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The effect of dexamethasone on human mucin 1 expression and

antibody-dependent complement sensitivity in a prostate
cancer cell line in vitro and in vivo
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SUMMARY

Dexamethasone has been shown to up-regulate human mucin 1 (MUC1) expression in certain
types of cancer cell lines in vitro, suggesting that this gluocorticoid may enhance MUC1-based
immunotherapies. Here we investigated the effect of dexamethasone on MUCI1 expression in
the DU145 human prostate cancer cell line in terms of antibody-mediated complement-
dependent cell lysis. Cells treated with 1 x 10~® M dexamethasone in vitro expressed maximal
levels of MUCI1 after 6 days, with an approximately 3-fold increase over MUCI1 levels on
untreated cells. DU145 cells were highly resistant to lysis by anti-MUC1 antibody and
complement, and their susceptibility to antibody and complement was unaffected by dex-
amethasone treatment. However, dexamethasone also induced expression of the complement
inhibitor decay accelerating factor (DAF) on DU145 cells. Blocking or overcoming the
function of DAF resulted in enhanced complement-dependent lysis of dexamethasone-treated
cells with anti-MUC1 antibodies, indicating that the failure of dexamethasone to enhance the
complement susceptibility of DU145 cells was caused by the up-regulated expression of DAF.
We also investigated MUC1 expression in vivo and found that MUC1 expression was
significantly up-regulated on tumour cells isolated from immune-deficient mice that had
been injected with dexamethasone. However, in contrast to in vitro data, there was no
difference between the levels of DAF expressed on tumour-derived DU145 cells isolated from
either phosphate buffered saline (PBS)-treated or dexamethasone-treated mice, and tumour
cells isolated from dexamethasone-treated mice were more sensitive to complement-mediated
lysis. In the broad context of immunotherapy, the in vivo data support the use of dexametha-
sone as an adjunct treatment. Up-regulated DAF expression would not be a favourable
outcome of dexamethasone treatment in terms of complement-dependent antibody therapy,
but the in vivo data caution against extrapolation of in vitro data with regard to the modulation
of complement inhibitors reported here and elsewhere.

doi: 10.1111/j.1365-2567.2004.01815.x

INTRODUCTION

Prostate cancer is the most frequently diagnosed noncutaneous
cancer in American males and is the second leading cause of
cancer death. Although surgery and radiation therapy for pri-
mary cancers can be effective, other treatment modalities,
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including chemotherapy, have less utility. When the cancer is
metastatic there are no curative therapies available. Prolonga-
tion of life is achieved by chemical or surgical castration, but
reoccurrence of androgen-independent cancer almost always
occurs, culminating eventually in patient death. Immunother-
apeutic approaches to prostate cancer treatment have the poten-
tial for a more favourable outcome, particularly for metastatic
cancer. Immunotherapeutic approaches might combine a surgi-
cal and adjuvant immune system approach or harness the
immune system alone. Inducing complement-mediated destruc-
tion of cancer cells is one such immune approach.

Human mucin 1 (MUC1), or epsialin, is an epithelial cell-
associated mucin normally expressed on the apical surface, but
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differences in MUCI expression on cancer cells make MUC1
epitopes tumour-specific (for reviews on MUC1 and cancer, see
references’~"). On tumour cells, MUC] is highly overexpressed
and loses its polarized distribution on the cell surface. Tumour-
associated MUCI is also underglycosylated, resulting in the
exposure of immunodominant peptide sequences that are nor-
mally concealed. MUCT is expressed by most adenocarcinomas
of the breast, lung, stomach, pancreas, colon, ovary, bladder and
prostate. MUCT is thus an important marker of malignancy and
is a target for several immunotherapies currently under inves-
tigation. With regard to tumour surface antigens, factors that can
contribute to the resistance of tumors to immunotherapy include
low antigen density, cellular shedding of antigens and antigen
variation, including selective down-regulation. It has been
shown that dexamethasone up-regulates MUC1 expression in
multiple myeloma, prostate and ovarian cancer cell lines in vitro
at pharmacologically achievable levels, suggesting that dexa-
methasone might be a useful adjunct for MUCI-targeting
immunotherapies.>* Dexamethasone is a synthetic glucocorti-
coid that regulates gene expression, and there are consensus
sequences for steroid response elements for glucocorticoids in
the MUC1 promoter.2’3

In this study, we investigated the effect of dexamethasone on
MUCI1 expression in a human prostate cancer cell line in vitro
and in vivo, and addressed the potential consequences of altered
MUCT1 expression for antibody therapy in terms of complement
activation and cell lysis.

MATERIALS AND METHODS

Cells and culture
The DU145 prostate cancer cell line was grown and maintained
in RPMI supplemented with 10% fetal calf serum (FCS).

Dexamethasone treatment of cell cultures

For each experimental group, five flasks were plated with cells
at approximately 20% confluency. The culture medium was
changed every 2 days and freshly prepared dexamethasone
(Sigma Aldrich, St. Louis, MO) was added to four of the flasks,
on day 0, 2, 4 and 6, respectively, with a final concentration of
either 107> or 107® M. The fifth flask received no dexametha-
sone and, after 8 days of culture, cells were detached with
phosphate-buffered saline (PBS)/0-02% EDTA for analysis.
Thus, all cells were in culture for the same length of time
(8 days) and all were analysed at the same time. Dexametha-
sone-containing medium was prepared by dissolving dexa-
methasone in ethanol with subsequent dilution in culture
medium.

Flow cytometry

Analysis of cell surface expression of MUC1 and complement-
inhibitory proteins was performed using appropriate primary
antibodies (10 pg/ml) and fluorescein isothiocyanate (FITC)
conjugated secondary antibodies as described below. The pri-
mary antibodies used were C595 and BCP8 anti-MUC1 mo-
noclonal antibodies (mAbs), kindly provided by Drs M. R. Price
(University of Nottingham, Nottingham, UK) and I. F. McKen-
zie (Austin Research Institute, Heidelberg, Australia), respec-
tively, and 1F5 anti-CD59 mAb, 1H4 anti-DAF mAb and M75

anti-MCP mAb (BD Biosciences Pharmingen, San Diego, CA).
For analysis of tumour-derived cells, cell suspensions were
prepared by gentle teasing of isolated tumour tissue with
scalpels (in RPMI/10% FCS) followed by centrifugation
through Ficoll to remove tumour pieces and aggregates. Isolated
cells were then washed by centrifugation in RPMI/10% FCS
before use in flow cytometry or lysis experiments (see below).
For analysis, tubes contained 2-5 x 10* cells and viability was
checked by propidium iodide staining.

Complement lysis assays

Complement-mediated cell lysis of cultured cells was deter-
mined both by 3'Cr release and by trypan blue exclusion
staining (the two techniques gave similar results). Briefly, cells
were detached with PBS/0-02% EDTA, washed twice and
resuspended in culture medium. For >'Cr release assays, cells
were preloaded and washed a further Cells (1 x 10%ml final
concentration, 100 pl per tube) were incubated in PBS or with
C595 or BCPS8 anti-MUC1 mAb at varying concentrations for
30 min on ice, spun down, and resuspended in human or rat
serum diluted to 40% in culture medium without FCS. Com-
plement-mediated lysis of tumour-derived cells was determined
using cells pooled from three mice (each group treated with
either PBS or dexamethasone; see below) because of the low
numbers of cells available. Tumour-derived cells were prepared
as described above and were sensitized to complement with
C595 mAb. Heat-inactivated serum (56°/30 min) was used in
control experiments. Lysis was determined after 1 hr at 37°. The
effect of blocking decay accelerating factor (DAF) function on
complement-mediated lysis was determined by including
50 pg/ml 1H4 anti-DAF F(ab’), in the anti-MUCI antibody
sensitization incubations. The function blocking activity of 1H4
has been previously characterized. Complement-mediated lysis
of dexamethasone-treated cells was determined after 6 days of
culture with dexamethasone.

DU145 tumour model and dexamethasone treatment

Four-week-old male Balb/c nude mice (National Cancer Insti-
tute, Frederick, MD) were injected subcutaneously into the right
chest with 5 x 10° DU145 cells suspended in 0-1 ml PBS.
When the tumours reached a volume of approximately 20 mm®
(about day 24), treatment with either dexamethasone or PBS
control was initiated. Dexamethasone (1 pg in 50 pl PBS) or
PBS was injected subcutaneously at the peritumor site every
3 days for a total of five injections. Principles of laboratory
animal care (NIH publication no. 85-23, revised 1985; National
Institute of Health, Bethesda, MD) were followed. Dexametha-
sone was prepared by dissolving in ethanol with subsequent
dilution in sterile PBS before injection. Two days following
final injection, mice were killed and tumours isolated. Tumour
cells were prepared for analysis as described above.

RESULTS
Effect of dexamethasone on MUCI1 expression in vitro

It was previously reported that dexamethasone induced the
expression of MUC1 in B-cell lymphoma, ovarian and prostate
cancer cell lines in vitro.* Of these cell lines, the DU145 prostate
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Figure 1. Effect of dexamethasone on the expression of MUCI on
DU145 cells. Cells were cultured in the absence or presence of 10~% m
dexamethasone for the indicated time period and relative levels of
MUCI1 expression determined by flow cytometry with anti-MUC1
C595 mAb. All cells were in culture for 8 days, with dexamethasone
added at intervals. Day O represents culture in the absence of dexa-
methasone (see ‘Materials and methods’). Staining with a control
antibody gave a mean relative fluorescence of <10. The data shown
are representative of three separate experiments.

cancer cell line was chosen to investigate the potential con-
sequences of increased MUC1 expression in terms of antibody
therapy. The effect of dexamethasone on MUCI expression on
DU145 prostatic cells in vitro was first confirmed, and the
relative levels of MUC1 expression were determined after
increasing periods of exposure to dexamethasone (Fig. 1). Cells
treated with 1 x 107 M dexamethasone (a pharmacologically
achievable dose) expressed maximal levels of MUCI after
6 days with an approximately 3-fold increase over MUC1 levels
on untreated cells (Fig. 1). There was no significant difference
in levels of MUC1 expression between DU145 cells treated with
1 x 1078 and 1 x 107> M dexamethasone (data not shown).
MUCI expression was heterogeneous, although a more homo-
geneous pattern of expression was observed after prolonged
exposure to dexamethasone and all cells stained positive. In one
experiment, MUC1 expression was determined on DU145 after
15 days of dexamethasone treatment; the cells continued to
express MUC1 at elevated levels. Dexamethasone also up-
regulated MUCI1 expression in the prostate cancer cell line
PC-3 (1-8-fold increase after 48 hr; data not shown).

Analysis of MUCI expression was performed using the anti-
MUCI mAb C595, which recognizes a tumour-associated core
protein epitope. Flow cytometry using a second mAb of defined
specificity, BCPS, confirmed exposure of MUCI core protein on
DU145 cells (data not shown). Interestingly, the previous study
on dexamethasone-induced expression of MUC1* reported that
DU145 (and most other cell lines tested) expressed MUCI1
glycoforms that were not recognized by antibodies reacting
to core protein epitopes. The reason for this discrepancy is not
clear.

Effect of dexamethasone on DU145 susceptibility
to human complement

Complement lysis assays of dexamethasone-treated DU145
cells were performed to determine whether increased MUC1
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Figure 2. Effect of dexamethasone on susceptibility of DU145 cells to
antibody and human complement. DU145 cells were treated in culture
with or without dexamethasone for 6 days. Cells were isolated and
incubated with the indicated concentration of anti-MUC1 C595 mAb in

the presence of 40% human serum, and cell lysis was determined after
1 hr at 37°. The data are mean £ SD of three separate experiments.

expression translated into enhanced complement sensitivity
mediated by anti-MUCI1 mAbs. The data in Fig. 2 show that
DU145 cells were highly resistant to lysis by anti-MUC] anti-
body and complement, and that their susceptibility to anti-
MUCI1 antibody and complement was unaffected by dexa-
methasone treatment. Similar results were obtained with two
different complement activating antibody isotypes; IgG3 (mAb
C595) (Fig. 1) and IgG2b (mAb BCPS) (data not shown).

Effect of dexamethasone on complement inhibitor
expression in vitro

It is well documented that the expression of complement-
inhibitory proteins on tumour cells confers protection from
antibody-dependent complement-mediated lysis in vitro.
Although increased levels of antibody are deposited on dex-
amethasone-treated DU145 cells, the increase in the comple-
ment-activating signal may be insufficient to overcome the
effects of complement-inhibitory proteins. We therefore inves-
tigated expression of complement-inhibitory proteins on
DU145 before and after dexamethasone treatment. DU145 cells
express all three membrane-bound complement inhibitors;
decay accelerating factor (DAF), membrane cofactor protein
(MCP) and CD59 (Fig. 3). Dexamethasone treatment resulted
in up-regulated expression of DAF on DU145 in vitro, with a
maximal level of expression reached after 4 days of treatment,
corresponding to a 75% increase over expression levels on
untreated cells. MCP and CD59 expression were unaltered by
dexamethasone treatment (Fig. 3). These data raise the possi-
bility that up-regulated DAF expression on dexamethasone-
treated DU145 cells counterbalances the effect of increased
anti-MUCI antibody binding. In one experiment, DAF expres-
sion was analysed 15 days after dexamethasone treatment and
expression of DAF remained elevated.

Effect of complement-inhibitory proteins on
complement-mediated lysis

Membrane-bound complement-inhibitory proteins are species
selective, and human complement-inhibitory proteins are not
very effective against rat or mouse complement.* Therefore, to
investigate the contribution of complement-inhibitory proteins
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Figure 3. Effect of dexamethasone on the expression of complement-
inhibitory proteins on DU145 cells. Cells were cultured in the absence
(or presence) of dexamethasone for the indicated time periods and the
expression of complement-inhibitory proteins examined by flow cyto-
metry. (a) All cells were in culture for 8 days, with dexamethasone
added at intervals. Day O represents culture in the absence of dexa-
methasone (see ‘Materials and methods’). (b) Graphical summary of
flow cytometry data. Staining with a control antibody gave a mean
relative fluorescence of <10. The data shown are representative of three
separate experiments.

in providing dexamethasone-treated (human) DU145 cells with
protection from complement lysis, rat serum was used in lysis
assays (mouse serum has poor lytic activity in vitro™).
Untreated DU145 cells were about 3 times more sensitive to
rat complement than to human complement (compare Figs 2
and 4a), indicating the protective role of complement-inhibitory
proteins on these cells. However, in contrast to the lack of any
effect of dexamethasone on the sensitivity of DU145 cells to
human complement (Fig. 2), dexamethasone treatment en-
hanced the sensitivity of DU145 cells to anti-MUCI antibody-
dependent rat complement-mediated lysis (by about a factor of
2; Fig. 4a). To further investigate whether the increased expres-
sion of DAF on dexamethasone-treated DUI145 cells was
contributing to their resistance to anti-MUCI1 ab and human
complement, lysis assays were performed in the presence of
F(ab'), antibody fragments that block DAF function. DU145
cells on which DAF function was blocked were significantly
more sensitive to human complement following dexamethasone
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Figure 4. Complement-mediated lysis of DU145 cells after dexa-
methasone treatment. DU145 cells were treated in culture with or
without dexamethasone for 6 days. Cells were isolated and sensitized
to complement with the indicated concentration of anti-MUC1 C595
mADb. (a) Cell lysis by 40% rat serum (1 hr at 37°). (b) Cell lysis by 40%
human serum (1 hr at 37°) following preincubation of cells with anti-
DAF F(ab’), (50 pg/ml for 30 min). Note the different scales on the y-
axis. The data are mean £ SD of three separate experiments.

treatment (P < 0-05 at anti-MUCI mAb concentrations
>10 pg/ml) (Fig. 4b). These data indicate that the failure of
dexamethasone treatment and increased MUCI1 expression to
enhance antibody-dependent sensitivity to homologous com-
plement is attributable, at least in part, to the up-regulated
expression of DAF. Following dexamethasone treatment there
was a greater increase in lysis mediated by rat complement
compared to lysis by human complement in the presence of anti-
DAF F(ab'),, suggesting that lysis is also under the control of
other complement inhibitors, probably CD59.

Effect of dexamethasone on expression of MUC1 and DAF
in vivo and susceptibility of tumour-derived cells to
complement

Subcutaneous DU145 tumours growing in nude mice were
injected a total of 5 times with either PBS or dexamethasone
every 3 days, after which time tumours were removed and cells
analysed by flow cytometry. MUC]1 expression was about 2-fold
higher on tumour-derived cells isolated from mice injected with
dexamethasone compared to tumour cells isolated from mice
injected with PBS (Fig. 5). Thus, dexamethasone modulates
MUCI1 expression both in vitro and in vivo. However, in contrast
to the effect of dexamethasone on DAF expression in vitro, there
was no difference in the level of DAF expression on tumour-
derived cells isolated from either the PBS- or dexamethasone-
treated mice (compare Figs 3 and 5; there was homogeneous
expression of complement inhibitors on tumour-derived cells, as
shown in Fig. 3). Thus, from the in vitro complement lysis data,
we would predict that up-regulated MUCI1 expression without
increased DAF expression would result in enhanced sensitivity
of tumour cells to anti-MUC1-dependent complement-mediated
lysis. This prediction was substantiated in a separate experiment

© 2004 Blackwell Publishing Ltd, Immunology, 111, 291-297
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Figure 5. Effect of injected dexamethasone on the expression of
MUCI1 and complement-inhibitory proteins on DU145 tumours in nude
mice. In two separate experiments (a and b), two mice bearing sub-
cutaneous DU145 tumours each received intratumoral injections of
either PBS or 1 pg dexamethasone every 3 days for 2 weeks. Two
days after the last dexamethasone injection, tumour cells were isolated
and analysed for expression of MUCI and complement-inhibitory
proteins by flow cytometry. (c) Histograms of MUCI1 expression data.

in which it was demonstrated that tumour cells isolated from
dexamethasone-treated mice were significantly more sensitive
to lysis by anti-MUC1 mAb and human complement than cells
isolated from PBS-treated mice (Fig. 6) (P < 0-05 at 50 and
100 pg/ml). For this experiment, tumour cells derived from
three mice in each treatment group were pooled for assays
because of the limited number of viable cells that could be
isolated.

DISCUSSION

Glucocorticoids represent a treatment modality for various
types of cancer, and they are often administered in conjunction
with other types of therapy. In the context of immunotherapy,
the previous finding that dexamethasone up-regulated MUC1
expression in multiple myeloma, prostate and ovarian cancer
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Figure 6. Complement-mediated lysis of tumour-derived DU145 cells.
Tumour cells isolated from three mice treated with PBS or from three
mice treated with dexamethasone were pooled, sensitized with the
indicated concentration of anti-MUC1 C595 mAb, and exposed to
40% human serum. Lysis was determined after 1 hr at 37°. The data
are mean £ SD of triplicate determinations.

cell lines in vitro suggested that there may be clinical benefit in
combining dexamethasone with therapeutic approaches that
target MUC1.* Anti-MUC1 mAbs represent one type of immu-
nothepeutic approach currently under investigation, and com-
plement-dependent effector mechanisms have been implicated
in the successful outcome of antibody therapy of cancer in both
animal models and patients.>%'>!3 Here we investigated the
influence of dexamethasone-mediated up-regulation of MUC1
expression on anti-MUC1 antibody effector function with
regard to complement activation and lysis of the DU145 pros-
tate cancer cell line, and determined the effect of dexametha-
sone on MUC1 expression on DU145 cells in vivo.

Dexamethasone caused up-regulated expression of MUCI
on DU145 cells in vitro, and elevated expression levels were
maintained with prolonged exposure to dexamethasone. How-
ever, dexamethasone treatment did not result in increased
susceptibility of anti-MUCT1 antibody sensitized DU145 cells
to complement-mediated lysis, despite a 3-fold increase in the
level of MUCI expression. Dexamethasone also up-regulated
the expression of the complement-inhibitory protein DAF, and
our data indicate that augmented DAF expression directly
contributed to the failure of dexamethasone to enhance the
complement sensitivity of DU145 cells. With regard to humoral
immune mechanisms, up-regulated DAF expression is an unfa-
vourable response of tumour cells to dexamethasone, but,
significantly, we did not observe this response in vivo. Dex-
amethasone treatment of tumour-bearing mice enhanced MUC1
but not DAF expression on tumour cells, resulting in enhanced
sensitivity of tumour-derived cells to anti-MUC1 mAb and
complement. Of course, the down-regulation of complement
inhibitors is of potential benefit during therapy with comple-
ment-activating mAb, and there are numerous reports of cyto-
kine-mediated modulation of complement inhibitor expression
in tumour cell lines in vitro. Nevertheless, cytokines that down-
regulate complement inhibitors can also down-regulate expres-
sion of tumour-associated antigens, as recently shown in vitro
with renal tumour cell lines.®

To our knowledge, this is the first report of dexamethasone
directly modulating the expression of a membrane-bound com-
plement inhibitor. Dexamethasone treatment has, however, been
shown to inhibit tumour necrosis factor (TNF)-a and interferon
(IFN)-y-mediated up-regulation of DAF in lung cancer cell
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lines in vitro.> TNF-a and IFN-y are proinflammatory cytokines
that can be produced within a tumour microenvironment. Con-
sistent with its known anti-inflammatory properties, dexametha-
sone has also been shown to up-regulate expression of the
soluble complement inhibitors factor H and Cl-inhibitor, and
to down-regulate expression of C3 in various cell lines.>® It is
not clear if these effects of dexamethasone would be of con-
sequence with regard to the potential impact of complement-
dependent immune mechanisms in cancer therapy, although it is
noteworthy that the secretion and/or binding of factor H by
certain kinds of cancer cell lines provides tumour cells with
increased resistance to complement.®!"** In contrast to our
finding that dexamethasone did not affect the sensitivity of
DU145 prostate cancer cells to anti-MUCI antibody and com-
plement in vitro, an earlier study found that dexamethasone
enhanced complement-mediated lysis of B-cell lymphoma cell
lines sensitized with rituximab, an anti-CD20 mAb approved
for the treatment of B-cell lymphoma.> The mechanism by
which dexamethasone enhanced sensitivity to complement-
mediated lysis was not determined, but dexamethasone did
not affect the expression of complement-inhibitory proteins
in B-cell lymphoma cell lines.

In broader terms, our finding that dexamethasone up-regu-
lated MUC1 expression, but not complement inhibitor expres-
sion, on DU145 cells in vivo strengthens the hypothesis that
there will be potential benefit in combining dexamethasone with
MUCI-targeted immunotherapies. In any case, the effect of
dexamethasone on complement inhibitor expression is unlikely
to be of consequence for immunotherapies based on radiola-
belled or toxin conjugated antibodies, or on cytotoxic T lym-
phocyte (CTL) effector mechanisms. However, the expression
of inhibitors of complement activation (DAF and MCP) can
potentially affect antibody-dependent cell-mediated cytotoxi-
city (ADCC), as complement can enhance ADCC via coligation
of complement receptors on effector cells. At least in some
mouse models, it has been shown that ADCC can play a critical
role in the cytotoxicity of antibodies against tumors,** and for
complement-resistant tumour targets it seems likely that Fc
receptor-dependent mechanisms would dominate. Inhibitors of
complement activation may also affect complement-dependent
cell cytotoxicity (CDCC), an effective mechanism of tumour
cell destruction in the presence of (-glucan, a biological
response modifier that activates effector cells via complement
receptor 3 (CR3).'~ In the context of antibody and complement
effector mechanisms, it is noteworthy that DAF was not up-
regulated on DU145 tumours in mice treated with dexametha-
sone and that the tumour-derived cells displayed enhanced
sensitivity to complement. This was in contrast to the effect
of dexamethasone on DAF expression and complement sensi-
tivity in vitro. It is possible that, in vivo, dexamethasone may be
regulating cytokine-mediated modulation of DAF expression
(see above). In any case, the data serve as a caution against the
extrapolation of in vitro data to an in vivo situation with regard to
the modulation of complement inhibitor expression. The data
do, however, support further investigation into the utility of
dexamethasone with immunotherapeutic protocols in appropri-
ate models. In humans, the expression of MUCI has been shown
to vary among individuals with prostate cancer,® and the same
may be true for DAF expression.' Consideration will also have

to be given to the immunosuppressive effects of dexamethasone,
which could potentially compromise some immunotherapies,
and to the fact that up-regulated MUCI1 expression may influ-
ence tumour progression, as MUC1 is implicated in metastasis
(cell migration and adhesion), angiogenesis and immune reg-
ulation (reviewed in references*’ ™).
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