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Macrophages, treated in vitro with a combination of
cisplatin and interferon (IFN)-y, have been shown to
develop enhanced tumoricidal activity against a number
of tumor cell types, through mechanisms which remain
largely unknown. In the present study, we have investi-
gated the mechanism involved in the tumor cell cytotoxi-
city mediated by cisplatin and IFN-y treated macrophages,
and the effector molecules involved therein. Peritoneal
macrophages treated with cisplatin and IFN-y, when co-
cultured with different tumor cell types, caused tumor cell
death by induction of apoptosis. Evidence for this was
provided by percent specific DNA fragmentation assay, by
specific pattern of internucleosomal DNA fragmentation
detected by agarose gel electrophoresis and by micro-
scopic examination of the cells, which revealed nuclear
alterations, characteristic of apoptosis. The time kinetics
studies of DNA fragmentation, loss in cell viability and
apoptotic cell population showed linearity with time; most
of the cells that underwent apoptosis were found to be
viable even after 24 h co-culture. Macrophages induced
apoptosis in tumor targets even in the absence of cell-to-
cell contact, i.e. via diffusible effector molecules. In P815
cells, NO produced by cisplatin and IFN-y treated macro-
phages was found to induce apoptosis as addition of NC-
monomethyl L-arginine (L-NMMA), a specific inhibitor of NO
synthase to the co-culture, prevented apoptosis in P815
cells. Further, direct treatment of P815 cells with the NO
donor, sodium nitroprusside (SNP), resulted in apoptosis.
In L929 cells, the effector molecule was found to be tumor
necrosis factor (TNF)-a as apoptosis was blocked by the
addition of anti-TNF-a antibodies to the co-culture but the
addition of L-NMMA or SNP had no effect. The study thus
shows that cisplatin and IFN-y treated macrophages can
kill tumor cells by extracellular release of effector mole-
cules which act by inducing apoptosis in a target cell-
specific manner.
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Introduction

Cisplatin [cis-dichlorodiamine platinum(D], a widely
used potent anticancer drug,' has also been shown to
activate murine macrophages,2’3 natural killer cells,4
human lymphokine activated killer cells’ and human
monocytesG’7 to a tumoricidal state both in vivo and in
vitro. The tumoricidal effect of macrophages has been
shown to be further enhanced when these cells are
treated with cisplatin in combination with interferon
(AFN)-.2 Combination of cisplatin-based therapy with
an immunostimulant has shown a synergistic effect in
the antitumor activity of tamor-bearing mice”'® and in
the in vitro cytotoxic action of immune cells."' The
cytotoxic effects of activated macrophages may involve
either cell-to-cell contact'? or they may trigger cytotoxic
action to kill a wide variety of tumors by extracellular
release of soluble effector molecules such as reactive
oxygen intermediates,® reactive nitrogen intermedi-
ates,'® tumor necrosis factor (TNF) or interleukin-1."4

However, despite knowledge of the existence of a
number of effector molecules, the mechanism(s) by
which they trigger target cell death remains unclear.
Further, very few reports are available which explain
the mode of cell death that the target cells follow.
Effector cells have been suggested to kill infected or
tumor cells either by necrosis or by apoptosis. These
two processes differ both morphologically and bio-
chemically. Necrosis is associated with cell swelling,
membrane rupture and dissolution of organized
cellular structure. In contrast, apoptosis has little
effect on organelle integrity, but is characterized by
cell shrinkage, condensation of chromatin and clea-
vage of DNA into oligonucleosomal fragments of 180-
200 bp length or its multiples, giving a characteristic
ladder pattern when run on agarose gels.'>'¢

The present investigation reports that killing of
tumor cells by macrophages treated with cisplatin and
IEN-y involves induction of apoptosis in target cells via
the extracellular release of effector molecules which
act in a target cell-specific manner.
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Materials and methods
Materials

All cell cultures were maintained in RPMI 1640,
supplemented with 10% heat inactivated fetal calf
serum  (FCS), penicillin (100 U/ml), streptomycin
(100 pug/ml) and gentamycin (20 ug/ml). RPMI 1640
medium was purchased from Sigma (St Louis, MO).
FCS was purchased from Biological Industries (Hame-
mek, Israel). [methyl~3H]Thymidine (PH]ITdY) was
purchased from Bhabha Atomic Research Centre
(Bombay, India). Murine recombinant IFN-y, murine
recombinant TNF-« and anti-TNF-« monoclonal anti-
body were purchased from Boehringer Mannheim
(Mannheim, Germany). Lipopolysaccharide (LPS; Es-
cherichia coli 055:B5S), propidium iodide (PI) and
proteinase K were purchased from Sigma. Sodium
nitroprusside (SNP), a NO donor, was purchased from
Hi Media (Bombay, India). NG-monomethyl L-arginine
(-NMMA), the inhijbitor of NO synthase, was a kind
gift from Dr H Hodson (Department of Medical
Chemistry, Welcome Research, UK). All the reagents
used were free of endotoxin contamination, as
determined by the Limulus amebocyte lysate assay
(sensitivity limit 0.1 ng/ml).

Animals

Inbred strains of healthy BALB/c mice of either sex at
8-10 weeks of age were used to obtain peritoneal
macrophages.

Tumor cells

Tumor cells used in this study were 1929 (a murine
fibroblast cell line) and P815 (a murine mastocytoma
cell line), obtained from National Tissue Culture
Facility (Pune, India).

In vitro activation of macrophages and
co-culture with tumor cells

Macrophage monolayers were prepared as described
previously.® Peritoneal exudate cells were harvested
from peritoneal lavage using chilled serum-free
RPMI 1640 and were added to wells of 24-well
plastic tissue culture plates (Nunc, Denmark). After
2 h incubation at 37°C in 5% CO, in air in a CO,
incubator, the non-adherent cells were removed by
vigorous washing (3 times) with warm serum-free
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medium. More than 95% of the adherent cell
population were macrophages as determined by
morphology and non-specific esterase staining.

Macrophage monolayers (2 X 10° cells/well) were
cultured with or without activating agents as indicated
i.e. cisplatin (5 pg/ml) and recombinant murine IFN-y
(50 U/ml). A combination of LPS (5 ug/ml) and IFN-y
(50 U/ml) was used as standard macrophage activating
agents. After 12 h incubation at 37°C in a CO,
incubator, these activating agents were removed from
the culture by thorough washing. Tumor target cells
Q2 x 105) were then added in the prewetted transwell
inserts and placed over the macrophage monolayers in
the wells of 24-well tissue culture plates. Prior to the
addition of tumor cells, the inhibitor of NO synthase L-
NMMA (1 mM) or anti-TNF-« monoclonal antibody
(0.5 pg/ml) or both were added as indicated in Results.
Culture supernatants were collected for nitrite and
TNF-o. assay at different time-points as indicated, and
were stored at — 20°C until assayed.

Quantitative estimation of DNA
fragmentation

Percent specific DNA fragmentation was measured
following a method given by Cui et al.'” Tumor target
cells in logarithmic phase of growth were radiolabeled
in culture medium with 0.5 pCi/ml [PHITdr for 18 h,
washed thoroughly in RPMI 1640, layered over the
transwell inserts, and co-cultured with macrophages in
24-well tissue culture plates for various time periods
and culture conditions as described. Cell-free culture
supernatants (M) were collected at indicated time-
points and preserved at 4°C. Tumor cells in the
transwell inserts were carefully removed after 3, 6, 12
and 24 h. These cells were lyzed with 50 ul of ice-cold
lysis buffer (25 mM sodium acetate, pH 6.6) for 1 h,
and DNA from the cells was separated by centrifuga-
tion at 1300 g for 20 min into fragmented low
molecular weight (supernatant; S) and intact high
molecular weight (pellet; P) fractions. Radioactivity
was determined by liquid scintillation counter (LKB,
Turku, Finland).
Percent specific fragmentation was calculated as

Percent specific fragmentation =

experimental c.p.m. (M + S)
experimental c.p.m. (M + S+ P)

spontaneous ¢.p.m. (M + S)

x 100
spontaneous ¢.p.m. (M + S + P)

In the formula, experimental and spontaneous frag-
mentation refer to radiolabeled DNA obtained from



tumor cells co-cultured with cisplatin and IFN-y treated
macrophages and their respective untreated controls.

Qualitative analysis of DNA fragmentation
on agarose gel electrophoresis

Extraction of target cell DNA was performed following
the method given by Prigent et al.'® with some
modification. Tumor target cells, washed in PBS, were
lysed in 0.5 ml of lysis buffer containing 10 mM Tris-
HCI (pH 8.0), 75 mM NacCl, 10 mM EDTA, 0.5% SDS and
0.15 mg/ml proteinase K, and incubated for 3 hat 50°C.
Lysate was spun down at 10 000 g for 20 min at 4°C.
The supernatant was collected carefully, and a solution
of 0.5 M NacCl and 50% absolute ethanol was added to
precipitate the DNA. The precipitated DNA was
resolubilized in 30 pl of Tris-EDTA buffer (10 mM
Tris-HCl, pH 8.0 and 1 mM EDTA, pH 8.0) for 1 h at
65°C and then incubated with 200 pg/ml RNase A for
2 h at 37°C. Thereafter, 10 ul of loading dye (0.025%
bromophenol blue, 0.25% xylene cyanol and 30%
glycerol in water) was added and 40 pl of sample was
loaded in the wells of 1.5% agarose gel and electro-
phoresed for 2 or 3 h at 75 V in TBE buffer in the
presence of 0.5 ug/ml EtBr. DNA was visualized and
photographed on a UV transilluminator.
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Changes in the nuclear morphology

At varjious time-points as indicated, changes in
nuclear morphology associated with apoptosis were
studied by using the DNA fluorescent dye propidium
iodide. Cells were fixed in 80% ice-cold ethanol,
washed twice with cold phosphate-buffered saline
(PBS) and stained with propidium iodide (50 pg/ml in
PBS). Observations were made under fluorescence
microscopy to observe nuclear changes.

Percent viability and percent apoptotic cell
population assay

Percent viability assay of the target cells was done by
Trypan blue exclusion test.'” Cell count was per-
formed on a hemocytometer with an equal volume of
cell suspension and Trypan blue (0.3% in PBS). Trypan
blue-stained cells were considered non-viable. Simi-
larly, percent apoptotic cells was determined by
identifying and counting apoptotic cells, on the basis
of their characteristic apoptotic and cellular nuclear
morphology.

Percent specific DNA fragmentation

P815 L929
Control
BB Cisplatin + IFN-y
LPS + IFN-y
{ 1 | ) ] I 1 1
100 80 60 40 20 0 0 20 40 60 80 100

Figure 1. Kinetics of percent specific DNA fragmentation in P815 and 1.929 cells. Peritoneal macrophages (2 x 10° cells/well)
in 24-well tissue culture plates, treated with cisplatin (5 xg/ml) and IFN-y (50 U/ml) or LPS (5 ug/ml) and IFN-y (50 U/ml), were
co-cultured with [*H]Tdr-labeled tumor target cells (P815 or L929; 2 x 10° cells/well), the co-cultures being separated by
prewetted transwell inserts. Percent specific DNA fragmentation in tumor targets was measured as described in Materials and
methods. Data shown are means + SD and are representative of three independent experiments, done in triplicate. *P<0.05

versus values of control co-cultures.
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Nitrite determination

Cellfree culture supernatants, collected at different
time-points as indicated, were assayed for nitrite by a
microplate assay method according to Ding et al.*°
Briefly, 100 ul of culture supernatant was incubated
with an equal volume of Griess reagent (one part 1%
sulfanilamide in 2.5% H;PO4 plus one part 0.1%
naphthyl-ethylene-diamine dihydrochloride in distilled
water) at room temperature for 10 min. The absor-
bance was taken at 540 nm in a microtiter plate
reader. Nitrite concentration was quantified by using
sodium nitrite as standard.

TNF-o bicassay

Cellfree culture supernatants, collected at different
time-points as indicated, were assayed for TNF-x
bioactivity by the method given by Mathews et al*’
Briefly, 3 x 10% 1929 cells were plated in complete
medium containing actinomycin D (2 ug/ml) in each
well of 96-well flat-bottom culture plates and culture
supernatants were added in a 1:1 ratio. After 18 h
incubation at 37°C in a CO, incubator the supernatant
was flicked off and cells were fixed in 5% formalde-
hyde in PBS, followed by staining with 0.5% aqueous
crystal violet. Cells were then lysed in 33% acetic acid
and optical density was measured in a microtiter plate
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reader at 540 nm. The TNF activity was expressed in
terms of percent cytotoxicity, which was calculated
using the formula:

percent cytotoxicity = X 100
where C represents the absorbance of control cells
and E represents the absorbance of experimental cells.

Data presentation

Results are expressed as the means + SD of at least
three independent experiments. The statistical signifi-
cance of difference between test groups was analyzed
by two-tailed Student’s #test. The level of significance
was considered *p <0.05.

Results

Quantitative estimation of percent specific
DNA fragmentation in tumor targets

Macrophages treated with cisplatin and IFN-y induced
DNA fragmentation in P815 and 1.929 cells after 6 h co-
culture. No significant DNA fragmentation was ob-
served in untreated controls. As shown in Figure 1, time




kinetics studies of percent specific DNA fragmentation
showed a linear pattern with time in both the tumor
targets. A similar pattern of percent specific DNA
fragmentation was also observed for LPS and IFN-y
treated macrophages.

Qualitative analysis of DNA fragmentation
agarose gel electrophoresis

Although results of the percentage DNA fragmentation
assay suggested that cisplatin and IFN-y treated

Cisplatin and IFN-y induce apoptosis

macrophages induced DNA fragmentation in tumor
targets, they did not provide any qualitative data. Tc
investigate whether DNA fragmentation is random or
oligonucleosomal, DNA isolated from the target cells
was analyzed by agarose gel electrophoresis. DNA
extracted from target cells (P815 or 1.929), co-cultured
with cisplatin and IFN-y or LPS and IFN-y treated
macrophages, showed oligonucleosomal cleavage giv-
ing a ladder pattern on agarose gel electrophoresis.
The DNA ladder appeared only after 12 h co-culture in
both the tumor targets. DNA extracted from target
cells, co-cultured with untreated macrophages,

Figure 2. Agarose gel electrophoresis of DNA extracted from tumor targets (P815 or L929). Peritoneal macrophages (2 x 10°
cells/well) in 24-well tissue culture plates, treated with cisplatin (5 u%/ml) and IFN-y (50 U/ml) or LPS (5 pg/ml) and IFN-y (50 U/
ml), were co-cultured with tumor target cells (P815 or L929; 2 x 10° cells/well) in the presence or absence of L-NMMA (1 mM)
or anti-TNF-« mAb (0.5 ug/ml) as indicated. The co-cultures were separated by prewetted transwell inserts. After 24 h co-
culture, DNA was extracted from the tumor target cells and analyzed by agarose gel electrophoresis as described in Materials
and methods. (a) Lane 1, no DNA fragmentation in P815 cells co-cultured with untreated macrophages; lanes 2 and 3, DNA
from P815 cells, showing ladder pattern when co-cultured with cisplatin and IFN-y or LPS and IFN-y treated macrophages;
lanes 5 and 6, addition of L-NMMA prevented oligonucleosomal fragmentation of DNA in P815 cells co-cultured with cisplatin
and IFN-y or LPS and IFN-y treated macrophages; lanes 8 and 9, addition of anti-TNF-« mAb did not block DNA fragmentation
in P815 cells co-cultured with cisplatin and IFN-y or LPS and IFN-y treated mcrophages; lanes 4, 7 and 10, addition of L-NMMA
or anti-TNF-o or both did not induce DNA fragmentation in P815 cells co-cultured with untreated macrophages; lanes 11 and
12, addition of L-NMMA and anti-TNF-« mAb prevented DNA fragmentation in P815 cells co-cultured with cisplatin and IFN-y
or LPS and IFN-y treated macrophages. (b) Lane 1, no DNA fragmentation in L929 cells co-cultured with untreated
macrophages; lanes 2 and 3, DNA from L929 cells, showing ladder pattern when co-cultured with cisplatin and [FN-y or LPS
and IFN-y treated macrophages; lanes 5 and 6, addition of L-NMMA did not prevent oligonucleosomal fragmentation of DNA in
L929 cells co-cultured with cisplatin and IFN-y or LPS and IFN-y treated macrophages; lanes 8 and 9, addition of anti-TNF-x
mAb blocked DNA fragmentation in L929 cells co-cultured with cisplatin and IFN-y or LPS and IFN-y treated macrophages;
lanes 4, 7 and 10, addition of L-NMMA or anti-TNF-« or both did not induce DNA fragmentation in L929 cells co-cultured with
untreated macrophages; lanes 11 and 12, addition of L-NMMA and anti-TNF-2 mAb prevented DNA fragmentation in L929
cells co-cultured with cisplatin and IFN-y or LPS and IFN-y treated macrophages. M, marker.
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showed no sign of DNA fragmentation even up to 24 h
of co-culture [Figure 2a (lanes 1, 2 and 3) and b (lanes
1, 2 and 3)].

Changes in the nuclear morphology of
tumor targets studied by fluorescence
microscopy

Figure 3 shows the nuclear morphology of a repre-
sentative tumor target (P815) co-cultured with cispla-
tin and IFN-y treated macrophages (Figure 3b) or
untreated controls (Figure 3a). Upon co-culture with
treated macrophages, the target cell nuclei showed the
characteristic condensed and fragmented appearance
(Figure 3b). Nuclear condensation and fragmentation
were detectable after 12 h co-culture, which further
enhanced with time. Target cells co-cultured with
untreated macrophages or the target cells from the co-
cultures (treated or untreated) up to 6 h did not show

a

Figure 3. Morphology of target cell nuclei (P815) stained
with propidium iodide. P815 cells (2 x 10° cells/well) were
co-cultured with cisplatin and IFN-y (a) or untreated (b)
macrophages (2 x 106 cells/well). After 24 h co-culture,
P815 cells were stained with propidium iodide (5 ug/ml) by
the method described in Materials and methods, and
observed under fluorescence microscopy.
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any changes in the nuclear morphology. Similar results
were obtained with 1929 cells investigated (not
shown).

Time kinetics studies of percent viability
and percent apoptotic cell population in
tumor targets

The percent cell viability and percent apoptotic cell
population in tumor targets co-cultured with macro-
phages were also investigated. In both the tumor
target cells, percent viability was found to be always
greater than 93% with apoptotic cell populations less
than 5% after 6 h co-culture or in controls up to 24 h
(Figure 4a and b). In the co-cultures of tumor cells
with cisplatin and IFN-y treated macrophages, signifi-
cant loss of cell viability was observed at 24 h,
whereas apoptotic cell population appeared after
12 h.

Effector molecules involved in the
apoptosis of tumor targets

In order to characterize the effector molecules
involved, DNA fragmentation, nuclear changes, per-
cent viability and percent apoptotic cell population in
tumor targets were studied in the presence of various
inhibitors. As shown in Table 1, addition of I-NMMA, a
specific inhibitor or NO synthase, to the co-culture
completely inhibited DNA fragmentation in P815 cells,
suggesting this fragmentation to be NO dependent.
Nitrite accumulation in the co-culture supernatants
with cisplatin and IFN-y treated macrophages was
found to reach approximately 55 uM at 24 h, follow-
ing a linear pattern with time (Figure 5). The presence
or the absence or the type of tumor target cells did not
interfere with the amount of NO produced by
macrophages (data not shown). A comparison of time
kinetics of NO production and percent specific DNA
fragmentation (Figure 5 and Figure 1) indicates that
DNA fragmentation is paralleled by NO accumulation,
suggesting a dose-dependent relationship between the
two. Exposure to SNP, a NO donor, resulted in DNA
fragmentation in P815 cells (Table 1). Addition of anti-
TNF-« mAb (0.5 ug/ml) did not prevent DNA fragmen-
tation in P815 cells or treatment with TNF-« (1 nM) up
to 24 h also did not cause DNA fragmentation in P815
cells (Table 1), which rules out the possibility of the
involvement of TNF-« in the DNA strand breaks of
P815 cells.

However, in contrast to the results obtained for
P815 cells, addition of L-NMMA to the co-culture did



not protect DNA fragmentation in 1929. Exposure to
the NO donor, SNP, did not cause DNA fragmentation
in 1929 cells (Table 1), suggesting that induction of
apoptosis in L929 cells is NO independent. However,
blocking TNF-« in the co-culture with anti-TNF-o mAb
resulted in a complete inhibition of DNA fragmenta-
tion in 1929 cells. Further evidence for TNF-o-
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dependent DNA fragmentation comes from the results
of the experiments in which treatment of 1929 directly
with TNF-x resulted in DNA break (Table 1).

Similar to the findings of quantitative assay experi-
ments, blocking iNOS with L-NMMA completely
prevented DNA fragmentation in P815 cells [Figure
2a (lanes 5 and 6)] or blocking TNF-o with anti-TNF-c

Time
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LPS + IFN-y

MllIhiHiHIHHi1II

100 80 60 40 20 0

Percent apoptotic cells

0 20

40 60 80 100

Percent viability

L929

V7

v/ Control
B2 Cisplatin + IFN-y

LPS + IFN-y

L S i

100 80 60 40

Percent apoptotic cells

40 60 80 100

Percent viability

Figure 4. Kinetics of percent apoptotic cell population versus percent viability of tumor target cells: (a) P815 and (b) L929.
Tumor target celfls (2 x 10° cells/well) were co-cultured with cisplatin (5 ug/ml) and IFN-y (50 U/ml) or LPS (5 pug/ml) and IFN-y
(50 U/ml) treated macrophages (2 x 10° cells/well), the co-cultures separated by prewetted transwell inserts. Percent
apoptotic cell population and percent viability were assayed by the method described in Materials and methods. Data shown
are means + SD and are representative of three independent experiments done in triplicate. *p<0.05 versus values of control

co-cultures.
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Table 1. Percent specific DNA fragmentation, percent apoptotic cell population and percent viability assay in tumor
targets in response to effector molecules

Treatment TNF-o Nitrite Percent specific DNA Percent apoptosis Percent viability
(cytotoxicity) (uM) fragmentation
P815 L929 P815 L929 P815 L929
Medium 1274+23* 42409 26404 31407 33+10 344141 94.0+21 95.0+3.6
Cisplatin+IFN-y 65.5+4.8° 55.0+3.1* 52.0+4.1* 52.1+4.3* 64.0+2.0* 659+4.3* 69.0+3.1* 726+3.6"
Cisplatin+IFN-y+  66.2+2.9" 12.11£2.0* 29.0+0.551.0432 3.94+0.9" 63.5+2.0 93.1+41 7414486
L-NMMA
Cisplatin+IFN-y+  14.14+21** 539+41 51.0+34 2.8+0.2" 62.0+£3.1 49422 66.3+£37 940+33
abTNF-x
SNP (0.5 mM) - 486+32 423+41 35+16 550+4.9 39411 713432 941433
TNF-o. (1 nM) 74.0+5.9 - 29406 459+32 39406 51.6+41 943426 65.1+4.4

*p<0.05 versus values for untreated control co-cultures.

**p<0.05 versus values for cisplatin and IFN-y treated co-cultures.

2The numbers represent mean+ SD of triplicate co-cuitures.

Peritoneal macrophages (2 x 10° cells/well) in 24-well tissue culture plates, treated with cisplatin (5 ug/ml) and IFN-y (50 U/ml), were co-
cultured with labeled ((*Hithymidine) or unlabeled tumor target cells (P815 or L929; 2 x 10° cells/well) for 24 h in the presence or absence of L-
NMMA (1 mM) or anti-TNF-x mAb (0.5 ug/ml) as indicated. The co-culiures were separated by transwell prewetted inserts. Target cells were
also directly treated with SNP (0.5 mM) or TNF-z (1 nM) as indicated for 24 h. The nitrite concentration and TNF-« bioactivity in the culture
supematants, and percent specific DNA fragmentation, percent apoptotic cell population and percent viability of tumor targets were measured
as described in Materials and methods.

P815 1929
B8 Cisplatin + IFN-y
LPS + IFN-y
1 [ L ! 1 1} 1
100 80 60 40 20 0 0 20 40 60 80 100

Nitrite (um) TNF-o (percent cytotoxicity)

Figure 5. Kinetics of NO accumulation and TNF-« bioactivity (percent cytotoxicity). Peritoneal macrophages (2 x 10° cells/
well) treated with cisplatin (5 ug/ml) and IFN-y (50 U/ml) or LPS (5 pg/ml) and IFN-y (50 U/ml) were co-cultured with tumor
target cells (P815 or L929; 2 x 10° cellsiwell), the co-cultures separated by prewetied transwell inserts. The nitrite
concentration and TNF-o bioactivity in the culture supematants were assayed at indicated time intervals by the method
described in Materials and methods. The presence or the absence or the type of tumor targets did not show significant
difference in the amount of nitrite or TNF-« produced (not shown). Data shown are means + SD and are representative of
three independent experiments done in triplicate. *p<0.05 versus values of control co-cultures.

mAb prevented oligonucleosomal cleavage in L929
[Figure 2b (lanes 8 and 9)] as observed on agarose gel
electrophoresis. Morphological alterations in target
cell nuclei were also prevented in the presence of
specific inhibitors (not shown). Study of percent cell
viability and percent apoptotic cell population of
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tumor targets, in the presence of specific inhibitors,
showed that inhibition of responsible effector mole-
cules resulted in inhibition in the loss of cell viability.
More than 93% cells were viable with apoptotic cell
populations less than 5% (Table 1). Exposure to SNP
(0.5 mM) up to 24 h caused a decline in cell viability



with 55 + 4.9% apoptotic cell populations in P815
cells but failed to induce apoptosis or loss in cell
viability in 1929 cells. Conversely, treatment with
murine recombinant TNF-« (1 nM) up to 24 h resulted
in 51.6 + 4.1% apoptotic cell population with a
corresponding viability of 65.1 + 4.4% in 1929 cells,
but caused no effect on P815 cells (Table 1).

Discussion

The widely used anti-cancer drug cisplatin has not only
been shown to have cytotoxic effect but has also been
shown to have immunomodulatory effect.>”” In
combination with other immunostimulants, such as
IFN-y, interleukins and LPS, cisplatin has shown a
synergistic enhancement in tumoricidal activity of
macrophages, both iz vivo and in vitro®'° In the
present study, we investigated the mode of target cell
destruction by macrophages, treated with cisplatin in
combination with IFN-y, and the effector molecules
involved therein. The results of the present study
show that death of tumor targets by cisplatin and IFN-y
activated macrophages may involve apoptosis as one
of the killing mechanisms for which cell-to-cell contact
is not essential. These findings are consistent with
others that macrophages may exert their cytotoxic
effects via diffusible mediators.> Further, there has
been much discussion about the additive or indepen-
dent action of effector molecules. Some reports
suggest that these effector molecules act synergisti-
cally,?* while others propose that effector molecules
show target cell speciﬁcity.23 Our findings suggest that
effector molecules show target cell specificity for
inducing apoptosis in 1929 and P815 cells. The
effector molecule responsible for inducing apoptosis
in P815 cells was found to be NO. This finding was
confirmed by the observation that addition of IINMMA,
the NO synthase inhibitor, showed a protective effect
against apoptosis. Moreover, treatment with SNP, a
NO donor, resulted in apoptosis in P815 cells.
Addition of anti-TNF-« mAb or direct treatment with
TNF-o did not cause apoptosis in P815 cells. Con-
versely, for 1929, the apoptotic factor was found to be
TNEF-« but not NO. These findings suggest that NO and
TNF-o are mutually independent for their action with
respect to their cytotoxic action against 1929 or P815
cells. Our results are consistent with reports suggest-
ing that L929 cells (TNF-o-sensitive tumor cells) are
resistant to NO-mediated cytotoxicity, whereas P815
cells (NO-sensitive tumor cells) are resistant to TNF-o-
mediated cytotoxicity.”®> However, the possibility that
effector molecules may act synergistically or additively
in the case of other target cells is not ruled out. As
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reported by others, the killing mechanism against HL-
60 and Raji was largely blocked by L-arginine deple-
tion, slightly blocked by the addition of anti-TNF-x
mAb and completely blocked by the combined effect
of the two.?* Further, apoptosis cannot be the sole
mechanism for target cell killing, and the same effector
molecule may induce apoptosis in one target cell and
necrosis in the other. TNF-« induces apoptosis in F17
cells and necrosis in LM cells.?* Therefore, it is
obviously not sufficient to rely on one or two targets to
answer the general question on the mechanism of
cisplatin and IFN-y treated macrophage-mediated
cytotoxicity and the mode of target cell death.

Several approaches were used to study apoptotic
mode of cell death. First, DNA fragmentation in target
cells by [H]Tdr assay was investigated. Time kinetics
studies showed a linear relationship between percent
specific DNA fragmentation and time, indicating onset
of irreversible DNA fragmentation upon induction by
effector molecules, which progressed with time.
Further, qualitative analysis of DNA on agarose gel
electrophoresis confirmed oligonucleosomal cleavage.
Since oligonucleosomal fragmentation of DNA by itself
cannot be considered as a sufficient test for apopto-
sis,? corresponding nuclear changes were simulta-
neously observed by fluorescence microscopy which
also favored occurrence of apoptosis.

A comparison of the time kinetics of percent
specific DNA fragmentation with that of the appear-
ance of a DNA ladder as detected by agarose gel
electrophoresis shows that although DNA fragmenta-
tion was detectable at 6 h, it did not give a ladder
patternon agarose gel. The ladder pattern of DNA
appeared only after 12 h, when percent specific
fragmentation was greater than 20%. The reason for
this could be that low molecular weight DNA may
not be generated during early stages of apoptosis,
despite the presence of extensive high molecular
weight DNA fragments, which are generated prior to
internucleosomal DNA fragmentation.?**” Time ki-
netics studies of percent viability and percent
apoptosis and its comparison with that of percent
specific DNA fragmentation indicate DNA fragmenta-
tion to be a very early event, whereas loss of viability
occurred at a later stage of apoptosis. We could not
detect any necrotic form of cell death as studied by
Trypan blue uptake and propidium iodide staining.
More than 88% cells were viable at 12 h with
approximately 20% apoptotic cells. These data rule
out the possibility of cell death, at least by primary
necrosis. A comparison of the time kinetics of
quantitative and qualitative DNA fragmentation study
with that of nuclear changes indicates that all these
events are interrelated as they followed same time
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kinetics and responded to specific co-culture condi-
tions in a similar manner. NO, TNF-, IL-1, reactive
oxygen intermediates, etc., are the major cytotoxic
molecules among more than 100 produced by
activated macrophages.®> Although various cellular
responses of these effector molecules are known,
how and in what sequence these events result in
apoptosis by breaking the protective mechanism of
target cells are not known. Furthermore, whether
molecular mechanisms involved in NO induced
apoptosis and TNF-« induced apoptosis are common
or not remains to be investigated.

References

1. Rosenberg B. Fundamental studies with cisplatin. Carncer
1984; 55: 2303-16.

2. Sodhi A, Gupta P, Singh SM. In vivo activation of murine
peritoneal macrophages by intraperitoneal administration
of cisplatin. Arch Immunol Et Ther Exp 1988; 36: 3003-
14.

3. Sodhi A, Singh SM. Release of cytotoxic factor(s) by
murine macrophages ¢n vitro on treatment with cisplatin.
Int ] Immunopharmacol 1986; 8: 701-7.

4. Lichtenstein AX, Pende D. Enhancement of natural killer
cytotoxicity by cis-dichlorodiamine platinuml) én2 vivo
and in vitro. Cancer Res 1986; 46: 639-44.

5. Sodhi A, Basu S. Role of human blood monocytes in up
regulation of lymphokine (nterleukin-2)-activated killer
cell activity with cisplatin and FK-565: involvement of
calcium ion. Immunol Lett 1992; 32: 139-46.

6. Kleinerman ES, Zwelling LA, Muchmore AV. Enhance-
ment of naturally occurring human monocyte mediated
cytotoxicity by cis-dichlorodiamine platinumdD. Cancer
Res 1980; 40: 3099-102.

7. Sodhi A, Pai K, Singh RX, Singh SM. Activation of human
NK cells and monocytes with cisplatin én vitro. Int J
Immunopbarmacol 1990; 12: 893-8.

8. Geetha B, Sodhi A. Effect of cisplatin, lipopolysaccharide,
muramyl dipeptide and recombinant interferony on
murine macrophages in vitro. Il. Production of HyO,,
0,7 and intedeukin-1. Nat Immun Cell Growth Reg
1989; 8: 108-16.

9. Johnson CS, Chang MJ, Yu WD, et al. Synergistic
enhancement by interleukin-1 alpha of cisplatin mediated
antitumor activity in RIF-1 tumor bearing C3H/HeJ mice.
Cancer Chemotber Pharmacol 1933; 132: 339-46.

10. Nehme A, Julia AM, Jozan S, Chevreau C, Bugat R, Canal P.
Modulation of cisplatin cytotoxicity by human recombi-
nant interferon-y in human ovarion cancer lines. Eur J
Cancer 1994; 30: 520-5.

11. Pai K, Sodhi A. Studies on the natural killer cell activity of
human nonadherent mononuclear cells (WMNC) with
tumor necrosis factor, interleukin-1, interferon-y, and
cisplatin. Neoplasma 1992; 39: 363-7.

12. Singh SM, Sodhi A. Interaction between cisplatin treated
macrophages and Dalton’s lymphoma cells iz vitro. Exp
Cell Biol 1988; 56: 1-11.

806 Anti-Cancer Drugs - Vol 8 « 1997

13. Sodhi A, Suresh A. Production of reactive nitrogen
intermediates by bone marrow-derived macrophages on
treatment with cisplatin én vitro. Clin Exp Immunol
1992; 89: 502-8.

14. Suresh A, Sodhi A. Production of interleukin-1 and tumor
necrosis factor by bone marrow derived macrophages:
effect of cisplatin and LPS. Immunol Lett 1991; 30: 93~
100.

15. Wyllie AH, Kerr JFR, Currie AR. Cell death: the
significance of apoptosis. Int Rev Cytol 1980; 8: 251-306.

16. Gerschenson LE, Rotello RJ. Apoptosis: a different type of
cell death. FASEB ] 1992; 6: 2450-5.

17. Cui S, Reichner JS, Mateo RB, Albina JE. Activated murine
macrophages induce apoptosis in tumor cells through
nitric oxide-dependent or -independent mechanisms.
Cancer Res 1994; 54: 2462-7.

18. Prigent P, Blanpied C, Aten J, Hirsch F. A safe and rapid
method for analyzing apoptosis induced fragmentation of
DNA extracted from tissues or cultured cells. J Immunol
Methods 1993; 160: 139-40.

19. Ueda Nand, Shah SV. Role of intracellular calcium in
hydrogen peroxide-induced renal tubular cell injury. Az J
Physiol 1992; 263: F214-21.

20. Ding AH, Nathan CF, Stuehr DJ. Release of reactive
nitrogen intermediates and reactive oxygen intermediates
from mouse peritoneal macrophages. Comparison of
activating cytokines and evidence for independent
production. J Immunol 1988; 141: 2407-67.

21. Mathews N, Neale ML, Jakson SK, Stark JM. Tumor cell
killing by TNF: inhibition by anaerobic condition, free
radical scavengers and inhibitors of arachidonate. Fm-
munology 1987; 62: 153-6.

22. Higuchi M, Higashi N, Taki H, Osawa T. Cytolytic
mechanisms of activated macrophages: tumor necrosis
factor and L-arginine dependent mechanisms act syner-
gistically as the major cytolytic mechanisms of activated
macrophages. J Immunol 1990; 144: 1425-31.

23. Klostergaard J, Leroux ME, Hung MC. Cellular models of
macrophage tumoricidal effector mechanisms in vitro:
characterization of cytolytic responses to tumor necrosis
factor and nitric oxide pathways in vitro. J Immunol
1991; 147: 2802-8.

24. Laster SM, Wood JG, Gooding LR. Tumor necrosis factor
can induce both apoptotic and necrotic forms of cell lysis.
J Immunol 1988; 141: 2629-34.

25. Cohen GM, Sun XM, Snowden RT, Dinsdale D, Skilleter
DN. Key morphological features of apoptosis may occur
in the absence of internucleosomal DNA fragmentation.
Biochem J 1992; 286: 331-4.

26. Zarkeri ZA, Quaglino D, Latham T, Lockshin RA. Delayed
internucleosomal DNA fragmentation in programmed cell
death. FASEB J 1993; 7: 470-8.

27. Brown DG, Sun XXM, Cohen GM. Dexamethason-induced
apoptosis involves cleavage of DNA to large fragments
prior to internucleosomal fragmentation. J Biol Chem
1993; 268: 3037-9.

28. Eastman A. Activation of programmed cell death by
anticancer agents: cisplatin as a model system. Cancer
Cells 1990; 2: 275-80.

(Received 27 May 1997; revised form accepted 17 July
1997)



