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Mechanism of Synergistic Cytotoxic Effect between Tumor Necrosis Factor

| and Hyperthermia
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We previously reported that recombinant human tumor necrosis factor (thTNF) and hyperthermia
had a synergistic effect against tumors, in vitro and in vivo. We have now investigated the mechanism
of this synergy by measuring the lysosomal enzyme activity and hydroxyl radical production of L-M
cells treated with rhTNF and/or hyperthermia. A synergistic activation of lysosomal enzyme and the
induction of hydroxyl radical production in L-M cells treated with both rhTNF and hyperthermia was
ohserved. A synergistic cytotoxic effect was observed when rhTNF and hyperthermia were combined,
and was inhibited by the addition of a reactive oxygen scavenger, dimethyl sulfoxide or bipyridine.
The results show that the augmenting effect of hyperthermia on lysosomal enzyme activation and
induction of hydroxyl radical production by rhTNF plays an important role in the synergistic
cytotoxic effect.
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Tumor necrosis factor (TNF) is a macrophage/
monocyte-derived cytokine'™ that exhibits a potent anti-
tumor activity against some types of tumor cells,*”'®

We previously reported a synergistic increase in the
antitumor effects of recombinant human TNF (thTNF)
and hyperthermia.'"'® The mechanism of the synergistic
antitumor effects on tumor cells, however, remains
largely unexplained.

To increase the efficacy of this combination therapy in
clinical practice, it would be important to determine the
mechanism of the synergistic effects in order to establish
the optimal timing of their combined use. In this study,
assuming that the cytotoxic action of TNF is based on
the direct lethal effect of lysosomal enzymes"”'* and
hydroxyl radicals (-OH),"® " we attempted to determine
the mechanism of the synergistic effect of TNI' and
hyperthermia in combination by determining whether
hyperthermia activates lysosomal enzymes and stimulates
hydroxyl radical production. In addition, the optimal
timing of TNF and hyperthermia in combination re-
quired for a maximal synergistic effect was investigated.

MATERIALS AND METHODS

Materials Human recombinant TNF-¢ (thTNF), pro-
duced in Escherichia coli and purified (99.9%)," was
generously provided by Asahi Chemical Industrial Co.,
Ltd. (Tokyo). The TNF used had a specific activity of
2.3 10° U/mg protein as determined from its cyto-
toxicity toward L-M cells,' and a molecular mass of
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51,000 as a trimer. The p-nitrophenyl phosphoric acid
disodium salt, p-nitrophenyl-3-p-glucuronide and 2,2'-
bipyridine were purchased from Sigma (St. Louis, MO),
while dimethyl sulfoxide (DMSO) was provided by
Wako Pure Chemical Industries, Ltd. (Osaka).

Cell culture L-M (mouse tumorigenic fibroblast, ATCC
CCL 137) cells, which are widely accepted as standard
cells for the cytotoxicity assay of TNF, were obtained
from the American Type Culture Collection {(Rockville,
MD). They were cultured in Eagle’s minimal essential
medium (Nissui Pharmaceutical Co. Ltd., Tokyo) with
10% heat-inactivated fetal bovine serum (FBS, Flow
Laboratories, Inc., North Ryde, Australia), 100 U/m] of
penicillin and 100 gzg/ml of streptomycin at 37°C in an
incubator with 5% CO,.

In vitro assessment of cytotoxicity L-M cells (1X 10t
cells/200 ;1) were added to each well of a 96-well micro-
culture plate (Sumitomo Bakelite Co. Ltd., Tokyo), and
incubated at 37°C for 4 h in 5% CQ,. After aspiration of
the medium, thTNF (0.02-2 % 10° U/200 gl) was added
and incubated at various temperatures for the periods
specified in Fig. 1. Cytotoxicity was assessed in terms of
dye uptake, which was directly proportional to cell
number, as described previously.'”

Assay of lysosomal enzyme activity Cells (12X 10°/ml)
were lysed by pipetting in a hypotonic buffer (0.25 M
sucrose/1 mM EDTA/10 mM acetic acid/10 mM tri-
ethanolamine, pH 7.4) by the method of Miskimins and
Shimizu.” The resulting solution was centrifuged at
800g for 10 min to obtain the supernatant.



The total acid phosphatase and S-glucuronidase ac-
tivities were determined by modifications of the method
of Shibko and Tappel’" and that of Kato et al,”®
respectively. An aliquot of the supernatant (100 g1) was
incubated for 90 min with 200 gzl of 0.5 M sodium
acetate buffer (pH 5.0 for acid phosphatase, pH 4.0 for
fS-glucuronidase), 100 gl of 0.2% Triton X-100, and
100 gl of 100 mM substrate {p-nitrophenyl phosphate
for acid phosphatase, p-nitrophenyl-3-glucuronide for 5-
glucuronidase).

The reaction was stopped by adding 500 pxl of 1%
(w/v) phosphotungstic acid in 0.1 N HCI. The mixture
was then centrifuged at 10,000g for 10 min to remove
the precipitated protein. After the addition of 200 ul of
1 N NaOH to 800 ul of the resulting supernatant, the
release of p-nitrophenol was measured using a Hitachi
spectrophotometer (Model U-3200, Tokyo) at a wave-
length of 405 nm. Results were expressed as milliunits
{mU) per 1% 10° cells or a percentage versus the respec-
tive controls. One unit refers to the amount of enzyme
required to release 1 gmol (M) of the product per min.
Quantification of hydroxyl radical formation The pro-
duction of hydroxy! radical was measured in terms of the
formation of methane from DMSO in accordance with
the method of Repine et ¢l.** Each 2-ml reaction mixture
was prepared in a siliconized 3.5-ml glass tube (Pierce,
Rockford, IL) by the sequential addition of 1 ml of cell
suspension (2 10’/ml), and 0.8 ml of DMSO solution
(2 M). The tube was then sealed with a siliconized Teflon
septum and open-top screw cap, and 0.2 ml of the same
20 mM HEPES medium containing thTNF (100 U/mi)
was injected through the septum. This mixture was mixed
vigorously and incubated for 1 h at 37°C or 42°C and
then for 17 h at 37°C in a shaking water bath. The re-
action was terminated by placing the tube on melted ice.

A 0.2-ml sample of the headspace gas from each tube
was withdrawn into a gas-tight syringe (Hamilton, Reno,
NYV), after mixing vigorously by depressing and with-
drawing of the plunger at least 10 times. The concenira-
tion of methane in the 0.2-m! gas sample was determined
on a Shimadzu GC-9A gas chromatograph (Shimadzu,
Tokyo) equipped with a flame-ionization detector and a
3-mm X 2-m stainless steel column packed with 60/80
mesh active carbon (Gasukuro Kogyo, Tokyo) as
described previously.'®

RESULTS

Effects of hyperthermia on the cytotoxic action of rhTNF
The cytotoxic effects on L-M cells of rthTNF in conjunc-
tion with the elevation of incubation temperature from
37 to 40 and 42°C appear in Table I. When the relation-
ship between duration of TNF contact and its cytotoxic
effect was determined at 37°C, the 1Dy, for TNF was
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Table 1. Influence of Hyperthermia on 50% Inhibitory Dose
of rhTNF against L-M Cells

1Dy, (U/ml)®

Temperature incubation time with TNF
2h 4h 8h
37°C 11,300 4,000 2,300
40°C 6,000 §20 680
4}2°C 54 4 <1

a) Cell survival was measured by dye uptake assay following
the incubation of L-M cells with 0 to 10,000 U/mi of thTNF
for 2 h, 4 h and 8 h and then in rthTNF-free medium at 37°C for
46 h, 44 h and 40 h. Heat treatment (40°C or 42°C) was done
in the middle of each incubation period with rhTNF.
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Fig. 1. Effects of timing and sequence of administration of

rhTNF and hyperthermia. At various times before or after
rhTNF exposure: 1 U/ml (upper panel), or 100 U/ml (lower
panel) for 4 h. L-M cells were heated at 42°C for 1 h. Cells were
incubated for 44 h after thTNF exposure and cell survival was
determined by dye uptake assay. Data represent cell survival at
each point of 1 h heating. Survival at only heat treatment
appears on the left side of each graph.
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11,000 U/ml after 2 h of treatment, while at 4 and 8 h
of treatment the 1D, values were 4,000 U/ml and 2,300
U/m), respectively. The cytotoxic effect of TNF was
dependen on the duration of its contact with tumor cells
and the IDs, was reduced to about 1/5 of the value at 2
h, after 8 h of treatment. This tendency was also ob-
served with combined TNF and hyperthermia at 40°C
and 42°C. At 40°C the IDs, was reduced to about 1/9,
and at 42°C to below 1/54. Hyperthermia had such a
pronounced effect on the cytotoxic effect of TNF that
after 2 h of contact with TNF at 40°C and 42°C the 1D,
was reduced to about 1/18 and 1/204 the value obtained
at 37°C. Similar reductions in IDs, were observed after 4
or 8 h of contact.

Timing of TNF and hyperthermia in combination Before
and after 4 h of treating the L-M cells with TNF (1,100
U/ml), hyperthermia at 42°C was applied for 1 h, and its
effect on the cytotoxic action of TNF was studied to
determine the optimal timing of TNF and hyperthermia
in combination (Fig. 1). The cytotoxic effect of TNF on
L-M cells was determined after 4 h of treatment with
TNF and 44 h of incubation of TNF-free cultures.

When rhTNF and hyperthermia were combined, a
maximal cytotoxic effect was obtained; cell survival rates
were 57.6% and 28.9%, when 1 U/ml and 100 U/ml of
TNF, respectively, were added to the cultures.

On the other hand, when L-M cells were heated before
the exposure to TNF, the cytotoxic effect was virtually
unchanged. When hyperthermia was applied after the
exposure to TNF, the cytotoxic effect was enhanced .
slightly. The synergistic effect of TNF and hyperthermia
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in combination decreased with increase in the interval
between the TNF treatment and administration of
hyperthermia.

Effect of hyperthermia on lysosomal enzyme activity
The activities of acid phosphatase and 8-glucuronidase in
the L-M cells were determined at 37°C, 40°C, 42°C and
43°C, and at 0. 30, 60 and 90 min to study the effect of
hyperthermia on lysosomal enzyme activities (Fig. 2).
After 90 min of exposure to TNF at 43°C the activities of
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Fig. 3. Effects of hyperthermia on rhTNF susceptibility and

" lysosomal enzyme activity of L-M cells. Cells were incubated

with or without rhTNF (100 U/ml) for 4 h. Heat treatment
(42°C) was administered for the first hour. After 4 h culture, %
cytotoxicity and enzyme activity were measured by the method
described in “Materials and Methods.” Values are the mean +
SD of three separate experiments.
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Effects of duration of hyperthermia on lysosomal enzyme activity of L-M cells. Cells were incubated at 37°C,

40°C, 42°C and 43°C for 30 min, 60 min and 90 min. Enzyme activity was measured as described in “Materials and
Methods.” Values are the mean of three separate experiments.
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Table I1. Effects of Reactive Oxygen Scavengers on Suscepti-
bility of L-M Cells to rhINF

Relative sensivity

Apgent % Cytotoxicity to TNF
37°C None 46.8+t1.10 1.00
DMSO 12.1+1.70 0.26
Bipyridine 409 1.60 0.87
42°C  None 65.370.64 1.40
DMSO 24,11+2.50 0.51
Bipyridine 48.7£3.20 1.04

Cells were cultured in the presence of thTNF (100 U/ml) and
reactive oxygen scavengers for 24 h treated with or without
hyperthermia (42°C, 1 h). Values are the mean £ SD of three
separate experiments.

acid phosphatase and S-glucuronidase were increased by
1.26 and 1.32 times as compared to values obtained at
37°C.

Effect of TNF and hyperthermia in combination on
lysosomal enzyme activity The change in lysosomal
enzyme activity in the L-M cells exposed to both TNF
and hyperthermia was determined to evaluate the rela-
tionship of such enzyme activity to the cytotoxic effect of
TNF (Fig. 3). L-M cells were cultured for 4 h with the
addition of 100 U/ml of TNF, and heated to 42°C for 1
h. The cells were lysed immediately after incubation and
intracellular acid phosphatase and S-glucuronidase activ-
ities were determined, Whereas these enzymes showed a
1.1~ to 1.2-fold increase in activity after exposure to
either TNF or heat, after a combination of TNF and
hyperthermia both enzymes showed a significant (1.7-
fold) increase. When L-M cells were treated under the
same conditions, the cytotoxicities were 3.1% and 8.2%,
respectively, following treatment with either TNF or
heat alone; a synergistic cytotoxic effect of 39.29% was
observed with TNF and hyperthermia in combination.
Influence of hydroxyl radical scavenger and iron chelator
on the synergistic effect of TNF and hyperthermia
DMSO, a hydroxyl radical scavenger, and bipyridine, an
iron chelator that inhibits hydroxyl radical production,
were added to L-M cell cultures to determine their influ-
ence on the synergistic effect.of TNF and hyperthermia
in combination (Table IT). With the concurrent addition
of DMSO (400 mM ) or bipyridine (60 uM), the cyto-
toxic effect of TNF (100 U/ml) was inhibited to 26% or
87% of that obtained without DMSO or bipyridine,
even at the control temperature of 37°C. After 1 h of
hyperthermia at 42°C, on the other hand, the cytotoxic
effect of TNF was enhanced 1.4-fold as compared to
the value obtained at 37°C. This synergistic effect was
also inhibited by the addition of DMSO or bipyridine.

Mechanism of Synergy between TNF and Hyperthermia
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Methane production (pmol/2X107cells/18h)

Tig. 4. Effects of hyperthermia on the production of methane
by L-M cells incubated with rhTNF. L-M cells (2 X 107 cells/2
ml) were incubated for 18 h at 37°C (a, b) or 42°C (¢, d) in
medium containing 400 mAM DMSO with (b, d) or without (a,
c¢) thTNF (100 U/ml), The methane produced was assessed by
gas chromatography as described in “Materials and Methods.”
Values are mean £ SD of three separate experiments.

These results suggest that the production of hydroxyl
radical is involved in the synergistic cytotoxic effect of
TNF and hyperthermia in combination.

Effect of hyperthermia on hydroxyl radical production
in the TNF-stimulated L-M cells The effect of hyper-
thermia on hydroxy! radical production in the TNF-
stimulated L-M cells was determined (Fig. 4). The pro-
duction of methane by L-M cells treated with TNF (100
U/ml) for 18 h (Fig. 4b) was 25.7 pmol/2 X 107 cells, a
significant increase compared to 16.0 pmol/2 X 107 cells
by untreated L-M cells (Fig. 4a). When the L-M cells
received only heat treatment (42°C) for 1 h (Fig. 4¢),
methane production was increased about 2.1-fold to 34.3
pmol/2 X 107 cells as compared to the value obtained at
37°C (Fig. 4a). After combined treatment with TNF and
hyperthermia (Fig. 4d), there was a pronounced increase
in the production of methane to 52.5 pmol/2 X 107 cells,
in excess of the combined output fellowing separate
treatments with TNF and heat (i.e., sum total of b-a and

. c-a).

DISCUSSION

Signal transduction is believed to occur in the tumor
cell when TNF is bound to the cell surface receptor,
giving rise to an increase in hydroxyl radical production
and the activation of lysosomal enzyme.” "% Such a
chain reaction is thought to be responsible in part for the
autolysis of tumor cells exposed to TNF. Furthermore, it
is known that the toxic effect of TNF on tumor cells is
temperature-dependent.'™* 2 We previously demon-
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strated a synergistic antitumor effect of TNF and hyper-
thermia both in vitro and in vivo in mice subcutaneously
transplanted with Meth-A cells'” and in pulmonary me-
tastasis models.'?

However, the mechanism of the synergistic effect of
the combination of TNF and hyperthermia is not com-
pletely clear. We have thus far shown the following: (1)
the turnover of TNF is increased when TNF is combined
with hyperthermia,’ and (2) the lethal effect of
hyperthermia and TNF*” on tumor cells has cell-cycle
specificity, their effect being increased in the M & S and
G,-M phases, respectively. We suggest a complementary
effect of TNF and hyperthermia on the cell-phase re-
sponse.

Thus, the intracellular events evoked by the combina-
tion of TNF and hyperthermia needed clarification. Ac-
cordingly, in the present study we determined the com-
bined effect of TNF and hyperthermia on lysosomal
enzyme activity and on hydroxyl radical production in
the L-M cells.

It had been reported that elevated activity of lysosomal
enzyme such as acid phosphatase and §-glucuronidase in
tumor cells subjected to hyperthermia is associated with
its cytotoxic effect.” This study confirmed that the pro-
duction of hydroxyl radical is increased in tumor cells
exposed to hyperthermia. Our findings and results sug-
gest that the lethal effect of hyperthermia may be par-
tially accounted for (as with TNF), by the assumption
that the hydroxyl radical activates the lysosomal enzyme
by the induction of lipid peroxidation in lysosomal mem-
brane,”” and also directly causes fragmentation of the
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DNA chain.®® We showed in this study that TNF or
hyperthermia induces similar intracellular events. More
importantly, the combination of TNF and hyperthermia
produced not only a synergistic cytotoxic effect but also a
synergistic increase in lysosomal enzyme activities and
hydroxyl radical production in the tumor cells as com-
pared to when TNF and hyperthermia are evaluated
separately.

The mechanism of the synergistic effect of TNF and
hyperthermia in combination is of particular interest.
The timing of the combination was varied to determine
the influence on the cytotoxic effect. Th greatest enhance-
ment occurred with the simultaneous administration of
TNF and hyperthermia, with a slight enhancement ob-
served when TNF stimulation was followed by hyper-
thermia at short intervals, However enhancement was not
noted, when heat-treated L-M cells were subsequently
exposed to TNF.

Hyperthermia may enhance the cytotoxic effect of
activated lysosomal enzymes and increase the production
of hydroxyl radicals resulting from the signal transduc-
tion mediated by the TNF receptor. Our results suggest
that TNF and hyperthermia must be administered con-
currently for a maximal synergistic antitumor effect.
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