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Leukotrienes (LTs) are inflammatory mediators of central importance in the pathogenesis of asthma. Cysteinyl-
LTs (cys-LTs) cause bronchoconstriction, oedema, mucus hypersecretion and eosinophil chemotaxis, while 
LTB4 is a potent neutrophil chemoattractant and immunomodulator. Cysteinyl-LTi receptor (CysLTiR) 
antagonists have bronchodilator and anti-eosinophilic actions and are effective clinical treatments. LTB4 
receptor (BLT) antagonists reduce neutrophil influx and activation following inhaled allergen challenge. 

LTs are thought to be derived predominantly from cells of myeloid origin. Airway structural cell types such as 
human bronchial epithelial (HBE) ceils, human airway smooth muscle (HASM) ceils and lung fibroblasts 
generate pro-inflammatory cytokines and lipid mediators such as prostanoids and 15-lipoxygenase products, 
but their capacity to generate leukotrienes is unclear. In leukocytes, LT synthesis is initiated from membrane-
derived arachidonic acid by 5-lipoxygenase (5-LO) and its activating protein FLAP, followed by conversion of 
LTA4 to LTB4 by LTA4 hydrolase or to LTC4 by LTC4 synthase. We hypothesised that HBE cells, HASM cells 
and fibroblasts may express 5-LO pathway enzymes and synthesise LTC4 or LTB4, either spontaneously or in 
response to stimulation with inflammatory mediators, and that they may also express CysLTi and/or BLT. 

Using RT-PCR, basal expression of mRNA for 5-LO, FLAP, LTA4 hydrolase and LTC4 synthase was 
detected in primary HBE cells, HASM cells and bronchial fibroblasts, as well as in the 16-HBE cell line. 
Immunocytochemistry, Western blotting and FAGS analysis demonstrated the presence of 5-LO, FLAP, LTA4 
hydrolase and LTC4 synthase protein, and enzyme immunoassays of culture supematants from each cell-type 
demonstrated the release of both LTB4 and LTC4. The pattern of enzyme expression was similar in the three 
cell types, all showing greater immunofluorescence for 5-LO, FLAP and LTA4 hydrolase than for LTC4 
synthase. Levels of enzyme expression in the structural cells were comparable to those in human blood 
leukocytes. The CysLTi receptor was present at baseline in HBE cells, HASM cells and fibroblasts, while 
constitutive expression of BLT was detectable only in HASM cells and fibroblasts. 

The effect of treatment with inflammatory mediators on LT pathway proteins in HBE cells, HASM cells and 
fibroblasts was measured by flow cytometry. Incubation of 16-HBE cells with Ca""̂  ionophore (A23187, IjiM, 
6h) doubled the immunofluorescence of all four LT pathway enzymes (p<0.05). Bacterial lipopolysaccharide 
(2|u.g/ml), bradykinin (lOjiM), and a mixture of TNFa, IL-1(3, and IFNy (lOng/ml, 24h) each induced modest 
increases in enzyme expression (40-90%) in 16-HBE cells. 

In HASM cells, incubation for 24 hours with TGF(3 (lOng/ml), LTB4 (lOnM) and histamine (lOjiM) each 
increased the immunofluorescence of 5-LO pathway enzymes by 50-80%. CysLTiR expression in these cells 
was increased 2-fold by TGFp (p=0.03) and 3-fold by a mixture of TNFa , IL- ip and IFNy (p=0.05). CysLTiR 
immunofluorescence was not altered by its antagonist MK-571 (1-lOOnM, 0-72h), suggesting that receptor 
antagonism does not lead to receptor down-regulation and tachyphylaxis. Treatment of HASM cells with a 
combination of TNFa, IL-ip and IFNy (each at lOng/ml) modestly increased BLT receptor expression. 
Myofibroblasts are increased in numbers in asthmatic airways. Treatment of fibroblasts with TGFP (lOng/ml, 

72h) induced transformation of fibroblasts into this contractile phenotype and was accompanied by a 15-fold 
increase in LTC4 synthase (p=0.058) and a 4-fold increase in CysLTiR (p=0.008), accompanied by a 3-fold 
down-regulation of LTA4 hydrolase (p=0.0014) and BLT (p=0.009). 

The anti-inflammatory corticosteroid dexamethasone (lp.M, 24h) had no overall effect on the expression of 5-
LO pathway enzymes or BLT in HBE cells, HASM cells, or fibroblasts, but intriguingly, in HASM cells, 
dexamethasone increased CysLTiR expression by 40% (p=0.01). 

These results show that HBE cells, HASM cells and fibroblasts constitutively express a complete and active 
5-LO pathway for the synthesis of LTB4 and LTC4, and that this may be regulated by exposure to inhaled 
asthma triggers or endogenously released inflammatory cytokines and autacoids. Constitutive expression of 
CysLTiR on all three cell-types may be up-regulated in an inflammatory environment leading to increased 
CysLTi mediated effects such as collagen or mucus secretion, bronchoconstriction and proliferation. The role 
of BLT on HASM cells and fibroblasts is not yet clear, although LTB4 is chemotactic for fibroblasts. LTs 
released by HBEC, HASM and fibroblasts may lead both to autocrine effects and to leukocyte infiltration, and 
in combination with other mediators produced by structural cells, contribute to the vicious circle of 
inflammation and remodelling within the asthmatic airway. 
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1. Introduction 



1.1 Asthma 

7.7.7 

Asthma is a complex respiratory syndrome defined as 'a c/zroMzc q/" 

fAg azrM/oyf m wA/cA cgZ7.y a ro/g, /» ^arn'cw/ar ceZ/̂ , eô yznopAz/̂  aW 7-

ZympAocyfĝ . Tn jwgcgpfz6/g mJzvWwa/j fAzj zM/Za?M?M<3fzoM caz/jgj rgcz/rrgMf ẑ̂ 06;fgj' q/" 

M/AggzzMĝ  ArgarAZgjj'Mg^^, cAg.yf n'gA/ngjj' coz/gA, j^arfzcw/ar/y z/z fAg gar(y m o m m g . 

77zg.yg arg (Wĵ oczafĝ f lî zr/z wzWgjprgâ f 6wf varzaAZg az^ow Zzmzfa/zoM fAaf 

z.y af /ga.y^ ^arf /y rgvgr^z6/g, gzYAgr jpoM^a»gowj'7y or w/z/A ^ga/rngMf. 27zg z/̂ a/MZMa/zoM a / j o 

cazzjgj aM aj'j'ocza/g(f z/zcrgâ yg z» azrw<^ /"gjpowzvgngfo a varzg(y o/".ŷ zmz/Zz (?/HZ,̂ Z<A/Z77 

E^pgrf f <3Mg7 7PP!^'. Several different types of asthma exist provoked by a range of 

diSerent stimuli such as allergens, respiratory viral infections, occupational agents, exercise, 

airborne irritants and in some individuals non-steroidal anti-inflammatory drugs (NSAJDs). 

These stimuli act through different pa±ways to produce a common end result. 

Diagnosis of asthma is based on the pattern of symptoms mentioned above. Diagnostic tests 

may be used to conGrm the clinical criteria such as measurements of bronchial 

responsiveness to histamine, methacholine and/or exercise challenge as well as lung 

function tests for example FEVi (maximum forced expiratory volume in one second) or PEF 

(peak expiratory flow) (Lundback 1998). The PC20, or provocation concentration of 

histamine or methacholine that causes a 20% fall in FEVi, is significantly lower in 

asthmatics (<8mg/ml) than normals (>8-10mg/ml) and can also correlate with asthma 

severity (Hargreave 1981 et al., Murray et al. 1981). A common characteristic of asthma is 

diurnal variations in PEF and diary cards are often kept by patients to monitor changes. 

Baseline FEVi is lower in asthmatics than normals and during an attack FEVi measurements 

can drop to as low as 20% of predicted (McFadden 1998). 

7.7.2 ^zWg/?zzo/ogx 

There have been numerous reports that the prevalence of asthma has increased over the last 

two to three decades with studies on British children showing an increase from 

approximately 3% in 1982, to 6% in 1985 and to almost 9% in 1988 and 1992 (Hill et al. 

1989). In general, studies have shown that asthma is most prevalent in the UK, Australia 

and New Zealand, but the number of reported cases is increasing steadily everywhere 

(Lundback 1998). Out of 2600 preschool children in ± e United Kingdom in 1998, 26% 



reported current wheezing disorders and 19% of childen had been diagnosed with asthma 

(Kuehni et al. 2001). 

1.1.3 Risk factors 

There are several risk factors thought to be important in the development of asthma. The 

current theory is that an interaction between genetic and environmental factors is important 

with those persons who develop asthma being both genetically susceptible and exposed to an 

appropriate environmental stimulus. Atopy is one of the greatest risk factors. This is a state 

of allergic response to environmental allergens, mediated by IgE, that can be assessed by 

total serum IgE, allergen specific IgE, or by skin prick testing to common aero-allergens 

(Weisch et al. 1998). Positive skin prick tests and total IgE have been strongly associated 

with symptoms of asthma in European, American and Australian studies (Burrows et al. 

1989, Kau&naim et al. 1999, Holt et al. 2000). However, although asthma and atopy are 

closely linked their relationship is complex as many asthmatics are not atopic and vice versa. 

A family history of asthma and atopic disease is also recognised as a major risk factor. It has 

long been known that asthma clusters in families. An individual with a family history of 

asthma is three to four times more likely to develop the disease than one without family 

history (Ronmark et al. 1997). Studies carried out on twins have confirmed familial factors. 

In 2902 Australian twins, the occurrence of asthma in monozygotic twin pairs was 

signiGcantly higher (30%) than in dizygotic twin pairs (12%) (Dufly et al. 1990). 

Exposure to environmental allergens and pollutants is also associated with the development 

of asthma. Sporik and colleagues showed that out of 93 children who were at high risk of 

developing asthma on the basis of having a parent with asthma or hay fever, those with 

higher levels of dust mite in their homes tended to wheeze at a younger age than those with 

less antigen exposure (Sporik et al. 1990). House dampness and high indoor humidity have 

also been shown to be risk factors in the development and expression of asthma (Aberg et al. 

1996). In adults it has been estimated that occupational chemicals such as dusts, gases and 

fumes are the cause of approximately 10% of asthma cases (Wiesch et al. 1998). Another 

possible risk factor associated with the development of asthma includes exposure to tobacco 

smoke. Studies conducted in Sweden have shown that self smoking is a significant risk for 

the expression of asthma in adults, and that maternal smoking is a significant risk factor for 

the development of asthma in children (Lundback 1998). 



There may be a role for viral infections in the development of asthma. Lower respiratory 

tract infections in children are common, caused by respiratory syncitial virus, influenza 

viruses and rhinoviruses. It has been suggested that children with a history of hospitalisation 

for respiratory infections are more likely to develop asthma as in several studies they have 

abnormal lung function and increased airway reactivity (Gurwitz et al.l981). However, one 

of the suggested reasons for the increase in asthma in developed countries is the overall 

decrease in viral infections experienced during childhood. These infections promote 

activation of the Thl immune response that has negative influences on the Th2 lymphocyte 

profile associated with asthma (Holgate 1997). Several studies have shown that the odds of 

allergen sensitisation are inversely related to the number of older siblings in the family 

sensitisation (von Mutius et al. 1994, Strachan et al. 1989). These data raise the possibility 

that infections early in childhood, which are presumed to be more frequent and occur at an 

earlier age if there were older siblings at home, might decrease the risk of allergen 

sensitisation. However, a recent study that set out to examine the importance of the decline 

in family size in relation to the increasing prevalence of asthma reported that changes in 

family size do not fully explain the increased occurrence of asthma (Wickens et al. 1999). 

1.1.4 Genetics 

The observations of familial clustering in asthma from twin and relative studies strongly 

support a genetic contribution. Inheritance of asthma cannot be described by simple 

Mendelian genetics as: 

• More than one gene may interact to produce the disease 

# Different predisposing genes may exist in different individuals 

a Interaction with the environment may lead to variable expression and severity. 

There are two main approaches used to identify susceptibility genes for a disease. Firstly, 

specific genes may be evaluated when obvious candidates play a critical function in the 

onset of a disease. Secondly, genome wide screening may identify genes shared by a@ected 

relatives but not normals (Morrison 1998). Using these techniques, it has become possible to 

identify multiple chromosomal regions linked to asthma, atopy or more specific phenotypes 

such as bronchial hyperresponsiveness, and within these regions several candidate genes 

have been identified that are of relevance to the disease. 

Chromosome 5q is a region of interest. It has been linked to asthma, BHR and high IgE 

levels (Marsh et al. 1995, Meyers et al. 1994, Postma et al. 1995, Doull et al. 1996) and 



contains a cluster of cytokine genes, including 11^3, 4, 5 ,9 , 13 and the P chain of IL-12. 

These cytokines are involved in B-cell switching, proliferation of mast cells and the 

development and functioning of Th2 cells (Howard et al. 2000, Wilkinson et al. 1996). In 

addition, the P2 adrenergic receptor (P2-AR) and glucocorticoid receptor are contained in 

this region, receptors for commonly used asthma treatments. The P2-AR has a high degree of 

polymorphisms in the population that have a variety of effects such as different affinities for 

ligands, defective coupling and agonist promoted up or down regulation (Blumenthal 1998). 

Also, region 5q35 has been shown to contain the L T C 4 synthase gene (Austen et al. 1997). 

Chromosome 6 has been linked to eosinophil counts (Daniels et al. 1996) and contains the 

HLA (human leukocyte antigen) region that is important in antigen presentation. Tumour 

necrosis factor (TNF) is encoded by a gene within the majorhistocompatibility complex 

(MHC) region of chromosome 6 and it has been suggested that a polymorphism within this 

region may be associated with asthma (Morrison 1998). Another region of interest is 

chromosome 12q that has been linked to asthma in an Afro-Caribbean population (Barnes 

1999) and contains the genes encoding nitric oxide synthase (NOS), leukotriene A4 

hydrolase, and IFNy that inhibits IL-4 activity. IL-4 binding to its receptor is the first signal 

for production of IgE after allergen exposure and several polymorphisms in its receptor on 

chromosome 16 have been linked to asthma (Hijazi et al. 2000, Sandford et al. 2000). There 

are several other chromosomal regions of interest, each with more candidate genes and 

together with environmental factors these interact in a complex fashion to cause asthma, a 

multifactorial disorder, in susceptible individuals. 
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Figure 1. Summary of antigen presentation 
(modified from Vander, Sherman & Luciano 1994) 

1.1.5 Allergic model of asthma 

Atopy is well established as a key factor 

in the development of asthma and the 

allergic model of the disease is the 

easiest to describe (Blumenthal 1998). 

The first step involves sensitisation of 

an individual to a particular allergen 

e.g. Der p i , the major allergen of house 

dust mite (figure 1). The allergen must 

be taken up by an antigen presenting 



cell such as a dendritic cell, macrophage or B cell. Intemalisation of the antigen may involve 

either phagocytosis (macrophages) or binding to immunoglobulin receptors (B cells). In 

either case the allergen is digested inside the APC into smaller peptides that interact with the 

major histocompatibility complex (MHC). 

There are two types of MHC protein, essential for T cell interaction. Class I MHC proteins 

are found on the surface of virtually all nucleated cells and are involved in the presentation 

of endogenous antigens to cytotoxic T cells. In atopic conditions, the peptides interact with 

the class 11 human leukocyte antigen (HLA) which is then shuttled to the cell surface and 

expressed in the plasma membrane. Here the MHC II antigen complex can interact with 

helper T cells and stimulate cytokine secretion. Along with antigen binding, these cytokines 

activate B cells. Cytokines are small soluble proteins that by binding to specific receptors 

may alter the behavior of the cell from which they were secreted or other cells. Table 1 

shows a summary of cytokines of particular relevance to asthma and inflammation. 

Table 1. Cytokines important in asthma 

Cytokine main source Main target Effect 

IFNy Th1 cells, NK cells Macrophages 
CD4+ T cells 

Activation & differentiation 
Th2 to Th1 switch 

IL-1 monocyte/ 
macrophages 

Th2 cells 
B cells 

Cytokine production 
Differentiation 

IL-3 T lymphocytes Haematopoietic 
Stem cells 

Proliferation & 
Differentiation 

IL-5 CD4+ and CD8+ 
lymphocytes 

Eosinophils Chemotaxis 
Proliferation & activation 

GM-CSF activated T cells and 
macrophages 

Granulocytes, 
macrophages 

Proliferation, activation, 
t survival 

IL-6 monocyte/ 
macrophages 

B cells 
Monocytes 

lgG1 and IgA switch 
t IL-1 and TNFa secretion 

TGFP platelets T cells 
B cells 

i growth 
4- IgE production 

TNFa monocyte/ 
macrophages 

Tumour cells 
almost all cells 

t apoptosis 
t cytokine secretion 

T helper cells are classified according to the range of cytokines produced. It is now 

recognised that in asthma, antigen presentation to T helper cells results in differentiation 



leading to the Th2 phenotype. Th2 cells specifically produce cytokines such as IL-3, 4, 5, 

10, 13 and GM-CSF without significant IFNy or IL-2. Interaction of these Th2 cells with B 

cells results in the production of allergen specific IgE. Thl cells differentiate in the presence 

of a different range of antigens and are mostly associated with delayed type hypersensitivity 

responses such as leprosy and tuberculosis. They secrete predominantly IFNy, IL-2 and 

TNFP (Holgate 1993). 

This central event of antigen recognition is dependent on antibodies, the antigen-specific 

family of B-cell products collectively known as immunoglobulins. Immunoglobulins are 

roughly Y-shaped and share a four polypeptide structure consisting of two identical 50 kDa 

heavy chains and two identical 25 kDa light chains, figure 2. There are two types of light 

chain, X and K without functional difference, but five main heavy chain isotypes each 

determining the functional activity of an antibody. IgM and IgG provide the bulk of 

immunity against bacteria and viruses, IgA is important in resistance to multicellular 

pathogens, the function of IgD is unknown and as mentioned, IgE mediates immediate-type 

hypersensitivity reactions. The heavy and light chains can be divided into domains on the 

basis of sequence similarity. The amino terminal of each chain has a variable region (VL) 

involved in antigen binding and the remaining domains are constant regions (Vc) that 

engage the effector functions of the immune system. 

Figure 2. Immunoglobulin structure 

Heavy chain 
variable 

"4 Light chain 
variable 

Light chain 
constant 

Disulphide bonds 

Heavy chain • 
constant 

The allergen-specific IgE antibodies secreted by B cells (or plasma cells once activated) 

travel all over the body to ineract with their specific antigen and guide the immune reaction. 

IgE attaches via high affinity IgE receptors (IgsRI) on e.g. mast cells and basophils and low 



af&iity IgE receptors (IgeRH) on other cells like eosinophils and platelets. This process has 

the effect of primary sensitisation in an individual who has never come into contact with the 

allergen before. Upon re-exposure, the allergen will interact with specific IgE bound to the 

cells, resulting in the production of mediators such as histamine and leukotrienes by mast 

cells and eosinophils. 

A commonly used model for studying mechanisms of allergic asthma in humans is the 

inhaled allergen challenge. The response of the airways to allergen in susceptible patients 

involves acute bronchospasm, the early airway response (EAR) and in many a later 

development of airway obstruction, the late airway response (LAR) (figure 3). However, 

this is not true of all asthmatics. It is possible to have isolated early or late responses. 

Approximately 50% of adult asthmatics will show a dual response upon challenge 

(Cockcroft 1983, Durham et al. 1990). The early response develops as soon as three minutes 

after allergen inhalation but subsides within 30-60 minutes. Elevated levels of mast cell 

mediators such as LTC4, histamine, tryptase and PGD] during the EAR suggests that the 

degranulation of IgE-stimulated mast cells is responsible for this reaction (Wenzel et al. 

1989, Wenzel et al. 1988, Wenzel et al. 1990). These mediators cause rapid airway smooth 

muscle contraction. A late phase reaction may occur three to eight hours after the early 

response and is predominantly due to the recruitment and activation of several different 

leukocytes and farther generation of bronchoconstrictor agents (Holgate et al. 1996). The 

LAR is characterised by bronchial hyperresponsiveness. Bronchial and nasal biopsies from 

asthmatic patients revealed immunostaining of mast cells for IL-4, IL-5, IL-6 and TNFa 

(Bradding et al. 1994) and recent evidence has shown that IL-4 is stored pre-formed within 

mast cell granules (Wilson 2000). The release of such mast cell mediators during the EAR 

could foster the recruitment of circulating leukocytes and the development of the LAR. 

The role of mast cells during the LAR is controversial and another histamine-producing cell 

type, basophils, are thought be of greater importance to this process. Unlike mast cells, 

basophils produce histamine and LTC4 without signiScant PGD2 or tryptase, and this profile 

matches that associated with the late phase reaction in the nasal airway (Naclerio et al. 

1985). Basophils have also been identified as the histamine-containing cells in BAL fluid 

obtained during the LAR (MacDonald 1998). The greatest difference in BAL cells obtained 

during the EAR and LAR is the dramatic increase in eosinophils that becomes apparent 



approximately four hours after challenge and remains for as long as 48 hours (Metzger et al. 

1987). This late BAL eosinophilia has been confirmed by many groups and correlates well 

with elevated levels of BAL fluid IL-5 and GM-CSF (Ohnishi et al. 1993). Along vwth 

eosinophils, BAL neutrophils are increased several hours after allergen challenge (Smith et 

al. 1992, Metzger et al. 1986). Macrophages and monocytes are also associated with the 

LAR. Macrophages are increased in BAL fluid 48 hours post allergen challenge and are in 

an activated state as shown by their increased production of IL-6 and TNFa, compared to 

cells obtained from subjects with an isolated EAR (Metzger et al. 1987, Gosset et al. 1991). 

Immunocytochemistry of bronchial biopsies obtained 6 hours after allergen challenge has 

also shown increased numbers of T lymphocytes (Montefort et al. 1994). The later influx of 

inflammatory cells is thought to involve the upregulation of leukocyte adhesion molecules 

caused by mediators released during the EAR. Immunostaining for the adhesion molecules 

ICAM-1 and E-selectin is increased in bronchial biopsies following allergen challenge 

(Montefort et al. 1994). 

Figure 3. The dual asthmatic response 
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1.2 Cell types involved in asthma 

The infiltrating leukocytes associated with asthma originate from stem cells in the bone 

marrow, polymorphonuclear leukocytes from myeloid progenitor cells and lymphocytes 

from the common lymphoid progenitor. Following release from bone marrow, they circulate 

for days or weeks and some are induced to migrate into tissues. When stimulated, they 

produce a range of mediators that in turn influence other cell types and lead to airway 

inflammation via a complex network of events. 



7.2.7 

Lymphocytes play a very important role in coordinating the inflammatory response in 

asthma through the release of specific patterns of cytokines. There are multiple populations 

and subpopulations of lymphocytes. Briefly, B lymphocytes (B cells) mature in the bone 

marrow and upon activation by antigen, their main function is to secrete antibodies. There 

are three main subsets of T cells termed cytotoxic T cells that bind to antigen-bearing cells 

and kill them, suppressor T cells that inhibit the function of other lymphocytes and lastly 

helper T cells (Th cells). As described in the context of antigen presentation (p.6), Th cells 

activate B cells and cytotoxic T cells by the production of cytokines. Different subsets of Th 

cells produce different combinations of cytokines that in turn will guide a particular type of 

immune response (Corrigan 1998). 

Several observations have confirmed that lymphocytes are key cells in asthma pathogenesis. 

Increased numbers of activated T cells are seen in the bronchial mucosa and BAL fluid of 

asthmatics, and their numbers correlate with disease severity and eosinophil counts (Bradley 

et al. 1991). The cytokines secreted by activated Th2 lymphocytes are relevant to the 

accumulation and activation of eosinophils in the bronchial mucosa. Significantly elevated 

percentages of BAL cells express mRNA encoding IL-3, IL-4, IL-5 and GM-CSF (Th2 type 

cytokines) but not IFNy (Thl type) in asthmatics compared to normals and the majority of 

these axe T cells (Robinson et al. 1992). Activated Th2 cells were also detected in the 

peripheral blood of patients with severe asthma, and numbers were reduced following 

glucocorticoid therapy to a degree which correlated with clinical improvement (Corrigan et 

al. 1993). 

1.2.2 Neutrophils 

Along with eosinophils and basophils, neutrophils comprise the granulocytes so called due 

to the presence of densely staining granules in the cytoplasm. The main function of 

neutrophils is phagocytosis of antibody-coated pathogens and activation of bactericidal 

mechanisms. They also have the capacity to release a number of products of relevance to 

asthma in particular ones that cause tissue injury such as the proteases elastase, collagenase 

and gelatinase (O'Byrne 1998). Lipid mediators produced include the prostaglandins, TXAa, 

PAF and LTB4. Although neutrophils produce negligible amounts of LTC4 themselves they 

are capable of transcellular biosynthesis of the cys-LTs by providing LTA4 to structural cell 

types that possess LTC4 synthase (Sala et al. 1997). Other neutrophil products include a 
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factor that activates mast cells and basophils causing degranulation and mediator release 

(Nadel et al. 1998). Also, when neutrophils are stimulated, a respiratory burst begins 

resulting in superoxide and hydrogen peroxide release that in turn form more toxic radicals 

capable of causing tissue damage (Lehrer et al. 1988). The production of neutrophil products 

occurs in response to fMLP, complement factor C5a, TNFa and GM-CSF. Migration of 

neutrophils to sites of damage occurs due to chemotactic factors such as C5a, IL-8 and as 

discussed below, LTB4 (O'Byme et al. 1985, Richman-Eisenstat et al. 1993, Berend et al. 

1986). 

Whether neutrophils play an important role in chronic asthma is controversial but there is 

increasing evidence that they are particularly involved in severe and acute asthma. Non-

allergic triggers of asthma such as nitrogen dioxide and ozone cause an influx of neutrophils 

into the airways, as does allergen challenge. However, unlike eosinophils, neutrophils do not 

remain in the airways but disappear rapidly after challenge (Cof&y et al. 1996, Teran et al. 

1995). Patients who have died of sudden onset asthma have a high number of neutrophils in 

the submucosa compared to other cell types and nocturnal asthma is also associated with an 

airway neutrophilia that correlates with severity (Martin et al. 1991, Sur et al. 1993). 

Patients with severe steroid dependent asthma show blood and sputum neutrohilia compared 

to those with well controlled mild asthma but it is not known whether this is spontaneous or 

a consequence of steroid use, which prolongs neutrophil survival by reducing apoptosis (The 

ENFUMOSA Study Group, Cox et al. 1995). 

1.2.3 Eosinophils 

Eosinophils, so named due to the intense staining of their granules by the dye eosin have a 

characteristic bilobed nucleus and a main function of killing antibody coated parasites. 

Several lines of evidence point to a central role for these cells in asthma, eosinophilia being 

associated with both hypersensitivity and helminth infections (Kita et al. 1998). Eosinophils 

generate a wide range of inflammatory mediators. The granules of eosinophils contain four 

main proteins. Major basic protein (MBP) is localised in the crystalline core and eosinophil 

cationic protein (ECP), eosinophil-derived neurotoxin (EDN) and eosinophil peroxidase 

(EPO) are localised in the matrix. These granule proteins are toxic to respiratory epithelium 

causing desquamation, alterations in ciliary beat frequency and secretion (Gleich 2000). 

They are also potent helmintho-, cyto- and neurotoxins (Gleich 1986). At nanomolar 

concentrations they increase vascular permeability and stimulate other cells such as 



basophils, mast cells, neutrophils, goblet cells and platelets (Minnicozzi et al. 1995, Gleich 

2000). 

Several lipid mediators are produced by eosinophils that have cytoplasmic lipid bodies, 

stores of arachidonic acid (Weller et al. 1994). In contrast to neutrophils they generate 

relatively large amounts of LTC4 compared to negligible LTB4 (Weller et al. 1983). There 

have been few reports of prostaglandin production although patients with hypereosinophilic 

syndrome synthesise PGEi, PGE2 and TxBi (Kita et al. 1998). Compared to neutrophils, 

comparable quantities of PAT are generated which can cause eosinophil chemotaxis, 

vasodilation and endothelial adherence (Kay et al. 1992). 

Several factors are involved in the recruitment of eosinophils into the airways. Of the 

eosinophil chemoattractants eotaxin is of particular importance, released by endothelial 

cells, epithelial cells, smooth muscle cells, fibroblasts and macrophages as well as 

eosinophils themselves (Lamkioued et al. 1997, Gleich 2000). Others include LTD4 at 

concentrations as low as 10''° M, PAF and several T cell products (IL-5, GM-CSF, IL-3) 

and chemokines (RANTES, MCP3 & 4) (Kita et al. 1998). Eosinophils are primed (partially 

activated) as a result of migration to the site of inflammation but once there they are fully 

activated and induced to degranulate by a number of stimuli. Ig receptors, in particular those 

for secretory IgA and IgG as well as cytokines such as IL-5, GM-CSF and IL-3 cause 

degranulation and mediator production (Gleich 2000, Kita et al. 1998). Some evidence 

suggests that eosinophils may express the high affinity IgE receptor (Gounni et al. 1994) as 

eosinophils isolated from patients with eosinophilia degranulated in response to anti IgE 

antibody or IgE coated parasites (Gleich 1986). IL-3, IL-5 and GMCSF prolong eosinophil 

survival by antagonising programmed cell death (Her et al. 1991). The recruitment, 

activation and survival of eosinophils is strongly inhibited by corticosteroids, an effect 

which could explain their efGcacy (Djukanovig et al. 1992). 

There is much evidence to support a role for eosinophils in asthma. Blood and sputum 

eosinophilia is associated with asthma and bronchial hyperresponsiveness correlates with 

blood and BAL eosinophils in both atopic and non-atopic asthma (Kay et al. 1992, Gleich et 

al. 1998, Wardlaw et al. 1988). Increased eosinophil products (MBP, ECP, EDN) are 

observed in BAL during allergen induced late phase reactions (Metzger et al. 1987). 

Eosinophils are prominent cells in histopathological sections obtained from people who have 
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died &om asthma (Duimill et al. 1960) and high numbers of EG2 positive eosinophils are 

shown in bronchial biopsies from atopic asthmatics (Azzawi et al. 1990). 

In the past decade there has been a lot of evidence to support the description of asthma as a 

Th2-like disease in which eosinophils are particularly important. However, within this 

context it is important to mention the recent findings of Leckie et al. concerning the 

administration of an IL-5 blocking antibody. The effect of this antibody on blood and 

sputum eosinophil counts, bronchial hyperresponsiveness and the LAR was examined at 

varying time points up to 16 weeks after intravenous infusion. The most striking result was 

the >90% reduction in blood and sputum eosinophils confirming the importance of IL-5 in 

eosinophil formation. However, the blocking antibody had no significant eHect on airway 

hyperresponsiveness or on the late asthmatic reaction to inhaled allergen (Leckie et al. 

2000). While a larger and longer clinical study is required, the findings of Leckie and 

colleagues do highlight the complexity of airway inflammation and the importance of 

several difikrent cell types. This study particularly questions the role of Th2-cytokine driven 

eosinophilia in persistent asthma. 

7.2^ 

Mast cells, with their oval nuclei and numerous granules are major effector cells in allergic 

disease. They belong to the family of myeloid cells but rather than circulating as mature 

cells in the blood they circulate as progenitors and complete their differentiation in 

peripheral tissues, most commonly at sites where they may encounter noxious agents such as 

the respiratory mucosa, gut and skin. Their main role is to mediate innate immunity to 

bacteria by the release of granules containing active agents (Schwartz et al. 1998). There are 

two main types of mast cell in humans, named MCj and MCTC depending on the main 

enzyme compositions. MCT contain tryptase alone, while MCTC contain tryptase, chymase, 

carboxypeptidase and cathepsin G. MCT is the predominant type in lung while MCTC is 

mainly found in the skin (Benyon et al. 1987, Church et al. 1982). Important functions of 

tryptase include inactivation of fibrinogen and inhibition of fibrogenesis, activation of tissue 

matrix metalloproteinases (MMP-3), inactivation of neuropeptides, stimulation of fibroblast 

proliferation and collagen synthesis, eosinophil chemotaxis, and the upregulation of ICAM-

1 expression and IL-8 synthesis by EEC (Bingham et al. 2000). 



Mast cell derived mediators may be preformed and stored in granules or synthesised (/e 

novo. Of the granule-associated products histamine is the most studied. In humans, 

histamine acts at and H] receptors and has effects on smooth muscle, endothelial cells 

and nerve endings. Histamine is synthesised in the Golgi apparatus by decarboxylation of 

the precursor amino acid histidine. It is metabolised by histamine N methyltransferase 

(methylation) and diamine oxidase (oxidation) (Rang & Dale 1991). The importance of 

histamine in allergic disease is illustrated by the efficacy of Hi antagonists in modifying 

diseases such as hayfever (Bousquet et al. 1996) but the failure of antihistamines in asthma 

therapy suggests that other events are of greater importance in inflammatory processes in the 

lung (Wood-Baker et al. 1995). 

Newly-formed mediators generated by MC include eicosanoids, such as the 

bronchoconstrictive LTC4 and PGD; and a range of multifunctional cytokines (Bingham et 

al. 2000). Bronchial and nasal mucosal biopsies from asthmatic patients revealed 

immunostaining of mast cells for TNFa, IL-4, IL-5, and IL-6 (Bradding et al. 1994). 

Interestingly, immunogold electron microscopy recently demonstrated that one of these 

these cytokines, IL-4 was located within mast cell secretory granules (Wilson 2000). The 

presence of a store of pre-formed IL-4 has important implications as IL-4 could be rapidly 

released upon IgE dependent degranulation and contribute to the initiation and maintenance 

of inflammation. 

Classic mast cell activation occurs through FcsRJ, the receptor that binds the Fc portion of 

IgE. When adjacent receptors are crosslinked by multivalent antigen or haptens there is 

phosphorylation of the FcsRI immunoregulatory tyrosine-activation motifs (ITAMs) that in 

turn activate other tyrosine kinases (Lyn and Syk) and lead to several pathways of signal 

transduction (Kinet et al. 1996). Other factors causing mast cell degranulation/mediator 

production include extracellular matrix proteins e.g. fibronectin and laminin, complement 

fragments C3a and C5a, eosinophil-derived granule proteins and neuropeptides (el Lati et al. 

1995, Bischoff et al. 1992, Church et al. 1991). Primed mast cells will also respond to 

changes in osmolarity, a mechanism that may contribute to exercise-induced asthma 

(Egglestonetal. 1990). 
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Allergen challenge in atopic individuals has shown that mast cells are involved in the early 

airway response by the measurement of the mast cell mediators LTC4, histamine, tryptase 

and PGD2 in BAL fluid 5 minutes after challenge (Wenzel et al. 1989, Wenzel et al. 1988, 

Wenzel et al. 1990). Later studies have also suggested that there may be a role for mast cells 

in the late-phase response. Measurement of the urinary excretion of mast cell markers 9a, 

IIP-PGF2 and Ntau-methylhistamine showed that levels were elevated above baseline 

during both the EAR and LAR of an inhaled allergen challenge in asthmatics (0'Sullivan et 

al. 1998). Also, a single immunologic stimulus can increase the transcription of mast cell 

TNFa, IL-4 and IL-5 for up to 72 hours (Okayama et al. 1995), an e@ect that could explain 

the cellular influx of the LAR. 

7.2 

Basophils are morphologically similar to eosinophils (circulating multilobular granulocytes) 

but like mast cells they express large amounts of the high afEnity IgE receptor FcsRI. Their 

cytoplasm contains membrane-bound secretory granules, and lipid bodies are also seen. One 

of the functions of basophils is thought to be in host defence against neoplasms, 

microorganisms and toxins, but several facts point to an important role in asthmatic airway 

inflammation. Basophils release both preformed and newly synthesised mediators. 

Preformed mediators include histamine and the granule protein chondroitin sulphate A. Of 

the lipid mediators basophils produce mostly cysteinyl lekotrienes and PAF. Cytokines 

synthesised include IL-4, IL-5, IL-8, IL-13 and MlP-la (Busse et al. 1998). Like mast cells, 

basophils produce LTC4 and histamine, but basophils do not produce tryptase or PGD2, so 

the presence of tryptase and PGD^ in BAL fluid can differentiate between mast cell or 

basophil activation (MacDonald 1998). A number of different stimuli cause activation and 

degranulation of basophils. IgE is one of the most studied activators but other stimuli 

include complement factors C5a and C3a, the bacterial peptide fMLP, PAF and the enzyme 

PL A?. Basophils also have surface receptors for several cytokines and chemokines and are 

activated by mediators such as MCP-1, MCP-3 and RANTES (Grant et al. 1998). 

Whereas mast cells are particularly important in the early phase reaction to allergen, 

basophils are key players in the late phase. After allergen challenge, there is an increase in 

the number of BAL fluid basophils which is most striking at 24 hours after challenge (Guo 

et al. 1994). Increased numbers of basophils have been found in the blood and sputum of 
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asthmatics during clinical exacerbations and enhanced spontaneous release of mediators 

(histamine and LTC4) have been noted in basophils from asthmatics compared to normals 

(Tung et al. 1982). There are also increased numbers of basophils in the airways of subjects 

who have died from asthma (Koshino et al. 1993). The contribution of basophils to asthma is 

thought to result from release of inflammatory mediators and increased cytokine production 

(IL-4, IL-5, IL-13) which can enhance IgE synthesis, Th2 development and eosinophil 

recruitment. 

7.2.6 MoMOcyfgf macropAaggj 

Monocytes and macrophages are cells of the mononuclear phagocyte lineage. A simplistic 

description of the differentiation of these cells is that bone marrow progenitor cells give rise 

to blood monocytes from which tissue macrophages or dendritic cells are derived. This 

terminal differentiation is remarkably tissue-specific and is likely to be controlled by factors 

released in the local environment. Mononuclear phagocytes can have several functions and 

factors controlling their differentiation determine whether they phagocytose and kill 

microorganisms, present antigens to T-cells, release soluble inflammatory mediators or carry 

out a combination of these events. These functions require the production of a bewildering 

variety of mediators. Microorganisms are killed by oxygen dependent mechanisms involving 

the generation of reactive oxygen intermediates such as superoxide (O2") and H2O2 and also 

by generation of the antimicrobial agents lysozyme, cathepsin G, proteinase 3 and elastase. 

Triggers including IgE-dependent pathways can stimulate the production of leukotrienes, 

prostaglandins, PAF and lipoxins. Monocytes also produce an array of cytokines of 

relevance to asthma including GM-CSF, TNFa and IL-6 and many others (Gant et al. 1998). 

Monocytes and macrophages are also important antigen presenting cells for the activation of 

allergen-specific Th2 cells. They express MHC class II antigens, adhesion molecules 

neccesary for T cell binding, co-stimulatory molecules essential for T cell activation and 

cytokines that promote development of the Th2 phenotype (Clark et al. 1994). 

1.3 Airway structural cells 

The classical concept of asthma is that it is a Th2 cell orchestrated inflammatory disease. 

While it is clear that inflammation is central to the pathogenesis of asthma it is increasingly 

recognised that not just blood lymphocytes and leukocytes are involved in this process. 

Structural cell types not previously thought to be involved in inflammation have now been 

shown to release both pro and anti-inflammatory mediators and to play a large part in the 
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structural changes associated with chronic inflammation. These cell types include airway 

epithelial cells, smooth muscle cells, fibroblasts and endothelial cells, that in addition to 

their structural roles, are also able to contribute to airway inflammation and remodelling. 

The structural changes, or remodelling, that occurs in asthmatic airways includes thickening 

of the airway wall, increased myocyte mass, myofibroblast hyperplasia, epithelial shedding 

mucus metaplasia, angiogenesis and subepithelial fibrosis (Elias 2000). 

1.3.1 Bronchial Epithelial Cells 

1.3.1.1 Structure 

Human bronchial epithelium consists mainly of three cell types, columnar ciliated cells, 

secretory cells and basal cells (van der Velden et al. 1998). Although for a long time 

described as pseudo stratified, electron microscopy has now shown that these cells are 

arranged in a stratiSed layer with columnar cells adhering to basal cells which adhere to the 

basement membrane (Roche et al. 1993) (figure 4). The structure of the epithelium is 

maintained through several adhesive mechanisms. Basal cells are firmly attached to the 

basement membrane by hemidesmosomes, structures made up of integrin proteins, mainly 

the a6/(34 integrin complex (Sonnenberg et al. 1991). Desmosomes are found between all 

epithelial cells and comprise several structural filamentous proteins that link adjacent 

cytoskeletons (Garrod 1993). The passage of molecules between cells is controlled by tight 

and intermediate junctions. Tight junctions surround each cell at the apical pole and 

permeability can be modulated by proteases, cytokines, bacterial products, and eosinophil-

and neutrophil-derived proteins (Lewis et al. 1995). Intermediate junctions form a ring-like 

adhesive mechanism around the cell to which adhesion molecules such as E-cadherin have 

been localised (Schneeberger et al. 1992). Epithelial cells also communicate via gap 

junctions. 

7. J. 7.2 BoTTier yuncfzoM 

Of vital importance to the barrier function of epithelial cells are the strong adhesive 

mechanisms mentioned, but epithelial cells also provide an active defence system against 

inhaled noxious agents such as pollutants and particulates. Ciliated cells remove particulate 

matter by propelling mucus and trapped debris therein upwards and out of the airway (Proud 

et al. 1998). Ciliary beat frequency can be regulated by several factors such as leukotrienes, 

bradykinin, histamine and cytokines (Cyrus et al. 1998, van der Velden et al. 1998). Goblet 

or mucus cells secrete mucus that lines the upper airways and can contribute to the 
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Figure 4. The structure of bronchial epithelium 
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detoxification of inhaled substances (Thompson et al. 1995). Products released within this 

mucus include antibacterial substances (lactoferrin and lysozyme) anti-proteases 

(metalloprotease inhibitors and the a i-protease inhibitor) and antioxidants (superoxide 

dismutase and catalase) (Coonrod 1986, Heffner et al. 1989). Certain mucus cells produce 

the epithelial transfer component of IgA and components of the complement system that 



facilitate efiGcient phagocytosis of foreign particles by macrophages (Goodman et al. 1981, 

Rothman et al. 1989). Submucosal glands also exist in the epithelium which are under the 

control of cholinergic nervous regulation whereas goblet cell secretion is controlled by 

secretagogues such as proteases, lipid mediators and cytokines (Lundgren et al. 1988). Cell 

surface peptidases present on epithelial cells can degrade several bronchoconstrictor 

peptides such as bradykinin and enkephalins, thus protecting the airway smooth muscle 

(Nadel et al. 1991). Epithelial cells also express a surface aminopeptidase that degrades 

enkephalins, which in turn modulate the release of acetylcholine from airway nerves (Proud 

etal. 1998). 

7. J. 13 TTze gpzzAg/fwm <3̂  a farggf m 

Damage to bronchial epithelium is a well known characteristic of asthma. In 1960, Nay lor 

noted the presence of increased numbers of epithelial columnar cell clusters (Creola bodies) 

in asthmatic sputum (Naylor 1962). Loss of epithelium is also observed in patients who have 

died from asthma (Dunnill et al. 1960) and more recently the use of bronchoscopes has 

enabled confirmation of these observations (Laitinen et al. 1987, Montefort et al. 1992). It is 

mainly the columnar cells that are lost leaving areas of just basal cells although the precise 

mechanism involved in this shedding is unknown. Despite numerous observations of 

epithelial shedding in asthma, care should taken when interpreting this characteristic as a 

recent study suggests that epithelial denudation in bronchial biopsies is merely an artefact of 

tissue sampling (Ordonez et al. 2000). This group showed similar epithelial damage in both 

asthmatic and normal biopsies and found no correlation between the extent of denudation 

and bronchial hyperresponsiveness 

Many agents can cause damage to the bronchial epithelium. The eosinophil is a major cause 

of epithelial damage in asthma (Frigas et al. 1986). It is recruited to the airways during 

inflammation and activation causes degranulation with the release of MBP and ECP which 

are cytotoxic, possibly by promoting target cell pore formation. Effects observed on 

epithelial cells include ciliostasis, decreased ciliary beat frequency and exfoliation 

(Montefort et al. 1992). Another eosinophil product EPO is particularly potent in the 

presence of hydrogen peroxide and halide when highly cytotoxic hypohalous acids are 

produced (Ayars et al. 1989). Evidence also points to an important role for matrix-

metalloproteinases through their capacity to weaken junctional adhesion molecules, in 

particular MMP-9 whose levels are increased in asthma (Hoigate et al. 1998). Other factors 
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responsible for epithelial damage include pollutants, respiratory viruses, allergens and 

oxidants (Devalia et al. 1993, Thompson 1998, Wang et al. 1998, Montefbrt et al. 1992). 

Damage to the epithelial layer has numerous effects. The barrier function is lost so noxious 

agents may reach the underlying smooth muscle more easily, and intra-epithelial sensory 

nerves involved in neuropeptide release are exposed and stimulated by inhaled agents 

resulting in reflex bronchoconstriction. A number of protective factors produced by the 

epithelium such as NO, PGEa and antiproteases are lost as well as mucociliary clearance 

(Folkerts and Nijkamp 1998). In addition there is increased water loss, in particular during 

exercise which may contribute to the creation of a hypertonic environment that can activate 

mast cells. 

Bronchial epithelial cells are able to produce a wide range of both pro and anti inflammatory 

mediators as well as adhesion molecules, summarised in table 2. Several lipid mediators are 

generated. Of the COX products, the bronchoconstrictive PGF2a and relaxant PGE^ are 

produced in approximately equal amounts by human bronchial epithelial cells (Holtzman et 

al. 1988). So far, studies have shown that lipoxygenase products are mostly those of the 12-

LO and 15-LO pathways such as 15-HPETE, 15-HETE and 12-HETE, which at relatively 

high concentrations can cause neutrophil recruitment (Sigal et al. 1991). In human tracheal 

epithelial cells the 15-LO pathway is particularly predominant (Hunter et al. 1985). 

Human bronchial epithelial cells can express an array of cytokines and chemokines such as 

IL-8, IL-6, IL-5, GMCSF, RANTES and eotaxin, the functions of which include mainly 

recruitment, activation, and increased survival of eosinophils, neutrophils and lymphocytes. 

Growth factors synthesised include TGFp and bFGF that have effects on epithelial growth 

and differentiation. Other products of bronchial epithelial cells include peptide mediators 

such as the endothelins which are potent bronchoconstrictors, and NO, a bronchodilator and 

vasodilator (Black et al. 1989). Both inducible and constitutive isoforms of nitric oxide 

synthase are present in epithelial cells. NO levels are greatly increased in the exhaled air of 

asthmatics but the relevance of this remains unknown (Alving et al. 1993, Kharitonov et al. 

1994, Folkerts et al. 1998). 
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Table 2. Pro-inflammatory products of human bronchial epithelial cells 

Product Stimulus 

lipid mediators 
PGDZ 
PGF2A 
PGEZ 
TXBZ 
12/15 HETE 
LTB* 

Chemokines 
IL-8 
GROa 
GROy 
MCP^ 
Eotaxin 
RANTES 
MIP-2 

11-1P, TNFa, IFNy 
11-1P, TNFa, iFNy, ozone 
11-1 p, TNFa, IFNy, ozone 
A23187 

viruses, bacterial products, ozone, asbestos, histamine 
TNFa 
TNFa 
TNFa 
TNFa, ^Ny 
W^LTNFA, ^NY 

Cytokines 
IL-lo/p 
IL-3 
IL-5 
IL-G 
IL-10 
IL-11 
IL^6 
LIF 
TNFa 
GM-CSF 

Growth factors 
PDGF 
IGF 
EGF 
TGFp 

Adhesion molecules 
ICAM1 
LRV3 
CD44 

asbestos, bradykinin 

TNFaJFNy 
TNFa, TGFp, ozone, histamine, viruses 

TNFa, TGFp, IL-1, RSV 
histamine 

NO; 
11-1, TNFa, NO2, histamine, RSV 

ECP 

retinoio acid 

HRV, IL-4, IL-5, IL-10, IL-15 

^NY 

Others 
PAF 
NO 
Endothelin 
Fibronectin 
Histamine 

PIVIA, A23187 
histamine 
RSV 

influenza virus, Staphylococcus aureus 

(van der Velden et al. 1998, Proud et al. 1998, King et al. 1998, Tomee et al. 1998, Bianco et 

al. 1998, Tristram et al. 1998, Salari et al. 1989, Kumlin et al. 1990, Mitchell et al. 1994, 

McKinnon et al. 1993, Behera et al. 1998, Saivi et al. 1999) 
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Bronchial epithelial cells express a range of surface adhesion molecules allowing them to 

interact with inflammatory blood cells. ICAM-1 and the lymphocyte function associated 

antigen LFA-3 are expressed on human airway epithelia (Bloemen et al. 1993). ICAM-1 

expression is increased by histamine, TNFa, and IFNy and is also higher on the 

epithelial cells of asthmatics (Tosi et al. 1993, Vignola et al. 1993). CD44 is found on both 

asthmatic and normal bronchial epithelium but is increased in asthmatics and at sites of 

damage, so is thought to be involved in repair processes (Lackie 1997). 

There may be a role for epithelial cells in immunoregulation as they express MHC class 11 

antigens such as human leukocyte antigen (HLA-DR), and expression is higher on asthmatic 

cells (Vignola et al. 1993). Also, epithelial cells can present antigen to T lymphocytes and 

also stimulate the proliferation of both CD4+ and CD8+ T cells (Mezzetti et al. 1991). The 

low affinity IgE receptor CD23 has been described in asthmatics but not normals so BEC 

may be directly activated by IgE dependent mechanisms (Campbell et al. 1994). 

1.3.2 Airway Smooth Muscle 

1.3.2.1 Structure 

Airway smooth muscle was first described in detail by Reissen in 1822, who used a hand 

held magnifier and reported that smooth muscle encircles the airway completely below the 

trachea and to an even greater extent in the peripheral airways. Each individual smooth 

muscle cell is spindle-shaped, and unlike skeletal muscle, each has a single nucleus and is 

able to divide. Smooth muscle cells are surrounded by a thin basal lamina and are separated 

&om each other by a gap of S0-80nM. There are also special cell-to-cell contacts, gap 

junctions, which provide a pathway for metabolite flow between cells. Modulation of gap 

junction pore opening can be controlled by Ca"^, HT and cAMP which all reduce opening. 

There are three main functions of smooth muscle cells that are of relevance to asthma: the 

contractile, proliferative and synthetic functions. Smooth muscle proliferation is discussed 

within the context of airway remodelling. 

1.3.2.2 Contractile function 

Two main types of contractile filament are present in the cytoplasm of these cells; thick 

myosin-containing filaments and thin actin-containing filaments. It is the sliding of adjacent 

actin and myosin filaments which is thought to generate the contractile force. Changes in the 

contractile activity of smooth muscle are a consequence of the actions of various chemical 
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mediators and neurotransmitters that usually bind to a specific receptor, increase 

intracellular and cause contraction. One hypothesis for the initiation of actomyosin 

activation is that a calcium/calmodulin complex binds to and activates myosin light chain 

kinase (MLCK). This results in a subsequent phosphorylation of the light chain subunit of 

myosin and activation of the tension generating, actin-dependent myosin ATPase. Actin 

filaments are anchored to plasma membrane dense plaques or to cytoplasmic structures 

known as dense bodies. Contraction causes the cells to shorten and widen as shown in 

figure 5, as tension is transmitted throughout the cell (Gunst et al. 2000). During smooth 

muscle relaxation the phosphorylated myosin must be dephosphorylated by a phosphatase 

enzyme which is constitutively present and active. However, when [Câ "̂ ]i is high, kinase 

activity predominates. There is also thought to be a role for cAMP in the relaxation process 

as P-adrenoceptor stimulation increases cAMP levels. A cAMP dependent protein kinase 

may regulate decreases in [Ca^^]i or cAMP dependent phosphorylation of MLCK could 

reduce the sensitivity of the enzyme to Ca^^/calmodulin activation (Barnes 1995). 

Figure 5. Smooth muscle contraction 
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Actin (thin) and myosin 
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membrane and to 
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activated the thick and 
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Upon stimulation, the sources of include the sarcoplasmic reticulum, internal plasma 

membrane, mitochondria or through plasma membrane calcium channels. The relaxation 

process involves a reduction in [Ca '̂̂ Ji by sequestration of internal involving the 

organelles above and also translocation across the plasma membrane (Gunst et al. 2000). 
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The contractile activity of smooth muscle is influenced by neurotransmitters, paracrine 

agents and other factors such as acidity, O? concentration and osmolarity. Airway smooth 

muscle is innervated by parasympathetic nerves that branch throughout the muscle and 

release neurotransmitter from swollen vesicle-containing varicosities. Sympathetic neurones 

are not thought to branch through the muscle. Instead effects are due to circulating 

catecholamines, a , and P2 adrenoceptors are present on airway smooth muscle, stimulation 

of which causes contraction and relaxation respectively. The density of |3 receptors increases 

from the trachea to the bronchioles. Also, muscarinic M3 receptors are present, stimulation 

of which causes contraction (Rang & Dale 1991). 

As discussed, a number of inflammatory mediators have effects on airway smooth muscle 

causing increased or decreased contractile activity depending on the associated changes in 

[Ca""^;, second messengers or in some cases indirectly by the production of other mediators. 

Many of these agents are of particular relevance to asthma, especially the leukotrienes. Cys-

LTs are able to contract human airway smooth muscle both in isolated airway strips and 

rings in vitro as well as in vivo by inhalation (Dahlen et al. 1980, Schmidt et al. 2000). Their 

potency is at least 1000 times greater than histamine and is a result of their binding to the 

CysLTi receptor (Dahlen et al. 1983). The bronchoconstrictor effects of histamine are well 

known and are mediated by specific receptors (Hi, Hi and H3) which respond to stimulation 

with both calcium influx and prostaglandin synthesis (Joad et al. 1988). Of the 

prostaglandins, PGD2, PGFia and TXA? all have contractile activity by their action on TP 

(the TXA? receptor). PGE? relaxes canine tracheal smooth muscle, possibly by enhancing 

intracellular Ca"'̂  sequestration (Tomioka et al. 1982). PAF inhalation causes 

bronchoconstriction indirectly, possibly by causing histamine or leukotriene release (Smith 

et al. 1988, Rubin et al. 1987). Several other agents are capable of contractile activity 

including bradykinin and neurokinins. 

7 . 3 . 2 3 BZOJYMR/ZGFZC 

As well as contributing to airway obstruction, smooth muscle cells are increasingly regarded 

as a cell type capable of contributing to the chronic inflammation of asthma by their ability 

to synthesize a wide range of inflammatory mediators. See table 3 for a list of the cytokines, 

chemokines and other agents produced. Also, adhesion molecules for blood leukocytes are 

expressed constitutively on HASM cells e.g. CD44 and ICAM-1. Upon stimulation with 
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Table 3. Inflammatory mediators produced by airway smooth muscle cells 

Product Stimulus Cell type 

Cytokines 

IL-6 asthmatic serum, IL-ip, IFNy, TNFa human 

IL-113 RSV human, rabbit 

IL-5 basal + t by asthmatic serum human, rabbit 

GM-CSF basal + t by asthmatic serum human, rabbit 

IL-2 basal + t by asthmatic serum human, rabbit 

IL-12 basal + t by asthmatic serum human, rabbit 

IFNy basal + t by asthmatic serum human, rabbit 

SCF human 

Chemokines 

MCP-I, 2, 3 human 

RANTES IL-1P human 

IL-8 asthmatic serum, IL-1P, IFNy, TNFa human 

Eotaxin human 

Growth factors 

bFGF •• chlamydia pneumoniae human 

EGF human 

IGF.2 rabbit 

IGFBP-2 rabbit 

PDGF-BB IL-1|3 guinea pig 

Adhesion molecules 

ICAIVI-1 TNFa human 

VCAM-I TNFa human 

Lipid mediators 

PGF2a IL-1P, IFNy human 

TxBz IL-1P, IFNy human 

PGEz AA, BK, IL-1P, IFNy human, cow 

Others 

NO LPS pig 

(John et al. 1997, Panettieri et al. 1995, Belvisi et al. 1997, Delamere et al. 1994, Rodel et al. 

2000, Pype et al. 1999, Kassel et al. 1999, Hakonarson et al. 1999) 
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TNFa, the expression of ICAM-1 and VCAM-1 may be increased, along with an increase in 

lymphocyte adhesion to the smooth muscle cells (Panettieri et al. 1995). 

7. f/ieMOfype 

It has been proposed that airway smooth muscle cells are able to switch between functional 

phenotypes. Cells in primary culture which proliferate slowly show greater amounts of actin 

and myosin contractile proteins and lower amounts of cytoskeletal proteins (contractile 

phenotyps). However, rapidly proliferating cells like those grown in the presence of foetal 

calf serum show lower amounts of actin and myosin, more cytoskeletal protein and also 

increased Golgi apparatus and rough endoplasmic reticulum (synthetic phenotype) (Johnson 

et al. 1997). Although not proven, the synthetic, proliferative phenotype could be the one 

involved in airway remodelling and obstruction (Hirst 1996). 

1.3.3 Fibroblasts 

Fibroblasts are a connective tissue cell of mesenchymal origin that constitute the major cell 

type of the lung interstitium. They are extremely versatile and display a remarkable capacity 

to differentiate into other members of the connective tissue family such as cartilage, bone, 

adipocyte and smooth muscle cells (Buckley et al. 2001). The fibroblast is a spindle shaped, 

elongated cell with a large oval nucleus containing one or more nucleoli. Cytoplasmic 

microfilaments and intermediate filaments are not prominent in normal fibroblasts but 

another type of fibroblast, the "contractile interstitial cell" or myofibroblast has been 

described which exhibits features of both fibroblasts and smooth muscle cells. 

Myofibroblasts have been observed to increase in a variety of pathological conditions such 

as pulmonary fibrosis. The main functions of lung fibroblasts include maintenance of the 

extracellular matrix and tissue repair, and recent studies have shown that fibroblasts also 

participate in the orchestration of inflammation. 

1.3.3.1 Connective tissue formation and repair 

The primary role of the fibroblast is in deposition of the extracellular matrix and fibroblasts 

are therefore responsible for the secretion of proteins such as collagen which maintain the 

integrity of the alveolar compartment. Types I and III collagen are the major secretory 

products of lung fibroblasts and make up 65% of the extracellular matrix. Other matrix 

constituents such as fibronectin are also produced. In addition to collagen secretion. 
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fibroblasts are a major source of the matrix metalloproteinases MMP-2 (collagenase) and 

MMP-9 (gelatinase) enabling them to break down connective tissue (Knight 2001). 

The repair mechanisms that follow lung injury are akin to normal wound healing in which 

tissue injury is followed by inflammation and repair by scar formation. The healing process 

requires migration, proliferation and apoptosis of fibroblasts. After injury, fibroblasts at the 

wound margin begin to proliferate and migrate into the denuded area where they lay down a 

collagen rich matrix. During this process many fibroblasts transform into myofibroblasts 

that generate strong contractile forces in order to draw the wound margins towards each 

other (Aoshiba et al. 1999). These normal fibroblast functions of matrix deposition and 

repair play a role in the structural changes that take place in the asthmatic lung and are 

discussed further within the context of airway remodelling. 

7. j. 1 2 

While fibroblasts remain largely quiescent under normal conditions, they are activated 

during inflammation to produce an array of inflammatory mediators. These cells release 

several classes of compound that can have profound effects on the surrounding environment 

(table 4). Cytokines expressed by fibroblasts include IL-1, which may activate T-cells in the 

bronchial wall, GM-CSF which may activate eosinophils and IL-6 which has pleiotropic 

effects (Roche 1991). Fibroblasts have also been shown to secrete chemotactic factors for 

neutrophils, eosinophils, T lymphocytes, monocytes and macrophages in response to 

inflammatory insults such as smoke extract, bradykinin and lipopolysaccharides, and also in 

response to bleomycin and methotrexate which may cause fibrosis and pneumonitis (Sato et 

al. 1999, Koyama et al. 2000, Koyama et al. 2000b, Takamizawa et al. 1999 and Sato et al. 

2001). This chemotactic activity was shown to consist of GM-CSF, G-CSF, MCP-1, TGFp, 

IL-8 and LTB4. A lipid mediator released in large quantities by lung fibroblasts is PGE2, 

which is thought to inhibit the proliferation of surrounding fibroblasts (McAnulty et al. 

1997). 

Of particular relevance to chronic inflammation are the interactions that take place between 

fibroblasts and ceils of myeloid origin. Co-culture of mast cells and fibroblasts can modulate 

the proteoglycan content of mast cell granules (Levi-Schaffer et al. 1986), induce mast cell 

cytokine synthesis (Razin et al. 1991) and also increase stimulus-induced release of mast 

cell histamine, LTB4, LTC4 and PGD2 (Levi-Schaffer et al. 1987). Co-culture of human IL-5 
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Table 4. Inflammatory mediators produced by pulmonary fibroblasts 

Mediator Stimulus 

cyto/chemokines 
IL-1 
GIVI-CSF 
IL-G 
G-CSF 
TGFp 
IL-8 
IVICP-I 
eotaxin 
RANTES 
IL-11 
GROa 
SCF 

lipid mediators 
LTB4 
PGEZ 
prostacyclin 
15-HETE 
TXAZ 
RXBZ 

adhesion molecules 
ICAM-I 
VCAM-t 
Integrins p i and pS 

matrix proteins 
collagens I & ill 
l\/IIVIP-2 
MMP-9 
fibronectin 
tenascin 

smoke, BK, bleomycin, methotrexate 

LPS, BK, bleomycin 
BK, bleomycin 
smoke, LPS, BK 
smoke, BK, bleomycin 
IL^, TNFa 
TNFa 
IL-17 
IL-17 

smoke, BK 
IL-1 
PDGF 
IL-1 
mellitin, A23187 

IL-1|3, TNFa, IFNy and IL-4 
IL-ip, TNFa, IFNy and IL-4 
TGFP 

IL-1P, TGFp 
IL-6 
IL-6 

(Goerig et aL1988, Knight 2001, Sato et al. 1999, Koyama et al. 2000, Koyama et al. 2000b, 

Takamizawa et ai. 1999, Sato et al. 2001, Roche 1991, McAnulty et al. 1997, Feinmark et al. 

1982, Spoelstra et al. 2000, Teran et al. 1999, Molet et al. 2001, Zhang et al. 1996) 

stimulated eosinophils with the 3T3 fibroblast cell line significantly increased the viability 

of the eosinophils and accelerated their conversion into the hypodense phenotype 

(Rothenburg et al. 1989) . Incubation with the 3T3 fibroblasts also enhanced helminthic 

cytotoxicity (Rothenburg et al. 1989). Thus fibroblasts may regulate the number and 

function of infiltrating inflammatory cells. Fibroblasts themselves are also activated by 

haematopoietic cells through CD40-CD40 ligand interactions. Engagement of CD40 on 

fibroblasts leads to N F K B activation and the synthesis of IL -6 , IL-8, C O X - 2 products and 

the polysaccharide hyaluronan (Smith et al. 1997). 
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Expression of adhesion molecules on resident cells in the lung plays an important role in 

leukocyte infiltration and pulmonary fibroblasts express a number of these molecules. 

ICAM-1 and VCAM-1 are present on airway fibroblasts and their levels are increased 

following exposure to IL-ip, TNFa, IFNy and IL-4 but reduced after incubation with 

budesonide and formoterol (Spoelstra et al. 2000). Other surface receptors include the 

integrins, a large family of receptors for components of the extracellular matrix. Ligation of 

these receptors is essential for cell survival, differentiation and for the activation of a wide 

variety of genes. (31 and [33 integrins are constitutively expressed by pulmonary fibroblasts 

and may be upregulated by growth factors in an inflammatory environment (Knight 2001). 

1.3.4.EndotheliaI Cells 

The smooth, single-celled layer lining the inner surface of blood vessels is the endothelium. 

These structural cells serve as a physical barrier but also have several other biological 

functions, many of which are of particularly important in the control of inflammation such 

as haemostasis, vascular tone, permeability and leukocyte transendothelial migration. 

1.3.4.1 Haemostasis 

Inflamed airways show evidence of vascular damage by the presence of fibrin and red blood 

cells in the alveolar space, which in turn can further amplify lung injury. Fibrin is a 

leukocyte chemoattractant and dying red blood cells release iron which is a key intermediate 

in free radical-generating reactions that produce cell injury and matrix degradation (Varani 

1998). Also, the endothelium by virtue of its role in limiting haemorrhage, serves to further 

amplify the proinflammatory consequences of vascular damage. The activation of the 

clotting and fibrinolytic cascades releases agents such as factor XII, tissue factor, urokinase-

type plasminogen activator and plasminogen activator inhibitor-1 which can all participate 

in inflammatory reactions (Hekman et al. 1987). 

1.3.4.2 Vascular tone 

Endothelial cells secrete substances that act on adjacent vascular smooth muscle to affect its 

tone. Under normal circumstances, vascular tone is maintained through complex regulatory 

pathways involving peptide and lipid mediators that control vessel constriction and 

relaxation. These include the vasodilators prostacyclin, NO and the vasoconstrictors 

endothelin-1, PDGF, thromboxanes and PAF (Varani 1998). Endothelial cells have also 

been shown to produce LTB4, LTC4, LTD4 and LTE4, not alone but only when cultured with 
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polymorphonuclear leukocytes which provide the substrate LTA4 (Claesson et al. 1988). 

Impaired vascular tone has the potential to affect leukocyte accumulation in the lung and 

may therefore contribute to pulmonary damage. 

7. j f 

Impairment of the endothelial permeability barrier is a well known characteristic of 

inflammation. The permeability barrier may be compromised by agents that interfere with 

cytoskeletal elements to cause endothelial cell shape change and retraction. Retraction leads 

to the opening of junctions that allows the efflux of soluble plasma components and oedema. 

Mediators that contribute to increased vascular permeability in the asthmatic airway include 

histamine, bradykinin, LTC4, LTD4, TxA^, PAF and neurokinins A and B (Goldie et al. 

1995). 

7. MrgT-afzoM 

The mobilisation of leukocytes out of blood vessels and across endothelial cells to the site of 

inflammation is thought to occur in four steps; rolling, tight binding, diapedesis and 

migration, figure 6 (Inahof et al. 1997). Rolling is mediated by adhesive molecules called 

selectins. Endothelial cells express P-selectin rapidly after exposure for example to LTB4, or 

E-selectin after a few hours upon exposure to bacterial LPS. Selectins interact with the 

carbohydrate epitopes of leukocyte surface glycoproteins and cause reversible adherence to 

the endothelium, "rolling". For the strong interaction of the second step there must be 

interactions between specific leukocyte integrins such as LFA-1 (CDlla:CD18) with 

endothelial molecules such as ICAM-1, and this results in firm, arrested binding. ICAM-1 

has been shown to be significantly upregulated on the endothelial cells of atopic asthmatics 

6 hours after endobronchial allergen challenge (Montefort et al. 1994). Crossing the 

endothelial wall, or diapedesis involves LFA-1 (lymphocyte function-associated antigen-1) 

as well as interaction with the immunoglobulin like molecule CD31, expressed on 

leukocytes and endothelial intercellular junctions. These interactions allow the leukocyte to 

squeeze between endothelial cells. Movement through the basement membrane occurs with 

the aid of proteolytic enzymes and the final step of movement through tissues to the site of 

inflammation occurs under the influence of chemoattractant molecules. 



Figure 6. Leukocyte migration 
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1.3.5 Airway remodelling 

Although asthma was traditionally regarded as an entirely reversible disorder it is now 

recognised that this may not be an accurate picture. Although some asthmatics do 'grow out' 

of their symptoms many experience an accelerated rate of respiratory function deterioration 

with age. Some patients develop an irreversible airway obstruction and most asthmatics have 

persistent airway hyperresponsiveness. To explain these observations much attention has 

been directed at the structural changes, or remodelling, that may occur in asthmatic airways. 

These changes include thickening of the airway wall, increased myocyte mass, 

myofibroblast hyperplasia, mucus metaplasia, angiogenesis and subepithelial fibrosis (Elias 

2000^ 

Many of these changes are thought to be associated with epithelial damage and restitution. 

Under normal circumstances damaged epithelium is able to repair itself rapidly. An in vivo 

model has shown that post-injury, epithelial cells at the edge of the damaged area de-

differentiate, flatten and rapidly migrate to provide a covering layer over the denuded 

basement membrane (Eijefalt et al. 1995). Following denudation, endothelial gaps are 

formed, plasma exudation is initiated and a network of fibrin and other plasma proteins is 

formed on the basement membrane. Thus the extracellular milieu is filled with growth 

factors, cytokines, proteases and anti-proteases all of which can affect the tissue responses 

discussed below. 

The response of the epithelium to proteolytic attack is to enter a repair phenotype as shown 

by CD44 overexpression. Damaged epithelial cells also overexpress EGF and EGF receptors 
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(Puddicombe et al. 2000). EGF is an important regulator of epithelial repair as it influences 

epithelial proliferation, differentation and survival. While EGFR upregulation is important 

in repairing damaged epithelium, impairment of this receptor may promote abnormal 

healing and remodelling, possibly through TGFp release (Knight 2001). 

1.3.5.1 Subepithelial fibrosis 

Early postmortem studies described what was believed to be thickening of the asthmatic 

basement membrane and electron microscopy has revealed that this thickening is the result 

of a fibrotic response in the lamina reticularis, a phenomenon present even in very mild 

asthma cases (Elias 2000). This response is due to enhanced accumulation of the repair-like 

proteins fibronectin, tenascin and types I, HI and V collagens (Roche et al. 1989). The 

epithelial basement membrane proteins collagen IV and laminin are absent. These findings 

indicate that the layer is composed of mesenchymal-derived structural proteins, pointing to 

the involvement of subepithelial fibroblasts, in particular myofibroblasts. Myofibroblasts 

have increased synthetic organelles, contractile apparatus and are associated with wound 

healing and fibrosing processes. Myofibroblastic cells are found beneath the bronchial 

epithelium of asthmatic and normal subjects but were higher in the asthmatics and correlated 

with the depth of the collagen layer (Brewster et al. 1990). 

These structural changes are thought to arise fi-om interactions between epithelial cells and 

fibroblasts. Epithelial repair is a normal process following inflammatory damage and 

repairing epithelial cells release a variety of factors that influence fibroblast migration, 

matrix production and remodelling. In epithelium-fibroblast co-culture systems, chemical or 

physical damage to the EEC resulted in increased collagen gene expression in the 

underlying fibroblasts due to the combined effects of bFGF, PDGF, IGF-1, TGFP and 

endothelin-1 (Zhang et al. 1999). In a similar system, stimulation of epithelial cells with 

ozone (which causes lung fibrosis), caused enhanced gene expression of I and III 

procollagen as well as TGFpi in the human lung fibroblasts (Lang et al. 1998). 

Fibroblast matrix deposition is regulated at several levels. Control of the synthesis/secretion 

and breakdown of matrix proteins as well as the rate of cell division and apoptosis can all 

affect this process. Multiple growth factors such as EGF and PDGF directly influence matrix 

deposition (Mutsaers et al. 1997). TGF[3 is one of the best characterised growth-factors and 



controls multiple processes in wound repair. TGF|3 increases collagen, Gbronectin and 

tenascin production by fibroblasts and epithelial cells. TGPp can also inhibit the synthesis 

and activity of enzymes that degrade the extracellular matrix while increasing the activity of 

inhibitors of these enzymes such as TIMP-1 (tissue inhibitor of matrix metalloproteinases) 

(Mutsaers et al. 1997). Interestingly, LTC4 has been shown to enhance collagenase mRJSfA 

expression in human lung fibroblasts (Medina et al. 1994) whereas LTD4 significantly 

increases collagen production by human dermal Gbroblasts (Abe et al. 2000). 

Several factors have been shown to affect fibroblast proliferation and apoptosis. The 

classical mast cell mediators histamine, heparin and tryptase are connective tissue mitogens, 

and cytokines capable of introducing fibroblast proliferation include IL-1, EOF, FGF, 

PDGF, TGFp, TNFa, IL-5, IL-13, IL-4, IGF-l, GM-CSF (Kovacs 1991, Redington 2000, 

Elias 2000, Kahler et al. 1996). Cysteinyl-leukotrienes may have proliferative effects on 

fibroblasts. While L T D 4 alone had no effect on dermal fibroblast proliferation (Abe et al. 

2000) it was able to stimulate fibroblast proliferation if the endogenous synthesis of 

prostaglandins was blocked (Baud et al. 1987). PGE2 is an inhibitor of fibroblast 

proliferation (Kahler et al. 1996). In the normal process of wound healing, apoptosis is also 

important as after scar development (myo)fibroblasts are removed, their role in the repair 

processs being complete. Recent evidence suggests a role for lipoxygenease products in the 

induction of apoptosis. 12-LO overexpression and 12-HPETE stimulation of Chinese 

hamster ovary fibroblasts both lead to increased levels of apoptosis (Gu et al. 2001), and in 

cultured human lung fibroblasts, inhibitors of the 5-LO pathway are able to protect against 

apoptosis induced by thiol depletion (Aoshiba et al. 1999). 

1.3.5.3 Increased myocyte muscle mass 

In 1992, Huber and Koessler observed that the thickness of the airway smooth muscle layer 

of patients who had died of asthma was markedly increased. The hyperresponsiveness of 

asthmatic airways is thought to partly involve this increase in muscle layer thickness (Hirst 

2000). Although increased airway wall thickness has little effect on airway resistance in the 

absence of smooth muscle shortening, in the thickened airway it amplifies the effect of 

normal amounts of smooth muscle shortening leading to a much greater narrowing of the 

airway and to airflow obstruction, thus hyperresponsiveness (Lambert et al. 1993). 



The thickening of the airway smooth muscle layer may be the result of several processes 

including increased cell survival (increased smooth muscle mass due to decreased cell 

removal), increased myocyte extracellular matrix deposition or hyperplasia (increase in cell 

number) and/or hypertrophy (increase in cell size) (Ebina et al. 1993, Thomson et al. 1998). 

Most studies have concentrated on mitogenesis as a cause and indeed several factors have 

been shown to increase smooth muscle proliferation. Growth factors with a stimulatory 

effect on human smooth muscle mitogenesis include EOF, bFGF, PDGF, TNFa and TGFp. 

Certain inflammatory mediators such as cys-LTs, histamine and endothelin (ET-1), and 

extracellular matrix proteins such as laminin and heparin also have a role in stimulating the 

proliferation of cultured airway smooth muscle cells. Inhibition of smooth muscle 

proliferation has also been observed by treatment with PGE^, implying the existence of 

complex regulatory pathways for smooth muscle cell proliferation (Hirst 2000). 

7. j . J.'/ FafcwZar 

Changes to the vasculature such as increased vascularity, vasodilation and microvascular 

leakage have been described in patients who died from fatal asthma (Carrol et al. 1997). In 

normal healthy individuals up to 10% of a bronchial biopsy section may be occupied with 

blood vessels but in sections jrom mild asthmatic airways up to 17% is vascular (Wilson 

2000). Severe, steroid-dependent asthmatics also have increased numbers of submucosal 

vessels, and interestingly these also show greater ICAM-1 expression (Vrugt et al. 2000). 

These findings imply that there is increased proliferation of vessels in asthmatic airways and 

accordingly endothelial cells from asthmatics show evidence of active replication (Wilson 

2000). The mechanism of angiogenesis involves signals from endothelial cells that increase 

vascular smooth muscle proliferation. In vitro, factors that can induce angiogenesis include 

tryptase, histamine, heparin, TNFa, TGFp, bFGF, VEGF and IL-8, many of which are 

elevated in asthma (Wilson 2000). Cys-LTs may also have a role in angiogenesis as studies 

using animal cells have shown that LTC4 promotes a dose-dependent increase in the growth 

of aortic endothelial cells, and L T C 4 and L T D 4 both increase the proliferation of cultured 

vascular smooth muscle cells (Palmberg et al. 1987, Porreca et al. 1995, Modat et al. 1987). 

1.3.5.5 Mucus metaplasia 

A remodelling response associated with changes to the epithelial layer is that of mucus 

metaplasia. An increase in the number of mucus secreting cells, mucus hypersecretion and 

airway obstruction due to mucus plugging are well-documented features of chronic and fatal 
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asthma (Aikawa et al. 1992). An increase in the number of goblet cells may be controlled by 

factors that regulate epithelial proliferation such as EGF and LTD4 (Leikauf et al. 1990). 

Alternatively goblet cell metaplasia may occur that involves differentiation of pre-existing 

epithelial cells into goblet cells. This process can occur very rapidly and has been shown to 

occur in response to neutrophil elastase, neutrophil lysates and cigarette smoke (Rogers et al. 

1986, Lundgren et al. 1988). Goblet cells in human airways do not have direct neuronal 

innervation and environmental stimuli (smoke, SO2) and inflammatory mediators (LTC4, 

LTD4, PGs, histamine, ECP, IL-6) all stimulate goblet cell secretion (Fahy 1998). Of the 

cytokines, IL-13 may be of particular relevance to mucus metaplasia as transgenic mice 

overexpressing IL-13 showed greatly enhanced mucus production (Elias 2000). 

1.4 Treatment of asthma 

As exposure to allergens causes a worsening of asthma in susceptible patients, allergen 

avoidance measures may be introduced upon identification of provoking factors. Allergen 

avoidance has been shown to effectively reduce asthma symptoms for patients living at high 

altitude and after cessation of occupational exposure (Varga 1998). However, it should be 

noted that measures taken to reduce allergen exposure in the home environment are not 

always reflected in a convincing improvement in the clinical condition of allergic asthmatics 

(Cloosterman et al. 1999). In addition to avoidance measures, which may not always be 

appropriate or feasible, there are several medications currently used to treat asthma, both as 

rescue medication and as prophylactic therapy. 

P2 adrenergic receptors (Pz-AR) are G-protein coupled receptors and agonists improve 

airway function largely by a direct relaxant effect on airway smooth muscle. Agonist 

binding causes an increase in intracellular cAMP via the Gs/adenylyl cyclase effector 

pathway and relaxation of airway smooth muscle. The most commonly used (B? agonists 

today are salbutamol (abuterol), terbutaline and salmeterol of which salbutamol is short 

acting (0-4 hours) and salmeterol, due to its lipophilicity and repeated stimulation of the 

pzAR is long acting (up to 24 hours) (Johnson 1993). The main route of administration of 

these drugs is aerosol inhalation because of the rapid onset of action and relative lack of side 

effects. The principal adverse effects of P2 agonists are tremor caused by stimulation of 


