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Abstract

It is well known that the lungs of asthmatics show airway wall remodelling and that asthma exacerbations are linked to respiratory
infections. There is some evidence that respiratory infections in early childhood may increase the risk of developing asthma later in life.
Chronic obstructive pulmonary disease (COPD), by definition, involves structural changes to the airways. However, very little is known
about what role virus infections play in the development of this remodelling. This review considers the role of matrix metalloproteases and
neutrophil elastase in remodelling, and whether the induction of proteases and other mediators during respiratory virus infections may

contribute to the development of airway remodelling.
© 2005 Elsevier Ltd. All rights reserved.

Keywords: Matrix metalloprotease; Neutrophil elastase; Virus; Tissue inhibitor of metalloproteases; Exacerbation

1. Introduction: remodelling, asthma, COPD,
and respiratory viruses

Airway remodelling (AR) is common in asthmatics.
Clinically, it presents as airflow obstruction that is poorly
reversible with bronchodilators, and laboratory findings
include greater thickness of the airway wall, subepithelial
layer and smooth muscle, and hyperplasia of goblet
epithelial cells [1,2]. These structural changes may also
contribute to, or worsen, bronchial hyperresponsivness. AR
may partly explain why lung function declines more rapidly
in asthmatics than non-asthmatics, but AR is difficult to
study without invasive or costly imaging procedures [1,3].
There are conflicting data on reversibility of AR with
corticosteroid treatment [2,4,5], with duration and dose of
treatment, and duration of disease at the time of starting
treatment, impacting on results. Despite a growing
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consensus that AR is an important component of asthma,
and that amelioration of remodelling is an important
therapeutic outcome, the molecular basis of this process
remains obscure.

Chronic obstructive pulmonary disease (COPD) is a
collective term for degenerative, obstructive lung disease,
overwhelmingly due to cigarette smoking. COPD includes
emphysema, chronic bronchitis and chronic obstructive
bronchiolitis. While there is much variation in the lung
pathology of COPD, typical features are alveolar destruc-
tion leading to permanent peripheral airspace enlargement,
small airway fibrosis, increased numbers of inflammatory
cells in the small airways, reduced lung elasticity, increased
mucus production and declining lung function which is
poorly reversible with bronchodilators [6-9]. Contributing
factors to this AR include excessive protease activity and
free radical damage, followed by induction of growth
factors in a presumably aberrant repair process, which may
be worsened by polymorphisms in enzymes that metabolize
cigarette smoke components [6,10].

In both asthma and COPD, viral infections commonly
precipitate severe and sustained disease exacerbation.
Respiratory viruses were detected in 39% [11], 56% [12]
and 64% [13] of patients with an acute exacerbation
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of COPD. Respiratory viruses were detected in 80-85% of
school age children with an acute exacerbation of asthma
[14]. Amongst adult asthmatics, 76% of patients requiring
emergency treatment for acute asthma were infected with a
respiratory virus [15]. COPD exacerbations are linked to
worsening quality of life [16] and more rapid decline in lung
function with more frequent and longer lasting hospital
admissions [17]. The typical viruses known to cause
exacerbations are rhinoviruses, which cause most common
colds, followed by respiratory syncytial virus (RSV),
influenza, coronaviruses and parainfluenza viruses (PIVs).
In addition, Hogg [18] has proposed that latent adenovirus
infection might also contribute to the pathogenesis of
COPD. The detection rate and prevalence of specific viruses
varies with patient age, time of year, site of sampling,
method of detection, influenza vaccination status and that
year’s predominant influenza strain. In particular, older
studies that use culture and/or serology have lower virus
detection rates [19] than when PCR is used [11-13]. While
respiratory symptoms are similar during infection with these
pathogens, these are distinct viruses with very different
replication strategies.

Very little is known about how respiratory virus
infections worsen asthma and COPD. A landmark study
by Corne et al. [20] found that asthmatics were no more
likely to get rhinovirus colds than their non-asthmatic
domestic partner, but asthmatics were more likely to
develop lower respiratory tract symptoms that were more
severe and long lasting. It is possible that mediators such as
proteases, which are induced by the respiratory virus
infection, contribute to more severe disease in these
patients.

In this review, we will discuss the limited knowledge
about induction of proteases in respiratory virus infections
and the potential role of respiratory viruses in AR. More is
known about proteases and their inhibitors in inflammatory
lung disease; this will be briefly addressed but for more
details, the reader should consult other reviews [7,21].

2. Respiratory viruses and airway remodelling

Very few studies have specifically addressed this issue.
To our knowledge there are only three studies on this topic,
and the variable results point to a need for further research.

Guinea pigs infected with RSV develop viral bronchio-
litis. 100 days after RSV infection, guinea pigs had
significantly increased eosinophilia and airway hyperre-
sponsiveness (AHR). Between virus infected guinea pigs
and controls, there was no significant difference in the
thickness of subepithelial connective tissue or smooth
muscle [22]. Infected animals may need to be kept for
longer times for remodelling to be apparent, although there
is evidence from occupational asthma research that
remodelling in humans can occur after fairly short-term
exposure to allergens [1]. RSV infected airway epithelial

cells secrete increased amounts of basic fibroblast growth
factor (bFGF), in comparison to uninfected cells [23]. This
could contribute to remodelling.

Mice infected only once with Sendai virus (a paramyx-
ovirus and natural rodent pathogen that is moderately
related to RSV and PIVs) had both acute and chronic airway
hyperreactivity. Virus was undetectable by culture at 12
days post-infection (p.i.) and by real time PCR at 21 days
p-i. [24]. Increased numbers of mucus-producing goblet
cells and increased staining for the mucin MUCS5AC were
seen at 21 days p.i., which is similar to the profile of acute
fatal asthma in humans [25]. The increased airway
hyperreactivity and goblet cell hyperplasia were partly
reduced by corticosteroids but unchanged in IFN-y knock-
out mice. The authors interpreted these overall findings to
mean that a single virus infection can lead to permanent
changes in the epithelium and airways, and this chronic
phenotype in mice can be genetically segregated from the
acute antiviral response [24].

3. Features of lung proteases

At first glance it seems odd that proteases contribute to
AR, as their main task is to degrade proteins [10]. However,
increased protease activity can have a major impact on the
overall level of inflammation.

There are at least 25 matrix metalloproteases (MMPs),
which can be secreted or associated with the cell membrane.
Some MMPs, such as MMP-7 are constitutively expressed
in healthy tissue (generally epithelial surfaces) but most
secreted MMPs are only expressed in tissues undergoing
angiogenesis, disease, inflammation and repair [21]. In
contrast, the mRNAs for the six membrane-type MMPs are
constitutively expressed in many normal cells and tissues,
including leukocytes, lung and spleen [26]. In older papers,
names of MMPs reflect the best studied of its substrates,
whereas more recent terminology uses numbers as many
MMPs can cleave multiple substrates. For example,
gelatinases A and B are, respectively, known as MMP-2
and MMP-9 [21].

MMP-9 is important in the lung, and while it is not
normally made by resident lung cells, it can be made by
leukocytes, bronchial epithelial cells and other cell types in
response to various stimuli [27]. Macrophages, neutrophils,
lymphocytes, fibroblasts and smooth muscle cells produce a
range of MMPs, depending on the stimulus [7]. More detail
on MMPs and their role in normal and diseased lung can be
found in other recent reviews [21,27,28].

The activity of MMPs is controlled at four levels [21,27]:
gene expression, compartmentalization, e.g. by anchoring
of some MMPs to the cell membrane, or neutrophils storing
MMPs in granules, proteolysis (cleaving off the pro
region by MMPs or serine proteases), and enzyme
inactivation (e.g. binding to endogenous inhibitors). These
activation processes can be influenced by inflammatory
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mediators [27]. Anchoring of some MMPs at the cell surface
provides better control of proteolysis, and in addition to
proteases designated as membrane-type MMPs [26], cell
surface association of MMP-9 on human neutrophils has
been reported [29].

There are five known tissue inhibitors of metallopro-
teases, or TIMPs. Aside from their main role in MMP
regulation, TIMPs are also involved in regulation of other
proteases and apoptosis [30,31], and hence the (at least
transient) dysregulation of TIMPs in asthma and COPD [7]
could have a systemic impact. Other inhibitors exist; the
main circulating inhibitor of MMP-9 is a,-macroglobulin
[27] and any study of MMPs from body fluids must consider
that some MMPs may be complexed with inhibitors.

Neutrophil elastase (NE) is a serine protease critical
for the antimicrobial activity of neutrophils. Other serine
proteases relevant to COPD are proteinase 3 and
cathepsin G [10]. NE is stored in primary (azurophilic)
granules, released upon neutrophil degranulation and it
can degrade almost all extracellular matrix proteins and
key plasma proteins, as well as innate immune proteins
such as complement receptors and lung surfactant
proteins [32]. While NE is generally a pro-inflammatory
molecule, it can also turn down inflammation by
cleavage of pro-inflammatory cytokines such as IL-6.
The main endogenous inhibitors of NE are a,-protease
inhibitor, o,-macroglobulin and secretory leukocyte
protease inhibitor or SLPI [32]. Increased net activity
of NE is seen in acute lung injury [32], acute viral
exacerbations of asthma [15] and COPD, where it
stimulates release of mucus and is strongly linked to
alveolar destruction [10]. MMP-1 (a collagenase) and
MMP-12 or macrophage metalloelastase are also impli-
cated in alveolar destruction [10].

In vitro studies provide indirect evidence that MMP-9 is
involved in migration of T lymphocytes [33], eosinophils
[34] and neutrophils [35] across basement membranes, and
that elastase contributes to this process by activation of the
proform of MMP-9 [35].

Involvement of a certain protease in some process does
not mean that it is essential, as there can be redundancy in
proteases. In mice, MMP-9 is not needed for neutrophil
migration into the lung and in vitro neutrophil bacteriocidal
activity [36]. Indeed, most mice that are ‘knockouts’ for
specific MMPs are normal when unchallenged [28]. This
redundancy could limit the therapeutic use of protease
inhibitors.

There are many studies on proteases and their
inhibitors in asthma and COPD [7]. The general picture
is higher overall protease activity, but specific
conclusions depend on site of sampling [bronchoalveolar
lavage (BAL), sputum, nasopharyngeal aspirate, immu-
nohistochemistry of lung biopsies], method of assay,
stimulus (if patient derived cells are used in in vitro
studies), patient status at time of sampling (stable or
exacerbation, medication use, smoking status) and nature

of controls (the same patients after recovery, healthy
controls or healthy smokers). The increased protease
activity observed in most studies need not mean that
inhibitors are concurrently downregulated [7].

4. Relevance of MMPs to airway remodelling

Few studies have directly looked at proteases and
remodelling. In mice sensitized with ovalbumin and
then challenged with aerosolized ovalbumin, MMP-2 and
MMP-9 were upregulated in BAL, which was accompanied
by infiltration of eosinophils and lymphocytes. The move-
ment of cells into the airway lumen was inhibited by treating
mice with TIMP-1 and TIMP-2 [37], and a subsequent
histology study showed that the epithelial basement
membrane was damaged by transmigration of inflammatory
cells [38]. Furthermore, treatment of mice with dexametha-
sone or TIMP-2 greatly reduced both the transmigration of
inflammatory cells and damage to the epithelial basement
membrane [38].

On the basis of their in vitro properties, many growth
factors and inflammatory mediators are implicated in AR.
Possible mediators include TGF-B, platelet-derived
growth factor, bFGF, TNF-a and IL-4. Their relevant
properties are mitogenic activity for fibroblasts and/or
airway smooth muscle cells, and promotion of connective
tissue synthesis by these cells [1]. MMPs can directly
impact on the activity of growth factors and chemokines,
such as TGF-B, TNF-a, insulin-like growth factor (IGF)-
1, EGFs, FGFs and monocyte chemoattractant protein
(MCP)-3. Products of MMP activity can act as
chemoattractants [21]. Intratracheal instillation of elastase
into mice led to a time-dependent release of FGF-2 and
TGF-B from the lung into the BAL, and much of the
TGF-B was in the active form. In pulmonary fibroblast
cultures, elastase treatment caused the release of TGF-f3
[39].

Adults with a respiratory virus infection and acute
exacerbation of asthma have increased sputum neutrophils
and increased neutrophil elastase, compared to their base-
line samples 4-5 weeks later [15]. While viruses are
the main cause of COPD exacerbations, many patients
with stable COPD show colonization of the normally
sterile lower airways with potentially pathogenic bacteria.
This is a risk factor for more frequent and more severe
exacerbations of COPD [40]. MMP-7 (matrilysin) is rapidly
induced in airway epithelial cells exposed to bacteria; this
activates anti-bacterial defence but could contribute to
remodelling [41].

As both inflammatory lung disease and respiratory virus
infection can induce key lung proteases, viral exacerbations
could lead to hyperinduction of active proteases and
accelerated remodelling.
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5. What do we know about protease induction during
virus infections?

A PubMed search for ‘MMPs and Virus’ (words in
title/abstract) yielded 134 hits, and those that focussed on
actual induction of MMPs by a virus (as distinct from using
viral vectors for gene expression) were mostly limited to
hepatitis viruses, neurotropic viruses and retroviruses such
as HIV. Coxsackie B3 virus infection of weanling BALB/c
mice was associated with cardiac fibrosis from 2 to 4 weeks
pi. [42]. None of these viruses are closely related to
common respiratory viruses. To our knowledge, there are
only three studies that look at induction of MMPs upon
infection with respiratory viruses.

MDCK cells (dog kidney) and Vero cells (monkey
kidney) support the growth of most influenza viruses.
Zymography (running of biological fluids such as BAL into
a gel containing a protease substrate) showed that influenza
infected MDCKs secreted more MMP-2 and less MMP-9
than uninfected cells [43]. In infected Vero cells, MMP-2
activity was unaffected while MMP-9 activity increased
slightly. TIMP-1 levels in MDCK cells were unaffected by
influenza, but in Vero cells, influenza infection caused a 2.3
fold increase in TIMP-1 at the peak of virus infection.
Influenza shuts off the synthesis of most host cell proteins
[44], which must be considered when measuring mediators
in infected cells or animals.

Influenza infection of humans causes significant pathol-
ogy in the lower respiratory tract; common features include
desquamation of the epithelium, mucosal oedema and
leukocyte infiltration [44]. These are complex processes
but it is feasible that host proteases are involved. Proteases
could trigger detachment from the epithelial monolayer and
basement membrane, which may serve to limit virus spread
[43], although dead infected cells can still trigger
inflammation.

RSV-infected Hep-2 (human airway epithelium) cells
showed more secretion and cell surface association of
MMP-9 than uninfected cells [45]. Inhibitors of MMP-9
significantly reduced RSV replication, but only if the
inhibitors were added early in infection. RSV mostly
spreads by cell-to-cell fusion, forming characteristic ‘giant
cells’ or syncytia, although extracellular spread does occur
[46]. Enlarged syncytia were seen in transfected Hep-2s
overexpressing MMP-9, but smaller syncytia were seen in
transfected Hep-2s overexpressing TIMP-1 [45].

These data suggest a role for virus-induced MMP-9 in
virus spread. It is possible that enhanced MMP-9 activity in
RSV-infected cells may facilitate cell—cell spread in vivo
[45], and one can speculate that RSV-induced proteases
contribute to the spread of virus from the upper to lower
respiratory tracts that is seen in 25-40% of infants [47].
RSV cytopathology in A549 cells is enhanced by trypsin,
thrombin and plasmin although it is not known if enhanced
cytopathology was linked to higher virus titres [48]. The
precise mechanism of RSV spread is unknown; this is of

great interest since the poor immune response to RSV in
humans leads to persistent re-infections, and there are no
effective drugs to treat RSV [47].

The only in vivo study of protease induction by a
respiratory virus looked at the arterivirus porcine reproduc-
tive and respiratory syndrome virus (PRRSV) in piglets
[49]. The BAL (but not serum) of infected piglets had
significantly increased activity of MMP-2 and MMP-9, with
the peak at days 7-14 (this correlates well with virus
replication, lung histological lesions and increased mono-
cytes and lymphocytes) and levels returned to normal by
6-7 weeks p.i.

While there are no direct in vivo studies, a role for
MMPs in AR in response to viral infections can be
inferred from the following sequence of observations:
infection with respiratory viruses such as RSV [47] and
influenza [44] induces pro-inflammatory cytokines such
as TNF-a, IL-1B and IL-8, which stimulate production
and release of MMP-9 [27]; MMP-2 and MMP-9 can
cleave elastin [50], elastin-derived peptides are chemo-
tactic for monocytes, and to a lesser extent neutrophils
and alveolar macrophages [51] and elastin-derived
peptides (made by human neutrophil elastase digestion
of elastin) are chemotactic for fibroblasts [52].

6. Therapeutic potential

Many MMP inhibitors exist, but since MMPs have
structural similarities, the inhibitors are often not specific
enough for therapeutic use. Furthermore, many MMPs
overlap in their cellular functions and multiple MMPs are
upregulated in many disease states [29]. At least in mice,
broad MMP inhibition can be harmful [7] and cancer
patients treated with broad spectrum MMP inhibitors
developed reversible skin thickening and shortening of
muscle tissue in joints [21]. A specific NE inhibitor is
effective in treating acute lung injury in animals and humans
[32]. Upregulation of MMPs is seen in HIV-associated
neurological disease, and it is interesting that clinically
useful anti-HIV drugs reduce MMP activity in lipopoly-
saccharide stimulated brain cells [53].

7. Conclusion

Patients with asthma and COPD are often more severely
affected by respiratory virus infections than the general
population. AR contributes to lung dysfunction in asthma
and COPD. While little research has been done in this area,
it is possible that lung proteases are a factor in AR. There are
many triggers that lead to a net increase in activity of a range
of lung proteases, and the possible role of respiratory virus
infections in increasing lung protease levels deserves
further study.



22 R.C. Gualano et al. / Pulmonary Pharmacology & Therapeutics 19 (2006) 18-23

Acknowledgements

Work in the authors’ laboratory is funded by the
Commonwealth Government of Australia, via the National
Health and Medical Research Council and the Co-operative
Research Centre program. We thank Dr Michelle Hansen
for critical review of the manuscript.

References

[1] Redington AE, Howarth PW. Airway wall remodelling in asthma.
Thorax 1997;52:310-2.

[2] Davies DE, Wicks J, Powell RM, Puddicombe SM, Holgate ST.

Airway remodeling in asthma: new insights. J Allergy Clin Immunol

2003;111:215-25.

Fernandes DJ, Xu K-F, Stewart AG. Anti-remodelling drugs for the

treatment of asthma: requirement for animal models of airway wall

remodelling. Clin Exp Pharmacol Physiol 2001;28:619-29.

Vonk JM, Jongepier H, Panhuysen CI, Schouten JP, Bleecker ER,

Postma DS. Risk factors associated with the presence of irreversible

airflow limitation and reduced transfer coefficient in patients with

asthma after 26 years of follow up. Thorax 2003;58:322-7.

[5] Ward C, Pais M, Bish R, Reid D, Feltis B, Johns D, et al. Airway

inflammation, basement membrane thickening and bronchial hyper-

responsiveness in asthma. Thorax 2002;57:309-16.

Blundell R, Harrison DJ, Wallace WAH. Emphysema: the challenge

of the remodelled lung. J Pathol 2004;202:141-4.

Cataldo DD, Gueders MM, Rocks N, Sounni NE, Evrard B, Bartsch P,

et al. Pathogenic role of matrix metalloproteases and their inhibitors in

asthma and chronic obstructive pulmonary disease and therapeutic

relevance of matrix metalloprotease inhibitors. Cell Mol Biol 2003;

49:875-84.

Pauwels RA, Rabe KF. Burden and clinical features of chronic

obstructive pulmonary disease (COPD). Lancet 2004;364:613-20.

Hogg JC, Chu F, Utokaparch S, Woods R, Elliott WM, Buzatu L, et al.

The nature of small-airway obstruction in chronic obstructive

pulmonary disease. New Engl J Med 2004;350:2645-53.

[10] Shapiro SD. Proteinases in chronic obstructive pulmonary disease.
Biochem Soc Trans 2002;30:98-102.

[11] Seemungal T, Harper-Owen R, Bhownik A, Moric I, Sanderson G,
Message S, et al. Respiratory viruses, symptoms, and inflammatory
markers in acute exacerbations and stable chronic obstructive
pulmonary disease. Am J Respir Crit Care Med 2001;164:1618-23.

[12] Rohde G, Wiethege A, Borg I, Kauth M, Bauer TT, Gillissen A, et al.
Respiratory viruses in exacerbations of chronic obstructive pulmonary
disease requiring hospitalisation: a case-control study. Thorax 2003;
58:37-42.

[13] Tan WC, Xiang X, Qiu D, Ng TP, Lam SF, Hegele RG. Epidemiology

of respiratory viruses in patients hospitalized with near-fatal asthma,

acute exacerbations of asthma, or chronic obstructive pulmonary
disease. Am J Med 2003;115:272-7.

Johnston SL, Pattemore PK, Sanderson G, Smith S, Lampe F,

Josephs L, et al. Community study of role of viral infections in

exacerbations of asthma in 9-11 year old children. Br Med J 1995;

310(6989):1225-9.

[15] Wark PA, Johnston SL, Moric I, Simpson JL, Hensley MJ, Gibson PG.
Neutrophil degranulation and cell lysis is associated with clinical
severity in virus-induced asthma. Eur Respir J 2002;19:68-75.

[16] Seemungal TAR, Donaldson GC, Paul EA, Bestall JC, Jeffries DJ,
Wedzicha JA. Effect of exacerbation on quality of life in patients with
chronic obstructive pulmonary disease. Am J Respir Crit Care Med
1998;157:1418-22.

[3

—

[4

finar

[6

=

[7

—

[8

—

[9

—

[14

[17] Donaldson GC, Seemungal TAR, Bhowmik A, Wedzicha JA.
Relationship between exacerbation frequency and lung function
decline in chronic obstructive pulmonary disease. Thorax 2002;57:
847-52.

[18] Hogg JC. Role of latent viral infections in chronic obstructive
pulmonary disease and asthma. Am J Respir Crit Care Med 2001;164:
S71-S5.

[19] Greenberg SB, Allen M, Wilson J, Atmar RL. Respiratory viral
infections in adults with and without chronic obstructive pulmonary
disease. Am J Respir Crit Care Med 2000;162:167-76.

[20] Corne JM, Marshall C, Smith S, Schreiber J, Sanderson G,
Holgate ST. Frequency, severity, and duration of rhinovirus infections
in asthmatic and non-asthmatic individuals: a longitudinal cohort
study. Lancet 2002;359:831-4.

[21] Parks WC, Shapiro SD. Matrix metalloproteinases in lung biology.
Respir Res 2001;2:10-19.

[22] Bramley AM, Vitalis TZ, Wiggs BR, Hegele RG. Effects of
respiratory syncytial virus persistence on airway responsiveness and
inflammation in guinea-pigs. Eur Respir J 1999;14:1061-7.

[23] Dosanjh A, Rednam S, Martin M. Respiratory syncytial virus
augments production of fibroblast growth factor basic in vitro:
implications for a possible mechanism of prolonged wheezing after
infection. Pediatr Allergy Immunol 2003;14:437.

[24] Walter MJ, Morton JD, Kayiwara N, Agapov E, Holtzman MJ. Viral
induction of a chronic asthma phenotype and genetic segregation from
the acute response. J Clin Invest 2002;110:165-75.

[25] Aikawa T, Shimura S, Sasaki H, Ebina M, Takishima T. Marked
goblet cell hyperplasia with mucus accumulation in the airways of
patients who died of severe acute asthma attack. Chest 1992;101:
916-21.

[26] Zucker S, Pei D, Cao J, Lopez-Otin C. Membrane type matrix
metalloproteases. In: Zucker S, Chen W-T, editors. Cell surface
proteases. San Diego: Academic Press; 2003. p. 2-53.

[27] Atkinson JJ, Senior RM. Matrix metalloproteinase-9 in lung
remodelling. Am J Respir Cell Mol Biol 2003;28:12-24.

[28] Parks WC, Wilson CL, Lopez-Boado YS. Matrix metalloproteinases
as modulators of inflammation and innate immunity. Nat Rev
Immunol 2004;4:617-29.

[29] Fridman R. Surface association of secreted matrix metalloproteinases.
In: Zucker S, Chen W-T, editors. Cell surface proteases. San Diego:
Academic Press; 2003. p. 75-91.

[30] Woessner Jr JF. That impish TIMP: the tissue inhibitor of
metalloproteinases-3. J Clin Invest 2001;108:799-800.

[31] Brew K, Dinakarpandian D, Nagase H. Tissue inhibitors of
metalloproteinases: evolution, structure and function. Biochim
Biophys Acta 2000;1477:267-83.

[32] Kawabata K, Hagio T, Jatsuoka S. The role of neutrophil elastase in
acute lung injury. Eur J Pharmacol 2002;451:1-10.

[33] Leppert D, Waubant E, Galardy R, Bunnett NW, Hauser SL. T cell
gelatinases mediate basement membrane transmigration in vitro.
J Immunol 1995;154:4379-89.

[34] Okada S, Kita H, George TJ, Gleich GJ, Leiferman KM. Migration of
eosinophils through basement membrane components in vitro: role of
matrix metalloproteinase-9. Am J Respir Cell Mol Biol 1997;17:
519-28.

[35] Delclaux C, Delacourt C, D’Ortho MP, Boyer V, Lafuma C, Harf A.
Role of gelatinase B and elastase in human polymorphonuclear
neutrophil migration across basement membrane. Am J Respir Cell
Mol Biol 1996;14:288-95.

[36] Betsuyaku T, Shipley JM, Liu Z, Senior RM. Neutrophil emigration in
the lungs, peritoneum, and skin does not require gelatinase B. Am
J Respir Cell Mol Biol 1999;20:1303-9.

[37] Kumagai K, Ohno I, Okada S, Ohkawara Y, Suzuki K, Shinya T, et al.
Inhibition of matrix metalloproteinases prevents allergen-induced
airway inflammation in a murine model of asthma. J Immunol 1999;
162:4212-9.



R.C. Gualano et al. / Pulmonary Pharmacology & Therapeutics 19 (2006) 18-23 23

[38] Kumagai K, Ohno I, Imai K, Nawata J, Hayashi K, Okada S, et al. The
involvement of matrix metalloproteinases in basement membrane
injury in a murine model of acute allergic airway inflammation. Clin
Exp Allergy 2002;32:1527-34.

[39] Buczek-Thomas JA, Lucey EC, Stone PJ, Chu CL, Rich CB,
Carreras I, et al. Elastase mediates the release of growth factors
from the lung in vivo. Am J Respir Cell Mol Biol 2004;31:344-50.

[40] Patel IS, Seemungal TAR, Wilks M, Lloyd-Owen SJ, Donaldson GC,
Wedzicha JA. Relationship between bacterial colonisation and the
frequency, character, and severity of COPD exacerbations. Thorax
2002;57:759-64.

[41] Lopez-Boado YS, Wilson CL, Hooper LV, Gordon JI, Hultgren SJ,
Parks WC. Bacterial exposure induces and activates matrilysin in
mucosal epithelial cells. J Cell Biol 2000;148:1305-15.

[42] Gomez RM, Castagnino CG, Berria MI. Extracellular matrix
remodelling after coxackievirus B3-induced murine myocarditis. Int
J Exp Pathol 1992;73:643-53.

[43] Yeo SJ, Kim SJ, Kim JH, Lee HJ, Kook YH. Influenza A virus
infection modulates the expression of type IV collagenase in epithelial
cells. Arch Virol 1999;7:1361-70.

[44] Wright PF, Webster RG. Orthomyxoviruses. In: Knipe DM,
Howley PM, editors. Fields virology. Philadelphia: Lippincott,
Williams & Wilkins; 2001. p. 1533-79.

[45] Yeo S-J, Yun Y-J, Lyu M-A, Woo S-Y, Woo E-R, Kim S-J, et al.
Respiratory syncytial virus infection induces matrix metalloprotei-
nase-9 expression in epithelial cells. Arch Virol 2002;147:229-42.

[46] Shigeta S, Hinuma Y, Suto T, Ishida N. The cell to cell infection of
respiratory syncytial virus in HEp-2 monolayer cultures. J Gen Virol
1968;3:129-31.

[47] Collins PL, Chanock RM, Murphy BR. Respiratory syncytial virus.
In: Knipe DM, Howley PM, editors. Fields virology. Philadelphia:
Lippincott, Williams & Wilkins; 2001. p. 1443-85.

[48] Dubovi EJ, Geratz JD, Tidwell RR. Enhancement of respiratory
syncytial virus-induced cytopathology by trypsin, thrombin and
plasmin. Infect Immun 1983;40:351-8.

[49] Girard M, Cleroux P, Tremblay P, Dea S, St-Pierre Y. Increased
proteolytic activity and matrix metalloprotease expression in lungs
during infection by porcine reproductive and respiratory syndrome
virus. J Gen Virol 2001;82:1253-61.

[50] Senior RM, Griffin GL, Flliszar CJ, Shapiro SD, Goldberg GI,

Welgus HG. Human 92- and 72-kilodalton type IV collagenases are

elastases. J Biol Chem 1991;266:7870-5.

Senior RM, Griffin GL, Mecham RP. Chemotactic activity of elastin-

derived peptides. J Clin Invest 1980;66:859-62.

[52] Senior RM, Griffin GL, Mecham RP. Chemotactic responses of
fibroblasts to tropoelastin and elastin-derived peptides. J Clin Invest
1982;70:614-8.

[53] Luizzi GM, Mastroianni CM, Latronico T, Mengoni F, Fasano A,
Lichtner M, et al. Anti-HIV drugs decrease the expression of matrix
metalloproteinases in astrocytes and microglia. Brain 2004;127:
398-407.

[51



