Department of Paediatrics, University of Szeged
Head: Prof. Sándor Túri, MD, PhD, DSc

REGULATION OF PROTEOLYTIC ACTIVITY IN LUNG
INFLAMMATION: CYTOKINE-INDUCED CHANGES IN
PULMONARY EPITHELIAL CELLS

Ph.D. Thesis

Hajn alka Szabó, M. D.

Supervisor: Prof. Dr. Sándor Túri

CONTENTS
SUMMARY……………………………………………………………………………… 3
PUBLICATIONS IN THE TOPIC OF PH.D. THESIS…………………………………… 4
ABBREVIATIONS……………………………………………………………………….. 5

1. INTRODUCTION……………………………………………………………………… 6
1.1. Pulmonary Inflammations…………..………………………………………….............. 6
1.2. Inflammatory and Structural Cells in Airway Inflammations………………… .......... 8
1.3. Cytokines and Other Inflammatory Mediators in the Lung …………...…….… .........11
1.4. Regulation of Proteolysis in the Lung…………………....……………….………...14
1.4.1. The plasmin system in the lung...... ……….……… .......................................................... 15
1.4.2. Matrix metalloproteinases in lung inflammations................. ……….……… ............................
1.5. Alveolocapillary Barrier in Pulmonary Epithelial Cells....……………….………...21
2. AIMS…………….………………………………………………….……………… .......... 22
3. MATERIALS AND METHODS ……………………………….………………… .......... 23
3.1. Materials……………………………..……………………….………………… .......... 23
3.2. Cell Culture……………………………. ...……………….…………………… .......... 23
3.3. Plasminogen Acticator Activity Determination by Zymography………………… .. 24
3.4. Colorimetric Plasminogen Activator Assay…...………….…………………… ........ 24
3.5. Matrix Metalloproteinase Activity Measurement………..…………………… ......... 24
3.6. Motility Assay……………………….……………………………….…………… 25 3.7.
Occludin Immunostaining………..……………………….……………………… 25 3.8.
Immunoprecipitation and Immunoblotting of Junctional Proteins……………… 25 3.9.
Statistics……………………………. ...……………….……………… ………… 26
4. RESULTS ……………………………………………….… .............................................. 26
4.1. Effect of Inflammatory Mediators on Plasminogen Activator ….……………......... 26
4.1.1. Concentration- and time-dependent induction of PA activity by TNF-α…………………… 26
4.1.2. Efect of inhibitors on the induction of PA activity by TNF-α….….……………………… 27
4.1.3. Efect of bacterial LPS and various cytokines on the PA activity .………………………....… 28
4.2. MMP Activity in Epithelial and Endothelial Cells………………………………... 31
4.3. Migration Potential of Epithelial Cells.………………………….……………….. 33
4.4. Integrity of Epithelial Cellular Barrier ...……………….……………………… … 34
5. DISCUSSION………………………………………………………………35 5.1. Cytokines
in the Induction of Proteolytic Enzymes in the Airways….…………... 35
5.1.1. Efects of TNF-α and other inflammatory mediators on PA activity…...……………………... 35
5.1.2. Cytokine-induced signalling and PA activity………………………………….………………….. 37
5.1.3. Role of PA activity in the pathogenesis of pulmonary diseases…………………....………..…. 38
5.2. Regulation of Matrix Metalloproteinases in Alveolar Epithelial Cells……… ........... 39
5.2.1. Efect of TNF-α and other cytokines on MMP induction………….. …...…………………….... 39
5.2.2. MMPs in signalling and pulmonary diseases……………….………………………………….. 40
5.3. Migration Potential of Tumor Necrosis Factor-α Induced Epithelial Cells……….. 42
5.4. Tumor Necrosis Factor-α and the Damage to Pulmonary Alveolocapillary Barrier 43
6. CONCLUSIONS…………………………………………..… ............................................. 45
7. BIBLIOGRAPHY..……………………………………...…… ............................................ 45
8. ACKNOWLEDGEMENTS...……………………...………… ............................................ 50
9. APPENDIX………………....…………………...…………… ............................................ 51

SUMMARY

Due to the long-term effects of acute and chronic lung diseases of infancy and childhood
research exploring the pathomechanism and treatment of paediatric pulmonary diseases is a
priority. A large number of chronic lung diseases, e.g. bronchopulmonary dysplasia or
asthma bronchiale, is associated with alveolar and bronchial inflammation. Proteolytic
changes play a significant role in the damage to the alveolocapillary barrier. The role of
proteolytic pathways in the epithelial damage has been investigated in the present study in
order to find potential protective mechanisms which could reduce the injury caused by
proinflammatory cytokines.
Tumour necrosis factor-α, interleukin-1 β, interleukin-2, interferon-γ, and bacterial
lipopolysaccharide were able to induce significant increase in plasminogen activator
activity in A549 human alveolar epithelial cells. Tumour necrosis factor-α had time- and
dose-dependent effects both on urokinase and tissue-type of plasminogen activator
induction. This cytokine could also significantly activate matrix metalloproteinase 2 in
A549 cells and increased migration potential of wounded epithelial cells. All of these
inductions change could be inhibited by dexamethasone and an inhibitor of Rho-kinase.
Tumour necrosis factor-α treatment also caused damage to the integrity of epithelial
cellular barrier, it led to relocalisation of the tight junction transmembrane protein occludin,
and to a dose-dependent decrease in the expression of adherens junction protein β-catenin.
The present study indicates that cytokines promote fibrinolysis in alveolar epithelium and
contribute to pathogenesis and repair of lung injury. Tumour necrosis factor-α is responsible
for the induction of proteolytic activity and the injury of alveolocapillary barrier, while
glucocorticoids and Rho-kinase inhibitors may have potential role in future therapeutic
approaches. Data obtained on in vitro models may contribute to detection of the signal
transduction pathways regulating epithelial proteolytic activity in response to inflammatory
stimuli and to identification of potential therapeutic target molecules.
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1. INTRODUCTION
Respiratory illnesses are the major cause of morbidity and mortality in childhood. Asthma, a
chronic inflammatory disorder of the airways is characterized by episodic and reversible
airflow obstruction and airway hyperresponsiveness (AHR), has a prevalence of 8.5% in
childhood and is responsible for the death of 200 children annually in the United States
(Moorman et al., 2007). In addition to genetic factors, pre- and postnatal environmental
exposures, acute and chronic lung diseases of infancy and childhood have long-term effects
on lung structure and function which persist and adversely affect lung function and
respiratory health into adulthood, therefore research in paediatric pulmonary diseases is a
strategic priority (Castro et al., 2009).

1.1. Pulmonary Inflammations
Inflammation is an important response that defends the body against invasion from
microorganisms and the effects of external toxins. Acute inflammation in the respiratory
tract is an immediate defense reaction to inhaled allergens, pathogens or noxious agents
which is accompanied by increased mucus secretion in order to protect the mucosal surface of
the airways (Barnes, 2006). The acute response is followed by a repair process that restores
the tissue back to normal involving proliferation of damaged epithelial cells and fibrosis.
The repair process may become chronic in response to continued inflammation, resulting in
remodelling, i.e. structural changes in the airways (Barnes, 2006).
Acute lung injury (ALI) and its more severe form, the acute respiratory distress syndrome
(RD S), are characterized by an acute inflammatory process in the air spaces and lung
parenchyma. The loss of barrier function of the alveolar epithelial and pulmonary capillary
endothelial cells results in respiratory failure in critically ill patients. A complex network of
pro- and anti-inflammatory cytokines and chemokines play a major role in mediating,
amplifying, and perpetuating inflammatory-induced lung injury from sepsis, pneumonia,
aspiration, and shock. Lung-protective ventilatory strategy reduces not only the number of
neutrophils and the concentration of pro-inflammatory cytokines in injured lung, but also the
mortality in patients with ALI (Goodman et al., 2003).
Chronic inflammation in the airways may persist for many years, sometimes even in the
absence of the causal mechanisms. The molecular and cellular mechanism involves both

long-lived immunologic memory cells and structural cells in the airways. The structural
changes may result in irreversible narrowing of the airways with the reduction in air flow in
asthma and cystic fibrosis (CF). These changes include fibrosis, increased amount of
airway smooth muscle, and increased number of blood vessels (Barnes, 2003). The
allergic inflammation in asthma is driven by exposure to allergens through immunogobulin E
(IgE)-dependent mechanisms, resulting in a characteristic pattern of inflammation. In
asthma, the inflammatory response is activated inappropriately. Allergens, such as house
dust mite and pollen proteins, induce an eosinophilic inflammation and the acute response
becomes converted into a chronic inflammation which may have structural consequences in
the lung. Other lung diseases, such as CF and bronchiectasis, are characterized by a
neutrophilic pattern of inflammation, driven in part by chronic bacterial infection.
Chronic lung disease (CLD) of infancy most commonly occurs in low birth weight preterm
infants treated for RDS, but any disorder that results in ALI or requires treatment with
positive-pressure mechanical ventilation and high concentration of inspired oxygen (O2)
predisposes to this disease (Allen et al., 2003). Therefore pneumonia, sepsis, meconium
aspiration syndrome, pulmonary hypoplasia, persistent pulmonary hypertension, apnoea,
tracheo-oesophageal fistula, congenital diaphraghmatic hernia, congenital heart disease, and
congenital neuromuscular disorders can also be responsible for CLD developing in infants
(Allen et al., 2003; Szabó and Szabó, 2009). Bronchopulmonary dysplasia (BPD) is clearly
distinct from the multiple CLDs of later life and its definition was proposed based on the
severity of the disease, need for O2 therapy, and point of assessment (Jobe and Bancalari,
2001). Infants who had been treated with oxygen for >28 days but no longer required oxygen
at 36 weeks’ postmenstrual age might also have residual lung disease. A hallmark of the lung
injury in BPD is re-epithelialization of denuded alveoli followed by the increased presence of
fibroblasts and major areas of fibrosis. In recent clinical studies, elevated concentrations of
some cytokines including interleukin 1 β (IL-1β), interleukin 6 (IL-6), interleukin 8 (IL-8)
were observed in tracheal aspirates and serum of infants with RDS and they contributed to
the development of BPD (Groneck and Speer, 1995; Kazzi et al., 2001; Choi et al., 2006).
Chronic inflammatory processes of the pulmonary airways are important elements of several
CLDs, such as asthma bronchiale. Asthma is characterized by episodic wheezing, lung
inflammation, and progressive irreversible airway dysfunction in some patients.

Patients suffering from asthma display AHR in response to methacholine and can develop
asphyxia during an acute exacerbation of their disease. Histological hallmarks of asthma
include homing of T-helper 2 (Th2) inflammatory cells into the lung parenchyma,
eosinophilia, and increased mucus metaplasia. Epithelial cell damage and infiltration of the
bronchial wall by inflammatory cells (T cells, eosinophils, and monocytes) can be observed
in the airways of bronchial asthma patients. Other irreversible changes may include
increased deposition of extracellular matrix (ECM) proteins in the bronchial wall,
hyperplasia and hypertrophy of smooth muscle cells, mucous cell metaplasia and an
increased number of blood vessels. Allergen challenge and clinical asthma are associated
with synthesis and release of several pro-inflammatory cytokines, e.g. tumour necrosis
factor-á (TNF-á), IL-1, or interleukin 13 (IL-13) (Townley and Horiba, 2003). Despite an
increase of anti-inflammatory mediators in bronchoalveolar lavage (BAL) fluid in status
asthmaticus, the net inflammatory activity was found to be pro-inflammatory due to the
presence of IL-1β and TNF-á (Tillie-Leblond et al, 1999).

1.2. Inflammatory and Structural Cells in the Airway Inflammations
Inflammation is characterised by an infiltration with inflammatory cells depending on the
type of process (Fig. 1.). Mast cells, macrophages, dendritic cells, eosinophil, neutrophil and
basophil granulocytes, T- and B-lymphocytes, and platelets are involved in asthma, although
the precise role of each cell type is not yet certain (Barnes, 2006). Mast cells are important in
the initiation of acute bronchoconstrictor responses to allergen or to indirect stimuli
including exercise, hyperventilation or fog. Mast cells are activated by allergens through an
IgE-dependent mechanism and release several pro-inflammatory cytokines, neurotrophins,
chemokines, growth factors, and tryptase. Macrophages, derived from blood monocytes,
traffic into the airways in asthma (Fig. 1.) and may be activated by allergen via low affinity
IgE receptors (FcεRII) (Barnes, 2006). Their products include a large variety of proinflammatory (TNF-α, IL-1β, IL-6) and anti-inflammatory (interleukin 10 and 12; IL-10 and
IL-12, respectively) cytokines. Macrophages may also act as antigen-presenting cells which
process allergen for presentation to T-lymphocytes (Barnes, 2003). Dendritic cells are
specialised macrophage-like cells which able to induce a T-lymphocyte mediated immune
response during the development of asthma. Dendritic cells form a network in the epithelium
in the respiratory tract and act as very effective antigen-presenting cells. They take up
allergens, process them and migrate to local lymph nodes.

Fig. 1. The pathophysiology of asthma is complex with participation of several interacting inflammatory cells
which result in acute and chronic inflammatory efects on the airway (Barnes, 2003) (for abbreviations see
page 5).

Eosinophil infiltration is a characteristic feature of allergic inflammation (Fig. 1.). There is a
correlation between eosinophil counts in peripheral blood or BAL fluid and the severity of
AHR (Barnes, 2003; Szabó és Kádár, 2009). Eosinophils are linked to the development of
AHR and airway epithelial damage through the release of basic proteins and oxygen-derived
free radicals. Eosinophil recruitment involves adhesion of eosinophils to vascular endothelial
cells, their migration into the submucosa and subsequent activation. Eosinophils also
contribute to the structural changes in chronic asthma through the secretion of growth
factors, such as transforming growth factor-β (TGF-β). Neutrophils are not predominant in
mild-to-moderate asthma, but they may be recruited to the airways in severe asthma,
therefore IL-8 levels are increased in induced sputum of the patients who die suddenly of
asthma. T-lymphocytes release specific cytokines which result in the recruitment and
survival of eosinophils and in the maintenance of mast cells in the airways (Fig. 1.). Tlymphocytes, similar to murine Th2 cells, express interleukin-4 (IL-4), interleukin-5 (IL-5),
interleukin-9 (IL-9), and IL-13. This programming of T-lymphocytes is due to antigenpresenting dendritic cells, which may migrate from the epithelium to regional lymph nodes
or interact with lymphocytes resident in the airway mucosa. Early infections or exposure to
bacterial lipopolysaccharide (LPS) might promote T-helper 1 (Th1)-mediated responses to
predominate and a lack of infection in childhood may favour Th2 cell expression thus atopic
diseases. B-lymphocytes secrete IgE in allergic diseases, and the process is initiated by IL-4
responsible for switching B-cells to IgE production.

Structural cells of the airways, including epithelial cells, smooth muscle cells, endothelial
cells, and fibroblasts may also be an important source of inflammatory mediators, such as
cytokines and lipid mediators in asthma (Fig. 2). Structural cells outnumber inflammatory
cells in the airways, therefore they may become the major source of mediators responsible for
chronic inflammation in asthma. Bronchial epithelial cells represent an essential
component of the innate immune system. They are in direct contact with inhaled materials,
including pollutants, allergens, proteases, microbes, and other factors that are relevant to the
development of human asthma (Janssen-Heininger et al., 2009). Airway epithelial cells may
have a key role in translating inhaled environmental signals into an inflammatory response
and they are probably the major target cell for inhaled glucocorticoids (Walsh et al., 2003).
Epithelial cells express various pattern recognition receptors including Toll-like receptors
(TLR), and protease-activated receptors (PARs), which recognize microbial motifs and
allergens. The activation of epithelial cells through these diverse pathways results in the
production of chemokines and cytokines, which may attract inflammatory dendritic cells to
the lung and induce the maturation of these cells. The epithelial cells express the most potent
chemokines, such as RANTES (regulated on activation T-cell expressed and secreted),
eotaxins 1–3, and monocyte chemotactic protein-4 (MCP-4).
Fig. 2. Airway epithelial cells may play an active role in asthmatic inflammation through the release of many
inflammatory mediators, cytokines, chemokines and growth factors (Barnes, 2003) (for abbreviations see page
5).

Many inflammatory mediators released in asthma have constrictor effects on airway smooth
muscle cells (Barnes, 1998). Chronic exposure to pro-inflammatory cytokines, such as IL1β, downregulates the response of airway smooth muscle to β2-adrenergic agonists.
Characteristic hypertrophy and hyperplasia are the result of stimulation of airway smooth
muscle cells by various growth factors, such as platelet-derived growth factor (PDGF), or
endothelin-1 released from inflammatory cells. The smooth muscle cells also have the
capacity to release multiple cytokines, chemokines, and lipid mediators in asthma.

1.3. Cytokines and Other Inflammatory Mediators in the Lung
Inflammatory mediators have been implicated in the pathogenesis of asthma and CLDs.
They may have a variety of effects on the airways which could account for the pathology of
allergic diseases (Fig. 3.). Mediators such as histamine, prostaglandins, leukotrienes and
kinins contract airway smooth muscle, increase microvascular leakage, increase airway
mucus secretion, and attract other inflammatory cells. These vasoactive mediators are
important in acute and subacute inflammatory responses and asthma exacerbations, while
cytokines play a dominant role in maintaining chronic inflammation in allergic diseases.
Fig. 3. Various cells and mediators are involved in asthma and lead to several efects on the airways
(Barnes, 2003) (for abbreviations see page 5).

Lipid mediators, such as leukotriene C4 (LTC4), leukotriene D4 (LTD4), and leukotriene
E4 (LTE4), are potent constrictors of human airways. LTD4 antagonists protect against
exercise- and allergen-induced bronchoconstriction, and improve lung function and
symptoms in asthmatic patients. Platelet activating factor (PAF) is a potent inflammatory
mediator that mimics some features of asthma including eosinophil recruitment and
activation, and induction of AHR. Prostaglandins have various effects on airway function,
however, inhibition of prostaglandin synthesis with cyclooxygenase (COX) inhibitors is
effective only in a minority of asthma patients. On the other hand, prostaglandin GD2
(PGD2), a bronchoconstrictor produced by mast cells, activates a novel chemoattractant
receptor expressed on Th2 cells, eosinophils, and basophils and mediates chemotaxis. This
mechanism provides a link between mast cell activation and allergic inflammation.
Cytokines are important mediators in chronic inflammation. Many inflammatory
(macrophages, mast cells, eosinophils and lymphocytes) and structural (epithelial cells,
airway smooth muscle and endothelial cells) cells are capable of synthesising and releasing
these proteins (Fig. 4.).

Fig. 4. The cytokine network in asthma (Barnes, 2003). Many inflammatory cytokines are released from
inflammatory and structural cells in the airway and orchestrate and perpetuate the inflammatory response (for
abbreviations see page 5).

Almost every cell located in the airways is capable of producing cytokines under certain
conditions. Lymphokines secreted by T-lymphocytes include interleukin 3 (IL-3)
responsible for the survival of mast cells, whereas IL-4 and IL-13 play a key role in the
allergic response of B-lymphocytes. IL-5 has a crucial role in the differentiation, survival
and priming of eosinophils. IL-1β, IL-6, TNF-α, and granulocyte-macrophage colonystimulating factor (GM-CSF) are released from various cells, including macrophages and
epithelial cells and may be important in amplifying the inflammatory response.
Fig. 5. The role of TNF-α in the allergen- and irritant-induced changes in asthmatic airways (Erzurum,
2006; for abbreviations see page 5).

TNF-α axis is upregulated in patients with refractory asthma, as evidenced by the increased
expression of membrane-bound TNF-α, TNF receptor 1, and TNF-α converting enzyme by
peripheral blood monocytes (Berry et al., 2006). TNF-α have multiple effects in asthmatic
airways (Erzurum, 2006); it induces adhesion, migration, and activation of inflammatory
cells through the epithelial and endothelial barriers (Fig. 5). Effective anti-TNF therapy
supports the view that TNF-α contributes to the pathogenesis of refractory asthma (Berry et
al., 2006). Both TNF-α and IL-1β activate pro-inflammatory transcription factors, nuclear
factor-κB (NF-κB) and activator protein-1 (AP-1), which switch on many inflammatory
genes in the asthmatic airways. Other cytokines, such as interferon-γ (IFN-γ), IL-10, IL-12,
and IL-18, play a regulatory role and inhibit the allergic inflammatory process.
Chemokines are low molecular weight (tipically 8 to 10 kDa) chemotactic cytokines that
regulate leukocyte trafficking across celullar barriers. Over 50 different chemokines are
now recognised and they activate more than 20 different surface receptors. Several
chemokines, including eotaxin- 1, eotaxin-2, eotaxin-3, RANTES (regulated on activation
T-cell expressed and secreted), and monocyte chemotactic protein 4 (MCP-4), activate a
CCR3 common receptor on eosinophils. The increased expression of eotaxins, monocyte
chemotactic protein 3 (MCP-3), MCP-4, and CCR3 in the airways of asthmatic patients is
correlated with increased AHR. RANTES activates CCR3 receptor which is mainly
expressed in eosinophils, however it is also present in Th2 cells and mast cells. MCP-1
activates CCR2 receptor on monocytes and T-lymphocytes. MCP-1 levels are increased in
BAL fluid of patients with asthma. CCR4 are selectively expressed on Th2 cells and are
activated by monocyte-derived chemokine (MDC) and thymus and activation regulated
chemokine (TARC). Epithelial cells of patients with asthma express TARC, which may
then recruit Th2 cells. Increased concentrations of TARC are also found in BAL fluid of
asthmatic patients, whereas MDC is only weakly expressed in the airways.
During allergic inflammation there is increased oxidative stress, as activated inflammatory
cells, such as macrophages and eosinophils, produce reactive oxygen species. Increased
oxidative stress is related to disease severity. One of the mechanisms whereby oxidative
stress may be detrimental in asthma is through the reaction of superoxide anions with nitric
oxide (NO) to form the reactive radical peroxynitrite, that may then modify several target
proteins. The level of NO in the exhaled air of patients with asthma is higher than the level
of NO in that of normal subjects. Endothelins are potent peptide vasoconstrictors and
bronchoconstrictors. Endothelin-1 levels are increased in the sputum of patients with

asthma. Endothelins induce airway smooth muscle cell proliferation and promote a
profibrotic phenotype and may contribute to the chronic inflammation of asthma.
1.4. Regulation of Proteolysis in the Lung
Proteolytic enzymes are a major group capable of causing damage to the lung during
inflammatory process (Greenlee et al., 2007; Shetty et al., 2008). Extracellular endogenous
proteases are released both by circulating inflammatory cells and resident lung cells, while
exogenous proteases derive from mites and molds. The majority of endogenous proteases
that cause lung injury is generated by neutrophils, although macrophages, T-lymphocytes,
eosinophils, basophils, mast cells, type II alveolar epithelial cells or fibroblasts also release
proteases in smaller quantities. Protease classification is based on the essential amino acid at
the active site. Serine-proteinases include neutrophil elastase, cathepsin G, proteinase-3,
granzymes, chymase, and plasminogen activators (PAs). Cathepsin L and B are cysteineproteinases, cathepsin D belongs to aspartic-proteases. Proteases containing metal ions are
metalloenzymes, including matrix metalloproteinases (MMPs): gelatinases or collagenases.
Proteases are important in normal growth and development of the lung as well as in lung
host defense. They can injure cells directly, degrade components of the ECM and break
down extracellular and cell surface macromolecules under pathological circumstances.
Proteases can react with receptors in the airways to generate leukocyte infiltration and to
amplify the response to allergens. They contract bronchial smooth muscle and cause it to
proliferate. Proteases can promote maturation, proliferation, and collagen production of
fibroblast precursors and mature fibroblasts. Proteolytic enzymes can also degranulate
eosinophils and mast cells.
Proteases act through PARs, 7-transmembrane proteins coupled to G proteins, which are
distributed on the cells of the airways. Stimulation leads to increased intracellular Ca2+
level and gene transcription and in alveolar epithelial cells it opens tight intercellular
junctions, causes desquamation, and produces cytokines, chemokines, and growth factors.
The number of PAR-2 is increased on the epithelial cells of patients with asthma.
Antiprotease defenses in the lung limit the action of protease to the desired physical location
for a short, specified period under normal physiologic conditions. Most lung tissue injury is
likely the consequence of proteases generated locally, because the enzymes coming from the
bloodstream are inhibited by the high serum levels of antiproteases. Lung

antiproteases include α1-antitrypsin, α2-macroglobulin, secretory leucoprotease inhibitor,
tissue inhibitor of metalloproteases (TIMPs), plasminogen activator inhibitor-1 and -2
(PAI-1 and -2), and α1-antichymotrypsin.
Activation of proteolytic enzymes is associated with the acute and chronic phases of
inflammatory response. Involvement of proteases in the remodelling of different tissues has
been demonstrated in pulmonary emphysema, wound healing, rheumatoid arthritis, colitis,
multiple sclerosis, and atherosclerosis. Increased proteolytic activity contributes to the
pathogenesis of asthma via its influence on the function and migration of inflammatory cells,
on matrix degradation and possible damage of the alveolocapillary barrier. The most studied
protease families in this respect are PAs and MMPs.
1.4.1. The plasmin system in the lung

Components of the plasmin system, such as tissue-type PA (tPA), urokinase-type PA (uPA),
and inhibitors PAI-1 and PAI-2 are synthesised by airway cells (Fig. 6). Endothelial cells,
fibroblasts, epithelial cells, mast cells, monocytes/macrophages and smooth muscle cells are
responsible for production of PAs. Plasmin system inhibitors are synthesised by endothelial
cells, platelets and megakaryocytes, neutrophils, monocytes/macrophages, smooth muscle
cells, and fibroblasts. Inflammatory mediators affect the expression of PAs and PAIs, and
the plasmin system, in turn, can also actively influence the production of mediators and
growth factors, extending pathological structural changes in the airway.
Fig. 6. The regulation of the plasmin system (Kucharewicz et al., 2003) (for abbreviations see page 5).

Plasminogen is converted into plasmin, its active form, by uPA or tPA. uPA is secreted as
an inactive precursor form (pro-uPA) that binds with high affinity to a specific cell surface
glycosylphosphatidylinositol-anchored receptor named uPAR (Kucharewicz et al., 2003).
The binding of pro-uPA to uPAR activates uPA and enhances the generation of plasmin at

the cell surface, promoting matrix degradation, the activation of MMPs, and growth factors.
PAI-1 is the physiological inhibitor of PAs, while local activity of plasmin remains also
under the control of α2-antiplasmin and α2-macroglobulin (Fig. 6.). However, mediators of
inflammatory response, such as cytokines including IL-1, IL-2, IL-4, IL-6, TNF-α, IFN-γ,
GM-CSF, macrophage colony stimulating factor (M-CSF), TGF-β, and tryptase, may also
affect the expression of plasmin system components.
The plasmin system also influences cellular functions without involving proteolytic activity.
Plasmin may enhance inflammation by inducing neutrophil aggregation, platelet
degranulation, and the release of arachidonic acid derivatives. It has been demonstrated that
uPAR mediates cell attachment and movement and this process remains under the influence
of uPA and PAI-1. PAI-1 interrupts binding of the uPA/uPAR complex to integrins and
blocks uPA-integrin-dependent cell growth. Moreover, uPAR is necessary for adequate
recruitment of inflammatory cells, mice deficient in uPAR demonstrate an increased
susceptibility to pulmonary infections.The fibrinolytic system prevents fibrin deposition in
the alveolar compartment of normal lung. Decreased alveolar fibrinolysis due to altered
expression of components of the fibrinolytic system is implicated in the pathogenesis of
acute lung injury and subsequent fibrosis (Shetty, 2008). The uPA/plasmin system plays a
significant role in the pathogenesis of airway remodelling in asthma (Kucharewicz, 2003);
moreover exogenous uPA inhalation has been recently considered as a therapeutic strategy in
chronic asthma (Kuramoto, 2009). Genome scan for asthma in the affected families has
proved an association between uPA and asthma, atopy, and AHR (Bégin, 2007). The changes
in the balance of procoagulant and fibrinolytic activities also contribute to lung fibrosis in
acute RDS and in various types of pneumonia (de Benedetti, 1992, Schultz, 2006).
The plasmin system has been implicated not only in clot lysis, but also in a number of
physiological and pathological processes, such as angiogenesis, cell migration, and tumor
metastasis (Fig. 7.). Plasmin can degrade most of the protein components of ECM, either by
direct removal of glycoproteins or by activation of MMPs (Kucharewicz et al., 2003). It
converts inactive MMPs to active forms, which are responsible for ECM proteolysis, and
prevents neutralisation of MMP by blocking inhibitors TIMPs. The action of MMPs is
blocked by PAI-1 and other serine protease inhibitors. The binding of pro-uPA to uPAR
activates uPA, enhances plasmin generation, promotes matrix degradation, and activates
MMPs and growth factors. In addition to interacting with uPA, PAI-1 binds to vitronectin

leading to its stabilization and it also regulates the binding of integrins and cell migration.
Plasmin can regulate complement activation by degrading the C5a component, thereby
reducing the ability of mast cells to produce PAI-1. C5a upregulates PAI-1 expression and
inhibits plasmin generation, preventing its own degradation (Kucharewicz et al., 2003).
Subsequently, this may lead to overwhelming inhibition of fibrinolysis and tissue fibrosis.
Tryptase released from activated mast cells increases synthesis type I collagen, stimulates
fibroblast proliferation and its collagenolytic activity. It also stimulates the proliferation of
epithelial cells, bronchial smooth muscle cells, and endothelial cells. Tryptase also activates
uPA, which activates plasminogen and MMPs, and thereby modulates cell migration by
fibrinogen cleavage. Plasmin can stimulate 5-lipoxygenase (5-LOX) pathway and increased
levels of cysteinyl-leukotrienes and leukotriene B4 (LTB4) have been shown in BAL fluid of
patients with pulmonary fibrosis and asthma. Leukotrienes exert bronchoconstrictive and
proinflammatory effects, while mice lacking 5-LOX produce more antifibrotic mediators and
show reduced airway inflammation (Barnes, 2003). Eosinophil cell infiltration may be an
important factor responsible for airway remodelling. Eosinophils release both antifibrotic
(IL-2, INF-γ, collagenase) and fibrogenic (TGF-β, IL-4, IL-6, TNF-α, major basic protein,
eosinophil cationic protein) mediators. TGF-β derived from eosinophils, lymphocytes,
macrophages or epithelial cells, can stimulate fibroblast proliferation and collagen synthesis.
Asthmatic patients exhibit greater TGF-β expression in the airway submucosa, and
subepithelial fibrosis corresponds to the severity of disease (Barnes, 2003). Plasmin activates
TGF-β-dependent fibrotic repair and to promote fibrosis (Fig. 7.).
Fig. 7. Potential elements of plasmin action on airway remodelling (Kucharewicz et al., 2003) (for
abbreviations see page 5).

1.4.2. Matrix metalloproteinases in lung inflammations
The MMP family consists of approximately 25 zinc-dependent endopeptidases that are
involved in the remodelling of several components of the ECM (Greenlee et al., 2007; Hu et
al., 2007). MMPs play a role in many physiological processes including embryo
implantation, bone remodelling, and organogenesis. They also participate in pathological
conditions, such as the reorganization of tissues during inflammation, wound healing or in
invasion of cancer cells. The MMPs share three common domains, namely the pro-peptide,
the catalytic domain and the haemopexin-like C-terminal domain which is linked to the
catalytic domain by a flexible hinge region. Most MMPs are secreted from the cells as
inactive zymogens requiring the cleavage of an amino terminal peptide of 10 kDa for
activation. The most commonly used traditional classification is based on the substrate
specificity and cellular localisation of the MMP. The major groups are the collagenases, the
gelatinases, the stromelysins, and the membrane type MMPs (MT-MMPs) (Fig. 8.).
Fig. 8. Class ification of MMPs and their tissue inhibitors (Greenle et al., 2007; Hu et al., 2007)

The collagenases (MMP1, MMP8, MMP13, MMP18) are the only known mammalian
enzymes capable of degrading triple-helical fibrillar collagens, the major components of
bone and cartilage, into fragments. The main substrates of the gelatinases (MMP2, MMP9)
are type IV collagen and gelatin, and these enzymes also have an additional domain inserted
into the catalytic domain. This gelatin-binding region is positioned before the zinc-binding
motif, and it forms a separate folding unit which does not disrupt the structure of the catalytic
domain. The stromelysins (MMP3, MMP10, MMP1 1) are able to cleave ECM proteins, but
are unable to cleave the triple-helical fibrillar collagens.

The biological processes involving MMPs depend on the balance between proteinases and
their natural inhibitors (Greenlee et al., 2007; Hu et al., 2007). MMPs are inhibited by
specific endogenous tissue inhibitors, such as TIMP-1, TIMP-2, TIMP-3, and TIMP-4.
Plasmin prevents neutralisation of MMP by blocking TIMPs. The action of MMPs is also
inhibited by PAI-1 and other serine protease inhibitors.
In the lung, ECM molecules, growth factors, chemokines, proteinases, and cell surface
proteins, such as adhesion molecules, are the known targets of MMPs. Many members of
the MMP family are up-regulated in the lung during pathological conditions such as
allergic inflammation, tissue injury and repair, remodelling, and host defense against
pathogens. Although small amounts of MMP2 and MMP14 are present in the lining fluid
of the lung under normal conditions, other MMPs such as MMP7, MMP8, MMP9, and
MMP12 are up-regulated in pulmonary diseases.
The role of MMP in the lung development and pathology has been investigated in MMP
null animals. Knockout models showed developmental lung defects in MMP14 and MMP2
null mice, whereas gene deletion in MMP3, MMP7, MMP8, MMP9, or MMP12 did not
result in abnormal lung development (Greenlee et al., 2007). Deletion of MMP2 increases
susceptibility of mice to lethal asphyxiation in an asthma model. Absence of MMP3 or
MMP12 has been shown to be advantageous, while the lack of of MMP7 or MMP8 was
disadvantageous in a mouse model of ALI. Mice have developed exaggerated allergic
inflammation in the absence of MMP2 or MMP8 in an acute model of asthma. MMP9
deletion resulted in mixed effects in the acute lung injury or allergy models. Knocking out
MMP9 or MMP12 was beneficial in a mouse model of smoking-related lung disease.
MMPs also play a role in the pathogenesis of BPD and CLD of prematurity (Cederquist et
el., 2001; Greenlee et al., 2007). Increased amounts of MMP2, and a higher ratio of MMP9
to TIMP1 during the first 3 days of life have correlated with poor outcome in infants with
BPD. The infants who developed CLD were born earlier and had lower birth weights, thus
an induction in airway MMPs may present an association rather than the cause. Premature
infants have a higher concentration of MMP2, and lower surfactant levels, which results in a
lack of adequate protection from the oxidative damage. BAL sampling from infants on
mechanical ventilation showed a negative correlation between MMP9 activation and TIMP1
concentration and development of BPD. The interactions between the surfactant

proteins and MMPs and TIMPs in the alveolar space most likely play an important role in
the lung maturation process in infants. Predominant proinflammatory cytokines (e.g. TNF-α,
IL-1β, and the neutrophil chemotactic factor IL-8) in the lung during the first week of life
may contribute to prolonged pulmonary inflammation and fibrosis in BPD. Disodium
cromoglycate, an anti-inflammatory drug in asthma, could significantly inhibit TNF-α and
IL-8 levels and improve the conditions of infants at risk for BPD (Viscardi et al., 1997).
Expression of several MMPs has also been associated with asthma. Increases in MMP 1,
MMP2, MMP3, MMP8, and MMP9 levels have been found in sputum and BAL from
patients with asthma. MMP9 activity in BAL correlated with the severity of asthma. In
asthma, MMP9 is expressed in bronchial epithelium and submucosa, and it is also produced
by eosinophils, macrophages, and neutrophils. The involvement of MMPs in the
pathogenesis of asthma is summarized in Fig. 9. (Hu et al., 2007). The immune complexes,
formed after allergen binding to specific cytophilic IgE molecules, stimulate mast cells to
degranulate chemotactic factors for eosinophils, macrophages and neutrophils. These
leukocytes and resident epithelial and smooth muscle cells produce MMPs, which cleave
various substrates, including elastin (leading to structural destruction and loss of elasticity)
and chemokines (resulting in enhanced chemotactic activity to the airway lumen). Smooth
muscle cell proliferation, fibrosis of the lamina reticularis and mucus hypersecretion by
proliferating goblet cells lead to narrowing of the airway lumen and inhibited air flow.
Fig. 9. Role of MMPs in asthma (Hu et al., 2007). (for abbreviations see page 5).

1.5. Alveolocapillary Barrier in Pulmonary Epithelial Cells
Barrier function is an important characteristics of the airway epithelium. Tight junctions
(TJ), specialized structures between adjacent cells, are responsible for the establishment and
maintenance of a milieu in the alveolar space (Fig. 10.). TJs are formed by a complex of
several integral membrane proteins and peripheral membrane proteins that interact with the
cytoskeleton (Han et al., 2004). Integral membrane proteins involved in TJ formation
include occludin and members of claudin family. Zonula occludens- 1 (ZO- 1) protein has
strong interaction with transmembrane proteins occludin and claudins, as well as several
cytoplasmic proteins including zonula occludens-2 and -3 (ZO-2 and ZO-3), actin, AF6, or
cingulin (Mitic et al., 2000). Adherens junctions are protein complexes that occur at cell-cell
junctions more basal than TJs and their cytoplasmic face is linked to the actin cytoskeleton.
They appear as bands encircling the cell (zonula adherens) or as spots of attachment to the
ECM (adhesion plaques). TJs serve both as a fence differentiating the plasma membrane
into apical and basolateral domain and as a barrier limiting the passive diffusion of solutes
across the paracellular pathway (Han et al., 2004).
Fig. 10. Schematic structure of epithelial tight junction and adherens junction (for abbreviations see page 5).

Junctional complexes at cell-cell contact sites are also control points for regulating solute
flow across cell monolayers (through tight junctions) and from one cell to another (through
gap junctions) (Boitano et al., 2004). Disruption of the paracellular alveolar permeability
barrier is a significant pathological consequence of ALI (Crandall and Matthay, 2001). The
damage of the alveolocapillary barrier may also play an important role in a large number of

CLDs including asthma bronchiale. Cytokines and other inflammatory mediators
participate in the process (Townley and Horiba, 2003). Chronic inflammation is often
associated with increased proteolytic activity which contributes to the pathogenesis of
asthma through the migration of inflammatory cells, matrix deposition and degradation.
Loss of epithelial barrier function as a consequence of proteases associated with allergens or
environmental pollutants results in the enhanced access of antigen to dendritic cells.
Almost 99% of the large internal surface area of the lung is lined by two morphologically
distinct epithelial cells. Type I cells are large squamous cells; whereas type II cells are
smaller cuboidal cells which synthesize, secrete, and recycle surfactant components and
mediate repair to the injured alveolar epithelium. Both TJs and gap junctions couple type I
and type II cells, providing barrier functions and pathways for intercellular communication
(Crandall and Matthay, 2001). Transmembrane proteins in the claudin family act in concert
with other transmembrane and peripheral proteins to form the physical basis for TJs. There
are more than 20 different claudins and type I and II epithelial cells simultaneously express up
to six or more claudin isoforms with different paracellular permeability characteristics (Mitic
et al., 2000). In contrast to the mature alveolus formed by heterogeneous epithelium
containing both cell types, a more uniform monolayer of fetal type II cells forms a tight seal
important for alveolar development, since accumulated fetal lung fluid induces mechanical
distension and differentiation of fetal alveolar epithelial cells (Boitano et al., 2004). Under in
vitro conditions treatment with glucocorticoid and 3'-5'-cyclic adenosine monophosphate
(cAMP) is necessary for induction of type II fetal alveolar epithelial cells. These cells
cultured on permeable supports formed high-resistance (> 1,700 ~ × cm2) monolayers,
consistent with the ability of fetal type II cells to form tight junctions, while undifferentiated
alveolar cells formed leaky ones (< 300 ~ × cm2) (Gonzales et al., 2002).
A better understanding of how alveolar epithelial cell polarity develops and is maintained,
as well as how cell polarity is reestablished after injury, is likely to be important for
understanding lung injury and repair (Crandall and Matthay, 2001).

2. AIMS
The role of proteolytic pathways in the epithelial damage has been investigated in order to
find potential protective mechanisms which could reduce the epithelial damage to
inflammatory cytokines. The specific objectives of the present study were:

•

To investigate the effects of TNF-α and other inflammatory mediators including
interleukins, interferon, and bacterial LPS on the PA activity in human alveolar
epithelial cells

•

To reveal signal transduction pathways regulating epithelial proteolytic activity in
response to inflammatory stimuli

•

To investigate MMP activity in epithelial and endothelial cells and reveal TNF-α
induced regulation

•

To determine TNF-α induced changes in the migration potential of alveolar
epithelial cells

•

To check possible mechanisms of TNF-α induced damage to the barrier integrity of
epithelial monolayers

3. MATERIALS AND METHODS
3.1. Materials
Dulbecco’s modified Eagle’s medium (DMEM), E. coli LPS, cytokines (TNF-á, IL-1β, IL-2,
IL-6, IFN-γ), amiloride, colorimetric substrate (D-Val-Leu-Lys-p -nitroanilide), and other fine
chemicals were obtained from Sigma (St. Louis, MO, USA), Plasminogen was purchased
from Roche (Mannheim, Germany), whereas Y27632 and PP-1 were from Tocris
(Avonmouth, United Kingdom).
3.2. Cell Culture
Human alveolar epithelial A549 cell line retains features of type 2 alveolar epithelial cells
and have been extensively used as a model system (Shetty et al., 2008). A549 cells were
cultured in DMEM containing 10% heat inactivated fetal calf serum (FCS) and antibiotics.
Confluent epithelial monolayers were washed twice with phosphate buffered saline (PBS)
and kept is serum-free DMEM before the experiments. Cells were treated with different
concentrations of TNF-α (0.1 – 10.0 ng/ml), LPS (0.5-1 µg/ml), IL-1β (10 ng/ml), IL-2 (50
U/ml), IL-6 (1 ng/ml), or IFN-γ (1-100 ng/ml) for 3 to 24 hours. Dexamethasone, PP-1, and
Y27632 were used in the concentration of 10 µM, pyrrolidinedithiocarbamate (PDTC) in
100 µM, bisindolylmaleimide in 0.5 µM.

Cerebral endothelial cells (CECs) were isolated from murine brain cortical microvessels as
described (Tontsch and Bauer, 1989). Culture medium consisted of DMEM supplemented
with 10% FCS, with or without endothelial cell growth factor-α (ECGF-α) and heparin (100
µg/ml) (Krizbai et al., 2000). CECs grown in the presence of ECGF-α and its cofactor

heparin exhibit an epithelial-like morphology (type I), while in the absence of them, CECs
develop an elongated spindle-like shape (type II) which is accompanied by actin filament
reorganization. TGF-β (1 ng/ml) was added to the cell culture medium for 48 h.
3.3. Plasminogen Activator Activity Determination by Zymography
Epithelial cells were homogenized on ice in a buffer containing 20 mM Tris (pH=7.4), 150
mM NaCl, and 0.5% Triton X-100. Homogenates were centrifuged at 10,000 g for 5 min
and equal amounts of protein (25 µg) or equal volumes (25 µl) of culture medium were
subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) under
non-reducing conditions. After the electrophoresis the gels were washed in 20 mM Tris
(pH=7.4) 2.5% Triton X-100 three times for 20 min to remove SDS and then in tridistilled
water three times for 10 min. The gels were layered on agarose gel containing 2% casein
and 5 µg/ml plasminogen and incubated at 37°C overnight in a wet chamber. Proteolytic
activities were visualized as clear bands, uPA and tPA were identified on their molecular
weights around 50 kDa and 70 kDa, respectively. Densitometry was performed using the
NIH Image software. One representative of 3 independent experiments is shown.
3.4. Colorimetric Plasminogen Activator Assay
PA activity was measured in culture medium (3 h, 6 h, 24 h) and cell lysates (24 h) in the
absence or presence of uPA-inhibitor amiloride (1 mM) using a coupled assay to monitor
plasminogen activation and the resulting plasmin hydrolysis of a colorimetric substrate
(Marshall et al., 1990; Ghosh et al., 2000). Samples were incubated in 200 µl buffer
containing 50 mM Tris (pH=7.4), plasminogen (0.3 mM), and D-Val-Leu-Lys p nitroanilide
(0.3 mM). A standard curve was established using human uPA. The amount of p -nitroaniline
was detected by measuring the absorbance of the samples at 405 nm.
3.5. Matrix Metalloproteinase Activity Measurement
For the assessment of the MMP activity cells were homogenized in a buffer containing 20
mM Tris (pH=7.4), 150 mM NaCl, 0,5% Triton X-100. Homogenates were centrifuged at

10,000 × g for 5 min. Protein samples were loaded on a 10 % acrylamide gel containing 2
mg/ml casein and subjected to SDS-PAGE under non-reducing conditions. Following
electrophoresis the gels were washed 3 x 20 min in 20 mM Tris (pH=7,4) 2.5% Triton X 100 to remove SDS followed by 3 x 10 min wash in tridistilled water. The gels were
incubated in 20 mM Tris (pH = 7.4) and 5 mM CaCl2 at 37 °C for 24 h. Proteolytic bands
were visualized by staining the gels with Coomassie R-250.
3.6. Motility Assay
Wound assays were performed according to Sato and Rifkin (1989). Briefly, subconfluent
lung epithelial cells, cultured in 6 cm Petri dishes, were wounded with a razor blade. After
wounding cells were washed three times with PBS and further incubated in the presence of
absence of TNF-á, dexamethasone, or Y27632 for two days. Cells which had migrated in the
denuded area from the wound edge were visualized by methylene blue staining.
3.7. Occludin Immunostaining
To characterize the morphology of tight junction protein occludin, A549 cell cultures were
washed in PBS and were fixed in ethanol for 30 min at 4 °C. After a blockade with 3%
bovine serum albumin (BSA), the cells on coverslips were incubated with anti-occludin
primary antibody (1:200 dilution; Zymed Laboratories, USA) for 90 min, and washed three
times in PBS. It was followed by incubation with secondary antibody Cy5-labelled antirabbit IgG (1:400 dilution) for 30 min. Preparations were mounted in Gel Mount (Biomeda,
USA) and immunostaining was studied by a Nikon Eclipse 2000 fluorescent
photomicroscope (Japan).
3.8. Immunoprecipitation and Immunoblotting of Junctional Proteins
A549 cells grown in Petri dishes were treated with 0.1-10.0 ng/ml TNF-α for 6 h. The cells
were washed twice with PBS and lysed in 0.6 ml of a lysis buffer (20 mM Tris-Cl, 150 mM
NaCl, 5 mM 2-mercaptoethanol, 1% Triton X-100, 0.5% sodium deoxycholate, and 0.1%
SDS). The lysates were centrifuged at 15,000 × g for 10 min, then precleared with protein G
sepharose (GE Healthcare). Supernatants were incubated with 5 µg of anti-βcatenin
antibodies for 4 h at 4 °C, than the immunocomplexes were precipitated with protein G
sepharose beads overnight at 4 °C.The precipitates were washed four times in the lysis buffer
and boiled for 5 min in 100 µl of electrophoresis sample buffer to elute bound

proteins. Protein samples were resolved on 9% polyacrylamide gels and transferred onto
nitrocellulose membranes. Membranes were blocked in PBS containing 5% nonfat dry milk,
incubated with primary antibodies for occludin, pan-cadherin (Santa Cruz), α- and βcatenin
(Sigma) and fluorophore-labeled secondary antibodies (Jackson Laboratories).
Immunoreaction was visualized by ECL plus chemiluminescence detection kit (GE
Healthcare) and scanned with an imaging system.
3.9. Statistics
All data are means ± standard error (SEM). Statistical analysis was performed using
analysis of variance followed by Dunn’s test for densitometrical data, and by Student’s t test for colorimetry PA data. P<0.05 values were considered significant changes.
4. RESULTS
4.1. Effect of Inflammatory Mediators on Plasminogen Activator Activity
4.1.1. Concentration- and time-dependent induction of PA activity by TNF-á

TNF-á induced PA activity has been measured both in the culture medium and the soluble
fraction of cell lysates. Strong plasminogen activator activity could be detected at 50 kDa,
and weaker activity at around 70 kDa in the culture medium (CM). These activities
correspond to uPA and tPA, respectively (Fig. 1 1A). Almost exclusively uPA was detected in
Triton X-100 soluble cellular fraction (Sol) (Fig. 1 1B). Treatment with TNF-á for 6 h
induced strong, concentration-dependent activation of both uPA and tPA activity. The
activation could be already observed at concentration of 0.1 ng/ml (Fig. 11).
Fig. 11. Concentration-dependent efect of TNF-á on PA activity. A549 cells were treated with 0.1-10.0
ng/ml TNF-á for 6 h. A. Activity in culture medium, B. PA activity in Triton X-100 soluble cellular fraction.
(for abbreviations see page 5).

Incubation of A549 cells with 5 ng/ml TNF-á induced an activation of both uPA and tPA
activity in the culture medium after 3 h treatment. An induction of the uPA activiy could be
detected in the soluble fraction of cell lysates as well (Fig. 12).
Fig. 12. Time-dependent efect of TNF-á on PA activity. A549 cells were treated with 5.0 ng/ml TNF-á for 1-5
h. A. PA activity in culture medium. B. PA activity in Triton X-100 soluble cellular fraction (for
abbreviations see page 5).

4.1.2. E f e c t of inhibitors on the induction of PA activity by TNF-á

Administration of dexamethasone (DXM, 10 mM) did not change the PA activity in the
culture medium and soluble cell lysates. However, the synthetic glucocorticoid could
significantly reduce the TNF-á induced activation of both uPA and tPA (Fig. 13).
Fig. 13. Efect of DXM on TNF-á induced PA activity. A549 cells were treated with 5.0 ng/ml TNF-á with or
without 10 mM DXM for 16 h (for abbreviations see page 5).

The effect of signal transduction inhibitors on TNF-á induced uPA activity has been also
checked. Neither the src-kinase inhibitor PP1 nor superoxide dismutase (SOD) could inhibit
the TNF-á induced uPA activity (Fig. 14). However, the Rho inhibitor Y27632 and MMP
inhibitor phenanthroline were able to significantly inhibit the activation of uPA in A549
human alveolar epithelial cells (Fig. 14).
Fig. 14. Efect of inhibitors on TNF-á induced uPA activity. A549 cells were treated with 5.0 ng/ml TNF-á
for 16 h with or without the following inhibitors: PP1 (10 µM), Y27632 (10 µM), SOD (400 U/ml),
Phenanthroline (200 µM) (for abbreviations see page 5).

Densitometrical analysis also proved that TNF-α induced uPA activation could be
significantly inhibited by Y27632, phenanthroline (Phen), or DXM (Fig. 15).
Fig. 15. Densitometrical analysis of uPA activation by TNF-á in A549 cells. Epithelial cells were treated
with 5.0 ng/ml TNF-á alone or in the presence of 10 mM Y27632, 200 mM phenanthroline, or 10 mM DXM.
Data are shown as means±SEM, n= 3. #P< 0.05 vs. the value measured in TNF-á-treated cells (for
abbreviations see page 5).

4.1.3. E f e c t of bacterial LPS and various cytokines on the PA activity

Treatment with cytokines IL-1β, IL-2, IL-6, or bacterial LPS for 24 h resulted in changes in
PA activity in A549 epithelial cells. Strong PA activity could be detected at 50 kDa

(uPA) by zymography in the soluble fraction of cell lysates after IL-1β treatment, as well as a
weaker activity at around 70 kDa (tPA) (Fig. 16). LPS could also increase uPA activity,
whereas IL-2 and IL-6 did not produce significant changes (Fig. 16).
Fig. 16. Efect of interleukins and bacterial LPS on PA activity. A549 cells were treated with IL-1β (10
ng/ml) , IL-2 (50 U/ml), IL-6 (1 ng/ml) or LPS (1 µg/ml) for 24 h (for abbreviations see page 5).

The effect of inflammatory mediators on PA activity was also estimated using colorimetric
PA assay. IL-1β administration (10 ng/ml) caused approximately 9-fold and 6-fold increases
in total PA activity in culture medium at 3 h and 24 h, respectively (Fig. 17). The 7-fold PA
increase in soluble cellular fraction at 24 h correlated to densitometry result.
Fig. 17. Efect of IL-1β on PA production of A549 cells. Epithelial cells were treated with 10 ng/ml IL-1β for
3-24 h. All data are means±SEM, n= 3. #P< 0.05 vs. the value measured in control cells at the same time (for
abbreviations see page 5).

Although IL-2 treatment (50 U/ml) for 24 h did not change total PA activity in soluble
cellular fraction, it induced significant (1.5 to 3.0-fold) increases in the activity in culture
medium with a decreasing tendency between 3 h and 24 h (Fig. 18).
IL-6 treatment (1 ng/ml) for 24 h decreased PA activity in cell lysate, but not in culture
medium (Fig. 19).

Fig. 18. Efect of IL-2 on the PA production of A549 cells. Epithelial cells were treated with 50 U/ml IL-2 for
3-24 h. All data are means±SEM, n= 3. #P< 0.05 vs. the value measured in control cells at the same time. (for
abbreviations see page 5).

Fig. 19. Efect of IL-6 on the PA production of A549 cells. Epithelial cells were treated with 1 ng/ml IL-6
for 24 h. All data are means±SEM, n= 3. #P< 0.05 vs. the value measured in control cells at the same time
(for abbreviations see page 5).

Bacterial LPS incubation significantly elevated PA activity in culture medium between 3h
and 24 h, however PA level in cell fraction was only slightly elevated after 24 h (Fig. 20)
Fig. 20. Efect of LPS on the PA production of A549 cells. Epithelial cells were treated with 1.0 µg/ml LPS
for 3-24 h. All data are means±SEM, n= 3. #P< 0.05 vs. the value measured in control cells at the same time.
(for abbreviations see page 5).

Dose of 100 ng/ml IFN-γ increased PA activity after 3 h, but not at 6 h or 24 h, in culture
medium, however PA induction was seen after 24 h in cell lysates (Fig. 21).

Fig. 21. Efect of IFN-γ on the PA production of A549 cells. Epithelial cells were treated with 100 ng/ml IFN-γ
for 3-24 h. All data are means±SEM, n= 3. #P< 0.05 vs. the value measured in control cells at the same time
(for abbreviations see page 5).

Quantitative assays of PA activity were also performed in the absence or presence of uPAinhibitor amiloride (1 mM). The ratio of amiloride-sensitive (uPA) and amilorideinsensitive
(tPA) activity was approximately 74-81% vs. 19-26% both in culture medium and cell lysates
(Fig. 22). Although slight time-dependent changes could be detected, this observation
indicates that uPA is the predominant PA in cultured lung epithelial cells. Similar
composition of PAs was seen in A549 epithelial cells treated with inflammatory mediators
(data not shown).
Fig. 22. Composition of PA production in untreated A549 cells: the ratio of amiloride-sensitive (uPA) and
amiloride-insensitive (tPA) activity. All data are means±SEM, n=3 (for abbreviations see page 5).

4.2. MMP Activity in Epithelial and Endothelial Cells
Metalloprotease zymography showed a proteolytic band at 72 kDa which corresponds to
MMP-2 or gelatinase A (Fig. 23). The MMP-2 activity was significantly stronger in the
culture medium compared to that in the cell lysate. TNF-á induced activation of MMP-2

could be partially blocked by co-incubation with 10 nM DXM (Fig. 23). A faint proteolytic
band at 40-45 kDa could be also detected in the culture medium. This band may correspond
to MMP-3 or stromelysin 1.
Fig. 23. Efect of DXM on TNF-á induced MMP activity. A549 cells were treated with 5.0 ng/ml TNF-á with
or without 10 mM DXM for 16 h (for abbreviations see page 5).

Similarly, Y27632 (10 ěM), a Rho inhibitor, could also reduce TNF-á induced activation of
MMP-2 (Fig. 24) .
Fig. 24. Efect of Y27632 on TNF-á induced MMP activity. A549 cells were treated with 5.0 ng/ml TNF-á with
or without 10 µM Y27632 for 16 h (for abbreviations see page 5).

We have also investigated the MMP activity in CECs of various morphological features.
Type I endothelial cells exhibit epithelial-like morphology (cobblestone), whereas type II
endothelial cells have spindle-like shape. Interestingly, only MMP-2 activity could be
detected in type I cells with epithelial characteristics, whereas strong MMP-3 activity was
also seen in type II cells (Krizbai et al., 2000).

Fig. 25. MMP activity in type I and type I cerebral endothelial cells (for abbreviations see page 5).

4.3. Migration Potential of Epithelial Cells
After wounding the subconfluent lung epithelial cell layer with a razor blade, A549 cells
moved from the wound edge into the denuded area. Microscopic evaluation of the migration
revealed that in the presence of 5.0 ng/ml TNF-á A549 cells migrate further from the wound
edge. This increased migratory capacity was reduced to the control level by DXM and
Y27632 (Fig. 26). DXM and Y27632 alone did not influence the migration of A549 cells
(data not shown).
Fig. 26. Efect of TNF-á on the migratory potential of A549 cells. Epithelial cells were wounded with a razor
blade and cells were allowed to migrate in the denudated area for 24 h. A549 cells were treated with 5.0 ng/ml
TNF-á, and 10 mM DXM, or 10 mM Y27632 (for abbreviations see page 5).

4.4. Integrity of Epithelial Cellular Barrier
TNF-α treatment led to a relocalisation of the tight junction transmembrane protein occludin
(Fig. 27.), although the expression of occludin did not change (Fig. 28.).
Fig. 27. Efect of TNF-á on the morphology of tight junction protein occludin. A549 cells were treated with
5.0 ng/ml TNF-á for 6 h (for abbreviations see page 5).

TNF-α treatment dose-dependently decreased β-catenin expression, whereas cadherin and
α-catenin

expression did not change (Fig. 28.). However, immunoprecipitation study with

β-catenin

antibody detected reduced amounts of cadherin and α-catenin in the β-catenin

immunoprecipitates at higher TNF-α dose (Fig. 28.). This reduction may reflect recruitment
of these proteins into insoluble membrane complexes.
Fig. 28. Concentration-dependent efect of TNF-á on the expression of tight junction proteins. A549 cells were
treated with 0.1 -10.0 ng/ml TNF-á for 6 h (for abbreviations see page 5).

5. DISCUSSION
The present study strengthens the views that cytokines promote fibrinolysis in alveolar
epithelium and contribute to pathogenesis and repair of lung injury.

5.1. Cytokines in the Induction of Proteolytic Enzymes in the Airways
5.1.1. Efects of TNF-α and other inflammatory mediators on PA activity
The results of the present study show that TNF-á and other cytokines are important
regulators of the production and secretion PAs and MMPs in human alveolar epithelial
cells. We have demonstrated that TNF-α strongly enhances the expression and release of
uPA, tPA and MMP-2 in human lung epithelial cells and dexamethasone can inhibit these
changes (Szabó et al., 2005). Our data also support a role for LPS and cytokines IL-1β, IL-2,
and IFN-γ in the regulation of the production and synthesis of PAs in A549 cells (Szabó et al.,
2009). It has been confirmed that uPA is responsible for approximately 75-80% of total PA
activity in lung epithelial cells.
In accordance with our data, both IL-1β and TNF-α induced time- and dose-dependent
increases in PA activity of cell lysates and supernatants of alveolar epithelial monolayers
(Marshall et al., 1992). IL-1β produced greater increase in the PA activity in cell lysate,
whereas TNF-α did it in supernatant. The effect of IL-1β on increased cell-surface plasmin
generation is mediated in part by increased expression of uPAR which can be prevented by
protein kinase C (PKC) inhibitors (Hasegawa et al., 1997). Decreased intracellular iron
availability can prevent the IL-1β induced elevation in uPA expression in A549 cells
(Hasegawa et al., 1999). Increased levels of uPA in the supernatant of IL-1β stimulated A549
epithelial cells indicated activation of fibrinolysis through plasmin system and resulted in
quicker and more efficient alveolar epithelial repair (van Leer et al., 2005). Upregulation of
uPA activity may be caused by an accumulation of newly synthesized uPA since Northern
blot analyses demonstrated that TNF-á is able to induce a relatively rapid accumulation of
uPA mRNA (Marshall et al., 1992).
It has been demonstrated in the present study that approximately 75-80% of total PA
activity is amiloride-sensitive in cultured A549 cells. This observation supports a
predominant role for uPA in the proteolytic activity of alveolar epithelial cells. Amiloride

was previously shown to completely inhibit uPA in control and stimulated rat alveolar
epithelial cells, while it did have no effect on tPA (Marshall et al., 1990).
Cytokines and bacterial LPS were able to induce significant PA activity and DXM and
Y27632, a specific inhibitor of Rho-associated protein kinases, were efficient inhibitor
elevations in PA activity. TNF-α and IL-1β proved to be the strongest PA inducer in A549
cells. These data are in accordance with a previous study indicating that inflammatory
mediators including LPS and IFN-γ had much lower capacity than cytokines IL-1β and
TNF-α to cause an up-regulation of PA activity in pulmonary epithelial cells after 24 h of
treatment (Marshall et al., 1992).
Rho-dependent mechanisms contributed to the TNF-α-induced activation of PAs and
bacterial LPS induced increase in PA activity could also be prevented by Y27632, a specific
inhibitor of Rho kinase in alveolar epithelial cells (Szabó et al., 2005a,b and 2009). Y27632
also proved to be effective in a murine model of intravenous LPS-induced acute lung injury;
it attenuated lung edema, neutrophil emigration, and cytoskeletal rearrangement of
pulmonary endothelial cells (Tasaka et al., 2005). In contrast to the LPS-induced PA release
by cultured A549 cells in vitro, inhaled nebulized LPS inhibited PA activity and increased
PAI-1 production in BAL fluid of healthy human volunteers (Maris et al., 2005). Chronic
inhalation of LPS to mice caused all of the classic features of asthma including airflow
obstruction, reversible airway inflammation, persistent airway hyperreactivity and lung
tissue remodelling through the modification of pulmonary fibrinolytic system (Savov et al.,
2003). The development of chronic LPS-induced airway disease is associated with fibrin
deposition and enhanced expression of PAI-1 in the airways, concomitantly with an
enhanced expression of MMP-9 (Savov et al., 2003).
The effect of LPS and cytokines on pulmonary epithelial cells differed from that on kidney
epithelial cells, because intravenous administration of LPS dramatically reduced uPA release
both proximal and distal tubules of murine kidney, whereas tPA synthesis was increased in
glomerular cells, and up-regulation of PAI-1 was observed throughout the kidney (Moll et
al., 1994). In cultured human kidney glomerular cells, IL-1β enhanced the release of tPA but
not uPA, TNF-α induced both PAs, whereas IFN-γ had no significant effect (Iwamoto et al.,
1990).
In the present study, IL-2 treatment induced a persistent elevation in PA activity in lung
epithelial cells. Similarly, IL-2 infusion resulted up to 5-fold time-dependent increase in

plasma tPA values in of cancer patients (Baars et al., 1992). IL-6 did not affect total PA
activity in alveolar epithelial cells, however IL-6 mediated increase in tPA activity was
demonstrated in human endothelial cells infected by dengue virus (Huang et al., 2003).
Cytokines regulate protease activity not only in alveolar epithelial cells, but also in
neighboring cells in lung tissue. The secretion of uPA and PAI-1 was enhanced by IL-1β, IL2, and TNF-α in human lung microvascular endothelial cells (Takahashi et al., 1998). IFN-γ
treatment could increase both uPA and tPA activities in A549 lung epithelial cells in
accordance with a previous study (Marshall et al., 1992) in which IFN-γ elevated total PA
activity in the same cell line. In contrast to these observations, IFN-γ could inhibit IL-1α
stimulated uPA expression in human endothelial cells (Wojta et al., 1992).
5.1.2. Cytokine-induced signalling and PA activity
Signal transduction pathways regulating epithelial proteolytic activity in response to
inflammatory stimuli have been investigated. We demonstrated that inhibition of Rhokinase
significantly reduces the activation of uPA and MMPs in A549 cells which shows that Rhodependent mechanisms are involved in the regulation. The role of Rho-kinases in mediating
the effect of TNF-á is supported by the finding that down-regulation of Rho signalling by
coexpression of dominant-negative Rho mutants (i.e RhoA, RhoB and Rac) impairs TNF-á
driven E-selectin gene expression (Nubel et al., 2004). Recent results indicate that the Rho
family of small GTP-binding proteins plays an important role in the expression of NF-κBdependent genes (Zhao and Pothoulakis, 2003). However, in our experiments inhibition of
NF-κB by PDTC did not inhibit the TNF-á induced activation of u-PA suggesting that TNF-á
may exert its effects through alternative signaling pathways as well. Furthermore, TNF-á is
able to induce a rapid, sustained increase in p38 and extracellular signal-regulated kinase 1/2
(ERK1/2) activity in pulmonary endothelial cells which can be inhibited by Y-27632
indicating that Rho acts upstream of mitogen-activated protein kinases in signalling
(Nwariaku et al., 2003). However, our results using the ERK inhibitor U0 126 show that this
mechanism is not involved in the regulation of uPA activity in lung epithelial cells.
It has been shown that IL-1β induced transcriptional activation of the uPAR gene involves
PKC-dependent mechanisms (Hasegawa et al., 1997). The role of PKC in PA synthesis is
well-known; treatment with phorbol myristate acetate, a PKC activator, resulted in time-and
dose-dependent up-regulation of uPA synthesis by alveolar epithelial cells (Marshall et

al., 1990). However, we could not detect inhibition of TNF-á-induced uPA activation by the
Src-kinase inhibitor PP-1 and PKC inhibitor bisindolylmaleimide in A549 cells.
Interestingly, PP-1 enhanced the TNF-á-induced uPA activation, which could be explained
by the inhibitory effect of PP-1 on PAI-1 gene expression (Pontrelli et al., 2004).
Glucocorticoids has also been shown to suppress uPA activity probably by due to
interactions between the glucocorticoid receptor and another transcriptional activating
system such as AP-1 and NF-κB (Hasegawa et al., 1997).
Inflammatory stimuli may lead to increased production of reactive oxygen species in
airways, and lung tissue is protected against the oxidants by a variety of antioxidant
mechanisms. Since SOD did not affect TNF-á-induced uPA activation in our study, oxygen
radicals probably does not play significant role in this phenomenon. It is noteworthy that the
MMP inhibitor phenanthroline inhibited uPA activity by 30% which could reflect a close
connection between MMPs and PA system (Koolwijk et al., 2001).
5.1.3. Role of PA activity in the pathogenesis of pulmonary diseases
Increased proteolytic activity can be seen in the lung in chronic inflammation, during
asthma, and after various mechanical or toxic stimuli. A recent Canadian study detected an
association between allelic variants of human uPA gene PLA U located on 1 0q24 and
asthma phenotype and confirmed that uPA might act as a regulator of asthma susceptibility
(Bégin et al., 2007). At the cellular level, an increase in pericellular proteolysis may release
chemotactic mediators and favor adhesion and migration of eosinophils, fibroblasts, and
smooth muscle cells through the ECM in the lung tissue.
Mechanical stimulation, as would occur during bronchoconstriction, up-regulated the gene
expression of uPA, tPA, and PAI-1, it increased uPA levels and uPA-dependent plasmin
generation in cultured bronchial epithelial cells (Chu et al., 2006). Similar increase in
epithelial uPA activity was seen in airway tissue samples of patients died in status
asthmaticus (Chu et al., 2006). Inhaled mineral particles can also induce the production and
release of uPA which may exert opposite effects at various stages of the inflammatory and
fibrotic processes in lung tissue and contribute to the pathogenesis of silica-induced
pulmonary fibrosis and chronic inflammatory lung disease (Lardot et al., 1998). An elegant in
situ zymography study demonstrated that local microenvironmental fibrinolytic activity of
the lung tissue during inflammation might differ from the changes in BAL fluid (Nishiuma et
al., 2004). Intense PA activity was localized to areas of lung injury after

exposure to bleomycin in mice while the PA activity within lavage fluid was completely
supressed (Nishiuma et al., 2004). On the other hand, inhalation of exogenous uPA
significantly reduced subepithelial fibrosis, decreased airway hyperresponsiveness, upregulated plasmin activity in BAL fluid, and reduced airway remodelling in a murine
model of chronic asthma (Kuramoto et al., 2009).
BPD was associated with higher concentrations of IL-1β, IL-6, IL-8, IL-10, TNF-α and IFNγ and lower

concentrations of IL-17 (Ambalavanan et al., 2009). The overall cytokine pattern

suggests that BPD and death may be associated with impairment in the transition from the
innate immune response mediated by neutrophils to the adaptive immune response mediated
by T lymphocytes (Ambalavanan et al., 2009). Pulmonary PAI-2 and trypsin-2
concentrations are also elevated in BPD (Cederquist et al., 2003, 2006).
Fibroblast proliferation and components of the ECM, including collagen and fibronectin, are
markedly increased in the lungs of infants who die from CLD of prematurity (Kotecha,
1996). The pro-inflammatory cytokines, IL-1β and IL-6 and mediators which reflect
neutrophil recruitment and activation, including soluble intercellular adhesion molecule, IL8 and neutrophil elastase, were increased in BAL fluid obtained from infants who developed
CLD (Kotecha, 1996). Fibrosis is thought to be mediated by the pro-fibrotic cytokines
including TGF-β and both active and total TGF-β were increased in BAL fluid. Furthermore,
both type I procollagen and TGF-β were increased qualitatively in lung tissue obtained at
autopsy from infants who died from respiratory failure. Excessive release of TNF-α may
contribute to the pathogenesis of BPD in very preterm infants and the risk of developing
BPD may be associated with host genetic factors that regulate TNF production, however it is
not the most commonly studied variant with guanine to adenine transition at position -308
nucleotides (Chauhan et al., 2009). Inhaled beclomethasone-treated infants with moderately
elevated baseline IL-8 levels received less systemic glucocorticoid therapy and had a lower
incidence of BPD than nontreated infants (Gupta et al., 2000).

5.2. Regulation of Matrix Metalloproteinases in Alveolar Epithelial Cells
5.2.1. Efect of TNF-α and other cytokines on MMP induction
We have investigated MMP activity in epithelial and endothelial cells and demonstrated
strong TNF-α induced regulation of MMP-2 in lung epithelial cells. An induction of MMP
expression by inflammatory mediators such as TNF-á has been reported recently, but the

mechanisms of inhibition was not presented (Hetzel et al., 2003). MMPs are known to
degrade the ECM, basal membrane components, and are involved in the regulation of TJ
proteins, such as occludin. (Wachtel et al., 1999). Similar results have been obtained in a
study showing that MMP-9 is induced by TNF-α in pulmonary microvascular endothelial
cells (Partridge et al., 1993). Fibroblast migration, proliferation, and MMP production were
also shown to be regulated by IL-1β and TNF-α (Sasaki et al., 2000).
The proinflammatory cytokines IL-1, IL-6, and TNF-α were shown to up-regulate MMPs
both in vitro and in vivo. IL-1β is produced in a biologically inactive form and can be
activated by cleavage with MMP9. When IL-1β production is ectopically expressed in the
lung epithelium, it causes pulmonary inflammation, spontaneous overexpression of MMP9
and MMP12, disruption of elastin fibers in alveolar septa, and fibrosis in airway walls, a
pathology resembling that of emphysema (Lappalainen et al., 2005; Greenlee et al., 2007).
5.2.2. MMPs in signalling and pulmonary diseases
In this study, we provide evidence that DXM is able to reduce the activation of MMP-2. This
finding is in line with the results of Araya et al. (2001) demonstrating that DXM inhibits the
irradiation-induced increase in MMP-2 in lung epithelial cells. An explanation could be that
MMP-2 gene contains putative binding sites for a variety of transcription factors which are
regulated by glucocorticoids. In contrast, neutrophil MMP-9 activity in the BAL fluid was
poorly inhibited by glucocorticoids (Cundall et al., 2003). The role of Rho in the regulation
of MMP-2 is less well understood. It has been shown that Rac1, one member of Rho-related
small GTPases, is a mediator of MMP-2 activation in HT1080 fibrosarcoma cells (Zhuge and
Xu, 2001). Our results suggest that Rho may be at least partially involved in te regulation of
MMP-2 in lung epithelial cells.
MMPs have been reported to play a critical role in the pathogenesis of acute and chronic
lung diseases and in airway wall remodelling in chronic inflammatory processes of the
respiratory system. In the lung, two gelatinases, MMP-2 and MMP-9, are known to be
produced by a variety of cells in vitro. MMP-2 is preferentially secreted from fibroblasts
and various epithelial cells including airway epithelial cells, and MMP-9 is preferentially
expressed by inflammatory cells (Gibbs et al., 1999). Hayashi and colleagues (1996) have
demonstrated that type IV collagen and MMP-2 showed co-localization in disrupted
epithelial basement membrane. Furthermore, an increase in MMP-2 activity has been
reported in epithelial lining fluid obtained from patients with acute RDS.

Expression of several MMPs (including MMP1, MMP2, MMP3, MMP8, and MMP9) has
been associated with asthma. Increase in MMP9 activity in the subepithelial basement
membrane is found to be accompanied by higher TGF-β. These studies suggest that in
patients with severe asthma, neutrophils play a key role in lung remodelling because they
express both MMP9 and TGF-β, which are involved in breakdown and repair of tissue,
respectively. BAL fluid has been shown to possess increased MMP activity (Mautino et al.,
1997) and allergen exposure is able to induce an increase in MMP9, MMP12, and MMP14
activity (Cataldo et al, 2002). Especially activation of MMP9 (Han et al., 2003) may have
relevance to chronic structural airway changes in asthma through its ability to degrade
proteoglycans and thus potentially enhance airway fibrosis and smooth muscle proliferation
and its ability to release and activate latent, matrix-bound growth factors. Furthermore,
recent results by Prikk et al (2003) suggest that MMP-8 and its activation has an important
role in the airway destruction, healing, remodelling, and treatment response in asthma. An
increased MMP2 activity in induced sputum and BAL fluid samples from patients with
asthma bronchiale was evidenced as well (Maisi et al., 2002).
MMPs have important, mainly protective, roles in asthma. In particular, MMP8 deficiency
leads to enhanced granulocytic inflammation after allergen exposure, presumably because
MMP8 has a role in the apoptosis of granulocytes. Both MMP2 and MMP9 are essential for
the movement of inflammatory cells into the airway lumen, because they cleave chemotactic
factors in the luminal fluid, which results in enhanced chemotactic activities. In addition,
MMP9 is also important for the movement of dendritic cells into the lumen. Corticosteroids
decrease the inflammation and therefore also MMP production. Inhibition of MMPs with
doxycycline, with a hydroxamate MMPI or with TIMP2 has been reported to decrease
airway damage, hyperresponsiveness and inflammation.
The amount of MMP2 at birth successfully predicted the outcome of BPD in preterm infants
and birth weight was significantly correlated with amount of MMP2 suggesting that the stage
of development at birth is the biggest factor in whether an infant develops BPD. The levels
of MMP-2, -8, -9 and inhibitor TIMP-2 are elevated in tracheal aspirate from preterm infants
suffering from RDS (Cederquist et al., 2001). ECM components, including collagen and
fibronectin, are increased in the lungs of infants who die from CLD (Kotecha, 1996)

5.3. Migration Potential of Tumor Necrosis Factor-α Induced Epithelial Cells
In our study the TNF-α induced increased changes of PA and MMP-2 activity were
associated with an increased migration potential of A549 alveolar epithelial cells which was
inhibited by both DXM and Rho inhibitor Y27632. This inhibition can be explained at least
partially with the reduced protease activity after DXM or Y27632 treatment.
Cell migration is a highly integrated, multi-step process that plays an important role in the
progression of various diseases including cancer, atherosclerosis and arthritis. An increased
proteolytic activity is often associated with an increased migratory potential mainly due to
ECM degradation ot proteolysis of cell surface molecules regulating cell-cell interactions.
Wound healing, which describes the migration of cells toward a point of injury, could be
detected by the conventional scratch assay. uPA facilitates cell migration by localizing
proteolysis on the cell surface and by inducing intracellular signalling pathways. (Kiian et
al., 2003). The implication of uPA in human bronchial epithelial cell migration was studied
by incubating culture with a monoclonal antibody raised against uPA and these experiments
led to a 70% reduction in cell velocity (Legrand et al., 2001).
Both serine proteases and MMPs have been implicated in the complex integrated events
underlying cell migration. Membrane and soluble proteinases with integrins and other
adhesion proteins and with intracellular signalling systems also play a role in the regulation of
proteolysis in cell migration (Murphy and Gavrilovic, 1999). An important role of MMP-2
and MMP-9 in the migration of lung epithelial cells has been shown by several studies
(Murphy and Gavrilovic, 1999; Buckley et al, 2001; Zhuge and Hu, 2001). Legrand et al.
(2001) observed that uPA was only detected in migrating cells at the wound edges and
located at crucial sites for cell/ECM interactions. A significant dose-dependent increase was
observed in cell migration velocity after treatment with plasmin or MMP-9. Moreover,
addition of exogenous plasmin led to a twofold increase of activated MMP-9 in migrating
cells, while the addition of uPA antibody led to an inhibition of activated MMP-(Legrand et
al., 2001). The action of uPA in the migration of human bronchial epithelial cells is mediated
by the generation of plasmin, which in turn activates MMP-9, thus making possible cell
migration. It has been also known that Rho family GTPases regulate actin cytoskeleton, cell
adhesion, and play important role in cell polarisation and directional migration (Jo et al.,
2002; Fukata et al., 2003).

5.4. Tumor Necrosis Factor-α and the Damage to Pulmonary Alveolocapillary Barrier
In the present study, TNF-α induced damage to the barrier integrity of epithelial monolayers
was demonstrated. Cytokine treatment led to a relocalisation of the TJ transmembrane
protein occludin, decreased β-catenin expression and modified recruitment of the proteins in
adherens junction. These structural changes may well correspond to the increased barrier
permeability seen in in vivo and in vitro studies (Partridge et al., 1993; Wachtel et al., 1999;
Lacherade et al., 2001).
Alveolar liquid and protein clearance was measured in a model of Pseudomonas aeruginosa
pneumonia in rats (Rezaiguia et al., 1997). Histologic evidence of alveolar epithelial injury
and increased alveolar liquid clearance was seen 24 h after intratracheal instillation of
bacteria. This increase was inhibited either by anti-TNF-α neutralizing antibody or by
amiloride, an inhibitor of uPA. TNF-α (5 µg) instilled in normal rats could also increase
alveolar liquid clearance by similar degree. Gram-negative pneumonia upregulates net
alveolar epithelial fluid clearance by a TNF-α-dependent mechanism. In another study, LPS
injection (2 mg/kg) resulted in leakage of FITC-dextran (4 kDa) from blood into BAL fluid
in endotoxemic mice within 20 h (Han et al., 2004). This decrease in barrier function was
associated with upregulation of inducible NO synthase expression and NF-κB activation in
lung tissue. Expression of the TJ proteins, ZO-1, ZO-2, ZO-3, and occludin, as assessed by
immunoblotting and/or immunofluorescence, decreased in lung after the injection of mice
with LPS (Han et al., 2004). Growth factors and cytokines increase the rate of fluid
transport across the alveolar epithelium. Alveolar fluid clearance may already be
upregulated in the presence of clinical conditions that predispose to acute lung injury.
Release of TNF-α in the presence of either pneumonia or peritonitis increases the transport
capacity of the alveolar epithelium (Rezaiguia et al., 1997). Also, the extent of interstitial
edema may limit the transport capacity of the alveolar epithelium. Moreover, if alveolar
epithelial injury is so severe that the barrier properties of the epithelium have been
substantially altered, then increasing the transport capacity of individual alveolar epithelial
cells will not be effective until the epithelial barrier has been restored.
TNF-α can also induce barrier dysfunction in endothelium of the pulmonary vessels. TNF-α
(1,000 U/ml) increased albumin permeability in postconfluent bovine pulmonary artery
endothelial cell monolayers, induced pulmonary endothelial F-actin depolymerization,
intercellular gap formation, and barrier dysfunction (Goldblum et al., 1993). Barrier

opening can occur independently of actin-myosin-mediated contraction, similar to the
studies using thapsigargin (Siflinger-Birnboim and Johnson, 2003). TNF-α activates PKCα, then stabilization of actin fibers affects junctional proteins and altered cell-cell adherence

results in the permeability response.
Asbestos increases paracellular permeability across cultured human lung epithelial
monolayers (Peterson and Kirschbaum, 1998). Plasma proteins, including fibrinogen, will
cross the altered lung epithelium and form fibrin in the distal airways. Alveolar epithelial
cells express significant amounts of uPA that activates plasmin and leads to increased fibrin
degradation. Asbestos increases uPA expression by lung epithelial cells and the fibrin
degradation products cross asbestos-exposed epithelial monolayers more readily. Fibrin
degradation products are biologically active compounds that act as chemoattractants for
neutrophils, inactivate surfactant, and increase cytokine production. Altered lung epithelial
permeability is central in both initiating and perpetuating this pathophysiological sequence.
The family of zinc- and calcium-dependent MMPs play an important role in remodeling of
the airways in disease. Proinflammatory cytokines increases lymphocyte-derived MMP9
levels in the airway lumen of asthmatics, whereas the level of the MMP9 inhibitor TIMP 1
is decreased leading to increased protease activity. Apical MMP9 significantly decreases
immunostaining of TJ proteins and transepithelial electrical resistance in a model of welldifferentiated human airway epithelia (Vermeer et al., 2009). Due to disruption of barrier
function viruses gained access to the epithelial basolateral surface, which increased infection
efficiency. MMP9 exerts its effects on the epithelium by cleaving one or more components
of cell-cell junctions and airway remodeling associated with asthma may be directly
regulated by MMP9.
Although several pharmacologic treatments might be successful in upregulating alveolar
fluid clearance in the setting of clinical acute lung injury (Crandall and Matthay, 2001),
there are potential problems: (i) the lack of sufficient functional epithelial barrier would
blunt the efficacy of any fluid transport-enhancing therapy, under some conditions, (ii) the
alveolar epithelium cannot respond to beta adrenergic agonists, (iii) the degree of epithelial
injury may be so severe that relentless alveolar flooding may overwhelm any transport
capacity of the epithelium, and (iv) endogenous factors might maximally upregulate alveolar
epithelial fluid transport. Thus, exogenous delivery of an alveolar fluid transport-

enhancing therapy might be ineffective because of the presence of endogenous factors that have
already upregulated clearance. On the other hand, increased macromolecular transport across the
alveolar epithelial barrier may also have potential therapeutic advantages in case of pulmonary drug
delivery systems (Crandall and Matthay, 2001). Administration of some macromolecule drugs (e.g.,
proteins) via the pulmonary route by inhalation of aerosolized drugs has been well documented to
provide high bioavailability. However, this could be only a theoretical use of cytokine-induced
epithelial barrier opening.

6. CONCLUSIONS
The new observations of the present study indicate that cytokines promote fibrinolysis in alveolar
epithelium and contribute to pathogenesis and repair of lung injury. It has been demonstrated that
TNF-α enhances the expression and release of uPA, tPA and MMP-2 in human lung epithelial cells.
TNF-α-induced proteolytic activity can be inhibited by dexamethasone and Rho-kinase inhibitors.
TNF-α induced structural changes in the barrier integrity of epithelial monolayers was demonstrated
in alveolar epithelial cells.

Data obtained on in vitro models may contribute to detection of the signal transduction pathways
regulating epithelial proteolytic activity in response to inflammatory stimuli and to identification of
potential therapeutic target molecules.
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