Anti-Cancer Drugs 1997, 8, pp. 784-789

Activation of murine peritoneal macrophages after
cisplatin and taxol combination

Heather J Muenchen and Surinder K Aggarwal

Department of Zoology, Michigan State University, East Lansing, Mi 48824-1115, USA.

Tel: (+1) 517 353-2253; Fax: (+1) 517 432-2789.

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
cytoplasmic contact and transfer lysosomes into tumor cells
causing tumor cell lysis. In addition, analysis of tissue
culture supernatants show increased levels of interleukin-1«
and tumor necrosis factor-«. Our study shows that cisplatin
and paclitaxel in combination enhance elements of the
immune system with greater efficacy and potency than when
used alone.
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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 (I); 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 cross-links 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 cytotoxic mechan-
isms.>® The activation process includes the generation
of extracellular products including interleukin (IL)-1a
and tumor necrosis factor (TNF)—oc.7
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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/mb); 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 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. Sarcoma 180 ascites (S180; CCRFS-180II;
American Type 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.
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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-1o assay

IL-1oc was assayed using an ELISA kit (Genzyme,
Cambridge, MA). The method used the multiple anti-
body sandwich principle,” where monoclonal anti-
murine IL-1o¢ was used to bind murine IL-1 present in
the supernatant. A biotinylated polyclonal antibody
binding the IL-10: 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-o released from supernatants of the macro-
phages was assayed using a specific analysis kit
(Genzyme). 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-«. 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-o (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 pg/ml) for 30 min at 37°C in the dark.'® After
careful washing, macrophages were examined under a
Zeiss 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 monolayers were treated with either cisplatin
(5 ug/mb), taxol (10 ug/ml) or cisplatin (5 pg/ml) plus
taxol (10 pug/mD 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-1a release

Compared to normal there was a gradual increase in IL-
1o levels in the supernatants of macrophages treated
with cisplatin (5 pug/mlb 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-1e 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-« release

Compared to normal, a combination treatment of the
two drugs cisplatin (5 pg/ml plus taxol (10 ug/mb
demonstrated increased levels of TNF-o after only
30 min post-treatment. A cyclical release was observed
when TNF-o 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-« 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).
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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 pg/ml)
treatment (Figure 4A) as compared to untreated cells
(Figure 4B). Both cisplatin and taxol alone demon-
strated only a 50-fold increase in the number of
lysosomes (Figure 4C and D).

Macrophage-tumor cell interaction studies

Macrophages co-cultured with tumor cells (S§180)
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,
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however, did not effect the ability 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.'' Learning
how best to combine these agents is the focus of
preclinical and clinical studies conducted at a number
of institutions. The overt effects of the anticancer
drugs cisplatin and taxol appear to be DNA modifica-
tion and microtubule stabilization, respectively, yet the
mechanisms by which these drugs elicit tumor cell
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Figure 1. Bar graph showing IL-1« release in the supernatants of murine peritoneal macrophages treated for 2 h with either
cisplatin (5 ug/mi), taxol (10 pg/ml) or cisplatin plus taxol after 30 min, 1, 2 and 24 h post-treatment. Note the large increase at
30 min post-treatment with taxol. Both cisplatin and cisplatin plus taxol show a gradual increase in the levels of IL-1«, reaching

a maximum level at 24 h post-treatment.
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Figure 2. Bar graph showing TNF-« release in the supermatant of murine peritoneal macrophages treated for 2 h with either
cisplatin (5 ug/ml), taxol (10 ug/ml) or cisplatin plus taxol after 30 min, 1, 2 and 24 h post-treatment. Note the maximum
increase in TNF-« for cisplatin plus taxol at 2 h post-treatment. The release of TNF-« appears to be cyclical in all drug

treatments with cisplatin plus taxol showing the highest activity.

Figure 3. Light micrographs showing macrophages after
24 h of treatment with cisplatin (A), taxol (B), cisplatin plus
taxol (C) and normal (D). Note the extension formation after
cisplatin treatment (arrows). Taxol and cisplatin plus taxol
treated cells show mostly a discoid shape similar to that of
normal macrophages. Bar=0.5 mm.

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

Figure 4. Fluorescent images taken from the Zeiss 10 laser
scanning confocal microscope of macrophages labeled with
acridine orange (5 pg/ml) showing lysosomal fluorescence in
cisplatin plus taxol (A), normal (B), cisplatin (C) and taxol (D).
Note the large increase in lysosomal fluorescence after
cisplatin plus taxol treatment (arrows). Bar=10 um.
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Figure 5. Phase contrast images taken from the Zeiss 10 laser scanning confocal microscope of macrophages co-incubated
with $180 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 pius taxol treated macrophages do not show long cytoplasmic extensions so very characteristic 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-1x
and TNF-, (ii) increase in the macrophage lysosomes,
and (iii) cell-cell recognition through contact between
activated macrophages and tumor cells.

IL-1¢ was first described as a lymphocyte activating
factor because of its ability to stimulate T cells.! Its
release by activated macrophages and its cytotoxicity
to tumor cells suggests IL-1o 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
II-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-lo reaching a
maximum level after 24 h post-treatment.

Increased levels of TNF-o have also been observed in
activated macrophages. TNF-« 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-
«, reaching a maximum level after only 30 min. All three
treatments seemed to cause a cyclical release of TNF-o.

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 cytoplasmic 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 cytoplasmic lysosomes with a
100-fold increase over that of untreated macrophages.
Both cisplatin and taxol independently 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 cytoplasmic extensions they still established
contact and formed a cytoplasmic 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
cytolytic factors of the immune system better than
when these drugs are used independently. The
macrophage activation includes production of cyto-
plasmic lysosomes, macrophage-tumor cell contact,
and release of cytolytic factors IL-1o 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
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 cisplatin plus taxol combina-
tion activates various cytolytic factors of the immune
system better than cisplatin or taxol independently.

References

1. Wall ME, Wani MC. Camptothecin and taxol: discovery to
clinical--the thirteenth Bruce F Cain Memorial Award

Cisplatin, taxol and macrophages

Lecture. Cancer Res 1995; 55: 753.

2. Hajek R. Paclitaxel. Cas-Lek-Cesk 1996; 135: 393.

3. Nicolini M. Platinum and other metal coordination
compounds in cancer chemotberapy. Boston: Martinus
Nijhoff 1990.

4. Roberts JJ, Pascoe JM. Crosslinking of complementary
strands of DNA in mammalian cells by antitumor platinum
compounds. Nature 1972; 235: 282.

5. Adams D, Hamilton T. Activation of macrophages for
tumor cell kill: Effector mechanisms and regulation. In:
Heppner GH, Fulton AM, eds. Macropbages and cancer.
Boca Raton, FL: CRC Press 1988: 27.

6. Carleton S, Stevenson A, Hibbs J. Effector mechanisms for
macrophage-induced cytostasis and cytolysis of tumor
cells. In: Heppner GH, Fulton AM, eds. Macrophages and
cancer. Boca Raton, FL: CRC Press 1988: 39.

7. Palam JP, Aggarwal SK. Cisplatin and carboplatin
mediated activation of murine peritoneal macrophages
in vitro: production of interleukin-1 and tumor necrosis
factor. Anti-Cancer Drugs 1995; 6: 1.

8. Rowinsky EK, Citarrdi MJ, Noe CA, Donehower RC.
Sequence-dependent cytotoxic effects due to combina-
tions of cisplatin and the antimicrotuble agents taxol and
vincristine. J Cancer Res Clin Oncol 1993; 119: 727.

9. Meager A. RIA, IRMA, and ELISA assays for cytokinse. In:
Balkwill F, ed. Qytokines: a practical approach. Oxford:
Oxford University Press 1991: 299.

10. Poole A. The detection of lysosomes by vital staining with
acridine orange. In: Dingle J, ed. Lysosomes, a laboratory
bandbook. Amsterdam: Elsevier/North Holland Biomedi-
cal Press 1977: 313.

11. Parker RJ, Dabholkar MD, Lee KB, Bostick-Bruton F, Reed
E. Taxol effect on cisplatin sensitivity and cisplatin cellular
accumulation in human ovarian cancer cells. Monogr
Natl Cancer Inst 1993; 15: 83.

12. Donaldson KL, Goolsby GL, Wahl AF. Cytotoxicity of the
anticancer agents cisplatin and taxol during cell prolifera-
tion and the cell cycle. Int J Cancer 1994; 57: 847.

13. Kumar R, Shrivastava A, Sodhi A. Cisplatin stimulates
protein tyrosine phosphorylation in macrophages. Bio-
chem Mol Biol Int 1995; 35: 541.

14. Gery 1, Waksman B. Potentiation of cultured mouse
thymocyte response by factors released by peripheral
leukocytes. J Immunol 1986; 107: 1778.

15. Palma JP, Aggarwal SK. Cisplatin and carboplatin
mediated release of cytolytic factors in murine peritoneal
macrophages in vitro. Anti-Cancer Drugs 1994; 5: 615.

16. Bucana C, Hoyer L, Hobbs B, et al. Morphological
evidence for translocation of lysosomal organelles from
cytotoxic macrophages into the cytoplasm of tumor
target cells. Cancer Res 1976; 36: 4444.

17. Hibbs J. Heterocytolysis by macrophages activated by
bacmus calmette guerin: lysosome exocytosis into tumor
cells. Science 1974; 148: 468.

18. Palma JP, Aggarwal SK, Jiwa A. Murine macrophage
activation after cisplatin or carboplatin treatment. Anti-
Cancer Drugs 1992; 3: 665.

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

(Received 10 July 1997; accepted 17 July 1997)

Anti-Cancer Drugs - Vol 8 - 1997 789



