 (R & D, Oxon, UK)

Streptavidin conjugated horseradish-peroxidase (kirkegaard and Perry Laboratories, Wembley
Middlesex, UK).

Tetramethylbenzidine (TMB) microwell peroxidase (Kirkegaard and Perry Laboratories,
Wembley Middlesex, UK)

2.1.7 RT-PCR REAGENTS

Deoxyriboneucleotides (ANTP) mix: dATP, dCTP, dGTP, dTTP (Ambion, Cambridgeshire,
UK)

DNA ladder (Invitrogen Life Technologies, Paisley, UK)

MgCl; (Promega, Southampton, UK)

PCR buffer without MgCl, (Promega, Southampton, UK)

RNA isolation Kit (Ambion, Cambridgeshire, UK)

RT-PCR RETROscript® kit (Ambion, Cambridgeshire, UK)

Taq DNA polymerase (Promega, Southampton, UK)

RNA isolation Kit (Ambion, Cambridgeshire, USA)

PRIMERS: (Sigma-Genosys, Cambridgeshire, UK)

IL-8 primer: The sequence of IL-8 primer (Gilmour et al., 2001):

sense: CGA TGT CAG TGC ATA AAG ACA

antisense: TGA ATT CTC AGC CCT CTT CAA AAA
(melting temperature Ty, = 65°C)

GAPDH primer: The sequence of GAPDH primer (Borchers et al., 1999):
sense: TGC TGG GGC TGG TGG TC

antisense: TCA AGT GGG GCG ATG CTG

(melting temperature Ty, = 58.2°C)
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2.1.8 LIPOPOLYSACCHARIDE (LPS) AND BACTERIAL CELL

WALL COMPONENTS
LPS from Pseudomonas aeruginosa serotype 10 (Sigma-Aldrich, Dorset, UK)

LPS from Pseudomonas aeruginosa clinical strain LPS (isolated in Dept. Medical
Microbiology, School of medicine, Cardiff University, UK)

LPS from Burkholderia cepacia NCTC 10661 (isolated in Dept. Medical (isolated in Dep.
Medical Microbiology, School of Medicine, Cardiff University, UK)

LPS from Burkholderia cepacia ET-12 LPS (isolated in Dept. Medical Microbiology, School
of Medicine, University, UK)

Staphylococcus aureus Peptidoglycan (PGN) (Sigma-Aldrich, Dorset, UK)

Staphylococcus aureus Lipoteichoic acid (LTA) (Sigma-Aldrich, Dorset, UK)

2.1.9 PREPARATION OF LPS (LPS ISOLATON)

2.1.9.1 Growing and source of bacteria

LPS was extracted and purified from 2 isolates of B. cepacia (B. cepacia NCTC 10661, B.
cepacia ET-12), and one isolate of P. aeruginosa clinical strain. Each bacterial isolate was
inoculated onto blood agar plate and incubated for overnight at 37°C. The bacterial colonies
were scraped by sterile loops and inoculated into 4 sterile flasks with 250 mL of TSB and
incubated overnight at 37°C with shaking. The liquid cultures were harvested by centrifugation
at 3600 xg for 25 minutes and washed twice in sterile PBS. The bacterial pellet was frozen,
lyophilised and stored at 4°C until used.

2.1.9.2 LPS extraction using phenol-water method

Many methods have been developed for the extraction of LPS from gram- negative bacteria.

One of the methods, which are widely used, is the phenol-water procedure (Westphal et al.
1952) because it is applicable to many different groups of bacteria. LPS isolation was based on
the method of Westphal e al., 1952 and adopted by Qureshi et al., 1982. The lyophilised
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bacteria were weighed and suspended into phenol-chloroform petroleum ether reagent (SmL
per 500 pg of dried bacteria) and homogenised for a minimum of 5 minutes using a tissue
grinder with PTFE Pestle (Kartell) immersed in an ice bath. The homogenised mixture was
then transferred into a 15 mL polypropylene (organic solvent resistant) tube and centrifuged for
30 minutes at 3600 xg at 4°C. The tube was removed and the supernatant was filtered through a
Whitman No 1 filter paper into 250 mL round bottom flask. The chloroform and petroleum
ether was removed from the filtered supernatant by using a rotary evaporator at 60°C for at
least 15 minutes. The remaining solution was removed with a glass pipette and transferred to a
15 mL polypropylene tube and 6 volumes of diethyl ether/acetone (diethyl ether 17% acetone
83%) was added and left to stand at RT for one hour. The precipitated LPS was collected by
centrifugation at 3600 xg for 30 minutes.

The supernatant was discarded and the pellet was washed three times with 5 mL diethyl ether
/acetone. The LPS pellet was frozen and dried in a vacuum dessicator for at least 60 minutes
before 3mL of pyrogen free water was added by heating to 37°C in a water bath and by
suction/displacement of the solution using a 5 mL syringe with 23 gauge needle. The LPS
suspension was centrifuged at 100,000 rpm for one hour using a Beckman Optima
ultracentrifuge with a TLLA-100 rotor. The supernatant was discarded and the final resultant

was a clear and transparent sediment, which was dispensed into pyrogen-free water.

For further purification, the LPS was treated with 1pg of DNase/mL (from bovine pancreas;
Sigma Chemical Co) plus 1pg RNase/mL (from bovine pancreas; BDH, Poole, UK) at 30°C
for 90 minutes at pH 7.5, followed by the addition of 1pg/mL of trypsin (Sigma Chemical Co)
and incubation at 30°C for 90 minutes. Finally 1pg of Proteinase K/mL (Sigma) was added and

incubated at 30°C for 90 minutes.

Following these enzymatic treatments the solution was dialysed against distilled water
overnight and lyophilised. This preparation was then treated with 45% phenol containing
tiethylamine and Sodium DOC and the LPS, extracted in the aqueous phase, was precipitated
with ethanol by the DOC-phenol-water extraction method (Manthey et al., 1994) to obtain the
LPS.
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The supernatant was discarded and the final resultant was a clear/transparent sediment which
was dispensed into pyrogen-free water before being transferred to a glass sterile bijoux, frozen
and lyophilised overnight. The dried LPS was weighed and stock solution was made up at a
concentration of Img/mL in pyrogen-free water then was quantified using LAL assay before

was kept at —80°C.

2.1.10 REAGENTS AND BUFFERS FOR WESTERN BLOTTING

ECL advance western blotting detection kit (Pharmacia Biotech, Ltd., Buckinghamshire, UK)
NuPAGE?® antioxidant (Invitrogen Life Technologies, Paisley, UK)

NuPAGE® LDS (Invitrogen Life Technologies, Paisley, UK)

NuPAGE®reducing agent (Invitrogen Life Technologies, Paisley, UK)

10x Blocking Buffer (Sigma-Aldrich, Dorset, UK)

NuPAGE® SDS MOPS running buffer (Invitrogen Life Technologies, Paisley, UK)
NuPAGE?® transfer buffer (Invitrogen Life Technologies, Paisley, UK)

Sodium Dodecyl Sulphate Poly Acrylamide Gel Electrophoresis (SDS-PAGE) Pre-cast

gel (Invitrogen Life Technologies, Paisley, UK)

Ultra pure water (Pharmacia Biotech, Ltd., Buckinghamshire, UK)
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2.2 METHODS

2.2.1 CELL CULTURE

2.2.1.1 A549 epithelial cells

The human lung epithelial cell line A549 (CCL-185) was maintained in complete medium
consisting of Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 5%
foetal calf serum, 200mM L-glutamine and 1% Penicillin/Streptomycin. Cells were seeded
initially at a density of 10000/mL in 20 mL medium, and grown to confluence at 37°C in 5%
humidified atmosphere The medium was changed every two days. When the cells became
confluent, they were sub-cultured (1:10 splitting ratio) after being detached with 0.25% (w/v)
trypsin-0.5 mM Ethylaminediaminetetraacetic acid (EDTA) solution. Cells were used after the

third passage, and only up to 20 passages for all experiments that were done in this project.

2.2.1.2 Freezing and storage of A549 cell line

A549 epithelial cells were grown to confluent before they were trypsinized and washed twice
with complete medium. The cells were harvested by low speed centrifugation (200 xg) for 5
minutes and  were then re-suspended in fresh growth medium. Cells were counted after
viability was assessed with trypan blue dye and adjusted to 2-3x10° /mL. The preservative,
dimethyl sulfoxide, DMSO, (10%, v/v) was added to the suspension, the cells were aliquoted
into 1mL cryovials for freezing at -80°C overnight and then transferred to liquid nitrogen for

long-term preservation.
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2.2.1.3 Thawing and growing frozen cells

Cells were removed from liquid nitrogen and thawed rapidly at 37°C for a few minutes and the
cell suspension was centrifuged for 5 minutes at 500xg after being transferred to a universal
container that contained 10 mL of complete medium to remove dimethyl sulfoxide. The cells
were washed twice and re-suspended in 10 mL of fresh complete medium, transferred to 15cm?
tissue culture flask and incubated at 37°C. Cells were transferred to 25cm’ tissue culture flask

when they reached confluence, and were sub cultured as described in sections (2.2.1.1).

2.2.1.4 Growing A549 cells for cytokine induction and for other
experiments

The epithelial A549 cells were seeded in complete RPMI 1640 medium onto 12-well plate at
desired density, and incubated at 37°C. The cells were fed for two days with the complete
medium until establishing confluence. When the cells become confluent, the monolayers were
washed three times with PBS and the cells were incubated with medium with L-glutamine
overnight (A549 epithelial cells were prepared as described here for all experiments unless
otherwise stated).
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2.2.2 CELL VIABILITY ASSESSMENT

The effect of surfactants, bacteria or bacterial products on the A549 cell viability were
analysed by two methods:

2.2.2.1 Trypan blue method

Counting and cell viability was determined by mixing an equal volume of filtered trypan blue
dye solution (0.4% w/v in HEPES solution) and cell suspension. The mixture was incubated
for 5-10 minutes at room temperature and 10 pL of the suspension was placed between the
coverslip of the haemocytometer counting chamber (Arnold R Horwell limited, London, UK).
The cells were then examined by Inverted phase contrast microscopy, and viable cells were

distinguished from dead (blue) cells by dye exclusion.

2.2.2.2 Cell titer 96° aqueous one-solution cell proliferation assay

The CellTiter 96° Aqueous one solution cell proliferation assay is a colorimetric method for
determining the number of viable cells in proliferation or cytotoxicity assay. All different
conditions were tested for cell viability using this method by adding 20 pL of CellTiter 96°
Agueous ON€E solution reagent to each well of a 96 well assay plate containing samples from |
different conditions in 100 pL of culture medium. Two controls were used; untreated cells

(positive control) and cells treated with DMSO overnight (negative control)

The plate was incubated for 4 hours at 37°C in humidified atmosphere. Optical densities were
measured at 490 nm using photospectrometer. The optical densities are proportional to the
formazan product and this represents the proportional number of living cells. Results were
expressed as a mean percentage of viable when compared with untreated cells, and compared

with the negative control to ensure the validity of this assay in this situation.
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2.2.3 BACTERIAL CULTURES

2.2.3.1 Growing bacteria from —-80° C

Preserved bacteria in microbeads (PRO-LAB Diagnostics, Ontario, Canada) stored at —80°C
were taken out and one bead was transferred to 5 mL of tryptic soy broth (TSB) and incubated
at 37°C overnight. A blood agar plate was inoculated from the TSB culture and bacteria were

streaked to give isolated colonies before incubated aerobically at 37°C overnight.

2.2.3.2 Growing bacteria in liquid medium

5-10 bacterial colonies were picked from fresh blood agar cultures and 10 mL of TSB was
inoculated and incubated at 37°C in a shaking incubator. After 18 hours incubation TSB culture
was adjusted spectrophotometrically to the desired optical density (OD) and kept at —80°C for

use. Bacteria were kept for a maximum of 2 weeks for use.

2.2.3.3 Bacterial cell quantification

Bacterial cells were quantified using turbidity or optical density, which is a rapid method of
estimating the number of bacteria in solution. Bacterial cells were inoculated into TSB and |
incubated at 37°C in a shaking incubator overnight. Serial dilutions from the broth cultures

were made in TSB and the optical density (OD) for all dilutions were measured at a

wavelength of 600 nm (O.Dgy). The optical densities were recorded after readings were

adjusted to zero with a blank TSB. Using a fresh pipette tip and starting with the highest

dilution, 0.1 mL of each serial dilution were transferred to the surface of blood agar plates and

spread out using sterile spreader over the whole surface of the plate. Plates were left to dry

before incubated at 37°C overnight. Appropriate plates containing between 100-200 CFU

countable numbers of bacterial colonies were selected and the colonies were counted and

recorded. From this count, the colony forming units (CFU) of bacteria in the original samples

were calculated using this equation:

CFU= number of bacteria x 10x dilution factor.
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The optical density experiment and colony-forming unit (CFU) were repeated three times and
the average for each experiment was taken. Standard curves for each bacterial strain were
established relating the average number of colony-forming unit/mL (CFU) to the average of the
optical density (OD) measurement (determined by spectrophotometer) and plotted using the
EXCEL computer program. The number of colony forming unit (CFU) or the optical density
(OD) was calculated using the equation in each standard curve in EXCEL for all bacteria used

in this project.

2.2.3.4 Preparing heat killed bacteria (HK)

Bacteria were cultured and quantified (section 2.2.3.1-2.2.3.3) before centrifuging at
(10,000xg) for 20 minutes, then washed twice in sterile PBS and heated at 95°C in a water-bath
for 30 minutes. The suspension of heated-killed (HK) bacteria was resuspended in the same
volume of RPMI media with L-glutamine and aliquoted before kept at -80°C. Heat killed
bacteria were thawed at room temperature and vortex-mixed before use.

Sterility was confirmed by inoculating a loopfull from the prepared heat killed and streaked
onto blood agar plate before was incubated aerobically at 37°C. The blood agar plate was

checked for the presence or absence of colonial appearance.

2.2.3.5 Preparing conditioned media (CM)

Conditioned media was prepared from cultured and quantified bacteria in TSB (section 2.2.3.1-
2.2.3.3). The bacterial suspension was passed through a 0.22 micron filter and the supernatant
was collected. The supernatant was cooled down to room temperature and checked for sterility
(as explained earlier) before being aliquoted and kept at -80°C. Conditioned media was thawed

at room temperature and vortex-mixed before use.
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2.2.3.6 Preparing heat conditioned media (hCM)

Heat- conditioned media was prepared by heating conditioned media (section 2.2.3.5) at 95°C
in a water-bath for 30 minutes. Heat-conditioned media was cooled down at room temperature
and checked for sterility before aliquoted and kept at -80°C. Heat conditioned media from

bacteria (hCM) was thawed at room temperature and vortexed before use.

2.2.4 SURFACTANT PHOSPHOLIPID PREPARATION.

2.2.4.1 Preparation of silanised bijoux vials

Dipalmitoylphosphatidylcholine and related phospholipids adhere to glass. To lessen the
adherence of DPPC and facilitate removal, darkened glass bijoux vials used were silicone
coated. The glass Bijoux vials were soaked overnight in 1M HCI solution. Following acid
washing, the vials were rinsed and soaked in de-ionized water overnight. The vials were then
inverted and left to dry at 37°C overnight before silanising with RepelCoat (BDH, Dorset, UK)
and autoclaved at 121°C at 15 PSI for 20 minutes.

2.2.4.2 DPPC preparation

The DPPC, which was provided by the supplier either in powder (to which chloroform was
added to dissolve) or ready dissolved in chloroform, was aliquoted at Smg/mL in silianized
bijoux vials and kept at —20°C until needed. Desired amounts of the DPPC were taken into
silianized bijoux vials and dried under a very low stream of nitrogen gas. The DPPC which was
a very thin shiny/waxy layer was re-suspended in desired RPMI medium, and was incubated at
37°C for 20 minutes before vortex-mixing intermittently and sonicated (under ice to minimize
heat) three times for 20 seconds each time at amplitude of 10 um using an MSE Soniprep 150
sonicator (Sanyo Gallenkamp PLC, Leicestershire, UK). DPPC was prepared freshly just

before use.
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2.2.5 INHIBITORY EFFECT OF SURFACTANT

The effect of different surfactants on the growth of bacteria was measured used two methods:
2.2.5.1 Optical density method

The inhibitory concentrations of surfactants were determined using a microdilution method in a
96 well round bottom plate in a (trypticase soy broth (TSB), 0.9% saline or saline
supplemented with 5% human serum). Surfactant; Survanta®, Curosurf® or DPPC lipid were
prepared in the same media and 200 pL was added to wells in triplicate at the desired
concentration (500pg/mL for the DPPC, and 250pg/mL for Survanta® and Curosurf®). Bacteria
at a density of 10° CFU/mL were added to all wells.

The plates were read using the Labsystem multiscan reader at 600 nm optical density (OD),
and the reading was subtracted from the wells with bacteria only. OD results were recorded at
(0 hour) before incubated at 37°C. The plate was read again and the optical density (OD) was
recorded at 6 hours and 24 hours incubation before subtractions were made from controls

without surfactant.

2.2.5.2 Colony forming unit (CFU) method

The inhibitory effect of the surfactants and DPPC lipid were determined using macrodilution
method in 5 mL glass tubes. DPPC was prepared and sonicated (2.2.4.2), Survanta® and
Curosurf® were prepared in 1% TSB, 0.9% saline or saline supplemented with 5% human
serum at concentration (500pg/mL for the DPPC, and 250pg/mL for Survanta® and Curosurf®)
and 2mL were dispensed to all. Bacteria at a density of 10° CFU/mL were added to all tubes
and incubated at 37°C.

The number of bacteria was checked (0,12, 24 hours) by making serial dilutions of 100 pL
from each tube and culturing 100 pL from each dilution onto blood agar plate. The plates were
checked after 18 hours incubation at 37°C and the colonies were counted. Final calculations
were made by multiplying the dilution factors to get the colony forming units per mL
(CFU/mL) in the original tubes.
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2.2.6 BACTERIAL INTERNALISATION BY A549 EPITHELIAL
CELLS AND EFFECT OF PULMONARY SURFACTANT

The study of internalisation of bacteria to A549 epithelial cells was investigated using three
different methods: fluorescent microscopy and antibiotic protection assay. In addition

electron microscopy was used to confirm the location of the bacteria inside the A549 cells.

2.2.6.1 Bacterial internalisation by A549 epithelial cells
measured by fluorescent microscopy

To study the uptake of bacteria by the A549 epithelial cells, the bacteria were labeled with
fluorescent dye. Tryptone soya broth (TSB) was inoculated from an over night bacterial
blood agar plate by touching 5-10 colonies and incubated at 37°C aerobically with shaking
overnight until it reached 10°-5x10° CFU/mL as determined by the optical density (ODggo)
(section 2.2.3.3). Bacteria were conjugated with FITC as described by (Hazenbos et al.,
1994) with minor changes and optimisation to suit our experiment. Bacteria were pelleted in
10 mL of (0.2 M NaCOs; in 50 mM NaCl) buffer, pH 9.2 containing 0.05 mg/mL of (FITC)
and left for 15 minutes in the dark. The bacteria were washed five times in PBS (3000xg for
30 minutes), and then were resuspended in 10 mL of PBS. Aliquots were made before
storage at -80°C.

2.2.6.1.1 Coating bacteria with surfactants

Bacteria alone or FITC-conjugated bacteria were washed and resuspended in 1 mL of
RPMI media without antibiotic in 1.5 mL eppendorf tubes. 500pg/mL DPPC or
250pg/mL of Survanta® or Curosurf® were added and incubated at 37°C in a wheel

rotor for 1 hour.
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2.2.6.1.2 Assessment of bacterial internalisation by fluorescent
microscopy

Bacteria conjugated to FITC with or without surfactant coating were prepared and coated
with different surfactant or DPPC (section 2.2.6.1.1) before was added to AS549 epithelial
cells. A549 epithelial cells (5x10° cell/mL) in RPMI medium without antibiotics were grown
on 18 mm round coverslips in 12 well tissue culture plates for 6 hours. The coverslips were
then washed twice with PBS before being exposed to the surfactant coated bacteria at
multiplicity of infection (moi) of (10 bacteria: A549 cells) and incubated for 2 hours. The
coverslips were washed three times with PBS and fixed with 3.7% paraformaldehyde in PBS
containing 15 mM sucrose pH 7.4 for 30 minutes at room temperature. After neutralising
with 50 mM HCI, the coveslips were washed with PBS pH. 7.4 and mounted with Spug/mL of
trypan blue to quench FITC stained bacteria outside the cells. Coverslips were examined
using fluorescent microscopy and 4000 A549 cells were counted and the number of cells
containing fluorescent bacteria was calculated using the Image-Pro® Plus software (Media

Cybemetics, MD, USA).
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2.2.6.2 Bacterial internalisation by A549 cells measured by
antibiotic protection assay

This experiment was performed as described by (Burns et al., 1996) with modification. A549
cells (10° cell/mL) were dispensed in 12 well tissue culture plates with complete media without
antibiotic. Surfactant coated bacteria (section 2.2.6.1.1) or bacteria alone were added at 10:1
moi (number of bacteria: number of A549 cells) and incubated at 37° C with.

Following 4 hour incubation at 37°C, the A549 epithelial cells were washed three times with
sterile PBS to remove non adherent bacteria, and 1mL of RPMI medium containing 500pg/mL
of gentamicin and 1mg/mL of ceftazidime were added and left for one hour at room
temperature to kill extracellular bacteria. The wells were washed three times with sterile PBS
and lysed with 1mL of 0.25% (v/v) Triton X-100 in PBS.

In some circumstances the step of incubation with antibiotics was omitted to calculate the
number of adherent and internalised bacteria. The number of the bacteria (CFU) in the cell
lysis suspension was determined by culturing serial dilutions on blood agar plates and
incubation at 37°C for 24 hours. Colonies were counted for viability and the result was
calculated as:

Number of internalised bacteria = the number of bacteria counted on the blood agar plate (after -

treatment with antibiotics and lysis) X dilution factors.
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2.2.6.3 Bacterial internalisation by A549 cells measured by electron
microscopy

A549 epithelial cells were seeded into 6 tissue culture plates at concentration of 10° cells in 3
mL complete media and incubated at 37°C. The monolayers were fed every day till confluent.
The media was changed to without antibiotics and 1 mL was added to all wells just to cover the
monolayers. Bacteria were prepared from logarithmic phase and were added to some wells at
moi (500 bacteria: 1 A549 cell) before were incubated at 4°C for 60 minutes for attachment.
Control cells without bacteria were included and pulmonary surfactant Survanta® or DPPC
lipid also were added to A549 to study the uptake of surfactant by the cells. The plates were
warmed at RT for 30 minutes before washed with warm PBS were incubated at 37°C. The
monolayers were washed x3 with sterile PBS before 3ml of media without antibiotics were
added and incubated at 37°C. The cells were washed with PBS (x3) at different time (1, 2, 4,
and 24 hours) and processed for electron microscopy for dehydration and fixation (Glauert,
1975).

2.2.6.3.1 Fixation

The monolayers were rinsed twice with warm cacodylate buffer before 1 mL of cold
cacodylate was added. The cells were fixed with a mixture of osmium tetroxide/glutaraldehyde
(concentrations usually 1% / 2.5% in cacodylate buffer and were left for at least 6 hours in a
sealed box at 4°C protected from light. The fixative solution was removed and the cells were
washed x3 with 1 mL of 0.9% cold saline. The fixed cells were scraped by adding cold saline
and using a rubber policeman (the plunger from 1 mL syringe) before were removed using a
glass Pasteur and transferred to Eppendorf tubes. This was repeated twice to gather up all
remaining cells. The cells were centrifuged at low speed at 300g for 10 minutes in a sealed

rotor microcentrifuge and the tube were filled with saline before stored at 4°C for dehydration.
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2.2.6.3.2 Embedding, cutting and double-staining

The fixed cells were dehydrated in a series of graded ethanolic solutions 30%, 50%, 70% and
90% for 10 minutes then in 100% for 15 min and repeated twice ending with pure acetone, and
finally embedded in Epon 812. Ultrathin sections were made and placed onto 200-mesh
standard square copper grids and double-stained with 2% methanolic uranyl acetate followed
by 1.8% aqueous lead citrate. The sections were evaluated with a Phillips TEM410
transmission electron microscope. (This part of work (2.2.6.3.2) was done by Dr. M Rittig,
University of Nottingham)

2.2.7 INCUBATION OF A549 CELLS WITH CYTOCHALASIN
D FOR INVASION ASSAY

AS549 cells were seeded into 12 well culture plates and allowed to adhere for 6 hours in
complete media without antibiotics. The monolayers were then pre-incubated with SuM of
cytochalasin D for 30 minute in fresh complete medium. After pre-incubation with
cytochalasin D, the monolayers were then stimulated with bacteria at moi (10:1) number of
bacteria to the number of the cells, and the tissue culture plate was incubated at 37°C with
humidified atmosphere for 3 hours. The wells were washed with sterile PBS and the antibiotic

protection assay was performed (section 2.2.6.2).
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2.2.8 STIMULATION OF A549 EPITHELIAL CELLS AND
EFFECT OF SURFACTANTS.

2.2.8.1 Time course of cytokine production from A549 cells
stimulated with live bacteria

A549 epithelial cells were prepared as described earlier (2.2.1.4) and the media was changed
before stimulation with live bacteria at moi 10:1 (bacteria: A549 cells) in the presence or
absence of 1% human serum. The plate was incubated at 37°C. Supernatants were collected at
different times for time course experiment and kept at —80°C before cytokines (IL-8, IL-1P)
were assayed (section 2.2.10). For the effect of surfactant on IL-8 production, the A549 cells
were incubated with Survanta®, Curosurf® or DPPC at 250 pg/mL for 2 hours before removing
the surfactant and washing the cells with sterile PBS prior adding bacteria and then incubated

for 18 hours.

2.2.8.2 Incubation of A549 epithelial cells with bacterial
Lipopolysaccharide

The A549 epithelial cells were seeded (2.2.1.4) in complete RPMI 1640 medium into 12-well
tissue culture plates. The cells were fed with complete medium everyday until establishing
confluence. When the cells become confluent, the monolayers were washed three times with
PBS and the cells were incubated with RPMI 1640 medium with only L-glutamine for 18-24
hours. For a dose-response, the cells were stimulated with different concentrations of LPS (100
ng-1000 ng) from P. aeruginosa serotype 10, P. aeruginosa clinical strain, Burkholderia
cepacia ET-12 and Burkholderia cepacia NCTC 10661in the presence or absence of 1%
human serum (HS). One concentration point of LPS (100 ng /mL) was chosen for time course
experiment for IL8 cytokine, the cells were challenged in the presence or absence of 1%
human and incubated at 37°C with or without of surfactant for (0, 6, 12, 24, 48 hours). Human
serum was used in our experiment as a source of (CD14 and LBP) and at 1% showed that no

effect on the growth of bacteria (chapter 3).
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2.2.8.3 Incubation of A549 cells with recombinant IL-1§ for IL-8
induction and effect of surfactant

The A549 epithelial cells grown to confluence as described earlier (2.2.1.4) before stimulation
with 5ng/mL of recombinant IL-1pB in the presence of 1% human serum. For the effect of
surfactant the A549 cells were incubated with Survanta®, Curosurf® or DPPC at 250 pg/mL for
2 hours before adding stimulation with IL-1f. The tissue culture plate was incubated at 37°C
incubator and supernatants were collected after 18 hours and IL-8 was determination by ELISA
(2.2.10)

2.2.8.4 Stimulation A549 epithelial cells with heat killed and
conditioned media for IL-8 and the effect of surfactant

The human A549 cells were grown as described (2.2.1.4) and stimulated with different amount
of HK bacteria or CM in RPMI with only L-glutamine in presence or absence of 1% human
serum. For the effect surfactant, the A549 cells were incubated with Survanta®, Curosurf® or
DPPC at 250ug/mL for 2 hours before stimulation with the desired amount of HK or CM. The
tissue culture plates were incubated at 37°C with humidity before supernatants were collected

after18 hours.
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2.2.9 DOSE RESPONSE OF PEPTIDOGLYCAN (PGN) AND
LIPOTEICHOIC ACID (LTA) INDUCED IL-8 & IL-13 FROM
A549 EPITHELIAL CELLS

The confluent human A549 epithelial cells grown as described (2.2.1.4) and incubated with
different concentrations of peptidoglycan or lipoteichoic acid (0, 50,100, 250,500,1000 ng/mL)
in the presence or absence of 1% human serum in RPMI 1640 with L-glutamine. The tissue
culture plates were incubated for 18 hours at 37°C with humidity, and the supernatants were
collected for IL-8 and IL-13 was determination by ELISA. For surfactant effect, one
concentration was chosen and the A549 cells were incubated with 250pug/mL of Survanta®,
Curosurf® or DPPC before for 2 hours prior adding PGN or LTA and incubated for 18 hours
for IL-8 protein determination by ELISA assay.

2.2.10. ELISA ASSAY

Enzyme-linked Immunosorbent Assay (ELISA) is combine the specificity of antibodies with
the sensitivity of simple enzyme assays, by using antibodies or antigens coupled to an easily
assayed enzyme that possesses a high tumover number. ELISA can provide a useful

measurement of antigen or antibody concentration.

Sandwich ELISA Assays is one of the most useful of the immunoassays is the two antibody
“sandwich” ELISA. This assay is used to determine the antigen concentration in unknown
samples. This ELISA is fast and accurate, and if a purified antigen standard is available, the
assay can determine the absolute amount of antigen in an unknown sample. The sandwich
ELISA requires two antibodies that bind to epitopes that do not overlap on the antigen. This
can be accomplished with either two monoclonal antibodies that recognize discrete sites or one

batch of affinity-purified polyclonal antibodies (Perlmann and Perlmann, 1994)
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To utilize this assay, one antibody (the “capture” antibody) is purified and bound to a solid
phase typically attached to the bottom of a plate well. Antigen is then added and allowed to
complex with the bound antibody. Unbound products are then removed with a wash, and a
labeled second antibody (the “detection” antibody) is allowed to bind to the antigen, thus
completing the “sandwich”. The assay is then quantitated by measuring the amount of labeled
second antibody bound to the matrix, through the use of a colorimetric substrate. Major
advantages of this technique are that the antigen does not need to be purified prior to use, and
that these assays are very specific. However, one disadvantage is that not all antibodies can be
used. Monoclonal antibody combinations must be qualified as “matched pairs”, meaning that
they can recognize separate epitopes on the antigen so they do not hinder each other’s binding

(Goding, 1996).

The cytokines released from AS549 epithelial cells were assayed by ELISA using paired
antibody as follows: mouse monoclonal anti-human IL-8 or IL-1B capture antibody in PBS
(4pg/mL) was added to a flat-bottom 96 well microtiter plate (Nunc™ Maxisorb) and
incubated at room temperature. Then the coated plate was aspirated and washed three times
with washing buffer (PBS/0.05% Tween 20). 300uL blocking buffer (PBS/1%BSA/5% Tween
20) was added to each well and the plate was incubated for 1 hour. After washing the plate
three times, IL-8 or IL-1f standards were prepared in doubling dilutions (from 1000-16.125 |
pg/mL) and 100pL of standards and samples were added and the plate was incubated for 2
hours (diluent was included as blank). The ELISA plate was washed and 100pL of 10pg/mL of
anti IL-8 or IL-1 biotinylated detection antibody were added to each well and the reaction
mixtures were incubated for a further 2 hours at room temperature. After the plate was washed
three times and dried, 100pL of 1:20,000 diluted Streptavidin-HRP conjugate was added to
each well and incubated for 20 minutes. At the end of 20 minutes at room temperature, the
plate was washed three times and 100puL of TMB substrate was added and the plate was
incubated for 20-30 minutes at room temperature in the dark after which 50pL of 0.5M sulfuric
acid was added to stop the reaction mixture. Then, the absorbance was read on a microplate
reader at 450 nm and the reading was subtracted automatically by readings at 540 nm to correct

for optical imperfection in the plate.
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2.2.11 BLOCKING STUDIES

The effect of neutralization receptors TLR2, TLR4 and CD14 on IL-8 induction was
investigated. A549 cells (5x10°) were seeded into 12-well plates and grown to confluence and
media changed everyday. When cells become confluent, they were washed three times with
PBS and the medium was changed to serum free and incubated overnight. The cells were
washed again and serum free media was added prior adding 20 pg/mL of anti-TLR4 antibody
(HTA125), anti-TLR2 (clone TL2.1), anti-CD14 or isotype control antibody and the tissue
culture plate was incubated at room temperature. After 45 minutes (for anti TLR2 and anti
TLR4) and 30 minutes (for anti CD-14), 100 ng/mL LPS or live bacteria (moi 10 bacteria: 1
A549) were added to the AS549 epithelial cells in presence of 1% of human serum and
incubated at 37°C. The supernatants were collected after the cells were further incubated for 18

h. and IL-8 was assayed as described in section (2.2.10).

2.2.12 POLYMYXIN NEUTRALIZATION ASSAY

A549 cells (5x10°) were seeded onto 12-well tissue plates. The growth medium was changed
everyday until the cells establish confluence. When the cells become confluent, the monolayers
were washed and RPMI medium with L-glutamine was added and the cells were incubated at
37°C overnight. LPS from different sources at concentration of 100 ng/mL, heat killed bacteria
(HK), live bacteria, or conditioned media from bacteria (CM) or heated conditioned media
from bacteria (hCM) were incubated with PMB at 10 pg/mL at 37°C for 30 minutes before the
LAL assay was performed or before were added to the A549 cells in presence of 1% of human
serum. Supernatants were collected after 18 hours incubation for determination of IL-8 by

ELISA assay (2.2.10).
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2.2.13 LIMULUS AMOEBOCYTE LYSATE (LAL) ASSAY

The Limulus Amebocyte Lysate (LAL) assay is used to detect endotoxin (LPS) from Gram-
negative bacteria. The endotoxin activity was analysed by the kinetic LAL assay (kinetic-QCL)
purchased from Biowhittaker Ltd (Wokingham, UK). The test was performed according to the
manufacturer’s instruction with extra care taken at all stages to avoid contamination with
endotoxin and by using pyrogen-free tubes, tips and pyrogen-free water (PFW). In brief,
endotoxin standard was prepared in PFW to give a concentration of 50 endotoxin unit (EU)/mL
and were vortexed for 5 minutes prior to use. The standard was diluted to give 5.0, 0.5, 0.05
and 0.005EU /mL (EU approximately equals 100 picogram of endotoxin). The sample tests
(LPS, HK and CM) were prepared in pyrogen-free glass tubes and appropriate dilutions were
made in PFW water. Each standard and sample (50uL) were added in duplicate to a 96 flat-
bottom microtiter plate. The plate was placed for 10 minutes in the holder of the KQCL reader,
which had been warmed up to 37°C. The LAL reagent was reconstituted and prepared by
adding 2.6 mL of PFW and swirled gently. 50 pL of LAL reagent was added to each well and
the reading plate was taken for 100 minutes using the computer software program (Win 1.1
KQCL).
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2.2.14 INCUBATION OF A549 CELLS WITH LIVE BACTERIA
FOR INDUCTION OF IL-8 mRNA EXPRESSION

A549 cells were seeded as described (section 2.2.1.4) and the media was changed again before
Survanta® or DPPC were added at final concentration of 250 pg/mL and incubated for 2 hours.
The cells were challenged with different types of bacteria at 10 moi (bacteria: A549) that was
prepared (centrifuged at 500 xg) for 20 minutes and resuspended in RPMI media with L-
glutamine. After appropriate time of incubation, the cells were lysed and the total RNA was
isolated as described in section 2.2.17.1. Following quantification of the total RNA, RT and
PCR were done as described (section 2.2.17.2- 2.2.17.4).

2.2.15 INCUBATION OF A549 CELLS WITH LPS FOR
INDUCTION IL-8 mRNA

AS549 cells were prepared (section 2.2.1.4) and the media were changed again before Survanta®
or DPPC were added at final concentration of pg/mL and incubated for 2 hours. The cells were
then stimulated in presence of 1% human serum with different types of LPS 100ng/mL from P.
aeruginosa serotype 10, P. aeruginosa clinical strain, B.cepacia NCTC 10661 and B.cepacia
ET-12 strain. After appropriate time of incubation, the cells were lysed and the total RNA was
isolated as described (section 2.2.17.1). Following quantification of the total RNA, RT and
PCR were done as described (section 2.2.17.2- 2.2.17.4).
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2.2.16. INCUBATION A549 CELLS WITH HEAT KILLED AND
HEATED CONDITIONED MEDIA (hCM) FOR INDUCTION IL-
8 mRNA

A549 cells were prepared as described (section 2.2.1.4) and the media were changed again
before Survanta® or DPPC were added at final concentration of 250ug/mL and incubated for 2
hours. The cells were challenged with 10 pL (represent 10® CFU) of heated heat killed bacteria
or heated conditioned media (hCM) of P.aeruginosa clinical strain. After appropriate time of
incubation, the cells were lysed and the total RNA was isolated as described (section 2.2.17.1).
Following quantification of the total RNA, RT and PCR were done as described (section
2.2.17.2-2.2.17-4).
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2.2.17 RT AND PCR

PCR is a method for in vitro amplification of DNA. It has substantially accelerated the pace of
research in many fields of biology, both by reducing the time required to perform routine
manipulations of DNA and by making new manipulations possible. In essence, PCR is multiple
rounds of primer extension reactions in which, complementary strands of defined region of the
DNA molecule, are simultaneously synthesized by a thermostable DNA polymerase. During
repeated rounds of these reactions, the number of newly synthesized DNA strands increases
exponentially so that after 20 to 30 reaction cycles, the initial template DNA will have been
replicated several million—fold. This power to faithfully, amplify along with the low cost and
simplicity of the method have made PCR an indispensable tool.

PCR utilizes template DNA - the starting DNA of interest, two primers - short, single-stranded,
synthesized pieces of DNA that complement sequences on each side of the region of the
template DNA that is being amplified, thermostable DNA polymerase - typically 7aq (Thermus
aquaticus), a heat stable enzyme capable of adding nucleotides to a growing DNA strand,
dNTPs - a supply of the 4 nucleotides needed to make the new DNA strands, magnesium - a
cofactor for the polymerase and a buffer solution - to maintain the pH and salt concentrations
appropriate for the polymerase. Once these components are combined they go through a series
of temperature changes (cycles), repeatedly, in a machine called a thermocycler. This process
will generate exponential copies of the DNA segment of interest. Each cycle consists of three

parts: denaturation, annealing, and elongation or extension.

In denaturation the reaction is heated to greater than 90°C. at this temperature the double helix
is destabilized and DNA molecules separate into the single strand capable of being copied by
the DNA polymerase. The reaction is cooled to a temperature that allows binding of the
primers to the single stranded DNA without permitting double helix to reform between the
template strands. This process is called annealing. The temperature used varies (typically 40-
60°c) and is determined by the sequence and number of bases in the primers. Extension step is
carried out at the temperature at which the DNA polymerase is most active. The DNA

polymerase, directed by the position of the primers, copies the intervening target sequence
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using the single stranded DNA as a template. A total of 20-40 PCR cycles is carried out
depending on the abundance of the target sequence in the template DNA. Sequences up to
several thousands of base pairs can be amplified. The PCR products can be evaluated using an
agarose gel when run alongside a DNA size standard, or marker, with DNA bands of known

sizes.

2.2.17.1 Total RNA isolation

RNA was isolated from the cell cultures by trypsinising the cells after washing 3 times with
sterile PBS and then neutralizing the trypsin with complete media. The cells were collected and
centrifuged at 200 xg and washed three times with PBS. The total RNA was isolated from the
cells using Ambion RNAqueous® kit (Cambridgeshire, UK). This method is a phenol-free,
rapid and filter-based RNA isolation method, which is based on the ability of glass fibers to
bind nucleic acid in concentrated chaotropic salt solutions (Boom, et al. 1990, Marko, et

al.1982).

Precautions were taken during working with RNA. These include: wearing gloves throughout
experiments to prevent contamination from RNases found in human sweat; regularly changing
gloves; using a dedicated set of pipettes that are used solely for RNA work; using tips and
tubes that are tested and guaranteed to be RNase-free and using RNase-free chemicals and
reagents. The isolation was done by following the manufacturer’s instructions. Briefly 350uL
of lysis/binding solution was added to the cells and vortexed for 1 minute before the same
volume of 64% ethanol was added and vortexed vigorously for another minute. The
lysate/ethanol mixture was pipetted onto the RNAqueous filter cartridge and centrifuged for 45
second at 10,000 xg. The flow-through was discarded and 700uL of solution #1 was added
onto the filter cartridge before centrifuged for 15 seconds at 10,000 xg for 45 seconds. The
flow-through was discarded and 500uL of solution #2/3 was added and washed through the
filter as in the previous step. The filter cartridge was transferred into a fresh collection tube and
the 40puL of elution solution (preheated to 80°C) was added to the center of the filter and
centrifuged at 10,000 rpm for 30 seconds. This elution step was repeated and the RNA

collected into the same tube as the first elution.
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2.2.17.2 RNA quantification and purity assessments

The concentration and purity of total RNA were determined by dilution an aliquots of the RNA
preparation 1:20 in Nuclease-free water, and reading the absorbance spectrophotometrically
using Genequant (Amersham Biosciences UK Limited, Bucks, UK) at 260nm and 280 nm after
the Genequant was zero with DNA/RNA free water. RNA sample (10 pL) was diluted 1/20
with DNA/RNA free water (80 pL). Concentration of RNA was calculated as following:

RNA concentration = Spectrophotemetric conversion X A¢ X dilution factor.

The ratio of Aje to Azgo value is measure of RNA purity, and it should fall in the range of 1.8
to 2.1.

2.2.17.3 Reverse transcription

The isolated total RNA (2 pg) was added to 2 pL of Random Decamers and Nuclease free
water was added and mad up to 12 pL. The mixture was centrifuged briefly before heated for 3
minutes at 85°C. The mixture was removed and put on ice before 8 pL of the master mix of
reverse transcriptase components (2 pL of 10X RT buffer, 4 pL of ANTP mix, 1 uL of RNase
inhibitor, 1 puL of Reverse transcriptase) was added to all tubes. The mixtures were mixed .
gently and spun briefly before subjected to the reverse transcription using thermal cycler (PTC-
100 Peltier thermal cycler “MJ Research™ Inc, Massachusetts”). The reaction mixtures in the
tubes were incubated at 42°C for 1 hour and then heated at 92°C for 10 minute to inactivate the

reverse transcriptase. The RT products then subjected to PCR or kept at —20°C.
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2.2.17.4 Polymerase chain reaction (PCR)

The synthesised cDNA (RT reactions) were amplified by Polymerase chain reaction (PCR) in
50 pL PCR tube with 1 units of thermostable DNA polymerase (Taq polymerase) in Taq
buffer, 3 mM MgCl, and 5 pM of oligonucleotide primers specific for IL-8 or GAPDH genes
(2.1.7). The cycle profile for PCR were 30s at 94°C, 45s at the annealing temperature (Ta)
specific for each primer pair (Ta= for IL-8, 60°C, for GAPDH, 52°C), and 60s at 72°C for ‘n’
number of cycles (n= 28 for IL-8, for GAPDH n= 35. The durations of the denaturation at the
first cycle and extension at the last cycle were made for 5 minute. Subjecting 2ug of RNA to

PCR without reverstransciptition has been made for negative controls.

2.2.17.5 Agarose gel electrophoresis for PCR product

Agarose (2%, w/v) was added to the Tris-Borate-EDTA (TBE) running buffer and the mixture
was heated in a microwave oven to allow the agarose to dissolve. The mixture was then cooled
to 50-60°C and poured into the gel-forming apparatus containing a comb. The comb was
removed after gel was solidified and the electrophoresis tank was filled with TBE running
buffer until the surface of the gel was just covered. 10uL of each of PCR product was mixed
with 2.5 pL high performance gel loading dye and 10 pL of the mix was then loaded to the gel
and electrophoresed at 100v for 1 hour. Gel was stained with ethidium bromide in TBE buffer
(50 pg/100mL TBE buffer) for one hour and visualied under UV light using Geldoc (Bio-Rad
Laboratories, California, USA). Densitometry analysis was performed on the PCR product
using UVIDoc software (UVITec Limited, Cambridge, UK).
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2.2.18 FLOW CYTOMETRY

The basic flow cytometer consists of a laser beam intersecting of a stream of fluid containing
single cells passing sequentially. As the cells flow past a focused laser beam of appropriate
wavelength, the probes fluorescence and the emitted light is collected and directed to
appropriate detectors. These detectors, in turn, translate these light signals into electronic
signals proportional to the amount of light collected. When the laser beam hits the edge of an
individual cell, some of the photons of the light are deflected slightly and the amount of this
light, called “forward angle” light scatter is an indication of the cell size. Other photons may
hit internal structures (granules, etc.) of the cell, which causes them to deflect on a wide angle.
This light scatter is often called “side scatter” or “90 degree light scatter”. All of the
fluorescence light (up to 8-12 colours in the state of the art flow cytometer) and scattered light
signals are measured, digitized and correlated particle by particle. These signals can then be
converted into histograms for immediate results and/or stored as raw data for experimental

analysis later.

Most of flow cytometer are equipped with an argon laser with one or more different
wavelengths, which are used with different fluorochrome, fluorescein isothiocyante (FITC) or
phycoerythrin (PE). Many of the signals of most interest to users of flow cytometers are of
very low amplitude. Flow cytometers come in two different verities: analyzers and
analyzer/cell sorters. The flow stream is agitated and droplets are formed. If the desired cell is
known to be in a particular droplet, it is charged negatively or positively when the droplet
passing the charging collar. There are two deflection plates just beyond the charging collar, one
of which is positively charged to deflect the negatively charged droplet while the other is
negatively charged to deflect the positively charged droplets. The deflection is controlled in
such a way the cells land in a tube filled with medium. The advantage of the cell sorters is that
you can sort two different types of cells simultaneously and, if desired, collected unsorted cells
(Ormerod, 1999,Shapiro, 1995).

Routine immunofluorescence measurements often require detection of only a few thousand
fluorescently labeled antibody molecules bound to a cell surface. In such cases, the signal

from the fluorescence detectors may be only slightly above background levels, and its use as a
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trigger signal is likely to result in an unacceptably high level of false triggering by light and

electrical noise fluctuations, resulting in accumulation of spurious data values.

This is prevented if a signal with a higher signal-to-noise ratio, e.g., a light scattering signal, is
used for triggering and used as a gating signal for the fluorescence measurement, meaning that
a fluorescence value will only be recorded when the light scattering signal indicates that a cell
is present in the observation region. Most, if not all, of the artifactual data generated by false

triggering are eliminated when such gated analysis are done (Shapiro, 1995)

Most modern instruments are capable of analysing at least five parameters. Clearly, all the
parameters can be displayed in a correlated fashion. To make full use of the information
collected, ‘gating’ is employed. Data from one or two parameters are displayed, regions of
interest are defined to select certain populations of cells for display of further parameters
(Ormerod, 1999).

2.2.18.1 Expression of TLR4

To investigate the surface expression of TLR4, A549 epithelial cells were grown to confluence
prior to incubation with Survanta® or DPPC (250pg/mL) for 2 hours. The cells were washed 3
times with sterile PBS before were scraped using rubber policeman and then washed once with
complete medium. The cells were harvested and centrifuged at 200 xg for 5 minutes in fresh
growth medium. 10° cells were counted and resuspended in 150pL of staining buffer (PBS-1%
bovine serum albumin BSA) and transferred to 96 wells plate (15uL of cells suspension into all
wells (10°cells per well). To determine the expression of TLR4, isotype control and anti-TLR4
monoclonal antibody coupled to phycoerythrin (PE) were diluted 1:4, and 10 pL of the diluted
antibody or the isotype control were added to the wells at final concentration of (20pug/mL).
The cells were incubated at 4°C in the dark for 30 minutes and 150 pL of flow cytometric flow
(optimized sheath fluid from Becton Dickinson) were added to each well. The cells were
harvested by spinning them at 200 rpm for 5 minutes and resuspended in 25 pL of flow
cytometry. 20,000 cells per sample were analysed by flow cytometric calibur and the data
acquired in acquisition to analysis mode processed using CellQuest (BD, UK). The A549 cells
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were analysed for the expression of TLR4 after gating on side and forward scatters (Fig 7.2a)
and the isotype background control. Cells Debris were excluded from all analyses on the basis
of light scatter. Acquired flow cytometric data were analyzed using WinMDI (Joe Trotter,
Pharmingen, San Diego, CA). The expression of TLR4 was determined from the
autofluorescence of identically treated and untreated (Survanta® or DPPC) A549 cells and the
fluorescence was recorded in the FL2 emission channel. Results of the expression of TLR4 in
Survanta/DPPC treated cells was compared to untreated A549 cells and expressed as the mean

fluorescence intensity (MFI) measured after subtracting the MFI of the cells with isotype

controls.

2.2.19 EFFECT OF METHYL B-CYCLO DEXTRIN (MBCD) ON
LIPID RAFT AND IL-8 INDUCTION BY LPS OR LIVE
BACTERIA

The confluent A549 epithelial cells were incubated with incomplete media with L-glutamine
overnight before MBCD (20mM) was added and incubated for 30 minutes. The cells were
challenged with LPS (100 ng/mL) or live bacteria (moi: 10 bacteria: 1 A549) in the presence of
1% human serum and the plates were incubated at 37°C with humidity. Supernatants were
collected after 18 hours for IL-8 ELISA assay (2.2.10).
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2.2.20 LIPID RAFTS
2.2.20.1 Isolation of lipid rafts

Experiment was prepared by incubating the 2x 10'°A549 cells with or without Survanta® or
DPPC (250pg/mL) for 2 hours before washed 3 times with sterile PBS and incubated with 100
ng/mL of LPS or live bacteria at moi (10 bacteria: 1 A549) in presence of 1%human serum.
After 50 minutes the cells were washed with PBS and trypsinized and washed 3 times with
cold PBS. Lipid rafts were isolated from A549 cells as described in Triantafilou et al, 2002
with slight modifications. Briefly, A549 cells from the previous step were lysed in 250puL lysis
buffer (50mm Tris, 100mM NaCl, SmM EDTA) containing 5% Triton X-100 and protease
inhibitor cocktails for 45 minutes on ice. The lysates were then homogenised by sonicating
(Soniprep 150, MSE, Sanyo) on ice three times for 10 second intervals and mixed with an
equal volume of 90% sucrose in Tris NaCl EDTA buffer (TNE) before were carefully placed at
the bottom of centrifuge tubes. The sample was overlaid with 1.6 mL of 30% sucrose in TNE
buffer and 200pL of 5% sucrose in TNE buffer and centrifuged at 100, 000xg for 24 hours.
Fractions (270uL) were gently removed from the top to the bottom of the gradient and n-
octylglucoside was added to each fraction at 60pM final concentration to solubilize the lipid
rafts. The lysate fractions were stored at —80° C.

To determine the efficiency of the isolation of lipid rafts, 2.5uL of each fraction was dot
blotted onto Nitrocellulose transfer membrane. After drying (30min), the membrane was
blocked with a casein-based blocking buffer (Sigma) for 30 min at room temperature and
washed twice in PBS with 0.1% Tween 20. Cholera toxin  (CTB) binds specifically to GM1
gangliosides which reside exclusively in lipid raft domains of the cell membrane (Harder et al.,
1998,Janes et al., 1999). The lipid rafts was detected using HRP-linked CTB. The HRB-CTB at
dilution 1:2000 to 0.21ug/mL was used to overlay the membrane for 1 hour at room
temperature. The membrane was washed four times with PBS-Tween 20 followed by two 2-

minute washes with water. The signal was detected using chemiluminescet substrate.

99



CHAPTER TWO MATERIALS AND METHODS

2.2.21 WESTERN BLOTTING

2.2.21.1 Sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE electrophoresis)

Electrophoresis was performed using the NuPAGE® electrophoresis system using XCell
SureLock™ Mini-Cell was obtained from Invitrogen (Invitrogen Life Technologies, Paisley,
UK). This system is based upon a Bis-Tris-HCL buffered (pH 6.4) 10% polyacrylamide10 mm
gel run under reduced conditions with 3-(N-morpholino) propane sulphonic acid (MOPS)
running buffer. Samples of protein lysate with equal of protein concentrations were mixed
with, 12.5uL of 4X NuPAGE® LDS (lithium dodecyl sulphate) sample buffer and SuL
NuPAGE?® reducing agents (0.5M DTT in stabilized liquid form) to a final volume of 50uL.
The mixture was vortexed and then heated at 70°C for 10 minutes and centrifuged briefly
before placed on ice. The appropriate volumes of samples (20uL) were loaded to each well of
the gel 10% SDS PAGE gel using extra fine tips. Electrophoresis was carried out and the
proteins separated at 200V for 50 minutes using NuPAGE® SDS MOPS running buffer at room
temperature. Also molecular weight (magic mark) and pre-stained standard (see Blue® Plus2)

were included.

2.2.21.2 Electro blotting

Once the electrophoresis was finished, the gel cassette was carefully opened and the gel left to
rest on the larger plate. A pre-soaked filter paper was placed on top of the gel and the plate was
turned over the gel was separated from the plates. The surface of the gel was wetted and a pre-
soaked nitrocellulose membrane was put on the gel. Another pre-soaked filter paper was placed
on top of the transfer membrane and air bubbles were removed using a glass rode. The gel
membrane assembly was then placed on two soaked pads that were placed on the blot module.
Another two pre-soaked pads were placed on top so that the gel-membrane assembly was

sandwiched between the pads.
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The blotting assembly module was placed in XCell SureLock™ Mini-Cell tank and filled
with NuPAGE™ transfer buffer until the gel-membrane sandwich is just covered with the
transfer buffer. The outer chamber was also filled with the rest of transfer buffer with

approximately 650mL, and the gels were electroblotted at 35V for 75 minutes.

2.2.21.3 Blocking the membrane and antibody probing

Nitrocellulose membranes were washed twice with 20 mL of ultra pure water on a rotary
shaker before incubation in 5 X blocking solution (Sigma) for 60 minutes. The membranes
were then washed twice and incubated with primary antibodies (TLR4) diluted 1:500 in 1 X
blocking solution in PBS for 1 h at room temperature. Thereafter, the membranes were washed
four times for five minutes each in antibody washing buffer before being incubated for 30
minutes at room temperature with secondary antibodies (anti rabbit-HRP) diluted 1:2000 in 1X
blocking solution. The membranes were washed four times for five minutes each in antibody
wash buffer before washing twice with ultra pure water. The excess water was taken from the
membranes using tissue paper before the membranes were developed using ECL advance
detection kit according to the protocol supplied by Amersham (Amersham, Buckinghamshire,
UK). Finally, the chemiluminescence’s signal was detected with KODAK X-ray photographic
films (Amersham, Buckinghamshire, UK) that were exposed for 30 seconds to 5 minutes. The
films were developed with 20% (v/v) developer and were fixed using fixing agents (Sigma-
Aldrich Company Ltd, Dorset, UK). The films were dried and the bands for TLR4 protein was
identified by comparison with pre-stained molecular weight markers. The
translocation/mobilization and the concentration of the bands in lipid rafts and none lipid raft

were also identified and compared in all fractions and different condition treatment.
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2.2.22 DATA ANALYSIS

All data were analysed using one-way analysis of variance (ANOVA). Differences between groups
were determined using Tukey’s test for pairwise differences. Between group comparisons were
analysed by Paired T-test. P value of <0.05 was considered significant. All data were expressed as

mean = SD. Minitab software version 14.0 was used for all results analysis.
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CHAPTER 3. RESULTS

EFFECT OF PULMONARY SURFACTANT
LIPIDS ON BACTERIAL GROWTH
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The lower respiratory tract is lined with epithelial cells that are the primary sites for the
control of immune responses in the bronchi compartment. The alveoli are lined with type 1
and type 2 alveolar epithelial cells. Type II alveolar epithelial cells (AEII) are responsible for

production and secretion of surfactant.

The defense system of the respiratory tract is complex and consists of various well-described
components (Pison et al, 1996). The epithelium of the lung is lined with extracellular
pulmonary surfactant. This is the surface that invading bacteria first come into contact with
when they reach the alveoli. A major cause of lower respiratory infections is Gram-negative
bacteria including Pseudomonas aeruginosa and Burkholderia cepacia. Although pulmonary
surfactant lipid components have been shown to regulate cellular inflammatory responses to
bacterial molecules, a direct effect of the lipids on bacterial growth has not been investigated.
Therefore before investigating specific mechanisms and possible modulation of bacterial-
induced innate immune responses by epithelial cells, the direct effect of pulmonary surfactant

lipids on bacterial growth was investigated.

104



CHAPTER THREE RESULTS

3.1 EFFECT OF PULMONARY SURFACTANT ON
BACTERIAL GROWTH IN TRYPTONE SOY BROTH (TSB)

The effect of the different surfactants (Survanta®, Curosurf®) and DPPC lipid on the growth
of bacteria was investigated using tryptone soy broth (TSB) as nutritional growth media. The
concentration of surfactants used here represent the levels that may be found within human
pulmonary surfactant (Hayakawa et al. 1992;Speer et al. 1991;Thomassen et al. 1992). The
quantified number of bacteria was inoculated into the broth media in microtiter wells in
presence or absence of Survanta®, Curosurf® and DPPC lipid before incubation at 37°C. The
optical density was read at different times (Oh, 12h and 24), and the results showed
Survanta®, Curosurf® at 250 pg/mL and DPPC at 500 pg/mL did not have any significant
effect on the growth of either environmental or clinical strains of B. cepacia or P. aeruginosa

(Fig 3.1).

The effect of pulmonary surfactant lipids on bacteria numbers in terms of colony forming
units (CFU) was investigated and the results shown (Fig 3.2) that Survanta®, Curosurf® (250
pg/mL 250 and DPPC 500 pg/mL do not significantly effect the number of colony forming
units (CFU).
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Figure 3.2: Effect of DPPC and surfactant preparations on bacterial colony forming
units (CFU) in tryptone soy broth (TSBj). Surfactant Survania® and Curosurf® at 250
pug/mL or DPPC lipid (500 p1g/mL) did not have a significant effect on the CFU number of P.
aeruginosa NCTC 10662 or P. aeruginosa clinical strain (A) and B. cepacia NCTC 10661 or

B. cepacia ET-12 sirain, (B). Resulis a
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3.2 EFFECT OF PULMONARY SURFACTANT ON
BACTERIAL GROWTH IN SALINE

The previous experiments demonstrated that Gram-negative bacteria were not affected by
different surfactants when TSB was used as nutritional media to support the growth of
bacteria. In the next experiments the effect of different pulmonary surfactant preparations on
the growth of different strains of P. aeruginosa and B. cepacia were investigated using sterile

saline with out any supplement.

The effect of different surfactants survanta®, Curosurf® and DPPC lipid on the growth of
bacteria was investigated using sterile saline to mimic the un-inflamed lung. The effect of
different surfactants on bacterial growth was determined in sterile saline and the results
showed pulmonary surfactant preparations Curosurf® 250 pg/mL and DPPC lipid 500 pg/mL
did not have any significant effect on bacterial growth. Moreover Survanta® at 250 pg/mL
decreased bacterial death in saline and supported the growth of both bacteria (Fig 3.3). The
effect of pulmonary surfactant lipids on bacteria numbers in terms of colony forming units
(CFU) also was investigated and the results showed (Fig 3.4) that Curosurf® and DPPC do
not significantly effects the colony forming units (CFU) whereas Survanta® significantly

decreased the decline of bacterial number.

108



CHAPTER THREE _ RESULTS

0.08 - 1 Saline
+8urvanta
0.07 - il i
B +Curosorf
o +0FPC
3 k. 3 I
=
8
e
=
"]
c
<
&
A
- o
P.aeruginosa NCTC 10662 i P.aeruginosa (clinical strain)
0 Saline
0.07
1 @ Survanta
l o 8 Curcsorf
- D DPPC
E Vl ';’I'];
S *
> b 3
°
w
9
% £
‘ 2 Ch
B 7C 10681

Curosurf® and DPPC lipid did not show significant effect on the growth of B. cepacia and P.
aeruginosa, however Survanta® significantly decreased the decline of bacterial growth of
oth strains of P. aeruginosa (A) and B. cepacia {B). Results are expressed as mean + SD of

three independent experiments. AP<0.01 analysed by ANOV A and *P<0.05 by Tukey’s.
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Figure 3.4: Effect of surfactani preparations on bacterial colony forming unit (CFU) in

‘<

actant Survaniz®

significantly decreased the decline of bacterial numbers of both

strains of P. aeruginosa (A) and B. cepacia {B) whereas Curosurf® and DPPC did not show
significant effect on P. aeruginosa NCTC 10662 and P. aeruginosa clinical strain (A), and B.
cepacia NCTC 10661 and B. cepacia ET-12 strain (B). Results are expressed as mean + SD

of three independent experiments. AP<0.01 analysed by ANOVA and *P<0.05 by Tukey’s.
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3.3 EFFECT OF PULMONARY SURFACTANT ON
BACTERIAL GROWTH IN SALINE SUPPLEMENTED WITH

HUMAN SERUM
Using TSB as growth media did not reveal any inhibitory effect of surfactants, and using

sterile saline as ‘non-bacteriological media’ without supplement also did not reveal any
inhibitory effect of the pulmonary surfactant. During pulmonary infection, epithelial cell
injuries and leakage of serum components has been documented (Elborn et al. 1994).
Therefore human serum was used to supplement the bacteria with minimal growth

requirements and also to mimic the situation in the lung during inflammation and bacterial

injury.

The inhibitory effects of pulmonary surfactant preparations were determined in sterile saline
supplemented with 5% human serum using a microdilution method. Different pulmonary
surfactant preparations (Survanta®, Curosurf® at 250ug/mL) and DPPC lipid at 500pg/ mL
showed significant inhibitory effect on the Gram-negative bacteria; B. cepacia and P.
aeruginosa after 12 hours. This inhibition was increased after further 24 hours incubation for
both NCTC and clinical strains (Fig 3.5).

The effect of surfactants on the viable colony forming units (CFU) was investigated by a
macrodilution method. The results showed that survanta®, Curosurf® and DPPC significantly
reduced the number of CFU of B. cepacia and P. aeruginosa after 12 hours incubation. These

significant reductions were increased after 24 hours incubation (Fig 3.6).
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3.4 THE EFECT OF PULMONARY SURFACTANT ON
BACTERIAL GROWTH IN PRESENCE OF DIFFERENT
CONCENTRATIONS OF HUMAN SERUM

To investigate the effect of pulmonary surfactant and surfactant lipids in the presence or
absence of different concentration of human serum, different serum concentrations 1%, 5%,
10%, 25%, 50% were prepared in sterile saline before incubation with the different bacteria
for 18 hours. From the results shown in Figures 3.7 and 3.8, surfactant did not have
inhibitory effect on the growth of bacteria in the presence of 1% human serum. When human
serum was increased, the results showed that inhibitory concentration of surfactants are
started to appear and showed highly significant in presence of 10-25% of human serum. Then
the effect of surfactant started to decrease and in presence of 50% human serum, the
inhibitory effect of surfactant disappeared.
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Figure 3.7: Effect of pulmonary surfactant on the growth of B. cepacia in the presence
of different concentrations of human serum. Survanta®, Curosurf®* and DPPC lipid
significantly decreased the number of CFU of B. cepacia ET-12 in presence of 5-25% of
human serum after 18 hours incubation. The results were expressed as mean + SD of three
independent experiments. AP<0.01 analysed by ANOVA and Tukey’s (*P<0.05) when

comparing surfactant treatment to controls.
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Figure 3.8: Effect of pulmonary surfactant on the growth of P. aeruginosa in the
presence of different concentrations of human serum. Surfactant Survanta®, Curosurf®
and DPPC lipid significantly decreased the number of CFU of P. aeruginosa clinical strain in
presence of 5-25% of human serum after 18 hours incubation. The results were expressed as
mean + SD of three independent experiments. AP<0.01 analysed by ANOVA and Tukey’s

(*P<0.05) when comparing surfactant treatment to controls.
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3.5 THE EFECT OF PULMONARY SURFACTANT ON
BACTERIA IN PRESENCE OF DIFFERENT
CONCENTRATIONS OF TSB

Our previous result showed that surfactants have highest significant inhibitory effect on
bacterial growth in the presence of 10-25 % of human serum. One speculation is that the
human serum may harbor specific factors in association with the inhibitory activity of
surfactants. The aim of this experiment was to exclude any possible effect that might be
exerted by any components present in human serum. In this experiment we investigated the

effect of surfactant on bacterial growth in different percentages of TSB as support media.

The results demonstrated that as an example growth of B. cepacia ET-12 and P. aeruginosa
clinical strain was increased with the increase of the percentage of TSB. In presence of
surfactants Survanta®, Curosurf® and phospholipid DPPC, the number of CFU of B. cepacia
ET-12 and P. aeruginosa clinical strain were not affected in the presence of 1-2.5% of TSB
when compared with control without surfactant. With the increment of TSB above 2.5% the
inhibitory effect started to emerge and reached to the highest significant when it reached to
5%. Then the numbers of CFU started to decrease till the inhibition activity of surfactants
were abolished totally when it reached 50% of TSB (Fig 3.9 & 3.10).
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Figure 3.9: Effect of pulmonary surfactant on the growth of B. cepacia in presence of
different concentrations of TSB. Surfactant Survanta®, Curosurf® and DPPC lipid
significantly decreased the number of CFU of B. cepacia ET-12 strain when the TSB reached
to percentage of 5-25%. The results were expressed as mean + SD of three independent
experniments. AP<0.0lanalysed by ANOVA and Tukey’s (*P<0.05) when comparing

surfactant treatment to controls.
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Figure 3.10: Effect of pulmonary surfactant on the growth of P. aeruginosa in presence
of different concentrations of TSB. Surfactant Survanta®, Curosurf®* and DPPC lipid
significantly decreased the number of CFU of P. aeruginosa clinical strain when the TSB
reached to percentage of 5-25%. The results were expressed as mean + SD of three
independent experiments. AP<0.0lanalysed by ANOVA and Tukey’s (*P<0.05) when

companng surfactant treatment to controls.
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3.6 SUMMARY OF RESULTS

The results from this chapter show that surfactants used at their physiological concentration
can inhibit the growth of bacteria. This inhibition was only significant in the presence of 5-

25% of human serum or tryptone soya broth.
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CHAPTER 4. RESULTS

EFFECT OF PULMONARY SURFACTANT
LIPIDS ON BACTERIAL UPTAKE BY A549
EPITHELIAL CELLS
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The effect of pulmonary surfactant on the internalisation of clinical and NCTC strains by
A549 epithelial cells was investigated using two different methods; fluorescent microscopy,
antibiotic protection assay. The results of internalisation were confirmed by electron
microscopy. In the previous chapter this study investigated the effect of pulmonary surfactant
on the growth of bacteria. Since the major objective of the study was to determine the effect
of pulmonary surfactant on the inflammatory responses induced by bacteria and their
products, the study did not concentrate further on the mechanism of surfactant on bacterial
growth. In order to draw relation between the inflammatory responses such as IL-8 and
bacteria, the internalisation of bacteria to the A549 cells will be studied and the effect of
pulmonary surfactant on this internalisation was examined. Furthermore the relation of
internalisation with IL-8 induction needs to be investigated in order to make sure and exclude
any possible effect on the bacterial invasion may interfere with the next study of IL-8

regulation.

4.1 THE EFFECT OF PULMONARY SURFACTANT LIPIDS
ON BACTERIAL INTERNALISATION BY A549 EPITHELIAL
CELLS USING FLUORESENT MICROSCOPY

Epithelial cells have long been considered to act primarily as a physical barrier to protect the
integrity of epidermal or mucosal surfaces. The lung epithelial cells are continuously exposed
to bacteria. Many studies have shown that bacterial internalisation by A549 epithelial cells
depends on the bacterial species (Keig et al., 2002). In this study we sought to investigate the
internalisation of environmental and clinical strains of B. cepacia and P. aeruginosa by A549

epithelial cells, and the effect of surfactant lipids on such internalisation.

The internalisation of bacteria by A549 epithelial cells and the effect of pulmonary surfactant
lipids on this internalisation were investigated using fluorescein isothiocyanate (FITC)
conjugated bacteria. The internalisation of FITC-conjugated bacteria was determined by

fluorescent microscopy after quenching external fluorescence with trypan blue dye.
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Examination of the internalised bacteria after three hours incubation showed that (B. cepacia
NCTC 10661and B. cepacia ET-12, P. aeruginosa NCTC 10662 and P. aeruginosa clinical
strain) were internalised by the epithelial A549 cells. A typical example of fluorescent

micrograph is shown in Fig 4.1.
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Figure 4.1: Fluorescent micrograph showing internalisation of FITC-conjugated P.

aeruginosa clinical strain by A549 cells. FITC-conjugated bacteria were incubated with A549
epithelial cells at moi 10 bacteria: 1 A549 cell. The extracellular bacteria were quenched with
trypan blue. The insert shows internalised bacteria at higher magnification (x1000) using

Image-Pro® Plus program (Media Cybemetics, Georgia, USA).
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The effect of pulmonary surfactant on the internalisation of different NCTC and clinical
strains bacteria by A549 epithelial cells was investigated. Whereas Curosurf® and DPPC
increased the internalisation of both NCTC and clinical strain of P. aeruginosa, the study
found that Survanta® significantly decrease of this internalisation (Fig 4.2). However, with B.
cepacia the presence of Survanta® Curosurf® or DPPC significantly increased the

internalisation by A549 epithelial cells (Fig 4.3).
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Figure 4.2: The effect of surfactant on internalisation of P. aeruginosa by AS49
epithelial cells. Both Curosurf® and DPPC increased the internalisation of P. aeruginosa
NCTC 10662 and P. aeruginosa clinical strain in AS549 epithelial cells. Survanta®
significantly decreased the intemalisation. The numbers of intemnalised FITC-conjugated
bacteria were counted using Image-Pro® Plus program (Media Cybemetics, Georgia, USA)
and the results are expressed as the mean = SD of three independent experiments. AP<0.01

analysed by ANOVA and *P<0.05 by Tukey’s.
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Figure 4.3: The effect of surfactant on internalisation of B. cepacia by A549 epithelial
cells. All surfactants Survanta®, Curosurf® and DPPC lipid increased the internalisation of B.
cepacia 10661 and B. cepacia ET-12 clinical strain in A549 epithelial cells. The numbers of
internalised FITC-conjugated bacteria were counted using Image-Pro® Plus program (Media
Cybemetics, Georgia, USA) and the resulis are expressed as the mean + SD of three

independent experiments. AP<0.01 analysed by ANOVA and *P<0.05 by Tukey’s.
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4.2 THE EFFECT OF PULMONARY SURFACTANT LIPIDS
ON BACTERIAL INTERNALISATION BY A549 EPITHELIAL
CELLS USING AN ANTIBIOTIC PROTECTION ASSAY

4.2.1Gentamicin/ceftazidime killing assay

Before the investigation of bacterial internalisation by antibiotic protection assay, the
combination of ceftazidime (1mg/mL) and gentamicin (500 pg/mL) was incubated with
5x10° CFU P. aeruginosa NCTC 10662, P. aeruginosa clinical strain, B. cepacia NCTC
10661, and B. cepacia ET-12 in TSB. After lhour incubation at 37°C, the numbers of
bacteria were determined by culturing serial dilutions from the broth cultures on Blood agar
plates. The combination of gentamicin and ceftazidime used resulted in greater than 99.9 %

killing of the initial inoculums.

4.2.2 Antibiotic protection assay

The internalisation of bacteria by the A549 epithelial cells were also investigated using
antibiotic protection assay. The number of bacteria recovered after the invasion assay and
using the gentamicin/ceftazidime to kill the adherent bacteria to the A549 cells were
determined by lysing the cells with 0.25% Triton-X-100 and incubating serial dilutions on
blood agar plates.

The invasion of P. aeruginosa NCTC 10662 and P. aeruginosa clinical strain was analysed
and the results showed that both strains of P. aeruginosa used in our study invade the A549
epithelial cells. The effect of surfactant on internalisation revealed that Survanta®
significantly decreased the invasion of both strains of P. aeruginosa, whereas Curosurf® and
DPPC increased this internalisation when compared with the controls without surfactant (Fig
4.4).
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The internalisation of B. cepacia NCTC 10661 and B. cepacia ET-12 strain by the A549
epithelial cells shows that these bacteria can be internalised by the A549 epithelial cells.
Survanta®, Curosurf® and DPPC show significant increase of internalisation of both
B. cepacia NCT 10661 and B. cepacia ET-12 clinical strains (Fig 4.4). Whereas Survanta®
significantly decreased the internalisation of P. aeruginosa, Curosurf® and DPPC
significantly increased the interalisation to A549 cells (Fig 4.5).
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Figure 4.4: Antibiotic protection assay. All surfactants Survanta®, Curosurf® and DPPC
lipid increased the internalisation of B. cepacia 10661 and B. cepacia clinical strain to A549
epithelial cells. The numbers of intemnalised bacteria recovered was counted and expressed as
CFU and the results are expressed as the mean + SD of three independent experiments. AP<
0.01 analysed by ANOV A and *P<0.05 by Tukey’s.
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Figure 4.5: Antibiotic protection assay. Survanta® significantly decreased the
internahisation, and Curosurf® and DPPC increased the internalisation of P. aeruginosa
NCTC 10662 and P. aeruginosa clinical strain to A549 epithelial cells in significant manner.
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4.3 EFFECT OF CYTOCHALASIN D ON BACTERIAL
INTERNALISATION BY A549 EPITHELIAL CELLS

A common strategy employed by bacteria during cell invasion is to trigger epithelial cells to
undergo cytoskeletal rearrangements mediated by actin polymerization (Finlay and Cossart,
1997). Cytochalasin D, is an actin polymerization inhibitor which has been shown to inhibit
bacterial invasion (Clerc and Sansonetti, 1987,Bianchi et al., 1993,Finlay et al., 1991,Rubens
et al., 1992).

To investigate the mechanism of internalisation of bacteria by A549 cells, the cytoskeleton
inhibitor (cytochalasin D) was used. The results showed that pre-incubation of A549 cells
with cytochalasin D inhibited the internalisation of both environmental and clinical strains of

P. aeruginosa and B. cepacia by more than 90% (Fig 4.6). Cytochalasin D did not reduce

A549 cell viability or bacterial numbers at the concentration used.
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4.4 INVESTIGATION OF BACTERIAL INTERNALISATION
BY A549 EPITHELIAL CELLS BY ELECTRON
MICROSCOPY

The interaction and internalisation of B. cepacia and P. aeruginosa to A549 epithelial cells
was examined by electron microscopy to confirm the internalisation by A549 cells from the
previous results and to determine the intracellular bacterial location. Monolayers of A549
cells were incubated with bacteria for 30 minutes at 37°C at a ratio of 10 bacteria per A549
cell prior to incubation at 37°C for different times, and after extensive washing, the
monolayers were fixed and processed for electron microscopy. While many bacteria from
both B. cepacia and P. aeruginosa strains were seen to be attached to the A549 cells after
one hour incubation (4.7A), frequent intracellular localisation of bacteria was also observed
after 24 hours incubation with both bacteria. Endocytosis was seen for both types of bacteria
after 2 hours incubation (Fig 4.7B & D) in clearly intact healthy cells. After prolonged
incubation to 24 hours, the bacteria appeared free in the cytoplasm (Fig 4.7C).
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Figure 4.7: Electron micrographs showing the internalisation of bacteria to A549
epithelial cells. Attachment of B. cepacia to A549 cells (A), engulfment of B. cepacia (B)
and P. aeruginosa (D) by A549 cells, and internalisation of B. cepacia by the A549 cells (C).
Arrows indicate the bacteria (B. cepacia ET-12 strain tends to be rounded like).
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4.5 SUMMARY OF RESULTS

From the work described in this chapter it can be concluded that:

Fluorescent microscopy and antibiotic protection assays showed that both P. aeruginosa and
B. cepacia are internalised by the epithelial cells. Both NCTC and clinical strains have the
ability to invade after 3 hours of incubation with A549 cells. The effect of surfactant and
phospholipids on this internalisation was assessed by this method and showed that surfactants
Survanta®, Curosurf® and DPPC lipid significantly increased the internalisation of B.
cepacia. P. aeruginosa internalisation was significantly decreased by Survanta® and
increased by both Curosurf® and DPPC. These results demonstrated for the first time the

effect of pulmonary surfactant on bacterial internalisation by A549 epithelial cells.

The uptake of the bacteria by epithelial cells was confirmed using electron microscopy and
the results clearly showed bacteria inside the A549 epithelial cells. Cytoskeleton Inhibition
with cytochalasin D significantly inhibited the internalisation of both environmental and
clinical strains of P. aeruginosa and B. cepacia by more than 90%. These results indicate that

the internalisation of bacteria by A549 cells is cytoskeleton dependant.
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CHAPTER 5. RESULTS

INDUCTION OF IL-8 FROM A549 EPITHELIAL
CELLS BY BACTERIA AND THE EFFECT OF
PULMONARY SURFACTANT LIPIDS
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3.1 BACTERIAL INDUCTION OF IL-8 IN A549 EPITHELIAL
CELLS

Until recently, the epithelial lining in the lower respiratory tract was considered to be merely
a mechanical barrier to antigen or microorganism penetration. However, more recently
attention has been turned to its metabolic activity and the way in which the cells interact with
other elements of host defence. A growing body of evidence now suggests a more active role
of the epithelial cells in host defence (Diamond et al 2000; Nelson et al 1998; Zhang et al
2000). The epithelial cells in the lung are continuously exposed to Gram-positive and Gram-
negative bacteria and their products such LPS, PGN, LTA or other secreted components
during infection. However the role of the epithelial cells in response to bacterial infection is
not well elucidated. The cytokine IL-8 plays a role in recruiting neutrophils to the site of
infection, however overproduction of this cytokine may lead to progressive inflammation in
the lung, therefore it has been chosen for investigation and the possible effect of pulmonary

surfactants on IL-8 release will be elucidated.

5.1.1 Time course of IL-8 induction in absence and presence of

human serum

This study characterised the A549 epithelial cell responses to different bacteria for release of
the cytokines IL-8 and IL-1B in the presence and absence of human serum. A549 cells
released IL-8 in response to different bacterial stimuli at moi 10:1 (bacteria: A549). IL-8 was
estimated at different times of incubation (0, 2, 4, 6, 12, 24, 48 hours) in the absence and

presence of human serum by ELISA assay and compared with controls without bacteria.

Stimulation of A549 epithelial cells with Gram-negative bacteria B. cepacia NCTC 10661, B.
cepacia ET-12, P. aeruginosa NCTC 10662 and P. aeruginosa clinical strain without human
serum showed that IL-8 was induced after 4 hours and increased gradually until it reached a
maximum after 48 hours incubation. The clinical strain of P. aeruginosa induced higher
amount of IL-8 than the other bacterial strains after 24 hours of incubation in absence or

presence of human serum (Fig 5.1 and Fig 5.2).
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In the presence of human serum, the A549 cells were more responsive and produced almost
twice as much IL-8 (Fig 5.2) when compared with the same induction in the absence of
human serum (Fig 5.1). Comparing IL-8 induced by the environmental and clinical strain, the
clinical strain of P. aeruginosa induced more than the environmental, whereas B. cepacia
ET-12 induced less than the environmental strain in the presence and absence of human
serum (Fig 5.1 and Fig 5.2).

When IL-1B was investigated, live bacteria did not induce IL-1B from A549 epithelial cells
up to 48 hours of incubation. Increasing the incubation to 72 hours and the moi to (50
bacteria: 1 A549 cells) did not show any effect on the IL-1f induction in the presence and

absence of human serum (data not shown).
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Figure 5.1: Time course of IL-8 induction from AS549 epithelial cells by B. cepacia
NCTC 10661, B. cepacia ET-12, P. aeruginosa NCTC 10662 and P. aeruginosa clinical
strain in the absence of human serum. Confluent A549 cells were stimulated with the
different Gram-negative bacteria at moi1 10 bacteria: 1A549 in the absence of 1% human
serum. Supernatants were collected at different times and IL-8 was measured by ELISA. TL-8

concentrations are expressed as mean = SD of three independent experiments.
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Figure $.2: Time course of IL-8 induction from A549 epithelial cells by B. cepacia
NCTC 10661, B. cepacia ET-12, P. aeruginosa NCTC 10662 and P. aeruginosa clinical
strain in the presence of human serum. Confluent A549 cells were stimulated with the
different Gram-negative bacteria at moi 10 bacteria: 1A549. Supematants were collected at
different times and IL-8 was measured by ELISA. IL-8 concentrations are expressed as mean

+ SD of three independent experiments.
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5.2 EFFECT OF SURFACTANT LIPIDS ON BACTERIAL
INDUCTION OF IL-8 FROM A549 EPITHELIAL CELLS

During lower pulmonary tract infections, bacteria come into contact with the epithelial cells
and may colonize the microenvironment. As a result of this, epithelial and endothelial injury
may be established and capillary leakage of serum and inflammatory mediators may occur.
Vascular permeability increases and polymorphonuclear leukocytes (PMNs) arrive at the
area of infection. IL-8 is chemoattractant for neutrophils to the site of infection therefore here
we investigated the response of the A549 epithelial cells to live bacteria in IL-8 release in the
absence of human serum to study the early response to bacteria and in the presence of serum
to mimic the microenvironment in the alveolar space after the leakage of serum components.
The effect of surfactant lipids also was investigated to study the possible modulation on this

induction.

5.2.1 Effect of surfactant lipids on IL-8 induced from A549 cells
by live bacteria in the absence and the presence of human serum

To investigate the effect of different surfactants on bacterial induction of IL-8 cytokine from
AS549 epithelial cells, Survanta®, Curosurf® or DPPC were incubated with confluent,
adherent A549 epithelial cells (5x10° cells/mL) for 2 hours prior to stimulation with different
bacteria at moi (10 bacteria: 1 A549). Surfactants did not affect bacterial growth at the
concentration used in this study (chapter 3). Pre-incubation of the cells with the pulmonary
surfactants Survanta®, Curosurf® or DPPC lipid significantly inhibited the release of IL-8
induced by either NCTC or clinical strains of P. aeruginosa and B. cepacia (Fig 5.3- 5.6).

As shown in figures 5.3-5-6, surfactant Survanta® was the most active surfactant in the
inhibition of IL-8 from A549 cells, producing over 50% inhibition in presence and absence
of human serum. There were no significant differences in the induction of IL-8 between the
different bacterial strains used to stimulate this cytokine. Generally this study found that
there were no critical differences between clinical and environmental NCTC strains in

regards to the inhibitory effect of pulmonary surfactants for the induction of IL-8.
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Since pulmonary infection with bacteria is frequently accompanied by leakage of human
serum into the interstitial spaces, the inhibition of IL-8 cytokine by the surfactant was
reported in this study in the presence of human serum by live bacteria. It was noted that IL-8
induced in the presence of human serum almost twice as much as induced by live bacteria
without human serum (Fig 5.1 & Fig 5.2) and moreover the higher amounts of IL-8 were still
down regulated by the surfactants to a similar extent as in the absence of human serum. Thus,
in the presence of human serum, Survanta®, Curosurf® and DPPC all at (250ug/mL)
markedly inhibited IL-8 induced by B. cepacia NCTC 10661 (Fig 5.3), the clinical strain B.
cepacia ET-12 (Fig 5.4) and both the NCTC and clinical strain by P. aeruginosa (Fig 5.5 &
5.6).
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Figure 5.3: Effect of puimonary surfactant on IL-8 induced by B. cepacia NCTC 10661.
A549 celis were grown to confluence and incubated with 250 pg/ml. of Survanta,
Curosurf® or DPPC for 2 hours prior to stimulation with bacteria at moi (10 bacteria: 1A549
cell) in the absence or presence of human serum. Supernatants were collected after 18 hours
and were assayed by ELISA. Results are expressed as the mean + SD of three independent

experiments. AP<0.01 analysed by ANOVA and Tukey’s (*P<0.05) when comparing

surfactant treatment to controls.
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Figure 5.4: Effect of pulmonary surfactant on IL-8 induced by B. cepacia ET-12. A549
cells were grown to confluence and incubated with 250 pg/mL of Survanta®, Curosurf® o

DPPC for 2 hours prior stimulation with bacteria at moi (10 bactena: 1AS549 cell) in the
absence or presence of human serum. Supernatants were collected after 18 hours and were
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Curosurf® or DPPC for 2 hours prior stimulation with bacteria at moi (10 bacteria: 1A549
cell) in the absence or presence of human serum. Supernatants were collected afier 18 hours
and were assayed by ELISA. Results are expressed as the mean + SD of three independent
expeniments. AP<0.01 analysed by ANOVA and Tukey’s (*P<0.05) when comparing

surfactant treatment to controls.
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The response of A549 epithelial cells to heat killed bacteria was characterised for the release
of the cytokines IL-1B and IL-8. Heat killed bacteria at moi (equal to 10 bacteria: 1 A549
cell) did not stimulate the release of IL.-1  even with prelonged incubation of up to 72 hours.
Increasing the amount of heat-killed bacteria to moi equal to 100:1 did not simulate the A549
cells for the release of IL-13 (data not shown). However, the A549 cells released IL-8 in
response to heat killed bacteria at moi {equal to 10 bacteria: 1 A549) (Fig 5.7-5.10) though

less when compared with live bacteria.

5.3.1 Effect of pulmonary surfactant lipids on IL-8 induced from

.—.
CL.
7]
=
-
(o]
-
=
<1
a
7]
=

iie}
(]
=
[¢']
-
=
o
a
=
a
(&
=
72
=
L
—
o
C
| ool
o
Q
—
e
oD
=0
=
@y
=
C)
a
cL
o

!
@
-9
T»
Z.
o
cu
o
oy
¢)
o
a
=
o

correlated to those obtained by live bacteria.

When A549 epithelial cells were challenged with heat killed preparation of all bacteria tested
in the study in the absence of human serum, they produced significant amounts of IL-8 in a
time dependent manner (Fig 5.1). The effect of pulmonary surfactants on I1L-8 induction by
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{

heat killed bacteria was studied and the results revealed that heat killed (HK)
environmental and clinical strains of P. aeruginosa and B. cepacia was not significantly

in the absence of human serum (Fig 5.7-
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Previous experiments with live bacteria demonstrated that some bacterial components that
utilize surfactant modulation were serum dependant components (Section 5.2.1). Such

components require serum-derived factors to be present to induce responses in the A549 cells

(eg sCD14) and serum was included in these experiments to provide these components.

When AS549 epithelial cells were challenged

—

with heat-killed bacteria in the presence of

duction of IL-8. In this

human serum, all bacteria used in this study induced significan
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study we have shown the secretion of IL-8 from A549 epithelial cells induced by heat-killed
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acteria from both environmental and clinical strains of P. aeruginosa and B. cepacia was
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ificantly increased by more than 40% in the presence of human serum. These IL-8
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inductions were significantly suppressed when incubated with Survanta™, Curosurt and

DPPC. This down regulation was demonstrated with heat-killed bacteria from both

environmental and clinical strains of P. aeruginosa (Figure 5.7 and 5.8) and B. cepacia (5.9
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Figure 5.7: Effect of pulmonary surfactant on IL-8 induced by heat killed of B. cepacia
NCTC 10661. A549 cells were grown to confluence and incubated with 250 pg/mL of
Survanta®, Curosurf ® or DPPC for 2 hours prior to stimulation with heat killed B. cepacia
NCTC 10661 in presence or absence of human serum. Supernatants were collected after 18
hours and assayed for IL-8 by ELISA. Results are expressed as the mean + SD of three
independent expeniments. AP<0.01 analysed by ANOVA and Tukey’s (*P<0.05) when

comparing surfactant treatment to controls.
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Figure 5.8: Effect of pulmonary surfactant on IL-8 induced by heat killed of B. cepacia ET-

12. AS49 cells were grown to confluence and incubated with 250 pg/ml of Survanta®,

ours prior to stimulation with heat killed B. cepacia ET-12 in
presence or absence of human serum. Supernatants were collected after 18 hours and assayed
for IL-8 by ELISA Resuits are expressed as the mean * SD of three independent
experiments. AP< 0.01 analysed by ANOVA and Tukey’s (*P<0.05) when comparing

surfactant treatment to controls.
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Figure 5.9: Effect of pulmonary surfactant on IL-8 induced by heat killed of P.
aeruginosa NCTC 10662. A549 cells were grown to confluence and incubated with 250
ug/mL of Survanta®, Curosurf © or DPPC for 2 hours prior to stimulation with heat killed P.
aeruginosa NCTC 10662 in presence or absence of human serum. Supematants were
coilected after 18 hours and assayed for IL-8 by ELISA. Results are expressed as the mean *
SD of three independent experiments. AP<0.01 analysed by ANOVA and Tukey’s (*P<0.05)

when comparing surfactant treatment to controls.
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experiments. AP<0.01 analysed by ANOVA and Tukey’s (*P<0.05) when comparing

surfactant treatment to controls.
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5.4 A549 EPITHELIAL CELLS RESPONSE TO
CONDITIONED MEDIA FROM BACTERIA ON IL-8
CTOKINE RELEASE

Conditioned media from bacteria were prepared by growing the bacteria at the desired optical
density before collecting the supernatant by filtration. The response of A549 epithelial cells
to conditioned media from bacteria (CM) was characterised for IL-1p and IL-8 cytokines.
The results showed that conditioned media from bacteria at moi equal to (10 bacteria: 1 A549
cell) in the presence and absence of human serum did not stimulate the release of IL-1§
cytokines even with prolonged of incubation up to 72 hours. Increasing the amount of
conditioned media to moi equal to (100 bacteria: 1 A549) did not induce the cells for the
release of IL-1P. Stimulation of the AS549 epithelial cells with conditioned media from

bacteria showed production of IL-8 cytokine in the presence and absence of human serum.

5.4.1 Effect of pulmonary surfactant lipids on IL-8 induced from A549
epithelial cells by conditioned media from bacteria in absence and presence
of human Serum

Conditioned media (CM) from bacteria were prepared from different bacteria and have been
tested for sterility before use in the study. In order to investigate the effect of surfactant lipids
on IL-8 cytokine induction, the induction of IL-8 from A549 epithelial cells using

conditioned media equal to moi (10 bacteria: 1 A549) was investigated.

When A549 epithelial cells were challenged with conditioned media (CM) from different
bacteria tested in this study, they showed considerable and significant amounts of IL-8
induction. Pulmonary surfactant Survanta®, Curosurf® and DPPC lipid did not inhibit IL-8
cytokine induced by conditioned media from both strains of B. cepacia (5.11, 5.12) and both
of P. aeruginosa (5.13, 5.14) strains.
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When serum was added prior to incubation with conditioned media from bacteria, IL-8
induction was increased and when pulmonary surfactant was investigated, Survanta®,

Curosurf® and DPPC did not inhibit IL-8 induction.
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Figure 5.11: The effect of pulmonary surfaciant and DPPC on 1L-8 cytokine from AS49
epithelial cells induced by conditioned media (CM) from B. cepacia NCTC 10661. AS
cells were grown to confluence and incubated with 250 pg/mL of Survanta®, Curosurf® or
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Supernatants were collected after 18 hours and were assayed for IL-8 by
treatment of A549 cells with surfactants did not show any significant effect on IL-8 release.
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Figure 5.12: The effect of pulmonary surfactant and DPPC on IL-8 cytokine from AS49

epithelial cells induced by conditioned media (CHM) from B. cepacia ET-12. A549 cells
were grown to confluence and incubated with 250 pug/mL of Survanta®, Curosurf® or DPPC
for 2 hours prior to stimulation with conditioned media from B. cepacia ET-12. Supematants

assayed by for IL-8 by ELISA. Pre-treatment of A549

cells with surfactants did not show any significant effect on IL-8 release. Results are

the mean + SD of three representative experiments.
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Figure 5.13: The effect of pulmonary surfactant and DPPC en IL-8 cytekine
AS49 epitheiial cells induced by condiiioned media (CM) from P. aeruginosa clinical
strain. A549 cells were grown to confluence and incubated with 250 p

Curosurf® or DPPC for 2 hours prior to stimuiation with conditioned media from P.
aeruginosa clinical strain. Supernatants were collected after 18 hours and assayed for IL-8
by ELISA. Pre-treatment of A549 celis with surfactants did not show any significant effect
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Figure 5.14: The effect of pulmonary surfactant and DPPC on IL-8 cytokine from AS49

epithelial cells induced by conditioned media (CM) from P. aeruginosa NCTC 106662.

A549 cells were grown te confluence and incubated with 250 pg/mL of Survanta®

Curosurf® or DPPC for

I
-

hours prior to stimulation with conditioned media from 2.
aeruginosa NCTC 10662. Supernatanis were collected after 18 hours and assayed for IL-8 by
ELISA. Pre-treatment of A549 cells with surfactants did not show any significant effect on

IL-8 release. Results are expressed as the mean + SD of three representative experiments.
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This study investigated the heat labile and heat resistant components that may be present and

secreted by bacteria. The results showed when conditioned media from bacteria were heated

\C
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5°C for 30 minutes, the potency of heated conditioned media from bacteria (hCM) on IL-
8 induction was reduced by 40-50% (Data not shown). This IL-8 reduction was for all heated
conditioned media (hCM) from B. cepacia NCTC 10661, B. cepacia ET-12, P. aeruginosa

NCTC 10662 and P. aeruginosa clinical strain.

These results suggest that IL-8 induction by conditioned media from bacteria were due to
both heat resistant and heat sensiiive components. The effect of pulmonary surfactant
Survanta®, Curosurf® and DPPC on IL-8 induced by heated conditioned media from both B.
cepacia strain NCTC, ET-12 and P. aeruginosa NCTC 10661 were not inhibited (Data not

shown), whereas IL-8 induced by heated condition media from P. aeruginosa clinical strain
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was significantly down regulated when incubated with Survanta®, Curosurf © and DPPC (Fig

5.15).
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5.5 EFFECT OF CYTOCHALASIN D ON IL-8 INDUCED
FROM A549 EPITHELIAL CELLS BY LIVE BACTERIA

Previous results (chapter 3) showed that cytochalasin D (5 pg/mL) inhibits bacterial
internalisation by A549 cells. Here the relation between internalisation of bacteria and IL-8
induction was investigated. The results presented in Fig 5.16, 517 demonstrated that
cytochalasin D at this concentration did not inhibited IL-8 induction from A549 cells by
these bacteria. This suggests therefore, that bacterial internalisation by A549 cells is not
required for IL-8 induction. Under the conditions used in this study, cytochalasin D did not

alter cell viability or effect bacterial growth.
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Fig 5.16: Effect of cytochalasin D on IL-8 induction by B. cepacia in AS549 cells. A549
cells were grown to confluence and pre-incubated with Sug/mL cytochalasin D (cyto D) for 2
hours before stimulation with B. cepacia ET-12 or B. cepacia NCTC 10661 in presence of
human serum. Supernatants were collected after 18 hours and assayed for IL-8 by ELISA.

Results are expressed as the mean + SD from three separate experiments.
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Figure: 5. 17: Effect of cytochalasin D on IL-8 induction by P. aeruginosa in A549 cells.
A549 cells were grown to confluence and pre-incubated with Sug/mL cytochalasin D (cyto
D) for 2 hours before stimulation with P. aeruginosa NCTC 10662 or P. aeruginosa clinical
strain in presence of human serum. Supematants were collected after 18 hours and assayed

for [L-8 by ELISA. Results are expressed as the mean + SD from three separate experiments.
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5.6 EFFECT OF TLR4 AND TLR2 BLOCKADE ON IL-8
INDUCTION FROM A549 CELLS BY LIVE BACTERIA

Toll like receptors (TLRs) play an essential role in the recognition of bacteria and bacterial
products like LPS and PGN (Gon et al., 2004,Takeda and Akira, 2005). Previous results
demonstrated that live bacteria, heat killed bacteria, conditioned media and heated
conditioned media induced IL-8. To investigate the bacterial component involved on this
induction, A549 cells were pre-incubated with monoclonal antibody to TLR4 and TLR2

before stimulation with live bacteria.

In order to determine which Toll-like receptors are involved in the induction of IL-8 in A549,
cells stimulated with the Gram-negative bacteria, the TLRs were blocked with appropriate
antibody. This experiment would provide clues as the prominent bacterial structures or
components responsible for induction of IL-8 in A549 cells. A549 cells were incubated with
either anti-TLR4 monoclonal antibody (HTA 125) or anti-TLR2 monoclonal antibody (clone
TL2.1) at 20ug/mL or with IgG2A as an isotype control. Following this, the cells were
stimulated with the live Gram-negative bacteria for 18 hours and IL-8 measured in the

supernatants.

It was found that blocking TLR4, receptors induced a significant reduction of IL-8
production after 18 hours incubation with P. aeruginosa and B. cepacia suggesting a
prominent role for TLR4 ligands (Fig 5.18, 5.19). Blocking TLR2 receptors did not show
significant affect the release of IL-8 induced by P. aeruginosa and B. cepacia and suggests
that TLR2 is not significantly involved in the induction of IL-8 by these bacteria (5.20-5.21),
however when A549 cells incubated with anti-TLR2 antibody prior stimulation with P.
aeruginosa or B. cepacia, did not significantly inhibited IL-8 production (5.20, 5.22) when
compared with peptidoglycan control (5.22).
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(analysed by Paired T-test).

166



1800 -

1600 -

—

a

(&)

o
1

="

!\J

E)
1

=

(]

<

<
L

IL-8 (Pg/mL)
o o '
o o
o (=]

2

(&)

(=}
1

N

(=]

(=]
1

||IJJ1

B.cepaci + jsotype + anti TLRZ RB.cepacia + isotype + anti TLR4
NCTC 1!3631 antibody antibody ET-12 antibody antibody
(lgG2ai (HTA125) {igG2a) {(HTA125)

o

Treatment

Figure 5.19: The role of TLR4 in B. cepacia induciion of IL-8 from A549 cells. A549
cells were pre-incubated with or without 20pg/ml of anti-TLR4 (HTA125) or isotype
antibody (IgGz,) for 2 hours before being stimulated with B. cepacia NCTC 10661 or B.
cepacia ET-12 in presence of human serum. Supematants were collected after 18 hours and
assayed for IL-8 by ELISA. Results are expressed as the mean + SD of three independent
experiments. *P<0.05 compared with cells stimulated with bacteria alone (analysed by Paired

T-test).
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Figure 5.21: Blocking TLR2 does not show significant reduction on B.cepacia induction
of IL-8 from AS549 cells. A549 cells were pre-incubated with or without 20pg/mL of anti-
.1) or isotype antibody (IgGz,) for 2 hours before being stimuiaied with B.

cepacia NCTC 10661 or B. cepacia ET-12 strain in presence of human serum. Supernatants

were collected after 18 hours and assayed for IL-8 by ELISA. Results are expressed as the

mean + SD of three independent experniments.
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Figure 5.22: Blocking TLR2 significantly inhibited reduction on PGN induction of IL-8
from AS549 cells. A549 cells were pre-incubated with or without 20pug/mL of anti-TLR2
(TL2.1) or isotype antibody (IgGa.) for 2 hours before being stimulated with peptidoglycan
presence of human serum. Supernatants were collected after 18 hours and assayed for IL-8
by ELISA. Results are expressed as the mean + SD of three independent experiments. *P<
0.05 compared with cells stimulated with PGN in the presence of human serum (analysed by

Paired T-test).
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CDI14 has been shown to be an important component of the receptor complex for LPS.
Recently, A549 cells have been shown to express low levels of surface CD14 (Tsutsumi-ishii
live bacteria in A549, the celis were blocked with anti-CD14 antibody (clone: 134620)
before being incubated with live bacteria. The results demonstrated that blocking the CD14
receptor significantly reduced IL-8 production by more than 30% when bacteria were used as

stimulus (Fig 5.23 & 5.24).
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Fig 5.24: The role of D14 in P. aeruginosa induction of IL-8 from AS49 cells. A549
cells were pre-incubated with or without 20ug/mL of anti-CD14 or isotype antibody (IgG2a)
for 2 hours before being stimulated with P. aeruginosa in presence of human serum.

Supernatants were collected after 18 hours and assayed for IL-8 by ELISA. Results are
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S.8 EFFECT OF POLYMYXIN B ON IL-8 INDUCTION FROM
A549 EPITHELIAL CELLS

Polymyxin B has been shown to bind to LPS and inhibit its activity (Uehara et al., 2002).
To characterise the components involved in the induction of IL-8 by live bacteria, heat killed
(HK) and conditioned media (CM), Polymyxin B (10 pg/mL) was pre-incubated with live
bacteria in the presence of human serum before adding to the A549 epithelial cells. The
results demonstrated that Polymyxin B (PMB) reduced the induction of IL-8 by 12-15% in
both environmental and clinical strains of P. aeruginosa and B. cepacia (table 1). These
results strongly suggest that IL-8 induced by live bacteria was partially due to LPS in both P.

aeruginosa and B. cepacia.

To determine the components shared in IL-8 induced by heat killed bacteria. The prepared
heat killed (HK) bacteria from P. aeruginosa and B. cepacia were pre-incubated with
Polymyxin B for 30 minutes prior adding to the A549 epithelial cells in presence of human
serum. Our results demonstrated that IL-8 cytokine induced by heated killed bacteria from
both NCTC and clinical strain of P. aeruginosa and B. cepacia were inhibited by Polymyxin
B (PMB) by >30%. These results revealed that IL-8 induced by heat-killed bacteria was
partially due to the presence of LPS components (table 1).

The results demonstrate that Polymyxin B clearly inhibited IL-8 released by more than 10%
when (CM) from P. aeruginosa clinical strain was used. These results revealed that (CM)
from P. aeruginosa clinical strain secreted more LPS than other strains used in this study

(table 1).
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IL-8 Concentration (Pg/mL)
Without With
Polymyxin | Polymyxin % Reduction
B B

B. cepacia NCTC 10661 1660 £101 1040 +37 37.3 £15
B. cepacia ET-12 1300 +89 806 * 42 38 +9
P. aeruginosa NCTC 10662 2500 £122 1720 + 64 31.2 17
P. aeruginosa clinical strain 3050 £129 2195+ 84 28 £19
B. cepacia NCTC 10661 (HK) 905 + 64 520 £ 39 42.5 £12
B. cepacia ET-12 (HK) 824 + 55 505 £30 38.7 £10
P. aeruginosa NCTC 0662(HK) 892 +48 650 + 35 27.1£21
P. aeruginosa clinical (HK) 1108 £ 69 708 +48 36.3+14
B. cepacia NCTC 10661 (CM) 490 £ 35 484 +28 1.2 +13
B. cepacia ET-12 (CM) 350 +£29 344 £21 1.7 18
P. aeruginosa NCTC 0662(CM) 354 +38 350 £27 1.12+ 11
P. aeruginosa clinical (CM) 640 + 41 570 £25 10.9+12

Table 1: Effect of Polymyxin B on IL-8 induced by live bacteria, heat killed (HK) and
conditioned media (CM) by A549 cells. Confluent A549 cells were incubated without or
with pretreated Polymyxin B (10 pg/mL) before stimulation with live bacteria heat killed
(HK) or conditioned media (CM) from bacteria in the presence of human serum.
Supemnatants were collected and IL-8 concentrations were determined by ELISA. Polymyxin
B inhibited IL-8 released when compared with controls. Results are expressed as the mean £

SD of three independent experiments.
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5.9 DETERMINATION OF LPS ENDOTOXIC ACTIVITY OF
HEAT KILLED BACTERIA AND CONDITIONED MEDIA BY
LAL ASSAY

Lipopolysaccharide is a major potent component of the cell wall in Gram-negative bacteria.
The endotoxin activity of LPS that may be present in heat killed and conditioned media from
different strains of B. cepacia and P. aeruginosa were investigated and measured using a
kinetic LAL assay. The results showed that conditioned media from different bacteria tested

here have very low endotoxic activity when assayed.

The endotoxin activity in HK and CM used in our IL-8 stimulation experiments were
determined using the LAL assay and based on the amount of CM used in our experiment (10
mL) which originated from 10° bacteria, we concluded that condition CM from B. cepacia
ET-10 and B. cepacia NCTC 10661 is equivalent to 3 ng and 2 ng of endotoxic LPS activity
respectively, P. aeruginosa clinical strain and P. aeruginosa NCTC 10662 have 10ng and
4ng of endotoxic LPS activity respectively. Polymyxin B abolished completely the endotoxin
activity in all CM tested in our study (see table 2).

Endotoxin activity of LPS may be present in heat killed bacteria (HK) of different strains of
B. cepacia and P.‘ aeruginosa were measured using LAL assay. The effects of Polymyxin B
on this activity were measure and compared to the activity without treatment with Polymyxin
B. The result showed that heat killed bacteria tested here harbor endotoxic activities when

compared with the same LPS.

The results show that Polymyxin B significantly decreased LPS activity for all LPSs and heat
killed bacteria tested here. Polymyxin B (10 pg/mL) also neutralised over 50% of the
endotoxic activities of LPS tested here. Polymyxin B also neutralised the endotoxic activity

of heat killed P. aeruginosa and B. cepacia by more than 90% (Table 2).
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The amounts of endotoxin in heat killed bacteria used in our stimulation experiments were
determined based on the result of the LAL assay and based on the amount of HK used (10
mL) which have 10° bacteria, we conclude that heat killed bacteria of B. cepacia ET-12 and
B. cepacia NCTC 10661 harbor 32 ng, 43 ng of endotoxic activity respectively, P.
aeruginosa clinical strain and P. aeruginosa NCTC 10662 harbor 56ng and 42ng of

endotoxic activity respectively.

NCTC 10662

Conditioned
Heat killed Heat killed Conditioned media CM
Bacteria bacteria + media (CM) .
(HK) Polymyxin B Polymyxin B
B. cepacia
ET-12 322 9 3 *
B. cepacia
NCTC10661 344 5 2 *
P. aeruginosa
clinical strain 425 21 10 *
P. aeruginosa
561 17 4 *

Table 2: Endotoxin activity of heat killed bacteria and conditioned media from different
bacteria was measured by LAL assay. LPS, heat killed or conditioned media from bacteria

was incubated with and without Polymyxin B (PMB) for 30 minutes prior to LAL. The

results of endotoxin activity was calculated and expressed in ng/mL. * below detection.
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5.10 EFFECT OF SURFACTANT LIPIDS ON IL-8 mRNA
INDUCTION

The previous results showed that IL-8 protein is induced by; live bacteria, heat killed bacteria
and bacterial conditioned media. At the same time this study demonstrated that surfactant
Survanta® Curosurf® and DPPC lipid down regulated this induction. To investigate whether
these infectious agents activated gene transcription and if the surfactants could inhibit this
transcription or merely blocked protein secretion, IL-8 mRNA was isolated and measured by

semi-mutative RT-PCR.

5.10.1 Effect of surfactant lipids on IL-8 mRNA induced by live
bacteria in the presence and absence of human serum

In the previous results we showed that surfactants Survanta®, Curosurf® and DPPC lipid
down regulate secreted IL-8 protein induced by live bacteria from A549 epithelial cells. To
investigate this effect of surfactant at the IL-8 mRNA level, the conflunt A549 cells were
weaned with RPMI media has L-glutamine only and incubated for 4 hours with different
surfactants at 250 pug/mL for 2 hours before being challenged with the different bacteria in
the absence and presence of 1% human serum. mRNA was then isolated, quantified and
transcribed. The resultant cDNA was subjected to PCR using IL-8 or GAPDH primers and
separated and assessed by gel electrophoresis (2.2.20.5).

The results are shown in Figures 5.27-5.28. Results of PCR analysis showed that both live
NCTC and clinical strain of B. cepacia and P. aeruginosa significantly (P<0.05, n= 3)
induced IL-8 mRNA from A549 epithelial cells. 4 hours after stimulation with live bacteria,
the expression of IL-8 mRNA was increased 6-7 fold, in comparison to untreated cells.
Survanta® and DPPC significantly down-regulated the IL-8 mRNA expression induced by B.
cepacia NCTC 10661 (Fig 5.25), B. cepacia ET-12 (5.28), P. aeruginosa NCTC 10662 (Fig

5.29) and P. aeruginosa clinical strain (Fig5.25) in the presence of 1% human serum.
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The results demonstrated that pulmonary surfactant Survanta® and DPPC phospholipid at
250 pg/mL significantly down regulated IL-8 gene expression induced by both NCTC and

clinical strains of B. cepacia and P. aeruginosa.
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PCR was performed. (A): Densitometric analysis was performed using {UVIDoc sofiware)
for all bands and the volumetric means for each test group were divided by the mean of the
control (cells without stimulation). The expression were plotted as a ratio of IL-8 mRNA

GAPDH mRNA and the results shown as the mean + SD of 3 independent experiment

(AAP<0.001 analysed by ANOV A and ¥*P<0.05 by Tukey’s). (B). Representative gel photo
for IL-8 and GAPDH mRNA. Lane 1: A549 with human serum, 2: A549 with bacteria, 3 &

4: As lane 2 but treated with Survanta® or DPPC respectively before stimulation.
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Figure 5.28: PCR analysis of IL-8 mRNA induced by P. aerugirnosa clinical sirain with

]

and without surfactant ireatment. Monolayers of AS549 cells were incubated with
Survanta® or DPPC (250ug/mL) for 2h prior to stimulation with P. aeruginosa clinical strain

moi 10 bacteria: 1 A549 for 4 hours in presence of human serum. Total RNA was isclated
and RT-PCR was performed. (A): Densitometric analysis was performed using (UVIDoc
software) for all bands and the volumetric means for each test group were divided by the
mean of the control (cells without stimulation). The expression were plotted as a ratio of IL-8
mRNA tc GAPDH mRNA and the results shown as the mean + SD of 3 independent
experiment (AAP<0.001 analysed by ANOV A and *P<0.05 by Tukey’s). (B): Representative
gel photo for IL-8 and GAPDH mRNA. Lane 1: A549 with human serum, 2: A549 with
bacteria, 3 & 4: As lane 2 but treated with Survanta® or DPPC respectively before

stimulaticn.
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5.10.2 Effect of Pulmonary surfactant lipids on IL-8 mRNA induced by
heated conditioned media from P. aeruginosa clinical strain

In the previous results we showed that surfactants Survanta®, Curosurf® and surfactant
phospholipid DPPC down regulated IL-8 protein secreted by A549 epithelial cells when
induced by heated condition media (hCM) from P. aeruginosa clinical strain. To investigate
this inhibition effect on the level of mRNA, the confluent A549 epithelial cells were
incubated with RPMI media with L-glutamine in presence or absence of different surfactants
and surfactant phospholipid DPPC at concentration of 250 pg/mL for 2 hours before being
challenged with heated conditioned media from P. aeruginosa clinical strain and further
incubated for 4 hours. After mRNA was isolated, quantified and transcription was made,
c¢DNAs were subjected to PCR using IL-8 or GAPDH primers before assessed by gel
electrophoresis.

Results of PCR analysis showed that heated conditioned media from P. aeruginosa clinical
strain bacteria significantly induced IL-8 mRNA (P<0.05, n= 3) by A549 epithelial cells. 4
hours after stimulation with heated condition media from P. aeruginosa clinical strain, the
expression of IL-8 mRNA was more than 3 times higher when compared to the matched
untreated cells. The effect of surfactants Survanta® and phospholipid DPPC on mRNA
expression were clearly and significantly inhibited when compared with matched control
cells (Fig 5.29).
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5.11. SUMMARY OF RESULTS

From the results described in this chapter it can be concluded that:

Live P. aeruginosa and B. cepacia induce IL-8 cytokine from A549 epithelial cells both in
the absence and the presence of human serum. Pulmonary surfactants and surfactant
phospholipids significantly inhibit this IL-8 induction of both NCTC and clinical strains in
the presence and the absence of human serum. This effect of surfactant and surfactant lipid

was demonstrated on the level of IL-8 mRNA.

To investigate the bacterial components that may be involved in IL-8 induction and
modulated by surfactant, heat killed (HK) bacteria and conditioned media (CM) from
bacteria were studied. Both HK and CM from bacteria induced IL-8 but pulmonary
surfactants only inhibited IL-8 induced by HK bacteria in the presence of human serum. IL-8
induced by CM from bacteria was not modulated either in the absence or presence of human
serum. When CM was heated, IL-8 induction was reduced and pulmonary surfactant only
modulated IL-8 induced by CM from P. aeruginosa clinical strain when serum was included.

This effect of pulmonary surfactants was shown at the level of IL-8 gene transcription.

The involvement of TLR4, TLR2 and CD14 in IL-8 induction by live bacteria was
investigated by using blocking antibodies. The results demonstrated that TLR4 components
are involved in IL-8 induced by live bacteria. Further identification of the bacterial
component utilized the down regulation effect by surfactant, neutralization with Polymyxin B
and LAL assay was performed, and the results demonstrated that LPS was involved in the
induction of IL-8 and as well part of the modulated components by surfactant when IL-8
induced by bacteria. Further characterisation of these components will be investigated in the

next chapter.
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CHAPTER 6. RESULTS

A549 CELL RESPONSES TO BACTERIAL
CELL WALL COMPONENTS AND THE
EFFECT OF PULMONARY SURFACTANT
LIPIDS
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6.1 LIPOPOLYSACCHARIDE (LPS) ISOLATION AND
BIOACTIVITY

Lipopolysaccharide (LPS) was isolated from P. aeruginosa clinical strain, B. cepacia ET-12
and B. cepacia NCTC 10661 using the phenol-water procedure (2.2.7.2). The purified LPS
were dissolved in pyrogen-free water at a stock concentration of 1mg/mL. To confirm the
LPS isolation, the endotoxic activity of purified LPS and commercially available LPS from
P. aeruginosa serotype 10, were measured using the kinetic Limulus endotoxin (LAL) assay.
The effects of Polymyxin B on this activity also were determined and compared with the

activity without treatment with Polymyxin B.

The results showed that LPS isolated from P. aeruginosa clinical strain has endotoxin
activity > P. aeruginosa serotype 10 LPS> B. cepacia NCTC 10661> B. cepacia ET-12. The
results also demonstrated that incubating LPS (100ng/mL) with Polymyxin B 10 pg/mL for
30 minutes inhibited the endotoxic activity by more than 50% as determined using the LAL

assay.
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6.2 A549 CELLS RESPONSE TO (LPS)

The A549 response to different types of LPS on the release of IL-1p and IL-8 cytokines was
investigated in the absence and presence of human serum. LPS, PGN or LTA at the
concentration used in our study in the presence or absence of Survanta®, Curosurf® or DPPC

were not toxic to the A549 epithelial cells.

6.2.1 Dose response of LPS on IL-p and IL-8 induction in the
absence and presence of human serum

A549 epithelial cell monolayers in 12 well tissue culture plates were grown in complete
RPMI media with antibiotics for 2 days before the cells were weaned with RPMI medium
with L-glutamine only overnight before being incubated overnight with or without different
concentrations of LPS (10, 100, 250, 500, 1000 ng/mL) in absence or presence of 1% human

serum.

A549 cells did not release IL-1B cytokine upon incubation with different concentrations of
LPS from P. aeruginosa and B. cepacia. All isolated LPS from P. aeruginosa, B. cepacia as
well as the commercial LPS from P. aeruginosa serotype 10 did not induce IL-18 in absence
or presence of human serum even with 1000 ng/mL LPS and prolonged incubation to 72

hours (result not shown).

However the results showed that LPS induces IL-8 from A549 cells poorly in the absence of
human serum (Fig 6.1) and strongly in a dose-dependant manner in the presence of human
serum (Fig 6.2). In the absence of human serum, at least 500ng/ mL LPS was required to
elicit IL-8 production but in the presence of human serum, 10ng/mL of LPS induced IL-8.
Potency to stimulate IL-8 by LPS isolated from different bacteria was as follows: P.
aeruginosa clinical strain> P. aeruginosa serotype 10> B. cepacia NCTC 10661> B. cepacia
ET-12.
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Fig 6.1: Induction of IL-8 responses with different LPS in A549 cells in the absence of
human serum. A549 cells were incubated in complete RPMI media with antibiotics for two
days. Wells were washed and media were changed to RPMI with L-glutamine only prior
stimulation with different concentration of various LPS. Supernatants were collected after 18

hours and IL-8 was measured by ELISA. Results are expressed as mean + SD of three

independent experiments.
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presence of human serum. A549 cells were incubated in complete RPMI media with
antibiotics for two days. Wells were washed and media were changed RPMI with L-
glutamine only prior stimulation with different concentration of various LPS in presence of
1% human serum. Supernatants were collected after 18 hours, aliquoted and were diluted
with the same media when needed before IL-8 was measured by ELISA. Results were

expressed as mean + SD of three independent experiments.
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6.3 EFFECT OF PULMONARY SURFACTANT LIPIDS ON
LPS INDUCED IL-8 FROM A549 CELLS

To investigate the effect of different surfactants and surfactant lipid DPPC on the induction
of IL-8 cytokine, A549 cells were grown for 2 days in complete media and the cells were
weaned with media with L-glutamine only. The cells were then incubated with or without
250 pg/mL of Survanta®, Curosurf® or DPPC and incubated for 2 hours before challenged
with 100ng/mL LPS for 18 hours.

The results show that each surfactant Survanta®, Curosurf® and DPPC lipid at a
concentration of 250pg/mL markedly inhibited IL-8 production from A549 epithelial cells
after 18 hours incubation with LPS from both P. aeruginosa clinical strain (Fig 6.3) and
serotype 10 (Fig 6.4), B. cepacia NCTC 10661 and B. cepacia ET-12 (Fig 6.5, 6.6).
Surfactant lipids inhibited 40-50% of IL-8 induced by LPS, and Survanta® inhibited more
than Curosurf® more than DPPC.
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Fig 6.3: Effect of pulmonary surfactants on 1L-8 induced by LPS from P. aeruginosa

Survanta® Curosurf® or DPPC for 2 hours prior stimulation with LPS (100 ng/mL) in presence
of human serum. Supematants were collected after 18 hours and assayed for IL-8 by ELISA.
Pre-treatment of AS49 cells with surfaciants significantly suppressed the IL-8 release. Resulis
are expressed as the mean + SD of three independent experiments. AP<0.01 analysed by

ANOVA and Tukey’s (*P<0.03) when comparing surfactant treatment to controis.
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Fig 6.4: Effect of pulmonary surfactants on I1L-8 induced by LPS from P. aeruginosa
serotype 10. A549 cells were grown to confluence and incubated with 256 pg/mL of
Survanta®, Curosurf® or DPPC for 2 hours prior stimulation with LPS (100 ng/mL) in presence
of human serum. Supematants were collected after 18 hours and were by ELISA. Pre-treatment
of A549 celis with surfactants significantly suppressed the IL-8 release. Results are expressed as
the mean + SD of three independent experiments. AP<0.01 analysed by ANOVA and Tukey’s

{*P<0.05) when comparing surfactant treatment to controls.
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1066. A549 cells were grown to confluence and incubated with 256 ug/mL of Survanta®
Curosurf® or DPPC for 2 hours prior stimulation with LPS {100 ng/mL) in presence of human
serum. Supernatants were collected after 18 hours and assayed by ELISA. Pre-treatment of

A549 cells with surfactants significantly suppressed the 1L-8 release. Results are expressed as
the mean + SD of three represeniative experiments. AP<0.01 analysed by ANOV A and Tukey’s

(*P<0.05) when comparing surfactant treatment tc controls.
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Fig 6.6: Effect of puimonary surfactants on IL-8 induced by LPS from B. cepacia ET-
12. AS549 cells were grown to confluence and incubated with 250 pg/mL of Survania®,
Curosurf® or DPPC for 2 hours prior stimulation with LPS (100 ng/mL) in presence of
human serum. Supematants were collected after 18 hours and assayed by ELISA. Pre-
treatment of A549 cells with surfactants significantly suppressed the IL-8 release. Results are
expressed as the mean + SD of three independent experimenis. AP<0.01 analysed by

h Y

ANOVA and Tukey’s (*P<0.05) when comparing surfactant treatment to controls.
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6.4 EFFEECT OF PULMONARY SURFACTNTS LIPIDS ON
LPS INDUCED IL-8 mRNA FROM A549 EPITHELIAL CELLS

In the previous ELISA results we showed that surfactants Survanta®, Curosurf® and
surfactant phospholipid DPPC inhibited IL-8 protein from A549 epithelial cells that were
induced by various types of LPS from different bacteria. To investigate effects of the
surfactants on the level of IL-8 mRNA transcription, the confluent A549 epithelial cells were
weaned with RPMI with L-glutamine for overnight prior to incubation with Survanta® or
DPPC at concentration of 250 ug/mL for 2 hours. The A549 cells before were washed with
sterile PBS and were challenged with different types of LPS in the presence of i% human
serum. After mRNAs were isolated, quantified, transcription was made, cDNA were

subjected to PCR using IL-8 (or GAPDH) primers.

Results of PCR analysis showed that all types of LPSs used in our study significantly
induced IL-8 mRNA (P<0.001, n=3) from A549 epithelial cells. 4 hours after stimulation
with LPS, the expression of IL-8 mRNA were increased 6-7folds when compared to the
untreated control cells. .The surfactants Survanta® and DPPC lipid significantly down
regulated this mRNA expression. These results suggest that A549 epithelial cells are
responsive, in the presence of human serum, to LPS from P. aeruginosa and LPS from B.

cepacia and that the surfactants Survanta® and DPPC modulated IL-8 mRNA induction.

In detail, the results show that pulmonary surfactant Survanta® and DPPC lipid at 250pug/mL
inhibited IL-8 gene expression induced by LPSs from both P. aeruginosa and B. cepacia in a
significant manner for P. aeruginosa clinical (Fig 6.7), P. aeruginosa serotype 10 (Fig 6.8),
B. cepacia NCTC 10661 (Fig 6.9) and B. cepacia ET-12 (Fig 6.10).
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IL-B/GAPDH

AS548 and HS and serotype and Survanta and DPPC

Fig 6.8: PCR analysis of IL-8 mRNA induced by LPS from P. aeruginosa serotype 10
with and without surfactant treatment. The monolayers were incubated with Survanta® or
DPPC (250pg/mL) for 2 hours prior to stimulation with LPS (100 ng/mL) in the presence of
1% human serum. Total RNA was isolated and RT-PCR was performed. (A): Densitometric
analysis was performed using {UVIDoc software) for all bands and the volumetric means for
each test group were divided by the mean of the control {cells without stimulation). The
expression were plotted as a ratio of IL-8 mRNA to GAPDH mRNA and the results shown as
the mean + SD of 3 independent experiment (AAP<0.001 analysed by ANOVA and *P<0.05
by Tukey’s). {B): Representative gel photo for IL-8 and GAPDH mRNA. Lane 1: A549 with

human serum, 2: A549 with bacteria, 3 & 4: As lane 2 but treated with Survanta® or DPPC
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(250ug/mL) for 2 hours prior to stimulation with LPS (100 ng/mL) in the presence of 1%

human serum. Total RNA was isolated and RT-PCR was performed. {A): Densitometric
analysis was performed using {UVIDoc software) for all bands and the volumetric means for
each test group were divided by the mean of the control {cells without stimulation). The
expression were plotted as a ratio of IL-8 mRNA to GAPDH mRNA and the results shown as
the mean + SD of 3 independent experiment (AAP<0.001 analysed by ANOVA and *P<0.05
by Tukey’s). (B): Representative gel photo for [L-8 and GAPDH mRNA. Lane 1: A549 with
human serum, 2: A549 with bacteria, 3 & 4: As lane 2 but treated with Survanta® or DPPC

respectively before stimulation.
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6.5 EFFECT OF ANTI-TLR4 ON LIPOPOLYSACCHARIDE
INDUCED IL-8 FROM A549 EPITHELIAL CELLS

Toll like receptor 4 (TLR4) is an essential element in the signal transduction of LPS. In this
study the involvement of TLR4 receptor in IL-8 induction from A549 epithelial cells by LPS
was investigated using anti-TLR4 antibody to block this receptor. A549 epithelial were
incubated with or without anti-TLR4 antibody (HTA125) and isotype control antibody IgG2a
at (20 pg/mL) for 1 hour at 37°C before adding the LPS (100ng/mL) and incubation for 18
hours in the presence of 1% human serum. The results show that pre-incubation of the A549
cells with anti-TLR4 antibody significantly reduced LPS-induced IL-8 from P. aeruginosa
and B. cepacia when compared with untreated controls (Fig 6.11 and Fig 6.12).
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Fig 6.11 Effect of anti-TLR4 on IL-8 induced by LPS from P. gerugirosa. A549
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epithelial monolayers were grown in tissue culture plates and weaned and media was
changed to RPMI with L-glutamine only. Anti-TLR-4 antibody HTA125 or isotype control
antibody IgG2a was added (20 pug/mL) and incubated for 1 hour prior to stimulation with

PS in the presence of 1% of human serum. Supernatants were collected after 18 hours
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Fig 6.12 Effect of anti-TLR4 on IL-8 induced by LPS from B. cepacia. AS549 epithelial
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2G2a was added (20 pg/mL) and incubated for 1hour prior to stimulation with LPS in the

e

presence of 1% of human serum. Supematants were collected after 18 hours and IL-8 was

measured by ELISA. Values are mean + SD, n=3. *P<0.05 vs. LPS alone (analysed by

Paired T-test).
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6.6 EFFECT OF ANTI-CD14 ON LIPOPOLYSACCHARIDE
INDUCED IL-8 FROM A549 CELLS

The involvement of soluble CD14 (present in human serum) on IL-8 inducted by different
types of LPS was investigated. The human serum was incubated with or without anti-CD14
antibody (clone: 134620) and isotype control antibody 1gG2, at (20 ng/mL) for 1 hour prior
to adding to the A549 cells in the presence 100 ng/mL of LPS. The results show that anti-
CD14 antibody significantly inhibited IL-8 production when compared with control cells
without blocking.

Blocking soluble CD14 significantly reduced the secretions of IL-8 cytokine by >45% when
induced with LPS from P. aeruginosa LPS, serotype 10, B. cepacia ET-12 and B. cepacia
NCTC 10661 respectively (Fig 6.13 and Fig 6.14). These results demonstrate the
involvement of CD14 in human serum on LPS induced IL-8 from A549 epithelial cells
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Fig 6.14: Efieci of anti-CD?14 on IL-8 induced by LPS from B. cepacia. A549 epithelal
monolayers were grown in tissue culture plates and were weaned and media was changed to
RPMI with L-glutamine only. Anti-CD14 antibody (clone: 134620) or isotype control
antibody IgG2a (20 pg/mL) was incubated with human serum for 1 hour before adding to
A549 cells in the presence of 100 ng/mL LPS. Supernatants were coilected after 18 hours and
IL-8 assayed by ELISA. Values are mean + SD, n=3. *P<0.05 vs. LPS alone {analysed by

Paired T-test).
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6.7 A549 CELL RESPONSES TO PEPTIDOGLYCAN (PGN)

Previous results demonstrated that pulmonary surfactants down-regulated IL-8 induced by
live and heat killed bacteria. Peptidoglycan is one of the cell wall components that may be
involve in IL-8 induction, and surfactants may possibly modulate their active actions. Before
evaluating the effects of the surfactants Survanta®, Curosurf® and DPPC lipid on IL-1B & IL-
8 cytokines, the dose response of peptidoglycan (PGN) on induction of IL-1p and IL-8 from
A549 epithelial cells was investigated.

6.7.1 Dose responses of PGN and IL-8 induction in absence and
presence of human Serum

A549 epithelial cells monolayers at density of (5x10° cell /mL) in 12 well tissue culture
plates were grown in complete RPMI media with antibiotic for 2 days before the cells were
weaned with RPMI medium containing L-glutamine only overnight and incubated with
different concentrations of PGN (10, 100, 250, 500, 1000 ng/mL) in the absence or in the

presence of 1% human serum.

The results demonstrated that A549 epithelial cells did not release IL-1B cytokine upon
stimulation with different concentrations of peptidoglycan (PGN) up to 1000 ng/mL in the

presence or absence of human serum (data not shown).

A549 cells show insignificant responses to low doses of PGN (10-250 ng/mL) for IL-8
induction in the absence of human serum. This amount of IL-8 was increased and became
significant with the increase of PGN concentration >500 ng/mL or more (Fig 6.15). In
presence of human serum, the A549 cells showed more response to PGN and released IL-8
cytokine to a lower dose (250ng/mL) when compared with induction without human serum

(Fig 6.15).
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Fig 6.15: Dose responses of Peptidoglycan and IL-8 induction from A549 epithelial cells.
AS549 cells were incubated in complete RPMI media with antibiotics for two days. Wells
were washed and media were changed to RPMI with L-glutamine prior stimulation with
different concentration of PGN in the presence or absence of human serum. Supematants
were collected after 18 hours and IL-8 cytokines was measured by ELISA assay. Results are

expressed as mean *+ SD of three independent experiments
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6.7.2 Effect of pulmonary surfactant lipids on peptidoglycan
induced IL-8 from AS549 epithelial cells in absence and presence

of human serum

The induction of IL-8 by peptidoglycan from A549 epithelial cells was investigated in the
absence of human serum to characterise the possible effect of pulmonary surfactant on the
early response of the epithelial cells. At the same time the effect of pulmonary surfactant and
surfactant lipid was investigated in the presence of human serum to mimic the early injury of

the lung and the leakage of serum.

The effects of different surfactants and surfactant lipid DPPC on the induction of IL-8 was
investigated by pre-incubation the A549 epithelial cells with 250 pg/mL of Survanta®,
Curosurf® and DPPC at 250pg/mL for 2 hours prior to addition of PGN (500ng/mL) in the
absence and presence of human serum. The result show that in absence (data not shown) and
presence of human serum, IL8 induced by PGN was not modulated by surfactant Survanta®,
Curosurf® or DPPC lipid (Fig 6.16 showed the effect of surfactants in presence of human
serum). Increasing the concentration of surfactant to 500pg/mL did not show any different

change on PGN induced IL-8 (Data not shown).

210



CHAPTER 6 RESULTS

800 -

700 -

600 -

IL-8 (Pg/mL)

N [ P (4]
(=] (=} (=] (=]
o o o (=]
1 - ! L

—_

o

o
1

.

A549+1%HS +PGN +Survanta +C urosorf +DPPC
(500ng/ml)

Fig 6.16: Effect of pulmonary surfactants on IL-8 induced by PGN. A549 cells were grown
to confluence and incubated with 250 ug/mL of Survanta®, Curosurf® or DPPC for 2 hours prior
stimulation with PGN (500 ng/mL) in presence of human serum. Supernatants were collected
after 18 hours and assayed by ELISA. Pre-treatment of A549 cells with surfactants did not have
any significant affect on PGN induce IL-8. Results are expressed as the mean + SD of three

independent experiments.
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6.8 A549 CELL RESPONSES TO LIPOTEICHOIC ACID (LTA)

Lipoteichoic acid (LTA) is an important virulent factor in Gram-positive bacteria. The aim of
using LTA in this study was to compare with LPS, which is the most important virulent
factor in Gram-negative bacteria, and to investigate the possible modulatory effect by
surfactants. Commercially prepared LTA from S. aureus was used and the dose response was

examined for IL-1§ and IL-8 release from A549 epithelial cells.

6.8.1 Dose responses of LTA on IL-1p AND IL-8 induction from

A549 in presence and absence of human serum

A549 epithelial cells monolayers at density of (5x10° cell /mL) in 12 wells tissue culture
plate were grown in complete RPM media with antibiotic for 2 days before the cells were
weaned with RPMI medium contains L-glutamine only for overnight and incubated
overnight with and without different concentrations of LTA (10, 100, 250, 500, 1000 ng/mL)

in absence or presence of 1% human serum.

The results show that incubation of A549 cells with different concentrations of LTA did not
induce IL-1 in the presence or absence of human serum (Data not shown). However A549
epithelial cells responded poorly to LTA and release IL-8 in absence of human serum. When
human serum was added, the cells responded and released more IL-8 in dose dependent
manner. The A549 epithelial cells secrete more IL-8 with higher doses of LTA (500ng/mL or
more) in the absence of human serum, and the dose of LTA response went down to <

300ng/mL when 1% human serum was added (Fig 6.17).
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Fig 6.17: Dose responses of LTA and IL-8 induction from A549 epithelial cells. A549
cells were incubated in complete RPMI media with antibiotics for two days. Wells were
washed and media were changed to RPMI with L-glutamine prior to stimulation with
different concentration of LTA in the presence or absence of human serum. Supernatants
were collected after 18 hours and IL-8 assayed by ELISA. Results are expressed as mean +

SD of three independent experiments.

213



CHAPTER 6 RESULTS

6.8.2 Effect of pulmonary surfactant lipids on LTA induced IL-8
from A549 epithelial cells in presence or absence of human serum

The effects of different surfactant preparations and surfactant phospholipid DPPC on the
induction of LTA induced IL-8 was investigated after adding 250 pg/mL of Survanta®,
Curosurf® or 500ug/mL of DPPC and incubated for 2 hours with A549 epithelial cells before

LTA (750ng/mL) was added in presence and absence of human serum.

The results showed that the A549 epithelial cells are more responsive to LTA in IL-8
production when human serum was included during the stimulation. The effect of surfactant
Survanta®, Curosurf® and DPPC lipid at a concentration of 250ug/mL did not significantly
effect of IL-8 production from A549 epithelial cells in presence and absence of human serum
after 18 hours incubation (Fig 6.18 showed the effect of surfactant in presence of human

serum).
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Fig 6.18: Effect of pulmonary surfactants on IL-8 induced by LTA. A549 cells were grown
to confluence and incubated with 250 ug/mL of Survanta®, Curosurf® or DPPC for 2 hours prior
stimulation with LTA (500 ng/mL) in presence of human serum. Supernatants were collected
after 18 hours and assayed by ELISA. Pre-treatment of A549 cells with surfactants did not have
any significant affect on PGN induce IL-8. Results are expressed as the mean + SD of three

independent experiments.
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6.9 SUMMARY OF RESULTS

From the work described in this chapter it can be concluded that:

A549 cells respond poorly to LPS in the absence of serum factors. In the presence of such
factors, these cells respond to <100 ng/mL LPS with production of significant amount of IL-
8 protein and mRNA. Antibody blocking experiments showed that CD14 from serum is
important in the LPS-induced IL-8 response of A549 cells and these cells produce IL-8 via
LPS activation of TLR4 in the classical LPS response.

The surfactants Survanta® Curosurf® and DPPC lipid significantly inhibited the LPS-
induced IL-8 release in A549 cells. The surfactant did not inhibit the IL-8 production in
response to PGN and LTA. These results suggest that the down-regulation of IL-8 responses
in A549 cells by the surfactant is specific to LPS.
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CHAPTER 7. RESULTS

INVESTIGATION OF THE POSSIBLE
MECHANISMS BY WHICH PULMONARY
SURFACTANT LIPIDS INHIBIT IL-8 PRODUCTION
BY A549 CELLS
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7.1 INDUCTION OF IL-8 CYTOKINE BY RECOMBINANT
IL-1p AND THE EFFECT OF PULMONARY SURFACTANTS

Our previous results showed that pulmonary surfactants Survanta® and phospholipid DPPC
inhibited IL-8 cytokine induced from A549 cells when stimulated with LPS and live bacteria.
The mechanisms of how surfactants modulate IL-8 induction were thus investigated. It is
known that IL-1p shares signal transduction pathways with LPS down stream of MyD88 and
also share common pathways down stream of TRAF6 (Martin and Wesche, 2002,Maschera
et al., 1999,Zhang and Ghosh, 2001).

Since previous results (chapter 6) suggested the effect of the surfactants were specific for
LPS-induced response in A549 cells, investigation of IL-8 produced in the response to LPS
and IL-1 would clarify where in the LPS signaling pathway the surfactant were acting. The
induction of IL-8 by rIL-1p and the effect of surfactants on this were first investigated. A549
epithelial cells were stimulated with 5 ng/mL of recombinant IL-1 (rIL-1B) and the effect of
different surfactants were investigated by pre-treatment of the epithelial cells with Survanta®,

Curosurf® or DPPC before stimulation with rIL-1 B.

The results in Figure 7.1 show that A549 epithelial cells produce high concentration of IL-8
upon stimulations with rIL-1B. When A549 epithelial cells were pre-incubated with different
surfactants for 2 hours before stimulation with rIL-1B, the IL-8 release was not significantly
modulated when compared to unstimulated control cells (Fig 7.1). This result suggests that
the surfactants are acting at a point upstream of MyD88 or TRAF6.
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Fig 7.1: Induction of IL-8 by recombinant IL-1f and effect of pulmonary surfactant
A549 cells were grown to confluence and incubated with 250 pg/mL of Survanta®
Curosurf® or DPPC for 2 hours prior stimulation with IL-1B (10ng/mL). Supernatants were
collected after 18 hours and IL-8 was assayed by ELISA. Pre-treatment of AS549 cells with
surfactants did not show any significant inhibition effect on IL-8 release. Results are

expressed as the mean + SD of three independent experiments.
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7.2 EFFECT OF SURFACTANT LIPIDS ON TLR4 RECEPTOR
IN A549 CELLS

TLR4 is the main transmembrane receptor component involved in LPS signaling. To
investigate the possible mechanism of action of pulmonary surfactant lipids on IL-8 induced
by P. aeruginosa, B. cepacia or their LPS products, the direct effect of surfactants on TLR4
was first examined using flow cytometry (see methods 2.2.18) and the TLR4 expression was
quantified by flow cytometry. The distribution of A549 cells was displayed according there
forward (FSC) and side scatter (SSC) properties before gated (Figure 7.2A) and analysed.
Typical flow cytometry profiles analysis is shown in (Fig 7.2B & C).

In the analysis of the cell surface expression of TLR4, different fluorescent pattern were
acquired and displayed and the histogram of PE (red) fluorescence in FL2 due to the bound
of the TLR receptors on AS549 cells PE-conjugated with anti-TLR4 antibody. The results
showed that pre-incubating A549 with Survanta® or DPPC has no effect on expression of
TLR4 (Fig 7.2A & B) and the results were of suggests that surfactants do not down regulate

expression of TLR4 receptors.

Previous work in our laboratory has shown that pulmonary surfactants do not inhibit binding
of LPS to cell surface receptors (Abate, 2005). Therefore, the surfactants might affect the
formation of a signaling receptors complex in the membrane. It has been shown that upon
LPS stimulation, TLR4 and other components of LPS receptors complex transfer into
membrane lipid domains known as lipid rafts (Triantafilou et al., 2002). Thus, the
involvement of lipid rafts in LPS-induced IL-8 responses in A549 cells was investigated to

determine possible mechanisms for surfactant action.
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example of typical flow cytometry analysis of expression of TLR-4 are shown. Forward side
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(250ug/mL) (C) for 2 hours (red line). Results showed that Survanta® and DPPC did not

significantly affect the expression of TLR4
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7.3 EFFECT OF METHYL B-CYCLODEXTRIN ON IL-8
INDUCED BY LPS AND LIVE BACTERIA

It has been shown that LPS signaling involves lipid raft membrane domains (Triantafillou et
al., 2000). The lipid raft disrupting agent methyl B-cyclodextrin, was used to examine the
involvement of lipid rafts in IL-8 production induced by live bacteria or LPS by pre-
incubating the A549 cells with Spg/mL of methyl B-cyclodextrin (see 2.2.10) before different
bacteria (or LPS) were added. The results show that methyl B-cyclodextrin significantly
inhibited the production of IL-8 induced by P. aeruginosa (Fig 7.4), B. cepacia (Fig 7.5) and
LPS components from P. aeruginosa clinical, P. aeruginosa serotype 10 (Fig 7.6) and from
both strains of B. cepacia NCTC 10661 and B. cepacia ET-12 clinical strain (Fig 7.7). The
inhibition was greater than 40% when were compared with stimulated cells/untreated with p-

cyclodextrin.
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Fig 7.5: Effect of methyl §-Cycledextrin on 1L-8 induced from AS549 cells by B. cepacia
NCTC 10661 and B. cepacia ET-12. Confluent A549 celis were pre-incubated with Sug/mL
of MBCD for 2 hours before stimulation with live B. cepacia in the presence of human
serum. Supernatants were collected after 18 hours and assayed for IL-8 by ELISA. Results
were expressed as the mean + SD and representative of three separate experiments. *P<0.05

vs controls (analysed by Paired T-test).
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Fig 7.6: Effect of methyl f-Cyclodextrin on IL-8 induced from A549 cells by LPS from
P. aeruginosa serotype 10 and P. aeruginosa clinical strain. Confluent A549 cells were
pre-incubated with Sug/mL of MBCD for 2 hours before stimulation with 100ng/mL of LPS
in the presence of human serum. Supematants were collected after 18 hours and were assayed

or IL-8 by ELISA. Results were expressed as the mean + SD and representative of three

separate experiments. *P<0.05 vs control (analysed by Paired T-test).
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Fig 7.7: Effect of methyl B-Cyclodextrin on IL-8 induced from AS49 cells by LPS from
B. cepacia NCTC 1066 and B. cepacia ET-12. Confluent A549 cells were pre-incubated
with Spg/mL of MBCD for 2 hours before stimulation with 100 ng/mL of LPS in the
presence of human serum. Supernatants were collected after 18 hours at 37°C with 5% CO;
before assayed for IL-8 by ELISA. Results were expressed as the mean = SD and

representative of three distinct experiments. *P<0.05 vs controls (analysed by Paired T-test).
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7.4 MECHANISM OF ACTION OF SURFACTANT LIPIDS ON
MODULATION OF IL-8

The results from chapter 5 and 6 showed that pulmonary surfactants Survanta® and DPPC
lipid inhibited the release of IL-8 cytokine from A549 cells when stimulated with LPS or live
bacteria. The involvement of lipid rafts was investigated by MBCD and suggests that
surfactant lipids might interfere with lipid raft signaling.

It has been recently shown that lipid rafts are used, as special micro-domain platform where
proteins involved in the LPS signaling will be assembled. CD14 is constitutively expressed in
the cholesterol-rich lipid raft domain whereas TLR4 is recruited to the domain upon LPS
stimulation. The mobility of TLR4 into the raft domain has been shown to be crucial for LPS
signaling (Triantafillou et al., 2002). Previous work has shown that surfactant lipids can
intercalate into the membranes of the cells and alter the phospholipid composition and
membrane fluidity (Morris et al., 2000, Tonks et al., 2003). Therefore, it is hypothesised that
surfactant lipids may disrupt membrane lipid rafts or prevent the assembly of signaling

proteins in them.

To investigate this hypothesis, the lipid raft microdomains were isolated by density gradient
ultra-centrifugation and lipid raft containing fractions were identified by dot blot using HRP-
conjugated cholera B subunit which binds to the GM1 gangliosides present in lipid rafts. The
dot blot results show the fractions containing lipid rafts (Figure 7.7A) before an equivalent
portion of each fraction were analysed by SDS-PAGE. The nitrocellulose membranes were

probed with anti-TLR4 followed with HRP-conjugated secondary antibodies.
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7.4.1 Western blot of TLR4

Fractions of lipid and non-lipid rafts were prepared from different conditions (LPS and Live
bacteria in presence and absence of Survanta® or DPPC) before were subjected to SDS-
PAGE electrophoresis (2.2.21.1). The membranes were blocked and probed (2.2.21.2-
2.2.21.3) with anti-TLR4 antibodies after the gels were electro blotted. The membranes were
developed using enhanced chimluminescence (Vangerow et al., 2001) and the protein bands

for TLR4 were identified by comparison with pre-stained molecular weight markers.

The results showed that TLR4 normally resides in the non-raft domain in A549 cells during
the resting stage (7.8B, 7.9 B) but when A549 cells were stimulated with LPS from P.
aeruginosa clinical strain, the TLR4 receptor was recruited into the raft domains (7.8 C). Pre-
incubation of A549 cells with Survanta® or DPPC significantly interfered with the
recruitment of TLR4 into the lipid raft micro domain and localized it towards the non-raft

domains (7.8D & E).

Also the results showed that TLR4 recruited into the lipid raft domain upon stimulation with
live P. aeruginosa clinical strain (7.9 C) and pre-incubation with survanta® or DPPC
interfered with the mobilisation of TLR4 and localized it towards the non-raft domains (7.9

D & E).
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7.6 SUMMARY OF RESULTS

The results in this chapter demonstrated that:
Survanta® and DPPC act on A549 cells to specifically inhibit bacteria and LPS-induced IL-8
response. Survanta® and® DPPC act at the level of lipid raft microdomains by preventing the

translocation of TLR4 into membrane lipid rafts.
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8.0 GENERAL DISCUSSION

Respiratory tract infections cause considerable morbidity and mortality worldwide and also
they are one of the commonest cause of all emergency medical admission and death in the
UK (Chung et al., 2002). Lower respiratory tract infection (LRTI) describes a range of
symptoms and signs, varying in severity from non-pneumonic LRTI in the young healthy
adult through to pneumonia or life-threatening exacerbation in a patient with severe disabling
chronic obstructive pulmonary disease (COPD) and cystic fibrosis. Approximately 1.7
million people aged between 16 and 79 years were treated for LRTI in England and Wales in
1991, representing an incidence of 46/1,000 population (Macfarlane et al., 1993). UK studies
documenting the frequency of LRTI in the adult population in general practice suggest an
overall incidence of 44-84 cases per 1,000 populations per year (Macfarlane et al., 1993,
Woodhead et al., 1987).

Bacterial lung infection may be caused by Gram-positive bacteria, such as S. pneumoniae, S
aureus, and group B streptococci, or Gram-negative bacteria such as P. aeruginosa, which
are predominant in bacterial infections in the lungs of chronic obstructive pulmonary disease
(COPD) and cystic fibrosis (CF) patients. Ultimately, 80 to 95% of patients with CF succumb
to respiratory failure brought on by chronic bacterial infection and concomitant airway
inflammation. The ubiquity of P. aeruginosa (Green, 1974) in the environment probably

underlies the high frequency of recovery of this pathogen from CF patients.

Although P. aeruginosa has remained the predominant pulmonary pathogen in CF patients,
recent years have seen the emergence of several new pathogens of clinical relevance to CF.
An epidemic of infection with Burkholderia cepacia was reported in CF patients in the
1980s, and a high mortality wés noted and since many reported that a notable number of CF

patients were colonized with B. cepacia (Gladman et al., 1992,Lewin et al., 1990).
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The association of Gram-negative bacteria with the epithelial cells in the lung is important
in the establishment of lung infection in CF patients. In addition to antibiotic resistance,
growth of bacteria and invasion of the epithelial cells in the lung may be considered key to
the predominance and mortality of P. aeruginosa and Burkholderia cepacia in CF patients. It
is established that abnormal composition of airway secretions of the CF lung is the host
factor that predisposes CF patients to chronic colonization by P. aeruginosa alterations and
could derail the functions of several host defense mechanisms. One such mechanism is the
phagocytic barrier created by macrophages and neutrophils. It has been reported by Tager et
al (Tager et al., 1998) that the neutrophils are defective in phagocytic killing in the lung of
CF patients.

The normal host defences of the airway epithelium are proficient in preventing infection of
the respiratory tract. Despite repeated exposures to a wide variety of potentially pathogenic
organisms, the lower respiratory tract usually remains sterile and the host is unaware of the
ongoing clearance mechanisms. However, when bacterial contamination of the airways
overwhelms the routine mucociliary defences and polymorphnuclear leukocytes (PMN’s) are
recruited, the resulting inflammation, whilst serving to clear the infecting organisms, also

causes the signs and symptoms of respiratory tract infection.

The alveolar epithelium plays an important role in innate immunity not only by forming an
efficient barrier against invading bacteria but also through functions that coordinate other
immunological cells such as macrophages and neutrophils. The alveolar epithelium also
secretes surfactant, which may have modulatory functions in addition to its major property of
lowering the surface tension in the lung. There is increasing recognition that pulmonary
surfactant, especially the proteins, may have an important role in innate immune responses in

the lung.

Accruing evidence suggest that pulmonary both surfactant protein and surfactant lipids play
an important role in immunoregulation of lung defense. The hydrophobic surfactant proteins

SP-B and SP-C are important in adsorbing and spreading of the surfactant film at the air
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liquid interface. Beside the two hydrophobic proteins two other surfactant proteins was
described. The surfactant proteins SP-A and SP-D (collectins) play an important role in lung
immune defense by binding to microbial carbohydrate determinants (Holmskove et al.,
1994). Both SP-A and SP-D has direct antimicrobial killing in addition to facilitating
pathogen uptake and killing by immune cells (Wu et al., 2003). In addition SP-A and SP-D
has been shown to inhibit the growth of Gram-negative bacteria directly (Wu et al., 2003).

It has been shown that pre-incubation of SP-A, with smooth LPS in the presence of CD14
has significantly reduced the binding but the association of SP-A with rough LPS is
augmented, suggesting different actions of SP-A upon distinct serotypes of LPS (Sano et al.,
1999). Thus, a direct interaction of SP-A with CD14 constitutes a likely mechanism by which
SP-A modulates LPS-elicited cellular responses. SP-A binds the peptide portion containing
the leucine-rich repeats of CD14 whereas SP-D binds the carbohydrate moiety of CD14
(Sano et al., 2000).

Both SP-A and SP-D can directly bind CD14 and deal at several levels with a wide range of
potentially pathogenic viruses, bacteria and fungi that generally involves agglutination,
enhancement of phagocytosis and killing via oxidative mechanisms, and direct bacteriostatic
and fungistatic effects (see Review by Wright, 2005). Similarly, SP-D has been shown to
bind a variety of different bacteria via their surface molecules including Gram-negative
bacteria (Pikaar et al., 1995; van Iwaarden et al., 1994), LPS expressed by O-serotypes of K.
pneumoniae (Sahly et al., 2002), purified LPS from P. aeruginosa and E. coli (Kishore et al.,
1996), and cell wall components of Gram-positive bacteria (van de Wetering et al., 2001).
SP-D was found to binds to Candida albicans and inhibits the growth in addition to the
inhibition of phagocytosis by alveolar macrophage (van Rozendal et al., 2002). Recently it
has been shown that SP-D regulated TNF-a production of the alveolar macrophage in
response to GBS, H. influenza and LPS by reducing the expression of the surface CD14
(Senft et al., 2005). Very recent report showed that SP-D can inhibit non-capsulated XK.
pneumoniae induced IL-6 production from human monocyte-derived macrophage (Kostina et

al., 2005).
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The effect of SP-D on regulation of anti-inflammatory cytokine has been reported by
culturing alveolar macrophages, together with SP-D and allergen, resulted in increased
production of IL-10, IL-12, and IFN-o, suggesting a link between macrophages and SP-D
mediated suppression of airway inflammation (Takeda et al., 2003). SP-A and SP-D has also
been shown to act as an opsonin for respiratory syncytial virus (RSV), binding to the surface
of the virion, inhibiting infectivity and enhancing its uptake by peripheral blood mononuclear
cells (PBMCs) and alveolar macrophage (Ghildyal et al., 1999, Hickling et al., 1999). In
murine model a significant inhibition of nitric oxide and TNF-a induced by 4. fumigatus has
been reported when alveolar macrophages, derived from mice, are preincubated with SP-D
(Liu et al., 2005).

The interaction of pulmonary surfactant proteins with bacteria has different effects depending
on the bacteria and the surfactant protein involved. It can cause agglutination of bacteria,
hindering their entry into host cells and dissemination. It may lead to the killing through
permeabilization of their cell walls, increasing the respiratory burst by macrophages and
neutrophils, and enhancing their opsonization by phagocytic cells. SP-A binds to
Staphylococcus aureus (Geertsma et al., 1994), P. aeruginosa, E. coli J5 (containing O-
antigen deficient rough LPS), but not E. coli O 111 (with O-antigen containing smooth LPS)
(van Iwaarden et al., 1994), Mycobacterium tuberculosis (Gaynor et al., 1995; Pasula et al.,
1997), S. pneumonia, Group A and Group B Streptococci, H. influenzae via its outer
membrane protein (McNeely and Coonrod, 1994), encapsulated K. pneumoniae (Kabha et al.,
1997), and the bacterial preparation Bacillus Calmette Guerin (BCG) (Weikert et al., 1997),

cause different levels of aggregation and phagocytosis by macrophages.

Others, however, have shown some degree of SP-A binding to S. aureus and H. influenzae
type b without causing aggregation or phagocytosis (McNeely and Coonrod, 1994). SP-A
enhances the attachment of M. tuberculosis to alveolar macrophages (Pasula et al., 1997),
which may increase its chances of gaining access to alveolar macrophage (Gaynor et al.,
1995), whereas SP-D binds to the lipoarabinomannan moiety on the surface of M.

tuberculosis bacilli and reduces the uptake of bacteria by alveolar macrophages (Ferguson et
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al., 1999; Ferguson et al., 2002).

Furthermore, SP-A binds to Mycoplasma pulmonis and enhances its phagocytosis and killing
by IFN-y- activated murine alveolar macrophages via generation of peroxynitrite (Hickman-
Davis et al., 1999). SP-A alone has been shown to enhance the binding to E. coli LPS to the
alveolar macrophage by 2-3 fold (Stamme et al., 1999) and to mediate alveolar macrophage
generation of peroxynitrite that is necessary for the killing of bacterial pathogen (Hickman-
Davis et al., 1999). In addition SP-A also has been shown to regulate the pro-inflammatory
cytokine release in pulmonary macrophages (Aﬁas-Diaz et al., 2000). SP-A-mediated uptake
of RSV significantly enhances TNF-a production by PBMC and has been shown to reverse
the RSV-induced suppression of INF-y production by U937 macrophages (Barr et al., 2000).

The role of surfactant lipids as integral components of the innate immune system of the lung
is relatively little known, but there is growing body evidence that surfactant lipids modulate
the innate immunity in the lung. The phospholipid component of surfactant inhibits the
production of reactive oxygen species (ROS) in human alveolar macrophage (Hayakawa et
al., 1989). The results also show that DPPC phospholipid modulates the production of
reactive oxygen intermediate in human monocytes (Tonks et al., 2001), and inhibited

neutrophils respiratory burst oxidase response (Suwabe et al., 1998).

It has been shown that phospholipids in surfactant preparation Survanta® inhibit phagocytosis
and the association of GBS to rat alveolar macrophage (Golioto and Wright, 2002). It has
been reported that DPPC has an inhibitory action on GBS induced injury to A549 cells (Nizet
et al., 1996), and to inhibit the ability of GBS to invade A549 cells and to stimulate the
production of IL-8 (Doran et al., 2002).

Survanta®, Curosurf® and individual lipid component such as DPPC have also been shown to
modulate the production of inflammatory cytokines and mediators (Morris et al., 2000;
Thomassen et al.,, 1992; Thomassen et al, 1994, Walti et al., 1997). Unsaturated

phosphatidylcholine have been shown involvement on modulation of the adaptive immune
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response (Wilsher et al.,, 1988). Recently it has been shown that unsaturated
phosphatidylcholine PLPC and POPC modulated the induction of IL-8 from A549 epithelial
cells (Abate, 2005).

Bacteria that elude these innate defences in the upper respiratory tract may get accesses to
the lower respiratory tract and stimulate a brisk inflammatory response. One important factor
in the innate immune response in the lung not extensively studied is the role and involvement
of pulmonary surfactant, especially the lipid components, on the innate immune response to
bacteria in the lung. In addition surfactant lipids may directly influence growth and invasion
and may play a role in the elimination of bacteria infection. Such direct effects of pulmonary

surfactant need to be determined.

In the alveoli of the lung, pulmonary surfactant forms the initial contact between bacteria or
bvacterial products and the lung epithelial cells. Under normal conditions, the epithelial cells
in the lung must be alert and remain tolerant even to a small amount of bacteria and bacterial
products such as LPS. The link between pulmonary surfactant and Gram-negative bacteria
and alveolar epithelial cells is considered a key to the investigation of the role the immune

response in the lung.

This study, therefore sought to clarify the direct effect of pulmonary surfactants on bacterial
survival and growth and on the internalisation of the bacterial by lung epithelial cells. The
Gram-negative pathogens P. aeruginosa and B. cepacia were chosen for their role in
infection in chronic airway diseases generally and cystic fibrosis in particular. A further aim
of the study was to investigate the potential immunoregulatory role of pulmonary surfactants
on the inflammatory responses of lung epithelial cells. The regulation of the important

chemokine, IL-8 production from an alveolar type II cells line was studied in this regard.
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In the present study the response of alveolar epithelial cells to selected Gram-negative
bacteria and their products for IL-8 production, and its possible regulation by pulmonary
surfactant was investigated. For this, human A549 epithelial cell line was adopted and used.
This cell line, originally isolated from a human in 1976 by Lieber and colleagues, is an
adenocarcinoma cell line and has been used by many investigators as a model to study
bacterial internalisation and inflammatory responses inducing release of proinflammatory
cytokines such IL-6, IL-8, TNF-a. and GM-SCF (Chang et al., 2004,Fink et al., 2003, Reddi
et al., 2003, Rosseau et al., 2005).

In summary, results from the present study demonstrate that pulmonary surfactants and
phospholipids DPPC inhibits the growth of P. aeruginosa and B. cepacia in the presence of
human serum. The inhibitory concentration of surfactants was within the physiological
concentration in the lung (Hayakawa et al. 1992;Speer et al. 1991;Thomassen et al. 1992).

These bacteria were internalised by the A549 in a cytoskeleton-dependent mechanism.

B. cepacia and P. aeruginosa internalisation were increased when bacteria was treated with
Curosurf® or DPPC before adding to the A549 cells. Whereas Survanta® increases the
internalisation of both strains of B. cepacia, it decreased the internalisation of P. aeruginosa
NCTC and clinical strain. These differences effect of Survanta® on P. aeruginosa and B.
cepacia internalisation to the A549 epithelial cells can not be explained at this level and need

to be investigated further.

Clinical and environmental strains of bacteria have often express different virulence factors,
and may be expressed in vivo in response to hostile environment of the human body (Mims et
al 1998). However, it is not known if pulmonary surfactant can regulate innate immune
responses differently to clinical or environmental strains, of the same organism. By using
bacteria isolated from patients and using factors such as LPS from these strains, the current
project has compared the differences between clinical and environmental strains and the

effect of pulmonary surfactant on them.
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This study shows that Survanta®, Curosurf® and DPPC at concentration of 250pg/mL can
modulate both IL-8 protein and IL-8 mRNA induced by both clinical and environmental
strains of P. aeruginosa and B. cepacia. Isolated LPS from these strains also shown to induce

IL-8 and these inductions was down modulated with pulmonary surfactant Survanta®,
Curosurf® and DPPC phospholipid.

The mechanism of down regulation of IL-8 by pulmonary surfactant and phospholipid DPPC
was investigated in contrast to live bacteria and LPS, when A549 epithelial cells were
incubated with recombinant IL-1p, it induced IL-8 but this induction was not modulated by
surfactants. Since the signaling pathways to these agents only differ at the level of the
membrane receptors, the results imply that surfactants can modulate responses specifically to
LPS.

Further experiments, revealed that the surfactant used in this study inhibited the translocation
of the essential LPS receptor, TLR4 into membrane microdomains (lipid rafts). This could be
a mechanism for the immune regulatory properties of pulmonary surfactant lipids for
response to Gram-negative pathogens. The results of this study have added additional

evidence for the role of surfactant lipids in modulating innate immunity in lung.
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8.1 THE ROLE OF PULMONARY SURFACTANT ON THE
GROWTH OF GRAM-NEGATIVE BACTERIA

The defence system of the respiratory tract is complex and consists of various well-described
cell components that share this defence. The epithelial cells in the lung are covered with
pulmonary surfactant and the bacteria that reach the lower respiratory tract first come in
contact with surfactant that covers the epithelial cells. Several lines of evidence suggest that
surfactant may have a direct effect on inhaled bacteria and can interact with and support the
immune defences in the lung. Since the observation that surfactant deficiency in lung is
responsible for respiratory distress syndrome (RDS), exogenous surfactant therapy has
become an established treatment of RDS. Also surfactant dysfunction has been described in
other pulmonary diseases like asthma (Kurashima et al., 1997), COPD (Hohlfeld et al.,
1997), pneumonia (Schmidt et al., 2001) and cystic fibrosis (Griese et al., 1997).

Surfactant inactivation probably plays a key role in the pathophysiology of RDS and
pneumonia (Somerson et al., 1971). It has been speculated that surfactant given under such
circumstances of infection might serve as a nutrient for bacteria and thereby promote the
microbial growth (Sherman et al., 1994). Only few reports with divergent results, have been |
published concerning the direct influence of surfactants on bacterial growth (Laforce and
Boose, 1981,Jonsson et al., 1986). Another two studies have analysed bacterial growth in the
presence of surfactant preparations currently used for replacement therapy. Sherman et al
(Sherman et al 1994) reported that complete natural surfactant derived from human or sheep
promoted the growth of GBS, whereas Exosurf®, a synthetic surfactant, was bactericidal.
Intermediate effects were observed with surfactants of modified natural surfactants derived
from bovine, porcine, or calf origin. It has been reported that modified bovine surfactant,

Survanta®, significantly promoted the growth of E. coli (Neumeister et al., 1996).

However, these observations were either limited to one bacterial strain and/or one
phospholipid concentration. Jonsson et al reported (Jonsson et al., 1986) that supplementation

of PBS with purified alveolar lining material exerted slight protection effect to Streptococcus
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pneumoniae and non-typable Haemophilus influenza.

Ovine surfactant was shown to induce killing of Pasteurella haemolytica, E. coli and
Klebsiella pneumonia in presence of serum but not P. aeruginosa and Serratia marcescens
(Brogden, 1992). A recent report (Rauprich et al., 2000) showed that Curosurf® inhibited the
survival of GBS and killed S. aureus in saline, but in contrast E. coli was not affected. In

nutrient media, this inhibitory effect of Curosurf® was abolished.

The contradictory results of these reports on the influence of surfactant on bacteria could be
due to the different strains of bacteria used and the media used in these studies. In addition
most of these studies used only one concentration of surfactant and this makes the results

hard to compare.

In the current study, these factors were overcome by using saline as a nutrient-free media,
TSB as nutrient rich media, and saline supplemented with either different concentrations of
human serum or different concentration of TSB. Moreover, we used DPPC, a major
surfactant phospholipid, and two different preparations of surfactant, Survanta® and

Curosurf® which are composed mainly of phospholipids and DPPC.

The results from the present study demonstrate that growth of the Gram-negative bacteria P.
aeruginosa and B. cepacia is not inhibited in nutrient-rich media when supplemented with
Survanta®, Curosurf® or DPPC. From this result, we speculate that the inhibitory effect of
surfactants on bacteria when incubated in nutrient-rich media may overcome and abolish any
possible inhibitory effect of surfactant lipids especially if these inhibitory effects are small
compared with the growth promoting effect of TSB.

Therefore, the effect of surfactants in nutrient-free media was investigated to minimise the
bacterial growth promotion of TSB media. In this in vitro assay when bacteria were
incubated in sterile saline as a nutrient free media, the growth of bacteria was decreased

especially after 24 hour incubation but when Survanta® was added the growth of P.
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aeruginosa and B. cepacia were significantly protected from death when was compared to
the control without surfactant, whereas Curosurf® and DPPC did not show any effect. This
result lead to the speculation that when Survanta® was added to saline, the bacteria might use

some of the components in Survanta® as a source of nutrient that protected these bacteria

from decline.

Under normal physiological circumstances the alveolar lining fluid may be considered to be
relatively poor in nutrient content. However, in the course of infection as in pneumonia and
inflammation, serum components, including albumin and glucose, may leak into the
bronchoalveolar space and increase the amounts of nutrients available to the bacteria. This
amount of nutrient leaked in the lung may be critical for both surfactant inhibition and
bacterial growth promoting. Mimicking this situation of serum leakage during inflammation

may help to shed light on the role of possible inhibitory effects of surfactant.

In this current study we sought to mimic this situation in the lung where injury and leakage
occurs by investigating the effect of surfactant on bacterial growth in presence of human
serum. In this study we demonstrate that incubating bacteria with Survanta®, Curosurf® or
DPPC inhibited the growth of bacteria. This inhibition appeared after a relatively short time
of 6 hours incubation and significantly increased with further incubation. Also this study
demonstrated that this inhibition of surfactant was not limited to P. aeruginosa but was also
seen with B. cepacia. When clinical strains from both species were examined, the inhibition

of surfactants and DPPC lipid was also observed.

This study demonstrates that this inhibition of bacteria by surfactant was limited in a range of
percentage of human serum. The inhibitory effect of surfactant in the presence of human
serum started to be seen at 5% and reached a maximum effect at 10% before starting to
decline and was abolished at 50%. It can be concluded from this study that surfactant
preparations Survanta®, Curosurf® and the associated phospholipid DPPC exert transient
inhibitory effect that was not due to the presence of components in human serum since the

inhibitory was also shown in 10% of TSB in saline.
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In the normal healthy lung therefore, surfactant may play a role by inhibiting bacterial
growth but is not bactericidal. This might be beneficial and helpful during surfactant

replacement therapy to support the eradication of bacteria and with lung immunity.

8.2 THE ROLE OF PULMONARY SURFACTANT ON
BACTERIAL INTERNALISATION BY A549 EPITHELIAL
CELLS

Bacteria may gain access to the alveoli and come into contact with the alveolar epithelial
cells by attachment and interaction with epithelial cells in the lung. The interaction of the
Gram-negative bacteria to the epithelial cells may leads to the internalisation process.
Interaction of Gram-negative bacteria with A549 cells has been reported and it was show that

the pili or pili components were utilized for the attachment (Chi et al., 1991).

Many studies have investigated the internalisation of bacteria by epithelial cells in the lung.
These reports show that different strains of B. cepacia could invade and replicate inside
A549 epithelial cells (Burns et al., 1996), also different strains of B. cepacia have different
rates of invasion to the epithelial cells (Burns et al., 1996,Kespichayawattana et al.,
2004,Burns et al., 1996,Keig et al., 2002). Internalisation of P. aeruginosa to the lung by
A549 epithelial cells also was reported but with evidence of poor bacterial survival (Chi et

al., 1991).

Only few reports have shown that surfactant protein D (SP-D) enhanced the internalisation of
bacteria by rat alveolar macrophages (Ofek et al., 2001) and inhibited the internalisation of
P.aeruginosa by cornea epithelial cells (Ni et al., 2005). SP-A was shown to inhibit
phagocytosis (Ferguson et al., 1999,Pikaar et al., 1995) and recently was reported that SP-A
also decrease the binding of Bordetella to Cilia (Edwards et al., 2005) and augment the
phagocytosis of S. pneumoniae by alveolar macrophages (Kuronuma et al., 2004. However,
there have been no reports specifically on the role of surfactant lipids on bacterial
internalisation by A549 epithelial cells. The role of surfactant and its associated lipids on
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internalisation of bacteria to lung immune and epithelial cells is an important aspect not
investigated by researchers. This study aimed to investigate the internalisation of bacteria by

A549 epithelial cells and the effect of surfactant on this internalisation.

In this study before investigating the effect of surfactant lipids in on bacterial internalisation
by A549 epithelial cells, we had to investigate the invasion of B. cepacia and P. aeruginosa
to the A549 epithelial cells of the lung. The internalisation was investigated using the
antibiotic protection assay and fluorescent microscopy. The uptake of bacteria by A549 was
confirmed by electron microscopy and in this study it was demonstrated that B. cepacia

could replicate inside the A549 epithelial cells when incubated for 24 hours.

This study demonstrated that both B. cepacia and P. aeruginosa could be internalised by the
A549 epithelial cells. Fluorescent microscopy results showed clearly uptake of bacteria by
A549 cells. When bacteria were incubated with the different surfactants, the uptake of
bacteria by the A549 epithelial cells was significantly changed. In P. aeruginosa the
internalisation was decreased by Survanta® and significantly increased by Curosurf® and
DPPC, whereas in B. cepacia the internalisation was increased by all surfactants. The
internalisation of bacteria by the A549 cells was also demonstrated and confirmed using an |

antibiotic protection assay.

The uptake of bacteria by A549 was confirmed by electron microscopy and this study shows
that B. cepacia ET-12 strain could replicate inside the A549 epithelial cells when incubated
for 24 hours. The different result on the effect of Survanta® on the internalisation of P.
aeruginosa and B. cepacia to A549 epithelial cells may be due to any differences in the

binding of these bacteria with Survanta® and needs further investigation.

Many microbial pathogens that invade non-professional phagocytic cells with rigid
cytoskeletons could manipulate the cytoskeletal proteins to promote internalisation,
intracellular motility and survival (Goldberg and Sansonetti, 1993). In the present study, the
functional participation of the cytoskeleton in the internalisation of these bacteria was

demonstrated by the use of cytochalasin D. Bacterial entry was prevented by cytochalasin D
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indicating that the internalisation process requires actin microfilament function. Cytochalasin
D, an inhibitor of actin polymerisation, showed significant reduction in the invasion for both
strains of bacteria used and this indicates the functional participation of the microfilament in
the internalisation of B. cepacia and P. aeruginosa by the A549 epithelial cells. These
findings are consistent with the eukaryotic cytoskeletal inhibition effects seen with other
organisms (Finlay and Falkow, 1988).

This study is the first report on the effect of surfactant on the internalisation of bacteria by
AS549 epithelial cells. Indeed, the increase of the uptake of bacteria by the A549 cells by
surfactant may serve to help in the elimination of bacteria by entrapping bacteria and

providing a mechanism for removal from the lung.
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8.3 BACTERIA AND BACTERIAL COMPONENTS INDUCED
IL-8 RESPONSES FROM LUNG EPITHELIAL CELLS

It is known that alveolar epithelial cells in the lung are capable of secreting chemoattractants

and proinflammatory cytokines, which are important mediators in both lung defence and
inflammation (Levine, 1995). In the presence of bacterial infection, the epithelial cells may
act as an early warning system for local immune and inflammatory cells. Previous studies
have demonstrated constant responses of A549 cells to bacteria as measured by the ability of
these cells to release cytokines as a response to bacteria especially Gram-negative bacteria
(Palfreyman et al.,, 1997, Fink et al., 2003, Utaisincharoen et al., 2004). One of these
cytokines concerned in the present study is IL-8, which play role in recruiting neutrophils to

site of infection in the lung.

Many investigators have reported that A549 epithelial cells are a source of IL-8 induced by
bacterial lung pathogens such as S. pneumoniae (Madsen et al., 1999), S. agalactiae (Doran
et al., 2002) and Leigionella pneumophila (Chang et al., 2004). Many studies have been
published about the release of IL-8 from A549 epithelial cells induced by Gram-negative
bacteria such as B. cepacia (Palfreyman et al., 1997,Fink et al., 2003) and other Burkholderia
such as Burkholderia pseudomallei (Utaisincharoen et al., 2004).

There are no published reports about the release of IL-8 from A549 cells by P. aeruginosa
but there are few reports on other human bronchial epithelial cells such as (HBE4-E6)
(Massengale et al., 1999) and from 16HBE cells, human bronchial epithelial cells (Reiniger
et al., 2005), human tracheal epithelial, and SV40-transformed human airway cell line (Kube
et al., 2001).

Internalisation of bacteria by the A549 cells was discussed earlier and many investigators
have reported that cytochalasin D inhibited the internalisation of bacteria in other cells, so the

current results are in agreement with these reports by (Finlay and Falkow, 1988). The relation
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between bacterial internalisation by A549 cells and IL-8 cytokine release have been reported
by many investigators by using inhibitor such as cytochalasin D, an inhibitor of actin
polymerization needed for internalisation of bacteria. Utaisincharoen et al (2004) reported
that cytochalasin D did not interfere with IL-8 production from A549 epithelial cells induced
by Burkholderia pseudomallei indicating that bacterial uptake is not required for the
production of this chemokine. It is also reported that cytochalasin D, an inhibitor is needed
for internalisation of bacteria, and it did not have any effect on the IL-8 released by A549
cells stimulated by Legionella pneumophila whereas IL-6 and TNF-o. were affected (Chang
et al., 2004).

In this study, it was demonstrated that live bacteria (P. aeruginosa and B. cepacia) both
NCTC and clinical strains, could invade the epithelial A549 epithelial cells and induce IL-8
production. This invasion was inhibited significantly by cytochalasin D, but with no affect on
the amount of IL-8 production. These results also revealed that the internalisation of both
NCTC and clinical strains of P. aeruginosa and B. cepacia were independent of the IL-8
release. This is in agreement with results by Chang et al., (2004) and Utaisincharoen et al.,
(2004).

Other cytokines released from A549 epithelial cells upon stimulation with bacteria have been
also reported. Chang et al (2004) have reported that Legionella pneumophila could stimulate
A549 epithelial cells to release IL-6, IL-8 and TNF-a. Recently It has been reported that
Moraxella catarrhalis provoke monocyte-specific chemotactic (MCP-1) activity and noted
different induction of inflammatory cytokines of IL-8, IL-6, and GM-CSF from A549 cells
(Rosseau et al., 2005).

Also very recently it has been reported that A549 cells grown in 3 dimensional (3-D)

aggregates responded to P. aeruginosa challenge by increasing the production of the

cytokines IL-12, TNF-q, IL-10, and IL-6 (Carterson et al., 2005).
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Previously we discussed the release of different cytokines upon stimulation with live
bacteria. Incubation of A549 epithelial cells with bacteria induced IL-8 so this IL-8 induction
was due to some of bacterial components. Bacterial cell components such LPS, PGN,
flagella, pilli participate in this induction. In addition to that secreted components might be
released by bacteria and may share the induction of IL-8 from A549 cells, an example of

these components is the exotoxin from P. aeruginosa and type III secretion from B. cepacia.

On of these components, LPS, which is part of the cell wall of the bacteria, is one of the most
potent virulent factors in Gram-negative bacteria. Several investigators (Koyama et al.,
2000,Reddi et al., 2003) have reported that LPS induced IL-8 from A549 epithelial cells,
whereas (Standiford et al 1990) have reported that LPS did not stimulate the release of IL-8
from A549 cells. These conflicting results may be due the passage of A549 cells or may be

due to other condition such as the situation how these cells were stimulated.

Peptidoglycan (PGN) is one of the components of the cell wall. Virtually all bacteria contain
a layer of PGN, but the amount, location, and specific composition vary. For example, PGN
is found as a thick exposed layer comprising the bacterial cell wall of Gram-positive
bacteria in association with LTA, whereas in Gram-negative bacteria it is present as thin
layer overlaid by a thick layer of LPS. In Gram-positive and Gram-negative bacteria, PGN as
well as LTA and LPS are released spontaneously into the culture medium during the growth
of bacteria (Pollack et al., 1992,Soto et al., 1996).

Previous studies demonstrated that Peptidoglycan stimulated the release of IL-8 from vaginal
cell line epithelial cells (Pivarcsi et al., 2005, Kumar et al., 2004). Also it has demonstrated by
(Shimizu et al., 2004) that human uroepithelial cell lines release IL-8 cytokine and the
requirement of sCD14 upon stimulation with PGN. It has been reported that human corneal
epithelial cells fail to secrete IL-6 and IL-8 stimulated with PGN (Ueta et al., 2004). Recently
it has demonstrated that A549 lung and bronchial epithelial cell line showed BEAS-2B
showed response by expressing IL-6, IL-8 mRNA and TLR2 upon the stimulation with PGN
(Homma et al., 2004)
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Flagella a major virulent component in Gram-negative bacteria and during normal growth
and infection, many bacteria secrete flagellin, the structural component of the bacterial
flagellum (Macnab, 1999). In epithelial cells, flagellin from different bacterial species elicits
a strong inflammatory induction including IL-6, IL-8 secretion and inducible NO synthase

activity (DiMango et al., 1995,Gewirtz et al., 2001).

Recent investigations have indicated that flagellin, the principal component of bacterial
flagella (Samatey et al., 2001), can induce the expression of proinflammatory cytokine by
intestinal epithelial cells (Eaves-Pyles et al., 2001,Steiner et al., 2000) in vitro. It has been
reported that flagellin is a unique ligand of TLRS5 (Hayashi et al., 2001). Recent report by
Liaudet and his colleagues showed that very small concentrations of flagellin are potent and
induced IL-8 cytokine (Liaudet et al., 2003) from AS549 epithelial cells and increase the
expression of ICAM-1. Recently it has been demonstrated that Flagellin from P. aeruginosa
induced IL-8 cytokine from lung epithelial cells CALU-3 and A549 cells (Cobb et al., 2004).

Other example of bacterial components may contribute in the inflammatory induction in the
lung. These specific components are released in the culture media during the growth of
bacteria. Supernatant from Gram-negative bacteria have different components that stimulate .
the epithelial cells to secrete different proinflammatory cytokines. Like many other Gram-
negative bacteria, Burkholderia cepacia naturally releases these components during normal

growth.

Studies have demonstrated the ability of B. cepacia exoproducts, including LPS, to elicit
cytokines released from lung epithelial cells (Palfreyman et al., 1997). The release of
phospholipase C was reported by (Weingart and Hooke, 1999). It was demonstrated that
supernatant from B. cepacia induced IL-8 from AS549 epithelial cells (Palfreyman et al.,
1997). Also it has reported that B. cepacia cell-free culture supernatants induce the release of
IL-6 and IL-8, but not IL-1p or GM-CSF, from A549 epithelial cells (Fink, Steer et al.,

2003). P. aeruginosa also secretes different components during their normal growth.
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Previous studies investigated and identify of the P. aeruginosa secretory factor with the
properties of Pyocyanin has increased IL-8 release by A549 epithelial cells (Denning et al.,
1998). Small molecular weight secretory factors was reported to induce IL-8 from A549
epithelial cells (Leidal et al., 2001). In P. aeruginosa infections, exoenzyme S (ExoS) and
type III secreted toxins (ExoT, ExoU, and ExoY) are responsible for causing acute lung
injury and sepsis (Finck-Barbancon et al., 1997,Roy-Burman et al., 2001). These secretory
products such as type III proteins ExoS, ExoU and ExoY from P. aeruginosa were not

investigated for cytokine stimulation.

In this study we demonstrated that both intact components from heat killed bacteria and
secreted from conditioned media from P. aeruginosa and B. cepacia participated in IL-8
induction from A549 epithelial cells. We know that heat killed bacteria have the intact
components such as LPS and PGN in addition to flagella and any cell contents like DNA,
whereas IL-8 induction by conditioned media from bacteria is supposed to be due to any
components might secreted by the bacteria such as Pyocyanin and secreted proteins in

addition to LPS, PGN and other secretory products discussed earlier.
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8.4 LPS INDUCED IL-8 RESPONSE FROM LUNG
EPITHELIAL CELLS

In our previous discussion we demonstrated that live bacteria, heat killed and conditioned
media from P. aeruginosa and B. cepacia induced IL-8 from A549 lung epithelial cells. This
study also charaterised that the IL-8 released was partially due to the LPS involvement in the
induction by live bacteria and heated killed bacteria (HK). This conclusion is based on the
presence of LPS determined by LAL assay and on the inhibition by Polymyxin B for IL-8
release in presence of human serum. Also neutralising TLR4 and CD14 receptors showed
significant reduction of IL-8 induced by live bacteria and this suggest the involvement of
LPS in induction of IL-8 by bacteria. To validate and characterise this concluded results, LPS
isolation was made from different strains of P. aeruginosa and B. cepacia and the responses

of the A549 epithelial cells to these LPS were investigated.

Previous studies on A549 response to LPS induction of IL-8 cytokine have demonstrated
variable results. Some of these investigations were comparable and others were differential
with contradictory results. Some studies have been shown that lung epithelial A549 cells do
not respond to LPS (Standiford et al., 1990, Palfreyman, Watson et al, 1997, Fink, Steer et
al., 2003), while others have described IL-8 release from A549 cells following stimulation |
with P. aeruginosa LPS (Koyama et al., 2000), and B. cepacia (Reddi et al., 2003). Recent
report demonstrated that A549 release IL-8 protein when stimulation with LPS (Sachse et al.,
2005).

Two important points must be discussed here; one is the concentration of LPS that has been
used to stimulate the lung epithelial cells and the second point is the condition used in
stimulation. The concentration of LPS is critical and important and either should reflect the
number of bacteria during lung infection or reflect the amount of LPS in the lung of patients
with lower respiratory diseases. The concentration of LPS in the lung of patients with
bacterial lung infection is not reported but the LPS concentration in bronchoalveolar lavage
(BAL) samples from patients with acute respiratory distress syndrom (ARDS) have been
reported to have 0.001-1.6 ng/mL by (Martin et al., 1994).
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The stimulation is also critical, some investigators stimulated the A549 cells with LPS in
absence of human serum or in incomplete media and demonstrated no IL-8 release from
A549 epithelial cells (Standiford et al., 1990). Other investigator used human serum in their
investigation but with different responses (Reddi et al., 2003) and reported responses of
release of IL-8 from A549 cells in presence of human serum whereas Standiford et al., 1990

and others reported no IL-8 release even in the presence of human serum.

The concentration of LPS based on the number of bacteria also should be taken into
consideration in these studies. In studies where IL-8 release was reported, high concentration
of LPS was used (100 pg/mL) (Koyama et al., 2000). High concentration of LPS used in the
stimulation A549 cells is not relevant to the concentration of LPS in the lung and might put
the viability of theses cells not only under doubt but also under extra potential stress. In
addition that commercially available LPS preparations are frequently contaminated with
lipoproteins and lipopeptide (Hirschfeld et al., 2000) and this might induce inflammatory
responses through a pathway other than the TLR4, like TLR2 (Abreu et al., 2001,Hirschfeld
et al., 2000).

Using Polymyxin B as an inhibitor of LPS stimulatory response is beneficial and many
studies demonstrated that Polymyxin B inhibits LPS induced cytokine. (Uehara et al., 2002)
has demonstrated that Polymyxin B did not affect the activity of LTA, PGN on cytokine
induction from human epithelial cells, whereas the activity of LPS was completely inhibited.
Another study demonstrated that IL-8 induced from A549 epithelial cells by LPS from
different strains of B. cepacia was completely abolished by coincubation with Polymyxin B
(Palfreyman et al., 1997). The activity of P. aeruginosa LPS on cytokines induction from
AS49 cells also was inhibited by PMB (Koyama et al., 1999). LAL assay is also used to

determine the LPS bioactivity but does not show the contamination content of LPS.

In this study we investigated the responses of the A549 cells to different concentrations of

LPS in different conditions in presence and absence of human serum. The concentration used
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in our study for the time course is quite moderate and did not exceed 1pg/mL trying to lower
any possible responses by contaminants and to keep the epithelial cells far from any possible
extra potential and sudden chock might happened when very high concentration of LPS are
used. Another reason high dose of LPS or infection in the lung does not happened suddenly
but with gradual exposure to LPS or bacteria. Using different condition of stimulation is to
mimic the reality in the lung in the early or the beginning of inflammation before the leakage

of serum and also at the stage after leakage of serum in the lung.

The present study demonstrated that AS49 epithelial cells responded and released IL-8
cytokine only to high concentration of LPS in the absence of human serum. So in the absence
of human serum or in the early stage of infection, the A549 lung epithelial cells respond
poorly to LPS. At the same time, it has been put in account that during bacterial lung
infection not only LPS but other components PGN and any another components such
flagellin and excreted components participate in the inflammation. The AS549 epithelial cells
response to bacterial infection should be judged to all components in order to have a full and
complete view about A549 epithelial cells response especially in early infection where

human serum is not present.

When human serum was added, the A549 cells became more responsive to LPS and released
IL-8 cytokine to lesser concentration of LPS. The A549 epithelial cells responded to all
isolated LPS from NCTC and clinical strain of P. aeruginosa and B. cepacia and commercial
LPS from P. aeruginosa serotype 10 but with differences in the amount of IL-8 released.
LPS isolated from P. aeruginosa clinical strain was the more potent than the commercially
serotype 10 from P. aeruginosa, whereas LPS from B. cepacia ET-12 clinical strain is less
potent than LPS from B. cepacia NCTC 10661 strain. To examine whether the endotoxin
activity of commercial LPS preparation from P. aeruginosa is similar to isolated LPS in our
lab, the activities were assessed using LAL assay. Polymyxin B showed inhibited the
bioactivity of LPS from clinical and NCTC strains, so combining LAL assay and PMB
neutralising of LPS activity reveal that these LPS has endotoxin bioactivity.
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Understanding the hyporesponsiveness of the A549 epithelial cells to LPS in the absence of
human serum was a good question to be answered and a task to be solved in this issue. The
A3549 cells hyporesponsive to LPS might be because of the functional deficiency of one or
more necessary elements in the signaling pathway including the TLR activation. Adding
human serum abolished the hyporesponsivity of A549 cells and the cells become responsive
to the LPS. This hyporesponsive give special characteristic to A549 cells to be selective in

responses to LPS.

To investigate the pathway, the A549 cells were stimulated with IL-1B which is known to
share the common pathway with LPS downstream in the LPS receptor complex (Martin and
Wesche, 2002,Zhang and Ghosh, 2001). In this study when A549 cells were stimulated with
rIL-1B, the cells released high level of IL-8 cytokine.

These results concluded that A549 cells responsive to rIL-1p in the absence of human serum
are present in the intact A549 cell, whereas in LPS signaling pathway seems to be not sharing
this specific part in the signaling pathway. The hyporesponsiveness of A549 cells to LPS
probably occurs of the deficiency of necessary component/s of the LPS receptor complex in

the upstream of MyD88 adaptor protein.

Several studies have demonstrated that a lack of or the low expression of LPS receptor
complex components (MD-2, TLR4 or CDI14) makes intestinal epithelial cells
hyporesponsive to LPS (Cario et al., 2000), Vora et al., 2001), and in the bladder mucosa
(Backhed and Homnef, 2003). Also several investigators have suggested a similar lacking of
the expression components in responding of LPS receptors complex in the lung epithelial
cells, and relating the reason of the hyporesponsive to LPS (Jia et al., 2004). Few studies
have reported that lung epithelial cells lack TLR4 and this has been suggested why these
cells are hyporesponsive to LPS (Hamann et al., 2002, Tsutsumi-Ishii and Nagaoka, 2003).
One recent report also suggested the lack of MD-2 expression was the reason behind the

hyporesponsive of the epithelial cells to LPS (Jia et al., 2004).
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This study demonstrated the hyporesponsivness of the A549 epithelial cells were not due to
the lack of TLR4 (see result of Westen blot), and this likely to be due to the lack optimal
amount of surface CD14 since this hyporesponsivity disappeared with adding of human
serum which is a rich source of soluble CD14. In addition to this if the A549 epithelial cells
is lacking the TLR4 as suggested by (Tsutsumi-Ishii & Nagaoka, 2003) which is the core in
receptors in LPS signalling, the cells will not respond to LPS even in the presence of CD14
in the human serum. Moreover the A549 epithelial cells respond to small concentration of
LPS when human serum was added and this indicate the need of CD14 and also blocking
CD14 in the human serum indicated the involvement of CD14 in human serum for this
induction. These results are in agreement with a study by (Schulz et al, 2002) which
demonstrated the necessary of soluble CD14 in the human serum in LPS induced IL-8 by
AS549 cells.

These results explain the hyporesponsiveness of the A549 epithelial cells in the lung in the
early stage of bacterial inflammations where the LPS concentration will be limited and where
there is no human serum. In this situation the A549 epithelial cells act as hyporesponsive to
even high LPS concentration. Whereas with progression of the inflammation, injuries occur
and components which include serum will leak into the environment of inflammation, where
the epithelial cells become more responsive and the LPS acts to stimulate the cells. The A549
epithelial cells in the lung seem to play very distinct and well balanced role in LPS

responsiveness and controlling the activation in the lung.

This study demonstrated that A549 cells express a low molecular weight (100 kDa) isoform
of TLR4 protein when examined by Western blot. The expression of TLR4 also was detected
by flow cytometry. The expression of the other receptors mCD14, LBP and MD-2 was
investigated in order to have more overview about the role of these components on LPS
induced IL-8 from AS549 epithelial cells (Abate, 2005) and has shed some light on the

responsiveness of the epithelial cells in the lung.
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8.5 EFFECT OF PULMONARY SURFACTANT &
SURFACTANT LIPIDS ON IL-8 INDUCED FROM A549
EPITHELIAL CELLS

Lung epithelial cells play an important role in inflammation, releasing proinflammatory
cytokines such as IL-8. IL-8 is a principal chemokine released from lung epithelial cells and
is considered to play a pivotal role in recruitment of inflammatory cells to the area of
infection in the lung and promote their transendothelial migration. Human IL-8 can also bind
to endothelial cell surfaces (Rot et al., 1996) and even be transported across endothelial cells
to be presented at the luminal surface (Quinton et al., 2004). Quinton et al. described
neutrophil recruitment to the airways is profound and their work suggests that preactivated
neutrophils have an inherent tendency to end up in the airways. Of course, preferential
homing of neutrophils to the lungs has been known for at least more than 50 years (Bierman
et al., 1952), and IL-8 induced neutrophil accumulation in the lung was described more than
a decade ago (Van Zee et al., 1992). Neutrophil trafficking to the lung and airways is not well

understood.

In cystic fibrosis (CF), an autosomal recessive disorder caused by mutations in the cystic
fibrosis transmembrane conductance regulator (CFTR) gene, altered mucus viscosity is
associated with recurrent bronchial bacterial infections, and chronic lung inflammation. Most
morbidity and mortality associated with chronic lung infections are due to chronic,

progressive airway destruction.

A hallmark of lung inflammation in CF is the accumulation of neutrophils into the airway
lumen. Recruitment of neutrophils to the airway surface is a two-edged sword, necessary for
surveillance and removal of local infection, but it exposes vulnerable epithelium to potent,
damaging mediators including neutrophil elastase and reactive oxygen species. Dysregulation
of neutrophil influx results in excessive protease release and tissue damage (Wilmott et al.,

1990,Birrer et al., 1994). Although protease damage is a key component of airway
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devastation, it alone does not account for all of the inflammation present in lungs.

Protease is also responsible for sepsis-induced microvascular permeability and alveolar
epithelial cell damage. Indeed, marked increases in proinflammatory cytokines and
chemokines in particular, the chemokine interleukin 8 (IL-8) in patients inflamed lungs have
been reported (Dean et al., 1993). An overproduction of IL-8 leads to an influx of

neutrophils, ultimately contributing to the chronic, debilitating lung damage observed in CF
patients (Dinwiddie, 2000).

The predominant pathogens that colonize CF patients are Staphylococcus aureus,
Haemophilus influenzae, Pseudomonas aeruginosa, and Burkholderia cepacia. This study
has focused on lower respiratory infections by Gram-negative bacteria since P. aeruginosa is
the predominant CF pathogen and is commonly isolated from 80% of CF patients and B.
cepacia is a highly invasive organism that can migrate across the epithelial barrier of the lung
and invade the parenchyma and capillaries. B. cepacia is increasingly becoming a deadly
human pathogen in the CF community. Also there is accumulating evidence that gram
negaﬁve bacterial infections play a role in the pathology and in the inflammatory responses

in chronic lung diseases (Sethi, 2000a,Sethi, 2000b).

In the previous section in this chapter, the induction of IL-8 cytokine by both NCTC and
clinical strains of P. aeruginosa and B. cepacia was discussed. Also this study has
demonstrated the induction of IL-8 by LPS, heat-killed and conditioned media from bacteria
from the same NCTC and clinical strains. The induction of IL-8 cytokines by bacteria and
bacterial products and release from the epithelial cells in the lung needs to be highly
regulated to control the influx of neutrophils and prevent damage to the inflamed lung.
Neutralizing antibodies against IL-8 prevented lung injury in animal models of lung disease,

indicating that IL-8 is an important mediator of lung injury (Broaddus et al., 1994).
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Many studies has been reported the involvement of pulmonary surfactant protein in the
immune regulation defence in the lung (Whitsett JA, 2005). These reports showed the
pulmonary surfactant proteins SP-A and SP-D could bind with bacteria and induce direct
killing or facilitating the uptake and killing by immune cells (Wu et al., 2003). SP-A and
SP-D bind to LPS (Sano et al., 1999) and to CD14 (Sano et al., 2000) constitute a likely
mechanism by which SP-A modulates LPS-elicited cellular responses. Also it has been
reported that SP-A binds to bacteria such as S. aureus (Geertsma et al., 1994), P. aeruginosa,
E. coli (van Iwaarden et al., 1994), Mycobacterium tuberculosis (Pasula et al., 1997), S.
pneumonia, Group A, GBS, H. influenzae and encapsulated K. pneumoniae via the outer
membrane protein (McNeely and Coonrod, 1994, Kabha et al., 1997). Similarly, SP-D has
been shown to bind a variety of different bacteria including Gram-negative bacteria (Pikaar
et al., 1995, van Iwaarden et al., 1994), and to LPS from K. pneumoniae (Sahly et al., 2002),
LPS from P. aeruginosa and E. coli (Kishore et al., 1996), and to cell wall components of
Gram-positive bacteria such as LTA (van de Wetering et al., 2001).

Recently it has been shown that SP-D and regulates metaloproteinase-12 (MMP-12)
prbduction that in turn alters the surface expression of phagocytic receptors (sCD14) and
LPS induced TNF-a induced by GBS, H. influenzam and LPS (Sentft et al., 2005). Also SP-D
was shown to inhibit IL-6 induced by non-capsulated K. pneumoniae (Kostina et al., 2005).
There is also evidence that surfactant lipids could modulate the innate immunity in the lung.
The phospholipid component DPPC inhibits the production of reactive oxygen species (ROS)

in human alveolar macrophage (Hayakawa et al., 1989).

The results also show that DPPC phospholipid modulates the production of reactive oxygen
species intermediate and TNF-a in human monocytes (Tonks et al., 1999, Tonks et al., 2001).
DPPC alone also shows to suppress neutrophils respiratory burst oxidase response (Suwabe
et al., 1998). It has been shown that DPPC regulated PAF in human monocytes (Tonks et al,
2003). Recently it has been shown that other phospholipids such as PLPC and POPC can
modulate the induction of IL-8 from A549 epithelial cells (Abate, 2005).
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Surfactant preparation Survanta® inhibits phagocytosis and the association of GBS to rat
alveolar macrophage (Golioto and Wright, 2002). DPPC inhibited the ability of GBS to
invade A549 cells and to stimulate the production of IL-8 (Doran et al., 2002) and inhibited
GBS induced injury to A549 cells (Nizet et al., 1996). It has been reported that Survanta®,
Curosurf® and individual lipid component such as DPPC have also been shown to modulate
the production PGE, (Morris et al., 2000), and inflammatory cytokines (Thomassen et al.,
1992; Thomassen et al, 1994; Walti et al., 1997). Recent report by has shown that surfactant
preparation of (Alveofact) blocked the TNF-a released from human monocytic cells in

response to P.aeruginosa and P.aeruginosa LPS (Bufler et al., 2004).

The down regulation of IL-8 cytokine induced by bacteria and bacterial products such as LPS
in the airways and alveolus may be a helpful tool to improve the clinical situation of patients
suffering from pulmonary chronic infections. The down regulation of IL-8 cytokine released
in the lung would prevent recruitment of neutrophils and control the release of the
overproduction of proteases that are responsible for debilitating lung damage in the lung. In
other word the orchestra of IL-8 induction and down regulation of the protease produced by
the neutrophils recruited in the lung must be controlled to a stage that it will prevent the
responses and may to keep it in a balanced state in a way that damage to the lung will be

prevented and not occur.

In the lung epithelium, IL-8 expression is induced by a wide variety of agents, including IL-1,
bacterial cell wall products (Massion et al., 1994), and TNF-a (Standiford e al., 1990). The
airway and respiratory epithelia play important roles in the initiation and modulation of

inflammatory responses via production of cytokines and surfactant.

In this current investigation as hypothesised that pulmonary surfactant and particularly
surfactant phospholipids components could play an important role in down-modulating the
production of IL-8 cytokine released by the lung epithelial cells and thereby consequently

suppressing the inflammatory responses in the lung.
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This hypothesis was based on studies reported that pulmonary surfactants down modulate
different immune responses in human monocytes (Morris et al., 2000, Tonks et al., 1999,
Tonks et al 2005). Also the hypothesis is based on the growing evidence that pulmonary
surfactant not only confers the mechanical stability in the alveoli and in the small airways
(Bastacky et al., 1995, Bernhard et al., 1997, Hills, 1999, Thomassen et al., 1994) but also has
a potential role in modulating inflammation in normal and injured lung (Coonrod,
1987,Crouch and Wright, 2001,Wu et al., 2003).

In this study, the results support the hypothesis. It has been shown that Survanta® and
Curosurf® which are pulmonary surfactant preparations used for replacement therapy, as well
as the phospholipid DPPC, modulated inflammation by suppression of IL-8 induced from
A549 epithelial cells. This down modulation of IL-8 cytokine was seen for environmental
and clinical strains of P. aeruginosa and B. cepacia. It was also demonstrated in this study
that the down modulation of IL-8 cytokine induced by live bacteria from A549 epithelial
cells by Survanta® and DPPC was at the gene expression level as documented by the
suppression of mRNA of IL-8.

To identify the bacterial components induced IL-8 and modulated by surfactant in presence
and absence of human serum. One of the serum dependent components is LPS, which
secreted and harbored by P. aeruginosa and B. cepacia was hypothesised and investigated
later in this study. Other components such as the pilli and flagella are serum independent and
contributed on IL-8 induction and might be modulated by surfactant lipids. This study
focused on serum dependent component that was down regulated by surfactants. Isolation
and identification of this component are essential need for future investigation of possible

modulation of IL-8 by surfactant lipids.

To identify the serum dependent components that is modulated by Survanta®, Curosurf® or
DPPC, heated-killed bacteria were investigated and showed that IL-8 induced by HK from
both bacteria in presence of human serum was down modulated by surfactant. LAL assay and

Polymyxin B results revealed that one of the components participated in IL-8 induction was
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LPS. Further more, the IL-8 activity was inhibited with anti-TLR4 but not anti-TLR2
antibody providing further evidence that the active component is LPS. In addition,
peptidoglycan-mediated IL-8 production was not modulated by the surfactants again
supporting LPS as the major component inhibited by the surfactant lipids.

To characterise some of these components that their IL-8 induction was modulated by
surfactant, LPS from environmental and clinical isolates from the same bacteria were isolated
and the effect of surfactant preparations Survanta®, Curosurf® (with their constituent of SP-
B, SP-C) and phospholipids DPPC on IL-8 induced was investigated. The results in this
study showed that Survanta® and Curosurf® down modulated IL-8 induced by all isolated
LPS from clinical strains of P. aeruginosa and B. cepacia ET-12 as well as the LPS from P.
aeruginosa serotype 10. In addition to that Polymyxin B inhibited bacterial and LPS induced
IL-8. This evidence leads the investigation of our study toward focusing on the effect of

pulmonary surfactants on LPS induction from A549 epithelial cells.

Pulmonary surfactant is composed of proteins and phospholipids of which
dipalmitoylphosphatidylcholine (DPPC) is the major constituent of pulmonary surfactant,
accounting for 60% by weight of total lipids. This current study also investigated the
phospholipid DPPC effect alone on the release of IL-8 from A549 epithelial cells upon the |
induction with both live bacteria and cell wall components like LPS and PGN. The results
from this study demonstrated that DPPC down regulated the production of IL-8 induced by
live bacteria of both environmental and clinical strains of P. aeruginosa and B. cepacia.
When live bacteria of both environmental and clinical strains of P. aeruginosa and B.
cepacia was investigated, the DPPC also down regulated the production of IL-8 proteins and
IL-8 mRNA.

Also DPPC down regulated IL-8 induced by LPS from P. aeruginosa clinical strain, B.
cepacia NCTC10661, B. cepacia ET-12 and the commercially LPS from P. aeruginosa
serotype 10. When LPS from clinical strains of P. aeruginosa and B. cepacia and LPS from

P. aeruginosa clinical serotype 10 was investigated, the DPPC also down regulated the
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production of IL-8 proteins and IL-8 mRNA.

This current study has demonstrated, for the first time the modulatory, action of Survanta®,
Curosurf® and DPPC on Gram-negative bacteria-induced IL-8 from A549 lung epithelial
cells, and also for the first time it was demonstrated that this down regulation was similar for
both environmental and clinical strains of P. aeruginosa and B. cepacia. This down
regulation of IL-8 by surfactant Survanta® and Curosurf® may be shared by action of the
proteins constituent (SP-B and SP-C) in addition to the phospholipids such as DPPC or any
other lipids contained in these surfactant preparations. SP-A has been shown to modulate
inflammatory responses through the binding to microbial carbohydrate determinants
(Holmskove et al., 1994), also SP-A and SP-D bind to some well known inflammation
causing ligands from bacterial cell walls such as LPS, PGN, LTA (Stamme et al., 1999,
Crouch and Wright, 2001). In addition it was reported that SP-A inhibits the binding of LBP
with LPS induced TNF-a from human embryonic cells (HEK293) (Stamme et al., 2002), and
down regulate LPS induced IL-10 from mice alveolar macrophage (Chabot et al., 2003.

It is well known that SP-B and SP-C stabilizing the phospholipid monolayer but not known if
these proteins have any modulatory effect on cytokines production. In addition the presence
of SP-B and SP-C in surfactant preparations Survanta® and Curosurf® is very low, and this
put the possibility of these proteins on the contribution of IL-8 inhibition in less important
but with possible consideration. In addition to that phospholipids other than DPPC and other
lipids content in both surfactant preparations may have possible contribution to the down
regulation of IL-8 production since it has been shown recently that palmitoyllinoleoyl
phosphatidylcholine (PLPC) and palmitoyloleoylphosphatidylcholine (POPC) down regulate
LPS induced IL-8 from A549 cells (Abate, 2005). In this study Wheras DPPC has been
charaterised as individual component on IL-8 down regulation, the elucidating of the real
participation of each individual components of surfactant proteins and lipids other than

DPPC in Survanta® and Curosurf® preparations need characterisation and further studies.
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Identifying the components involved in this IL-8 induction and modulation was also
investigated and this study demonstrated that there was at least two major components from
gram negative bacteria were involved on this orchestra; Serum dependent components in
which LPS was identified later as one of these components and serum independent

components in which flagellin and other components that need to be fully identified.

In support of the modulatory action of DPPC and surfactant preparations Survanta®,
Curosurf® in this study there have been several studies demonstrating the modulatory action
of DPPC on TNF-a release by monocytes (Morris et al., 2000,Suwabe et al., 1998, Tonks et
al., 1999,Walti et al., 1997). Recent reports demonstrated that Survanta® inhibits
proinflammatory cytokines secreted from LPS-stimulated human alveolar macrophages
(Raychaudhuri et al., 2004) and a very recent report that surfactant preparations and their
major constituent DPPC can downregulate oxidative functions in human monocytes by a
mechanism that may involve PKC regulation (Tonks et al., 2005). These studies support a
general immunomodulatory role for pulmonary surfactants that agree with the role of

surfactant on IL-8 induction in lung epithelial cells found in this work.

In summary, the current study has shown that surfactant can down regulate IL-8 cytokine
released by AS549 epithelial cells induced by Gram-negative bacteria and LPS. This
immunoregulatory role of surfactant preparations and their constituent DPPC on
proinflammatory responses of the lung epithelium will act to control the release of
neutrophils and further control the release of proteases, which are responsible for the

destruction of the lung parenchyma during lower respiratory tract bacterial infections.

Indeed, down regulation of the IL-8 released from the lung epithelium by surfactant lipids
has clarified one of the discovered functional properties of surfactant lipids and added to its
major functions in the lung. The new insight of down regulation by surfactant lipids may be a
potential therapeutic use in lung injury by acting terminating the acute inflammatory
responses. Understanding this down regulatory effect of surfactant lipids may open new

therapeutic area in lower respiratory inflammations.
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8.6 THE MECHANISMS OF ACTION OF SURFACTANT
LIPIDS ON IL-8 INDUCED FROM A549 EPITHELIAL CELLS

An important question raised by the current study is how surfactant lipids down regulate the
induction of IL-8 from A549 epithelial cells in the lung. Generally pulmonary surfactant
plays an important role in immunoregulation of many cytokines in the lung. Surfactant
proteins A and D have distinct functions in the innate immune response to microbial
pathogens. Both SP-A and SP-D has direct antimicrobial killing in addition to facilitating
pathogen uptake and killing by immune cells (Wu et al., 2003). Studies with SP-A knockout
mice revealed that these animals are more sensitive to Bacterial infection (Korthagen et al.,
1998). SP-A shown to modulate the cellular response to LPS (Sano et al., 1999) and also
regulates the TNF-a and other pro-inflammatory cytokine induced by LPS in alveolar
macrophage (Arias-Diaz et al., 2000, Alcorn F and Wright, 2004). In addition, the surfactant
lipids suppress variety immune responses of lymphocytes and alveolar macrophages (Speer

et al., 1991, Tonks et al., 2003, Raychaudhuri et al., 2004, Tonks et al 2005)

The majority of previous studies of the immunomodulatory properties of whole surfactant

preparations, or the constituent proteins or phospholipids have investigated the mechanism of

action (Tonks et al., 1999, Tonks et al., 2003, Raychaudhuri et al. 2004, Tonks et al., 2005). -
Some of these studies demonstrated that DPPC modulated PAF by acting and decreasing the

membrane fluidity of MM6 (Tonks et al., 2003), Wheras other reports demonstrated that

DPPD down regulated the inflammatory (ROI) of monocytes is independent of MAPK (ERK

1, ERK 2 and p38) (Tonks et al., 2001). Two recent studies have demonstrated that

Survanta® blocks lipopolysaccharide signaling by inhibiting both mitogen-activated protein

and IkB in human alveolar macrophages (Raychaudhuri et al. 2004), and DPPC modulated

the ROI through PKC mechanism (Tonks et al., 2005).

To elucidate the mechanism by which the surfactant and phospholipid DPPC down-regulated
IL-8 induced by bacteria and LPS in the lung epithelial cells, A549 cells was stimulated with

exogenous IL-1pB in presence or absence of Survanta®, Curosurf® or DPPC. When the cells
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were pre-incubated with surfactant or DPPC prior stimulation with IL-1B, IL-8 induction was
not inhibited. Based on this and knowing that IL-1B and LPS share similarity in their
signaling pathway (Muzio et al., 2000), it suggests that the surfactants action is not involved

in the down stream of pathways from MyD88 to NF-kB activation.

These observations, in addition to previous investigation done on the effect of DPPC on the
plasma membrane fluidity on other cell line by (Tonks et al., 2001, Tonks et al., 2003) have
driven our attention to the area of the lipid raft membrane. The possible interference of
surfactant lipids with the plasma membrane of A549 epithelial cells, which may affect the
membrane and may lead to changes in membrane fluidity and on the trans membrane
receptors, was predicted and hypothesised. This hypothesis is supported by a report that
showed DPPC significantly decreases membrane fluidity in MM6 cells (Tonks et al., 2003).
In addition, several studies have shown the involvement of lipid rafts in the innate immune
response (Pfeiffer et al., 2001, Triantafilou et al., 2002). The lipid raft domains are composed
of cholesterol and sphingolipids that float as platforms in the glycerophospholipid plasma
membrane (Munro, 2003).

It has been proposed that lipid rafts are used as a platform where the LPS and signaling
proteins are assembled and initiate cell activation. Upon stimulation with LPS, TLR4
translocates to the raft domains and co-clusters with other glycoproteins, such as CD14
which is normally located in the raft micro-domain of the plasma membrane (Triantafilou et

al., 2002).

In the current study, the involvement of lipid rafts in IL-8 induction from A549 cells upon
stimulation with LPS and bacteria was investigated by using raft disruption agents such as
MBCD and the results demonstrated that MBCD significantly suppressed the release of I1L-8
from A549 epithelial cells induced by LPS and live bacteria.
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Based on these results the mobilisation of TLR4 was investigated and it was demonstrated
that upon stimulation with LPS and live bacteria, TLR4 translocated from non-raft to raft

micro-domains in lung epithelial cells. These results in agreement with a study on monocytes
by (Triantafilou et al., 2002).

Taken together, these findings, suggest that surfactant lipids may act, at least in part, on
down regulation of IL-8 induced by LPS and live bacteria by interfering with lipid rafts and
mobilisation of TLR4. These finding on the mechanism of action of surfactant on IL-8
induction were further enhanced by considering the possible of other factors which may
interfere with this down regulation of IL-8 by surfactant lipids. The effect of surfactant lipids
Survanta®, Curosurf® and DPPC on the viability of A549 epithelial cells was investigated
and the results excluded any significant reduction on viability or possible toxicity to the cells
when compared with untreated cells. Also the viability of the cells with incubation with LPS
or live bacteria either alone or together with surfactant preparation and lipids was

investigated and the possible effect on the viability was excluded.

The possibility that the surfactant preparations could directly down regulate the expression of
TLR4 was investigated by flow cytometry. It was shown that Survanta® or DPPC did not
alter the expression of TLR4 directly in A549 cells suggesting that surfactants do not alter '
signaling via direct modulation of TLR4 expression. The results from this study demonstrate,
for the first time, that DPPC and surfactant preparation Survanta® or its constituent lipids,
inhibit the action of LPS and live bacteria on IL-8 release from A549 lung epithelial cells by

interfering with the recruitment of components necessary for LPS signaling.

In conclusion this study demonstrated that Survanta® and DPPC can modulate bacterial and
LPS induced IL-8 from A549 epithelial cells by interfering with the recruitment of TLR4 to
the lipid raft microdomains of the epithelial cells. These actions of surfactant lipids
consequently affect IL-8 mRNA transcription and further down-regulate the neutrophil
recruitment in the lung. This study demonstrated for the first time the mechanism of action of

surfactant lipids on IL-8 induced by live Gram-negative bacteria, however the result of
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surfactant mechanism action on LPS induced IL-8 agrees with recent investigation (Abate,
2005). Other possible mechanism of actions of DPPC and surfactant preparations may be

involved and their involvements are considered but need further investigation especially in
A549 lung epithelial cells.

8.7 GENERAL CONCLUSIONS

The study of this project has provided evidence that pulmonary surfactant Survanta®,
Curosurf® and phospholipid DPPC may play a pivotal role in bacterial lower respiratory tract
infections. Pulmonary surfactant impairment and deficiency of phospholipids composition in
cystic fibrosis has been reported (Mander et al., 2002, Meyer et al., 2000, Griese et al 2004),
also abnormalities of surfactant have been described in association with variety of infections

and pathogens, including bacteria (Baughman et al., 1993, Gunther et al., 1996).

The type II epithelial cells in the lung have a role as a mechanical barrier and play additional
important roles by producing surfactant, which play an immunomodulatory role in bacterial
infections of the lung. Bacteria reaching the alveoli in the lung come in contact with
surfactant and in certain circumstances such as surfactant dysfunction or reduction, will
contact the alveolar epithelial cells directly. This would be expected to increase the
inflammatory response of these cells and contribute to lung inflammation damage. This
bacterial contact with surfactant and lung epithelial cells is one of the important issues

investigated in this study.

The present work demonstrated that pulmonary surfactant lipids have an inhibitory effect on
Gram-negative bacteria P. aeruginosa and B. cepacia and this inhibitory action seem to be
during the leakage of human serum. This inhibitory action of surfactant lipids on bacterial
growth showed to be within the physiological concentration in the lung. This study
concluded that the inhibitory action of DPPC and surfactants Survanta®, Curosurf® with their

lipids constituent on bacteria has to be in a situation where bacteria should be in a state where
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the nutrition is limited, which may be as same in the lung during the early bacterial infection.

These roles of surfactants lipids added new insight to the modulatory properties of surfactant

concept in general.

This bacterial contact is one of the important issues investigated in this study and show that
P. aeruginosa and B. cepacia are internalised by A549 epithelial cells. This surfactant-
mediated bacterial uptake by the epithelial cells might benefit the host aiding the eradication

of bacteria from the lung.

The present work also provides in vitro data for the first time that surfactant lipids down-
regulate bacteria-induced IL-8 release from lung epithelial cells. Also the down regulation
was demonstrated in LPS-induced IL-8 from the same epithelial cells. It was shown that the
action of surfactant lipids interferes with the translocation of TLR4 receptors from non-raft to
raft microdomain on the plasma membrane following bacteria and LPS stimulation. This
suggests, one probable mechanism of surfactant on the down regulation of IL-8 from lung

epithelial cells and may be from other cells.

Surfactant Survanta®, Curosurf® and phospholipid DPPC down regulate of bacteria and LPS
induced IL-8 from A549 epithelial cells. This regulation may lead to the down regulation of |
neutrophils recruitment and this suggests further affect on the release of destructive
neutrophil proteases production that are responsible of tissue damage in the lung. In this
situation surfactants may play an indirect role in correcting the overproduction of proteases

during lung infection and inflammation.

This study has demonstrated that surfactant attenuates IL-8 secretion from alveolar epithelial
cells, suggesting that surfactant may serve an endogenous immunoregulatory role in the lung.
This may be of significance, because surfactant function is disrupted in many lung diseases,
including acute respiratory disease such as cystic fibrosis, pneumonia and asthma (Griese,
1999). Excess cytokine and chemokine production have been implicated as contributors to

the pathology of all of these diseases (Gauldie et al., 1993, Lukacs, 2001).
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These data contributes information on the role of surfactant especially the phospholipids in
lung, which may resemble the function of surfactant lipids in normal and may shed some
light on the need -of surfactant lipids in which surfactant may be modified, altered during
infection and inflammation of the lung. Also this data may contribute to the possible use of
surfactant as replacement therapy in lower respiratory infections caused by Gram-negative
bacteria or as alternative strategy to correct the excessive inflammation and tissue damage

produced as a result of high production of IL-8 by the epithelial cells in the lung.

8.8 RECOMMENDATION FOR FUTURE STUDIES

Although the current study has provided useful information and insights in the potential
immunomodulatory roles of pulmonary surfactant lipids in health and disease, this work
could be usefully extended if further time was available. For example, the following

investigation could be undertaken:

® The role of surfactant lipids on IL-8 released from lung epithelial cells and induced by

other bacterial components other than LPS.

e The effect of surfactant proteins in the uptake of the bacteria by lung epithelial cells.
e The role of pulmonary surfactant lipids on IL-8 induced by Gram-positive bacteria
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