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‘Poly-plat’, SSP and SAP are second generation analogs of
cisplatin which have been shown to activate murine
peritoneal macrophages in vivo and in vitro. Murine perito-
neal macrophages treated with ‘poly-plat’, SSP or SAP
(5 #g/mg) for 2 h are stimulated to form cytoplasmic exten-
sions. Drug-treated macrophages also elicit an increase in
the number of lysosomes. In addition, analysis of tissue
culture supernatants shows increased levels of interleukin-
1z and tumor necrosis factor-«. These results show that
‘poly-plat’, SSP and SAP enhance the immune system with
greater efficacy and potency than cisplatin.
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Introduction

Cisplatin [cfs-diamminedichloroplatinum (II); CDDP],
a broad spectrum anticancer drug.' is proven to be
effective in the treatment of testicular, ovarian,
prostate, bladder, head and neck, and lung cancers.”
Activated macrophages have been found to effec-
tively destroy target cells by cytotoxic mechan-
isms.™  The activation process  includes  the
generation of extracellular products including inter-
leukin (ILy1¢ and tumor necrosis factor (TNF)-«.”
Although cisplatin is an effective anticancer drug, it
has very severe toxic side effects, of which gastro-
intestinal and nephrotoxicity are the dose-limiting
factors.”

Poly-[(trans-1.2-diaminocyclohexane)  platinum]-
carboxyamylose (' poly-plat’), S-sulfosalicylato-trans-
(1.2-diaminocyclohexane) platinum (88P) and 4-hy-
droxy-a-sulfonylphenylacetato  (trans-1,2-diaminocy-
clohexane) platinum (1) (SAP) are second
generation analogs of cisplatin with higher efficacy
and potency, while cliciting less toxicity. This is
particularly true of ‘poly-plat” which contains one-
fifth the platinum of cisplutin.-
drugs enhancing the immune system  with  less
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The possibility of

toxicity is very encouraging. We have here explored
the effects of ‘poly-plat’, SSP and SAP on the
macrophages so as to understand their mechanism(s)
of action in enhancing the immune system.,

Materials and methods
Cell cultures

Swiss webster mice (Charles River, Portage, MDD
were sacrificed by cervical dislocation and perito-
neal macrophages were isolated by injection of 5 ml
chilled minimal essential medium (MEM:;  Gibco,
Grand Island, NY) without serum containing 1%
antibiotic- antimycotic [penicillin G (10000 U/mD),
streptomycin  sulfate (10000 gg/ml and ampho-
tericin B (25 pg/ml)| into the peritoneal cavity. After
gently massaging the abdominal wall, cells were
aspirated and seeded onto 18 mm? glass coverslips,
placed in 35 mm Petri dishes at 2—4 X 10°cells/ml
and incubated for 2 h at 37°C after which cells were
washed vigorously to remove non-adherent cells.
Cell cultures were incubated in normal medium
(minimal essential media and 10% heat-inactivated
fetal calf serum) at 37°C in a 5% CQO; incubator.

Treatments

‘Poly-plat’ was prepared in 0.85% NaCl while SSP
and SAP (Figure 1) were dissolved in 0.85% NaCl
and 0.1% NaCQ, in 5 ug/ml concentrations. Macro-
phages were treated with the drugs for 2 h. The
drug(s)-containing medium was replaced by normal
medium and supernatant (500 ul) was collected at
0.5, 1, 2 and 24 h for cytolytic factor(s) analysis. In
addition, macrophages were also treated with cispla-
tin [S ug/ml dissolved in physiological saline with
3 ul/ml of dimethylsulfoxide (DMSO: Sigma, St
Louis, MO)|. Untreated cells in normal medium
served as controls.
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Figure 1. Structure of compounds studied.

IL-1a assay

IL-Tae was assayed using ELISA Kits (Genzyme, Cam-
bridge. MA). The method used the multiple antibody
sandwich principlc,"l where monoclonal anti-murine
[L-Tae was used to bind murine IL-1¢« present in the
supernaitant. A biotinylated polyclonal antibody bind-
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ing the IL-1¢ was added and unbound material was
washed out. Peroxidase-conjugated avidin was used
to bind these biotin tagged complexes. A substrate
solution was then added resulting in a color change.
The reaction was stopped by acidification  and
absorbance was read at 450 nm. Standard curves
were generated with I1-La (15 405 pg/ml) provided
in the kits and linear regression analysis was per-
formed.”

TNF-« assay

TNF-«t released from supernatants of the macro-
phages was assayed using  specific analysis  kits
(Genzyme). Again, the multiple antibody sandwich
principle was utilized with a murine monoclonal
antibody specific for murine TNF-« in the sumplcs.”
A horseradish - peroxidase-conjugated  anti-murine
TNF-« antibody was uscd to bind the multiple
epitopes on TNF-«. A substrate solution was then
added resulting in @ color change. The reaction was
stopped by acidification and absorbance was read at
450 nm. Standard curves were generated with TNF-«
(35 22:40 pg/mD provided in the kits and linear
regression analysis was pcrformcd.m

Lysosomal assay

The quantitation of lysosomes before and  after
various treatments was achieved by exposing macro-
phage cultures to fresh medium containing acridine
orange (5 ug/ml) for 30 min at 37°C in the dark."’
After careful washing macrophages were examined
under a Zeiss 10 laser scanning confocal microscope.

Results
IL-1« release

Compared to cisplatin  treatments  there was  an
increase in Il-la levels in the supernatants  of
macrophages treated with cither “poly-plat’, 8§P or
SAP (5 ug/ml) for up to 24 h of testing (Figure 2).
The greatest increases were seen 2 h post-treament
(i00 - 500 pg/ml) with a subsequent decrease from
there on. Il-la levels demonstrated a consistent
increase after cisplatin treament, reaching a maxi-
mum after 24 h. Although, -1« levels after “poly-
plat’, SSP or SAP treament demonstrated a decline
after a peak at 2 h, these levels were still equal to or
above those after cisplatin treatment.
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Figure 2. Bar graph showing IL-1« release in the supernatants of murine peritoneal macrophages treated with either
cisplatin, ‘poly-plat’, SSP, or SAP (5 u«g/ml) after 30 min, and 1, 2 and 24 h post-treatment. Note the large increase at
2 h post-treatment in ‘poly-plat’, SSP and SAP. This is three times the amount of IL-1« released by cisplatin-treated

macrophages.

TNF-« release

TNF-a increases were observed in SSP (5 ug/ml) at
all times tested, with the most significant increase
occurring at 2 h post-treatment (3250 pg/ml) (Figure
3). This level dramatically decreased at 24 h post-
treatment (565 pg/ml). ‘Poly-plat’ and SAP (5 ug/mi)
demonstrated very little TNF-a activity, barely reach-
ing 200 pg/ml at 24 h posttreatment. Cisplatin
demonstrated the usual enhanced release of TNF-«
at various time intervals, reaching a peak value at
2 h post-treatment (300 pg/ml).

Macrophage activation
Murine peritoneal macrophages demonstrated exten-

sion formations after 2 h of treatment with ‘poly-
plat’ and SSP (5 ug/ml) (Figure 4A and B). These

cytoplasmic extensions radiate from the cell body in
all directions. While SAP (5 ul/ml)treated macro-
phages did not show any extension formation, but
instead assumed a discoid shape similar to that of
the normal macrophages (Figure 4C and D). Cispla-
tin (5 ug/ml)treated macrophages also showed simi-
lar extension formation but only after 24h of
treatment.

Lysosomal studies

Based on fluorescence measurements after acridine
orange labeling, a 500-fold increase in the number of
lysosomes in the macrophages after only 2h of
‘poly-plat’ treatment (Figure SA) was observed com-
pared to normal cells (Figure 5B). The lysosomes
were plentiful in the cytoplasm of the macrophages
and in the drug-induced cytoplasmic extensions

Anti-Cancer Drugs - Vol 8- 1997 325



HJ Muenchen et al.
40001

3500 1

3000 A

25004

2000 4

1500 -

TNF concentration (pg/ml)

1000

500 4

0.5

2 24

Various drugs post-treatment (h)

Figure 3. Bar graph showing TNF-« release in the supernatant of murine peritoneal macrophages treated with either
cisplatin, ‘poly-plat’, SSP or SAP (5 xg/ml) after 30 min, and 1, 2 and 24 h post-treatment. Note the maximum increase
in TNF-« for cisplatin and SSP 2 h post-treatment. Although, ‘poly-plat’ and SAP did show an increased level of TNF-«
they were not significant compared to cisplatin or SSP treatments.

radiating from the cell body. SSP and SAP both
demonstrated a 100-fold increase in the number of
lysosomes. Comparatively, cisplatin treatment  de-
monstrated only a 50-fold increase in the lysosomes
(Figure 5C), both in the cell body and the cytoplas-
mic extensions.

Discussion

The anti-tumor agent cisplatin has been shown to
c¢nhance the immune systcm." Cisplatin activates
the macrophages by inducing an increase in their
cvtoplasmic  lysosomes and  promoting  extension
formations that establish contact with the tumor
cells.”? These macrophages lyse tumor cells through
the transfer of lysosomes via the cytoplasmic exten-
sions. " Cytolytic factors such as H,O,, supceroxide
anion, IL-T«, TNF-«, lysozyme and SNH have been
demonstrated to be released from these treated
mzlcr()phagcs.;‘“ Our study, using the second gen-
cration analogs of cisplatin, has shown that ‘poly-
plat’, SSP and SAP elicit much more IL-Ta, TNF-«,
macrophage activation, as depicted by extension
formations, and lysosomal increase compared to
cisplatin.
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II-1a release by activated macrophages and its
cytotoxicity to tumor target cells proves it to be
potent mediator in tumor cell killing by macro-
phzlgcs.“ Its release in vitro occurs in a cyclic
manner showing its greatest increase at 2 h post-
treatment after “poly-plat’, SSP and SAP. IL-1a can
destroy tumor cells through several different path-
ways, i.¢. production of superoxide, nitric oxide and
hydrogen pcr()xidc,ﬁ'”' resulting in lipid peroxi-
dation,'” mitochondrial membrane depolarization
and calcium  mobilization,  reduction in ATP
synthesis,m and DNA basc alterations."” Compared
to cisplatin treatment, where the IL-la release
reaches 4 maximum at 24 h, these new  drugs
achieved it only after 60 min, reaching a maximum
at 2 h. If the levels of IL-1a are any indication of the
cytotoxicity then the efficiency of these drugs need
to be tested in the in vivo system.

TNF-a also plays a regulatory role in inflammation
and immunological response to tumors.” TNF-«
activates production of nitric oxide which induces
iron loss, and inhibits DNA synthesis, mitochondrial
respiration and the citric acid cyclc."l")" It is clear
that TNF-«« is an important mediator of tumor cell
death by macrophages. Of the three analogs tested,
only 8§SP demonstrated a rise in TNF-a production.
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Figure 4. Light micrographs showing macrophages at
24 h in normal medium (A), and after 2 h of ‘poly-plat’ (B),
SSP (C) and SAP (D). Note the extension formation after
‘poly-plat’ and SSP treatment(s). Only SAP assumes a
discoid shape similar to that of untreated macrophages.
Original magnification: X1600. Bar = 0.5 mm.

Possibly the main thrust of SSP action is through
increased release of TNF-a and IL-1a early enough
compared to cisplatin.

Lysosomes take part in tumor cell death through
macrophage activation. ! Cisplatin-treated macro-
phages show an increase in their number of lyso-
somes and have been shown to be transferred to
tumor cells through cytoplasmic extensions.'? This
results in the lysis of tumor cells.”” A greater
increase in lysosomes is seen in ‘poly-plat’-, S§P- and
SAP-treated macrophages when compared to cispla-
tin-treated macrophages. If lysosomal activity is any

Platinum analogs and immune system

indication of cytotoxicity then ‘poly-plat’ may have
greater efficacy in tumor cell death.

‘Poly-plat’ is curative in a range of solid tumors
including renal, breast, ovarian, plasma cell myeloma
and adenocarcinoma.” It has been shown to be up
to 15 times as active as equimolar amounts of
cisplatin, showing inhibition in many tumors where
cisplatin is ineffective.” Recently, results have shown
‘poly-plat’ to have higher potency than cisplatin at
the same level in vitro and in vivo. This is due to
‘poly-plat’ having a molecular weight which is more
than 10-fold higher than cisplatin,-" ‘Poly-plat’, which
contains only one-fifth the platinum of cisplatin, has
also been shown to be less toxic.

SSP is curative of many cisplatin resistant tumors
including M5 ovarian and several plasma cell myelo-
mas. SSP also elicits no nephrotoxicity and is less
toxic than cisplatin even at LD,y dose (180 mg/kg).
In vitro, SSP treatment resulted in the greatest
increase in IL-1a and TNF-« release.

From our in vitro studies it seems that SAP, unlike
cisplatin, ‘poly-plat’ or SSP. does not function
through the activation of the immune system. How-
ever, in in vivo studies, it has been shown to be
most potent in the regression of X5563 plasma cell
myeloma, M-5 ovarian carcinoma, 6C3HED lympho-
sarcoma, C3H mammary adenocarcinoma, B16 mela-
noma and DLD-2 human colon tumor xenografts.
Compared to cisplatin’s 9% inhibition of the DLD-2
human colon tumor xenografts, SAP has demon-
strated a 99% inhibition. Whether its mechanism of
action is through increased macrophage lysosomal
activity or more effective DNA cross-linking remains
to be explored.

Conclusion
‘Poly-plat’, SSP and SAP induce murine macrophage

activation via the production of cytoplasmic exten-
sions, lysosomes, and cytolytic factors IL-1a and

Figure 5. Fluorescent images taken from the Zeiss 10 laser scanning confocal microscope of macrophages labeled
with acridine orange (5 1«g/ml) showing lysosomal fluorescence in untreated (A), cisplatin (B) and ‘poly-plat’ (C). Note
the large increase in lysosomal fluorescence after ‘poly-plat’ treatment. Original magnification: xX16 000. Bar = 10 gm.
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TNF-a. Previous investigations have shown these
drugs to be more effective than cisplastin in vitro
and in vivo while eliciting less toxicity. Our studies
support the activation of the immune system via the
mediation of cytolytic factors and lysosomes as
possible mechanisms of action of these drugs. Based
on our observations we propose that ‘poly-plat’, SSP
and SAP activate various cytolytic factors of the
immune system better, compared to cisplatin.
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