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Abstract 

BACKGROUND: Cigarette smoke is the most important etiologic agent in the 

development of emphysema (defined as airspace enlargement in the lungs) which 

accounts for a growing number of deaths annually worldwide. The protease-antiprotease 

hypothesis lias been proposed to explain the pathogenesis of emphysema and States that 

an excessive proteolytic burden in the lung causes breakdown of connective tissue, 

Ieading to emphysema, although the specific proteases and antiproteases are not known. 

METHODS : Transgenic mice expressing the human alpha- 1 -antitrypsin (a 1 AT) gene 

were created and characterized. Markers of c o ~ e c t i v e  tissue breakdown, inflammatory 

ce11 numbers and elastase activities in the bronchoalveolar lavage after cigarette smoke or 

bacterial lipopolysaccharide (LPS) exposure were rneasured. Mice were given weekly 

intratracheal LPS and lung morphology was assessed. RESULTS: Four transgenic lines 

expressed human a 1 AT in either type II alveolar cells or type II alveolar and airway 

epithelial cells. Levels of human a 1 AT protein in the lung were low but protein was 

present in the pulmonary interstitium. The transgenic mice were immunologicaily 

tolerant to human a 1 AT. Acute cigarette smoke exposure resulted in increased elastin 

and collagen breakdown products in the lavage which correlated with increases in lavage 

PMNs. LPS instillation resulted in elastin breakdown associated with increased lavage 

PMN numbers. and collagen breakdown associated with an increase in macrophage 

nurnbers. Administration of AAT prevented the connective tissue breakdown in the 

smoke-exposed mice and prevented elastin breakdown, but not collagen breakdown in the 

LPS treated mice. Mice receiving weeki y intratracheal instillations of LPS developed 

emphysema. CONCLUSIONS: a 1 AT expression in pulmonary cells results in delivery 



of the protein to the puImonar-y interstitium where comective tissue components are 

vulnerable to proteolytic attack. These rnice. because of their tolerance to human a 1 AT, 

are useful for long-tem studies on the efficacy of human a 1AT augmentation therapy, 

Connective tissue breakdown afier acute cigarette smoke exposure is mediated by PMN- 

derived proteases and is prevented by a 1 AT. LPS-mediated lung injury is associated with 

both PMN serine eiastases and collagenolytic proteases most likely derived fiom 

macrophages. A mode1 of chronic LPS-mediateci emphysema has been developed and is 

available for fùture studies of a 1 AT augmentation therapy. 
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1. Experimental Objectives 

The first objective of ihis thesis was to determine if endogenous overexpression or 

administration of exogenous a- 1 -antitrypsin (a 1 AT) protects against development of 

emphysema induced by cigarette smoking or LPS-mediated lung injury. The 

augmentation of a 1 AT levels was achieved by transgenic over-expression of human 

a 1 AT in mice or administration of purified human plasma a 1 AT. In this way the role of 

the major lung antiprotease, al AT, in lung injury, particularly cigarette smoke-induced 

emphysema, can be more clearly defined. 

1.1 Systematic approach to gene therapy for prevention of  emphysema 

It has been suggested that the pulrnonary manifestations of the common genetic 

pulmonary diseases al AT deficiency and cystic fibrosis (CF) mas be prevented by 

delivery of the normal genes to the lungs (Rosenfeld & Collins, 1996, Gilardi et ai., 

1990). Because the respiratory epithelium is easily accessible by way of the trachea, the 

lung has been popular as a target for somatic ce11 gene therapy (Glaser et al., 1994). 

Despite numerous attempts to achieve successful gene transfer in both animal and human 

studies of pulmonary disease, an understanding of the most appropriate target organ or 

ce11 type and proof of the long-term eficacy of gene therapy is lacking (Blau & Khavari. 

1997). The first major objective of this thesis was to produce transgenic mice that 

express al AT in specific cells of the lung and determine if local over-expression of this 

antiprotease is effective in preventing lung damage induced by acute or chronic injury. 

Cell-specitic promoters were used to direct expression of the human al AT cDNA to the 



lung: the human haptoglobin (Hhp) promoter was used to direct expression to the 

pulmonary interstitium (D' Armiento et ai., l992), the human surfactant protein C (SPC) 

promoter was used to direct expression to the surfactant producing or type II epithelial 

cells (pneumocytes) (Glasser et al., 1991), and the rat Clara Ce11 10 Protein (CC1 O) 

promoter was used to direct expression to the airway epithelium (Stripp et al., 1992). 

1.2 Efficacy of purified alAT protein in prevention of mute and chronic lung inju y 

The second major objective of this project was to study the eficacy of 

intraperitoneally administered purified human a IAT in preventing or reducing the 

pulmonary connective tissue breakdown associated with acute lung injury secondary to a 

single dose of cigarette smoke or lipopolysaccharide (LPS). Cigarette smoke and LPS 

induced emphyserna models (see below) were used to investigate effects of exogenous 

u 1 AT on chronic h g  injury. 

A further aim of this project was to gain a more general understanding of the 

mechmisms by which lung damage associated with cigarette smoking occurs and the role 

that cc 1 AT plays in this condition. A prerequisite for this is clarification of the roles of 

specific inflammatory ce11 types and proteases in pulmonary inflammation secondary to 

cigarette smoke. Specifically, the role of polymorphonuclear leukocytes (PMNs or 

neutrophils) and inflammatory ce11 proteases in cigarette smoke- and LPS-mediated acute 

Iung inj ury was investigated. 



1.3 A Mode1 for a l A T  Augmentation Therapy 

Despite the lack of conclusive proof of its efficacy, alpha-1 -antitrypsin 

augmentation therapy is currently k i n g  used in Canada, the United States and some 

European countries to treat individuals with severe hereditary a l  AT deficiency. The 

major obstacle in proving or disproving the efficacy of a 1 AT augmentation therapy in 

u1 AT deficient humans with emphysema are the logistics of carrying out a randomized 

controlled trial in order to show that "augmentation therapy has clinical efficacy to 

forestall the progression of emphysema in individuals at nsk" (Stoller. 1998). Past and 

current studies in humans are limited by lack of control groups, brevity o f  the follow up 

period (emphysema is a progressive disease that develops over many decades), and small 

study çroups. An animal model would be ideal for such studies, and animal models of 

emphysema of varying degrees of retevance exist and plasma purified hurnan al AT is 

commercially available. Animals, however, cannot safely receive repeated injections of 

this human protein which their immune system would identiQ as a foreign protein. We 

propose that transgenic mice expressing the human al AT gene will be able to receive 

repeated doses of human a l A T  without developing an immune response to it. 

Development of a mouse model of cigarette srnoke-mediated emphysema or LPS- 

mediated emphysema was attempted using the al AT transgenic mice. These mice will, 

therefore. provide a suitable model system to determine the eficacy of a 1 AT 

au+mentation therapy in preventing the development of emphysema. 



2. Introduction 

2.1 Pulmonary emphysema 

Emphysema is the irreversible enlargement of the airspaces in the lung distal to 

the terminal bronchioles caused by destruction of the comective tissue of the alveolar 

walls (Senior. 1998). This is a rnorphological definition and applies to both clinical and 

experimentaily-induced emphysema. it is one of the lesions associated with chronic 

obstructive pulmonary disease (COPD) which was the sixth leading cause of death 

worldwide in 1990 (Murray and Lopez, 1997) and can be defined as a "process 

characterized by the presence of chronic bronchitis or emphysema that may lead to the 

development of airway obstruction" (Turino, 199 1). Emphysema has k e n  reported to 

account for approximately 18% of COPD diagnoses per year (Higgin, 1991). 

Emphysema is classified into four types according to its distribution in the acinus 

whic h is de fined as thar part of the lung supplied by one terminal bronchiole including 

rhe respirarory bronchioles, alveolar dzrcts, alveolar sacs. and alveolav spaces distal to 

each rerrninal bronchiole. Another term traditionally used to classi@ types of 

emphysema is the lobule which represents a group of air spaces sztrrounded byflbrous 

sepra. There may be numerous acini within a single lobule (Pratt, 1994). The two terms 

are. however, often used interchangeably when describing emphysema; the term acinar 

will be used here to describe the two rnost common types of emphysema: centriacinar 

and panacinar emphysema (Figure 1, Thwlbeck, 1988). in centriacinar emphysema lung 

damage is restricted to the center of the acinus, involving the walls of the respiratory 

bronchioles early in the disease process, and eventually in severe stages of the disease, the 



Figure 1 .  The acinus, the fundamentai unit of the lung (A) in a normal iidividual. 
Centriacinar emphysema (B) involves the respiratory bronchioles or central portion of the 
acinar unit. In panacinar emphysema (C ) the acini are unifonnly enlarged with 
involvement of the tenninus dveoli, as well as, the respiratory bronchioles. 



distal acinus is also involved. In mild centriachar emphysema there are easily 

recognizable areas of lung destruction adjacent to areas of normal lung architecture. 

Lesions are characteristically more severe in the upper lobes in this type of emphysema. 

Lung damage in panacinar emphysema, in contrast, is eveniy distributed throughout the 

entire acinus and is usuaiiy evenly distributed throughout the entire lung, but is 

sometimes more severe in the lower lung zones. The former is typicdly associated with 

cigarette smoking which is irrefiitably the most important cause of emphyserna and the 

latter with hereditary a l  AT deficiency, accounting for 1-1 3% of ail cases of emphysema 

(MacDonald & Johnson, 1995). Localized (dso called distai acinar or paraseptal) 

emphysema refers to cases in which there are very few or even a single site of dveolar 

destruction. The fourth type of emphysema is irregular emphysema in which airspace 

enlargement occurs close to sites of focal lesions such as tumours. In most cases the 

latter two types of emphysema described are clinically insignificant. 

The popular belief is that the emphysematous process begins as an increased 

number and size of holes in the alveolar walls and these fenesrrations which can be 

observed with an electron microscope can be considered to be one of the earliest 

manifestations of emphysema (Pratt, 1994). The alveolar walls are composed of type 1 

and type II pneumocytes (or alveolar cells) and an underlying connective tissue matrix 

(interstitium) through which the capillary network runs (Figure 2). The major elements of 

the connective tissue or extracellular matrix (ECM) include elastic and collagen fibres, 

fibronectin. proteoglycans, and the basement membrane components of endothelial and 

epithelial cells (Crystd & West, 19%). Progressive degradation of the components of the 

ECM Ieads to the loss of the capillary bed and alveolar attachments to small airways. 



Figure 2. Illustration of an dveolar waii. A pulmonuy capillory, C, type 1 (EPI) and Type 
II (EPII) epithelial cells, endothelid cclls (EN), and interstitial fibroblas?~ (FB) are show.  
Basement membranes of endothelial and epithelid ceUs (BM), red blood ceIl (RBC), 
interstitium (M), and the pulmonary airspace (A) are d m  marked. The long arrow 
indicates where the epithelial lining fluid (ELF) would be present. 



Significant loss of alveolar walls results in respiratory failwe occuning as a result of a 

combination of factors including impaired gas exchange, over-infïated lungs, and airway 

obstruction (West, 1 992). 

Elastic and collagen fibers are arranged in an organized manner in the alveolar 

walls. Collagen probably fùnctions in maintaining the architecture of the lungs, whereas, 

elastic fibres provide elastic recoil to the interstitim. The progressiveness of emphysema 

suggests that destruction of the entire alveolar septum occurs graduaily. The 

development of emphysema most likely involves both destruction and synthesis of the 

extracellular matrix (ECM) as suggested by the increased collagen in the iungs of 

experimental animals with smoke-induced emphysema (Wright, et al.. 1995) and by the 

reports of increased collagen and thickening in the alveolar walls of human 

emphysematous lungs (Cardoso et al., 1993). Prevention of the cross-linking of newly 

synthesized collagen with B-amino-proprionitrile (BAPN) in hamsters receiving 

intratracheat elastase significantly worsened the emphysematous lesions in these anirnals 

(Kuhn & Starcher, 1980). Turnover of elastin in humans is extremely slow. but there is 

some suggestion that the elastin repair mechanism may be impaired in smokers. In vitro 

results indicate that lysyl oxidase, the key enzyme invoived in the synthesis of elastin, is 

inhibited by cigarette smoke and exposure of hamsters to chronic cigarette smoke alters 

the incorporation of '4~-lysine into desmosine (the major cross-linking amino acid in 

mature elastin) during the elastin repair process (BiethJ986). 

Centriacinar and panacinar emphyserna rarely occur together, so it has k e n  

postulated that the underlying mechanisms of disease development of the two types of 

diseases are different, but based on the sarne principle: proteolytic degradation of the 



ECM. Particulate components of cigarette smoke tend to accumulate in alveolar spaces 

adjacent to terminal and respiratory bronchioles where phagocytic cells are present in 

large nurnbers in an attempt to phagocytize the particles. Turnover of the cells resdts in 

release of proteolytic enzymes and fke  radicals that damage the alveolar walls creating 

lesions characteristic of centriacinar emphysema. In the case of individuals with a 1 - 

antitrypsin deficiency who exhibit panacinar emphysema, release of proteases fiom 

circulating phagocytes anywhere in the lung will leave the ECM susceptible to 

destruction due to a lack of phsrna protease inhibitory capacity. The lower lobes receive 

greater perfùsion of blood than the upper lobes and are therefore more exposed to elastase 

released by inflammatory cells circulating in that area. 

2.1.1 Clinical Manifestations and Assessrnent of Emphysema 

Symptomatic COPD is observed in only 15-20% of smokers during their lifetime 

depending on the length and intensity of smoking and there is substantial variation in 

disease susceptibility among individuals (O'Hagan, 1996). Dyspnea (shortness of breath) 

with physical exertion, typicaily in the sixth or seventh decade is the predominant 

syrnptom of COPD (WHO, 1 995). Amongst individuals with a 1 AT deficiency, dyspnea 

begins at an earlier age arnong smokers than nonsmokers (Schwaiblmair & Vogelmeier, 

1998). Weight loss and a barrel-chested appearance are seen with progression of 

emphysema. Many emphysema patients suffer from recurrent respiratory infections and 

chronic bronchitis (hence, the latter's common inclusion in the tenn COPD) (Senior & 

Anthonisen, 1998). 



Pnor to the development of hi& resolution CT scans, the most consistent method 

of recognizing emphysema in patients is by pulmonary function testing with the use of a 

spirometer and body plethysmograph (Thurlbeck, 1988). A substantial increase in total 

lung capacity (TLC) and fiinctional residual capacity (FRC: volume of gas in the lung 

afier a normal tidal volume expiration) and residual volume (RV: the volume of air 

remaining in the lung after a maximal expiration) are indicators of emphysema. Loss of 

radial traction fkom the surroundhg parenchyma results in earfy airway closure and 

increased FRC (West, 1992). Decreased expiratory flow rate measured by a spirometer 

and indicated by a decrease in the forced expiratory volume (FEV i ) ,  the volume exhaled 

in the first second after a maximal inspiration, is a valuable method for following the 

progression of disease and the eficacy of treatrnents (Gottlieb et al., 1996). The FEVi is 

decreased in emphysema as a result of reduced elastic recoil pressure and airway 

distortion. Carbon monoxide (CO) diffùsing capacity measures the uptake of CO by the 

lung and it is determined by the diffusion properties of the blood-gas barrier which among 

other things depend on the thickness and area of the alveolar membrane (West, 1992). A 

reduced CO difising capacity in emphysema is an indication of the loss of alveolar walls 

and capillaries. but CO diffiising capacity is also reduced in interstitial fibrosis, 

sarcoidosis. and asbestosis, diseases in which the alveolar walls are increased in 

thickness. Pulmonary functions tests are useful in providing supportive information 

which is evaluated in conj unction with clinical history, c hest radiography, and laboratory 

tests (West, 1992). Chest radiography can identiQ increased TLC indicated by a low, flat 

diaphragm. In a 1  AT deficiency overinfiation is seen predominantly in the lower zones of 

the lung. whereas, COPD patients with normal al AT levels show either upper zone or 



uniforrnly distributed lung destruction (Schwaiblmair & Vogelmeier, 1998). 

Examination of the lung by direct inspection or hi& resolution CT scan is the only way to 

document anatomic emphysema. Morphometric measurernent of the airspaces in the 

lungs of humans and experimental animals is used in research studies to identi@ 

emphysema. The mean linear intercept (Lm) is the most common measurement done. 

The Lm is the average distance beiween alveolar waiIs and is detemiined by passing a 

line of detennined length randomly over histologie sections of the h g  and counting the 

number of times it intercepts an alveolated surface (Thurlbeck. 1967). 

Monitoring of c o ~ e c t i v e  tissue breakdown products in the plasma or urine of 

COPD patients is considered to be a feasible method of following disease progression. 

Elastin is the primary component of elastic fibres and lungs with emphysema contain less 

elastin than normal lungs ( Senior & Anthonisen, 1998). Desmosine and isodesmosine 

are the major cross-linking amino acids present in mature elastin and their presence in the 

urine of experimentd animals with artificially-induced emphysema correlates with degree 

of Iung damage (Janoff, l 9 8 h  & 1985. Snider et al., 1986). Measurement of elastin- 

derived peptides in plasma as a test for COPD in humans has also been proposed (Akers 

et al.. 1 992) and urinary desrnosine measurernents were recently shown to correlate with 

annual FEV I decline in smokers with COPD (Gottlieb et ai., 1996). 

Management of emphysema consists of a variety of supportive measures including 

bronchodilator use, corticosteroid administration, oxygen supplementation, the use of 

antibiotics for exacerbations, and education on breathing techniques and exercises (Senior 

& Anthonisen, 1998 and Petty, 1988). The aim of these measures is to improve the 

quality of life for the patient as there is no cure for this debilitating condition. 



Unquestionably, the cessation of cigarette smoking is the most effective preventative 

measure against the development of COPD or for halting disease progression (OIHagan, 

1996). Lung reduction surgery, and lung transplantations are proposed for patients with 

end-stage disease (Roche & Huchon, 1997, Zenati et al., 1998). in recent years, al AT 

replacement therapy has been proposed for the treatrnent of individuals with severe al AT 

deficiency and clinical trials to test the efficacy of this treatment have been carried out or 

are in progress (Schwaiblmair & Vogelmeier, 1 998). 

2.2 Protease-an tiprotease hypothesis for the pathogenesis of em physema 

A major part of the extracellular matrix (ECM) destruction associated with COPD 

is believed to be caused by normal idammatory processes. Components of ECM in the 

lungs are vulnerable to an extensive arsenal of degradative enzymes. A significant cause 

of pulmonary connec tive tissue breakdown is the action of several proteolytic enzymes 

(proteases). most of which are transported to the lungs by inflanmatos. cells including 

PMNs. macrophages. T lymphocytes, eosinophils, and mast cells which have al1 been 

s h o w  to accumulate in the lungs of patients with COPD (Hiemstra et ai., 1998). in a 

normal. healthy lung proteolytic activity is held in check by plasma and hg-derived 

antiproteases. 

The protease-antiprotease theory is widely accepted as the basis for the 

pathogenesis of emphysema. This theory States that excessive protease burden in the 

lower respiratory tract results in connective tissue breakdown and subsequent 

airs pace en largement. The imbalance in proteases and antiproteases can occur due to 

either an increase in local protease activiiy or a decrease in antiproteases, which may be 



either firnctional or quantitative. Emphysema resulrs when the balance shifrs in fmour of 

unchecked proreolytic activity. This theory originated based on two important 

observations. The first was a study by Laurell and Eriksson showing early-onset 

putmonary emphysema in patients with hereditary deficiency in al AT (Laurell & 

Eriksson, 1963); this was supported by studies showing that emphysematous lesions 

could be induced in animals by instilling elastolytic enzymes into their lungs (Gross, 

t 964. Jmoff. 1983). 

2.2.1 Proteases in the lung 

Proteases are enzymes that break peptide bonds in the central region of proteins 

and they play a role in important physiological processes involving extracellular protein 

degradation such as tissue remodeling and repair, wound heaiing, and coagulation, as well 

as facilitating the migration of leukocytes frorn the vasculature into tissues (Owen & 

Campbell. 1999). However, excessive proteolytic activity is also invotved in the 

pathogenesis of various diseases including emphysema. The hvo main calegories of 

proteuses of potenrial relevance in the development of COPD are serine and 

rne~ulloproteases, classified according to the chemical nature of their catalytic centre. 

Serine proteases have a serine residue at their active site which is essential to their 

activity and metalloproteases are dependent on the metallic ions 2n2' and ca2' for their 

action. Both types of proteases play a major role in the degradation of extracellular 

proteins and are produced by both PMNs and macrophages. Three of the serine proteases 

PbfNs synthesize are neutrophil elastase (NE). cathepsin G, and proteinase 3 which are 

stored in an active fonn within azurophilic granules and have broad substrate specificities 



including elastin and collagen. PMNs also produce the metalloproteases PMN 

collagenase (MMP-8) and 92-kDa gelatinase (MMP-9) which are stored in different 

cytopIasmic granules and, as the nomenclature Unplies, c m  degrade collagens. 
- 

Macrophages produce primarily matrïx metalloproteases (MMPs) including those with 

collagenolytic activity (MMP- 1 ,-2,-3,-9,- 10) and elastolytic activity (MMP- 12, also cailed 

macrophage metalloelastase (MME)) (Murphy & Docherty, 1992). Although 

macrophages have lost their ability to produce serine proteases (Campbell et al, 199 I) ,  

they are able to internalize NE and cathepsin G present in the extracellular space by virtue 

of surface receptors for these serine proteases and their phagocytic functions which 

enable them to engulf apoptotic PMNs. 

PMN serine proteases are fieely released in response to phagocytosis, oposonized 

substrates or immune complexes, and fiom dead or dying cells. Proteases can also be 

expressed on the surface of PMNs upon exposure to cytokines and chemoattractants 

(Owen et al.. 1997); these membrane-bound proteases are fùlly active against their 

substrates. PMNs also secrete MMPs in response to various stimuli (Owen & Campbell, 

1999). Unlike PMNs, macrophages do not store MMPs. but rather synthesize and rapidly 

secrete the proteases in response to growth factors and cytokines (Niewoehner, 1988). 

Al1 MMPs are secreted in the form of proenzymes which necessitates their extracellular 

activation by other proteases (Shapiro, 1995). 

There are several proposed mechanisms by which proteases are able to degrade 

the ECM under conditions where their activity should be tightiy regulated by extracellular 

protease inhibitors. Serine protease inhibitors are susceptible to proteolytic inactivation 

by several proteases: a l  AT is inactivated by its major substrate NE (Travis, 1988), 



macrophage metalloelastase (Shapiro, 1995), cathepsin B (a cysteine protease) and 

several bacterial proteases (Owen & Campbell, 1999); secretory leukoprotease inhibitor 

(SLPI) is inactivated by bacterial proteases; and in vitro studies suggest that alAT, the 

major lunç antiprotease, and other antiproteases including SLPI, al -antichymotrypsin, 

and a2-macroglobulin c m  be inactivated by reactive oxygen species released by activated 

Ieukocytes. Tight binding of proteases to their substrates, and perhaps to the surface of 

inflammatory cells, prevents high molecular weight inhibitors (such as a l  AT and a2- 

rnacroglobulin) from gaining access to their protease substrates due to steric hindrance 

(Owen & Campbell, 1999, Owen et al., 1997). This exclusion of inhibitors fiom the 

matrix region in direct contact with the proteases could allow localized ECM destruction. 

In certain situations, the occurrence of a large nwnber of activated or dying inflammatory 

cells simultaneously liberating their proteolytic contents can overwhelm the inhibitor 

activity. Another mechanism by which inflarnmatory cells c m  overwhelm the protease 

inhibitors in a localized micro-environment is with the release of extremely high 

concentrations of proteases fiom individual cells, locally exceeding the concentration of 

inhibitors. In this case, ECM destruction can occur virtually unimpeded until diffusion of 

the proteolytic activity away fiom the site of release allows the ratio of protease to 

antiprotease to decrease to below 1 : I (Owen & Campbell, 1999). 

2.2.1.1 Neutrophil elastase 

Circulating polymorphonuclear cells (PMNs) that have marginated in the 

pulmonary vasculature can migrate in large nurnbers into the alveolar spaces in response 

to chernotactic gradients and release their granular products in response to many stimuli 



(Parkas, 1997). Degranulation can occur at any point during the movement of PMNs 

from the capillaries, through the interstitium, into the pulmonary airspaces. One of  these 

products. neutrophil elastase (NE), is a 29 kDa serine protease that is synthesized while 

the ceIl is in the bone marrow and stored in azurophilic granules in very high 

concentrations (approximately 3 pg per cell) (Turino, 199 1). Because of this high 

concentration and its relatively high elastolytic activity compared to other elastases, NE is 

considered to be the major protease in the lung (Senior & Anthonisen, 1998) and has 

historically been considered the main effector agent in the pathogenesis of emphysema. 

Neutrophil elastase is secreted into tissues when the PMNs are stimulated and encounter 

objects to be phagocytized. or afier they die. The predominant role of NE is bacterial 

digestion in the phagolysosomes . but it is capable of attacking al1 the major components 

of the ECM including elastin, proteoglycans, collagen type III and IV, and fibronectin 

(Turino. 199 1 ). instillation of purified NE into the lungs of experimental animals leads to 

destructicn of the lower respiratory tract (instillation of papain, a plant protease with high. 

elastolytic activity. and purified pancreatic elastase also result in similar damap (Janoff, 

1985 & Snider et al.. 1986)). NE has a gea t  avidity for a 1 AT (its major inhibitor), but is 

also inhibited by the serum protease inhibitor, a-2-macroglobulin, and by the locally 

produced secretory leukoprotease inhibitor (SLPI). The association rare constant of a 1 AT 

and NE is extremely rapid and the binding of the proteins is essentially an irreversible 

process with a particularly slow dissociation rate. Under normal conditions, the burden of 

PMNs and. therefore, NE in the lungs is low and the concentration of a 1 AT in the lungs 

exceeds that of NE, thereby effectively abrogating its destructive potential. al AT is not, 

however. able to inhibit NE which is already bound to its substrate (Krarnps et al., 1 99 1 ). 



Besides the classical intratracheal instillation experiments, investigators have 

sought other lines of evidence to demonstrate the involvement of NE in the pathogenesis 

of emphysema: they have shown a correlation between BAL fluid PMN eiastolytic 

activity and NE-al AT complexes with increased BAL fluid elastin degradation products 

(Betsuyaku et al., 1996), and excessive NE in the BAL fluid fiom patients with 

subc linical emphysema (Betsuyaku et al., 1995). Others have used 

immunohistochemistry to demonstrate the presence of neutrophii elastase in association 

with elastic fibres in hurnan emphysematous lungs and in lungs of mice that 

spontaneously develop emphysema (Damiano et al., 1986. de Santi et al. 1995, Cavarra et 

al.. 1996). 

2.2.1.2 Macrophage-derived proteases 

In recent years there have been numerous reports suggesting that macrophages and 

their proteases. particularly macrophage metalloelastase (MME, also known as MMP- 12), 

are the principal effector agents in the pathogenesis of cigarette smoke-induced 

emphysema. MME is synthesized as a 53 kDa proenzyme and is secreted into the 

extracellular space where it is activated to forrn a 22 kDa elastase (Shapiro, 1994). 

Activation is achieved by cleavage of the proenzyme by serine proteases, cathepsins, or 

plasmin (Janoff. 1985). Metalloprotease activity of macrophages has been s h o w  to have 

the capability of degrading the elastin component of ECM (Senior et al., 1989) and it has 

been suggested that up to half of the elastolytic activity in BAL fluid from smokers is 

attributabie to rnetalloproteases (Janoff, 1983). In a guinea pig model, macrophages fiom 

the airspaces and the pulmonary interstitium dispiayed significantly higher elastolytic 



potential after smoke exposure (Sansores et al., 1997) and in humans, macrophages fiom 

emphysematous lungs produced elevated levels of both elastolytic and collagenolytic 

metalloproteases (Finlay et al., 1997). Hautamaki et al.. (1997) have shown that mice 

Iacking the gene for MME do not develop emphysema after long-term cigarette smoke 

esposure while their normal counterparts do. Morphological evidence fiom human 

studies also points to macrophages as important agents of c o ~ e c t i v e  tissue degradation: 

resected lungs fiom chronic smokers show a direct relationship between alveolar wdl 

destruction and numbers of macrophages in the Iung parenchyma (Eidelman et al., 1990, 

Finkelstein et al., 1995). A recent study reports that macrophage-derived elastolytic 

activity is more closely associated with the time course of emphysema progression in rats 

exposed to chronic cigarette smoke than PMN associated elastolytic activity (Ofulue et 

al.. 1998). 

2.2.1.3 Cysteine Proteases 

Cysteine (or thiol) proteases include a large group of plant and animal enzymes 

that ail contain a cysteine residue at their active sites. They have a very broad substrate 

range including elastin and collagen. Papain, a plant cysteine protease, was used for the 

original demonstration of emphysema development afier intratracheal instillation (Gross 

1964). Cathepsins L and S have ken  shown to have more activity against insoluble 

elastin under optimal conditions than neutrophil elastase (Chapman et al., 1 994). There 

are four cysteine cathepsins, B, H. L, and S (cathepsin G is a serine protease) and al1 four 

are expressed in alveolar and interstitial macrophages. Cathepsin B and L-like activities 

have been detected in bronchoalveolar lavage fluid and some studies suggest that levels 



of  these cysteine proteases are elevated in the BALF and aiveolar macrophages of 

smokers (Reilly et al., 1991, Takahashi et al., 1993). Doubts remain about the true 

signi ficance of cysteine proteases in the pathogenesis of lung injury, however, because 

they are normally tightly sequestered in the lysosomes. For these enzymes to be active 

macrophages must be in close contact with the substrate (making them iess susceptible to 

the effects of soluble inhibitors) (Chapman et al., 1984). Another putative role for 

cysteine proteases is the activation of proenzymes as demonstrated by the ability of 

cathepsin B to process prorenin, procollagenase, and prourokinase. Cathepsin B is also 

capable of proteolytically cleaving aIAT (Burnett et al.. 1983). 

2.2.2 Protease inhibitors in the lung 

The Iung contains a number of protease inhibitors that play the consequential role 

of hindering the destructive actions of proteases. Most protease inhibitors are active 

against a specific class of proteases. Alpha- I -antitrypsin, secretory leukoprotease 

inhibitor (SLPI). and elafin specificalty inhibit serine proteases. Alpha-1-antitrypsin is a 

serum protein produced primarily by hepatocytes, accounts for the highest senun, as well 

as lung. antiprotease concentrations, and will be discussed in detail beIow. SLPI is a 12 

kDa protein produced by large airway epithelium and type II pneumocytes and its 

substrates include NE and cathepsin G. SLPI is the major anti-NE enzyme in the upper 

respiratory tract and it is capable of inhibiting NE to the sarne degree as a1 AT 

(McElvaney & Crystal, 1997b). In vitro studies suggest that SLPI may theoretically be a 

more efficient inhibitor of NE than a l  AT (it can inhibit elastin-bound NE and it has some 

activity even when oxidized, Bingle & Tetley, 1996) and has the interesting ability to also 



increase the antioxidant screen of the lung (Vogelmeier et al., 1996). As a result of its low 

molecular mas, it may be able to difiüse through the interstitium more readily than the 

larger inhibitors (Bieth, 1986). Due to these characteristics, SLPI, in conjunction with 

a1 AT. has been proposed as a therapy for the treatment of NE-mediated diseases (Bingle 

& Tetley. 1996). Elafin is a 6 kDa protein aiso produced by airway epithelium and 

inhibits NE and proteinase-3, but its contribution to the protection against dveolar 

destruction is not known (Senior & Anthonisen. 1998). Alpha-2-macroglobulin is a 

large (720 kDa) molecule that has the broadest substrate spectrum and has inhibitory 

activity against al1 classes of proteases. it is synthesized primarily by hepatocytes and 

fibroblasts and, to a lesser extent, by macrophages (Senior & Anthonisen, 1998). It is an 

effective inhibitor of NE and cathepsin G, but it has been postulated that it plays its 

primary role is as an inhibitor in the circulation nther than the tissues (Travis, 1988). 

Tissue inhibitors of matrix metaIloproteases (TIMPs) are the fourth important inhibitors 

in the lower respiratory tract. They are the major natural inhibitors of MMPs and are 

produced by various ce11 types including macrophages and lung parenchymal cells 

(Murphy & Docherty, 1992). TIMP-1 and -2 (30 kDa and 23 kDa respectively) have been 

characterized and recently TIMP-2 (dong with MMP-2) has k e n  shown to be expressed 

at high levels in human pulmonary emphysema (Ohnishi et al., 1998). Recent reports 

implicating MMPs in the pathogenesis of emphysema suggest that TMPs may prove to 

be important protective agents in this process (Senior & Anthonisen, 1998, Hautamaki et 

al.. 1997, Finlay et al., 1997). 



The major physiologic inhibitor of the cathepsins (cysteine proteases) is cystatin C 

which is also expressed in macrophages (Chapman et al., 1994) and the major s e m  

inhibitor of cysteine proteases is a-2-macroglobulin (Burnett et al., 1983). 

Table 1: Cells considered to be important in the pathogenesis of emphysema, the major 
proteases they release. their respective substrates, and inhibitors. a 1 AT = a 1 -antitrypsin, 
u2MG = a3-macroglobulin, SLPI = secretory ieukoprotease inhibitor, MMP = matrix 
metalloprotease 

Cell 

PMN 

Macrophage 

Fibroblast 

Protease 

Neutrophil Elastase 

Cathepsin G 

Proteinase 3 

MMP-8 

MMP-9 

MMP- 1 

Cathepsin S. L, B, H 

Cathepsin D 

MMPs 

Class 

Serine 

Serine 

Serine 

Metallo- 

Metallo- 

Metallo- 

Metallo- 

Metallo- 

Cysteine 

Cysteine 

Metallo- 

Substrates 

Elastin. collagen 

Elastin, collagen 

Elastin, collagen 

Collagen, gelatin 

Gelatin, collagen, elastin 

Collagen, gelatin 

Gelatin, collagen. gelatin 

Elastin, col lagen 

Elastin, collagen 

Elastin, collagen 

Collagen 

- -  - 

Inhibitors 

al AT, &MG, SLPI, Elafin 

al AT, &MG, SLPI, Elafin 

al AT, &MG, SLPI, Elafin 

TIMPs, &MG 

TIMPs, a2MG 

TIMPs. a2MG 

TIMPs, &MG 

TIMPs, &MG 

Cystatin, &MG 

Cys:atin, &MG 

TIMPs, &MG 

Cornmonly used names: MMP-1 = Fibroblast type or interstitial collagenase 
MMP-2 = Gelatinase A 
MMP-8 = Collagenase 2 or Neutrophil collagenase 
MMP-9 = Gelatinase B 
MMP- 1 2 = Macrophage metalloe1astase 



2.2.2.1 Atpha-1-antitrypsia 

Human a 1 AT is a 52 kDa glycoprotein, made of 394 amino acids. produced 

mainly by hepatocytes and released into the circulation (Colau et al., 1984). It is a 

globular protein with three carbohydrate side chains. DifTerences in these carbohydrate 

sidechains are seen as two major bands and three minor bands on isoelectric focusing 

analyses of normal serum (Crystal & West, 1991). It is a member of the 'serpin' or serine 

protease inhibitor family, so catled because inhibitors in this group al1 have a senne 

residue at their reactive centre. The alAT gene is 12.2 kb and a 1.4 kb transcript is 

expressed in hepatocytes (Brantly et al., 1988) and a 1.3 kb transcript is expressed in 

macrophages (Perlmutter et al., 1985). The mouse a LAT gene is a 41 3 amino acid 

polypeptide with a molecular mass of 54 D a .  There is a 70% identity between the mouse 

and human a IAT nucleic acid sequences and a 65% identity between mouse and human 

a 1AT peptide sequences (Sifers et al., 1990). Both proteins share similar carbohydrate 

attachment sites and an active site Met-Ser sequence, as well as, similarity in their signal 

peptide sequences suggesting possible similarities in protein processing and transporting. 

The kidney. intestines, salivary glands, islet cells, and megakaryocytes are al1 possible 

additional sites of expression of both mouse and hurnan a 1AT as suggested by transgenic 

studies using the complete human a l A T  gene (Koopman et al., 1989, Ruther et al, 1987, 

and Carlsson et al., 1988). Like many other semm proteins, al AT is an acute phase 

reactant and serum levels of the protein can increase several fold in response to stressors, 

but the exact stimuli responsible for upreylation are not known (Sanford et al., 1997). 

The plasma half-life of al AT is approximately 4-5 days and deglycosylation of the 



protein significantly reduces the half-life (Crystal, 1990) as in the case of recombinant 

human al AT protein. 

a l AT is capable o f  inhibiting the proteolytic action of several proteases including 

trypsin, chymotrypsin, pancreatic elastase, cathepsin G, plasmin, and thrombin 

(McElvaney & Crystal, 1 997a). Despite the fact that it has a broad spectrum of substrate 

specificity. inhibition o f  neutrophil elastase (NE) is considered to be its major function in 

vivo, and a 1 AT accounts for greater than 90 percent of the anti-NE activity in the Iower 

respiratory tract (Crystal, 1990). The reactive site of  u 1 AT contains the Met358 residue 

which is essential for its enzyrnatic activity, and is very sensitive to oxidation. which 

results in inactivation of  the antiprotease. 

2.3 Pulmonary inflammatory response 

An acute and chronic inflammatory response is believed to be fundamental in the 

pathogenesis of cigarette smoke-induced emphysema. Acute pulmonary inflammation is 

characterized by large numbers of PMNs in the vasculature. interstitium. and intra- 

alveolar spaces of the lung (Downey et al., 1993). This response is important in host 

defense functions. but in many situations it is integral to the fiequently accompanying 

tissue injury that occurs. The production of oxidants and release of proteases by PMNs is 

critical to both conflicting roles (Le. anti-microbial and tissue destruction) these cells play 

in the inflammatory response. PMNs are capable of generating reactive oxygen species by 

virtue of a plasma membrane-associated NADPH oxidase system. Upon stimulation, 

PMNs actively generate superoxide anion, hydrogen peroxide (Hzo,) and the hydroxyl 

radical which react with many important biological substrates (Weiss, 1989). Moreover, 



PMN granules store the enzyme myeIoperoxidase which, when released into the 

extracellular environment, reacts with HzOz and halides to generate large quantities of 

reactive oxygen species (Weiss, 1989). Reactive oxygen species can directly damage the 

ECM and cells of the lung or they can mediate reactions that impair antiproteases or that 

activate proteases (Gadek, 1992). The respiratory epitheliurn is ordinarily protected 

against damaging effects of oxidants by a sufficient antioxidant screen. The enzymes 

superoxide dismutase (SOD). catalase, glutathione reductase. and glutathione peroxidase 

are intracel lulx antioxidants (Buhl et al ., 1 996). The extracellular environment is 

protected from oxidants by albumin, ceruloplasmin, vitamins E, A, and C, as well as, 

SOD and catalase. The molecule GSH (reduced glutathione methionine) is a very 

important antioxidant both intracellularly and in the epithelial lining fluid. Proteases 

produced by inflamrnatory cells c m  inactivate antioxidants ( Buhl et al., 1996). 

Fluids recovered fiom sites of inflammation contain fiee, active P M N  proteases 

that have escaped the antiprotease defense (Weiss, 1986). Release of proteases in an 

unregulated manner results in the haphazard destruction of host cells. It is likely that the 

oxidative and proteolytic capabilities of the PMNs act in concert or synergistically to give 

rise to acute inflammatory Iung injury (Gadek & Pacht, 1996) and a M e r  recruitment of 

inflammatory cells occurs afier release of cytokines fiom the ceils initially reçruited. 

Because of this destructive potential, PMNs are implicated in a number of inflammatory 

lung disorders including COPD, cystic fibrosis, adult respiratory distress syndrome 

(ARDS). chronic bronchitis, and asthma (Hiemstra et al.. 1 998). 



2.3.1 Proinflammatory mediators 

The hallmark of the inflammatory response is the influx of leukocytes into the 

affected area. PMNs account for a large percentage of these cells in acute inflammatory 

reactions and are recmited into the lungs by the cooperative actions of chernoattractants 

and cytokines produced by lung cells. Cytokines are a large group of non-enzymatic 

protein hormones that influence the migration and activation of lymphocytes and 

phagocytic cells during the infiammatory response by allowing cell-to-ce11 

communication or by inducing chemotactic responses of leukocytes (Kelso, 1998, Lukacs 

& Ward. 1998). The term chemokine refers to small chemotactic peptides (Johnston et 

al.. 1998). The expression of these molecules occurs in a coordinated manner and 

influences the intensity of the PMN response (Figure 3) (Hiemstra et al, 1998). 

IL-1 and TNFa are early-response cytokines and are criticai for initiation of 

cytokine production and PMN recruitment into tissues by stimulating the expression of 

adhesion molecules on the surfaces of endothelial cells and PMNs (Streiter et al.. 1993). 

They are produced eady in the inflammatory response following the initial ïnsult although 

al1 of the cellular sources of these cytokines are uncertain (Strieter et al.. 1 993). in 

response to LPS. however, it is known that alveolar macrophages produce these two early 

inflammatory mediators (Lukacs & Ward, 1998). 

TNFa and IL- I are two of the known factors responsible for the expression of IL- 

8 ( a h  called PMN-activating peptide, NAP) which is a powerfùl. specific PMN 

chemoattractant and activating agent (Kunkel et al., 1991). IL-8 over-expression has been 

implicated in a nurnber of acute inflarnmatory pulmonary diseases. It is produced by 

alveolar macrophages, endothelial cells, lung fibroblasts and type II-like epitheliai 





cells (A549, Kunkel. et al., 1991) in response to IL-1 and TNFa (Carolan & Casale, 

1996). Elevated levels of IL-8 in the lavage of COPD patients and smokers with chronic 

bronchitis correlated with increased numbers of PMNs (Pesci, et al., 1998, Sun, et al., 

1998). Components of cigarette smoke may also be responsible for the increase in IL-8 

production (Mio et al., 1997, Pesci et al., 1998). Elevated levels of this cytokine were 

aIso dernonstrated in the lavage of cystic fibrosis patients (Khan et al., 1995, Canonico et 

al.. 1996). as well as, in the lungs of ARDS patients (Strieter & Kunkei, 1994). 

IL-8 appears to be critical for the PMN response, but other unidentified 

chemokines are probably also involved in directing PMN migration into the lung (Strieter 

& Kunkel, 1994). Mice do not express IL-8, but they express MIP-2 which belongs to the 

IL-8 supergene farnily and is produced by LPS-stimulated murine macrophages. MIP- 1 a, 

a PMlV and macrophage chernoattractant, has also been implicated in the LPS-mediated 

pulmonary inflammatory response (Huang et al.. 1992, Standiford et al., 1995). 

Furtherrnore. bacterial components such as FMLP, and immune complexes and 

complernent fragments such as C5a are directly chernoattractant for PMNs (Carolan & 

Casale, 1996). The presence of cornplex cytokine networks between immune and 

nonimmune cells of the lung serve to direct the resolution of the inflarnmatory response. 

but in many instances may lead to irreversible injury to the afTected organ. 

In addition to cytokines, other factors present in the lungs as a result of the initial 

inflarnmatory influx serve as PMN chemoattractants. Free NE attaches to surface 

receptors on macrophages inducing the release of leukotriene B4 (LTB4), and it has been 

shown that macrophages recovered fiom smokers' lungs release more LTB4 than those 

from nonsmokers' lungs (Hubbard et al., 199 1 ). Membrane-bound NE has also been 



shown to induce the secretion of a nwnber of other proinflammatory mediators including 

IL-8. IL-6. GM-CSF, and PAF (platelet-activating factor) from epithelial cells, 

endotheliai cells and macrophages (Owen et al., 1997). In addition, the complex between 

NE and al AT is a P M N  chemoattractant (Banda et al., 1988) and so are the breakdown 

products of the connective tissue components elastin and collagen (Riley et al., 1988, 

Gipson. et al.. 1999). 

2.1 Cigarette smo ke-mediated emphysema 

As discussed above, cigarette smoking is indisputably the major factor linked to 

the development of emphysema (Senior & Anthonisen. 1998). The populations of 

alveolar macrophages and PMNs (protease-containing cells) in the lung are increased in 

response to cigarette smoke exposure (Hunninghake et al., 1 983, Ludwig et al ., 1985, 

Finkelstein et al., 1995). Because these cells are both significant sources of elastases, they 

are thought to be the rnost likely candidates contributing to excess elastolytic activity in 

smokers. Some studies suggest that cigarette smoke delays PMN retention in the Iungs 

and this contributes to a localized proteolytic imbalance within the vascular space 

(BrumweII et al., 199 1 ). The activation of the marginated PMNs causes release of PMN 

proteôses and generation of oxygen radicals that inactivate a1 AT. The excessive 

proteases resulting from the imbalance then pass into the interstitium causing alveolar 

wall destruction. This could explain the greater severity of lesions in the upper lung 

regions of emphyserna patients where transit times of blood cells are slower (Hogg, 

1 987). Furthemore, PMN retention was shown to be significantly higher in patients 



experiencing an acute exacerbation of COPD compared to patients with stable COPD or 

normal subjects (Selby et al., 1991). 

A compilation of evidence acquired over the past thirty years strongly favourç the 

protease-antiprotease hypothesis as an explanation for the pathogenesis of cigarette 

smoke-induced emphysema, and States that excessive elastolytic burden in the lungs is a 

direct cause of the destruction of connective tissue components. Neutrophil elastase (NE) 

has historically been considered the main culprit, since a deficiency in the major inhibitor 

of NE. a 1 AT. is associated with early-onset pulmonary emphysema (Eriksson, 1964). 

PMNs produce ten times as rnuch elastase per ce11 as macrophages (Chapman & Stone, 

1984) and NE has been shown to increase significantly in the plasma imrnediately afier 

smoking (Weitz, 1987). In vitro studies have shown that components of cigarette srnoke 

are able to activate PMNs and cause them to release their elastolytic contents and 

generate oxidants (Blue & Janoff, 1978). Experiments with intratracheai administration 

of human NE into experimental animals c ~ ~ r m e d  that this protease is capable of causing 

lung airspace enlargement (Janoff, 1985). More recently, a direct correlation between 

elastase burden and emphysema in hwnans has been demonstrated (Fujita et al., 1990). 

The presence of desrnosine. a breakdown product of enzymatic degradation of elastin, is 

increased in smokers. with the highest levels present in those individuals with the most 

rapid decline in pulmonary fùnction (Gottlieb et al., 1996). Excessive amounts of N E  are 

present in the airspaces of smokers' lungs (Janoff, 1983b), but have been shown to be 

efficiently inhibited by tùnctional al AT (Yoshioka et al, 1995, Jochum et al., 1985). 

Nevertheless, it is believed that loss of antiproteolytic activity can also contribute 

to the proteaselantiprotease imbalance in the lungs and oxidation of a l  AT directly or 



indirectly by cigarette smoke results in its inactivation (Evans & Pryor, 1994). The issue 

of inactivation of a l  AT by cigarette smoke is controversiai, but is a crucial point in 

determining whether serine elastases are most important in the pathogenesis of cigarette 

smoke-induced emphysema and whether anti-serine protease therapy could be of benefit 

in smokers. Early studies showed that a LAT in lungs of smokers had a two-fold 

reduction in anti-elastase activity compared to that from normal lungs (Gadek et al., 

1979) which may resuft from a reduced association rate constant (Ogushi et al., 1991). 

This reduction in activity may result fiom direct inactivation of al AT by oxidants present 

in cigarette smoke or by oxidants released by PMNs recruited to the lungs (Weiss, 1989). 

Oxidized methionine residues in a IAT were detected in BALF from smokers, but not in 

B ALF from non-smokers (Janoff, l983a). Oxidized residues were identified in a l  AT 

purified from the iungs of cigarette smokers and these interfered with the association 

between a 1 AT and NE (Carp et al., i 982). Oxidation of the a l  AT reactive methionine 

results in the loss of over 95% of its anti-elastase activity (Johnson & Travis, 1979). It 

would appear from a nurnber of investigations, therefore, that smokers have reduced 

defenses against NE xtivity and an "acquired" local a 1 AT deficiency, but other studies 

have not reproduced these results (Stone et al., 1983, Abboud et al., 1985). 

In recent years, the principal role of PMNs in cigarette smoke-mediated 

emphysema has been challenged with the view advanced that macrophages and 

macrophage elastases are more important mediators of lung darnage (Chapman & Stone, 

1 984. S hapiro, 1 994). Metalloproteases present in macrophages are aiso capable of 

degrading mature elastin in the ECM (Senior et al., 1989) and as a metalloelastase, MME 

is not inhibited by a 1 AT and, in fact, is capable of degrading it (Senior & Anthonisen. 



1998). Since the vast majority of inflammatory cells in smokers' lungs are macrophages, 

they may prove to be important mediators of chronic lung injury in long-tenn cigarette 

smokers. 

In addition to cigarette smoke, there is evidence that occupational exposure to 

mineral dusts such as coat and silica is associated with the development of ernphysema 

(Oxman. et al.. 1993). Elastin and collagen breakdown has k e n  demonstrated acutely in 

the lungs of rats afier intratracheal instillation of silica (Li, et ai., 1996), with subsequent 

development of morphological evidence of airspace enlargement (Churg, et al., 1989). 

An acute pulmonary inflammatory response has been implicated in the pathogenesis of 

these changes (Churg. et al., 1999, DiMatteo, et al., 1996). Silica has been shown to 

cause oxidative inactivation of al AT in vitro and this may play a role in dust-induced 

emphysema (Zay, et ai., 1999). 

2.5 Alpha-1-antitrypsin deficiency 

Alpha- 1 -antitrypsin deficiency is a hereditary disorder characterized by a 

quantitative (and occasionally, functional) reduction in serum al AT levels. It was first 

identified by Laurell and Eriksson (1963) when they noticed that the serum protein 

electrophoresis pattern of some individuals lacked an alpha- 1 peak and several of these 

individuals had pulmonary emphysema. Since the majority of the alpha- 1 fraction 

consists of a 1 AT, they identified the association between a 1 AT deficiency and early- 

onset pulmonary emphysema (now more commonly referred to as hereditary al AT 

deficiency associated emphysema). It is a common genetic disorder that is most prevalent 

among Caucasians and occurs in 1 in 2000 to 1 in 7000 individuals in Europe and North 



America (WHO, 1 995). The clinical manifestations of COPD among a 1 AT deficient 

individuals are hi@y variable with some displaying no symptoms at ai1 and others 

demonstrating severe pulmonary fùnction abnormalities as early as the third decade of life 

(Eriksson, 1996). There are various allelic forms (approximately 75) of a 1 AT which are 

expressed in an autosomal codominant pattern in an individual. The M allele is normal 

a 1 AT. the S allele is associated with protein levels 30-50% of normal levels, and the Z 

al 1eIe leaves the individu1 with as little as 10% of normal serum al AT levels (Table 2). 

Complete absence of semm a l A T  is associated with the "null" allele. S and Z are 

referred to as "at risk alleles" and inheritance of one Z allele with either another Z allele 

or an S allele confers risk for early-onset pulmonary emphysema (McElvaney & Crystal, 

1997b). Even mild protease inhibitor deficiency (resulting fiom inheritance of one "at 

risk" aIIele with a normal allele) can result in chronic pulmonary symptoms (Huet- 

Duvillier et al., 1995, Sanford et al., 1999). S and Z mutations are the result of a single 

base substitution leading to a change in an amino acid in the final protein product. in the 

case of the Z mutation there is a glutamine to lysine substitution at position 342. The 

molecule is still synthesized in normal amounts, but for unknown reasons the hepatocytes 

fail to secrete al1 of the synthesized product. The majority of the protein accumulates in 

the rough endoplasmic reticulum, a phenornenon probably responsible for the liver 

disease associated with a 1 AT deficiency (Crystal, 1990). Other ailments reported to be 

associated with a 1 AT deficiency are asthma and panniculitis (Eriksson, 1996). 



Table 2: a l AT Phenotypic Classification (Adapted fiom Macdonald & Johnson. 1995) 

Alleles %Normal Semm a 1 AT Level * Risk for Emphysema* * 

SS 40-70 LOW 

ZZ 10-15 High 

Null/Null O Very High 

* Normal serum al AT levels=20-53 p M  
** Cigarette smoking significantly increases risk for emphysema regardless of phenotype 

Individuals who are homozygous for the Z allele have a hi& risk of developing 

emphysema at a relatively early age. Normal senun levels of a1AT are approximately 

20-53 uM (1 50-350 mg/dl; Brantty et al., 1988) and ZZ individuals have as little 10% of 

this concentration in their blood (Schwaiblmair & Vogelmeier, 1998). Movement of 

a1 AT into the lungs occurs by passive difision, therefore insufficient senun levels result 

in interstitial and epithelial lining fluid levels that are inadequate to protect the lung from 

the continuai. low level presence of NE. In a normal individual. interstitial levels are 50- 

70% ( 10-40 FM) of plasma levels and epithelial lining fluid (ELF) levels are 

approximately 10% (2-5 PM) of plasma levels (Crystal, 1990). In addition to having 

eiitremely low levels of the major lung anti-proteolytic enzyme, individuals with the Z 

allele have a protein that is unable to inhibit NE as effkiently as the normal protein. 

thereby accentuating the susceptibility of al AT-deficient patients to the development of  

emphysema (Llewellyn-Jones et al, 1994). 



There is some evidence that a 1 AT deficient individuals have a higher number of 

PMNs in their lungs cornpared to normal individuals. One mechanism suggested for this 

accumulation involves the release of chemoattractants by macrophages resulting in PMN 

recruitment into the lungs. Alveolar macrophages have surface receptors for Neutrophil 

elastase. Upon binding fiee NE alveolar macrophages fiom al AT-deficient individuals 

release threefold more PMN chemotactic activity than aiveolar macrophages kom normal 

individuals (Hubbard et al.. 199 1). The buk of this chemotactic activity has been 

identified to be due to leukotriene B4 (LTB4). These findings suggest that the presence 

of uninhibited NE in al AT deficient people Ieaves it free to bind to the surface of 

macrophages and stimulates them to release LTB4, thereby recruiting more PMNs to the 

Iungs and further enhancing the protease-antiprotease imbalance already present. 

2.6 Strategies for al AT therapy 

Pulmonary emphysema occurring in individuals with al AT deficiency is believed 

to be a result of reduced anti-elastolytic potential in the lungs. Restoring the anti- 

elastolytic screen (that is a 1 AT levels) is a rational therapeutic strategy for preventing the 

deveIopment of emphysema in individuais with this condition. Theoreticdly, there are 

two methods that could be used to elevate s e m  and lung concentrations of al AT: 

1 ) administration of purified hurnan plasma a 1 AT or recombinant a 1 AT protein and 

2) increase in production of a1AT with gene therapy. 



2.6.1 Augmentation of alAT levels with exogenous protein 

A direct approach to treating a 1 AT deficiency is to inject the protein 

intravenously or provide it as an aerosol to patients. Purified a 1 AT fiom pooled human 

plasma (Protese@ from Bayer Inc.) has been cornmercially available for over a decade as 

a therapeutic agent. The safety and feasibility of this therapy over a long period has been 

dernonstrated (Wencker et al., 1998). Weekly i.v. administration of 60 mgkg of 

puritied a l  AT is sufficient to increase ELF levels and has been shown to possess 

significant anti-Neutrophil elastase activity (Gadek & Pacht, 1996a). Several clinical 

studies have been carried out in an attempt to prove the effkacy of augmentation therapy 

for a 1 AT deficiency (Schwaiblmair,et al.. 1997, The a l  AT Deficiency Registry Study 

Group. I 998). The potential effectiveness of this therapy has been shown as a decrease in 

the rate of decline of expiratory flow rate (FEVi) in treated patients, but proof of true 

efficacy (Le. halting of the development of ernphysema) remains elusive. In a hamster 

mode1 of emphysema, a single instillation of al AT was shown to prevent hwnan NE- 

induced alveolar wall destruction occurring over a period of three weeks (Rudolphus et 

al.. 1994). Currently. a l  AT augmentation therapy is not considered for treatment of 

cigarette smokers with signs of emphysema because of the debate over the principal 

protease involved in this pulmonary disease and absence of experimental data supporting 

its efficacy in this setting. 

2.6.2 Gene Therapy 

Gene therapy directed towards pulmonary disorders involves the genetic 

manipulation of cells in the lung or elsewhere in the body with the ultimate purpose of 



rnodi@ing the pulmonary environment in order to prevent, or slow down the progression 

of disease (Crystal, 1992). a 1 AT deficiency is an ideal candidate for gene therapy 

because it is the result of a single gene mutation which cm, theoretically, be corrected by 

the replacement of the defective gene. The goal of gene therapy for a l  AT deficiency is 

to increase the lower respiratory tract levels of anti-elastolytic activity. As for al1 gene 

therapy protocols, four criteria must be realized. These are: 1) the a l  AT gene must be 

isolated and characterized, 2) the gene must be detivered to the appropriate target cell(s), 

3) an appropriate level of expression must be achieved, and 4) the procedure must be safe 

(Curiel. 1997). The first criterion has been successfully met. The normal and mutant 

al AT genes have been isolated and characterized (Crystal, 1990) and their normal sites 

of expression determined (discussed previously). To filfil1 the second consideration, the 

inhibitor can be locaily produced by pulmonary cells or in distant sites that would allow 

secretion into the serum, thereby elevating lung levels as well. The second and third 

criteria of achieving therapeutic levels of protein expression are major challenges for 

a 1 AT gene therapy. Maintenance of ELF a 1 AT levels of 1 .O- 1.5 pM is considered 

essential for achieving a sufficient anti-NE screen (McElvaney & Crystai. 1997a). 

Different cells targeted in an anempt to achieve this goal have been hepatocytes, 

endothelial cells, lymphocytes, fibroblasts, respiratory epithelial cells, macrophages. and 

peritoneal cells (Crystal, 1990 & 1992, Ferkol et al., 1998, Setoguchi et al., 1994, Kay et 

al.. 1995, Crespo et al., 1996, Rosenfeld et al., 199 1) using various gene therapy delivery 

systems. incIuding retrovirus, adenovirus, adeno-associated virus, and liposomes. The 

human al AT gene has been delivered to lung epithelial cells of rats with adenovirus 

vectors (Rosenfeld, et al., 199 1) with small and transient elevations in lavage protein 



levels. Cationic liposome-DNA complexes have similarly been used for this purpose 

with short-term (1 week) expression of al AT mRNA and protein in airway and alveolar 

epithelial cells, but the resulting protein levels were not documented (Canonico et al., 

1 997). -4nionic and cationic liposomes were used to deliver the a 1 AT gene to mice with 

an associated partial hepatectomy and resulted in expression of protein in the plasma for 

3-3 weeks (Crespo et ai., 1996). Setoguchi et al (1994) reported that small but detectable 

s e m  Ievels of human al AT could be produced by intraperitoneai administration of a 

viral vector containing the human a 1 AT cDNA. More recently, Ferkol et al. (1 998) 

showed that intravenous injection of a mannnose receptor-DNA conjugate leads to 

expression of human al AT in pulmonary macrophages in about 50% of rats, but Iavage 

protein levels were again extremely low. The feasibility of al AT gene transfer to skeletal 

muscle with adeno-associated viral vector and bone marrow with a retroviral vector have 

recently been demonstrated. In the first instance. high level expression of a 1 AT was 

maintained for 15 weeks, but immune responses were reported in some cases (Song et al., 

1998) and in the latter study the results were unimpressive with only low level expression 

for less than six weeks (Saylors et al., 1998). To date, varying degrees of success have 

been observed as far as amount of a1 AT produced and duration of gene expression. 

Finding the optimal combination of target ceIl and gene delivery system remains an 

important consideration. Safety concems with the use of viral vectors also remains an 

unresolved issue with this forrn of treatment. The major safety issues are associated with 

the effect of the transferred genetic material on the target cells, particularly with the 

possibility of insertional mutagenesis using retroviral vectors, that is, the insertion of the 

transferred DNA into a site of the host ce11 genome that inactivates a tumour suppressor 



gene or activates an oncogene. Recombination of viral particles inside the host to make 

an active virus is also a concern (Culver, 1994). 

2.6.3 Augmentation therapy with other antiprotease inhibitors 

As previously discussed, there are several naturally occuning antiprotease 

inhibitors contributing to the pulmonary antiproteolytic screen which are potential 

therapeutic agents for the prevsntion of NE-mediated lung injuxy with SLPI receiving the 

most attention. Recombinant SLPI can augment the ami-NE capacity of  the puhonary 

interstitium and epithelial lining fluid in sheep when administered intravenously (Birrer et 

al.. 1992). Experimentally. SLPI has been shown to effectively reduce lesions in the lungs 

of hamsters receiving intratracheal LPS (Stolk et al., 199 1 ) and truncated SLPI, which is 

more specific for elastase compared to native SLPI, can attenuate Neutrophil elastase- 

mediated lung injury induced by LPS and FMLP (Mitsuhashi et al., 1997). 

Based on the assumption that the elastase-antielastase balance is important in 

preventing tissue damage associated with various pulmonary infiammatory diseases and 

that PMNs are the primary source of the effector agent. synthetic inhibitors of NE have 

been studied. The objective of these efforts has been to develop a low molecular weight, 

efficient inhibitor o f  elastases that is non-toxic and reiatively stable in vivo. There are 

three general types of synthesized inhibitors based on their mechanism of action: 1) active 

site-directed, irreversible inhibitors, 2) enzyme activated, irreversible inhibitors and 3) 

tight-binding, reversible inhibitors (See Figure 4). In vitro studies have demonstrated a 

new farni ly of ketone-based synthetic inhi bitors that restrain NE activity without 

interferhg with the physiological activities of the PMN (Huang et al., 1998). These 



Figure 4. Synt hetic elastase inhibitors. (A) an enqme-activated, irreversible inhibitor 
(Shinguh et ai, 1998). (B.C.D) tight binding reversible inhibitors (Huang et ai., 1998. 
Mitsuhashi et ai., 1999, uid Baki et al.. 1990, respectively). 



inhibitors were resistant to various oxidizing substances including superoxide and 

hydrogen peroxide and were shown not to interfere with the ability of PMNs to 

phagocytose and to kill S. auerus. Another synthetic inhibitor has been developed and 

shown to attenuate LPS and human NE-induced lung injury in hamsters when 

administered intratracheally, intravenousiy, and as an inhalant (Mitsuhashi et al., 1999), 

while another group has developed a type 2, water soluble form of an elastase inhibitor 

isolated from S. resistomycificus and it has k e n  s h o w  to inhibit human NE, porcine 

pancreatic elastase, and LPS-induced lung injury, as well as, human NE-induced paw 

edema (Shinguh et al.. 1998). There has only been one human study with a synthetic NE 

inhibitor demonstrating the safety of the drug although its effectiveness in reducing 

biochemical markers of elastin breakdown in COPD patients was not convincingly shown 

(Luisetti et ai., 1996). See Figure 4 for examples of these synthetic inhibitors. 

2.7 Alpha-1-antittypsin augmentation therapy for other pulmonary disorders 

PMNs have been implicated in the tissue destruction associated with pulmonary 

disorders other than emphysema. Because of their presence and the known destructive 

potential of PMN granule contents, particularly NE, PMNs have been suggested as 

culprits in tissue darnage during the acute inflammatory response occurring in the 

fol lowing disorders. 

2.7.1 Cystic fibrosis 

Cystic fibrosis (CF) is a pulmonary disease for which a1 AT augmentation therapy 

is considered potentially useful. This genetic disease is characterized by the presence of a 



faulty chloride chan.net (cystic fibrosis msmembrane regulator-CFTR) that ieads to 

abnormal mucus accumulation in the small airways. Patients with CF are unusually 

susceptible to secondary bacterial infections and it is believed that the host response to 

infection ultimately leads to respiratory insufficiency and death (Allen, 1996). The 

inflarnmatory process in adult CF patients results in 95% PMNs in the BAL fiuid 

compared to iess than 5% in normal adults and excessive quantities of NE are present in 

the ainvays of CF patients (Allen, 1996, Canonico et al., 1996). It has also b e n  

demonstrated that inflammation is present in infants with CF prier to the occurrence of 

infections and it is characterized by fiee BALF elastase activity and elevated u 1 AT-NE 

complexes (Khan et al., 1995). Proteases released fiom PMNs have considerable 

destructive potential including reduction of ciliary beat. stimulation of mucus production, 

degradation of elastin. and cleavage of fibronectin (Mahadeva, 1 998). As a consequence 

of the large proteolytic burden in CF lungs. normal anti-proteolytic defenses are 

overwhelmed and NE is able to directly injure airway and parenchymai tissues and 

exacerbate the inflammatory response by recniiting more PiMNs. In vitro studies 

demonstrate that a cornpound secreted by Pseudornonas aeruginosa (a cornmon infection 

in CF ainvays), pyocyanin. is able to induce cells to generate reactive oxygen species 

which decrease the ability of a 1 AT to inhibit serine proteases (Bntigan et al.. 1 999) and 

the polysaccharide. alginate. released by P. aeruginosa is capable of reducing the 

association rate between NE and al AT (Ying et al., 1996). Therapeutic attempts using 

intravenously delivered a l  AT and direct delivery to the lungs of an aerosol form have 

elicited varying degrees of success as far as significantly suppressing and maintaining 

depressed levels of the NE in cystic fibrosis lungs (Allen. 1996, Vogelmeier et  al., 1997). 



Recombinant secretory leukoprotease inhibitor (SLPI) by itself or in combination with 

a 1 AT. has also been considered and tested as a means of increasing the anti-NE screen in 

the lungs of CF patients (Vogelmeier et al., 1996, Bingle & Tetley, 1996). Although 

preliminary efforts are promising , longer term studies are required for determination of 

efficacy. Somewhat surprisingly, a recent report has confinned earlier studies that a 1 AT 

deficiency is not associated with more severe pulmonary disease in cystic fibrosis and 

may actually be linked with milder h g  disease (Mahadeva et al., 1998). Tt is possible. 

therefore. that the role of NE in cystic fibrosis has been over-estimated and this should be 

more thoroughly investigated before M e r  studies designed to test the efficacy of a l  AT 

and SLPI augmentation therapy for patients with CF are carried out. 

2.7.2 Adult respiratory distress syndrome (ARDS) 

ARDS refers to the acute lung injury that occurs following catastrophic events 

such as hypotension, trauma. sepsis, or pancreatitis (Donnelly et al, 1995). The survival 

rate of individuals with ARDS is less than 50% (Petty, 1991). inflammatory mediators. 

present as a result of the predisposing condition, cause inflarnmatory cells to become 

abnormally isolated in the vasculanire of the lungs. It has been postulated that the 

products from these cells significantly contribute to the pulmonary epithelial and 

endothelial ce11 damage observed in individuals with ARDS. The exact mechanism of 

tissue destruction remains difficult to elucidate, but it is consistently indicated by large 

numbers of PMNs in the lung interstitium and airspaces and high levels of fiee 

Neutrophil elastase, as well as, elastase-al AT complexes in the bronchoalveolar lavage 

(Domeiiy et al., 1995). The major cause of death in patients who succumb to ARDS is 



respiratory failure, subsequent to the endothelial and epithelial injury which is 

consistently present in these patients. It has been suggested that earIy restraint of the 

inflammatory cell-mediated injury may be beneficial in ARDS (Gadek & Pacht, 1996b). 

The nurnber of PMNs in the BAL of patients with ARDS correlates with degree of lung 

damage, but, interestingly, ARDS has also been reported in neutropenic patients (Petty, 

199 1 ). There is convoversy over the degree of fiee NE or NE-al AT complexes in ARDS 

lavage which must be clarified before it can be detennined whether these factors can be 

used as predictors for the onset of ARDS ( Gadek, 1992 and Gadek & Pacht, 1996b). If 

NE is shown indisputably to be a significant effector in ARDS, this would argue strongly 

for further snidy of a 1 AT therapy in this life-threatening condition. 

2.8 Animal Models of Emphysema 

Animal models of emphysema are important for gaining a complete understanding 

of the pathogenesis of human disease. The most important criteria for the demonstration 

of emphysema in animals are based on anatomic changes in the lungs, particularly 

increases in Lm. (Snider et al. 1986). An animal mode1 of emphysema has been 

describsd as one in which there is an abnormal state of the lungs with enlargement of the 

air spaces distal to the terminal bronchioles (Snider, et al., 1985). in this discussion, 

models will be classified into two major types: 1) animals that are genetically predisposed 

to the development of emphysema and 2) animals with experirnentally induced 

emphyserna resulting from an artificially generated shift in the protease-antiprotease 

balance. 



There are at least three known C57-BL/6J mouse strain mutants that develop 

spontaneous emphysema and investigations have focused on determining whether there is 

an inherent elastase-antielastase imbalance in these mice as an explanation for the lung 

destruction. The beige (bg) mouse is a mutant that dispiays diluted pigmentation and 

characteristics similar to that of humans with Chediak-Higashi syndrome, that is, platelet 

storage pool deficiency, increased susceptibility to infection, and presence of giant 

lysosomes (Brandt et al., 198 1, Nowak et ai., 1984). Beige mice devetop pulmonary 

airspace enlargement by one month of age, but they are believed to lack the proteases 

neutrophil elastase and cathepsin G and have high al AT serum levels compared to their 

parent strain, C57-BL/6J, so a primary role for an elastolytic process in the pathogenesis 

of emphyserna in these mice is most unlikely (Starcher & Williams, 1989, Keil et al., 

1996). An inability to form proper alveolar walls due to a defect in connective tissue 

cornponents may be responsible for the observed lung abnormalities. However, recent 

studies have demonstrated that PMNs of bg mice have a processing defect that inhibits 

their ability to release active elastase, but they do indeed produce cathepsin G (Gardi et 

al., 1994) that can be released in normal quantities in response to proinflamrnatory stimuli 

and they release a proelastase that cm be activated by a protease-dependent mechanism 

(Cavarra et al.. 1 997). Furthemore, a single intratracheal instillation of FMLP in bg mice 

results in an influx of PMNs into the alveoli, an increase in elastase burden, an increase in 

mean linear intercept, and a decrease in total lung elastin content after 2 1 days (Cavarra et 

al.. 1999). These results are completely contrary to an earlier study concluding that 

intratracheal instillation of endotoxin into bg mice does not produce emphysema 

(Starcher & Williams, 1989). Further studies are needed to identiQ the cause of the 



pulmonary abnormalities in the bg mouse but the relevance to human ernphysema is, at 

the present time, doubtfùl. 

Mice that are heterozygous for the tight-skin (Tsk) gene display many c o ~ e c t i v e  

tissue abnormalities, one of which results in a tightness of the skin (Rossi et al., 1984). 

They show a rapid development of emphysema which is evident at one month (Keil, 

1996) and persistent low levels of inflamrnatory cells in the alveoli before and during the 

development of emphysema (Rossi et al., 1984). They have dso  been reported to have 

decreased elastase inhibitory capacity (ETC), increased alveolar elastolytic burden and 

increased lung elastin degradation. Also, Tsk mice have reduced s e m  concentration of 

a 1 AT. and abnormally high amounts of PMN-derived neutrophil elastase and cathepsin 

G activities (compared to other strains) (Gardi. 1994). Based on this collective data, it is 

possible that an inborn protease-antiprotease imbalance in these mice is the cause of 

emphysema. 

The third. most recently discovered, C57-BL/6J mutant is the pallid (pa) mouse. 

These mice have a mutation in their band 4.2 gene that affects the formation and/or 

function of intracellular storage granules in melanocytes, platelets, and lysosomes in the 

kidney (Korsgren & Cohen. 1994, White et al.. 1992) and they are characterized by a 

deficiency in semm a l  AT with Ievels, that are 54% lower than C57-BW6J control mice 

and emphysema appearing late in life (beginning at 12 months) (Martorana et al., 1993). 

A decrease in lung elastin content and immunolocalization of NE with elastin in the 

alveolar walls correlates with the appearance of emphysematous lesions (de Santi et al., 

1995). Of note, the elastolytic burden in the pa mice deterrnined by EM- 

immunohistochemistry does not correlate with BAL fluid levels of PMNs suggesting that 



release of elastase into the pulmonary interstitiurn is of more consequence to lung 

destruction than ELF elastase levels (de Santi et al., 1995). Challenge with intratracheally 

instilled FMLP results in a faster progression of and a more marked emphysema inpa 

mice than normai C57-BL/6J. This occurs despite the fact that pu PMN lysosomes 

çecrete only 50% of their lysosomal enzymes. These observations strongly suggest that 

the genetic deficiency of the serwn anti-elastase screen in these mice contributes to the 

elastolytic lesions observed in the lungs ofpa mice and, therefore, this mutant cm be 

used as a model of genetic al AT deficiency. 

A very recently identified mouse model of prernature aging with a mutation in the 

khrho gene has been identified (Kuro-O et al., 1997). The original genetic background of 

these mice was a mixture of C57BL/6J and C3WJ, but backcrossing into the BALB/c 

background produced identical phenotypes. Preliminary characterization shows that, in 

addition to a number of aging related attributes, homozygous klorho rnice have enlarged 

airspaces distal to the terminal bronchioles and destruction of alveolar walls identical to 

that found-in human emphysema. Further investigation of this mouse model is required 

to determine the exact nature of the lesions and the cause of the alveolar destruction. 

These mice have a very short life span of not more than 8-9 weeks. This and the myriad 

of other phenotypes similar to those seen during human aging that are present in these 

mice may complicate its application as a mode1 of emphysema, but funire studies will 

help to determine its usefulness. 

Many studies have concentrated on attempting to understand the workings of or to 

test the protease-antiprotease hypothesis by manipulating the balance of these enzymes in 

the lungs. A number of experiments have established that exposure of the lung to 



proteolytic, specifically elastolytic, enzymes (by intratracheal instillation or aerosol) 

results in the development of emphysema in a dose dependent manner. Degradation of  

lung elastin following intratracheal instillation of elastases such as papain, porcine 

pancreatic elastase (PPE) or human neutrophil elastase (HNE) has been reported in 

rabbits, hamsters, rats, and mice (reviewed in Snider et al., 1986). It has been shown that 

elastase instilled into the trachea enters the interstitium and persists there for several days 

thereby temporarily shifiing the balance between elastases and antielastases in favour of 

elastases (Kueppers, 1985). Airspace enlargement induced by elastase instillation occurs 

rapidly (within weeks) and is accompanied by mild inflammation (influx of PMNs and 

macrophages). edema, and hemorrhage in some animals. In a model of elastase-induced 

emphysema in strain A/J mice, however, pulmonary edema, and inflammation were 

absent, and hemorrhage was completely resolved by 5 weeks after intratracheal 

instillation (Valentine et al., 1983). In this model and the hamster model, there was a 

suggestion that resynthesis of comective tissue (both collagen and elastin components) is 

also present (Snider et al.. 1986). 

Investigators have also attempted to test the protease-antiprotease hypothesis by 

experimentally reducing the level of the major circulating elastase inhibitor, al AT. An 

early successfùl effort used chloramine T, an oxidizing agent that may act by oxidizing 

the active site methionine of a 1 AT, to reduce the arnount of active al AT in the senun of 

dogs (Abrarns, 198 1). This treatment resulted in evidence of mild emphysema after 

severai weeks, but the logistics of using dogs and the uncertainty of other effects of the 

treatment limit the usefùlness of this model. Administration of galactosarnine has also 



been used to reduce al AT levels, but the same limitations apply to this modei as to the 

chloramine T model (Kleinennan & Rynbrant, 1974). 

A review by Thomas and Vigerstad in 1989 concluded that there was not yet any 

demonstration of  a laboratory animal model of cigarette smoke-induced emphysema. Ln 

the subsequent decade, however, there have k e n  reports of the development of 

emphysema in animais exposed to cigarette srnoke. Quantitative rnorphological evidence 

of emphysema has k e n  demonstrated in guinea pigs exposed to cigarette smoke for 1 to 

12 rnonths (Wright & Churg, 1995). Development of emphysema, detennined by 

increased mean linear intercept and pulrnonary function testing, has been demonstrated in 

rats exposed to chronic tobacco smoke for at least 45 days (Cendon et al., 1997, Ofùlue et 

al., 1998). Strain 129/svJ mice have also recently been shown to develop airspace 

enlargement after exposure to cigarette smoke for six months (Hautarnaki et al., 1997). 

3. Experimental Rationale 

The pathogenesis of pulmonary emphysema is thought to be based on protease- 

antiprotease imbalance. Evidence for this hypothesis is based largely on two main types 

of studies. The first are clinical studies comecting development of emphysema with a 

genetic condition resulting in severe reduction in serum a l  AT levels. The second senes 

of experiments involve the generation of morphometric changes in the lungs of animais 

afier instillation of elastolytic proteases into the lungs (Gross, 1964, Snider, 1986). It is 

believed that the protease-antiprotease imbalance hypothesis can also explain the 

development of emphysema in individuais who are not genetically deficient in the major 



lung antiprotease and who comprise the majority of emphysema sufferers. Most of these 

people are cigarette smokers and a link has been sought between cigarette smoke and 

increased lung elastase burden and/or depressed elastase inhibitor h c t i o n .  The last 

twenty years have seen descriptive studies of various proteases and antiproteases in the 

lower respiratory tract and their respective contributions to the protease-antiprotease 

balance in smokers. The mechanisms by which the balance is upset to result in lung 

damage afier other insults to the iungs have ais0 been extensively investigated. Despite 

these efforts, definitive proof of the protease-antiprotease hypothesis, and particuiarly, the 

importance of any specific proteases/antiproteases remains to be detennined. 

The connection between severe alAT deficiency and emphysema is 

undeniable and makes a potent case for a vital role for alAT in protecting against 

pulmonary connective tissue breakdown leadiag to airspace enlargement. Wbether 

this antiprotease plays a similarly important role in emphysema associated with 

cigarette smoking is an important question. Finding a protective role for al AT in this 

form of the disease could lead to a therapy for an important disease currently treated with 

supportive measures only. A more complete understanding of the biochemicai factors 

important in the etiology of cigarette smoke-induced emphysema will ailow a realistic 

approach to determining the feasibility of therapeutic intervention with al AT 

augmentation. Even for a 1 AT deficiency, there are still questions about the efficacy and 

rationale of augmentation therapy. A recent report by the Canadian Medical Association 

recommended that individuals with al AT deficiency continue treatrnent with supportive 

measures only and not receive al AT augmentation therapy until such time that its 

efficacy be proven by randomized controlled trials (CMA, 1992). Furtherrnore, the 



staggering cost of a 1 AT replacement therapy makes it imperative that the true value of 

the treatment over the long-tenn be demonstrated unquestionably (MacDonald & 

Johnson, 1995). The cost of a human trial to make such a clear-cut assessrnent and 

ethical concerns about having a no treatment control a m ,  given the results of studies to 

date suggesting that th is  treatment is efficacious, however, makes it virtually impossible 

that this will occur in the near future. The use of animal models is an important, 

alternative approach to such investigations. idedly, a model of cigarette smoke- 

mediated emphysema or a 1 AT deficiency is needed to detenine the efficacy of al AT 

augmentation in preventing the development of emphysema. Large scale preparations of 

species-specific a l  AT protein are not commercially available, making an animal model 

tolerant to human a 1 AT highly desirable. 

Many investigations are currently focused on implicating classes of proteases 

other than serine proteases in the pathogenesis of emphysema (Shapiro, 1994, Chapman, 

1994. Ohnishi, 1998). Rather than definitively proving the significance of any one type 

of protease in the pathogenesis of emphysema, these studies emphasize the complexity of 

the proteotytic destruction of the ECM in the lungs and, as a whole, question the s tatu 

u 1 AT has traditionally been given as the most important anti-proteolytic molecule in the 

lungs. Despite the reservations raised by these inquiries about the preeminence of a 1 AT, 

the fact that it plays a protective role in the pathogenesis of emphysema and other 

pulmonary diseases (by contributing at least in part and probably more than any other 

single antiprotease. to the antiproteolytic screen in the lungs) cannot be abandoned. The 

preponderance of evidence suggesting that a 1 AT therapy is feasible for the treatment of 

emphysema, cystic fibrosis and perhaps even ARDS, makes it imperative that the 



therapeutic potentials of this antiprotease be fully explored. Even if the substrate 

enzy-me/s of a 1 AT (that is, neutrophil elastase) is only partially contributing to the ECM 

destruction during the pulmonary inflammatory response, a 1 AT therapy may have a 

signi ficant impact on disease progression. 

4. Hypothesis 

PoIyrnorphonucfear leukocytes (PMNs or neutrophils) are major contributors to 

tissue darnage associated with inflarnmatory pulmonary diseases such as emphysema, 

cystic fibrosis, and adult respiratory distress syndrome. AIpha- 1 -antitrypsin (a 1 AT) is the 

major inhibitor of neutrophil elastase, the most potent of the PMN proteolytic enzymes. 

PMNs are recruited into the lungs with resulting lu ig  injwy, in response to inflarnmatory 

stimuli. specifically, cigarette smoke and Iipopolysaccharide. Our hypothesis is that 

endogenous over-expression of human a 1AT in the lungs of transgenic mice, and 

augmentation of mouse serum levels with purified human alAT reduces connective 

tissue destruction and airspace enlargement in a mouse models of cigarette srnoke 

and LPS-induced emphysema. 



5. Materials and Methods 

5.1 Technical Protocols 

Creation and Characterization of Transeenic mice 

5.1.1 Transgene Construction 

Al1 transgene constnicts contain a 1.4 kb human al AT cDNA fragment with a 3' 

flanking SV40 polyadenylation sequence in the Hindm/Xhof site of pBluescript SK + 

plasmid (Stratagene) (which wili be referred to as p a l  AT). This 1.4 kb human al AT 

cDNA was kindly provided as an expression cassette (MLPal AT) by M. Rosenfeld 

(Rosenfeld et al., 1991). The HindiII andm01 restriction enzyme sites flanking the 

transcrip t ional start si te of the cDNA and the SV40 polyadenylation sequences, 

respectively, were added to the ends by polymerase chah reaction (PCR). The complete 

PCR product was sequenced by the dideoxy sequencing method using the Sequenase kit 

(USB) to ensure the fidelity of the amplification. The 2.3 kb rat Clara ce11 10 kDa protein 

(CC 10) promoter fiagment (kindly provided by J. Whitsett, University of Cincinnati) was 

inserted into the HindlII site of pal AT and orientation of the prornoter was detennined 

by digesting with restriction enzymes having unique sites within the promoter region. 

The 3.7 kb SPC promoter (also provided by J. Whitsett) was inserted into Sac1 and Pst1 

si tes of p a  1 AT. The 0.9 kb human haptoglobin (Hhp) promoter fragment (PCR 

amplified by Edmond Wong) was inserted into the XbaVHindIII sites of p a l  AT. Al1 

transgene constmcts were liberated tiom the plasmid by cutting with the enzyme BssHII. 

The constmcts (Figure 5) were then isolated on a 2% agarose gel, purified with the 



Xbr l Hind I I I  Xho l 

0.9 kb Hhp promoter 1.4 kb M T  cONA 

ECORV 
Hind III  Hind I I I  7 Xho l 

L 
2.3 kb CC10 prornoter 1.4 kb M T  &NA 

Pst 1 

3.7 kb SP-C p r ~ m o t ~ f  1.4 kb M T  CONA 

Figure 5 .  The transgene constructs useâ for creation of transgenic mice. The 1.4 kb 
human a 1 AT cDNA with approximately 150 bp o f  the SV40 palyadenylation signal 
sequence at the 3' end is ligated to the 0.9 kb human haptoglobin p r o m e r  (Hhp). 2.3 kb 
rat CC 10 promoter and the human SP-C promoter fragments. Relevant restriction enryme 
sites are indicated (see tea). 



GeneC lean extraction kit (Bio 1 O 1, Vista, CA; see below) and resuspended in 10: 1 TE 

buffer. 

Polyrnerase chain reaction @CR) 

The following oligonucleotide primers were used to facilitate subcloning of the hurnan 

a 1 AT cDNA: 5' primer with HindiII site S'ATCAAGCTTTGCCGTCTTCTGTCTCG 3' 

3' primer with XhoI site S'CGCTCGAGGGGATCCAGACATGATAAGA 3' 

A 50 pl reaction mixture was made up with 29.5 pl dH20.5 pl of 1 OX PCR buffer, 4 pt 

of 2.5 mM dNTPs, 100-200 ng of cDNA (lpl) , and 5 pl of each primer. The mixture 

was overlayed with 50 pl of mineral oil and heated to 92" for 5 minutes before adding 0.5 

pl of Taq polyrnerase enzyme. A standard Perkin-Etmer thermocycler was used for the 

reaction. The program used consists of 4 minutes at 92OC (denaturation step), 1 minute at 

93°C (Taq added at this point), 1 minute at 55°C (annealing step), 1 minute at 72°C 

(elongation step). This was repeated 30 times. The amplification product was 

electrophoresed on a 2% agarose gel and the 1.4 kb cDNA fragment excised and purified 

using GeneCIean (BiolOl) and subcloned into pBluescript SK. 

DNA Sequencing 

a1 AT was transformed into DHSa library eficiency competent cells 

(Gibco/BRL) (as described in Ausubel, et al., 1994) and the recombinant plasmid kvas 

isolated using a standard DNA mini preparation technique wjth polyethylene glycol 

(PEG) precipitation (Maniatis et al., 1989). The ptasmid DNA was denatured prior to 

sequencing with 2N sodium hydroxide and 5M ammonium acetate followed by ethanol 

precipitation. Sequencing reactions were done using the Sequenase (version 2.0) 



sequencing kit (USB). The manufacturer's instructions were followed using 5 pCi of 800 

Ci/mrnol "s-~ATP (Dupont-NEN) and T7 and T3 primers. The reactions were 

separated on a 6%, 6M polyacrylarnide denaturing gel with 1X TBE running buffer at 

1600 V for 3-4 hours. Gels were transferred to Whatman 3M filter paper, dried on a gel 

dryer (Mode1 583, BioRad), and exposed to Kodak XOMAT AR autoradiograph film 

overnight at room temperature. 

Preparation of transgenes for microinjection 

Each of the three recombinant plasmids containing the transgenes were prepared 

in larger scde using a plasmid midi-preparation protocol (Sambrook et al., 1989). The 

DKA was digested with the appropriate restriction endonucleases for several hours in 

order to remove the transgene fiom the plasmid. The restriction digest reaction was 

electrophoresed on a 2% TAE agarose gel at 40V ovemight. The transgene was excised 

from the gel and purified using the GeneClean DNA purification kit (Bio101, Lnc.). 

Briefly. the agarose gel containing the DNA was incubated for 5 minutes in 3 volumes of 

sodium iodide solution at 55°C. After the agarose was completely melted, the solution 

was incubated overnight with 20 pl of GlassrnilkB. The Glassmilk/DNA complex was 

pelleted by centrifugation and washed several times with New WashO buffer. The DNA 

was eluted into buffer (5mM Tris, O. ImM EDTA) and a DNA solution of approximately 

2 n d m i  was prepared for microinjection. 



5.1.2 Creatioo of Transgenic Mice (this procedure was done by Dr. Susan Porter) 

CD- 1 mice were used for al1 transgenic work. Preparation of pseudopregnant 

females, vasectomization of males, and collecting, explanting, and transplanting of eggs 

was done according to standard practice as outlined in Mani~ulating the Mouse Embrvo 

(Hogan, Costantini, & Lacy, 1986). Eggs microinjected with the transgenes were 

transplanted into the uteri of pseudopregnant females and the offspring were screened for 

the presence of the transgene. Stable transmission was confumed with Southern analysis 

and subsequent positive offspring were identified by dot blot analysis of tail DNA. Al1 

lines were bred to homozygosity for the transgene. 

5.1.3 Screening of Transgenic Mice 

DNA Isolation from Tails 

One to two centimetres of tail was excised from approximately 14 day old pups 

and incubated overnight at 55°C with constant mixing in 500 pl of digestion buffer 

(SOmM EDTA. SOmM Tris-Cl pH 8, 0.5% SDS. 0.5 m g h l  Proteinase K). The genomic 

DNA was extracted with phenol/chloroform and precipitated with 0.3M sodium acetate 

and two and a half volumes of ethanol. The DNA was removed with a g l a s  rod, washed 

with 70% ethanol and dissolved in 100 pl TE (1OmM Tris-Cl, 1 mM EDTA, pH 7.6). 

Southern Analysis of Mouse DNA 

Ten microgtams of genomic DNA from each offkpring was digested with 3 0  units 

of the appropriate restriction endonuclease in a 100 pl reaction mixture containing IO pl 

of the complementary 10X restriction buffer, 10 pl of 2OmM spermidine, 1 pl of 



1 Omdml BSA, and distilled water. Ali digestions were carried out overnight at the 

appropriate temperature. The following rnorning, DNA was precipitated with 10 pl 3M 

sodium acetate and 250 pl ethanol at -20°C for half an hou.  The DNA was completely 

redissolved in 20 pl of TE and separated by electrophoresis overnight at 60V in a 0.8% 

TBE agarose gel. mer electrophoresis the gel was stained with ethidiurn bromide for 

approximately 30 minutes, washed with dH20, and photographed. in preparation for 

Southem blotting, the DNA was partialiy hydrolyzed in the gel with 0.25N HCI. followed 

by denaturing solution (1 S M  NaCl, OSM NaOH), and two incubations with 

neutralization solution (1M Tris. 1 .SM NaCl, HCI). Each wash was for thirty minutes 

and was separated by a rinse with dHzO. The DNA was then transferred to a nylon 

membrane (either Hybond; Amersham Life Science or Nytran Plus; Schleicher & 

Schuell) via capillary transfer ovemight with 10X SSC (pH 7.0). The membrane was 

rinsed with 1 X SSC (pH 7.0), d&d with filter paper. and the DNA was UV cross-linked 

to the membrane by exposure to 254 nm ultra-violet radiation in a Strata-linker 

(Stratagene). 

DNA Probe Synthesis 

Positive transgenic offspring were identified on the basis of hybridization to the 

1.4 kb HindIIVXhoI a 1 AT cDNA fragment. The recombinant plasmid p a l  AT was 

digested wi th the enzymes HindiII and Bo1 and the fragments were separated on a 2% 

agarose gel. The 1.4 kb human al AT cDNA fragment was excised and purified using the 

GeneClean DNA extraction kit. The fragment was dissolved in TE to a final 

concentration of 12ng/pI. For probe synthesis, 12-25 ng of denatured DNA (by heating to 



100°C for 7 minutes prior to reaction) was labeled with a random-primed labeling kit 

(Pharmacia) according to the manufacturer's directions. The reaction mix consisted of 

the DNA, reaction mix. dHzO,50 pCi of 3000 ci/mrnole " " 2 ~ - d ~ ~ ~  (Dupont-NEW, and 

approximately 10 U of Klenow enzyme. The reaction was carried out at 37OC for 30-60 

minutes and the probe \vas denatured by boiling for two minutes before adding to the 

hybridization mixture. 

Probe Hybridization 

Prehybridization and hybridization of blots was done according to protocols 

supplied by the manufacturer of the Nytran membrane (Schleicher & Schuell). Both steps 

were carried out at 42°C with constant shaking. Prehybridization was for 2-4 hours using 

approximately 150 pl of prehybridization solution per square centimetre in 50% 

formamide, 6X SSPE , 10X Denhardt's reagant. 2% SDS. and 150 pg/ml of denatured 

hening sperrn DNA. Hybridization was canied out overnight in the same solution with 

the addition of the labeled probe. Following hybridization, the blots were washed in 2X 

SSC. O. 1 % SDS at room temperature for 30 minutes and then at 65°C for 45 minutes. 

This was followed by two 45 minute washes in O. 1X SSC. 0.1% SDS at 65°C. The blots 

were dried and left overnight at -80°C in contact with Kodak XOMAT-AR 

autoradiograph film in between two intensifLing screens. 



5.1.4 Northern Blot Analysis 

Total Cellular RNA Isolation 

RNA was isolated from the liver, lung, and trachea of mice fiom each transgenic 

line using a standard guanidine thiocyanate isolation method. Tissues were homogenized 

in Wheaton vials with approximately I d  Solution D ( 4M g u i d i n e  thiocyanate, 25mM 

sodium citrate pH 7.0,0.5% Sarkosyl, 0.36 ml mercaptoethanol) per IOOrng of tissue. A 

1 / 10 volume of sodium citrate (al1 solutions used for RNA work were DEPC treated) was 

added to the homogenate, shaken vigorously, followed by 1 .O volume of water saturated 

phenol and 0.2 volume of chloroform:isoamyl alcohol(23:l) and left on ice for 15 

minutes. The mixture was centrifbged at lOOOOg for 20 minutes at 4OC and the aqueous, 

RNA containing, phase transferred to a new tube and precipitated with isopropanol at - 

20°C. The RNA pellet was redissolved in Solution D and precipitated once again with 

isopropanol, washed with 75% ethanol, and finally dissolved in DEPC treated d&O. 

Northern Blotting 

Ten microgms of the RNA samples was prepared in a 20 pl solution containing 

10 ~1 formamide. 3.5 pl formaldehyde, 2.0 p1 10X MOPS, and the remaining volume of 

DEPC treated dHzO. The samples were heated for 15 minutes at 65°C before Ioading in 

duplicate ont0 a denatunng RNA gel (1 % agarose. 18% formaldehyde, 10Y0 MOPS). 

The gel was run at 60V for 4 hours in 1X MOPS running buffer. After completion of 

electrophoresis, half of the gel containing each of the samples was stained with ethidiurn 

bromide. destained in DEPC treated dH2O and photographed to confim the quantity and 

integrity of the RNA. The other half of the gel was blotted as previously described for 



Southern blotting, omitting the denaturation steps and using DEPC treated SSC transfer 

buffer. Once again, hybridization was performed using a 32~-labeled 1.4 kb a 1 AT cDNA 

fragment which corresponds to the size of the transcript. 

5.1.5 In situ Hybridization 

The plasmid palAT was linearized and used to generate 3 S ~ - ~ ~ ~  labeled sense 

and antisense riboprobes. Synthesis was carried out with either T3 or T7 polymerase and 

Stratagene RNA transcription kit according to the manufacturer's instructions. Lung 

sections were placed two to a stide to allow hybridization with sense and antisense 

riboprobes under identical conditions. The sections on the slides were d e ~ ~ n i z e d ,  

rehydrated, digested with 1 pdmi proteinase K at 37OC for 30 minutes, rinsed in O. 1 M 

triethyIamine buffer for IO minutes, washed twice with 2X SSC and dehydrated before 

prehybridization. 

Sections were incubated with hybridization buffer consisting of 50% formamide 

for 1-3 hours at 58°C which was then replaced by hybridization buffer containing the 

riboprobes. Hybridization continued overnight (1 4- 1 8 hours) at 58°C. Sections were 

then washed twice at room temperature for 10 minutes in 4X SSC and 1 0  mM DTT, at 

room temperature for 15 minutes in 0.5X SSC and 1 O rnM DTT, and at 60°C for 15 

minutes in O, 1 X SSC and 10 mM DTT. Next, slides were rinsed with 0.5 M NaCl, 10 

mM Tris, 1 mM EDTA and incubated with 20 &ml RNase A at 37OC for 30 minutes 

and rinsed again with the sanie buffer. Once again, the sections were washed in 2X SSC 

at room temperature for 30 minutes, 0.1 X SSC at 60°C for 1 5 minutes, 0 . 1  X SSC at room 

temperature for 30 minutes. Finally the sections were dehydrated, dried, and coated with 



50% Kodak NTB-2 emulsion in distilled water at 42OC. Slides were exposed for 2-4 

weeks at 4°C and developed with Kodak D-19 developer at 14-16°C. 

5.1.6 Light Microscopic Immunohistocbemistry 

Polyclonal anti-human al AT antibody was purchased fiom Boehringer 

Mannheim (Mannheim, Gennany) and used at a dilution of 1 :200. Formalin-fixed lung 

sections were deparaffinized, pretreated with O. 1% protease (Signa) in Tris buffer for 30 

minutes, and then stained using an immunoperoxidase staining kit (Biostain Super ABC 

kit. Biomeda, Foster City, CA). Sections were incubated for 5 minutes with protein 

blocker solution and then with the primary antibody overnight at room temperature. A 

30-60 minute incubation with the Detector Reagant followed a 30 minute incubation with 

biotinylated anti-rabbit IgG secondary antibody. Amino-ethylcarbozole (AEC) was used 

as the substrate chromogen reagent. Lung fiom a nontransgenic littermate was used as a 

negative control in addition to the standard control of sections incubated without primary 

antibody. Cirrhotic human liver was used as a positive control in some instances. 

5.1.7 Electron Microscopic Immunohistochemistry 

Lung sarnples fiom transgenic lines and CD-1 control animals were fixed with 4% 

paraforrnaldehyde and 0.5% glutaraldehyde mixture for 2-3 hours, washed in 0.2M 

phosphate buffer, dehydrated and embedded in Lowicryl HM20 resin. Ultrathin sections 

were cut and placed ont0 mesh nickel grids. The sections were pretreated with 50mM 

ammonium chloride for 45 minutes to block unreacted aldehyde groups (Roth & Heitz, 

1989) and fürther blocked with O. 1 % ovalbumin for 15 minutes. The sections were 



incubated overnight in a hurnid chamber on a &op of polyclonal primary anti-human 

al AT antibody (DAKO) diluted 1 : 100 in Tris buffer pH 8.2 containing 0.1% Tween 20. 

This antibody was used because initial studies showed that it produced a considerably 

stronger and cleaner signal than the Boehringer antibody used for light microscopie 

immunochemistry. Detection of mouse al AT was carried out in a similar fashion using 

a rabbit polyclonal anti-mouse al AT primary antibody raised in our laboratory. The 

grids were washed six times with buffer (Tris pH 8.2) and incubated for 45 minutes on a 

drop of Protein A-gold conjugate (20nm: Pelco, Redding, CA) diluted 1 5 0  in Tris pH 

8 .2,0.1% Tween 20. The sections were washed three times with buffer followed by three 

washes with distilled water. Buffer and water for the final washes was prewanned at 

37°C to minimize salt precipitation on the tissue sections. Finally, the sections were 

washed with a spray of distilled water, dried, and stained very lightly with lead citrate. 

5.1.8 Enzyme Linked Immunosorbent Assay (ELISA) 

5.1.8.1 Human ELISA 

Purified human a l  AT (Calbiochem) was used as a standard. The 96 well plates 

were coated with 100ng/well of human a l  AT ( in carbonate buffer, pH 9.6) and blocked 

with phosphate-buffered saline (PBS) containing 3% bovine semm albumin at pH 7.4. A 

100 pl sample (unconcentrated lavage or diluted serum) was added into the wells, 

followed by 100 pl of anti-human al AT antibody (Boehringer Mannheim) diluted I :2000 

and depleted for mouse s e m  (the antibody was depleted for antibodies reacting against 

mouse a1 AT by washing it through a CNBr-activated Sepharose 4B column (Phannacia 



Biotech) attached to mouse a 1 AT (Sigma)). After mixing the solution the plate was 

washed five tirnes with PBS. 1 00 pl of 1 : 10000 diluted secondary antibody (goat anti- 

rabbit IgG-HRP, ICN Biochemicals) was measured into each weil. AAer 1 how 

incubation at room temperature the plate was washed five times with PBS. The color 

reaction was developed using TMB ELISA substrate (ICN Biochemicals). 100 pl 

substrate was added into each well and incubated until adequate color development 

occurred. The reaction was stopped with 100 pl of 2M HCl solution. Absorbance was 

measured at 450 m. 

5.1.8.2 Mouse ELISA 

Purified mouse a l  AT was used as the standard. The 96 well plates were coated 

with 100 pl purified mouse al AT in carbonate buffer, pH 9.6. The assay was carried out 

exactly as described for human ELISAs except that 100 pl of 1 :50 anti-mouse aIAT 

depleted for human senun was used. 

Purification of  Mouse alAT (done by Ms. Katalin Zay and myself) 

Mouse a 1 AT was isolated from whole rnouse senun by a modification of the 

method of McGilligan and Thomas ( 199 1). After ammonium sulphate precipitation. the 

supernatant was dialyzed against 30 mM phosphate buffer pH 7.4, and applied to a 

DEAE-Sephacel column (Pharmacia). Proteins were eluted fiom the column with a salt 

and pH gradient. and hctions containing a l  AT were determined by inhibition of porcine 

pancreatic elastase (PPE). The fractions were concentrated and applied to a fast-flow 



Ci bacron Blue 3GA (Sigma) column to remove albumin (Travis et al., 1976). Purity of 

the eluted product was detennined by SDS-PAGE and silver staining. The product was 

tested for elastase inhibitory capacity (see below). The purified product showed a band of 

54 kilodaltons. 

Mouse Antibody Purification (done by Ms. Katalin Zay and myself) 

New Zealand white rabbits were immunized with biweekly injections of 400 pg of 

purified al AT mixed with Freund's adjuvant. Blood sarnples (45ml) were taken fiom the 

ear \rein four weeks after the second injection and antibody was purified using a standard 

irnmunoglobulin isolation protocol (Harboe & ingild, 1988). Briefly, immunoglobulins 

were precipitated fiom senun with ammonium sulphate, centrifùged, and washed twice 

with 1.75M ammonium sulphate. The antibody-containing precipitate was dialyzed 

against distilled water and then against O.05M sodium acetate, O.02M acetic acid, pH 5.0 

at 4°C. Next, the solution was transferred to a 25 ml DEAE-Sephadex column and the 

IgGs were the first fraction eiuted fkom the column with acetate buffer, pH 5.0. Once 

again the IgG fiaction was dialyzed against O. 1 M NaCY 1 SmM NaN3. Finally, the 

isolated antibody fraction was depleted for antibodies reacting against hurnan al AT by 

washing it through a CNBr-activated Sepharose 4B column (Phannacia Biotech) attached 

to human a 1 AT (Sigma). 

5.1.9 Purification of Protease 

ProteaseB (Bayer Corporation) was reconstituted in 20 mM sodium phosphate 

buffer pH 7.6 containing 0.0 1% sodium azide (to prevent bacterial contamination during 



the purification process). The resulting solution was filtered with an UItdltration-1 5 

I OOK centrifuga1 filter device (Millipore Inc., Beverly, MA) to eluninate al1 

contarninating proteins of 100 kDa size or greater. The concentrate was washed several 

times 4 t h  buffer and the resulting filtrates were collected and pooled. The pooled filtrate 

was run through a Cibacron blue 3GA column (Pharmacia) at 4°C to selectively eliminate 

albumin (the major contaminating protein; Travis et al., 1976). The human al AT was 

washed out with sodium phosphate buffer pH 7.6. Finally, the solution was concentrated 

in an Amicon ultrafiltration ce11 using a 10K Diaflo membrane (Amicon inc.). Purity of 

the resulting solution was checked on a 12.5% homogenous Phastgel (Phannacia) with 

si lver staining. 

Measurement o f  Protein Concentrations 

4 BCA protein assay kit (Pierce) was used to measure the concentration of al AT 

in the purified ProteaseB or for total protein concentration in mouse serurns. Sarnples 

were diluted appropriately to fit within the range of the assay. Twenty-five pl of each 

sample and BSA standard (in duplicate) was incubated with 200 pl of working reagant 

(50 parts of Reagant A + 1 part Reagant B) in 96 well covered ELISA plate for 30 

minutes at 37OC. After allowing the plate to cool to room temperature the absorbance 

was measured at 540 nm. 

in some cases the BioRad Protein Assay kit was used. In this case, 100 pl of 

samples and 100 pl of albumin standards were incubated with the Prolein reuganf (40% 

BioRad Protein Reagant in dH20) for 5 minutes at room temperature and the absorbance 

measured at 620 nm. 



Acute Smoke and LPS Ex~eriments 

5.1.10 Bronchoalveolar Lavage (BAL) of Mouse Lungs 

The lungs were removed fiom the chest cavity and an 18 gauge catheter inserted 

and tied into the trachea. The lungs were lavaged 6 times with 1 ml of ice-cold saline for 

ce11 counts or with distilleci water for comective tissue degradation analysis (water is 

used because concentration of sdts during sample preparation for the HPLC procedure 

interferes with the analysis of desrnosine (Zay et al., 1999)). 

5.1.1 1 Total ceIl counts and cell differential counts 

The BAL fluid was centrifûged at 200g for 10 minutes and the supernatant was 

removed (stored at -80°C for later analysis or discarded). The ce11 pellet was resuspended 

in 200 pl of cold saline for cell counts using a hemacytometer. Ten pl of the resuspended 

ce11 solution was heat dned onto a slide and stained with hematoxylin and eosin for ce11 

differential counts. Either 100 or 200 cells were counted in one or more fields of view as 

required. PMNs were identified as distinctly multi-lobulated cells. 

5.1.12 Elastase Inhibitory Capacity (EIC) 

Activity of the puri fied Proteasea and antiprotease activity in lavage was 

detemined with this assay, as well as the activity of purified mouse al AT fractions. In a 

96 well plate. 100 pl of 0.2M Tris buffer pH 8.0 was incubated for 10 minutes with 50 pl 

of sarnple and 50 pl of IrnM PPE. Imrnediately before meauring the absorbante, 50 pl 



of substrate (300 pl of SAAAN in DMSO + 5 ml of 0.2M Tris buffer pH 8.0) was added. 

The residual PPE activity afier inhibition by a l  AT was measured. 

5.1.13 High Pressure Liquid Chromatography (HPLC) Analyses 
(performed by Mr. Chang-shi Xie) 

For measurements of ECM breakdown products, BAL was done with dHzO 

because hi& salt concentrations interfere with the analysis. The BAL fluid was 

lyophilized. then hydrolyzed in 2 ml of 6M hydrochloric acid for 48 hours at 1 1 O°C. Part 

of this hydrolysate was used for desmosine analysis and a separate portion used for 

hydroxyproline analysis as descnbed in Li, et al. (1 996). 

Desrnosine Analysis 

Half a millilitre of hydrolysate was loaded onto a 50 mm cellulose column 

(Whatrnan cellulose CF1 1. Fisher Scientific). The column was then washed with 15 ml 

of a 4: 1 : 1 n-butanol-acedic acid water solution. and desmosines were eluted with 5 ml of 

water. The eluate was lyophilized, and the residue was dissolved in 1 ml of distilled 

water. Anal ysis was performed on a Waters HPLC system with a mode1 486 ultraviolet 

detector at 275 m. Separation was obtained with a Nova-Pak C 18, 4 Pm. 4.6 X 150 mm 

column, and an eluant of O. 1 M phosphate buffet-acetonitrile (2.8: 1 voüvol). Twenty 

micromolar SDS was added as an ion-pairing agent. This procedure separates desmosine 

from isodesmosine. The latter is actually the major component in BAL fluid, but both 

are reported together as "desmosine". 



Hydroxvproline Analysis 

Fifty microlitres of the hydrochioric acid hydrolysate was dned with a Waters 

Pico-Tag Vacuum Station and redned with 50 pl of a mixture of 2: 1 : 1 ethanol-water- 

triethylamine, and the dried sample was derivatized with 50 p1 of a mixture of 7: 1 : 1 

ethanol-water-triethylarnine-phenylisothkyanate for 20 minutes at room temperature. 

The sample was then dried again and finaily dissolved in 700 pl of phosphate buffer for 

analysis. Analysis was performed with a Waters mode1 486 detector at 254 nm. To 

achieve separation, a Whatman Partisil ODS-2 C 18, 10 Fm, 4.6 X 250 mm column was 

used. The mobi!e phase was programmed at a flow rate of 1.6 ml per minute, starting 

with 100% solvenf A (60 ml of acetonitrile mixed with 940 ml of a 138 mM acetate 

buffer. pH 6.4. containing 0.05% triethylamine). followed by a linear gradient to 50% 

solvent B (60% acetonitrile in water) for 15 minutes. 

5.1.14 BAL Fluid Elastase Activity 

Elastase activity in BAL fluid was measured by colorimetric assay. BAL fluid 

sampies were lyophilized and reconstituted in water to make a solution that was 5X more 

concentrated than the original sample. N-succinyl-Ala-Ala-Ala-p-nitroanaiide (SAAAN; 

Sigma) was used as the substrate. The assay was carried out in 0.2M Tris-HCI, pH 8.0 

with and witkout the addition of 10 mM EDTA as a metalloelastase inhibitor or 10 M N- 

methoxysuccinyl-Ala-Ala-Pro-Val chloromethyl ketone (CMT) as a serine elastase 

inhibitor. 

BAL sarnples were assayed in duplicate wells of 96 well flat bottom plates (VWR 

Canlab). Each well contained 100 pl of the appropriate assay buffer as described above, 



50 pl of 0.5 mg/ml SAAAN substrate and 50 pl of sample. Negative control wells 

contained 1 50 pl of assay buffer and 50 pl of  substrate. Background absorbance of each 

BAL sample was assessed by incubating 150 pl of assay buffer with 50 pl of  BAL fluid 

(this value was substracted fiom the absorbance of the test wells). The absorbance of  the 

wells was measured at 405 nm. 

5.1.15 Western Blot Anafysis of Human al AT 

Diluted s e m  samples or unconcentrated BAL fluid samples were separated on a 

12% polyacrylamide gel with purified human al AT (Sigma) as a positive controi. M e r  

electrophoresis the protein bands were immobilized on a nitrocellulose membrane and the 

membrane was probed with 1 :2000 dilution of ad-human a 1 AT primary antibody 

(Boehringer Manheirn) and goat anti-rabbit/horseradish peroxidase-conjugated antibody 

(ICN Biochemicals) and developed by enhanced cherniluminescence (ECL system, 

Amersham Pharmacia Biotech). 

5.1.16 Airspace Size Morphornetry 

The mean linear intercept (Lm) is the average distance between alveolar walls in 

the parenchyrna. To measure the Lm, animals were killed by exsanguination and the 

lungs were inflated with 2.5% glutaraldehyde at 25 cmHzO for 15 minutes. The trachea 

was then tied and the lungs immersed in 2.5 % glutaraldehyde. The lungs were sectioned 

in a sagittal plane for morphometric analysis using the methodology of Thurlbeck (1967). 

Ten random sections were examined in each Iung, and the measurements were performed 

at 20X magnification using a g i d  with a line of 1 .O2 mm total length and 42 points. 



5.1.17 Statistics 

Cornparisons were done by analysis of variance using Systat or Microsoft Excel. 

Because PMN counts were often zero (especially in control animals and the PMN 

depletion or al AT treatment groups), cornparisons were performed with the non- 

pararnetric Kruskal-Wallis test, although the graphs show means and standard deviations. 

For the chronic LPS experiments the one-tailed two sarnple t-test was used. Values of 

p 4 . 0 5  or less were considered significant. 

5.2 Experimental Protocols 

5.2.1 Serum Levels of Human alAT 

Initiai experiments were performed to detennine the increase in serum human 

a1 AT in mice following injection of various amounts of pwified product and to 

deterrnine the time course of the semm elevation following i.p. injection. For this 

purpose. blood \vas drawn from the tail vein and analyzed by a human a 1 AT ELISA 

(descnbed above). Afier examination of the preliminary data, a 20 mg/ml final solution 

was made up for subsequent injections. Serum protein electrophoresis on cellulose 

acetate gels was also done on the semm samples by a clinical chemistry laboratory to 

confirrn that there was an increase in total alAT levels in the mice. The protein 

electrophoresis data represented the percentage of total al proteins in the serum and this 

value was multipiied by the total protein concentration (as described above) of each 

semm sarnple to deterrnine the absolute concentration of total a l  AT (as a l  AT is the 

major component of the s e m  al peak). 



To determine the safety of repeated administration of Protease, a 2Omg/ml 

solution of purified human a 1 AT was given i.p. to transgenic and normal CD- 1 rnice 

(n4) twice a week, on Monday and Wednesday. BIood was taken from the tail vein 

immediately prior to Protease injection, and either 24 hours or 48 hours after the 

injection. Serurn levels of human al AT were determined with the human al AT ELISA 

and. once again. confirmed by serum protein electrophoresis. 

5.2.2 Acute Lung Injury Experiments 

Smoke Exposure 

Each experimental smoke group consisted of 5 C57-BL/6 mice between 6 and 8 

weeks of age (Jackson Laboratories). Mice were exposed to the whole smoke fkom 1,2, 

or 3 full Kentucky 2R1 cigarettes (obtained from the University of Kentucky) using a 

standard smoking apparatus previously described (Simani et al.. 1974). Briefly, a 

calibrated arnount of smoke ("one puff') was delivered to a chamber to which the noses 

of two mice (restrained in plexiglass tubes) were directed to two openings in each 

charnber. Mice were alternately exposed to smoke for one minute and air for one minute 

until the entire cigarette was used up. (One cigarette = 8 puffs). Two cigarettes was the 

maximum tolerated dose and a dose of 3 cigarettes approached lethality (some deaths 

occurred in these dose groups, but the animals were replaced if possible). Control mice 

were exposed to air. 



DepIetion of PMNs 

PMNs were depleted by administration of an anti-mouse PMN antibody (APA, 

Accurate Scientific). Two i.p. injections of 0.2 ml of antibody were given 24 hours apart. 

Test lavages and blood counts 24 hours afier intratracheal instillation of 50 pg of LPS 

given 23 hours afler the second antibody dose showed that this procedure succeeded in 

deple ting 1 00% of the PMNs fiom the peripheral blood and greater than 90% of the 

PMNs in the lavage. Mice were exposed to smoke or air 24 hours after the second 

antibody dose. 

Administration of Purified a 1 AT (Protease) 

To determine the ability of exogenous a LAT to protect against cigarette smoke 

induced connective tissue breakdown, purified human a 1 AT (20mg in 1 ml) was 

administered intraperitonealIy (i.p.) 24 hours prior to cigarette smoke exposure. 

5.2.3 Acute LPS Experiments 

LPS Instillations 

Each LPS experimental goup also consisted of 5 C57-BL/6 mice (6 to 8 weeks 

old). Mice were anaesthetized with 0.02 m V p m  body weight of 2% avertin (Hogan et 

al. 1 986) and vertically suspended by their upper front teeth against a wooden board. A 

fibre optic illuminator was focused at throat level to illuminate the inside of the throat 

area and visualize the tracheal opening. Fifty micrograms of LPS (Escherichia coli, 

serotype 0127:BS; Sigma) in 50 pl saline was injected into the trachea followed by 200 pl 

of air. The mouse was left vertically suspended for 30 seconds following the instillation 



to allow movement of the instilled fluid into the lungs. Approximately 30 to 50 minutes 

were required for mice to awaken after the anaesthetic. Mice were sacnficed at various 

times following smoke exposure or LPS instillation by halothane overdose for removal of 

1 ungs to perforrn bronc hoalveolar lavages. 

Administration of Purified al AT (Protease) 

To determine the ability of exogenous alAT to protect against LPS-induced 

connective tissue breakdovm. purified human al AT (20mg in 1 ml) was administered 

intraperitoneally (i.p.) 24 hours prior to LPS instillation. 

5.2.3 Chronic LPS Injury Experiment 

Groups of 6 normal CD-1 mice and SpAT3 transgenic mice (in CD-1 background) 

received weekly intratracheal instillations of 25 pg of LPS as described above (4.2.1) for 

either 8 or 10 weeks in two separate experiments. Groups of 5 C D 4  mice and 5 

transgenic age-matched mice receiving no instillations served as controls. At the end of 

the experimental periods, lungs were removed for morphometry (measurement of Lm). 



6. Pulmonary Expression of Human a lAT in Transgenic ~ i c e '  

6.1 Results 

6.1.1 Identification of Positive Transgenic Offspring 

Mice were screened for the presence of the transgene by Southern blot analysis of 

genomic DNA fiom their tails. For each transgene, DNA was digested with a restriction 

enzyme having a unique site within the transgene. A Iine carrying the Haptoglobin-al AT 

transgene (HpAT 1) was identified by digesting the DNA with HindIlI and a 2.3 kb band was 

seen on a Southern blot (not shown). The two CC 10-a 1 AT transgenic lines (CCAT 1 and 

CCAT2) were identified by digesting the genomic DNA with EcoRV and the 3.7 kb signals 

corresponding to the cornplete length of the uansgene are seen (Figure 6). This indicates that 

the founders contain multiple copies of the transgene integrated in a head-to-tail array. For the 

SPC-a 1 AT lines, genomic DNA was cut with Pst1 (which also cuts only once within the 

transgene) and one founder mouse gives a signal of 5.1 kb which corresponds to the length of 

the transgene (SpAT2) indicating multiple copies in a head-to-tail array. The second founder 

animal (SpAT3) shows an intense signal at 5.6 kb and less intense signals at smaller molecular 

weights. This suggests rearrangement of the transgene, although subsequent studies (see below) 

indicate transcription and translation of appropriate molecular weight mRNA and protein 

indicating at least one intact and functional copy of the transgene. 

- - 

Results and Discussion in this chapter appear in J. Mol. Med. (1999) 77: 377-385. Dhami. R.. et 
al. 



Figure 6. Southem analysis on genomic DNA from offspring of mice receiving eggs 
with in ected transgene constnicts. (a Two Iines carrying the SPC-AAT trans ene were 
identified and named SPATZ and SPA b Two lines carrying the CC I O - A ~ T  transg~ne 
were identified and named CCATl and C A t 2. (The intervenuig lanes contain genomic 
DN A from non-transgenic I ittermates). 



6.1.2 Northern Blot Analysis 

Northern analysis reveals a 1 AT mRNA expression in the lungs of  mice from the 

transgenic iines carrying the SPC and CC 1 O promoters (Figure 7). Lines CCAT 1 and CCAT;! 

also show a l  AT expression in the trachea. None of the lines show uansgene expression in their 

livers. In an attempt to create a mode1 in which there was direct interstitial production of a l  AT, 

mice were created with a human al AT gene driven by a 0.9 kb haptoglobin promoter, following 

the report by DTArmiento et aL(1992) that this promoter results in transgene expression in the 

pulmonary interstitium. However, there is no detectable mRNA in the h g ,  or liver in this line 

(not shown). As a result. these animals are not characterized iùrther. 

6.1.3 In situ Hybridization 

In the hvo CC 10 lines, CCATI and CCAT2, a 1 AT expression localizes to the alveolar 

parenchyma, smalt airways and also larger airways (Figure 8a; oniy CCATI shown). The 

distribution of staining in the alveolar parenchyma is consistent with localization in type II ceIls. 

Line SpAT2 shows a very similar distribution of gene expression (Figure 8b). In contrast, line 

SpAT3 demonstrates al AT expression oniy in the alveolar parenchyma (Figure 8c). again, in a 

distribution consistent with expression in type II cells. Sections treated with the sense probe 

show minimai background grains (Figure 8d), and lung tissue fiom nontransgenic littennates are 

negative for human a 1 AT expression (not shown). 

6.1.4 Light Microscopic Immunohistochemistry 

Light rnicroscopic irnmunohistochemistry shows a staining pattern generally 

corresponding to the in situ hybridization results. However, there are differences in staining 



1 Human Liver 
2 negative transgenic lung 
3 negative transgenic liver 
4 CCAT1 liver 
5 CCATl lung 
6 CCATî trachea 
7 CCAT2 Iiver 
8 CCAT2 lung 
9 CCAT2 trachea 

1 Human Iiver 
2 SpAT2 Iiver 
3 SpAT2 lung 
4 SpAT2 trachea 
5 SpAT3 liver 
6 SpAT3 lung 
7 SpAT3 trachea 

Figure 7. Northern blot analysis to determine the expression of the human AAT 
gene in the four transgenic lines. (a) CC10-driven Iines. (b) SPC-driven lines. 
Total RNA was isolated fkom the liver, lung, and trachea of each animal. The 
transcript size corresponds to the hl1 length cDNA (1.4 kb) which was also used 
as the probe. Human Iiver RNA (partially degraded) was used as a positive control. 



Figure 8. In situ hybridization to demonstrate localization of human al AT niRNA within 
the lungs of CCAT and SpAT transgenic mice. a Line CCATI, showing expression in 
both airway epitheiium and type II cells. b Line SpAT2, showing a sirnilar pattern of 
expression. c Line SpAT3, showing only type II ce11 expression. d Sense probe fiom line 
SpAT3 showing absence of  signal. Sense probe corresponding to a and b were similarly 
negative (Magnification XI 50). 



Figure 9. Li t immunoh jstochemisgy O demonstrate cellular protein roduction 
i n k e  CCA ?' 1 (A). Prominent *inmg is sqm iq the r e ~ ~ i r a t o r y - e ~ i t h e f & ~  a~@ 
much lighter stainmg 1s present in t 1i epi'elial cells. There 1s no staining tn 
non- transgenic mouse lungs (B). (Em t fication, X500). 
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Figure 1 O. a Immunogold electron microscopic image showing the localization of human 
al AT in the interstitium in line SpAT3. b Immunogold electron microscopic image 
showing the localization of mouse al AT in the intentitium. (Magnifkation X 33,000). 



intensity. The strongest staining is seen in the ainvay epithelial cells in the two CC 10-driven 

lines (Figure 9). Airway epitheliai ce11 staining in the SPC transgenic lines appears weaker. 

The parenchyma shows much less staining than the airway epithelium and is present in type II 

cells and pulmonary macrophages. 

6.1.5 Electron Microscopic Immunohistochemistry 

In transgenic animals immunogold labeling (indicating human al AT) is seen in smdI 

amounts in type II alveolar cells, occasionally in type 1 cells, and consistently in the interstitiai 

tissues (Figure 1 Oa). A similar distribution is observed for endogenous (mouse) a 1 AT (Figure 

1 Ob). Omission of the prirnary antibody results in no staining, and use of lung tissue fiom 

nontransgenic controi animals also shows negative results and revealed only small nurnbers of 

randomly scattered gold particles. 

6.1.4 al AT Protein Levels in Transgenic Mice 

ELISA measurements show demonstrable levels of human a 1 AT in the whole lung 

tissue and also in the serum of animals in al1 lines (Table 3). No human protein is detected in 

the lavage fluid of any of the transgenic lines; dilution of the epithelial lining fluid on the 

surface of the epithelial cells is an inevitable consequence of lavage and may contribute to this 

negative result. A weak band is observed on western blot of lavage fluid using antibody against 

human a 1 AT (data not shown). In contrast to the low or undetectable levels of human al AT 

in lavage fluid, mouse al AT leveis are approximately 200 pg/ml in the sarne samples. 



Table 3: Whole lung and serum levels of human a 1 AT (ND= not detected) 

Transgenic Line c 
Transgene -ve controls I 

* Normal serurn a 1 AT levels: 2-5 mdml in hurnans, 4-6 mg/ml in mice 



6.1.6 Purification of human alAT from Protease@ 

Figure 1 1 shows the final purified human a l  AT protein after completion of steps to 

remove the major contaminating protein, human albumin. In the original product purchased 

from Bayer (ProteaseB), approxirnately 50% of the lyophilized product is proteins other than 

cc 1 AT, with albumin making up the majority of these contaminants. Virtually al1 of the albumin 

is removed afier washing the original Protease solution through the Cibacron Blue 3GA colurnn. 

Larger moIecuIar weight contaminants are removed by washing through a Centricon 100 MW 

filter. The elastase inhibitory capacity assay shows that the final punfied product inhibited 

100% of PPE activity (data not shown). The purified hurnan al AT was stored at 4OC in azide 

buffer and. in most cases, used within a maximum of two weeks afier purification. 

6.1.7 Pharmacokinetics of intraperitoneal a 1 AT Administration 

Figure 12 shows the serum concentrations of human a 1 AT in transgenic mice (n=4 

SpAT3) over a period of 7 days after a single injection of 20mg a 1 AT (measured with a human 

a 1 AT ELISA). The highest concentration (1 2mg/ml) is measured 24 hours afier the injection 

and this is decreased to 4mg/ml by 48 hours. There are still measurable levels of human protein 

3 days after the injection. Cellulose acetate protein electrophoresis measurements of total s e m  

ul proteins confirm that a 2-3 fold increase in total al AT levels is achieved at day 1 with 

persistent elevation for 2-3 days. Measurement of mouse a l  AT levels in these sarne animals 

(with a mouse a1AT ELISA) shows that the increase in total senun a l  AT levels is not due to 

an increase in endogenous mouse a f AT and is a result of the injected hurnan al AT protein. 



n e  original product (Prolastin) contains 
higher and lowq molecylar weight proterns. 

marked Albumin fiaction shows the protein 
(see Methods). Relat~ve concentrations cannot be 

determined are not the same dilution. Samples are separated on 



Serum Human 01 AT Levels after 
Protastin Administration a? Day O 

- 

Oay O 1 Day 2 Dayr 3 Oays 7 Oays 
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Figure 12. The time course of purified human a 1 AT (Prolastin) in mouse semm over a 
period of 7 days after a single i.i. injection of 20 mg kolastin. ~ = 4 .  Values are mean k 
SD. 



Figure 13 shows the concentration of human al AT in mouse semm fiom three transgenic mice 

over a period of 48 hours. Mice receiving human a l  AT injections for the frrst tirne (naïve) 

show peak levels at 6 hours after the injection, while mice receiving human al AT for the fifth 

time (sensitized) show peak levels after 12 hours and higher levels are maintained for a longer 

period. Once again, there are measurable levels of the injected al AT at 48 hows suggesting 

that injection of human al AT every 48 hours is suscient to maintain augnented levels of total 

a 1 AT and the tirne course of the injected human al AT is not altered significantly after repeated 

injections. (Absolute concentrations of human al AT determined in this expenment cannot be 

compared to those in other experiments because a different batch of human al AT ELISA plates 

were used and inconsistencies between batches of plates were noted). 

Table 4 compares the serum and bronchoalveolar lavage concentrations of human al AT 

in the same animals after a single injection of 20 mg of Protease. On average 3 5% of the senim 

human a 1 AT passes into the pulmonary airspaces. The mouse a 1 AT concentration in the 

lavage (200Nml) is approximately 4% of that in the serum (4-5mg/ml). 



Serum Human AAT After i.p. Injection of 
10mg Human AAT (Prolastin) 

sensit ized - - - -  naive 

6 12 24 
Hours after Injection 

-8 

Figure 13. The time course of purified human al AT over a period of 48 hours after a 
single i.p. injection of 10 mg Prolastin. Naïve = rnice receiving human al AT injections for 
the first time. Sensitized = mice that have received human al AT injections before. N=3. 
Values are mean f SD. 



Table 4: S e m  and Lavage Levels of Human ai AT in Mice 24 hom AAer a Single i.p. - 
Injection of 20mg Protease (measured with the human al AT ELISA). 

S e m  concentration Lavage concentration 



6.1.8 Feasibility of Long-term alAT Administration 

In an experirnent spanning 18 days, hwnan a 1 AT transgenic and non-transgenic CD- 1 

mice received biweekly injections of 20 mg of purified human a l  AT for a total of 6 injections. 

Each group consisted of 5 mice. One mouse fiom the non-transgenic group was found dead 

afier the fourth injection. At the end of the expenmentai period the transgenic mice appeared 

healthy. however, the mice in the non-transgenic goup  had developed s e m  sickness as 

evidenced by the appearance of disheveled fur, lethargy, weight loss, and diarrhea- 

Figure 14 shows the serurn concentration of hwnan a 1 AT at various time points during 

the experirnental period as mice received biweekly injections of ProteaseB. A minimum 

concentration of approximately 4mg/rnl is maintained throughout most of the 18 day period. 

Normal mouse senim a 1 AT levels are approximately 4-5mg/ml, therefore, a minimum of a 

two-fold increase in total (human and mouse) s e m  ai AT levels is maintained. Similar 

concentrations of human al AT at various times are observed between transgenic 

(immunologically tolerant to human al AT) and non-transgenic mice. however, there is a 

suggestion on day 18 that the non-transgenic mice are begiming to clear the human protein 

faster. 



Serum conc. of human AAT in Tg mice with 
biweekly injections of Prolastin (20mg) 

Time (Days) 

Serum conc. of huAAT in non-Tg mice with 
biweekly injections of Prolastin (20mg) 

0 2 4 6 8 10 11 14 15 1-7 18 
Tirne (Days) 

Figure 1 4. The serum concentrations of human a 1 AT in SpAT3 transgenic mice (top 
graph) and non-transgenic (bottom graph) CD-I Mce with biweekly i-p. injections of 20 
mg purified human al AT (Prolastin, a total six injections were given). Arrows indicate 
time of Prolastin injection. N=4. Values are mean f SD. 



6.2 Discussion 

As discussed in the introduction, attempts to boost pulmonary a l A T  levels have 

attracted great interest and a wide variety of approaches, including numerous forms of 

gene therapy. have been employed. The accessibility of the respiratory epitheliurn to 

aerosolized vectors make it an obvious target for gene therapy and it has been show that 

direct delivery of a1 AT protein to the lungs as an aerosol is a more efficient means of 

increasing lung parenc hymal ieveis of  a 1 AT than intravenous delivery. Smith et al. 

(1 989) demonstrated that, whereas only 2% of intravenously infused a l  AT is present in 

the lungs of dogs at equilibrium, 32% of a lower dose of aerosolized a 1 AT administered 

to sheep was retained in the lungs. However, the resutts of attempts to increase a 1 AT 

levels to date are disappointing in that, with the exception of intravenous administration 

of partially purified human a 1 AT (Hutchison, et al., 1997, Pierce, 1 997. Wencker, et al.. 

1998, Alpha-1 Antitrypsin Deficiency Registry Group, 1998), resulting protein leveis 

have generally been very low. As well, expression has typically been transient, 

particularly when driven by viral vectors that elicit host antibody production (Rosenfeld, 

et al.. 199 1. Setoguchi, et al., 1994). A final consideration is that the relative efficacy of 

enhancing systemic rather than pulmonary expression of a l  AT levels is unclear. In 

hurnans treated with purified al AT, Barker et al. (1997) found a p o t  correlation of  

semm and lavage a 1 AT levels; moreover, lavage levels were disappointingly low. 

In mode1 systems in which pulmonary expression of al AT has been introduced, 

there is Little documentation that the protein actually reaches the interstitiurn. This is a 

particularly important issue, as most normal secretory products (for example, mucus or 



surfactant) of pulmonary epithelial cells tend to be secreted into the alveolus or airway 

lumen, while, as noted previously, the presence of al AT in the interstitium is probably 

required for protection against connective tissue breakdown, and this requires either basal 

secretion by epithelial cells or diffùsion tiom the airspace back into the interstitium. 

Siegfried et al. (1995) showed that adenoviral vector transfection of human respiratory 

epithelid cells lead to both apical and basal secretion of al AT in a ratio of 2: 1 in 

rnonoiayer culture systems. but DeGryse et al. (1 996) could not demonstrate interstitiaï 

a 1 AT by EM immunochemistry in transgenic mice with the al AT gene driven by the 

SPC promoter although they detected the protein in the plasma. in contrast to the low 

levels of human al AT expression in mice with the al AT gene under control of the SPC 

promoter, both Ruther et al. (1 987) and Sifers et al. (1 987) reported high levels of human 

a 1 AT in the serum of transgenic mice with the human a 1 AT gene under control of its 

own promoter. resulting in expression of the gene in hepatocytes. in neither of these 

studies were levels of al AT in the lung assessed. 

In this study we created transgenic mice using two lung epithelial specific 

promoters. CC 1 O and SPC, in the hope of producing permanent high level protein 

expression in a location very close to the crucial locus of action, that is. the pulrnonary 

interstitium. The epithetial localization of al AT expression seen in our animals with 

both the CC 10 and SPC promoters is somewhat different fiom that found in studies using 

these promoters to drive expression of other proteins. In the normal animal SPC 

expression is confined to type II cells and CC 10 expression to Clara cells in the ainvays. 

This latter distribution has been observed for most transgenic proteins expressed under 

the control of the CC 10 promoter. For example, Strïpp et al. (1 992) showed that the 



CC 1 O promoter caused expression of chloramphenicol acetyltransferase (CAT) in the 

epithelid cells lining the trachea, bronchi and bronchioles. They found only very low 

numbers of silver grains in the alveolar parenchyrna, a result which they attributed to 

possible low level expression of the transgene. Our observation of extensive type il ce11 

expression of human a 1 AT under the control of the CC 10 promoter is thus unusual. On 

the other hand. Glasser et al. (1991) obsewed expression of CAT by in situ hybridization 

in both bronchiolar and alveolar cells in 4 different transgenic lines when the protein was 

under the control of the SPC promoter. Although there was marked variation in the 

relative abundance of expression, comparing airways to parenchyma in the four different 

lines, the overall distribution was similar to that which we found in our line SPATî, with 

both type 11 ce11 and small airway epithelial cell expression. Again, our line SPAT3 

differs in that only alveolar parenchymal expression was seen. Despite these variations, 

our  results suggest that eitber SPC or CC10 driven constructs can be used to 

produce diffuse pulmonary alveolar parenchymal production of alAT. 

Our irnrnunochemistry results are of interest in that the most intense staining was 

seen in airway epithelial cells, probably because the protein product is produced and 

stored in the airway cells for a period of time, rather than being immediately secreted. The 

type II ce11 signal was much weaker. These findings, along with the presence of signa1 in 

the interstitium by EM irnmunochernistry, and the ELISNWestem blot data showing 

measurable levels of protein in whole lung and serum but extremely low levels in lavage. 

suggest that most of the human al AT produced in type II cells is not stored in the cells 

but is very rapidly exported through the basal surface of the cell, passing through the 

interstitium before reaching the circulation. This conclusion is consistent with the 



observation that some other types of proteins produced by type II cells, for exarnple, 

gelatinase, are predominantly secreted in a basal direction (d'Orho, et al., 1997), and also 

with the observation that a 1 AT is produced in hepatocytes at very high levels, but very 

little or no immunochemically reactive protein c m  be demonstrated in hepatocytes 

because the protein is immediately secreted into the liver sinusoids. This expression of 

alAT in pulmonary epithelial cells may prove to be a potentially effective metbod of 

boosting interstitial alAT levels in vivo. 

While this approach is promising, it suffers. like many of those discussed above, 

from low levels of protein production. To put this in perspective it is usetùl to note that 

in these same animals the levels of mouse al AT are about 200pg/ml in lavage and 

5mg,/ml in serum. The normal range for semm al AT in humans. by cornparison, is 2-5 

m g h l  and lavage levels are 10% of s e m  levels (McElvaney & Crystal, 1997b). Our 

fïndings. and the other reports in the literature in which gene therapy treatrnent models 

using al AT have been described, thus raise an important question. Most attempts to use 

gene therapy. for example in the treatrnent of cystic fibrosis, are meant to provide an 

intracellular protein that is required in relatively small amounts. However, al AT 

replacement therapy requires production of very large amounts of an extracellular protein 

not norrnally synthesized by any pulmonary cells, and it is unclear at this point whether 

adequate levels of protein expression in the lune c m  be achieved by gene therapy, or 

whether such massive levels of al AT production, even if they could be achieved, wouid 

compromise the normal function of pulmonary epithelial cells. In contrast to the low 

levels of al AT after gene therapy or in transgenic animals where expression is directed 



to the pulmonary epithelium, both delivery of adenoviral vectors to hepatocytes and 

transgenic animals with expression in hepatocytes have shown hi& level a 1 AT 

expression with serum levels in the range considered therapeutic (Kay, et al., 1995' 

Ruther, et al., 1987, Sifers, et al., 1987). Similarly encouraging results have resulted fiom 

direct injection of skeletal muscle with adeno-associated virus vectors containing the 

a 1 AT gene (Song, et al., 1998). Although gene therapy vectors are more readily delivered 

to the respiratory epitheliurn these cells may not be able to produce therapeutic protein 

levels. while hepatocytes or some other ce11 type may ultimately prove capable of 

synthesizing suffkient protein to be protective. 

Despite the low level expression of human al AT, the animals described here will 

be usefùl experimentally, however, as unlike nontransgenic mice they tolerate repeated 

doses of human a lAT protein without developing serum sickness. A two-fold increase in 

total s e m  a l  AT levels c m  be achieved with biweekly injections of 20 mg of purified 

human al AT throughout most of a weekly period. In considering the expense involved 

with augmentation therapy, this is a realistic tirnetable and could be easily maintained for 

a long experimental period in mice. The main objective with augmentation therapy, 

however. is to increase lung levels of al AT and the ability to achieve this has d s o  been 

dernonstrated in our transgenic mice. 

Conclusion: The human alAT transgenic mice can serve as an animal mode1 for 

studying the protective effect of exogenous human alAT protein in chronic 

experimental lung injuries, including cbronic cigarette smoke exposure. 



7. Aeute Cigarette Smoke-induced Lung 1njury2 

Hypothesis: Acute cigarette smoke exposure in mice resuIts in detectable pulmonary 

comective tissue breakdown caused by PMN-derived proteases and which can be prevented by 

intraperitoneal administration of human a 1 AT. 

7.1 Results 

7.1.1 Dose Response 

A dose response in the degree of acute inflammation and comective tissue breakdown in the 

lung is observed in mice 24 hours afier cigarette smoke exposure. ï h e  number of lavage PMNs 

increases approximately four-fold with exposure to smoke from 2 and 3 cigarettes, but the 

number of macrophages show no changes from control (O cigarettes) levels (Figure 15). Figure 

1 6 shows the levels of lavage desmosine and hydroxyproline 24 hours afier exposure to 

cigarette smo ke. Levels of both comective tissue breakdown markers (desmosine and 

hydroxyproline) are elevated in the BALF d e r  smoke exposure. Desrnosine levels increase 

approximately 3 to 4 fold with exposure to smoke from 2 and 3 cigarettes compared to control 

levels. There is no measurable desmosine in the serum of smoke-exposed mice so we are 

confident that the BALF desrnosine is of pulmonary origin and is not leaked from the senim. 

Hydro'cyproline levels increase approximately two-fold fiom basal (control) levels. The 

elevations in lavage connective tissue breakdown products correlates with the elevations in 

PMN numbers in the pulmonary airspaces. The increase in lavage PMNs, desrnosine and 

hydroxyproline (markers of elastin and collagen breakdown, respectively) with exposure to 2 

and 3 cigarettes is signi ficantl y different from control (O cigarettes) levels. 

Results and Discussion in this chapter appear in pait in Am. J. Resp. Cell Mol. Biol. (in press) 
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Lavage PMN's as  a Function 
of  Number of Cigarettes Smoked 

Lavage Macrophages as a Function 
of  Number of Cigarenos Smoked 

Figure 1 S.  The nurnber of PMNs and macrophages in the bronchoalveolar lavage fluid of 
C57-BU6J 24 hours after exposure to vanous doses of cigarette smoke. The number of 
PMNs were increased significantly der exposure to 2 and 3 cigarettes compared to 
control (O cigarettes) rnice. The number o f  macrophages were unchanged compared to 
controls at al1 doses. 5 .  Values are mean i SD. indiutes significantly greater than 
control values. 



Lavage Desrnosine as a Function 
of  Number of Cigarettes Smoked 

Conlro! 1 Cig 2 Cig 3 Cig 

Lavage Hydroxyproline as a Function of 
Number of Cigarettes 

Conlrol t Cig 2 Cig 

Figure 16. The levels of connective tissue breakdown products in the bronchoalveolar 
lavage fluid of C57-BU6J 24 houn after uposure to v&ous doses of cigarette smoke. 
Both desmosine and hydroxyproline levels are increased in the lavage d e r  exposure to 
smoke 6om 2 and 3 cigarettes compared to control (O cigarettes) Mce. N=5. Values are 
mean t SD. = indicates significantly greater than control values. 



7.1.2 Time Response 

Figure 17 shows that PMN numbers in the lavage increase significantly by 6 hours and 

begin to return to control levels again by 48 hours while macrophage numbers in the airspaces 

are not affected by the cigarette smoke. Absolute nurnbers of PMNs are small with control 

lavages containing approximately 10,000 cells/ml; at 24 hours there are approximately 40,000 

cells/ml. Absolute macrophage numbers in the lavage range fiom 400,000 to 500,00O/rnl. 

Figure 18 shows the accompanying changes in the connective tissue breakdown markers over a 

period of 48 hours. The desmosine and hydroxyproline levels in the lavage fluid show a 

significant increase fiom control values at both 6 hours and 24 hours. There is no significant 

difference in desmosine and hydroxyproline (markers of elastin and collagen breakdown, 

respectively) Ievels between control and smoke-exposed animals at 48 hours. 

7.1.3 Response to Anti-PMN Antibody 

Figure 19 shows the numbers of PMNs and macrophages in the lavage fluid of mice 

exposed to smoke fiom 2 cigarettes or air 24 hours afier receiving or not receiving anti-PMN 

antibody administered i.p. infiammatory ce11 counts 24 hours after smoke exposure indicate 

that the antibody reduces lavage PMN levels to O and does not affect the number of 

macrophages in the lavage. Figure 20 shows the corresponding changes in desmosine and 

hydroxyproline levels in the lavage fluid. The mice receiving the anti-PMN antibody pt-ior to 

cigarette smoke exposure show no increase in desmosine or hydroxyproline compared to air- 

exposed mice while there is a significant increase in both desmosine and hydroxyproline 

(markers of elastin and collagen breakdown, respectively) lavage levels in smoke-exposed mice 

not receiving the anti-PMN antibody. 



Lavage PMN as a Functton of Time 
After Smoking 2 Cigarettes 

Controi - smoke 

24 HII 48 Hrr 
ri 0 

Levage Mecrophages as a Function of  Tirne 
After Smoking 2 Cigarettes - Control - Smoke 

6 Hrs 24 uia 40 Htr 
Tir. 

Figure 17. The number of PMNs and macrophages in the bronchoalveolu lavage fluid of 
C57-BU6J Mce at various time points after exposure to smoke fiom 2 cigarettes. The 
number of PMNs were increased significantly afkr  24 hours in smoke-uposed mice 
compared to control (O cigarettes) mice. The number of macrophages wetc unchanged 
compared to controls at dl timc points. Solid bars represcnt control (air-mposed) mice 
and stnped bars represent smoke-exposed mice. N=S. Values are mem f SD. indicates 
significantly greater than control valua. 



Lavage Oermosine as r Funcrion of l ime 
After Smoking 2 Cigarettes 

Conttol - Smoke 

6 Hrs 24 Hir 48 Hi8 
ri 

Lavage Hydroxyproline as a Function of 
Tirne After Smokin 2 Ci armes - Control ,A, 

Figure 18. The levels ofcomective tissue breakdown products in the bronchoalveolar 
lavage fluid of CS7-BU6J mice at various time points &er exposure to smoke fkom 2 
cigarettes. Both desrnosine and hydroxyproline levels am increased in the lavage afler 6 
and 24 hours compared to control (O cigarettes) mice. Solid bus represent control (air- 
exposed) mice and stnped bars represent srnoke-exposcd micc. N=S. Values are mean i 
SD. indicates significantly greater than control values. 



Etfects o f  Anti-PMN Antibody on 
Lavage PMN's 

No antibody Antibody 

Elfectt o f  Anti-PMN Antibody on 
Lavag s Macrophages 

No antibody - Antibody 

Figure 19. The effects of anti-PMN antibody on lavage cell numbers 24 houn after 
exposure to smoke from 2 cigarettes. Anti-PMN antibody reduces PMN counts to O (bar 
in graph is a place marker) in both control (air-exposed) and smoke-exposed rnice. 
Lavage macrophages numbers are not changed with antibody administration. Solid ban 
represent control (air-exposed) mice and striped bars reprepent srnoke-apored mice. 
N=S. Values are mean + SD. indicates significantly gnater thm wntrol values. 





7.1.4 Time Course of Exogenous Human alAT in Mouse Semm 

A single i.p. administration of 20 mg of purified a 1 AT in a volume of 1 .O ml was given to a 

group of 5 mice. The s e m  level of human a 1 AT was monitored over a penod of 14 days 

using a human a 1 AT ELISA. Figure 12 shows that significant levels of the injected protein 

(approximately 2 m m )  could be detected in the serurn for up to three days. 

7.1.5 Western BIot of BALF After alAT Administration 

The western blots show that the human a 1 AT protein is present in the lavage fluid of both 

smoke (Figure 2 1 B) and air exposed animais (Figure 2 1 A) 48 hours afier i-p. administration. 

OnIy a band of approximately 52 kilodaltons (the normal size of human a l  AT) is visible on the 

blots suggesting that the protein is intact and not present in degraded forms. 

7.1.6 Effects of Exogenous alAT on Connective Tissue Breakdown 

Figures 22 and 23 show the effects of exogenous a 1 AT administration on the infiammatory 

ce11 nurnbers and connective tissue breakdown products in the BAL fluid. For the acute smoke 

experiments, bronchoalveolar lavages were done a total of 48 hours afier the Protease injection 

and 24 hours afier cigarette smoke exposure. Protease given i.p. 24 hours prior to smoke 

exposure completely prevents the smoke-rnediated increases in PMNs, but the macrophage 

numbers are not affected by smoke exposure or by exogenous a IAT treatment (Figure 22). 

There is a corresponding decrease in lavage desrnosine (a marker of elastin breakdown) levels 

afier srnoke exposure in mice receiving prior al AT administration. as well as, a decrease in 

lavage hydroxyproline (a marker of collagen breakdown) levels (Figure 23). 



Fi ure 2 1 .  Western blot of lava e fluid at 48 hows after AAT administration 
(2% houn a h  smoke exposurefusing antibody agatnst human AAT (Sigma). 
A) lanes 1-5: conEl  (air-exposed) mice w+h no human AAT, lanes 6-9: 
control mice receiving 20 m humanpAT ].p. std: ure human AAT. 
B) lanes 1-4: ~moke~expose # mice wth no human 1 AT, lanes 5-8: smoke- 
exposed mice receiving 20 mg human AAT i.p. std: pure huma. AAT. 



Ettecl of Exogenous o l A T  on Lavage PMN 

Conirol Sn  oko atAT al AflSmakr 

Etfect of Exogenous a l  AT on Lavage 
Mecropheges 

Coniiol Smoko 01 AT 01 ATISmaki 

Figure 22. The effects of exogenous human al AT (Prolastin), administered 24 hours 
prior to srnoke exposure) on bronchoalveolar lavage cell counts 24 hours ofter exposure 
to smoke from 2 cigarettes. PMNs are increased after smoke exposure cornpareci to 
control (air-exposed) vaiues and this incruse is not seen in mice receiving exogcnous 
a 1 AT. The numbers of macrophages are unafkted by smoke exposure or al AT 
treatment. N=5. Values are mean t SD. indicates significantly p a t e r  thm control 
values. 



Effect of Exogenous a1AT 
Lavage Desrnosina 

Effect of Exogenous a l  AT on 
Lavage Hydroxyproline 

Figure 23. The effects of exogenous human al AT (Prolastin, adrninistered 24 hours pnor 
smoke exposure) on bronchoalveolar lavage desmosine and hydroxyproline levels 24 
hours d e r  exposure to smoke corn 2 cigarettes. Desmosine and hydroxyproline levels 
are increased f i e r  smoke exposure compared to control (air-exposed) values and these 
increases are not seen in mice receiving exogenous alAT. N=S. Values are mean f SD. 

indicates significantly greater than control values. 



7.1.7 Lavage Serine and Metalloelastase Activity 

Figure 24 compares the serine and metalloelastase activities in the lavage fluid 24 hours 

afier exposure to 2 cigarettes. Cigarette smoke exposure elevates both serine and 

rnetalloelastase activities (two- and three-fold respectively), compared to basal levels. 

Exogenous a 1 AT administration prior to the cigarette smoke exposure prevents the increase in 

serine but not the metaIloelastase levels compared to control values. Activity is expressed in 

arbitrary units and differences indicated by * are statistically sipnificant compared to controls. 

Sarnple groups consist of 5 animais each. 



Serine and Metalloelatase Activity in 
Lavage Fluid after a l  A T  Administration 

Serine Metallo 

Conttol Ctrleal AT Srnoke Smoke-al AT 

Figure 24. Elastase aciivitiu in the bronchoaivcolv lavage fluid of rnice 24 houn rfta 
exposure to smoke from 2 cigarettes or air uposure (control) with or without receihg 
an i.p. injection of 20 mg purified human al AT 24 hours prior to treatment. Smoke 
exposure elevates both senne and metalloelastase activities. Administration of human 
a 1 AT reduces the lavage senne elastase activity to wntrol values, but does not afièct the 
metalloelastase activity. Solid bars represent control (air-expo~d) mice and striped bus 
represent smoke-exposed mice. N=S. Vdues are mean f SD. indicates signifiuntly 
greater than control values. 



7.2 Discussion 

In this study we have examined the acute effects of cigarette smoke exposure on 

pulmonary connective tissue breakdown and characterized the cells and proteases 

involved. The controversies regarding the effector cell(s) and protease(s) important in the 

pathogenesis of emphysema have been discussed in Chapter 2. Alpha-1-antitrypsin 

augmentation therapy has k e n  shown to be a feasible and safk method of correcting the 

biochemical deficiency, and unrandomized cornparisons of patients with and without 

replacement therapy suggest that it results in improvement in the decline in lung funçtion, 

as measured by FEVI (Seersholm, et ai. 1997, Wencker et al., 1998, a l A T  Registry Study 

Group, 1998). The protease-antiprotease imbalance hypothesis has also been proposed to 

explain cigarette smoke-induced emphysema with the traditional view that the increase in 

proteolytic activity in smokers is denved fiom PMNs (Janoff, 1985, Tetley. 1995, 

Shapiro, 1995) and that cigarette smoke also inactivates the major neutrophil elastase 

inhibitor in the lung, a l  AT. Thus elastin and collagen breakdown can occur in the lower 

respiratory tract in cigarette smokers as a result of increased proteolytic activity and/or 

decreased antiproteolytic activity (Evans & Pryor, 1994, Snicier et al., 1994). 

The quantitation of connective tissue breakdown in humans with COPD, however, 

has been problematic and reports using various methods are inconsistent. Early reports 

using radioirnmunoassays conclude that there is no detectable difference in urine 

desmosine between control and al AT deficient subjects (Pelham et al., 1985) and no 

correlation between urine desmosine and smoking status (Davies et ai., 1983). Apart 

from problems of interfering substances, measurement of urinary or plasma desmosine is 

not completely specific as it includes the normal elastin turnover fiom al1 organs in the 



body. Gottlieb et ai. (1996) note that, in normal individuals, only 19% of urinary 

desmosine is derived fiom the lung. Measurements of lung lavage desmosine are 

potentially more informative, but few data are availabie. Recent studies suggest that 

plasma and also BAL fluid elastin-derived peptides are increased in smokers with signs of 

emphysema (Dillon et al., 1992 and Schriver et ai., 1992) and Ofùiue et ai. (1998) 

reported that, using a radioirnmunoassay, elevated levels of both desmosine and elastin 

split products could be detected in the lavage fluid of rats two months after initial smoke 

exposure, but not earlier. The present experiments demonstrate this phenornenon more at 

an earlier tirne. Levels of desmosine in the BAL fluid were elevated within 6 hours of 

smoke exposure, suggesting that connective tissue breakdown is an early event. The fact 

that hydroxyproline levels were also elevated at this time reinforces the idea that the 

proteolytic attack resulting fiom cigarette smoke exposure degrades a whole spectrum of 

matrix components, not just elastin. Studies have shown that collagen breakdown and 

abnormal resynthesis is associated with emphysema development in animal models of 

smoke-induced emphysema (Wright et al., 1995) and in hurnans who smoke (Cardosa et 

al., 1 993). Also, transgenic mice expressing collagenase in the pulmonary intentitium 

were shown to develop emphyserna-like lesions (D'Anniento et al., 1992) and increased 

collagenase activity was present in the lungs of smokeexposed guinea pigs with 

emphysema (Selman et al., 1996). 

Increased epithelial penneability occurs afier exposure to cigarette srnoke, so the 

possi bility of smoke-induced leakage of semm desmosine and hydroxyproline into the 

lung was considered. However, there was no detectable desmosine in normal mouse 

senun with Our HPLC technique, which has a detection limit of 3 pmoVm1, and since the 



normal mouse serum volume is approximately 1.5 ml, the total contribution of desmosine 

from s e m  could have k e n  at most 4.5 pmoVm1. The lavage desmosine in our control 

animals was 20-30 pmoVml and the smoke-exposed animals had desmosine levels of up 

to 70 pmol/ml. Therefore we are confident that the increases in comective tissue 

breakdown products in the bronchoalveolar lavage fluid in the lungs of smoke-exposed 

mice are of lung origin. 

Although at an intuitive level the pathogenesis of emphysema in hereditary a l  AT 

defxciency is probably similar to that of cigarette smoke-induced emphysema, the role for 

Neutrophil elastase or a 1 AT in the lung destruction caused by cigarette smoke is 

controversial. In addition to Neutrophil elastase, a number of other enzymes, including 

macrophage metalloelastase, 72- and 92-kDa gelatinase, and matrilysin al1 have some 

elastase activity and may play an important role in increased proteotytic activity occumng 

in response to smoke (Gronski et al.. 1997, Shapiro, 1994, Senior et al., 1991). In support 

of this possi bili ty, Hautmaki et al. ( 1 997) created mice lacking the gene for macrophage 

metalIoelastase and demonstrated that these mice do not develop emphysema in response 

to long-term cigarette smoke exposure. Recently, Ofùlue et al. (1998) have shown that 

the time course of cigarette smoke-induced emphysema in rats is closely related to the 

time course of increased macrophage-derived elastolytic activity and does not mirror 

changes in PMN numbers. These studies implicate a central role for macrophage elastase 

in cigarette smoke-induced emphysema. The significance of macrophages in the 

pathogenesis of emphysema is M e r  implicated by reports of increased number of 

macrophages in the airspaces and respiratory bronchioles and parenchyma of smoker's 

lungs (Niewoehner et al., 1974). 



Evidence from our experiments, however, is consistent with the traditional view 

that PMNs are the effector cells in emphysema, at l e s t  acutely, in the early stages after 

cigarette smoke exposure. PMNs constitute, on average, 1-3% of lavage cells in our 

smoke-exposed mice, values comparable to those seen in human smokers (Hunninghake 

& Crystal, 1983). This increase is potentially more significant than might be thought 

from such small numbers, since absolute numbers of PMNs were increased 

approximately 10 to 30 fold in the various experiments and lavage numbers reflet  only 1 

to 2% of PMNs present in the lung tissue (Downey et al, 1993). in studies using lung 

tissue from chronic smokers, it was demonstrated that the alveolar walls of smokers' 

contain a higher absolute number of PMNs than those of non-smokers, although the 

number of PMNs did not correlate with degree of lung destruction (Eideiman et al., 1990, 

Finkelstein et al., 1995). The importance of  elevated PMN numbers is evident fiom the 

experiments using anti-PMN antibody. By reducing lung PMNs to essentially O, 

connective tissue breakdown was abolished. 

Similady, the efficacy of exogenous al AT in preventing connective tissue 

breakdown is strong evidence that a serine protease is involved, and the effect of a 1 AT in 

abolishing the elevated serine elastase activity in the smoke-exposed mice is evident in 

Figure 25. While Our experiments do not prove that that protease is neutrophil elastase, 

this is the mostly likely culprit since it is the most potent serine elastase in the PMN 

arrnamentariurn and accounts for most PMN-derived elastolytic activity. However, other 

PMN serine proteases such as cathepsin G and proteinase 3 cannot be mled out. 

An interesting observation fiom our studies is that a 1 AT administration not only 

results in decreased levels of desmosine and hydroxyproline in the lavage fluid, but it also 



prevents PMN recruitment to the Iungs (Figure 23). This suggests that a l  AT is 

preventing c o ~ e c t i v e  tissue breakdown by decreasing PMN recruitment Uito the lungs. 

I t  has been suggested that inhibitors of cathepsin G and a 1 -chyrnotrypsin prevent PMN 

chemotaxis by binding to ce11 surface proteases (Lomas et al.. 1995) and a l  AT has also 

been shown to decrease PMN chemotaxis in vitro (Stockley et al., 1990). Another 

explmation for the reduction in PMN recruitment is the elimination of connective tissue 

breakdown products through inhibition of PMN-rnediated ECM proteolysis. Both elastin 

and collagen-derived peptides have chemotactic activity for PMNs (Senior et al., 1980, 

RiIey et al.. 1 988). Therefore, a 1 AT could prevent formation of chemotactic peptide 

fragments. blocking a positive feedback cycle. Our acute smoke experiments do not 

specifically address these possibilities, but when LPS is administered to mice, a l  AT 

injection prevents elastin degradation, despite the fact that lavage PMN nurnbers remain 

significantly elevated (see Chapter 8). This suggests that direct inhibition of proteolytic 

activity is important in preventing connective tissue breakdown in our mode1 of acute 

cigarette smoke exposure. 

Decreased function of oxidized al AT in smokers has been reported (Carp et al., 

1982). as well as, a decreased association rate between a l  AT and neutrophil elastase 

(Ogushi et al., 1991 ). Both of these factors would resuIt in a reduction in the 

antiproteolytic screen of the lower respiratory tract, however, some studies have 

suggested that cigarette smoke does not impair the fünctional activity of a l  AT and that 

there is no difference between the amount of inactive a l  AT in BAL fluid and serum fiom 

smokers and nonsmokers (Boudier et al., 1983, Lellouch et al., 1985). Lack of 



indisputable proof for the role of al AT in cigarette smoke-induced emphysema generates 

wariness in recommending such a costly treatrnent. 

In light of these reports, it is interesting that in our studies, C57-BU6J mice 

which, in human terms, have normal levels of alAT (Gardi et al., 1994) demonstrate 

acute pulmonary comective tissue breakdown in response to cigarette smoke exposure 

and strain 129/svJ mice which aiso have normal levels of a1 AT develop emphysema after 

daily exposure to cigarette smoke for a period of six months (Hautamaki et ai., 1997). 

This evidence indicates that the protease burden derived fiorn acute cigarette smoke 

exposure is sufficient to overwhelm the protective effects of endogenous alAT in C57- 

BL/6J mice. An additional note of interest is that a recent report associates cigarette 

smoke induced COPD with the MZ phenotype of al AT, where serum concentrations of 

a1 AT are only 50% of those in MM (normal) individuals, but not in MS subjects where 

the level of serum a I AT is approximately 75% of MM subjects (Sanford et ai., 1999). 

This observation not only emphasizes the importance of a l.4T (and by implication, its 

major substrate neutrophil elastase), but suggests that even fairly small variations in 

al AT levels may lead to a situation in which smoke-induced proteolysis defeats the host 

defenses. Another report demonstrates that the F type al AT which is expressed at 

normal levels in the senun inhibits Neutrophil elastase at a much slower rate than the M 

type enzyme (Cook et al., 1996). As a result FZ individuals have a high risk for the 

development of emphysema and future studies may reveal an increased risk for 

individuals who are homozygous for the F allele and other alteles that express a 

fùnctionally impaired inhibitor that is present in normal arnounts in the s e m .  Thus, 



even individuals with normal levels of a 1 AT, albeit fimctionally impaired a 1 AT, may 

benefit from augmentation therapy. 

We have used a model of acute cigarette smoke exposure to investigate aspects 

of connective tissue destruction and attempted to dari@ the importance of PMNs and 

Neutrophil elastase in this process. We have shown that exposure of mice to cigarette 

smoke results in significant destruction of connective tissue components (elastin and 

cotlagen) after 24 hours and this damage correlates with an increased number of PMNs in 

the BAL and is prevented by prior injection of an anti-PMN antibody or injection of 

a 1 AT. Macrophage numbers remain unchanged under al1 experimental conditions. These 

data support the notion that PMNs evoked by cigarette smoke are responsible for the 

connective tissue breakdown and are also consistent with hurnan data showing a 

correlation between elastin degradation products, NE-a 1 AT complexes. and NE-specific 

elastolytic activity (Betsuyaku et al., 1996). 

As discussed, our results clearly differ fiom several recent reports in the literatwe 

which emphasize the role of macrophages and metailoproteases in smoke-mediated 

proteolysis. The fact that our study examines only an acute effect is an important 

consideration. We cannot speculate as to whether PMNs play the principal role in 

connective tissue breakdown during the progression of emphysema as our mice do not 

develop airspace eniargernent. Ofulue et al. (1 998) have suggested that macrophages 

rather than PMNs are terïiporally associated with the development of emphysema in a rat 

model of chronic smoke exposure, however, they did show that PMN accumulation in the 

lavage and pulmonary interstitium persists for at least one month fiom initiation of smoke 

exposure. During this early period the increased elastin breakdown may be attributed 



primarily to Neutrophil elastase. It has also k e n  postulated that alveolar macrophages 

serve as a reservoir for NE released by PMNs during their brief delay in the lungs and is 

later released by macrophages during disease progression (Betsuyaku et al., 1 994). it is 

likely that the acute response we describe occurs repeatedly d e r  each cigarette is smoked 

and, over a long term, PMNs and their proteases play a role in the pathogenesis of 

emphysema, as well as, macrophages. A relationship between amount smoked and 

number of BALF PMNs has previously been shown in humans (Bosken, et al, 1992). 

The metalloelastase activity we observed may be due to macrophage metalloproteases or 

PMN-derived proteases such as gelatinase B (MMP-9) dthough these enzymes do not 

contribute significantly to the elastin or collagen breakdown in the first 48 hours afier 

smoke exposure as the serine protease inhibitor, al AT, was able to completely prevent 

degradation of these connective tissue components. 

Conclusion: We have demonstrated that acute exposure of mice to cigarette smoke 

results in lung connective tissue breakdown associated with increased lavage PMNs, 

but not with macrophages. The connective tissue breakdown was prevented by the 

neutrophil elastase inhibitor, alAT, and also by depleting the PMNs from the lungs 

with an anti-PMN antibody. Our data suggests that neutrophil elastase, rather than 

macrophage-derived metalloelastase is important in the early events leading to the 

development of emphysema. 



8. LPS-mediated Lung Injury 

Hypothesis: 1 ) Acute LPS-mediated lung injury in mice is associated with a pulmonary 

inflammatory response causing comective tissue breakdown which is prevented by 

i ntraperi toneal administration of human a 1 AT. 2) C hronic LPS exposure in strain CD- 1 

mice (achieved by weekly intratracheal instillations of LPS) results in the development of 

ernphysema. 

8.1 Results 

8.1.1 BALF Cell Nurnbers 

Table 5 lists the inflammatory ce11 nurnbers in the lavage of mice 1 and 7 days after 

receiving a single intratracheal instillation of 50 pg of LPS. Mice receiving intratracheal 

instillations of saline were used as controls because LPS was delivered as a solution in 

saline. The inflammatory ce11 numbers indicate that saline causes a minor inflammatory 

response that is resolved by 7 days although it is not as drarnatic as that observed in the 

LPS treatment groups. Compared to saline controls total ce11 numbers are increased 

three-fold compared to saline controls at 24 hours and five-fold at 7 days after the LPS 

instillation. At 24 hours after LPS instillation PMN numbers are elevated and make up 

96% of the BALF cells. At 7 days PMN numbers remain elevated and they account for 

5 1 % of the cells in the BAL fluid of mice receiving LPS. Macrophage numbers drop 

after LPS instillation but are significantly increased at 7 days, compared to saline 

controls. Treatrnent of mice with exogenous al AT 24 hours p ior  to the LPS instillation 

does not significantly affect ce11 numbers, compared to the LPS only group at 24 hours or 

7 days. Al1 groups consist of 5 mice each. 



Table 5: Inflammatory cells in the BALF after intratracheal instillations 
of 50 pg LPS 

24 hrs. s a h e  control 

24 hours. LPS 

24 hrs. LPS + al AT 

7 days. saline control 

7 days, LPS 

7 days. LPS + al AT 

Total Cells 

(millions) 

1.17 + 0.48 
3.38 f 1.7 

2.22 i- 0.94 

0.54 + 0.02 

2.6 + 0.82 

2.75 + 0.67 

N= 5 for each experimentai gtoup 

PMNs 

(millions) 

-50 I .44 

3.25 + 1.67* 
2.1 +- .99* 

O 

1.38 f .79* 

1-14 I .84* 

Macrophages 

(millions) 

* indicates signific&ly different than corresponding saline control numbers 



8.1.2 BALF Desrnosine Levels 

Figure 25 shows that 24 hours after the LPS instillation, lavage desmosine levels 

increase significantly (three-fold) and remain elevated for 7 days. Administration of 

a 1 AT 21 hours prior to the LPS instillation completely prevents the desmosine increase 

at both 24 hours and 7 days. 

8.1.3 BALF Hydroxyproline Levels 

Hydroxyproline levels in the BAL fluid of mice are unchanged 24 hours affer LPS 

instillation compared to control levels, but are significantly increased after 7 days (Figure 

26). Administration of a l  AT 24 hours prior to the LPS instillation does not prevent the 

hydroxyproline increase at 7 days. 

8.1.4 BALF Elastase Activities 

Twenty-four hours afier LPS instillation, the lavage serine elastase activity. but not 

metalIoelastase activity is significantly increased (Figure 27). The serine elastase activity 

retums to control levels with prior al AT (Protease) administration. There is no 

detectable difference in elastase activities (serine and metallo-) between control and LPS 

mice afier 7 days (Figure 28). Elastase activities of the 7 day saline control animals are 

no  t incIuded because both metallo- and serine elastase activities were several-fold higher 

than the other groups including the 24 hour saline controls, suggesting that these samples 

are contaminated. Unfortunately, samples of lung for histological examination were not 



Desrnosine Levels in BALF 1 and 7 Days 
After LPS (50ug) Instillations 

24 hours 7'dayt 

Control LPS only LPS+Prolastin 

Figure 25. Lavage desmosine is increased 24 hours and 7 days &er a single intratracheai 
instillation of 50 pg LPS compared to control mice receiving saline instillations. 
Administration of 20 mg Prolastin (purified human aIAT) 24 hours pior to the LPS 
instillation prevents the desmosine increase. Solid b u s  represent values at 24 hours and 
stnped bars represent values at 7 days. N=S for each group and vaiues are expressed as 
mean k SD. * indicates significantly greater than control. 



BALF Hydroxyproline Levels 1 & 7 Days 
After LPS (50ug) Instillation 

1 0ay  7.Days 

Control LPS CPS+Pro!astin 

Figure 26. Lavage hydroxyproline is not increased 24 hours d e r  a single intratrachd 
instillation of 50 pg LPS, but is signifisuitly i n c r d  7 days .Acr the instillation 
cornpared to control mice receiving saline instillations. Administration of 20 mg Prolastin 
(purified human al AT) 24 hours pnor to the LPS instillation does not prevent the 
hydroxyproline increase at 7 days. Solid bars represent values at 24 hours and striped bars 
represent values at 7 days. N-5 for each group and values are expressed as mean f SD. 
indicates significantly greater than control. 



Elastase Activity 24 hrs after i.t LPS 
Instillation 

Serina Elastase Mat+loelastare 

Saline LPS LPS + P rol 

Figure 27. Elastase activities in the bronchoalveolar lavage fluid of mice 24 hours after 
receiving i.t. instillations of saline (control), LPS only, and LPS with prior Prolastin 
(purified human al AT) administration. Solid bars represent serine elastase activity and 
striped bars represent metalloelastase activity. Activities are expressed in arbitrary units. 
N=5. Values are mean + SD. indicates significantly gruter than control. 



Elastase Activities 7 days after i.t.LPS 
Instillations 

S e r i n e  Elastase MetalIoelastase 

LPS 

Figure 28. Elastase activities in the~bronchoalveolar lavage fluid of Mce 7 days after 
rec~iving i.t. instillations o f  LPS only, and LPS with prior Prolastin @urified human 
a 1 AT) administration. Control values are not plotted due to probable contamination of 
those samples. Solid bars represent senne elastase activity and striped bars represent 
rnetalloelastase activity. ~ c t k i t i e s  are expressed in a r b i t r h  unitsa- N=S. ~al"es are mean 
t SD. indicates significantly greater than control. 



taken from these animals so assessrnent of possible pulmonary infection could not be 

done retrospectively. 

8.1.5 Chronic LPS Experiment 

The effects of 10 weeks of weekly LPS (25pg) instillations in transgenic and non- 

transgenic mice is shown and compared to age-matched control mice not receiving LPS 

in Table 6.  There is a significant increase in mean linear intercept (Lm) in both 

transgenic and non-transgenic mice receiving LPS compared to the control transgenic 

group. Instillation of 25 pg of LPS causes a substantial increase in total lavage ce11 

numbers (greater than 90% PMNs) after 24 hours, but this increase is less than that 

observed with instillation of the higher (50 pg) dose of LPS used for the acute 

experiments. Mice recovered from each instillation of LPS quickly and tolerated repeated 

instillations very welt. Recovery time IIom the 50 pg dose was approximately 6-8 hours 

compared to 1-2 hours for the 25 pg dose of LPS. A total of 2 out of 5 mice fiom each of 

the SPAT3 and CD-1 treatrnent groups died at various time points throughout the 

experimental period. AI1 deaths were a result of complications arising fiom the 

intratracheal instillations. Figure 30 shows light micrographs of transgenic CD-1 mice 

with and without (10 weeks) chronic i.t. LPS administration. in the mice receiving LPS 

there are large focaI areas of obvious lung destruction which are not present in control 

CD-1 mice. 

In order to determine whether the period required to induce pulmonary airspace 

enlargement in mice could be shortened, the above expriment was repeated with an 

experimental period of 8 weeks. A shorter experimental period would require fewer 



injections of Protease in fùtwe experiments, thereby significantly reducing the associated 

expense. The effects of 8 weeks of weekly LPS instillations are shown in Table 7. There 

are significant differences between both the groups of transgenic mice and normal CD-! 

mice. In many of the LPS treated rnice in this expriment, however, there are some 

isolated areas of distinct airspace enlargement that are not present throughout the lung 

sections. This pattern is not observed in the control mice. At 8 weeks it appears that lung 

destruction has started to occw, but more impressive airspace enlargement is not evident 

until at least 1 0 weeks. These data underscore the progressive nature of the LPS-induced 

emphysema development. 



Table 6. Morphometric Analysis o f  Transgenic (SPAT3) and Normal 
CD- 1 Mouse Lungs After 10 weeks of  LPS Administration 

Table 7. Morphometric Analysis of  Transgenic (SPAT3) and Normal CD-1 Mouse 
Lungs After 8 weeks of LPS 

Lm (pm) 
Lm = mean iinear intercept 
*differs significantly fiom conuol (p < 0.05) 

Transgenic 
Control (n=4) 

58.5 I 4 . 3  

-. 

- Lm ( ~ m )  

Transgenic LPS 
(n=3) 

66.3 f 5.8* 

Lm = mean linear intercept 
*differs significantly fiom control (p < 0.05) 

Transgenic 
Control (n=5) 

59.3 + 3.8 

CD- 1 LPS 
(n=3) 

79.3 f 8.8* 

Transgenic LPS 
(n=5) 

65.1 I 1.7* 

CD01 Control 
(n=4) 

49.3 + 4.7 
CD-1 LPS 
(n=5) 

55.6 k 5.6* 



Figure 29. Photomigraphs of conqol C P l  mice not receiving LPS (A) and- C D  1 mice 
rece1vin.g weekly intqitracheal instillations of LPS (8). Lungs are stained wth hematoxylin 
and eosin. Both sections are photographed at the same magnification. 
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8.2 Discussion 

8.2.1 Acute LPS Lung Injury 

Lipopolysaccharide (LPS), or endotoxin, is a major component o f  the outer ce11 

wall of gram-negative bacteria (Wicks et al., 1995). LPS has varied effects on different 

ce11 types and induces the release of inflarnmatory mediators fiom macrophages and T 

lymphocytes, stimulates T and B ce11 proliferation, stimulates B ce11 antibody production, 

and activates endothelid cells, natural killer cells, and PMNs (Wicks et al., 1995). 

Repeated intraperitoneal or intravascular administration of LPS in rats and dogs results in 

the sequestration of PMNs in the pulmonary microvasculanire and alveolar wall 

destruction typical of emphysema (Blackwood et al. 1984, Guenter et al., 198 1). 

Intratracheal administration of LPS into mice causes increased PMNs in the 

bronchoalveolar lavage fluid and the development of mild emphysema (Starcher & 

Williams, 1989). It has also been suggested that LPS-induced lung injury is a good mode1 

for adult respiratory distress syndrome (ARDS) because it leads to increased numbers o f  

alveolar PMNs which are also typical of ARDS (Fowler et al., 1983). in this study. we 

have shown that acute intratracheal LPS administration in mice results in PMN influx and 

connective tissue breakdown which is prevented by a 1 AT. 

Studies using intraperitoneal administration of LPS into mice show that although 

this leads to the sequestration of PMNs within the pulmonary vasculature, the cells do not 

migrate into the alveolar spaces (Hirano, 1996). This appears to be a species specific 

phenornenon as transinterstitial infiltration of PMNs in response to i.p. LPS does occur in 

rats and dogs (Blackwood et al., 1985, Guenter et al., 198 1). Evidence of  acute lung 

injury in mice as a result of intraperitonedly injected LPS has not been docwnented 



(O'Malley et al., 1998). intratracheal administration of  LPS, on the other hand, results in 

recruitment of inflammatory cells, particularly PMNs, into the alveolar airspaces with 

subsequent lung injury. We have used this mode1 of LPS-induced lung injury to 

demonstrate acute pulmonary comective tissue breakdown atier a single LPS instillation. 

Previous studies have demonstrated that intratracheal instillation of LPS into the 

lungs of mice results in an influx of PMNs into the Iungs starting within 4 hours and 

remaining elevated for at least 48 hours (Starcher & Williams, 1989a). We have extended 

this observation to 7 days. Our studies show that BALF ce11 nwnbers are elevated after 

24 hours. with PMNs making up greater than 95% of the cellular infiltrate (Table 5). The 

total ceIl numbers remain elevated at 7 days after the singie LPS instillation, but at this 

time PMNs make up approximately 50% of  the total cells and macrophages make up the 

remaining 50%. The comective tissue degradation data shows that elastin breakdown 

(indicated by desrnosine levels) starts at 24 hours, coinciding with P M N  increases in the 

airspaces and continues unabated for 7 days (Figure 25). This elastin destruction can be 

prevented with the prior administration of a I AT (ProteaseB). Collagen breakdown, 

however. (indicated by hydroxyproline levels) is only apparent after 7 days (Figure 26), 

correlating with increased numbers of BALF macrophages, and the degradation is 

unaffected by a 1 AT administration. This result is different fiom that observed with the 

acute smoke experiments (see Chapter 7) suggesting different proteolytic mechanisms in 

the two tvpes of  lung injuries. The LPS-induced inflammatory response consisting of  

first PMNs, and then macrophages has been previously reported in rats. Rinaldo e t  al. 

( 1984) demonstrated that a single intrapentoneal injection of endotoxin in rats results in 

increased recovery of PMNs from the BALF starting at 24 hours and retuming to control 



levels by 6 days while macrophage numbers did not begin to increase until6 days d e r  

the instillation. In our experiments, the dissociation between BALF hydroxyproline 

increases and PMN levels suggests that the collagen breakdown is not mediated by PMN 

proteases (such as 72-kDa gejatinase) and is more likely a result of macrophage 

metalloproteases such as MMP- 1 ,-2,-3,-9,- 10,- 1 1 which al1 have collagenolytic activity- 

(Owen & Campbell, 1 999) or collagenases produced by connective tissue cells (Murphy 

& Docherty. 1992). Lung macrophages are aiso a source of potent cysteine proteases 

which are capable of degrading collagen, but are not inhibited by a l  AT (Chapman et al., 

1994. Bumett et al.t 1983). Increased levels of the cysteine protease cathepsin B have 

been reported in the sputum fiom patients with acute respiratory infections (Bumett et al., 

1983). The fact that hydroxyproline levels remained elevated at 7 days even in animals 

having received a1AT rules out the possibility of collagenolytic activity fiom a serine 

protease being responsible for the increase. Increased collagenase activity, mostly from 

metalloproteases, was measured in lavage recovered from patients with ARDS and 

persisted for greater than 3 weeks in some of the patients (Christner et al., 1985). 

Since a 1 AT is a potent senne protease inhibitor and cannot inhibit 

metalloproteases, the elastin degradation is most likely caused by P M N  serine elastases 

such as neutrophil elastase, cathepsin G, and proteinase 3. Measurements of elastase 

activity support this view. Lavage serine elastase activity is increased in LPS-treated 

animals at 24 hours and is returned to control levels in mice receiving Protease (Figure 

27). There are no significant changes in metalloelastase activity in mice receiving LPS 

compared to mice receiving both Protease and LPS or to control mice. This is similar to a 

study with hamsters receiving intratracheal LPS instillations followed by FMLP in which 



there was increased lavage serine elastase-like activity, but not metalloelastase activity 

after 24 hours (Mitsuhashi et ai., 1997). Also in +fis study, administration of recombinant 

hurnan S LPI or human a 1 AT attenuated the acute lung injury, as assessed by reduction of 

pulmonary hemorrhage, compared to control mice, with a 1 AT showing the more 

impressive results. 

Increased urinary desmosine excretion has k e n  associated with acute pulmonary 

inj ury in humans (Starcher et al. 1995). individuais with ARDS were shown to have ten- 

fold higher unnary desmosine levels than control patient groups (Tenholder et al., 1991) 

and cystic fibrosis patients had 2 to 3 fold higher urinary markers for elastin and collagen 

breakdown products than control subjects (Stone et al., 1 995 b). Both conditions are 

associated with increased alveolar PMNs and/or Neutrophil elastase levels in many 

reponed studies (Allen, 1996, Canonico et ai., 1996, Khan et al., 1995, Domeliy et al., 

1 995). Other investigations, however, have not confirmed these results (Petty et al., 199 1 

Gadek & Pacht, 1996). It has been postulated that in both ARDS and CF the lung 

damage is a result of increased elastase activity released ~oom pulmonary PMNs. 

In CF a contribution to the increased proteolytic activity may ais0 occur fiom 

elastases released from Pseudornonas aeruginosa (S tarcher et al., 1 995). The increased 

elastase levels in CF patients may arise as a result of insufficient elastase inhibitor 

hnction or ovenvhelming of inhibitors by the amount of elastase released fiom PMNs. 

The issue of whether a 1 AT in CF lungs is inactivated is controversial, but recent studies 

suggest that the increased eIastase activity can be explained by elevated leveis of NE 

present ( O ' C o ~ o r  et ai.. 1993, Ying et al., 1996, reviewed in Allen, 1996, Britigan et ai., 

1999). In an effort to restore the protease-antiprotease balance in CF lungs, natural and 



synthetic inhibitors of NE, including al AT, are k i n g  tested in patients and show 

prornising results (McElvaney et al., 199 1, Stone et al., 1995b, Birrer, 1995). 

In vitro and in vivo work shows that LPS directly activates PMNs to release 

elastase and produce an enhanced respiratory burst. The recntitment of PMNs to the 

lungs is mediated by macrophages, which rapidly produce TNF and IL-1 in response to 

LPS. TNF also directly stimulates elastase release by PMNs, and TNF and IL-1 induce 

the espression of adhesion receptors on the surface of the endothelium to facilitate PMN 

binding. The cytokines leukotriene B4, platelet-activating factor, and complement 

fraction C5a have al1 been associated with endotoxemia and may be involved in the 

induction of endothelial receptors on PMNs (reviewed in Welbourn & Young, 1992). 

Prospective treatment of ARDS may be aimed at arresting the host's inflammatory 

response which could involve inhibiting cytokines and inflammatory mediators thereby 

limiting recruitment of inflammatory cells into the lungs. An alternative approach would 

be prevention of PMN-mediated injury (Welbourn & Young, 1992). PMN-derived 

mediators of lung injury may be oxygen free radicals and/or proteolytic enzymes. If 

proteoiytic enzymes are mediators of lung injury in ARDS, then once again treatment 

with protease inhibitors may be a feasible form of therapy (Campbell & Cone, 1991). 

Rats with experimental a 1-antitrypsin deficiency developed greater lung damage afier 

systemic chronic endotoxin exposure than rats without al-antitrypsin deficiency 

(Blackwood et al., 1984) suggesting that the release of neutrophil elastases during the 

acute inflamatory response is responsible for the pulmonary connective tissue 

degradation. 



Concfusion: Our results support the postulate that serine elastases, inhibitable by 

al AT, are responsible, at hast in part, for endotoxin-induced acute lung injury, but 

collagenolytic metalloproteases, which are not iahibited by alAT also contribute to 

the overall lung destruction. 

8.2.2 A model of LPS-mediated emphysema 

The importance of creating an animal model of emphysema has been discussed in 

Chapter 3. In order to test the efficacy of a1 AT augmentation therapy in preventing or 

halting disease development. an animal model in which emphysema develops 

progressively is required. As mentioned already, a model of cigarette smoke-mediated 

emphysema would be the ideal situation, and an attempt was made in our laboratory to 

develop such a model. Strain CD-1 (background of transgenic mice) and C57-BL/6J 

mice were exposed to 2 cigarettes daily (5 days a week) in our laboratory for 8 months. 

Mild airspace enlargement was observed in both strains compared to control groups (JL* 

Wright. persona1 communication). There was a suggestion fiom the data that the smoke- 

exposed C57-BL/6J mice had very slightly increased mean linear intercepts (although not 

significant) compared to the CD-1 mice. This is interesting fiom the point of view that 

measurements in our laboratory and others show that C57-BL/6J mice have lower serum 

levels of a 1 AT compared to CD- 1 mice (approximately 20930% lower). This suggests 

that variations in endogenous a1 AT levels rnay affect the susceptibility of different 

mouse strains to cigarette smoke-induced lung injury. Our results, as well as, the 

previous demonstration of cigarette smoke-induced airspace enlargement in 129/svJ mice, 

which have plasma al AT levels similar to that of C57-BW6J mice, (Hautamaki et al., 



1 997) indicates that a mouse model of cigarette smoke-induced emphysema is possible. 

Experience in o w  laboratory suggests that subtle variations in the smoking protocol 

involving delivery of smoke and flow in the fume hood affect the outcorne of the long- 

tenn smoking experiments suggesting that we are at the threshold for producing 

detectable emphysematous lesions in mice exposed to cigarette smoke. Success in 

achieving a model of chronic cigarette smoke-induced emphysema may simply be a 

matter of determining the optimal conditions for smoke exposure. 

As an alternative to cigarette smoke-induced ernphysema, we have developed a 

model of chronic lung injury mediated by intratracheal LPS instillation using the human 

a 1 AT transgenic mice. Ten and 8 weeks of LPS administration resulted in histological 

changes in the lungs with areas of lung destruction and increased cellular infatrate. The 

latter infiltrate mostly resolves within a week of the last instillation, in both transgenic 

and normal CD-1 mice receiving LPS. Repeated intraperitoneai or intravenous 

administration of LPS has been reported to cause airspace enlargement in rats 

(Blackwood. 1984), dogs (Guenter et al., 198 1 ) and rhesus monkeys (Mut et al., 1996). 

intravascular sequestration of PMNs was present in al1 of these models and our acute LPS 

experiments discussed above demonstrated increased elastolytic and collagenolytic 

activity after LPS instillation. Chronic endotoxemia, however, was not associated with 

emphysematous lung lesions in rabbits receiving 2-3 intravenous injections of LPS 

weekly over a period of 15 to 28 weeks (Klut et al., 1996). This may be a reflection of 

interspecies differences in either responses to LPS or protease-antiprotease balance in the 

iungs. making it essential that the development of airspace enlargement with chronic 

endotoxemia be demonstrated in our transgenic rnice strain (CD- 1 background), even 



though LPS instillation has already k e n  shown to be a feasible method of causing 

emphysematous lesions in C57-BW6J mice (Starcher & Williams, 1989b). The route of 

administration rnay also be an important factor in the outcome of the LPS-mediated 

injury. Direct instillation of LPS into the lungs is a more direct method of administration 

compared to i.p. injection and may limit the effects of LPS to the lungs. 

The disparity among the individual animals instilled with LPS (reflected in the 

large standard deviations of groups) and the patchiness of the lung destruction we 

observed is most likely a reflection of the variability of delivery and retention of the LPS. 

The method of intratracheal instillation does not ensure even dispersal of the LPS in the 

lungs. The inflammatory response was the same afier each instillation of LPS, however, 

with lavage PMN nurnbers beginning to increase by 4 hours and remaining elevated for 4 

to 5 days (Starcher & Williams, 1989 and personal observations). 

It has been assumed in the LPS models described above that the lung lesions are a 

direct result of the accumulation of PMNs in the lungs, thus, obviating the role of 

macrophages in this process (Guenter et al., 198 1, Starcher & Williams, 1989, Klut et al., 

1996). Studies have shown that depletion of PMNs in animal models prevents the LPS- 

associated lung injury (Welbourn & Young. 1992). As discussed in this thesis, there is 

compelling evidence that macrophages are involved in the pathogenesis of cigarette 

smoke-mediated ernphysema. Macrophages are also increased in the lungs f i e r  LPS 

instillation. although not to the same extent as PMNs (see above) and there is 

colIagenolytic activity present 7 days aller LPS instillation which is probably due to 

macrophage protease(s). Thus, the tissue damage secondary to chronic LPS exposure is 

more compIex than simple NE-induced injury, with both PMNs and macrophages 



probably contributing to connective tissue breakdown. and in this regard is similar to 

cigarette smoke-induced emphysema. 

The chronic LPS animal model of emphysema described here is not ideal, but has 

several desirable quatities. First, significant airspace enlargement (increased Lm) is 

present at 8 and 10 weeks compared to the mouse cigarette smoke model which requires 8 

months. This not only shortens the experimental period, but dramatically decreases the 

cost associated with the purified human al AT (Protease) augmentation therapy. Second. 

unlike studies that involve instilling specific elastases into the lungs of anùnals, the 

premise of which is that increased elastolytic capacity in itself is directly responsible for 

the airspace enlargement, the LPS instillation model does not require this assurnption. 

LPS injury may be caused by any of the PMN or macrophage proteases or by production 

of oxidizing agents or both. The fact that collagen breakdown, not inhibited by al AT, is 

also occumng (discussed in acute LPS experiments section) is interesting and provides 

the opportunity to test the efficacy of al AT augmentation in preventing the formation of 

emphysematous lesions in a model in which the mechanism of pathogenesis is cornplex, a 

situation more similar to that of cigarette smoke-mediated emphysema. Also, with the 

LPS models. physiological concentrations of the effector agents (that is, PMNs and 

macrophages) are present, whereas, with protease instiIlation models artificially large 

quantities of elastases were instilled into animals, a characteristic which is not relevant to 

hurnan disease. 

The LPS model has a limited ability to answer questions about pulmonary 

ernphysema, but it is also relevant for other pulmonary diseases associated with lung 

injury including ARDS and cystic fibrosis. The chronic LPS-mediated lung injury mode1 



described here c m  be used to address specific questions related to aspects of the disease 

considered to be associated with lung PMN accumulation. It is aiso appropnate for 

testing the eficacy of al AT augmentation treatment in preventing oï ameliorating 

pulmonary airspace enlargement secondary to serine proteases, in a model where they 

contribute to the lung injury, but are not necessarily the only mediators of lung darnage. 

This is important because if al AT can be shown to be effective in halting disease 

progression despite the complexity of the pathogenesis of LPS-induced disease, it wiI1 

support testing the therapeutic benefits of a 1 AT in other settings in which several ce11 

types and ceilular products are present, as in cigarette smoke-induced emphysema. The 

general belief is that the primary role of a specific infiammatory ce11 a d o r  protease must 

be irrefütably established (Eidelman et al., 1990, Finkelstein et al., 1996, Hautamalci et 

al., 1997) before a treatment for cigarette smoke-induced emphysema can be considered. 

but this may not be necessary if the benefit of a naturally occurnng or synthetic 

antiprotease can be demonstrated in an animal model of emphysema. 



9. Sumrnary and Conclusions 

In this thesis we have hypothesized that a 1 AT can protect against the 

development or progression of cigarette smoke mediated emphysema, a major cause of 

death in the world today. al AT is the major inhibitor of the serine protease neutrophil 

elastase released from PMNs that are a significant cornponent of the pulmonary 

inflarnmatory response which can be evoked in mice by cigarette smoke exposure and 

intratracheal LPS instillation. We have used two approaches to detennine the eficacy of 

a 1 -antitrypsin augmentation therapy in protecting against cigarette smoke and LPS- 

mediated lung injury. The first technique was to investigate the potential for gene therapy 

to increase local production of a l  AT in the Iungs and protect against cigarette smoke- 

induced emphysema. To advance this effort, we created and characterized four transgenic 

mouse lines with expression of the human al AT gene directed by Iung-specific 

promoters to determine if local production of the protein is effective in preventing 

pulmonary comective tissue destruction progressing to the development of emphysema. 

In al1 four transgenic lines, expression of a l A T  was lirnited to the lung and present in 

both parenchpal and airway cells. Unfortunately, the protein was produced in 

unacceptably low concentrations, although it was detectable in the pulmonary 

interstitium, the site believed to be rnost susceptible to destruction by proteolytic enzymes 

released from inflammatory cells. These transgenic mice provide evidence that al AT 

gene therapy directed to the lung alveolar type II or respiratory epithelial cells will 

result in the production of protein and its movement into the pulmonary 

interstitium where its anti-proteolytic activity may be most beneficial. Although, 



these mice could not be used directly to test the hypothesis that pulmonary over- 

expression of a1 AT protects against the development of cigarette smoke-induced 

emp hy sema, they are use fui for experirnents involving the c hronic acirninistration of 

cornrnercially avai lable human a 1 AT because they are imrnunologically tolerant to this 

human protein. 

The second approach used to examine the potential effectiveness of increased 

a 1 AT levels in preventing emphysema, was to look at its role in acute lung injury 

associated with cigarette smoke exposure and intratracheat LPS instillation. First, it was 

established that acute cigarette smoke exposure and a single LPS instillation cause 

significant pulmonary connective tissue degradation. Further investigation revealed that 

elastin and collagen breakdown (in the cigarette smoke model) and elastin breakdown (in 

the LPS model) was associated with increased nurnbers of alveolar airspace PMNs and 

serine elastase activity. Intraperitoneal administration of pwified hwnan aIAT prior to 

cigarette smoke exposwe completely prevented the connective tissue breakdown and 

arneliorated the LPS-rnediated connective tissue degradation. These experirnents support 

the concept of the protease-antiprotease imbalance k i n g  responsible for Iwig injury 

associated with acute pulmonary disorders and the early events in cigarette smoke- 

mediated emphysema development. The acute smoke experiments implicate NE as ~ h e  

prirnary protease responsible for connective tissue breakdown in cigarette smoke-induced 

acute lung injury, however, the acute LPS experiments suggest that additional proteases, 

not inhibitable by a I AT, are involved in this type of lung injury. 

In surnrnq,  the above experiments establish that increasing a 1 AT levels in 

mouse models of acute lung injury protects against pulmonary connective tissue 



degradation and that both of the lung cell-specific promoters SP-C ond CC 1 O can be used 

to deliver the human al AT gene to the pulmonary interstitium. The transgenic mice are 

immunologiçally tolerant to human a1AT and, therefore, provide a model for chronic 

a 1 AT augmentation treatment. Furthennore, weekly intfatracheal instillations of LPS 

into the transgenic mice were s h o w  to cause regions o f  airspace enlargement 

characteristic of emphysema. Together, these studies provide a basis for long-term 

investigations to determine the efficacy of ai AT augmentation in the development of 

cigarette smoke or LPS-mediated emphysema in a mouse model. 
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