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Abstract

The cell membrane-associated enzyme CD10/neutral endo-
peptidase 24.11 (CD10/NEP) functions in multiple organ sys-
tems to downregulate responses to peptide hormones. Recently,
CD10/NEP was found to hydrolyze bombesin-like peptides
(BLP), which are mitogens for normal bronchial epithelial
cells and small cell lung carcinomas. Growth of BLP-respon-
sive small cell lung carcinomas was potentiated by CD10/NEP
inhibition, implicating CD10/NEP in regulation of BLP-me-
diated tumor growth. BLP are also likely to participate in nor-
mal lung development because high BLP levels are found in
fetal lung, and bombesin induces proliferation and maturation
of human fetal lung in organ cultures and murine fetal lung in
utero. To explore potential roles for CD10/NEP in regulating
peptide-mediated human fetal lung development, we have char-
acterized temporal and cellular patterns of CD10/NEP ex-
pression and effects of CD10/NEP inhibition in organ cul-
tures. Peak CD10/NEP transcript levels are identified at 11-
13 wk gestation by Northern blots and localized to epithelial
cells and mesenchyme of developing airways by in situ hybrid-
ization. CD10/NEP immunostaining is most intense in undif-
ferentiated airway epithelium. In human fetal lung organ cul-
tures, inhibition of CD10/NEP with either phosphoramidon or
SCH32615 increases thymidine incorporation by 166-182% (P
< 0.025). The specific BLP receptor antagonist, [Leu'3-
psi(CH2NH)Leu 1'bombesin abolishes these effects on fetal
lung growth, suggesting that CD10/NEP modulates BLP-me-
diated proliferation. CD10/NEP expression in the growing
front of airway epithelium and the effects of CD10/ NEPinhibi-
tors in lung explants implicate the enzyme in the regulation of
peptide-mediated fetal lung growth. (J. Clin. Invest. 1992.
90:2517-2525.) Key words: bombesin * commonacute lympho-
blastic leukemia antigen * metalloendopeptidase * respiratory
epithelium * growth regulation

Introduction

Molecular cloning and expression studies have shown that
CD1O (common acute lymphoblastic leukemia antigen) is
identical to the zinc metalloprotease, neutral endopeptidase
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24.1 1 (NEP, "enkephalinase") ( 1-4). This cell membrane-as-
sociated enzyme (CD lO/NEP)' hydrolyzes a number of natu-
rally occurring peptides, including the endogenous opioid pen-
tapeptides Met- and Leu-enkephalin, substance P, neuroten-
sin, oxytocin, bradykinin, angiotensins 1 and 2, atrial
natriuretic factor, endothelin and the chemotactic peptide,
f MLP(2, 4-6). CDlO/NEP, which is expressed on early lym-
phoid progenitors, neutrophils, and a variety of nonhema-
topoietic cell types (5-8), functions in multiple organ systems
to downregulate induced responses to peptide hormones (9-
16). For instance, CDlO/NEP is expressed at high levels in the
lung (17-19), where it modulates responses to tachykinins
such as substance P that mediate neurogenic inflammation (9-
12, 16). Inhibition of CDlO/NEP dramatically increases both
the binding of substance P to bronchial membranes and the
resulting proinflammatory physiological effects (9-11, 16).

An additional family of peptides whose effects are modu-
lated by CDlO/NEP are the bombesin-like peptides (BLP)
(20). The amphibian peptide bombesin and its homologue
gastrin-releasing peptide (GRP) are potent mitogens for nor-
mal bronchial epithelial cells (21), fibroblasts (22-24), and
certain tumor types including small cell lung carcinomas
(SCLCs) (25, 26). In many SCLCs, an autocrine loop exists
whereby tumor cells secrete BLP, express BLP receptors, and
respond to BLP with increased cellular proliferation (25).
CD10/NEP inactivates BLP by cleaving these peptides at two
sites within the 7 amino acid (aa) conserved carboxy terminus
that is required for biologic activity (27). The growth of BLP-
responsive SCLCs was inhibited by CD1O/NEPand poten-
tiated by CD10/NEP inhibition, implicating the enzyme in the
regulation of BLP-mediated autocrine tumor cell growth (27).

BLPhave also been implicated in normal fetal lung develop-
ment (28, 29). GRPmRNAswere first detected in human fetal
lung at 9-10 wk gestation, peaked at 16-30 wk at levels 25-fold
higher than in adult lungs, and subsequently declined to near
adult levels by 34 wk gestation (28). In situ hybridization analy-
ses of GRPmRNAsin human fetal lung revealed a proximal-
to-distal spatial and temporal pattern of gene expression, appar-
ently in parallel with the growth of the airways (28). The high
levels of GRPmRNAsfound during the pseudoglandular and
canalicular phases of pulmonary development suggested that
BLP might play an important role in this process. This hypoth-
esis was subsequently confirmed in human and murine fetal
lung organ culture studies (29). Bombesin was added to hu-
man and murine fetal lung organ cultures and administered to

1. Abbreviations used in this paper: BLP, bombesin-like peptide; BN,
bombesin; CD1O/NEP, CD10/neutral endopeptidase 24.11; GRP,
gastrin-releasing peptide; PF/C, paraformaldehyde-fixed/cryostat;
PF/PE, paraformaldehyde-fixed/paraffin embedded; SCLCs, small
cell lung carcinomas.
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pregnant mice during the respective time periods in gestation
when endogenous fetal lung GRPlevels were most elevated
(29). Bombesin administration resulted in a dose-dependent
increase in fetal lung growth and maturation as assessed by
biochemical and morphological approaches (29). In addition,
an antibombesin (BN) (mAb) blocked murine fetal lung matu-
ration in vivo (30) and in serum-free lung organ cultures (29).

Recently CD10/NEP immunoreactivity has been identi-
fied in epithelial cells of both fetal and adult lung ( 17, 27).
Since CD10/NEP modulates BLP effects and BLPs stimulate
the growth and maturation of fetal lung, we have analyzed the
temporal and cellular expression of CDO0/NEPin human fetal
lung and compared it to that of BLP. Wehave also assessed the
potential role of CDI0/NEP in fetal lung development by eval-
uating the proliferation of human fetal lung in organ cultures
treated with specific CDI0/NEP inhibitors.

Methods

Fetal tissue collection. Humanfetal lung tissues were obtained within 1
h after elective therapeutic abortions up to - 22 wk gestation. The
numbers and gestational ages of the lung samples analyzed were: 1, 8
wk; 2, 10 wk, 1, I I wk; 3, 12 wk; 1, 13 wk; 4, 14 wk; 3, 15 wk; 2, 16 wk;
2, 17 wk; 2, 18 wk; 2, 20 wk; 2, 21 wk; and 2, 22 wk. Of these, three
samples at 14 wk gestation and one sample at 15 wk gestation were used
for organ cultures. The 8-wk sample and - 50%of the remaining speci-
mens were used for histochemical analyses, and the remainder of the
samples were used for RNAblots. Appropriate informed consent was
obtained from each patient and no records were kept of patients' iden-
tification. These studies have been approved in strict accordance with
institutional guidelines by the HumanEthics Committee at Brigham &
Women's Hospital with yearly renewals consistent with National Insti-
tutes of Health guidelines.

RNApreparations and Northern blot analyses. Total RNAwas pre-
pared by the method of Chirgwin et al. (31 ), electrophoresed through
1.5% (wt/vol) formaldehyde-agarose gels, and transferred to nitrocel-
lulose by standard methods (32). Gels were stained with ethidium
bromide to visualize the 28S and 18S ribosomal RNAbands to ensure
intact RNArecovery. GRPmRNAswere detected by hybridization to
a GRPcomplementary RNA(cRNA) probe which was prepared using
1-2 ,g of linearized cDNA template. The 650-bp GRPPstI fragment
was cloned into pGEM3, linearized with BamHI, and transcribed with
SP6 RNApolymerase (33). The GRPcRNAprobe was labeled with
[32P]UTP to a specific activity of 108 cpm/Ag. CDI0/NEP mRNAs
were detected by hybridization to a 1.6-kb EcoRI fragment from the
human CD10/ NEPcDNAopen reading frame (34) which was labeled
with (32P]dCTP using the random priming method (35).

GRPhybridization was carried out in 5x standard saline citrate
(SSC) ( lx SSC= 0.15 MNaCl, 0.0 15 MNa Citrate); 5X Denhardt's
solution ( 1X Denhardt's solution = 0.02% [wt/vol] Ficoll-400, 0.02%
[wt/vol] BSA, 0.02% [wt/vol] polyvinylpyrrolidone-40); 50% (vol/
vol) formamide; 50 mMsodium phosphate, pH 6.5; 0.2% (wt/vol)
SDSand denatured salmon sperm DNA(200 ;ig/ml) at 65°C for 18 h.
CD1O/NEP hybridization was similarly performed at 42°C. Filters
were washed at 65°C for 2 x 15 min in 2x SSC/0.2% SDSfollowed by
2 x 30 min washes in 0.2x SSC/0.2% SDS, and exposed for 24-48 h at
-70°C with Kodak XARfilm with an intensifying screen.

Densitometry was carried out by three-dimensional integration of
the area of whole bands on autoradiograms using a densitometer
(model 300A; Molecular Dynamics, Sunnyvale, CA).

In situ hybridization. In situ hybridization of duplicate fetal lung
serial sections was performed as previously described (36). In brief,
5-Mm sections were placed on coated slides and baked at 65°C over-
night, rehydrated, and treated with 4%paraformaldehyde in PBSfor 10
min. After washing, slides were sequentially incubated with Triton
X-100 (0.3% in PBS) for 15 min, proteinase K (1 Ag/ml in 100 mM

Tris, 50 mMEDTA, pH 8.0) at 420C for 30 min, and 4%paraformal-
dehyde for 5 min. After washing, tissues were acetylated (acetic anhy-
dride 0.25% in 0.1 Mtriethanolamine) for 10 min and prehybridized in
50% formamide/2X SSC( l X SSC= 0.15 MNaCI, 0.015 MNa citrate)
at 50C for 20 min. Subsequently, sections were hybridized at 50C for
16 h in a sealed moist chamber with 20 Ml of 5 X 104 cpm/Ml of 3"S-la-
beled antisense cRNAprobe in hybridization buffer (50% formamide,
10% dextran sulfate, 2x SSC, 0.5% BSA, 0.5% Ficoll-400, 0.5% poly-
vinylpyrrolidone-360, 2.5 gg/ml yeast tRNA, and 0.5% SDS). Addi-
tional serial sections were incubated in parallel with an equivalent
amount of the corresponding sense cRNAprobe. 3S-labeled GRPanti-
sense and sense cRNA probes were prepared as previously described
(33). The CD1 0/NEP cRNAused for in situ hybridization was a 701-
bp Clal/ Xhol fragment derived from the open reading frame ( 1 ). The
CD10/NEPfragment was subcloned into the Bluescript vector(Strata-
gene Inc., La Jolla, CA), linearized with Clal, and transcribed with T3
RNApolymerase (antisense orientation) or linearized with Xhol and
transcribed with T7 RNApolymerase (sense orientation).

After hybridization, slides were washed in 4X SSCat 42°C for 20
min X 3 and digested in RNAse A (20 Mg/ml in 10 mMTris, 1 mM
EDTA, 50 mMNaCI) at 42°C. Subsequently, slides were dehydrated
in ethanols containing 0.3 Mammonium acetate, dipped in Kodak
NTB-2 photographic emulsion, air dried, and exposed in light-tight
boxes with desiccant for 8 d. Slides were then developed with Kodak
D-19 and Fix and tissues counterstained with hematoxylin and eosin.

Tissue sections were viewed and photographed using both conven-
tional bright-field and dark-field microscopy. For comparison of proxi-
mal to distal airways, we defined proximal airways as bronchi and
bronchioles entirely lined by columnar epithelium and associated with
closely apposed mesenchymal tissue including desmin-positive cells,
and distal airways as bronchioles and primitive airways lined by mostly
cuboidal epithelium and associated with only loose mesenchymal tis-
sue that did not contain desmin-positive cells.

Immunoperoxidase analyses. Immunoperoxidase analyses were
performed with serial sections of the same fetal lungs that were used for
in situ hybridization. The human CDIO monoclonal antibody (mAb)
J5 (a gift from Jerome Ritz, Dana-Farber Cancer Institute, Boston,
MA) was used as previously described (27). The affinity-purified IgG
fraction of polyclonal rabbit anti-NEP (a gift from Catherine Lucas at
Genentech, Inc., San Francisco, CA) was used at a working dilution of
1:2,000. mAb to cytokeratins (CAM 5.2) was obtained from Becton
Dickinson & Co. (San Jose, CA) and mAbto desmin (D33) was ob-
tained from Dakopatts A/S (Glostrup, Denmark). Both CAM5.2 and
D33 were used at working dilutions of 1:100.

Controls consisted of serial fetal lung sections incubated in parallel
with: (a) antiserum or mAbpreabsorbed with specific antigen (50 yg/
ml soluble recombinant CD1O/NEP3.4.24.11 [a gift from Bob Bri-
denbaugh, Genentech, Inc., San Francisco, CA]); (b) a 1:500 dilution
of preimmune rabbit serum; or (c) a 1:500 dilution of an unreactive
myeloma protein ofthe same IgG subclass asthe CD10/NEPmonoclo-
nal antibody (MOPC21; Sigma Chemical Co., St. Louis, MO).

Immunoperoxidase analyses were performed as previously de-
scribed, using the avidin-biotin complex method (36) without the per-
meabilization of tissues with 0.3% Triton X- 100. In brief, tissues were
fixed for 16 h in 4%paraformaldehyde, routinely processed into paraf-
fin, and cut at 5 Mmonto coated slides. Tissues on slides were blocked
for 20 min with 1:10 dilution of normal goat serum in PBSand subse-
quently incubated at 4°C overnight with the appropriate dilutions of
primary antibody or antiserum. A biotinylated secondary antibody
(1:200) was then applied to the slides for 30 min. After endogenous
peroxidase was blocked for 30 min in 0.3% H202/methanol, slides
were incubated for 45 min with the standard avidin-biotin complex
reagent, developed for 5 min in diaminobenzidine (0.25 gm/ 100 ml in
PBS), and counterstained with 2%aqueous methyl green.

Humanfetal lung organ cultures. Fragments of human fetal lung
were aseptically excised on ice and cultured in MEMplus 5% fetal calf
serum (Gibco-BRL Life Technologies, Inc., Gaithersburg, MD) alone
or media with bombesin (Peninsula Laboratories, Inc., Belmont, CA;
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100 nM), the specific bombesin receptor antagonist [Leu'3-
psi(CH2NH)Leu'4]bombesin (Peninsula Laboratories, Inc., Bel-
mont, CA; LI 3BN, 100 nM) (37), the specific CDIO/NEP antagonists
SCH32615 (Schering-Plough Corp., Bloomfield, NJ; 5 uM) (38) or
phosphoramidon (cat R6128; Sigma Chemical Co.; 5MgM) (27, 39), or
bombesin + LI 3BN, or SCH32615 + Ll 3BN. Cultures were incubated
in 5%C02/air at 370C on a rocking platform at three oscillations/min
(29, 40). After 44 h of culture, [3H]thymidine (DuPont Co., New
England Nuclear Research Products, Boston, MA; 4 MCi/ml) was
added to cultured fetal lungs for the last 4 h before tissues were har-
vested. [ 3H ] thymidine incorporation into acid-precipitable counts was
determined (22) and normalized for DNAcontent (cpm/Mg DNA).
DNAcontent was determined after trichloroacetic acid precipitation
by the method of Burton (41). Duplicate or quadruplicate samples
were obtained for each culture condition in each of three independent
experiments. The thymidine incorporation in untreated control sam-
ples from each experiment (mean±SE) was defined as baseline and the
percentage change in thymidine incorporation in each of the treated
samples determined (mean±SE). The results from the three indepen-
dent experiments were pooled for final analysis.

Results

Northern analyses. To analyze CD10/NEP transcripts during
fetal lung development and compare the temporal expression
of CD10/NEP to that of the mammalian BLP, GRP, total
RNAs from fetal lung samples ( 10-22 wk gestation) were pre-
pared, blotted, and probed with both a GRPcRNAand CD10/
NEPcDNA. GRPtranscripts (- 900-950 bp) were first de-
tectable at 10-12 wk and subsequently increased and peaked
between 15-20 wk gestation (Fig. 1 A and [28]). In contrast,
the major 5.7- and 3.7-kb CD10/NEP transcripts (1, 2, 13)
were barely detectable at 10 wk gestation, peaked at 1 1-12 wk,
and declined thereafter such that they were below the limits of
detection on Northern blots of total RNAat 16 wk (Fig. 1 B).

GRPand CD1O/NEPtranscripts were subsequently quan-
titated by densitometry and normalized for the relative
amounts of total RNAby scanning the negative of the photo-
graph from the corresponding ethidium bromide stained gel
(Fig. 1 C). The normalized densitometric analysis indicates
that CD1O/NEP transcripts peaked in fetal lung during the
first trimester and subsequently declined at about the same
time ( 14-15 wk, early second trimester) that GRPtranscript
levels rose (Fig. 1 D).

In situ hybridization. In situ hybridization was subse-
quently performed to specifically determine which cells in hu-
man fetal lung transcribed CD1O/NEP(Fig. 2). Fetal lung
sections were examined by light microscopy to characterize
cellular morphology (Fig. 2, a, c, e, and g) and by dark-field
microscopy to visualize autoradiographic signals better (Fig. 2,
b, d, f and h). CD10/NEP transcripts were detectable as early
as 8 wk gestation (Fig. 2, a and b). The strongest hybridization
signals were observed in the most primitive distal airways
where the majority of grains overlay epithelial cells (Fig. 2, a
and b). However, there was also increased grain density overly-
ing airway-associated mesenchyme and weak hybridization as-
sociated with scattered mesenchymal cells in the loose connec-
tive tissue in between airways (Fig. 2, a and b). To confirm the
specificity of the CD10/NEP hybridization signals, additional
8-wk fetal lung sections were hybridized with the correspond-
ing CD10/NEP sense probe which is identical, ratherthan com-
plementary, to CD10/NEP transcripts. As shown in Fig. 2, c
and d, no appreciable signals were detected with this CD1O/
NEPsense probe.

Weeks: 1011 12 13 15 16 17 18 20

B

-28S

DENSITOMETRYON HUMANFETAL LUNG mRNAs

D
6

C

.

E

a CD1 O/NEP

l. 19

8 10 12 14 16 18 20 22
WEEKSGESTATION

Figure 1. Northern blot analyses of GRPand CD10/NEP transcripts
in human fetal lung. Northern blots of total fetal lung RNA(10 g/
lane, 10-20 wk gestation) were hybridized with the human GRP
cRNA probe (A) or the human CD10/NEP cDNAprobe (B).
Arrows (right) indicate the expected sizes of the 900-950-bp GRP
and 3.7- and 5.7-kb CD10/NEP transcripts. The 28S ribosomal RNA
band from the ethidium bromide-stained RNAgel used in A is shown
in (C). The negative from this ethidium bromide-stained gel was
used to normalize relative densitometric units of GRPand CD10/
NEPwhich are shown in (D).

By 12 wk gestation, CD10/NEP transcripts were easily de-
tectable in the epithelial cells and airway-associated mesen-
chyme of distal less differentiated airways (Fig. 2, e and f).
There was a trend towards stronger CD10/NEP hybridization
in distal as compared to proximal airways (data not shown)
whereas GRPtranscripts were only detectable in more differ-
entiated proximal airways that had begun to branch (data not
shown and [28 ]).

At 15 wk (Fig. 2, g and h) and more weakly at 17 wk gesta-
tion (data not shown), CD10/NEP transcripts were predomi-
nantly associated with the distal most undifferentiated airways.
Additional sections of the same 15- and 17-wk fetal lungs
probed with the control CD10/NEP sense cRNAwere com-
pletely devoid of hybridization signals (data not shown).
CD10/NEP transcripts in 18-21-wk gestation human fetal
lung were detected only in bronchial-associated glands by in
situ hybridization (data not shown).

Immunohistochemical analyses. To correlate CD10/NEP
transcripts with cell surface protein expression, immunohisto-
chemical analyses were performed on additional fetal lung sam-
ples from the same specimens that were used for in situ hybrid-
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ization studies. Initially, immunoperoxidase studies were done
on paraformaldehyde-fixed/cryostat (PF/C) sections with re-
agents including anti-CD 10/NEP, cytokeratin, and desmin
monoclonal antibodies. Consistent with the previous in situ
studies, there was CD10/NEP immunostaining of both the epi-
thelium and airway-associated mesenchymal tissue at 8 wk ges-
tation (Fig. 3 a). The specificity of CD10/NEP immunostain-
ing was confirmed by demonstrating that serial sections incu-
bated with CD10/NEP mAbthat had been preabsorbed with
soluble CD10/NEP had markedly reduced signals (Fig. 3 b).
To compare the localization of CD10/NEP to that of other
known markers, additional serial sections were stained with
anticytokeratin and antidesmin mAbs. Cytokeratin immuno-
staining of the same 8-wk fetal lung identifies airway epithe-
lium in proximal (P) and distal (D) airways (Fig. 3 c), whereas
desmin immunostaining identifies smooth muscle differentia-
tion which is associated with only the more differentiated prox-
imal airways (Fig. 3 d). Comparisons between Fig. 3, a, c, and
d, demonstrate that proximal more differentiated airways have
weaker CD10/NEP immunostaining than distal less differen-
tiated airways.

In 12-wk PF/C sections, there was only weak CD10/NEP
antigen-specific immunostaining of proximal airway epithe-
lium, with weak to moderate staining of distal airways (Fig. 3
e). Both the epithelial cells which were identified by cytokera-
tin immunostaining and the mesenchyme surrounding des-
min-positive differentiated smooth muscle cells expressed
CD10/NEP (Fig. 3 g). The specificity of CD10/ NEPimmuno-
staining at 12 wk was confirmed by incubating additional fetal
lung sections with the CD1O/NEPmAbfollowing preabsorp-
tion with soluble CD10/NEP (Fig. 3f).

Since previous studies suggested that there might be differ-
ences between the CD1O/NEPimmunostaining of PF/C sec-
tions and paraformaldehyde-fixed/paraffin-embedded (PF/
PE) sections (27), we also evaluated PF/PE fetal lung samples
for CD10/NEP expression (Fig. 4). Both the anti-CD 10 mAb
(Fig. 4, A-J) and an anti-CD10 antiserum (data not shown)
gave similar patterns of CDlO/NEP immunostaining. In the
PF/PE sections the epithelial CD10/NEP staining was particu-
larly prominent whereas the mesenchymal staining was less
pronounced (Fig. 4). These results suggest that the method of
tissue processing may affect CD10/NEP immunoreactivity in
specific tissues (42-44). Consistent with our results from the
Northern analysis (Fig. 1), in situ hybridization (Fig. 2) and
immunostaining of PF/C sections (Fig. 3), CD1O/NEPex-

pression in PF/PE sections was most intense at earlier time
points (12 wk, Fig. 4, A and B). In later samples (15-18 wk),
CD10/ NEPexpression was primarily restricted to keratin-posi-
tive epithelial cells in the less differentiated distal airways not
yet surrounded by desmin-positive mesenchymal cells (Fig. 4,
C-F, and data not shown). Additional PF/PE-fixed samples
incubated with CD10/NEP mAbor antiserum that had been
preabsorbed with soluble CD10/NEP had markedly reduced
signals, confirming the specificity of the immunostaining (Fig.
4, B, D, and F, and data not shown).

In previous studies using adult animals, inhibition of
CD1O/NEP potentiated the bronchoconstriction associated
with substance P release (9-11, 16). Since substance P is re-
leased from nerve fibers localized to the desmin-positive mesen-
chymal cells surrounding proximal airways, we examined
more mature fetal lung specimens for additional CD10/NEP
mesenchymal immunostaining. PF/C fetal lung sections were
used because mesenchymal CD10/NEP immunostaining was
more prominent with this method of fixation (Fig. 3 versus Fig.
4). The CD10/ NEPand desmin immunostaining of serial sec-
tions from a 22-wk fetal lung is shown in Fig. 5. Whereas the
CDIO/NEP immunostaining of airway-associated mesen-
chyme in younger fetal lungs was external to and distinct from
desmin-positive smooth muscle cells (Figs. 3 and 4), the
CDI0/NEP immunostaining in the older fetal lungs included
desmin-positive smooth muscle cells surrounding the proximal
airways (Fig. 5), as well as bronchial-associated glands (data
not shown).

Humanfetal lung organ cultures. To explore the potential
function of CD1O/NEP in developing lung, fetal lung organ
cultures were set up as previously described (29) using three
different 14-15-wk gestation human fetal lungs. The 14-15-wk
timepoint was chosen because both CD10/NEP and GRPare
clearly detectable in human fetal lung during this interval (Fig.
1). Fetal lung organ cultures were incubated with media alone
(Neg), bombesin (BN), the specific bombesin receptor antago-
nist Ll 3BN, BNplus Ll 3BN, the specific CD10/NEP inhibi-
tor SCH32615 (38), SCH32615 plus L13BN, or an unrelated
CD1O/NEP inhibitor, phosphoramidon (27). Samples were
subsequently evaluated for [3H]thymidine incorporation
which was normalized for DNAcontent (Methods, [29]).
[3H]thymidine incorporation in samples incubated with me-
dia alone was compared to [3H]thymidine incorporation in
samples incubated with bombesin, LI 3BN, SCH32615, phos-
phoramidon, or the respective combinations and the percent-

Figure 2. In situ hybridization of human fetal lung for CD1O/NEPand GRPtranscripts. Each pair of photographs (a,b; cd; ef; gh) represents
the same field viewed by light-field microscopy to demonstrate histology (left: a, c, e, g) and dark-field microscopy to demonstrate autoradio-
graphic grains (right: b, d, f h). (a and b) 8-wk gestation human fetal lung probed with CD1O/NEPantisense cRNA. Note hybridization is weak
in a proximal (P) airway, more intense in an early distal (D,) airway, and most intense in a further distal (D2) airway. (c and d) 8-wk lung
probed with CD10/ NEPsense cRNA. Note the minimal background and the absence of a specific hybridization signal. (e andf ) 12-wk gestation
human fetal lung probed with CD1O/NEPantisense cRNA with hybridization signals in both proximal and distal airways. (g and h) 15-wk
gestation human fetal lung probed with CD1O/NEPantisense cRNAwith weak hybridization in one distal (DI) airway and stronger hybridiza-
tion associated with another more distal (D2) airway.

Figure 3. Immunohistochemical analyses of paraformaldehyde-fixed/cryostat sections of human fetal lung. Human fetal lungs of 8-wk gestation
(a-d) and 12-wk gestation (e-h) were immunostained with the following mAbs: (a and e) Anti-CD1O/NEP mAbJ5. CD1O/NEPimmuno-
staining is prominent in airway-associated mesenchyme and scattered mesenchymal cells and is also present in the distal (D) airway epithelium
but not in the proximal (P) airway epithelium; (b andf) J5 preabsorbed with soluble CD1O/NEP. Note markedly reduced CD1O/NEPimmu-
nostaining; (c and g) Cytokeratin mAb. Cytokeratin is present in both proximal (P) and distal (D) airway epithelium; (d and h) Desmin mAb.
Desmin is present in the differentiated smooth muscle around more proximal airways.
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age change in thymidine incorporation resulting from the addi-
tions determined. The results from the three independent ex-
periments are pooled and summarized in Fig. 6. Bombesin
significantly increased thymidine incorporation in the fetal
lung organ cultures ( 1 16% increase, P < 0.001 ) and the addi-
tion of LI 3BN to bombesin-treated cultures reduced [3HH-
thymidine incorporation to baseline levels. The CD1O/NEP
inhibitor SCH32615 also significantly increased thymidine in-
corporation in fetal lung organ cultures (166% increase, P
< 0.001). The addition of L1 3BN to SCH32615-treated cul-
tures similarly reduced thymidine incorporation to baseline
levels suggesting that the SCH32615 effect was mediated by
BLPs. To obtain additional evidence that the increased thymi-
dine incorporation in SCH32615-treated fetal lung samples
was a specific consequence of CD1O/NEP inhibition, addi-
tional samples were treated with an unrelated CD10/NEP in-
hibitor, phosphoramidon. As shown in Fig. 6, phosphorami-
don-treated fetal lung organ cultures also incorporated signifi-
cantly more [3H]thymidine ( 182% increase, P < 0.025).

Discussion

Wehave evaluated the expression and function of CD10/ NEP
in human fetal lung because the enzyme regulates BLP-me-
diated growth of SCLCand BLPs stimulate the proliferation
and maturation of human and murine fetal lung organ cultures
(29) and normal pulmonary neuroendocrine cells (45). By in
situ hybridization analysis, CD10/NEP transcripts were iden-
tified in epithelial cells, airway-associated mesenchyme, and
scattered mesenchymal cells as early as 8 wk gestation. The
pattern of CDI0/NEP immunoreactivity was similar to that of
the corresponding transcripts, with prominent epithelial stain-
ing primarily of distal undifferentiated airways. Consistent
with Northern analyses, CD1O/NEP immunostaining was
most prominent in the first trimester and declined thereafter.
Given the tight correlation between CD10/NEP mRNAlevels,
cell surface expression and enzymatic activity ( 1, 2), these re-
sults are predictive for high levels of cell surface CD10/NEP
enzymatic activity in the least differentiated airways in early
fetal lung development. Therefore, the observation that human
fetal lung proliferation is increased when CD O0/NEP is inhib-
ited with either SCH32615 or phosphoramidon is of particular
interest. The fact that a bombesin receptor antagonist abolishes
the effects of CD10/NEP inhibitors on human fetal lung sug-
gests that CD10/NEP is regulating local levels of endogenous
BLPs and that the enzyme may function to limit BLP effects
during the earliest stages of fetal lung development.

W

z 100

0

0

Nsg BN SCH Phos L138N L13BN L13BN
A8N +SCH

Figure 6. CDI0/NEP inhibition stimulates growth in human fetal
lung organ culture via endogenous BLPs. Lung organ cultures were
set up in duplicate to quadruplicate using 14-1 5-wk gestation human
fetal lung in MEM+ 5%fetal calf serum alone (Neg) or media with
bombesin (BN, 100 nM), SCH32615 (SCH, 5 MM), phosphorami-
don (Phos, 5 MM), the specific BN receptor antagonist, [Leu'3-
psi(CH2NH)Leu'4]BN (L13BN, 100 nM), or BN 100 nM plus
L13BN 100 nM, or SCH5 ,uM plus L13BN 100 nM. Thymidine in-
corporation (cpm/Mg DNA) in treated samples is represented as per-
centage change compared to untreated control samples (expressed
as mean±SEM). The values shown are the pooled results from three
independent experiments. The actual percentage changes with respect
to untreated samples are shown below. P values comparing untreated
samples to experimental samples were calculated using the unpaired
Student's t test: Neg, 0±17; BN, 1 16±22, P < 0.001; SCH, 166+40,
P< 0.001; Phos, 182±59, P< 0.025; L13BN, 0±16, P = 1.0; L13BN
+ BN, -46±21, P = 0.140; L13BN + SCH, 1± 12, P = 0.954.

In our initial studies, we demonstrated that CD1O/NEP
was expressed by pulmonary neuroendocrine cells and that the
enzyme regulated the BLP-mediated autocrine growth of
SCLCs. The present study shows that CD10/NEP is also ex-
pressed by undifferentiated epithelial cells in developing air-
ways and that the enzyme modulates the growth of normal
fetal lung. Therefore, in addition to modulating the autocrine
growth of neuroendocrine cells, another possible role of the
enzyme is to regulate the peptide-mediated paracrine growth of
bronchial epithelial cells. Pulmonary neuroendocrine cells
have recently been implicated in the paracrine stimulation of
adjacent bronchial epithelial cell growth in developing hamster
lung (46).

That CD1O/NEPexpression peaks in first trimester fetal
lung and is most abundant on epithelial cells lining distal un-

Figure 4. Immunohistochemical analyses of paraformaldehyde-fixed/paraffin-embedded sections of human fetal lung. Humanfetal lungs of 12
wk gestation (a and b), 15 wk gestation (c and d), and 18 wk gestation (e andf) were immunostained as follows: (a, c, and e) Anti-CD 10/NEP
mAb, J5. CD1O/NEPimmunostaining is stronger in distal (D) airway epithelium than in proximal (P) airway epithelium and is more intense
in early samples. (b, d, andf) J5 preabsorbed with soluble CD10/NEP. Preabsorption of J5 with soluble CD1O/NEPmarkedly reduces the im-
munostaining in 12-wk samples (b) and completely eliminates the staining in 15-18-wk samples (d andf). Note that CD10/NEP epithelial
staining is more prominent on PF/PE samples whereas mesenchymal staining is more prominent on PF/C samples (compare Figs. 4 and 3).

Figure 5. Immunostaining of paraformaldehyde-fixed/cryostat sections of 22-wk gestation human fetal lung for CD10/NEP and desmin. Mag-
nification in a and c is 100 and in b and d is 200. (a and c) Anti-CD10/NEP mAb, J5. Note prominent immunostaining of mesenchymal
tissue associated with the proximal airway (L = airway lumen) and weak immunostaining of loose mesenchyme. Arterial smooth muscle (A
= artery) is negative for CD10/NEP; (b and d) Desmin mAb. Well-differentiated smooth muscle cells associated with the proximal airway (L)
are positively stained for desmin. Note that desmin-positive smooth muscle cells in the proximal airways of 22-wk fetal lung are CD10/NEP
positive (compare a versus b and c versus d; arrows in c and d indicate the same smooth muscle cells on serial sections).

CDJO/Neutral Endopeptidase 24.11 in HumanFetal Lung 2523



differentiated airways is of interest because CD10/NEP is also
expressed by immature progenitors of another cellular lineage.
CDlO was originally identified as a cell surface glycoprotein on
normal and malignant lymphoid progenitors that were either
uncommitted or committed to only the earliest stages of B or T
cell differentiation (reviewed in reference 8). CD10-positive
lymphoid progenitors are abundant early in fetal hematopoi-
etic development but decline in number with subsequent fetal
maturation and birth (8). Recent studies indicate that CD10/
NEPalso modulates the growth of lymphoid progenitors rais-
ing the possibility that the enzyme may function in a similar
capacity in different organs (47). Since CD10/ NEPis predomi-
nantly expressed by early lymphoid progenitors in fetal bone
marrow and liver and by undifferentiated epithelial cells in
fetal lung, there may be commonregulatory elements control-
ling expression of the enzyme in different tissues during fetal
development. Of note, several 5' alternatively spliced CD10/
NEPuntranslated region cDNA sequences have been identi-
fied, raising the possibility that unique regulatory elements
control CD1O/NEP expression at different developmental
stages or in different cell types (3).

CD10/NEP may have different roles in early and late stages
of pulmonary development, depending upon the specific cell
types expressing the enzyme (16-19) and the localization of
relevant CD10/NEP peptide substrates. For this reason, the
CDI0/NEP immunostaining of desmin positive mesenchymal
cells surrounding proximal airways in older fetal lungs is also of
interest. CD10/NEP has previously been identified on cul-
tured fibroblasts (8) and multiple tumors of mesenchymal ori-
gin (48). The enzyme may also modulate peptide-mediated
proliferation of pulmonary mesenchymal cells since BLPs are
known mitogens for pulmonary fibroblasts (24, 29). Since ad-
ditional pulmonary peptides such as substance P and endothe-
lin are also CD10/NEP substrates and fibroblast mitogens (49,
50), the enzyme may regulate fibroblast proliferation mediated
by multiple pulmonary peptides. CD10/NEP is also known to
modulate substance P-mediated bronchoconstriction in adult
animal models (9-11, 16). Substance P, which is released by
nerve fibers located in mesenchyme surrounding proximal air-
ways, presumably acts on CD10/ NEPpositive smooth muscle
elements.

Our results indicate that CD10/NEP is primarily expressed
by undifferentiated bronchial epithelium in developing air-
ways and that the enzyme modulates the growth of human fetal
lung. These studies provide additional insight into the role of
the enzyme in regulating pulmonary peptide-mediated prolifer-
ative responses.
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