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Both alveolar type II cells and Clara cells bave been
suggested as cells of origin of buman bronchioloal-
veolar lung carcinomas and other pulmonary neo-
plasms, based on the presence of cell specific mark-
ers identified by immunocytochemical methods. Al-
veolar type II cell origin of solid and papillary lung
tumors of the mouse bas been demonstrated, and
Clara cells bave been suggested as cell of origin for
bamster pulmonary neoplasms. Therefore, chemi-
cally induced bronchiolar byperplasias and pulmo-
nary neoplasms of Syrian golden hamsters were an-
alyzed by avidin-biotin immunobistochemistry to
localize a bamster-specific Clara cell antigen
(CCA) and keratin. The bamsters bhad been treated
subcutaneously with multiple doses of N-nitroso-
diethylamine (NDEA). Proliferative lesions of low
cuboidal, tall columnar, or pleomorpbic cells were
Dpresent within bronchioles or adjacent to airways
in the alveolar parenchyma. Frequently areas of
squamous cell differentiation were present focally
or diffusely that were immunoreactive for cytoker-
atin. Immunoreactivity for cytokeratin was also
noted for byperplastic bronchiolar neuroepitbelial
bodies. Cellular byperplasias extending out into
the alveolar parenchyma contained ciliated cells

and frequently consisted of cells immunoreactive
Jor CCA, showing them to be of bronchiolar Clara
cell origin. Tumors developed from bronchiolar cell
byperplasias localized within bronchioles and
from bronchiolar cells lining former alveolar
walls. Neoplastic growth patterns were tubulo-pap-
illary, forming loose networks or densely cellular
areas. Immunoreactivity for cytoplasmic CCA was
Sfound in 50% of the tumors and was seen most fre-
quently in small cuboidal cells and larger, vacuo-
lated cells scattered throughout the neoplasms. In
summary, evidence is presented that NDEA-in-
duced pulmonary tumors of the Syrian golden
bhamster originated from cells lining bronchioles
and from extrabronchiolar Clara cell byperplasias
of the terminal bronchioles. As the pulmonary tu-
mors of the bamsters progressed towards a squa-
moid cell type, CCA was no longer detectable but
cells became immunoreactive for keratin. (Am J
Pathol 1989, 134:79-87)

Alveolar type Il cells can be detected by immunocyto-
chemistry using antibodies against surfactant apopro-
teins."2 Clara cells can be identified similarly by antibod-
ies raised against Clara-cell-specific proteins.2 Use of
these techniques facilitates the recognition of the cellular
origin of proliferative lesions, particularly in cases where
infiltrative growth into the surrounding tissue obscures the
primary site, in cases of distant metastasis, or when char-
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acteristic morphologic features are changed during tumor
progression. Application of immunocytochemical meth-
ods with specific antibodies against different cell types
has shown that in humans both alveolar type Il cells and
bronchiolar Clara cells may give rise to bronchioloalveolar
carcinomas as well as to papillary adenocarcinomas of
the lung.® In mouse and rat lung tumors, alveolar type I
cells are frequently found to be the cell of origin.”-®

The Syrian golden hamster is often used to study neo-
plasms of the upper and lower air conducting systems
that develop in the nasal cavity, trachea, bronchi, and
bronchioles.’® Neoplasms have been classified as adeno-
mas, papillomas, adenocarcinomas, carcinomas, and
squamous cell carcinomas arising from the olfactory epi-
thelium, nasal glands, and tracheal basal cells."'~*® Cili-
ated cells have been noted in tracheal tumors as pre-ex-
isting normal cells and not as part of the neoplastic pro-
cess." Clara cells and neuroendocrine cells have both
been suggested as the cells of origin of neoplasms found
in bronchioles and pulmonary tissue.'>" In the present
investigation, we found N-nitrosodiethylamine (NDEA)-in-
duced pulmonary proliferative lesions immunoreactive for
a specific hamster Clara cell antigen, and illustrate tumor
development from extrabronchiolar Clara cell hyperplasia.

Materials and Methods

Histologic sections from lungs of male and female Syrian
golden hamsters were obtained as part of two studies
designed to examine preneoplastic and neoplastic le-
sions of the nasal cavity and trachea induced by subcuta-
neous injection of NDEA."*'® In both studies sequential
age groups were examined, ie, animals were killed at
different times after carcinogen exposure. Lung lesions,
however, were only seen in the oldest groups. The lung
sections obtained from the first study,'® were from 32 Syr-
ian golden hamsters (NCI, Division of Cancer Treatment,
Animal Production Areas, Frederick, MD), which were
treated starting at 6 weeks of age with 20 mg NDEA/kg
body weight (Eastman Kodak Co. Rochester, NY) twice
weekly for 7 weeks (14 injections) and killed 20-36 weeks
after the first injection. In the second study, '® 20 male and
20 female Syrian golden hamsters (Shizuoka Laboratory
Center, Shizuoka, Japan) were treated with 18 mg NDEA/
kg body weight twice a week, starting at the age of 7
weeks, for 12 weeks (24 injections), and were killed 16
weeks after the first injection. The lungs were fixed in 10%
neutral buffered formalin, 4-6 trimmed lobe pieces were
embedded in paraffin, and 5-u thick sections were cut for
studies by light microscopy using various stains: hema-
toxylin and eosin (H & E), alcian blue-safranin, and peri-
odic acid Schiff's reaction (PAS) with and without prior

diastase digestion. The avidin-biotin peroxidase complex
immunohistochemical procedure (ABC) was used as de-
scribed previously' for selected representative cases, to
localize reactivity of a specific rabbit antiserum to hamster
Clara cell antigen (CCA), diluted 1:1000, and to localize a
selected range of cytokeratins by the use of rabbit anti-
human keratin (DAKO Corp., Santa Barbara, CA) at a dilu-
tion of 1:200. Prior trypsinization was carried out to facili-
tate cytokeratin localization (0.02% Type II: crude trypsin
from porcine pancreas for 30 minutes at 37 C, Sigma
Chemical Co., St. Louis, MO). Preparation of CCA and the
specific antibody reactivity for hamster Clara cell antigen
have been demonstrated in an earlier publication.? The
lungs from two untreated, age-matched Syrian golden
hamsters were used as controls and submitted to the
same procedures.

Results

Normal bronchiolar cells immunoreactive to CCA by the
ABC technique were found to be more numerous in the
distal than in the proximal bronchioles, as expected for
the normal distribution of Clara cells. The staining reaction
was highly specific for Clara cells, as alveolar and ciliated
cells were consistently negative.

Most lungs from treated hamsters in the oldest group
showed bronchiolar cell hyperplasias. Hyperplasias were
defined as proliferative lesions of limited size; they were
noninvasive, and did not compress adjacent tissues. Hy-
perplastic areas were classified according to their location
within the lung as intrabronchiolar, ie, being limited to the
bronchiolar epithelium and lumen (Figures 1-3), or as ex-
trabronchiolar, ie, involving the cells of the terminal bron-
chioles and extending beyond these into the surrounding
alveolar parenchyma (Figure 4). Hyperplasias within air-
ways appeared either diffusely, covering extensive bron-
chiolar surface areas, or arose focally. Pyramidally-
shaped bronchiolar hyperplasias of neuroendocrine cells
(dome formation) occurred as a special reaction of the
Syrian golden hamster to NDEA exposure (Figures 2, 3).
The endocrinelike nature of these cells has been identified
previously with electron microscopy by the presence of
neurosecretory granules®?' as well as by argyrophilia
and corticotropinlike immunoreactivity.?' Proliferative neu-
roepithelial bodies were seen regularly and were immuno-
reactive for keratin (Figure 3). Normal bronchiolar cells did
not show immunoreactivity for keratin with the currently
used antiserum. Frequently, Clara cells in the terminal
bronchioles appeared irregularly enlarged and vacuolated
(Figure 2), a reaction probably related to the NDEA treat-
ment because these changes were not seen in untreated
hamsters. Furthermore, pale intranuclear inclusions that



were PAS negative and negative for CCA were noted fre-
quently in bronchiolar Clara cells of NDEA treated ham-
sters.

Bronchiolar cell hyperplasias arising from terminal
bronchioles appeared to grow out into the adjacent pa-
renchyma of alveolar walls (Figure 4). In four cases, cili-
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Figure 1. Broncbhiolar Clara cell
hypertrophy and focal byperpla-
sia of mneuroendocrine cells
shown at bigher magnification
in Figure 2. (ABC immunobisto-
chemistry for CCA, bematoxylin,
X100) Figure 2. Higher
magnification of specimen
shown in Figure 1 from area of
focal byperplastic neuroendo-
crine cells without immunore-
activity for CCA. Adjacent en-
larged Clara cells, some with
vacuolated cytoplasm are im-
munoreactive for CCA. (ABC
immunobistochemistry, hema-
toxylin, X250) Figure 3. Fo-
cally hyperplastic neuroendo-
crine cells immunoreactive for
cytokeratin. (ABC immunobis-
tochemistry, bematoxylin,
X250) Figure 4. Early Clara
cell byperplasia in NDEA-
treated bamster extending from
terminal bronchiole into alveo-
lar parenchyma. (ABC immu-
nobhistochemistry for CCA, be-
matoxylin, X100)  Figure 5.
Alveolar parenchyma occupied
by ciliated cells (arrows) ob-
served in NDEA-treated Syrian
golden bamsters. (H & E, X400)

ated cells could be observed in such lesions (Figure 5);
however, the most frequent cell type was immunoreactive
with antibodies to CCA as identified by ABC immunohisto-
chemistry (Figure 4, Table 1). In more advanced prolifera-
tive lesions, cells showed squamous cell metaplasia ar-
ranged in small compact peripheral foci (Figures 6, 7) or



82 Rehmetal
AJP January 1989, Vol. 134, No. 1

Table 1. Localization of Hamster Clara Cell Antigen by the ABC Immunobhistochemical Technique in Hyperplastic
and Neoplastic Lesions Induced by NDEA in Syrian Golden Hamsters

Hyperplastic lesions Neoplastic lesions
Extrabronchiolar Intrabronchiolar Pulmonary carcinomas
Hamsters
examined Reactive* Negative Reactive* Negative Reactive* Negative
Males
Study 1
N=8 9 5 2 2 3 1
Study
N=7 12 2 10 8 15 12
Females
Study
N=4 2 1 1 3 2 5
Total
(N=19) 23 8 13 13 20 18

Extrabronchiolar, involving terminal bronchioles and surrounding alveolar parenchyma. Intrabronchiolar, limited to bronchiolar epithelium and lumen.
* Averaging a minimum of two immunoreactive cells/high-power field; up to 60% of the tumor cells were immunoreactive in some tumors.

distributed diffusely throughout the process (Figure 8).
These squamoid cell types were no longer immunoreac-
tive for CCA but were immunoreactive for keratin instead
(Figure 9). Half of the proliferative lesions arising from
within larger bronchioles (Figure 10, Table 1) showed only
a few cells immunoreactive for CCA, and several of these
were interpreted as pre-existing.
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Neoplasms were characterized by two growth pat-
terns probably related to the morphologic changes asso-
ciated with tumor progression. In some tumors a loose
iregular network was seen centrally, formed by one to
two layers of cuboidal cells supported by a delicate
stroma with dense peripheral clusters of slender or squa-
moid cell types (Figures 6, 7). The cuboidal cells usually

dow Y

Figure 6. Irregular loose network of extrabronchiolar Clara cell byperplasia with numerous cells staining positive for CCA extending
from terminal bronchiole. Early peripberal neoplasia characterized by loss of cytoplasmic immunoreactivity for CCA shown at bigher
magnification in Figure 7. (ABC immunobistochemistry, bematoxylin, X40)  Figure 7. Higher magnification of specimen shown
in Figure 6. Squamous cell metaplasia in lower left corner. (ABC immunobistochemistry for CCA, bematoxylin, X 100)
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Figure 8. Early Clara cell tumor consisting of mostly vacuolated cells immunoreactive for CCA and large squamoid cell types with
negative staining for CCA. Note also immunoreactivity of bronchiolar cells. (ABC immunobistochemistry, hematoxylin,

X250)

Figure 9. Early Clara cell tumor with squamoid cells immunoreactive for cytokeratin. Vacuolated cells (arrows) and

bronchiolar cells show no reactivity. (ABC immunobistochemistry, hematoxyllin, X 250)

reacted strongly with antibody to the Clara cell antigen.
Solid neoplasms without loosely structured components
were also seen, but the number of cells immunoreactive
for Clara cell antigen varied (Figures 8, 10, 11). In some
larger tumors (=5 mm in diameter), the cells grew in
dense papillary fronds or cell nests that were basally lined
by one layer of basophilic cells and apically showed sev-
eral layers of pale eosinophilic cells of nonkeratinizing
squamous cell metaplasia (Figure 12). Cytokeratin was
found to be present in the cytoplasm of these cells as
shown by the ABC technique (Figure 13). Interspersed
in all larger tumors were mucus-producing cells staining
positive with alcian blue and PAS, and single, large vacuo-
lated cells immunoreactive for Clara cell antigen. Whether
ciliated cells were present could not be evaluated with
certainty because an alcian blue positive film (eosinophilic
with H & E) covered most of the free cell surfaces. In most
neoplasms, neutrophilic granulocytes were transmigrat-
ing into cystic spaces and were present together with al-
veolar macrophages.

Discussion
The upper pulmonary airways in the hamster are mainly

lined by ciliated cells and fewer nonciliated cells that, in
turn, are more numerous in the distal airways and consist

primarily of Clara cells in the terminal bronchioles. 223
Other, less frequently occurring nonciliated cells are mu-
cous cells, neuroepithelial bodies, and rare serous and
brush cells.? Clara cells are characterized in the hamster
by prominent apical smooth endoplasmic reticulum and
secretory granules that vary in numbers and electron den-
sity.2°-2“

Complete analysis of the hamster CCA (protein C) has
yet to be performed. In the rat, the Clara cell antiserum
reacts with Clara cell protein A, B, and C the latter of which
has been shown to consist of three isotypes.?® CCA is
localized in the secretory granules of the normal Clara
cell.®

Major morphologic problems determining the cell of
origin in hamster pulmonary tumors are early squamous
cell metaplasia or growth beyond the confinement of the
bronchiolar lumen, so that the site of origin can no longer
be determined. Using the specific antiserum to hamster
Clara cells,? the present study shows convincingly that
hamster pulmonary tumors induced by NDEA may, in
part, arise from hyperplastic Clara cells present in the al-
veolar parenchyma. In a few cases of hyperplasia, ciliated
cells were present, identifying such foci to be of bronchio-
lar cell origin by routine light microscopy. If the parenchy-
mal lesion consisted entirely of cuboidal cells, a distinc-
tion between hyperplastic alveolar type Il cells and Clara
cells is only possible by electron microscopy or by immu-
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existing normal Clara cells (arrows). (ABC immunobistochemistry, bematoxylin, X 100)
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Figure 10. Bronchiolar cell byperplasia and early neoplasia (center) with only few CCA immunoreactive cells which may be pre-
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Figure 11. Early squamoid lung tumor

of Syrian golden bamster containing scattered cells staining positive for CCA. (ABC immunobistochemistry, bematoxylin,
X 100) Figure 12. Pulmonary carcinoma of Syrian golden bamster. Dense cell nests composed of a basal cell layer staining

basopbilic and central areas with paler eosinophbilic squamoid cell types. (H & E, X 100)

Figure 13. Central area of squamoid cell

types of bamster lung carcinoma with cells showing immunoreactivity for cytokeratin. (ABC immunobhistochemistry, hematoxylin,

X250)

nohistochemical demonstration of specific hamster Clara
cell antigen in the cytoplasm. Comparable changes,
spontaneous or induced, are well known to occur in the
alveolar parenchyma of many species?-3' and have been
referred to as adenomatosis, alveolar bronchiolization,
epithelialization, or fetalization. These terms should be
used with great care since they are often applied synony-
mously to alveolar type Il cell hyperplasia. Bronchiolar cell

hyperplasia within alveolar parenchyma is frequently as-
sociated with infections or chemical insults 323 The histo-
pathogenesis of bronchiolar cell types populating alveolar
walls is a controversial issue. In many studies, this phe-
nomenon is interpreted as migration of Clara cells through
pores in airways connecting bronchioles and alveoli® or
as regenerating bronchiolar cells growing peripherally into
denuded alveolar walls.® It has also been suggested that



ciliated cells in alveolar parenchyma originate by metapla-
sia from transformed alveolar type Il cells.® In the present
study, lesions were always associated with bronchioles
and if seen in a pattern of a very early stage (Figure 4),
the process seems less likely to result from type Il cell
metaplasia but is more suggestive of hyperplastic bron-
chiolar cells growing beyond the limitations of the terminal
bronchiole. There was no indication of alveolar type Il cell
damage that would result in metaplastic cells. Similarly,
other investigators suggested that induced pulmonary
neoplasms in hamsters arose from areas of so-called “‘al-
veolar epithelialization,””'®3® from *‘bronchiolar-type cells
in the alveolar region,"¥ or from “bronchiolar out-
growths.””® In the Dzungarian dwarf hamster, lung tumors
can be induced transplacentally by NDEA that may con-
sist of undetermined cuboidal cells but frequently also
show mucous cell differentiation. It was suggested that
these neoplasms derive from outgrowths of the epithe-
lium of small bronchioles and represent different meta-
plastic potentials of a bronchiolar stem cell.®

Ultrastructural studies of induced hamster lung tumors
provided evidence for their Clara cell origin by the pres-
ence of secretory granules similar to those observed in
normal hamster Clara cells.'® Indirect evidence was pre-
sented in the suppression of tumor development by piper-
onylbutoxide, a substance that inactivates cytochrome
P450 that is present in particularly high concentrations in
Clara cells and is responsible for metabolizing NDEA to
its active form.** Mucous cells and Clara cells were shown
to be the major binding sites for tritiated NDEA*! and deg-
radation of N-'*C-nitrosodiethylamine is confined mainly
to the cells lining the bronchial tree.*2

The Clara cells of the untreated hamsters did not have
the vacuolated appearance seen in the treated hamsters
presently studied. Reports showed that induced Clara cell
enlargement in the terminal bronchioles may be due to the
formation of myelin figures.’>*® Similar, although smaller,
lamellated myelin figures, demonstrabile ultrastructurally in
normal hamster Clara cells, can be of lysosomal origin
and may be morphologically indistinguishable from ma-
ture lamellar bodies seen characteristically in alveolar type
Il cells."® Ultrastructural studies alone are therefore appar-
ently not sufficient to identify the cell of origin of pulmonary
neoplasms, particularly because the tumors have been
shown to contain entrapped normal alveolar type Il cells. '

In the present study, the range of pulmonary lesions
induced by NDEA in Syrian golden hamsters shows that,
during tumor development, the neoplastic Clara cells may
lose specific antigens and concomitantly undergo squa-
mous cell metaplasia with expression of a subpopulation
of keratins not apparent in the normal Clara cell. It had
been noted that cells within bronchioles or at alveolar sites
may undergo mucous or squamous cell metapla-
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sia,'016363844 the original cell type, however, had not
been identified. In some cases, hyperplasia and early neo-
plasia without evidence of squamous cell metaplasia also
did not show CCA immunoreactivity, which could be re-
lated to the reduced production of secretory granules.
Normal hamster Clara cells of the central pulmonary bron-
chioles may show considerable variation in the number of
secretory granules.?®

Neuroendocrine cell hyperplasia has been shown to
coincide with loss of neurosecretory granules and simulta-
neous appearance of numerous intermediate filaments,?
an explanation for the strong immunoreactivity of the neu-
roepithelial bodies for keratin in the present study.

The cumulative NDEA dose was higher in study 2 than
in study 1, and therefore, the lesions had progressed
more rapidly in study 2. Both studies combined give a
representative range of lung tumor development in the
Syrian golden hamster that is otherwise difficult to obtain
because most hamsters succumb much earlier during the
experiments to tumors developing in the upper respiratory
tract.'°

Comparative immunohistochemical studies involving
human and animal tissues were very successful in localiz-
ing surfactant apoproteins to show normal embryonic
lung development'* and in recognizing and defining
neoplasms originating from alveolar type Il cells.>*” Re-
cent studies have localized CCA in human pulmonary ad-
enocarcinomas and “‘sclerosing hemangiomas.’’54647
The hamster has been suggested as a suitable animal
model for human tumors of the respiratory tract because
of similar morphology and pattern of reaction to injury*®
and the Syrian golden hamster is, so far, the only animal
developing tumors that clearly arise from bronchiolar
Clara cellis.
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