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Abstract

Bombesin-related peptides are growth factors for a variety of
cells, including normal human bronchial epithelial cells. An
ELISA for bombesin-like peptides (BLP) has been devised
using the MAb BBC353, which is specific for the biologically
active carboxy-terminal fragment shared by all known BLP.
Using this ELISA, we measured bronchoalveolar lavage
(BAL) fluid levels ofBLP in normal cigarette smokers (n = 15)
and normal nonsmokers (n = 18). Smokers' BAL fluid con-
tained increased levels of BLP, whether expressed in terms of
BAL fluid volume (P = 0.0001) or protein content (P < 0.05).
BLP levels did not correlate with any cellular constituent in the
BAL fluid but immunostaining of lung tissue with BBC353
revealed an intense specific staining of neuroendocrine cells,
implying these as a potential source. Two peaks of bombesin-
like immunoreactivity were purified using sequential reverse
phase and gel filtration HPLC. Both BLP have apparent mo-
lecular weights similar to gastrin-releasing peptide on gel fil-
tration HPLC analysis. However, the amino acid composition
of these BLP is different from that of gastrin-releasing peptide
or neuromedin B, the only known mammalian forms of BLP,
suggesting either incomplete purification or novel peptides.
Sequence analysis could not be performed due to blocking
groups at the amino terminus of these peptides. Our data dem-
onstrate that cigarette smoking is associated with increased
levels of pulmonary BLP and imply a potential role for these
neuropeptides in the lung's response to tobacco smoke.

Introduction

Cigarette smoking is associated with an increased risk for de-
veloping chronic bronchitis, emphysema, and lung cancer (1).
A common feature of these diverse lung diseases is the abnor-
mal proliferation of bronchial epithelium (2). Although the
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etiology of this abnormal cell proliferation is unknown, we
hypothesized that alterations in growth factor production may
play a role. Pulmonary neuroendocrine (NE)' cells, which are
prominent in normal lung development and are found in close
association with the bronchial epithelium (3), may be a poten-
tial source of such growth factors. Pulmonary NE cells contain
and secrete an array of neuropeptides including gastrin-releas-
ing peptide (GRP) (4). GRP, a mammalian homologue of the
amphibian neuropeptide bombesin, and other bombesin-re-
lated peptides have been shown to be potent mitogens for
normal human bronchial epithelial cells (5), small cell lung
cancer (SCLC) cell lines (6), and Swiss 3T3 cells (7). Further-
more, NE cells are increased in lungs from patients with var-
ious pulmonary diseases, including emphysema and SCLC (8).
Increased serum levels of immunoreactive calcitonin and
chromogranin A, two peptides produced by the NE cells, have
been reported in patients with tobacco-associated lung diseases
(9, 10). This suggests that, in smokers, pulmonary NE cells are
not only increased in number but also may secrete increased
quantities of neuropeptides. Previous reports of increased NE
cells or increased NE cell products have been in patients with
clinical abnormalities. Here, we report that asymptomatic cig-
arette smokers without clinically detectable lung disease ex-
hibit increased levels of low molecular weight peptides with
bombesin-like immunoreactivity in bronchoalveolar lavage
(BAL) fluid when compared with normal nonsmokers. These
findings suggest that an increased production of pulmonary
neuropeptides may be an early response to cigarette smoke
inhalation, implying a potential direct link to abnormal bron-
chial epithelial cell proliferation.

Methods

Subjects. We performed BAL in 33 healthy volunteers, 15 smokers (13
current smokers, 2 recent quitters) and 18 people who had never
smoked. Informed consent was obtained from each subject, and the
protocol was approved by the Institutional Human Subjects Review
Committee. These subjects denied respiratory symptoms, and had
normal physical examinations, chest radiographs, spirometric test re-
sults, lung volumes, and diffusing capacity for carbon monoxide
(Table I). A detailed smoking history was obtained from every subject.
None ofthe volunteers had a history ofsmoking nontobacco products.

1. Abbreviations used in thispaper: BAL, bronchoalveolar lavage; BLP,
bombesin-like peptides; GRP, gastrin-releasing peptides; NE, neuroen-
docrine; SCLC, small cell lung cancer, TFA, trifluoracetic acid.
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Table I. Clinical Characteristics, Pulmonary Function and BAL
Fluid Information

P Value
Demographic data Nonsmokers Smokers (t test)

n 18 15
Age (yr) 45.1±12.4 49.6±10.9 NS
Sex (M/F) 10/8 10/5
Smoking History

(pack/yr) 0 25.7± 13.2
Pulmonary function
FEV, (% pred) 104.2±15.4 103.3±17.0 NS
FVC (% pred) 97.4±9.5 94.5±15.9 NS
FEVI/FVC (% pred) 80.8±6.3 81.7±6.8 NS
TGV (% pred) 90.7±16.3 97.9±28.9 NS
DLCO (% pred) 111.8±15.1 110.6±18.2 NS

BAL
Fluid recovery (%) 67.9±14.6 65.1±8.6 NS
Total cells (Xl04/ml) 27.4±16.5 58.8±61.7 NS
Macrophages (%) 83.4±8.4 83.6±11.4 NS
Lymphocytes (%) 14.3±8.3 11.3±8.0 NS
Neutrophils (%) 1.8± 1.6 4.4±4.4 0.0266
Eosinophils (%) 0.4±0.7 0.7±1.1 NS
Total protein (mg/ml) 0.065±0.023 0.119±0.115 NS
BLP (pmol/ml) 26.6±24.8 98.7±44.9 0.0001
BLP (nmol/
mg protein) 0.7±0.6 1.4± 1.1 0.0446

Abbreviations for pulmonary function tests: DLCO, diffusing capac-
ity for carbon monoxide; FEV,, forced expiratory volume in 1 s;
FVC, forced vital capacity; TGV, thoracic gas volume at normal
end-expiration.

A carboxyhemoglobin level of < 1.5% was documented in every non-
smoker, thus minimizing the possibility of significant passive smoking
exposure.

BAL fluid. BAL fluid was collected as previously reported (11).
Briefly, BAL was performed with a 5.9-mm flexible fiberoptic bron-
choscope (model BFB3; Olympus Corp. of America, New Hyde Park,
NY), after intramuscular premedication with atropine (0.4 mg) and
codeine (30 mg). Topical anesthesia was achieved with nebulized 4%
lidocaine to the mouth and nose and 1% lidocaine to the trachea and
bronchi. Supplemental oxygen (2 liters/m) was administered during
and for 30 min after the procedure. After inspection of the segmental
orifices, the tip of the bronchoscope was wedged into a subsegment of
the right middle lobe (or lingula ifthe right middle lobe was technically
inaccessible). Sterile normal saline at room temperature was instilled
through the bronchoscope in 60-ml aliquots to a total of 240 ml, with
harvest of the fluid by immediate gentle hand suction applied to each
instilling syringe. The BAL fluid was immediately placed in ice water.
After centrifugation at 800 gfor 10 min, 5 ml ofsupernatant BAL fluid
was saved for protein determination (12). Acetic acid was added to the
remaining cell-free BAL fluid supernatant to a final concentration of 2
N. This solution was boiled for 10 min and stored at -70°C. 24 h
before assay, aliquots ofBAL fluid were vacuum dried in a Speed Vac
concentrator (Savant Instruments, Farmingdale, NY), and reconsti-
tuted to isovolume with 0.05 M Hepes buffer, pH 7.0, in HPLC-grade
water.

BAL cell counts. The cell pellet was resuspended in HBSS (without
calcium or magnesium), with no added serum. Cytocentrifuge slides of
resuspended cells were prepared using a cytospin-2 (Shandon Southern
Instruments, Sewickley, PA). Differential counts of 400 cells were per-
formed on Wright-Giemsa-stained cytocentrifuge preparations.

Production of antibombesin MAb BBC353. The antibombesin
MAb BBC353 was obtained as previously reported (13). Briefly, lys3-
bombesin (Peninsula Laboratories, Belmont, CA) was conjugated to

bovine thyroglobulin (Calbiochem-Behring Corp., La Jolla, CA) using
a ratio of 110 mol of peptide per mol of carrier in 7 mM glutaralde-
hyde, 100 mM sodium phosphate pH 7.0. The reaction was allowed to
proceed for 18 h with constant stirring at room temperature. The
conjugate was dialyzed against 50 mM sodium phosphate, pH 7.0.
Mice were injected intraperitoneally with 100 ug of conjugate on days
0 and 21. 4 d before fusion, the mice received a final boost of 100,ug of
conjugate. Spleen cells were removed from the mice and fused with the
myeloma line P3.653 according to the procedure of Kohler and Mil-
stein (14). The MAb BBC353 was selected based on its ability to bind
synthetic bombesin by ELISA and 1251 (Tyr4)-bombesin in a liquid-
phase RIA.

Immunohistochemistry. Lung tissue samples were obtained from
patients enrolled in the National Heart, Lung, and Blood Institute
Interstitial Lung Diseases Specialized Centers of Research program
and from the University of Colorado Health Sciences Center Depart-
ment of Pathology. The tissue was fixed in 10% neutral buffered for-
malin, embedded in paraffin, cut into 4-am sections, and mounted on
glass slides. Before immunohistochemical staining, slides were depar-
affinized by three 5-min xylene washes followed by three 10-min eth-
anol washes. Endogenous peroxidase was quenched by a 30-min incu-
bation in methanol with 0.2% H202. Slides were then incubated for 1 h
in 0.3% Triton in PBS, rinsed in tap water, and then incubated for 30
min with 150 Ml normal horse serum. An equal volume (150 1M) of the
primary MAb BBC353, at a concentration of 350 ng/ml, was added to
the slides before overnight incubation in a humidified chamber. Sub-
sequently, slides were rinsed and incubated with 150 Ml of biotinylated
horse antimouse immunoglobulins (Vector Laboratories, Burlingame,
CA) at a concentration of 20 ,ug/ml. After washing three times, slides
were incubated for 1 h with 150 Ml of 25 Ag/ml avidin-peroxidase
complex (Vector Laboratories). Slides were washed and the stain was
developed using 40 ,ug/ml diaminobenzidine and 0.01% H202, rinsed,
incubated for 5 min in 3% CuS04, and then briefly counterstained
with hematoxylin. To examine the specificity of staining with the pri-
mary antibody, working dilutions of BBC353 were preincubated with
bombesin, ranatensin, litorin, neuromedin B, or neurotensin before
overlaying on slides.

BLP immunoassay. Immunoreactive bombesin-like peptides (IR-
BLP) content was determined by a competition ELISA. Nunc-Im-
muno I testing plates (InterMed; Roskilde, Denmark) were incubated
overnight at 4°C with lys3-bombesin (50 ng/well) then blocked with
0.05% Tween 20 in PBS for 2 h at 4°C. After washing twice with PBS,
either standard concentrations of bombesin, other peptides, or un-
known BAL fluid samples (50 ul/well) were added to the wells and
incubated for 1 h at room temperature with the antibombesin MAb
BBC353 (50 Ml of a 50-ng/ml solution). Unbound BBC353 was re-
moved by washing twice with PBS, and horseradish peroxidase-conju-
gated goat anti-mouse serum (Kirkegaard-Perry, Gaithersburg, MD)
was added to the plates (diluted 1:5,000 in PBS containing 1% bovine
serum and 0.05% Tween-20) for 1 h. Unbound second antibody was
removed by washing twice with PBS. The chromogenic substrate 2,2'-
azino-bis-3'-ethylbenz-thiazoline sulfonic acid, 0.8 mM, was added in
0.1 M sodium citrate, pH 5.0, with 0.00 1% H202 and absorbance (414
nm) determined after 30 min. BAL fluid samples were analyzed in
quadruplicate versus a standard bombesin control curve in each plate.
The results were reported in picomoles ofIR-BLP per milliliter ofBAL
fluid or nanomoles of BLP per milligram of protein.

HPLC analysis. For biochemical characterization of IR-BLP, 82
ml ofBAL fluid from a smoker with an initial BLP level of 31 pmol/ml
(- 2.5 nmol total BLP) were subjected to sequential reverse-phase and
gel filtration HPLC. Reverse phase HPLC analysis of BAL fluid was
performed on a Nucleosil C-18 column (150 X 4.6 mm, All-Tech;
Applied Sciences Laboratories, Waltham, MA), eluted with a linear
gradient of acetonitrile (0-100%) in 0.1% trifluoroacetic acid (TFA)
over 30 min at a flow rate of I ml/min. For all of these analyses, the
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column eluates were monitored for UV absorbance at 254 nm because
ofexcessive noise/signal ratio at 214 nm. Control blanks and standards
were always analyzed with each series of samples. I-ml fractions were
collected and, after being vacuum dried and reconstituted to isovol-
ume with 0.05 M Hepes buffer (pH 7.0) in HPLC-grade water, ana-
lyzed for their IR-BLP content. The immunoreactive fractions were
pooled and further analyzed using an isocratic 20% acetonitrile/0. 1%
TFA elution run over 5 min followed with a 20-60% acetonitrile/0. 1%
TFA gradient over 30 min at 1 ml/min using the same column. Again,
1 ml fractions were collected, vacuum dried, reconstituted in 0.05 M
Hepes buffer (pH 7.0) HPLC-grade water, and analyzed for IR-BLP
content. The immunoreactive fractions were pooled, vacuum dried,
and reconstituted in 2 N acetic acid/HPLC-grade water prior to gel
filtration analysis. Preparative gel filtration HPLC ofthe immunoreac-
tive fractions was performed on a TSK 20 column (300 X 7.5 mm,
Bio-Gel; Bio-Rad Laboratories, Richmond, CA) eluting the samples
with 2 N acetic acid in HPLC-grade water over 30 min at a flow rate of
0.5 ml/min. 0.5-ml fractions were collected, vacuum dried, reconsti-
tuted in 0.05 M Hepes buffer (pH 7.0) HPLC-grade water, and ana-
lyzed for IR-BLP content.

Amino acid composition analysis. Purified BLP were prepared for
analysis by vacuum drying and reconstitution in 2 N acetic acid
HPLC-grade water. Amino acid analysis was performed using the
method ofJones (15), after hydrolysis of the BLP in 6 M ethiolglycolic
acid at 155°C for 35 min, using an amino acid analyzer (model
655A-1 1; Hitachi Ltd., Tokyo). Sequencing of the purified peptides
(- 50 pmol) was attempted on a protein sequencer equipped with an
Autoanalyzer (models 470A and 120A, respectively; Applied Biosys-
tems, Foster City, CA) using the 03RPTH program. The column for
the separation of the phenylthiohydantoin-amino acid derivatives was
the phenylthiohydantoin C-18 (220 X 2.1 mm, 5 Am) with a gradient
of: 0 min, 8% B, 120 Al/min; 0.1 min, flow to 200 ,l/min; 11 min, 12%
B; 30 min, 30% B, flow to 230 Al/min; 37 min, 36% B; 37.1 min, 80%
B; 40 min, flow to 300 AI/min; 48 min, 80% B. The buffers were: A, 5%
tetrahydrofuran in HPLC-grade water with 28.8 ml/liter of 3 M so-
dium acetate, pH 3.8, and 6.7 ml/liter of 3 M sodium acetate, pH 4.6;
and B, acetonitrile.

Results

Immunohistochemistry. Immunostaining of lung tissue from
three subjects with NE cell hyperplasia (neonate with broncho-
pulmonary dysplasia, normal smoker, and smoker with pul-
monary eosinophilic granuloma) using the MAb BBC353 re-
vealed an intense, specific staining ofNE cells throughout the
airways (Fig. 1). Both the solitary NE cells and the NE cell
clusters termed neuroepithelial bodies were immunostained
with BBC353. In addition, similar NE cells also stained with
anticalcitonin and antichromogranin A antisera (data not
shown), thus confirming their identity. No other cells were
demonstrated to stain with BBC353. The staining was totally
abolished when the primary antibody BBC353 was preincu-
bated with 5 ,g/ml of either bombesin, ranatensin, litorin, or
neuromedin B, but not with the unrelated neuropeptide neu-
rotensin at concentrations of 5 or 25 ,g/ml, suggesting that the
antigenic domain recognized by the MAb is the highly con-
served carboxy-terminal region shared by all of the BLP.

Immunoassay. The ELISA detected bombesin with a sensi-
tivity of 0.2 pmol/ml and was linear from 1 to 10 pmol/ml
(Fig. 2 A). It also detected lys3-bombesin, tyr4-bombesin, and
the bombesin-related peptides GRP 1-27, GRP 20-27,
GRP-10 (also commonly referred to as GRP 18-27 or neuro-
medin C), and GRP 14-27 (Fig. 1 A). The minimal fragment
recognized by BBC353 is the biologically active carboxy-termi-
nal octapeptide shared by all of these BLP. GRP 1-16 was not

detected by the ELISA. Oxidized bombesin and GRP 1-27,
prepared by incubation with 30% H202, were detected with the
same sensitivity as the nonoxidized peptides. In the ELISA, as
in the immunohistochemistry, the MAb BBC353 also detected
ranatensin, litorin, and neuromedin B, other bombesin-related
peptides that differ at their carboxy terminus by conservative
substitutions of one and two amino acids, respectively (Table
II). However, different sensitivities were displayed for rana-
tensin, litorin, and neuromedin B when compared to the other
bombesin-related peptides (Fig. 2 A). In addition to GRP
1-16, the unrelated peptides bradykinin, neurotensin, eledoi-
sin, and substance P did not crossreact with the ELISA (Fig. 2
B). These results, in concert with the immunohistochemistry,
further confirm the specificity of the MAb BBC353 for the
carboxy-terminal domain shared by all known BLP.

BLP levels. Detectable levels of BLP were present in the
BAL fluid of all smokers and most nonsmokers (Fig. 3). BAL
fluid BLP produced ELISA curves comparable to the synthetic
bombesin and other BLP control curves (data not shown). In
smokers, the BLP levels ranged from 30.9 to 172.8 pmol/ml.
In the nonsmokers, the BLP levels ranged from undetectable
to 98.8 pmol/ml. The four subjects with undetectable BLP
were assigned the minimum detectable value ofthe ELISA (0.2
pmol/ml) for statistical purposes, resulting in a mean value for
the nonsmokers of 26.6±24.8 pmol/ml, compared with a
mean of 98.7±44.9 pmol/ml for the smokers (P = 0.0001, t
test). No correlation was found between the BLP levels and the
BAL fluid protein content (r = 0.0330) suggesting that the
difference between smokers and nonsmokers is not due to
nonspecific protein leakage into the airways. Furthermore, if
BLP levels were expressed as nanomoles/milligram protein,
the significant difference between smokers and nonsmokers
persisted (P = 0.0446, t test). In addition, there was no corre-
lation between the BLP levels and any of the cellular constitu-
ents in the BAL fluid, including neutrophils, although these
were increased in the smokers group as a whole (Table I). This
suggests that the increased levels of pulmonary BLP observed
in smokers were not related to parameters of airways inflam-
mation. A significant correlation was observed between the
BAL fluid BLP levels and the subjects' age (r = 0.35), and there
was also a tendency for BLP levels to be lower when BAL fluid
recoveries were greater (r = 0.28). However, there was no dif-
ference in age or BAL fluid recovery between smokers and
nonsmokers (Table I), suggesting that these factors do not ac-
count for the difference in BAL fluid BLP levels. No correla-
tion was found between BAL fluid BLP levels and any of the
pulmonary function tests performed. Finally, there was no
correlation between BAL fluid BLP levels and the extent of
smoking history expressed as packs per years.

HPLC analysis. To determine the chemical nature of this
BLP we performed sequential reverse-phase and gel filtration
HPLC analysis. In the reverse-phase TFA/acetonitrile solvent
system, the BAL fluid samples were resolved into a series of
peaks, two of which contained all the BLP detected by our
ELISA. Other peaks present in the BAL fluid did not contain
BLP (Figs. 4 and 5). These immunoreactive peaks had differ-
ent retention times compared with bombesin, GRP 1-27 and
various GRP fragments, including GRP-I0. However, the fail-
ure of these BLP to coelute in reverse-phase HPLC with syn-
thetic BLP does not necessarily imply that the BAL fluid BLP
are different because the retention time of peptides in crude
mixtures can be different from the retention time of the same
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Figure 1. BLP immunohistochemistry in normal smoker lung. Immunoperoxidase with BBC353 (350 ng/ml) demonstrates BLP-positive neu-
roendocrine cells in a bronchiole. Section is counterstained with hematoxylin. Arrows point to positively stained cells. (a, arteriole; al, alveolus;
b, bronchiole; v, venule). A, X 160; B, X400.
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Figure 2. Immunoassay
for bombesin-like pep-
tides. (A) (s) Bombesin;
(o) GRP 1-27; (A) neu-
romedin C; (A) ranaten-
sin; (o) litorin; and (m)
Neuromedin B. (B) (.)
Bombesin; (o) GRP
1-16; (A) neurotensin;
(-) bradykinin; (o) sub-
stance P; and (i) eledoi-
sin.

pure peptides (16). Preparative gel filtration HPLC was per-
formed with material from each of the two immunoreactive
peaks obtained by reverse phase analysis and both peaks were
demonstrated to be of a similar molecular size, despite the
significant difference in reverse phase mobility (Fig. 6).
Human GRP eluted in the same gel filtration fraction, sug-

gesting a molecular weight of - 2,500-3,000. The recovery

efficiency for synthetic BLP using this protocol was 5%. For
BAL fluid BLP the recovery efficiency was estimated to be 4%.

Amino acid composition and sequence analysis. The amino
acid compositions of these two BLP were very similar to one
another (Table III) and both had all the amino acids required
for the BLP carboxy-terminal fragment detected by the MAb
BBC353. The presence ofphenylalanine in fraction B, but not
in fraction A, may account for the different retention times in
reverse phase HPLC. These BLP, however, are different from
human GRP in that both fraction A and fraction B contain
serine, isoleucine, and glutamate residues (not present in
human GRP), whereas lysine and threonine (both present in
human GRP) are not present in either fraction. Another dif-
ference from GRP is that both fractions A and B appear to be
blocked at the amino terminus. Initial attempts at removing
the blocking group have been unsuccessful.

IR-BLP

(pmol/ml)
100

50

0

0

0

.000

* a|

SMOKERS NON-I

Figure 3. Immunoreac-
tive BLP (IR-BLP)
levels in BAL fluid sam-
ples from 15 smokers
and 18 nonsmokers.

* The shadowed area rep-
resents value below the
sensitivity of the ELISA

SMOKERS (0.2 pmol/ml).

Discussion

We have demonstrated increased levels oftwo peptides, which
react with an antibombesin MAb, in the lower respiratory tract
of clinically normal smokers. The potential biologic relevance
of this observation is enhanced by the specificity ofthe immu-
noassay for the biologically active carboxy-terminal domain
shared by all known BLP.

There is no consensus in the literature regarding nomen-

clature for this family of neuropeptides, but Spindel and co-
workers (17) have referred to members ofthe bombesin family
(bombesin, GRP, neuromedin C), ranatensin family (ranaten-
sin, litorin, neuromedin B), and phyllolitorin family as the
bombesin-like peptides, based on highly conserved structures
at their carboxy termini (Table II). We have used this nomen-
clature when referring to the immunoreactive peptides de-
tected in our BAL fluid samples because the MAb BBC353
does not distinguish between members of this neuropeptide
family. Although this cross-reactivity may suggest some non-
specificity of the antibody, it can be easily explained based on
the conservative phenylalanine-leucine substitution (nonpolar
hydrophobic aminoacids with similar size side-chain), unlikely
to be distinguished by an MAb. In addition, no cross-reactivity
could be demonstrated with peptides that have no homology
to the carboxy-terminal region present in the BLP, either in the
ELISA or by immunohistochemistry. Finally, the specificity of
the BBC353 immunostaining ofhuman lungNE cells supports
its utility for these studies and suggests that we are measuring
NE cell BLP.

Table II. Amino Acid Sequences ofBombesin and Bombesin-like Peptides

Bombesin and
bombesin-like

peptides Amino acid sequence

Bombesin pGlu Gln Arg Leu Gly Asn Gln Trp Ala Val Gly His Leu Met NH2
Human GRP Val Pro Leu Pro Ala Gly Gly Gly Thr Val Leu Thr Lys Met Tyr Pro Arg Gly Asn His Trp Ala Val Gly His Leu Met NH2
Neuromedin c Gly Asn His Trp Ala Val Gly His Leu Met NH2
Ranatensin pGlu Val Pro Gln Trp Ala Val Gly His Phe Met NH2
Litorin pGlu Gln Trp Ala Val Gly His Phe Met NH2
Neuromedin b Gly Asn Leu Trp Ala Thr Gly His Phe Met NH2
Leu-8 pGlu Leu Trp Ala Val Gly Ser Leu Met NH2

phyllolitorin
Phe-8 pGlu Leu Trp Ala Val Gly Ser Phe Met NH2

phyllolitorin
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Figure 4. First reverse-phase HPLC ofBAL fluid.
Sample, 0.5 nmol ofBAL fluid BLP. Flow rate, 1
ml/min. Fraction size, 1 ml/tube. Column, All-
Tech Nucleosil C-18 (150 X 4.6 mm). Solvent
system, Linear gradient elution from A to B. A,
0.1% TFA/HPLC-grade water-acetonitrile, 100:0.
B, 0.1% TFA/HPLC-grade water-acetonitrile,
0:100. Control retention times, GRP 10, 12.4
min; bombesin, 21.1 min; human GRP, 26.7 min.

Although the exact amino acid sequences of these BLP
have not been determined, due to the presence of blocked
amino termini in both BLP, amino acid composition analysis
demonstrates that all the amino acids necessary for the BLP
carboxy-terminal fragment detected by the MAb BBC353 are
present in both BLP species purified from BAL fluid. The
apparent molecular weights of these BLP are similar to GRP.
However, several findings suggest that these BLP may be dif-
ferent from human GRP, the only pulmonary BLP fully char-
acterized on a molecular level to date. Most important is the
absence of lysine and threonine from BAL fluid BLP. A possi-
ble explanation for this could be that BAL fluid BLP repre-
sents a GRP fragment, such as GRP-10 (neuromedin C), but
that these BLP have different retention times on reverse-phase
HPLC and are both blocked at the amino terminus suggest
that they are distinct from previously described GRP frag-
ments. In addition, gel filtration HPLC analysis suggests a
molecular weight closer to that ofwhole GRP. The presence of
phenylalanine in one of the BAL fluid BLP (fraction B) may
indicate that this peptide is related to the ranatensin-litorin
family (18). However, the only known mammalian homo-
logue of these peptides, neuromedin B, is not blocked at the

amino terminus and contains threonine in its carboxy ter-
minus (17, 19). Finally, the presence of serine in both BAL
fluid BLP raises the possibility of these being related to the
phyllolitorin family (17). Whereas mammalian homologues
for bombesin (GRP) and ranatensin (neuromedin B) have
been described, a mammalian phyllolitorin homologue has yet
to be demonstrated. These results further stress the necessity
for additional biochemical characterization of BLP, as most
reports of BLP in lung have relied only on immunological
techniques that may not differentiate between multiple BLP
species.

The levels of BAL fluid BLP reported here are many fold
higher than those reported by other investigators in human
plasma (20) and in conditioned media using SCLC cell lines
(21). However, comparable levels have been reported in milk
(22), and more recently, in urine (23). A possible explanation
for these findings is that a slower degradation rate for BLP in
BAL fluid than plasma may contribute to the accumulation of
these neuropeptides (24). Another possibility is that we could
be measuring novel BLP with a higher affinity for the antibody
and thus overestimating the true amounts of peptide.

It is still unclear what the source of these BAL fluid BLP
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ml/tube. Column, All-Tech Nucleosil C- 18 (150
X 4.6 mm). Solvent system, Isocratic 20% aceto-
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A, 0.1% TFA/HPLC-grade water-acetonitrile,
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might be. However, pulmonary NE cells are a likely candidate.
Increased neuroepithelial bodies and solitary NE cells have
been observed in pathological specimens of smokers with

Table III. Amino Acid Composition ofBAL Fluid BLP
and Human GRP

Bombesin-like peptides
(measured)

Human GRP
Amino acid Fraction A Fraction B (calculated)

molar ratio

Asp 3.0 2.9 1
Glu 6.0 4.1 0
Ser 3.3 7.6 0
His 2.2 1.1 2
Gly 14.7 14.6 5
Thr 0 0 2
Arg 2.6 1.9 1
Ala 4.4 4.2 2
Tyr 1 1.1 I
Met 2.4 1.1 2
Val 2.4 2.0 1
Phe 0 1.0 0
Ile 1.0 1.6 0
Leu 4.4 4.3 3
Lys 0 0 1

(Not detected by this
Trp method of analysis) 1

chronic obstructive pulmonary disease (8). Alternatively, al-
veolar macrophages may be the source of, or contribute to, the
BAL fluid levels of BLP. Human alveolar macrophages have
been reported to contain BLP (25), but is unclear whether they
synthesize BLP or accumulate it from their microenviron-
ment. In our study, we found no correlation between BAL
fluid BLP levels and any ofthe cellular constituents in the BAL
fluid, including alveolar macrophages. In addition, immuno-
staining of lung tissue with the antibody BBC353 demon-
strated intense specific staining in NE cells but not in macro-
phages, neutrophils or any other cells. Steady-state mRNA and
in situ hybridization studies, using a human GRP cDNA
probe, have indicated that pulmonary NE cells and related
tumor cell lines, such as carcinoid and SCLC, express mRNA
homologous to GRP mRNA (26). We are aware of no studies
demonstrating GRP message in alveolar macrophages, but this
does not exclude the possibility that they may produce other
forms ofBLP. Although both pulmonary NE cells and alveolar
macrophages are potential sources of the elevated BLP in
smokers' BAL fluid, the current evidence favors NE cell syn-
thesis.

Several possible mechanisms exist for increased levels of
BLP in the lower respiratory tract of clinically normal
smokers. Stimuli such as nicotine and nitrosamines have been
shown to increase the number of pulmonary NE cells and
neuroepithelial bodies in various animal models (27, 28). It
thus is possible that multiple substances contained in cigarette
smoke may cause NE cell hyperplasia. A distinct hyperplasia
of neuroepithelial bodies has also been found in lungs from
individuals living at high altitude, presumably as an adaptive
response to chronic hypoxia (8). Therefore, it is also possible
that BAL fluid BLP levels in our subjects were affected by
altitude. However, the altitude in Denver (- 1,600 m) is sig-
nificantly less than in the cited study (> 3,400 m). Even if
physiologically relevant, altitude would not explain the differ-
ence between smokers and nonsmokers. Hypoxia and nicotine
cause in vivo exocytosis of NE cell dense core vesicles and
presumably neuropeptide secretion (29). Therefore, the in-
creased BLP in the lower respiratory tract of smokers may
reflect not only an increased number of NE cells but also an
increased production and secretion by individual cells. Inter-
estingly, two of the subjects in the smoker group had stopped
smoking 24 and 20 mo before BAL, yet demonstrated BLP
levels of 129.6 and 74 pmol/ml, respectively. The persistent
elevation in BLP levels in these subjects suggests that the in-
creased pulmonary BLP represent primarily NE cell hyperpla-
sia and not nicotine-induced BLP hypersecretion.

The expression of increased levels of GRP mRNA and
antigen during normal lung development suggests that the pro-
duction of GRP from pulmonary NE cells may play a role in
pulmonary ontogeny (3). Perhaps increased amounts of these
putative pulmonary growth factors contribute to tissue repair
processes elicited by tobacco-induced lung injury. Because
bombesin-related peptides stimulate proliferation of normal
human bronchial epithelial cells in vitro at concentrations
comparable to those found in the BAL fluid samples (5), it is
possible that the BLP detected by the ELISA stimulates prolif-
eration of the bronchial epithelium in vivo. Furthermore, be-
cause GRP activates protein kinase C (30), as do phorbol ester
tumor promoters, persistently elevated levels of pulmonary
BLP may mimic the role of tumor promoters.

Although increased serum concentrations ofneuropeptides
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(calcitonin and chromogranin A) have been previously ob-
served in smokers with lung disease (9, 10), this is the first
report of increased neuropeptide levels in the respiratory se-
cretions of smokers without clinically detectable lung disease.
Neuropeptide levels in the lung-lining fluid may be a better
reflection of the bronchial epithelial cell environment than
serum measurements. In addition, this observation suggests an
early role for the NE system in tobacco-associated lung dis-
orders and may support the hypothesis that NE cell hyperpla-
sia precedes the induction of lung tumors (31). The wide range
of BLP levels in smokers may be a reflection of individual
differences in response to cigarette smoke. If so, extreme ele-
vations of pulmonary BLP levels could be a risk marker for
specific diseases associated with cigarette smoking, such as
lung cancer or chronic obstructive pulmonary disease. If in-
creased levels of BLP prove to be an important link between
smoking and lung disease, perhaps manipulation of the NE
system may become a rational therapeutic approach.

Addendum
Tabassian and colleagues have recently reported that subchronic ex-
posure of hamsters to cigarette smoke results in increased levels of
pulmonary calcitonin and bombesin-like peptide, as well as neuroen-
docrine cell hyperplasia. (Tabassian, A. R., E. S. Nylen, R. I. Linnoila,
R. H. Snider, M. M. Cassidy, and K. L. Becker. 1989. Stimulation of
hamster pulmonary neuroendocrine cells and associated peptides by
repeated exposure to cigarette smoke. Am. Rev. Respir. Dis. In press.)
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