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1. INTRODUCTION

Asthma is clinically characterized by reversible airway obstruction and
airway hyperresponsiveness. Nowadays, it is thought that these symptoms
are the result of a chronic inflammation of the airways, characterized by an
influx of leukocytes and increased levels of inflammatory mediators. This
inflammation is caused, at least partially, by peptides such as cytokines,
chemokines, and neuropeptides. Degradation of peptides by peptidases is an
important mechanism to modulate peptide-mediated inflammation.
Peptidases with the catalytic site exposed at the external surface (reviewed in
van der Velden and Hulsmann 1999b) are widely distributed on the surface
of many different cell types.

Initial studies on the role of peptidases in the airways have focused on the
modulation of neurogenic inflammation. Neurogenic inflammation is the
result of stimulation of sensory nerves, resulting in the release of
neuropeptides (such as substance P (SP) and neurokinin A (NKA)). These
neuropeptides may subsequently cause bronchoconstriction, mucus
secretion, vasodilation, microvascular leakage, and the recruitment of
leukocytes (van der Velden and Hulsmann 1999a), and thus mimic many of
the pathophysiological features of asthma. In addition, neuropeptides also
have many immunomodulatory functions (reviewed in van der Velden and
Hulsmann 1999a). Thus, neuropeptides not only evoke constriction of the
bronchus by direct effects on smooth muscle cells, submucosal glands, and
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blood vessels, but may also contribute to the initial and chronic phase of the
airway inflammation observed in asthmatics.

Although the apparent increased effects of sensory neuropeptides in
asthma may be due to several mechanisms, studies using laboratory animals
have indicated that peptidases play a major role in limiting neurogenic
inflammatory responses (Kohrogi et al 1989, Martins et al 1991, Nadel,
1990). Thus far, most attention has been given to the role of neutral
endopeptidase 24.11 (NEP). NEP (identical to common acute lymphoblastic
leukemia antigen (CALLA) or CD 10) is a membrane-bound metalloenzyme
which cleaves peptide-bonds at the NH2-terminal side of hydrophobic amino
acids, thereby being able to inactivate a variety of small peptides, including
SP, NKA, bradykinin, endothelin, and bombesin-like peptides (BLP). It has
been demonstrated that inhibition of NEP, either by drugs or by
environmental factors such as ozone, results in potentiation of neuropeptide-
induced effects in the airways (reviewed in van der Velden and Hulsmann,
1999b). In contrast, administration of aerosolized recombinant NEP may
prevent neuropeptide-mediated cough (Kohrogi et al 1989). Besides
modulating neurogenic inflammation, NEP also regulates fMLP-mediated
chemotaxis of neutrophils (Shipp et al 199la), proliferation and maturation
of B cells (Salles et al 1992, Salles et al 1993), and BLP-mediated lung
development (Sunday et al 1992).

In addition to NEP, several other peptidases are able to hydrolyze
(neuro)peptides and therefore may be involved in the modulation of peptide-
mediated effects. Aminopeptidase N (APN) and dipeptidyl peptidase IV
(DPP IV) are of particular interest, since both enzymes are membrane-bound
molecules (and thus able to cleave extracellular peptides) that have been
characterized on non-hematopoietic cells as well as hematopoietic cells.
APN, which is identical to CD 13, preferentially cleaves neutral amino acids
from the NH2-terminal side of peptides, including enkephalins, fMLP,
tachykinins, and cytokines like interleukin (IL)-lβ, IL-2, IL-6 and IL-8
(Hoffmann et al 1993, Kanayama et al 1995). Its general function is to
reduce cellular responses to peptides, but APN may also be involved in
processing major histocompatibility (MHC) class II-bound peptides (Larsen
et al 1996) and in the degradation of type IV collagen (Fujii et al 1995). On
many cells, APN is co-expressed with NEP and it is thought that initial
cleavage by NEP may precede APN activity.

DPP IV, which is identical to CD26, is a serine protease which
preferentially cleaves Xaa-Pro and less frequently Xaa-Ala dipeptides from
the NH2-terminus of polypeptides. Among the possible substrates for DPP
IV are SP, bradykinin, and certain chemokines. DPP IV may also be able to
degrade cytokines, like IL-1β, IL-2 and IL-6, although preceding cleavage
by an endopeptidase may be required (Hoffmann et al 1993). In addition,
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DPP IV may also function as an adhesion molecule to fibronectin (Cheng et
al 1998) and is involved in T-cell activation (Fleischer, 1994).

As many peptide-mediated processes take place in the human airways, a
thorough understanding of the expression and activity of the peptidases in
the human airways may add to our understanding of normal lung
development and function. In addition, it may probably help to explain
pathological changes, including the development of lung tumors and the
pathophysiological features of asthma. In this report, we will review the
present knowledge about peptidases in the healthy and asthmatic airways.
We will focus on our own studies and will discuss these in the context of
other recent data.

2. EXPRESSION AND ACTIVITY OF MEMBRANE-
BOUND PEPTIDASES IN THE HEALTHY AND
ASTHMATIC AIRWAYS

2.1 Aminopeptidase N

Using immunohistochemistry and enzyme histochemistry we have
analyzed the distribution of APN in the human bronchus (van der Velden et
al 1998b). APN was widely distributed, being present on blood vessels,
glandular ducts, connective tissue, perichondrium, and nerves (Fig 1A and
B). Many of these sites also possess NEP activity (Baraniuk et al 1995),
which is in accordance with the proposed sequential inactivation of peptides
by NEP and APN. Thus, NEP and APN may collaborate on the surface of
these cells to modulate the cell's response towards peptide-mediated signals.
In contrast to NEP, no expression of APN was found on smooth muscle cells
and bronchial epithelial cells. This is in accordance with the lack of effect of
APN-inhibitors on tachykinin-induced smooth muscle contraction (Djokic et
al 1989, Dusser et al 1989, Sekizawa et al 1987a, Sekizawa et al 1987b).

In addition to structural airway cells, mononuclear phagocytes,
eosinophilic granulocytes and certain dendritic cells expressed APN (van der
Velden et al 1998b). APN expression on granulocytes has been shown to be
involved in the modulation of chemotactic responses (Kanayama et al 1995,
Shipp et al 199la), whereas APN expression on mononuclear phagocytes
and dendritic cells may be involved in processing of MHC class II-bound
peptides (Larsen et al 1996). In addition, preliminary data indicate that APN
may affect the maturation and/or differentiation of dendritic cells (V.H.J. van
der Velden, unpublished data).
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Comparison of APN expression in bronchial biopsies of allergic
asthmatics and healthy subjects revealed an increased number of APN-
expressing cells in the bronchial epithelium of asthmatics (Fig 2). The
number of APN-expressing cells correlated with the number of L25-positive
dendritic cells and with the number of eosinophils found in the bronchial
epithelium. Double-stainings showed that both cell types indeed expressed
APN, which is in accordance to the known distribution of CD 13 on these
cells. Therefore, it seems likely that the increase in APN-positive cells in the
bronchial epithelium reflects the increase of dendritic cells and eosinophils
observed in the bronchial epithelium of asthmatics.

Alternatively, the increased number of APN-expressing cells in the
bronchial epithelium of asthmatic patients could be due to an upregulation or
induction of APN on certain leukocytes. Previous studies have shown that
APN can be upregulated on the surface of mononuclear phagocytes by
interleukin (IL)-4 (van Hal et al 1994). Asthma is considered a Th2-like
disease and increased levels of IL-4 have been detected in asthmatic airways
(Humbert et al 1996, Walker et al 1994). To determine whether increased
expression of APN on mononuclear phagocytes is a feature of asthma, it
would be of interest to compare the expression of APN on alveolar
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macrophages of healthy individuals and allergic asthmatics. A recent study
has indicated that APN expression can also be induced on T lymphocytes
after adhesion to epithelial cells (Riemann et al 1997). However, it is not
likely that this explains the increased number of APN-expressing cells in the
asthmatic patients, since there was no increase in the number of T
lymphocytes in the bronchial epithelium of asthmatics compared to healthy
controls.

The lack of difference in the number of APN-positive cells in the lamina
propria is probably due to the observation that the majority of APN is
expressed on non-hematopoietic cells. It was therefore not possible to
quantify APN expression on infiltrating leukocytes accurately,

2.2 Dipeptidyl peptidase IV

Immunohistochemical and enzyme histochemical analysis of the
distribution of DPP IV in the human bronchus revealed that DPP IV was
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strongly present in serosal submucosal glands and moderately expressed on
blood vessels, predominantly post-capillary venules (Fig 1C and D) (van der
Velden et al 1998b). DPP IV expression in submucosal glands did not seem
to be restricted to the cell membrane, but appeared to be located
intracellularly as well. It is not clear whether the DPP IV of submucosal
glands is secreted in the bronchial lumen. However, DPP IV activity can be
detected in bronchoalveolar lavage (BAL) fluid (van der Velden et al 1999).
DPP IV has also been found in submandibular and parotid glands and a role
for DPP IV in the secretion or reabsorption process of secretory proteins and
peptides has been suggested (Fukasawa et al 1981, Sahara and Suzuki,
1984). In glandular endometrial epithelial cells from cows, a DPP IV
molecule missing the signal sequence has been detected. Further studies are
required to determine the characteristics of the DPP IV molecule in serosal
submucosal glands.

Endothelial cells were shown to express all peptidases examined (NEP,
APN, DPP IV), but the distribution amongst arteries, capillaries and venules
showed some marked differences (van der Velden et al 1998b). The site-
restricted presence of different peptidases may represent a mechanism to
control blood flow and plasma leakage at specific locations. In addition,
recent studies indicate that lung endothelial DPP IV promotes adhesion and
metastasis of breast cancer cells via tumor cell surface-associated fibronectin
(Cheng et al 1998).

DPP IV expression could also be found on T cells (double labeling with
CD3). DPP IV has been shown to be a marker for activated T cells
(Fleischer, 1994) and plays an important role in T cell responses.
Comparison of DPP IV expression between bronchial biopsies of healthy
controls and allergic asthmatics did not reveal significant differences (van
der Velden et al 1998b), suggesting that the number of activated T cells did
not differ. Several other studies have shown that the airways of allergic
asthmatics contain increased numbers of activated, but not total, T cells
(Corrigan et al 1988, Wilson et al 1992). This apparent discrepancy may be
explained by recent studies indicating that DPP IV is predominantly
expressed on Th0 and Th1 cells (Willheim et al 1997), whereas many T cells
in the airways of allergic asthmatics show a Th2-like phenotype (Humbert et
al 1996, Walker et al 1994).

2.3 Neutral endopeptidase

The expression of NEP in the human bronchus has been described by
Baraniuk et al. (Baraniuk et al 1995). NEP was found on epithelial cells,
smooth muscle cells, submucosal glands, and endothelial cells. In our study
(van der Velden et al 1998b), we used enzyme histochemistry to determine
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the distribution of NEP in the human bronchus. A very weak NEP activity
was observed, but attribution of this activity to a certain cell type was
difficult. Low levels of activity were observed in the bronchial epithelium
and submucosal glands. In contrast, we observed strong NEP activity in the
guinea pig trachea, especially in the tracheal epithelium, as has also been
described previously (Kummer and Fischer, 1991). This may indicate that
(epithelial) NEP is much more important in the modulation of neurogenic
inflammatory reactions in the guinea pig than in humans. Alternatively, this
may suggest that peptidergic mechanisms are less prominent in humans
compared to guinea pigs. Indeed, peptidergic innervation of human airways
seems sparse, whereas a dense network of tachykinin-containing peptidergic
nerves can be found in the airways of rodents (Howarth et al 1991, Lundberg
et al 1984).

Since NEP activity in the human bronchus was hard to detect, we were
not able to determine whether there was a difference in NEP activity
between bronchial biopsies of healthy controls and allergic asthmatics. In
another study it was found that asthmatics treated with steroids expressed
significantly more NEP on their bronchial epithelium than did nonsteroid-
treated asthmatics (Sont et al 1997). However, in this study no comparison
was made between non-asthmatic subjects and asthmatic patients. Therefore,
it remains to be established whether this difference was due to a reduced
NEP expression in the nonsteroid-treated patients that could be reversed by
the use of steroids, or that inhaled steroids increased the normal expression
of NEP. The latter possibility is supported by the increased upregulation of
NEP on human bronchial epithelial cells by steroids in vitro (see below) and
the lack of an obvious difference in NEP activity between control subjects
and mildly asthmatic subjects found in an in vivo study (Cheung et al 1993).

3. ACTIVITY OF SOLUBLE PEPTIDASES IN THE
HEALTHY AND ASTHMATIC AIRWAYS

Although peptidases are normally membrane-bound enzymes, soluble
forms can be detected in body fluids. These soluble counterparts may either
be derived from shedding of membrane-bound peptidases or may be formed
by post-translational cleavage of the membrane-bound form. NEP activity in
serum probably arises from shedding of the entire membrane-bound
peptidase (Soleilhac et al 1996). Increased serum activity of NEP has been
observed in underground miners exposed to coal dust particles (Soleilhac et
al 1996) and in patients with adult respiratory distress syndrome (ARDS)
(Johnson et al 1985) or sarcoidosis (Almenoff et al 1986). Although the
source of the increased NEP levels remains to be determined, it has been
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suggested that increased NEP levels may reflect local tissue damage with
subsequent shedding of membrane-bound NEP (Johnson et al 1985,
Soleilhac et al 1996). Alternatively, NEP might be released from activated
granulocytes sequestered in the lung and leak into the bloodstream (Johnson
et al 1985). Serum APN activity predominantly comprises a circulating
isoform of the CD 13 antigen (Favaloro et al 1993). DPP IV activity in serum
(which may enhance antigen-induced T cell proliferation) has recently been
shown to originate, at least in part, from the DPPL-T antigen expressed on
the surface of activated T cells (Duke-Cohan et al 1996). There is evidence
that serum DPP IV activity is decreased in patients with malignancies and in
auto-immune and inflammatory disorders (reviewed in van der Velden and
Hulsmann, 1999b). In contrast to serum, until recently little was known
about the presence of peptidases in BAL fluid. We therefore aimed to
analyze the presence of NEP, APN, and DPP IV in BAL fluid and to
determine the activities of these peptidases in serum and BAL fluid of
subjects with asthma.

NEP, APN, and DPP IV activity were determined in serum and BAL
fluid of healthy controls using chromogenic assays (van der Velden et al
1999). All three peptidases could be detected both in serum and in BAL
fluid, but activities (expressed per ml) were much higher in serum (Fig 3 and
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4). However, if peptidase activities in BAL fluid are expressed as undiluted
epithelial lining fluid (assuming that the epithelial lining fluid is diluted 100-
fold in BAL fluid), NEP activity in BAL fluid is approximately 10-fold
higher than in serum, whereas APN activity is of similar magnitude and DPP
IV activity is two- to threefold higher in serum. Together with the lack of
correlation between peptidase activities in BAL fluid and serum, these
findings suggest that the presence of peptidases in these two compartments is
regulated independently of each other and that NEP is locally released in the
airways.

Comparison of peptidase activities in serum and BAL fluid from healthy
controls and stable asthmatics did not reveal significant differences in NEP,
APN and DPP IV activity. The lack of difference in NEP activity in serum
and BAL fluid between healthy controls and allergic asthmatics may indicate
that NEP activity is not altered in the airways of asthmatics. It may also
indicate that there is little tissue damage in the airways of stable asthmatic
patients. One could speculate that tissue damage occurs during asthmatic
exacerbations and that this may cause increased peptidase activities in serum
(Johnson et al 1985, Soleilhac et al 1996). Remarkably, our preliminary data
suggest that also during and up to 5 days after an asthmatic.exacerbation no
increase in peptidase activities can be observed in serum.



422 Peptidases in the asthmatic airways   

In addition to increased peptidase levels in serum due to tissue damage,
increased serum peptidase activities may reflect activation of granulocytes
sequestered in the airways (Johnson et al 1985). In contrast to ARDS, which
is characterized by strongly increased numbers of neutrophils in the airways,
the numbers of (eosinophilic) granulocytes in the asthmatic patients are
relatively low. Thus, if NEP and/or APN were released from granulocytes
sequestered in the airways of asthmatic airways, the absolute amounts will
probably be low. Furthermore, we and others did not observe a correlation
between peptidase activities in serum or BAL fluid and cell numbers of
leukocytes (Juillerat-Jeanneret et al 1997, van der Velden et al 1999),
suggesting that there is no predominant hematopoietic source of the soluble
peptidases in healthy controls or asthmatic patients. During other
pathological conditions (such as neoplasms, infections or sarcoidosis)
increased numbers of granulocytes or lymphocytes in the airways may,
however, significantly contribute to the activities of APN and DPP IV in
BAL fluid (Juillerat-Jeanneret et al 1997).

We cannot rule out the possibility that similar NEP activity in BAL fluid
(and serum) from healthy controls and asthmatics is the result of a reduced
membrane-bound NEP activity (either due to reduced expression or
inactivation of the enzyme) together with increased shedding of the enzyme.
To determine whether inactivation of NEP occurs in asthmatics, data on
NEP activity in BAL fluid should be compared with ELISA data. Analysis
of soluble ICAM-1 or cytokeratin-19 levels may indicate whether increased
shedding or epithelial injury occurs in the airways of asthmatics compared to
healthy controls.

Cigarette smoke has been shown to inhibit NEP activity in laboratory
animals. Our study shows that in humans, cigarette smoke reduces NEP
activity in BAL fluid (Fig 4). Since NEP modulates the growth and
differentiation of bronchial epithelial cells by hydrolyzing BLP, reduced
NEP activity may promote BLP-mediated proliferation and facilitate the
development of lung carcinomas (Cohen et al 1996, Ganju et al 1994, Shipp
et al 1991b). In accordance to our observation, increased levels of BLP have
been found in the lower respiratory tract of asymptomatic smokers (Aguayo
et al 1989). Furthermore, recent studies indicate that human lung cancers
show low or absent NEP activity (Cohen et al 1996) and that NEP levels are
severely reduced in BAL fluid of lung cancer patients (Cohen et al 1999).
We hypothesize that cigarette smoke facilitates the development of lung
carcinomas at least in part by inhibiting NEP activity. Further studies need to
be performed to demonstrate that cell surface NEP activity in humans is also
inhibited by cigarette smoke and to prove that the reduced NEP activity is
due to inactivation of the enzyme rather than decreased presence of the
peptidase itself.
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4. MODULATION OF PEPTIDASES BY
GLUCOCORTICOIDS

Glucocorticoids are widely used in the treatment of asthma and are able
to reduce inflammatory reactions in the airways (reviewed in van der
Velden, 1998). Glucocorticoids are potent inhibitors of cytokine production
by a variety of cells, thereby suppressing inflammatory responses. In
addition, the anti-inflammatory actions of glucocorticoids may be mediated
by modulation of peptidase activities.

4.1 In vitro studies

Studies using laboratory animals have shown that NEP present on the
bronchial epithelium plays a major role in the hydrolysis of (neuro)peptides,
and thereby in modulating neurogenic inflammation (Devillier et al 1988,
Farmer and Togo, 1990, Fine et al 1989, Frossard et al 1989, Grandordy et
al 1988). We and others (Borson and Gruenert, 1991, Lang and Murlas,
1993) therefore analyzed the effect of glucocorticoids on the activity and
expression of peptidases on human bronchial epithelial cells. Our studies
show that stimulation of the human bronchial epithelial cell line BEAS 2B
cells with the synthetic glucocorticoid dexamethasone (DEX) strongly
increased NEP expression and activity (Fig 5). This DEX-induced increase
was observed both in the absence and in the presence of cytokines (van der
Velden et al 1998a), indicating that glucocorticoids may also increase NEP
during inflammatory processes. The effect of dexamethasone was abolished
by the glucocorticoid receptor antagonist RU38486, indicating that the effect
was mediated via the glucocorticoid receptor. The synthetic testosterone
analogue R1881 had no effect on NEP activity, suggesting that the effect is
specific for glucocorticoids and not for steroid hormones in general. In
accordance to our data, an in vivo study has shown increased expression of
NEP on the bronchial epithelium of steroid-treated asthmatics compared to
nonsteroid-treated asthmatics (Sont et al 1997). Part of the beneficial effects
of glucocorticoid treatment in asthma may thus be mediated via upregulation
of NEP by human bronchial epithelial cells, thereby limiting neurogenic
inflammation.

4.2 In vivo studies

To investigate whether glucocorticoids also modulated peptidases in vivo,
stable allergic asthmatics were treated with placebo or the inhaled synthetic
glucocorticoid fluticasone propionate (500 µg twice daily) for 12 weeks (van
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der Velden et al 1999). Venous blood samples were taken and BAL was
performed before and after this treatment period and at both visits lung
function was measured and a methacholine dose-response curve was
constructed. Treatment of allergic asthmatics with fluticasone propionate for
12 weeks significantly improved their lung function, whereas no
improvement was observed in the patients with placebo. In contrast, no
significant effects were observed on peptidase activities in BAL fluid (Fig 6)
or serum. To our knowledge, no other studies thus far have determined the
effects of glucocorticoids on peptidase activities in serum or BAL fluid. As
indicated above, in vitro studies have shown that glucocorticoids upregulate
the expression of NEP on human bronchial epithelial cells. In addition,
treatment of asthmatic patients with inhaled glucocorticoids increases NEP
expression by the bronchial epithelium (Sont et al 1997). Thus, (inhaled)
glucocorticoids increase the surface membrane expression of NEP on
bronchial epithelial cells, but do not affect soluble NEP activity in BAL
fluid. This may indicate that NEP activity in BAL fluid is not derived from
bronchial epithelial cells. Alternatively, shedding of NEP from the surface of
bronchial epithelial cells may not be a random process but may be affected
by glucocorticoids (which upregulate surface membrane expression but
possibly reduce the relative amount of NEP shedded from the membrane).
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Analysis of NEP activity in culture supernatants of human bronchial
epithelial cells stimulated with or without steroids will give more insight in
this phenomenon.

5. CONCLUSIONS

Studies on the role of peptidases in the pathogenesis of asthma have not
been able to convincingly demonstrate a dysfunction of these enzymes in the
airways of stable asthmatics. Although asthmatic airways are more
responsive to tachykinin-induced bronchoconstriction and nasal congestion
(Joos et al 1987, Joos et al 1994), no apparent reduction in NEP activity
could be found in stable mild asthmatic patients (Cheung et al 1993). Our
studies indicate that peptidase activities in BAL fluid and serum do not differ
remarkably between healthy controls and allergic asthmatics. In addition, we
did not observe major differences in the expression of APN and DPP IV
between bronchial biopsies of asthmatics and healthy controls. No data are
currently available on the expression of NEP in the airways of asthmatics
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compared to healthy subjects, although some data may suggest a reduced
NEP expression in the bronchial epithelium, but not the lamina propria, from
nonsteroid-treated asthmatics (Sont et al 1997). It seems therefore unlikely
that there is a generally reduced activity of peptidases in the airways of
stable asthmatic patients. To further determine whether peptidases and
neuropeptides contribute to asthma, in vivo studies using selective
neurokinin receptor antagonists should be performed both in the presence
and absence of peptidase inhibitors.
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