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Abstract The immunomodulatory effects of a recently
synthesized adamantane derivative of aminopyridine
— 2-(1-adamantylamino)-6-methylpyridine (AdAMP)
— were tested on normal and neoplastic cells in vitro.
When incubated with TNF-o gene-transduced mouse
melanoma cells (B78/TNF), AdJAMP significantly en-
hanced basal production of TNF-o by these cells, both
by “high” and “moderate” TNF-a-producer cells. A
similar TNF-a production-enhancing effect was ob-
served in cultures of human ovarian carcinoma cells
(CAOV1) which spontaneously produce TNF-o but not
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in cultures of tumour cells incapable of TNF-« secretion.
RT-PCR analysis showed that the enhancement of
TNF-o production by AJAMP was associated with an
increase in TNF-o mRNA expression in the treated cells.
The results of an electrophoretic mobility shift assay
(EMSA) showed that AdAMP significantly activated
nuclear factor kB (NF-xB) in both CAOVI1 and B78/
TNF cells. The role of NF-xB in enhancement of TNF-«
production was confirmed in experiments in which
MG132, an inhibitor of NF-xB activation, reversed the
effect of AAAMP. Unexpectedly, dexamethasone, a po-
tent antiinflammatory agent and a strong inhibitor of
TNF-o production in vivo, increased both spontaneous
and AdAMP-augmented production of TNF-o in
in vitro cultures of ovarian carcinoma cells and B78/
TNF cells. AJAMP also enhanced TNF-u« secretion by
LPS-induced monocytes. AdAMP-induced augmenta-
tion of TNF-o production by B78/TNF cells was
accompanied by morphological changes in the treated
cells and a decrease in their adherence to fibrinogen and
collagen IV. In view of these properties, ADAMP seems
to be a therapeutically promising compound with
potential application as an adjuvant augmenting the
efficacy of cancer vaccine-based therapies or in the local
treatment of certain tumours.

Keywords TNF-o - Adamantane - Tumour
immunotherapy

Introduction

Tumour necrosis factor o (TNF-a) is a cytokine pri-
marily produced by cells of the mononuclear system,
and is recognized as one of the key mediators of immune
and inflammatory responses (for review see reference 1).
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Among many biological effects of TNF-a some are
interesting in the context of tumour therapy. These
include: (a) destruction of tumour vasculature and
induction of haemorrhagic necrosis in vivo [10], (b)
direct cytotoxic effect on some tumour cells in vitro [26,
40], and (c) activation of cells of the immune system to
exert antitumour effects [42]. However, despite its spec-
tacular activity against murine tumours, TNF-« has
been found to be toxic when administered systemically
in cancer patients with disseminated disease [17]. For
this reason, the clinical use of TNF-x as an antitumour
agent is at present limited to regional administration,
e.g. in isolated limb perfusion regimens. In this approach
TNF-o is successfully used in combination with che-
motherapy and IFN-y, under hyperthermic conditions,
to treat patients with in transit melanomas or inoperable
sarcomas confined to the extremities [28].

One of the strategies for improving the therapeutic
index of TNF-« is to stimulate its endogenous produc-
tion. A number of natural agents (for example bacterial
wall components such as lipopolysaccharides, LPS [5])
and synthetic low molecular weight chemical com-
pounds exhibit TNF-z-inducing activity. The Ilatter
group includes alkylphthalimides [39], Taxol [7, 8], and
derivatives of xanthenone of which 5,6-dimethylxan-
thenone-4-acetic acid (DMXAA) is currently in clinical
trials [18].

Recently, we have synthesized several adamantyla-
mino-pyridine and -pyrimidine derivatives with TNF-o
production-enhancing properties [22, 31]. In the present
study we examined the effects of AAAMP (Fig. 1), the
most potent of these adamantane derivatives, on some
biological functions and TNF-« production by normal
and neoplastic cells.

Materials and methods

Tumour cells

The B78H1 melanoma cell line transduced with the gene for human
TNF-o (herein named B78/TNF) has been described previously
[27]. A DCCMV-TNF-a vector was generated by blunt end ligation
of human TNF-o, excised as EcoRI fragment from the MSCV-
TNF retroviral vector, into a filled Sall site of DCCMYV between
the hCMV-IE promoter and the EMCV IRES-Neo cassette [27].
Two TNF-a-producing clones (B78/TNF/3, a “high producer”,
and B78/TNF/9, a “moderate producer’) were used in this study.
Other established cell lines included SK-OV-3 (ATCC no. HTB-
77), MDAH 2774 (ATCC no. CRL-10303), and CAOV1 human
ovarian carcinoma cells. We also used the human ovarian cell lines
OVA-2, OVA-4, OVA-11 that were established in our laboratory.
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Fig. 1. Chemical structure of AAAMP

All of the cell lines were cultured in Dulbecco’s MEM with 4.5 g/l
glucose, sodium pyruvate and Glutamax-1 (high glucose DMEM)
supplemented with antibiotic-antimycotic, 50 puM 2-mercaptoeth-
anol and 10% fetal calf serum (FCS) (all from Gibco BRL, Life
Technologies, Paisley, UK). Cells were maintained in 25-cm? tissue
flasks (Nunc, Roskilde, Denmark) at 37°C in a humidified atmo-
sphere containing 5% CO, and were passaged two or three times
weekly.

Reagents

AdAMP was synthesized at the Institute of Chemistry, Agri-
culture University of Warsaw, as described previously [22]. The
crystallographic structure and other details of AJAMP are re-
ported elsewhere [31]. A stock solution of AJAMP (100 mM)
was prepared in DMSO and was diluted to the required con-
centrations in culture medium. Water-soluble actinomycin D
(actinomycin D-mannitol), N-CBZ-Leu-Leu-Leu-al (MG132),
pyrrolidine dithiocarbamate, rolipram, fibronectin, collagen IV
and LPS from E. coli 055:B5 (prepared by trichloroacetic acid
precipitation) were purchased from Sigma (St. Louis, Mo.).
Forskolin was purchased from Calbiochem (La Jolla, Calif.),
and dexamethasone (Dexaven) was from Jelfa (Jelenia Gora,
Poland).

Determination of TNF-« in culture supernatants

Tumour cells were cultured in 24-well plates in the presence of
different concentrations of AdJAMP for 24 h (1 or 2x10° cells/ml).
The concentration of human TNF-o in culture supernatants was
measured using a DuoSet ELISA development system (R&D Sys-
tems, Minneapolis, Minn.) according to the protocol provided by
the manufacturer. The capture antibody was mouse anti-human
TNF-o, and the detection antibody was biotinylated goat anti-
human TNF-a. Occasionally, tumour cells were incubated with
DMSO at concentrations comparable with those in AdAMP-
treated cultures (1:1000 and lower). No enhancing effects of DMSO
on TNF-o production were found. In some experiments, the ac-
tivity of TNF-« in culture supernatants was measured in parallel
using the 1929 bioassay in which L929 cells were incubated with
actinomycin D (1 pg/ml) and serial dilutions of supernatants. The
amount of TNF-a measured by ELISA correlated with its activity
in the bioassay.

Preparation of nuclear protein extracts
and electrophoretic mobility shift assay (EMSA)

Cells were untreated or treated with 10 uM AdAMP for 4, 8 or
24 h. At specific time points cells were washed with cold phosphate-
buffered saline (PBS), and nuclear extracts were isolated as previ-
ously described [32]. Double-stranded oligonucleotides containing
consensus recognition sites for NF-xB transcription factors were
labelled with y-[**PJdATP using polynucleotide kinase (Promega,
Madison, Wis.) and purified on spun columns. EMSA was per-
formed by incubation of protein extracts (10 pg) in EMSA buffer
(25 mM Hepes, pH 7.9, 40 mM KCI, 0.1 mM EDTA, 3 mM
MgCl,, 1 mM dithiothreitol, 20 pg/ml poly(dI-dC), 10% glycerol)
with 0.2 ng labelled oligonucleotide for 20 min at room tempera-
ture. Samples were resolved on 6% native polyacrylamide gels, and
visualized by autoradiography. The oligonucleotide probe was
NF-xB-5-AGTTGAGGGGACTTTCCCAGGC-3'.

Semiquantitative reverse transcription
polymerase chain reaction (RT-PCR)

The expression of specific mRNA for TNF-« in the B78/TNF/3
clone and CAOVI cell line after ADAMP treatment (100, 10, 1 or
0.1 uM) was determined using a semiquantitative RT-PCR method
with f-actin as internal standard. Following a 24-h incubation



(2x10° cells/ml), cells were washed twice in ice-cold PBS and total
RNA was isolated using TRIzol reagent (Gibco, San Diego, Calif.),
according to the protocol provided by manufacturer. The amount
and quality of the RNA preparations were estimated by spectro-
photometric measurement at the UV wavelengths of 260 nm and
280 nm. Then 2 pg of total RNA was subjected to reverse tran-
scription using oligo-deoxythymidine primers (dT;s) and AMV
reverse transcriptase (both from Promega, Madison, Wis.). PCR
was performed using complementary DNA templates, 0.2 mM
dNTPs, specific forward and backward primers (see below) for
TNF-o and f-actin (0.4 pM of each) and Taq polymerase (Pro-
mega) [35, 38]. The forward and backward primers, respectively,
for f-actin were 5-TAC ATG GCT GGG GTG TTG AA and 3'-
AAG AGA GGC ATC CTC ACC CT, and for TNF-a were 5'-
CTT CTG CCT GCT GCA CTT TGG A and 3-TCC CAA AGT
AGA CCT GCC CAG A.

The PCR conditions for TNF-o were 94°C for 20 s, 55°C for
20 s and 72°C for 20 s, and for f-actin were 94°C for 20 s, 58°C for
20 s and 72°C for 20 s. Each run was followed by 5 min of final
elongation at 72°C. The numbers of amplification cycles for TNF-«
and f-actin were 35 and 30, respectively. These numbers of cycles
were established as being always in the linear part of the reaction
product amount curve. The PCR amplification products were
separated in 1.0% agarose gels with 0.2 pg/ml of ethidium bromide
and pictures were taken using a digital image capture system
(GDS9000; Ultra-Violet Products, Cambridge, UK). The relative
expression of cytokine-specific mRNA is presented in relation to
the respective amount of f-actin transcript.

Monocyte cultures

Heparinized blood samples diluted 1:1 (v/v) with PBS were cen-
trifuged with Gradisol (Polfa, Kutno, Poland) to separate
mononuclear cells from granulocytes and erythrocytes. After as-
piration of the mononuclear cell fraction, the cells were washed
three times in PBS, resuspended in RPMI-1640 medium con-
taining 10% FCS and incubated overnight to allow separation of
mononuclear cells from thrombocytes. The supernatant was then
discarded gently, the cell pellet was resuspended in 10 ml RPMI-
1640 medium containing 2% FCS and left in Petri dishes for
30 min at 37°C in an atmosphere containing 5% CO, to allow
adherence of monocytes. Nonadherent cells were removed by
washing the dishes with warm (37°C) culture medium. Finally, the
Petri dishes were washed extensively with cold (4°C) RPMI-1640
and recultured in 24-well plates (2.5x10° cells/ml) with or without
1 pg/ml of LPS and/or appropriate concentrations of AdAMP.
After 24 h, the culture supernatants were collected and frozen.
The amounts of TNF-x in the supernatants were determined
within 3 months.

[*H]Thymidine incorporation assay

B78/TNF/3 melanoma cells were cultured for 20 h at a concen-
tration of 1x10* cells/200 pl culture medium per well in a 96-well
flat-bottomed microtitre plate (Nunc) in the presence of serially
diluted AdAMP (in triplicate). The cells were then pulsed with
[*H]thymidine (Polatom, Otwock-Swierk, Poland) (1 nuCi per well)
for 5 h, trypsinized and automatically harvested onto glass-fibre
strips using a Skatron harvester. [’H]Thymidine incorporation was
determined using a Wallac liquid scintillation counter (1450
Microbeta Plus; Wallac, Gaithersburg, Md.).

Matrix adhesion assay

Adhesion of B78/TNF/9 cells to matrix proteins was tested in a
matrix adhesion assay [14]. Briefly, aliquots of fibronectin or col-
lagen IV dissolved in PBS (10 pg/ml) were added to wells of a 96-
well flat-bottomed plastic plate (Nunc) and incubated for 18 h at
4°C (in quadruplicate). After three washes, the plates were blocked
with 1% bovine serum albumin for 2 h at room temperature. Next,

215

B78/TNF/9 cells were added to each well (4x10* cells/well) and
incubated with different concentrations of AdAAMP for 20 h at
37°C. Nonadherent cells were washed off and the remaining cells
were stained with 0.1% crystal violet in 20% methanol for 10 min
at room temperature. The unbound dye was washed off and the
plates were air-dried. The bound dye was solubilized in methanol
and the absorbance was measured at 600 nm in an ELISA reader
(Spectra).

Statistical analysis

Data are expressed as means=+SD. Differences between samples
were analysed for significance using Student’s ¢-test (two-tailed).

Results

Effect of AAAMP on the production
of TNF-a by B78/TNF cells

Preliminary studies, using TNF-o gene-modified tumour
cells (B78/TNF), had shown that AAMP is the most
potent stimulator of TNF-o production among the ad-
amantylamino-pyridines and -pyrimidines synthesized in
the laboratories of the Institute of Chemistry, Agricul-
ture University of Warsaw [22]. As shown in Fig. 2,
AdAMP strongly enhanced TNF-« production by TNF-
o gene-transduced B78H1 cells. In the presence of 10 pM
AdAMP, an increase in TNF-a production was observed
both in cultures of clone 3 of this cell line (B78/TNF/3,
producing large amounts of TNF-«) (Fig. 2A) and in
cultures of clone B78/TNF/9 (“moderate producer
clone) (Fig. 2B): 249% and 355% in relation to the
amount produced in control unstimulated cultures of
B78/TNF, respectively. The induction of TNF-a pro-
duction by AJAMP was dose-dependent, and at con-
centrations as low as 100 nM production of TNF-o by
B78/TNF/9 melanoma cells was significantly augmented
(5.2 vs 3.3 ng/ml, P<0.01).

Effect of ADAMP on the viability of B78/TNF/3 cells

The amount of TNF-« produced by genetically modi-
fied tumour cells incubated with 100 pA/ AdAMP was
significantly lower than that produced in cultures with
10 uM. To determine whether the decrease in TNF-«
production could have resulted from a toxic effect of
AdAMP, the viability of B78/TNF/3 cells was tested in
a standard 3-(4,5-dimethylthiazol-2-yl)-diphenyltet-
razolium bromide (MTT) assay. Results of experiments
in which B78/TNF/3 cells were incubated with different
concentrations of AAAMP confirmed this supposition.
Incubation of tumour cells at concentrations of
100 pM and higher induced a significant reduction in
tumour cell viability (data not presented). The results
of the [*H]thymidine incorporation assay (Fig. 3) re-
vealed that, independently of TNF-o production-
enhancing activity, AJAMP had moderate cytostatic
properties.
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Fig. 2A, B. Effect of AJAMP on TNF-a production by TNF-«
gene-transduced B78 melanoma cells (B78/TNF). Cells of the clone
B78/TNF/3 (high producer) (A) and B78/TNF/9 (moderate
producer) (B) were incubated (2x10° cells/ml) for 24 h in the
presence of different concentrations of AJAMP. The amounts of
TNF-o released into the culture medium were measured by ELISA.
Data are means+SD. The results are representative of four
individual experiments

Effect of AAAMP on TNF-« production
by human ovarian cancer cells

Some tumour cells express or spontaneously release cy-
tokines, including TNF-a. For example, expression of
TNF-a by ovarian cancers and their ability to secrete
TNF-o is well documented [34, 41]. To determine
whether AAAMP could stimulate TNF-« production by
ovarian cancer cells, several human ovarian cancer cell
lines were tested in preliminary experiments. We found
that AdAMP did not stimulate TNF-o secretion by

120,
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Fig. 3. Antiproliferative effect of AJAMP on B78/TNF/3 mela-
noma cells. Tumour cells were incubated with different concentra-
tions of AAAMP for 24 h. The rate of proliferation was assayed in
a standard [*H]thymidine incorporation assay, as described in
Materials and methods. Data are means +SD

primarily non-producing tumour cells (e.g. MDAH
2774). However, both low- (SK-OV-3, OVA-4), moder-
ate- (OVA-2), and high-producing (CAOV1, OVA-11)
cell lines were found to be susceptible to the TNF-
a-stimulating action of AAAMP. A representative, dose-
dependent pattern of TNF-a secretion by CAOVI
ovarian cancer cells incubated with AAAMP is presented
in Fig. 4. As shown in Fig. 4, AJAMP significantly
stimulated production of TNF-a by CAOVI cells at
concentrations as low as 100 nM (14.3 vs 11.1 ng/ml in
control cultures, P <0.01). Interestingly, CAOV1 ovar-
ian carcinoma cells were found to be much more sus-
ceptible to the cytostatic/cytotoxic effects of AdAMP
than B78/TNF cells (Figs. 2 and 4).

Effect of AAAMP on TNF-« production
by LPS-stimulated human monocytes

Since TNF-u is mainly produced by cells of the mono-
cyte/macrophage lineage, we tested the ability of
AdAMP to stimulate TNF-o production by LPS-acti-
vated human monocytes (Table 1). The basal production
of TNF-a by monocytes (33 pg/ml) was augmented in
cultures containing 1 pg/ml LPS (to 59 pg/ml TNF-a)
and was additionally enhanced in the presence of 1 or
10 pM of AAAMP to 95 pg/ml (P <0.01) and 90 pg/ml
(P<0.05) TNF-a, respectively. These relatively low
concentrations of TNF-a (in comparison with levels of
TNF-a in cultures of CAOV1 and B78/TNF cells) could
be explained by the prolonged procedure of monocyte
preparation and/or incomplete maturation of these cells
in in vitro cultures. Higher concentrations of AAAMP
(100 uM) were found to be toxic to monocytes (Table 1).
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Fig. 4. Effect of AJAMP on TNF-a production by CAOVI1
ovarian carcinoma cells. Tumour cells (2x10° cells/ml) were
incubated for 24 h in the presence of different concentrations of
AdAMP. The amounts of TNF-« released into the culture medium
were measured by ELISA

Table 1. Production of TNF-x by human monocytes incubated
with AAAMP and/or LPS. Monocytes (2.5x10°/ml) were incubated
in the presence of different concentrations of AAAMP for 18 h, and
the amounts of TNF-z in the supernatants were measured by
ELISA. Values are means +=SD

AdAMP (uM) TNF-a production in monocyte culture (pg/ml)
Without LPS With LPS (1 pg/ml)
100 0* 10£1
10 36+4 90+ 14
1 35+4 95+4
0 33£3 59+£8

“Below sensitivity of the assay

AdAMP increases mRNA expression
in B78/TNF/3 and CAOV1 cells

To get some information on the biochemical events in cells
treated with AAAMP, B78/TNF/3 and CAOV1 cells were
incubated with different concentrations of this compound
and were subjected to RT-PCR analysis for TNF-«
mRNA. As shown in Fig. 5, incubation with AJAMP
markedly increased expression of mRNA for TNF-«
bothin B78/TNF/3 (Fig. 5SA)and CAOV1 (Fig. 5B)cells.

MG132 inhibits production of TNF-a
by CAOV1 ovarian carcinoma cells

To investigate the potential role of NF-xB in AAAMP-
induced stimulation of TNF-a production, CAOVI
cells, either untreated or treated with 10 uM AJdAMP,
were incubated with MG132, an inhibitor of NF-xB
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Fig. 5A, B. RT-PCR analysis of TNF-o and f-actin mRNA
expression in B78/TNF/3 and CAOV1 cells treated with AAAMP.
Lane — negative control containing all the components of the PCR
except the template DNA; lanes 1, 2, 3, 4, 5 cells treated,
respectively, with 100, 10, 1 and 0.1 pM AdAMP, and untreated;
lane MDAH MDAH 2774 cells, non-secreting TNF-a as assayed by
ELISA
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Fig. 6. Effect of MG132 on basal and AdAMP-stimulated TNF-«
production by CAOV1 ovarian carcinoma cells. The cell culture
conditions and determination of the TNF-« levels were as described
for Fig. 2

activation. As shown in Fig. 6, MG132 (at concentra-
tions of 80 nM and higher) potently inhibited sponta-
neous production of TNF-« and reversed the effect of
AdAMP. This inhibition of TNF-« production was not
due to a toxic effect of MG132 since at the concentra-
tions tested, MG132 induced only a marginal loss of
CAOVI cell viability (as tested by the MTT assay; not
presented). Similar inhibitory effects on TNF-o pro-
duction by CAOVI1 cells were observed when another
NF-kB inhibitor — pyrrolidine dithiocarbamate — was
used instead of MG132 (not shown).
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Fig. 7. AJAMP induces DNA NF-xB binding activity. CAOV1
and B78/TNF/3 cells were treated with AAAMP (10 uM) and
nuclear extracts were isolated at various times after treatment. An
EMSA assay was performed by incubation of nuclear extracts with
the specific **P-labelled oligonucleotides carrying NF-xB binding
sites. The reaction products were resolved by electrophoresis and
the gels were dried and exposed to X-ray films. The arrow indicates
the band corresponding to specific DNA/protein complex. An
unlabelled competitor (Comp) was used in 50-fold and 100-fold
excess

AdAMP activates NF-xB transcription factor
in CAOV1 and B78/TNF/3 cells

To shed more light on the role of NF-kB in AAAMP-
induced TNF-a production, EMSA was employed to
determine DNA-binding activity of NF-xB transcription
factor after AAAMP stimulation. The increase in NF-xB
activity occurred 4 h after treatment in CAOV1 cells and
had decreased by 8 h (Fig. 7). In B78/TINF/3 cells, NF-
kB binding activity remained elevated after 24 h. The
specificity of binding to the respective DNA binding site
was confirmed by preincubation of extracts with 50-fold
or 100-fold excesses of unlabelled probes (Fig. 7, lanes
labelled Comp).

Effects of rolipram and dexamethasone
on production of TNF-«

Both rolipram and dexamethasone exert inhibitory
effects on the production of proinflammatory cytokines,
including TNF-¢, in vivo [6, 11, 15, 16, 19]. Rolipram, a
type IV phosphodiesterase inhibitor, augments the levels
of cAMP [24] and inhibits transcription of certain genes,
including those coding for TNF-« [25], while the effects
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Fig. 8. Effect of dexamethasone on basal and AdAMP-stimulated
TNF-o production by CAOV1 ovarian carcinoma cells. The cell
culture conditions and determination of the TNF-« levels were as
described for Fig. 2

of dexamethasone on TNF-a production are more
complex and include suppression of TNF-o gene ex-
pression and inhibition of mRNA translation [6, 11]. In
our studies, rolipram significantly suppressed TNF-«
production by both untreated and AdAMP-treated B78/
TNF/9 cells but was ineffective in cultures of the human
ovarian carcinoma line CAOV1 (data not shown).
Similarly, forskolin (a specific activator of protein kinase
A) did not alter TNF-a production in cultures of
CAOVI1 cells incubated either alone or in the presence of
AdAMP (not shown). Unexpectedly, dexamethasone
significantly stimulated production of TNF-a by
CAOVI cells both in untreated cultures and in cultures
incubated with AAAMP. It is interesting to note that the
dose-response curve had a bell-shaped character
(Fig. 8). This stimulatory effect and the type of response
was confirmed in cultures of OVA-2 ovarian carcinoma
cells and B78/TNF/9 cells (data not shown).

AdAMP modifies adhesive properties of tumour cells
to extracellular matrix proteins

When incubated with AdJAMP (especially at concen-
trations of 10 pM and higher), B78/TNF/9 tumour cells
no longer grew in monolayers (Fig. 6A) but tended to
aggregate in large clusters (Fig. 6B, C). A similar phe-
nomenon was observed in AdAMP-treated cultures of
CAOVI1 and B78H1 cells (not shown). No effect on cell
aggregation was observed in untreated B78H1 cultures
supplemented with TNF-« at concentrations as high as
1 pg/ml, indicating that the cell-grouping phenomenon
was not a consequence of TNF-a production. As



revealed in the MTT assay, cluster formation was not
accompanied by loss of viability (data not presented).
To study this phenomenon more deeply, B78/TNF/9
cells were cultured in plastic plates covered with different
stromal proteins (fibronectin and collagen 1V) in the
presence of different concentrations of AdAMP. As
shown in Fig. 7 (confirmed by direct microscopic in-
spection), AAAMP at a concentration of 10 pM slightly,
but statistically significantly, inhibited the adhesive
properties of B78/TNF/9 cells both to fibronectin and
collagen IV (91% and 86% of control adhesion for
fibronectin and collagen IV, P<0.05 and P=0.01,
respectively). No inhibitory effect of AJAMP on cell
adhesion to matrix proteins was observed in cultures of
unmodified (wild-type) B78H1 melanoma cells (data not
presented).

Discussion

In the present study we demonstrated a strong TNF-«
production-enhancing activity of AdAMP — the most
potent immunomodulator among a series of adaman-
tylamino-pyrimidine and -pyridine derivatives synthe-
sized in our laboratory [22]. Adamantane derivatives
have diverse biological activities. Amantadine (1-am-
inoadamantane), the best known adamantane deriva-
tive, is used for prophylaxis and treatment of type A
influenza [23]. Amantadine is also used in the treatment
of Parkinson’s disease [13]. Some adamantane moiety-
containing compounds have been reported to exert
direct antibacterial and antitumour activity [36, 44].
Another  l-aminoadamantane-derived  compound,
N-adamantylphthalimide, has recently been described as
a costimulator of TNF-a production by PMA-treated
human leukaemia HL-60 cells [39].

The exact cellular target of AAAMP has not been
established, but results of EMSA (Fig. 7) strongly sug-
gest that AdAMP-induced augmentation of TNF-«
production could be mediated by NF-xB. This was
confirmed in experiments in which MG132 (a protea-
some inhibitor blocking IxB degradation) significantly
reduced both spontaneous and AdAMP-induced TNF-«
production by CAOVI1 cells (Fig. 6). Unexpectedly,
dexamethasone, a synthetic glucocorticoid, used with
the aim of reducing TNF-o production, produced the
opposite effect: it significantly augmented both sponta-
neous and AdAMP-induced secretion of TNF-« (Fig. 8).
At the molecular level, glucocorticoids act by binding to
cytoplasmic receptors which are then transported into
the nucleus to modulate (either positively or negatively)
the expression of specific genes [4].

There are some data showing that glucocorticoids at
physiological concentrations can increase production of
some proinflammatory cytokines in vivo [45], which may
partly explain our observations of stimulatory effects of
low doses of dexamethasone on TNF-a production in
our in vitro system (Fig. 8). We are not able to offer a
convincing hypothesis explaining this phenomenon. It

219

has been suggested that glucocorticoids can increase the
expression of TNF-o receptors [4, 19] and it may be,
bearing in mind that TNF-« can activate NF-xB [21],
that this cytokine enhances its own production in
dexamethasone-treated cells in an autocrine/paracrine
manner. In experiments in which AdAMP-stimulated
B78/TNF/9 melanoma cells were cultured with rolipram
(a specific inhibitor of type IV phosphodiesterase that
elevates cAMP [21]), a significant decrease in TNF-o
secretion was observed, but this effect was not repro-
ducible in cultures of CAOV1 cells (not presented).
Similarly, another cAMP-augmenting agent, forskolin
(an activator of protein kinase A [24]), did not influence
the levels of TNF-« in cultures of CAOVI cells stimu-
lated with AAAMP (data not shown). These results show
that the cAMP-mediated pathway is not critical for the
effect of AAAMP.

The possibility that AAAMP operates at more than
one level of regulation of TNF-a production, together
leading to the accumulation of mRNA for TNF-«
(Fig. 5) and enhanced secretion of this cytokine, cannot
be excluded. Certainly, stimulation of TNF-o produc-
tion is not the only property of AAAMP and, as shown
in the studies on the effects of ADAMP on the adhesive
properties of tumour cells (Figs. 9 and 10), this inter-
esting agent probably regulates expression of a wide
spectrum of genes.

TNF-a is a potent proinflammatory cytokine that,
when produced in increased amounts in different disease
states, can severely disturb the function of tissues and
organs. Recently, TNF-a-targeted proteins (infliximab,
anti-TNF-a monoclonal antibodies and the sTNF-R-Fc
fusion protein etanercept) have been approved for the
treatment of patients with Crohn’s disease and rheuma-
toid arthritis [11, 12, 43]. Agents with proven anti-TNF-o
effects also include synthetic chemical compounds such as
pentoxifylline and thalidomide and its analogues [11, 15,
30]. On the other hand, TNF-« is still attracting attention
as a potential antitumour agent because it exhibits im-
munomodulatory effects [42] and striking selective cyto-
toxicity against various tumour cell lines [26, 40].
Unacceptably severe side effects induced by TNF-o have
madeits use in the systemic treatment of cancer impossible
[17]. However, using locoregional strategies for TNF-a
administration, for example the procedure of isolated
limb perfusion in which TNF-« is used in combination
with melphalan and/or IFN-y and hyperthermia, very
encouraging results have been obtained in patients with in
transit melanomas and soft tissue sarcomas [28]. Another
approach aimed at improving the therapeutic index of
TNF-ais the generation of so-called muteins (mutants) of
the TNF-o molecule. The results of animal studies have
shown that such modified forms of TNF-« are charac-
terized by reduced untoward effects but still retain the
therapeutic antitumour potential of native TNF-a [29].
The therapeutic potential of TNF-« can be also improved
by PEGylation [20].

One of the most encouraging strategies for exploiting
the antitumour potential of TNF-o is using low molec-
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Fig. 9A—-C. Morphological changes in B78/TNF/9 melanoma cells
treated with AdJAMP. Phase contrast images of B78/TNF/9
cultures incubated in the absence (A, x100) or presence of 10 uM
AdAMP (B, x100 and C, x400). Note the strong tendency of the
tumour cells to form clusters in cultures incubated with AAAMP. A
similar phenomenon was observed in B78/TNF/3 melanoma cell
cultures

ular weight chemical compounds to enhance the local
production of TNF-a. The representative agent of this
group of chemicals is DMXAA. This interesting well-
characterized compound has been shown to stimulate
production of TNF-« in leucocytes and tumour cells and
to induce haemorrhagic necrosis of tumours in mice [18§].
Recent data suggest that DMXAA, in addition to its
necrosis-inducing properties, may also exert antiangio-
genic effects [9]. DMXAA is currently being tested in a
phase I clinical trial. We have no definite answer as to
whether AAAMP could have similar antitumour activity
but there are suggestions that this compound could
show activity in vivo as potent as that of DMXAA. On a
molar basis, in comparison with DMXAA, AJAMP has
been found to be a more potent stimulator of TNF-«
production in our in vitro model of melanoma cells
transduced with the gene for TNF-a (unpublished data).
Further, in our preliminary experiments AdAMP en-
hanced production of IL-12 by IL-12 gene-transduced
melanoma cells. Moreover, in pilot in vivo studies in
mice, AAAMP has been found to be relatively nontoxic
(no lethality was observed after i.p. administration of a
dose of 100 mg/kg). However, unlike DMXAA,
AdAMP has very low water solubility. Recently, we
complexed AAAMP with f-cyclodextrins to increase its
bioavailability after administration in vivo [31].

The efficacy of cancer therapies based on cytokine
gene-transduced tumour cell vaccines is strictly depen-
dent on the amount of cytokine produced by the tu-
mour cells [33, 37]. In this context, the property of
AdAMP to enhance TNF-o production (and also IL-12
secretion by IL-12 gene-transduced B78H1 melanoma

AdAMP:
Bl o~ T 7 oum
120

10 |
100
90
80
70 r
60
50
40
30 r
20 1
10

o e

Fibronectin

% control adhesion

22

Collagen IV

Fig. 10. Effect of ADAMP (1 or 10 uM) on the adhesion of B78/
TNF/9 melanoma cells to extracellular matrix proteins fibronectin
and collagen IV. For details see Materials and methods

cells; unpublished data) by genetically modified tumour
cells could be the basis for its application in cancer
gene therapy. As shown in Fig. 4, AJAMP also en-
hanced TNF-a production by ovarian carcinoma cells.
Our previous studies [26] and many others have dem-
onstrated that some chemotherapeutic agents, espe-
cially targeted at DNA topoisomerase II, can show
strong synergistic antitumour effects (including in hu-
man ovarian carcinoma models) when combined with
TNF-a [2, 3]. It would be interesting to determine
whether AAAMP, by augmenting the levels of TNF-«
at the tumour site, could potentiate the effect of
chemotherapy as far as cytokine-secreting tumours are
concerned.

In summary, we demonstrated interesting immuno-
modulatory properties of AJAMP, as a representative



l-amino-adamantane-derived compound. Because of the
strong stimulatory effect of AAAMP on cytokine pro-
duction by gene-transduced and unmodified tumour
cells as well as cells of the mononuclear phagocyte sys-
tem this compound shows potential for use as an adju-
vant in cancer gene therapy and in the treatment of some
types of tumours.
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