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Abstract Cathepsin D expression has been assessed by
immunohistochemistry and immunoelectron microscopy
in fetal, normal adult and injured lungs of human beings.
In addition to the well known positivity of alveolar mac-
rophages and the bronchial epithelial cells, normal type I
and to a lesser extent type II pneumocytes showed a
granular, cytoplasmic staining pattern. Using immuno-
gold labelling of lowicryl embedded human lung, ca-
thepsin D was present in lysosomes of epithelial cells.
Double immunofluorescence labelling employing type I
and type II specific antibodies or lectins confirmed the
epithelial staining for cathepsin D. At the terminal sac
period during lung development cathepsin D appears in
the alveolar epithelium. In fibrotic specimens, enhanced
immunoreactivity was found in epithelial and non-epi-
thelial cells. Proliferative epithelial formations were
strongly stained with cathepsin D antibodies, whereas
detached, desquamated epithelial cells were weakly posi-
tive or negative. We suggest that cathepsin D plays a role
in the remodelling process during fibrogenesis.
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Introduction

The aspartic proteinase cathepsin D (EC 3.4.23.5) is an
ubiquitous enzyme with optimum activity under acidic
(PH 2.8-4.0) conditions. The enzyme is primarily locat-
ed within lysosomes and in membranes of macrophage
endosomes. The main functions of this enzyme are the
catabolic degradation of intracellular proteins, the activa-
tion of other proteolytic enzymes, the stimulation of
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DNA synthesis and mitosis during tissue regeneration as
well as the direct degradation of extracellular matrix
components (reviewed in [16]). In this context, recent
experimental observations have shown that some patho-
logical processes related to inflammation such as liver
cirrhosis, myocardial injury, wound healing of skin and
interstitial pulmonary diseases are associated with in-
creased activity of cathepsin D [&, 21, 27]. Furthermore,
cathepsin D has been implicated in the process of tumour
invasion and metastasis [16]. In normal lung tissue, ca-
thepsin D is expressed in the lysosomes of alveolar mac-
rophages and in secretory granules of bronchial epithe-
lial cells {1, 3]. The first report on the cathepsin D distri-
bution in lung tissue also described the occurrence of ca-
thepsin D in alveolar lining cells of human lung [19].
However, more recent studies have not supported this ob-
servation [1, 3].

In the present immunocytochemical investigation, the
localization of cathepsin D in human lung has been re-
evaluated at the light microscopic and at the ultrastruc-
tural level using samples from normal (fetal and adult)
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Fig. 1 Western blot analysis of antibodies to cathepsin D in hu-
man lung homogenate. Lane / Monoclonal antibody OS13A to
human cathepsin D (Becton Dickinson), lane 2 polyclonal anti-
body to human cathepsin D (Biogenex), lane 3 polyclonal anti-
body to human cathepsin D (Oncogene Science)



Fig. 2A-F Paraffin sections of human lung tissues. Immunoperoxi-
dase demonstration of cathepsin D in fetal (A embryonic stage, B
pseudoglandular stage, C canalicular stage, D saccular stage), adult
(E) and fibrotic (F-H three different cases) using the monocional
antibody OS13A. Note the increasing immunoreactivity during lung
development. In D first staining of alveolar epithelial cells appeared
(arrows). Small arrowheads in B and D indicate immunopositive al-

veolar macrophages. Note some immunopositivity in endothelial
cells (B Small arrows). In the adult lung (E) note a weak staining of
the alveolar lining cells (arrowheads) and a strong staining of alveo-
lar macrophages (small arrowheads). Fibrotic tissues show addition-
al immunoreactivity for cathepsin D in interstitial cells (F) in the tu-
bular alveoli (F arrows), in desquamated epithelial cells (G arrow)
and in some endothelia (H asterisk). A-D, F=H x150; E x300
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Fig. 3A-D Paraffin sections of normal human lung. Double im-
munofluorescence demonstration of cathepsin D (A, C) and cyto-
keratin (B) or lectin Lyopersicon esculentum (D) in fetal (saccular
stage; A, B) and adult (C, D) tissue. Note the presence of cathep-
sin D in fetal alveolar epithelium (A, B arrows) and in a flat type I
pneumocyte (C, D arrowhead). A~D x300

and pathological conditions. For this purpose we used
four different polyclonal and monoclonal antibodies to
cathepsin D to study the distribution of this proteinase in
tissues with pulmonary fibrosis.

Materials and methods

Fibrotic pulmonary specimens were obtained from twelve autop-
sies 8~10 h post mortem and from biopsies of four cases of sarcoi-
dosis. Samples with pulmonary fibrosis were derived from five pa-
tients with primary bronchial carcinoma metastases, three patients
with mammary carcinoma metastases and from one patient each
with renal cell carcinoma metastases, lymphogranulomatosis, os-
teosarcoma and seminoma. All were male patients, except those
with breast cancer; (for patient data see our previous, study, [15]).
The patients developed diffuse pulmonary fibrosis, but in cases
which had received radiotherapy only the fibrotic parts of the lung
were investigated.

Normal adult lung tissue was obtained from two individuals af-
ter Jobectomy due to primary lung cancer. Samples were taken dis-
tal to the tumour in macroscopically normal areas. The eight hu-
man embryos and fetuses were obtained following abortion. Clini-
cal data on gestational age were known and crown-rump length
was measured (7, 9, 10, 12, 16, 17, 21 and 34 weeks of gestation).

For routine histological examination, the samples were fixed in
4% formaldehyde, embedded in paraffin, and stained with haema-
toxylin and eosin.

The following antibodies were used: polyclonal rabbit antise-
rum to cathepsin D, specific for 34 kDa mature cathepsin D pro-
tein (Ab-2; Dianova, Hamburg, Germany); polyclonal rabbit anti-
serum to cathepsin D, specific for the 52 kDa and 34 kDa forms
(Biogenex, Hamburg, Germany); monoclonal mouse antibody to
cathepsin D, clone OS13A (Becton Dickinson, Heidelberg, Ger-
many), dilution 1:100; monoclonal mouse antibody to cathepsin
D, clone C5 (Medac, Hamburg, Germany), dilution 1:200; poly-
clonal rabbit antibody to keratin (code number Z622; Dakopatts,
Hamburg, Germany), dilution 1:100.

For immunohistochemistry paraffin sections were mounted on
slides that were coated with silane. After drying overnight, the
sections were dewaxed, and irradiated with microwave in 0.01 M
sodium citrate buffer (pH 6.0), 2x5 min at 750 W. After washing
in phosphate buffered saline (PBS; pH 7.4) for 5 min, the sections
were treated with 0.3% hydrogen peroxide for 30 min, incubated
with 30% fetal calf serum and then incubated with the rabbit poly-
clonal antisera against cathepsin D, dilution 1:20. The antibodies
were detected by the use of peroxidase-coupled goat anti rabbit
IgG [horse radish peroxidase (HRP) 77, Dr. H. GroBmann; dilu-
tion 1:400]. The peroxidase activity was visualized with diamino-
benzidine. Negative controls included omission of the primary an-
tibody and its replacement by PBS or normal rabbit serum. The
monoclonal mouse antibodies were detected using the avidin-bi-
otin peroxidase complex technique (Vectastain Elite kit, Vector
Laboratories, Burlingame, Calif., USA) according to the suggested
protocol. The dilution of monoclonal antibodies was 1:10 after mi-
crowave treatment.

For double fluorescence labelling paraffin sections were mi-
crowaved, washed in PBS and incubated with fluoroscin isothio-
cyanate-labelled Maclura pomifera lectin (MPA; Medac, Ham-
burg, Germany), diluted 1:200, followed by incubation with the
monoclonal antibody to cathepsin D OS13A and Texas Red-la-
belled goat anti mouse immunoglobulin (dilution 1:80; Dianova).
Other double staining was performed using the polyclonal anti-
cytokeratin antiserum Z622 and the monoclonal antibody OS13A
(for methods of double staining see [13]). All antibodies were di-
luted in PBS unless otherwise stated. As negative controls we re-
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Fig. 4A, B Ultrathin sections of normal lung prepared by cryoul-
tramicrotomy. Immunogold staining for cathepsin D using mono-
clonal antibody OS13A in a type I cell (A) and in a type II cell
(arrowheads, B). A x40,000, B x23,000

placed the primary antibodies with PBS, rabbit non-immune se-
rum or irrelevant monoclonal IgG. MPA binding (sugar. specifici-
ty: o-D-GalNAc>aGal) was inhibited by a 0.2 M solution of the
corresponding inhibitory sugar methyl-alpha-D-galactopyrano-
side.

Since insufficient samples were available to use a single proto-
col for immunoelectron microscopy, specimens were processed in
one of two ways. To provide blocks from which ultrathin sections
could be cut, samples after fixation were either embedded in
Lowicryl resin or frozen. Processing by these different protocols
(detailed below) provides further confirmation of the specificity of
the cathepsin D immunolocalization.

For cryosectioning of normal human lung, the method of Tok-
uyasu et al. [24, 25] was followed. Briefly, small samples of lung
were infiltrated with cryoprotectant containing 2.3 M sucrose and
20% 10 kDa polyvinylpyrolinidone in PBS for at least 4 h and
then frozen in liquid nitrogen. Ultrathin sections (50-120 nm) at
approximately —110° C using a Ultracut F4 cryoattachment (Lei-

ca, Milton Keynes, UK). These sections were transferred onto
formvar coated grids and stored on 2% gelatine plates which were
liquified at 37° C before immunostaining with monoclonal anti-
body OS13A. Ten nanometer gold labelled goat anti mouse sec-
ondary antibody (Sigma) was used at Os,5=0.1 in PBS containing
1% bovine serum albumin (BSA), 0.05% Triton X100 and Tween
20. Sections were postembedded in methyl cellulose containing
0.2% uranyl acetate following the method of Griffiths et al. [7] be-
fore viewing.

Furthermore, tissue pieces (about 1-2 mm?) from a lung biop-
sy obtained from a patient with idiopathic interstitial fibrosis were
embedded in Lowicryl HM20 and immunostained as previously
described [14]. Briefly, paraformaldehyde-fixed samples were fro-
zen in liquid nitrogen, cryosubstituted and embedded in Lowicryl
(through a graded series of methanol). Ultrathin sections were
mounted on nickel grids, previously coated with 3% colloidin. The
grids were incubated with 10% normal goat serum in buffer
[TRIS-buffered saline (TBS), pH 7.6] for 45 min, and then with
anti cathepsin D antibodies (monoclonal antibody OS13A and the
polyclonal antibody from Biogenex; concentration 10 fold higher
than used for immunohistochemistry) overnight at 4° C and for 1 h
at room temperature (RT). After washing with buffer (TBS con-
taining 0.2% BSA) sections were incubated with 40 nm gold-con-
jugated goat anti rabbit IgG or with 10 nm gold-conjugated goat
anti mouse (1:50 in TBS, pH 8.2) for 1 h. After further washing
with buffer, the sections were stained with 2.5% uranylacetate in
50% ethanol and 1% lead citrate for 2 min each.

For western blotting 1 g of deep-frozen human lung tissue was
suspended in 5 ml of homogenization buffer (63 mM Tris-hydro-
chloric acid, pH 6.8, 8.5% glycerol, 2% sodium dodecyl sulphate
(SDS), 5% 2-B-mercaptoethanol and 0.125% bromphenol blue)
and homogenized with an ultra-thurrax for | min. The sample was
then heated to 95° C for 4 min and centrifuged at 30,000 g for 30
min. The supernatant was filtered through a membrane filter (0.45
pwm) and stored at 4° C. Twenty micrograms of protein was sepa-
rated on a 10% SDS polyacrylamide gel and blotted onto an ECL
nitrocellulose membrane (Amersham). After blocking with 5%
fat-free dry milk, the membranes were incubated with rabbit poly-
clonal antisera to cathepsin D .[supplied by Dianova (Ab-2) 1
ug/ml and by Biogenex, 2 wg/ml], mouse monoclonal antibody to
cathepsin D (Becton Dickinson, 1 pg/ml) for 1 h at RT, and after
washing with the second antibody (rabbit Ig HRP linked whole an-
tibody, Amersham, dilution 1:3000) for 1 h at RT. Peroxidase la-
belled antibodies were visualized using the ECL western blotting
reagent (Amersham) according to the manufacturer’s instructions.

Results

Western blot analysis clearly showed a band of 34 kDa
indicating that cathepsin D is present in normal human
lung homogenate (Fig. 1).

Cathepsin D was seen at early stages of development
in the apical part of the lung primordium (Fig. 2A). At
later stages of development (pseudoglandular and cana-
licular stages), some interstitial and endothelial cells
were labelled (Fig. 2B, C). The saccular stage was char-
acterized by the appearence of immunopositivity in the
developing alveolar epithelium and by prominent stain-
ing of alveolar macrophages (Fig. 2D). Double label im-
munofluorescence employing keratin as an epithelial
marker confirmed the epithelial distribution of the ca-
thepsin D immunostaining at this stage of development
(Fig. 3A, B). In the adult lung cathepsin D was present in
the bronchial epithelium, in the alveolar macrophages
and weakly in the alveolar epithelial cells (Fig. 2E, Fig.
3C, D).



Fig. SA-F Paraffin sections of fibrotic lung tissue (for A-D, com-
pare with Fig. 2F; for E-F, compare Fig. 2G). Double immunoflu-
orescence demonstration of cathepsin D (A, C, E) and Maclura
pomifera (MPA; B) or cytokeratin (D, F). Strongest cathepsin D

was found in MPA-negative type I alveolar epithelial cells (A ar-
rowhead). Note the strong cathepsin D expression in tubular alve-
oli (C), whereas detached pneumocytes in another case (E, F
small arrows) were devoid of staining. A~F %300
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Fig. 6A-D Lowicryl HM20 embedded human lung (pulmonary
fibrosis). Double immunogold staining of an alveolar macrophage
(A, B) and a type I cell (C, D) for cathepsin D using a polyclonal
antiserum (40 nm gold) and the monoclonal antibody OS13A
(10 nm gold). B, D Higher magnification of A, C. A x10,500;
C x18,000; B, D x31,500

Using immunogold labelling on ultrathin frozen sec-
tions, cathepsin D was present in type I and II pneumo-
cytes (Fig. 4).

Tissue sections of fibrotic lungs were stained for four
different polyclonal and monoclonal antibodies against
cathepsin D. Typical examples of immunostaining of ca-
thepsin D are shown in Fig. 2F-H. Light microscopic in-
vestigation showed signs of end-stage disease including
lesions of fibrotic and obliterated alveoli covered by pro-



Fig. 7 Part of the human lung from the same patient showing rela-
tively normal alveolar epithelium despite the thickening of the un-
derlying extracellular matrix. Immunogold demonstration of ca-
thepsin D in a type I cell (I) neighbouring a negative type II pneu-
mocyte (II). Inset shows higher magnification of area indicated by
an asterisk. x10,500; inset x31,500

liferative or cuboidal and metaplastic epithelium and as-
sociated with increased numbers of alveolar macro-
phages. At some sites, a clear-cut distinction between
type 1 and II epithelial cells was no longer possible.
There were no tumour cells or metastases in the samples
used for immunostaining. Staining of alveolar macro-
phage clusters, interstitial cells (particularly of myofibro-
blasts), some endothelial cells (Fig. 2F, H) and of the re-
modelling alveolar epithelium (Fig. 2F-H) was observed
in all cases. The results obtained with both monoclonal
and polyclonal antibodies to cathepsin D corresponded.

Double immunofluorescence for cathepsin D and the
type II cell marker MPA, a lectin which does not bind to
type I alveolar epithelial cells [6], revealed stronger
staining of MPA-negative type 1 alveolar epithelial cells
in proliferative tubular alveolar epithelium (Fig. 5A, B).
Double staining with keratin showed some specimens
with strongest cathepsin immunoreactivity in the alveo-
lar epithelium (Fig. 5C, D; compare with immunostain-
ing of Fig. 2F) but in samples with complete detachment
of the epithelial cells (Fig. 5E, F; compare Fig. 2g) there
was very weak cathepsin D staining.

By using immunoelectron microscopy from the lung
of the case shown in Fig. 2F, available from technical
reasons only as a Lowicryl-embedded sample, cathepsin
D was mainly localized in lysosomes of alveolar macro-
phages and in perinuclear lysosomes of type I alveolar
epithelial cells but not or seldom in the organelles of flat
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type 1 cell processes (Figs. 6, 7). Double immunogold la-
belling with a polyclonal and a monoclonal antibody
showed the colocalization of both antibodies in the same
organelles (Fig. 6). In contrast, type II pneumocytes were
weakly and focally decorated with gold particles (Fig.
8A, B). In proliferative parts of the alveolar epithelium,
however, greater accumulation of immunopositive organ-
elles was detectable (Fig. 8C, D). More scarcely, a weak
staining of myofibroblasts was found (not shown).

In cases with sarcoidosis, enhanced cathepsin D ex-
pression was also found in fibroblasts, macrophages, en-
dothelial cells and in hyperplastic type II pneumocytes
{(not shown).

Discussion

The present investigation emphasizes two aspects of ca-
thepsin D expression in human lung. This study is the
first to confirm convincingly the expression of cathepsin
D in the alveolar epithelium of fetal and adult human
lung; previous studies have shown that pulmonary tissue
alveolar macrophages and the bronchial epithelium are
the main source of lysosomal activity [1, 3]. To investi-
gate whether cathepsin D plays a role in fibrogenesis in
the human lung, we examined cathepsin D expression
under pathological conditions in pulmonary fibrosis. We
demonstrated that high cathepsin D immunoreactivity
was observed in the regenerating or remodelling alveolar
epithelium. However, also cases with sarcoidosis where
fibrotic alterations are caused by the infiltration of in-
flammatory cells, showed enhanced immunoreactivity in
the lung parenchyma.

The enhanced immunoreactivity for cathepsin D in al-
veolar macrophages and in the alveolar epithelium as
shown in this study is in line with the established activa-
tion of proteases during fibrogenesis. Evidence has accu-
mulated that proteases, which are also produced by the
alveolar epithelium, may be responsible for proteolysis
of the surrounding extracellular matrix. Tissue degrada-
tion and remodelling in lung injury during early and late
stages of pulmonary fibrosis are regulated by the action
of proteolytic enzymes such as metalloproteases, serine
proteases, aspartyl proteases (such as cathepsins D, E
and pepsinogen II) and cysteine proteinases (such as ca-
thepsins B, S, H and L). Two aspartatic proteinases, pep-
sinogen II and cathepsin E have already been identified
by immunocytochemistry in type II pneumocytes and
bronchiolar Clara cells, respectively. Epithelial hyperpla-
sia in interstitial lung diseases was accompanied by en-
hanced expression of both proteinases [3]. There is also
evidence that cathepsin D is a physiological regulator of
the other cathepsin-B and L-like cysteine proteinases
[22]. The cysteine proteinase cathepsin B is involved in
extracellular matrix processing of epithelial lung tumour
cells [9, 23, 26] and in in vivo degradation of rat lung
collagen [4]. Cathepsin H has been found in normal type
II pneumocytes and alveolar macrphages [10]. Under
pathological conditions cathepsin B was found in myofi-



Fig. 8A-D Immunogold localization of cathepsin D in a lyso-
some of a type Il pneumocyte from a relatively normal area (A, B)
compared with type Il pneumocytes present in tubular formations

(C, D). Note the increased positivity of cathepsin D staining in C
and D. B, D higher magnifications of A, C (D relates to an area of
C indicated by an asterisk). A x10,500; C x7050; B, D x31,500



broblasts and in the regenerating alveolar epithelium
[12].

As far as we know, the localization of any type of pro-
teinases in the alveolar type I cells has not previously
been reported. Most of the enzymes investigated in situ
in the alveolar epithelium are expressed by alveolar type
IT cells predominantly (reviewed [12]). The only data for
a focal alveolar epithelial expression of cathepsin D are
given by Reid et al. [19]. The detection of cathepsin D in
normal and injured alveolar epithelium of human lung
suggest a biological role for cathepsin D in alveolar epi-
thelial repair and homeostasis. In this context, Morioka
and Terayama [18] have shown that cathepsin D specifi-
cally stimulates DNA synthesis and mitosis in mouse liv-
er cells and that this proteinase may be somehow in-
volved in the process of cell proliferation. In breast can-
cer cells its expression is strongly associated with a high
proliferation rate [5, 11]. In the present study cathepsin
D was found preferentially in proliferative areas of the
alveolar epithelium. However, further double staining ex-
periments using proliferation markers including a greater
number of samples are needed to confirm this. The ca-
thepsin D gene which is located on the chromosome
11pl5 belongs to the oestrogen-regulated genes [2, 17;
for review see 20]. Among the 12 patients there were 3
females in which there was no staining of the alveolar
epithelium suggesting that sex-dependency can be ex-
cluded.
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