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Introduction

Peptidases are enzymes capable of cleaving, and thereby
often inactivating, small peptides. They are widely
distributed on the surface of many different cell types,
with the catalytic site exposed only at the external surface.
Peptidases are involved in a variety of processes, including
peptide-mediated inflammatory responses, stromal cell-
dependent B lymphopoiesis, and T-cell activation. In
addition, some peptidases may have functions that are not
based on their enzymatic activity.

Peptidases are classified according to the location of the
cleavage site in the putative substrate (Table 1).
Endopeptidases recognize specific amino acids in the
middle of the peptide, whereas exopeptidases recognize
one or two terminal amino acids. Exopeptidases that
attack peptides from the N-terminus (removing either
single amino acids or a dipeptide) are termed (dipeptidyl)
aminopeptidases, whereas peptidases attacking the C-terminus
are termed carboxypeptidases.

Neutral endopeptidase 24.11

Characteristics

Biochemical and molecular characterization
Neutral endopeptidase (NEP, neprilysin, EC 3.4.24.11) was
first characterized from rabbit kidney brush border. It soon
became apparent that NEP was similar to enkephalinase,
originally discovered in the brain. Furthermore, cloning of
the NEP gene and subsequent cloning of the common acute
lymphoblastic leukaemia antigen (CALLA, CD10) showed
that both sequences were similar [1].

NEP is a glycoprotein of 750 amino acids, with a single
24 amino acid hydrophobic segment that functions as both a

transmembrane region and a signal peptide [1]. The
C-terminal 700 amino acids compose the extracellular
domain, whereas the 25 N-terminal amino acids form the
cytoplasmic tail. The extracellular domain contains six
potential N-glycosylation sites. Tissue-specific glycosyla-
tion may result in different molecular masses, ranging from
approximately 90–110 kDa. The extracellular domain
contains the pentapeptide consensus sequence (His-Glu-
[Ile, Leu, Met]-X-His) of zinc-binding metalloproteases,
in which the two histidines co-ordinating zinc and the
glutamic acid residue, together with an aspartic acid residue,
are critically involved in the catalytic process.

Gene structure
Characterization of the human NEP gene, which is located
at chromosome 3 (q21-q27), showed that it spans more than
80 kb and is composed of 25 exons [2]. Exons 1, 1bis, and 2
encode 50 untranslated sequences; exon 3 encodes the
initiation codon and the transmembrane and cytoplasmic
domain; 20 short exons (exons 4–23) encode most of the
extracellular region; and exon 24 encodes the C-terminal 32
amino acids of the protein and contains the entire 30

untranslated region (UTR). Within exon 24 are five poly
(A) addition signals. Alternative splicing of exon 1, exon
1bis, exon 2 (2a), or part of exon 2 (2b) to the common exon
3, resulting in four different transcripts, may be the origin of
the tissue-specific or stage of development-specific expres-
sion of NEP [3]. Indeed, two separate regulatory elements
have been found in the NEP promoter region and these
elements may be regulated by the transcription factor CBF/
NF-Y in a tissue-specific manner. A cDNA clone lacking
the complete exon 16 has been isolated from human lung
tissue [4]. Deletion of this 27 amino acid segment was
shown to reduce enzyme activity to barely detectable levels.
However, the physiological relevance of this truncated
enzyme remains to be determined. In the rat, an exon
5–18 deletion has been described, but no evidence was
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found to support the expression of this truncated variant in
the human lung.

Distribution
NEP is expressed by a variety of haematopoietic and non-
hematopoietic cells [5]. NEP is abundantly present in renal
proximal tubular epithelial cells, small intestinal epithelium,
and biliary canaliculae. In addition, NEP can be found in
synaptic membranes of the central nervous system, bone
marrow stromal cells, fibroblasts, placenta, lymphoid pro-
genitors, and neutrophils. Given the expression of NEP on
lymphoid progenitors, expression of NEP is used as a
diagnostic marker for several lymphoid malignancies,
including Burkitt’s lymphomas and certain myelomas.

In the human lung, NEP is expressed by bronchial
epithelial cells, submucosal glands, bronchial smooth
muscle, and endothelium [6,7]. In addition, NEP can be
found on alveolar epithelial cells.

Enzymatic activity and biological functions

NEP is able to hydrolyse peptide bonds on the N-terminal
site of hydrophobic amino acids, including Phe, Leu, Ile,
Val, Tyr, Ala, and Trp (Table 1). However, sub-site
interactions and conformational factors greatly influence
the efficiency of hydrolysis. Among the possible substrates
of NEP are substance P (SP), neurokinin A (NKA),

formyl-metheonyl-leucyl-phenylalanine (fMLP), atrial
natriuretic factor (ANF), endothelin-1 (ET-1), bombesin-
like peptides (BLP), angiotensins, vasoactive intestinal
peptide (VIP), neuropeptide Y (NPY), bradykinin (BK),
enkephalins, cholecystokinin, and neurotensin. Although
NEP predominantly cleaves simple peptides, it has been
reported that NEP may also be able to hydrolyse certain
larger substrates, including cytokines such as interleukin
(IL)-1b and IL-6.

The general biological function of NEP is to reduce
cellular responses to peptide hormones. Target cells express
both NEP and the peptide-receptor; by degrading the
peptide substrate, NEP reduces the local concentration of
the peptide available for binding to the receptor. For
example, NEP reduces ANF-mediated hypotension, fMLP-
mediated chemotaxis of neutrophils, and enkephalin-
mediated analgesia. Targeted disruption of the NEP locus
in mice results in enhanced lethality to endotoxin, indicating
an important protective role for NEP in septic shock. A role
for NEP in lymphoid development has been suggested by
studies showing that inhibition of NEP results in increased
proliferation and maturation of B cells, bothin vitro and
in vivo [8]. Therefore, it has been suggested that NEP
functions to regulate B-cell development by inactivating a
peptide that stimulates B-cell proliferation and differentiation.
Alternatively, NEP may activate a pro-peptide that inhibits
proliferation and differentiation of B cells. The role of NEP
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Table 1. Peptidases and subtrates

Peptidase Specificity* Possible subtrates

Aminopeptidases
APN W–: X¹¼ Ala, Leu IL-8, fMLP, opioid peptides, enkephalins
APA W–: X¹¼ Glu, Asp Angiotensins
APP X–: W¹¼ Pro BK, SP
DPP IV X–: W¹¼ Pro, Ala SP, BK

Carboxy peptidases
CPN ¹X–: W¼Arg, Lys Anaphylatoxins

Ecdopeptidases
NEP ¹X–: W¹X¹¼ Phe, Leu, Ile, Val, BK, SP, NKA, NPY, VIP, ANF,

Tur, Trp, Ala enkephalins, ET–1, BLP, angiotensins
ACE X¹X–:W¹W¹¼relatively non-specific Angiotensins, enkephalins, SP
ECE ¹W¹W¹W–:X¹¼Ile-Ile-Trp Big ET–1

* The peptidase cleaves peptides in which the open circle represents (one of) the mentioned amino acids. The closed circle can be any
amino acid. The cleaved bond is represented by ‘ –: ’. Peptidases: ACE, angiotensin-converting enzyme; APA, aminopeptidase A;
APN, aminopeptidase N; APP, aminopeptidase P; CPN, carboxypeptidase N; DPP IV, dipeptidyl(amino)peptidase IV; NEP,
neprilysin. Substrates: BK, bradykinin; ANF, atrial no uretic factor; BLP, bombesin-like peptides; ET–1, enothelin-1; fMLP,
formyl-metheonyl-leucyl-phenylalanine; IL, interleukin; NKA, neukonin A; NPY, neuropenptide Y; SP, substance P; VIP, vasoactive
intestinal peptide.



in the regulation of cellular proliferation and differentiation
in the lung is discussed next in more detail. The role of NEP
in the modulation of neurogenic inflammation will be
discussed further on.

Role of NEP in cellular differentiation and proliferation in
the lung
NEP plays an important role in the cellular differentiation
and proliferation of bronchial epithelial cells by inactivating
BLP [9]. BLP are potent growth factors for bronchial
epithelial cells and are involved in lung development. The
temporal and cellular patterns of NEP expression implicate
the enzyme in the regulation of BLP-mediated fetal lung
development. Indeed, bothin vitro andin vivo, it was shown
that inhibition of NEP resulted in increased maturation of
the developing fetal lung [10]. Reduced NEP activity may
also promote BLP-mediated proliferation of bronchial
epithelial cells. Indeed, the growth and proliferation of
BLP-dependent carcinomas is inhibited by NEP and poten-
tiated by NEP inhibition [9]. NEP expression by epithelial
cells is inversely correlated with cellular proliferation.
Therefore, reduced NEP activity may promote BLP-
mediated proliferation and facilitate the development of
small-cell carcinomas of the lung [9]. A role for NEP in
the regulation of tumour cell proliferation is also supported
by studies using a human T-cell line (Jurkat). In these cells,
NEP is required for phorbol ester-induced growth arrest.

Aminopeptidase N

Characteristics

Biochemical and molecular characterization
Aminopeptidase N (APN, EC 3.4.11.2) is a widely studied
peptidase, which is known under a variety of names,
including aminopeptidase M, alanine aminopeptidase, ary-
lamidase, and microsomala-aminoacyl-peptide hydrolase.

APN is a glycoprotein of 967 amino acids with 11
potential sites of asparagine-linked oligosaccharide addition
[11]. The unglycosylated protein has a molecular size of
110 kDa; post-translational modification results in the
130-kDa precursor (gp130) and the 150-kDa mature protein
(gp150) [12]. The 23-amino acid retained signal also
functions as the membrane-spanning segment, orientating
the APN N-terminus inside and the C-terminus outside the
cell (thereby defining APN as a type II integral membrane
protein) [11]. The intracellular domain of APN is only nine
amino acids long, whereas the extracellular domain contains
935 amino acids. Similar to NEP, the extracellular domain
contains a pentapeptide consensus sequence characteristic
of members of the zinc-binding metalloprotease family. On
the surface of cells, APN is expressed as a non-covalently
bound homodimer. Cloning of the APN cDNA revealed that

its sequence was identical to the myeloid marker CD13
[11,12].

Gene structure
The APN gene is located on the long arm of chromosome 15
(q25–26) and exists of 20 exons [13]. Northern blot analysis
of RNA extracted from several tissues revealed two distinct
APN transcripts: a 3.7-kb transcript expressed by mono-
cytes, myeloid leukaemia cells, and fibroblasts, and a 3.4-kb
transcript expressed by intestinal epithelium and kidney
cells [14]. In epithelial cells, transcripts originate 47 bp
upstream from the initiation codon and 22 bp downstream
from a TATA box. In contrast, the longer transcripts found
in myeloid cells and fibroblasts originated from several sites
clustered in an upstream exon located 8 kb from the exon
containing the initiation codon. Nevertheless, both tran-
scripts encode the same protein, indicating that separate
promoters control the tissue-specific expression of the APN
gene [14]. In addition, a 300-bp region with enhancer
activity, located 2.7 kb upstream of the transcriptional
start site which is used in epithelial cells, may also be
important for the tissue-specific expression.

Distribution
The non-hematopoietic distribution of APN shows a pattern
comparable with NEP [5,7]. Thus, APN is expressed on
renal proximal tubular epithelial cells, small intestinal
epithelium, biliary canaliculae, synaptic membranes of the
central nervous system, bone marrow stromal cells, fibro-
blasts, osteoclasts, placenta, and granulocytes [5]. In contrast
with NEP, APN is also expressed on monocytes and all
myeloid progenitors. Expression of APN may be used as a
marker for myeloid leukaemia. Mast cells may also express
APN, whereas peripheral blood lymphocytes do not express
this enzyme. However, expression of APN on lymphocytes
can be induced after mitogenic stimulation or after adhesion
to fibroblast-like synoviocytes, endothelial cells, epithelial
cells and monocytes/macrophages. In the human bronchus,
APN is present on blood vessels, connective tissue, gland-
ular ducts, nerves, perichondrium, and leucocytes (predo-
minantly mononuclear phagocytes, dendritic cells, and
granulocytes) [7].

Enzymatic activity and biological function

APN is a peptidase which hydrolyses preferentially natural
or synthetic substrates with an N-terminal alanine residue
(Table 1). Other amino acids, especially neutral ones, may
also be removed hydrolitically, with the exception of pro-
line. Natural APN substrates appear to be small peptides
rather than larger proteins, although the enzyme is more
effective in removing residues from oligopeptides than
dipeptides. Among the possible substrates for APN are
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enkephalins, tachykinins, bradykinin, fMLP, and possibly
cytokines such as IL-1b, IL-6, and IL-8. However, in certain
cases initial cleavage by endopeptidases (like NEP) may be
required.

Several functions of APN have been described [5]. First,
APN expressed on the brush border of the intestine may be
involved in the final stages of digestion of small peptides.
Second, comparable with NEP and often in collaboration
with NEP, APN may function to reduce cellular responses to
peptide hormones. Third, a recent report implicates APN in
the processing of peptides presented by the major histocom-
patibility complex class II molecule [15]. Fourth, APN may
be involved in tumour invasion and metastasis by degrada-
tion of collagen type IV. Finally, APN serves as a receptor
for coronaviruses, which are RNA viruses that cause
respiratory disease in humans.

Dipeptidyl peptidase IV

Characteristics

Biochemical and molecular characterization
Dipeptidyl (amino)peptidase IV (DPP IV; EC 3.4.14.5) is an
atypical serine protease of 766 amino acids with type II
membrane topology [16]. It contains a short, highly con-
served intracellular domain of six amino acids, a 22-amino
acid hydrophobic transmembrane region (which also func-
tions as signal peptide), and a 738-amino acid extracellular
domain. The extracellular domain, which contains nine
potential glycosylation sites, can be divided into three
regions: an N-terminal glycosylated region containing
seven glycosylation sites and starting with a 20-amino
acid flexible ‘stalk region’; a cysteine-rich region; and a
260-amino acid C-terminal domain containing the putative
catalytic sequence. On the surface of cells, DPP IV probably
is present as a homodimer comprising two identical subunits
of approximately 110-kDa molecular mass. Recent studies
indicate that several isoforms of DPP IV can be found [17].

In contrast with NEP and APN, DPP IV does not contain
zinc in its catalytic centre. Based upon its structural homol-
ogy with other non-classic serine proteases, DPP IV is
assigned to the prolyl oligopeptidase family. Members of
this family share a catalytic site in which the essential
residues are arranged in the unique sequence Ser-Asp-His.
Cloning of the DPP IV cDNA revealed that its sequence was
identical to the T-cell activation antigen CD26 [16].

Gene structure
The human DPP IV gene, located on chromosome 2 (q24.3),
spans approximately 70 kb and contains 26 exons [18]. The
serine recognition site is split across two exons, the first half
Gly Trp is in exon 21 and the second half Ser-Tyr-Gly is in
exon 22. The three residues comprising the catalytic site are
each present in a distinct exon: Ser in exon 22, Asp in exon

24, and His in exon 26. This latter exon also contains the
stop codon and the 30 untranslated region of the gene. The 50

flanking domain of the DPP IV gene contains neither a
TATA box nor a CAAT box, but a 300 bp region extremely
rich in C and G contains potential binding sites for several
transcription factors, including Sp-1 and activator protein
(AP)-1. The human DPP IV gene encodes two RNA
transcripts of approximately 4.2 and 2.8 kb, which differ
in sequence only at the 30 untranslated region [18]. Prob-
ably, the two mRNA arise from the use of different poly-
adenylation sites in the last exon of the DPP IV gene.

Distribution
In many respects, the non-hematopoietic tissue distribution
of DPP IV resembles that of NEP and APN. DPP IV is
constitutively expressed on renal proximal tubular epithelial
cells, epithelial cells in the small intestine, and biliary
canaliculae, but can also be found on alveolar pneumocytes
and endothelia [5]. In the human bronchus, DPP IV is
strongly present in serosal submucosal glands [7]. The
expression of DPP IV on haematopoietic cells is regulated
stringently. DPP IV is absent from the majority of human
resting peripheral blood T lymphocytes, but some subsets of
resting peripheral blood T cells weakly express the mole-
cule. DPP IV expression on T lymphocytes is increased after
T-cell activation. Thus, DPP IV is a suitable marker for T
cells activatedin vivo. Recent data indicate that DPP IV
expression on T cells may correlate with T-helper (TH)
subsets [19]. High DPP IV expression was found on TH1 and
TH0 cells, whereas TH2 cells displayed lower expression of
DPP IV. The amount of IL-4 secretion was responsible for
this correlation [19]. Memory T cells have been reported to
reside in the DPP IV-positive T-cell fraction, although this
was not found in another study. DPP IV is also expressed by
medullary thymocytes in humans and can be induced on
activated natural killer cells.

Enzymatic activity and biological functions

DPP IV is a serine peptidase with a unique specificity: it
cleaves dipeptides from the N-terminus of polypeptides if
proline is at the penultimate position. Peptides with alanine
in the penultimate position may also be cleaved, although
with a much lower efficiency. Since N-termini-containing
X-Pro are not easily cleaved by other peptidases, the action
of DPP IV is a rate-limiting step in the degradation of such
peptides. Several biologically active peptides have the X-
Pro sequence at their N-terminus and therefore DPP IV may
play an important role in modulating their action. These
peptides include SP and bradykinin. Hydrolysis of SP by
DPP IV yields two products (SP3–11and SP5–11) which both
are more potent bronchoconstrictors than intact SP1–11.
Both products can rapidly be inactivated by APN. A proline

448 V. H. J. van der Velden and A. R. Hulsmann

q 1999 Blackwell Science Ltd,Clinical and Experimental Allergy, 29, 445–456



residue is also present at the penultimate position of several
cytokines and chemokines, like IL-1b, IL-2, tumour necrosis
factor (TNF)-b, RANTES, and granulocyte-colony-
stimulating factor (G-CSF).

DPP IV may have several functions, dependent upon the
tissue in which it is expressed. DPP IV plays an obligatory
role in the renal transport and intestinal digestion of proline-
containing polypeptides. However, most attention has been
given to the function of DPP IV on T lymphocytes.

Role of DPP IV on T lymphocytes
Although the role of DPP IV on activated T cells is not
completely understood, recent studies indicate that it may
act as a costimulatory molecule that can up-regulate the
signal transducing properties of the T-cell receptor (TCR)
[20,21]. Stimulation of DPP IV (using monoclonal
antibodies) leads to the activation of all functional programs
of the T cells, including cytotoxicity and production of IL-2.
This activation requires the expression of the TCR and DPP
IV enzymatic activity. Furthermore, antibody-induced
cross-linking of DPP IV-induced tyrosine phosphorylation
of several intracellular proteins with a similar pattern to that
seen after TCR/CD3 stimulation [20]. Co-cross-linking of
DPP IV and CD3 antigens induced prolonged and increased
tyrosine phosphorylation in comparison with CD3 alone,
indicating that DPP IV is a true costimulatory entity [20]. In
addition to T-cell activation, anti-DPP IV-stimulated T cells
show enhanced proliferative responses, increased CD3
(phosphorylation and increased p56lck activity. One possible
mechanism for the enhanced response of T cells to
perturbation of DPP IV was suggested by the demonstration
that CD45, a tyrosine phosphatase that positively regulates
TCR signalling, coprecipitates with DPP IV [21]. Thus,
DPP IV antibodies may stimulate T-cell proliferation in part
by decreasing CD45-mediated dephosphorylation of key
substrates.

Inhibition of DPP IV activity results in reduced DNA
synthesis as well as reduced production of IL-2, IL-10,
IL-12, IL-13, and interferon (IFN)-g of pokeweed mitogen
(PWM)-stimulated purified T cells [22]. Most importantly,
DPP IV inhibition increased mRNA synthesis and secretion
of transforming growth factor (TGF)-b and a neutralizing
antibody directed against TGF-b abolished the DPP IV
inhibitor-induced suppression in cytokine production [22].
In a rat study, repeated subcutaneous injection of DPP IV
inhibitors reduced serum DPP IV activities to levels less
than 30% of the normal [23]. When primary, secondary or
tertiary immune responses to bovine serum albumin
(BSA) were evoked in these animals, they showed reduced
anti-BSA antibody production. In normal rats,
immunization with BSA was followed by a temporary
decrease in serum DPP IV activity and then by enhanced
serum enzyme activity after several days. These results

suggest that DPP IV plays an important role in immune
responsesin vivo.

Memory T cells have been shown to increase their
antigen sensitivity gradually with time after restimulation,
an effect that is accompanied by increased cell-surface
expression of DPP IV. Using antibodies directed against
DPP IV, it has been shown that DPP IV directly contributed
to this increased antigen sensitivity of late-memory T cells.
As mentioned above, this effect may be explained by the
costimulatory capacity of DPP IV [20]. Increasing the
antigen-sensitivity via antigen-non-specific molecules may
be physiologica mechanism for maintaining T-cell memory
in face of decreasing antigen concentrations, and may
ensure preferential activation of memory T cells upon
repeated antigen challenge.

DPP IV is also found to be associated with adenosine
deaminase (ADA), and this complex is thought to serve as
an important immunoregulatory mechanism. Released ADA
may bind to cell surface DPP IV, and the DPP IV/ADA
complex subsequently binds adenosine, thereby reducing its
local concentration.

DPP IV may also function as an auxiliary adhesion factor.
DPP IV was found to bind to components of the extra-
cellular matrix, such as fibronectin and collagen. Binding of
human CD4-positive T cells to collagen produced a co-
stimulatory signal in anti-CD3-mediated T-cell activation,
resulting in increased proliferation. An anti-DPP IV anti-
body inhibited this effect.

Finally, DPP IV may be involved in the pathogenesis of
the acquired immunodeficiency syndrome (AIDS). DPP IV
may act as one of the coreceptors for human immuno-
deficiency virus (HIV). Furthermore, the HIV Tat antigen
has been shown to inhibit the enzymatic activity of DPP IV,
resulting in the inhibition of T-cell responses to antigen and
anti-CD3 antibodies. Thus, the immunosuppressive effects
of the HIV-1 Tat protein may be mediated by DPP IV
inhibition.

Other peptidases

In addition to the three peptidases described above, other
peptidases are involved in the degradation of (neuro)pep-
tides. These include angiotensin-converting enzyme (ACE),
endothelin-converting enzyme (ECE), aminopeptidases,
and carboxypeptidases.

Angiotensin-converting enzyme

ACE, also known as peptidyl peptidase A or kinase II, is a
type II integral membrane endopeptidase belonging to the
superfamily of metallopeptidases (reviewed in [24]). Two
isoforms of ACE are present within the human body: a
somatic form with a molecular weight around 150 kDa,
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which is found in endothelial, epithelial and neural cells,
and a smaller isoform (90–110 kDa) found in germinal
cells. Both forms are transcribed from a single gene by
the use of two separate functional promoters, a somatic and
a testicular form. The somatic form is composed of two
highly homologous domains, probably arising by gene
duplication in the course of evolution. The germinal isoform
only contains one of the two homologous domains. Somatic
ACE comprises 1306 amino acids with 17 potential N-
linked glycosylation sites. Each domain has a catalytic site,
containing zinc, which functions independently.

ACE is widely distributed in human tissues: it is present
on vascular endothelial cells, in the brush border of
absorptive epithelia of the small intestine and the renal
proximal tubuli, and in monocytes, macrophages, and T
lymphocytes. Nevertheless, its major location is considered
to be the vascular endothelial surface of the lung. The
enzyme preferentially cleaves peptides containing an aro-
matic residue in the P1 position (Table 1), but the enzyme is
far less selective than NEP. It is capable of inactivating
bradykinin and enkephalins, and hydrolyses angiotensin I to
yield the vasoconstrictor peptide angiotensin II. ACE
appears to play a major role in controlling blood pressure
and water and salt metabolism. In addition, ACE hydrolyses
intravascular substance P, but neurokinin A is not a good
substrate.

Endothelin-converting enzyme

ECE is a type II integral membrane protein homologous
with NEP [25]. Unlike NEP, however, ECE exists as a
highly glycosylated disulphide-linked dimer of subunit
molecular weight 120–130 kDa. ECE convert big-
endothelin to its biologically active product ET-1
(Table 1), which is a potent broncho- and vasoconstrictor
that may regulate vascular tone and blood pressure. Three
isoforms of ECE can be distinguished: ECE-1a, ECE-1b
(resulting from alternative splicing of a single gene), and
ECE-2.

In the human lung, ECE has been found in airway
epithelium, pulmonary endothelium, airway and vascular
smooth muscle, and serous bronchial glands [26]. Although
ECE may play a role in modulating biologically active
peptides, it remains to be determined whether it is involved
in the pathogenesis of asthma. Nevertheless, in asthmatic
patients increased levels of ET-1 have been found in
bronchoalveolar lavage fluid, plasma, and bronchial epithe-
lial cells compared with healthy controls.

Aminopeptidases

Human tissues contain an array of cytosolic and
membrane-bound aminopeptidases. The best-characterized,

aminopeptidase N, is described above. Other aminopepti-
dases are aminopeptidase A specific for N-terminal Glu and
Asp residues, and aminopeptidase P, which will release an
N-terminal residue adjacent to a proline (Table 1). The role
of these peptidases in the metabolism of susceptible pep-
tides has been little investigated, but it may be hypothesized
that these enzymes are involved in the final hydrolysis of a
variety of substrates, with or without initial cleavage by an
endopeptidase. A role for aminopeptidase A in modulating
the potency of peptides binding to the neurokinin (NK)2

receptor has been suggested. Aminopeptidases may also be
involved in the regulation of CC chemokine activities, as
deletion of the NH2-terminal residue converts monocyte
chemotactic protein-1 from an activator of basophil
mediator release to an eosinophil chemoattractant.

Carboxypeptidases

Carboxypeptidase N (CPN, kininase I) cleaves the C-
terminal arginine and lysine of peptides such as bradykinin
[27]. One of the functions of CPN is to protect the body
from potent vasoactive and inflammatory peptides
containing COOH-terminal Arg or Lys which are released
into the circulation. In the human lung, CPN has been
detected in alveolar type I cells, in the glycocalyx of the
epithelium, in some vessels, and in gland ducts near the
epithelial basement membrane [28]. CPN activity in nasal
lavage fluid has been shown to be enhanced after histamine
challenge. This CPN originated in plasma, suggesting that
plasma extravasation and interstitial fluid exudation across
the epithelium are the primary processes regulating its
appearance in nasal secretions. CPN has also been found
in BAL fluid. Since increased CPN activity was found in
patients with lung disease (pneumonia or lung cancer), it
was hypothesized that CPN activity in BAL fluid may be an
indicator of type I cell injury.

Soluble counterparts of membrane-bound peptidases

Although the above mentioned peptidases are integral
membrane glycoproteins, soluble peptidases with compar-
able enzymatic activity 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. For most peptidases, however, the physiologi-
cal role of the soluble molecules remains to be elucidated.

Serum neutral endopeptidase activity probably arises
from shedding of the membrane-bound peptidase [29].
Increased serum activity of NEP has been observed in
underground miners exposed to coal dust particles [29]
and in patients with adult respiratory distress syndrome
(ARDS), rheumatoid arthritis or sarcoidosis. Although the
source of the increased NEP levels remains to be
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determined, it has been suggested that increased NEP levels
may reflect local tissue damage with subsequent shedding of
membrane-bound NEP. Furthermore, serum activity of NEP
is increased in acute renal graft rejection, in patients with
end-stage renal failure, and in cholestatic liver disease.

Human serum contains an array of aminopeptidase
activities, including alanine aminopeptidase and leucine
aminopeptidase. Serum alanine aminopeptidase activity
predominantly comprises a circulating isoform of CD13
[30]. Increased activity of leucine aminopeptidase has been
observed in BAL fluid of patients with pulmonary
tuberculosis and it was shown that this increase could be
attributed to lung tissue damage.

Dipeptidyl peptidase IV is present in several forms in
human serum and may enhance antigen-induced T-cell
proliferation [31]. Recent studies indicate that serum DPP
IV is a monomer of 175 kDa and that this molecule, which is
a potent T-cell costimulator, is not a breakdown product of
membrane-bound CD26 [32]. Furthermore, the 175-kDa
form of DPP IV found in normal serum is identical with a
similarly sized molecule, DPPT-L, found to be rapidly
expressed on the surface of activated T cells [17].
CD45RO- CD4-positive T cells appeared to be the major
source of serum DPP IV activity [17]. DPP IV activity in
serum is decreased in patients with major depression, and a
correlation was observed between DPP IV activity and
CD4-positive T cells in blood of depressed subjects, but
not of normal controls. There were no significant relation-
ships between serum DPP IV activity and plasma cortisol or
immune-inflammatory markers, such as serum IL-6 or
soluble IL-2 receptor (CD25). Reduced serum DPP IV
activity has also been described in patients with systemic
lupus erythematosus and in oral cancer patients. In the latter
study a significant correlation between serum DPP IV
activity and peripheral blood lymphocytes or CD26-positive
T cells was found.

Modulation of (neurogenic) inflammation

In addition to the two well-known autonomic nervous
systems (parasympathetic and sympathetic) that innervate
the airways, a non-adrenergic non-cholinergic (NANC)
neural pathway is present. While inhibitory NANC (i-
NANC) effects are bronchodilatory through the activity of
VIP and nitric oxide (NO) released from cholinergic nerves,
excitatory NANC (e-NANC) effects are bronchoconstrictor
and mediated through the release of neuropeptides
(especially tachykinins and calcitonin gene-related peptide
[CGRP]) from sensory nerves [33]. Stimulation of sensory
nerves, either by chemical or physical triggers, results in an
axon reflex and subsequent release of neuropeptides from
the peripheral endings of the sensory nerves. Following
release, these neuropeptides exert a variety of effects

through activation of specific neurokinin receptors,
including vasodilation, increased microvascular
permeability, leucocyte recruitment and adhesion,
submucosal gland secretion, smooth muscle contraction,
cough, and facilitation of cholinergic neurotransmission.
This sequence of events is now known as ‘neurogenic
inflammation’ [34]. Since the neurogenic inflammatory
response mimics many of the pathophysiological features
of asthma, a role for neuropeptides in the pathogenesis of
asthma has been implicated. In the asthmatic airways, the
effects of bronchoconstrictor peptides (including
tachykinins and bradykinin) may be enhanced, whereas
the effects of bronchodilator peptides (including VIP) may
be reduced.

After it became apparent that neuropeptides were
responsible for the neurogenic inflammatory responses, it
was hypothesized that degradative mechanisms existed
which may limit the effects of neuropeptides, comparable
with the role of cholinesterase in limiting the effects of
acetylcholine. Several studies now have demonstrated that
peptidases play a major role in the modulation of
peptide-mediated effects in the airways (reviewed in [35]).
Much research has focused on the degradation of the
tachykinins, like SP and NKA, and the enzyme NEP.

The physiological relevance of tachykinin inactivation by
enzymatic hydrolysis has been deduced from studies of the
effects of enzyme inhibition on the physiological action of
exogenously administered or endogenously released
peptides. In the first study, it was shown that selective
inhibition of NEP potentiated the secretagogue effect of
SP on submucosal gland secretion in the ferret tracheain
vivo. Several other reports subsequently demonstrated that
inhibition of NEP potentiated the effects of SP on cough,
vascular permeability, cholinergic neurotransmission, and
smooth muscle contraction. In guinea-pigs, it was shown
that both NEP and ACE participate in the metabolism of SP
when administered intravascularly, whilst SP administered
by aerosol was degraded by NEP only. In addition, the ACE
inhibitor captopril did not affect TK-induced bronchial
smooth muscle contraction in man. Therefore, ACE is
thought to play an important role in modulating the
biological activity of intravascular peptides, whereas NEP
is also involved in the hydrolysis of peptides present within
lung tissue or within the bronchial lumen. The importance of
NEP in modulating tachykinin-mediated effects is further
supported by the observation that administration of other
peptidase inhibitors (including inhibitors of aminopepti-
dases, serine proteases, and carboxypeptidases), did not
potentiate tachykinin-induced effects in the airways. The
involvement of NEP in the breakdown of tachykinins has
also been shown inin vivo studies in humans. These studies
showed that both NKA- and SP-induced bronchoconstric-
tion could be potentiated by NEP inhibition [36,37].
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Furthermore, these studies indicated that SP, but not NKA,
increased the airway responsiveness to methacholine,
suggesting that inflammatory processes are contributing to
SP-induced airway narrowing [38].

In contrast with the studies above, in which the effects of
neuropeptides were increased due to the inhibition of
peptidases, some studies have shown that administration
of recombinant NEP may prevent neurogenic inflammation.
Thus, administration of aerosolized NEP inhibited the SP-
induced cough and ozone-induced hyperreactivity to SP in
guinea-pigs [34].

Biochemical and immunohistochemical studies have
shown that NEP is present on airway epithelial cells [6].
Removal of the epithelium was further shown to result in
increased responses to exogenously applied or
endogenously released tachykinins [39]. However, NEP is
also present at other sites within the airways, and also after
removal of the epithelium NEP inhibitors potentiate
tachykinin-mediated effects [6]. Nevertheless, NEP
expressed by epithelial cells may more easily be modulated
by inhaled agents than NEP located at other sites.

Several environmental agents may modulate peptidase
activity, thereby exaggerating responses to tachykinins (and
other peptides) and increasing airway inflammation. These
agents include viruses, ozone, cigarette smoke, chemical
irritants, and possibly antigen challenge. In contrast, inhaled
steroids may exert their anti-inflammatory actions in part by
up-regulating NEP activity.

Viruses

Viral infections may potentiate neurogenic inflammatory
responses through inhibition of NEP activity. In laboratory
animals, infection with influenza virus or Sendai virus was
shown to result in enhanced bronchoconstrictor responses to
tachykinins, an effect that was mediated by decreased
epithelial NEP activity [40].

Ozone

In humans, guinea-pigs and many other species, exposure to
ozone results in the recruitment of neutrophils to the airways
and increased responsiveness to inhaled bronchoconstrictor
agents. Ozone-induced airway hyperreactivity can be
blocked by capsaicin-pretreatment, which depletes TK
from sensory nerves. Exposure to ozone also results in
increased responsiveness for SP, and this effect could not
be enhanced by inhibition of NEP [41]. This suggests that
ozone exposure inactivated NEP, which is supported by the
observation that the tracheal NEP activity in ozone-exposed
animals was significantly lower than the NEP activity in air-
exposed animals [41].

Toluene diisocyanate

Toluene diisocyanate (TDI) is a widely used plasticizer that
may cause occupational asthma. In guinea-pigs it was
shown that TDI, albeit at rather unrealistic doses, increased
airway responsiveness to SP and decreased airway neutral
endopeptidase [42].

Cigarette smoke

Inhalation of cigarette smoke enhances the bronchoconstric-
tor response to inhaled SP in guinea-pigs [43]. Inhibition of
NEP by phosphoramidon increased the bronchoconstriction
induced by SP in control animals, but not in animals
exposed to cigarette smoke. NEP activity in homogenates
of guinea-pig trachea was inhibited by cigarette smoke.
However, in another study no effect of cigarette smoke on
airway NEP activityin vivo could be observed. A possible
explanation for this discrepancy may be that the NEP
inhibited by cigarette smoke only represents a small fraction
of the total amount of NEP in the airways.

Cigarette smoke is an important factor contributing to the
development of small-cell lung carcinomas of the lung. As
already mentioned, NEP activity is decreased in lung
cancers [9]. Therefore, one may speculate that cigarette
smoke contributes to the development of lung cancers in
part by inhibiting NEP, thereby enhancing the mitogenic
effects of peptides (e.g. SP and BLP) on bronchial epithelial
cells.

Allergen

Airway inflammation may be linked to the clinical features
of asthma by an effect on peptidase activity. In guinea-pigs,
chronic antigen exposure results in airway inflammation and
hyperreactivity to SP [44]. It was shown that lungs with
chronic allergic inflammation were more sensitive to the
bronchoconstrictor effects of SP and less sensitive the
bronchodilator effects of VIP than lungs from healthy
subjects. In addition, the effects of enzyme inhibitors on
physiological responses and peptide cleavage profiles were
consistent with decreased NEP and enhanced tryptic activity
[44].

In a recent humanin vivo study, no effect of inhaled
thiorphan (a NEP inhibitor) on allergen-induced airway
responses in asthmatic subjects was observed [45]. This
suggests that either neuropeptides do not play a predominant
role in allergen-induced airway responses, or that allergen
challenge induces NEP-dysfunction in humansin vivo.
However, in guinea-pigs, it has been shown that tachykinins
contribute to allergen-induced bronchoconstriction [46], an
effect that is probably mediated via the release of BK and
histamine.
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Glucocorticoids

Glucocorticoids have potent anti-inflammatory effects and
therefore are widely used in the treatment of asthma. The
anti-inflammatory effect may be caused, in part, by an
up-regulation of NEP activity, thereby reducing neurogenic
inflammatory responses. Indeed, NEP activity by a trans-
formed human tracheal cell line and a bronchial epithelial
cell line was shown to be increased after stimulation with
glucocorticoids. However, no effect of glucocorticoids was
observed in another study using the same bronchial
epithelial cell line. In guinea-pigs, glucocorticoids were
shown to reduce capsaicin-induced microvascular
permeability, which might be due to elevated NEP expres-
sion. This was supported by the observation that treatment
of rats with combined NEP and ACE inhibitors prevented
the effect of glucocorticoids. The effect of glucocorticoid
treatmentin vivo on NEP expression in the human airways
has recently been reported [47]. In that study it was shown
that NEP expression in the bronchial epithelium and lamina
propria of steroid-treated asthmatics was significantly
greater than the expression in non-steroid-treated asthmatic
patients [47].

As shown above, many of the agents that lead to exacer-
bations of asthma appear to reduce the activity of NEP at the
airway surface, thus leading to exaggerated responses to
tachykinins and neurogenic inflammation (Fig. 1). How-
ever, most of these studies have been performed in labora-
tory animals, especially the guinea-pig, and have not been
confirmed in humans yet. Furthermore, in many studies the
NEP inhibitor phosphoramidon was used. This inhibitor,
however, not only inhibits NEP, but later was also shown to
inhibit ECE. If it appears that ECE can cleave tachykinins
the certainty of the conclusions drawn about NEP from
experiments using phosphoramidon is somewhat tempered.

Neuropeptides and peptidases: important in asthma?

Although neuropeptides and peptidases have been shown to
be present in the human airways, their role in asthma still
remains to be elucidated. However, several observations
may support the hypothesis that neuropeptides and pepti-
dases are involved in the pathogenesis of asthma.

SP and NKA have been shown in severalin vivo studies
to cause bronchoconstriction, and these effects could be
potentiated by inhibition of NEP (reviewed in [48]).
Furthermore, these studies demonstrated that TK-mediated
bronchoconstriction is greater in allergic asthmatics
compared with healthy subjects. However, the thiorphan-
induced leftward shift of the NKA dose response curve was
similar in asthmatic patients and healthy subjects, suggest-
ing that the activity of NEP does not differ between both
groups [36,37]. Nevertheless, patients used in the latter
study were stable asthmatics and it could be argued that
reduced NEP activity may occur during exacerbations of
asthma.

Increased amounts of SP can be detected in broncho-
alveolar lavage fluid of allergic asthmatics and in sputum
after allergen challenge, whereas NKA levels do not differ
between bronchoalveolar lavage fluid of asthmatics
compared with healthy controls. The possibility that
tachykinins are endogenously releasedin vivo has also
been supported by the observation that bradykinin-induced
bronchoconstriction in asthmatics can be blocked by a
tachykinin receptor antagonist [49] (although this could
not be confirmed in some other studies) and can be
potentiated by NEP inhibition. Bradykinin, which is present
in the asthmatic airways and is released after relevant
aeroallergen challenge in allergic individuals, can stimulate
sensory nerves to induce retrograde release of tachykinins.
Increased levels of (neuro)peptides in the airways of
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Fig. 1. Neurogenic inflammation in
asthmatic airways. Neuropeptides (Q)
released from sensory nerves are normally
rapidly degraded by peptidases. Therefore
the effects of these neuropeptides are
limited. In the asthmatic airways, several
factors may result in a decreased peptidase
activity, thereby exaggerating the
neuropeptide effects. Adapted from
reference [33].



asthmatic patients may contribute both to acute and chronic
inflammatory abnormalities. In addition to their acute
effects, such as the constriction of airway smooth muscle,
the secretion of mucus, and vasodilation [34], several
studies have shown that (neuro)peptides possess a wide
number of immunomodulatory effects and may be involved
in tissue repair responses [50]. Interestingly, several types of
leucocytes, including eosinophils and macrophages, are
able to produce and release SP themselves, further
supporting a role for these molecules in immunological
reactions. Thus, dysfunction of peptidases may result in
exaggerated immunological responses and thereby
contribute to the development and/or maintenance of the
inflammatory process.

Inhibition of NEP, either in healthy subjects or
asthmatics, has been shown to potentiate the broncho-
constrictor effects of mediators known to be released after
allergen challenge (such as LTD4 and bradykinin).
However, inhibition of NEP at doses shown to enhance
the bronchoconstrictor effect of NKA did not affect the
early and late-phase response in mild asthmatics following
allergen challenge [45]. This may suggest that
endogenously released neuropeptides do not play a role in
antigen-induced airway responses. Alternatively, antigen
challenge may result in a dysfunction of NEP activity. 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 NEP or other peptidase
inhibitors. Neurokinin receptor antagonists should first be
tested against tachykinin-induced bronchoconstriction in
order to determine the optimal dose of the antagonists.
Second, the effects of these antagonists should be analysed
in allergen-induced bronchoconstriction, both in the
absence and in the presence of peptidase inhibitors.
Furthermore, it would be interesting to treat allergic asth-
matics with appropriate neurokinin receptor antagonists
(either intravascular or by inhalation) for a longer period
of time, and to determine whether this affects
allergen-induced bronchoconstriction and bronchial
inflammation (as determined by analysis of bronchial
biopsies and BAL fluid). This will give insight in the
contribution of tachykinins to the (chronic) inflammatory
process in the airways of asthmatic patients. Finally, the
contribution of tachykinins and peptidases in asthma may be
demonstrated by treating asthmatic patients with
recombinant NEP, and analysing the effects on
bronchoconstriction induced by allergens or environmental
agents such as cigarette smoke. If it appears that (neuro)-
peptides and peptidases are indeed involved in the patho-
genesis of asthma, selective receptor antagonists or
recombinant peptidases may be useful in the therapy of
asthma.
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