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Summary.-Sera from rabbits injected with BCG and then with endotoxin contain
a factor (tumour-necrosis factor TNF) which, even at high dilutions, is cytotoxic in
vitro for mouse L cells and some other cell lines. Using a 51Cr-release assay, cyto-
toxicity was detected as early as 7-8 h after addition of TNF serum to L cells and cell
death was evident microscopically by 24 h. TNF was cytotoxic at 37°C but not at 21 °C
or 4°C, and acted on both dividing and non-dividing cells. The antimetabolites sodium
azide and dinitrophenol partially protected L cells from TNF, suggesting that
actively metabolizing cells are the most sensitive. Treatment of L cells with trypsin
did not delay cytotoxicity nor was cytotoxicity inhibited in the presence of various
saccharide derivatives of cell-surface glycoproteins. Rabbit TNF was remarkably
stable with a mol. wt. of 40-50,000. It was eluted with the more acidic serum proteins
on ion-exchange chromatography, but precipitated in 50o-saturated ammonium
sulphate. Sensitivity to TNF could not be correlated with tumourigenicity of several
animal and human lines tested nor with the production of C-type viruses.

IN recent years much attention has
been directed towards the immuno-
therapy of cancer, using agents which non-
specifically stimulate the immunological
system. Many of these agents (e.g. dextrans,
Bacillus Calmette-Guerin (BCG), Coryne-
bacterium parvrum) affect cells of the
macrophage series andthere is evidence that
such 'activated' macrophages can kill neo-
plastic but not normal cells (Holtermann
etal., 1973; Hibbs, 1974; Keller, 1974).
A number of macrophage products have

been reported to be cytotoxic for tumour
cells. For example, Ferluga et al. (1976)
have shown by in vitro experiments that
the complement breakdown product C3a
can kill tumour cells; both C3 and enzymes
capable of releasing the C3a moiety are
produced by macrophages (Schorlemmer
and Allison, 1976; McClelland and van
Furth, 1976). Currie and Basham (1975)
found that a labile macrophage product
couild kill tumour cells but not normal

cells. Carswell and co-workers (Carswell
et al., 1975; Green et al., 1976) have shown
that tumour-necrosis factor (TNF) a
putative macrophage product, has anti-
tumour activity. TNF obtained from the
serum of mice injected with BCG and
2 weeks later with endotoxin, induced
necrosis in a transplanted mouse tumour
and killed some types of tumour cell in
vitro. Most of their experiments were per-
formed with mouse TNF, but they found
in preliminary experiments that material
with similar characteristics could be pro-
duced in other species, including rabbits.
We have also found that sera from

rabbits injected with BCG and then with
endotoxin contain a factor which is
cytotoxic in vitro for L cells and some
other tumour cell lines. The mode of
action and molecular characteristics of
rabbit TNF have been investigated using
mouse L cells as highly sensitive target
cells.
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MATERIALS AND METHODS

TNF production.-Lipopolysaccharide B
or W from E. coli 055:B5 (endotoxin) was
obtained from Difco Laboratories, Detroit,
U.S.A. and BCG vaccine BP (percutaneous)
from Glaxo Laboratories Ltd, Greenford.
New Zealand white rabbits (2-2.5 kg) of
either sex were injected i.v. with 50-250
X 106 viable BCG organisms, followed 14
days later by i.v. injection of 100 ,ug endo-
toxin. The rabbits were bled immediately
before the endotoxin injection (control serum)
and 2 h after the injection (TNF serum).

Cell lines.-Mouse L cells (Sanford et al.,
1948) and the RK13 line of rabbit kidney
cells (Beale et al., 1963) were purchased from
Gibco Bio-Cult, Glasgow. The A9 derivative
of L cells (Littlefield, 1964) lacking hypoxan-
thine-guanine phosphoribosyl transferase was
obtained from Flow Laboratories, Irvine,
Scotland. MuLV-3T3, a line of mouse
BALB/c-3T3 cells infected with Moloney
murine leukaemia virus was provided by
Professor D. Burke, Warwick University.
SVCBAK (Watkins and Sanger, 1977) is a line
of CBA mouse kidney cells transformed with
SV40 virus. MMT is an in vitro line derived
from a spontaneous mammary adenocar-
cinoma in a CBA mouse (Watkins, 1977).
The BHK(TK-) line is a derivative of the
hamster fibroblast line BHK21 (MacPherson
and Stoker, 1962) and was obtained from
Professor H. Harris, Oxford University. B16,
a murine malignant melanoma cell line, was
obtained from Dr A. Cochrane, Glasgow
University. Mel364 is a line of human malig-
nant melanoma cells derived from Dr R. H.
Whitehead, Welsh National School of Medi-
cine. The HT94 line was derived from a
human anaplastic thyroid carcinoma (Wat-
kins, 1977).

Cytotoxicity assay.-For cytotoxicity assays
75 ,ul ot L cell suspension (105/ml) was mixed
with 75 jul of TNF or control serum dilutions
in culture medium in a Sterilin flat-bottomed
microplate (M29ARTL) 8 replicate wells
being used for each serum dilution. The
culture medium was Eagle's minimum essen-
tial medium with 20%/ foetal calf serum and
cultures were incubated for various times in
an atmosphere of 5% CO2:95% air at 37°C,
unless otherwise stated. On termination of
the incubation, the attached cells were

washed twice with saline, fixed for 10 min
with methanol and stained with Giemsa. An

assessment of the number of cells in each
well of the microplate was made by locating
the centre of the well at low magnification,
changing to the high-power objective and
then counting all the cells in a constant area
of the field at X 800 magnification. The %
cytotoxicity was calculated from the formula
100(a - b)/a where a and b are the mean
number of cells in wells with control and test
serum, respectively.
Chromium release assay.-Cells (106) were

labelled with 51Cr by incubation for 1 h at
37°C with 100 ,uCi Na251CrO4 (The Radio-
chemical Centre, Amersham) in 1 ml medium
and washed x 3 before use. Equal volumes
(75 ILI) of labelled cells (1.3 x 105ml) and
serum dilutions were mixed in Sterilin micro-
plates and incubated at 37°C in 5%CO2:950/)
air. After various times, 75 pl of the super-
natant was removed for y counting. The
% cytotoxicity was calculated from the
formula 100(a - b)/(c - b) where a, b and c
are the mean ct/min released from 3 repli-
cate cultures of test serum, medium and
detergent solution, respectively. Background
release in the presence of medium was less
than 30% over 16 h; detergent solution
(Nonidet 1% in distilled water) released more
than 90% of the 51Cr. The standard deviation
of replicate cultures was always less than
10% of the mean.
Mitomycin C treatment.-Equal volumes

(75 1l) of L cell suspension (105/ml) and
mitomycin C (Sigma, London) (1 ,g/ml) were
mixed in microplate wells, incubated over-
night at 37°C and the attached cells were
washed x 3 with saline before use.

Measurement of protein synthesis by
3H-leucine uptake.-Cultures were set up as
for the cytotoxicity assay, with the addition
of 40 pl medium containing 1 uCi L-
(4,5-3H) leucine (The Radiochemical Centre).
After incubation for the required time, the
the supernatant was sucked off and the L cells
were detached with trypsin/EDTA solution.
Using a Multiple Culture Harvester (Cryotech,
Abingdon) the cells were filtered on to glass-
fibre discs, washed sequentially with saline,
5% trichloroacetic acid and methanol, and
immersed in scintillation fluid for : counting.

Electron microscopy.-Cell monolayers were
fixed in 2.5% glutaraldehyde in 0-IM phos-
phate buffer for 1 h and post-fixed for 1 h in
1% osmium tetroxide. After dehydrating in a
graded series of alcohol solutions, the mono-
layer was scored into about 1 cm squares.
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These were removed from the plastic culture
dish with propylene oxide. Tile monolayer
squares wvere embedded in Epon, and the
sections stained with uranyl acetate and lead
citrate (Reynolds, 1963). Stained sections
were examined on a Philips EM300.
Tumourigenicity.-All lines except BHK

(TK-) and MMT were tested by s.c. injection
of 5 X 106 - 107 cells in 0-1 ml of saline
into 2-month-old athymic (nu/nu) mice.
BHK(TK-) cells were injected s.c. into adult
Syrian hamsters Tumour production was
considered positive in athymic mice if a
progressively enlarging nodule appeared with-
in 3 w-eeks of injection. BHK(TK-) tumours
progressively enlarged over a period of 2-3
months, at the end of which the animal was
killed. MMT cells (106) were injected s.c. into
3-month-old female CBA mice.
Serum fractionation.-Ammonium sul-

phate precipitation was performed by drop-
wise addition with stirring of the appropriate
amount of saturated ammonium sulphate
solution (pH 6.5) to serum at 4°C. After 4 h
at 4°C, the mixture was centrifuged at
37,000 g for 20 min. The precipitate (dis-
solved in the minimum volume of H20) and
supernatant were dialysed exhaustively
against phosphate buffered saline, pH 7-3
(PBS) and adjusted to 4 x the original
serum volume.
Upward-flow gel-filtration in sterile PBS

was performed with a 58 x 2-2 cm Sephadex
G-200 (Pharmacia) column with a flow rate
of 5 ml/h. For ion-exchange chromatography
with DEAE-Sepharose (Pharmacia), a
22 x 1 cm column was used at a flow rate
of 21 ml/h. The starting buffer was 0-1M
phosphate, pH 5-8, and a linear gradient of
5 column volumes was applied to 0-2M
phosphate, pH 4-4. For cytotoxicity tests,
fractions were dialysed against PBS, sterilized
using a 0-2 jum filter and diluted to give a
final culture dilution of 1/200 with respect to
the original volume of serum.

RESULTS

Cytotoxicity of rabbit TNF serum
Even at high dilutions, TNF serum,

but not control serum from the same
rabbit, was cytotoxic to mouse L cells in
a 4-day assay (Table I). The damaged cells
were more refractile, shrunken, weakly
adhesive to plastic, and could be stained
with trypan blue. Cytotoxicity was not
due to endotoxin itself, as addition of
endotoxin to control serum at a concen-
tration of 0 5 ,tg/ml (a concentration com-
parable to that achieved in vivo by i.v.
injection of 100 ,ug endotoxin) did not
kill the cells. When cells were counted
daily, TNF killed most of the L cells within
24 h and there was no increase in cell
numbers over the next 3 days, in contrast to
cultures with control serum (Fig. l a and c).

Relationship of cell growth and metabolism
to TN\F sensitivity
To investigate whether TNF serum

acts on dividing cells a cytotoxicity assay
was performed at a temperature (21 C) at
which L cells do not divide. Even after
4 days at 21°C, the TNF serum had not
diminished cell numbers (Fig. lb). How-
ever, L cells which had been rendered
incapable of division by mitomycin C
were killed by TNF serum at 37°C
(Fig. 1c). Similar results were obtained
using pretreatment with colcemid (0.1
,ug/ml) or colchicine (4 jg/ml) to block
cell division. These results suggest that
TNF does not kill non-growing cells at
21°C but does kill non-growing (inhibited)
cells at 37°C. At 21°C cellular metabolism
is reduced, and it is possible that only
actively metabolizing L cells are sensitive

TABLE I. Effect of TNF or control serum on L cell numbers in a 4-day cytotoxicity assay
No. of L cells* per field at serum dilutions of:

Serum
Control
TNF
00 cytotoxicity

1/20 1/80 1/320 1/1280
73-8+6-5 84-4± 7-8 78-5±9-5 72-1±9-4
0 - 5± 0 - 8 1 0± 0 9 0-9±0-6 4-8±2-7

99.3 98-8 98.9 93.3
* Mean ± s.d. of 8 replicates.

1/5120
77 8J8 8
28 *3±5-2

63-7
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to TNF. A number of metabolic inhibitors
were therefore tested for their effect on
TNF-induced cytotoxicity at 3700, but
most of them were themselves cytotoxic
under the conditions of the assay. How-
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ever, by using a short-term (16 h) 51Cr-
release assay it was possible to investigate
the effect of 2 inhibitors, sodium azide
and dinitrophenol. At the concentrations
used, L cell leucine incorporation was
reduced by,-, 25% by sodium azide and

70% by dinitrophenol. Both inhibitors
reduced the effectiveness of TNF, especi-
ally at lower TNF concentrations (Fig. 2).

Time course of cell killing by TNF
The time course of TNF action was

z studied in more detail in 2 ways. In
T the first set of experiments, L cells were

exposed to TNF for various periods of
time at 40C or 37°C, washed x 5 and
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FIG. 1.-L cells were incubated in 1/20
dilutions of TNF serum or control serum,
or in culture medium, and the live cells
were counted daily. Incubation through-
out at (a) and (c) 37°C, (b) 21°C. Symbols:
(U) 1/20 TNF serum; (A) 1/20 control
serum; (') culture medium; (OI) 1/20
TNF serum, cells pretreated with mito-
mycin C; (A) 1/10 control serum, cells
pretreated with mitomycin C.
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FIG. 2.-Effect of sodium azide and dinitro-
phenol on TNF cytotoxicity. L cells were
incubated at 37°C for 16 h in dilutions of
TNE serum in the presence of (0) 1-5 x
10-3M sodium azide, (A) 2-5 x 10-3M
dinitrophenol or (A) control medium. Cyto-
toxicity was measured by a 51Cr-release
assay.

TABLE II.-Effect on L cells of exposure to TNF for different times at 40C or 370C
Duration of
pre-exposure
to 1/20 TNF
serum (h)
1

7

24

% cytotoxicity after
Temperature of % cytotoxicity 3 days further
pre-exposure immediately after incubation in normal

(OC) pre-exposure medium at 37°C
4

37
4

37
4

37

9.8
-1-7
-3 3
11- 8
9 3

61 - 3

9-7
-1*1
9.4

20.3*
79 * 3**
98 8**

By Student's t test *P < 0-05, **P < 0-01
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fresh medium without TNF before count-
ing cell numbers. Exposure to TNF serum
for 1 h or 7 h at either 4°C or 37°C did
not cause subsequent cell death (Table II).
However, exposure for 24 h at 4°C killed
L cells after subsequent incubation in
fresh medium at 37°C. TNF must there-
fore be present continuously for longer
than 7 h to exert its effect. In the second
set of experiments, the onset of cell death
in L cells continuously exposed to TNF
serum was studied using the more sensi-
tive 51Cr-release technique. By this
criterion, cytotoxicity was first detect-
able after about 8 h exposure to TNF
(Fig. 3). No reduction in protein synthesis
has been noted up to 8 h after the addition
of TNF, although a decrease was usually
seen by 16 h. This suggests that TNF
does not act by directly inhibiting protein
synthesis.

Effect of trypsin or saccharides on sensi-
tivity to TNF
The effect of trypsin treatment was

examined because of the possibility that
trypsin-sensitive TNF membrane recep-
tors might exist. Trypsin pretreatment

60

of L cells in fact enhanced cytotoxicity
(Fig. 3). Competition experiments with
mannopyrose, ot methyl D mannoside,
fucose, galactose, lactose, N-acetylgalacto-
samine or N-acetyl neuraminic acid (at
concentrations up to 50 ,ug/ml) and TNF
at 1/160 failed to demonstrate any
inhibition of cytotoxicity after 4 days
incubation at 37°C.

T.NAF sensitivities of L cell derivatives
A confluent monolayer of L cells (about

107 cells), grown in a plastic bottle, was
incubated at 37°C with TNF 1/300 in
growth medium and dead cells were
discarded and replaced with fresh medium
containing 1/300 TNF serum. After a
further week's incubation, about 50 colo-
nies were beginning to develop, and
these became confluent after a further
2 weeks. The culture has subsequentlv
been maintained continuously in the
presence of 1/300 TNF. These TNF-
resistant L cells are designated L/R. A9
cells were derived from L cells (Littlefield,
1964). The comparative sensitivities of
L, L/R, and A9 cells to varying dilutions
of TNF after 4 days incubation are shown
in Fig. 4. The sensitivity of A9 cells is
clearly intermediate between that of
IJ cells and L/R cells. Fig. 4 also shows the
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FIG. 3. The time course of TNT' (1/160)
cytotoxicity on untreate(l (A) or trypsin-
treated (A) L cells in a 51Cr-release assay.
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FIG. 4. Profiles of sensitivities of several
cell lines to different dilutions of TNF
serum in a 4-day cytotoxicity assay.
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profile of sensitivities of RK13 and MuLV
3T3 cells as sensitive controls, and B16
as an insensitive control.

Absence of correlation of TNF sensitivity
with tumourigenicity

Table III shows that sensitivity to
TNF bore no relation to the ability of

TABLE III.-Variation in TNP sensitivity
(4-day cytotoxicity assay) between tumnouri-
genicity

Cell line Tumourigenic in
L Athymic mouse
B16 Athymic mouse
SVCBAK Athymic mouse
MMT Adult CBA mouse
BHK(TK-) Adult Syrian

hamster
Mel364 Athymic mouse
HT94 Athymic mouse

% cytotoxicity
by 1/20 TNF

serum
99.3
2 -8

-2-1
-4 7
1*0

1.0
13 -2

the cell lines to give rise to progressive
tumours in suitable hosts. Primary mouse
embryo, hamster embryo, and human
skin fibroblasts were non-tumourigenic
and also insensitive to TNF.

C-type virus production in relationship to
TNF sensitivity

Over 90% of the cells of the L and
MuLV-3T3 lines used in this study were
producing C-type virus (Fig. 5a and c) and
both lines were highly sensitive to TNF
(Fig. 4). However, over 90% of the cells of
the TNF-resistant subline (L/R) of L
cells were also producing C-type virus
(Fig. 5b). No electron-microscopic evi-
dence of C-type virus production was
found for RK1 3 cells, which were highly
TNF sensitive (Fig. 4). These results
suggest that sensitivity to TNF is not
correlated with C-type RNA virus produc-
tion.

Partial physicochemical characterization of
TNF
No apparent loss in TNF activity

resulted from either repeated freezing and
thawing of TNF serum, or storage at
4°C for over 6 months. Heating for 15

(a)

(b)

(c)

FIG. 5.-Electron micrographs showing C-
type RNA virus production by (a) L cells,
(b) L/R cells and (c) MuLV-3T3 cells.
(Bar = 100 nm).

min at 56°C or 70°C produced less than
10% reduction in activity, but activity
was lost after heating for 15 min at 100°C.
TNF precipitated in 50%-saturated am-
monium sulphate solution and on gel-
filtration through Sephadex G-200 had
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FIG. 6.-Fractionation of TNF serum by (a)
gel filtration on a Sephadex G-200 column
(58 x 2-2 cm) or by (b) ion-exchange
chromatography on a DEAE-Sepharose
column (22 x 1 0 cm). The fractions were
tested at 1/100 dilutions for cytotoxicity
against L cells.

an apparent mol. wt of 40-50,000 (Fig. 6a).
On ion-exchange chromatography using
DEAE-Sepharose, TNF was eluted with
the mos-t acidic proteins at low pH
(Fig. 6b).

DISCUSSION

The results described here extend the
observation by Carswell et al. (1975) that
a "Tumour necrosis factor" (TNF) re-

sembling mouse TNF can be produced in
rabbits. These workers found that rabbit
TNF was active in vivo in mice bearing a

methylcholanthrene-induced tumour, but
they did not study its effect on a range of
cells in vitro. We have found that rabbit
TNF, like the mouse TNF of Carswell et
al. (1975) kills L cells with high efficiency.
Apart from L cells, the range of cell

types we examined, differs from the cells
Carswell et al. examined in studies on
mouse TNF, but they found that some
human tumours were sensitive (Helson

et al., 1975; Old, 1976). The 2 human
tumours we examined were insensitive to
rabbit TNF. It seems clear, from all these
observations, that "tumour necrosis fac-
tors" are effective only on a limited number
of cell types. Sensitivity to TNF in vitro
does not correlate with tumourigenicity
of cell lines. One may wonder whether
the term "tumour necrosis factor" can
be justified. Perhaps it would be better
to replace this term by one which is less
specific. A more suitable terminology may
have to await determination of the cellular
source of TNF.
The mechanism of action of TNF

remains obscure. The limited range of
sensitive cell types may indicate that
specific receptors are required. Our results
show that, if they exist on L cells, such
receptors are insensitive to trypsin, and
do not resemble receptors for lectins,
since the action of TNF was not inhibited
by saccharide derivatives of the common
cell-surface glycoproteins. Cell division
does not appear to be a prerequisite for
the action of TNF, since mitomycin-
treated L cells were as sensitive as un-
treated controls. The failure of rabbit
TNF to kill L cells at 21°C is consistent
either with a requirement for active cell
metabolism or with a possible enzymatic
role for TNF. Either of these possibilities
could explain the reduced sensitivity of
cells in the presence of sodium azide or
dinitrophenol.
The action of rabbit TNF on L cells is

not an immediate one, but requires at
least 7 h contact to become irreversible.
It may be that L cells are sensitive only
during a certain period of the cell cycle.
Against this view can be placed the fact
that exposure to TNF for 24 h at 40C,
followed by washing and continued incu-
bation in control medium at 37°C resulted
in death of about 80% of the cells.
Herberman et al., (1975) in studies on

the cytotoxicity of normal mouse spleen
lymphocytes against a range of tumour
cell lines, noted a possible relationship
between C-type virus production and
sensitivity. The fact that the TNF-
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resistant derivative (L/I') of L cells was
secreting C-type virus as abundantly as
the parental cells suggests that C-type
virus production does not confer sensitivity
to rabbit TNF. The possibility cannot be
ruled out, however, that L cells were
secreting 2 types of C-type virus, and
L/R cells only one. No C-type particles were
seen in RK13 cells, which were highly
sensitive, but it cannot be excluded that
these cells were showing partial expres-
sion of a C-type virus genome. Neverthe-
less, if sensitivity is due to C-type virus
expression, then not all murine C-type
viruses are capable of conferring sensitivity.

Rabbit TNF is remarkably stable, has
a mol. wt. of 40-50,000, and is eluted
with the more acidic proteins on ion-
exchange chromatography. However des-
pite its molecular size and ion-exchange
behaviour it is precipitated by 50%-
saturated ammonium sulphate solution.
Using an in vivo assay -for mouse
TNF, Green et al., (1976) estimated a
mol. wt. of 150,000, but otherwise
mouse and rabbit TNF have similar
physicochemical properties.
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