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Strategies for Manipulating Apoptosis for Cancer
Therapy With Tumor Necrosis Factor and Lymphotoxin
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Abstract Tumor necrosis factor (TNF) and lymphotoxin (LT), initially described as tumoricidal proteins, may be
useful as adjuncts in cancer therapy. Treatment with TNF or LT was found to protect cells and animals against damage
mediated by radiation or cytotoxic anticancer drugs. By contrast, tumor cells treated with TNF or LT were sensitized to
these insults. We present a model in which TNF or LT induces both the synthesis of “protective’” proteins such as
manganous superoxide dismutase (MnSOD) and the activation of “’killing”’ proteins, such as proteases, depending on
the level of the inducing signal. Although the p55-TNF/LT receptor is structurally related to the Fas receptor, they can
each signal apoptosis by distinct pathways. Furthermore, activation of both receptors acts synergistically in stimulating
apoptosis. < 1996 Wiley-Liss, Inc.
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Tumor necrosis factor (TNF) and lympho-
toxin (LT) are cytokines that play a role in
regulating immune responses and protecting
cells against oxidative stress [Beutler, 1992].
Human TNF and LT exist as trimers and are
encoded by linked genes located on chromosome
6. The production of these cytokines is tightly
regulated and is induced by immunological
stimuli or oxidative insults [Beutler, 1992]. TNF
can be produced by activated macrophages, mast
cells and lymphocytes, while LT is produced by
activated lymphocytes [Beutler, 1992]. The two
cytokines bind to common receptors (pb5 and
p75), which are expressed on most cells, al-
though LT can also bind indirectly to another
receptor (see chapter by Dr. C. Ware).

TNF or LT has been shown to induce apopto-
sis in vitro and to protect animals from reperfu-
sion injury {Eddy et al., 1992; Nelson et al,,
1995], radiation [Wong et al., 1992b], and other
oxidative stresses [Wong et al., 1992a]. Here, we
describe two anticancer strategies. One strategy
relies on the ability of LT to selectively protect
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normal cells while sensitizing tumor cells to
oxidative stress. The other involves the synergis-
tic induction of apoptosis via the p55 TNF-R1
and Fas receptors.

EFFECT OF LT ON NORMAL
AND TUMOR CELLS

TNF or LT has been shown to protect normal
cells in vitro [Wong, 1995; Wong et al., 1992a,b]
and in animals against oxidative insults [Eddy
et al., 1992; Wong et al., 1992a,b]. Pretreatment
with LT was found to protect mice against lethal
doses of ionizing radiation. At day 12 after irra-
diation, 9 of 10 mice pretreated with LT were
still alive, whereas all the control irradiated
mice (10 of 10) were dead. Furthermore, pre-
treatment of neonatal rats with LT protected
them against hair loss induced by cytosine arabi-
noside and lethal doses of doxorubicin (Wong et
al., manuscript in preparation). Interestingly,
pretreatment with LT actually sensitized tu-
mors to killing by radiation or cytotoxic drugs in
vitro and in vivo (manuseript in preparation).
These preclinical studies suggest that LT has
potential as a therapeutic agent by protecting
normal cells while sensitizing tumor cells to
radiation or chemotherapy.
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PROTECTIVE ROLE OF MnSOD

The mechanisms by which TNF or LT pre-
treatment protect cells against the toxic effects
of radiation or chemotherapy are not clear but
may involve the induction of protective proteins.
Inhibition of protein synthesis by cycloheximide
increases the sensitivity of cells to TNF killing,
indicating that newly synthesized proteins are
necessary for protection. One such protective
protein has been identified as manganous super-
oxide dismutase (MnSOD), a mitochondrial en-
zyme involved in detoxification of superoxide
(O,.-) radicals [Wong et al., 1989]. TNF and LT
have been shown to induce the expression of
MnSOD [Wong and Goeddel, 1988a]. The
MnSOD induction is rapid and long lived and
occurs in vitro and in vivo. However, TNF and
LT do not induce MnSOD in some tumor cells
[Wong and Goeddel, 1988a] or in certain human
immunodeficiency virus (HIV)-infected cells
[Wong et al., 1991]. Engineered overexpression
of mitochondrial MnSOD (but neither of cyto-
solic nor of extracellular CuZn—-SOD) protected
cells against radiation damage [Wong, 1995].
Transfection of cells with MnSOD lacking its
mitochondrial matrix signal did not provide pro-
tection against radiation [Wong, 1995]. How-

ever, insertion of the MnSOD-derived mitochon-
drial targeting sequence into CuZn-SOD cDNA
resulted in significant radioprotection [Wong,
1995]. These data indicate that the mitochon-
drial localization of MnSOD is critical for its
unique protective property. Since MnSOD is
necessary, but not sufficient, to give full protec-
tion from oxidative stress, additional proteins
may be involved in TNF- or LT-induced protec-
tion [Wong, 1995].

POSSIBLE MECHANISMS
OF TNF OR LT ACTIONS

The mechanisms of TNF or LT action is un-
clear despite years of intensive effort in many
laboratories. We hypothesize that activation of
the TNF-R1 by either TNF or LT triggers sig-
nals that can have opposite effects: induction of
protective proteins on one hand and activation
of killing proteins on the other. Radioprotection
and radiosensitization are consequences of varia-
tions in the levels of the same signals (Fig. 1).
One of these signals could be reactive oxygen
radicals (ROR) produced in response to TNF
and LT. Low concentrations of RORs in normal
cells may cause radioprotection through induc-
tion of protective proteins such as MnSOD [Wong
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Fig. 1. Possible mechanisms of LT action. Trimers of LT com-
plexed with three receptor molecules result in an increase in the
concentration of the putative second messengers such as reac-
tive oxygen radicals (RORs). The concentration of RORs in-
duced by LT depends on the cell type, and the cellular response
may vary accordingly. A high concentration of RORs may lead
to the activation of killing proteins, which overcome protective
proteins and result in either apoptosis or increased sensitivity to

further insults. Low levels of RORs may not be sufficient to
activate killing proteins, yet still induce the synthesis of protec-
tive proteins, resulting in protection against oxidative stress.
Furthermore, an additional layer of regulation may occur in
which existing protective proteins may inhibit the action of
killing proteins and vice versa. These mechanisms may also
apply for TNF.
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Fig. 2. LT and radiation synergistically induce fragmentation
of cellular DNA. DNA isolated from human SK-N-SH neuroblas-
toma cells pretreated with 1 or 10 wg/mi of LT for 12 hours was
not degraded. Pretreatment of cells with LT (1 ug/ml) followed
by radiation (700 cGy) showed significant DNA fragmentation
characteristic of apoptosis [Wong and Goeddel, 1994]. Radia-
tion treatment alone had little effect on DNA fragmentation.

et al., 1989, 1992a; Wong and Goeddel, 1988a};
DNA repair enzymes, Bcl-2 [Talley et al., 1995],
p53, p21, A20 [Opipari et al., 1992]; metallothio-
neins [Sciavolino et al., 1992; Wong and Goed-
del, 1988b]; heat-shock proteins [Simon et al.,
1995]; ferritin [Torti et al., 1988]; poly(ADP-
ribose)polymerase (PARP) [Lichtenstein et al.,
1991]; and protease inhibitors [Kumar and
Baglioni, 1991]. On the other hand, high levels
of RORs in tumor cells may inactivate DNA
repair enzymes, and/or activate killing proteins
such as TRADD [Hsu et al., 1995]; proteases
[Martin and Green, 1995; Tewari and Dixit,
1995; Tewari et al., 1995]; phospholipase A2
[Neal et al., 1988]; lysosomal enzymes [Liddil et
al., 1989]; and endonucleases (Fig. 1). Thus, the
susceptibility of tumor cells to killing by TNF or
LT, radiation, or other oxidative insults may be
determined by the relative balance of the synthe-
sis of protective proteins and activation of kill-
ing proteins. Pretreatment with cycloheximide
can inhibit p55-mediated apoptosis, indicating
that protein synthesis is required [Wong and
Goeddel, 1994]. One such killing protein could

&
N
X, O
. o*‘\g \@Q
& fo‘bg &
¥ S

P MnSOD (4kb)

\ . ~ MnSOD (1kb)

SwW-480

Fig.3. TNF-R1 agonist (anti-R1), but not Fas agonist (anti-Fas),
induces the expression of MnSOD mRNA. Human SW-480
colon carcinoma cells were treated with agonistic antibodies
(1:50 dilution) to either Fas or TNF-R1 for 3 h. Northern blot
analysis was performed with 3 pg of poly(A*) RNA/lane pre-
pared from these cells. The resulting RNA blot was hybridized
with MnSOD ¢DNA probe as previously described [Wong and
Goeddel, 1988a].

be interleukin-1f converting enzyme (ICE)
which 1s homologous to the cytotoxic protein
ced-3 identified in the nematode Caenorhabditis
elegans [Miura et al., 1993] (see paper by Dr. J.
Yuan). Overexpression of ICE has been shown
to induce apoptosis in some cells [Miura et al.,
1993]. This ‘“‘killing”’ activity can be inhibited by
the cowpox CrmA gene product or Bel-2 [Talley
et al., 1995; Tewari and Dixit, 1995]. Interest-
ingly, CrmA also blocks TNF-induced apoptosis
[Tewari and Dixit, 1995; Tewari et al., 1995].
Recently, overexpression of other ICE-like prote-
ases (e.g., YAMA/Cpp32) has been shown to
induce apoptosis and are also inhibited by CrmA
[Hsu et al., 1995; Tewari and Dixit, 1995; Tew-
ari et al., 1995]. These results suggest that ICE
and/or YAMA or other proteases are candidate
killing proteins or are involved in activating
killing proteins. We have examined whether TNF
or LT regulates the level of ICE mRNA in TNF-
sensitive and TNF-resistant cell lines. Our re-
sults indicate that ICE mRNA is detectable in
TNF-sensitive cells but not TNF-resistant cells
and that the levels of ICE mRNA do not change
with treatment with either TNF or LT, even in
the presence of interferon-y (IFN-«), which of-
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Fig. 4. Synergistic signaling mediated by Fas and TNF-R1
receptors. Both Fas and TNF-R1 receptors contain homologous
cytoplasmic death domains which interact with the death pro-
teins FADD (Fas) and TRADD (TNF-R1). We hypothesize that
activation of FADD and TRADD may trigger a common signal-
ing pathway, which includes activation of ICE-like proteases

ten enhances their cytotoxicity (R. Kaspar and
G. Wong, in preparation). However, it is possible
that these agents may activate ICE at a post-
transcriptional level. One model is that LT treat-
ment generates oxygen free radicals that di-
rectly or indirectly activate killing proteins, such
as ICE or YAMA, and thereby sensitize tumor
cells to radiation. For example, treatment of
human neuroblastoma cells with LT alone or
radiation alone did not result in DNA fragmenta-
tion. However, significant DNA fragmentation
was detected when these cells were treated with
LT followed by irradiation (Fig. 2).

ACTIVATION OF p55 AND Fas RECEPTORS
SYNERGISTICALLY INDUCES APOPTOSIS

Agonistic antibodies to the Fas antigen, or the
p55 TNF/LT receptor can induce apoptosis in
some tumor cells. Homology has been found
between regions of the intracellular domains of
Fas antigen (also known as Apo-!) and the p55
receptor [Itoh et al.,, 1991]. The pathways in-
duced by TNF and Fas ligand binding to their
receptors are beginning to be understood. Using
the yeast two-hybrid system, death proteins such
as TRADD for p55 [Hsu et al., 1995] and FADD
for Fas [Chinnaiyin et al., 1995], which specifi-
cally interact with the cytoplasmic domains of
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(e.g., ICE, Cpp32/YAMA) prior to cleavage of PARP and cell
death. Our results support the hypothesis that activation of
both receptors simultaneously can result in synergistic apopto-
sis [Wong and Goeddel, 1994]. Additional cellular responses
signaled by TNF-R1, but not by Fas, are indicated.

these receptors, have been isolated and charac-
terized. Overexpression of TRADD or FADD
results in apoptosis, which is blocked by CrmA,
suggesting that their killing activity is mediated
by a similar mechanism which involves ICE or
ICE-like proteases [Chinnaiyin et al., 1995; Enari
et al., 1995; Hsu et al., 1995; Los et al., 1995].
Additional evidence demonstrates that the two
receptors trigger apoptosis by at least two dis-
tinct mechanisms. The sensitivity of a particu-
lar cell type to Fas activation does not correlate
with sensitivity to p55 activation, even though
both receptors are expressed [Wong and Goed-
del, 1994], and activation of both receptors can
produce synergistic cytotoxicity [Wong and Goed-
del, 1994]. Pretreatment with cycloheximide
blocked apoptosis mediated by p55, but not by
the Fas receptor (Wong and Goeddel, 1994].
Therefore, labile proteins are involved in p55,
but not Fas killing. Inducible proteins that pro-
tect against pb5 mediated apoptosis, such as
MnSOD, do not protect against Fas-mediated
apoptosis. Furthermore, activation of p55, but
not of Fas, induces MnSOD expression (Fig. 3).
While TNF and LT induce a multitude of cellu-
lar responses (Fig. 4), signaling through Fas
seems to lead solely to apoptosis. An understand-
ing of the distinct pathways of apoptosis medi-
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ated by p55 and Fas may enable us to design new
modes of anticancer therapy.

ACKNOWLEDGMENTS

We thank the manufacturing group at Genen-
tech for providing pure recombinant human TNF
and LT; Warren Young and Teddy Colbert for
help with animal work; Allison Bruce and Nora
Kolthoff for art drawing; and Drs. Sasha Kamb,
Louis Tartaglia, and C.G. Biava for valuable
discussions. G.H.W. thanks Linda Pauling-
Kamb and Alexander David Kamb for support.

REFERENCES

Beutler B (1992): Tumor Necrosis Factors: The Molecules
and Their Emerging Role in Medicine. New York: Raven
Press.

Chinnaiyin A, O’'Rourke K, Tewari M, Dixit V (1995): FADD,
a novel domain-containing protein, interacts with the
death domain of Fas and initiates apoptosis. Cell 81:505.

Eddy LJ, Goeddel DV, Wong GH (1992): Tumor necrosis
factor-alpha pretreatment is protective in a rat model of
myocardial ischemia-reperfusion injury. Biochem Biophys
Res Commun 184:1056-1059.

Enari M, Hug H, Nagata S (1995): Involvement of an ICE-
like protease in Fas-mediated apoptosis. Nature 375:78—
81.

Hsu H, Xiong J, Goeddel D (1995): The TNF receptorl-
associated protein TRADD signals cell death and NF-
kappa B activation. Cell 81:495.

Itoh N, Yonehara S, Ishii A, Yonehara M, Mizushima S,
Sameshima M, Hase A, Seto Y, Nagata S (1991): The
polypeptide encoded by the cDNA for human cell surface
antigen Fas can mediate apoptosis. Cell 66:233-243.

Kumar S, Baglioni C (1991): Protection from tumor necrosis
factor-mediated cytolysis by overexpression of plasmino-
gen activator inhibitor type-2. J Biol Chem 266:20960—
20964.

Lichtenstein A, Gera JF, Andrews J, Berenson J, Ware CF
(1991): Inhibitors of ADP-ribose polymerase decrease the
resistance of HER2/neu-expressing cancer cells to the
cytotoxic effects of tumor necrosis factor. J Immunol
146:2052-2058.

Liddil J, Door R, Scuderi P (1989): Association of lysosomal
activity with sensitivity and resistance to tumor necrosis
factor in murine L929 cells. Cancer Res 49:2772-2728.

Los M, Van de Craen M, Penning L, Schenk H, Westendorp
M, Baeuerle P, Droge W, Krammer P, Fiers W, Schulze-
Osthoff K (1995): Requirement of an ICE/CED-3 protease
for Fas/APO-1-mediated apoptosis. Nature 375:81-83.

Martin S, Green D (1995): Protease activation during apop-
tosis: Death by a thousand cuts? Cell 82:349.

Miura M, Zhu H, Rotello R, Hartwieg EA, Yuan J (1993):
Induction of apoptosis in fibroblasts by IL-1 beta-convert-
ing enzyme, a mammalian homolog of the C. elegans cell
death gene ced-3. Cell 75:653-660.

Neal M, Fiera A, Matthews N (1988): Involvement of phos-
pholipase a2 activation in tumor cell killing by tumor
necrosis factor. Immunology 64:81.

Nelson S, Wong G, McCord J (1995): Leukemia inhibitory
factor and tumor necrosis factor induce manganese super-

oxide dismutase and protect rabbit hearts from reperfu-
sion injury. J Mol Cell Cardiol 27:223-229.

Opipari AW Jr, Hu HM, Yabkowitz R, Dixit VM (1992): The
A20 zinc finger protein protects cells from tumor necrosis
factor cytotoxicity. J Biol Chem 267:12424-12427.

Sciavolino PJ, Lee TH, Vileek J (1992): Overexpression of
metallothionein confers resistance to the cytotoxic effect
of TNF with cadmium in MCF-7 breast carcinoma cells.
Lymphokine Cytokine Res 11:265-270.

Simon MM, Reikerstorfer A, Schwarz A, Krone C, Luger TA,
Jaattela M, Schwarz T (1995): Heat shock protein 70
overexpression affects the response to ultraviolet light in
murine fibroblasts. Evidence for increased cell viability
and suppression of cytokine release. J Clin Invest 95:926-
933.

Talley AK, Dewhurst S, Perry SW, Dollard SC, Gummuluru
S, Fine SM, New D, Epstein LG, Gendelman HE, Gelbard
HA (1995): Tumor necrosis factor alpha-induced apopto-
sis in human neuronal cells: protection by the antioxidant
N-acetylcysteine and the genes bel-2 and crmA. Mol Cell
Biol 15:2359-2366.

Tewari M, Dixit VM (1995): Fas- and tumor necrosis factor-
induced apoptosis is inhibited by the poxvirus crmA gene
product. J Biol Chem 270:3255-3260.

Tewari M, Quan L, O’Rourke K, Desnoyers S, Zeng Z,
Beidler D, Poirier G, Salvesen G, Dixit V (1995): Yama/
CPP32 beta, a mammalian homolog of CED-3, is a CrmA-
inhibitable protease that cleaves the death substrate poly
(ADP-ribose) polymerase. Cell 81:801.

Torti S, Kwak E, Miller S, Miller L, Ringold G, Myambo K,
Young A, Torti F (1988): The molecular cloning and
characterization of murine ferritin heavy chain, a tumor
necrosis factor inducible gene. J Biol Chem 263:12638-
12644.

Wong G (1995): Protective mechanisms of cytokines against
oxidative stress: Induction of MnSOD: Nobel Symposium
90: Mitochondrial Diseases. Biochim Biophys Acta 205—
209.

Wong G, Elwell J, Oberley L, Goeddel D (1989): Manganous
superoxide dismutase is essential for cellular resistance to
cytoxicity of tumor necrosis factor. Cell 58:923-931.

Wong G, Goeddel D (1988a): Induction of manganous super-
oxide dismutase by tumor necrosis factor: Possible protec-
tive mechanism. Science 242:941-944.

Wong G, Goeddel D (1988b): Tumor necrosis factors: Modu-
lation of synthesis and biological activities. In Maini J,
Dornand J (eds): ‘“‘Lymphocyte Activation and Differentia-
tion.”” New York: Walter de Gruyter, pp 217-226.

Wong GHW, McHugh T, Weber R, Goeddel, DV (1991):
Tumor necrosis factor selectively sensitizes human immu-
nodeficiency virus-infected cells to heat and radiation.
Proc Natl Acad Sci USA 88:4372-4376.

Wong G, Kamb A, Tartaglia L, Goeddel D (1992a): Possible
protective mechanisms of tumor necrosis factors against
oxidative stress: ‘““Molecular Biology of Free Radical Scav-
enging Systems.” Cold Spring Harbor, NY: Cold Spring
Harbor Laboratory Press, pp 69-96.

Wong G, Neta R, Goeddel D (1992b): Protective roles of
MnSOD, TNF-a, TNF-8, D-factor (LIF) in radiation in-
jury. In Nigam S (ed): “Eicosanoids and Other Bioactive
Lipids in Cancer, Inflammation and Radiation Injury.” pp
353-357.

Wong GH, Goeddel DV (1994): Fas antigen and p55 TNF
receptor signal apoptosis through distinct pathways. J
Immunol 1562:1751-1755.





