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Recombinant human tumor necrosis factor (rHuTNF) synergistically potentiates the cytotoxicity of
the topoisomerase I inhibitor camptothecin, and the topoisomerase II inhibitors epidexorubicin,
etoposide, mitoxantrone, ellipticine, actinomycin D and 4'-(9-acridinylamino)methanesulfon-s-
anisidide on A2780 human ovarian cancer cell line. Similar synergy was not observed with a
combination of rHuTNF and cis-platinum or mitomycin C. When A2780 cells were incubated with
rHuTNF simultaneously with camptothecin or mitoxantrone or VP16, increased numbers of DNA
single-strand breaks were produced. rHuTNF alone did not induce DNA strand breakage, These data
provide evidence that the enhancing effect of rHuTNF is closely related to the DNA damage mediated
by topoisomerase-targeted drugs. These observations may have relevance for ovarian cancer treat-

ment.
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The availability of recombinant cytokines [tumor ne-
crosis factor (TNF), interferon, interleukin 2, ete.]
renders combination therapies involving cytokines and
classical chemotherapeutic drugs possible. Significant im-
provements in experimental cancer therapies have been
made by using such combinations. Previous work from
our and other laboratories showed a synergistic cytotoxic
effect when TNF is given simultaneously with DNA
topoisomerase Il-targeted anti-cancer drugs, such as
etoposide (VP16) and mitoxantrone (MITQ), in murine
and human cancer cell lines i vitro"™” and in vivo.*'"

A human ovarian cancer cell line, A2780, was
evaluated for sensitivity to human recombinant TNF
{rHuTNF} in the range 0.1-10000 U/ml. The dose-
response curve is shown in Fig. 1. A2780 cells were very
highly responsive to rHuTNF with an ICs, (50% in-
hibitory concentration) of 8.8 U/ml. The IC, of L929
cells, a standard reference line, was 10000 U/ml (Fig. 1).
Thus, A2780 cells were 1136-fold more sensitive to
rHuTNF than 1.929 cells.

The effects of rHuTNF, at equiactive concentrations in
respect of each drug, on the cytotoxicity of a topoisomer-
ase I inhibitor [camptothecin (CPT)] and topoisomerase
IT inhibitors [epidoxorubicin (epiDOX0), VP16, MITO,
ellipticine (EPT), actinomycin D (DACT), 4'-(9-acri-
dinylamino) methanesulfon - m - anisidide (m-AMSA) ],
were also studied in A2780 cell line.

* To whom correspondence should be addressed.
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Table I depicts the ICs, values obtained with each drug
without and with rHuTNF. As shown in Table I,
rHuTNF significantly enhanced the cytotoxicity of the
topoisomerase I- and Il-targeted drugs.

The non-topoisomerase-targeted drugs cis-platinum
(CDDP) and mitomycin C (MTC) demonstrated no
synergy when combined with rHuTNF, under the same
conditions as shown in Table I. The potentiation rate,
expressed as the ratio of drug IC,;, without and with
rHuTNF, was 15.2 for CPT, 168.0 for VP16, 62.5 for
epiDOXO0, 13.08 for DACT, 10.0 for MITO, 2.7 for
EPT and 1.8 for m-AMSA,

The dose-response curve for each drug, with the excep-
tion of MITO, since we have previously demonstrated a
strong potentiation of MITO by rHuTNF,>” is shown
in Fig. 2 (from panel A to panel F). When rHuTNF at
equitoxic concentrations with respect to CPT dosages
(panel A) or to epiDOXO (panel B) or to DACT (panel
C) or to VP16 (panel D) was added simultaneously with
each drug, a very significant enhancement of cytotoxicity
was seen on A2780 cells. This enhancement of efficacy
can not be a simple additive effect, because the effect was
much greater than the extrapolated value for twice the
concentration of each drug alone. For EPT (panel E) or
for m-AMSA (panel F) only a simple additive effect was
observed, because the effect was approximately the same as
the extrapolated value for a double dose of the drug
alone,

To define the role of TNF in the augmentation of



tumor cell killing by topoisomerase I and IT inhibitors,
the effect of rHUTNF on the production of enzyme-
linked DNA strand-breaks induced in A2780 cells by

SURVIVAL FRACTION

TNF Enhances Topoisomerase Inhibitors’ Activity

topoisomerase inhibitors was determined. Drug-induced
DNA strand-breaks were measured by the alkaline elu-
tion technique according to Russo ef al.'” rHuTNF alone
(1000 U/ml) did not induce DNA strand-breaks. When
rHuTNF was incubated simultaneously with either CPT
or VP16 or MITO for 60 min, increased numbers of
DNA strand-breaks were generated by these three topo-
isomerases inhibitors (Table II). For VP16 and MITO
we have also verified that the potentiating effect is not
confined to a single concentration, but spans a 1000-fold
concentration range.

We had previously reported that rHuTNF could po-
tentiate the cytotoxicity of MITO."® Here we present
new evidence suggesting that this potentiating effect is
probably a general property of topoisomerase inhibitors
(seven drugs tested), rather than a property of a single

Fig. 1. Effect of THuTNF on A2780 human ovarian cancer
cell lines and on 1.929 murine fibrosarcoma cell line (Reference
line). At 24 h after plating, cells were exposed to different
concentrations of rHuTNF for an additional 20 h. Cytotoxicity
was evaluated with the crystal violet assay’ (the values are the

20 . ‘ : : ' ! average of at least three independent expetiments performed in
1E-1 1 10 100 1000 iE4 quadruplicate; error bars denote standard errors in this and
[TNF] U/ml in the following experiments).
Table 1. Effect of rHuTNF on the Cytotoxic Effect of Different Topoisomerase I and I Inhibitors
on A2780 Human Ovarian Cancer Cell Line
ICy, (i M) rHuTNF
Drug potentiation
—rHuTNF +rHuTNF? ratio?
CPT 0.792 0.0520 15.20
VP16 0.420 0.0025 168.00
EpiDOXO 3.500 0.0560 62.50
DACT 0.017 0.0013 13.08
MITO 0.002 0.0002 10.00
EPT 28.900 10.7500 2,70
m-AMSA 15.400 8.3800 1.80
CDDP 1.070 1.9900 NP
MTC 2.520 2.6180 NP

Values represent the average of at least three independent determinations.
@) The rHUTNF concentrations utilized for these experiments were equiactive in respect to

mitoxantrone.

b) Degree of potentiation of each different line by rHuTNF expressed as ratio of the mitoxantrone
ICy without and with rHuTNF.
rtHuTNF was obtained from KNOLL-BASF (Ludwigshafen, Germany). A stock solution of
rHuTNF, containing 0.1 mg/ml of protein was stored at —80°C. Specific activity was 8.74 > 10°
U/mg protein (48 h L929 bioassay without actinomycin D, as determined in the KNOLL-BASF
laboratory). Drugs were diluted in RPMI 1640 with 10% serum to achieve appropriate final
concentrations, and immediately used. Cytotoxicity was monitored with the crystal violet assay, as
described by Ruff and Gifford”” with minor modification.” The ICy, (50% inhibitory concentration)
was obtained by linear interpolation. NP = not potentiated.
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Fig. 2. Effect of rHuTNF on the cytotoxicity of the various DNA topoisomerase I and II inhibitors on A2780 human

ovarian cancer cell line. Panel A: Effect of CPT and rHuTNF on A2780 ovarian cancer cell line. A2780 cell line was
exposed 24 h after plating to various concentrations of CPT alone or in the presence of rHuTNF at equitoxic concentration
for 20 h. The equitoxic dosages of rHuTNF were calculated in the following way: from the results of Fig. 1, we have
interpolated the dosages of rHuTNF giving the same survival fraction as the respective dosages of CPT; these equitoxic
dosages are as follows: (1)~0.25 U/ml; (2)=0.25 U/ml; (3)=24.38 U/ml; (4)=100.0 U/m}; (5) and (6)=1000 U/ml
(1000 U/ml was always used when it was impossible to calculate the equitoxic dosage). Panel B: Effect of epiDOXO and
rHuTNF on A2780 ovarian cancer cell line. The equitoxic dosages of rHuTNF are as follows: (1)=1.32 U/ml; (2)=2.63
U/ml, (3}=8.32 U/ml, (4)=20.32 U/ml, (5)~1000 U/ml. Panel C: Effect of DACT and rHuTNF on A2780 ovarian
cancer c¢ll line. The equitoxic dosages of rHuTNF are as follows: (1)=1.15 U/ml; (2)=4.68 U/ml; (3), (4), (5), (6)=
1000 U/ml, Panel D: Effect of VP16 and rHuTNF on A2780 ovarian cancer cell line. The equitoxic dosages of rHUTNF
are as follows: (1)=1.15 U/ml; (2)=1.48 U/m}; (3)=4.7 U/ml; (4)=14.1 U/ml; (5)=59 U/ml; (6) and (7)=1000 U/
ml. Panel E: Effect of EPT and rHuTNF on A2780 ovarian cancer cell line. The equitoxic dosages of rHuTNF are as
follows: (1)=0.29 U/ml; (2)=0.42 U/ml; (3) and (4)=0.59 U/ml; (5}=1.29 U/ml; (6)=4.07 U/m}; (7) =28.8 U/ml
Panel F: Effect of m-AMSA and rHuTNF on A2780 ovarian cancer cell line. The equitoxic dosages of rHuTNF are as
follows: (1)=0.17 U/ml; (2)=0.24 U/ml; (3) and (4)=1.66 U/ml, (5)=2.75 U/m]; (6)=6.03 U/ml; (7)=83.2 U/ml.

drug. Non-topoisomerase inhibitor drugs such as CDDP
and MTC appeared devoid of any potentiating effect
(Table I).

Similarly, we had previously reported a parallelism
between cytotoxicity and DNA breaks for MITO.' Here
we have shown that this parallelism can be extended to
two additional topoisomerase inhibitors CPT and VP16
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(Table II). Despite their differences in mechanisms, bio-
chemical requirements and celfular functions, topo-
isomerases I and II work by forming enzyme-bridged
strand-breaks that act as transient gates for the passage
of other DNA strands.'® In the presence of these drugs,
an aborted reaction intermediate, termed the “cleavable
complex,” accumulates. These intermediates are detected



Table II.
CPT, or VP16 or MITO

TNI Enhances Topoisomerase Inhibitors’ Activity

Effect of rHuTNF (1000 U/ml) on Protein-concealed DNA Strand-breaks Induced by

Concentration

DNA single-strand breaks

Treatment (rad equivalcnts)
() —rHuTNF +rHuTNF
Medium control — 0.0 .0
CPT 10.000 96.717.5 191.3+11.3 (97.8)
VP16 0.001 26.01+4.6 32.615.8 (25.4)
0.010 71.7%£9.5 104.3+11.1 (45.5)
0.100 107.9Xt15.6 251.3+9.5 (132.9)
1.000 397.0125.7 402.6x11.5 (1.4)
MITO 0.100 0.0 282t 4.6 -
1.000 86.7113.2 108.7+10.1 (25.4)
10.000 13451104 184.5+8.8  (37.2)

A2780 cells were treated with drugs for 1 h at 37°C with or without THUTNF (1000 U/ml) and then
assayed for DNA strand-breaks by alkaline elution, under deproteinizing conditions. Results are
expressed in terms of the X-ray dose that would produce an equivalent elution in single-strand-breaks
(SSBs) assay, and the corresponding units are designated SSBs rad equivalents. A2780 cells were
treated with different dosages of X-rays from a Cs source to obtain a standard curve (data not
reported). Numbers in parentheses are percentage increases in DNA SSBs over the number produced
by 1 h incubation with the topoisomerase inhibitor alone. All the experiments were performed at least
in triplicate. The results are given as average +standard error.

as protein-associated DNA strand breaks in mammalian
cells,'>'” and are equivalent to the enzyme-DNA-
complexes observed in purified systems.'® These com-
plexes are likely to be lethal to cells if they are not re-
moved. The results of elution experiments clearly demon-
strate TNF-induced potentiation of “cleavable complex”
formation following treatment with CPT or MITO or
VP16, This would increase cellular sensitivity to killing
by inhibitors such as CPT, or VP16, or MITO because
the ability of these inhibitors to form toxic lesions is
probably proportional to the number of cleavable com-
plexes in the cell.

The strong cytotoxic synergy shown by MITO
{potentiation rate 10) or by VP16 (potentiation rate 168)
(in the range of concentrations achievable in the perito-
neal cavity) or by CPT (potentiation rate 15.2) toward a
human ovarian cancer cell line suggests potential clinical
applications. Interestingly, VP16 and MITO are two
agents particularly suitable for intraperitoneal chemo-
therapy of ovarian cancer'”'® and CPT, which is in a
preliminary phase IT study,’ was suggested to be a
clinically useful chemotherapeutic agent for ovarian
cancer.
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