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ABSTRACT: Vasoactive intestinal peptide (VIP) is a neuropeptide involved in the
regulation of airway mucus secretion. The biological functions of VIP are mediated
through two receptors, the vasoactive intestinal peptide receptor type 1 (VPACIR) and
type 2 (VPAC2R). The aim of this study was to quantify the expression of both
VPACIR and VPAC2R in the central airways of smokers with chronic bronchitis.

Surgical specimens were obtained from 33 smokers undergoing thoracotomy for
localised pulmonary lesions: 23 smokers with symptoms of chronic bronchitis and 10
asymptomatic smokers with normal lung function.

By using immunohistochemical and microscopic analysis, an increased expression of
VPACIR, but not VPAC2R, was found in bronchial epithelium, bronchial glands and
vessels of smokers with symptoms of chronic bronchitis compared with asymptomatic
smokers. Smokers with symptoms of chronic bronchitis also had an increased number of
mononuclear cells positive for both VPACIR and VPAC2R in the bronchial
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submucosa.

In conclusion, the expression of type 1 and type 2 vasoactive intestinal peptide
receptors is increased in the central airways of smokers with chronic bronchitis,
suggesting their possible involvement in the pathogenesis of chronic bronchitis.

Eur Respir J 2004, 24: 958-963.

Vasoactive intestinal peptide (VIP) is a member of the
secretin family of peptides. It is one of the most important
nonadrenergic, noncholinergic inhibitory transmitters in the
lung, where it is involved in the control of airway tone,
vascular relaxation and mucus secretion [1-3]. In the
respiratory system of humans, VIP-containing nerve fibres
have been described in tracheo-bronchial smooth muscle,
around submucosal glands and in the walls of pulmonary and
bronchial vessels [4].

Two types of VIP receptors have been cloned and
characterised [5, 6]. They are termed the vasoactive intestinal
peptide receptor type 1 (VPACIR) and type 2 (VPAC2R),
and both belong to the G protein-coupled receptor family
[6, 7]. Both VPACIR and VPAC2R are expressed in human
airways [8, 9]: VPACIR by bronchial epithelial cells, bron-
chial and vascular smooth muscle [5], and VPAC2R by
bronchial epithelial cells and bronchial glands [9].

Previously, an increased density of VIP-immunoreactive
nerves has been shown in the bronchial glands of smokers
with chronic bronchitis as compared with asymptomatic
smokers [10], supporting a role of VIP in mucus hypersecre-
tion, which is the distinctive feature of chronic bronchitis.
To further investigate this hypothesis, in the present
study, the expression of VPACIR and VPAC2R in the
central airways of patients with chronic bronchitis was
quantified.

This study was supported by Consorzio
Ferrararicerche (Ferrara, Italy), MURST
(Minister of University and Scientific Research,
Rome, Italy), and ARCA (Associazione per la
Ricerca e la Cura dell’ Asma, Padova, Italy).

Methods
Subjects

Lung specimens obtained from smokers undergoing thor-
acotomy for localised pulmonary lesions were examined, as
follows: 23 smokers with symptoms of chronic bronchitis
(10 with chronic airflow obstruction and 13 with normal lung
function), and 10 asymptomatic smokers with normal lung
function. Due to the lack of a sufficient number of tissue
sections, the expression of VPAC2R was assessed in the
following subgroup of subjects: 17 smokers with symptoms of
chronic bronchitis (patient Nos 1-17, table 1) and eight
asymptomatic smokers (patient Nos 24-31, table 1). For the
same reason, VPACIR immunostaining was not done in
patient Nos 30 and 31 (table 1).

Chronic bronchitis and chronic airflow obstruction were
defined according to the American Thoracic Society criteria
and Global Initiative for Chronic Obstructive Lung Disease
(GOLD) guidelines, respectively [11, 12]. The study con-
formed to the Declaration of Helsinki, and all the patients
gave their informed written consent.

All the subjects had been free of acute upper respiratory
tract infections and did not receive glucocorticoids or
antibiotics within the month preceding surgery or broncho-
dilators within the previous 48 h. They had not had
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Table 1.—Characteristics of smokers with symptoms of
chronic bronchitis (CB) and asymptomatic smokers (AS)

Table 2.—Vasoactive intestinal peptide receptor type 2
(VPAC2R) expression in the central airways of smokers

Patient No. Sex Age Smoking FEV1 FEVI/FVC Smokers with Asymptomatic
yrs history % pred % symptoms of smokers
pack-yrs/yrs chronic bronchitis
CB VPAC2R-positive 77.3 (38.4-196.6)* 62.4 (17.9-130.4)"
1 M 69 25/51 89 66 epithelial cells-mm™!
2 M 63 45/40 79 69 basement membrane
3 M 68 50/50 73 64 VPAC2R-positive 25.1 (9.3-56.8)*" 5.1 (0.51-18.4)°
4 M 84 61/61 62 69 mononuclear cells-mm™
5 M 57 88/44 78 69 submucosa
6 M 74 58/50 56 64 VPAC2R-positive 49.7 (24.3-73.1)*  51.3 (36.4-62.1)"
7 M 75 100/50 77 62 acini/total acini % ]
8 M 63 16/50 78 75 VPAC2R-positive 13.3 (6.3-22.6)" 16.3 (2.0-27.5)
9 M 57 94/47 91 70 vessels/total vessels % !
10 M 65 52/52 80 84 VPAC2R-positive 0.7 (0.5-2.1) 0.6 (0.1-1.7)°
11 M 75 5564 97 71 smooth muscle
12 M 58 32/43 105 82 area/bronchial
13 M 68 43/58 68 72 wall area %
14 M 58 31/42 75 70
15 M 74 98 69 Data are expressed as median (interquartile range). VPAC2R quanti-
16 M 76 60/60 71 74 fication in the bronchial glands of subject Nos 13 and 33, in the
17 M 78 38/38 83 74 bronchial epithelium of subject Nos 12 and 26 and in the bronchial
smooth muscle of subject Nos 8 and 14 could not be performed.
18 M 72 100739 >7 4 *: p<0.05 versus asymptomatic smokers; *: n=17; : n=7; *: n=18; % n=8;
19 M 66 78/52 68 67 ey ymp o IERh IR IS R
20 M 80 18/52 130 90 ’ '
21 M 58 46/12 83 72
22 M 67 49/49 99 74 (1:40 and 1:30 in TBS, respectively; code Z135M and Z140M;
23 M 72 42/54 115 101 Exalpha Biological Inc., Boston, MA, USA) were applied
Mean+SEM 6912  5445/48+2% 83+4%** 7242 overnight at 4°C. Sections were subsequently incubated with
AS biotinylated rabbit anti-mouse immunoglobulin G (E413;
24 M 72 6520 108 72 Dako Ltd., Glostrup, Denmark) and with streptavidin-
25 M 66 45/45 108 76 biotin-complex reagent conjugated to horseradish peroxidase
26 M 65 48/32 86 76 (StreptABComplex’HRP; K0377; Dako). Immunoreactivity
27 M 8l 60/30 116 91 was visualised with diaminobenzidine. Sections were counter-
28 M 64 47147 93 74 stained with haematoxylin, dehydrated, and mounted in
29 M 56 29139 101 75 Eukitt (Kindlex GMBH, Freiburg, Germany). Negative
30 M 65 47147 97 80 controls were performed by omission of the primary antibody.
31 F 44 1128 105 81 Slides were coded, and the expression of the receptors in
gg M Zg ggé;‘ 18062 % the bronchial glands, vessels and inflammatory cells in the
Mean+SEM 6543 474453843 10043 7842 bronchial submucosa was quantified using an Olympus BX41

Data are presented as n and mean+SEM, unless otherwise stated. FEV1:
forced expiratory volume in one second; % pred: % predicted; FVC:
forced vital capacity; M: male; F: female. *: p<0.05; **: p<0.01 versus
asymptomatic smokers.

exacerbations, as previously defined [13], during the month
before the study. The patients were nonatopic (i.e. they had a
negative skin test for common allergen extracts) and had no
past history of asthma or allergic rhinitis.

Each subject underwent an interview, chest radiography,
ECG, routine blood tests, skin tests with common allergen
extracts and spirometry in the week before surgery. Spiro-
metry was performed as described previously [13].

Immunohistochemical quantification of vasoactive intestinal
peptide receptors

Bronchial rings (lobar or segmental bronchus) were taken
from the lobe obtained at surgery, avoiding areas involved by
the tumour. Samples were fixed in 4% formaldehyde in PBS at
pH 7.2 and, after dehydration, embedded in paraffin wax.
Sections (5-um thick) were cut and subsequently hydrated.
Endogenous peroxidase activity was blocked by immersing
slides in 0.3% hydrogen peroxide in methanol. Slides were
then incubated in normal rabbit serum diluted in tris buffered
saline (TBS). Anti-human VPACIR and VPAC2R antibodies

microscope (Olympus Optical Co., Hamburg, Germany), as
previously described [14, 15]. The receptors were quantified in
bronchial epithelium and smooth muscle with an image analysis
system (Image-Pro plus; Media Cybernetics Inc., Silver Spring,
MD, USA) [14]. A magnification of 600x was used for
bronchial epithelium, glands and inflammatory cells, of 400x
(in the area 300 pm beneath the epithelial basement membrane)
for vessels and of 200x for bronchial smooth muscle. Results
were expressed as the following: number of bronchial epithelial
cells expressing VPACIR or VPAC2R mm™! basement mem-
brane; number of VPACIR- or VPAC2R-positive mono-
nuclear cellssmm™ bronchial submucosa; % of VPACIR- or
VPAC2R-positive acinitotal acini; % of VPACIR- or
VPAC2R-positive vessels/total vessels; % of bronchial smooth
muscle area VPACIR- or VPAC2R-positive/total bronchial
wall area. The quantification of VIP receptors was satisfactory
in the majority of samples. In some patients, quantification of
receptors in bronchial epithelium, glands or smooth muscle was
not performed because the morphology of the structure
examined was not satisfactory, or because the number of
microscopic fields in that structure was not sufficient for
quantification (table 2; figs 1 and 2).

Statistical analysis

Group data were expressed as meantSEM or as medians
(interquartile ranges) when appropriate. Unpaired t-test
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Fig. 1.—Light microscopic analysis of immunostained central airways of a smoker with chronic bronchitis showing expression of a) vasoactive
intestinal peptide receptor type 1 (VPACIR) and b) type 2 (VPAC2R) by bronchial epithelium (be) and smooth muscle (sm), c) VPACIR and d)
VPAC2R by bronchial glands (bg), and e¢) VPACIR and f) VPAC2R by bronchial vessels (bv) and mononuclear cells infiltrating the bronchial
submucosa (mc). Arrows indicate positive immunostaining. Sections were immunostained with monoclonal antibodies specific for human
VPACIR and VPAC2R. Scale bars=100 (a and b), 50 (c and d) and 30 pm (e and f).

analysis for clinical data and the Mann-Whitney U-test for
histological data were used to determine differences between
groups. Spearman’s rank correlation test was used to examine
the association between immunohistochemical measurements
and clinical data. Probability values of <0.05 were accepted
as significant. At least two replicate measurements were
performed blindly by the same observer in 10 randomly
selected slides. The intra-observer coefficient of variation
ranged 4-14% for bronchial epithelium, 5-13% for glands,
10-14% for vessels, 10-15% for smooth muscle, and 7-14%
for inflammatory cells.

Results
Clinical findings

Table 1 shows the characteristics of the subjects examined.
The two groups of smokers were similar with regards to age
and number of pack-yrs. Smokers with symptoms of chronic
bronchitis had a significantly longer smoking history (p<0.05;
table 1) and a lower baseline forced expiratory volume in one
second (FEV1) % predicted (p<0.01; table 1) than asympto-
matic smokers.
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Fig. 2.—Individual values of vasoactive intestinal peptide receptor type 1 (VPACIR) expression in bronchial epithelium, mononuclear cells
infiltrating the bronchial submucosa, bronchial glands, and vessels of smokers. Horizontal bars represent median values. Quantification of
VPACIR expression could not be performed in bronchial epithelium of subject No. 12, in bronchial glands of subject Nos 13 and 20, and in
bronchial vessels of subject No. 26. 4+ve: positive; CB: smokers with symptoms of chronic bronchitis; AS: asymptomatic smokers. *: p<0.05.

Immunohistochemical findings

Vasoactive intestinal peptide receptor type 1. VPACIR-
positive immunostaining was observed in both basal and
columnar bronchial epithelial cells, the mononuclear cells
infiltrating the bronchial submucosa, the acini of bronchial
glands, bronchial vessels, and bronchial smooth muscle (fig. 1).
Smokers with symptoms of chronic bronchitis had
an increased expression of VPACIR in the bronchial
epithelium (median (interquartile range) 1375.6 (664.6-1751.3)
VPACIR-positive cellssmm™ basement membrane versus
612.6 (465.2-792.1); p<0.05), bronchial glands (58.3%
(53.1-75.0%) VPACI1R-positive acini/total acini versus 40.4%
(37.5-54.5%); p<0.05), and vessels (50.4% (36.7-64.1%)
VPACIR-positive vessels/total vessels versus 39.4% (22.8%—
42%); p<0.05) as compared with asymptomatic smokers.
Similarly, the number of VPACI1R-positive mononuclear cells
was higher in subjects with chronic bronchitis (34.7
(13.8-94.0) VPACIR-positive cellssmm™ of bronchial sub-
mucosa versus 6.3 (1.6-23.3); p<0.05; fig. 2). Conversely, the
expression of VPACIR in bronchial smooth muscle was
similar in smokers with and without symptoms of chronic
bronchitis (1.1% (0.1-3%) VPACIR-positive smooth muscle
area/bronchial wall area versus 0.8% (0.2-1.1%)). No correla-
tions were found between VPACIR expression and clinical
characteristics of the subjects in any airway compartment.

Vasoactive intestinal peptide receptor type 2. VPAC2R-
positive immunostaining was observed in the same airway
structures expressing VPACIR, as follows: basal and columnar
bronchial epithelial cells, mononuclear cells infiltrating the
bronchial submucosa, acini of bronchial glands, bronchial
vessels and bronchial smooth muscle (fig. 1).

However, only the number of VPAC2R-positive mono-
nuclear cells was significantly higher in smokers with chronic
bronchitis than in asymptomatic smokers (p<0.05; table 2).

When all the subjects were considered together, the number
of VPAC2R-positive mononuclear cells infiltrating the
bronchial submucosa showed a negative correlation with
FEV1 % pred (p<0.01, p=-0.531). Moreover, in smokers with
symptoms of chronic bronchitis, the % of VPAC2R-positive
bronchial vessels showed a negative correlation with the
number of years of smoking (p<0.05, p=-0.618).

Discussion

In the present study, an increased expression of VPACIR
in human central airways and an increased number of
VPAC2R-positive mononuclear cells in the bronchial
submucosa of smokers with symptoms of chronic bronchitis
were found.

By using immunohistochemistry, VPACIR and VPAC2R
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were detected in human bronchial epithelium, mononuclear
cells infiltrating the bronchial submucosa, bronchial glands,
vessels and bronchial smooth muscle. These localisations are
consistent with the airway compartments where VIP exerts its
biological functions, and confirm and extend previous
findings. Both VPACIR and VPAC2R mRNA have been
detected in human bronchial epithelial cells [7, 9]; VIP
receptors have been observed in human bronchial smooth
muscle and submucosal glands using autoradiographical
techniques, and VPAC2R mRNA has been found in serous
and mucous cells of the bronchial glands [9, 16]. In human
airways, both VPACIR and VPAC2R proteins have been
detected in the wall of blood vessels, lymphocytes and
macrophages [8].

VPACIR has a high affinity for VIP, which is one of the
most abundant neuropeptides found in the lung [17]. An
increased expression of a receptor can theoretically amplify
the biological actions of its agonist. In the current study, an
increased expression of VPACIR in bronchial epithelium and
glands and an increased number of VPACIR-positive
mononuclear cells in the central airways of chronic bronchi-
tics were observed. These findings could suggest a role of the
VIP/VPACIR axis in the regulation of mucus hypersecretion,
both directly and indirectly.

In vitro, VIP induces chloride secretion by the human
bronchial epithelium and stimulates ciliary motility in rabbit-
cultured tracheal epithelium, increasing both water secretion
and mucociliary clearance [18, 19]. VIP can also stimulate
epithelial mucin genes’ expression, inducing the release of
interleukin (IL)-6 by the human bronchial epithelial cells
[20, 21].

The effects of VIP on submucosal glands are opposite. At
the pre-junctional level, VIP exerts an inhibitory effect on
mucus secretion, decreasing the release of acetylcholine by
cholinergic nerves [22]. At the post-junctional level, VIP
stimulates mucus secretion acting on receptors expressed by
submucosal glands [22]. The final effect of VIP is determined
by a balance between pre-junctional inhibition and post-
junctional stimulation [22]. In a previous study, it was
hypothesised that endogenous VIP released during nerve
stimulation causes an increase in mucus secretion, as an
increase of VIP-positive nerve density was shown in the
glands of chronic bronchitics [10]. Now, the current authors
have demonstrated an increased VPACIR expression in the
submucosal glands of subjects with chronic bronchitis,
supporting an amplification of the VIP post-junctional effects,
i.e. an increase of airway secretion.

The numbers of VPACIR- and VPAC2R-positive mono-
nuclear cells were increased in the bronchial submucosa of
smokers with symptoms of chronic bronchitis. VIP exerts
many immunomodulatory properties, regulating both natural
and acquired immunity in an autocrine/paracrine manner [23].
VPACIR is expressed by human resting T-cells and macro-
phages. Low levels of VPAC2R are expressed by resting
T-cells and they increase following stimulation, whilst the
expression of VPACIR decreases [24]. Findings in human
peripheral blood lymphocytes suggest that VPACIR activa-
tion can stimulate normal T- and B-cell chemotaxis [25], and
this observation can partly explain the finding of an increased
number of VPACIR-positive mononuclear cells in the
bronchial submucosa of those with bronchitis.

It has been demonstrated that, in activated macrophages,
VIP diminishes the secretion of proinflammatory cytokines
and increases the secretion of anti-inflammatory cytokines
[26, 27]. In T-lymphocytes, VIP inhibits the secretion of 1L.-2
[28]. Therefore, it is reasonable that an increased number of
cells expressing VIP receptors could counteract, at least in
part, the effects of an excessive inflammation in the airways.

VIP can also influence the differentiation of T-cells,

promoting the secretion of T-helper (Th)2 cytokines, such
as IL-4 and IL-5, and inhibiting the secretion of Thl
cytokines, such as interferon (IFN)-y [29]. This effect is
probably mainly mediated by VPAC2R [30]. Recently, it has
been shown that, in the bronchial submucosa of patients with
chronic bronchitis, there are an increased number of
inflammatory cells expressing IL-4 and 1L-13, Th2 cytokines
capable of stimulating mucus secretion [15]. Taken together,
these data would suggest that inflammatory cells expressing
VIP receptors drive the expression of Th2 cytokines in the
submucosa of bronchitics, contributing indirectly to mucus
hypersecretion.

Traditionally, VIP is believed to be a "defensive" peptide in
the lung. Indeed, VIP prevents acute lung injury and improves
survival in a variety of experimental models of acute
respiratory distress syndrome and sepsis [31, 32], and the
VPACIR seems to be the major mediator of the anti-
inflammatory actions of VIP [33].

The fact that VIP and its receptors seem to promote mucus
hypersecretion, contributing to the pathogenesis of chronic
bronchitis, is not in contrast with its defensive role in the
airways. Indeed, mucus secretion is a defensive mechanism
through which the airways respond to external noxious
stimuli, such as cigarette smoke. It can be speculated that
airway chronic inflammation could excessively stimulate and
perpetuate this defensive mechanism, leading to the develop-
ment of chronic bronchitis.

The finding of an increased expression of VPACIR in
bronchial vessels of bronchitics suggests that the airway
inflammatory process also involves the bronchial circulation.
It needs to be further investigated whether the VIP/VPACIR
axis exerts a defensive role in this airway compartment.

In conclusion, the current authors have found that the
expression of vasoactive intestinal peptide receptor type 1 is
increased in the bronchial epithelium, glands and vessels in
the central airways of smokers with chronic bronchitis.
Increased numbers of vasoactive intestinal peptide receptor
type 1- and 2-positive mononuclear cells were also found in
the bronchial submucosa of these patients. The current results
suggest that vasoactive intestinal peptide and its receptors
may contribute to the pathogenesis of chronic bronchitis,
especially to the mechanisms regulating mucus secretion.
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