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SUMMARY

Due to the long-term effects of acute and chramigldiseases of infancy and childhood
research exploring the pathomechanism and treatfg@aiediatric pulmonary diseases is a
priority. A large number of chronic lung diseasesg. bronchopulmonary dysplasia or
asthma bronchiale, is associated with alveolartaodchial inflammation. Proteolytic
changes play a significant role in the damage ecaattieolocapillary barrier. The role of
proteolytic pathways in the epithelial damage heenlinvestigated in the present study in
order to find potential protective mechanisms whiohld reduce the injury caused by

proinflammatory cytokines.

Tumour necrosis factar-interleukin-1g, interleukin-2, interferory; and bacterial
lipopolysaccharide were able to induce signifigantease in plasminogen activator
activity in A549 human alveolar epithelial cellsumour necrosis factar-had time- and
dose-dependent effects both on urokinase and ttgpeeof plasminogen activator
induction. This cytokine could also significantlgtizate matrix metalloproteinase 2 in
A549 cells and increased migration potential of maed epithelial cells. All of these
inductions change could be inhibited by dexameth@smd an inhibitor of Rho-kinase.
Tumour necrosis factarireatment also caused damage to the integritpitieial

cellular barrier, it led to relocalisation of thght junction transmembrane protein occludin,
and to a dose-dependent decrease in the expregsidherens junction protepacatenin.

The present study indicates that cytokines proribtiolysis in alveolar epithelium and
contribute to pathogenesis and repair of lung ynjiumour necrosis factaris responsible
for the induction of proteolytic activity and thgury of alveolocapillary barrier, while
glucocorticoids and Rho-kinase inhibitors may hpwtential role in future therapeutic
approaches. Data obtained on in vitro models matriboite to detection of the signal
transduction pathways regulating epithelial protgolactivity in response to inflammatory

stimuli and to identification of potential therapielttarget molecules.
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1. INTRODUCTION

Respiratory illnesses are the major cause of mitytadd mortality in childhood. Asthma, a
chronic inflammatory disorder of the airways is i@dwderized by episodic and reversible
airflow obstruction and airway hyperresponsiver(@$4$R), has a prevalence of 8.5% in
childhood and is responsible for the death of 28@en annually in the United States
(Moorman et al., 2007). In addition to genetic ¢aist pre- and postnatal environmental
exposures, acute and chronic lung diseases ofapfamd childhood have long-term effects
on lung structure and function which persist andeasely affect lung function and
respiratory health into adulthood, therefore redear paediatric pulmonary diseases is a

strategic priority (Castro et al., 2009).

1.1. Pulmonary Inflammations

Inflammation is an important response that defehd$ody against invasion from
microorganisms and the effects of external toxftwate inflammation in the respiratory
tract is an immediate defense reaction to inhaledggns, pathogens or noxious agents
which is accompanied by increased mucus secretiorder to protect the mucosal surface of
the airways (Barnes, 2006). The acute respons#l@svied by a repair process that restores
the tissue back to normal involving proliferatidndamaged epithelial cells and fibrosis.
The repair process may become chronic in respansentinued inflammation, resulting in
remodelling, i.e. structural changes in the airn@arnes, 2006).

Acute lung injury (ALI) and its more severe forrhetacute respiratory distress syndrome
(RD S), are characterized by an acute inflammatoogess in the air spaces and lung
parenchyma. The loss of barrier function of theealar epithelial and pulmonary capillary
endothelial cells results in respiratory failurecrtically ill patients. A complex network of
pro- and anti-inflammatory cytokines and chemokiplay a major role in mediating,
amplifying, and perpetuating inflammatory-induceadd injury from sepsis, pneumonia,
aspiration, and shock. Lung-protective ventilatsinategy reduces not only the number of
neutrophils and the concentration of pro-inflammgattytokines in injured lung, but also the

mortality in patients with ALI (Goodman et al., Z)0

Chronic inflammation in the airways may persistiwany years, sometimes even in the

absence of the causal mechanisms. The molecularedinthr mechanism involves both



long-lived immunologic memory cells and structuwells in the airways. The structural
changes may result in irreversible narrowing ofaimeays with the reduction in air flow in
asthma and cystic fibrosis (CF). These changesdedibrosis, increased amount of

airway smooth muscle, and increased number of blesdels (Barnes, 2003). The

allergic inflammation in asthma is driven by exp@sto allergens through immunogobulin E
(IgE)-dependent mechanisms, resulting in a chaiatitepattern of inflammation. In

asthma, the inflammatory response is activatedoirgiately. Allergens, such as house
dust mite and pollen proteins, induce an eosinapimflammation and the acute response
becomes converted into a chronic inflammation whinay have structural consequences in
the lung. Other lung diseases, such as CF and tiewitasis, are characterized by a

neutrophilic pattern of inflammation, driven in play chronic bacterial infection.

Chronic lung disease (CLD) of infancy most commardgurs in low birth weight preterm
infants treated for RDS, but any disorder thatltesa ALI or requires treatment with
positive-pressure mechanical ventilation and higiicentration of inspired oxygen O
predisposes to this disease (Allen et al., 200B¢rdfore pneumonia, sepsis, meconium
aspiration syndrome, pulmonary hypoplasia, pensigialmonary hypertension, apnoea,
tracheo-oesophageal fistula, congenital diaphraghrharnia, congenital heart disease, and
congenital neuromuscular disorders can also bensdge for CLD developing in infants
(Allen et al., 2003; Szab6 and Szabo, 2009). Bropalmonary dysplasia (BPD) is clearly
distinct from the multiple CLDs of later life ant$ idefinition was proposed based on the
severity of the disease, need forterapy, and point of assessment (Jobe and Bancala
2001). Infants who had been treated with oxyger>&8 days but no longer required oxygen
at 36 weeks’ postmenstrual age might also haveduaklung disease. A hallmark of the lung
injury in BPD is re-epithelialization of denudedebli followed by the increased presence of
fibroblasts and major areas of fibrosis. In recgimical studies, elevated concentrations of
some cytokines including interleukingXIL-1p), interleukin 6 (IL-6), interleukin 8 (IL-8)
were observed in tracheal aspirates and serunfasftswwith RDS and they contributed to
the development of BPD (Groneck and Speer, 1995zikat al., 2001; Choi et al., 2006).

Chronic inflammatory processes of the pulmonaryways are important elements of several
CLDs, such as asthma bronchiale. Asthma is charaete by episodic wheezing, lung

inflammation, and progressive irreversible airwggfdnction in some patients.



Patients suffering from asthma display AHR in res@to methacholine and can develop
asphyxia during an acute exacerbation of theiradise Histological hallmarks of asthma
include homing of T-helper 2 (Th2) inflammatory Iselinto the lung parenchyma,
eosinophilia, and increased mucus metaplasia. &tlcell damage and infiltration of the
bronchial wall by inflammatory cells (T cells, eosphils, and monocytes) can be observed
in the airways of bronchial asthma patients. Othregversible changes may include
increased deposition of extracellular matrix (ECMjoteins in the bronchial wall,
hyperplasia and hypertrophy of smooth muscle cetisicous cell metaplasia and an
increased number of blood vessels. Allergen chgdleand clinical asthma are associated
with synthesis and release of several pro-inflanonyatytokines, e.g. tumour necrosis
factor4a (TNF-4), IL-1, or interleukin 13 (IL-13) (Townley and Hbga, 2003). Despite an
increase of anti-inflammatory mediators in brondhealar lavage (BAL) fluid in status
asthmaticus, the net inflammatory activity was fdun be pro-inflammatory due to the
presence of ILAand TNFa (Tillie-Leblond et al, 1999).

1.2. Inflammatory and Structural Cells in the Airway Inflammations

Inflammation is characterised by an infiltrationthvinflammatory cells depending on the
type of process (Fig. 1.). Mast cells, macrophadesdritic cells, eosinophil, neutrophil and
basophil granulocytes, T- and B-lymphocytes, amadgbéts are involved in asthma, although
the precise role of each cell type is not yet cer@arnes, 2006). Mast cells are important in
the initiation of acute bronchoconstrictor resp@igeallergen or to indirect stimuli

including exercise, hyperventilation or fog. Mastlg are activated by allergens through an
IgE-dependent mechanism and release several paorimiatory cytokines, neurotrophins,
chemokines, growth factors, and tryptase. Macrogfiaderived from blood monocytes,
traffic into the airways in asthma (Fig. 1.) andynh& activated by allergen via low affinity
IgE receptors (RRII) (Barnes, 2006). Their products include a lavggety of pro-
inflammatory (TNFe, IL-1p, IL-6) and anti-inflammatory (interleukin 10 and;1L-10 and
IL-12, respectively) cytokines. Macrophages may alst as antigen-presenting cells which
process allergen for presentation to T-lymphoc{Bzsnes, 2003). Dendritic cells are
specialised macrophage-like cells which able taaeda T-lymphocyte mediated immune
response during the development of asthma. Deodstls form a network in the epithelium
in the respiratory tract and act as very effecimégen-presenting cells. They take up

allergens, process them and migrate to local lyngades.



Fig. 1. The pathophysiology of asthma is complex with pigetion of several interacting inflammatory cells
which result in acute and chronic inflammatory ¢fean the airway (Barnes, 2003) (for abbreviatices
page 5).
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Eosinophil infiltration is a characteristic featwrkallergic inflammation (Fig. 1.). There is a
correlation between eosinophil counts in periphblabd or BAL fluid and the severity of
AHR (Barnes, 2003; Szabo és Kadar, 2009). Eosit®ophe linked to the development of
AHR and airway epithelial damage through the reesddasic proteins and oxygen-derived
free radicals. Eosinophil recruitment involves adbe of eosinophils to vascular endothelial
cells, their migration into the submucosa and sgibset activation. Eosinophils also
contribute to the structural changes in chronibrast through the secretion of growth
factors, such as transforming growth fagi@¢iFGF3). Neutrophils are not predominant in
mild-to-moderate asthma, but they may be recruitdtie airways in severe asthma,
therefore IL-8 levels are increased in induced wmuof the patients who die suddenly of
asthma. T-lymphocytes release specific cytokineshwviesult in the recruitment and
survival of eosinophils and in the maintenance astells in the airways (Fig. 1.). T-
lymphocytes, similar to murine Th2 cells, expragsileukin-4 (IL-4), interleukin-5 (IL-5),
interleukin-9 (IL-9), and IL-13. This programmind B-lymphocytes is due to antigen-
presenting dendritic cells, which may migrate fribra epithelium to regional lymph nodes
or interact with lymphocytes resident in the airwaycosa. Early infections or exposure to
bacterial lipopolysaccharide (LPS) might promot&élper 1 (Thl)-mediated responses to
predominate and a lack of infection in childhoodyrfeavour Th2 cell expression thus atopic
diseases. B-lymphocytes secrete IgE in allergieatiss, and the process is initiated by IL-4

responsible for switching B-cells to IgE production



Structural cells of the airways, including epithélcells, smooth muscle cells, endothelial
cells, and fibroblasts may also be an important@®of inflammatory mediators, such as
cytokines and lipid mediators in asthma (Fig. Zyu&ural cells outnumber inflammatory
cells in the airways, therefore they may becomaeribmr source of mediators responsible for
chronic inflammation in asthma. Bronchial epithktiells represent an essential

component of the innate immune system. They adiré@ct contact with inhaled materials,
including pollutants, allergens, proteases, micspbad other factors that are relevant to the
development of human asthma (Janssen-Heiningér 2089). Airway epithelial cells may
have a key role in translating inhaled environmiesigmals into an inflammatory response
and they are probably the major target cell foaled glucocorticoids (Walsh et al., 2003).
Epithelial cells express various pattern recogniteceptors including Toll-like receptors
(TLR), and protease-activated receptors (PARS)¢clwhecognize microbial motifs and
allergens. The activation of epithelial cells thgbuhese diverse pathways results in the
production of chemokines and cytokines, which nmi&naet inflammatory dendritic cells to
the lung and induce the maturation of these c€lis. epithelial cells express the most potent
chemokines, such as RANTES (regulated on activatiosll expressed and secreted),

eotaxins 1-3, and monocyte chemotactic protein-CRM:).

Fig. 2. Airway epithelial cells may play an active rolesisthmatic inflammation through the release of many
inflammatory mediators, cytokines, chemokines aodrth factors (Barnes, 2003) (for abbreviations page
5).
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Many inflammatory mediators released in asthma lcawnstrictor effects on airway smooth
muscle cells (Barnes, 1998). Chronic exposure deftammatory cytokines, such as IL-
18, downregulates the response of airway smooth radsgR-adrenergic agonists.
Characteristic hypertrophy and hyperplasia aregdbalt of stimulation of airway smooth
muscle cells by various growth factors, such atefgaderived growth factor (PDGF), or
endothelin-1 released from inflammatory cells. Sheoth muscle cells also have the
capacity to release multiple cytokines, chemokiaasd, lipid mediators in asthma.



1.3. Cytokines and Other Inflammatory Mediators inthe Lung

Inflammatory mediators have been implicated inghthogenesis of asthma and CLDs.
They may have a variety of effects on the airwakgctvcould account for the pathology of
allergic diseases (Fig. 3.). Mediators such asste, prostaglandins, leukotrienes and
kinins contract airway smooth muscle, increase ov@scular leakage, increase airway
mucus secretion, and attract other inflammatorlgc€hese vasoactive mediators are
important in acute and subacute inflammatory respsand asthma exacerbations, while

cytokines play a dominant role in maintaining cheanflammation in allergic diseases.

Fig. 3. Various cells and mediators are involved in asttand lead to several efects on the airways
(Barnes, 2003) (for abbreviations see page 5).

Inflammatory cells
Mast cells -
Eosinophils Mediators
Th2 cells Histamine
Basophils Leukofrienes Effects
Platelets Prostanoids Bronchospasm
PAF Plasma exudation
Structural cells Kinins Mucus secretion
Epithelial cells Adenosine AHR
Smooth muscle cells Endothelins Structural changes
Endothelial cells Nitric oxide
Fibroblast Cylokines
Nerves Chemokines
Growth factors

Lipid mediators, such as leukotriene C4 (LTC4)klauene D4 (LTD4), and leukotriene
E4 (LTE4), are potent constrictors of human airway@4 antagonists protect against
exercise- and allergen-induced bronchoconstricao, improve lung function and
symptoms in asthmatic patients. Platelet activai@otor (PAF) is a potent inflammatory
mediator that mimics some features of asthma imetudosinophil recruitment and
activation, and induction of AHR. Prostaglandinséngarious effects on airway function,
however, inhibition of prostaglandin synthesis wititlooxygenase (COX) inhibitors is
effective only in a minority of asthma patients. tbe other hand, prostaglandin GD2
(PGD?2), a bronchoconstrictor produced by mast catlsvates a novel chemoattractant
receptor expressed on Th2 cells, eosinophils, asdghils and mediates chemotaxis. This

mechanism provides a link between mast cell adtimadnd allergic inflammation.

Cytokines are important mediators in chronic inflaation. Many inflammatory
(macrophages, mast cells, eosinophils and lymplesggnd structural (epithelial cells,
airway smooth muscle and endothelial cells) cetiscapable of synthesising and releasing

these proteins (Fig. 4.).



Fig. 4.The cytokine network in asthma (Barnes, 2003). Maflgmmatory cytokines are released from
inflammatory and structural cells in the airway aoithestrate and perpetuate the inflammatory respdfor
abbreviations see page 5).
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Almost every cell located in the airways is capaiflproducing cytokines under certain
conditions. Lymphokines secreted by T-lymphocytetude interleukin 3 (IL-3)
responsible for the survival of mast cells, wheiéag and IL-13 play a key role in the
allergic response of B-lymphocytes. IL-5 has aialuole in the differentiation, survival
and priming of eosinophils. ILg1IL-6, TNF~, and granulocyte-macrophage colony-
stimulating factor (GM-CSF) are released from vasioells, including macrophages and
epithelial cells and may be important in amplifyiihg inflammatory response.

Fig. 5.The role of TNF in the allergen- and irritant-induced changes Bttanatic airways (Erzurum,
2006; for abbreviations see page 5).
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TNF-a axis is upregulated in patients with refractorshasa, as evidenced by the increased
expression of membrane-bound TMFFNF receptor 1, and TN&€onverting enzyme by
peripheral blood monocytes (Berry et al., 2006) FiN\have multiple effects in asthmatic
airways (Erzurum, 2006); it induces adhesion, nigna and activation of inflammatory
cells through the epithelial and endothelial basri§ig. 5). Effective anti-TNF therapy
supports the view that TN&€ontributes to the pathogenesis of refractoryraatfBerry et
al., 2006). Both TNR-and IL-13 activate pro-inflammatory transcription factoraclear
factor«B (NF-«B) and activator protein-1 (AP-1), which switch m@any inflammatory
genes in the asthmatic airways. Other cytokined) as interferon-(IFN-y), 1L-10, IL-12,

and IL-18, play a regulatory role and inhibit thiemgic inflammatory process.

Chemokines are low molecular weight (tipically 8ltbkDa) chemotactic cytokines that
regulate leukocyte trafficking across celullar fs. Over 50 different chemokines are
now recognised and they activate more than 20rdiftesurface receptors. Several
chemokines, including eotaxin- 1, eotaxin-2, eateki RANTES (regulated on activation
T-cell expressed and secreted), and monocyte claetioprotein 4 (MCP-4), activate a
CCR3 common receptor on eosinophils. The increagpression of eotaxins, monocyte
chemotactic protein 3 (MCP-3), MCP-4, and CCR3im @irways of asthmatic patients is
correlated with increased AHR. RANTES activates GC&eptor which is mainly
expressed in eosinophils, however it is also presehh2 cells and mast cells. MCP-1
activates CCR2 receptor on monocytes and T-lympiescMCP-1 levels are increased in
BAL fluid of patients with asthma. CCR4 are seleely expressed on Th2 cells and are
activated by monocyte-derived chemokine (MDC) dnairtus and activation regulated
chemokine (TARC). Epithelial cells of patients wabthma express TARC, which may
then recruit Th2 cells. Increased concentrationBARRC are also found in BAL fluid of

asthmatic patients, whereas MDC is only weakly egged in the airways.

During allergic inflammation there is increaseddative stress, as activated inflammatory
cells, such as macrophages and eosinophils, pradactve oxygen species. Increased
oxidative stress is related to disease severitg @rthe mechanisms whereby oxidative
stress may be detrimental in asthma is throughethetion of superoxide anions with nitric
oxide (NO) to form the reactive radical peroxynérithat may then modify several target
proteins. The level of NO in the exhaled air ofigyaiis with asthma is higher than the level
of NO in that of normal subjects. Endothelins anéept peptide vasoconstrictors and

bronchoconstrictors. Endothelin-1 levels are inseglan the sputum of patients with



asthma. Endothelins induce airway smooth musclepoeliferation and promote a

profibrotic phenotype and may contribute to theodir inflammation of asthma.

1.4. Regulation of Proteolysis in the Lung

Proteolytic enzymes are a major group capable uwding damage to the lung during
inflammatory process (Greenlee et al., 2007; Sredtgl., 2008). Extracellular endogenous
proteases are released both by circulating inflatomaells and resident lung cells, while
exogenous proteases derive from mites and moldsnidjority of endogenous proteases
that cause lung injury is generated by neutrophlteough macrophages, T-lymphocytes,
eosinophils, basophils, mast cells, type Il alveelathelial cells or fibroblasts also release
proteases in smaller quantities. Protease claagditis based on the essential amino acid at
the active site. Serine-proteinases include nebirepastase, cathepsin G, proteinase-3,
granzymes, chymase, and plasminogen activators) (Eashepsin L and B are cysteine-
proteinases, cathepsin D belongs to aspartic-pgetedroteases containing metal ions are
metalloenzymes, including matrix metalloproteina®¢®1Ps): gelatinases or collagenases.

Proteases are important in normal growth and deweémt of the lung as well as in lung
host defense. They can injure cells directly, dégreomponents of the ECM and break
down extracellular and cell surface macromoleculader pathological circumstances.
Proteases can react with receptors in the airwagenerate leukocyte infiltration and to
amplify the response to allergens. They contramhdinial smooth muscle and cause it to
proliferate. Proteases can promote maturationjfpration, and collagen production of
fibroblast precursors and mature fibroblasts. Rigtee enzymes can also degranulate
eosinophils and mast cells.

Proteases act through PARSs, 7-transmembrane psateupled to G proteins, which are
distributed on the cells of the airways. Stimulatieads to increased intracellular’Ca
level and gene transcription and in alveolar efigheells it opens tight intercellular
junctions, causes desquamation, and produces ngkihemokines, and growth factors.

The number of PAR-2 is increased on the epitheds of patients with asthma.

Antiprotease defenses in the lung limit the actbprotease to the desired physical location
for a short, specified period under normal phygaaonditions. Most lung tissue injury is
likely the consequence of proteases generatedypbalcause the enzymes coming from the

bloodstream are inhibited by the high serum legéBntiproteases. Lung



antiproteases include-antitrypsin,a.-macroglobulin, secretory leucoprotease inhibitor,
tissue inhibitor of metalloproteases (TIMPS), plasgen activator inhibitor-1 and -2

(PAI-1 and -2), and:-antichymotrypsin.

Activation of proteolytic enzymes is associatedwtite acute and chronic phases of
inflammatory response. Involvement of proteasdb@remodelling of different tissues has
been demonstrated in pulmonary emphysema, wourth@pedneumatoid arthritis, colitis,
multiple sclerosis, and atherosclerosis. Incre@asetkolytic activity contributes to the
pathogenesis of asthma via its influence on thetiom and migration of inflammatory cells,
on matrix degradation and possible damage of treokicapillary 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 tispeeRA (tPA), urokinase-type PA (UPA),
and inhibitors PAI-1 and PAI-2 are synthesised ibyay cells (Fig. 6). Endothelial cells,
fibroblasts, epithelial cells, mast cells, monositeacrophages and smooth muscle cells are
responsible for production of PAs. Plasmin systehihitors are synthesised by endothelial
cells, platelets and megakaryocytes, neutrophitsjauytes/macrophages, smooth muscle
cells, and fibroblasts. Inflammatory mediators eiffthe expression of PAs and PAls, and
the plasmin system, in turn, can also activelyuiefice the production of mediators and

growth factors, extending pathological structufamges in the airway.

Fig. 6. The regulation of the plasmin system (Kucharewical.¢ 2003) (for abbreviations see page 5).

t-PA u-PA | ¢—— |poePA

a=antiplasmim
fiysmacroglobulin

Plasminogen is converted into plasmin, its activent by uPA or tPA. uPA is secreted as
an inactive precursor form (pro-uPA) that bindshmhigh affinity to a specific cell surface
glycosylphosphatidylinositol-anchored receptor ndm@®AR (Kucharewicz et al., 2003).
The binding of pro-uPA to uPAR activates uPA anbates the generation of plasmin at



the cell surface, promoting matrix degradation,abevation of MMPs, and growth factors.
PAI-1 is the physiological inhibitor of PAs, whilecal activity of plasmin remains also
under the control af-antiplasmin and.-macroglobulin (Fig. 6.). However, mediators of
inflammatory response, such as cytokines includling, 1L-2, IL-4, IL-6, TNF-a, IFN-y,
GM-CSF, macrophage colony stimulating factor (M-GSFSF$, and tryptase, may also

affect the expression of plasmin system components.

The plasmin system also influences cellular fumdiwithout involving proteolytic activity.
Plasmin may enhance inflammation by inducing neuilo aggregation, platelet
degranulation, and the release of arachidonic @erd/atives. It has been demonstrated that
UPAR mediates cell attachment and movement andtbisess remains under the influence
of uPA and PAI-1. PAI-1 interrupts binding of th® A/UPAR complex to integrins and
blocks uPA-integrin-dependent cell growth. MoregvaPAR is necessary for adequate
recruitment of inflammatory cells, mice deficiemt UPAR demonstrate an increased
susceptibility to pulmonary infections.The fibrigot system prevents fibrin deposition in
the alveolar compartment of normal lung. Decreaale@olar fibrinolysis due to altered
expression of components of the fibrinolytic systemmimplicated in the pathogenesis of
acute lung injury and subsequent fibrosis (Sh&©08). The uPA/plasmin system plays a
significant role in the pathogenesis of airway reelbng in asthma (Kucharewicz, 2003);
moreover exogenous UPA inhalation has been recenisidered as a therapeutic strategy in
chronic asthma (Kuramoto, 2009). Genome scan fthmes in the affected families has
proved an association between uPA and asthma,,aaodyAHR (Bégin, 2007). The changes
in the balance of procoagulant and fibrinolyticiates also contribute to lung fibrosis in
acute RDS and in various types of pneumonia (dee@&etti, 1992, Schultz, 2006).

The plasmin system has been implicated not onlglah lysis, but also in a number of
physiological and pathological processes, suchnggogenesis, cell migration, and tumor
metastasis (Fig. 7.). Plasmin can degrade mosteoptotein components of ECM, either by
direct removal of glycoproteins or by activation MMPs (Kucharewicz et al., 2003). It

converts inactive MMPs to active forms, which aesponsible for ECM proteolysis, and
prevents neutralisation of MMP by blocking inhibgoTIMPs. The action of MMPs is

blocked by PAI-1 and other serine protease inhibitdhe binding of pro-uPA to uPAR

activates UPA, enhances plasmin generation, pramoigtrix degradation, and activates
MMPs and growth factors. In addition to interactimgh uPA, PAI-1 binds to vitronectin



leading to its stabilization and it also regulaties binding of integrins and cell migration.
Plasmin can regulate complement activation by dbggathe C5a component, thereby
reducing the ability of mast cells to produce PAKKba upregulates PAI-1 expression and
inhibits plasmin generation, preventing its own rdelgtion (Kucharewicz et al., 2003).
Subsequently, this may lead to overwhelming infohitof fibrinolysis and tissue fibrosis.
Tryptase released from activated mast cells ineeaynthesis type | collagen, stimulates
fibroblast proliferation and its collagenolytic my. It also stimulates the proliferation of
epithelial cells, bronchial smooth muscle cellsj andothelial cells. Tryptase also activates
uPA, which activates plasminogen and MMPs, andethemodulates cell migration by
fibrinogen cleavage. Plasmin can stimulate 5-ligenase (5-LOX) pathway and increased
levels of cysteinyl-leukotrienes and leukotriene(B#B4) have been shown in BAL fluid of
patients with pulmonary fibrosis and asthma. Let&oes exert bronchoconstrictive and
proinflammatory effects, while mice lacking 5-LOXopluce more antifibrotic mediators and
show reduced airway inflammation (Barnes, 2003)siaphil cell infiltration may be an
important factor responsible for airway remodelliigpsinophils release both antifibrotic
(IL-2, INF-y, collagenase) and fibrogenic (T@FiL-4, IL-6, TNF~, major basic protein,
eosinophil cationic protein) mediators. T@Fderived from eosinophils, lymphocytes,
macrophages or epithelial cells, can stimulateoblast proliferation and collagen synthesis.
Asthmatic patients exhibit greater T@Fexpression in the airway submucosa, and
subepithelial fibrosis corresponds to the sevalitgisease (Barnes, 2003). Plasmin activates

TGF-$-dependent fibrotic repair and to promote fibrobig(7.).

Fig. 7.Potential elements of plasmin action on airway rdeiling (Kucharewicz et al., 2003) (for

abbreviations see page 5).
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1.4.2. Matrix metalloproteinases in lung inflamnoats

The MMP family consists of approximately 25 zingdadent endopeptidases that are
involved in the remodelling of several componeritthe ECM (Greenlee et al., 2007; Hu et
al., 2007). MMPs play a role in many physiologicatocesses including embryo
implantation, bone remodelling, and organogeneBiey also participate in pathological
conditions, such as the reorganization of tissuesd inflammation, wound healing or in
invasion of cancer cells. The MMPs share three comdomains, namely the pro-peptide,
the catalytic domain and the haemopexin-like C-teaindomain which is linked to the
catalytic domain by a flexible hinge region. MostMias are secreted from the cells as
inactive zymogens requiring the cleavage of an antgrminal peptide of 10 kDa for
activation. The most commonly used traditional sifésation is based on the substrate
specificity and cellular localisation of the MMPh& major groups are the collagenases, the
gelatinases, the stromelysins, and the membrameMypPs (MT-MMPs) (Fig. 8.).

Fig. 8. Class ification of MMPs and their tissue inhibitqtSreenle et al., 2007; Hu et al., 2007)
MATRIX METALLOPROTEINASES

Collagenases Membrane-type MMPs
MMP1 (interstitial collagenase 1) MMP14 (MT1 MMP)
MMPS (neutrophil collagenase 2) MMP15 (MT2 MMP)
MMP13 (collagenase 3) MMP16 (MT3 MMP)
MMP18 (collagenase 4) MMPI7 (MT4 MMP)
Gelatinases MMP24 (MT5 MMP)
MMP2 (gelatinase A) MMP25 (MT6 MMP)
MMP9 (gelatinase B) Other MMPs
Stromelysins MMP19 (RASI-1)
MMP3 (stromelysin 1) MMP21 (XMMP)
MMP10 (stromelysin 2) MMP23A (femalysin A)
MMP11 (stromelysin 3) MMP23B (femalysin B)
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MMP20 (enamelysin) TIMP4

The collagenases (MMP1, MMP8, MMP13, MMP18) are tdy known mammalian

enzymes capable of degrading triple-helical fikrilcollagens, the major components of
bone and cartilage, into fragments. The main satestrof the gelatinases (MMP2, MMP9)
are type IV collagen and gelatin, and these enzyatseshave an additional domain inserted
into the catalytic domain. This gelatin-binding i@ygis positioned before the zinc-binding
motif, and it forms a separate folding unit whiated not disrupt the structure of the catalytic
domain. The stromelysins (MMP3, MMP10, MMP1 1) al#e to cleave ECM proteins, but

are unable to cleave the triple-helical fibrillalagens.



The biological processes involving MMPs depend lon lhalance between proteinases and
their natural inhibitors (Greenlee et al.,, 2007; elual., 2007). MMPs are inhibited by
specific endogenous tissue inhibitors, such as FIMAIMP-2, TIMP-3, and TIMP-4.
Plasmin prevents neutralisation of MMP by blockifid/Ps. The action of MMPs is also

inhibited by PAI-1 and other serine protease irtbiisi

In the lung, ECM molecules, growth factors, chemeki proteinases, and cell surface
proteins, such as adhesion molecules, are the ktangets of MMPs. Many members of
the MMP family are up-regulated in the lung durpaghological conditions such as
allergic inflammation, tissue injury and repaimedelling, and host defense against
pathogens. Although small amounts of MMP2 and MMRBfetpresent in the lining fluid
of the lung under normal conditions, other MMPslsas MMP7, MMP8, MMP9, and
MMP12 are up-regulated in pulmonary diseases.

The role of MMP in the lung development and patgglbas been investigated in MMP
null animals. Knockout models showed developmdutey defects in MMP14 and MMP2
null mice, whereas gene deletion in MMP3, MMP7, MBARIMP9, or MMP12 did not
result in abnormal lung development (Greenlee.eR80D7). Deletion of MMP2 increases
susceptibility of mice to lethal asphyxiation in asthma model. Absence of MMP3 or
MMP12 has been shown to be advantageous, whilatkeof of MMP7 or MMP8 was
disadvantageous in a mouse model of ALI. Mice taBxeloped exaggerated allergic
inflammation in the absence of MMP2 or MMP8 in @ate model of asthma. MMP9
deletion resulted in mixed effects in the acutegglumury or allergy models. Knocking out

MMP9 or MMP12 was beneficial in a mouse model obkimg-related lung disease.

MMPs also play a role in the pathogenesis of BP®@hD of prematurity (Cederquist et
el., 2001; Greenlee et al., 2007). Increased ars@fiiMP2, and a higher ratio of MMP9
to TIMP1 during the first 3 days of life have cdated with poor outcome in infants with
BPD. The infants who developed CLD were born eadied had lower birth weights, thus
an induction in airvay MMPs may present an assiociatther than the cause. Premature
infants have a higher concentration of MMP2, avdelosurfactant levels, which results in a
lack of adequate protection from the oxidative dgen®8AL sampling from infants on
mechanical ventilation showed a negative corretatietween MMP9 activation and TIMP1

concentration and development of BPD. The intepastbetween the surfactant



proteins and MMPs and TIMPs in the alveolar spaostrikely play an important role in
the lung maturation process in infants. Predomipasinflammatory cytokines (e.g. TNE-
IL-1p, and the neutrophil chemotactic factor IL-8) ie thng during the first week of life
may contribute to prolonged pulmonary inflammatiom fibrosis in BPD. Disodium
cromoglycate, an anti-inflammatory drug in asthowld significantly inhibit TNF: and

IL-8 levels and improve the conditions of infantsiak for BPD (Viscardi et al., 1997).

Expression of several MMPs has also been assoaiatiedsthma. Increases in MMP 1,
MMP2, MMP3, MMP8, and MMP9 levels have been foundputum and BAL from
patients with asthma. MMP9 activity in BAL correddtwith the severity of asthma. In
asthma, MMP9 is expressed in bronchial epithelimeh submucosa, and it is also produced
by eosinophils, macrophages, and neutrophils. ih@vement of MMPs in the
pathogenesis of asthma is summarized in Fig. 9efHll, 2007). The immune complexes,
formed after allergen binding to specific cytophigE molecules, stimulate mast cells to
degranulate chemotactic factors for eosinophilggroghages and neutrophils. These
leukocytes and resident epithelial and smooth neusglls produce MMPs, which cleave
various substrates, including elastin (leadingractural destruction and loss of elasticity)
and chemokines (resulting in enhanced chemotactivity to the airway lumen). Smooth
muscle cell proliferation, fibrosis of the lamirgticularis and mucus hypersecretion by

proliferating goblet cells lead to narrowing of @iewvay lumen and inhibited air flow.

Fig. 9. Role of MMPs in asthma (Hu et al., 2007). (for abhations see page 5).
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1.5. Alveolocapillary Barrier in Pulmonary Epithelial Cells

Barrier function is an important characteristicghad airway epithelium. Tight junctions
(TJ), specialized structures between adjacent, @ksresponsible for the establishment and
maintenance of a milieu in the alveolar space (EFig). TJs are formed by a complex of
several integral membrane proteins and peripheeahlbnane proteins that interact with the
cytoskeleton (Han et al., 2004). Integral membam¢eins involved in TJ formation

include occludin and members of claudin family. dlanoccludens- 1 (ZO- 1) protein has
strong interaction with transmembrane proteinswatiol and claudins, as well as several
cytoplasmic proteins including zonula occludens@ &8 (ZO-2 and ZO-3), actin, AF6, or
cingulin (Mitic et al., 2000). Adherens junction® grotein complexes that occur at cell-cell
junctions more basal than TJs and their cytoplagaae is linked to the actin cytoskeleton.
They appear as bands encircling the cell (zonuheihs) or as spots of attachment to the
ECM (adhesion plaques). TJs serve both as a faffeeedtiating the plasma membrane
into apical and basolateral domain and as a bdmeéing the passive diffusion of solutes

across the paracellular pathway (Han et al., 2004).

Tight Junction

occludin

actin

claudins

Adherens Junction

cadherin

Junctional complexes at cell-cell contact sitesadge control points for regulating solute
flow across cell monolayers (through tight juncépand from one cell to another (through
gap junctions) (Boitano et al., 2004). Disruptidritee paracellular alveolar permeability
barrier is a significant pathological consequericald (Crandall and Matthay, 2001). The
damage of the alveolocapillary barrier may alsy jglla important role in a large number of



CLDs including asthma bronchiale. Cytokines anapthflammatory mediators

participate in the process (Townley and Horiba,30Chronic inflammation is often
associated with increased proteolytic activity iheontributes to the pathogenesis of
asthma through the migration of inflammatory cetisitrix deposition and degradation.
Loss of epithelial barrier function as a consegeeasfqroteases associated with allergens or

environmental pollutants results in the enhancegssof antigen to dendritic cells.

Almost 99% of the large internal surface area efltng is lined by two morphologically
distinct epithelial cells. Type | cells are larggriamous cells; whereas type Il cells are
smaller cuboidal cells which synthesize, secretd,racycle surfactant components and
mediate repair to the injured alveolar epitheliath TJs and gap junctions couple type |
and type Il cells, providing barrier functions grathways for intercellular communication
(Crandall and Matthay, 2001). Transmembrane prefeithe claudin family act in concert
with other transmembrane and peripheral proteirfierta the physical basis for TJs. There
are more than 20 different claudins and type llaegithelial cells simultaneously express up
to six or more claudin isoforms with different pegHular permeability characteristics (Mitic
et al., 2000). In contrast to the mature alveotused by heterogeneous epithelium
containing both cell types, a more uniform monotayfefetal type 1l cells forms a tight seal
important for alveolar development, since accunaddeétal lung fluid induces mechanical
distension and differentiation of fetal alveolaitkelial cells (Boitano et al., 2004). Under in
vitro conditions treatment with glucocorticoid aBeb'-cyclic adenosine monophosphate
(cAMP) is necessary for induction of type |l fetdeolar epithelial cells. These cells
cultured on permeable supports formed high-resistén 1,700- x cnf) monolayers,
consistent with the ability of fetal type Il cetls form tight junctions, while undifferentiated

alveolar cells formed leaky ones (< 308 cnf) (Gonzales et al., 2002).

A better understanding of how alveolar epithel&l polarity develops and is maintained,
as well as how cell polarity is reestablished aftgrry, is likely to be important for
understanding lung injury and repair (Crandall &atthay, 2001).

2. AIMS

The role of proteolytic pathways in the epithetlamage has been investigated in order to
find potential protective mechanisms which coulduee the epithelial damage to
inflammatory cytokines. The specific objectivestod present study were:



. To investigate the effects of TNFand other inflammatory mediators including
interleukins, interferon, and bacterial LPS on B¥ activity in human alveolar

epithelial cells

. To reveal signal transduction pathways regulatpithelial proteolytic activity in

response to inflammatory stimuli

. To investigate MMP activity in epithelial and enlelial cells and reveal TN&-

induced regulation

. To determine TNk induced changes in the migration potential of alle

epithelial cells

. To check possible mechanisms of ThlFrduced damage to the barrier integrity of
epithelial monolayers

3. MATERIALS AND METHODS

3.1. Materials

Dulbecco’s modified Eagle’s medium (DMEMj, coli LPS, cytokines (TNR; IL-18, IL-2,
IL-6, IFN-y), amiloride, colorimetric substrate-yal-Leu-Lysp-nitroanilide), and other fine
chemicals were obtained from Sigma (St. Louis, MUSA), Plasminogen was purchased
from Roche (Mannheim, Germany), whereas Y27632 &Rtl were from Tocris

(Avonmouth, United Kingdom).
3.2. Cell Culture

Human alveolar epithelial A549 cell line retainatigres of type 2 alveolar epithelial cells
and have been extensively used as a model systegtty®t al., 2008). A549 cells were
cultured in DMEM containing 10% heat inactivatethfealf serum (FCS) and antibiotics.
Confluent epithelial monolayers were washed twidhd whosphate buffered saline (PBS)
and kept is serum-free DMEM before the experimedédls were treated with different
concentrations of TNk-(0.1 — 10.0 ng/ml), LPS (0.5+h/ml), IL-18 (10 ng/ml), IL-2 (50
U/ml), IL-6 (1 ng/ml), or IFNy (1-100 ng/ml) for 3 to 24 hours. DexamethasonelP&hd
Y27632 were used in the concentration of.lQ) pyrrolidinedithiocarbamate (PDTC) in
100uM, bisindolylmaleimide in 0.5M.



Cerebral endothelial cells (CECs) were isolatedhfraurine brain cortical microvessels as
described (Tontsch and Bauer, 1989). Culture medioinsisted of DMEM supplemented
with 10% FCS, with or without endothelial cell grbwactore (ECGF«) and heparin (100
ug/ml) (Krizbai et al., 2000). CECs grown in the sgace of ECGl-and its cofactor
heparin exhibit an epithelial-like morphology (typewhile in the absence of them, CECs
develop an elongated spindle-like shape (type hiictvis accompanied by actin filament

reorganization. TGB-(1 ng/ml) was added to the cell culture medium4®.

3.3. Plasminogen Activator Activity Determination ty Zymography

Epithelial cells were homogenized on ice in a bhuffntaining 20 mM Tris (pH=7.4), 150
mM NacCl, and 0.5% Triton X-100. Homogenates werdrifeiged at 10,00Q for 5 min

and equal amounts of protein (2%) or equal volumes (2d) of culture medium were
subjected to sodium dodecyl sulfate polyacrylangeieelectrophoresis (SDS-PAGE) under
non-reducing conditions. After the electrophoréisesgels were washed in 20 mM Tris
(pH=7.4) 2.5% Triton X-100 three times for 20 morémove SDS and then in tridistilled
water three times for 10 min. The gels were layemedgarose gel containing 2% casein
and 5ug/ml plasminogen and incubated at 37°C overniglatwet chamber. Proteolytic
activities were visualized as clear bands, uPAt&#dwere identified on their molecular
weights around 50 kDa and 70 kDa, respectively.ddemetry was performed using the

NIH Image software. One representative of 3 inddpahexperiments is shown.

3.4. Colorimetric Plasminogen Activator Assay

PA activity was measured in culture medium (3 h, 84 h) and cell lysates (24 h) in the
absence or presence of uPA-inhibitor amiloride {)rasing a coupled assay to monitor
plasminogen activation and the resulting plasmidralysis of a colorimetric substrate
(Marshallet al.,1990; Ghostlet al.,2000). Samples were incubated in 200uffer
containing 50 mM Tris (pH=7.4), plasminogen (0.3 mihdop-Val-Leu-Lys pnitroanilide
(0.3 mM). A standard curve was established usimgdruuPA. The amount efnitroaniline

was detected by measuring the absorbance of thelesuat 405 nm.

3.5. Matrix Metalloproteinase Activity Measurement

For the assessment of the MMP activity cells wenadgenized in a buffer containing 20
mM Tris (pH=7.4), 150 mM NacCl, 0,5% Triton X-100okhogenates were centrifuged at



10,000 xg for 5 min. Protein samples were loaded on a 10 Pglaanide gel containing 2
mg/ml casein and subjected to SDS-PAGE under nodunereg conditions. Following
electrophoresis the gels were washed 3 x 20 mROimM Tris (pH=7,4) 2.5% Triton X -
100 to remove SDS followed by 3 x 10 min wash inlistiled water. The gels were
incubated in 20 mM Tris (pH = 7.4) and 5 mM Caall 37-C for 24 h. Proteolytic bands

were visualized by staining the gels with CoomaBsi50.

3.6. Motility Assay

Wound assays were performed according to Sato afkth R1989). Briefly, subconfluent
lung epithelial cells, cultured in 6 cm Petri dishevere wounded with a razor blade. After
wounding cells were washed three times with PBSfarttier incubated in the presence of
absence of TNE; dexamethasone, or Y27632 for two days. Cells whad migrated in the

denuded area from the wound edge were visualizeddikiylene blue staining.

3.7. Occludin Immunostaining

To characterize the morphology of tight junctiootpin occludin, A549 cell cultures were
washed in PBS and were fixed in ethanol for 30 ati °C. After a blockade with 3%
bovine serum albumin (BSA), the cells on covershgse incubated with anti-occludin
primary antibody (1:200 dilution; Zymed Laboratai&)SA) for 90 min, and washed three
times in PBS. It was followed by incubation wittceadary antibody Cy5-labelled anti-
rabbit 1IgG (1:400 dilution) for 30 min. Preparatsonwere mounted in Gel Mount (Biomeda,
USA) and immunostaining was studied by a Nikon fisdi 2000 fluorescent

photomicroscope (Japan).

3.8. Immunoprecipitation and Immunoblotting of Junctional Proteins

A549 cells grown in Petri dishes were treated With+10.0 ng/ml TNk for 6 h. The cells
were washed twice with PBS and lysed in 0.6 ml lysa& buffer (20 mM Tris-Cl, 150 mM
NaCl, 5 mM 2-mercaptoethanol, 1% Triton X-100, 0.866lium deoxycholate, and 0.1%
SDS). The lysates were centrifuged at 15,0@Gor 10 min, then precleared with protein G
sepharose (GE Healthcare). Supernatants were itrecliagth 5ug of antigcatenin
antibodies for 4 h at 4 °C, than the immunocompdexere precipitated with protein G
sepharose beads overnight at 4 °C.The precipitges washed four times in the lysis buffer

and boiled for 5 min in 100 of electrophoresis sample buffer to elute bound



proteins. Protein samples were resolved on 9% poflamide gels and transferred onto
nitrocellulose membranes. Membranes were block&Bi& containing 5% nonfat dry milk,
incubated with primary antibodies for occludin, gadherin (Santa Cruz), andgcatenin
(Sigma) and fluorophore-labeled secondary antitsoiackson Laboratories).
Immunoreaction was visualized by ECL plus chemilescence detection kit (GE

Healthcare) and scanned with an imaging system.

3.9. Statistics

All data are means = standard error (SEM). Sta@ikanalysis was performed using
analysis of variance followed by Dunn'’s test fonsieometrical data, and by Student's

test for colorimetry PA dat®<0.05 values were considered significant changes.

4. RESULTS
4.1. Effect of Inflammatory Mediators on Plasminoga Activator Activity

4.1.1. Concentration- and time-dependent inductbPA activity by TNRA

TNF-4 induced PA activity has been measured both irctlieire medium and the soluble
fraction of cell lysates. Strong plasminogen adtivactivity could be detected at 50 kDa,
and weaker activity at around 70 kDa in the cultamedium (CM). These activities
correspond to uPA and tPA, respectively (Fig. 1.18nost exclusively uPA was detected in
Triton X-100 soluble cellular fraction (Sol) (Fig. 1B). Treatment with TNR-for 6 h
induced strong, concentration-dependent activabbrboth uPA and tPA activity. The
activation could be already observed at conceotraif 0.1 ng/ml (Fig. 11).

Fig. 11.Concentration-dependent efect of TRBN PA activity. A549 cells were treated with OQLEL

ng/ml TNFafor 6 h.A. Activity in culture mediunB. PA activity in Triton X-100 soluble cellular fraofti.
(for abbreviations see page 5).
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Incubation of A549 cells with 5 ng/ml TN&induced an activation of both uPA and tPA
activity in the culture medium after 3 h treatmef. induction of the uPA activiy could be
detected in the soluble fraction of cell lysatesvali (Fig. 12).

Fig. 12. Time-dependent efect of TNFen PA activity. A549 cells were treated with 5gdmml TNFA for 1-5

h. A. PA activity in culture medium. B. PA activiityTriton X-100 soluble cellular fraction (for
abbreviations see page 5).
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4.1.2. Efect of inhibitors on the induction of Patiaity by TNFa

Administration of dexamethasone (DXM, 10 mM) didt mbhange the PA activity in the
culture medium and soluble cell lysates. Howevee synthetic glucocorticoid could
significantly reduce the TNR4induced activation of both uPA and tPA (Fig. 13).

Fig. 13.Efect of DXM on TNR&induced PA activity. A549 cells were treated VGith ng/ml TNFa with or
without 10 mM DXM for 16 h (for abbreviations semp 5).
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The effect of signal transduction inhibitors on TBduced uPA activity has been also
checked. Neither therc-kinase inhibitor PP1 nor superoxide dismutase (B&inld inhibit
the TNF4 induced uPA activity (Fig. 14). However, the Rimhibitor Y27632 and MMP
inhibitor phenanthroline were able to significanthhibit the activation of uPA in A549

human alveolar epithelial cells (Fig. 14).

Fig. 14.Efect of inhibitors on TNR& induced uPA activity. A549 cells were treated v&itd ng/ml TNFa
for 16 h with or without the following inhibitorsPP1 (10 xM), Y27632 (10uM), SOD (400 U/ml),
Phenanthroline (20@M) (for abbreviations see page 5).
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Densitometrical analysis also proved that TiNiRduced uPA activation could be
significantly inhibited by Y27632, phenanthrolirfehgen), or DXM (Fig. 15).

Fig. 15.Densitometrical analysis of uPA activation by TE A549 cells. Epithelial cells were treated
with 5.0 ng/ml TNRa alone or in the presence of 10 mM Y27632, 200 éhanthroline, or 10 mM DXM.
Data are shown as means+SEM, n=B< 0.05 vs. the value measured in Téfreated cells (for
abbreviations see page 5).
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4.1.3. Efect of bacterial LPS and various cytokioeghe PA activity
Treatment with cytokines IL£] IL-2, IL-6, or bacterial LPS for 24 h resulteddhanges in
PA activity in A549 epithelial cells. Strong PA &ty could be detected at 50 kDa



(uPA) by zymography in the soluble fraction of dgates after IL-A treatment, as well as a
weaker activity at around 70 kDa (tPA) (Fig. 16?3 could also increase uPA activity,
whereas IL-2 and IL-6 did not produce significantieges (Fig. 16).

Fig. 16.Efect of interleukins and bacterial LPS on PA activity. A549 cells were treated with 115110
ng/ml) , IL-2 (50 U/ml), IL-6 (1 ng/ml) or LPS (&/ml) for 24 h (for abbreviations see page 5).
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The effect of inflammatory mediators on PA actiwias also estimated using colorimetric
PA assay. IL-g administration (10 ng/ml) caused approximately®Hand 6-fold increases
in total PA activity in culture medium at 3 h andl 2, respectively (Fig. 17). The 7-fold PA

increase in soluble cellular fraction at 24 h clate to densitometry result.

Fig. 17.Efect of IL-18 on PA production of A549 cells. Epithelial cells were treated with 10 ng/ml Ij5-for
3-24 h. All data are meanstSEM, n=:8< 0.05 vs. the value measured in control cellthatsame time (for
abbreviations see page 5).
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Although IL-2 treatment (50 U/ml) for 24 h did nohange total PA activity in soluble
cellular fraction, it induced significant (1.5 to03fold) increases in the activity in culture
medium with a decreasing tendency between 3 h ard(Eig. 18).

IL-6 treatment (1 ng/ml) for 24 h decreased PAwigstin cell lysate, but not in culture
medium (Fig. 19).



Fig. 18.Efect of IL-2 on the PA production of A549 cellpitkelial cells were treated with 50 U/ml IL-2 for

3-24 h. All data are meanstSEM, n=:8< 0.05 vs. the value measured in control celhatsame time. (for
abbreviations see page 5).
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Fig. 19. Efect of IL-6 on the PA production of A549 cellpitielial cells were treated with 1 ng/ml IL-6

for 24 h. All data are meanstSEM, n=.8< 0.05 vs. the value measured in control cellghat same time
(for abbreviations see page 5).
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Bacterial LPS incubation significantly elevated Bétivity in culture medium between 3h
and 24 h, however PA level in cell fraction wasyoslightly elevated after 24 h (Fig. 20)

Fig. 20.Efect of LPS on the PA production of A549 cellstHgfial cells were treated with 1,@/ml LPS

for 3-24 h. All data are means+SEM, n=:8< 0.05 vs. the value measured in control cellhatsame time.
(for abbreviations see page 5).
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Dose of 100 ng/ml IFN-increased PA activity after 3 h, but not at 6 I2drh, in culture
medium, however PA induction was seen after 24 beilh lysates (Fig. 21).



Fig. 21.Efect of IFNy on the PA production of A549 cells. Epithelials@lere treated with 100 ng/ml IFN-
for 3-24 h. All data are meanstSEM, n=:B< 0.05 vs. the value measured in control cellthatsame time

(for abbreviations see page 5).
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Quantitative assays of PA activity were also penied in the absence or presence of uPA-
inhibitor amiloride (1 mM). The ratio of amilorideensitive (UPA) and amilorideinsensitive

(tPA) activity was approximately 74-8196.19-26% both in culture medium and cell lysates
(Fig. 22). Although slight time-dependent changesild be detected, this observation

indicates that uPA is the predominant PA in culiudeng epithelial cells. Similar

composition of PAs was seen in A549 epithelialcéleated with inflammatory mediators

(data not shown).

Fig. 22.Composition of PA production in untreated A549scéhie ratio of amiloride-sensitive (uUPA) and
amiloride-insensitive (tPA) activity. All data aneeans+¥SEM, n=3 (for abbreviations see page 5).

100

B s Cltea
= Eura
o

@

< 60+ -

o

s

S 404 .

s

¥ 201 .

(=]
I
I

| 3h 6h 24h | [24h |
Culture Medium Cell Lysates

4.2. MMP Activity in Epithelial and Endothelial Cells

Metalloprotease zymography showed a proteolyticdban72 kDa which corresponds to
MMP-2 or gelatinase A (Fig. 23). The MMP-2 activityas significantly stronger in the
culture medium compared to that in the cell lysatéF-a induced activation of MMP-2



could be patrtially blocked by co-incubation with &M DXM (Fig. 23). A faint proteolytic
band at 40-45 kDa could be also detected in theireuimedium. This band may correspond

to MMP-3 or stromelysin 1.

Fig. 23.Efect of DXM on TNRinduced MMP activity. A549 cells were treated vétd ng/ml TNFA with
or without 10 mM DXM for 16 h (for abbreviationseeggage 5).
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Similarly, Y27632 (1&M), a Rho inhibitor, could also reduce TNRkAduced activation of
MMP-2 (Fig. 24) .

Fig. 24.Efect of Y27632 on TN&induced MMP activity. A549 cells were treated véith ng/ml TNFa with
or without 10uM Y27632 for 16 h (for abbreviations see page 5).
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We have also investigated the MMP activity in CEfsvarious morphological features.
Type | endothelial cells exhibit epithelial-like mphology (cobblestone), whereas type Il
endothelial cells have spindle-like shape. Inténgbt, only MMP-2 activity could be
detected in type | cells with epithelial charadgcs, whereas strong MMP-3 activity was
also seen in type Il cells (Krizbai et al., 2000).



Fig. 25.MMP activity in type | and type | cerebral endothttells (for abbreviations see page 5).
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4.3. Migration Potential of Epithelial Cells

After wounding the subconfluent lung epithelial Idelyer with a razor blade, A549 cells
moved from the wound edge into the denuded areerdsitopic evaluation of the migration
revealed that in the presence of 5.0 ng/ml TA\%549 cells migrate further from the wound
edge. This increased migratory capacity was reduoethe control level by DXM and

Y27632 (Fig. 26). DXM and Y27632 alone did not ughce the migration of A549 cells

(data not shown).

Fig. 26. Efect of TNFa on the migratory potential of A549 cells. Epitatlells were wounded with a razor
blade and cells were allowed to migrate in the diaiad area for 24 h. A549 cells were treated withrig/ml
TNF-4, and 10 mM DXM, or 10 mM Y27632 (for abbreviatisas page 5).
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4.4. Integrity of Epithelial Cellular Barrier

TNF-a treatment led to a relocalisation of the tightguion transmembrane protein occludin
(Fig. 27.), although the expression of occludinmd change (Fig. 28.).

Fig. 27.Efect of TNFa on the morphology of tight junction protein ocdludA549 cells were treated with
5.0 ng/ml TNFa for 6 h (for abbreviations see page 5).
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TNF-o treatment dose-dependently decregsedtenin expression, whereas cadherin and
a-catenin expression did not change (Fig. 28.). Hayammunoprecipitation study with
p-catenin antibody detected reduced amounts of cad@eda-catenin in theg-catenin
immunoprecipitates at higher TNIFdose (Fig. 28.). This reduction may reflect rewngint
of these proteins into insoluble membrane complexes

Fig. 28.Concentration-dependent efect of TEn the expression of tight junction proteins. ABéfls were
treated with 0.1 -10.0 ng/ml TN&for 6 h (for abbreviations see page 5).
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5. DISCUSSION

The present study strengthens the views that ayskpromote fibrinolysis in alveolar
epithelium and contribute to pathogenesis and regadung injury.

5.1. Cytokines in the Induction of Proteolytic Enzynes in the Airways

5.1.1. Efects of TNEk-and other inflammatory mediators on PA activity

The results of the present study show that BN#Rd other cytokines are important
regulators of the production and secretion PAsMNtPs in human alveolar epithelial
cells. We have demonstrated that TN&wongly enhances the expression and release of
uPA, tPA and MMP-2 in human lung epithelial cellglalexamethasone can inhibit these
changes (Szabd et al., 2005). Our data also sugpolt for LPS and cytokines I 1L-2,
and IFNy in the regulation of the production and synthe$BAs in A549 cells (Szabo et al.,
2009). It has been confirmed that uPA is respoadinl approximately 75-80% of total PA

activity in lung epithelial cells.

In accordance with our data, both Ip-And TNFe« induced time- and dose-dependent
increases in PA activity of cell lysates and sup&nts of alveolar epithelial monolayers
(Marshall et al., 1992). ILflproduced greater increase in the PA activity ihlgsate,
whereas TNF-did it in supernatant. The effect of Ilg-tn increased cell-surface plasmin
generation is mediated in part by increased exjgress uPAR which can be prevented by
protein kinase C (PKC) inhibitors (Hasegawa etl#197). Decreased intracellular iron
availability can prevent the ILglinduced elevation in uPA expression in A549 cells
(Hasegawa et al., 1999). Increased levels of uRAdrsupernatant of ILglstimulated A549
epithelial cells indicated activation of fibrinolgghrough plasmin system and resulted in
guicker and more efficient alveolar epithelial regaan Leer et al., 2005). Upregulation of
uPA activity may be caused by an accumulation aflpeynthesized uPA since Northern
blot analyses demonstrated that T&lis-able to induce a relatively rapid accumulatién
uPA mRNA (Marshall et al., 1992).

It has been demonstrated in the present studyagpabximately 75-80% of total PA
activity is amiloride-sensitive in cultured A549lse This observation supports a

predominant role for uPA in the proteolytic actyvdf alveolar epithelial cells. Amiloride



was previously shown to completely inhibit uPA ontrol and stimulated rat alveolar
epithelial cells, while it did have no effect orAtfMarshall et al., 1990).

Cytokines and bacterial LPS were able to induceifsogint PA activity and DXM and
Y27632, a specific inhibitor of Rho-associated pnokinases, were efficient inhibitor
elevations in PA activity. TNR-and IL-13 proved to be the strongest PA inducer in A549
cells. These data are in accordance with a prewtugdy indicating that inflammatory
mediators including LPS and IFNkad much lower capacity than cytokines Lahd
TNF-o to cause an up-regulation of PA activity in pulragnepithelial cells after 24 h of
treatment (Marshall et al., 1992).

Rho-dependent mechanisms contributed to the di\ffluced activation of PAs and
bacterial LPS induced increase in PA activity caalkb be prevented by Y27632, a specific
inhibitor of Rho kinase in alveolar epithelial ®{5zabo et al., 2005a,b and 2009). Y27632
also proved to be effective in a murine model ¢tfavenous LPS-induced acute lung injury;
it attenuated lung edema, neutrophil emigrationd, @roskeletal rearrangement of
pulmonary endothelial cells (Tasaka et al., 2005¢ontrast to the LPS-induced PA release
by cultured A549 cells vitro, inhaled nebulized LPS inhibited PA activity andreesed
PAI-1 production in BAL fluid of healthy human vaiteers (Maris et al., 2005). Chronic
inhalation of LPS to mice caused all of the clagsatures of asthma including airflow
obstruction, reversible airway inflammation, petesit airway hyperreactivity and lung
tissue remodelling through the modification of pahmary fibrinolytic system (Savov et al.,
2003). The development of chronic LPS-induced ajrdigease is associated with fibrin
deposition and enhanced expression of PAI-1 irattveays, concomitantly with an

enhanced expression of MMP-9 (Savov et al., 2003).

The effect of LPS and cytokines on pulmonary efidheells differed from that on kidney
epithelial cells, because intravenous administmadbLPS dramatically reduced uPA release
both proximal and distal tubules of murine kidnewereas tPA synthesis was increased in
glomerular cells, and up-regulation of PAI-1 wasetved throughout the kidney (Moll et
al., 1994). In cultured human kidney glomerulats;dL-1s enhanced the release of tPA but
not uPA, TNFe induced both PAs, whereas IFMad no significant effect (lwamoto et al.,
1990).

In the present study, IL-2 treatment induced aipnst elevation in PA activity in lung

epithelial cells. Similarly, IL-2 infusion resulteg to 5-fold time-dependent increase in



plasma tPA values in of cancer patients (Baart,e1292). IL-6 did not affect total PA
activity in alveolar epithelial cells, however ILmeediated increase in tPA activity was
demonstrated in human endothelial cells infecteddmgue virus (Huang et al., 2003).
Cytokines regulate protease activity not only wealar epithelial cells, but also in
neighboring cells in lung tissue. The secretion®A and PAI-1 was enhanced by Ip;1L -
2, and TNFe in human lung microvascular endothelial cells @tzshi et al., 1998). IFN-
treatment could increase both uPA and tPA act&/ineA549 lung epithelial cells in
accordance with a previous study (Marshall etl®192) in which IFNy elevated total PA
activity in the same cell line. In contrast to thedservations, IFN-could inhibit IL-1o

stimulated uPA expression in human endotheliabd®llojta et al., 1992).

5.1.2. Cytokine-induced signalling and PA activity

Signal transduction pathways regulating epithelmbteolytic activity in response to
inflammatory stimuli have been investigated. We destrated that inhibition of Rhokinase
significantly reduces the activation of uPA and MMR A549 cells which shows that Rho-
dependent mechanisms are involved in the regulaliba role of Rho-kinases in mediating
the effect of TNFa is supported by the finding that down-regulatidnRino signalling by
coexpression of dominant-negative Rho mutantsRheA, RhoB and Rac) impairs TNE-
driven E-selectin gene expression (Nubel et al0420Recent results indicate that the Rho
family of small GTP-binding proteins plays an imimt role in the expression of NiB-
dependent genes (Zhao and Pothoulakis, 2003). Hawev our experiments inhibition of
NF-«B by PDTC did not inhibit the TNBinduced activation of u-PA suggesting that TAIF-
may exert its effects through alternative signalraghways as well. Furthermore, TNks
able to induce a rapid, sustained increase in p88atracellular signal-regulated kinase 1/2
(ERK1/2) activity in pulmonary endothelial cells wh can be inhibited by Y-27632
indicating that Rho acts upstream of mitogen-atddaprotein kinases in signalling
(Nwariaku et al., 2003). However, our results udimg ERK inhibitor U0 126 show that this

mechanism is not involved in the regulation of uibAvity in lung epithelial cells.

It has been shown that Ilginduced transcriptional activation of the uPAR genvolves
PKC-dependent mechanisms (Hasegawa et al., 1989@)rdle of PKC in PA synthesis is
well-known; treatment with phorbol myristate acetat PKC activator, resulted in time-and

dose-dependent up-regulation of uPA synthesis\mo#r epithelial cells (Marshall et



al., 1990). However, we could not detect inhibitafiTNF-4-induced uPA activation by the
Src-kinase inhibitor PP-1 and PKC inhibitor bisitydimaleimide in A549 cells.
Interestingly, PP-1 enhanced the TEH¥rduced uPA activation, which could be explained
by the inhibitory effect of PP-1 on PAI-1 gene egmion (Pontrelli et al., 2004).
Glucocorticoids has also been shown to suppress aBWvity probably by due to
interactions between the glucocorticoid receptod amother transcriptional activating

system such as AP-1 and MB-(Hasegawa et al., 1997).

Inflammatory stimuli may lead to increased produgttiof reactive oxygen species in
airways, and lung tissue is protected against tkidaots by a variety of antioxidant

mechanisms. Since SOD did not affect T&Rduced uPA activation in our study, oxygen
radicals probably does not play significant rolehis phenomenon. It is noteworthy that the
MMP inhibitor phenanthroline inhibited uPA activityy 30% which could reflect a close

connection between MMPs and PA system (Koolwijklgt2001).

5.1.3. Role of PA activity in the pathogenesisubfnqonary diseases

Increased proteolytic activity can be seen in thglin chronic inflammation, during
asthma, and after various mechanical or toxic dtilAurecent Canadian study detected an
association between allelic variants of human uBAefLA Ulocated on 1 0924 and
asthma phenotype and confirmed that uPA mightsetr@gulator of asthma susceptibility
(Bégin et al., 2007). At the cellular level, anriase in pericellular proteolysis may release
chemotactic mediators and favor adhesion and nnograf eosinophils, fibroblasts, and
smooth muscle cells through the ECM in the lungpigs

Mechanical stimulation, as would occur during bifmmonstriction, up-regulated the gene
expression of uPA, tPA, and PAI-1, it increased u®&ls and uPA-dependent plasmin
generation in cultured bronchial epithelial ceh( et al., 2006). Similar increase in
epithelial uPA activity was seen in airway tissaenples of patients died in status
asthmaticus (Chu et al., 2006). Inhaled minerdiglas can also induce the production and
release of uPA which may exert opposite effecismdbus stages of the inflammatory and
fibrotic processes in lung tissue and contributtheopathogenesis of silica-induced
pulmonary fibrosis and chronic inflammatory lungehise (Lardot et al., 1998). An elegant
situzymography study demonstrated that local microemvirental fibrinolytic activity of

the lung tissue during inflammation might diffeorin the changes in BAL fluid (Nishiuma et

al., 2004). Intense PA activity was localized teaa of lung injury after



exposure to bleomycin in mice while the PA activitiyhin lavage fluid was completely
supressed (Nishiuma et al., 2004). On the othed,hahalation of exogenous uPA
significantly reduced subepithelial fibrosis, desed airway hyperresponsiveness, up-
regulated plasmin activity in BAL fluid, and redudcairway remodelling in a murine

model of chronic asthma (Kuramoto et al., 2009).

BPD was associated with higher concentrations fplLIL-6, IL-8, IL-10, TNF« and IFN-

y and lower concentrations of IL-17 (Ambalavanaalgt2009). The overall cytokine pattern
suggests that BPD and death may be associatedmyptirment in the transition from the
innate immune response mediated by neutrophilse@tlaptive immune response mediated
by T lymphocytes (Ambalavanan et al., 2009). PulamgiPAl-2 and trypsin-2
concentrations are also elevated in BPD (Cederquit, 2003, 2006).

Fibroblast proliferation and components of the E@MJuding collagen and fibronectin, are
markedly increased in the lungs of infants whofohen CLD of prematurity (Kotecha,
1996). The pro-inflammatory cytokines, Ilg-and IL-6 and mediators which reflect
neutrophil recruitment and activation, includinduxe intercellular adhesion molecule, IL-
8 and neutrophil elastase, were increased in BAId fbbtained from infants who developed
CLD (Kotecha, 1996). Fibrosis is thought to be raezti by the pro-fibrotic cytokines
including TGFg and both active and total TG@Fwere increased in BAL fluid. Furthermore,
both type | procollagen and TGFRwere increased qualitatively in lung tissue olsdiat
autopsy from infants who died from respiratorydedl. Excessive release of TNFnay
contribute to the pathogenesis of BPD in very pretefants and the risk of developing
BPD may be associated with host genetic factortsréfgulate TNF production, however it is
not the most commonly studied variant with guariohadenine transition at position -308
nucleotides (Chauhan et al., 2009). Inhaled bedlbasene-treated infants with moderately
elevated baseline IL-8 levels received less systgticocorticoid therapy and had a lower
incidence of BPD than nontreated infants (Gupta.e2000).

5.2. Regulation of Matrix Metalloproteinases in Aheolar Epithelial Cells

5.2.1. Efect of TNR-and other cytokines on MMP induction
We have investigated MMP activity in epithelial aaddothelial cells and demonstrated
strong TNFe induced regulation of MMP-2 in lung epithelial IselAn induction of MMP

expression by inflammatory mediators such as BNiBs been reported recently, but the



mechanisms of inhibition was not presented (Hee&tehl., 2003). MMPs are known to
degrade the ECM, basal membrane components, aneharged in the regulation of TJ
proteins, such as occludin. (Wachtel et al., 199nilar results have been obtained in a
study showing that MMP-9 is induced by TNRna pulmonary microvascular endothelial
cells (Partridge et al., 1993). Fibroblast mignatiproliferation, and MMP production were
also shown to be regulated by Ik-And TNF« (Sasaki et al., 2000).

The proinflammatory cytokines IL-1, IL-6, and TNFwere shown to up-regulate MMPs
both in vitro and in vivo. IL-f is produced in a biologically inactive form andnche

activated by cleavage with MMP9. When Ii-fproduction is ectopically expressed in the
lung epithelium, it causes pulmonary inflammatisppntaneous overexpression of MMP9
and MMP12, disruption of elastin fibers in alveokepta, and fibrosis in airway walls, a

pathology resembling that of emphysema (Lappalagten., 2005; Greenlee et al., 2007).

5.2.2. MMPs in signalling and pulmonary diseases

In this study, we provide evidence that DXM is atdleeduce the activation of MMP-2. This
finding is in line with the results of Araya et §001) demonstrating that DXM inhibits the
irradiation-induced increase in MMP-2 in lung eplihl cells. An explanation could be that
MMP-2 gene contains putative binding sites for detg of transcription factors which are
regulated by glucocorticoids. In contrast, neutibpMP-9 activity in the BAL fluid was
poorly inhibited by glucocorticoids (Cundall et,&003). The role of Rho in the regulation
of MMP-2 is less well understood. It has been shdvat Racl, one member of Rho-related
small GTPases, is a mediator of MMP-2 activatioRliriL080 fibrosarcoma cells (Zhuge and
Xu, 2001). Our results suggest that Rho may beadt Ipartially involved in te regulation of
MMP-2 in lung epithelial cells.

MMPs have been reported to play a critical roléhie pathogenesis of acute and chronic
lung diseases and in airway wall remodelling inocie inflammatory processes of the
respiratory system. In the lung, two gelatinaseS|Av2 and MMP-9, are known to be
produced by a variety of cells in vitro. MMP-2 iseferentially secreted from fibroblasts
and various epithelial cells including airway epiihl cells, and MMP-9 is preferentially
expressed by inflammatory cells (Gibbs et al., }98@yashi and colleagues (1996) have
demonstrated that type IV collagen and MMP-2 showgetbcalization in disrupted
epithelial basement membrane. Furthermore, anaseran MMP-2 activity has been

reported in epithelial lining fluid obtained fronagents with acute RDS.



Expression of several MMPs (including MMP1, MMP2MA3, MMP8, and MMP9) has
been associated with asthma. Increase in MMP9igciivthe subepithelial basement
membrane is found to be accompanied by higher F.GHese studies suggest that in
patients with severe asthma, neutrophils play ar&kyin lung remodelling because they
express both MMP9 and TGF-which are involved in breakdown and repair cuis,
respectively. BAL fluid has been shown to possesteased MMP activity (Mautino et al.,
1997) and allergen exposure is able to induce eease in MMP9, MMP12, and MMP14
activity (Cataldo et al, 2002). Especially actigatiof MMP9 (Han et al., 2003) may have
relevance to chronic structural airway changessthraa through its ability to degrade
proteoglycans and thus potentially enhance aindapgis and smooth muscle proliferation
and its ability to release and activate latent,rixdtound growth factors. Furthermore,
recent results by Prikk et al (2003) suggest thetAvB and its activation has an important
role in the airway destruction, healing, remodelliand treatment response in asthma. An
increased MMP2 activity in induced sputum and BAld samples from patients with

asthma bronchiale was evidenced as well (Maisl. £2@02).

MMPs have important, mainly protective, roles ithasa. In particular, MMP8 deficiency
leads to enhanced granulocytic inflammation aftErgen exposure, presumably because
MMP8 has a role in the apoptosis of granulocyteghBAMP2 and MMP9 are essential for
the movement of inflammatory cells into the airiamen, because they cleave chemotactic
factors in the luminal fluid, which results in emicad chemotactic activities. In addition,
MMP9 is also important for the movement of dendréells into the lumen. Corticosteroids
decrease the inflammation and therefore also MMRIywtion. Inhibition of MMPs with
doxycycline, with a hydroxamate MMPI or with TIMPR2as been reported to decrease

airway damage, hyperresponsiveness and inflammation

The amount of MMP2 at birth successfully predidieel outcome of BPD in preterm infants
and birth weight was significantly correlated watimount of MMP2 suggesting that the stage
of development at birth is the biggest factor irethfer an infant develops BPD. The levels
of MMP-2, -8, -9 and inhibitor TIMP-2 are elevatedracheal aspirate from preterm infants
suffering from RDS (Cederquist et al., 2001). ECdinponents, including collagen and
fibronectin, are increased in the lungs of infamt® die from CLD (Kotecha, 1996)



5.3. Migration Potential of Tumor Necrosis Factore Induced Epithelial Cells

In our study the TNFinduced increased changes of PA and MMP-2 actwége
associated with an increased migration potentid=f9 alveolar epithelial cells which was
inhibited by both DXM and Rho inhibitor Y27632. Shinhibition can be explained at least
partially with the reduced protease activity aftetM or Y27632 treatment.

Cell migration is a highly integrated, multi-stepess that plays an important role in the
progression of various diseases including canteerasclerosis and arthritis. An increased
proteolytic activity is often associated with aoreased migratory potential mainly due to
ECM degradation ot proteolysis of cell surface rooles regulating cell-cell interactions.
Wound healing, which describes the migration ofsciward a point of injury, could be
detected by the conventional scratch assay. uPltdiaes cell migration by localizing
proteolysis on the cell surface and by inducingaicellular signalling pathways. (Kiian et

al., 2003). The implication of uPA in human brorattepithelial cell migration was studied
by incubating culture with a monoclonal antibodigea against uPA and these experiments
led to a 70% reduction in cell velocity (Legrandakt 2001).

Both serine proteases and MMPs have been impligatde complex integrated events
underlying cell migration. Membrane and solubletgimases with integrins and other
adhesion proteins and with intracellular signallsygtems also play a role in the regulation of
proteolysis in cell migration (Murphy and Gavriloyil999). An important role of MMP-2
and MMP-9 in the migration of lung epithelial ceflas been shown by several studies
(Murphy and Gavrilovic, 1999; Buckley et al, 20@huge and Hu, 2001). Legrand et al.
(2001) observed that uPA was only detected in rtiggacells at the wound edges and
located at crucial sites for cell/lECM interactioAssignificant dose-dependent increase was
observed in cell migration velocity after treatmeiith plasmin or MMP-9. Moreover,
addition of exogenous plasmin led to a twofold @&se of activated MMP-9 in migrating
cells, while the addition of uPA antibody led toiahibition of activated MMP-(Legrand et
al., 2001). The action of uPA in the migration ahfan bronchial epithelial cells is mediated
by the generation of plasmin, which in turn actteaMMP-9, thus making possible cell
migration. It has been also known that Rho familjR@ses regulate actin cytoskeleton, cell
adhesion, and play important role in cell polar@aand directional migration (Jo et al.,
2002; Fukata et al., 2003).



5.4. Tumor Necrosis Factore and the Damage to Pulmonary Alveolocapillary Barrer

In the present study, TNé-induced damage to the barrier integrity of epidiehonolayers
was demonstrated. Cytokine treatment led to a aikation of the TJ transmembrane
protein occludin, decreas@etatenin expression and modified recruitment ofgdrwgeins in
adherens junction. These structural changes mdycareespond to the increased barrier
permeability seen in in vivo and in vitro studi@aftridge et al., 1993; Wachtel et al., 1999;
Lacherade et al., 2001).

Alveolar liquid and protein clearance was measumeadmodel of Pseudomonas aeruginosa
pneumonia in rats (Rezaiguia et al., 1997). Higjigl@vidence of alveolar epithelial injury
and increased alveolar liquid clearance was sedn&ter intratracheal instillation of
bacteria. This increase was inhibited either by 8Nf-o neutralizing antibody or by
amiloride, an inhibitor of uPA. TNk-(5 ug) instilled in normal rats could also increase
alveolar liquid clearance by similar degree. Graggative pneumonia upregulates net
alveolar epithelial fluid clearance by a TNFdependent mechanism. In another study, LPS
injection (2 mg/kg) resulted in leakage of FITC-ttar (4 kDa) from blood into BAL fluid

in endotoxemic mice within 20 h (Han et al., 200&)is decrease in barrier function was
associated with upregulation of inducible NO systhaxpression and N& activation in

lung tissue. Expression of the TJ proteins, ZOQ;Z Z0O-3, and occludin, as assessed by
immunoblotting and/or immunofluorescence, decreasdahg after the injection of mice
with LPS (Han et al., 2004). Growth factors anckytes increase the rate of fluid
transport across the alveolar epithelium. Alvedlad clearance may already be
upregulated in the presence of clinical conditithreg predispose to acute lung injury.
Release of TNFein the presence of either pneumonia or peritomtseases the transport
capacity of the alveolar epithelium (Rezaiguialetl®97). Also, the extent of interstitial
edema may limit the transport capacity of the dbeepithelium. Moreover, if alveolar
epithelial injury is so severe that the barriergaies of the epithelium have been
substantially altered, then increasing the trartsgagracity of individual alveolar epithelial

cells will not be effective until the epithelial to@r has been restored.

TNF-o can also induce barrier dysfunction in endothelafrthe pulmonary vessels. TNF-
(1,000 U/ml) increased albumin permeability in posifluent bovine pulmonary artery
endothelial cell monolayers, induced pulmonary éneleal F-actin depolymerization,

intercellular gap formation, and barrier dysfunit{@oldblum et al., 1993). Barrier



opening can occur independently of actin-myosin4ated contraction, similar to the
studies using thapsigargin (Siflinger-Birnboim alathnson, 2003). TNE-activates PKC-

a, then stabilization of actin fibers affects junct@bproteins and altered cell-cell adherence
results in the permeability response.

Asbestos increases paracellular permeability aaaissred human lung epithelial
monolayers (Peterson and Kirschbaum, 1998). Plgsotains, including fibrinogen, will
cross the altered lung epithelium and form fibrirthe distal airways. Alveolar epithelial
cells express significant amounts of uPA that atés plasmin and leads to increased fibrin
degradation. Asbestos increases uPA expressiamigydpithelial cells and the fibrin
degradation products cross asbestos-exposed égitheinolayers more readily. Fibrin
degradation products are biologically active conmutsithat act as chemoattractants for
neutrophils, inactivate surfactant, and increasekiye production. Altered lung epithelial

permeability is central in both initiating and petyating this pathophysiological sequence.

The family of zinc- and calcium-dependent MMPs payimportant role in remodeling of
the airways in disease. Proinflammatory cytokimesdases lymphocyte-derived MMP9
levels in the airway lumen of asthmatics, wherbadevel of the MMP9 inhibitor TIMP 1

is decreased leading to increased protease aci\pigal MMP9 significantly decreases
immunostaining of TJ proteins and transepithelietteical resistance in a model of well-
differentiated human airway epithelia (Vermeerlgt2009). Due to disruption of barrier
function viruses gained access to the epithelisblageral surface, which increased infection
efficiency. MMP9 exerts its effects on the epithaliby cleaving one or more components
of cell-cell junctions and airway remodeling asated with asthma may be directly
regulated by MMP9.

Although several pharmacologic treatments mighéumzessful in upregulating alveolar
fluid clearance in the setting of clinical acutadunjury (Crandall and Matthay, 2001),
there are potential problems: (i) the lack of suéint functional epithelial barrier would
blunt the efficacy of any fluid transport-enhancthgrapy, under some conditions, (ii) the
alveolar epithelium cannot respond to beta adrénagpnists, (iii) the degree of epithelial
injury may be so severe that relentless alveoterding may overwhelm any transport
capacity of the epithelium, and (iv) endogenousaiacmight maximally upregulate alveolar

epithelial fluid transport. Thus, exogenous delvet an alveolar fluid transport-



enhancing therapy might be ineffective becausa@ptesence of endogenous factors that have
already upregulated clearance. On the other hankdsed macromolecular transport across the
alveolar epithelial barrier may also have potertiatapeutic advantages in case of pulmonary drug
delivery systems (Crandall and Matthay, 2001). Adstiation of some macromolecule drugs (e.qg.,
proteins) via the pulmonary route by inhalatioraefosolized drugs has been well documented to
provide high bioavailability. However, this could bnly a theoretical use of cytokine-induced

epithelial barrier opening.

6. CONCLUSIONS

The new observations of the present study indittzé cytokines promote fibrinolysis in alveolar
epithelium and contribute to pathogenesis and regfaiung injury. It has been demonstrated that
TNF-o enhances the expression and release of uPA, tBMaP-2 in human lung epithelial cells.

TNF-u-induced proteolytic activity can be inhibited bgxédmethasone and Rho-kinase inhibitors.
TNF-a induced structural changes in the barrier intggrftepithelial monolayers was demonstrated

in alveolar epithelial cells.

Data obtained on in vitro models may contributedé&ection of the signal transduction pathways
regulating epithelial proteolytic activity in regpee to inflammatory stimuli and to identificatioh o

potential therapeutic target molecules.
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