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ABSTRACT: Neutrophils have the capacity to accumulate in high numbers in the
lung during infection and inflammation. Because they play an important role in host
defence against infection, but may also cause tissue injury, these cells are thought to
be involved in the pathogenesis of various inflammatory lung disorders, including
chronic bronchitis and chronic obstructive pulmonary disease. Neutrophil products
that may mediate tissue injury at sites of neutrophil-dominated inflammation include
the neutrophil serine proteinases elastase, cathepsin G and proteinase 3, and the
nonenzymatic defensins. One of the targets of the neutrophil is the lung epithelium,
and in vitro studies have revealed that both the serine proteinases and neutrophil
defensins markedly affect the integrity of the epithelial layer, decrease the frequency
of ciliary beat, increase the secretion of mucus, and induce the synthesis of epithelium-derived mediators that may influence the amplification and resolution of neutrophil-dominated inflammation. Both neutrophil elastase and defensins induce the
release of the neutrophil chemoattractant chemokine interleukin-8 from respiratory
epithelial cells. The α1-proteinase inhibitor (α1-PI) is a well-characterized inhibitor of
neutrophil elastase, that also blocks the cytotoxic and stimulatory activity of defensins
towards epithelial cells. The elastase inhibitory activity of α1-PI is also abrogated by
the binding of defensins to this inhibitor. Incubation of epithelial cells with neutrophil
defensins in combination with either elastase or cathepsin G resulted in decreased
effects on the epithelial cells compared with those observed when the cells were incubated with defensins, elastase or cathepsin G separately.
These results suggest that neutrophil defensins and serine proteinases cause injury
and stimulate epithelial cells to produce chemokines that attract more neutrophils to
the site of inflammation. The effects of neutrophil defensins and serine proteinases on
epithelial cells appear to be restricted by proteinase inhibitors and by inhibitory
interactions between these sets of neutrophil granule proteins.
Eur Respir J 1998; 12: 1200–1208.

Inflammatory processes are thought to play an important role in the pathogenesis of chronic obstructive pulmonary disease (COPD). In these patients increased numbers
of inflammatory cells and high levels of inflammatory
mediators have been reported in bronchoalveolar lavage
(BAL) fluid, sputum (spontaneously produced or induced)
and lung tissue. An accumulation of various cell types in
the airway lumen and lung tissue has been found to be
associated with the development of COPD. These cell types
include neutrophils, macrophages, T-lymphocytes, eosinophils and mast cells. The cell type that has been most
intensely studied in relation to COPD, and especially in
chronic bronchitis and pulmonary emphysema, is the neutrophil. Because of their capacity to cause tissue injury,
neutrophils are thought to be involved in a variety of other
inflammatory lung disorders, including acute respiratory
distress syndrome (ARDS), cystic fibrosis and asthma. The
focus of this review is on the role of the neutrophil-derived
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serine proteinases elastase, cathepsin G and proteinase 3,
and of the nonenzymatic neutrophil defensins in the pathogenesis of COPD. Specifically, the effects of these granule
proteins on the pulmonary epithelium are discussed in
more detail.
Neutrophils and chronic obstructive pulmonary disease
Based on epidemiological studies, cigarette smoking has
been identified as a major risk factor for the development
of COPD [1, 2]. Cigarette smoking has been reported to
be associated with an increased influx of neutrophils into
the lung [3–5], suggesting the involvement of the neutrophil in smoking-induced lung inflammation. Whereas
the number of neutrophils in the airway lumen of COPD
patients is increased [4–7], there is little evidence for
increased numbers of neutrophils in lung tissue [6, 8, 9].
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In pulmonary emphysema, an inverse relationship between
local neutrophil numbers in lung tissue and the extent of
microscopic emphysema has even been reported [10].
Lack of evidence that neutrophils accumulate in the lung
interstitium in COPD may be explained in part by the
observation that neutrophils accumulate in the bronchial
epithelium of COPD patients. This was demonstrated in a
recent study [11], where the number of neutrophils in the
bronchial epithelium was increased in patients with chronic bronchitis associated with airflow obstruction compared to chronic bronchitis without airflow obstruction or
controls, while no such differences were observed in the
subepithelial zone [9, 11].
Whereas there appears to be no consensus on the presence of increased neutrophil numbers in lung tissue from
COPD patients, analysis of neutrophil chemoattractants
and neutrophil degranulation products in secretions and
lung tissue supports a role for the neutrophil in COPD.
Firstly, the concentration of the neutrophil chemoattractant chemokine interleukin (IL)-8 in BAL or induced sputum from asymptomatic smokers is higher than that from
nonsmokers [7, 12, 13]. Volatile factors in cigarette smoke
may be responsible for this increase, because these components cause the release of IL-8 from cultured bronchial
epithelial cells in vitro [13]. Higher IL-8 and tumour necrosis factor (TNF)-α concentrations were found in induced sputum obtained from COPD patients than in that
from asymptomatic smokers and controls [7]. In addition
to IL-8 and possibly other related chemokines that are regulated in a similar fashion, neutrophil degranulation products are indicative of neutrophil involvement in COPD.
Increased levels of neutrophil-derived myeloperoxidase in
BAL from COPD patients indicate that excessive neutrophil degranulation occurs in vivo [5, 6]. In the parenchyma of the lung a positive correlation has been reported
between the presence of emphysematous lesions and the
amount of elastase [14]. Finally increased concentrations
of elastase-generated split products of elastin and fibrinogen have been reported in urine and plasma from patients
with COPD [15–18] demonstrating in vivo proteolytic
activity of released elastase.
The extracellular proteolytic activity of neutrophil serine proteinases such as neutrophil elastase is controlled by
proteinase inhibitors. Genetic deficiencies in the production of these inhibitors may result in an imbalance between these inhibitors and neutrophil serine proteinases,
and studying the association of such deficiencies with an
increased risk for development of COPD has provided
further support for the role of neutrophils in the pathogenesis of COPD. A major inhibitor of elastase is α1-proteinase inhibitor (α1-PI), deficiency of which is an established
genetic risk factor for the development of pulmonary
emphysema [19–21]. The most extensively studied forms
of α1-PI deficiency are the complete absence of α1-PI production or the synthesis of an aberrant form of α1-PI
termed the PiZZ phenotype which, as a result of a mutation in the α1-PI gene, accumulates intracellularly and is
poorly secreted. In addition, KALSHEKER and MORGAN [22]
identified a mutation in an enhancer sequence involved in
the regulation of the expression of the α1-PI gene. This
mutation was found more often in COPD patients than in
control subjects and apparently does not affect basal
expression of the gene but appears to result in a decreased
acute phase response of α1-PI production. In addition to
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α1-PI, deficiencies in the serine proteinase inhibitor α1antichymotrypsin (α1-ACT) have been found to be associated with COPD [21]. Finally, a recent report described
an association with mutations in the gene encoding the
locally produced inhibitor of elastase and cathepsin G,
antileukoprotease (ALP; also known as secretory leukocyte proteinase inhibitor (SLPI) [23]). However, it is not
known whether this mutation affects the levels or function
of ALP.
A role for neutrophils and neutrophil serine proteinases
in the pathogenesis of COPD is not only inferred from
patient studies, but also strongly supported by the results
of animal models of bronchitis and emphysema. Instillation of neutrophil serine proteinases into the lungs of rodents results in the development of emphysematous lesions
[24, 25]. The same can be achieved by inducing recruitment of neutrophils into the lungs through intratracheal
administration of bacterial lipopolysaccharide (LPS) [26]
or N-formyl-methionyl-leucyl-phenylalanine (FMLP) [27].
Neutrophil elastase is also likely to be a key mediator in
these models of emphysema, because elastase inhibitors
prevent the development of emphysematous lesions [28],
and these lesions are more pronounced in α1-PI deficient
mice [27].

Neutrophils, neutrophil mediators and tissue injury
Neutrophils migrate from the blood vessel lumen into
the lung interstitium and airway lumen during infection
and inflammation. Adhesion molecules and locally produced chemotactic factors, the expression of which is modulated during infection and inflammation, regulate neutrophil
migration into the lung (for recent reviews, see [29, 30]).
Neutrophil chemotactic factors include bacterial products,
complement split products, lipid mediators and chemokines such as IL-8. IL-8 is a major neutrophil chemoattractant in the lung, as demonstrated by the observation
that 75–98% of the neutrophil chemoattractant activity of
purulent sputum obtained from patients with chronic airway inflammation can be inhibited by a neutralizing antibody against IL-8 [31]. Similarly to IL-8, other members of
the CXC subfamily of chemokines, including epithelial cellderived neutrophil-activating peptide-78 (ENA-78), growth
regulatory gene (Gro)-α, -β, -γ, neutrophil-activating peptide-2 (NAP-2) and granulocyte chemotactic protein-2 (GCP2), also attract and activate neutrophils [32, 33]. Among
the CXC chemokines, IL-8 appears to display the highest
chemotactic and activating activities towards neutrophils
in vitro. However, in vivo, GCP-2 was found to be nearly
as effective as IL-8 in inducing local neutrophil accumulation upon injection in rabbit skin [33]. The relative contribution of the various CXC chemokines to neutrophil
infiltration into the lung is still largely unknown.
Before entering the tissue, neutrophils must adhere to
the endothelium and subsequently migrate through the
vessel wall. This process is tightly regulated by adhesion
molecules on neutrophils and endothelial cells at sites of
inflammation [29, 30]. The first step in the adhesion process is mediated by selectin-ligand interactions, resulting in
rolling of neutrophils along the endothelial surface. Chemokines may subsequently activate these rolling neutrophils, resulting in an increase in the avidity of integrins on
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the neutrophil surface. These integrins interact with adhesion molecules such as intracellular adhesion molecule
(ICAM)-1 on the endothelial cell surface, resulting in tight
adhesion. Next, neutrophils migrate through the endothelium and enter the interstitial tissue. Within the tissue, neutrophils continue to migrate along a gradient formed by
locally produced chemotactic factors. Finally, in order to
reach the airway lumen, neutrophils also migrate through
the lung epithelium.
During migration and upon arrival in the lung, neutrophils may contribute to tissue injury. Tissue injury prevails
when neutrophils accumulate in unusually high numbers, when they receive inappropriate stimuli and/or when
the activity of their products is not adequately controlled.
Neutrophils are equipped with an array of preformed compounds that are stored in the various types of neutrophil
granule, and that may be released upon stimulation. These
compounds include serine and metalloproteinases, and nonenzymatic polypeptides such as neutrophil defensins. In
addition, neutrophil stimulation also results in the synthesis and release of a number of mediators including reactive oxygen intermediates, lipid mediators and cytokines
that may contribute to lung injury.
Characteristics of neutrophil elastase, cathepsin G,
proteinase 3 and neutrophil defensins
Neutrophil serine proteinases: elastase, cathepsin G and
proteinase 3
Neutrophil elastase, cathepsin G and proteinase 3 are
serine proteinases that are produced during neutrophil development in the bone marrow and stored in the azurophilic granules of mature neutrophils (fig. 1). The neutrophil
elastase gene was originally reported to be localized on
chromosome 11 (11q14) [35], but more recently the genes
encoding neutrophil elastase and proteinase 3 were found
to be clustered together with that encoding the structurally
related azurocidin gene on chromosome 19 (19p13.3) [36].
As with the serine proteinases, azurocidin is also produced during neutrophil development, but unlike neutrophil
elastase and proteinase 3 it lacks enzymatic activity [37].
The gene encoding cathepsin G is part of a gene cluster on
chromosome 14q11.2 that also includes lymphocyte granzymes B and H and mast cell chymase. The proteins are
produced as preproenzymes and processed to the mature
protein during neutrophil maturation. The propiece may
serve to protect the developing neutrophil from the potential detrimental effects of the mature serine proteinase.

Azurophilic
granule

Specific
granule
Fig. 1. – Serine proteinases and defensins in neutrophil azurophilic
granules. Protein content (ng·10-6 cells): elastase, 1500; cathepsin G,
2500; proteinase 3, 1000; defensins, 6000 (data based on [34]).

Although the content of the azurophilic granules appears
to be mainly destined for transfer to the phagolysosome, it
may also be released by the neutrophil upon stimulation.
High concentrations of neutrophil serine proteinases are
found in purulent secretions of patients with chronic airway inflammation [38] and in the plasma of patients with
disease such as sepsis and ARDS [39]. Once released into
the extracellular environment, neutrophil serine proteinases may markedly affect the extracellular matrix and cells.
Neutrophil serine proteinases have a broad substrate specificity and degrade a variety of extracellular matrix proteins including elastin, collagen (type I–IV), fibronectin,
laminin and proteoglycans [40, 41]. In addition to degrading the extracellular matrix, neutrophil elastase may also
impair host defence against infection by reducing mucociliary clearance through a decrease in ciliary beat frequency of epithelial cells [42] and an increase in the production
of mucus [43]. Furthermore, elastase-mediated cleavage of
immunoglobulins, complement component C3bi and the
complement receptor for C3b (CRI) on neutrophils results
in decreased phagocytosis of pathogens [44]. Finally, both
elastase and cathepsin G impair T-cell function through
cleavage of CD2, CD4 and CD8 on the surface of T-cells
[45]. Neutrophil elastase not only degrades leukocyte surface molecules, but also induces eosinophil degranulation
[46], suggesting that eosinophilic and neutrophilic inflammation interact.
The properties of neutrophil serine proteinases have
been extensively studied in vitro, but these results are also
supported by in vivo studies in experimental animals. Intratracheal instillation of elastase [24] and proteinase 3 [25],
but not cathepsin G [47], results in the development of
emphysematous lesions in experimental animals. In addition to these effects, neutrophil elastase causes secretory
cell metaplasia and secretory granule discharge in the airway epithelium upon intratracheal administration [48, 49].
The enzymatic activity of released elastase, cathepsin G
and proteinase 3 in the lung is tightly regulated by an antiproteinase screen that is composed of α1-PI, ALP, elafin
and α2-macroglobulin. A disturbance in this balance between serine proteinases and their inhibitors is thought to
play a key role in neutrophil-dominated lung inflammation. Such a disturbance may be the result of an excessive
degree of neutrophil degranulation, or a genetic or functional deficiency of the serine proteinase inhibitors (fig.
2). This functional impairment of the activity of the proteinase inhibitors can be caused by exogenous compounds
such as cigarette smoke, or endogenously produced factors
such as the neutrophil-derived reactive oxygen intermediates [50], and matrix metalloproteinases [51]. The potential relevance of this mechanism to the pathogenesis of
COPD is illustrated by the increased capacity of alveolar
inflammatory cells from patients with pulmonary emphysema oxidatively to inactivate α1-PI in vitro [52], and by
the increased levels of matrix metalloproteinases in BAL
from these patients [53]. Neutrophil defensins also affect
the balance between neutrophil serine proteinases and their
inhibitors, since they bind to members of the serpin family
of proteinase inhibitors that includes α1-PI [54]. As will be
discussed elsewhere in this review, this interaction results
not only in the impairment of some activities of defensins, but also reduces the antiproteinase activity of the
serpin.
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Defensins ROI MMP

Serine
proteinases

Fig. 2. – Serine proteinase–serine proteinase inhibitor balance: disturbance of the equilibrium by stimulated neutrophils. Neutrophil matrix
metalloproteinases (MMP) are released in a latent form. Note that neutrophil defensins inhibit the antiproteinase activity of serpins, but not
that of antileukoprotease. ROI: reactive oxygen intermediates.
: serine proteinase;
: serine proteinase inhibitor;
: inactivated serine
proteinase inhibitor.

Defensins
The human defensin family now comprises eight members, four of which are known to be expressed in neutrophils
(table 1), (for recent reviews, [55–57]). Human neutrophil
defensins (human neutrophil peptides (HNP)-1, -2, -3 and
4) are small (relative molecular mass 3,540) cationic peptides that were first identified on the basis of their antimicrobial activity. They lack enzymatic activity, and like the
serine proteinases, are produced during neutrophil development as preprodefensins [58, 59]. The neutrophil defensin
gene for HNP-1 has been mapped to chromosome 8p23
[60]. Mature defensins are stored in a dense subset of azurophilic granules that contains no or little elastase and
myeloperoxidase [61], and constitute 30–50% of the total
protein content of the azurophilic granules (fig. 1).
Structurally, neutrophil defensins are part of the classical or α-defensin subfamily that also includes human defensin (HD)-5 and -6. HD-5 and -6 are present in Paneth cells
in the intestine, and serve to protect the small intestine
from infectious micro-organisms. Recently, the first members of the human β-defensin family were identified as
human β-defensin (hBD)-1 and -2. hBD-1 was first isolated from human blood filtrates [62] and later shown to
be produced mainly by epithelia from the urogenital tract
[63]. In vitro studies demonstrated that it is a major conTable 1. – Human α- and β-defensins
Defensin subfamily

Members

Expression

α-defensins

HNP1–4
HD-5, -6
hBD-1

Neutrophils
Paneth cells
Epithelial cells
(constitutive expression)
Epithelial cells
(inducible expression)

β-defensins

hBD-2

HNP: human neutrophil peptide; HD: human defensin; hBD:
human β-defensin.
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tributor to the antimicrobial activity of bronchial epithelial
cells [64]. Another member of the hBD family was recently isolated from psoriatic scale extracts and named
hBD-2 [65]. Marked expression was found in the skin,
lungs and trachea, indicating that its expression pattern is
different from that of hBD-1. Furthermore, the expression
of hBD-1 does not appear to be upregulated by inflammatory stimuli [63], whereas that of hBD-2 is increased by
the stimulation of keratinocytes with TNF-α, bacteria and
fungi [65].
Neutrophil defensins were originally identified as antimicrobial peptides that display activity against Gram-negative and Gram-positive bacteria, fungi and enveloped
viruses. Their primary function appears to reside in killing
ingested micro-organisms after transfer from the defensin
storage site to the phagolysosome. However, along with
the serine proteinases, defensins may also be released upon
neutrophil stimulation [66]. Indeed, defensins are present
in high concentrations together with the neutrophil serine
proteinases in purulent secretions from patients with chronic airway inflammation [54, 67] and in the plasma of
patients with sepsis or meningitis [68]. Furthermore, defensins are a major constituent of human wound and blister
fluid [69]. In addition to their antimicrobial activity, neutrophil defensins display extraphagosomal activities that
may be relevant to both inflammation and the immune
response. They display marked cytotoxic activity against
eukaryotic cells at high concentrations [55, 57]. This activity is controlled by a variety of plasma proteins that include albumin, α2-macroglobulin [70] and serine proteinase
inhibitors (serpins) such as α1-PI and α1-ACT, but it is not
affected by the nonserpin inhibitor of elastase, antileukoprotease (ALP) [54]. Complex formation of defensins
with serpins results not only in inhibition of, for instance,
the cytotoxic activity of defensins, but also in an inhibition of the antiproteinase activity of the serpin [54]. Thus,
defensins may also affect the balance between serine proteinase and serpins (fig. 2), and their extracellular activity
may be less restricted in patients with α1-PI and α1-ACT
deficiency. In addition to their antimicrobial and cytotoxic
activities, defensins induce mast cell degranulation [71],
modulate TNF-α production by stimulated monocytes [72]
and act as corticostatins by inhibiting the adrenocorticotropic hormone-induced production of cortisol by adrenal cells [73]. Defensins also equip the neutrophil with the
capacity to attract other inflammatory cells directly upon
arrival in tissue, since neutrophil defensins are chemotactic
for monocytes [74] and T-lymphocytes [75]. Azurocidin,
which is also stored in the azurophilic granules, displays a
similar spectrum of chemotactic activity [75]. Finally, defensins may be involved in wound repair because, at subcytotoxic concentrations, they act as growth factors for
epithelial cells and for fibroblasts [76].
Cytotoxic and stimulatory activities of neutrophil serine
proteinases and defensins towards lung epithelial cells
Stimulation and subsequent degranulation of neutrophils
results in the release of neutrophil elastase, cathepsin G,
proteinase 3 and defensins. These granule proteins may be
present in very high concentrations, especially in the sequestered environment between an adherent neutrophil and
its target. Because inhibitors such as α1-PI have limited
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access to the pericellular space between a neutrophil adherent to its target [77] and/or because they are overwhelmed by the high concentration of the granule proteins [78],
these granule proteins may cause injury to cells such as
those in the endothelium and the epithelium, and to extracellular matrix components.
Based on the high concentrations of neutrophil granule
proteins present in purulent secretions, increased neutrophil numbers in the airway lumen of COPD patients [4–7]
and the presence of neutrophils in the epithelium of patients with COPD [11], the epithelium is likely to be exposed frequently to products of degranulated neutrophils.
Both injurious and stimulatory effects of neutrophil serine
proteinases and defensins on the epithelium have been
described and are summarized in table 2.
Cytotoxicity
Isolated neutrophil serine proteinases and defensins
cause detachment and cytolysis of endothelial and epithelial cells in vitro [42, 54, 79–82, 90]. Both elastase and
proteinase 3 cause endothelial cell apoptosis, which correlates with detachment of the cell from the matrix [91]. At
present it is not clear whether apoptosis results in cell
detachment or whether detachment promotes apoptosis. It
is also unknown whether elastase and proteinase 3 have
similar effects on lung epithelial cells. Because stimulated
neutrophils release their serine proteinases and defensins
simultaneously, the interaction between defensins and the
serine proteinases elastase and cathepsin G was analysed
recently with respect to their effects on cells of the alveolar epithelial cell line A549 [80]. Both elastase and cathepsin G caused detachment, reaching maximum values
after 6 h of incubation without obvious cytotoxicity, as
judged by a 51Cr-release assay. A marked additive effect of
elastase and cathepsin G on detachment of A549 epithelial cells was observed [80], which is in line with previous
observations on the effects of combinations of these serine
proteinases on the stimulation of airway gland cell degranulation [43] and elastin degradation [92]. In contrast to

the serine proteinases, neutrophil defensins caused A549
cell lysis upon prolonged (20 h) incubation. When incubated together with the serine proteinases, defensins markedly reduced elastase- or cathepsin G-induced detachment;
conversely, the serine proteinases also inhibited defensininduced cell lysis (fig. 3). Whereas the activities of cathepsin G and defensins towards A549 cells were restricted
by inhibitory interactions between these granule proteins,
an additive effect of cathepsin G and defensins with respect to their antimicrobial activity was noted. These results
indicate that the potential detrimental effects of released
granule proteins are limited by an interaction between
simultaneously released defensins and serine proteinases,
but this mutual inhibition does not apply to the antimicrobial activity of these proteins. The inhibitory interaction
between defensins and the serine proteinases could not be
explained by either an effect of defensins on the proteolytic activity of the serine proteinases or degradation of defensins by elastase or cathepsin G. It is also unlikely that
the inhibitory interactions are explained by competition
for binding sites at the epithelial cell surface. As discussed
elsewhere in this review, both defensins and elastase stimulate chemokine synthesis in epithelial cells, and elastase

a) 100

75
% lysis

1204

25
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b)
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Table 2. – Effects of neutrophil serine proteinases and
defensins on epithelium: results from in vivo and in vitro
studies
Involved granule
protein

[Ref.]

Cell lysis
HNP
[54, 79, 80]
Cell detachment
NE, CathG
[79–81]
Induced epithelial permeability NE, CathG, HNP [82, 83]
Reduction of ciliary beat
frequency
NE
[42]
Induction of secretory cell
metaplasia
NE, CathG
[47]
Mucus secretion from airway
gland cells
NE, CathG
[43]
Increased IL-8 and PGE2 release
NE, HNP
[84–87]
Modulation of ALP production*
NE + GathG
[88, 89]
Increased cell proliferation
HNP
[76]
IL-8: interleukin-8; PGE2: prostaglandin E2; ALP: antileukoprotease; HNP: human neutrophil peptide (neutrophil defensins);
NE: neutrophil elastase; CathG: cathepsin G. *: whereas NE and
CathG apparently increase ALP messenger ribonucleic acid levels in epithelial cells, they decrease ALP protein secretion [89].

75
% detachment

Effect

50

50

25

0
NE

NE + defensins

Defensins

Fig. 3. – Inhibitory interactions between neutrophil defensins and the
serine proteinases elastase and cathepsin G. 51Cr-labelled A549 epithelial cells were incubated with various combinations of defensins (100
µg·mL-1) and elastase (NE; 10 µg·mL-1), alone or in combination. a) Cell
lysis was determined following 20 h of incubation, and b) cell detachment was quantified after 6 h. See [80] for experimental details. Results
are expressed as mean±SEM of five separate experiments. Similar results to
those obtained with elastase were also found for cathepsin G.
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and cathepsin G induce gland cell degranulation. Since
these processes involve the activation of intracellular signal
transduction pathways, it may be speculated that the inhibitory interaction between neutrophil serine proteinase and
defensins is the result of intracellular cross-talk between
signal transduction pathways. These processes are currently being studied in more detail. Taken together, the data
suggest that the cytotoxic activity of released serine proteinases and defensins is restricted not only by proteinase inhibitors, but also by an inhibitory interaction between the
released proteins. Despite these inhibitory interactions
between released granule proteins, stimulated neutrophils
cause epithelial cell injury in vitro. This may be explained
by the contribution of other neutrophil mediators such as
reactive oxygen intermediates and metalloproteinases to
epithelial cell injury, or it may be the result of differential
release of azurophilic granule proteins.
Stimulation of epithelial cells
At sites of inflammation, neutrophils not only cause tissue injury directly, but may also stimulate the recruitment
of additional inflammatory cells by contributing to the
generation of local inflammatory signals (fig. 4). This is
partly mediated by the capacity of neutrophils to produce
neutrophil chemoattractants such as leukotriene B4 and IL-8
[93]. In addition, activated neutrophils may produce cytokines such as IL-1 and TNF [93, 94] that may stimulate
other cells, including epithelial cells, to produce chemoattractants. Evidence is now accumulating that neutrophil
degranulation may also result in the generation of chemotactic signals. As discussed elsewhere in this review,
neutrophil defensins and azurocidin have chemotactic activity towards monocytes and T-lymphocytes [74, 75]. In

Elastase
Defensins
ROI

Elastase
IL-1β
TNF-α

IL-8
LTB4
Generation of
chemotactic activity
through cleavage
of e.g. α1-PI

Stimulation of
airway epithelial
IL-8 secretion

Neutrophil
recruitment
Fig. 4. – Role of intraluminal neutrophil stimulation in recruitment of
neutrophils into the lung. Upon stimulation, neutrophils may release
stored elastase and defensins, and synthesize reactive oxygen intermediates (ROI), leukotriene B4 (LTB4) and cytokines such as interleukin (IL)1β, tumour necrosis factor (TNF)-α and IL-8. These compounds may
directly or indirectly stimulate neutrophil recruitment. Note that both
neutrophil-derived defensins and azurocidin display marked chemotactic activity towards monocytes and T-lymphocytes.

1205

addition, elastase-α1-PI complexes have neutrophil chemoattractant activity [95], and elastase generates neutrophil
chemotactic activity through the cleavage of fibrin [96].
Neutrophil degranulation may also indirectly result in the
recruitment of inflammatory cells by stimulating resident
lung cells to generate chemotactic signals. Neutrophil elastase stimulates the production of IL-8 in bronchial [84]
and nasal [85] epithelial cells, as well as in endothelial
cells [97]. This stimulation is inhibited by α1-PI and ALP,
suggesting the involvement of the enzymatic activity of
neutrophil elastase [84, 97]. A role for elastase in neutrophil recruitment through the stimulation of IL-8 release
in vivo is supported by the observation that the treatment
of cystic fibrosis patients with ALP results in decreases in
active elastase, IL-8 and neutrophil numbers in the epithelial lining fluid [98]. Although ALP has been available for
patient studies, these important observations have not yet
been confirmed in other studies.
In vitro proteinase 3 also stimulates the production of
IL-8 in endothelial cells [97], and neutrophil defensins increase the production of IL-8 [86] and ENA-78 [99] by
lung epithelial cells. Defensin-induced release of IL-8 is
fully inhibited by the serine proteinase inhibitor α1-PI,
which is in line with the observation that α1-PI also inhibits defensin-induced cytotoxicity [54]. In addition, it is
inhibited by elastase and cathepsin G, as has also been observed for defensin-induced cytotoxicity [80]. The defensininduced enhancement of IL-8 expression is probably due
to increased transcription, since the effect of defensins is
inhibited by actinomycin D, and defensins increase the
levels of IL-8 messenger ribonucleic acid (mRNA) without affecting its stability [86]. Likewise, elastase- and proteinase 3-induced IL-8 secretion is also the result of de
novo IL-8 protein synthesis [84, 97]. It has been suggested
that elastase may also be involved in the resolution phase
of neutrophil-dominated inflammation, because elastase
induces an increase in the levels of ALP mRNA in airway
epithelial cells in vitro [88]. However, whereas both elastase and cathepsin G increase ALP mRNA levels, they
decrease ALP protein release from cells of airway epithelial cell lines [89]. Finally, human neutrophil elastase also
stimulates the production of prostaglandin E2 in guineapig tracheal epithelial cells [87].
What signal transduction routes are employed by serine proteinases and defensins to stimulate epithelial cells?
Cellular deformation and associated disruption of microtubules were found to be involved in elastase-induced
IL-8 production in epithelial cells [100]. The production
of both elastase-induced epithelial IL-8 and ALP mRNA
production is mediated in part by the activation of protein
kinase C and tyrosine kinase activities [100, 101]. In contrast, protein kinase C does not appear to be involved in
elastase- or cathepsin G-induced degranulation of airway
gland cells [102]. No studies have yet been performed to
investigate the mechanisms involved in defensin-induced
stimulation of epithelial chemokine secretion. A first step in
a signal transduction cascade resulting in IL-8 production
may be the formation of voltage-dependent ion channels
in the membrane of target cells [57, 103]. Experiments employing specific inhibitors of selected signal transduction
pathways are required to elucidate further the mechanisms
leading to defensin-stimulated chemokine production in
epithelial cells.
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Concluding remarks
Neutrophils contain large amounts of granule proteins
that are released during inflammatory processes in the lung,
and have potent injurious and stimulatory activities towards cells of the lung epithelium. These granule proteins
include the neutrophil serine proteinases elastase, cathepsin G and proteinase 3, and nonenzymatic neutrophil defensins. Among these proteins, elastase has been studied most
extensively in vivo, whereas very few data are available on
the effects of defensins in vivo. Based on their in vitro
activities, defensins may be involved in inflammatory processes and the subsequent repair reaction. Studies aimed
at providing insight into the role of defensins in inflammation in vivo are hampered by the fact that no compounds
are available that selectively inhibit defensin activity. The
availability of small, synthetic elastase inhibitors for in
vivo studies that, unlike α1-proteinase inhibitor, do not affect
defensin activity, may contribute further to our knowledge
on the pro-inflammatory and anti-inflammatory activities of
serine proteinases and defensins in neutrophil-dominated
inflammation.
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