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Summary

The innate immune response of the respiratory epithelium , em ploying 

m echanism s of germ-line encoded, genetically conserved pattern recognition to 

“n o n -se lf’ organism s, is an im portant com ponent o f host defence against inhaled 

pathogens. Key com ponents of innate im m unity include the toll-like receptors, 

including TLR4 that signals the response to G ram -negative elem ents and TLR2 

signalling G ram -positive patterns, and antim icrobial peptides such as human beta- 

defensin 2. Airway infection is im portant in COPD, and this project explores 

elem ents of innate immunity pertinent to COPD.

The respiratory epithelial cell line A549 and the renal epithelial cell line, HEK 

293 (which are unresponsive to LPS) were used as a model system. Gene 

expression was determ ined by sem i-quantitative rtPCR, Real Time PCR and by 

prom oter-linked luciferase activity. W estern blotting, im m unohistochem istry, 

laser scanning cytom etry and ELISA determ ined protein expression. The role of 

specific com ponents o f signalling pathways was further explored by transfection 

o f functionally active or inactive transgene constructs. Human respiratory 

epithelial cells in vivo were harvested by brushing of nasal and tracheo-bronchial 

epithelium .

In the first part o f this study, I provide evidence for a critical role for TLR4 in 

LPS-induced HBD2 expression in airway epithelial cells. Transcriptional 

regulation o f HBD2 is further elucidated with dem onstration o f the role o f the 

adaptor proteins M yD88 and Mai in this reaction.

I next looked at the effect o f potential m odulators o f TLR4 expression in 

respiratory epithelium , which are pertinent to COPD. Using the sam e cell culture 

model, I found a dose-dependent reduction in TLR 4 mRNA and protein following 

stim ulation with the corticosteroids fluticasone and dexamethasone. The
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functional significance o f this effect was dem onstrated by im paired IL-8 and 

HBD2 induction in response to LPS. Stim ulation with salmeterol (lO'^M) caused 

upregulation o f TLR4 m em brane protein expression with no upregulation o f 

mRNA, suggesting a post-translational effect. The effect o f dexam ethasone and 

salmeterol in com bination was additive, with downregulation o f TLR4 gene 

expression, and no change in m em brane receptor expression. Stim ulation of 

airway epithelial cells with cigarette sm oke extracts resulted in a dose dependent 

downregulation in TLR4 mRNA and protein expression. A sim ilar effect was 

found in vivo, with significandy reduced expression o f TLR4 in the nasal 

epithelium  o f smokers, harvested by brushing, com pared to healthy controls.

The final part o f my study exam ines expression o f TLR2/4 and HBD2 in COPD 

patients in-vivo, to see if our observations in the laboratory could be translated to 

the “real world” . I dem onstrate that TLR4 and HBD2 expression is significantly 

dow nregulated nasal epithelium  of patients with severe stable COPD com pared to 

those with less severe disease, while there is no significant difference in TLR2 

expression. I further dem onstrate excellent correlation between nasal and tracheo

bronchial expression o f TLR4. This correlates with the increased incidence of 

G ram -negative pneum onia in severe COPD.

This study provides new data regarding innate immune function o f the respiratory 

epithelium  and m odulation o f this im portant part o f host defense by inhaled 

com pounds and airways disease. It is hoped that an understanding o f these 

processes may ultim ately guide future therapies aim ed at augm enting or 

preserving innate im munity, thus protecting against pulm onary infection.
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Chapter 1

Introduction





1.1 General Introduction

The lung represents the largest epithelial surface in the body and as such is a 

m ajor portal of entry for pathogenic m icroorganism s. Despite being regularly 

exposed to particulate m atter during breathing, which contains bacteria from the 

com m ensal flora in the nasopharynx and from the environm ent, the healthy lung 

is kept sterile by efficient defence m echanism s. These defence mechanisms 

consist firstly o f non-specific physical barriers to entry, and failing this, the 

specific innate and adaptive im mune responses, representing a dynam ic 

interaction o f host and pathogen. M ucins o f the m ucociliary blanket lining the 

surface o f airways act by trapping m icro-organism s that are then cleared by ciliary 

movement. Particles that pass this barrier are met by a range o f soluble mediators, 

some constitutive, some induced by specific activation, produced by cells o f the 

respiratory tract. Previous studies have focused on factors relating to bacterial 

adherence (impaired mucociliary clearance, epithelial dam age and unm asking o f 

extracellular matrix) as possible contributors to bacterial colonisation o f the lower 

respiratory tract (Plotkowski, C hevillard et al. 1991). The innate immune system, 

which is integral to early pathogen recognition and elim ination, may also have an 

im portant role in this process. This project will focus on elem ents o f the innate 

immunity of respiratory epithelium , nam ely the anti-m icrobial peptide human 

beta-defensin 2 (HBD2) and the pathogen recognition receptors, the Toll-like 

receptors (TLRs), particularly in the context o f  Chronic O bstructive Pulmonary 

Disease.



1.2 The Toll-like receptors

The im mune system responds to microbial pathogens using both innate and 

adaptive com ponents. The key features o f adaptive immunity are the clonal 

expansion o f lym phocytes in response to a particular pathogen and the ability to 

evoke an im munologic memory. Specific T and B-cell receptors for each clone of 

cells respond to a specific antigen. Each clonal receptor is structurally unique and 

is not encoded in the germ line, but rather is established in each generation 

follow ing exposure to antigen. There is a lag period o f more than one week for a 

prim ary host and o f several days for the prim ed host. Host defence in this period 

relies on the innate im mune response. The immediate innate response is mediated 

largely by white cells such as neutrophils and macrophages, cells that phagocytose 

and kill pathogens, and that synchronise the additional host response by 

synthesising a wide range o f inflam m atory m ediators and cytokines. In 

m acrophages, the infectious agent is killed and degraded in the phagosom e and 

com ponents of the pathogen are presented to the T  cells resulting in activation of 

the adaptive immune response. (Aderem and Underhill 1999)

Unlike adaptive im munity, innate im mune responses are germ line encoded and 

highly conserved. The challenge for this system is the recognition and 

discrim ination of the enorm ous num bers o f potential pathogens in order to mount 

the appropriate response. The problem  is com pounded by the tendency of 

pathogens to mutate. Innate immune recognition is based on a pattern recognition 

system. Because microbes are extrem ely heterogenous and have high mutation 

rates, the system focuses on highly conserved structures collectively present in 

many types o f m icroorganisms. These motifs have essential roles in the biology of
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the invading agents and are therefore not subject to high rates of mutation. They 

have been termed pathogen associated molecular patterns (PAMPs) and their 

cognate binding patterns on the host cell pattern recognition receptors (PRRs) 

(Janeway and Medzhitov 1998). Examples of PAMPs include mannans in the 

yeast cell wall, formylated peptides and various bacterial cell wall components 

such as lipopolysaccharide (LPS) in Gram-negative bacteria, peptidoglycans and 

lipoteichoic acid in Gram-positive bacteria. It is estimated that the total number of 

receptors involved in innate recognition of antigens is less than 100, but using this 

pattern recognition system the innate immune system can recognise, discriminate 

and initiate an appropriate response to thousands of different pathogens (Hallman, 

Ramet et al. 2001). The Toll-like receptors are such a family of PRRs, and the 

rapid expansion of knowledge about these molecules in recent years has 

illustrated their pivotal importance in orchestrating the innate immune response.

Toll receptor was originally identified in Drosophila as an essential receptor for 

the establishment of dorso-ventral pattern in developing embryos (Hashimoto, 

Hudson et al. 1988). Despite the lack of an adaptive immune system. Drosophila 

is highly resistant to microbial infections (Imler and Hoffmann 2000). Hoffman 

and colleagues found that Toll-mutant flies were highly susceptible to fungal 

infection, suggesting a role for this receptor in host defence(Lemaitre, Nicolas et 

al. 1996), and subsequently demonstrated that activation of members of the Toll

like receptor (TLR) family in Drosophila, dToll and 18-wheeler, resulted in 

synthesis of the anti-fungal peptide drosomycin and the antibacterial peptide 

attacin respectively (Lemaitre, Nicolas et al. 1996; Williams, Rodriguez et al. 

1997). Furthermore, activation of these receptors initiates an intracellular cascade
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culminating in translocation of the transcription factors Dif and Relish to the 

nucleus. Dif and Relish are homologues of the mammalian transcription factor 

nuclear factor-kappa B (NF-kB), known to activate a variety of inflammatory 

mediators and cytokines including TN F-a and IL-12 (Anderson 2000).

In their search for receptors within the innate immune system, Janeway and 

colleagues recognised the highly conserved nature of PRRs and began searching 

for dToll related proteins. Their efforts were rewarded with the discovery of the 

first human homologue of Drosophila dToll, initially termed human Toll, and 

subsequently TLR4 (Medzhitov, Preston-Hurlburt et al. 1997). Activation of this 

protein resulted in upregulation of NF-kB controlled pro-inflammatory genes IL- 

1, IL-6 and IL-8 as well as members of the B7 family, molecules that are required 

for the activation of naive T-cells by antigen presenting cells (Medzhitov, Preston- 

Hurlburt et al. 1997). A mutation of the TLR4 gene was identified in C3H/HeJ 

mice that are hyporesponsive to LPS (Poltorak, He et al. 1998). This and other 

studies established TLR4 as the principal pathogen recognition receptor for the 

PAMP LPS. Binding of ligand to receptor activates a signalling cascade resulting 

in upregulation of effector genes of the immune response. A further nine TLRs 

have since been described in humans, bringing the total to 10, and at least one 

ligand has been described for each TLR except TLRIO: triacylated lipoprotein for 

TLR I, peptidoglycan for TLR2, double stranded DNA for TLR3, LPS for TLR4, 

flagellin, a component of bacterial flagella for TLR5, diacylated lipoprotein for 

TLR6, imidazoquinoline, an anti-viral drug, and it’s derivative R-848 for TLR7, 

GU rich ssRNA for TLRS, and bacterial unmethylated CpG DNA for TLR9 (Heil, 

Hemmi et al. 2004; Yamamoto, Takeda et al. 2004). (See figure 1). The best 

described and most widely studied of these TLRs are TLR4 and TLR2, which 

principally signal the response to Gram-negative and Gram-positive bacteria
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respectively. T L R l l  has recently been described in mice, displaying a distinct 

pattern o f expression in m acrophages and liver, kidney, and bladder epithelial 

cells. Cells expressing T L R l 1 fail to respond to known TLR ligands but instead 

respond specifically to uropathogenic bacteria. T L R l l  sequences are present in 

the human genom e but it is suggested that humans may not express full length 

T L R l 1 protein, due to the presence of stop codons in the open reading frame of 

the TLR l 1 gene (Zhang, Zhang et al. 2004).
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Complete list of TLR ligands

TLR2
Gram + Bacteria
Bacteria
Spirochetes
M ycobacteria
Porphyrom onas gingivalis
Spirochetes (Leptospira)
Yeast
Trypanosom a Cruzi
K lebsiella
Neisseria
Host

TLR2/TLR1
N eisseria m eningitides
Bacteria
Chem icals

TLR3
Virus
Chem icals

TLR4
Gram -negative bacteria 
Chlam ydia 
Flavobacteria 
RS virus
M urine retrovirus
Plant
Host

TLR5
B acteria with flagellin

TLR2/TLR6
M ycoplasm a
Group B Streptococcus
Staphlococcus

TLR7
Chem icals

TLR8
Virus

TLR9
B acteria, virus, insects 
Host

PGN, LTA
Lipoprotein
G lycolipids
Lipoarabinom annan
LPS, fim briae
LPS
Zym osan 
GPI anchor
O uter m em brane protein A 
Porin, OM V-LPS 
HSP60, HSP70, HSPgp96

Soluble factor 
Triacylated lipoproteins 
JBT3002

dsRNA
poly(LC)

LPS, LTA 
HSP60 
Flavolipin 
F protein
Envelope proteins 
Taxol
HSP60, HSP70, HSPgp96, Fibronectin EDA 
O ligosaccharides o f Hyaluronan

Flagellin

Di-acylated lipoprotein
H eat labile soluble factor (GBS-F)
Phenol soluble modulin

Im idazoquinolones, Loxoribine, Broprim ine 

GU rich ssRNA

U nm ethylated CpG DNA 
Chrom atin IgG com plexes
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The TLRs consist of a cytoplasmic portion that is homologous to that of the 

interleukin-1 (IL-1) receptor and has been termed the Toll/IL-I receptor (TIR) 

domain and an extra-cellular leucine rich repeat (LRR) domain. The signalling 

cascade downstream of TLR is generated from this TIR domain (Bowie and 

O'Neill 2000). MyD88 is an adaptor protein possessing a TIR domain in the C- 

terminal portion and a death domain in the N-terminal portion. MyD88 associates 

with the TIR domain of TLRs. Upon stimulation, MyD88 recruits IL-1 receptor -  

associated kinase (IRAK), a serine threonine kinase related to the Pelle kinase of 

Drosophila, through interaction of the death domains of both molecules (Muzio, 

Ni et al. 1997; Medzhitov, Preston-Hurlburt et al. 1998). Four members of the 

IRAK family have been identified so far: IRAK-1, IRAK-2, IRAK-4 and IRAK- 

M. IRAK -4  acts upstream of, and phosphorylates, IRAK-1, while IRAK-M plays 

a negative inhibitory role (Kobaya.shi, Hernandez et al. 2002; Li, Strelow et al. 

2002). IRAK then dissociates from the receptor complex and associates with 

tumour necrosis factor (TNF) receptor-activated factor 6 (TRAF-6). The 

IRAK7TRAF-6 complex then associates with the TGF-P-activated kinase 1(TAK- 

I) and TAK-I binding proteins TABl and TAB2. IRAK is degraded, while the 

TRAF-6, TA KI, TABl and TAB2 complex forms a larger complex in the 

cytoplasm with other proteins such the E2 ligases U bcl3 and UevlA  (Deng, 

Wang et al. 2000). TAK-1 is activated and phosphorylates the IKK-complex 

consisting of IKKa, IKK(3 and NEMO/IKKk, and the cJun NH2-terminal kinase 

(JNK) and p38 mitogen-activated protein kinase (MAPK) family, resulting in 

activation of the transcription factors NF-kB and AP-I respectively (Takeda and 

Akira 2004). (See Figure A)
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IRAK-1 VD IRAK-4
JAB1

TAKK

♦  t r a p s :
!TAB2

TRAF6

NEMOJ

JNK (MAP kinases)

Figure A : TLR-mediated MyD88-dependent signalling pathway.

M yD88 binds to the cytoplasm ic portion of TLRs through interaction between 

individual TIR domains. Upon stimulation, IRAK-4, IRAK-1, and TRAF6 are 

recruited to the receptor, which induces association o f IR A K -1 and M yD88 via 

the death domains. IRAK-4 then phosphorylates IRAK-1. Phosphorylated IRAK- 

1, together with TRAF6, dissociates from the receptor and then TRA F6 interacts 

with T A K l, T A B l, and TAB2. The com plex o f TRAF6, T A K l, T A B I, and 

TAB2 further forms a larger com plex with U b c l3  and UevI A, which induces the 

activation o f T A K l. Activated TA K l phosphorylates the IKK com plex, 

consisting o f IK K a, IKK(3, and NEM O/IKKy, and M AP kinases, such as JNK, 

and thereby induces the activation of the transcription factors N F-kB and AP-1, 

respectively. (Takeda and Akira 2004)
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It was previously thought that M yD88 was essential for TLR signalling. M yD88 

knockout mice showed no cellu lar response, in term s o f cytokine production, to 

ligands o f TLRs such as LPS (TLR4), peptidoglycan (TLR2), CpG  DNA (TLR9), 

im idazoquinolone (TLR7) and flagellin (TLR5) (Kawai, Adachi et al. 1999; 

Hacker, Vabulas et al. 2000; Takeuchi, K aufm ann et al. 2000; Hemmi, Kaisho et 

al. 2002). Stimulation of M yD 88-deficient cells with the TLR4 ligand LPS was 

how ever shown to result in activation o f N F-kB and JNK, albeit with delayed 

kinetics (Kawai, Adachi et al. 1999). It has since em erged that M yD88-deficient 

cells are intact in their ability to induce interferon (IFN )-inducible genes, such as 

IP -10, GARG-16 or IRG-1, and that this is achieved through activation o f an 

M yD88-independent pathway involving activation o f the transcription factor IRF- 

3, resulting in upregulation o f IFN-p. IFN-(3 in turn activates Stat-1 leading to 

activation o f several IFN-inducible genes (Kawai, Takeuchi et al. 2001; Doyle, 

Vaidya et ai. 2002; Toshchakov, Jones et al. 2002). It has subsequently been 

shown that the TLR3 ligand dsRNA can also activate this M yD 88-independent 

signalling pathway(Y oneyam a, Suhara et al. 1998).

Analysis of the M yD88-independent signalling pathw ays has led to the 

identification o f two further TIR dom ain containing adaptors: TIR dom ain- 

containing adaptor protein (TIRA P)/M yD 88-adaptor-like (M ai) and TIR domain- 

containing adaptor inducing IFN-[3 (TRIF)/TO R dom ain-containing adaptor 

m olecule (TICAM -1). Studies with knockout m ice dem onstrated that TIRAP/M al 

is essential for M yD 88-dependent signalling via TLR 4 and TLR2, but not for the 

M yD 88-independent signalling, and is not involved in signalling responses to 

TLR3, TLR5, TLR7 and TLR9 ligands (Horng, Barton et al. 2002; Yamamoto, 

Sato et al. 2002). TRIF is essential for the TLR3- and TLR4- m ediated M yD88- 

independent signalling pathway (Yam am oto, Sato et al. 2003). Thus, the TIR
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dom ain containing adaptor proteins confer specificity on the TLR signal 

transduction pathways.
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1.3 HBD2

Activation of the innate immune response results in upregulation of a variety of 

cytokines, chemokines and adhesion molecules essential for pathogen destruction 

and induction of the adaptive immune response. Similar to Drosoplila, which 

produces fungicides and bactericides in response to infection, the mammalian 

innate immune system also produces a variety of anti-microbial peptides (AMPs) 

as part of its host defence repertoire. Indeed, these proteins constitute the first line 

of defence against a broad spectrum of microbes, including Gram-positive and 

Gram-negative bacteria, fungi and certain viruses. In addition, these peptides can 

interact with the host itself, triggering events that complement their role as anti

biotics. This diverse group of small proteins include the cathelicidins (including 

LL-37), the defensins, mucins, lyzozyme, lactoferrin, fibronectin and many others 

(Bals and Hiemstra 2004).

The defensins are a broadly dispersed group of gene-encoded AMPs. These small 

cationic peptides are typically 28-44 amino acids long and contain 6 to 8 cysteine 

residues that form characteristic intramolecular disulfide bridges. The alignment 

of disulfide bridges and molecular structure is used to classify defensins into three 

distinct families: the a-defensins, the (3-defensins and the 6-defensins. The (3- 

defensins contain 6 cysteine motifs connected by three disulfide bonds. To date, 

four types of P-defensin have been identified in humans, (human (3-defensin 

(HBD) I through 4), although genomic studies suggest many more have yet to be 

discovered (Raj and Dentino 2002; Schutte, Mitros et al. 2002).

The molecular structure of the defensins determines their biological activity. Like 

most antimicrobial peptides, defensins are cationic (polar) molecules with 

spatially separated hydrophobic and charged regions. This arrangement allows
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them to insert themselves into phospholipid membranes so that their hydrophobic 

regions are buried within the oily membrane interior and their cationic regions 

interact with anionic phospholipid head groups and water. In the membrane, some 

defensins assemble into multimeric pores. Defensins and other AMPs 

preferentially disrupt bacterial membranes that are rich in negatively charged 

phospholipids. Conversely, the lower anionic phospholipid content of the cell 

membranes of higher animals may provide relative protection from collateral 

damage (Ganz 1999).

HBDl was originally isolated from haemofiltrates, but was subsequently found in 

human urine and has been determined to be con.stitutively expressed in the kidney 

and female urogenital tract (Valore, Park et al. 1998). A second (3-defensin, 

HBD2, was first isolated from the skin of patients with psoriasis, and was found to 

be expressed in epithelial cells of the trachea, skin and lung tissues (Harder, 

Bartels et al. 1997). Expression has since been demonstrated in gingival and 

intestinal epithelial cells (Mathews, Jia et al. 1999; O'Neil, Porter et al. 1999), and 

the peptide has been isolated from epithelial lining fluid (ELF) and broncho- 

alveolar lavage (BAL) fluid, as well as from the supernatants of cultured 

respiratory epithelial cells in vitro (Singh, Jia et al. 1998; Hiratsuka, Mukae et al. 

2003).

Like other defensins, HBD2 has a broad spectrum of anti-microbial activity. 

HBD2 displays potent microbicidal activity against many Gram-negative bacteria, 

including Escherischa coli and Pseudomonas aeruginosa (LDgoilO flg/ml), as 

well as the yeast Candida albicans (LDyo:25 |Lig/ml) (Singh, Jia et al. 1998). It is 

less effective against Gram-positive organisms however, demonstrating 

bacteriostatic as opposed to bactericidal activity against Staphlococcus aureus
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(LDso >100 |ig/ml). HBD3 has much more potent anti-Staphlococcal activity 

compared to either H B D l or HBD2 and it is postulated that this is due to its 

ability to form amphipathic dimers in solution with increased positive surface 

charge density compared to the other two structures (Schibli, Hunter et al. 2002).

As well as having direct anti-microbial action, HBD2 has additional 

immunomodulatory roles which augment its function in host defence. Both HBD2 

and H BD l have been shown to be chemotactic in vitro. At submicromolar 

concentrations, these defensins attracted both immature dendritic cells and 

memory T cells, which initiate primary and recall immune responses, 

respectively. The effect was evidently mediated by the CCR6 chemokine receptor 

because (3-defensins effectively competed with the receptor's ligand, M IP-3a. If 

the same mechanism functions in vivo, the release of these two defensins from 

injured epithelial cells would recruit dendritic cells and memory T cells to 

infected tissues, thereby promoting the development of  adaptive (antibody and T 

cell-mediated) immunity (Yang, Chertov et al. 1999). HBD2 can also promote 

histamine release and prostaglandin D2 production in mast cells, suggesting a role 

in allergic reactions (Befus, Mowat et al. 1999; Niyonsaba, Ogawa et al. 2004).

In contrast to H B D l,  which is constitutively and stably expressed, HBD2 

expression is induced in response to infective stimuli, including Gram-negative 

and, less potently. Gram-positive bacteria or their components (LPS and 

peptidoglycan) or to pro-inflammatory stimuli including tumour necrosis factor 

(T N F )-a  and interleukin ( IL )- ip  in vitro (Singh, Jia et al. 1998; Harder, Meyer- 

Hoffert et al. 2000). A similar effect has been demonstrated in vivo with the 

demonstration of increased HBD2 in tracheal aspirates from neonates with 

pulmonary or systemic infection (Schaller-Bals, Schulze et al. 2002). HBD2 can
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thus act as a dynamic component of the host defence, whereby the epithelium can 

elicit an immediate anti-microbial response to a pathogen, which is independent of 

leukocyte mediated immune defence mechanisms.

HBD2 was first described in skin, and many investigators have looked at the role 

of HBD2 in chronic inflammatory skin conditions. Atopic dermatitis is a chronic 

inflammatory disease of skin, frequently found in association with asthma and 

allergic rhinitis, which is complicated by bacterial, viral and fungal infections. 

Skin lesions from these patients have been found to have reduced levels of HBD2 

mRNA and protein compared to normal controls and to patients with psoriasis 

(Ong, Ohtake et al. 2002). Patients with psoriasis, another chronic inflammatory 

skin condition, have a reduced incidence of several types of infection. It has been 

proposed that this relative resistance to infection is due to increased local 

production of anti-microbial peptides in psoriatic skin (Christophers and Henseler 

1987; Frohm, Agerberth et al. 1997; Harder, Bartels et al. 1997). Taken together, 

this data demonstrates clinically significant disease arising from local innate 

immunodeficiency, while relative protection is afforded by overproduction of 

anti-microbial peptides under similar conditions. Increased HBD2 expression has 

also been demonstrated in inflamed intestinal epithelium in the context of 

ulcerative colitis, peptic ulcer disease and Helicobacter pylori infection (O'Neil, 

Porter e ta l. 1999).

Much of the work regarding the role of the defensins in the lung has focused on 

Cystic Fibrosis, a disease in which pulmonary mucosal defences are impaired, 

leading to bacterial colonisation, first with Haemophilis influenza and 

Staphlococcus aureus and later with mucoid strains of the Gram-negative
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organism  Pseudom onas aeruginosa  (Konstan M. 1993). This bacterial 

colonisation and chronic inflam m ation is associated with increased m orbidity and 

m ortality in CF. The production o f the m ucoid extracellular polysaccharide by P. 

aeruginosa  has been linked to virulence, and it is these mucoid strains rather than 

non-m ucoid strains which induce HBD2 in respiratory epithelium  in vivo (Harder, 

M eyer-Hoffert et al. 2000). A lthough defensins are found in norm al concentration 

in the lungs of patients with CF, it is postulated that they exhibit reduced activity 

in the local environm ent of the CF lung (Goldm an, Anderson et al. 1997). The 

defective chloride channel (CFTR) in the CF lung results in elevated salt 

concentration on epithelial cells. Investigators have dem onstrated a dose 

dependent reduction in anti-m icrobial activity o f HBD2 according to salt 

concentration in vitro (Bals, W ang et al. 1998; Harder, M eyer-Hoffert et al. 2000). 

CF airway epithelia fail to kill apicaliy applied P. aeruginosa, contrasting with the 

anti-bacterial properties o f normal airway epithelium  (Smith, Travis et al. 1996). 

A recent study also dem onstrates degradation and inactivation o f HBD2 by the 

serine proteases cathepsin B, L, and S, all o f which are present in increased 

concentrations in CF BAL, and indeed by C F BAL itself (Taggart, Greene et al. 

2003). It is postulated that im paired (3-defensin activity in the CF lung may be an 

im portant factor in the im paired host defence o f these patients, resulting in failure 

to clear pathogens and increased susceptibility to bacterial colonisation.

Increased HBD2 expression has been dem onstrated in a num ber o f acute and 

chronic respiratory conditions. HBD2 is found in the BAL o f patients with 

bacterial pneum onia and is upregulated in these patients (Hiratsuka, N akazato et
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al. 1998). Increased levels have also been dem onstrated in other infective 

conditions, such as diffuse panbronchiolitis, a progressive condition characterised 

by frequent episodes of superim posed infection, typically caused by P. aeruginosa  

(H iratsuka, M ukae et al. 2003). Singh et al also dem onstrated increased levels of 

HBD2 in BA L from patients with non-infective chronic inflam m atory conditions 

such as sarcoidosis and idiopathic pulm onary fibrosis, with increased levels also 

found in the context o f the non-specific inflam m atory insult o f inhalation injury 

(Singh, Jia et al. 1998; M ilner, Cole et al. 2003). This correlates with the observed 

upregulation o f HBD2 expression in response to pro-inflam m atory cytokines 

observed in vitro. Analysis o f the nasal m ucosa of patients with com m on cold also 

showed a reduced up-regulation o f HBD2 in response to inflammatory stimuli 

(D auletbaev, Gropp et al. 2002). HBD2 expression and regulation has not been 

investigated in the context o f COPD to date, how ever a polymorphism o f the 

H B D l gene has been found to be significantly associated with the 

disease(M atsushita, Hasegawa et al. 2002).

1.4 Linking Toll to HBD2

Like other elem ents o f the innate im m une system, the defensins are highly 

conserved structures, and the bovine p-defensin tracheal antimicrobial peptide 

(TAP) serves as a paradigm  for induction o f innate im munity in the airway in 

man. The TA P gene is expressed in cilliated airway epithelium  in response to 

bacterial infection. In vitro incubation o f bovine tracheal epithelium  with LPS 

increases TAP mRNA levels via a CD 14-m ediated response, culm inating in 

activation o f NF-kB and transcriptional up-regulation o f the TA P gene (Diamond, 

Russell et al. 1996; Diamond, Kaiser et al. 2000). Applying this paradigm to 

hum an tracheobronchial epithelial (hTBE) cells in culture, Becker et al
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demonstrated that LPS-induced HBD-2 expression was similarly dependent on 

C D -14. (Becker, Diamond et al. 2000)
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1.5 CD-14

LPS is the primary inducer o f  G ram -negative septic shock, and as such, enormous 

effort has been devoted to the identification o f the LPS receptor. Several 

m olecules bind LPS and subsequently activate resting m onocytes/m acrophages 

including Pi-integrins (CD 11/CD 18), the m acrophage scavenger receptor for 

acetylated Low-density lipoprotein (LDL), L-selectin and CD 14. These molecules 

also play an important role in the internalization and detoxification of endotoxin. 

However, CD 14 is the main 'LPS-receptor' that can activate monocytes in 

conjunction with serum LPS-binding protein (LBP) at low ( < 1 0 n g m L  ” ') 

clinically significant concentrations o f LPS, as observed in the sera o f septic 

patients (W right, Ramos et al. 1990). Furtherm ore, CD 14 interacts with different 

com ponents o f other G ram -negative and-positive bacteria and fungi, defining 

CD 14 as a central pattern recognition molecule in innate immunity (Pugin, 

Heumann et al. 1994). Based on its cDNA sequence, CD 14 is a membrane 

glycoprotein of 356 am ino acids and a 19 am ino acid long N-terminal leader 

peptide. The CD 14 gene is on chrom osom e 5 (region q 2 3 -2 l), consisting o f two 

exons and encoding a single 1.4-kb mRNA transcript. A fter translation, the C- 

term inal leader sequence o f 28-30 am ino acids is replaced by a glycosyl- 

phosphatidyl inositol (GPI) anchor. So, CD 14 is not a transm em brane protein but 

is attached to the plasm a m em brane via the GPI tail (Haziot, Chen et al. 1988). 

The G PI-anchor has no role in the signal transduction.

Because CD 14 lacks a transm em brane or cytoplasm ic dom ain, it is must act in 

concert with other signal transduction m olecules in order to influence gene 

transcription. Several intracellular kinases have been reported to be activated by 

LPS bound in a CD 14-dependent way: protein tyrosine kinases, mitogen activated

25



tyrosine icinases (E R K l/2 , JNK, p38) and protein kinase A and C, as has 

activation and translocation o f N F -kB to the nucleus (Sw eet and Hume 1996). 

The TLRs are transm em brane pathogen recognition receptors, possessing a 

cytoplasm ic dom ain, binding to which activates an intracellular signalling cascade 

including the kinases and transcription factors described above. This suggests that 

the TLRs would be attractive candidate co-factors to work in concert with CD 14 

and LPS binding protein. O f the 11 TLRs identified to date, TLR4 has em erged as 

the most im portant in LPS signalling. I postulated therefore that LPS-induced 

HBD-2 upregulation in epithelial cells is TLR4-dependent.
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1.6 COPD

CO PD  is a m ajor public health problem. It is the fourth m ost com m on cause of 

chronic m orbidity and mortality in the USA , and it is projected by the W orld 

Health OrganisationAVorld Bank that by the year 2020, it will rank fifth in the 

w orldwide burden of disease (1995; M urray and Lopez 1996). The Am erican 

Thoracic Society previously defined C O PD  physiologically by the presence of 

irreversible or partially reversible airflow  obstruction in patients with chronic 

bronchitis or em physem a (M urray and Lopez 1996). Chronic bronchitis is defined 

clinically by the presence o f productive cough for most days o f at least three 

m onths on two consecutive years, where other causes o f cough are excluded 

(1965). Em physem a is defined clinically as perm anent dilatation of the airspaces 

distal to the terminal bronchioles, accom panied by destruction of the alveolar 

septa in the absence o f fibrosis (Snider 1989). This rather cum bersom e definition 

has been revised by the Global Initiative for Chronic Obstructive Lung Disease 

(GOLD) com m ittee, which defines COPD as follows: “COPD is a disease state 

characterised by airflow obstruction that is not fully reversible. The airflow 

lim itation is usually both progressive and associated with abnormal inflam m atory 

response in the lungs to noxious gases or particles.” (w w w .goldcopd.com /revised). 

This new definition highlights the increasingly recognised importance o f airway 

inflam m ation in the pathogenesis o f this disease. The natural history o f COPD is 

one o f a progressive decline in ventilatory function, exercise tolerance and health 

status that is punctuated by exacerbations o f sym ptom s (Fletcher and Peto 1977). 

Patients who suffer the most exacerbations have significantly lower health status 

and there is also evidence that exacerbation frequency predicts accelerated decline 

in lung function (Seemungal, D onaldson et al. 1998; Kanner, Anthonisen et al. 

2001; Donaldson, Seemungal et al. 2002). Acute respiratory tract infection has
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been shown to have a significant effect on decline in lung function in smokers 

with COPD (Kanner, Anthonisen et al. 2001), while chronic mucus 

hypersecretion was significantly and consistently associated with both an excess 

FEVl decline and an increased risk of subsequent hospitalization because of 

COPD in the Copenhagen City Health study (Vestbo, Prescott et al. 1996).

The pathogenesis of COPD remains unclear, but three factors appear to be 

important: cigarette smoking, inhalation of dust and infections. The role of 

bacteria in the pathogenesis and acceleration of COPD remains the subject of 

some debate, but increasing evidence in recent years supports the importance of 

bacteria in this disease, as a stimulus to chronic inflammation and a cause of 

exacerbations. In their state of the art review of bacterial infection in COPD, Sethi 

and Murphy outline five potential ways in which bacteria could contribute to the 

course and pathogenesis of COPD:

(i) Childhood lower respiratory tract infection impairs lung growth, 

reflected in smaller lung volumes in adulthood. Several studies have 

demonstrated a lower forced expiratory volume in one second (FEV l) in 

subjects with a reliable history of childhood lower respiratory tract 

infections compared to normal controls. Controversy remains as to 

whether this is a causative relationship or represents a genetic 

vulnerability to both infection and airflow obstruction.

(ii) Bacteria cause a substantial proportion of acute exacerbations of 

chronic bronchitis which cause considerable morbidity and mortality.

Bacteria are isolated from sputum in 40-60% of acute exacerbation s of 

COPD (Sethi 2000). There has been much controversy over the years as 

to whether these bacteria were pathogenic or were merely innocent
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bystanders in the exacerbation process, isolated from common colonisers 

of the respiratory tract. Advances in diagnostic and research techniques in 

the last decade have allowed this issue to be examined more rigorously. 

Several studies using bronchoscopic sampling of the lower respiratory 

tract with protected specimen brush for quantitative culture have 

demonstrated significant bacterial infection of the distal airway in 

approximately half of patients experiencing an acute exacerbation (Fagon, 

Chastre et al. 1990; Monso, Ruiz et al. 1995; Pela, Marchesani et al. 1998; 

Soler, Ewig et al. 1999). Molecular typing of bacteria has shown that 

colonisation is not stable but that there is a frequent turnover of discrete 

strains of H. influenzae (Murphy, Sethi et al. 1999), and that there is an 

association between an exacerbation of COPD and isolation of a new 

strain of a bacterial pathogen (Sethi, Evans et al. 2002). Furthermore, 

strain-specific anti-bodies to surface outer membrane proteins of H. 

influenzae have been shown to develop in relation to exacerbations (Yi, 

Sethi et al. 1997). Strain-specific antibody responses to B catarrhalis and 

H. parainfluenzae have also been demonstrated (Chapman, Musher et al. 

1985.; Hill, Mitchell et al. 2000) This data suggests that a change in 

strain but not necessarily organism may be responsible for an 

exacerbation of COPD, and earlier studies which failed to discriminate 

between different strains may have missed evidence of a new infection.

Chronic colonization of the lower respiratory tract by bacterial 

pathogens amplifies the chronic inflammatory response present in 

COPD and leads to progressive airway obstruction (vicious circle 

hypothesis). In vitro studies have shown that cell-free supernatants of 

cultures of H. influenzae, S, pneumoniae and P. aeruginosa can induce



mucus hypersecretion and impair ciliary kinetics (Murphy, Sethi et al. 

1999), and that non-typeable H. influenzae causes epithelial injury (Read, 

Wilson et al. 1991). H. influenza LPS has been shown to increase 

epithelial expression of the pro-inflammatory cytokines IL-6, IL-8 and 

T N F-a in v/rra(Williams, Rodriguez et al. 1997), providing a potential 

mechanism for upregulation of inflammation. There has been further in 

vivo evidence to support this concept of bacterial colonisation resulting in 

airway inflammation. Patients with a higher positive culture of H. 

influenzae have increased concentration of TN F-a in their sputum 

(Bresser, Out et al. 2000), while a study of patients with stable chronic 

bronchitis demonstrated a direct correlation between bacterial load and 

markers of neutrophilic inflammation, regardless of the pathogen isolated 

(Hill, Campbell et al. 2000). Similarly, the isolation of pathogenic 

microbes from broncho-alveolar lavage fluid is strongly associated with 

increased neutrophils and TN F-a. Eradication or reduction of bacteria is 

associated with reduced inflammation (Soler, Ewig et al. 1999). In this 

study, bacterial colonisation of the lower airways was also seen in 

smokers who did not have significant airflow obstruction, suggesting that 

bacterial colonisation may be an early phenomenon in the course of the 

disease. Bacterial colonisation of the lower airways in COPD may impair 

host defence, cause direct airway epithelial damage and promote chronic 

inflammation, which in turn may contribute to symptoms and disease 

progression.

Bacterial pathogens invade and persist in respiratory tissues, alter the 

host response to cigarette smoke, or induce a chronic inflammatory 

response and thus contribute to the pathogenesis of COPD. Having



previously been regarded as an extracellular pathogen, recent studies have 

demonstrated that nontypeable H. influenza invades beyond the surface of 

the respiratory epithelium both in vitro and in vivo. Bacteria in tissues are 

protected from anti-biotics and may act as reservoirs of infection. Chronic 

Chlamydia pneumoniae infection has also been demonstrated in COPD, 

with incidence increasing with severity of disease(Von Hertzen, 

Alakarppa et al. 1997).

(v) Bacterial antigens in the lower airway induce hypersensitivity that 

enhances airway hyperreactivity and induces eosinophilic 

inflammation. In COPD, there is a delayed clearance of bacteria from the 

lower respiratory tract, resulting in prolonged contact between airway 

lymphoid tissue and bacterial antigens. This could lead to production of 

IgE and eosinophil recruitment. An increased number of eosinophils is 

characteristic of airway inflammation in most patients with COPD and 

this eosinophilia increases with exacerbations. Endotoxin from H. 

influenza has been shown to stimulate release of histamine, a potent 

bronchoconstrictor, from mast cells obtained from BAL in vitro 

(Clementsen, Larsen et al. 1995), while patients with exacerbations of 

COPD have been found to have basophil-bound and serum IgE to 

homologous strains of H. influenza and S. pneumoniae (Kjaergard, 

Larsen et al. 1996). Bacterial pathogens may thus contribute to the 

eosinophila, airway hyper-reactivity and bronchoconstriction in patients 

with COPD.
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Several studies in recent years have shown a relationship between lung function 

impairment and the type of bacterial flora colonising the lower respiratory tract 

and causing infective exacerbations of COPD. Examining sputa from patients 

during exacerbations, Eller et al found that patients with worse lung function had 

a higher rate of Gram-negative Enterohacteriaceae and Pseudomonas species 

(Eller, Ede et al. 1998). Similarly, in a study looking at 91 ambulatory patients, 

Miravittles found that individuals with severe pulmonary function impairment, 

as defined by FEV1<50% predicted, were at a six fold higher risk of suffering 

acute exacerbations caused by H influenza and P. aeruginosa than were patients 

with FEVI >50% (Miravitlles, Espinosa et al. 1999). Pseudomonas, was found in 

only one of 14 patients with FEVI >50%, and active smoking was independently 

and significantly associated with H  influenza in the sputum. Looking at patients 

with severe exacerbations requiring mechanical ventilation, 88% of whom had an 

FEVI <50%, Soler reported a high rate of Gram-negative bacteria including 

Pseudomonas/Stenotrophomonas in respiratory samples (Soler, Torres et al. 

1998). Patel found H. influenza to be the most common colonising organisms in 

stable patients with moderately severe COPD (mean FEVI 38.7% predicted), and 

this was not related to smoking status. Colonisation with any species was 

associated with increased exacerbation frequency (Patel, Seemungal et al. 2002). 

Increased rates of oropharyngeal carriage of aerobic Gram-negative bacilli in 

severe COPD versus less severe disease, representing a potential source of 

pneumonia/infective exacerbation, has also been reported (Mobbs, van Saene et 

al. 1999).

It would appear that as lung function deteriorates in COPD, the respiratory tract 

is more frequently colonised with, and exacerbations are more frequently caused 

by. Gram-negative organisms. The reason for this is unclear. One reason may be
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the ecological pressure exerted by the use of previous antibiotics. Patients with 

more severe disease are likely to have disease of longer duration and therefore 

have been exposed to more antibiotics. Increased age and frequent hospitalisation 

were independent risk factors for Gram-negative bacteria and Pseudomonas 

infection in Soler’s study (Soler, Torres et al. 1998). Other hypotheses include 

increased adherence of bacteria to damaged epithelium, such as that which is 

assumed to exist in patients with more severe disease (Plotkowski, Chevillard et 

al. 1991). Other potential factors relating to host defence are also likely to prove 

important. Failure to mount an immediate and effective host response resulting in 

eradication of potentially pathogenic organisms may leave the host susceptible to 

colonisation, chronic inflammation and acute exacerbations.

Patients with cystic fibrosis are also frequently colonised by Gram-negative 

organisms, particularly Pseudomonas. Proposed reasons for this susceptibility 

include abnormalities of airway surface liquid leading to impaired mucociliary 

clearance, increased availability of bacterial receptors, reduced ingestion of 

pathogens by CF cells and impaired defence related to low levels of molecules 

such as nitric oxide or glutathione. As outlined above, impaired production, 

survival and activity of AMPs may also be important. The inducible expression of 

AMPs in response to bacteria is likely to be critically linked to the TLRs, and 

through this and its other immunomodulatory functions, the TLRs may also prove 

important. TLR4 is the predominant signal transducer of the Gram-negative 

pathogen recognition receptor LPS. Changes in TLR4 expression in the 

respiratory tract could potentially result in an altered immediate immune response 

to Gram-negative organisms, contributing to the failure to eradicate these bacteria.
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1.7 Corticosteroids;

Airway inflam m ation is a prom inent feature o f both COPD and asthma. The 

benefits of m aintenance inhaled corticosteroids in asthm a are well established 

(1987). The use of system ic steroids have long been a mainstay o f treatm ent in 

acute exacerbation of COPD, but the use o f m aintenance low dose inhaled 

corticosteroids in stable disease remains the subject o f much debate. Specific 

features distinguish asthm a from COPD with regard to the characteristics o f the 

key inflam m atory changes. In particular, asthm a is characterized by bronchial 

eosinophilic infiltration and airw ay rem odeling, which are supposed to be 

orchestrated by a predom inant CD 4+/T  helper 2 (Th2) response (M addox and 

Schw artz 2002), whereas in COPD there is an infiltration of CD8+ T 

lym phocytes, m acrophages, and neutrophils (Jeffery 2000).

There have been a num ber o f large scale m ulti-centre placebo controlled trials of 

inhaled corticosteroids in COPD, looking at a num ber o f different end points 

(Renkem a, Schouten et al. 1996; Paggiaro, Dahle et al. 1998; Pauwels, Lofdahl et 

al. 1999; 2000; Burge, Calverley et al. 2000). None has established a significant 

reduction in all cause mortality. A small early im provem ent in FEV l was reported 

in some studies but this was not m aintained and there was no effect on the rate of 

decline in lung function com pared to the placebo treated group. There were 

im portant im provem ents in other end points however. R egular use o f inhaled 

corticosteroids reduced the chance of an exacerbation, and the total exacerbation 

rate, by up to one third. A slow er deceleration in disease-specific health status, 

better symptom control, im proved exercise tolerance and fewer pulmonary 

sym ptom s have been variably reported. As a result, inhaled coricosteroids are
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increasingly used in the treatm ent o f stable COPD, often in com bination with 

long-acting beta-2 agonists.

Airway inflam m ation is effectively suppressed by low doses o f inhaled 

corticosteroids in most patients with asthm a, but a sim ilar effect in COPD has not 

been firm ly established. Studies with high doses o f  inhaled steroids over short 

periods (2-4 weeks) failed to show a reduction in inflam m atory cells, cytokines or 

proteases (Keatings, Jatakanon et al. 1997; Culpitt, M aziak et al. 1999). Other 

studies, with longer treatm ent periods o f 8 week and more, have dem onstrated a 

reduction in neutrophilic and lymphocytic infiltration, and in protease activity 

(Llew ellyn-Jones, Harris et al. 1996; Confalonieri, M ainardi et al. 1998; Gizycki, 

Hattotuw a et al. 2002).

A lthough corticosteroids have been used as anti-inflam m atory agents for a long 

time, it is only during the past few years that the m olecular m echanisms 

underlying their biological and pharm acological effects have begun to be 

elucidated. Recent significant advances made within this research field are 

beginning to identify a broad spectrum  o f m olecular targets o f glucocorticoids 

including genom ic DNA, histone-m odifying enzym es, transcription factors, and 

signalling cascades activated by a wide range o f stimuli.

G lucocorticoids exert their action by binding to a specific, intracellular 

glucocorticoid receptor (GR). Unbound GR is associated in the cytoplasm in a 

nonactive oligomeric com plex with some regulatory proteins including the 90kDa 

heat shock protein (hsp90). The interaction between hsp90 and GR is required to 

m aintain the C-term inal dom ain o f the GR in a favourable conform ation for ligand 

binding. B inding o f horm one agonists releases GR from  its interactions with 

hsp90, thus inducing a conform ational change, which results in unmasking o f the
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receptor nuclear loca liza tion  sign a l. U pon  activation , G R  thereby translocates to 

the n ucleu s and binds as a d im er to D N A  through its central dom ain , w hich  is 

structurally characterized  by a D N A  b ind in g  m o tif  co n sis tin g  o f  tw o  "zinc 

fingers", each  con ta in in g  a z in c ion tetrahedrically  coordinated  to four cy ste in e  

residues. G R interacts w ith  D N A  by targeting sp ec ific  n u cleotid e palindrom ic  

seq u en ces term ed "glucocortico id  resp on se elem ents" (G R E ). In particular, the 

dim eric G R p laces its tw o D N A -b in d in g  fragm en ts into adjacent m ajor gro o v es o f  

the D N A  d ou b le h e lix  in corresp on d en ce to appropriately sp aced  G R E  h alf  

p alindrom es (L u isi, X u et al. 1991). T he overall p rocess results in either 

stim ulation  or inhib ition  o f  g en e  transcription.

Transcriptional stim ulation  o f  anti-in flam m atory  g en es  con tributes little to the 

an ti-in flam m atory e ffec ts  o f  corticostero id s in asthm a. T h ey  increase the 

exp ression  o f  anti-in flam m atory proteins such  as iip o co r tin -l, w h ich  in activates  

the en zy m e p h osp h olip ase A 2 thus in h ib itin g  the production  o f  lipid m ediators 

( i.e ., p late let-activating  factor, leu k otr ien es and p rostaglandins). G lu cocortico id s  

a lso  en h ance the production  o f  other an ti-in flam m atory m o lec u le s  such  as 

in terleu k in -1 receptor an tagon ist (IL -Ira), in ter leu k in -10 (IL -10 ), secretory  

leu k ocy te  inhibitory protein and neutral en d op etid ase (A d cock  and Ito 2 0 0 0 ). The  

p h y sio lo g ica l e ffe c t  o f  this is sm all, h ow ever . It is a lso  relevant the G R s induce  

the syn th esis o f  iK B -a , the en d o g en o u s inhibitor o f  N F -k B  (M cK ay and 

C id low sk i 1998).

E ffec tiv e  control o f  airway in flam m ation  is largely  m ediated  by inhibition  o f  the 

transcriptional activ ity  o f  several d ifferen t g en es  en cod in g  pro-inflam m atory  

proteins such as (IL -1 , IL -2, IL -3 , lL -4 , IL -5, IL -6 , IL -11 , IL -13 , T N F -a , G M - 

C S F ), ch em o k in es (IL -8, R A N T E S , M IP -I , M C P -I , M C P -3, M C P -4 , eo tax in ),
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adhesion m olecules (ICAM -1, VCAM -1, E-seiectin), and m ediator-synthesizing 

enzym es (i-NOS, COX-2, cytoplasm ic PLA 2 ) (Adcock and Ito 2000). This 

inhibition occurs at a genom ic level in the case of a limited num ber o f genes, but 

more important appears to be the non-genom ic mechanism  o f transpression, due 

to the effect o f activated GR on the function o f several transcription factors. 

Direct physical interactions between m onom eric GR and subunits o f the 

transcription factors AP-1 and NF-kB result in inhibition o f their transcriptional 

properties (Pfahl 1993).

G lucocorticoids are thought to inhibit histone acetylation by counteracting the 

actions o f several transcription factors such as CREB, S p l, Ets, NF-AT and 

STATs. All the latter can indeed interact with the C BP/p300 coactivator com plex 

thus stim ulating its intrinsic histone acetyltransferase activity, whereas GR 

binding to CBP results in inhibition o f histone acetylation (Ito, Barnes et al. 

2000). GR may also stimulate histone deacetylation by binding corepressors such 

as N -C or and SM RT, resulting in recruitm ent and activation o f m acrom olecular 

com plexes that have deacetylating function (Ayer 1999; Ito, Bam es et al. 2000). It 

has been postulated that the relative inability o f corticosteroids to effectively 

suppress inflam m ation in COPD may be due, at least in part, on the effects of 

oxidative stress and cigarette smoke on the balance between histone acetylation 

and deacetylation (Rahman 2002; Barnes, Ito et al. 2004).

Corticosteroids can further indirectly inhibit gene transcription by interfering with 

the signal transduction pathw ays involved in regulation o f transcription factors, 

including the mitogen activated protein kinases (M APK). In human pulm onary 

endothelial cells, it has been dem onstrated that dexam ethasone inhibits 

phosphorylation-dependent activation of the M APK subgroups JNK (c-Jun N-
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terminal kinases), E R K l/2  (extracellular signal-regulated kinases 1 and 2) and 

p38, induced by oxidative stress and by the pro-inflam m atory cytokines IL-1(3 and 

T N F -a  (Pelaia, Cuda et al. 2001). Budesonide, a topical corticosteroid widely 

used as inhaled anti-inflam m atory therapy in asthm a and increasingly in COPD, 

exerts a potent inhibitory effect on p38 phosphorylation stimulated by 

transform ing growth factor-P(TG F-p), a molecule which has potent pro-apoptotic 

effect. At the m olecular level, glucocorticoid-induced MARK inhibition seems to 

be m ediated by an increased expression, as well as a decreased proteolytic 

degradation, o f the M AP kinase phosphatase-1 (M KP-1) (Kassel, Sancono et al. 

2001). C orticosteroids may also modulate gene expression at a post-translational 

level by reducing the half-life of some niRNAs. (See Figure B)

C orticosteroids are widely used for their potent anti-inflam m atory effects, 

however one o f the many side effects of steroid treatm ent is increased 

susceptibility to infection. There is an enorm ous body o f literature concerning 

specific effects o f corticosteroids on host defences, including affects on leukocyte 

kinetics, phagocytic im munity, cell-m ediated im munity, and humoral immunity. 

There is relatively little inform ation to date regarding the specific effect on innate 

im mune function. Gene profiling studies have shown that glucocorticoids induce 

expression o f TLRs in peripheral blood m ononuclear cells (Galon, Franchim ont et 

al. 2002), while another study showed synergistically enhanced N on-typeable H. 

influenzae (NTH i)-induced TLR2 expression in hum an airway epithelial cells 

treated with dexamethasone. The mechanism  was specific up-regulation of the 

M APK phosphatase-1 (M KP-1), which, in turn, leads to dephosphorylation and 

inactivation of p38 M APK, the negative regulator for TLR2 expression (Imasato, 

Desbois-M outhon et al. 2002).
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Figure B:

Glucocorticoids could m odulate TLR signalling in a num ber of ways:

1. Direct genom ic interaction resulting in stim ulation or inhibition o f effector genes

2. Transpression -  inhibition o f the transcription factors N F-kB and AP-1

3. Inhibition o f M A P kinases, which may be due in part to

4. Induction o f M A P kinase phosphatase 1

(A dapted from Takeda and A kira 2004)
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The effect of corticosteroids on HBD2 expression has not been clarified. Using an 

airway epithelial cell line, Tomita et al demonstrated reduced LPS-induced HBD2 

expression following pre-treatment with dexamethasone (Tomita, Nagase et al. 

2002). Duits et al, however, using primary bronchial epithelial cells, found that 

expression of HBD3 but not HBD2 or HBD2 following stimulation with heat 

killed P. aeruginosa was inhibited by dexamethasone (Duits, Rademaker et al. 

2001). There has been little work regarding the effect of corticosteroids on TLR 

expression.
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1.8 Long actine beta-agonists

Although long-term  dom iciliary oxygen has been shown to im prove survival in a 

selected subgroup o f patients with hypoxic chronic obstructive pulm onary disease 

(1981), sm oking cessation rem ains the only therapeutic intervention known to 

alter the natural progression o f COPD. Pharm acological therapies are therefore 

aim ed at relieving sym ptom s and reducing exacerbations o f the disease. Inhaled 

bronchodilators are the mainstay o f treatm ent and, at present, short-acting beta 

agonists such as salbutamol and anti-cholinergics e.g. ipratropium bromide, given 

four times daily, are the most com m only used. The long-acting beta-agonists have 

a 12-hour duration of action and are now widely used in both asthm a and COPD. 

As well as being more convenient for the patient, there are increased benefits in 

term s o f lung function, exercise perform ance and health status. A recent Cochrane 

review estim ated that com bining a long-acting beta2-agonist with an inhaled 

corticosteroid resulted in an approxim ate 30% (RR, 0.70; 95% Cl, 0.62-0.78) 

reduction in exacerbations (M an, M cA lister et al. 2003).

Long acting beta-2 agonists such as salmeterol and formoterol are effective 

bronchodilators, and they are used for this reason in obstructive airways disease. 

CO PD  and asthm a are characterised by both airflow obstruction and airways 

inflam m ation, although o f different types. Beta-2 adrenergic receptors are widely 

distributed, occurring not only in airway smooth muscle cells but also on 

inflam m atory cells such as m ast cells, m onocytes, eosinophils, T-lym phocytes, 

and neutrophils which are im plicated in the pathophysiology o f respiratory disease 

(Johnson 2002). In recent years, several studies have looked at the potential anti

inflam m atory effects o f long-acting beta agonists, with evidence em erging o f both
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direct and indirect effects on cell activation, inflam m atory m ediator release and 

cell recruitm ent, which involves adhesion, chem otaxis, proliferation and survival 

mechanisms. Both short acting and long acting beta-agonists have been found to 

stabilise mast cells and inhibit inflam m atory m ediator release from these cells in 

vitro (Butchers, Vardey et al. 1991), although this effect has not been reproduced 

in vivo. Salmeterol has been dem onstrated to inhibit both spontaneous and LPS- 

induced IL-8 production in peripheral blood m onocytes (Pantelidis P 1995). 

Neutrophils have a relatively low beta 2 adrenergic receptor density, however 

salmeterol has been shown to inhibit a range o f neutrophil activities in vitro and in 

vivo including adhesion to bronchial epithelial cells, chem otaxis, superoxide and 

[L-8 release (Jeffery, Venge et al. 2002; Johnson 2002)}. In vivo, treatment of 

mild asthm a patients with salmeterol for six weeks resulted in significant 

reduction in neutrophil content and activation in the bronchial m ucosa (Li D 

1997). One study showed a reduced num ber o f eosinophils in the lam ina propria 

o f asthm atics treated with salm eterol (Li, W ard et al. 1999), but other studies have 

not replicated this finding (Jeffery, Venge et al. 2002). There does appear to be an 

inhibition of eosinophil activation, with reduction in eosinophil cationic protein 

and eosinophil protein X release after antigen challenge (Pedersen, Dahl et al. 

1993). Sim ilarly, the long acting beta agonists appear to have little effect on 

lym phocyte num bers in BAL or bronchial biopsy specim ens, but there may be 

inhibition of lym phocyte profile and activity, with a reduction in CD 4+ cells and 

expression o f HLA-DR and IL-2 receptor reported in some studies (Johnson 

2002 ).

Long acting beta-agonists (LA BA) are usually used in com bination with 

corticosteroids, and have an additive and/or synergistic effect in clinical practice. 

The addition o f LABA to inhaled corticosteroid has been dem onstrated to be more
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effective in im proving asthm a control than increasing the dose o f inhaled 

corticosteroid, while com bination therapy has resulted in reduced exacerbation 

rates and improved quality o f life scores in patients with COPD. The m olecular 

basis for this may be twofold. C orticosteroids can modulate the betas adrenergic 

receptor (P2 AR) by activating the P2 AR gene. Topical intra-nasal beclom ethasone, 

a steroid frequently used in COPD, has been shown to increase the density o f 

P 2AR on the nasal m ucosa (Baraniuk, Ali et al. 1997), although Aksoy and 

colleagues were able to dem onstrate only a brief and unsustained increase in 

P 2 AR gene transcription in normal airway epithelial cells treated with 

dexam ethasone in vitro  (Aksoy, M ardini et al. 2002). The use of these drugs in 

com bination may thus inhibit the desensitisation that can occur with prolonged 

beta-agonist use. In contrast, LABAs may augm ent the function of the 

glucocorticoid receptor by prim ing it for subsequent steroid binding and by 

increasing the translocation o f the steroid/glucocorticoid receptor active com plex 

from the cell cytosol to the nucleus (Johnson 2002).

The P2 -AR is a G protein-coupled m em brane receptor that acts to raise 

intracellular cA M P levels via stim ulation of adenylyl cyclase (Green 1996). 

Activation o f the receptor on airw ay smooth m uscle cells results in relaxation of 

the smooth muscle. The airw ay epithelium  contains a high density o f P2 -ARS 

(Carstairs, N im m o et al. 1985), and the airway epithelium  appears to be important 

in regulating airw ay tone. O verexpression of these receptors in the airway 

epithelium  in a m ouse model in vivo resulted in reduced airway hyper

responsiveness (M cGraw, Forbes et al. 2000), and it is postulated that this may be 

due to the release o f vaso-active m ediators by epithelial cells. Known epithelium - 

derived substances that relax airway smooth muscle include PGE 2 and nitric oxide 

(NO). Contractile factors produced by the bronchial epithelium  include
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leukotrienes, PGp2a, and endothelin-1. A irw ay epithelial cells produce a number 

of different cytokines and adhesion molecules that could affect smooth muscle 

responsiveness as well. Although beta agonists have been shown to modulate 

mediator release from a number o f inflammatory cells, there is little direct 

evidence to date that activation of the P2-A R  in epithelial cells has similar effect 

(Barnes 1999).

Salmeterol has been shown to have a number o f effects on cell mediated immune 

function, both alone and in combination with corticosteroids. The effect on innate 

immunity, however, has been largely unexplored. As an increasingly used 

component o f the pharmacology o f C O PD , and given the reported effects on 

exacerbation frequency, I was interested to investigate the effect o f the L A B A , 

.salmeterol, on aspects of innate immunity in respiratory epithelium. Could the 

immunomodulatory role o f L A B A  extend to modulation o f innate immunity 

molecules, in particular T L R 2  and T L R 4 , thus altering the pro-inflammatory 

stimulus o f bacterial products? Could the change in exacerbation rate be due to 

improved clearance of pathogens by enhanced induced expression of HBD2?  

W hat is the effect of L A B A  in combination with corticosteroid on these systems?
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1.9 Ciearette smoke

Cigarette sm oking clearly has been shown to be the m ajor environm ental risk 

factor predisposing to the developm ent of COPD (Silverm an and Speizer 1996). 

Occupational exposures to dust and fumes, air pollution, passive sm oke exposure, 

childhood respiratory infections and diet may also be im portant, while alpha 1- 

antitrypsin deficiency is the im portant pathogenic m echanism in a small m inority 

o f patients. The majority o f COPD patients have a significant sm oking history, yet 

only 10-20% of sm okers will develop COPD (Burrows, Knudson et al. 1988). 

This points to the importance o f some factor or factors specific to the 

subpopulation o f sm okers who develop COPD that is different from other 

sm okers, and may be due to genetic polym orphism s in the various m echanism s by 

which cigarette smoke can cause airway inflam m ation and tissue destruction.

The relationship between cigarette sm oke and airway inflam m ation is complex. 

C igarette smoke is a com plex mixture o f chemical com pounds, including free 

radicals and other oxidants that have the potential to induce tissue damage. 

Chronic exposure to cigarette smoke initiates a series o f events that cause dam age 

to the central airways, peripheral airw ays, and term inal airspaces, leading to 

physiologic and clinical abnormalities. In chronic bronchitis the inflam m atory 

process is characterized by mucosal infiltration with neutrophils, m acrophages, 

and lym phocytes, resulting in epithelial disruption, smooth m uscle hypertrophy, 

and fibrosis. In em physem a, a com bination o f inflam m atory cell recruitm ent in 

the term inal airways, protease-m ediated dam age o f the extracellular matrix, and 

ineffective matrix m echanisms results in tissue breakdown (Sutherland and M artin 

2003).
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The neutrophil was the first cell im plicated in the pathogenesis o f COPD. The 

neutrophil produces proteolytic enzym es such as neutrophil elastase (NE), which 

can degrade lung parenchym a and cause em physem a. In 1983, Hunninghake and 

Crystal evaluated airway inflam m atory cells in bronchoalveolar lavage fluid and 

lung biopsy specim ens o f non-sm okers and sm okers who did not have evidence of 

COPD. They reported that sm okers had an increase in lavage fluid neutrophils and 

m acrophages when com pared with non-sm okers and postulated that cigarette 

sm oking induced m acrophages to release neutrophil chem otactic factors 

(Hunninghake and Crystal 1983). In anim al studies, exposure to cigarette smoke 

causes neutrophils to appear promptly in the airways (Hulbert, M cLean et al. 

1985), while biopsy studies in humans showed that the num ber o f submucosal 

neutrophils in the airways correlated with the num ber o f cigarettes smoked 

(Bosken, Hards et al. 1992).

M acrophages also play an important role in directly m ediating tobacco sm oke- 

induced lung destruction, in part through m acrophage-derived matrix 

m etalloproteases (M M Ps). Using a mouse model, C hurg et al dem onstrated that 

both neutrophilic inflam m ation and activation o f m acrophage derived matrix 

m etalloprotease-12 (M M P-12) were required for connective tissue breakdown, 

and that M M P-12 specifically m ediates this effect by upregulation o f T N F a, 

which in turn causes endothelial activation, neutrophil influx, and proteolytic 

m atrix breakdown caused by neutrophil-derived proteases (Churg, W ang et al. 

2003). Lym phocytic infiltration may also be im portant, and increased num bers of 

CD8-I- T lym phocytes and increased ratio of CD8-I-/CD3+ lym phocytes have been 

reported in the large and small airways o f smokers (O 'Shaughnessy, Ansari et al. 

1997; Lams, vSousa et al. 1998).
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Cigarette smoice also impacts on the pro-inflam m atory cytokine cascade. 

Increased levels o f IL-8 in BAL fluid and stim ulated release of IL-8 from alveolar 

m acrophages have been reported in sm okers (M cCrea, Ensor et al. 1994; 

M orrison, Stricter et al. 1998). Indeed, K uschner et al reported that concentrations 

o f m acrophages, neutrophils, IL-1(3 and IL-8 were elevated in the pulm onary 

m icroenvironm ent o f sm okers in a cigarette dose-dependent m anner (Kuschner, 

D 'A lessandro et al. 1996). Reduced levels o f IL - ip  in exhaled breath condensates 

(Garey, Neuhauser et al. 2004) and the counter-inflam m atory IL-IO in sputum 

(Burgess, Nanson et al. 2002) have been observed following smoke exposure, and 

this has been suggested as a possible m echanism  for increased susceptibility to 

infection in smokers. Park and colleagues reported a sustained increase in the 

concentrations o f T N F a  and IFNy in the serum o f smokers, suggesting a systemic 

inflam m atory response (Park, Park et al. 2003), while increased expression o f the 

adhesion m olecule ICAM-1 may contribute to neutrophil chemotaxis in sm okers 

(Floreani, W yatt et al. 2003).

The m echanism by which cigarette sm oke alters cytokine concentration is not 

clear, but it may involve activation o f various transcription factors. Cigarette 

sm oke has been shown to activate NF-kB through phosphorylation o f iK B -a in a 

variety o f cell lines including T cells (Jurkat) and respiratory cells (H I299) (Anto, 

M ukhopadhyay et al. 2002). Stim ulation o f bronchoalveolar cells from smokers 

with LPS resulted in activation o f N F-kB and the M AP kinase p38 with faster 

kinetics than those o f non-sm okers (M ochida-N ishim ura, Surewicz et al. 2001). 

Specific com ponents o f cigarette sm oke, including nicotine (Crowley-W eber, 

Dvorakova et al. 2003) and acetaldehyde (Crowley-W eber, Dvorakova et al. 

2003) have been shown to activate NF-kB in vitro. NF-kB plays a key role in
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viral replication, carcinogenesis, anti-apoptosis, invasion, and m etastasis, as well 

as inflam m ation and host defence, and activation o f this and other transcription 

factors may be pivotal to the various pathogenic effects o f cigarette smoke.

Given the many and various effects of cigarette smoke on leukocyte function, it is 

unsurprising that sm oking is an independent risk factor for bacterial colonisation 

o f the lower respiratory tract and infective exacerbations o f COPD. Direct and 

passive smoking have long been recognised as independent risk factors for acute 

respiratory infection (Graham  1990). Looking retrospectively at a cohort o f 3074 

patients, Lipsky et al identified previous sm oking as a risk factor for acquiring 

pneum ococcal infection (OR 2.14), independent of having COPD (Lipsky, Boyko 

et al. 1986). Active sm oking is also associated independently and very 

significantly with the isolation o f //. influenza from the sputum o f exacerbated 

COPD patients (OR 8.1) (M iravitlles, Espinosa et al. 1999).

Using a tw o-step BAL and sem i-quantitative culture technique to correct for 

oropharyngeal contam ination, Qvarfordt and colleagues found lower airway 

bacterial colonisation in 6 o f  10 asym ptom atic sm okers and 7 of 35 patients with 

chronic bronchitis, whereas none o f 10 non-sm okers were colonised (Qvarfordt, 

Riise et al. 2000). Looking at patients with stable COPD, Zalacain et al reported 

sm oking to be an independent risk factor for bacterial colonisation of the lower 

respiratory tract as determ ined by protected specimen brush technique, with an 

odds ratio of 3.17 (95% CI 2.5-8) (Zalacain, Sobradillo et al. 1999). Sm oking has 

also been shown to facilitate bacterial colonisation o f the tracheo-bronchial tree in 

a rat model (Ozlu, Cay et al. 1999).

The m echanism by which sm oking facilitates bacterial colonisation has not been 

elucidated. Putative m echanism s include epithelial dam age aiding bacterial
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adherence, impaired m ucociliary clearance, m ucous hypersecretion and altered 

cell m ediated im munity. The effect on the innate im mune system has been largely 

unexplored. B eissw enger and colleagues exposed respiratory cells in culture 

(M M -39 epithelial cells and primary Human Bronchial Epithelial cell cultures), 

grow n at an air-fluid interface, to cigarette sm oke and found reduced expression 

o f HBD2 in response to LPS (Beissw enger C 2003). It was postulated that this 

m ight be due to inhibition of N F-kB or AP-1. There is no published data 

regarding the effect o f  cigarette smoke on TLR expression and function.

In sum m ary, bacterial colonisation is im portant in the pathogenesis and 

progression o f COPD, and may be due at least in part to impaired host defence 

m echanism s in the respiratory epithelium . HBD2 is an inducible anti-m icrobial 

peptide with potent m icrobicidal activity against G ram -negative organisms. 

Induction o f HBD2 by LPS is likely to involve signal transduction through TLR4. 

A ltered expression o f TLR4 could thus result in reduced ability to clear Gram- 

negative pathogens. Potential m odulators o f TLR4 expression and function in 

CO PD  include cigarette smoke, corticosteroids and long-acting beta-agonists, and 

increased airway inflam m ation itself in more severe disease.
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1.10 Aims of the proicct:

1. To determ ine if induction o f HBD2 in respiratory epithelial cells by 

LPS involves TLR4 signalling.

2. To determ ine the effect o f corticosteroids, the long acting beta agonist 

salmeterol and cigarette sm oke condensates on constitutive expression 

o f TLR2/TLR4 and induced expression o f HBD2 and IL-8.

3. To evaluate the expression o f TLR2, TLR4 and HBD2 in the upper 

and lower respiratory tracts o f  the following patient subgroups; (i) 

stable patients with m ild-m oderate COPD (FEVI >1 litre, GOLD 

Stages I and 2A), (ii) stable patients with moderate to severe COPD 

(FEVI < I litre, GOLD Stage 2B and 3) (iii) normal non-sm oking 

controls, (iv) sm okers with norm al lung function. IL-8 levels in nasal 

lavage fluid will be m easured by ELISA as a surrogate o f airway 

inflam m ation.
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Chapter 2

Materials and Methods
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2.1 Ceil Culture and Agonists

2.1.1 Tliawing of Ceil Stoclis

Cells were thawed as quickly as possible by placing the cryovial in a 37°C 

incubator until the last crystals of ice had disappeared, but no longer. The 

contents of the cryovial were transferred into 5 ml medium (pre-heated to 37°C) 

in a cell culture flask and incubated at 37°C in 5% CO2 humidified atmosphere.

2.1.2 Trypsinisation and Passaging of Cells

Media from culture flasks was poured off and disposed of in waste containers. 

Five ml of trypsin was added for 5 minutes and cells were replaced in 37°C 

incubator. After sufficient time had elapsed, 5 ml fresh medium was added (pre

heated to 37°C) to rinse remaining cells off the bottom of the flask, and to 

neutralise the trypsin. Medium with suspended cells was transferred into sterile 

15 ml conical tube. At this point, approximately lOp.1 of cells was transferred into 

the well of a 96 well plate for counting by the method of Trypan Blue exclusion 

and a haemocytometer. Cells were spun at 1500-rpm at room temperature for 5 

minutes. According to the cell count, cells were resuspended in an appropriate 

volume of medium and transferred to flasks or cell culture plates as required.

2.1.3 Freezing of Cells for Long-term Storage

Cells were trypsinised and spun down as in passaging. Based on cell count, cells 

were resuspended in freezing mix (90% FCS, 10% DMSO) at approximately 1 x 

10  ̂ cells per ml and 1 ml was placed in each cryotube. The cryotubes were then
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carefully labelled with permanent marker and placed at -80°C overnight before 

being transferred to liquid nitrogen the following day.

2.1.4 Medium

For 500 ml o f media add;

10% FCS (50 ml)

1% Penicillin-streptomycin (5 ml)

1% L-Glutamine (5 ml) to Dulbecco's Modified Eagles Medium (Gibco BRL).

2.1.5 Culture and Stimulation of Bronchial Epithelial Cells

The human embryonic kidney cell line, HEK293, (ECACC-85I20602) was 

obtained from the European Collection o f Cell Cultures. Cells were cultured at 

37°C in 5% CO2 in Eagle's minimal essential medium (EMEM, Biowhittaker) 

supplemented with 10% foetal bovine serum (FBS), 1% L-glutamine, 1% 

penicillin/streptomycin, 1% NEAA (Gibco-BRL). The human alveolar type II cell 

line A549 was obtained from Americam Type Culture Collection (Manassas, 

VA). Cells were cultured at 37°C in 5% in FI2 (Gibco-BRL), 10% FBS, 1% 

penicillin/streptomycin. Prior to agonist treatment, cells were washed with serum- 

free EMEM/FI2 and placed under serum-free conditions or in serum containing 

1% FCS for LPS stimulations.

Recombinant human T N Fa and interleukin-1(3 were purchased from R & D 

Systems, UK. Staph Aureus LTA, Pseudonomas Aeruginosa  LPS and 

Dexamethasone were purchased from Sigma (UK). Salmeterol and Fluticasone 

were obtained from Glaxo Smith Kline Beecham, UK. (see Table 2.1)
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Agonist Company Concentrations Used

Tum our necrosis facto r-a  

(T N Fa)
R & D System s, UK lOng/ml

In terleukin-1 (3 (IL -1P) R & D System s, UK lOOng/ml

Lipoteichoic acid (LTA) Sigma, UK 0.1-500ng/m l

Lipopolysaccharide (LPS) Sigma, UK l-50|a,g/ml

Dexam ethasone Sigma, UK

b1b

Salmeterol GSK, UK

■Cb1b

F luticasone Propionate GSK, UK

11

b1b

C igarette smoke extract M arlboro 10"’ -  1

Table 2.1 Agonists used in this study.

2.1.6: Preparation of cigarette smoke extracts:

Cigarette smoi<e extract (CSE) was prepared by a m odification of a previously 

published method (Laurent, Janoff et al. 1983). Briefly, 2 filtered M arlboro Red 

cigarettes, each containing 0.8 mg o f nicotine and 10 mg o f tar according to the 

m anufacturer's report, were bubbled through 20 ml serum free F-12 m edium , pre

warm ed to 37°C, by a m echanical vacuum pump. The extract was filtered through 

a 0.45|J.m pore filter (M illipore, Bedford, M A) to rem ove bacteria and particles, 

and serial dilutions made.
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2.1.7 Preparation of Fluticasone, Salmeterol and Dexametliasone

Fluticasone propionate and salmeterol were obtained from Glaxo SmithKline, 

G laxo W ellcom e UK Ltd, Stanley Park W est, Uxbridge, M iddlesex U B l 1 IBT.

A IO'"M solution of Fluticasone was prepared in dim ethylacetam ide (DM A), and 

further diluted using serum free H am ’s F12/0.1%  Tween to a stock solution of 10' 

^M (0.01 %DM A). A solution o f 0.01 % DMA 0.1 % Tween was used for control 

wells. A 10' M solution o f salmeterol was prepared in methanol and further 

diluted in serum free H am ’s FI 2 to a stock solution of lO'^M (0.01% M ethanol). 

H am ’s FI 2 0.01%  methanol was used in control wells. Dexam ethasone was 

purchased from Sigm a-Aldrich, Tallaght, Dublin, Ireland, and reconstituted in 

H am ’s F12.

2.1.8 Cell Viability

A549 cells (I x lOV well) were plated in a 96 well plate in serum -free medium 

overnight, rinsed and placed in medium containing 1% FCS. Triplicate sam ples 

were left untreated or treated with dexam ethasone (16 hours), Salmeterol (6 

hours) or CSE (4 hours) at the indicated dilutions and cell viability was quantified 

using the Prom ega C ellTiter 96 Aqueous One Solution Cell Proliferation Assay as 

recom m ended by the m anufacturer.
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2.2 General Methods

2.2.1 Bradford Protein Estimation Assay

0, 0 .25, 0 .5 , 1.0, 2 .0ng /m l o f  B SA  (I m g/m l) w as p ipetted  in to  the w ells o f  a 96- 

well p late. 5ul o f  unknow n sam ples w as p ipetted  in to  separate  w ells to  the 

standards. 95ul o f  H 2O  w as p ipetted  in dup licate  into the w ells  con ta in ing  the 

unknow n sam ples. B lanks o f  H 2O  w ere included. lOOp.1 o f  B radford  R eagen t was 

added  to  all w ells con ta in ing  standard  o r sam ple. A bsorbance  w as read at 570 

nm , and a standard  curve w as constructed . P rotein  co n ten t w as ca lcu la ted  from  

this standard  curve, p repared  using  the know n values ob ta ined  from  BSA 

standards.

2.2.2 RNA Isolation

TR I reag en t (S igm a) w as used  in the iso lation  o f  R N A  and  pro tein . T h is iso lation  

techn ique is based  on the p rinc ip le  o f  sing le-step  liquid phase separation , resu lting  

in the s im u ltaneous isolation  o f  R N A  and protein . A fter add ing  ch lo roform  and 

cen trifug ing , the m ixture separa ted  into 3 phases: an aqueous phase con ta in ing  the 

R N A , the in terphase  con ta in ing  D N A  and an o rgan ic  phase con ta in in g  proteins. 

Each com ponen t w as then iso la ted  after separa ting  the phases. 7 .5m l o f  TR I 

reagen t w as used to isolate R N A , D N A  and  p ro tein  from  5-8 X  10^ cells g row n in 

a con fluen t m ono layer in a T75 tissue cu ltu re  flask  (1m l o f  T R I reagen t used per 

10cm" o f  cu ltu re  p late  surface area).
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2.2.3 Quantification of RNA

lOul o f  R N A  w as d iluted in 490u l d H 2 0  and the A 260 va lu e was read on  a 

sp ectroph otom eter at the m u lti-w avelen gth  setting. T he am ount o f  R N A  in 

m icrogram s w as ca lcu la ted  u sing  the fo llo w in g  form ula: A 260 X  D ilution Factor 

(in this ca se  1 /50) X  40 jig /m l. Final preparation o f  R N A  is free of D N A  and 

protein  and should  h ave an R N A  purity ratio (A 260/A 280) o f  greater than 1.7.

2.2.4 cDNA Synthesis

A fter c e lls  w ere harvested in TRI reagent and R N A  w as extracted , this R N A  w as  

used  to sy n th esise  com p lem en tary  D N A  (c D N A ) for use as tem plate in R T-PC R  

reactions. R N A  (1 (ig) w as reverse transcribed into sin gle-stran d ed  cD N A  at 42°C  

u sin g  1®‘ strand c D N A  S yn th esis  Kit for R T -PC R  (R och e, U K ) w ith Im M  

d eo x y n u c leo tid e  m ix, 1.6|xg 0 1 ig o -p (d T )1 5  prim er and 0.8|j.l Am v reverse  

Transcriptase in a 20|J,I vo lu m e as d escrib ed  in m anufacturers protocol. In this 

m ethod , A M V  reverse transcriptase syn th esized  the n ew  c D N A  strand at a site 

d eterm ined  by the prim er used: at the 3'-end o f  the p o ly  (A ) -m R N A  when O ligo -  

p (d T )15  w as used  as a prim er. T he resu lting first strand c D N A  w as then u sed  as 

a tem plate for PC R. The cD N A  w as stored at -80°C  until required, avo id in g  

m ultip le freeze-th aw  exp osu res.

2.2.5 Design of PCR Primers

PC R  prim ers w ere d esign ed  u sin g  p ub lish ed  m R N A  gen e sequences for the 

m o lec u le s  o f  interest, located  u sin g  N C B I Entrez N u c leo tid e  (NIH , B ethesda, 

M D )(T a b le  2 .2 ). Certain criteria w ere con sid ered  in d esign in g  the primers. The  

overall purine versus p yrim id ine com p osition  w as im portant. I f  p ossib le, h a lf or 

greater o f  the b ases w ere G or C as this m akes o lig o n u c le o tid e  binding to tem plate
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cD N A  m ore stab le. Sequences o f  fo u r o r m ore o f  the sam e base w ere avoided. 

A lso , care w as taken to ensure that the tw o  p rim ers to  be used toge ther d id  not 

con ta in  sign ifican t reg ions o f  com plem en tarity , or inverted  repeats, w hich w ould 

resu lt in hairp in  loop form ation. If  the 3 ’ ends are com plem en tary , p rim er d im ers 

m ay be the m ain  PC R  products ob tained . All p rim ers w ere designed  using  the 

P rim er 3 so ftw are  p rogram m e (W hitehead  In stitu te /M IT  C en tre  fo r G enom e 

R esearch , C am bridge , M A )(h ttp ://w w w . basic .nw u .ed u /b io to o ls /P rim er3 ) and 

syn thesised  by M W G  B iotech.

2.2.7 Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)

l-3p,l o f  each  cD N A  sam ple from  reverse  transcrip tion  reactions w ere am plified  

w ith 1.25U T aq D N A  P olym erase, 1 x PC R  B uffer and lOmM  dN T Ps (P rom ega) 

in a 50 |il vo lum e con ta in ing  lOOpmol o f  each  o f  the app rop ria te  fo rw ard  and 

reverse  p rim ers (see T ab le  2.2). In sem i-quan tita tive  R T -P C R , the in tegrity  o f  

R N A  ex trac tion  and cD N A  syn thesis w as verified  by PC R  by m easuring  the 

am ounts o f  the housekeep ing  gene, G A P D H , in each  sam ple using  50 p icom oles 

G A P D H -specific  prim ers. PC R  reaction  m ix tures con ta ined  lOX R eaction 

B uffer, 2.5 m M  M g C h , 1.25 U Taq po lym erase , and  0 .2  m M  each dN T P  

(P rom ega, W l). T herm ocycling  co n d itions fo r tem pla te  cD N A  w ere 94°C  fo r 5 

m in, 35 cyc les o f  94°C  fo r 30 sec, 55 /58°C  fo r 30 sec, and  72°C  fo r 30 sec, 

fo llow ed  by a ho ld ing  step  o f  4°C  (see T ab le  2.2). T w en ty  cyc les w ere used to 

am plify  the m ore  abundan t G A P D H  cD N A . A final ex tension  step  o f  72°C  fo r 10 

m in w as fo llow ed  by reso lu tion  o f  the various PC R  p roduc ts on a 1.5% T B E  

agarose gel con ta in in g  0 .5 |ag/m l e th id ium  brom ide (S igm a, Ireland).
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Gene (Accession No.) Primers (5’-3’) Bases Product 

Size (bp)

Cycling

conditions
TLR4 (NM_003266)

F

R

AGATGGGGCATA
TCAGAGC
GTCCATCGTTTG
GTTCTGG

9-587

68-1050 481

35 cycles

95 °C X 60 secs 
55°C X 60 secs 
72°C X 60 secs

TLR2 (U 88540)

F

R

TGCCCTGCCTAT
ATGCAA
GAACACATCGCT
GACAACT

381-398

936-918

486

35 cycles

95°C X 60 secs 
58°C X 60 secs 
72°C X 60 secs

CDI4(NM_000877)

F

R

TACTCCCGCCTC
AAGGAA
GCTTGGGCAATG
CTCAGT

459-476

655-638 197

35 cycles

94°C X 40 secs 
55°C X 40 secs 
72°C X 60 secs

Mai (NM 052887)

F

R

ACTATGACGTCT
GCGTGTGC
CTGCAGCATCTG
GTACTTGC

687-706

921-902

236

35 cycles

94°C X 40 secs 
55°C X 40 secs 
72°C X 60 secs

MD-2 (NM_000877)

F

R

GCAACTCATCCGAT
GCAA
CATCAGATCCTCGG
CAAA

95-112

319-302

225

35 cycles

94°C X 60 secs 
58°C X 60 secs 
72°C X 60 secs

HBD2

(NM_AF07I2I6

F

GGTATAGGCGATCC 
TGTTACC TGC 
TCATGGCTTTTTGC 
AGCA TTTTGTTC

2688-

2709

202

35 cycles

94°C X 60 secs 
58°C X 60 secs 
72°C X 30 secs

GAPDH (BC004I09)

F

R

AACTCTGGTAAAGT
GGAT
TACTCAGCGCCAGC
ATCG

122-138

333-316

211

25 cycles

94°C X 60 secs 
58°C X 60 secs 
72°C X 60 secs

Table 2.2 Primers used in this study.
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2.2.8 Agarose Gel Electrophoresis

Agarose gels (1.0 or 1.5% (w/v)) were heated for approxim ately 2 min in IX TBE 

until dissolved. Ethidium  brom ide was then added carefully to give a final 

concentration o f 0. l|J.g/ml. Gels were run at up to 100 volts using TBE running 

buffer (IX  TBE). PCR products to be analysed were m ixed with one-tenth 

volume o f lOX glycerol loading dye and applied to the wells o f a gel. Following 

electrophoresis for a suitable time period, the ethidium  brom ide-stained DNA was 

visualised on a UV transillum inator Image M aster VDS-CI and software Total 

Lab vl.OO (Am ersham ) and photographed for future reference and semi- 

quantitative analysis.

2.2.9 Real Time PCR

TLR4 m RNA was quantified using com m ercially available SYBR Green assays. 

The SYBR Green fluorescent dye (excitation max 497nm , em ission 520nm ) binds 

to the m inor grooves o f the am plified DNA during the prim er annealing and 

extension steps o f each PCR cycle, resulting in a 1000-fold increase in 

fluorescence intensity. Fluorescence is dependent on the presence o f dsDNA and 

is therefore determ ined by the specificity of the prim ers. Prim ers are designed 

according to the specifications of the reaction: the annealing tem perature is 

restricted to 58-60°C , which corresponds to the optim al working conditions for 

the Am pliTaq Gold DNA polym erase enzyme (Perkin Elm er), and the length of 

the PCR product is set between 60 and 150 bp. TLR4 (NM _003266)* primers 

were F: G TG G A G C TG TA C C G C C TT (2982-3002) and R: 

G CCCC A G G A C A C TG TC CTC C TC  (2697-2716) to give a product size of 65 

base pairs. A standard curve using at least 4 sam ples o f known concentration was 

included in each run, and the data analysed using the fit points method
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extrapolated to the respective standard curve. The results are expressed as the 

ratio o f the mean o f triplicate target gene cDNA m easurem ents to the triplicate 

housekeeping gene (P-actin) m easurement.
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2.3 Transformation and Transfection

2.3.1 Transformation Reagents 

Ampicillin

Ig  o f ampicillin (Sigm a) was dissolved in 10ml sterile distilled water. The 

solution was filter sterilized through a 0 .22 |im  syringe filter, and was stored at - 

20°C in 1ml aliquots in sterile tubes.

LB broth

LB Broth pow der (20g) (Sigma) was dissolved in 1000ml o f sterile distilled water 

and autoclaved. The sterile broth was stored at room tem perature or at 4°C. 

LBAmp"*** broth

LBAmplOO broth was prepared by adding lp.1 ampicillin stock solution per ml of 

LB Broth, producing a final concentration o f 100|ig/ml.

LB Agar

LB Agar powder (35g)(Sigm a) was dissolved in IL  o f sterile distilled w ater and 

autoclaved. The sterile agar was stored at 4°C.

LB Amp agar plates

The LB agar prepared in (d) above was dissolved com pletely in a m icrowave and 

allowed to cool to below 50°C. Am picillin stock solution ( l |l l )  was added per ml 

o f agar, producing a final concentration o f I00)ig/ml. LBAmp'°® agar was poured 

into sterile 85mm petri dishes (25 -30ml per dish) under sterile conditions. The 

Petri dishes were covered immediately, and allowed to set. Prepared plates were 

stored for up to one month at 4°C.
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2.3.2 Transformation of E. coli

Supercompetent E. Coli XL-1 Blue (Stratagene) cells were removed from -80°C 

storage and allowed to thaw on ice. A l^tl volume of the plasmid being 

transformed was transferred to a sterile eppendorf containing 20|l i 1 XL-1 Blue E. 

Coli cells and incubated on ice for 15 minutes. A control tube was also set up. 

This was followed by heat shock at 42°C for 2 minutes and immediate transfer to 

ice for 5 minutes. Ampicillin-free LB medium (1ml) was added to the tube, 

followed by rotary shaking at 220rpm and 37°C for one hour. After 1 hour, a 

100|il volume of the transformation reaction was plated onto separate LBAmp'”** 

plates and incubated at 37°C overnight, together with the control plates.

2.3.3 Single Colony Purification

Following incubation the plates were checked for colony growth. Plasmid control 

plates should exhibit no colony growth compared to the transformed plasmid 

plate. The plate streaked with the plasmid of interest should exhibit a large 

number of colonies. Sterile 20ml tubes were prepared, each containing 5ml of 

LBAmp'^*^ broth. Using a sterile tip, one colony was picked from the 

transformation plate and transferred to the LBAmp'*’*’ broth. Small isolated 

colonies were chosen for selection. A broth only control tube was also prepared. 

Each broth was incubated overnight in a shaking incubator at 37°C and 220rpm. 

Following incubation, the broths were examined and growth should be observed. 

The control broth was discarded. The Qiagen Plasmid Mini Kit plasmid 

extraction procedure was performed on 1.5ml of each successful broth, as 

described in the manufacturer’s instructions, if the amount of plasmid DNA 

required was small.

63



If relatively large am ounts o f plasm id DNA were required, the rem aining

100successful broths were streaked out to a single colony on LB Am p plates using a

sterile wire loop, and the plates were incubated overnight at 37°C. Following

overnight incubation, one small isolated colony was chosen from each plate, and

100transferred to a 50ml sterile tube containing 20ml o f LBAm p broth. At this 

stage, each colony on the streak plate is considered to have originated from one 

single cell. The broths were again incubated overnight at 37°C and 220rpm. 

Plasm id DNA was then extracted and purified using a com m ercial midi prep 

protocol (Qiagen Plasm id Midi Kit), as described in the m anufacturer’s 

instructions.

2.3.4 Storage of Transformed E. Coli Cells

7% DM SO stocks o f transform ed E. Coli cells containing plasm ids o f interest 

were prepared from single colony broths. Each broth (1.86m l) was added to 

sterile DM SO (0.14ml) in a 2.0ml cryovial, preparing a cell suspension in 7% 

DM SO. The cryovial was placed in a secure container and stored at -80°C.

In addition, plates were prepared for short-term  storage o f transform ed XL-1 Blue 

cells. A sterile wire loop was used to inoculate fresh L B A m p p l a t e s  with the 

appropriate plasm id colony. The plate was incubated at 37°C overnight, and was 

then stored at 4  °C for up to a few weeks.

2.3.5 Optimisation of Transfection of A549 and HEK cells

Transfection o f m ammalian cells was perform ed using TransFast Tranfection 

Reagent (Promega). All reagent preparation and transfection procedures were 

carried out under sterile conditions in a Class II m icrobiological safety lam inar 

flow  hood cabinet. Uniform transfection efficiencies were achieved by initially
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optim ising transfection conditions using a constitutive luciferase expression 

vector, pGL3 control (Prom ega). Experim ents were carried out to optim ise 

TransFast and DNA concentrations in A549 and HEK cells.

2.3.6 HBD2 Reporter Gene Studies

A549 or HEK cells were seeded at 1 x 10’̂ on 24-well plates 24 h before 

transfection. Transfections were perform ed with TransFast Transfection Reagent 

(Prom ega) in a 1:1 ratio according to the m anufacturer’s instructions, using 200 

ng o f HBD2 prom oter-linked luciferase reporter genes (W alsh, G reene et al. 

2001). In com bination with luciferase reporter genes, varying am ounts of 

dom inant negative or functionally active expression vectors were co-transfected 

into the cells. The total am ount o f DNA (400ng) introduced into the cells was 

kept constant by supplem entation with the appropriate em pty vectors. 

Transfections were incubated for 1 h at 37°C. Cells were then supplem ented with 

additional growth medium (1 ml/w ell) for 24 h at 37°C before being left untreated 

or stim ulated with the relevant agonist. In some experim ents, after stimulation for 

the indicated time, 300ml o f cell supernatants were recovered for analysis o f  IL-8 

protein concentrations by ELISA. The cells were then lysed with 1 X Reporter 

Lysis B uffer (Prom ega), protein concentrations determ ined, and reporter gene 

activity was quantified by lum inom etry using the Prom ega luciferase assay system 

according to the m anufacturer’s instructions. R eporter gene expression was 

expressed as light units per )J,g total protein. Data expressed as relative luciferase 

stim ulation +/- standard error o f  the mean (Table 2.2).
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Plasmid Cloning Vector Sequence Description Source

HBD2-luciferase pGL3 basic Reporter S. Griffin

MyD88A pcDNA3 152-296 Truncated mutant M. Muzio

MD-2 pcDNA3
Functionally active 

transgene construct
A. Dunne

Mai P/H pDC304 P125H Site-directed mutant A. Bowie

TLR4 PFlag-CM V-l
Functionally active 

transgene construct
A. Bowie

TLR4A pcDNA3 1-666 Truncated mutant M, Muzio

CD4/Toll PcDNA3
Constitutively active 

transgene contruct
C. Janeway

Table 2.2 Plasmids used in this study.

2.3.7 Cell lysis

After 24 hours incubation o f the transfected cells, the plates were transferred from 

the incubator to a class II lam inar flow  hood. M edia was aspirated from each 

well. All wells were then rinsed with phosphate buffered saline (pH 7.4)(Gibco). 

Cell lysis and luciferase assays were perform ed using Reporter Lysis Buffer 

(Prom ega) according to the m anufacturer’s instructions. Cell lysis was 

accom plished by the addition o f an appropriate am ount o f  IX reporter lysis buffer 

(RLB) to com pletely cover each well, follow ed by incubation on a rocking table at 

room  tem perature for 30 m inutes. Following lysis, the cell lysates were assayed 

for firefly luciferase activity (indicating reporter gene expression) as described 

below.
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2.3.8 Luciferase Assays

Assays o f firefly luciferase activities in the prepared cell lysates were perb rm ed  

using the Luciferase Reporter Assay (Prom ega) according to the manufacturers 

instructions. Luciferase Assay B uffer substrate was made up using kit reagents. 

20p.l cell lysate was added in duplicate to the wells o f a 96 well plate, including a 

blank with IX  RLB. 100|j 1 o f luciferase substrate was then added and rjporter 

gene activity was quantified by lum inom etry on a W allac V ictor 1420 multilabel 

counter (Perkin Elm er, Finland). Protein concentrations o f each sam pl; were 

determ ined and reporter gene expression was expressed as light units per |^g total 

protein. Data expressed as relative luciferase stim ulation +/- standard error o f the 

mean (SEM).
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2.4 Protein Studies

2.4.1 Measurement of Receptor Surface Expression

For analysis o f  A 549 ce lls  by laser cy tom etry , 5 x  lO V ells/w ell w ere seeded in 8 

well ch am b er slides (N unc). S lides w ere fixed in m ethanol (A nalaR ) fo r 5 

m inutes and labelled  w ith prim ary  an tibody  (m ouse  anti T L R 4 (S an ta  C ruz) 1:10 

or goat an ti-H B D -2  an tibody  (a g ift from  D r Paul M cC ray , U niversity  o f  Iow a, 

Iow a C ity, lA , U SA ) 1:100 d ilu tion) o r iso type contro l (1 :1000 d ilu tion  o f  1 

m g/m l stock o f  iso type m ouse IgG 2A  or goat IgG ) and incubated  at 4°C  in the 

dark for 30 m in.. S lides w ere w ashed th ree tim es in PB S and probed  w ith 1:10 

d ilu tion  o f  an ti-m ouse  o r an ti-goat IgG  fluorescein  iso th iocyanate  (FIT C , D ako, 

G lostrup , D enm ark) at 4°C  in the dark fo r 30 m in. T he w ash ing  step  w as repeated  

and ce lls  w ere perm eab ilised  in a 1:1 ra tio  o f  perm eab ilisa tion  solu tion  (D ako) 

and 0 .2  fxg/ml so lu tion  o f  p rop id ium  iodide (PI, M olecu la r P robes, L eiden, The 

N etherlands). S lides w ere w ashed  in PBS and T L R 4  or H B D -2 expression  w as 

quan tified  on a C om puC yte  laser scann ing  cy to m eter (C om puC yte , C am bridge, 

M A , U SA ). C ellu la r fluo rescence  o f  at least 5 x 10^ ce lls  w as m easured  by laser 

scann ing  cy tom etry . F luorescence  excita tion  w as p rov ided  by a 488nm  laser line. 

O range (PE ) and green (F IT C ) fluo rescence  w ere m easured  at 588 +/- lOnm or 

530  +/- 20nm , respectively . T he th resho ld  con tou r w as set on sca tte r o r o range to 

de tec t all ce lls  as appropria te . A rtific ia lly  con tou red  d eb ris  w as gated  ou t based  on 

co n to u r size. A ggregated  ce lls  w ere gated  ou t u sing  an a lgorithm  in the LSC  

softw are that finds and m arks m ultip le  cells. Ind iv idual T L R 4  or H B D -2- 

exp ressing  cells w ere iden tified  and quan tified  using  C om puC yte  softw are on the 

basis  o f  in teg rated  green fluo rescence  reflec ting  b ind ing  o f  an ti-m ouse  o r anti-
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go at F IT C  an tibody  (W oitm ann , W ard et al. 1999) (K am entsky , B urger et al. 

1997).

2.4.2 IL-8 Protein Production

A 549 o r H E K  cells  w ere seeded  at 1x10 '"’ on 2 4 -w ell p lates (16-m m  d iam eter) 24  

h b efo re  stim ulation . C ells w ere left un trea ted  or w ere stim ulated  w ith  d ifferen t 

doses o f  the various agon ists fo r d ifferen t tim e periods o r w ith a positive contro l 

(T N F a ). IL-8 p ro tein  co ncen tra tions in the cell supernatan ts w ere determ ined  by 

enzym e-linked  im m unoso rben t assay (E L IS A )(R & D  System s, U K ). D ata 

exp ressed  as relative IL-8 p ro tein  + !-  standard  e rro r o f  the m ean (SEM ).

2.4.3 Preparation of membrane and cytoplasmic Subcellular Fractions

C ells  w ere seeded  at I x 10^/ml on 6-w ell p lates (34-m m  diam eter) 24 h before  

s tim ulation . C ells w ere w ashed  and resuspended  in 1 ml ice-cold  PB S and kept 

on ice fo r 5 m in. C ells w ere lifted from  p lates w ith a cell scraper and pelle ted  by 

cen trifuga tion  at 10,000 rpm  fo r 5 m in at 4°C . S upernatan t w as rem oved  and the 

cell pe lle t resuspended  in 100 |il hypotonic  bu ffer A (5 m M  Tris (pH  6.8), 2m M  

E D T A , and the p ro tease  inh ib ito rs leupeptin  5 |ag/m l, pepsta tin  0 .7 n g /m l, 

b enzam id ine  5 |lg /m l and  P M S F  lm M )(S ig m a , Ireland). C ellu lar com ponen ts 

w ere separated  by u ltracen trifugation  at 55000rpm  x 20 m inu tes at 4°C . 

S upernatan t, w hich constitu ted  cy top lasm ic  and n uclear fractions, w as rem oved 

and  stored  at -20°C . T he pelle t consisting  o f  the m em brane fraction  w as 

resuspended  in hypotonic  bu ffer B (20m M  T ris HCI pH  6.8% , 150m M  N aC l, 

lO m M  E D T A , Im M  E G T A , 1% T riton  X I 00  p lus pro tease  inh ib ito rs as befo re) 

by fo rc ing  p e lle t through a 22G  need le  5-8 tim es. P ro tein  co ncen tra tions o f
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extracts were determ ined by tiie metiiod o f Bradford, and stored at -20°C until 

required for use.

2.4.4 Western Blot Reagents

10% Separating Gel 

Buffer

Acrylamide - 3.3ml 

Sterile distilled water (SDW ) - 3.9ml 

1 .5 M T ris (p H  8.8) - 2.5ml 

200^1

10% SDS - 200|al 

10% APS (O.lg/ml) - 67^1 

TEM ED - 6.7|.il

4% Stacking Gel

Acrylam ide - 500|il

SDW  - 2.25ml

0.5 M Tris (pH 6.8) - 950|il

10% SDS - 38|il

10% APS - 25|.il

T E M E D -3 .8 |a l

SDS Sample Treatment

IM T ris  (pH 6 .8 )-  1ml

10% SDS - 2 ml

0.1%  Brom ophenol Blue -

SDW  - 5ml 

Glycerol - 2ml 

P-m ercaptoethanol - 1 ml

Running Buffer 5X

Tris - 7.5g 

G lycine - 36g 

SDS - 25g

M ake up to 500ml in SDW
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Transfer Buffer IX Blocking Buffer

Tris - 2.42g I-Block - 0.2g

Glycine - 11,26g PB S-100m l

10% SDS - I ml 0.1% Tween 20 - 100^1

Make up to 200ml in methanol.

Add 800ml SDW.

Washing Buffer

I sachet PBS 

I LSD W  

Tween 20 - I ml

Glycine Stripping Buffer

Glycine - l.5g

10% SDS - 1ml

Tween-20 - I ml

Make up to 100ml SDW, pH

2.2

Substrate Solution per Blot

LumiGlo Reagent A and Peroxide Reagent B - IOO|il of each 

SDW - 1.8ml
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2.4.5 Western Blot Protocol

Separating gel and stacking gel were prepared, according to the recipe (section 

2.4.5). The protein concentration in the sam ples was m easured according to the 

Bradford method. Hot plate was preheated to 94^C. Sam ples were made up to the 

same volume (-lOf^l) using SDW. Equal am ounts o f SDS sample treatm ent 

buffer were added to each sam ple and proteins were by heating at 95°C denatured 

for 5 min. 350 ml IX  running buffer (70ml 5X buffer and 280ml SDW ) was 

gradually added to electrophoresis cham ber. 10|.il o f m olecular weight pre-stained 

protein m arker (New England Biolabs) was used to estim ate sam ple size. 20|il of 

each sample was added to wells. Gel was run at 30m illiAm ps per gel for 

approxim ately one hour, or until loading dye had run to the bottom o f gel. In 

order to transfer the blot, a sem i-dry transfer apparatus (Sigm a) was used to 

transfer our proteins to nitrocellulose m embrane. T ransfer apparatus was run at 

100mA, 500 V, 30 W for one hour. O ur transferred m em brane was removed from 

the transfer apparatus and stained with Ponceau S solution for a few minutes to 

detect protein and assess transfer efficiency. N itrocellulose m em brane was rinsed 

under the tap to remove Ponceau S, im mersed in blocking buffer and left 

overnight on a shaking table at 4°C. TLR4 protein was detected by incubating the 

m em brane with rabbit anti-TLR4 (sc -10741 Santa Cruz Biotechnology, diluted 

1:200 in blocking buffer). M em brane was then washed with washing buffer 6 x 5  

m inutes on shaker. Secondary antibody, horse-radish peroxidase-conjugated anti

rabbit IgG (Tropix, M A), was prepared in blocking buffer and incubated with blot 

for 1 hour at RT, and washing procedure repeated. D evelopm ent substrate (New 

England Biolabs) was prepared prior to use and pipetted directly onto blot placed 

on a plastic sheet. M em brane was incubated for one m inute, after which excess
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substrate was removed. The membrane was then sandwiched between a plastic 

folder and exposed to x-ray film for between 30 seconds-1 hour, depending on 

signal intensity. The blot was then developed in an AGFA C PI000 developer.

2.4.6 Immunohistochemistry

A549 cells were grown on chamber slides as before. Following treatments, cells 

were washed with PBS 0.5% BSA and fixed with paraformaldehyde 4%. After 

blocking with normal blocking serum, cells were incubated with goat anti-HBD2 

1:100 X 30 minutes. HBD2 was detected using a biotinylated horseradish 

peroxidase staining system, goat ABC Staining System (Santa Cruz 

Biotechnology), according to the manufacturers instructions. Slides were 

photographed using a using a Nikon Eclipse E600 and Lucia ScMeas Version 

4.51 software.

2.4.6 Cell signalling assays: Activation of MAP Kinase and NF-kB signalling 

pathways as indicated by p38 MAPK and iKBa phosphorylation respectively were 

assayed using SuperArray Cellular Activation of Signaling ELISAs (FE-003 and 

FE-005, SuperArray Bioscience Corporation, USA) according to the 

manufacturer’s instructions. Cells (1.4 x 10"'/well) were plated in a 96 well plate 

in serum-free medium overnight, rinsed and placed in medium containing 1% 

PCS. Triplicate samples were left untreated or treated as indicated. Following 

fixation in formaldehyde, total and phospho-versions of p38 MAPK and iKfia 

were quantified using pan-specific and phospho-specific antibodies, respectively. 

Relative cell numbers were quantified by cell staining and these values were used 

for normalisation. Target protein phosphorylation was determined by calculating 

phospho-protein:pan-protein ratios.
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2.5 In- Vivo Study

2.5.1 Study Population:

Subjects were recruited from the inpatient and outpatient population o f Beaumont 

Hospital and informed consent was obtained from each patient. Severe COPD was 

defined as FEV 1 <50% predicted, and stable disease defined as no exacerbation in 

the preceding 3 months requiring anti-biotics or pulse dose steroids. An 

exacerbation was defined by the following: two consecutive days o f either two or 

more o f three m ajor sym ptom s (increase in dyspnoea, increased sputum volume or 

sputum purulence) or one m ajor sym ptom  plus one or more o f the following 

m inor sym ptom s - increased nasal discharge, wheeze, sore throat, cough or fever 

(A nthonisen, M anfreda et al. 1987). Age and sex-m atched control subjects were 

recruited from the general m edical/surgical population of Beaum ont Hospital 

following inform ed consent. Patients were excluded on the basis of pre-existing 

im m unosuppression or concom itant pulm onary pathology.

2.5.2 Nasal Epithelial cell sampling:

Follow ing inform ed consent, brushing was perform ed using a modification o f the 

technique o f Bridges et al (Bridges, W alker et al. 1991). Prior to cell collection, 

topical nasal decongestant and local anaesthetic were applied to the nose. The 

nose was carefully cleaned to rem ove crusts and mucous. Nasal epithelial cells 

were obtained by vigorous brushing o f the medial wall o f the inferior turbinate 

under direct vision using a Cervibrush -i- (CellPath pic). Cells were placed in 

chilled serum free nutrient m ixture F-12 (HAM S). Part o f the sample was 

prepared for cytocentrifuging to identify the cell types present by M ay-Grunwald-
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G iem sa (Sigma, Ireland) staining. Sam ples were accepted for analysis if they 

contained at least 80% epithelial cells. Cells were washed three times in ice cold 

PBS prior to resuspension in TriReagent for RNA extraction.

2.5.3 Tracheobronchial cell sampling

Tracheobronchial epithelial cells were harvested as in the method of Kelsen et al 

(Kelsen, M ardini et al. 1992). Briefly, a flexible fiberoptic bronchoscope was 

inserted transnasally and the distal tip o f the scope positioned in the lower trachea. 

A sleeved catheter cytology brush (Olym pus BC-15C) was introduced via the 

sam pling channel and the sleeve retracted. The brush was rubbed against the 

epithelial surface under direct vision, the brush retracted, and dissociated cells 

recovered by vortexing in ice-cold H am ’s F-12 nutrient medium. Brushing was 

repeated 4-6 times at other locations. Part o f the sample was prepared for 

cytocentrifuging to identify the cell types present by M ay-Grunw ald-G iem sa 

(Sigm a, Ireland) staining. Sam ples were accepted for analysis if they contained at 

least 80% epithelial cells. Cells were washed three times in ice cold PBS prior to 

resuspension in TriReagent for RNA extraction.

2.5.4 Nasal Lavage

Nasal lavage was collected by instilling and recovering lOmls o f norm il saline, 

pre-w arm ed to 37°C, into the nose. BAL was filtered using a m icrocon :'ilter and 

fluid was aliquoted and stored at -20°C for later analysis o f cytokine 

concentration.
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2.6 Statistical Analysis

Data were analysed with GraphPad Prism 3.0 software pactcage (GraphPad 

Software, San Diego, CA). Results are expressed as mean +/- standard error of 

the mean (SEM) and were compared by Students one-tailed unpaired t test. 

Differences were considered significant when the P value was < 0.05.
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Chapter 3

Respiratory epithelial cells require Toll-like receptor 4 for 

induction of Human |3-defensin 2 by lipopolysaccharide
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3.1 Introduction

In the first part o f my study, I sought to investigate the transcriptional regulation 

of HBD2 in the lung as an im portant com ponent of innate im mune defence 

against Gram -negative bacteria. In particular, I wished to define a critical role for 

TLR4 in signalling production of HBD2 in response to LPS, thus indicating that 

downregulation o f TLR4 may confer increased susceptibility to colonisation 

and/or infection by G ram -negative organisms.

I first validated the model system by characterising the cell lines used in the study 

in term s of responsiveness to LPS and expression o f key com ponents o f LPS 

signaling, namely TLR4, C D -14, M D-2 and TIRAP/M al as well as induced 

expression o f HBD-2. This was particularly im portant in view o f the conflicting 

data in the literature regarding the TLR4 expression and LPS responsiveness of 

A549 cells. IL-8 is known to be produced in response to LPS activation o f TLR4, 

and IL-8 ELISA was em ployed as an easily quantifiable surrogate o f LPS 

responsiveness. TLR4 gene expression was dem onstrated by RTPCR. Because 

TLR4 signals LPS response from the m em brane, it was im portant to dem onstrate 

protein expression localised to the m em brane rather than total cell TLR4 protein, 

and therefore sub-cellular mem brane and cytosolic protein fractions were 

prepared for W estern Blot analysis. I further confirm ed m em brane expression of 

TLR4 in A549 cells by Laser Scanning Cytom etry, where slides were prepared 

w ithout the use o f a perm eabilisation agent, thus allowing binding o f anti-body to 

surface structures only. W hile HEK-293 cells have previously been reported to be 

TLR4 deficient, and were indeed unresponsive to LPS, in my hands I did find 

TLR4 mRNA expression, and thus went on to further characterise the cell line in
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terms o f accessory proteins important in LPS signaling and surface expression o f 

TLR4 protein.

Demonstration o f the critical role o f TLR4 in signaling the induced expression o f 

HBD-2 in response to LPS involved two complementary approaches. I first 

inhibited TLR4 signaling in A549 cells by use o f a neutralising anti-TLR4 

antibody and looked at the effect on LPS induced HBD-2 production. TLR4 

signaling was also inhibited by overexpression o f a non-functioning dominant 

negative TLR4 construct in A549 cells. Having investigated the effect of 

neutralising TLR4 in the A549 cells, I then looked at the effect o f restoring 

functional TLR4 in the LPS-unresponsive HEK 293 cells by transfection o f MD-2 

plus a constitutively active TLR4 construct (CD4-Toll) or o f MD-2 plus 

functional TLR4 followed with LPS stimulation. Because accessory proteins 

have been shown to confer specificity to TLR4 signaling, I went on to further 

define the signaling pathway by transfection o f dominant negative constructs cf 

MyD88 and Mal/TIRAP. Induced expression o f HBD-2 was the output measure in 

all o f these experiments.

HBD-2 gene transcription was determined firstly by RTPCR. Because o f the 

limitations o f this semi-quantitative analysis, further quantification was mad; 

using a HBD-2 promoter linked luciferase construct, such that HBD-2 gen; 

transcription could be accurately measured by luciferase induced fluorescence cf 

substrate. The defensins are small highly charged molecules making then 

extremely d ifficu lt to prepare for Western Blot or ELISA analysis. HBD-2 protein 

was therefore determined by immunohistochemistry and further quantified b/ 

Laser Scanning Cytometry.
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3.2 Methods in brief

Methods are described in full in Chapter 2

Cell lines and culture: The human embryonic kidney cell line, HEK293, and the 

type Il-like human lung epithelial cell line A549 were cultured as described. Prior 

to agonist treatment, cells were washed with serum-free EMEM/F12 and placed 

under serum-free conditions or in serum containing 1% FCS for LPS stimulation 

experiments, including control conditions.

Gene transcription : Gene transcription was determined by semi-quantitative RT- 

PCR using gene specific primers and conditions and in the case of HBD-2, was 

additionally quantified by luciferase activity following transfection of the HBD2 

promoter-linked luciferase reporter plasmid.

Protein studies: Surface expression of TLR4 protein was determined by western 

blot analysis of membrane protein extracts from and by Laser Scanning 

Cytometry as described. HBD-2 protein was determined by Laser Scanning 

Cytometry and by Immunohistochemistry. IL-8 production was quantified by 

ELISA.

Transfection and reporter gene studies: Cells (1.5x10'*’) were transfected with 

plasmid DNA (dominant negative (A) Mai (Mai P/H), AMyDSS, ATLR4, MD2, 

wild type TLR4 or CD4-Toll plasmid) and/or 1 |ig HBD2 promoter-linked 

luciferase reporter plasmid (Griffin, Taggart et al. 2003) using TransFast 

(Promega) according to the manufacturer’s instructions. AMyDSS contains only a 

functional TIR domain and lacks the death domain required for downstream
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signaling, while Mai P/H is a dom inant negative version of Mai with a proline to 

histidine point m utation in box 2 o f the TIR domain. ATLR4 lacks an 

intracytoplasm ic signaling dom ain and CD4-Toll is a constitutively active 

chim era o f the extracellular dom ain o f CD4 fused to the transm em brane and 

cytosolic dom ains o f TLR4 (Frantz, Kobzik et al. 1999).

Statistical analysis: Data were analyzed with GraphPad Prism 3.0 software 

package (GraphPad Software, San Diego, CA). Results are expressed as m ean ± 

S.E. and were com pared by M ann-W hitney test. D ifferences were considered 

significant when the P  value was < 0.05.
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3.3 Results and Figures

A549 cells respond to LPS with production o fIL -8  and up regulation o f  HBD2 

Signaling via TLR4 by LPS activates N F-kB and up regulates a variety of pro- 

inflam m atory genes, including IL-8. I investigated LPS responsiveness in A549 

and HEK293 cells using IL-8 protein production as a surrogate o f LPS 

responsiveness. Figure 3.1 A shows that A549 cells dose-dependently induced IL- 

8 protein expression in response to stim ulation with LPS to levels sim ilar to those 

induced by IL -ip . In contrast HEK293 cells failed to induce IL-8 expression in 

response to LPS, but did respond to IL - ip  orTNFcx stim ulation with increased IL- 

8 expression.

I next investigated the effect o f LPS stim ulation on HBD2 gene expression in both 

cells lines. Com pared to untreated cells, LPS induced HBD2 expression at both 10 

and 50 |lg/m l in A549 cells (Figure 3 .IB). Densitom etric analysis quantified these 

increases to be 2- and 3.6-fold, respectively. IL-I(3 was used as a positive control 

and increased HBD2 expression over 30-fold. There was no response to LPS in 

the HEK293 cells however both IL-1 (3 and T N F a  did up regulate HBD2 by a 

factor of 1.8 and 1.5 respectively.
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Figure 3.1. LPS-induced IL-8 and HBD2 expression in A549 and HEK293 cells.

(A) A549 or HEK293 cells (3 x lOVml) were left untreated or stimulated for 4 

h with LPS (10 or 50 |ag/ml), IL-1(3 (100 ng/ml) or T N F a  (lOng/ml). 

Levels o f IL-8 in supernatants were measured by ELISA and values are 

expressed as ng/ml. Assays were perform ed in duplicate a m inim um  of 

three times. Values are expressed as m ean+/- S.E. (n=3).

(B) Total RNA was extracted from A549 or HEK293 cells, reverse 

transcribed into cD NA and used as a tem plate in PCR reactions using 

HBD2 gene-specific primers. Products were electrophoresed in 1.5% TBE 

agarose gels containing 0.5 //g/m l ethidium  brom ide and visualised under 

UV. Gels are representative o f three independent experim ents.
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Airway epithelial cells express TLR4 on the cell surface.

1 characterized the HEK293 cell line to determ ine whether it lacked a critical 

factor for LPS responsiveness. RTPCR revealed that the HEK293 cells, sim ilar to 

the A549 cells, express TLR4, M ai, and CD 14 mRNA but unlike the A549 cells 

do not express M D2 mRNA (Figure 3.2A). M D2 is a secreted protein w ho’s 

interaction with LPS and C D -14 is necessary for the cellular response to LPS (Re 

and Strom inger 2003)

I perform ed western im m unoblotting o f cytosolic and m em brane fractions from 

HEK293 and A549 cells to detect TLR4 protein expression. Figure 3.2B shows 

that TLR4 was present in both fractions from the A549 cells but was not evident 

in mem brane fractions isolated from HEK293 cells. Next I quantified cell surface 

expression of TLR4 on A549 by fluorescence microscopy. In accord with the 

findings o f M onick et al (M onick, Yarovinsky et al. 2003) but in contrast to 

Guillot, (Guillot, M edjane et al. 2004) I detected TLR4 on the surface o f A549 

cells (Figure 3.2C).
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Figure 3.2. Characterisation o f A549 and HEK293 cell lines

(A) Total RNA was extracted from 1 x 10  ̂ HEK293 and A549 cells, reverse 

transcribed into cDNA and used as a template in PCR reactions using TLR4, 

Mai, CD 14, MD2 and GAPDH gene-specific primers. Products were 

electrophoresed in 1.5% TBE agarose gels containing 0.5 //g/m l ethidium 

bromide and visualised under UV. Duplicate lanes represent two independent 

experiments.

(B) Western blot analysis o f membrane (mem) and cytosolic (cyt) extracts 

(10|ag) from A549 and HEK293 cells probed with an anti-TLR4 antibody. 

Data are representative o f three separate experiments.

(C) For fluorescence microscopy, A549 cells (2 X 10"*) were grown in chamber 

slides, Fc-blocked and labelled with anti-TLR4 (clear) or isotype control 

antibodies (solid) and fluorophore-conjugated detection antibodies. TLR4 

expression was quantified by laser scanning cytometry.
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LPS-induced HBD2 gene and protein expression in A549 cells requires TLR4 

Next the role o f TLR4 in LPS-induced regulation o f HBD2 (Figure 3.3A) in A549 

cells was investigated. Com pared to untreated cells (lane 1), LPS increased HBD2 

expression at 24 h (lane 5). This effect was blocked by pre-treatm ent with a TLR4 

neutralizing antibody (lane 6). An isotype control antibody had no effect (data not 

shown). A sim ilar effect was dem onstrated at protein level by 

im m unohistochem istry (Figure 3.3B), with increased HBD2 production following 

stim ulation of A549 cells with LPS, and inhibition o f this effect by pre-treatm ent 

with TLR4 neutralizing antibody. IL-1(3 was used as a positive control. I further 

quantified this effect using laser scanning cytometry. Figure 3.3C shows that 

A549 cells express basal levels o f HBD2 com pared to isotype control-treated cells 

(see inset). Stimulation with LPS increased HBD2 protein production above 

control (P<0.02). This effect is inhibited by pretreatm ent with the TLR4 blocking 

antibody (P<0.02).
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Figure 3.3. LPS-induced HBD2 expression in A549 cells is abrogated by TLR4 

blocking antibody.

A459 cells were grown to confluence in 6 well plates (A) or chamber slides (B-D) 

and incubated with an isotype control or anti-TLR4 neutralising antibody (5 

|ag/ml, 30 min) then,

(A) left untreated or stimulated with LPS (10 |ig) for 4 or 24 hours. Total RNA 

was extracted, reverse transcribed into cDNA and used as a template in PCR 

reactions using HBD2 gene-specific primers. Products were electrophoresed 

in 1.5% TBE agarose gels containing 0.5 //g/ml ethidium bromide and 

visualised under UV. Gels are representative of three independent 

experiments.

(B) left untreated or stimulated with LPS (10 |ig/ml) or IL -lp  (100 ng/ml), as a 

positive control, for 24 h, fixed in 4 % paraformaldehyde and immunostained 

using goat anti- antibody as described in the methods. Brown staining 

indicates HBD2.

(C) left untreated or stimulated with LPS (10 p.g) for 24 hours, Fc-blocked and 

labelled with anti-HBD2 (solid) or isotype control antibodies (clear) and 

fluorophore-conjugated detection antibodies. HBD2 expression was 

quantified by laser scanning cytometry, as described, and data from three 

experiments is presented. HBD2 expression is expressed as Mean Channel 

Fluorescence (MCF) + SEM. (* P<0.05 vs control, t P<0.05 vs control -i- 

LPS).

(D) Representative graph of HBD2 expression above isotype control in 

unstimulated A549 cells.
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Dominant negative TLR4 inhibits LPS-induced HBD2 expression in A549 cells 

In order to further dem onstrate the functional role o f TLR4 in LPS-induced HBD2 

expression, I exam ined the effect o f functionally ablating TLR4 by over 

expression o f a functionally inactive ATLR4 construct in A549 cells. Because the 

upregulation o f HBD2 by LPS as m easured by sem i-quantitative RTPCR was 

small, albeit statistically significant, I further quantified the effect by luciferase 

activity o f  a co-transfected HBD2 prom oter-linked luciferase construct (Figure 

3.4). LPS increased both HBD2 mRNA expression (Figure 3.4A) (P<0.05) and 

HBD2 prom oter activity (Figure 3.4B) (P<0.03) how ever over expression o f 

ATLR4 significantly inhibited both effects (P<0.05 and 0.03 com pared to LPS- 

treated em pty vector-transfected cells, respectively).
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Figure 3.4 Dominant Negative TLR4 inhibits LPS-induced HBD2 expression in

A549 cells

A549 cells (1.5 X lO'’) were transfected with pcDNA3 (empty vector) or a ATLR4 

expression plasmid. 24 h post transfection, cells were left untreated or stimulated 

with LPS (10 |lg/m l) for 24 h.

(A) Total RNA was extracted, reverse transcribed into cDNA and used as a 

template in semi-quantitative PCR reactions using HBD2 and GAPDH gene- 

specific primers. HBD2 expression was given an arbitarary value o f 1 in control 

cells. Data are expressed as mean +!- S.E. and are obtained from three 

experiments. HBD2 assigned a value o f 1. (* P < 0.05 vs control, t P< 0.05 vs 

control - I -  LPS).

(B) Duplicate experiments were performed using a HBD2 promoter-linked 

luciferase reporter plasmid. Cells were lysed and reporter gene activity was 

quantified by luminometry {* P < 0.05). Data are expressed as relative luciferase 

activity (n=3). (* P < 0.05 vs control, t P< 0.05 vs control -i- LPS).
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TLR4/MD2 transgene expression confers LPS-responsiveness on HEK293 cells 

Having established the inhibitory effect o f neutralizing TLR4 in A549 cells by 

receptor blockade and over-expression o f a dom inant negative construct, I next 

determ ined w hether HEK293 cells could be rendered responsive to LPS by 

expression o f functional TLR4 and M D 2.Expression o f CD4/Toll (a constitutively 

active TLR4 chim era (Frantz, Kobzik et al. 1999)) and M D2 resulted in 

significant induction of the HBD2 prom oter (Figure 3.5A).

Stim ulation o f HEK293 cells with LPS has no effect on HBD2 prom oter activity 

(Figure 3.5B). However transfection with M D2 and TLR4 transgenes resulted in 

significant up regulation o f HBD2 prom oter activity (P<0.005 com pared to LPS- 

treated em pty vector-transfected cells), an effect that was further significantly 

augm ented by stimulation with LPS (P<0.05 com pared to untreated M D2/TLR4- 

transfected cells).
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Figure 3.5. TLR4/M D 2 transgene expression confers LPS-responsiveness on 

HEK293 cells.

HEK293 cells (1.5 x lO"’) were cotransfected with M D-2 and CD4/Toll (A) or 

full-length TLR4 (B) expression plasm ids and a HBD2 prom oter-linked luciferase 

reporter gene. Equal am ounts o f the corresponding em pty vector were transfected 

into control cells such that the difference in total transfected DNA is negligible. 

24 h post transfection, cells were left untreated or stim ulated with LPS (10 ^g/m l) 

then lysed and reporter gene activity was quantified by lum inom etry. Data are 

expressed as relative luciferase activity. Assays were perform ed in duplicate and 

are representative o f at least three separate experim ents.
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Expression o f  dominant negative MyD88 and Mai constructs inhibits LPS- 

stimulated HBD2 expression.

Having demonstrated that LPS up regulates HBD2 expression via TLR4,1 went 

on to elucidate the pathway by which the signal is transduced to the nucleus. 

Figure 6 shows that transfection of dominant negative constructs of the TIR 

domain containing adaptor proteins MyD88 and Mai alone or in combination 

dose-dependendy inhibited HBD2 expression in response to LPS. Technical 

restrictions of performing transfection experiments in chamber slides precluded 

measurement of HBD2 protein in this part of the study. 1 would intuitively expect 

a similar qualitative effect in HBD2 mRNA and protein expression, as 

demonstrated in Figure 3.
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Figure 3.6. AM vD88 and AM AL inhibit LPS-induced HBD2 expression in A549

cells.

A549 cells (1.5 x 10*’) were transfected with pCDNA3.1 or pD C304 (empty 

vectors), AM yD88or Mai P/Hexpression plasm ids as indicated. Regarding 

am ounts of transfected DNA, AM yD88 + and ++ represent 100 and 200 ng of 

dom inant negative M yD88 plasm id DNA respectively while Mai + and ++ 

represent 50 and 100 ng o f dom inant negative Mai plasm id DNA respectively. 24 

h post transfection, cells were stimulated with LPS (10 }ig/ml) for 24 h. HBD2 

expression was m easured by sem i-quantitative RTPCR. Expression in LPS-treated 

cells was ascribed a value o f 100 %. Data shown are mean-i-/- S.E. (n=3). (* 

P<0.05, **P<O.OI, ***P<0.005 vs control -i- LPS)
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3.4 Discussion

Induced expression of HBD2 in response to infective and pro- 

inflam m atory stimuli represents an immediate and dynam ic response by the host 

epithelium  to potential infection, and the m echanism  by which this occurs has 

been the subject o f much recent investigation. Here I provide evidence for a 

critical role for TLR4 in LPS-induced HBD2 expression in airway epithelial cells. 

The data show that A549 cells respond to LPS with increased H BD2 gene and 

protein expression and that these effects can be blocked by a TLR4 neutralizing 

antibody or transfection with functionally inactive TLR4, M yD88 or Mai 

transgenes. I further implicate TLR4 in LPS-induced HBD2 expression by 

dem onstrating that expression of functional TLR4 and M D2 (a co-factor which is 

unique to and necessary for TLR4 activity) in HEK293 cells confers LPS 

responsiveness to these cells, which can lead to HBD2 induction.

There is some discrepancy in the literature regarding surface expression of 

TLR4 in A549 cells. Guillot and colleagues reported that TLR4 is not expressed 

on the surface of A549 cells, but is com partm entalized to the intracellular 

com partm ent (Guillot, M edjane et al. 2004), while M onick et al. dem onstrated 

low level surface expression on the same cells (M onick, Y arovinsky et al. 2003). 

My data showed low-level surface expression of TLR4 by LSC, and TLR4 was 

also detectable in mem brane fractions by W estern blotting. Further evidence o f 

surface expression com es from the ability to block the receptor with anti-TLR4 

m onoclonal antibody. Surface expression o f TLR4 has been dem onstrated on 

other respiratory epithelial cells including human bronchial epithelial cells 

(Devaney, Greene et al. 2003) and hum an airway cells in prim ary culture , where 

it was found in a more basolateral distribution. The findings o f higher levels of 

TLR4 in the cytoplasm ic fraction is also relevant, as internalisation of LPS in
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A549 cells has been reported as early as 4 hours after LPS challenge (Lee, Del 

Sorbo et al. 2004), and this internalisation modulated expression of ICAM-1 and 

TNF. It remains unclear whether LPS-TLR4 co-localisation intracellularly 

activates the same signaling cascade as at the cell membrane.

Similar controversy exists regarding the LPS responsiveness of A549 

cells. Previous studies have suggested that A549 cells were hyporesponsive to 

LPS, at doses of up to IOO|ig/ml (Keicho, Elliott et al. 1997; Krakauer 2002; 

Tsutsumi-Ishii and Nagaoka 2003), This was not the case in our study. A549 cells 

responded to 10|Jg/ml LPS with significant up regulation of both HBD2 and IL-8. 

One potential reason for this difference is the type of LPS used. Previous studies 

used E. coli LPS. P. aeruginosa is an important respiratory pathogen, particularly 

in patients with lung disea.ses such as cystic fibrosis (CF) (Parad, Gerard et al. 

1999). E. coli, in contrast, is more important in the gastrointestinal and 

genitourinary tract, and as an important cause of septic shock (Kaper, Nataro et al. 

2004). Mucoid strains of Pseudomonas have been demonstrated to induce HBD2 

in respiratory epithelia including A549 cells (Harder, Meyer-Hoffert et al. 2000). 

For these reasons, I used Pseudomonas LPS inmy study. C D -14 is a glycoprotein 

which, together with TLR4 and LPS Binding Protein (LBP), forms the LPS 

signaling complex, and exists in membrane bound and soluble (in serum) forms. 

Soluble CD 14 is required for LPS signaling in A549 cells (Schulz, Farkas et al. 

2002), and it is therefore important that LPS stimulation is performed in the 

presence of serum, as in my study.

Different types of LPS differ in their ability to stimulate cells. Structural 

differences in LPS, most commonly in the O-polysaccharide chain (Erridge, 

Bennett-Guerrero et al. 2002), may result in different biological properties. E. coli
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LPS is highly toxic in its ability to propagate the systemic inflammatory response 

syndrome, principally through activation of monocytes. P. aeruginosa LPS 

differs from E. coli LPS both in the 0-polysaccharide side chain and in the Lipid 

A component, and stimulates significantly less endotoxic effect (Kulshin, 

Zahringer et al. 1991), but induces sustained airway inflammation in a number of 

chronic lung diseases including CF and diffuse panbronchiolitis (Lyczak, Cannon 

et al. 2000). Pseudomonas LPS has been shown to be significantly more potent 

than LPS from a number of different strains of E. coli in its ability to stimulate IL- 

8 and granulocyte colony-stimulating factor (G-CSF) from respiratory epithelial 

cells, including A549 cells (Koyama, Sato et al. 2000). The reason for this is not 

clear, but structural differences may determine its processing by the TLR4/MD2 

complex, either directly or through its interaction with the host plasma membrane 

(Wurfel and Wright 1997; Viriyakosol, Tobias et al. 2001). Basolateral expression 

of TLR4 has been reported in pulmonary epithelial cells (Muir, Soong et al.

2003), and this is particularly interesting given that Pseudomonas elastase has 

been shown to increase epithelial permeability by its effect on tight junctions 

(Azghani, Miller et al. 2000), thereby potentially increasing access of 

Pseudomonas LPS to the basally expres.sed TLR4.

Previous work by Becker et al (Becker, Diamond et al. 2000) in primary 

human tracheobronchial cells shows a clear increase in HBD2 protein in response 

to LPS by western blotting, although another recent study in primary airway 

epithelial cells reports low expression of MD2 limiting LPS responsiveness (Jia, 

Kline et al. 2004). MD2 was induced in response to pro-inflammatory cytokines 

and bacterial products (Jia, Kline et al. 2004), while MD2 expression in A549 

cells is enhanced along with TLR4 following infection with RSV (Monick, 

Yarovinsky et al. 2003). While differences speak to the limitations of using a
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cultured cell model, as well as to the variable responses o f cultured primary cells, 

they also reinforce the critical im portance o f both TLR4 and M D2 in the signaling 

pathway. A549 cells clearly expressed M D2 and TLR4 and responded to 

Pseudom onas LPS in my hands. LPS stim ulation resulted in a 5-fold increase in 

HBD2 prom oter linked activity. The increase in HBD2 protein, though 

statistically significant, was small in absolute term s raising questions regarding 

the physiological significance o f LPS-induced epithelial derived HBD2 

production.

Indirect activation o f epithelial cells by proinflam m atory cytokines 

released by stim ulated alveolar m acrophages may be more im portant at lower 

concentrations o f LPS (Tsutsum i-Ishii and N agaoka 2003), while direct 

stim ulation o f the epithelial cells may becom e im portant when bacterial load is 

high, where TLR4 and M D2 expression is enhanced, or follow ing internalisation 

o f LPS. The kinetics of the epithelial response in this and other studies (Becker, 

D iam ond et al. 2000; Griffin, Taggart et al. 2003) may also be relevant, with 

direct stim ulation of the epithelial cells providing a slow er but potentially more 

sustained release of HBD2 than that induced by inflam m atory mediators. Indeed, 

recent studies o f cellular cross-talk between epithelial cells and m ononuclear cells 

suggests co-localisation o f these cells may result in a more pronounced immune 

response in vivo (Lee, Del Sorbo et al. 2004). Further work using prim ary cell 

culture and co-culture with im mune cells m im icking physiologic conditions is 

required to clarify the relative contributions o f these cells to HBD2 production in 

vivo.
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The m echanism by which LPS induces HBD2 expression in respiratory 

epithelium  has not been previously reported. Indirect evidence for involvem ent of 

a TLR came first from Diam ond and colleagues (Diamond, Russell et al. 1996) in 

1996, who described C D -14 dependent LPS induced production o f an anti

microbial peptide in bovine tracheal epithelium , and later from Becker and 

colleagues, who showed that HBD2 up regulation in response to LPS in human 

tracheobronchial cells was CD 14 dependent (33). The GPI-linked CD 14 receptor 

lacks a cytosolic domain and must interact with another receptor to transduce its 

signal to the nucleus (Haziot, Chen et al. 1988). Transcriptional regulation of 

HBD2 in response to LPS has also been shown to involve N F-kB (Tsutsum i-Ishii 

and N agaoka 2002), but the signaling pathway upstream o f N F-kB has not been 

elucidated. Until recently, TLRs appeared to share a com m on signaling pathway 

downstream  of their TIR domain. It is now known that individual TLRs utilize 

different adaptor proteins for signaling, thus conferring biological specificity in 

their response to activation by individual ligands (O 'Neill, Dunne et al. 2003; 

Takeda and Akira 2004). M yD88 is involved in signaling from all TLRs with the 

exception o f TLR3, whilst Mai is known to have a role in TLR2 and TLR4 

intracellular signaling. My data implicate both M yD88 and Mai in LPS-induced 

HBD2 expression and clearly dem onstrates the critical role o f TLR4 in LPS 

induction o f HBD2, thus defining another role for TLR4 in pulm onary host 

defense. A long with the previously well-defined functions o f TLR4 in induction 

o f a large num ber o f cytokines, chem okines and adhesion molecules that activate 

phagocytosis and the adaptive immune responses, activation o f TLR4 in the 

epithelium  results in a direct m icrobicidal response via production o f a potent 

anti-m icrobial peptide.
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M odulation of TLR4 expression in respiratory epithelium  may critically 

affect the production of HBD2. Risk factors for respiratory tract infections include 

increased age and smoking (Graham 1990), both o f which may affect TLR4 

expression. TLR4 expression in m acrophages is reduced in aged mice, who have a 

blunted cytokine response to LPS (Renshaw, Rockwell et al. 2002). Cigarette 

sm oke has also been dem onstrated to reduce LPS responsiveness in alveolar 

m acrophages (Ohta, Yam ashita et al. 1998). As LPS is an active com ponent of 

cigarette smoke (Hasday, Bascom et al. 1999), and down regulation o f TLR4 

expression by LPS in cigarette smoke, otherw ise known as LPS tolerance, may 

result in impaired HBD2 production in response to G ram -negative pathogens, 

facilitating colonization and infection. This is the subject o f  ongoing work in our 

laboratory. Similarly, therapies for septic shock aimed at inhibiting LPS signaling 

by blockade o f the TLR4 receptor (Iwam i, M atsuguchi et al. 2000) may result in 

increased susceptibility to nosocom ial Gram -negative pneum onia through 

im paired HBD2 induction.

HBD2 is an im portant com ponent o f host defense in the lung. This study 

defines a critical role for TLR4 in induced expression o f HBD2 in response to 

LPS and highlights the potential effect o f modulation o f TLR4 and the accessory 

proteins M yD88 and Mai expression on pulm onary production o f this potent anti

m icrobial peptide. It also provides im portant inform ation regarding the cellular 

responses of A549 cells, a cultured cell model which is widely used in studies of 

host defense.
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Chapter 4

Modulation of TLR4 and HBD2 expression by 
corticosteroids, salmeterol and cigarette smoke
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4.1 Introduction

COPD is a disease characterised by chronic airway inflam m ation and interm ittent 

infective exacerbations. Inhaled corticosteroids and beta-agonists are therapies 

that are regularly prescribed in COPD, resulting in sym ptomatic relief and 

reduced exacerbation frequency, while cigarette smoke has been identified as the 

prim ary pathogenic determ inant of this disease. In this chapter, I exam ine the 

effect of these com pounds on TLR4 expression and LPS responsiveness, thus 

defining novel effects of these com pounds on innate im mune response to Gram- 

negative pathogens.

I first looked at the effect of Fluticasone Propionate as a potent corticosteroid, 

which is frequently used as an inhaled medication in COPD. The hydrophobic 

properties of this com pound, which make it ideal for use as a dry pow der 

m edication, mean that it is difficult to use in cell culture, and I therefore used 

dexam ethasone for further corticosteroid experim ents. Gene transcription was 

determ ined by RTPCR, and expression o f TLR2 and HBD2 was determ ined for 

com parison, and surface expression of TLR4 protein by W estern Blotting o f the 

m em brane fractions. Functional effect was dem onstrated by IL-8 production 

(m easured by ELISA) and HBD2 gene transcription (by RTPCR) in response to 

LPS.

I next looked at the effect o f salm eterol on TLR4 expression. W hile it appeared 

with RTPCR that there was an upregulation o f TLR4 at the highest dose of 

salmeterol used, the lack o f a dose response effect made me question this effect 

and I therefore went on to quantify this effect using Real Tim e PCR, also taking 

the opportunity to confirm  the effect o f dexam ethasone on TLR4 gene 

transcription. TLR4 surface protein expression was again determ ined by W estern
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blotting of the m em brane fraction, and because it showed a different effect to that 

o f the mRNA, was further confirm ed by Laser Scanning Cytometry. Further 

exam ination o f TLR4 protein in total cell lysates and cytosolic fractions indicated 

that the salmeterol induced effect on TLR4 mem brane expression was mediated 

by a post-translational transport effect. That this was a beta-adrenoreceptor 

m ediated effect was dem onstrated by use o f the specific beta2-blocker 

Butoxam ine to abrogate the effect.

LABAs are most frequently prescribed in com bination with corticosteroids and 

therefore the effect o f the two drugs used in com bination on TLR4 gene 

transcription by Real Tim e PCR and protein by W estern blotting was determined. 

I next looked at the effect o f cigarette smoke on the respiratory epithelium. 

C igarette sm oke extracts were prepared by bubbling smoke through culture media 

and serial dilutions were applied to A549 cells. TLR4 gene transcription was 

determ ined by RTPCR and protein by W estern Blotting. Because of the potential 

m ultiple toxic effects of cigarette smoke, a cell viability assay was perform ed to 

ensure that any observed effects were not merely the result o f cell necrosis. 

Functional effect was determ ined by IL-8 ELISA, acknowledging the com peting 

effects o f  LPS in the cigarette smoke as well as direct cell toxicity.

The roles of the transcription factors NK-kB and p38 M APK in mediating the 

observed effects on TLR4 expression was investigated by m easuring activation of 

these pathways. C om m ercially available ELISA kits allowed m easurem ent of the 

proportion o f phosphorylated to total IK-Ba and p38 respectively.

Finally, I exam ined the expression o f TLR4 mRNA, along with TLR2 and HBD- 

2, in the nasal m ucosa o f non-sm okers and smokers to determ ine if  this correlated 

with the observed in vitro effect.
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4.2 Methods in Brief:

All methods are described in full in Chapter 2.

Cell lines and treatments: In-vitro experiments were performed using human 

alveolar epithelial A549 cells. Prior to agonist treatment, cells were washed with 

serum-free FI 2 and placed under serum-free conditions or in serum containing 

1% FCS for LPS stimulations. Stock solutions of Fluticasone, Salmeterol and 

Dexamethasone were prepared as described, and fresh dilutions were prepared for 

each experiment. Cigarette smoke extract (CSE) was freshly prepared for each 

experiment, filtered to remove bacteria and particles, and serial dilutions were 

made.

Gene Transcription studies: Gene transcription was analysed by semi- 

quantitative RTPCR using gene-specific primers for TLR2, TLR4 and HBD2 and 

corrected to relative GAPDH expression. Further quantification of TLR4 niRNA 

was performed where indicated in the results by Real Time PCR using different 

Primers for TLR4 and Actin, optimised for the specifications of the reaction.

Protein Studies: Expression and sub-cellular localisation of TLR4 was determined 

by preparation and western Blot analysis of membrane, cytosolic and total cell 

extracts from A549 cells. Membrane localisation of TLR4 was further analysed by 

Laser Scanning microspcopy of A549 cells grown in chamber slides. IL-8 

production as a surrogate of LPS responsiveness was determined by sandwich 

ELISA.

109



Cell viability: A549 cells (1 x 10“*/ well) were plated in a 96 well plate in serum- 

free medium overnight, rinsed and placed in medium containing 1% PCS. 

Triplicate sam ples were left untreated or treated with dexam ethasone (16 hours), 

Salm eterol (6 hours) or CSE (4 hours) at the indicated dilutions and cell viability 

was quantified using the Prom ega CellTiter 96 Aqueous One Solution Cell 

Proliferation Assay as recom m ended by the manufacturer.

Cell signalling assays: The effects o f dexam ethasone (lO'^M), salm eterol (lO'^M) 

or CSE (10"' dilution) on p38 M APK and IicBa phosphorylation were assayed 

using SuperArray C ellular Activation o f Signaling ELISAs according to the 

m anufacturer’s instructions.

Study population: O utpatients attending for upper GI endoscopies were recruited 

for nasal brush sam pling following approval of study protocol and consent forms 

by the Beaum ont Hospital Ethics Committee. Subjects were excluded on the basis 

o f pre-existing im m unosuppression, pulm onary or nasal pathology, including 

current or recent (w ithin 6 weeks) upper or lower respiratory tract infection and 

reported normal functional status.

N asal Epithelial cell sampling: Follow ing informed consent, brushing was 

perform ed using a m odification o f the technique o f Bridges et al (Bridges, W alker 

et al. 1991). Prior to cell collection, topical nasal decongestant and local 

anaesthetic were applied to the nose. The nose was carefully cleaned to remove 

crusts and mucous. Nasal epithelial cells were obtained by vigorous brushing of 

the medial wall of the inferior turbinate under direct vision using a Cervibrush -i- 

(CellPath pic). Cells were placed in chilled serum free nutrient m ixture F-12
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(HAM S). Part o f the sam ple was prepared for cytocentrifugation to identify the 

cell types present by M ay-G runw ald-G iem sa (Sigm a, Ireland) staining. Samples 

were accepted for analysis if they contained at least 80% epithelial cells. Cells 

were washed three times in ice cold PBS prior to resuspension in TriReagent 

(Sigma, Ireland) for RNA extraction.

Statistical analysis: Data were analyzed with G raphPad Prism 3.0 software 

package (GraphPad Software, San Diego, CA). Results are expressed as mean ± 

S.E. and were com pared by M ann-W hitney test. D ifferences were considered 

significant when the P value was < 0.05.
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4.3 Results and Figures

Corticosteroids downregulate TLR4 expression and LPS responsiveness in 

respiratory’ epithelial cells.

W e first exam ined the effect o f  Fluticasone on expression o f  m R N A  o f  TLR2, 

TLR4 and H B D 2 by rtPCR in the respiratory epithelial cell line A 549 grown in 

culture (Figure 4 .1). A dose dependent downregulation o f TLR4 compared to the 

housekeeping gene G A PD H  was observed with an Inhibitory Concentration (IC) 

50 between 10’̂  and 10* M, w hile expression o f  TLR2 and H B D 2 was 

unchanged.

Fluticasone is a hydrophobic com pound ideally suited for use as a dry powder 

inhalation, but it’s poor solubility makes it unpredictable for use in cell culture. I 

therefore assessed whether the observed effect was a class effect o f  

corticosteroids, using the more soluble com pound dexam ethasone (Figure 4.2). 

Again, a dose dependent downregulation o f TLR4 m RNA and protein was 

observed, and consistent with the increased potency o f  fluticasone which has 

approximately 8 tim es the binding affinity o f  dexam ethasone, a higher dose o f  

dexam ethasone was required to achieve a comparable effect (IC50 between 10’** 

and 10’̂  M).
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Figure 4.1 Fluticasone dow nregulates TLR4 expression in respiratory 

epithelial cells

A549 cells (3 x 10' )̂ were seeded onto 6-well plates and grown to confluence. 

Cells were washed, placed in serum free medium and were left untreated or 

incubated with fluticasone propionate over the dose ranges 10'^ to 10'^ M olar 

for 16 hours. Total RNA was extracted, reverse transcribed into cDNA and 

used as a tem plate in PCR reactions using HBD2, TLR2, TLR4 and GAPDH 

gene-specific primers. Products were electrophoresed in \ .5 % TBE agarose 

gels containing 0.3 //g/m l ethidium  brom ide and visualised under UV. Gels 

are representative of three independent experim ents.
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Figure 4.2 
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Figure 4.2 Dexam ethasone dow nregulates TLR4 gene and protein expression.

A549 cells (3 x 10^) were seeded onto 6-well plates and grow n to confluence.

Cells were washed, placed in low-serum  (1% FCS) m edium  and were left

untreated or incubated with dexam ethasone at dose of 10'^ to 10'^ M olar for

16 hours.

A. Total RNA was extracted, reverse transcribed into cD N A  and used as a 

tem plate in PCR reactions using TLR4 gene-specific prim ers. Products 

were electrophoresed in 1.5% TBE agarose gels containing 0.5//g/m l 

ethidium  brom ide and visualised under UV. Gels are representative o f 

three independent experim ents.

B. W estern blot analysis o f m em brane extracts (10|ag) from  A549 cells 

probed with an anti-TLR4 antibody. D ata are representative o f three 

separate experim ents.
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A cknowledging the sem i-quantitative nature o f this analysis, for which Real Time 

PCR would give superior quantification of mRNA upregulation, I was anxious to 

dem onstrate a quantifiable functional effect. I therefore went on to stimulate the 

cells with the TLR4 ligand LPS. Stim ulation o f A549 cells with LPS 10|ig/ml for 

24 hours results in a significant induction o f IL-8, as measured by ELISA o f the 

cell culture supernatant (P<0.05)(Figure 4.3A). Pre-treatm ent o f the cells with 

dexam ethasone results in a dose-dependent abrogation o f this effect, reaching 

statistical significant at a dose o f 10'^ M (P<0.05). A sim ilar effect is seen on the 

induced expression o f HBD2 mRNA in response to LPS (Figure 4.3B).
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Figure 4.3 
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Figure 4.3 D ownregulation o f TLR4 by D exam ethasone is associated with

relative hvpo-responsiveness to LPS

A549 cells were grown and incubated with dexam ethasone as described in 

Figure 4.2. Following treatm ent with dexam ethasone, cells were stimulated 

with LPS 10/yg/ml for a further 24 hours.

(A) Levels o f IL-8 in supernatants were m easured by ELISA and values are 

expressed as pg/ml. Assays were perform ed in duplicate a minimum of 

three times. Values are expressed as m ean+/- S.E. (n=3).

(B) Total RNA was extracted, reverse transcribed into cDNA and used as a 

tem plate in PCR reactions using HBD2 gene-specific primers. Products 

were electrophoresed in 1.5% TBE agarose gels containing 0.5//g/m l 

ethidium brom ide and visualised under UV. Gels are representative of 

three independent experim ents.
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Membrane expression ofTLR4 is upregulated by the long-acting beta-agonist 

Salmeterol via specific P-agonist ejfect.

I next exam ined the effect of the long acting beta agonist salm eterol on expression 

o f TLR4 mRNA by RT-PCR over a dose range of 10'^ and 10"  ̂M (Figure 4.4A). 

C ells were incubated with the drug for 6 hours. Sem i-quantitative analysis 

suggested a small increase in TLR4 expression over control at the highest dose of 

10'^ M (Figure 4.4A), how ever the lack o f a dose response cast doubt on the 

functional relevance o f this observation. 1 therefore went on to quantify this effect 

by Real Tim e RT-PCR and found no significant effect of Salm eterol 10'^ M on 

TLR4 gene expression (Figure 4.4B). Analysis of protein expression in total cell 

lysates similarly showed no significant change in total TLR4 (TLR4t) expression 

(Figure 4.4C lower panel), how ever levels in cytosolic extracts (TLR4c) were 

decreased (Figure 4.4C upper panel). A concom itant increase in membrane 

expression was evident at doses of 10’̂  M and 10'^ M. (Figure 4.4D ), an effect 

which was confirm ed by Laser Scanning Cytometry (Figure 4.4E). Pre-treatm ent 

o f cells with the beta-blocker Butoxam ine abrogated the effect o f Salmeterol 10'^ 

M on mem brane expression o f TLR4, indicating a specific beta-adrenoreceptor 

m ediated effect (Figure 4.4D). Taken together these data indicate that salmeterol 

induces a post-translational transport effect on TLR4.
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Figure 4.4
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F igure 4 .4  Salm etero l upregu la tes T L R 4 m em brane pro te in  exp ression  in 

resp ira to ry  ep ithelial ceils

A 549 cells (3 x 10'*’) w ere seeded on to  6-w ell p lates and  grow n to confluence. 

C ells  w ere w ashed, p laced  in serum  free m edium  and w ere left un treated  or 

incubated  w ith salm eterol over the dose ranges 10'^ to  10'^ M fo r 6 hours. Beta- 

agon ist e ffec t w as exam ined  by p re-trea tm en t o f  ce lls  w ith  B u toxam ine 0.5 M  x 

30 m inutes p rio r to  salm eterol treatm ent.

A. T otal R N A  w as ex trac ted , reverse  transcribed  into cD N A  and used  as a

tem plate  in PC R  reactions using  H B D 2, T L R 4  and G A PD H  gene- 

specific  prim ers. P roducts w ere e lec trophoresed  in 1.5 %  T B E  agarose 

gels con ta in ing  0.5/yg/ml eth id ium  brom ide and  v isualised  under UV. 

G els are rep resen ta tive  o f  three independen t experim en ts.

B. Real tim e PCR w as perform ed as described  in the m ethods. D ata  is 

expressed  as m ean +/- SEM  and rep resen ts 7 independen t experim ents 

w ith T L R 4/actin  g iven an arb itrary  value o f  1 in con tro l cells.

C. W estern  b lo t analysis o f  total cell ex trac ts  (t) and cy toso lic  ex trac ts (c)

( lOfig) from  A 549 ce lls  probed  w ith an an ti-T L R 4  o r an ti-A ctin  

an tibody. D ata  are rep resen tative o f  three independen t experim ents.
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Figure 4.4 cont.

D. W estern blot analysis of mem brane extracts ( lOjlg) from A549 cells 

probed with an anti-TLR4 or anti-A ctin antibody. Densitom etry was 

perform ed and corrected for corresponding (3-actin density. Data are 

expressed as mean +/- S.E. and are obtained from three experim ents. (* 

P=0.05 com pared to control)

E. A459 cells were incubated with an isotype control (clear) or anti-TLR4 

(solid) antibody and fluorophore-conjugated detection antibodies. HBD2 

expression was quantified by laser scanning cytom etry, as described and 

data from three experim ents is presented. HBD2 expression is expressed 

as M edian Channel Fluorescence (M CF) + SEM. (* P<0.05 vs. control, ** 

P<0.005 vs. control).
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Salmeterol reverses the inhibitory effect o f  dexamethasone on TLR4 inRNA and 

protein

Because inhaled long acting beta agonists are most often prescribed in 

com bination with inhaled corticosteroids, I exam ined the effect of these 

com pounds used in combination. The lowest dose o f dexam ethasone at which a 

functionally significant downregulation o f TLR4 was observed, namely 10'^ M, 

was used in com bination with the dose o f salmeterol required to produce 

upregulation o f the same receptor, nam ely 10'^ M. TLR4 gene expression was 

determ ined by Real Tim e PCR (Figure 4.5A). Again, treatm ent with salmeterol 

alone caused no significant change in TLR4 expression above untreated cells, 

while dexam ethasone down regulated TLR4 expression. At the mRNA level, the 

dexam ethasone effect persists when the two com pounds are used in com bination, 

resulting in significant downregulation in TLR4 mRNA expression com pared to 

untreated cells. Looking at m em brane protein expression however, salmeterol 

reverses the effect o f dexam ethasone on TLR4 expression resulting in no net 

change in TLR4 mem brane expression with the two drugs used in com bination 

(Figure 4.5B). Cell viability was not affected by either drug (data not shown).
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Figure 4.5. Salmeterol reverses the inhibitory effect o f dexamethasone on TLR4

membrane protein expression despite downreguiation o f mRNA.

A549 ceils (3 x 10' )̂ were seeded onto 6-well plates and grown to confluence. 

Cells were washed, placed in serum free medium and were left untreated or 

incubated with lO'^M dexamethasone (Dex), 10‘^M salmeterol (Sal) or both drugs 

in combination (Sal + Dex) for 16 hours. Numbers indicate Molar doses o f drug. 

Following treatment, total RNA was extracted, reverse transcribed into cDNA and 

used as a template in PCR reactions using TLR4 and GAPDH gene-specific 

primers.

A. Real-time PCR analysis o f TLR4 mRNA expression as a factor o f P-actin 

expression. TLR4 expression was given an arbitrary value o f 1 in control 

cells. Data are expressed as mean +/- S.E. and are obtained from three 

experiments. (* P=0.05 compared to control)

B. Western blot analysis o f membrane extracts (10|ig) from A549 cells 

probed with an anti-TLR4 or anti-Actin antibody. Densitometry was 

performed and corrected for corresponding P-actin density. Data are 

expressed as mean + !-  S.E. and are obtained from three experiments.

(* P=0.05 compared to control)
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Cigarette smoke condensates down regulate TLR4 expression in respiratory 

epithelium in-vitro

I next examined the effect of cigarette smoke on expression of TLR4 in 

respiratory epithelium in vitro. Cigarette smoke extracts were freshly prepared for 

each experiment and airway epithelial cells were stimulated with serial dilutions 

of the condensates for 4 hours. There was a dose dependant downregulation in 

TLR4 mRNA (Figure 5A) and protein (Figure 5B) following exposure to the 

cigarette smoke extracts. To ensure that the effect was not caused by direct 

toxicity of the cigarette smoke, a viability assay was performed which 

demonstrated 50% reduction in viability with undiluted CSE, but no toxic effect 

following dilution of the extracts (Figure 5C). I went on to examine functional 

effect by IL-8 ELISA. Concordant with the reduced expression of TLR4, the 

respiratory epithelial cells have reduced secretion of IL-8 following treatment 

with CSE, both with and without additional LPS (Figure 5D). Failure of the cells 

to produce any IL-8 following exposure to undiluted CSE may be a result of the 

direct toxic effects demonstrated in the viability assay.
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Figure 4.6 C igarette smoke downregulates TLR4 gene and protein expression in

A549 cells resulting in relative hvporesponsiveness to LPS.

A549 cells (3 x 10*’) were seeded onto 6-well plates and grown to confluence. 

Cells were washed, placed in serum free medium  or cigarette sm oke condensates 

for 4 hours. C igarette smoke condensates were prepared as described in the 

m ethods and num bers correspond to serial dilutions of the initial cigarette smoke 

extract.

A. Following treatm ent, total RNA was extracted, reverse transcribed into 

cDNA and used as a tem plate for sem i-quantitative PCR reactions using 

TLR4 and GAPDH gene-specific prim ers. TLR4 expression was given an 

arbitrary value of 1 in control cells. Data are expressed as mean +/- S.E. 

and are obtained from three experim ents. (* P<0.05 com pared to control)

B. W estern blot analysis of m em brane extracts ( lOjjg) from A549 cells 

probed with an anti-TLR4 antibody. Data are representative of three 

separate experim ents. (CSE t  cigarette smoke extract)

C. Viability assay of A549 cells follow ing treatm ent with CSE. Data are 

representative of three separate experim ents.

D. A549 cells (3 x 10*’) were seeded onto 6-well plates and grown to 

confluence. Cells were washed, placed in low-serum  (1% FCS) medium 

and were left untreated or incubated with serial dilutions o f CSE x 4 hours. 

Following treatm ent with dexam ethasone, cells were stim ulated with LPS 

10//g/ml for a further 24 hours. Levels o f IL-8 in supernatants were 

m easured by ELISA and values are expressed as pg/ml. Assays were 

perform ed in duplicate a minimum of three times. Values are expressed as 

m ean+/- S.E. (n=3). (* signifies P<0.05 o f observed effect vs. control, t  

signifies P<0.05 of observed effect vs. control plus LPS).
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Roles o fp38  M APK and NFxB in Dexamethasone, Salmeterol- and CSE-induced 

changes in TLR4 expression.

In order to address the mechanism  by which dexam ethasone, salmeterol and CSE 

may be inducing their effects on TLR4 gene expression I evaluated their ability to 

phosphorylate p38 or iK B a and hence activate p38 or N F kB, respectively. Figure 

6A shows that dexam ethasone, salmeterol and CSE can all inhibit 

phosphorylation of p38 w hilst Figure 6B shows that only salmeterol enhances 

iK B a phosphorylation.
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Figure 4.7. Effect o f dexam ethasone. salm eterol and CSE on p38 and iK B a 

phosphorylation.

Cells (1.4 X 10‘̂ /well) were left untreated or treated with dexam ethasone (lO'^M), 

salm eterol (lO'^M) or CSE (lO ' dilution). Follow ing fixation in form aldehyde, 

total and phospho-versions o f (A) p38 M APK and (B) iK B a were quantified using 

pan-specific and phospho-specific antibodies, respectively from SuperA rray’s 

Cellular Activation o f Signaling ELISAs. Relative cell num bers were quantified 

by cell staining and these values were used for norm alisation. Target protein 

phosphorylation was determ ined by calculating phospho-protein:pan-protein 

ratios. Assays were perform ed in triplicate (* < 0.05 vs. control).
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TLR4 expression is down regulated in the nasal epithelium o f smokers in-vivo.

To determine if this phenomenon translated into a real effect in vivo, I examined 

expression of TLR4 along with TLR2 and HBD2 in the nasal epithelium of 

healthy smokers and age matched controls (Figure 8). Semi-quantitative analysis 

of mRNA expression revealed a very significant reduction in TLR4 expression in 

the nasal mucosa of smokers compared to controls (P<0.005). There was no 

significant reduction in expression of TLR2 (P=0.28) or HBD2 (P=0.20).
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Figure 4.8 TLR4 m RNA expression is dow n-regulated in the nasal m ucosa of

sm okers in vivo.

O utpatients attending for upper GI endoscopy were recruited for nasal brush 

sam pling. Subjects were excluded on the basis o f pre-existing 

im m unosuppression, pulm onary or nasal pathology, including current or recent 

(within 6 weeks) upper or lower respiratory tract infection.

(A) Table showing dem ographics o f the study population. There was no 

significant difference between the study groups.

(B) Follow ing informed consent, nasal epithelial cells were harvested by brush 

technique as described in the methods. Cytospins were prepared from each 

specimen and stained with D iff-Quick to determ ine cell populations, (i) 

shows a uniform population o f nasal epithelial cells. At higher 

magnification stained with trypan blue (ii), we see colum nar epithelial 

cells with cilia at the apices. Only sam ples containing >80% epithelial 

cells were accepted for further analysis. Cells were washed three times in 

ice cold PBS prior to resuspension in TriReagent for RNA extraction.

(C) Total RNA was reverse transcribed into cD N A  and used as a tem plate for 

sem i-quantitative PCR reactions using TLR4, TLR2, HBD2 and GAPDH 

gene-specific prim ers. (** P <0.005)
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4.4 Discussion

TLR4 is the predominant pattern recognition receptor for LPS and mediates a 

significant proportion of the innate immune response to Gram-negative 

organisms. Expression of TLR4 on respiratory epithelium allows rapid and direct 

activation of host defense by potential pathogens, resulting in induction of 

inflammatory mediators and anti-microbial peptides, including HBD2. This may 

be important in preventing bacterial colonization and infection. Consistent with 

previous reports (Becker, Diamond et al. 2000; Armstrong, Medford et al. 2004, 

Homma, Kato et al. 2004), I demonstrate that respiratory epithelial cells express 

TLR4 and respond to LPS with upregulation of IL-8.

Glucocorticoids have been previously reported to modulate lung responses to 

infection. Pre-incubation of organ cultures with fluticasone resulted in 

significantly reduced inflammatory response to Pseudomonas aeruginosa 

(Dowling, Johnson et al. 1999). There have been no previous reports about the 

effect of corticosteroids on TLR4 expression in epithelial cells. I have previously 

shown that LPS-induced HBD2 production in respiratory epithelial cells is TLR4 

dependent (MacRedmond, Greene et al. 2005). Consistent with our data, Tomita 

et al demonstrated reduced LPS-induced HBD2 expression in an airway epithelial 

cell line following pre-treatment with dexamethasone (Tomita, Nagase et al. 

2002), but the effect on the LPS receptor, TLR4, was not explored. Here I provide 

evidence for a mechanism whereby corticosteroids could impair host defence 

against Gram-negative bacteria by downregulation of TLR4 expression.

Glucocorticoids have a broad spectrum of molecular targets on which they exert 

their anti-inflammatory effect. These include genomic DNA, histone-modifying
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en zy m e s, transcription factors, and sig n a llin g  ca sca d es activated  by a w id e range 

o f  stim uli (A d co ck  and Ito 2 0 0 0 ). A  recent study sh ow ed  T L R 2 exp ression  can be 

en h an ced  in respiratory ep itheliu m  by treatm ent w ith d exam eth ason e in 

com b in ation  w ith  the pro-inflam m atory cy to k in es T N F a  and IL -ip  (H om m a,

K ato et al. 2 0 0 4 ), w h ile  another study sh o w ed  en h an cem en t o f  d exam eth ason e-  

in duced  T L R 2 exp ression  by n on -typ eab le H. in fluenzae  (N T H i) in hum an airw ay  

ep ith elia l c e lls  (Im asato, D esb o is-M ou th on  et al. 2 0 0 2 ). T he p rop osed  m echanism  

in the latter study in vo lved  sp ec ific  up-regulation  o f  the M A P K  p h o sp h a ta se -1 

(M K P -1 ) that, in turn, leads to dephosp horylation  and in activation  o f  p38 M A P K , 

a n ega tive  regulator o f  T L R 2 exp ression . A  p 38  M A P K  inhibitor had no e ffec t in 

the form er study h ow ever , su ggestin g  a d ifferent m ech an ism , p o ssib ly  v ia  a 

putative G lu cocortico id  R esp on se  E lem en t (G R E ) in the T L R 2 prom oter. Our 

data d em onstrates that d ow n regu lation  o f  T L R 4 gen e  transcription is assoc ia ted  

w ith d ow n regu lation  o f  p38 activation  (Figure 6 ), su g g estin g  that in contrast to 

T L R 2, p 38 m ay be a p o sitiv e  regulator o f  T L R 4 exp ression . A lthou gh  N F -kB is 

reported to be inhibited  by corticostero id s, I ob served  no ch an ge in N F - kB 

activation , su g g estin g  it is not resp onsib le for the ob served  e ffec t  (Pfahl 1993; 

H om m a, K ato et al. 2004 ).

L on g actin g  b eta-2  agon ists such as sa lm eterol relax bronchial sm ooth  m uscle  

cau sin g  bronchodilatation , and are a w id e ly  used and e ffe c tiv e  treatm ent in 

ob structive a irw ays d isease . In addition  to b ron ch ocon striction , both C O P D  and 

asthm a are characterised  by airw ays in flam m ation , a lb eit o f  d ifferen t types. 

A ccu m u la tin g  ev id e n c e  in recent years in d icates that L A B  A s  have anti

in flam m atory properties, w h ich  augm ent their know n bronchodilator activ ity , w ith  

m ultip le e ffec ts  on activation , m ediator release, recruitm ent and survival o f  

in flam m atory c e lls  (Johnson 2 0 0 2 ). B eta 2 -adrenergic receptors are exp ressed  in

138



respiratory epithelium , but the im munom odulatory effect of LAB As on these cells 

has been largely unexplored.

Here I dem onstrate that the LABA salmeterol treatm ent had no effect on TLR4 

gene transcription. W hile salmeterol had a sim ilar effect on p38 activation as 

dexam ethasone, the failure to downregulate TLR4 may result from com peting 

effects o f  N F-kB activation which is upregulated by salm eterol, although this did 

not reach statistical significance. Salmeterol did however induce membrane 

expression of TLR4 from the cytoplasm ic/nuclear com partm ent independent of 

any effect on gene transcription or total protein expression. A sim ilar post- 

translational effect has been described in nasal epithelium  of patients with allergic 

rhinitis com pared to healthy subjects (Fransson, Adner et al. 2005), while nuclear 

localisation o f TLR4 has been confirm ed in bronchial epithelium  (Janardhan, 

M clsaac et al. 2006). TLR4 has been shown to cycle rapidly between the Golgi 

and the m embrane, with signal transduction occurring only at the membrane 

(Latz, Visintin et al. 2002). Little is known about the m echanism  o f this 

translocation or indeed transport from the nucleus. Our data, dem onstrating a 

beta-receptor m ediated effect on post-translational TLR4 transport suggests a 

potential role for cA M P-dependent protein kinases in this process. O ther potential 

m echanism s include cytoskeletal effects secondary to changes in intracellular 

calcium , while the accessory protein M D-2 has also been implicated in stable 

expression o f TLR4 at the mem brane (Nagai, Akashi et al. 2002), (Sin, M cAlister 

et al. 2003).

LABAs and inhaled corticosteroids are frequently prescribed in com bination for 

both asthm a and COPD. The com plim entary and synergistic activity o f LABAs 

and corticosteroids in clinical practice may be explained by their physiological
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effects, but it is increasingly clear that they may also interact at a molecular level 

(Johnson 2002). Corticosteroids may augment the effect of LAB As by binding to 

GREs in the promoter region of the (32-receptor gene resulting in increased gene 

transcription, and an increase in Pi-receptor density (Mak, Nishikawa et al. 1995; 

Baraniuk, Ali et al. 1997). LAB As in turn may augment corticosteroid function 

by a number of mechanisms, including induced nuclear translocation of the 

glucocorticoid receptor (Eickelberg, Roth et al. 1999) and enhanced activity 

against transcription factors such as NF-kB (Pang and Knox 2000). Given the 

opposing effects of the two drugs on TLR4 expression, their net additive effect 

masks any potential synergistic effect in this study. The abrogation of steroid 

induced downregulation of TLR4 membrane protein expression, and consequent 

susceptibility to Gram-negative infection, by addition of salmeteroi may represent 

another important advantage of co-prescription of these compounds.

Cigarette smoking has been clearly implicated as the major environmental risk 

factor predisposing to the development of COPD (Silverman and Speizer 1996). 

Cigarette smoke has multiple effects on leukocyte function resulting in mucosal 

inflammation, which over time contributes to the epithelial disruption, smooth 

muscle hypertrophy, and fibrosis seen in this disease (Sutherland and Martin 

2003). Smoking is also an independent risk factor for bacterial colonisation of the 

lower respiratory tract (Zalacain, Sobradillo et al. 1999; Qvarfordt, Riise et al. 

2000), acute respiratory infection (Graham 1990), and infective exacerbations of 

COPD (Miravitlles, Espinosa et al. 1999). In a recent study, mice exposed to 

cigarette smoke demonstrated a reduced rate of clearance of Pseudomonas 

compared to sham exposed mice, resulting in increased airway inflammation. 

(Drannik, Pouladi et al. 2004). While these effects may be due in part to 

previously documented effects on cell-mediated immunity, little is known about
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the effect of smoking on innate immune function. Our data demonstrates that 

cigarette smoice extracts downreguiate TLR4 expression and LPS responsiveness 

in respiratory epithelium in vitro and is consistent with data from Beisswenger 

and colleagues who demonstrated reduced HBD2 production in response to LPS 

in respiratory epithelial cells following exposure to cigarette smoke (Beisswenger 

C 2003).

A potential limitation of our study is the use of A549 cells, a cell line derived 

from lung carcinoma, and whose responses may be different to those of primary 

cultured epithelial cells. While methods have been established to isolate primary 

cultured human lung epithelial cells, the purity of these preparations is difficult to 

control and responses may vary. A549 cells are widely used in lung cell biology 

and are a valid model to generate new hypotheses. As with any model system, 

questions regarding physiological relevance remain. It was therefore exciting that 

our findings could be reproduced in vivo. Even with this small sample size, a clear 

reduction in TLR4 expression in the nasal mucosa of smokers was demonstrated.

If this effect is replicated in the lower respiratory tract, it may result in impaired 

innate immune response to LPS and contribute to the increased susceptibility to 

bacterial colonisation and infection in the lungs of smokers.

We explored several potential mechanisms of CSE-induced downregulation of 

TLR4. Consistent with the data of Laan and colleagues, I did not find any change 

in NF-kB activity following treatment with CSE (Laan, Bozinovski et al. 2004), 

however as with dexamethasone, the downregulation of p38 activity correlated 

with decreased TLR4 gene transcription, suggesting this as a potential 

mechanism, and again consistent with their observation of reduced LPS-induced 

AP-1 activation (Laan, Bozinovski et al. 2004). TNFa is a negative regulator of
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TLR4 expression in intestinal epithelium  (Abreu, Thom as et al. 2003) and is 

thought to be im portant in the pathogenesis of COPD (Churg, Dai et al. 2002). I 

did not find elevated levels o f T N Fa in the supernatants o f cells stim ulated with 

cigarette smoke extracts as measured by ELISA (data not shown). M oreover a 

recent study reports no increase in T N Fa in exhaled breath condensates o f young 

healthy sm okers com pared to non-sm oking controls (Garey, N euhauser et al. 

2004), suggesting that T N F a  is not an im portant com ponent o f the mechanism 

involved here.

The respiratory epithelium  is in constant dynam ic interaction with the 

environm ent, and is uniquely directly exposed to airborne pathogens and toxins, 

as well as aerosolised drugs. The TLRs perform a pivotal role in host defence, and 

this study dem onstrates that TLR4 expression in respiratory epithelium  is 

m odulated both by drugs used to treat com m on respiratory disorders and by 

cigarette smoke, the m ajor pathogenic determ inant of COPD, and implicates p38 

as a potential positive regulator o f TLR4 gene transcription. Dem onstration o f a 

novel P-adrenoreceptor mediated TLR4 transport effect indicates new avenues for 

exploration o f the regulation of expression of this im portant receptor. A greater 

understanding of the mechanism  of these effects may im prove our understanding 

o f the pathogenesis of airways disease, and direct future therapies aim ed at 

augm enting host defence.
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Chapter 5

Expression of TLR2, TLR4 and HBD2 in Nasal and 
Tracheo-bronchial Mucosa in COPD in vivo.
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5.1 Introduction

Chronic O bstructive Pulm onary disease is com plicated by infective exacerbations 

which result in significant m orbidity and mortality and which may contribute to 

progression o f lung function decline, while bacterial colonisation may contribute 

to chronic airway inflam m ation in these patients. In the final part o f my study, I 

sought to determ ine whether the expression o f TLR2, TLR4 and HBD2 in nasal 

epithelium  o f COPD patients differed from control subjects (both sm okers and 

non-sm okers) and between patient groups in term s o f disease severity and whether 

these differences correlated with the reported infection and airway colonisation 

patterns in these patients. Ethics com m ittee approval was granted by the Ethics 

Com m ittee of Beaum ont Hospital prior to com m encem ent o f this part o f the 

study.

Nasal epithelial cells were collected by a brush technique, and RNA was extracted 

following confirm ation o f sam ple purity by cytospin and DiffQuick staining. 

Expression o f TLR4, TLR2 and HBD2 m RNA was determ ined by semi- 

quantitative RT-PCR, corrected to the housekeeping gene GAPDH. 

Unfortunately, the quantification o f protein expression from brush sam ples was 

not possible due to contam ination o f the sam ple with m ucus despite various 

efforts to elim inate this.

Tracheo-bronchial brush sam ples were also collected from a subgroup o f patients 

undergoing bronchoscopy for independent indications and TLR4 expression in 

these sam ples was correlated to expression of TLR4 in the nasal m ucosa o f the 

same subject to validate the use o f nasal m ucosa as representative o f respiratory 

epithelium  for study o f innate immune function. IL-8 levels in nasal lavage 

specim ens were used as a surrogate o f airway inflam m ation, measured by 

standard ELISA.
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5.2 Methods in Brief

M ethods are described in detail in Chapter 2

Patient population: COPD patients were recruited from the Respiratory outpatient 

clinic in Beaum ont Hospital, and from patients attending for bronchoscopy for 

indications independent o f this study. The diagnosis of COPD was based on 

consistant clinical and lung function abnormalities. Control subjects were 

recruited from the outpatient population attending for GI endoscopy at Beaum ont 

Hospital. At the time of sam ple collection, all subjects were free o f acute 

intercurrent nasal or respiratory infection.

Collection o f  epithelial cell samples: Nasal epithelial cells were collected by 

brushing o f the nasal m ucosa with a cytology brush following application o f local 

anaesthetic and cleaning the area of m ucous and crusts. A sim ilar method was 

em ployed for tracheobronchial sam pling via a fibreoptic bronchoscope under 

direct vision. Cells were shaken into cold F-12 medium and transported on ice to 

the laboratory. Cell population was exam ined by cytospin and DiffQuick staining 

to determ ine that the sam ples contained at least 80 % epithelial cells. RNA was 

extracted using Trireagent.

Gene transcription analysis Gene transcription was determ ined by semi- 

quantitative RTPCR using the housekeeping gene GAPDH as the denominator.
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N asal lavage analysis Nasal lavage was collected by instillation and collection of 

w arm ed saline into the nasal passages. Lavage was spun down to remove cellular 

debris and supernatant stored for batch analysis. IL-8 protein was determ ined by 

standard ELISA.
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5.3 Patient consent form

CO NSEN T FORM  TO PARTICIPATE IN A CLINICAL RESEARCH STUDY

You are being asked to consent to participate in a study involving patients with 

chronic obstructive airways disease and chest infections. It is im portant that you 

understand several general principles that apply to all that participate in this study:

i) taking part is voluntary and you will not be paid

ii) personal benefit will not result from taking part in this study, however the

knowledge gained may benefit others in the future

iii) you may withdraw from the study at any time and withdrawal from the

study will have no bearing on the medical care received

iv) once taken, all sam ples will be made anonym ous, and we will not be able 

to differentiate the results o f their analysis from others in the study.

Chest infections cause frequent and serious com plications for people with Chronic 

Obstructive Airways D isease (COAD, chronic bronchitis and emphysema), 

resulting in worsening breathlessness, wheeziness and often requiring hospital 

adm ission. The types o f bacteria causing chest infections in patients with severe 

COAD are different to those that com m only effect healthy individuals, and 

frequendy cause more serious illness. The reason for this change are not fully 

understood but one factor may be a special protein, called beta-defensin 2, made 

by the lining cells o f the nose, throat and lungs which can kill these harmful 

bacteria. This study will investigate whether patients with severe COAD have less 

o f this anti-bacterial protein therefore making them more susceptible to particular 

types of harmful infections.
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In order to do this, we wish to take sam ples of the epithelial cells lining the nose 

from patients with severe COPD. W e will be looking at some patients whose 

disease is currently stable, and others during an episode of infection. Collection of 

nasal cells involves pre-treating the nose wish a local anaesthetic and brushing the 

inside o f the nose with a special brush. This takes approxim ately 1 minute. The 

procedure may cause some slight discom fort and w atering o f the eye, and very 

occasionally there is slight bleeding. Participation in the study will not effect any 

clinical decisions regarding your medical care. After collection o f samples, all 

further analyses will be done in a “test tube” . The sam ples are labelled so that the 

identity of the patient is not known. Furtherm ore, you will not be inform ed o f the 

results.

Prior to brushing the nose, you may be asked for a simple blood test to check your 

blood clotting capacity. This will not be necessary if  this test has been done within 

the previous six months and results were satisfactory. Blood (2 x 3.5 ml tubes) 

will be collected from the forearm  using the vacutainer system , exactly as per a 

standard blood test. There is a small risk of bruising associated with collecting 

blood.

If you have any questions regarding taking part in this study, you should contact 

either o f the principal investigators. D r Ruth M acRedm ond (Tel 8093801) or Prof. 

Shane O ’Neill (Tel 8093516), in the D epartm ent o f Respiratory M edicine, 

Beaum ont Hospital, Dublin 9. W e suggest you retain a copy o f this docum ent for 

your later reference and personal records.
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Consent for Patient:

I have read the explanation o f this study and have been given the opportunity to 

discuss it and ask questions. I hereby consent to participate in the study.

Signature o f Patient Date

Signature o f Investigator Date
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5.4 Results and Figures

Demographics o f  patient population

The dem ographics of the study population are shown in Figure 5.1. There is no 

significant difference in the characteristics o f the COPD subgroups in term s of 

age, gender or medication use. All COPD subjects were using inhaled LABA and 

corticosteroids. COPD patients were on average a decade older than the control 

subjects. There was difficulty in recruiting a population o f “norm al” older 

sm okers, that is, sm okers who had no history o f respiratory disease and normal 

FE V I. The main objective o f the study was to observe differences in between 

COPD patients o f different degrees o f severity. Observed differences with control 

groups represent a “real w orld” differences between typical subjects with this 

condition and healthy control subjects.
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Figure 5.1

Age F:M
Current
smokers FEV1 L

Control Non-smoker 55.2 (44-66) 5:4 0

Control smoker 46.25 (24-62) 3:1 4

COPD FEV1 >1 68.78 (44-75) 5:7 8 1.45+/- 0.37

COPD FEV1 <1 65.4 (55-75) 6:4 1 0.77 +/-0.12

Demographics of patient populations.
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Expression ofTLR2, TLR4 and HBD2 is comparable between smokers and non- 

smokers in COPD.

Looking first at the COPD group, there are no significant differences between 

m RNA expression of TLR4, TLR2 or HBD2 in nasal epithelium  between smokers 

and non-sm okers in either the severe (FEV l <1L) or less severe (FEV l >1L) 

groups. Smokers and non-sm okers were therefore grouped together for further 

analysis.

152



HBD2/GAPDH
o rv) 03

HBD2/GAPDH

OJ

TLR2/GAPDH TLR4/GAPDH

TLR2/GAPDH
TLR4/GAPDH

i
CO

m
<



Figure 5.2 Expression o f TLR2. TLR4 and HBD2 are not significantly different 

between sm okers and non-smokers.

Follow ing inform ed consent, nasal epithelial cells were harvested by brush 

technique from patients with COPD, as described in the methods. Cytospins were 

prepared from each specim en and stained with D iff-Q uick to determ ine cell 

populations. Only sam ples containing >80% epithelial cells were accepted for 

further analysis. Cells were washed three times in ice cold PBS prior to 

resuspension in TriReagent for RNA extraction. Total RNA was reverse 

transcribed into cDNA and used as a tem plate for sem i-quantitative PCR reactions 

using TLR4, TLR2, HBD2 and GAPDH gene-specific prim ers. Results were 

grouped according to severity o f di.sease and current sm oking status.
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Expression o f  TLR4 and HBD2 is upregulated in COPD, and decreased in more 

severe disease.

W e next com pared expression o f TLR4, TLR2 and HBD2 in the two COPD 

groups and normal controls. Differences between sm okers and non-sm okers in the 

control group have been discussed previously. There was significant upregulation 

o f TLR4 expression in mild to moderate COPD com pared to controls (P <0.005), 

while severe disease was associated with a significant reduction in TLR4 

expression com pared to less severe disease (P<0.05). There was no difference in 

TLR2 expression between the study groups. Changes in HBD2 expression 

m irrored those of TLR4, with significant upregulation in m ild-m oderate COPD 

com pared to controls (P < 0.005), and reduced expression in severe COPD 

com pared to m ild-m oderate disease (P < 0.05). HBD2 expression in severe COPD 

was statistically sim ilar to normal controls. (P = 0 .17).
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Figure 5.3 TLR4 and HBD2 expression is reduced in severe CQPD

Follow ing inform ed consent, nasal epithelial cells were harvested by brush 

technique from normal controls and patients with COPD, as described in the 

methods. Cytospins were prepared from each specim en and stained with Diff- 

Q uick to determ ine cell populations. Only sam ples containing >80% epithelial 

cells were accepted for further analysis. Cells were washed three times in ice cold 

PBS prior to resuspension in TriReagent for RNA extraction. Total RNA was 

reverse transcribed into cD NA and used as a tem plate for sem i-quantitative PCR 

reactions using TLR4, TLR2, HBD2 and GAPDH gene-specific primers.
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Nasal expression ofTLR4 correlated with trachea-bronchial expression in vivo

In order to see if nasal expression of TLR4 could be extrapolated to expression in 

the low er respiratory tract, a subgroup o f COPD patients underw ent bronchoscopy 

and brush sam pling o f the tracheo-bronchial epithelium  as well as nasal brushing. 

Data from each o f nine subjects is presented in bar chart (Figure 5.4A), show ing 

com parable levels o f TLR4 expression at the two sites, and linear regression 

analysis dem onstrates good correlation between upper and lower respiratory tract 

expression o f TLR4 mRNA (Figure 5.4B).
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Figure 5.4 Nasal expression o f TLR4 correlates with tracheo-bronchial expression

in CO PD  patients in vivo.

Follow ing inform ed consent, nasal and tracheal epithelial cells were harvested 

from stable COPD patients by brushing technique as described in the methods. 

Cytospins were prepared from each specim en and stained with D iff-Quick to 

determ ine cell populations. Only sam ples containing >80%  epithelial cells were 

accepted for further analysis. Cells were washed three times in ice cold PBS prior 

to resuspension in TriReagent for RNA extraction. Total RNA was reverse 

transcribed into cD NA and used as a tem plate for sem i-quantitative PCR reactions 

using TLR4, and GAPDH gene-specific primers.

(A) Sem i-quantitative m easurem ent o f TLR4 expression in nasal and tracheo

bronchial epithelium  for each of nine individuals.

(B) Linear regression o f tracheal vs nasal expression of TLR4
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IL-8 levels are increased in nasal lavage in COPD.

W e next looked at IL-8 levels in nasal lavage as a surrogate o f airway 

inflam m ation (Figure 5.5). C onsistent with reports o f increased IL-8 levels in 

induced sputum and BAL in COPD (Keatings, Collins et al. 1996; Soler, Ewig et 

al. 1999; Rutgers, Tim ens et al. 2000), I dem onstrate increased IL-8 in the nasal 

lavage from these patients com pared to controls. Som ewhat surprisingly, the 

levels of IL-8 were higher in the nasal m ucosa o f patients with m ild-moderate 

COPD com pared to severe disease.
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Figure 5.5

162



Figure 5.5 IL-8 levels in nasal lavage

Nasal lavage specim ens were collected from controls and COPD patients. lOmls 

warm ed 0.9% saline was instilled into the nose and forcibly expelled into a 50ml 

tube. The recovered fluid was centrifuged and the supernatant filtered prior to 

storage at -80°C for batch analysis. IL-8 ELISA was perform ed according to 

m anufacturers instructions (R& D  Systems).
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5.5 Discussion

The hypothesis of this study was that the observed increase in colonisation with 

and exacerbations due to Gram -negative pathogens in severe C O PD  m ight be 

associated with changes expression o f TLR4, the principal pattern recognition 

receptor for LPS, in respiratory epithelium . Using a brush sam pling technique, I 

dem onstrate that levels o f TLR4 expression in nasal epithelium  o f subjects with 

severe COPD are significantly reduced com pared to less severe disease. HBD2 

expression, which is induced by LPS via TLR4, is sim ilarly down regulated in 

severe COPD. No changes were observed in the expression o f TLR2, which 

principally signals the response to G ram -positive PRRs. I further dem onstrate 

excellent correlation between upper and lower respiratory tract in term s o f TLR4 

expression, while levels o f  the inflam m atory cytokine IL-8 confirm  nasal 

inflam m ation sim ilar to that observed in the lower respiratory tract in COPD.

The first interesting finding o f this study was that TLR4 expression in nasal 

m ucosa was increased in subjects with m ild-m oderate COPD com pared to normal 

controls. A sim ilar upregulation in TLR4 expression has been observed in the 

intestinal m ucosa o f patients with both active and inactive inflam m atory bowel 

disease (Cario and Podolsky 2000). The fact that TLR2 expression is not changed 

suggests that this is not a non-specific response to airway inflam m ation.

M odulation of TLR4 expression in m acrophages and peripheral blood 

m ononuclear cells by various cytokines, including IL-2 and IL-4 (M ita, Dobashi 

et al. 2002), M IF (Roger, David et al. 2001) and IFN-y (Bosisio, Polentarutti et al. 

2002) has been described. There is little existing data regarding the transcriptional 

regulation of TLRs in epithelial cells, although IFN-y and T N Fa have been shown
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to modulate TLR4 expression and function in human intestinal epithelium  (Abreu, 

Thomas et al. 2003; Suzuki, Hisam atsu et al. 2003). The inflam m atory m ilieu in 

[he airways in COPD includes many potential m odulators of TLR4. These include 

cytokines, acute phase reactants such as HSP60 (Ohashi, Burkart et al. 2000) and 

Fibronectin (Okam ura, W atari et al. 2001) which are endogenous ligands of 

TLR4, proteases including neutrophil elastase (NE) which both activates and 

downregulates TLR4 in bronchial epithelium  (Devaney, Greene et al. 2003), and 

anti-proteases such as secretory leukoprotease inhibitor (SLPI) which has been 

shown to inhibit TLR2 and TLR4 function in m onocytes (Taggart, Greene et al. 

2002; Greene, M cElvaney et al. 2004), and microbial organisms.

Chronic or repeated exposure o f m ononuclear cells to LPS is known to result in a 

blunted cytokine response to LPS, a phenom enon known as endotoxin tolerance. 

M echanisms include downregulation o f TLR4 expression (Nomura, Akashi et al. 

2000) , although inhibition o f TLR4 signalling by effects on IRAK and NF-kB 

may be more im portant (M edvedev, Lentschat et al. 2002; Dobrovolskaia, 

M edvedev et al. 2003). TLR4 expression on hum an gingival fibroblasts is 

downregulated by Porphyrom onas gingivalis LPS (W ang, Oido-M ori et al. 2001). 

W hether the reduced expression of TLR4 expression in severe COPD is an 

adaptive response to increased exposure to Gram -negative pathogens, an attem pt 

to attenuate ongoing LPS induced airw ay inflam m ation, or pre-exists and thus 

prom otes colonisation is not clear.

HBD2 levels were also increased in COPD patients. Dauletbaev and colleagues 

found increased HBD2 in the nasal m ucosa o f normal subjects with an acute cold, 

and levels correlated well with levels of the inflam m atory cytokine IL-8.
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Interestingly, HBD2 levels were not elevated, and did not correlate with IL-8, in 

cystic fibrosis patients (Dauletbaev, Gropp et al. 2002), suggesting another 

dysregulated response to airway inflam m ation in these patients. W hether the 

observed increase in COPD patients is due to the increase in TLR4 expression, 

rendering the epithelium  m ore responsive to LPS, to an increase in inflam m atory 

inducers o f HBD2 such as T N Fa and IL-1(3 (Chung 2001), or to other effects on 

HBD2 transcription is not clear. Increased expression o f HBD2 may represent an 

appropriate immune response whereby the host attem pts to defend the inflamed 

and disrupted epithelium  from  infection. This response is lost as COPD progresses 

to more severe disease, and G ram -negative pathogens become increasingly 

im portant players in infective exacerbations. Indeed, airw ay colonisation with 

Pseudom onas, which is a prom inent feature of cystic fibrosis, is infrequent in 

COPD, but is significantly more com m on in more severe disease (Lieberm an 

2003).

The link between endotoxin and atopic asthm a is well established though 

incom pletely understood. Epidem iological studies indicate that that early 

exposure to LPS may protect against developm ent o f asthm a (Gereda, Leung et al. 

2000; Braun-Fahrlander, R iedler et al. 2002), and the proposed m echanism is 

dendritic cell induced polarisation o f T-helper cell m aturation towards a Thl 

phenotype (Schnare, Barton et al. 2001). Both IL-12 dependent (Schnare, Barton 

et al. 2001) and independent (Kuipers, Hijdra et al. 2003) m echanism s have been 

described. The relationship is far from simple, however, and the tim ing 

(Langenkam p, Messi et al. 2000) and dose (Eisenbarth, Piggott et al. 2002) of 

LPS exposure may be crucial in determ ining ultim ate Th cell polarisation.
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explaining som e of the apparently conflicting epidem iological data in the 

literature. Genetic studies support the association. In a study o f school-age 

children in Sweden, the TLR4 (A sp299G ly) polym orphism  was associated with a 

4-fold higher prevalence o f asthm a in school-aged children (adjusted odds ratio 

4.5, 95% C l 1.1-17.4) but not to allergic rhinoconjunctivitis(Fageras Bottcher, 

H m ani-A ifa et al. 2004). A relationship between COPD and LPS/TLR4 has not 

been established. In a recent study o f chronic sm okers, the presence o f the 

A sp299Gly TLR4 polym orphism  had no significant im pact on lung function 

(m easured as forced expiratory volum e in 1 second (FEV i) before and after 

bronchodilator challenge) (Sabroe, W hyte et al. 2004). Our data identifies for the 

first time a potential role for the TLR4 in COPD, but w hether the observed 

changes in TLR4 expression are secondary to airway inflam m ation or are 

significant to the pathogenesis will require further study.

Studies in asthm a indicate that the TLRs may have other roles in airways disease 

beyond that o f host defence. Using a mouse model, Bachar and colleagues 

dem onstrated that TLR 2, TLR3 and TLR4 are expressed in the mouse tracheal 

smooth m uscle. Co-stim ulation of these receptors with LPS and Poly -I-C results 

in N F-kappa B- and JN K -m ediated transcription o f B( l )  and B(2) receptor, 

inducing hyper-responsiveness to bradykinin. Furtherm ore, this effect was 

attenuated by dexam ethasone (Bachar, A dner et al. 2004). If this effect is 

replicated in hum ans, it indicates a m echanism  by which respiratory tract infection 

may cause wheeze, and this effect may be accentuated by increased TLR4 

expression in COPD.
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Air pollution is recognised as a player in the pathogenesis o f COPD (Silverm an 

and Speizer 1996), and is an im portant precipitant o f acute exacerbations. Indeed, 

the introduction of the ban on bitum inous coal in Dublin and the subsequent 

reduction in airborne particulate matter, was associated with a significant 

reduction in the num ber o f respiratory deaths, many o f which could be attributable 

to COPD (Clancy, G oodm an et al. 2002). There is m ounting evidence that air 

pollution can adversely effect host defence, with N O 2 in particular docum ented to 

im pair m uco-ciliary clearance (Carson, Collier et al. 1993; Helleday, Huberm an et 

al. 1995) and alter the num ber and function of m ast cells, T-cell subsets and 

alveolar macrophages (Sandstrom , H elleday et al. 1992; Kienast, Knorst et al. 

1996). I have shown that cigarette smoke, which also contains N O 2 . 

dow nregulates TLR4 expression and thus innate immune defences may be 

sim ilarly affected by environm ental air pollution. Also interesting is a recent 

report o f TLR4 m ediated cytokine responses to particulate m atter in alveolar 

m acrophages, implicating microbial com ponents as im portant players in 

stim ulating an inflam m atory response to air pollutants (Becker, Fenton et al. 

2002). Increased expression o f TLR4 in m ild-m oderate COPD may potentiate this 

inflam m atory response, although the functional effect o f this upregulation in vivo 

has not yet been evaluated.

The relationship between COPD exacerbations and viruses may also involve 

interesting interactions with the TLRs. 30-50% of exacerbations o f CO PD  are 

tem porally related to sym ptom s of the “com m on cold” (Seemungal, D onaldson et 

al. 2000), and two recent studies using PCR techniques reported respiratory virus 

infection, m ost com m only RSV, in >40% of acute exacerbations o f COPD (Bandi, 

Jakubow ycz et al. 2003; Rohde, W iethege et al. 2003). W hile TLR3 is the
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im portant TLR signalling inflam m atory responses to viral ssRNA, it has recently 

been shown that RSV upregulates TLR4 expression and enhances LPS 

responsiveness in respiratory epithelium  (M onick, Yarovinsky et al. 2003). Viral 

infection in severe COPD may in fact “sensitise” the airways to the inflam m atory 

effects o f inhaled or colonising Gram -negative bacteria by upregulation o f TLR4.

Nasal brush sam pling was used for the m ajority of this study due to the relative 

ease and high tolerance for this procedure com pared to fibreoptic bronchoscopy 

and brushing o f the lower respiratory tract. It was hoped that the respiratory 

epithelium  o f the nose would be involved in the same inflam m atory processes 

involving the lower respiratory tract in COPD. This theory is borne out by a 

recent study o f nasal and bronchial biopsies in COPD patients, which showed 

sim ilar inflam m atory changes o f squam ous m etaplasia and neutrophilic 

inflam m ation at both sites(Vachier, V ignola et al. 2004). The finding of a high 

degree o f correlation between TLR4 expression in the upper and low er respiratory 

tract in our study is consistent with this hom ogeneity throughout the respiratory 

epithelium , as is the finding o f high IL-8 levels in nasal lavage. This allows us not 

only to extrapolate our findings to the lower respiratory tract, but reinforces the 

suitability o f the nose as a valid and easily accessible in-vivo model for the study 

o f im mune processes in COPD.

This study provides evidence for the first time o f altered innate immune 

characteristics in the respiratory tract epithelium  o f patients with severe COPD, 

which corresponds to the known increase in G ram -negative colonisation and 

infection in these patients. Furtherm ore, I found that there was good correlation 

between nasal and tracheo-bronchial epithelial expression o f TLR4 in COPD
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patients, establishing nasal epithelial sam pling as a valid and useful m odel for the 

study o f innate im munity in respiratory epithelium  in vivo. An appreciation o f the 

changes in host defence in COPD enhances our understanding o f the 

pathophysiology o f this com plex disease. Future therapies aim ed at augm enting 

host defence may result in m ultiple benefits in term s o f airway inflam m ation, 

exacerbation rates and disease progression.
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