Radiol Oncol 1995; 29: 25-43.

Tumor necrosis factor-a (TNF-o): Biological activities and
mechanisms of action

Srdjan Novakovi¢ and Barbara JezerSek
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Tumor necrosis factor-alcachectin (in further text TNF-a) was originally defined for its ability to
cause hemorrhagic necrosis of different types of tumors. In the meantime, it has become clear that
TNF-a is a multifunctional immunoregulatory cytokine with a broad spectrum of activities upon
hematopoetic and nonhematopoetic cells. Some of the pleiotropic activities of TNF-a. are growth
inhibition of some tumor cells; stimulation of human fibroblast, B cell and thymocyte proliferation;
activation of phagocytic and endothelial cells; induction of prostaglandin synthesis as well as
regulation of oncogenes, transcription factors and major histocompatibility complex antigen expres-
sion. The effect of TNF-a (antiproliferative or stimulative) depends upon the type of target cells,
presence of TNF receptors, TNF-a concentration in tissues or upon presence of other mediators
capable of affecting the activities of this cytokine. In this paper we are reviewing biological as well
as physico-chemical properties of the cytokine. its production and some mechanisms of TNF-a. action.
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* - TNF history from complete disappearance of tumors or par-
tial reduction of tumor burden to complete
failure of the therapy.? The high infectiveness
of microorganisms (Streptococcus pyogenes)
and consequently a serious risk for bacterial
infection in patients was the motive that forced
dr. William B. Coley to treat his patients with
the toxins from bacterial cultures instead of
using microorganisms themselves. For the pre-
paration of bacterial toxins he chose Streptococ-
cus pyogenes and Bacillus prodigious (now cal-
led Serratia marcescens). With the above stated

) ) ) therapy Coley achieved noteworthy results (dis-
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2, 61105 Ljubljana, Slovenia. Fax: -+ 386 61 131 41 80. are described in his articles from 1894, 1896
and 1898.% 3 On the account of higher efficacy
UDC: C15.277.3.015.4 and safety of Coley’s toxins (as they were called

More than 200 years ago some physicians noti-
ced tumor reduction in patients with bacterial
inflammations; a logical conclusion was that
bacteria or their products somehow retard the
growth of tumors.! This finding encouraged the
physicians of the 19th century to treat patients
with solid tumors by means of a direct
introduction of microorganisms into the tumors.
Such a therapy gave different outcomes ranging
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later) for the treatment of cancer patients this
method found acceptance and became commer-
cially attractive. Coley’s toxins were produced
and’ used for treatment until the end of 1920
when they gave up their place to radiotherapy.

However, the Coley’s toxins were not forgot-
ten. In the years 1931,° 1932,7 1935% ° and
1936'? various researchers executed quite a few
experiments on tumors in mice using filtrates
of Gram negative bacterial cultures as antitu-
mor agents. All these experiments share a com-
mon fact: tumors with good vascular supply
became centrally necrotic at the beginning of
therapy and afterwards, necrosis spread out to
the external parts of tumors. Bacterial toxins
were injected intratumorally - i.e. locally in all
cited experiments. In the year 1943 Shear'!
reported about experiments with tumor model
Sarcoma-37 (Sa-37) where he injected tumor-
bearing mice intraperitoneally (i.p.) with poly-
saccharide isolated from S. marcescens. Such
kind of systemic treatment caused necrosis in
the centre of tumors and even more, systemi-
cally treated tumors, in which necrosis spread
out to periphery, later on completely disappea-
red (like in the case when they were treated
locally).

All the above stated experiments were a
good starting point for Carswell and co-wor-
kers. In the year 1975 they published an article
in which they, for the first time, used the
appellation “tumor necrosis factor* and specu-
lated about its production and its effects.'?
Namely, the very same researchers established
that animals, infected with Bacillus Calmette
Guerin (BCG) and afterwards treated intrave-
nously with endotoxin, produce “with endoto-
xin induced serum factor“ which causes hemor-
rhagical necrosis of tumors. This serum factor
responsible for necrosis of tumors was named
simply “tumor necrosis factor® (TNF). TNF
displayed cytotoxic activity against numerous
tumor cells, yet not against normal mouse fibro-
blasts (later it turned out to be growth factor
for normal fibroblasts). On the basis of these
findings Carswell and co-workers described
TNF as an agent with selective antiproliferative
effect only on tumor cells. In the same article

authors also presumed that macrophages are
the main producers and bacterial ‘endotoxins
the main inducers of TNF. Both presumptions
later turned out to be correct. It is well known
today, that TNF-a (i.es the agent which Cars-
well and co-.worke‘i's-»named'-TNF) can be produ-
ced not only by;macrophages but a]sQ"by other
types of cells,.and that there are other factors
beside endotoxins w'ﬁkréh can serve as inducers
of TNF-a production.

TNF-a is not the only tumor necrosis factor
known nowadays, since another substance with
similar activities, was discovered already in
1968. Ruddle and Waksman'? and also Granger
and Wiliams,'* independently one from anot-
her, described a substance, produced by lym-
phocytes, with powerful cytotoxic effect on
syngenic embrional fibroblasts or on L.929 cells.
Ruddle and Waksman named this substance
“cytotoxic factor”, while Granger and Wiliams
called it “lymphotoxin®“. Because of the simila-
rity in the amino acid sequence (35% homolo-
gy)!® and in their activities (ranging from the
cytotoxicity against 1.929 cells to the ability to
produce necrosis of some sorts of sarcomas in
vivo),'® lymphotoxin was classified among tu-
mor necrosis factors and called TNF-, while
Carswell’s TNF was renamed into TNF-a.

Today, it is well known that TNF-a can be
synthesised not only by macrophages but also
by other cells while TNF-f is produced exclusi-
vely by T lymphocytes. Yet, the mechanisms
of stimulation of TNF-a production in macrop-
hages are completely different from the mecha-
nisms of stimulation in other cells.!’

Production of TNF-a

TNF-a production is a multistep process which
includes the induction of gene transcription and
the amplification of TNF-a mRNA, the synthe-
sis of prohormone (233 aminoacids-AA), the
activation of prohormone with cleavage of the
molecule to 157 AA (molecular weight approxi-
mately about 17 kDa), and the secretion of
TNF-a. '8
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Inducers of TNF-o. production

Substances that trigger TNF-a production can
be divided according to their source into extra-
cellular (exogenous) and intracellular (endoge-
nous) inducers. One of well known and most
often used extracellular inducers of TNF-a pro-
duction is bacterial lipopolysaccharide (LPS),
with its active part - lipid A, which is responsi-
ble for most of the biological properties of
LPS." 2 The second (by frequence of its use)
extracellular inducer is muramyldipeptide -
MDP (or its structural analogues) that can be
employed, either alone or in combination with
other agents (LPS, IFN-y), to stimulate the
production of TNF-a in macrophages. Besides,
a higher degree of transcription of TNF-a gene
in vitro was ascertained in the cells exposed to
radiation, viruses, bacteria, parasites, as well
as to their products.?2% Some tumor cells®” and
plant polysaccharides® are also known to act
as extracellular inducers.

On the other hand, interferons (IFN-a and
IFN-v), growth factors (GM-CSF), interleukin-
2 (IL-2) and TNF-a itself are the most frequen-
tly applied intracellular inducers.?

Inhibitors of TNF-c.

Excessive production of TNF-o can be very
harmful for the organism. As a consequence -
the production and activities of TNF-a as well
as of other cytokines in the organism are strictly
controlled. The control is realised mostly
through the supervision of gene transcription
and translation, or through the production of
substances that block cytokine’s effects (by bin-
ding either to the cytokine molecule or to
cytokine’s specific membrane receptors).

Mechanisms of action of the inhibitors, which
directly influence transcription and translation
of TNF-a, are still quite unclear. However, the
researchers are already acquainted with the fact
that individual cytokines, as for example inter-
leukins (IL-4, IL-6), transforming growth factor
B (TGF-B), prostaglandins and corticosteroids,
can operate as inhibitors in these processes.>*

The second group of TNF-a inhibitors, which
block the activities of the very cytokine, are
proteins that were discovered in urine samples
of febrile patients. One of these proteins is called
uromodulin; i.e. a glycoprotein with molecular
weight of 85 kDa. It operates by binding to
TNF-a molecules and thus preventing the attac-
hment of these molecules to receptors.'!* 2 The
second specific protein, isolated from urine
samples, has molecular weight of 40-60 kDa;
this one also inhibits activities of TNF-a by
means of binding to its molecule and blocking
of its attachment to receptors.*>

Beside the inhibitors that were isolated from

urine another group of proteins with similar
effects was described by Scuderi and co-wor-
kers® in serum. The authors assumed that
ithese proteins were plasma a-globulins. They
“supposed that the blockade of activities of se-
,creted TNF-a was carried out through the bin-
*ding .of a-globulins to TNF-a molecule which
prevénted the binding of TNF-a to cell recep-
tors.

A more thorough biochemical analysis of
TNF receptors demonstrated that proteins (iso-
lated from urine and serum) which inhibit acti-
vities of TNF are nothing but the soluble form
of TNF receptors. In this light, uromodulin was
connected with TNF R75 (TNF receptor with
molecular weight of 75 kDa), while the other
inhibitory protein isolated from urine was iden-
tified (according to its molecular weight) as a
substance related to TNF R55 (TNF receptor
with molecular weight of 55 kDa).

Moreover, there is some evidence of exi-
stence of substances capable of blocking the
activities of TNF cytotoxic products. Among
the most thoroughly examined substances of
this character belong manganese superoxide
dismutase (MnSOD) and metaloproteins (e.g.
metalothionein).** * MnSOD prevents the pro-
duction of oxygen free radicals in mitochondria
while metaloproteins bind these free radicals
and thus neutralise their effect on cell structu-
res.

The best known synthetic TNF inhibitors
originate from the group of serine protease
inhibitors. Serine proteases play an important
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role in cleavage of prohormone molecules and
production of biologically active form of
TNF-a. The inhibitors of these proteases inter-
fere with serine protease activity and conse-
quently block the secretion of biologically active
form of TNF-o.*®

The control of TNF-o production and its
activities is a complex process that most likely
includes (beside above cited mechanisms of
regulation of transcription, translation and se-
cretion, as well as beside the direct effect on
the very cytokine) other manners of supervi-
sion. All these mechanisms and factors inter-
weave and work together as an entirety.

TNF-o. producers

Quite a few years ago Beutler and co-workers*’
established that monocytes and macrophages
are the basic producers of TNF-a. Today, it is
known that also other cells are capable of
TNF-a production. Among the most important
producers we classify NK cells,* T lymphocy-
tes,” some non-hematogenous cells like for
example muscle cells, endothelial cells and mi-
croglia,ﬂ‘ 3133 35 well as some tumor cells: cells
of colorectal adenocarcinoma, Hodgkin’s lym-

phoma, ovarian carcinoma, breast carcinoma.™* >

Production of TNF-a in monocytes/macropha-
ges

As it was already mentioned before LPS, i.e.
the endotoxin isolated from cell walls of Gram
negative bacteria, is the best known extracellu-
lar inducer of transcription of TNF-o gene and
of TNF-a synthesis in leukocytes.* That ex-
plains why the LPS’s effect on monocyte/ma-
crophage population and its stimulation of lym-
phocytes to produce TNF-a are most thoroug-
hly examined. Despite of that, exact molecular
mechanisms of signal transduction and of initia-
tion of TNF-a gene transcription remain unclea-
red. The researchers presume, that the process
of lymphocyte stimulation (to produce TNF-a)
is somehow connected to the activity of phos-
pholipase A, and afterwards to the metabolism
of arachidonic acid and cAMP activity.?> 3!

Namely, Motrri and co-workers®' ascertained
that LPS statistically significantly increases the
activity of membrane-bound phospholipase A,.
On the other hand, the inhibitors of phospho-
lipase A, statistically significantly reduce
TNF-a mRNA production in monocytes stimu-
lated with LPS. Unfortunately, all these fin-
dings are not sufficient for exact conclusions
about molecular mechanisms involved in regu-
lation of transcription, translation and secretion
of TNF-a. Not until these mechanism are un-
derstood, the possibility to influence effectively
the quantity of cytokine produced and its co-
operation in different activities in organism will
be given.

Physical and chemical properties of TINF-a

TNF-a is a glycoprotein whose sequence con-
sists of 156-157 amino acid residues (156 AA
mouse TNF-a, 157 human and rabbit TNF-a);
its molecular weight is 16-18 kDa (16-18 kDa
mouse, 17 kDa human, and 18 kDa rabbit
TNF-0). These molecular weights are the ones
of TNF-a after electrophoresis in sodium-dode-
cylsulfate-polyacryl-amide gel (SDS-PAGE),
when the active form decomposes into mono-
mers. Molecular weight of unaltered protein
(as for example after gel filtration) ranges from
34 kDa (rabbit) to 45 kDa (human).”’ The
above stated facts lead us toward conclusion
that the active form of TNF-a is its trimeric
form, which has also been proved by means of
ultracentrifugation and crystallography.: 3

Trimeric form of TNF-a is susceptible to
temperature changes, since the increase of tem-
perature causes decomposition of trimmer
form. The isoelectric point (pI) of human TNF-
o is somewhere between 5 and 6, of mouse
TNF-a between 3 and 5 and of rabbit TNF-a
about 5.°7 Besides, TNF-a is susceptible to
trypsin and chimotrypsin action, as well as to
the action of some other proteases (V8) 7 for
it looses its biological activities when being
exposed to these proteases. On the other hand,
TNF-a retains its biological activities when ex-
posed to low pH or organic solvents.
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TNF-a exists in two different forms, i.e. as
a free (soluble) cytokine or bound to cellular
membranes (of monocytes for example). Mem-
brane-bound TNF-a was at first supposed to be
the excreted cytokine that reversely attached
itself to its own membrane receptors.” Hafsli
and co-workers®! proved that this statement is
incorrect. Namely, they ascertained by means
of immunofluorescent microscopy that the num-
ber of membrane-bound TNF-a molecules re-
mains unaltered regardless of the presence of
added soluble TNF-3. As a matter of fact, if
membrane-bound TNF-a was the soluble form
reversely attached to its own receptors, then,
in the presence of TNF-f3, there would be less
TNF-a molecules bound to membrane, because
of the competition for free receptors. Mem-
brane-bound TNF-o acts cytotoxically as a
transmembrane protein; the exact mechanism
of action is still unclear, yet it is known to kill
target cells in direct cell-to-cell contact.

Biological properties and actions of TNF-o

TNF-a is classified together with TNF-f3, inter-
ferons, interleukins and growth factors into the
group of hormone-like substances called cytoki-
nes. Its name “tumor necrosis factor” originates
from its first known biological property, i.e.
from its ability to cause necrosis of tumors.'?

In the year 1984 Pennica and co-workers®
succeeded in cloning of TNF-o ¢cDNA, thus
enabling the synthesis of recombinant TNF-a
(rTNF-a). Since physical and chemical proper-
ties, as well as biological activities of rTNF-a
are identical to the ones of native TNF-a and
because of low cost production of rTNF-a this
accelerated experimental work with the cytoki-
ne. Today it is known that biological activities
of this very cytokine are not confined to cyto-
static/cytotoxic effect upon tumor cells only,
but that TNF-o co-operates in many other
processes (Table 1).

TNF-a has (beside the above cited activities)
also quite a few side-effects (just like the other
cytokines do). The most frequent side-eftects
are fever, anorexia, diarrhea, nausea and hypo-
tension.53%8

2

The cited activities rank among the most
important ones of this cytokine, yet the list of
TNF-a effects is by no means at the end. A
complete register of processes, in which TNF-a
takes part directly or indirectly, is very difficult
to elaborate, since this pluripotent cytokine is
secreted by different cells (blood, liver, spleen,
kidney, muscle cells and cells of central nervous
system) and participates in a large number of
processes in the organism. Also, the pathogene-
sis of cerebral malaria and the destruction of
tissues in inflammation are connected to hyper-
production of TNF-¢..% 7

Table 1. Short review of biological activitics of TNF-a.

Antitumor activities

e modulates MHC I and II antigenic expression (thus
it operates as an immunomodulator);’" 7

o induccs transcription of enzyme inhibitors;73

induces differentiation of tumor cells;™

o participates in cytotoxic activitics of monocytes and
macrophages (membranc-bound or soluble TNF-
a):7 70

o stimulates IL-1, IL-6 and IL-8 production in ma-
crophages/monocytes;”””

e stimulates prostaglandinc E; (PGE2) production in
macrophages/monocytes;’’

e induces synthesis of IL-2 receptors on T lymphocy-
tes; ™

o activates NK cells;®

® induccs synthesis and cxpression of transforming
growth factor (TGF-a) and of receptors for epider-
mal growth factor (EGFR) on human pancreatic
cancer cell line.® ’

(-4

Other activities

® opcrates as a mediator of inflammation and cellular
immune response;*53

@ participates in regulation of cellular and physiologi-
cal processes: in differentiation of cells, in regula-
tion of sleep (i.c. inducer of sleep);87: 68 8688

@ influences cellular metabolism;®

e opcrates as a growth factor (stimulates fibro-
blasts);‘)”'()2

e has antiviral, antibacterial and antiparasitic cf-
fects;??

® opcrates as a modulator for ncurons in hypothala-
mus (regulates growth and their functions);”*

e has radioprotective cffect (most probably by mecans
of stimulating the stromal cclls in bone marrow to
produce growth factors CSF, that are known to

i H . 95. 4
stimulate hematopoiesis).” %
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Antitumor activities of TNF-a.

Carswell discovered TNF-a as a factor capable
of causing hemorrhagical necrosis of tumors in
mice.'? Later, Carswell and different resear-
chers found out that TNF-a acted cytostatically
and cytotoxically on various tumor cells, while
having no effect on growth of normal human
cell lines.”” % On the basis of these facts they
concluded that TNF-o acts directly cytostati-
cally/cytotoxically on tumor cells, and that this
very cytokine possesses a distinctively selective
antiproliferative potential only against tumors
cells. Further studies disproved the above con-
clusion, since TNF-a acts either antiproliferati-
vely on tumor and normal cells or stimulates
the growth of both types of cells. The mode of
its action depends upon growth conditions in
the cell culture and upon the quantity of cyto-
kine added.$? %+ '® As an example we would
like to mention the study of Palombella and
Viléek, ! where rTNF-o had a cytotoxic effect
on 3T3 fibroblasts in non-confluent layers, while
promoting growth of the very same fibroblasts
in confluent layers. In the same study resear-
chers noticed, that the higher the dose of TNF-a
the more intensive was the DNA synthesis.

The above mentioned in vitro studies®?%1%
thus do not support the presumption about
selective antiproliferative function of TNF-a
(only against tumor cells), but prove that the
mode of its activities in vitro depends upon
external conditions, as for example confluency
of cell layer, composition of growth medium or
presence of other cytokines.

Activities of TNF-a in in vivo systems are
even more complicated. Carswell and co-wor-
kers'? observed a pronounced in vivo antitumor
effect of TNF-a (then only TNF) on transplan-
ted sarcomas in mice. But they were surprised
to see that TNF-a was completely inefficacious
as an cytostatic/cytotoxic agent on Meth-A sar-
coma cell line in vitro. This fact led towards
conclusion that TNF-a in vivo performs its
antitumor activities also indirectly and that this
indirect action depends upon the treated orga-
nism to a great extent. Experiments with tumor
models in nude mice confirmed that the antitu-

mor effect of TNF-a virtually depended upon
the treated organism (i.e. upon host), actually
upon its immune system. Namely, the treatment
of experimental tumors in nude mice with
TNF-a was a complete failure and even appli-
cation of high doses of the cytokine did not
result in hemorrhagical necrosis of tumors.!!
Indirect antitumor action of TNF-a is brought
about mostly by activation of host immune
system. The cytokine activates macrophages so
that they become tumoricidal (in less than 20
minutes triggers the synthesis of mRNA for
TNF and IL-1 in these cells). At the very same
time TNF-a activates T lymphocytes, NK cells
and neutrophils, 3" 121% exerts an effect upon
stromal cells of the host organism and triggets
the synthesis of growth factors,”> % as well as
the production of other cytokines that partici-
pate in antitumor activities (IL-1, IL-6 and
TGF)" (see Table 1).

Besides, TNF-a exerts an effect upon endo-
thelial cells where it induces the synthesis of
several adhesion molecules (which are located
on the cell surface) and modulates the coagula-
tion properties of cell surface, thereby increa-
sing vascular permeability. The effect upon
endothelial cells of tumor blood vessels is po-
tentiated if the vessels are newly formed. Most
probably these changes result from the direct
and indirect actions of TNF-a, which lead to
intravascular thrombosis and complete destruc-
tion of tumor blood vessels.!®1%7

Obstruction of blood vessels represents an
important mode of TNF-o antitumor activities,
especially against non-immunogenic tumors.
Poorly immunogenic tumors are quite resistant
to the action of TNF-o and destruction of
tumor tissue is brought about mostly by means
of destroying of blood vessels, which leads to
reduced tumor blood supply and afterwards to
the phenomenon of central necrosis.!?! 18

Immunogenic tumors (e.g. with methylcho-
lanthrene induced sarcomas) are more suscepti-
ble to TNF-a activities, since such tumors can
be completely destroyed with very low doses of
this cytokine (injected intratumorally). High
susceptibility of immunogenic tumors to TNF-a
activities suggests that the immunogenicity of a
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tumor is an important factor in antitumor action
of this cytokine and that there are also other
mechanisms (above stated), beside the effect
on tumor blood vessels, which participate in
affecting of immunogenic tumors.

Mechanisms of cytotoxic activity of TNF-a

For most of the cytokines it is true that their
effect upon target cells is conditioned with the
presence of specific receptors on target cell
membranes, with binding of the cytokine to
these receptors and with transduction of the
signal into the interior of the cells.

Certain authors assume that TNF-a - receptor
complex is transferred into the interior of the
cell (by endocytosis), where it disintegrates in
lysosomes, excessive material is then excreted,
while TNF-a participates in different cellular
processes. % 110

Besides, Hasegawa and Bonavida'*" noticed
that the cytocidal activity of TNF-a depended
upon the presence of substances capable of
inducing formation of pores in cell membrane,
i.e. perforins. This led towards conclusion that
TNF-a enters cells directly through membrane
pores without binding to receptors (nonspecifi-
cally). The mechanisms of action of TNF-a
after its direct entrance into the cytoplasm
differ from the mechanisms of action after its
specific entrance (which is brought about by
_binding of TNF-a to receptors). Direct entrance
of TNF-a into the cell generally results in a
strong cytotoxic effect in contrast to a broader
spectrum of activities of TNF-a after specific
binding to cell receptors. Also, Smith and co-
workers'!? proved that the activities of this
cytokine in the cell interior depend upon the
mode of cytokine’s entrance and that the cell
membrane represents some kind of selective
barrier of TNF-a activities. When TNF-a was
introduced into the cytoplasm of normal ma-
crophages directly, the researchers expected
these cells to become stimulated (as in the
feedback loop of TNF-a effect upon macropha-
ges), yet the only outcome was a strong cytoto-
xic activity.

11

On the other hand, the latest studies report
that internalisation of TNF is not obligatory for
the activation of intracellular processes. Name-
ly, binding of TNF to receptors causes segrega-
tion of receptors and trimerization of intracellu-
lar parts of receptors, which is sufficient for the
activation of signaling pathways.'*!1%

The cytotoxic action of TNF-a results in
“programmed cell death“ - apoptosis or/and
necrosis of target cells. The “nucleus depen-
dent* mechanism of action is supposed to be
brought about by means of stimulation of gene
transcription and of synthesis of different pro-
teins. It is well known that TNF-a activates
protooncogenes c-fos and c-jun and that the
products of these protooncogenes operate as
activation factors for promotors of numerous
other genes: e.g. for synthesis of various endo-
nucleases, MHC 1 antigenes, TGF-a, and
EGFR.'"

Apoptosis is a consequence of TNF-a action
upon microfilaments (TNF-a causes the disinte-
gration of microfilaments) and/or upon the ac-
tivation of endonucleases which “cut“ (cleave)
the cell chromatin (DNA) to short fragments
of approximately 200 base pairs.” *® This chro-
matin cleavage proceeds nonspecifically at in-
ternucleosomal loci. Cells, damaged this way,
are no longer capable of repairing the damage
and instead of entering the S phase of cell cycle
they pass over to apoptosis (Figure 1).

Necrosis is the result of production of free
radicals, which have an effect on mitochondria
and on cell structures different form mitochon-
dria (i.e. cytoskeleton), as well as a result of
inhibition of mitochondrial functions.'®! 12 This
theory is relatively old and it is supported by
the fact that antioxidants, as for example mito-
chondrial enzyme MnSOD, are capable of pro-
tecting the cells from TNF-a effects.'? 122 Ano-
ther evidence that speaks for the above mentio-
ned theory are experiments of Yamauchi and
co-workers.'? Namely, they quantified the cel-
lular production of OH- and found out that the
amount of this powerful oxidant depends upon
the duration of cell exposure to TNF-a. Such
kind of dependence was observed only with
cells that were susceptible to TNF-a, while
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there were no signs of increased production of
OH- in cells resistant to TNF-a action.

On the other hand, Wong and co-workers'?!
and later on Okamoto with co-workers'?? pro-
ved that the group of proteins induced by
TNF-a includes also MnSOD. They observed
a statistically significant increase of MnSOD
concentrations following the transplantation of
TNF-a gene into tumorigenic mouse fibroblasts
which are originally susceptible to TNF-a.
Cells, changed genetically in such a way, were
now able to produce both endogenous TNF-a,
as well as MnSOD and thus became resistant
to TNF-a. This means that TNF-a operates
autoregulatively and that the mechanisms of its
action interrelate and integrate with each other.

Thus, the basic effect of TNF-a in process of
necrosis is the stimulation of production of free
oxygen radicals that later on affect cellular
structures. Additional proofs speaking for this
theory came from experimental results which
indicated that the inhibition of cell respiration
is a consequence of generation and activities of
free radicals (after TNF-a treatment of cells).
Further confirmations are results of studies
where previous treatment with antioxidants
protected cells from cytotoxic activity of
TNE-q. 120- 121, 123, 124

TNF-a as a growth factor

With regard to all biological activities of TNF-a
it is difficult to define which one is primary: its
antitumor activity, its role in inflammation pro-
cesses or its activity as a growth factor. Sugar-
man and co-workers”” were among the first to
describe TNF-a effects upon different normal
and malignant cell lines. They established that
TNF-a statistically significantly reduced the cell
number of only seven out of twenty-two malig-
nant cell lines (after exposure time of 72 h)
while having a stimulative effect on growth of
some normal cell lines (different human fibro-
blast cell lines).

On the other hand, Piacibello and co-wor-
kers'? ascertained that TNF-a not only has a
stimulative effect on growth of normal cell
lines, but also promotes growth of some malig-

nant cell lines. Namely, they found out that low
doses of TNF-a in the presence of GM-CSF
(granulocyte-macrophage colony stimulating
factor) stimulate the growth of human normal,
as well as leukemic stem cells whereas higher
doses of TNF-a in the presence of G-CSF
(granulocyte colony stimulating factor) inhibit
the growth of only normal stem cells. These
observations were confirmed by other authors
who demonstrated that low doses of TNF-a
stimulate growth of, while high doses have an
antiproliferative effect on, certain tumor cell
lines.'™ In normal human fibroblast cell lines
TNF-a operates as growth factor and in most
of the cases there is a dose dependence: the
higher concentrations the better the cell
growth.”” It is important to stress again that
beside the dose there are different external
factors like confluence of cell cultures, compo-
sition of growth mediums, phases of cell cycle
and presence of growth factors or cytokines,
which influence the mode of TNF-a action.'%:
126

The TNF-a activity as a growth factor is, just
like its antitumor activity, direct and indirect.
The direct action comprises activation of genes
responsible for synthesis of proteins that direct
the cell from GO to G1 phase of cell cycle thus
increasing the number of cell divisions and
accelerating the proliferation of cells.’?” The
indirect action includes stimulation of cells to
produce other growth factors and specific recep-
tors for growth factors. Direct and indirect
mode of TNF-a action intertwine and it is
impossible to fix their limits.

TNF-0. as an immunomodulatory agent

TNF-a in its immunomodulatory role has an
effect upon T and B lymphocytes, affects the

. expression of MHC class I and II antigens, and

stimulates macrophages as well as other cells
to produce cytokines.”! 128

Effect on T and B lymphocytes

TNF-a affects T and B lymphocytes predomi-
nantly as a mitogenic factor. Vine and co-wor-
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kers'?” established that this cytokine accelerates
transition of T lymphocytes from GO to G1
phase of cell cycle and thus stimulates multipli-
fication of these cells while not stimulating the
production of IL-2 (i.e. one of the elementary
products of T lymphocytes) at the same time.
The effect upon immune system executed by
stimulation of B lymphocytes is even more
indirect, since TNF-a is capable of promoting
the proliferation of these cells, yet only in the
presence of IL-2. Because it is well known that
TNF-a affects predominantly the division of T
and B lymphocytes and co-operates only indi-
rectly in the induction of cytokine synthesis in
lymphocytes, there still remains a question
about its immunomodulatory role in activation
of T and B lymphocytes. It is quite interesting
that all lymphocytes after treatment with TNF-a
demonstrate a statistically significant increase
of receptors for TNF-a.

Effect on NK cells

The effect of TNF-a on NK cells represents a
special pattern of autocrine stimulation. Ban-
croft and co-workers'?® treated immunodefi-
cient mice (suppressed B and T lymphocytes)
with dead bacteria of Listeria monocytogenes
species, isolated spleen cells of these animals
and measured their production of IFN-y. They
ascertained that IFN-y production depended
upon the dose of injected bacteria or upon the
number of activated macrophages, respectively.
Since the macrophages do not produce IFN-y
(or at least this has not been demonstrated yet),
the researchers concluded that NK cells are
being stimulated with macrophages or their
products, respectively. Because IFN-y is known
to be a powerful stimulator of TNF-a produc-
tion in macrophages Bancroft and co-workers
assumed that it is TNF-a that stimulates NK
cells to produce IFN-y: 1. bacteria activate
macrophages and trigger synthesis of TNF-a in
these cells; 2. TNF-a acts upon NK cells and
IFN-y production; 3. IFN-vy in a feedback loop
triggers additional synthesis of TNF-a and the
cycle repeats.

Effect on macrophages

The effect of TNF-a on macrophages represents
a classical example of autocrine activity. TNF-a,
which is itself a product of macrophages, binds
in a feedback loop to specific cell receptors and
stimulates these cells.!®® It is well known that
activated macrophages act cytostatically/cytoto-
xically on tumor cells that are susceptible to
TNF-a. This fact leads towards conclusion that
the antitumor activity of macrophages is
brought about by producing TNF-a which then
affects tumor cells. However, this is not the
only form of cytotoxic activity of activated
macrophages. These cells can act cytotoxically
also by means of other products as for example
IL-1, hydrogen peroxide (H,O,) and nitric
oxide (NO). The combined treatment with
TNF-a and NO has a synergistic cytotoxic effect
on tumor cells.'*" 132 Especially effective pro-
duction of NO and TNF-o in macrophages is
achieved after stimulation with IFN-y and IL-2,
whereas the stimulation of macrophages with
IFN-y and MDP or its structural analogues
primarily increases the TNF-a production. '3 133

Receptors for TNF-a

In the year 1990 different researchers cloned
the cDNA for two types of cell surface receptors
for TNF (TNF-a and TNE-B).”" '* Both types
of receptors are present on the cell surface of
most of the cell lines, yet in a different mutual
percent relation. >3 These two types of recep-
tors, named TNF R-1 (55 kDa) and TNF R-2
(75 kDa), consist of an extracellular and an
intracellular part. The extracellular part of TNF
R-1 comprises 182 amino acids and the extracel-
lular part of R-2 235 amino acids. The intracel-
lular parts of receptors are larger - the one of
R-1 includes 221 amino acids and the one of
R-2 439 amino acids.

Since the cloning of two distinct receptors for
TNF (each of which binds TNF-a and TNF-f),
the past few years have witnessed the rapid
emergence of two superfamilies, of which TNFs
and their receptors are only representatives. To
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date 12 receptors have been identified with
which we can associate eight TNF-related pro-
teins. ¥

According to the amino acid sequence the
two types of receptors differ from each other
to a great extent. Human TNF receptors de-
monstrate an amino acid homology of only
27% and most of the homologous amino acids
(70%) are placed in the extracellular parts of
receptors. Thus the structure of intracellular
parts differs considerably between the two types
of receptors, which indicates that TNF is con-
nected to different functions or different proces-
ses, respectively (according to the type of recep-
tor to which TNF binds). It is interesting that
there is a higher resemblance in the structure
of human TNF R-1 and mouse TNF R-1 (homo-
logy of 64%), which is also true for human TNF
R-2 and mouse TNF R-2 (homology of 62%).
The resemblance between human and mouse
receptors appears mostly in the intracellular
parts of receptors (homology of 73% between
human and mouse TNF R-2).1*¢ 3% Op the
basis of cited facts we can conclude that the
activity of TNF is relatively species unspecific
and that the intracellular processes in which
TNF co-operates (after binding to receptors)
are quite similar in different animal species.

Human TNF R-1 and TNF R-2 thus demons-
trate only a slight resemblance in the amino
acid sequence of their extracellular parts and
differ almost completely in the structure of
their intracellular parts. Besides, the intracellu-
lar parts (according to their amino acid sequen-
ce) are not even similar to any of the known
proteins.'™ The recapitulation of the above
statements is that TNF binds to the two types
of receptors, induces different processes in the
cell (in dependence upon the type of receptor
to which it binds) and that the details of TNF
activities inside the cell remain to be explained.

Thoma and co-workers' blocked TNF R-1
with antagonistic monoclonal antibodies and in
this way prevented the cytostatic/cytotoxic ef-
fect of TNF-a on different cell lines. From
these results they made an inference that TNF
acts cytotoxically trought binding to TNF R-1
receptors.

Brouckaert and co-workers'’ demonstrated
a good antitumor effect of recombinant mouse
TNF-o (rtMuTNF-a) on B16 BL6 melanoma in
CS7Bl/6 mice, whereas the therapy with recom-
binant human TNF-a (rHuTNF-a) turned out
to be unsuccessful. They also ascertained that
50% more experimental animals died owing to
toxic side effects of rIMuTNF-a when compared
to the number of lethal outcomes after
rHuTNF-a therapy. On the other hand, when
the mice were pretreated with galactosamine,
also rHUTNF-a demonstrated some degree of
antitumor activity, but also the toxic side effects
were more pronounced. These results lead to-
wards conclusion that the species specific acti-
vity of TNF-a (if it is present) can be neutralised
and that such activity does not depend only
upon the binding to receptors but also upon
other factors.

In January 1993 Nature published an article
about TNF-a activities after its binding to diffe-
rent receptors.'#! Authors of this article cited
some results which are identical to the ones
mentioned before. Namely, they confirmed that
the cytotoxic effect on tumor cells results from
binding of TNF-a to TNF R-1 and described
also an interesting example of species specific
activity of human and mouse TNF-a; human
TNF-a demonstrated an antitumor effect in
experimental mice but caused no toxic side
effects. The presence of antitumor effect and
the absence of toxic side effects of human
TNF-a in mice were explained with its ability
to bind only to TNF R-1 but not to TNF R-2.
Mouse TNF-a, on the other hand, bound to
both types of receptors on human cell lines and
did not act species specifically. !

Contrary to the above stated results, from
which could be concluded that the antitumor
activity of TNF-a is a consequence of its binding
to and operating by means of TNF R-1, other
authors established that mouse fibroblasts (TA
l cells) are insensitive to human TNF-a but
very sensitive to mouse TNF-a. Since human
TNF-a binds only to TNF R-1 on mouse cells,
while mouse TNF-a binds to both types of
receptors, there is a logical inference that the
cytotoxic effect upon these cells was mediated
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by TNF R-2 receptors. The second confirma-
tion, that the cytotoxic effect of TNF-a. can also
be mediated by TNF R-2, is the fact that HeLa
cells, which are otherwise completely insensitive
to the antiproliferative activity of human TNF-a
and have only TNF R-1, become very sensitive
after insertion ot a gene coding for TNF R-2
into their DNA.'" The existence of two types
of receptors for TNF-a is supposed to be impor-
tant also for its activity as a growth factor. In
the year 1991 Tartaglia and co-workers'? ascer-
tained that mouse TNF-a accelerated cell divi-
sion of mouse thymus cell line and of mouse T
lymphocyte cell line (CT-6) while human TNF-a
had no effect on the proliferation of cells em-
ployed in the experiment. Since human TNF-a
binds only to TNF R-1 on mouse cells, the
authors substituted TNF-a with agonistic polyc-
lonal antibodies against TNF R-2 and TNF R-1.
Agonistic antibodies against TNF R-2 stimula-
ted cell division of both cell lines whereas
agonistic antibodies against TNF R-1 were inef-
ficacious. A logical conclusion is that TNF R-2
most probably mediate the stimulation of cell
division.

The researchers of Hoffman-La Roche!® in-
cubated human monocytes from peripheral
blood with TNF-a and various inhibitors of
TNF-0 binding to receptors: i.e. with antibodies
against TNF-a, or with recombinant receptor
proteins,.or with specific neutralising antibodies
against TNF R-1 and TNF R-2. In contrast to
the above cited data they established that the
stimulation of cell division by TNF-a is media-
ted through both types of receptors, yet the
mechanisms of stimulation differ and depend
upon the type of receptor.

The antiviral effect of TNF-a is supposed to-
be mediated by TNF R-1. Namely, Wong,
Tartaglia and co-workers'* stimulated the anti-
viral activity by means of using agonistic antibo-
dies against TNF R-1. The addition of antibo-
dies against TNF R-2 had no antiviral effect.

Kalthoff and co-workers!* demonstrated that
TNF-a actions, mediated through binding to
different receptors, are not completely explai-
ned yet. They ascertained that binding of
TNF-a or agonistic antibodies to TNF R-1 of

N

human malignant pancreatic cell lines (HPAF,
Capan 2) causes a rapid transcription of TNF
R-2 gene and that TNF R-2 operates as a
specific receptor through which TNF-a media-
tes transcription of TGF-a gene. In the very
same study the authors state that binding of
agonistic antibodies to TNF R-1 triggered trans-
cription of EGF receptor gene.

On the basis of cited data it is quite difficult
to draw universal conclusions about activities
of TNF-a mediated either by one or by the
other type of receptors. Common to all known
reports are the facts that the species specific
activity (if such activity exists) is expressed by
means of both types of receptors and that the
effect of TNF-a can be substituted by binding
of specific agonistic antibodies to receptors. We
can also conclude that TNF R-1 and TNF R-2
(after binding of TNF-a to either of the recep-
tors) mediate or stimulate, respectively, ditfe-
rent processes in cells. However, quite often
the transduction of signals for intracellular pro-
cesses is realised through simultaneous binding
of TNF-a to both types of receptors.

Biechemical mechanisms eof TNF-c actiens

Biochemical processes that follow the entrance
of TNF-a into the cell or the segregation of
receptors are still not known: neither the pro-
teins which bind complementarily to the com-
plex TNF-a - TNF-R after internalization, nor
the exact procedure of its further action on
cellular organelles or cell processes, respective-
ly."*¥ Variety of its activities inside the cell
(Table 1) indicates that TNF-o is invovlved in
different chemical processes which represent
additional complications at creating a general
sheme of biochemical mechanisms of TNF-a
action.

The cytotoxic effect of TNF-a is one of its
most thoroughly examined activities. Since such
an effect reflects either as apoptosis or as
necrosis of cells there are at least two different
biochemical mechanisms of cytotoxic activity.
The first one is orientated directly to cell nu-
cleus, whereas the other mechanism affects
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cellular organelles or cytoskeleton, respectively.
However, regardless of the fact that there are
different mechanisms by which TNF-a acts
upon the cells, it is known that during its
intracellular action this cytokine activates pro-
tooncogenes c-fos and c-jun (i.e. immediate
early genes) and stimulates the synthesis of
various proteins which direct the cell towards
either apoptosis or necrosis.

Most probably also the growth factor-like
activity of TNF-a is realised through activation
of protooncogenes and stimulation of synthesis
of proteins responsible for transition of cells
into S phase of cell cycle. The activation of
protooncogenes c-fos and c-jun is mediated
through nuclear factor kappa B (NF »B), which
is itself supposed to be activated by protein
kinase C.

Biochemical mechanisms of TNF-a action
can also be triggered through activation of
phospholipase A, (Figure 1). Namely, the cells
following the addition of TNF-a produce ara-
chidonic acid and prostaglandins,“5'147 which
indicates that activation of phospholipase A, is
also involved in signal transduction. Besides,
Palombella and Viléek'® suceeded in blocking
both the cytotoxic and the mitogenic activity of
TNF-a by means of inhibiting phospholipase
A, with dexamethasone.

Undoubtedly TNF-a is a cytokine with a very
broad spectrum of effects, owing to which we
could hardly expect a simple explanation for its
biochemical mechanisms of intracellular activi-
ties. Figure 1 represents the authors’ global
idea of TNF-a activities based on more or less
known data from the literature.

TNF-o and other cytokines

The role of TNF-a in the defence of organism
against foreign or own antigens and the mode
of TNF-a action quite often depend upon the
presence and activity of other cytokines. When
interacting in such a way the cytokines either
stimulate or inhibit mutually their activities.
The stimulative activity includes stimulation of
cytokine as well as of cytokine receptor synthe-
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Figure 1. Biochemical mechanisms of TNF-a (TNF)
activities at the cellular level. Binding of TNF to
receptors [R55 (R1), R75 (R2)]; putative passage of
TNF through the cell membrane (CM) into the interior
of the cell (endocytosis); degradation of TNF-receptor
- TNF complex (R-TNF) with lysosomal enzymes (L);
generation of adenosine-triphosphate (ATP); activa-
tion of G proteins (Gp); activation of phospholipase
A, (PLA;); production of second messengers (SM) as
for example cyclic adenosine-monophosphate
(cAMP), arachidonic acid, diacylglycerol and inositol-
phosphate; activation of protein kinases (PK); arachi-
donic acid is either excreted from the cell or represents
a substrate for PLA; - products of which are prosta-
glandins (PG); activation of protein kinases A and C,
which results with generation of “DNA binding pro-
teins“ (DNA-Bp) like for example “nuclear factor xB*
(NF-xB); NF-xB operates in the nucleus (N) and
activates “immediate early genes“ (IE genes) as c-myc,
c-fos and c-jun, which are further responsible for
activation of carly genes (E genes); the next step is
transcription of genes that are normally being transcri-
bed in G1 phase of cell cycle; products of these genes
determine whether the cell continues to S phase or is
directed into apoptosis (which is supposed to be a
consequence of endonucleases’ activities); in the syn-
thesis of endonucleases and “DNA binding proteins*
as well as in most of energy-dependent cell processes
participate Ca®* ions; TNF affects cell organclles as
mitochondria (M) where it stimulates synthesis of
oxygen free radicals and other toxic products; TNF
also triggers production of protective proteins (which
protect the cell from its activities) e.g. manganese
superoxide dismutase (MnS@D).

sis. On the other hand, the inhibitory action
(of cytokines upon other cytokines) is realised
through inhibition of transcription, translation
and/or secretion of cytokines or their specific
receptors. Besides, the cytokines can compete
for the very same receptors on the cellular
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membrane (e.g. TNF-o and TNF-f) and in
respect to the efficiency of their binding to
receptors direct cellular processes. Cytokines
thus represent some sort of polypeptide hormo-
nes at the cellular level which through interreac-
tions transduce different signals to the cells.

The best known functional dependence of
TNF-a upon other cytokines is its cytostatic/cy-
totoxic activity against tumor cells in combina-
tion with interleukins and interferons. Namely,
in the year 1985 Sugarman and co-workers’’
ascertained that the antiproliferative effect of
TNF-o on tumor cells in vitro can be potentia-
ted with IFN-y. Similar results were obtained
by Sers$a and co-workers'* % on human adeno-
carcinoma and human malignant melanoma cell
lines where IFN-o enhanced the antitumor ef-
fect of TNF-a. Enhanced in vitro antitumor
effect was also observed by other authors after
treatment of tumor cells with TNF-a and IL-1.'%

In vivo experiments demonstrated that com-
bined treatment with TNF-o and IFN-y not
only has a direct antitumor effect but also the
indirect one which is carried out through affec-
ting of the immune system (synthesis and acti-
vities of other cytokines, potentiation of cytoki-
ne’s own antiproliferative activity). Young and
Wright'! established that low doses of IFN-y
and TNF-o reduce the number of suppressor T
lymphocytes and decrease the concentration of
growth factors. Thus these two cytokines are
capable of affecting the growth of primary or
residual tumors and the development of meta-
stases. The antiproliferative effect of TNF-a
and IFN-o on leukemic cells in patients with
chronic myelogenous leukemia (CML) repre-
sents a special pattern of co-operation between
the two cytokines. Namely, Moritz and co-wor-
kers'® ascertained that IFN-o treatment of
leukemic patients gives very promising results
but only until the development of resistance to
IFN-a. However, when the patiens were pre-
treated with TNF-o, the resistance to IFN-a
did not appear and further successful therapy
with IFN-a was enabled.

A complete stop of tumor growth in mice (5
different types of subcutaneous. tumors) was
described by Winkelhake and co-workers'*® fol-

[S%)
~

lowing combined treatment with TNF-a and
IL-2. It is quite interesting that in the very same
experiment monotherapy with a single cytokine
was inefficacious and that the efficacy of com-
bined treatment depended predominantly upon
the concentration of TNF-o. Maximal effect of
the combination was achieved when maximal
sublethal doses of TNF-o were used, whereas
the concentration of IL-2 even 98% lower than
maximal sublethal dose did not affect the efti-
cacy of treatment. Beside the fact that combi-
ned therapy inhibited the growth of subcuta-
neous tumors, the very same therapy prevented
completely the development of lung metastases
if only it was started early enough.

The fact that efficacy of combined therapy
with TNF-o and IL-2 depends also upon other
factors, like for example immunogenicity of
tumors, general condition of immune system
and scheduling of cytokine application was de-
monstrated by Agah and co-workers.'* Addi-
tive effect of combined therapy (TNF-a and
IL-2) on the development of lung metastases
(induced by methylcholanthrene) was observed
when the researchers treated animals first with

"IL-2 and later with TNF-a. Reverse order of

cytokine application was less effective. On the

- other hand, the antitumor activity of combined

therapy with TNF-o and IL-2 was extremely
low when the very same experiment was repea-
ted using mice with suppressed immune system.

Beside the antiproliferative effect also the
growth factor-like activity of different combina-
tions with TNF-a and other cytokines represen-
ted an interesting challenge for the researchers.
Some of them established that TNF-a together
with growth factors in vitro effectivelly affects
bone marrow cells where on one hand it stimu-
lates the growth of stem cells by means of
inducing synthesis of growth factors and, on the
other hand inhibits the growth of some leuke-
mic cell lines.!> % TNF-a acts synergistically
together with TGF-f on differentiation of hu-
man leukemic cells (i.e. stimulates the differen-
tiation process) which results in a reduction of
their malignant potential.'>’

When speaking about combined activity of
TNF-a with other cytokines we must also em-
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phasise its pluripotent role in affecting the cells.
Mechanisms of common action of TNF-a with
other cytokines are complicated and quite often
unclear. In general, combination of TNF-a with
interleukins or interferons synergistically inhi-
bits tumor growth; with TGF-f it acts synergi-
stically on the process of cell differentiation and
has in lower doses, combined with growth fac-
tors a synergistic effect on cell proliferation.

Future perspectives

Cloning of human TNF-o gene was accepted
by many researchers as a great step towards
the discovery of universal medication for diffe-
rent malignant diseases. Such expectations were
a logical consequence of numerous reports con-
firming the fact that TNF-a demonstrates a
distinctive antitumor activity in vitro and in
some cases an even more pronounced antitumor
effect in tumor models in vivo. Unfortunately,
the results of experiments with tumor models
never gained an approval in clinical praxis. The
problems which accompanied TNF-a applica-
tions in clinical conditions were not a result of
its insufficient antitumor activity but derived
from severe dose-limiting toxicity (elevated
body temperature, anorexia, diarrhoea, nausea
and hypotension). Nevertheless, ten years of
experiments with TNF-a in clinics are far from
a complete failure. The researchers are seeking
after such a mode of TNF-a application that
would retain its antitumor activity while minimi-
zing the toxic side effects. One of the possibili-
ties is a synthesis of new analogues of TNF-a,
which according to incomplete knowledge of
the role of certain molecular domains represents
quite a difficult task. Namely, the cytokine
molecule should be changed in the domain
responsible for dose-limiting toxicity, while pre-
serving its structure responsible for cytostatic/
cytotoxic effect on tumor cells. Besides, the
efforts are being made to create analogues
capable of a longer retention at the tumor site,
which would limit the effects of cytokine to
tumor cells only. In this prospect, there is an
idea of synthesising TNF-a chimeric proteins

with specific affinity for certain antigens on the
surface of tumor cells. The second possibility
of local treatment with TNF-a is isolation per-
fusion with high doses of TNF-a. Problems
arising from such kind of therapy derive from
incompetence to control and retain completely
the cytokine within the treated organ. Quite
often TNF-a “escapes” from the artificial circu-
lation loop which results in serious adverse
effects. The third but most prospective point of
view of clinical uses of TNF-a and its analogues
is a gene therapy. Gene therapy represents a
kind of systemic treatment where genetically
engineered cells (i.e. with TNF-a gene transfec-
ted cells) produce a controllable amount of
endogenous cytokine. However, the genetic en-
gineering techniques to date do not allow major
interventions at the level of human genome
without a serious risk. They remain time consu-
ming and expensive, and further developments
will be needed before it can become a common-
place treatment.

References

1. Nauts HC. The bencficial cffects of bacterial
infections on host resistance to cancer. and re-
sults in 449 cascs: a study and abstracts of reports
in the World Medical Literature (1775-1980) and
personal communications. In: Nauts HC, cd.
Monograph 8. 2nd ed. New York: Cancer Re-
scarch Institutc 1980: 3-26.

. Nauts HC. The benctficial cffects of immunothe-
rapy (bactcrial toxins) on sarcoma of the soft
tissues, other than lymphosarcoma. In: Nauts
HC, cd. Monograph 16. New York: Cancer
Rescarch Institute 1975: 3-19.

3. Colecy WB. Trcatment of inopcrabile malignant
tumors with the toxins of crysipclas and Bacillus
prodigiosus. Trans Am Surg 1894; 12: 183-212.

4. Coley WB. The therapcutic valuc of the mixed
toxins of the Swreprococcus of crysipelas and
Bacillus prodigiosus in the trcatment of inopera-
bile malignant tumors. Am J Med Sci 1896; 112:
251-81.

5. Coley WB. The treatment of inopcrable sarcoma
with the mixed toxins of crysipclas and Bacillus
prodigiosus. JAMA 1898; 31: 389-95.

6. Gratia A, Linz R. Le phenomine de Shwartzman
dans le sarcome du cobayc. C R Soc Biol 1931;
108: 427-39.

7. Shwarzman G, Michailovsky N. Phcnomenon of
local skin rcactivity to bacterial filtrates in the
treatment of mousc sarcoma 180. Proc Soc Exp
Biol Med 1932; 29: 737-48.

[



9.

10.

16.

20.

TNF-a: Biological activities and mechanisms of action 39

Duran-Reynals  F. Rcaction of spontancous
mousc carcinomas to blood carricd bacterial to-
xins. Proc Soc Exp Biol Med 1935; 32: 1517-23.
Shear MJ. Studics on the chemical trcatment of
tumors. II. The cffect of disturbances in fluid
cxchange on transplantced mouse tumors. Am J
Cancer 1935; 25: 66-79.

Fogg LC. Effect of certain bacterial products
upon the growth of mousc tumor. Public Health
Rep 1936; 51: 56-65.

. Shcar MJ. Chemical trcatment of tumors. V.

Isolation of the hcmorrhage-producing fraction
Serratia marcescens (Bacillus prodigiosus) culturc
filtratc. J Natl Cancer Inst 1943; 4: 81-97.

. Carswell EA, Old LJ, Kassel RL, Green KS.

Fiorc N, Williamson B. An cndotoxin-induced
scrum factor that causcs necrosis of tumors. Proc
Natl Acad Sci USA 1975; 72: 3666-70.

. Ruddle NH, Waxmann BH. Cytotoxicity mcdia-

ted by soluble antigen and lymphocytes in de-
layed hypersensitivity. I1I. Analysis of meccha-
nisms. J Exp Med 1968; 128: 1267-79.

. Granger GA, Williams TW. Lymphocyte cytoto-

Xicity in vitro: activation and rclcasc of cytotoxic
factor. Nature 1968; 218: 1253-9.

. Li CB, Gray PPF, McGrath KM, Ruddlc FH.

Ruddle NH. Cloning and cxpression of murine
lymphotoxin cDNA. J [mmunol 1987; 138: 4496-
503.

Gray PW, Aggarwal BB, Benton CV, et al.
Cloning and cxpression of ¢cDNA for human
lymphotoxin, a lymphokine with tumor nccrosis
activity. Nature 1984; 312: 721-4.

. Paul NL, Lenardo MJ, Novak KD, Sarr T, Tang

WL, Ruddle NH. Lymphotoxin activation by
human T-ccll lcukemia virus type I infected cell
lines: role for NK-%B. J Virol 1990; 64: 5412-7.

. Kricgler M, Perez C, Defay K, Albert I. Lu SD.

A novcl form of TNF/cachectin is a cell surface
cytotoxic transmcembranc protein: ramifications
for the complex physiology of TNF. Cell 1988;
53: 45-53.

. Kicner PA, Marck F, Rodger G, Lin PF, Warr

G, Decsideno J. Induction of tumor necrosis fac-
tor, IFN y and acutc lethality in mice by toxic
and non-toxic forms of lipid A. J Immunol 1988;
141: 870-4.

Feist W, Ulmer AJ. Muschold J, Brade H.
Kusumoto S, Flad HD. Induction of tumor nc-~
crosis factor-alpha by lipopolysaccharide and de-
fined lipopolysaccharide partial structures. [mi-
munobiology 1989; 179: 293-307.

. Licberman AP, Pitha PM. Shin HS. Shin ML.

Production of tumor nccrosis factor and other
cytokines by astrocytes stimulated with lipopoli-
saccharide or a ncurotropic virus. Proc Nail
Acad Sci USA 1989; 86: 6348-52.

. Manoguc RK, van Dcventer SJH, Cerami A.

Tumor nccrosis factor alpha or cachectin. In:
Thomson A, cd. The cytokine handbook. Lon-
don: Academic Press 1991: 241-56.

. Picot S, Pcyron F, Vuillez J-P, Barbe G, Marsh

K. Ambroisc-Thomas P. Tumor nccrosis factor
production by human macrophage stimulated in
vitro by Plasmodium falciparum. Infect Immun
1990; 58: 214-6.

24. Beutler B, Cerami A. Cachcectin and tumor ne-

crosis factor as two sides of the same biological
coin. Nature 1986; 320: 584-8.

25. Adcrka D. Holtmann H. Toker L, Hahr T.

30.

31.

33.

34,

35.

306.

37.

38.

Wallach D. Tumor nccrosis factor induction by
Sendai virus. J Immunol 1986; 136: 2938-42.

. Berendt SL. Torezynski RM. Bollon AP. Sendai

virus induced high level of tumor nccrosis factor
mRNA in human peripheral blood lcucocytes.
Nucl Acids Res 1986; 14: 8997-9013.

. Janicke R. Manncl DN. Distinct tumor cell mem-

branc constituents activatc human monocytes for
tumor nccrosis factor synthesis. J [mmunol 1990;
144: 1144-50.

. Lucttig B. Scinmuller C, Gifford GE. Wagner

H. Lohmann-Matthcs ML. Macrophagc activa-
tion by the polysaccharide arabinogalactan isola-
ted from plant cells cultures of Echinacea purpu-
rea. J Nat Canc Institute 1989; 81: 669-75.

. Philip R, Epstcin LB. Tumor nccrosis factor as

immunomodulator and mecdiator of monocyte
cytotoxicity induced by itsclf. gama interfcron
and interleukin-1. Nature 1986; 323: §6-9.
Cannistra SA. Rambaldi A. Spriggs DR. Her-
rmann F. Kufe D, Griffin JD. Human granulo-
cyte-macrophage colony-stimulating factor indu-
ces expression of the tumor necrosis factor gene
by the U937 cell linc and by normal human
monocytes. J Clin Invest 1987; 79: 1720-5.
Mohri M. Spriggs DR, Kufe D. Effects of lipo-
polysaccharide on phospholipasc A, activity and
tumor nccrosis factor cxpression in HL-60 cells.
J Immunol 1990; 144: 2678-82.

. Collart MA. Belin D, Vassalli JID, dc Kossodo

S. Vassalli P. y interferon enhances macrophage
transcription of thc tumor nccrosis factor/cachcc-
tin, interleukin | and urokinase gencs. which arc
controlled by short-lived repressors. J Exp Med
1986; 164: 2113-8.

Lau AS, Livescy JF. Endotoxin induction of
tumor nccrosis factor is enhanced by acid-labile
interferon-a in acquired immuno deficiency syn-
drome. J Clin Invest 1989; 84: 738-43.
Lindermann A, Ricdel D. Oster W. Mertelsmann
R. Herrmann F. Recombinant human granulo-
cyte-macrophage colony stimulating factor indu-
ces sceretion of autoinhibitory monokines by
U-937 cells. Eur J Immunol 1988; 18: 369-74.
Kasid A, Dircctor EP, Roscnberg SA. Induction
of cndogenous cytokine mRNA in circulating
peripheral blood mononuclear cells by IL 2 admi-
nistration to cancer paticnts. J mmunol 1989;
143: 736-9.

Hart PH, Vitti GF. Burgess DR. Whitty GA.
Piccoli DS. Hamilton JA. Potential antiinflam-
matory cffects of interleukin 4: Suppression of
human monocyte tumor nccrosis factor «. inter-
leukin 1. and prostaglandin E,. Proc Natl Acad
Sci USA 1989; 86: 3803-7.

Schindler R, Mancilla J, Endres S, Ghorbani R,
Clark SC, Dinarcllo CA. Corrclations and inte-
ractions in the production of interleukin-6 (IL
6), IL 1 and tumor nccrosis factor (TNF) in
human blood mononuclear cells: IL 6 suppresscs
IL [ and TNF. Blood 1990 75: 40-7.

Espevik T, Figari IS. Shalaby MR, et al. Inhibi-
tion of cytokine production by cyclosporin A and



40

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

Novakovié S and Jezersek B

transforming growth factor 3. J Exp Med 1987,
166: 571-6.

Kunkel SL, Wiggins RC, Chensue SW, Larrick
J. Regulation of macrophage tumor necrosis fac-
tor production by prostaglandin E,. Biophys
Biochem Res Commun 1986, 137: 404-10.
Beutler B, Krochin N, Milsark IW, Luedke C,
Cerami A. Control of cachectin (tumor necrosis
factor) synthesis: mechanisms of endotoxin resi-
stance. Science 1986; 232: 977-80.

Muchmore AV, Decker JM. Uromodulin: a uni-
que 85-kilodalton immunosuppressive glycopro-
tein isolated from urine of pregnant women.
Science 1985; 229: 479-81.

Brown KM, Muchmore AV, Rosenstreich DL.
Uromodulin, an immunosuppressive protein deri-
ved from pregnancy urine, is an inhibitor of
interleukin 1. Proc Natl Acad Sci USA 1986; 83:
9119-23.

Seckinger P, Isaaz S, Dayer JM. A human inhi-
bitor of tumor necrosis factor a. J Exp Med 1988;
167: 1511-6.

Vallach D, Holtmann H, Aderka D, et al. Mec-
hanisms which take part in regulation of the
response to tumor necrosis factor. Lymphokine
Res 1989; 8: 359-63.

Scuderi P, Dorr RT, Liddil JD, et al. Alpha-glo-
bulins suppress human leukocyte tumor necrosis
factor secretion. Eur J Immunol 1989; 19: 939-42.
Leyshon-Sorland K, Morkrid L, Rugstad HE.
Metallothionein: a protein conferring resistance
in vitro to tumor necrosis factor. Cancer Res
1993; 53: 4874-80.

Smith DM, Tran HM, Soo VW, et al. Enhanced
synthesis of tumor necrosis factor-inducible pro-
teins, plasminogen activator inhibitor-2, manga-
nese superoxide dismutase, and protein 28/5.6,
is selectively triggered by the 55-kDa tumor
necrosis factor receptor in human melanoma
cells. J Biol Chem 1994; 269: 9898-905.

Scuderi P. Suppression of human leukocyte tu-
mor necrosis factor secretion by the serine pro-
tease inhibitor p-toluenesulphoryl-L-arginine
methyl ester (TAME). J Immunol 1989; 143:
168-73.

Kovacs EJ, Radzioch D, Young HA, Varesio L.
Differential inhibition of IL 1 and TNF-o mRNA
expression by agents which block second messen-
ger pathways in murine macrophages. J Immunol
1988; 141: 3101-5.

Degliantoni G, Murphy M, Kobayashi M, Francis
MK, Perussia B, Trinchieri G. Natural Kkiller
(NK) cell-derived hematopoietic colony-inhibi-
ting activity and NK cytotoxic factor: relatioship
with tumor necrosis factor and synergism with
immune interferon. J Exp Med 1985; 162: 1512-
30.

Yamamoto RS, Johnson DL, Masunaka IK,
Granger GA. Phorbol myristate acetate induc-
tion of lymphotoxins from continuous human B
lymphoid cell line in vitro. J Biol Response Modif
1984; 3: 76-87.

Warner SJC, Libby P. Human vascular smooth
muscle cells: target for and source of tumor
necrosis factor. J Immunol 1989; 142: 100-9.
Libby P, Ordovas JM, Birinyi LK, Auger KR,
Dinarello CA. Inducible interleukin-1 gene ex-

54.

55.

56.

57.

58.
59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

pression in human vascular smooth muscle cells.
J Clin Tnvest 1986; 78: 1432-8.

Rubin BY, Anderson SL, Sullivan A, Wiliamson
BD, Carswell EA, Old LJ. Nonhematopoietic
cells selected for resistance to tumor necrosis
factor produce tumor necrosis factor. J Exp Med
1986; 164: 1350-5.

Spriggs D, Imamura K, Rodriguez C, Horiguchi
J, Kufe DW. Introduction of tumor necrosis
factor expression and resistance in a human
breast tumor cell line. Proc Natl Acad Sci USA
1987; 84: 6563-6.

Ser§a G. Tumor necrosis factor - biological cha-
racteristics and applications in cancer therapy.
Zdrav Vestn 1994; €3: Suppl. II: 11-35-42.
Aggarwal BB, Kohr WJ, Hass PE, et al. Human
tumor necrosis factor: production, purification,
and characterization. J Biol Chem 1985; 260:
2345-54.

Jones EY, Stuart DI, Walker NPC. Structure of
tumor necrosis factor. Nature 1989; 338: 225-8.
Lewit-Bentley A, Fourme R, Kahn R, et al.
Structure of tumor necrosis factor by x-ray solu-
tion scattering and preliminary studies by single
crystal x-ray diffraction. J Mol Biol 1988; 199:
389-94.

Bakouche O, Ichinoe Y, Heicappell R, Fidler
1J, Lachman LB. Plasma membrane-associated
tumor necrosis factor: a non-integral membrane
protein possibly bound to its own receptor. J
Immunol 1988; 140: 1142-7.

Hofsli E, Bakke O, Nonstad U, Espevik T. A
flow-cytometric and immunofuorscence micros-
copic study of tumor necrosis factor production
and localization in human monocytes. Cell Immu-
nol 1989; 122: 405-15.

Pennica D, Nedwin GE, Hayflick JS, et al.
Human tumor necrosis factor: precursor structu-
re, expression and homology to lymphotoxin.
Nature 1984; 312: 724-9.

Taguchi T, Sohmura Y. Clinical studies with
TNF. Biotherapy 1991, 3: 177-86.

Dascombe MJ, Rothwell NJ, Sagay BO, Stock
M1J. Pyrogenic and thermogenic effects of inter-
leukin 1B in the rat. Am J Phisiol 1989; 256:
E7-E11.

Bodnar RJ, Pasternack GW, Mann PE, Paul D,
Warren R, Donner DB. Mediation of anorexia
by human recombinant tumor necrosis factor
through a peripheral action in the rat. Cancer
Res 1989; 49: 6280-4.

Okusawa S, Gelfand AJ, Ikejima T, Connoly
RIJ, Dinarello CA. Interleukin 1 induces a shock-
like state in rabbits: synergism with tumor necro-
sis factor and the cffect of cyclooxygenase inhibi-
tion. J Clin Invest 1988; 81: 1162-72.

Kapas L, Krueger MJ. Tumor necrosis factor-f8
induces sleep, fever, and anorexia. Am J Phisiol
1992; 263: R703-R707.

Kapas L, Hong L, Cady A, et al. Somnogenic,
pyrogenic, and anorectic activities of tumor ne-
crosis factor-a and TNF-a fragments. Am J Phi-
siol 1992; 263: R708-R715. ‘
Grau GE, Piquet PF, Vassali P, et al. Tumor
necrosis factor and other cytokines in cerebral
malaria: Experimental and clinical data. Immu-
nol Rev 1989; 112: 449-54.



70.

71.
72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

TNF-a: Biological activities and mechanisms of action 41

Schall TJ, Lewis M, Koller KJ, et al. Molecular
cloning and expression of a receptor for human
tumor necrosis factor. Cell 1990; 61: 361-70.
Bonavida B. Immunomodulatory effect of tumor
necrosis factor. Biotherapy 1991; 3: 127-33.
Pfizenmaier K, Scheurich P, Shulter C, Kronke
M. Tumor necrosis factor enhances HLA A, B,
C, and HLDA DR gene expression in human
tumor cells. J Immunol 1987; 138: 975-80.
Georg B, Helseth E, Lund LR, et al. Tumor
necrosis factor-alpha regulates mRNA for uroki-
nase type plasminogen activator and type-1 pla-
sminogen activator inhibitor in human neoplastic
cell lines. Moll Cell Endocrinol 1989; 61: 87-96.
Trinchieri GM, Koyabashi M, Rosen M, London
R, Murphy M, Perussia B. Tumor nccrosis factor
and lymphotoxin induce differentiation of human
myeloid cell lines in synergy with immunc inter-
feron. J Exp Med 1986; 164: 1206-12.

Phillip R, Epstein LB. Tumor necrosis factor as
immunomodulator and mediator of monocyte
cytotoxicity induced by itself, y-interferon and
interleukin-1. Nature 1986; 323: 86-9.
Verstovsek S, Maccubbin D, Ehrke MJ, Mihich
E. Tumorocidal activation of murine resident
peritoneal macrophages by interleukin 2 and
tumor necrosis factor o. Cancer Res 1992; 52:
3880-5.

Bachwich PR, Chensue SW, Larrick JW, Kunkel
SL. Tumor nccrosis factor stimulates interlcukin-
1 and prostaglandin E, production in resting
macrophages. Biochem Biophys Res Commun
1986; 136: 94-101.

Bauer J, Ganter U, Geiger T, et al. Regulation
of interleukin 6 expression in cultured human
blood monocytes and monocyte derived macrop-
hages. Blood 1988; 72: 1134-40.

Matsushima K, Morishita K, Yoshimura T, et al.
Molecular cloning of a human monocyte-derived
neutrophil chemotactic factor (MDNCEF) and the
induction of MDNCF mRNA by IL 1 and TNF.
J Exp Med 1988; 167: 1883-93.

Lowenthal JW, Ballard DW, Bogerd H, Boh-
nlein E, Greene WC. Tumor necrosis factor-a
activation of the IL-2 receptor-a gene involves
the induction of #B-specific DNA binding pro-
teins. J Immunol 1989; 142: 3121-8.

Ostensen ME, Thiele DL, Lipsky PL. Tumor
necrosis factor o enhances cytolytic activity of
human natural Kkiller cells. J Immunol 1987; 138;
4185-91

Schmiegel W, Roeder C, Schmielau J, Rodeck
U, Kalthoff H. Tumor necrosis factor o induces
the expression of transforming growth factor o
and the epidermal growth factor receptor in
human pancreatic cancer cells. Proc Natl Acad
Sci USA 1993; 90: 863-7.

Old LJ. Tumor necrosis factor (TNF). Science
1985; 230: 630-2.

Le J, Vil¢ek J. Biology of disease. Tumor necro-
sis factor and interleukin-1: Cytokines with mul-
tiple overlapping biological activities. Lab Invest
1987; 56: 234-48.

Beutler B, Cerami A. Tumor necrosis cachexia,
schock and inflammation: A common mediator.
Annu Rev Biochem 1988; 57: 505-18.

Fillipak M, Sparks RL, Tzen C, Scott RE. Tumor

87.

88.

89.

90.

91.

92.
93.

94.

95.

96.
97.

98.

99.

100.

101.

102.

103.

104.

105.

nccrosis factor inhibits the terminal cvent in
mesenchymal stem cell differentiation. J Cell
Physiol 1988; 137: 367-73.

Pillai S, Bilke DD, Eessalu TE, Aggarwal BB,
Elias PM. Binding and biological effects of tumor
necrosis factor alpha on cultured human neonatal
foreskin keratinocytes. J Clin Invest 1989; 83:
816-21.

Opp MR, Kapas L, Toth LA. Cytokine involve-
ment in the regulation of sleep. PSEBM 1992:
201: 16-27.

Grunfeld C, Feingold RK. The mectabolic effects
of tumor necrosis factor and other cytokines.
Biotherapy 1991; 3: 143-58.

Haranaka K. Antiproliferative and proliferative
effects of TNF on normal and tumor cells. Bio-
therapy 1991; 3: 121-5.

Gifford GE, Duckworth HD. Introduction to
TNF and related lymphokines. Biotherapy 1991;
3: 103-11.

Maury CPJ. Tumour necrosis factor - an over-
view. Acta Med Scand 1986; 220: 387-94.

Rook AWG, Taverne J, Playfair HLJ. Evalua-
tion of TNF as antiviral, antibacterial and antipa-
rasitic agent. Biotherapy 1991; 3: 167-75.
Shibata M, Blatteis CM. Differential effects of
cytokines on thermosensitive neurons in guinca
pig preoptic arca slices. Am J Physiol 1991; 261:
R1096-R1103.

Sersa G, Willingham V, Milas L. Anti-tumor
cffects of tumor necrosis factor alone or combi-
ned with radiotherapy. Int J Cancer 1988; 42:
129-34.

Neta R, Oppenheim JJ. Cytokines in therapy of
radiation injury. Blood 1988; 72: 1093-5.
Sugarman BJ, Aggarwal BB, Hass PE, Figari IS,
Palladino MA, Shepard HM. Recombinant tu-
mor necrosis factor a: cffects on proliferation of
normal and transformed cells in vitro. Science
1985; 230: 943-5.

Jaitteld M. Biology of discase. Biological activi-
ties and mechanisms of action of tumor necrosis
factor-a/cachectin. Lab Invest 1991; 64: 724-42.
Schuger L, Varani J, Marks RM, Kunkel SL,
Johnson KJ, Ward PA. Cytotoxicity of tumor
necrosis factor alpha for human umbilical vein
endothelial cells. Lab Invest 1989; 61: 62-8.
Palombella VI, Viléek J. Mitogenic and cytotoxic
actions of tumor necrosis factor in BALB/c 3T3
cells: role of phospholipasc activation. J Biol
Chem 1989; 264: 18128-36.

Fiers W. Tumor nccrosis factor: characterization
at the molecular, cellular and in vivo level. FEBS
Lett 1991; 285: 199-212.

Watanabe N, Umetsu T, Sonec H, ef al. Stimula- -
tion of antitumorigenic cytotoxicity in macropha-
ges by tumor necrosis factor. Cancer J 1988; 2:
165-8.

Nakano K, Okugawa K, Furuichi H, Matsui Y,
Sohmura Y. Augmentation of the generation of
cytotoxic T lymphocytes againstsynergenic tumor
cells by recombinant human tumor nccrosis fac-
tor. Cell Immunol 1989; 120: 154-64.

Shau H. Cytostatic and tumorocidal activities of
tumor necrosis factor-treated neutrophils. /mmu-
nol Lett 1988; 17: 47-51.

Manda T, Shimomura K, Mukumoto S, et al.



42

106.

107.

108.

109.

110.

111

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Novakovié¢ S and Jezersek B

Recombinant tumor necrosis factor-e: evidence
of an indirect mode of activity. Cancer Res 1987;
47: 3707-11.

Madhevan V, Malik STA, Macger T, Fiers W,
Hart . Role of tumor necrosis factor in flavone-
accticacid-induced tumor vascularity shutdown.
Cancer Res 1990; 50: 5537-42.

Naworth PD, Hanafley G, Matsueda R. er al.
Tumor necrosis factor/cachectin induced intravas-
cular fibrin formation in meth A sarcoma. J Exp
Med 1988; 168: 637-43.

Asher A, Mule JJ, Reichert CM, Shiloni E,
Rosenberg SA. Studies on the antitumor cfficacy
of systemically administered recombinant tumor
necrosis factor against several murine tumors in
vivo. J Immunol 1987; 138: 963-74.

Tsujimoto M, Yip YK. Vil¢ek J. Tumor necrosis
factor: specific binding and internalisation in
sensitive and resistant cells. Proc Natl Acad Sci
USA 1985; 82: 7626-30.

Mosselmans R, Hepburn A, Dumint JE, Fiers
W, Galandm P. Endocytic pathway of rccombi-
nant murine tumor necrosis factor in L-929 cells.
J Immunol 1988; 141: 3096-100.

Hasegawa Y, Bonavida B. Calcium-independent
pathway of tumor necrosis factor mediates lysis
of target cells. J Immunol 1989; 142: 2670-6.
Smith MR, Munger WE, Kung H, Takacs L,
Durum SK. Direct evidence for an intracellular
role for tumor necrosis factor. J Immunol 1990:
144: 162-9.

Loctscher H, Stucber D. Banner D, Mackay F,
Lesslauer W. Human tumor necrosis factor o
(TNFe) mutations with exclusive specificity for
the 55-kDa or 75-kDa TNF receptors. J Biol
Chem 1993; 268: 26350-7.

Beyaert R, Fiers W. Molecular mechanisms of
tumor necrosis factor-induced cytotoxicity. What
we do understand and what we do not. FEBS
Lett 1994; 340: 9-16.

Chaturvedi MM, LaPushin R, Aggarwal BB.
Tumor necrosis factor and lymphotoxin. J Biol
Chem 1994; 269: 14575-83.

Beutler B, van Huffel C. Unraveling function in
the TNF ligand and receptor families. Science
1994; 264: 267-8.

Crowe PD, VanArsdale TL, Walter BN, et al.
A lymphotoxin-f-specific receptor. Science 1994;
264: 707-10.

Kishimoto T, Taga T. Akira S. Cytokine signal
transduction. Cell 1994; 76: 253-62.

Heller AR, Song K, Fan N, Chang DJ. The p70
tumor nccrosis factor receptor mediates cytotoxi-

city. Cell 1992; 70: 47-56.

Matthews N. Antitumor cytotoxin produced by
human monocytes: studics on its modc of action
Brit J Cancer 1983; 48: 405-10.

Wong GHW, Elwell JH, Oberley LW, Goeddel
DV. Manganese superoxide dismutase is cssential

for cellular resistance to cytotoxicity of tumor
necrosis factor. Cell 1989; 58: 923-31.

Okamoto T, Watanabe N, Yamauchi N, er al.
Endogenous tumor necrosis factor exerts its pro-
tective function intracellularly against the cytoto-
xicity of exogenous tumor necrosis factor. Cancer
Res 1992; 52: 5278-81.

123.

124.

125.

126.

127.

128.
129.

130.

131.

132.

133.

135.

136.

Yamauchi N, Kuriyama H, Watanabe N, Neda
H. Macda M. Niitsu Y. Intracellular hydroxyl
radical production induced by recombinant hu-
man tumor nccrosis factor and its implication in
the killing of the tumor cells in vitro. Cancer Res
1989; 49: 1671-5.

Lancaster JR. Laster SM, Gooding LR. Inhibi-
tion of target cell mitohondrial clectron transfer
by tumor nccrosis factor. FEBS Lett 1989; 248:
169-74.

Piacibello W. Sanavio F. Severino A. et al.
Opposite cffect of tumor nccrosis factor alpha
on granulocyte colony-stimulating factor and gra-
nulocyte-macrophage colony-stimulating factor-
dependent growth of normal and leukemic hemo-
poictic progenitors. Cancer Res 1990; 50: 5065-
72.

Reid CDL, Stackpoole A, Meager A, Tikerpae
J. Interactions of tumor neccrosis factor with
granulocyte-macrophage colony-stimulating fac-
tor and other cytokines in the regulation of
dendritic cell growth in vitro from carly bipotent
cd34* progenitors in human bone marrow. J
Immunol 1992; 149: 2681-8.

Vine JB. Geppert TD, Lipsky PE. T4 cell activa-
tion by immobilized PHA: differential capacity
to induce IL-2 responsiveness and IL-2 produc-
tion. J Immunol 1988; 141: 2593-600.

Malik S, Balkwill FR. Tumor neccrosis factor. Br
Med J 1988; 296: 1214-4.

Bancroft GJ. Shechan KCF, Schreiber RD, Una-
nue ER. Tumor necrosis factor is involved in the
T cell dependenth. pathway of macrophage acti-
vation in Scid mice. J Immunol 1989; 143: 127-30.
Roitt IM. The acquired immune response: III -
Control. In: Roitt IM. ed. Essential immunology.
7th ed. Oxford: Blackwell Scientific Publications
1991: 153-72.

Higuchi M, Higashi N, Taki H, Osawa T. Cyto-
lytic mechanisms of activated macrophages: tu-
mor necrosis factor and L-arginine-dependent
mechanisms act synergistically as the major cyto-
lytic mechanisms of activated macrophages. J
Immunol 1990; 144: 1425-31.

Cox WG, Meclillo G, Chattopadhyay U, Mullet
D. Fertel HR, Varesio L. Tumor necrosis factor-
e-dependent production of reactive nitrogen in-
termediates mediates IFN-y plus IL-2-induccd
murine macrophage tumorocidal activity. J Im-
munol 1992; 149: 3290-6.

Jiang H, Stewart AC, Fast JD. Lecu WR. Tumor
target-derived soluble factor synergizes with IFN-
v and IL-2 to activatc ‘macrophages for tumor
necrosis factor and nitric oxide production to
mediate cytotoxicity of the same target. J Immu-
nol 1992; 149: 2137-46.

. Heller RA, Song K, Onasch MA, ef al. Comple-

mentary DNA cloning of a receptor for tumor
necrosis factor and demonstration of a shed form
of the receptor. Proc Natl Acad Sci USA 1990;
87: 6151-5.

Gehr G, Gentz R, Brockhaus M, Loetscher H,
Lesslauer W. Both tumor necrosis factor receptor
types mediate proliferative signals in human mo-
nonuclear cell activation. J Immunol 1992; 149:
911-7.

Hohmann HP, Remy R, Brockhaus J, et al. Two



137.

138.
139.

140.

141.

142.

143.

144.

146.

147.

TNF-a: Biological activities and mechanisms of action 43

different ccll types have different major receptors
for human tumor nccrosis factor (TNF alpha). J
Biol Chem 1989, 264: 14927-34.

Smith AC, Farrah T. Goodwin RG. The TNF
receptor supcrfamily of ccllular and viral pro-
teins: activation. costimulation. and dcath. Cell
1994; 76: 959-62.

Tartaglia AL, Goeddel VD. Two TNF receptors.
Immunol Today 1992; 13: 151-3.

Thoma B, Grell M, Pfizenmaicr K. ef al. Identi-
fication of a 50-kD tumor nccrosis factor (TNF)
receptor as the major signal transducing compo-
nent TNF responses. J Exp Med 1990; 172:
1019-23.

Brouckacrt P, Libert C, Everacrdt B, Fiers W.
Sclective species  specificity of tumor nccrosis
factor for toxicity in thc mousc. Lymphokine
Cytokine Res 1992; 11: 193-6.

Van Ostadec X, Vandcnabeele P, Everacrdt B.
et al. Human TNF mutants with sclective activity
on the p55 receptor. Nature 1993; 361: 266-9.
Tartaglia AL. Weber FR, Figari SI, Reynolds C,
Palladino AM. Gocddel VD. The two diffcrent
receptors for tumor nccrosis factor mediate dis-
tinct ccllular responses. Proc Natl Acad Sci USA
19915 88: 9292-6.

Wong HWG, Tartaglia AL. Lcc SM, Goceddel
VD. Antiviral activity of tumor nccrosis factor
(TNF) is signaled through the 55-kDa receptor,
type I TNF. J Immunol 1992; 149: 3350-3.
Kalthoff H, Rocder C, Brockhaus M. Thicle
HG, Schmicgel W. Tumor nccrosis factor (TNF)
up-regulates the expression of p75 but not p5S5
TNF receptors, and both receptors mediate, inde-
pendently of cach other, up-regulation of tran-
sforming growth factor o and cpidermal growth
factor receptor mRNA. J Biol Chem 1993: 268:
2762-6.

5. Godfrey RW, Johnson WJ, Hofstcin ST. Recom-

binant tumor nccrosis factor and interleukin-1
both stimulatc human synovial arachidonic acid
rclcase and phospholipid metabolism. Biocliem
Biophys Res Commun 1987; 142: 235-41.

Suffys P. Van Roy F, Ficrs W. Tumor necrosis
factor and interleukin-1 activate phospholipasc
in rat chondrocytes. FEBS Lett 1988; 232: 24-8.
Pfeilschifter J, Pignat W, Vosbeck K, ef al.
Interlcukin-1 and tumor neccrosis factor synergi-
stically stimulatc prostaglandin synthesis and
phospholipasc A; rcleasc from rat rcnal mesan-

148.

149.

150.

154.

156.

157.

gial cells. Biochem Biophys Res Commun 1989:
159: 385-94.

Sersa G, Milas L. Willingham V. Plesnicar S.
Synecrgism in cytotoxic action between tumor
necrosis factor alpha and interferon alpha. Period
Biol 1989; 91: 309-13.

Scr$a G. Willingham V. Milas L. Augmentation
of tumor nccrosis factor alpha cytotoxicity by
interferon alpha. Period Biol 1990; 92: 140-1.
Last-Barncy K, Homon CA, Faanes RB. et al.
Synergistic and overlapping activitics of tumor
nccrosis factor alpha and IL-1. J Immunol 1988;
141: 527-30.

. Young IMR. Wright AM. Myelopoiesis-associa-

ted immunc suppressor cells in mice bearing
metastatic Lewis lung carcinoma tumors: y inter-
feron plus tumor nccrosis factor o syncrgistically
reduces immunc suppressor and tumor growth-
promoting activitics of bonec marrow cclls and
diminishes tumor recurrence and metastasis.
Cancer Res 1992; 52: 6335-40).

. Moritz T, Kloke O, Nagcl-Hiemke N, er al.

Tumor nccrosis factor o modifics resistance to
interferon o in vivo: first clinical data. Cancer
Immunol Immunother 1992; 35: 342-6.

. Winkelhake JL, Stampfl S, Zimmerman RJ. Sy-

nergistic cffects of combination therapy with hu-
man rccombinant interleukin-2 and tumor necro-
sis factor in murinc tumor modecls. Cancer Res
1987; 47: 3948-53.

Agah R. Malloy B, Sherrod A, Bean P. Girgis
E, Mazumder A. Therapy of disscminated NK-
resistant tumor by the synergistic cffects of re-
combinant interlcukin-2 and tumor nccrosis fac-
tor. J Biol Response Mod 1989; 7: 140-51.

S. Pectre C, Gullberg U, Nilsson E, Olsson I.

Effccts of recombinant tumor nccrosis factor on
proliferation and diffcrentiation of lcukemic and
normal hemopoictc cclls in vitro. J Clin Invest
1986; 78: 1694-700.

Gaspercetto C, Laver J, Abboud M, et al. Effects
of IL 1 on hematopoictic progenitors: cvidence
of stimulatory and inhibitatory activitics in a
primatc model. Blood 1989; 74: 547-50.

Dc Benedetti F, Falk LA, Ellingsworth LR,
Ruscetti FW, Faltynck CR. Syncrgy between
transforming growth factor-f and tumor nccrosis
factor-a in the induction of monocytic differentia-
tion of human lecukemic cell lines. Blood 1990,
75: 626-32.



