
Abstract. Enzymatically inactive procathepsin D (pCD) has
been established as an important factor in the development of
lung cancer. In addition to serving as a growth factor, pCD is
also involved in communication between cancer cells and
surrounding cells. In the present investigation, a possible
combination of autocrine and paracrine actions of pCD was
investigated. pCD initiated secretion of interleukin (IL)-4, IL-8,
IL-10 and IL-13 from lung cancer cells. These cytokines
participated in the proliferation of the cancer cells, as
demonstrated both by adding the cytokines and by inhibition
using specific anti-cytokine antibodies. Using several clones of
lung cancer cells differing in production of activation peptide,
the pCD/cytokine cooperation and action was shown to be
dependent on pCD secretion. Further proof that pCD is one of
the key molecules involved in cancer development is presented.

Procathepsin D (pCD) is a major secreted protein in several
types of cancer cells, including lung and breast cancer cell
lines (1, 2). The role of PCD has been demonstrated in at
least 12 different types of cancer (3), however, lung cancer
has not been vigorously studied. However, higher cathepsin
D (CD) activities have been observed in lung tumor cells (4)
and could be used for prognosis (5). In addition, the use of
lung cancer cells with genetically modified secretion of pCD
revealed that the level of pCD expression correlated with
carcinogenic properties (2).

In addition to the mitogenic effects of pCD on cancer cells,
numerous studies demonstrated the involvement of pCD in
cancer invasion and metastasis. Several authors have also
suggested that CD is involved in the regulation of blood vessel
formation, especially in solid tumors. Stromal CD expression
correlated with microvessel density in ovarian tumors: significant

association between CD expression of host stromal cells and
vascular density was also described in breast cancer tumours (6).
Based on these data, several models of the mechanism of pCD
action have been proposed (7) in which the overexpressed pCD
escapes normal targeting pathways and is secreted out of the
cancer cells. Subsequently, pCD interacts with surrounding
proteins and is recognized via its activation peptide (AP) by an
as yet unidentified cell surface receptor. This interaction releases
a signal that results in differential expression of cancer-
promoting genes, including various cytokines that in turn
stimulate tumor growth. pCD secreted by cancer cells is also
captured by stromal cells and promotes fibroblast proliferation,
motility and invasion that results in cancer progression (8).

Tumorigenesis is a complex process involving not only
growth of the primary tumor cells (9), but also communication
with surrounding tissues and cells, including stromal cells and
fibroblasts. Extensive in vitro and in vivo research has
demonstrated that this communication can promote the growth
of cancer cells (10, 11). Secretory proteins of different families
play an important part in these processes, including a complex
system of intercellular communication and regulation.

pCD has been found to possess strong autocrine (review
(7)) and paracrine proliferative properties (8). Berchem’s
group found that pCD stimulated not only parent cancer cell
proliferation, but also tumor angiogenesis by a paracrine
mechanism (12). Supporting evidence came from work by
the Liaudet-Coopman group who demonstrated that pCD was
able to stimulate the proliferation, survival, motility and
invasion of fibroblasts (8). Our group has found a correlation
between ER+ breast cancer cells and cytokine production
(13) and later showed that pCD initiated the secretion of
cytokines such as interleukin (IL)-4, IL-8, IL-10, IL-13 and
MIP-1β from such tumor cells. The used of specific
antibodies against individual cytokines proved the effects of
secreted cytokines on the proliferation of the cancer cells. In
addition, expression of cytokine receptors on tested cell lines
corresponded to the effects of individual cytokines. An
analogous pattern was also observed for fibroblasts, which,
under physiological conditions, are the cells in closest
contact with the tumor tissue and play a role in tumor growth
and invasion (14).
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This study aimed to better elucidate the possible relations
between pCD and cytokine secretion by evaluating cytokine
release after the addition of AP.

Materials and Methods
Chemicals. RPMI 1640 medium, Iscoves’s modified Dulbecco’s
medium, HEPES, antibiotics, glutamine and transferrin were
obtained from Sigma Chemical Co. (St. Louis, MO, USA). Fetal
calf serum (FCS) was procured from Hyclone Laboratories (Logan,
UT, USA). Recombinant human IL-4, IL-8, IL-10 and IL-13 were
purchased from Biosource International (Camarillo, CA, USA).

Antibodies. Monoclonal antibodies against individual cytokines
were purchased from B&D Systems (Minneapolis, MN, USA).
Control MOPC-21 IgG antibody was purchased from Sigma
Chemical Co.

Peptide. The 44 amino acid-long peptide analogous to the AP of
pCD was synthesized at the Institute of Organic Chemistry and
Biochemistry, Academy of Sciences of the Czech Republic in
Prague. Purity of the AP was confirmed using high pressure liquid
chromatography (HPLC), amino acid analysis and by mass
spectrometry. The HPLC method showed purity of more than 95%.
The amino acid analysis confirmed the amino acid composition. The
mass spectrometry results were in accordance with the proposed
molecular structure. Additionally, the purity of the peptide was also
verified by N-terminal sequencing using an automated system where
the first nine N-terminal amino acids were in agreement with the
designed structure.

Cell culture. Human lung cancer cell line NCI-H23 and fibroblasts
Detroit 573 were obtained from the ATCC (Manassas, VA, USA).
The cell lines were maintained in RPMI 1640 medium containing
HEPES buffer supplemented with 10% heat-inactivated FCS,
100U/ml penicillin and 100 μg/ml streptomycin, in plastic
disposable tissue culture flasks at 37˚C in a 5% CO2/95% air
incubator.

Cytokine array. Tested cell lines were incubated for various time
intervals with AP in serum-free conditions. The supernatant was
collected, filtered through 0.22 μm filter and stored in a –80˚C
freezer. For the cytokine analysis, the protein microarray services
provided by Allied Biotech (Ijamsville, MD, USA) were used. In
brief, the services used a sandwich Ab-based protein detection
multiplex assay. A streptavidin-Cy5 conjugate was used for assay
detection. The assay was conducted in quadruplicate with positive
and negative controls spotted on each microarray. The assay detects
cytokines IL-2, interferon (IFN)-γ, TNF-α, IL-8, IL-12 P70, IL-12
P40, IL-4, IL-6, IL-10, IL-5, IP-10, MIP-1β, IL-13, IL-1β.

In vitro cell proliferation assay. For the growth experiments, the
cells were harvested and washed six times in Iscoves’s modified
Dulbecco’s medium with HEPES buffer supplemented with
glutamine, antibiotics, 10 μg/ml of human transferrin and 0.1%
FCS. The cells were seeded in 96-well tissue culture plates at a
density of 5×104 cells/ml (150 μl/well) in the presence or absence of
purified proteins (10 ng/well) in triplicate. After five days in culture,
the proliferation was evaluated using a Biotrak cell proliferation
ELISA system version 2 (Amersham Pharmacia Biotech,

Piscataway, NJ, USA) according to the instructions given by the
manufacturer. The positive control included NCI-H23 cells in RPMI
medium with 10% FCS and the negative control comprised of NCI-
H23 cells in RPMI medium without serum.

Statistics. Student’s t-test was used to statistically analyze the data.

Results

In the first set of experiments, the secretion of cytokines
from the NCI-H23 cells 4 hours after the addition of AP was
measured. Three different clones of NCI-H23 cells were used
– one with no secretion of pCD, one with low secretion and
one with high secretion. The preparation and characterization
of these clones has been described previously (2). As shown
in Figure 1 the addition of synthetic AP caused strong
secretion of IL-4, IL-8 and IL-10, whereas production of IL-
13 was low. IL-4 and IL-8 secretion was dependent on the
level of secreted pCD. None of the other cytokines included
in the cytokine array showed any measurable signal. The
addition of natural pCD instead of synthetic AP yielded
identical results (data not shown).

As shown before, lung cancer cells do not normally grow
in serum-free conditions, only clones with high pCD
secretion showed slight proliferation (2). The addition of
exogeneous AP resulted in similar growth of all three cell
clones. The addition of individual cytokines significantly
increased the proliferation only in the low and high pCD-
producing clones (Figure 2).

To confirm these observations, the effect of the addition
of specific anti-cytokine antibodies on cytokine/AP-mediated
proliferation was tested. AP was added to the growth
medium, and in parallel, antibodies to particular cytokines or
mixures of antibodies were added and the cell proliferation
in 120 h was measured. The results of these experiments are
shown in Figure 3. It was clear that the addition of individual
anti-cytokine antibodies slowed the growth of the cells
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Figure 1. Levels of four secreted cytokines 4 hours after the addition of
AP (10 ng/well) to NCI-H23 lung cancer cell line. The means of three
independent experiments±SD are shown. No-, low-, high-pCD secreting
NCI-H23 clone.



secreting the cytokine, with the cocktail of all anti-cytokine
antibodies showing the strongest effects. The antibodies were
tested in the 0.1 to 2 μg/sample range, control MOPC-21 IgG
antibody used at the same concentration showed no effects.
The data on addition of only antibodies to the medium (with
no AP added) are not shown as they had no influence on the
proliferation of any of the tested cell lines.

In the last experiment, Detroit 573 fibroblasts were co-
cultured with the lung cancer cells NCI-H23 (either low- or
high-pCD producing clones). The cells were grown either
alone or as a mixture, with the same total number of cells.
To evaluate the effects of AP and the cytokines on the cell
proliferation, either anti-pCD monoclonal antibodies or a
mixture of all four anti-cytokine monoclonal antibodies was
added. The growth of the NCI-H23/Detroit 573 cell
combination was approximately 3-fold faster in the low
pCD-producing clone and almost 4-fold faster in the high
pCD-producing clone (Figure 4). Addition of anti-pCD or
anti-cytokine antibodies showed strong and comparable
inhibition of cell proliferation. Using morphological
observation after Giemsa staining, the cell ratio did not
change and remained the same throughout the experimental
period of five days (data not shown).

Discussion

Our findings showing direct effects of pCD and its AP on
growth and invasiveness of lung cancer cells (15) were later
further extended by clarifying of these effects by using stable
transfected clones. These studies showed that the expression
of pCD enhanced the carcinogenic properties of lung cancer
cells and that AP was essential for these activities, but the
catalytic activity or glysosylation was not involved in the
growth-promoting activity.

The interaction of AP with lung cancer cells and Detroit
573 fibroblasts (14) led to secretion of a specific group of
cytokines including IL-4, IL-8, IL-10 and IL-13. Both here
and in our previous work, the effects of AP and pCD were
identical (2, 3, 13, 14), therefore only AP was used
throughout this study. In addition, the use of a synthetic
peptide excludes the possibility of some impurity co-isolated
with pCD which could trigger some false cellular response.

Increased accumulation of pCD in the growth medium of
various cancer cells leading to their faster proliferation has
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Figure 2. Growth of NCI-H23 cells in serum-free medium containing
either individual cytokines or AP after 5 days in culture. NCI-H23
clones: control cells with no pCD secretion (No), medium pCD secretion
(Low) and higher pCD secretion (High). Data are the means of three
independent experiments±SD. *Differences between control and treated
groups, p<0.05.

Figure 3. Effects of antibodies to individual cytokines (1 μg/sample) on
proliferation of NCI-H23 (NCI) cells after addition of AP. A, addition
of AP; B, AP and antibodies to IL-4; C, AP and antibodies to IL-8; D,
AP and antibodies to IL-10; E, AP and antibodies to IL-13; F, AP and
antibodies to all four studied cytokines. Cells without pCD secretion
were used. Data are the means of three independent experiments±SD.
*Differences between goups treated with AP and individual antibodies
were significant at the p<0.05 level.

Figure 4. Proliferation of co-cultured lung cancer cells (NCI-H23) and
fibroblasts (Detroit 573). Average value of 3 independent experiments
with SD values. Anti-pCD, anti-cyto: monoclonal antibodies to pCD and
mixture of all four antibodies to the studied cytokines. Two clones of
NCI-H23 were used: medium pCD secretion (Low) and high pCD
secretion (High).



repeatedly been demonstrated since the original observation
in 1986 (16-18). The secretion of this defined group of
cytokines correlated with the level of pCD secreted from the
cells. Other cytokines (IL-1β, IL-2, IL-5, IL-6, IL-12 P70,
IL-12 P40, IFN-γ, TNF-α, IP-10, and and MIP-1β) were
undetected. These cytokines also supported the proliferation
of the lung cancer cells, but only in the clones with medium
or strong pCD production. The clone with no measurable
secretion of pCD was resistent, despite the fact that it reacted
to AP. The specificity of this stimulation was further
demonstrated by the use of specific anti-cytokine antibodies.

Cytokines have an important role in the intercellular
communications between different parts of the immune
system. Reports on the role of cytokines in cancer are not
completely clear showing both growth inhibitory and growth
promoting properties (19). Malignant progression is a
complex process where cytokines produced both by
malignant and surrounding cells can function both as growth
factors and/or immunomodulators. In lung cancer, a variety
of lung tumor-derived factors including IL-6 (20) and IL-8
(21) regulate tumor growth. Additional studies have shown
that lung cancer cells (similar to fresh lung tumors) produce
a distinct type 2 cytokine pattern including IL-4, IL-10 and
IL-13 (22).

Cytokines IL-4 and IL-13 are produced by T-cells, mast
cells and basophils, with reported cancer promoting and
blocking functions. IL-4 enhanced the proliferation of several
pancreatic cancer cell lines (23). On the other hand it was
shown that IL-4 and IL-13 inhibited the proliferation of
estrogen induced breast cancer cell lines (24). In addition, IL-
4 regulated 15-PGDH in lung cancer cells (25) and mediated
pleiotropic effects in the lung cancer microenvironment (26).
Similar data can be gathered for IL-8. In addition to its
immunological functions as a neutrophil chemoattractant and
activating factor, in vitro studies have shown that IL-8 acts as
a growth factor taking part in angiogenesis in tumor tissues
(27). IL-8 has also been found to promote glioma formation
and malignant progression (28) and to function as an
autocrine growth factor in ovarian (29), colon (30) and lung
cancer (31).

Regulatory functions of IL-10 have been found in the
growth and differentiation of many cell types of the immune
system as well as keratinocytes and endothelial cells (32).
The immunomodulatory and immunosuppressive functions
of IL-10 in cancer have been reviewed many times and both
positive and negative roles which IL-10 may play in cancer
development have been stressed (33, 34). In lung cancer, IL-
10 promoted both resistance to apoptosis and metastatic
potential (35).

Tumorigenesis is a complex process involving not only
growth of the primary tumor and/or tumor stem cells, but
also communication with surrounding tissues and cells. In
this process, stromal tissue, including the vasculature,

adipocytes, immune cells and fibroblasts, participate. All
these cells secrete numerous cellular products, including
various growth factors and extracellular matrix components.

Tumor fibroblasts probably originate from normal
fibroblasts and they are very similar to fibroblasts involved in
the wound healing processes. There is clear evidence that
fibroblasts communicate with the primary tumor cells and
this communication is critical for development of the disease.
In this regards, our present co-culture experiment showed
much faster proliferation of the cancer cells with the
fibroblasts compared to the individual cell lines. This
enhancement was further increased by the increased pCD
secretion and could be inhibited by the addition of either
anti-AP or anti-cytokine antibodies. Thus the pCD secretion
observed in many cancer derived cell lines may lead to a
secretion of cytokines promoting the growth of both
fibroblasts and cancer cells. Therefore, a selective inhibition
of pCD interaction with these cells could slow down or even
entirely stop this process, highlighting pCD as a potential
target for cancer therapy.
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