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ABSTRACT

IMMUNOSTIMULATION BY NOVEL PLATINUM
ANTICANCER AGENTS

By

Heather Jean Muenchen

Cisplatin [cis-diamminedichloroplatinum (II); CDDP] is an antineoplastic drug
with demonstrated activity against mainly ovarian and testicular cancers. Although
cisplatin is an effective chemotherapeutic drug, it has very severe toxic side effects, of
which gastrointestinal and nephrotoxicity are the dose limiting factors. Poly-[(trans-1,2-
diaminocyclohexane) platinum]-carboxyamylose (“poly-plat™), S-sulfosalicylato-trans-

(1,2-diaminocyclohexane) platinum (SSP), and 4-hydroxy-a-sulfonylphenylacetato

(trans-1,2-diaminocyclohexane) platinum (II) (SAP) are analogs of cisplatin with higher
efficacy and potency, while eliciting less toxicity. Normal murine peritoneal

macrophages, when treated with “poly-plat” and SSP (5 ug/ml) for 2 h at 37°C in culture,

developed extension formations within 2 h. These cytoplasmic extensions radiate from

the cell body in all directions. While SAP (5 pg/ml) treated macrophages, not showing

any extension formation, instead assumed a discoid shape similar to that of the normal

macrophages. Cisplatin (5 ug/ml) treated macrophages also showed similar extension

formation but only after 24 h of treatment.
When these drug treated macrophages are co-incubated with S180 tumor cells
they immediately establish contact with several target cells and form cytoplasmic

continuity through which lysosomes are transported into the tumor cells causing their



lysis. CDDP treated cells also form cytoplasmic extensions that are fewer in number and
establish contact with fewer tumor cells when compared to “poly-plat” treated
macrophages. Normal macrophages do not form cytoplasmic extensions and, when co-
incubated with S180 cells, fail to show any interaction.

Based on fluorescence measurements after acridine orange labeling, we observed
a 500-fold increase in the number of lysosomes in the macrophages after only 2 h of
“poly-plat” treatment compared to normal cells. SSP and SAP both demonstrated a 100-

fold increase in the number of lysosomes. Comparatively, cisplatin treatment

demonstrated only a 50-fold increase in the lysosomes. Significant increases in TNF-a

levels were observed in the supernatants from SSP (5 ug/ml) treated macrophages at all

times tested, with the most significant increase occurring at 2 h post-treatment (3250

pg/ml).

“Poly-plat” and SAP (5 ug/ml) demonstrated very little TNF-a activity, barely

reaching 200 pg/ml at 24 h post-treatment. Cisplatin demonstrated the usual enhanced

release of TNF-a at various time intervals, reaching a peak value at 2 h post-treatment

(3000 pg/ml). Compared to cisplatin treatments there was an increase in IL-1a levels in

the supernatants of macrophages treated with either *“poly-plat”, SSP, or SAP (5 pug/ml)

for up to 24 h of testing.
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CHAPTER 1: INTRODUCTION



INTRODUCTION

Cisplatin [cis-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.! DNA denaturation is one of the accepted
methods of its mechanism of action through its intrastrand and interstrand cross-links
interfering with DNA replication and transcription. Another mechanism of action is
through the activation of the immune system.2 The activation process includes the

generation of extracellular products including interleukin-1a (IL-1a) and tumor necrosis
factor-o. (TNF-t).3 CDDP has been shown to activate murine peritoneal macrophages in

vitro.4 These activated macrophages seek out tumor cells through the formation of
cytoplasmic extensions and lysosomal transfer to these target cells causing cell death.d
Although cisplatin is an effective anticancer drug, it has very severe toxic side effects, of
which gastrointestinal and nephrotoxicity are the dose limiting factors.0

Taxol has a unique mechanism of antitumor activity in that it binds to a protein,
tubulin, thus inhibiting cell division.” CDDP plus taxol in combination has become
increasingly prevalent in clinical treatment.” Combination therapy is capable of
producing very high response rates and is seemingly less toxic than either of the two

drugs when administered alone.” Although, the mechanism of action for the cytotoxic
interactions between CDDP and taxol have not been determined.
Poly-[(trans- 1,2-diaminocyclohexane) platinum]-carboxyamylose (“poly-plat”),

S-sulfosalicylato-trans-(1,2-diaminocyclohexane) platinum (SSP), and 4-hydroxy-a-



sulfonylphenylacetato (trans-1,2-diaminocyclohexane) platinum (II) (SAP) are second

generation analogs of cisplatin with higher efficacy and potency, while eliciting less
toxicity.8 This is particularly true of “poly-plat” which contains 1/5 the platinum of

cisplatin.8 The possibility of drugs enhancing the immune system with less toxicity is
very encouraging.

“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 15X as active

as equimolar amounts of cisplatin, showing inhibition in many tumors where cisplatin is

ineffective. 8 SSP is curative of many cisplatin resistant tumors including MS ovarian and

several plasma cell myelomas. SSP also elicits no nephrotoxicity and is less toxic than

cisplatin even at LD, dose (180 mg/kg).8 SAP, the most potent of the platinums, exhibits
a wide spectrum of anti-tumor activity. It has facile reproducible synthesis and minimum
acute toxicity at any effective dose from 1.85 mg to 15.0 mg/kg. We have here explored

the effects of cisplatin plus taxol, “poly-plat”, SSP, and SAP on the macrophages so as to

understand their mechanism/s of action in enhancing the immune system.



REFERENCES

1. Nicolini M. Platinum and other metal coordination compounds in cancer
chemotherapy. Boston: Martinus Nijhoff; 1990.

2. Roberts J, Pascoe J. Cross-linking of complementary strands of DNA in
mammalian cells by antitumor platinum compounds. Nature 1972;235:282.

3. Palma J, Aggarwal S. Cisplatin and carboplatin mediated activation of murine
peritoneal macrophages in vitro: production of Interleukin-1 alpha and tumor necrosis
factor-alpha. Anti-Cancer Drugs 1995;6:1.

4. Singh S, Sodhi A. Interaction between cisplatin treated macrophages and Dalton's
lymphoma cells in vitro. Exp Cell Biol 1989;56:1.

S. Palma J, Aggarwal S, Jiwa A. Murine macrophage activation by cisplatin and
carboplatin. Anticancer Drugs 1992;3:665.

6. Walker E, Gale G. Methods of reduction of cisplatin nephrotoxicity. Ann Clin
Lab Sci 1981;11:397.

7. Rowinsky E, Citarrdi M, Noe C, Donehower R. Sequence-dependent cytotoxic
effects due to combinations of cisplatin and the microtubule agents taxol and vincristine.
J Cancer Res Clin Oncol 1993;119:727.

8. Fiebig H, Dress M, Ruhnau T, Misra H, Andrulis P, Hendrik H. GB-21, a novel
platinum complex with antitumor activity in human renal and mammary xenografts. Proc
Am Ass Cancer Res 1996;37:297.



CHAPTER 2: ACTIVATION OF MURINE PERITONEAL MACROPHAGES AFTER
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Activation of murine peritoneal macrophages after
cisplatin and taxol combination

Heather J Muenchen and Surinder K Aggarwal
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Cisplatin and paclitaxel are potent antineoplastic agents.
Their distinctly different mechanisms of action have
prompted laboratory and clinical research into their use in
combination therapies. Murine peritoneal macrophages
treated with cisplatin and paclitaxel in combination elicit an
increase in their number of lysosomes. Drug-treated macro-
phages, when co-incubated with sarcoma 180 cells, establish
cytopiasmic contact and transfer lysosomes into tumor cells
causing tumor cell lysis. In addition, analysis of tissue
culture supermnatants show increased levels of interieukin-1x
and tumor necrosis factor-x. Our study shows that cisplatin
and paclitaxel in combination enhance elements of the
immune system with greater efficacy and potency than when
used alone.

Key words: Cisplatin, interleukin-1x, lysosomes, in vitro,
macrophages, taxol, tumor necrosis factor-z.

Introduction

The remarkable clinical efficacy of paclitaxel (taxol)
has resulted in numerous observations of partial and
complete remission of advanced ovarian cancer in
women.' Recently, reports of the efficacy of the drug
in breast. lung and prostate cancer have aroused great
interest in the antitumor compound.’ Taxol has a
unique mechanism of antitumor activity in that it binds
to a protein, tubulin, thus inhibiting cell division.?

Cisplatin [cis-diamminedichloroplatinum (II); CDDP].
a heavy metal platinum coordination complex. is
proven to be effective in the treatment of testicular,
ovarian, prostate, bladder. head and neck, and lung
cancers.’> DNA denaturation is one of the accepted
methods of its mechanism of action through its
intrastrand and interstrand crossdinks interfering with
DNA replication and transcription.” Another mechan-
ism of action is through the activation of the immune
system. Activated macrophages have been found to
effectively destroy tumor cells by cvtotoxic mechan-
isms.>® The activation process includes the generation
of extracellular products including interieukin (IL)-1x
and tumor necrosis factor (TNF)-x.

Correspondence to SK Aggarwal
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Cisplatin plus taxol in combination has become
increasingly prevalent in clinical treatment.®* Combi-
nation therapy is capable of producing very high
response rates and is seemingly less toxic than either
of the two drugs when administered alone®
Although, the mechanism of action for the cytotoxic
interactions between cisplatin and taxol have not
been determined. We have here explored the effects
of cisplatin plus taxol on macrophages so as to
understand their mechanism of action in the immune
system enhancement and its efficacy in fighting
cancer.

Materials and methods
Cell cultures

Swiss Webster mice (Charles River. Location. MA)
were sacrificed by cervical dislocation and peritoneal
macrophages were isolated by injection of 5 ml chilled
minimal essential medium (MEM: Gibco. Grand Island.
NY) without serum containing 1% antibiotic-antimy-
cotic [penicillin G (10 000 U/ml). streptomycin sulfate
(10 000 ug/ml) and amphotericin B (25 ug/ml): Gib-
co] 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. Coverslips were washed vigorously to remove
non-adherent celis. Cell cultures were incubated in
nomal medium (minimal essential media and 10%
heat-inactivated fetal calf serum) at 37°C in 2 5% CO,
incubator. Sarcoma 180 ascites (S180; CCRFS-18011;
American Tvpe Culture Collection, Rockville. MD)
were maintained in culture using normal medium.
Cells were washed with Hank's balanced salt solution
(HBSS: Gibco) and centrifuged at 1000 g for 5 min for
use in experiments. These cells served as target cells
for macrophages and were added to cultures at
3 x 10* cells/ml concentration.

« 1997 Rund Science Publishers



Treatments

Cisplatin and taxol were prepared in 0.85% NaCl in 5
and 10 ug/ml concentrations, respectively. 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.
Untreated cells in normal medium served as controls.

IL-12 assay

IL-1x was assaved using an ELISA kit (Genzyme.
Cambridge, MA). The method used the multiple anti-
body sandwich principle,” where monoclonal anti-
murine IL-1x was used to bind murine IL-12 present in
the supernatant. A biotinylated polyclonal antibody
binding the IL-1a 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 absor-
bance was read at 450 nm. Standard curves were
generated with IL-1x (15-405 pg/ml) provided in the
kits and linear regression analysis was performed.

TNF-x assay

TNF-x released from supernatants of the macro-
phages was assayed using a specific analysis kit
(Genzvme). Again, the multiple antibody sandwich
principle’ was utilized with a murine monoclonal
antibody specific for murine TNF- in the samples. A
horseradish peroxidase-conjugated anti-murine TNF-x
antibody was used to bind the multiple epitopes on
TNF-x. 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 TNFa (35-
2240 pg/ml) provided in the kits and linear regres
sion analysis was performed.

Lysosomal assay

The quantitation of lysosomes before and after various
treatments was achieved by exposing macrophage
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
Zciss 10 laser scanning confocal microscope and visual
counts made.

Cisplatin. taxol and macrophages
Macrophage—tumor cell interaction studies

To study macrophage-tumor cell interaction, macro-
phage monolavers were treated with either cisplatin
(5 pug/ml). taxol (10 ug/ml) or cisplatin (5 ug/ml) plus
taxol (10 ug/ml) for 2h at 37°C in a 5% CO,
incubator. The medium was then replaced by normal
medium and the S180 tumor cells were added.
Macrophages and tumor cells were co-incubated for
2 h. Coverslips seeded with macrophages and tumor
cells were fixed with 1.5% glutaraldehyde on 0.05 M
phosphate buffer (pH 7.2) at room temperature for 10
min. Macrophage-tumor cell interaction was viewed
using phase contrast microscopy.

Results
IL-1x release

Compared to normal there was a gradual increase in IL-
12 levels in the supernatants of macrophages treated
with cisplatin (5 ug/ml) plus taxol (10 ug/ml) (Figure
1). There was a gradual increase in macrophages
treated with cisplatin alone. However. taxol-treated
macrophages demonstrated a large increase (400 pg/
ml) in IL-1x after 30 min post-treatment. These levels
gradually decreased until 2 h post-treatment. After
24 h again there was an increase reaching approxi-
mately 275 pg/ml.

TNF-x release

Compared to normal. a combination treatment of the
two drugs cisplatin (5 ug/ml) plus taxol (10 ug/ml)
demonstrated increased levels of TNFa after onlv
30 min post-treatment. A cvclical release was observed
when TNFa was viewed at 1. 2 and 24 h post-
treatment. This cyclical release pattern was also true
for both cisplatin and taxol when used alone. but the
levels of TNF-x were not as high as after the
combination treatment (Figure 2).

Macrophage activation

Murine peritoneal macrophages demonstrated exten-
sion formations after 2 h post-treatment with cisplatin
alone (5 ug/ml) (Figure 3A). However. taxol (10 ug/ml)
and cisplatin (5 ug/ml) plus taxol (10 ug/ml) treated
macrophages did not show any extension formation. for
up to 24 h, but instead assumed a discoid shape similar
to that of the normal macrophages (Figure 3B-D).

Anti-Cancer Drugs - Vol 8- 1997 785
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Lysosomal studies

Based on fluorescence measurements after acridine
orange labeling, a 100-fold increase in the number of
lysosomes in the macrophages was observed only after
2h of cisplatin (5 ug/ml) plus taxol (10 ug/ml)
treatment (Figure 4A) as compared to untreated cells
(Figure 4B). Both cisplatin and taxo! alone demon-
strated only a 50fold increase in the number of
lysosomes (Figure 4C and D).

Macrophage-tumor cell interaction studies

Macrophages co-cultured with tumor cells (S180)
establish cell-cell contact within 30 min and demon-
strated a transfer of their lysosomes into the tumor
cells through cytoplasmic continuity assumed after co-
incubation. Cisplatin-treated macrophages have been
shown to transfer their lysosomes down the cytoplas-
mic extensions (Figure 5A). As stated earlier taxol and
cisplatin plus taxol treated macrophages assume a
discoid shape without cytoplasmic extensions. This,

400 +

IL-1a Concentration (pg/ml)
- gy N N W
g & 8 & g8 8

8

0.5 1

cispiatin (5 ug/mi), taxol (10 ug/mi) or cisplatin plus taxol after 30 min, 1, 2 and 24 h post-treatment. Note the large

o L -

however, did not effect the abilitv of macrophages to
establish contact with the tumor cells and transfer
their lysosomes (Figure 5B and C). These tumor cells
eventually undergo lysis. Untreated macrophages
never established contact with tumor cells (Figure
5D).

Discussion

The antineoplastic activity that taxol has demonstrated
in advanced ovarian cancer and other neoplasms in
which the platinum analogs are among the most active
agents has been the impetus for the development of
taxol plus cisplatin combination regimens.® Taxol and
cisplatin are the two most effective agents discovered
to date for treating advanced-stage cancers.'' Leaming
how best to combine these agents is the focus of
preclinical and clinical studies conducted at 2 number
of institutions. The overt effects of the anticancer
drugs cisplatin and taxol appear to be DNA modifica-
tion and microtubule stabilization, respectively, vet the
mechanisms by which these drugs elicit tumor cell

@ Control

@ Cisplatin

0O Taxol

B Cisplatin + Taxol

2 24
Various drug post-treatment (h)

Figure 1. Bar graph showing IL-1x release in the supematants of murine peritoneal macrophages treated for 2 h with either

ncrease at

30 min post-treatment with taxol. Both cisplatin and cispiatin pius taxol show a gradual increase in the levels of IL-12, reaching

a maximum level at 24 h post-treatment.
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Figure 3. Light micrographs showing macrophages after
zahofvmmmmmuspmnm) taxol (B), usphmws
taxol (C) and normal (D). Note

cisplatin treatment (arrows). Taxol u\d usptann pushxd
discoid shape similar to that of

death are not well understood.'? Both in vitro and in
vivo studies conclude that taxol interacts isti-
cally with nsplzun in a manner that is highly schedule
dependent."

pus taxol at 2 h post-reatment. The
highest activity.

2
post-treatment (h)

24

macrophages treated for 2 h with either
30 min, 1, 2 and 24 h post-treatment. Note the maximum
release of TNF-z appears to be cyclical in all drug

Figure 4. Fluorescent images taken from the Zeiss 10 laser
of

scamning conkoca
acridine orange (5 ug/mi) showing lysosomal fluorescence in
isplain pis ax0l (), noma (8}, csplat (C) and ol (D).
Note the fluorescence afte

large increase
cisplatin plus taxol ‘reatment (amows). Bar=10 um.

ges labeled with
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Figure 5. Phase contrast images taken from the Zeiss 10 laser scanning confocal microscope of macropha

ges co-incubated

with S180 tumor cells (arrowheads) after 2 h of treatment with cisplatin (A). taxol (B), cisplatin plus taxol (C) and normal (D).

Note that taxol and cisplatin plus taxol treated

do not show long cytoplasmic extensions so very charactenstic of

cisplatin. However, treated cells are still able to establish contact with tumor cells and destroy them through lysosomal transfer

(arrows). Bar=10 um.

Cisplatin stimulates immune responses by activating
monocyte-macrophages and other cells of the immune
system.’* We have demonstrated here three mechan-
isms by which the immune system is enhanced by
cisplatin and taxol combination compared to cisplatin
or taxol treatments: (i) release of cytolytic factors IL-1a
and TNF-, (i) increase in the macrophage lysosomes,
and (iii) cell-cell recognition through contact between
activated macrophages and tumor cells

IL-1a was first described as a lymphocyte activating
factor because of its ability to stimulate T celis.'” Its
release by activated macrophages and its cytotoxicity
to tumor cells suggests IL-1a as a potent mediator in

788 Anti-Cancer Drugs - Vol 8 - 1997

tumor cell killing by macrophages.”® Our study
demonstrates taxol as having the greatest increase in
IL-1a after 30 min, while decreasing by 24 h. but yet
stays higher than the untreated macrophages. Both
cisplatin and cisplatin plus taxol in combination
showed a gradual increase in IL-lx reaching a
maximum level after 24 h posttreatment

Increased levels of TNF< have also been observed in
activated macrophages. TNF4 is known to mediate a
variety of functions which include host defense
mechanisms and growth.'* Recent studies have shown
increased levels of TNF after cisplatin treatment It is
apparent that TNF is another important mediator of



tumor cell killing by macrophages. Cisplatin plus taxol
combination demonstrated the greatest increase in TNF-
2. reaching a maximum level after only 30 min. All three
treatments seemed to cause a cyclical release of TNF-x.

Tumor cell death through macrophage activation
includes the production of lysosomes.'®!” Previous
studies have shown cisplatin-treated macrophages to
increase their number of lysosomes and transfer them
via cyvtoplasmic extensions into tumor cells.'® This
transfer results in eventual lysis of tumor cells.'”
Cisplatin plus taxol combination showed the greatest
increase in the level of cyvtoplasmic lysosomes with a
100-fold increase over that of untreated macrophages.
Both cisplatin and taxol independenty showed
approximately a 50-fold increase in lysosomes.

Lysosomes are only released when cytoplasmic
continuity between the macrophage and tumor cell
has been established. Past studies have shown that
cisplatin activates macrophages to form cytoplasmic
extensions which make contact with tumor cells.'®
Through these extensions lysosomes are transferred
and cell death occurs. Although taxol and cisplatin
plus taxol combination did not activate macrophages
to form cvtoplasmic extensions they still established
contact and formed a cvtoplasmic continuity with the
tumor cells. Through this cytoplasmic continuity there
was an apparent transfer of lysosomes from macro-
phage to tumor cell and eventual cell lysis.

Conclusion

Cisplatin plus taxol combination stimulates various
cvtolytic factors of the immune system better than
when these drugs are used independentdy. The
macrophage activation includes production of cvto-
plasmic lysosomes. macrophage-tumor cell contact.
and release of cytolvtic factors IL-1x and TNF«. Past in
vitro and in vivo studies have shown that when these
two drugs are used in combination they are more
effective and less toxic than when they are used
scparately. Our results support activation of the
immune system as an additional mechanism of action
of this combination therapy. We also propose. based
on our observations, that cisplatin plus taxol combina-
tion activates various cytolytic factors of the immune
system better than cisplatin or taxol independently.
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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 ug/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 leveis of interleukin-
1a and tumor necrosis factor«. These resuits show that
‘poly-plat’, SSP and SAP enhance the immune system with
greater efficacy and potency than cisplatin.

Key words: Cisplatin. ‘poly-plat’, interleukin-1a. in vitro.
lysosomes, macrophages, SAP, SSP, tumor necrosis
factor-a.

Introduction

Cisplatin [cis-diamminedichloroplatinum (I): CDDP].
a broad spectrum anticancer drug.l is proven to be
cffective in the trecatment of testicular. ovarian,
prostate, bladder. head and neck, and lung cancers.”
Activated macrophages have been found to effec-
tively destrov target cells by cytotoxic mechan-
isms.>* The activation process includes the
generation of extracellular products including inter-
leukin (L)1a and tumor necrosis factor (TNF)a.’
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]-
carboxyamvlose ('poly-plat’). 5-sulfosalicvlato-trans-
(1,2-diaminocyclohexane) platinum ($SP) and 4-hy-
droxv-a-sulfonylphenylacetato (trans-1.2-diaminocy-
clohexane) platinum I) (SAP) are second
generation analogs of cisplatin with higher efficacy
and potency. while eliciting less toxicity. This is
particularly true of ‘poly-plat’ which contains one-
fifth the platinum of cisplatin. The possibility of
drugs enhancing the immune system with less

Correspondence to SK Aggarwal
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toxicity is verv 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. MD)
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/ml).
streptomycin sulfate (10000 ug/ml) and ampho-
tericin B (25 ug/mb)] 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% CO: 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% NaCOs, 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 21 h for cytolytic factor(s) analysis. In
addition. macrophages were also treated with cispla-
tin [5 ug/ml dissolved in physiological saline with
3 ul/ml of dimethylsulfoxide (DMSO: Sigma, St
Louis. MQ)]. Untreated cells in normal medium
served as controls.
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Cisplatin

Cis-diamminedichioroplatinum(il)

‘Poly-plat’

CH,OH
|
HC—0 CH—oO
/ \ / N\
(IZH—O— C’:H CH—O-
Coo  cOO0
Pt

/\

HN  NH,

CH,OH
|

COOH

Poly-{(trans-1.2-diaminocyclohexane)platinum)-carboxyamylose

q NHZ\ / 0,C :©/ SO;H

5-sulfosalicylato- trans-(1.2-diaminocyciohexane)platinum

SAP

U):O

OO:

Cvn < SO

4-hydroxy-u-sulfonyiphenylacetato(trans
1,2-diaminocyclohexane)platinum(il)

Figure 1. Structure of compounds studied.

IL-1a assay

IL-1a was assayed using ELISA kits (Genzyme. Cam-
bridge. MA). The mcthod used the multiple antibody
sandwich pnncnplc where monoclonal anti-murine

IL-1a was used to bind murine IL-1a present in the
supernatant. A biotinylated polyclonal antibody bind-
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ing the IL-1a was added and unbound maternial 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 IL-1a (15-405 pg 'ml) provided
in the kits and linear regression analysis was per-
formed.”

TNF-ua assay

TNF-a released from supernatants of the macro-
phages was assaved using specific analysis Kits
(Genzyme). Again. the multiple antibody sandwich
principle was utilized with a2 murine monoclonal
antibody specific for murine TNF-a in the samples.®
A horseradish peroxidase-conjugated anti-murine
TNF-a antibody was used to bind the multiple
epitopes on TNF-«a. 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 TNF-a
(35-2240 pg, ml) provided in the kits and linear
regression analysis was performed. e

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-1a release

Compared to cisplatin treatments there was an
increase in IL-la levels in the supernatants of
macrophages trecated with either "polv-plat’. SSP or
SAP (5 ug/ml) for up to 21 h of tesung (Figure 2).
The greatest increases were seen 2 h post-treament
(400-500 pg/ml) with a subsequent decrease from
there on. IL-1a levels demonstrated a consistent
increasc after cisplatin treament. reaching a maxi-
mum after 24 h. Although. IL-1a 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-1a release in the supematants of murine peritoneal macrophages treated with either
cisplatin, ‘poly-plat’, SSP, or SAP (5 ug/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-a 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/ml)
demonstrated very little TNF-a activity, barely reach-
ing 200 pg/ml at 24 h post-treatment. Cisplatin
demonstrated the usual enhanced release of TNF-a
at various time intervals, reaching a peak value at
2 h post-treatment (300 pg/ml).

Macfophage 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

15

cytoplasmic extensions radiate from the cell body in
all directions. While SAP (5 u1/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
lvsosomes in the macrophages after only 2h of
‘poly-plat’ treatment (Figure 5A) was observed com-
pared to normal cells (Figure 5B). The lysosomes
were plentiful in the cvtoplasm of the macrophages
and in the drug-induced cytoplasmic extensions

Anti-Cancer Drugs - Vol 8- 199~ 325
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Figure 3. Bar graph showing TNF-a release in the supernatant of murine peritoneal macrophages treated with either
cisplatin, ‘poly-plat’, SSP or SAP (5 ug/ml) after 30 min, and 1, 2 and 24 h post-treatment. Note the maximum increase
in TNF-a for cisplatin and SSP 2 h post-treatment. Although, ‘poly-plat’ and SAP did show an increased level of TNF-a
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
lvsosomes. 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 antitumor agent cnsplzun hzs been shown to
enhance the immune system. 12 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."* Cytolvtic factors such as H,O,, superoxide
anion. IL-1a. TNF-a. lysozyme and SNH have been
demonstrated to be released from these treated
macrophagcs"“ Our study. using the second gen-
cration analogs of cisplatin, has shown that ‘poly-
plat’, SSP and SAP clicit much more IL-1a. TNF-a,.
macrophage activation, as depicted by extension
formations. and lvsosomal increase compared to
cisplatin.

326  AntiCancer Drugs - Vol 8. 1" ~
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Il-la release by activated macrophages and its
cytotoxicity to tumor target cells proves it to be
potent mediator in tumor cell killing by macro-
phagcs.“ Its release in vitro occurs in a cyclic
manner showing its greatest increase at 2h post-
treatment after ‘poly-plat’. SSP and SAP. Il-1a can
destroy tumor cells through several different path-
ways. i.e. production of superoxide, nitric oxide and
hydrogen pcroxidc.”"’ resulting in lipid peroxi-
dation.'” mitochondrial membrane depolarization
and calcium mobilization. reduction in ATP
s_vnthesis."’ and DNA base alterations.'’ Compared
to cisplatin treatment, where the IL-la reclease
rcaches 2 maximum at 24 h. these new drugs
achieved it only after 60 min, reaching a2 maximum
at 2 h. If the levels of IL-1a are any indication of the
cvtotoxicity 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 responsc to tumors.™ TNF-a
activates production of nitric oxide which induces
iron loss. and inhibits DNA synthesis. mitochondrial
respiration and the citric acid cyclc.""22 It is clear
that TNF-a is an important mediator of tumor cell
death by macrophages. Of the three analogs tested,
only SSP demonstrated a rise in TNF-a production.



B D

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: X 1600. 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 (o be transferred to
tumor cells through * This

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
o 15 times as active as cquimolar 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 LDy, dose (180 mg/kg).
In vitro, SSP treatment resulted in the greatest
increase in 1L-1a and TNF-a releasc.

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, M5 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.

o

results in the lysis of tumor cells.?®
increase in lysosomes is seen in ‘poly-plat-, SSP- and

when to cispla-
tin-treated macrophages. If lysosomal activity is any

A greater

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

activation via the production of cytoplasmic exten-
sions,

Iysosomes. and cytolytic factors IL-la and

Figure 5. Fluorescent images taken from the Zeiss 10 laser scanning confocal microscope of macrophages labeled
with acridine orange (5 ug/ml) showing lysosomal fluorescence in untreated (A), cisplatin (B) and ‘poly-plat’ (C). Note

the large increase in lysosomal fluorescence atter ‘poly-plat treatment. Original magnification: x 16.000. Bar =

10 um.
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TNF-a. Previous investigations have shown thesc
drugs to be more effective than cisplastin in vitro
and #n 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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Swiss Webster mice treated with bolus injections of
‘poly-plat’ (10 mg/kg) show increased activation
after 2 and 12 days when isolated in cultures. Such
macrophages demonstrate an increase in the number of
lysosomes and cytoplasmic extension formation with
enhanced cytokine (interleukin-11) activity. In asddition,
peripheral blood smears demonstrated an increase in
lymphocytes and monocytes compared to cisplatin-treated
animais. These results show that ‘poly-piat’ activates the

immune system more effectively than cispiatin both in vitro
and in vivo. [T 1998 Rapid Science Ltd.)

Key words: Cisplatin, interdeukin-1x, in vitro, in vivo,
macrophages, nitric oxide, ‘poly-plat’.

Introduction

Regulation of normal and abnormal cell growth is the
primary function of the immune system.! Many
different immune system cells such as macrophages,
lymphocytes and monocytes secrete various cytokines
when activated by viruses, parasites, antigens or tumor
cells.? Macrophages are now being considered as one
of the most potent components of the immune system
actively involved in tumor regression and tumor cell
lysis. Macrophages have the capacity to destroy tumor
cells not only by direct contact and phagocvtic activity
but also by extracellular release of cytolytic factors that
are capable of killing tumor cells.®

Cisplatin [cis-dichlorodiammine-platinum(D)] is a
potent antitumor compound which has been success
fully used against a number of animal*® and human
tumors.® Although the primary target for cisplatin is
the inhibition of DNA synthesis,” it has also shown

The authors wish to thank Andrulis Pharmaccuucals (Beltsville.
MD) for their generous gift of "poly-plat’ and cisplatin used in these
experiments.
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development of specific cellular immune responses in
tumor-bearing mice.® Cisplatin has been shown to
activate murine peritoneal macrophages in vitro.®
These activated macrophages seek out tumor cells
through the formation of cytoplasmic extensions and
Ivsosomal transfer to these target cells causing cell
death.' Cisplatin-treated macrophages have also been
induced to release various cytolyvtic factors including
interleukin (IL)-12 and tumor necrosis factor (TNF)«
which have potent antitumor activities.”> A combina-
tion therapy, using cisplatin and immunostimulants,
has demonstrated a synergistic enhancement in its
antitumor activity.

Poly-{trans-1.2 - diaminocyclohexane)platinum] - car-
boxyvamylose (‘poly-plat’) is a second generation
analog of cisplatin with higher efficacy and potency,
while exhibiting less toxicity.''"!* ‘Poly-plat’ is equi
potent to cisplatin with only one-fifth the platinum
content.!? The prospect of a new drug which is
capable of enhancing the immune system with less
severe side effects is very promising. Here we have
further explored the effects of 'poly-plat’ in vitro and
in vivo on the macrophage as an cffector cell and its
interaction with tumor target celi(s). Although its
cxact mechanism of action is not known. it has been
shown to enhance the immune system both in vitro
and in vivo more effectively than cisplatin.'*

Materials and methods

Cell cultures

Swiss Webster mice (Charles River, Wilmington, MA)
were sacrificed by cervical dislocation and peritoneal
macrophages were isolated by injection of 5 ml chilled

minimal essential medium (MEM: Gibco. New York.
NY) without serum containing 1% antibiotic-antimy-
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cotic (Gibco) [penicillin G (10000 U/ml). streptomy-
cin sulfate (10000 ug/ml) and amphotericin B (25 ug/
ml)] into the peritoneal cavity. After gently massaging
the abdominal wall. cells were aspirated and seeded
onto 18 mm? glass coverslips. These were placed in
35 mm Petri dishes at 2-4 x 10° cells/ml and incubated
for 2h 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°Cina 5% CO- incubator. Sarcoma 180 ascites (S180:
CCRFS-18011: ATCC, Rockville, MD) served as target
cells for macrophages. Normal hepatocytes, obtained
by mincing a small piece of liver through a fine wire
mesh, 105 x 105 um in size (Tetko, IL), also served as
target cells for the macrophages. An effector:target cell
ratio of 1:10 was maintained in all experiments.

Treatments in vitro

‘Poly-plat’ (Andrulis Pharmaceuticals, Beltsville, MD)
was prepared in 0.85% NaCl in 5 ug/ml concentra-
tions. Macrophages were treated with the drugs for
2 h. The drug(s) containing medium was replaced by
normal medium and supernatant (500 ul) was col
lected at 0.5. 1, 2, and 24 h for cytolytic factor(s)
analysis. In addition, macrophages were also treated
with cisplatin (5 ug/ml) dissolved in 0.85% NaCl with
3 ul/ml of dimethyl sulfoxide (DMSO: Sigma, St Louis,
MO). Untreated cells in normal medium served as
controls. Interferon (IFN)-;/lipopolysaccharide (LPS)
(Signal Transduction Laboratories, Lexington, KY) was
simultancously added to some cultures at 0.8 ug/2 ul.
Coverslips were fixed and stained to view the changes
in structural morphology in terms of extension
formation and lysosomal changes.

Treatments in vivo

Mice (20 g) were injected (i.p.) with ‘poly-plat’
(10 mg/kg) or cisplatin (10 mg/kg) with or without
subsequent injections of IFN-y/LPS (0.8 ug/2 ul).
Normal mice were given i.p. injections of 0.85% NaCl
to serve as controls. Mice were sacrificed after 2 and
12 days, and peritoneal macrophages were isolated.

IL-1x assay

IL-1x was assayed using ELISA kits (Genzyme, Cam-
bridge, MA). The method used the multiple antibody
sandwich principle. where monoclonal antimurine IL-

94 Anti-Cancer Drugs - Vol 9 - 1998
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12 was used to bind murine IL-1x2 present in the
supernatant. A biotinylated polyvclonal antibody bind-
ing the IL-1x 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 IL-1x (15-405 pg/ml) provided in the
kits and linear regression analysis was performed.

Macrophage tumor cell interaction studies
in vitro

Variously drug-treated macrophages were co-incu-
bated with S180 cells for 30 min, and 1, 2 and 24 h.
Coverslips were fixed and suined to view any
interactions between the effector and the S180 target
cells.

Peripheral blood smears

Peripheral blood smears were stained using Giemsa's
stain'® and cell counts were made of the lymphocytes,
including monocytes.

Nitrite assay for estimation of NO
production

The concentration of stable nitrite, end product from
NO oxidation by effector macrophages, was deter-
mined by the method of Ding et al.'* using Griess
reagent. Briefly, 100 ul of supernatant from untreated
and treated macrophages collected at various times
was mixed with equal volume of Griess reagent (1%
sulfanilamide, 5% phosphoric acid, 0.1% naphthylethy-
lenediamine dihydrochloride; Sigma). The mixtures
were incubated for 10 min at room temperature and
the absorbance read at 540 nm. Standard curves were
generated using 1 nM to 220 uM NaNO; and nitrite
concentrations were determined using linear regres-
sion analysis.

Inducible NO synthase (iNOS) staining

Macrophage monolayers were stzined for iNOS which
catalyzes the oxidation of L-arginine to citrulline and
NO using the avidin-biotin-peroxidase complex
method.'® iNOS was confirmed by the Vectastain Elite
ABC Kit (Vector, Burlingame, CA).



Results
IL-1x release

There was observed a many fold increase in IL-1x
levels in the supernatants of macrophages in vitro
after ‘poly-plat’ (10 mg/kg) treatment for various time
intervals (Figure 1) compared to cisplatin treatment.
Similarly, macrophages isolated from ‘poly-plat’-treated
mice demonstrated a significantly higher level of IL-1x2
(500 pg/ml) than cisplatin treatment (250 pg/ml), but
only after 12 days of treatment (Figure 2). After 2 days
of ‘poly-plat’ treatments the levels of the IL-12 were
close to normal. However, after 2 days of ‘poly-plat’
treatment there was an increase in the formation of
cytoplasmic extensions and the lysosomes (Figure 3A)
compared to cisplatin treatment (Figure 3B).

When ‘poly-plat- or cisplatin-treated mice were
injected with IFN-</LPS .(0.8 ug/2 ul) there was a
significant decrease in the levels of IL-1z for both the
drug treatments (Figure 4). However, there was a
significant induction of cytoplasmic extensions and
the number of lysosomes (Figures SA and B).

Macrophage—tumor cell interaction studies
in vitro

Normal murine peritoneal macrophages, when trea-
ted with ‘poly-plat’, show cytoplasmic extensions
which radiate from the cell body after only 2 h post-

400
—
3
350 B Normal
3001 @ Cisplatin
% C 'Poly-plat’
<~ 250 1
[=]
e .
2 200
= 1501
100 1
ol | B
0+
0.5 1 2 24
Post-treatment (h)
Figure 1. Bar graph showing IL-1x in the supematants of

cultured murine peritoneal mac treated with either
‘poly-plat’ or cisplatin (5 ug/mi) after 30min, and 1, 2 and
24 h post-treatment. Note a sudden increase after 1h of
‘poly-plat’ treatment compared to cisplatin. This increase
stays at the same level through 24h post-treatment.
Cisplatin treatment induces a gradual increase through
24 h but is still less than that of ‘poly-plat’.
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treatment. When these drug-treated macrophages are
co-incubated with S180 tumor cells they immediately
establish contact with several target cclls and form
cytoplasmic continuity through which lysosomes are
transported into the tumor cells causing their lysis
(Figure 6). Cisplatin-treated cells also form cytoplas-
mic extensions that are fewer in number and
establish contact with fewer tumor cells compared
to ‘poly-plat’-treated macrophages. Normal macro-
phages do not form cvtoplasmic extensions and.
when co-incubated with S180 cells, fail to show any
interaction.

Peripheral blood smears

Mice treated with ‘poly-plat’ demonstrated a 10-fold
increase in the number of lymphocytes and monocytes
both after 2 and 12 davs post-treatment. Compara-
tively, cisplatin-treated mice demonstrated a significant
decrease.

Nitrite assay for estimation of NO
production

Treatment of macrophages with ‘poly-plat’ or cisplatin
demonstrated an increase in the nitrite levels, as early
as 30 min, that gradually dropped down to normal
after 24 h of treatment (Figure 7). No distinct pattern
was seen when comparing the relative increase in NO

] B Normal
400 @ Cisplatin

IL-1x (pg/ mi)

Z 'Poly-plat’ |
|
250 <+
2001
150
100
50 2
I
o P
2

Post-treatment (days)

Figure 2. Bar graph showing IL-1a release in the super-
natants of murine peritoneal macrophages from mice treated
with either ‘poly-plat’ or cisplatin (5 ug/mi) after 2 and 12
days. Note the large increase in IL-1x at 12 days post-
injection with ‘poly-plat’-treated mice. This increase is more
than twice that of cisplatin-treated mice.
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Figure 3. ngmmcroqvaphsshomngme murine perttoneal macrophages of mice treated with ‘poly-plat’ (A) and cisplatin (8)
and (amows

after 2 days. Note the very large nuclei,

, NuMerous
radiating from the macrophages of ‘poly-plat-treated mice. There is very littie of this activation of the macrophages from

cisplatin-treated mice. Bar=25 um.

807
70‘ B Normal+IFN-yLPS
e W Cisplatine[FN-yLPS

Z "Poly-plat'+IFN-yLPS

IL-1a (pg/ mi)
8 8 3

2 12

Post-treatment (days)

Figure 4. Barmymmmummmm
natants of mu

with either poiy-otar or esphhn (5wml) plus IFN- 1LPS
itial increase of IL-1x after 2

levels berween ‘poly-plat*- and cisplatin-treated macro-
phages at the various times tested.

iNOS staining

When macrophages were treated with “poly-plat’ or
cisplatin, a 10fold increase in the expression of INOS

was visible after only 24 h posttreatment, while none
was seen in untreated macrophages. A 20-fold increase
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in the expression of iNOS was observed in macro-
phages treated with “poly-plat or cisplatin plus IFN-/
LPS.

Discussion

have been i in the
of tumor cells either by direct cell-cell contact or cell
cytotoxic mechanisms via the release of extracellular
mediators.'®'” ‘Poly-plat’ and cisplatin have both been
demonstrated to be such enhancers of the immune
system in vivo and in vitro.”'' '* ' These chemother-
apeutic agents have been shown 10 activate murine
peritoneal macrophages in a multiset fashion, increas-
ing their ability to recognize tumor cells, establish cell-
cell contact. transfer lysosomes and induce tumor cell
vsis, 1011

Activated macrophages are known to release many
cytolvtic factors, including IL-12.2°%" IL-12 was first
known to be a lymphocyte activating factor because of
its ability to stimulate T<ells ** [L-1x can destroy tumor
cells via the production of superoxide. NO and
hydrogen peroxide.”*** resulting in lipid peroxida-
tion,* i and
calcium mobilization, reduction in ATP synthesis *
and DNA base alterations * In the present study we
have observed not only an increase in IL-1z but also an
increasc in monocytes and lymphocytes. in the
peripheral blood

NO is a noxious free radical reactive nitrogen
intermediate (RNI) gas found to play a major role in
various biological processes ™ It has been estab-
lished as a messenger molecule regulating immune
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Figurs 5. Lighticrophages showing he musine peritcneal macrophages of mio treaed (2 and 12 days) wth oyl (4
mmomn(mpmlwusmrzmys Note the large nuclei, numerous and long cytopiasmic extensions
radiating from

(amows)

F.gun 6. Light macrophages showing ‘poly-plat-treated
murine perftoneal

co-cuttured with S180 cells
for only 2h. Note the ‘extensions in contact with
tumor cells (arows) and an increase in the lysosomal activity
only after drug treatments. Untreated never
establish contact with tumor cells nor show any increase in
the number of lysosomes. Bar=25 um.

functions. blood vessel dilation as well as neuro-
transmission.

NO is formed through the stepwise oxidation of the
guanidino-nitrogen terminal atom of L-arginine to NO

24

both ‘poly-plat’ and cisplatin treated mice. Bar=25 um.

{ & Normal

Nitrite concentraction (nm)

05 1 2 2¢
Post-treatment (h)

% Bargmphae'wmnr\gmekVeSnm
of macrophages treatment

increase in the nitrte levels at 30 min, but dropping to nommal
levels after 24h

and L<itrulline catalyzed by NOS* NO is further
oxidized to form nitrite. NO exists in several forms.
The constitutive form is found in endothelial cells and
neurons of the central nervous system while the
inducible form (iNOS) is present in macrophages.
leukocytes and vascular smooth muscle cells.

iNOS is induced by a variety of factors including
endotoxins (e.g. LPS) and cytokines (IL-1z, IFN-y and
TNF-2).* Results show that “poly-plat’ and cisplatin
both influence the expression of iNOS and the
observed increasc in nitrite levels in the medium. It
is not surprising to find an increase in NO levels after
‘poly-plat’ and cisplatin treatment of the macrophages
and mice, since both drugs have also been demon-
strated to induce IL-12 release in the medium.
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NO released by primed macrophages mediates its
cytotoxic effects through loss of iron.>'*? inhibition of
DNA synthesis,>*** mitochondrial respiration®?** and
the citric acid c_vclc.35 Thesc have all been attributed
to the inactivation of ribonucleotide reductase and the
inhibition of iron-sulfur proteins NADH:ubiquinone
oxidoreductase, NADH:succinate oxidoreductase and
mitochondrial aconitase. In addition. the reactive
oxygen species generated by macrophages could
combine with NO to form substances that are more
potent than NO itself*® NO combined with super-
oxides could vield peroxynitrite that decomposes to
the hydroxide free radical and NO, free radical. Our
results demonstrate an immediate increase in nitrite
concentration, in ‘poly-plat- and cisplatin-treated
macrophages, after 30 min in culture. These processes
may attribute to the cytotoxic ability of "poly-plat’- or
cisplatin-primed macrophages inducing the destruc-
tion of tumor cells.

Conclusion

The results of this study strongly suggest the
enhancement of the immune system by the anticancer
agent ‘poly-plat’. In addition to inducing direct cell-
cell contact of the macrophages with the tumor cells.
there is a release of various cytolvtic factors (IL-1x and
NO) from such macrophages. Release of these factors,
shown to inhibit tumor cell proliferation, is evidence
for the role they play in "poly-plat’-mediated tumor cell
toxicity. The major mechanism of action of ‘polv-plat’
is still unknown. However, our studies support the
hypothesis that the enhancement of the immune
system is an important mechanism of action of “poly-
plat’. Based on these findings, we propose that ‘poly-
plat’, macrophage-mediated cell cytotoxicity. involves
various cytolyvtic factors including IL-12 and NO. The
activation of macrophages. a multi-step process. leads
to target ccll destruction through lysis.
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Enhanced Immune System Activation after Treatment with
Novel Antineoplastic Platinum Agents

HEATHER J. MUENCHEN and SURINDER K. AGGARWAL

Department of Zoology, Michigan State University. East Lansing. MI 48824-1115. U.S.A.

Abstract. “Polv-plat”. SSP. and SAP are second generation
analogs of cisplann (CDDP) with higher efficacy and potency. In
order to understand the mechamism of acnon of these
compounds. solated munne pentoneal macrophages were
treated with “poly-plat”, SSP. or SAP (5 pugiml) for 2 h. Treated
macrophages demonstrated an increase in the number of
hsosomes, but only “poly-plat” and SSP treated macrophages
were stmulated 1o form the cvtoplasmic extensions so very
charactenstic of cisplatin after 2 h and 24 h post-treatment. SAP
showed cytoplasmic extensions only after 24 h post-treatment,
and demonstrated a back to the normal discoid form when
viewed at 24 h post-treatment. When drug treated macrophages
were co-incubated with S180 tumor cells, cytoplasmic extensions
of the macrophages developed contacts. and cytoplasmic
continuity with the tumor cells, and a subsequent transfer of
lysosomes from macrophage to tumor cell was observed after
onh 2 h of co-incubation. After 24 h of co-incubanon, lysis of
S180 cells was acheived. Analysis of the tissue culture
supernatants collected from “poly-plat”, SSP, and SAP treated
macrophages demonstrated the enhanced activity of interieukin-
la of over 400 pg/ml after 2 h post-treatment, compared to only
300 pgiml with cisplann 24 h post-treatment. However. onl SSP
demonstrated an increase in TNF-a acaviry (2000 pg/ml) after 2
h post-treatment, which is comparable to that of cisplann. Based
on our observations we propose that “poly-plat”, SSP. and SAP
activate various cytolvtic factors of the immune system better,
than cisplatin.

Cisplatin [cis-diamminedichloroplatinum (II); CDDP] is an
antineoplastic drug with demonstrated activity against ovarian
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interleukin-1a. tumor necrosis factor-a, lysosomes, in vitro, in
vivo.
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and testicular cancers(1). DNA denaturation is one of the
accepted methods of its mechanism of action through its
intrastrand and interstrand cross-links interfering with DNA
replication and transcription(2). Cisplatin has also been
shown to enhance specific cellular immune responses in
tumor bearing mice(3). through activation of murine
peritoneal macrophages in viro and in vivo(4.5). These
activated macrophages seek out tumor cells through the
formation of cytoplasmic extensions and lysosomal transfer to
the target cells causing their death(6). Activated macrophages
have been found to effectively destroy target cclls by cytotoxic
mechanisms(7.8). The activation process includes the
generation of extracellular products including interleukin-la
(IL-1a). tumor necrosis factor-a (TNF-a) and nitric oxide
(NO)(5.9). Although cisplatin is an effective chemo-
therapeutic drug. it has very severe toxic side effects. of which
gastrointestinal and nephrotoxicity are the dose limiting
factors(10).

Poly-{(trans-1.2-diaminocyclohexanc)  platinum)-carboxy-
amylose (“poly-plat™). 5- sulfosalicvlato-trans-(1.2-diamino-
cyclohexane) platinum (SSP). and 4-hydroxy-a-sulfo-
nylphenylacetato (frans-1.2-diaminocyclohexane) platinum
(I1) (SAP) are analogs of cisplatin with higher efficacy and
potency. This is especially true of “poly-plat™ which contains
1/5 the platinum of cisplatin(11). The prospect of new drugs
which are capable of enhancing the immune system with less
severe side effects is very appealing. and thus this
investigation of “poly-plat”. SSP. and SAP as macrophage
activators was undertaken.

Materials and Methods

Cell Cultures. Swiss webster mice (Charles River Laboratories. MA) were
sacnficed by cervical dislocauon and pentoneal macrophages were
1solated by injection of S ml chilled minimal essential medium (MEM;
Giboo. NY) without serum contaiming 19 anubiotic-antimycotic
{penicilin G (10 000 U/ml). strcptomycin sultate (10 (X0 pg.mi). and
amphotencin B (25 ug/mi)| into the perntoneal cavity After gently
massaging the abdomrnal wall. cells were aspirated and seeded onto 18
mm- glass covenlips, placed in 35 mm petn dishes. at 2-4 x 10" cells'mi
and incubated for 2 h at 37°C. Cells were washed vigorously to remove
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non-adherent cells. Cell cultures were inubated in normal medium
(minimal essential media and 10+ heat nactivated fetal calt serum) at
37°Cin a 5% CO; incubator. Sarcoma 180 ascites (S180; CCRFS-18011:
Amencan Type Culture Collection. MD) served as target cells tor
macrophages. Normal hcpatocyies. obtained by mincing a small piece of
liver through a fine wire mesh. 105 X 105 um in size (Tetko. Inc.. IL).
also served as target cells tor the macrophages. An effector target cell
ratio of 1:10 was maintained 1n all experiments.

Trearments. “Poly-plat” was prepared 1n U.83¢ NaCl while. SSP and SAP
(Figure 1) were dissolved in 0.85% NaCl and 0.1% NaCOa at 5 ugml.
Macrophages were treated with the drugs tor 2 h. The drug containing
medium was replaced by normal medium and supernatant (500 ul) was
collected at 0.5, 1, 2, and 24 h for cvtolytic factor analvsis. In adduon.
macrophages were also treated with asplaun [5 ug/ml dissolved in
physiological saline with 3 ul'ml of dimethvisulfoxide (DMSO: Sigma. St.
Louis, MO)]. Untreated cells in normal medium served as controls.

Lysosomal assay. The quantitation of lysosomes before and after various
trecatments was achieved by exposing macrophage cultures to fresh
medium containing acridine orange (5 ugzml) for 30 min at 37°C in the
dark(12). After careful washing macrophages were examined under
Zeiss 10 Laser Scanning Confocal Microscope.

TNF-a assav. TNF-a released from supernatants of the macrophages was
assaved using specific analvsis kits (Genzvme: Cambndge. MA). Again.
the muluple antibody sandwich principle was utilized with a munne
monoclonal antibody specific for murine TNF-u in the samples(13). An
HRP conjugated anti-murine TNF-a antibodv was used to bind the
multiple epitopes on TNF-a. 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 TNF-a (35-2240 pg/ml) provided in the kits, and linear regression
analysis was performed.

IL-a assav. IL-1a was assayed using ELISA kits (Genzyme: Cambridge,
MA). The method used the multiple antibody sandwich principle(13),
where monoclonal anti-murine IL-la was used to bind murnne IL-la
present in the supernatant. A biotinylated polyclonal antibody binding
the IL-1a was added and unbound matenal 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 450nm.
Standard curves were generated with IL-1a (15405 pg/ml) provided in
the kits and linear regression analysis was performed.

Inducible nitric oxde synthase (iNOS) staiming. Macrophage monolayers
were stained for the inducible enzyme which catalvzes the oxidation of
L-arginine to citrulline and NO using avidin-bioun-peroxidase complex
method(14). iNOS was confirmed by VECTASTAIN elite ABC Kit
(Vector l.aboratories, Inc., Bullingame, CA).

Nirite assay for esnmanon of nimic axide production. The concentration of
stable nitrite, the end of nitric oxide generation by effector macrophages.
was determined by the method of Ding er al(15) based on Greiss
reaction. Briefly. 100 ul of supernatant from untreated and treated
macrophages collected at various times were mixed with equal volume of
Greiss reagent (1% sulfanilamide. 5% phosphoric acid. 0.1%
naphthylethylenediamine dihydrochloride; Sigma, MO). The mixtures
were incubated for 10 min at room temperature and the absorbance read
at 540 nm. Standard curves were generated using 1 nM-220 uM NaNO;
and nitrite concentrations were determined using linear regression
analysis.
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Figure 1. Srructures of vanous platinum coordinanon complexes studied

Results

Macrophage  activation. Normal murine peritoneal
macrophages, when treated with “poly-plat” and SSP (5
ugml) for 2 h at 37°C in culture, developed extension
formations within 2 h (Figure 2A and 2B). These cytoplasmic
extensions radiated from the cell body in all directions. While
SAP (5 pg/ml) treated macrophages, did not show any
extension formation. instead assumed a discoid shape similar
to that of the normal macrophages (Figure 2C and 2D).
Cisplatin (5 ug/ml) treated macrophages also showed similar
extension formation but only after 24 h of treatment.
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Figue 2. 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

ension formation (arrows) afe “poly-plat™ and SSP tearmentis. while SAP weated macrophages are similar

macrophages X160, Harw oum

‘Macrophage tumor cell interaction studies. When the drug
treated macrophages were co-incubated with S 180 tumor
cells they immediately established contact with several target
cells and formed cytoplasmic continuity through which
lysosomes were transported into the tumor cells causing their
lysis (Figure 3). CDDP treated cells also developed
cytoplasmic extensions that were fewer in number and
established contact with fewer tumor cells when compared to
“poly-plat” treated macrophages. Normal macrophages did
not form cytoplasmic extensions and, when co-incubated with
S180 cells, failed to show any interaction.

Lysosomal studies. Based on fluorescence measurements after
acridine orange labeling, we observed a 500 fold increase in
the number of lysosomes in the macrophages after only 2 h of

“poly-plat” treatment (Figure 4A) compared to normal cells
(Flg\nelB) The lysosomes were plentiful mmeqlophmol

the macrophages and in the drug-induced

extensions radiating from the cell body. SSP and SAP both
demonstrated a 100 fold increase in the number of lysosomes.
Comparatively, cisplatin treatment demonstrated only a 50

30

in appearance 1o those of unmeated

“poly-plat” treated murine

Figure 3. Light micrograph showing pertoneal
‘macrophages co-cultured with S180 celis for only 2 h Nouuhtmoph:-:
in contact with tumor cells (arrows) and an increased number

bsasomes. X1600, Bar= 10um
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Figure 4. Fluorescent images of macrophages labeled with acndine orange (5 ug ml) showing Ksosomal fluorescence after “polv-plat™ (). norma! (B and
cisplann (C) rearments. Note the large increase in lvsosomal fluorescence (arrows) after “poh-plat” treatment. X1600. Bar=[0um
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Figure 5. Graph showing TNF-a release in the supematant of munne
pentoneal macrophages treated with either cisplann. “poiv-plat”, SSP. ar
SAP (5 ug:ml) after 30 min. 2 and 24 h post-meatment. Note the maamum
increase in TNF-a for cisplann and SSP 2 h post-treatment.  Though.
“polv-plat™ and SAP did show an increased level of TNF-a they were not
significant compared 10 cisplanin or SSP

fold increase in the lysosomes (Figure 4C), both in the cell
body and the cytoplasmic extensions.

TNF-a release. Significant increases in TNF-a levels were
observed in the supernatants from SSP (5 pg/ml) treated
macrophages at all times tested, with the most significant
increase occurring at 2 h post-treatment (3250 pg/ml) (Figure
5). This level dramatically decreased at 24 h post-treatment
(565 pg/ml). “Poly-plat” and SAP (5 ug/ml) demonstrated
very little TNF-a activity, barely reaching 200 pg/ml at 24 h
post-treatment. Cisplatin demonstrated the usual enhanced
release of TNF-a at various time intervals, reaching a peak
value at 2 h post-treatment (3000 pg/ml).

IL-1a release. Compared to cisplatin treatments there was an
increase in IL-1a levels in the supernatants of macrophages
treated with either “poly-plat”, SSP, or SAP (5 pg/ml) for up
to 24 h of testing (Figure 6). The greatest increases were seen
2 h post-treatment (400-500 pg/ml) with a subsequent
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Figure 6. Graph showing IL-1a release in the supemaiants of munne
pentoneal macrophages treated with ewher cusplann. “pol-plat”. SSP. or
SAP (Sug mi) atter 30 mun, 2 and 23 h posi-mearment. Note the larce
increase at 2 h post-trearment in “poh-plar”. SSP. and SAP Thus 1s three
ames the amount of [L-la released by cispiann meated macrophuges.

decrease from there on. IL-la levels demonstrated a
consistent increase after cisplatin treatment, reaching a
maximum after 24 h. However. IL-1a levels. after “poly-plat™,
SSP. or SAP treatment. demonstrated a decline after a peak
at 2 h post-treatment but these levels were still equal to or
above those after cisplatin treatment.

Inducible nitric oxide synthase (iNOS) staining. When
macrophages were treated with “poly-plat™. SSP, or SAP
expression of iNOS was visible while none was detected in
untreated macrophages. Only moderate levels of iINOS were
visible in cisplatin treated macrophages.

Nitrue assay for estimation of nitric oade production. Treatment of
macrophages with “poly-plat”, SSP. or SAP demonstrated
increases in NO levels detected in cell culture supernatants at
various times. The increase was seen as carly as 30 min after
treatment and persisted up to 24 h post-treatment. Again,
cisplatin only demonstrated a moderate level of NO production.
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Discussion

Cisplatin is able to activate peritoneal macrophages(4) in vitro
and cause lysis of tumor cells(6). Cisplatin activates the
macrophages by inducing an increase in their cytoplasmic
lysosomes and promoting extension formations that establish
contact with the tumor cells(6). These macrophages lyse
tumor cells through the transfer of lysosomes via the
cytoplasmic extensions(6). “Poly-plat”, SSP, and SAP, analogs
of cisplatin, also have the capability to activate macrophages
in vitro. Our study has shown that “poly-plat”, SSP and SAP
elicit much more macrophage activation, as depicted by
extension formations, lysosomal increases, TNF-a, IL-la.
iNOS, and NO compared to cisplatin.

Lysosomes take part in tumor cell death through
macrophage activation(16,17). A greater increase in
lysosomes is seen in “poly-plat”, SSP and SAP treated
macrophages when compared to cisplatin treated
macrophages. If lysosomal activity is any indication of
cytotoxicity the “poly-plat” may have greater efficacy in tumor
cell death.

TNF-a also plays a regulatory role in inflammation and
immunological response to tumors(18). TNF-a activates
production of nitric oxide whieh induces iron loss, and
inhibits DNA synthesis. mitochondrial respiration and the
citric acid cycle(19,20). Of the three analogs tested only SSP
demonstrated a rise in the TNP-a production. Possibly the
main thrust of SSP action is through increased release of
TNF-a and IL-1a early, compared to cisplatin.

IL-1a release by activated macrophages and its cytotoxicity to
tumor target cells proves it as a potent mediator in tumor cell
killing by macrophages(21). Its release in vifro occurs in a cyclic
manner showing its greatest increase at 2 h post-treatment with
“poly-plat”, SSP and SAP. Compared to cisplatin treatment,
where the IL-1a release reaches a maximum at 24 h, these new
drugs achieved it after only 60 min, reaching a maximum at 2 h.
If the level of IL-1a is any indication of cytotoxicity then “poly-
plat” appears to be more efficient.

The iNOS is induced by a variety of factors including
endotoxins (e.g. LPS) and cytokines (IL-1a, IFN-y and TNF-
a)(19). Results show that “poly-plat”, SSP, and SAP all
demonstrated enhanced levels of iINOS. NO released by
primed macrophages mediates its cytotoxic effects through
loss of iron(22.23), inhibition of DNA synthesis(23.24),
mitochondrial respiration(23.25) and the citric acid cycle(26).
In addition. the reactive oxygen species generated by
macrophages could combine with NO to form substances
that are more potent than NO itself(27). NO combined with
superoxides could yield peroxynitrite that decomposes to
hydroxide free radical and NO. free radical. Our results
demonstrate an immediate increase in nitrite concentration,
in “poly-plat”, SSP. and SAP treated macrophages, after 30
min in culture. These processes may be attributed to the
cytotoxic ability of “poly-plat”, SSP or SAP primed
macrophages inducing the destruction of tumor cells.
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CHAPTER 7: CONCLUSIONS

34



CONCLUSIONS

CDDP plus taxol combination stimulates various cytolytic factors of the immune
system better than when these drugs are used independently. The macrophage activation
includes production of cytoplasmic lysosomes, macrophage/tumor cell contact, and

release of cytolytic factors IL-1a and TNF-a. Past in vitro and in vivo studies have

shown that when these two drugs are used in combination they are more effective and
less toxic than when they are used separately. Our results support activation of the
immune system as an additional mechanism of action of this combination therapy. We
also propose, based on our observations, that CDDP plus taxol combination activates
various cytolytic factors of the immune system better than CDDP or taxol independently.
“Poly-plat”, SSP, and SAP induce murine macrophage activation via the

production of cytoplasmic extensions, lysosomes, and cytolitic factors IL-1¢, IL-2 and

TNF-a. Previous investigations have shown these drugs to be more effective than

cisplatin 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 bett

er, compared to cisplatin.
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