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Paul Francis Mercer. 

Chronic obstructive pulmonary disease (COPD) is a progressive and irreversible disease 
of the airways. Classically the major symptoms result from extracellular matrix 
destruction resulting in extensive remodelling of bronchiolar walls, loss of alveolar 
integrity and parenchymal destruction. It has been widely hypothesised that chronic 
exposure to cigarette smoke initiates inflammation, responsible for an increased 
proteinase burden and thus pulmonary proteinase/ antiproteinase imbalance. It is this 
imbalance which is thought to mediate matrix destruction and remodelling. 
This thesis has assessed the contribution of matrix metalloproteinase-9 (MMP-9) and its 
specific inhibitor tissue inhibitor of metalloproteinase-1 (TIMP-1) to this process. 
MMP-9/ TIMP-1 imbalance has been implicated in a variety of diseases involving lung 
remodelling, including acute respiratory distress syndrome (ARDS), asthma and cystic 
fibrosis, and there is increasing for involvement in COPD. 
This thesis aims to further clarify the MMP-9 and TIMP-1 involvement by analysing a 
variety of clinical samples from patients with obstructive lung disease including 
bronchoalveolar lavage (BAL) fluid, sputum and directly resected lung tissue from 
COPD patients. Where possible MMP-9/ TIMP-1 imbalance has been related to 
changes in inflammatory cell infiltration and lung function deficit. This thesis illustrates 
that elevated MMP-9 is indeed associated with disease; finding elevated MMP-9 in both 
BAL fluid from COPD patients and the lung tissue of smokers with impaired lung 
function. 
Exacerbations or acute worsening of symptoms are important symptomatic events in 
disease progression, and we have shown a significant MMP-9/ TIMP-1 imbalance 
during these events. It is likely that during exacerbations neutrophils or lymphocytes, 
not macrophages or eosinophils are responsible for this proteinase excess. 
Our MMP-9 and TIMP-1 analyses concentrated on the balance between MMP-9 and 
total immunocompetant TIMP-1. TIMP-1 levels were quantified by enzyme linked 
immunosorbant assay (ELISA), however TIMP-1 functionality could not be determined. 
Here we have begun to develop an assay to measure levels of both total and active 
inhibitor, exploring whether the MMP-9/ TIMP-1 balance could be augmented by 
TIMP-1 inactivation. While this assay requires further development initial results 
suggest that the amount of active TIMP-1 varies between subjects with COPD, possibly 
augmenting the proteinase/ antiproteinase imbalance in certain individuals. Additionally 
the proportion of active TIMP-1 compared to total was found to vary between COPD 
and asthma subjects suggesting that MMP-9: TIMP-1 imbalance is augmented in 
different pathologies, to different degrees. 
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Chapter 1: Introduction. 

1.1 Overview of chronic obstructive pulmonary disease (COPD). 

1.1.1 Definition of COPD. 

Chronic obstructive pulmonary disease (COPD) is a major cause of mortality and 

morbidity world-wide. The term COPD is defined physiologically as chronic airflow 

obstruction, reflected by a reduction in maximum expiratory flow and slow forced 

emptying of the lungs. The American Thoracic Society (ATS) definition of COPD 

highlights two important defining characteristics of the disease [ATS 1995]. Firstly 

airflow obstruction is progressive; extensive pulmonary damage often occurs over many 

years before patients are aware of their symptoms. Secondly obstruction is largely 

irreversible with corticosteroid or bronchodilator treatment; COPD patients exhibit < 

15% reversibility, compared to > 15% reversibility found in asthma [Barnes, 1999]. 

COPD is a heterogeneous condition, caused by 3 important contributory syndromes; 

chronic bronchitis (chronic simple bronchitis), chronic bronchiolitis (chronic obstructive 

bronchitis) and emphysema (these will be discussed in greater detail below (1.1.4). 

COPD has a wide heterogeneity with each individual presenting with varying degrees of 

overlap between each of the three syndromes. Complicating diagnoses further, 

approximately 10% of COPD patients present with contaminating asthma, with 

individuals showing a comparatively increased bronchodilator and corticosteroid 

response [Jeffrey, 1998a, O'Byrne and Postma, 1999, Barnes, 1999]. 
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Figure 1.1 

Chronic 
bronchitis Asthma 
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Emphysema 

Figure 1.1 Airflow limitation: simplified interrelationships between syndromes contributing to 
COPD. COPD is caused by the combined contribution of three major clinical syndromes: chronic 
bronchitis, chronic bronchiolitis, and emphysema. The magnitude of contribution for each syndrome 
differs from individual to individual. Additionally it is estimated that 10% of COPD patients also have 
asthma, contributing further to pulmonary pathology. The combination of conditions makes COPD an 
extremely heterogenous condition. 

1.1.2 The epidemiology of COPD. 

The disease is a major cause of ill health world-wide and its prevalence is increasing. It 

is estimated that 14 million people in the United States suffer from the disease; about 

12.5 million from chronic bronchitis and about 1.65 million from emphysema, 

translating to 6% of adult white males and 3% of adult white females [Murray, et al, 

1996]. In the UK the disease is responsible for 9% of certified sickness absence from 

work imposing a financial burden on the National Health Service currently estimated at 

£818 million per annum [Barnes, 1999]. According to the World Health Organisation 

COPD is the sixth most common cause of death world-wide, approximately equating to 

6% of deaths in men and 4% of deaths in women. In Britain overall mortality is 200-

300/100,000 people aged 45-64 years [O'Byrne and Postma, 1999]. Despite the obvious 

widespread impact of COPD, it has attracted little attention from the medical profession 

or the pharmaceutical industry. This bias is changing however and relatively recent 

3 
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research has highlighted a variety of risk factors, causative mechanisms and potential 

pathologies behind COPD. 

1.1.3 Risk factors for COPD. 

Risk factors predisposing individuals to develop COPD are under continual review. 

Cigarette smoking (both passive and active) is accepted as the most important predictor 

of abnormal decUne in lung function and development of the disease after 35 years of 

age [Snider et al, 1989, Sandford et al, 1997 O'Byrne and Postma, 1999]. Evidence 

suggests that active tobacco smoking accounts for between 80 and 90% of COPD cases 

[Snider et al, 1989]. Additionally, active cigarette smoking between the ages of 5 and 

20 years is associated with a 5-10% reduction in FEVi [O'Byrne and Postma, 1999], 

Cigarette smoke is thought to induce 2 types of pathological process in the lung, which 

will be discussed in more detail later. Firstly it initiates proteolytic destruction of the 

lung parenchyma leading to enlargement of airspaces and hence emphysema. The 

second potential effect is to initiate inflammatory narrowing of the peripheral airways, 

characterised by oedema, mucus hypersecretion, fibrosis, scarring, and obliteration of 

peripheral airways [Sandford et al, 1997]. However the picture is not as straight 

forward as ''Smoking causes COPD" as the condition only affects 10-20% of chronic 

heavy smokers. Thus while smoking is an important risk factor it is likely that there are 

other causal mechanisms, which interact with smoking and influence disease 

susceptibility and severity. 

There is evidence that susceptibility to disease has a genetic component. For example 

case-control studies have shown increased prevalence of COPD in relatives of cases as 

compared to controls [Tager et al., 1978]. Additionally, there is increased prevalence of 

reduced lung function in the children of patients who have COPD compared to their 

spouses [Higgins et a/., 1975], as well decreasing prevalence of disease with increasing 
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genetic distance from a diagnosed COPD patient [Tager et al., 1978]. The most 

important genetic defect linked to the development of COPD was inheritable Mi-

an ti trypsin deficiency. This was initially described clinically by Laurell and Eriksson in 

1963 [Laurell and Eriksson, 1963] and is now is estimated to account for approximately 

1% of COPD cases in the United States. Patients who have a genetic deficiency in ai-

antitrypsin (a serum protein, inhibitor of neutrophil elastase normally found in the lung) 

have a very high risk of developing emphysema at an early age, which is accelerated if 

they smoke [Laurell and Eriksson, 1963]. Importantly, ai-antitrypsin deficiency 

highlights the possible involvement of a proteinase / antiproteinase imbalance in COPD 

pathology. Weak associations have been found between COPD and mutations in 

inhibitors such as antichymotrypsin, a2 macroglobulin, and secretory leukoproteinase 

inhibitor (SLPI). Detailed research for genetic aberrations is sparse however, and it is 

likely that many more candidate genes await identification. 

It is likely that environmental factors interact with genetic factors and predisposing 

individuals to COPD. There is evidence for an association between particulate air 

pollution, occupational exposure to fumes and dusts, and disease development [West, 

1995]. Studies have also shown that passive smoking is an important environmental 

factor for obstructive disease. Children exposed to smoke from their parents have a 1-

5% reduction in FEVi by the age of 14, and therefore show a higher risk of developing 

respiratory disease when compared to children of non smoking parents [Tager et al., 

1983]. 

Effectiveness of immune response has also been highlighted as a predictor of disease. 

For example patients with a history of chest infections are found to be a particular group 

at risk. Evidence suggests that latent adenoviral infections could either predispose 

certain individuals to develop COPD [Matsuse et al., 1992] or at least be important 

factors in disease progression; acting as initiators of exacerbations [Seemungal et al., 
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2000]. Interestingly genetic studies have highlighted a possible relationship between 

abnormalities in blood group antigens, HLA antigens and immunoglobulin deficiency 

and COPD [Sandford et al, 1997]. The effect of such mutations is unclear and often 

controversial, however they may be indicative of an aberrant immune response. There 

has also been debate about the role of atopy and non-specific airway 

hyperresponsiveness in disease development. Atopy is an important factor in persistance 

of asthma in childhood, and is related to accelerated decline in lung function. 

Proponents of the argument for atopic involvement argue that it is likely, however 

unproven, that atopy could enhance the inflammatory response to cigarette smoking in 

certain individuals [Pride, 1986, Frew et al., 1992, Rijcken, et ah, 1995, Weiss, 2000]. 

1.1.4 General pathology of COPD. 

Airflow limitation in COPD is thought to result from a mixture of three contributory 

conditions: Bronchitis, bronchiolitis, and emphysema. 

Chronic bronchitis 

This is defined as a productive cough on most days for at least three months over at 

least two consecutive years, which cannot be attributed to other pulmonary or cardiac 

causes [West, 1995]. It is caused by chronic hypersecretion of mucus which blocks 

primarily the central airways [MRC, 1965, Fletcher et al., 1984, West, 1995]. Agents in 

cigarette smoke are thought to irritate the lung epithelium, increasing mucus secretion 

from goblet cells via local sensory nerve stimulation (see figure 1.2). 
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Figure 1.2 

Normal COPD 
Disrupted alveolar 
attachments 
(emphysema) 

Mucosal 
inflammation and 
fibrosis 

Mucus 
hypersecretion 

Figure 1.2 The cumulative features of COPD. Airway integrity in normal individuals is maintained by 
alveolar attachments. In COPD these attachments are disrupted, possibly by proteolytic damage, 
contributing to airways closure. Peripheral airways are also obstructed by damage resulting from 
inflammation and mucus obstruction. 

Over time the submucosal glands undergo hyperplasia and proliferation, maintaining 

mucus production at a chronically high level. Additionally, the small airways become 

narrowed and show evidence of inflammatory cell infiltration [West, 1995]. Activated 

neutrophils recruited to the epithelial submucosa release neutrophil elastase, a major 

stimulant of mucus secretion, possibly important in chronically maintaining mucus 

secretion. 

Chronic bronchiolitis and emphysema 

Bronchiolitis (or chronic obstructive bronchitis) again causes a productive cough and 

airflow limitation, but is thought to be caused by the obstruction of peripheral airways, 

in contrast to bronchitis. Obstruction is caused by an aberrant inflammatory response 

thought to involve macrophages, CD8+ T-lymphocytes and neutrophils, with resultant 

fibrosis [Buist, 1984]. Chronic bronchiolitis is often found to co-exist with the 

destruction of alveolar walls (see figure 1.2); emphysema [Fletcher et al, 1984, Snider 

et al., 1985]. Emphysema is characterised by enlargement of the acinus, the respiratory 

unit distal to the terminal bronchiole, by the destruction of the acinar walls [West, 

1995]. This results in the reduction of driving pressure and obstructive collapse of 
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peripheral airways causing a reduction in FEVi [Fletcher et al, 1984, Snider et al, 

1985]. Acinar wall destruction can be characterised as two specific types. In 

centriacinar emphysema destruction is limited to the central part of the acinar lobule 

with the alveoli remaining unscathed. By contrast panacinar emphysema involves 

widespread destruction of the entire respiratory unit (see figure 1.3). 

Figure 1.3 

Normal Centriacinar 
emphysema 

Panacinar 
emphysema 

Figure 1.3. Centriacinar and panacinar emphysema. Destruction in centriacinar emphysema is 
confined to the terminal (TB) and respiratory bronchioles (RB). In panacinar emphysema the peripheral 
alveoli (A) are also involved. (From West, 1995). 

Topographically these two types of emphysematous destruction can be distinguished. 

Centriacinar emphysema is found to affect the upper regions of the lungs, moving 

downwards through disease progression, where as panacinar emphysema is found to 

have no regional preference [West, 1995]. There is debate about the differences between 

bronchiolitis and emphysema and which of the two is the primary contributor to lung 
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obstruction [Gelb et al, 1996] however the important underlying feature of each is the 

aberrant inflammatory response [Jeffrey, 1998a]. 

Disease progression: role of exacerbations. 

Acute exacerbations are an important cause of morbidity and mortality found in COPD 

[Seemungal et al.,1998]. Exacerbations are defined by profound symptomatic 

deterioration often requiring hospitalisation, however little is known about their 

underlying pathology [Barnes, 1999]. Exacerbations are associated with patients 

reporting dyspnea and common cold symptoms immediately prior to onset. It is 

therefore likely that either bacterial or viral infection initiates a chain of events, 

culminating in increased inflammatory burden in the lung [Seemungal et al., 2000]. 

Following exacerbation recovery time correlates with severity of exacerbation, possibly 

reflecting efficiency of clearance of inflammatory cells. 

1.2 Cellular IVIechanisms in COPD. 

As highlighted above the underlying feature of smoking associated COPD is thought to 

be exposure to cigarette smoke, inducing inflammatory cell recruitment to the lung. 

Recruited cells in turn release a variety of elastolytic proteinases, such as matrix 

metalloproteinases (MMPs), creating the potential for widespread matrix destruction. 

Metalloproteinases such as MMP-1 (interstitial collagenase), MMP-3 (stromelysin), 

matrilysin (MMP-7), gelatinase-B (MMP-9) and macrophage metallo-elastase (MMP-

12) conveyed by inflammatory cells, have the collective ability to degrade all 

components of the extracellular matrix [Shapiro, 1999]. Therefore the recruitment of 

particular inflammatory cell types to the lung, the cross talk between them and the 

aberrant control of the proteinases they release are important factors in tissue damage 

and COPD progression. 



Figure 1.4 facing page. Human neutrophil. Electron micrograph of a human 

neutrophil, showing the cytoplasmic granules. Magnification x9000. Courtesy of Dr. S. 

Wilson at Southampton general hospital. 
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Chapter 1; Introduction. 

1.2.1 The Neutrophil 

1.2.1a Neutrophil development and granule contents. 

Neutrophils are non-dividing phagocytic cells with a short life span, estimated to be 24-

48 hours after release from the bone marrow. They are distinguishable as cells with a 

lobed nucleus, and extensively granular cytoplasm. The granules of the neutrophil 

represent a highly heterogeneous but highly regulated packaging system of storage 

organelles, containing a variety of secretory proteinases, and microbial agents, and 

membrane associated proteins (see figure 1.5, and table 1.1). The organisation of these 

granules fundamentally affects how neutrophils interact with the external environment. 

Neutrophils begin development in the bone marrow under the influence of G-CSF and 

GM-CSF, IL-6 and IL-3 released from stromal cells. Granules begin to appear as the 

neutrophil undergoes transition from myeloblast to promyelocyte [Sainton et al, 1971, 

Borregaard and Cowland, 1997] (see figure 1.5). The first granules to be seen are the 

primary granules. These are defined by their positive staining for myeloperoxidase. 

They have a pH of 3.5 - 4, found to contain destructive acid hydrolases and proteinases. 

In addition they contain the neutral serine proteinases such as neutrophil elastase. The 

subsequent storage granules to appear in the neutrophil stain negative for 

myeloperoxidase. These are subdivided into specific (secondary) granules, defined by 

their contents: lactoferrin and neutrophil collagenase (MMP-8), and gelatinase (tertiary) 

granules, defined by their high concentration of gelatinase B (MMP-9). 
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Figure 1.5. 
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Figure 1.5. Classification of neutrophil granules. Granule proteins are synthesised at specific time 
points during the maturation of a neutrophil. Specific granules are filled with proteins synthesised at 
particular time points during neutrophil maturation, and are thus defined by age. Assignment of proteins 
to granules is not as a result of sorting proteins between individual granule subsets. (Adapted from 
Borregard and Cowland, 1997) 

The specific and gelatinase granules appear second and third respectively during 

neutrophil development. The appearance of different granules through time suggests 

that sorting is dependent on distinct biosynthetic windows for each protein; all granule 
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proteins synthesised at the same time localise to the same granules. Synthesis of the 

tertiary (gelatinase filled) granules marks the end of cell differentiation; on their 

completion no further granule synthesis occurs. This static storage of MMP-9 

distinguishes neutrophils from macrophages, where MMP-9 synthesis continues 

throughout the cells active life. 

Degranulation of the neutrophil occurs in a reverse order to granule synthesis. 

The gelatinase granules are exocytosed more readily than specific granules, which in 

turn are exocytosed preferentially to primary granules. However the most rapidly 

mobilized intracellular organelles in the neutrophil are the secretory vesicles. These 

vesicles are essential for neutrophil adhesion and trafficking. 

Table 1.1. The constituents and form of the neutrophil graniues. 
PRIMARY SECONDARY TERTIARY 

SIZE / SHAPE Spheres / elipsoid, approx Spherical (approx 200nm 
500nm dia. Dia.) or rod shaped (130 -

1000 nm) 
LYSOSOMAL ACID P- Glucoronidase, acid 
HYDROLASES phosphatase, cathepsin B, 

cathepsin D. 
NEUTRAL SERINE Elastase, cathepsin G, Plasminogen activator 
PROTEINASES proteinase 3. 
NEUTRAL Collagenase (MMP-8) Gelatinase (MMP-9) 
METALLO-
PROTEINASES 
MICROBICIDAL Myeloperoxidase, Lysozyme, cytochrome b 
FACTORS lysozyme, defensins, 

cationic proteins. 
ADHESION Receptors for laminin, 
MOLECULES fibrinogen, vitronectin, 
/CHEMOTACTIC fMet-Leu-Phe receptor. C3 
FACTOR REC. (Mac 1) 
MISC. Vitamin B12-binding 

protein, lactoferrin. 
(Adapted from Doherty N.S., Janusz M.J. 1994. Neutrophil proteinase: Their physiological and 
pathological roles. Immunopharmacology of Neutrophils) 

1.2.1b The secretory vesicles and neutrophil migration. 

Neutrophils move rapidly into the airways in response to inflammatory stimuli. 

Emigration of the neutrophil begins with the cell rolling the along the endothelial 

surface of the blood vessel. This is facilitated by interactions between L-selectin on the 
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neutrophil surface with E- and P- selecting on endothelial cells [Ley et al., 1995, Simon 

et al, 1995]. Signalling via these selecting [Simon et al, 1995] or stimulation by 

inflammatory mediators such as leukotriene B4 (LTB4) and interleukin-8 (IL-8) 

[Sengl0v et al., 1993, Borregaard et al., 1994] cause the neutrophil to rapidly change 

from an L-selectin presenting cell to a CDl lb/CD 18 (Pi-integrin) expressing cell. 

CD lib/CD 18 presentation causes the neutrophil to firmly adhere to the endothelium 

[Hughes et al., 1992]. The secretory vesicles are integral to this change of expression 

from selectin to integrin. The membranes of the highly mobile secretory vesicles are 

rich in CD lib/CD 18 (Pz-integrin) adhesion molecules [Sainton et al., 1987, Sengl0v et 

al., 1992, Borregaard et al 1994] and their rapid translocation and incorporation into the 

plasma membrane results in Pz-integrin expression. It is from here that the neutrophil 

begins to cross the endothelial barrier and basement membrane beyond into 

extravascular tissue. 

The method of passage through the endothelial cell layer is currently a subject for 

debate. It was assumed that proteolytic degradation of the basement membrane by 

MMP-9 would rapidly follow on from adhesion since the gelatinase vesicles are the 

next most mobile behind the secretory vesicles [Dewald et al., 1982, Sengl0v et al., 

1992]. This hypothesis was supported by experiments showing that MMP-9 from both 

neutrophils and lymphocytes was essential for cell passage across synthetic matrigel 

membranes [Delclaux et al., 1996, Leppert et al., 1995]. Recently, Mackarel and co 

workers showed that FMLP stimulation indeed caused a large amount of MMP-9 

release coupled with migration across endothelial cells. However migration was not 

actually retarded by MMP-9 inhibitors at concentrations well above those needed for 

MMP-9 inhibition; implying MMP-9 was not essential for this purpose [Mackarel, et 

al., 1999]. Therefore despite the highly mobile nature of the neutrophil MMP-9 stores 

upon activation, the role of the enzyme remains unclear. 
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1.2.1c The role of neutrophils in COPD 

COPD patients show increased numbers of neutrophils in bronchoalveolar lavage 

fluid [Lacoste, et al, 1993] and induced sputum [Keatings, et al, 1996]. Their role 

remains to be properly established, however they seem to be able to pass quickly into 

the airway lumen from circulation [Lacoste, et al., 1993]. This is borne out by high 

neutrophil numbers in BAL and sputum contrasting with low levels in airway walls, 

compared to CD4+ and CD8+ T-lymphocyte numbers. This rapid passage could be 

triggered by release of the neutrophil chemokine interleukin-8 (IL-8) from activated 

macrophages, [Hallsworth et al., 1994] or epithelial cells exposed to cigarette smoke 

[Tadeshi et al., 1997], or by the chemotactic effect of nicotine itself [Totti et al., 1984]. 

Degranulation and release of proteolytic enzymes such as neutrophil elastase [Stockley, 

1994] and matrix metalloproteinase-9 (MMP-9) [Tetley, 1993, Finlay et al., 1997b] by 

waves of migrating neutrophils is likely to cause excessive extracellular matrix damage 

if unchecked. Conversely, certain authors have found that neutrophil inflammation 

negatively correlates with progression of emphysema, assessed by both 

immunohistochemistry [Finkelstein et al., 1995], and CT scan [Selby et al., 1991]. It is 

postulated therefore that neutrophil inflammation could mark an early phase of tissue 

damage, and that proteinase release mediated by lymphocytes or macrophages could be 

the factor behind more chronic lung damage [Finkelstein et al., 1995]. 

1.2.1d Neutrophil clearance. 

In order to limit the amount of tissue destruction caused by inflammation it is important 

to clear neutrophils from the affected area before they undergo disintegration (necrosis). 

The macrophage has an important role to play here by clearing neutrophils that have 

entered apoptosis. During apoptosis neutrophils effectively turn off; loosing the ability 

to degranulate on external stimulation [Whyte et al., 1993], while still remaining intact. 
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Phagocytosis of neutrophils by the macrophage at this stage prevents leakage of the 

destructive neutrophil contents [Kar et al., 1995]. Under normal conditions it also 

appears that as this phagocytosis occurs the macrophage turns from pro-inflammatory to 

anti inflammatory; release of pro-inflammatory chemokines (eg IL-8 and 

TNFa) decreases, and production of chemokines such as TGFp increases, supressing 

further neutrophil recruitment [Fadok et al., 1998]. It is possible that tissue damage in 

COPD could arise from the macrophage population being overwhelmed by apoptosis of 

large amounts of infiltrating neutrophils giving rise to excess necrosis. Lack of effective 

clearance of apoptotic cells, could thus lead to leakage of proteinases such as MMPs. 
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Figure 1.6 facing page. Alveolar macrophage. Electron micrograph of an alveolar 

macrophage, showing the numerous lysosomes and cytoplasmic granules. 

Magnification xl2,000. Courtesy of Dr. S. Wilson at Southampton general hospital. 
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1.2.2 The alveolar macrophage. 

1.2.2a Macrophage development and lysosomal contents. 

The macrophage is the primary phagocytic cell in the immune system; they are found 

ubiquitously throughout the body dispersed in local tissues and are differentiated 

according to the particular defensive need of that tissue. Macrophages are the 

predominant defence cell both in normal human lung and during chronic inflammatory 

conditions such as COPD, where they are found to comprise 95-98% of the total cell 

content recovered by bronchoalveolar lavage (BAL) [Shapiro, 1999]. Significantly 

macrophages are found to concentrate in the respiratory bronchioles where 

emphysematous lesions first develop, therefore suggesting a major role for them in the 

pathogenesis of the disease [Cosio and Guerassimov, 1999]. 

Macrophages begin their development in bone marrow. Chemokines such as colony 

stimulating factor (CSF), granulocyte macrophage colony stimulating factor (GM-CSF), 

and granulocyte colony stimulating factor (G-CSF) influence initial development and 

differentiation from committed stem cells. Through development these cells 

differentiate into monoblast, promonocyte and finally monocytes which pass into the 

blood stream. Basal release of monocytes can vary from 7 million cells per hour 

normally to 28 million during inflammation [Holgate and Church, 1993]. 

The monocytes undergo further development in the blood stream increasing the number 

of cytoplasmic lysosomes and developing increased phagocytic activity. During 

development the balance of proteinases in the lysosomes is found to change: In the early 

stages of development monocytes resemble neutrophils in that they contain serine 

proteinases such as neutrophil elastase and cathepsin G [Owen, et al, 1994], as well as 

neutrophil-like azurophilic granules. Monocyte maturation is marked by a decrease in 

production of these enzymes to nil and increased gene expression of matrix 

metalloproteinases (MMPs). Final differentiation from monocyte into macrophages is 
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marked by elevation in MMP-1 and MMP-9 production, and decrease in MMP-7. 

Additionally synthesis of additional MMPs such as MMP-12 and MMP-3 is initiated 

[Campbell, et al. 1991] (see figure 1.7). Thus monocytes / macrophages show the ability 

to monitor MMP synthesis depending on the environment and activation state, 

dysregulation of this expression has the potential to augment matrix degradation which 

is characteristic of emphysema. 

Figure 1.7 
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Figure 1.7 Proteinase expression through monocyte/ macrophage development. Distinct time points 
in the development of monocytes into macrophages are marked by the expression of different lysosomal 
proteinases. Unlike neutrophils, proteinase synthesis and expression in macrophages continues after the 
cell has fully differentiated. Immature monocytes express proteinases such as neutrophil elastase and 
cathepsin G. Upon maturation synthesis of these ceases and production of matrix metalloproteinases is 
upregulated. As monocytes develop into mature macrophages the relative amounts of MMP-1, MMP-3, 
MMP-7, MMP-9 and MMP-12 vary further depending on stage of development. 
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1.2.2b Macrophage activation. 

When monocytes first settle down in the tissue as resident macrophages they are in a 

down regulated state; however elevation of killing ability is thought to be mediated 

through a powerful positive feedback mechanism. The macrophage has the ability to 

phagocytose infective agents, processing and presenting antigen to local CD4+ T-cells 

via MHC class II receptors. Subsequently the stimulated T-cell positively feeds back to 

the macrophage through the release of lymphokines such as IFNy or TNFa (see figure 

1.8). This fully activates the macrophage, increasing the amount of reactive oxygen 

species, cationic proteins, and enzymes such as MMPs released per cell. 

Figure 1.8 
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Figure 1.8 Antigen presentation to T-cells. Macrophages present antigenic particles of phagocytosed 
agents to T-cells via the MHC II receptor. Following recognition of the antigen T-cells release 
lymphokines such as IFNy or TNFa, which activates the macrophage. In turn the activated macrophage 
releases proteinases such as the MMPs, as well as chemokines such as IL-8, LTB4, TNFa, IL-lp 
augmenting a wider inflammatory response. 
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Activated macrophages augment a wider inflammatory response; releasing 

inflammatory mediators including interleukin-8 (IL-8), and leukotriene B4 (LTB4), 

important in attracting neutrophils or tumour necrosis factora (TNFa) and interleukin-

1(3 (IL-ip). These cytokines induce MMP production from both macrophages 

themselves and connective tissue cells, and have been detected at elevated levels in the 

sputum of COPD patients [Aaron et al, 2001]. 

1.2.2c The role of macrophages in COPD 

There is evidence that alveolar macrophages are affected and activated by cigarette 

smoke. These activated macrophages could be important in COPD pathology. 

Populations of alveolar macrophages recovered from the airways of smokers differ in 

morphology from those recovered from non-smokers. Macrophages from smokers are 

found to contain a large subpopulation of cells with a far more highly pigmented 

cytoplasm, and the ability to release more reactive oxygen species than their 

counterparts obtained from non-smokers [Schaberg et ai, 1995]. Interestingly these 

cells also show increased expression of CD lib/CD 18, suggestive of a readily 

recruitable cell population [Schaberg et al., 1995]. In support of increased, smoking 

associated recruitment of macrophages, cell numbers are found to be elevated five to 

tenfold in BAL fluid from smokers with COPD. This infiltration is found to be 

concentrated in centriacinar zones of the respiratory bronchioles where alveolar wall 

destruction is found to correlate with increase in macrophage number [Finkelstein, et 

al., 1995]. It is likely that these macrophages have a dual influence on alveolar 

remodelling. One influence is by release of their payload of proteinases. The spectrum 

of the macrophage proteinases changes with developmental stage. Proteinase expression 

changes from predominantly serine proteinases in blood monocytes, to MMP expression 

in lung macrophages [Shapiro, 1994]. Enzymes such as MMP-9 [Shapiro, 1994, Finlay 
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et al, 1997b] macrophage metallo elastase (MMP-12) [Shapiro S.D. 1994, Finlay et al, 

1997b] and Interstitial collagenase (MMP-1) [Finlay et al, 1997b] could influence 

remodelling. Importantly Shapiro and co-workers have demonstrated that macrophoge 

metalloelastase (MMP-12) knockout mice do not develop emphysema when exposed to 

cigarette smoke, while normal animals do [Hautamaki et ai, 1997]. Additionally Finlay 

and co-workers identified increased expression of MMP-1 and MMP-9 mRNA in 

alveolar macrophages from patients with emphysema [Finlay et al., 1997b]. Both lines 

of evidence are suggestive of involvement of macrophage derived MMPs in destructive 

lung diseases such as emphysema. The important way macrophages influence 

remodelling is via the control they exert on other inflammatory cells. Macrophages are 

important controllers of neutrophil recruitment (described in 1.3.2) and clearance 

(described in 1.4.3). Lack of effective clearance of apoptotic neutrophils, coupled with 

excessive infiltration could leave a large number of necrotic cells leaking their 

proteolytic contents and adding to tissue injury. This could occur if the macrophage 

response was characterised by monocytes that have had insufficient time to mature into 

tissue macrophages [Haslett, 1999]. 

1.2.3 The T-Lymphocyte. 

1.2.3a Categories and roles of T-Lymphocytes. 

T-Lymphocytes have a pivotal role in controlling inflammatory response. They are 

distinguished by their expression of CD3 antigens on their surface and are further 

divided into 2 subsets with distinct functions depending on whether they express the 

markers CD4+ or CD8+. CD4+ cells have a pro-inflammatory function; they are known 

to secrete a variety of lymphokines on activation including IFNy, TNFa, and IL-8 all 

implicated in COPD. Collectively all of the cytokines released by CD4+ cells have the 

capacity to augment turnover and activity of all granulocytes. CD4+ cells are 
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selectively activated by presentation of antigens on the surface of certain cell types. 

Antigens are presented to these cells by the Major histocompatibility complex class II 

(MHC class II) molecules, found only on the surface of monocytes, macrophages, 

dendritic cells and B-lymphocytes (see figure 1.8). CD8+ T-cells have the ability to 

directly recognise and kill malignant or infected cells, or cells found bearing non self 

histocompatibility antigens. Unlike the CD4+ lymphocytes, CD8+ cells recognise 

antigens presented in association with MHC class I antigens on the surface of presenting 

cells. MHC class I have a far greater distribution than MHC class II antigens, being 

found on all cell types in the body. Thus CD8+ cells have the ability to respond to 

malignancy or infection in any cell type. 

1.2.3b The role of lymphocytes in COPD. 

Interactions between macrophages and T-lymphocytes are thought to be important 

influencing factors in chronic lung damage (see 1.2.2b). Investigators have found 

increased numbers of both macrophages and activated T-cells in lung biopsies from 

chronic bronchitics [Saetta et al., 1993], and have identified a positive correlation 

between these cell types and extent of lung damage [Finkelstein et al, 1995]. Beyond 

this however, the knowledge of lymphocyte involvement in COPD is less well defined. 

Some authors cite CD8+ T-cells as the main infiltrating T-cell sub group in smokers 

with COPD [O' Shaughnessy et ai, 1997, Saetta et al., 1999]. Excessive recruitment of 

CD8+ T cells may occur in response to repeated viral infection often found to be an 

underlying feature in the lungs of smokers with COPD [Seemungal et al, 1998]. 

Increased numbers of CD8+ cells have also been found in the circulation of heavy 

smokers, with numbers falling following smoking cessation [Hughes et al, 1985]. As a 

result it has been speculated that CD8+ cells could mediate acute tissue damage in 
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smokers lungs. Interestingly it has been found that transgenic mice exhibiting induced 

over expression of Interferon-y (IFNy), a product of CD8+ cells, spontaneously develop 

emphysema. This emphysema mirrors that seen in humans, displaying alveolar 

enlargement, enhanced lung volumes and pulmonary compliance and a neutrophil/ 

macrophage rich inflammation [Wang et al, 2000]. It was also noted that the 

emphysema was accompanied by the induction of MMP-9 and MMP-12, cathepsins 

B,H,D,S and L, and reduction in secretory leucocyte proteinase inhibitor. Thus there 

was an important shift in the pulmonary proteinase/ antiproteinase balance [Zheng et al, 

2000]. 

In COPD patients who have ceased smoking, CD8+ cell reduction [Hughes et al, 1985] 

may be accompanied by an increase in CD4+ cells; as CD4+ cells are found to 

predominate in the mucosa of ex-smokers [Rutgers et al, 2000]. It has also been 

speculated that CD4+ lymphocytes, predominant in asthma, may be have a in a 

particular role during COPD exacerbations [Zhu et al, 2001]. CD4+ associated 

cytokines have been associated with potentially important roles in mediating ongoing 

chronic inflammation in COPD. These include IL-13 [Zheng et al, 2000] and the 

recently discovered IL-17 [Spriggs et al, 1997]. 

It has been demonstrated that inducible over expression of IL-13, as with over 

expression of IFNy, caused emphysema in adult mice which mirrored that seen in 

humans. The inflammation was found to be eosinophil and macrophage rich, and an 

excessive proteinase burden was found to comprise of high levels of MMP-9, MMP-12, 

MMP-2, MMP-13 and MMP-14. While TIMP-1 production was also induced it was not 

thought to be of significant magnitude to inhibit the increased proteinase burden. 

IL-17 is a recently discovered CD4+ cytokine which induces release of IL-8 from 

human lung fibroblasts, human bronchial epithelial and venous endothelial cells in vitro 

[Fossiez et al, 1996, Laan, et al., 1999]. Importantly it is found to cause the selective 
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recruitment of neutrophils into rat airways in vivo [Laan et al, 1999] thus potentially 

increasing MMP-9 burden in the airways . 

In addition to marshalling the influx of cells with the capacity to damage tissue, 

lymphocytes have the ability to cause degradation of the extracellular matrix in their 

own right. Both CD8+ and CD4+ lymphocytes produce MMP-9 which is selectively 

modulated by chemokines [Johnatty et al., 1997], thought to mediate basement 

membrane transmigration [Leppert et al., 1995], and it is conceivable that these 

enzymes contribute to a proportion of the lung damage. TIMP-1, the innate inhibitor of 

MMP9 is also produced constitutively by T-lymphocytes. MMP production by CD3+ 

lymphocytes is known to be induced by IL-2 [Xia, et al., 1996], it is therefore 

interesting that the IL-2 receptor is found over expressed on lymphocytes in bronchi tic 

airway mucosa, compared with normal mucosa [Saetta, et al., 1993]. In summary, it is 

possible that lymphocytes are important players in the process of tissue damage seen in 

COPD. It is probable that their influence is exerted either by augmenting granulocyte 

infiltration into the COPD airways or by the proteinase-mediated entry of lymphocytes 

themselves into the tissue. 
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Figure 1.9 
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Figure 1.9 Summary of inflammatory mechanisms in COPD. Cigarette smoke causes activation of 
alveolar macrophages, along with an increase in CD8+ lymphocytes in the lung. CD8+ lymphocytes 
potentially damage lung tissue by release of lytic agents such as granzyme, perforin enzymes such as the 
MMPs. Activated macrophages release chemokines such as LTB4 and IL-8, resulting in neutrophil 
recruitment to the airways. Additionally CD4+ cells activated by antigen presenting macrophages release 
IL-17, which in turn induces IL-8 production by epithelial cells. This chain of events again results in 
neutrophil recruitment to the lung. Degranulation of neutrophils and release of proteinases such as MMPs 
from activated macrophages results in connective tissue destruction. Additionally release of proteinases 
including MMPs from activated CD4+ and CD8+ lymphocytes contributes to tissue destruction. 
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1.2.4 The eosinophil. 

Eosinophils are bone marrow derived cells which undergo maturation under the 

influence of IL-3, IL-5 and GM-CSF [Rothenberg, 1998]. Following maturation they 

enter the blood for approximately 24 hours and then migrate into tissues. Eosinophils 

have many potential roles in the tissue, ranging from immunoregulation [Weller et al., 

1996], tissue remodelling and repair [Okada et al., 1997] and killing foreign organisms 

[Rothenberg 1998]. The specific granules in the cytoplasm are endowed with an array of 

mediators for eosinophil function. They contain up to 20 different cytokines, 

chemokines and growth factors and large amounts of the tissue toxic proteins including: 

major basic protein, eosinophil cationic protein, eosinophil peroxidase, and eosinophil 

derived neurotoxin [Erjefalt and Persson, 2000]. Additionally eosinophils contain 

proteinases such as serine and metalloproteinases, thought to be involved in cell 

migration through basement membrane [Okada et al., 1997]. 

Eosinophils are found to predominate in airway and mucosal tissues in asthma, allergic 

rhinitus, eosinophillic pneumonia and chronic cough [Erjefalt and Persson, 2000], 

however the evidence for eosinophilia in COPD is conflicting. Although airway 

eosinophilia has been found during exacerbations in COPD [Saetta et al, 1994 Zhu et 

al, 2001], increase in airway eosinophils during stable COPD has been found in some 

studies [Lacoste et al., 1993, Balzano et al., 1999] but not in others [Linden et al., 1993, 

Lusuardi et al., 1994]. It is conceivable that this is a result of overlap between COPD 

and asthma (see figure 1.1). Interestingly one study identified that sputum eosinophilia 

in COPD was potentially associated with a slight benefit from corticosteroid treatment 

[Pizzchini et al., 1998]. The heterogeneity of data suggests that patients exhibiting 

eosinophilia represent a sub population in general COPD pathology, however firm 

conclusions regarding eosinophil involvement are hard to draw. 
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1.3 The matrix metalloproteinases. 

1.3.1 Model for pathogenesis: proteinase / antiproteinase imbalance. 

Destruction of extracellular matrix and the resultant alveolar remodelling is influenced 

by the infiltration of the inflammatory cells, highlighted above, and the proteinases they 

release. The concept that imbalance between proteinases and antiproteinases contributes 

to lung damage in COPD has been held for 30 years. Firstly in the 1960s Laurell and 

Eriksson identified that patients with decreased amounts of a protein, subsequently 

shown to be the neutrophil elastase inhibitor ai-antitrypsin, were shown to develop 

early onset emphysema [Laurell and Eriksson, 1963]. Following on from this it was 

shown that emphysematous lesion could be induced laboratory animals whose lungs had 

been instilled with either the proteolytic enzyme papain [Gross et al, 1964], or 

neutrophil elastase [Janoff et al, 1977]. Leading on from these findings many studies 

have concentrated on neutrophil elastase as the main protagonist in alveolar destruction, 

while others have extrapolated the findings to look at imbalance between other 

proteolytic enzymes and their inhibitors. Janoff and co workers demonstrated that 

elastolytic activity found in BAL fluid from smokers could be inhibited by metal 

chelators. The conclusion drawn was that matrix metalloproteinases (MMPs) were 

responsible for a large proportion of elastolytic activity [Janoff et al., 1983]. 

1.3.2 Normal and pathological function of MMPs. 

The matrix metalloproteinases (MMPs) are a family of up to 24 homologous, zinc 

dependant endopeptidases involved in extracellular matrix turnover and remodelling in 

both normal and diseased tissue. Collectively the MMPs can degrade all of the protein 

components of the extracellular matrix. Very low MMP levels are found in normal 

steady state tissues [Nagase, 1997]. However MMP increased activity is found in tissues 

undergoing development and repair; such as embryogenesis, ovulation, endometrial 
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cycling, nerve growth, and wound healing to name a few. Uncontrolled MMP activity is 

involved in the generation of a range of different diseases including arthritis, cancer, 

cardiovascular disease, neurological pathologies, ulcerations and liver fibrosis [Nagase, 

1999]. There is also evidence for MMP over expression in various inflammatory lung 

diseases, such as adult respiratory distress syndrome (ARDS), cystic fibrosis, asthma 

and COPD [Shapiro and Senior, 1999]. In particular attention has focused on the role of 

MMP-9 in asthma and COPD. Atopic asthma is characterised by allergen induced tissue 

injury, accompanied with an abberant repair process leading to remodelling and airflow 

obstruction [Busse, 1993]. Increased concentrations of MMP-9 have been detected in 

the BAL fluid [Mautino et al, 1997, Lemjabbar, 1999] and sputum [Vignola et al, 

1998, Tanaka et al., 2000] of asthmatics compared to normal individuals. Additionally 

there has been evidence showing that allergen challenge induces a significant increase 

in detectable levels of MMP-9 in asthmatics [Warner et al, 1997, Becky Kelly et al, 

2000]. These data suggest involvement of MMP-9 in remodelling in asthma. 

As highlighted above (1.3.1) it is thought that proteinase / antiproteinase balance is a 

major factor influencing tissue damage in COPD. As with asthma there is considerable 

evidence for MMP involvement. Increased levels of neutrophil collagenase (MMP-8) 

and gelatinase-B (MMP-9) have since been identified in the BAL fluid from patients 

with emphysema [Finlay et al., 1997a]. Increased levels of MMP-9 have also been 

found in sputum from chronic bronchi tics [Vignola et al., 1998], and identified 

immunohistochemically in lung parenchyma of patients with emphysema [Ohnishi et 

al., 1998]. The interest in MMPs has been underlined by a variety of studies in 

transgenic mice. Initial studies found that mice over expressing MMP-1 went on to 

develop emphysemaous lesions [D'Armiento et al., 1992]. This was followed by studies 

which macrophage metalloelastase MMP-12 knock out (MMP-12 -/-) mice do not 

develop emphysema when exposed to cigarette smoke, where MMP-12 +/+ mice do 
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[Hautimaki et al, 1997]. These studies clearly pointed to the potential role of matrix 

metalloproteinases in the development of COPD. Recent studies have added to this 

work, showing that the selective induction of pro inflammatory cytokines IL-13 and 

IFNy causes an emphysema like pathology, marked by significant increases in MMPs 

such as MMP-2, MMP-9, MMP-12, MMP-13, MMP-14 [Zheng gf aZ, 2000 and Wang 

et al, 2000]. The increase in proteinase burden was found to be accompanied by a 

decrease in antiproteinase screen, however it was also found that treatment of mice with 

MMP and cysteine proteinase inhibitors prevented the development of emphysema 

[Zheng et al, 2000b]. 

1.3.3 Cytokine control of MMPs. 

The catalytic activity of MMPs is regulated at multiple levels including transcription, 

secretion, activation and inhibition. An understanding of the transcriptional control of 

MMPs is of great relevance to understanding the role of the proteinases in inflammatory 

pathologies. Production of MMPs has been found to be regulated at transcriptional level 

by a wide variety of cytokines and growth factors [Woessner, 1991; Lacraz et al., 1995; 

Saren et al., 1996] (see Table 1.2 adapted from O'Connor 1994). For example, both IL-

ip and TNFa have been found to increase the release of MMP-9 from human 

macrophages [Saren et al., 1996]. In addition to this, studies on the human collagenase 

gene have shown that these cytokines induce an upregulation in collagenase production 

[Woessner, 1991]. Further investigation has shown that IL-ip and TNFa increase 

transcription factor binding to an AP-1 binding site, situated 5' to the collagenase gene 

[Woessner, 1991]. In this model, transcription factors c-Fos and c-Jun bind to AP-1 as a 

leucine zipper heterodimer. The prevention of the synthesis of c-Fos by cycloheximide 

is found to inhibit the response to either of the cytokines [Woessner, 1991]. Cytokines 

do not always show a simple augmentation or reduction of one particular MMP; the 
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effect of TGF(3 on fibroblasts gives an example of interconnection of responses. TGF(3 

causes a decrease in production of collagenase and stromelysin while increasing the 

production of the gelatinases: MMP-2 and MMP-9, this is found to be exaggerated 

when given in combination with IL-1 [Chandrasekhar et al., 1988]. 

Table 1.2. Regulation of MMP and TIMP Expression in stromal cells. 
ENZYME/INHIBITOR UPREGULATION REPRESSION 
Interstitial collagenase (MMP-1) TNFa, PDC%\I%%; 

TGFp, NGF 
TGFp, IFNy, IL-4, glucocorticoids, 
retinoids. 

Gelatinase A (MMP-2) TGFP, TNFa, IL-lg 
Gelatinase B (MMP-9) TGFp, TNFa, IL-lp IL-10, IL-4, IFNy 

Stromelysin-1 (MMP-3) IL-lp, TNFa, PDGF, EGF, bFGF, 
TGR^NGR 

TGFp, IFNy, glucocorticoids, 
retinoids. 

TIMP* IL-lp, TNFa, PDGF, bFGF, IL-6, 
IL-10, TGFP, (TIMP-1), 
glucocorticoids, retinoids. 

TGFP, (TIMP-2) 

IL = interleukin; TNF = Tumour necrosis factor; PDGF = platelet derived growth factor; EGF = 
epidermal growth factor; bPGF = basic fibroblast growth factor; TGF = transforming growth factor; NGF 
= nerve growth factor; IFN = interferon. 
* Most studies do not distinguish between TIMP-1 and TIMP-2 .TGFp is reported to have differing 
effects on the expression of these inhibitors, causing upregulation of TIMP- 1 and repression of TIMP-2. 
(From O'Connor and Fitzgerald, 1994). 

1.3.4 Molecular biology and structure. 

There is a multiplicity of MMPs seen throughout nature, to date a total of 66 have been 

sequenced of which 24 are found in humans. The human enzymes have counterparts 

found in other vertebrates, MMPs have been found in invertebrates, and recently in 

plant sources [Massova e/a/., 1998]. 

Most members of the MMP superfamily possess three main highly conserved structural 

domains (see figure 1.11): an amino terminal propeptide; a catalytic domain; and a 

hemopexin like domain at the carboxy terminal. MMPs are all secreted as latent 

zymogens containing a propeptide domain, approximately 80-90 amino acids in length. 

The propeptide contains the highly conserved sequence PRCG(V/N)PD which interacts 

with a key zinc ion (known as the catalytic zinc ion) co-ordinated to the catalytic 

domain of the molecule, the distortion in protein structure prevents access of water 

molecules to the active site, effectively blocking catalytic activity [Nagase, 1997]. MMP 
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zymogens must under go stepwise removal of this propeptide before becoming fully 

active. 

Essential features of the catalytic domain are two zinc and one calcium ion which are 

co-ordinated to histidine residues in the conserved sequence; 

HEXGHX[L/M]G[L/M]XH. One of the two zinc ions is essential in the catalytic 

mechanism of MMPs where as the other zinc and the calcium ion are thought to have a 

role related to the structural integrity of the protein. MMPs have high affinities for these 

structural zinc and calcium ions [Massova et al., 1998]. The hemopexin like domain of 

MMPs is the third highly conserved region in the protein and as its name suggests, it 

shows a high sequence similarity to the plasma protein hemopexin. This domain has 

been shown to play a functional role in substrate binding and in interactions with the 

specific inhibitors of the MMPs the Tissue Inhibitors of metalloproteinase (TIMP) 

[Gomis-Ruth et a/.,1997, Olson et al, 1997]. The structures of MMP-2 and MMP-9 

(also known as gelatinases A and B) are distinct from those of the other MMPs since 

both contain additional 175 residue inserts in their catalytic regions, which have 

homology to the collagen binding regions in fibronectin. The inserts are thought to give 

both MMP-2 and MMP-9 their specificity by enabling the binding of denatured 

collagen or gelatin [Murphy et al., 1994]. 
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Figure 1.10 facing page. General 3D structure of the MMPs. The 3 major domains 

of the MMPs are illustrated; the propeptide region is shown as a green ribbon, the 

catalytic domain is coloured pink and the hemopexin like domain is shown as a yellow 

ribbon. The catalytic zinc is shown as an orange sphere; the calcium ions in the 

hemopexin like domains are shown as cyan spheres. (Taken from Massova et al, 1998). 
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Figure 1.11 Domain structure of MMPs. MMPs liave three major domains in their structure: The N 
terminal propeptide domain (approximately 80 amino acids), the catalytic domain (approximately 170 
amino acids), and the C terminal hemopexin like domain (approximately 210 amino acids). The 
propeptide domain contains a conserved cysteine residue. The tertiary structure of the enzyme is such that 
this cysteine ligates a zinc ion in the catalytic domain of the enzyme, protecting the active site and 
necessitating proteolytic removal of the propeptide for MMP activation. The catalytic domains in both 
MMP-9 and MMP-2 also contain inserts with fibronectin type II homology. These convey substrate 
specificity for gelatins and collagens. The C-terminal hemopexin like domain interacts with the inhibitors 
of MMPs (TIMPs), as well as being thought to convey specificity for fibronectin and heparin onto the 
proteinases (adapted from O'connor and Fitzgerald, 1994 see also figure 1.10 for crystallographic 
structure of MMPs). 

1.3.5 MMP Activation: 

All MMPs are released as latent zymogens, and thus an important point of control of 

MMP activity is at the point of conversion from latent to activated enzyme. Van Wart 

and Birkedal Hansen working on human fibroblast collagenase proposed that the 

conserved cysteine residue; Cyŝ ^ (from the conserved propeptide sequence 

PRCG[V/N]PD), was co-ordinately bound to the catalytic zinc ion therefore causing the 

active site to be masked by the propeptide [Van Wart et al., 1990]. This effectively 

excludes water from the site and inhibits catalytic activity. A key step in MMP 

activation is the disruption of this co-ordinate bond; this can occur by two different 

methods (see figure 1.13): 

The first of these is a two-stage proteolytic cleavage; the initial phase is fulfilled by an 

"activator" proteinase. This proteinase cleaves a region in the middle of the N-terminal 
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propeptide, inducing a conformational change in the remaining propeptide, and creating 

a partially active enzyme. The conformational change renders the peptide susceptible to 

further proteolytic attack by a second activator proteinase. This proteinase is usually 

distinct from the first and acts to completely cleave the N-terminal propeptide 

[Springman et al., 1990, Suzuki et al, 1990]. This second cleavage step can occur in 

some MMP species by an autocatalytic mechanism, where the remaining propeptide 

segment is directed towards the active site of the enzyme as a result of the initial 

conformational change [Woessner, 1991, Nagase, 1997]. The proteinases involved in 

the activation of a particular MMP, are specific to that MMP, however they vary in 

type, and cellular source therefore forming a varied activator; proteinase network (see 

table 1.3). 

Table 1.3 Activator proteinases of the MMPs. 
Latent MMP Activator proteinase 

Initial step Final step 
ProMMP-1 Trypsin, plasmin, plasma kallikrein MMP-3, MMP-2, MMP-7, MMP-10, 

Chymase. 
ProMMP-2 MTl-MMP, MT3-MMP, MMP-1 MMP-2, MMP-7 
ProMMP-3 Trypsin, chymotrypsin, plasmin, chymase, MMP-3 

neutrophil elastase, pseudolysin, thermolysin 
(not activated by any MMPs). 

ProMMP-7 Trypsin, plasmin, neutrophil elastase. MMP-3, MMP-7 
ProMMP.g Tissue kallikrein, neutrophil elastase. MMP-3, MMP-10 

cathepsin G, trypsin. 
ProMMP-9 MMP-1, MMP-2, MMP-3, MMP-7 MMP-1, MMP-2, MMP-3, MMP-7 
ProMMP-10 Plasmin, trypsin, chymotrypsin MMP-10 
ProMMP-11 Furin 
ProMMP-13 MMP-3, MTl-MMP MMP-3, MMP-13, MMP-2 
ProMTl- Furin 
MMP 
Different types of latent MMP are activated by interaction with various activator proteinases. Examples of 
these interactions are listed. (Adapted from Nagase, 1997). 

A good example of such an activation network is the activation of MMP-9 (illustrated in 

figure 1.12). Here the important activator proteinase for proMMP-9 is MMP-3. The 

cycle starts with MMP-3 being partially activated by neutrophil elastase, trypsin or 

plasmin. MMP-3 itself completes its activation by autocatalytic cleavage of its N-

terminal region. The fully active MMP-3 partially activates MMP-9 by cleaving the N-
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terminal region. It then completes the activation process by cleaving the remaining 

propeptide region. This activation process can be retarded to a degree by the specific 

inhibitor of MMP-9, TIMP-1. This inhibition can however be overcome by the addition 

of excess amounts of MMP-3, which destabilises enzyme / inhibitor complex (see 

section 1.4.5 and figure 1.12). Additionally TIMP-1 can be inactivated by the proteinase 

neutrophil elastase, leaving MMP-9 susceptible to activation by MMP-3. There are a 

variety of enzymes implicated in MMP-9 activation (see table 1.3), therefore a variety 

of activation networks exist for MMP-9 alone. This illustrates the fine balance that must 

be maintained between a variety of proteinases and inhibitors in order to perturb excess 

matrix destruction. 

An artificial alternative to proteolytic cleavage is activation via the introduction of 

detergents (such as SDS). This can cause disruption between the zinc and cysteine by 

unfolding the protein structure and so physically moving the zinc and cysteine apart. In 

addition reagents such as N-ethylmaleimide (NEM), organomercurials, or hypochlorous 

acid (HOCl), produced during respiratory burst, reduce the sulphydryl group on the 

cysteine also causing disruption of the co-ordinate bond [Vallee et ah, 1990, Springman 

etah, 1990]. 
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Figure 1.12, facing page. Model for proMMP-9 activation-involvement of MMP-3 

and neutrophil elastase. ProMMP-3 is partially activated by trypsin, plasmin, or 

neutrophil elastase. Complete activation is brought about by MMP-3 autocatalysis 

causing complete removal of the propeptide domain, yielding active MMP-3 which has 

the ability to cause MMP-9 activation. The activation of MMP-9 is perturbed by 

complexing with its innate inhibitor TIMP-1. Excess amounts of MMP-3 can however 

destabilise the inhibitorcomplex, causing dissociation and freeing MMP-9, leaving it 

susceptible to activation. 

Alternatively the MMP-9/TIMP-1 complex can be destroyed by neutrophil elastase, 

preferentially cleaving TIMP-1 complexed with MMP-9. This leaves MMP-9 which is 

susceptible to activation. 
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