Recombinant Human Tumor Necrosis Factor-a: Effects on

Proliferation of Normal and Transformed Cells in Vitro

Abstract. Modulation of the growth of human and murine cell lines in vitro by
recombinant human tumor necrosis factor-a (rfTNF-o) and recombinant human
interferon-y (rIFN-v) was investigated. rTNF-a had cytostatic or cytolytic effects on
only some tumor cell lines. When administered together with rIFN-y, rTNF-a

showed enhanced antiproliferative effects on a subset of the cell lines tested. In
contrast to its effects on sensitive tumor cells, rTNF-a augmented the growth of
normal diploid fibroblasts. Variations in the proliferative response induced by rTNF-
a were apparently not due to differences in either the number of binding sites per cell
or their affinity for rTINF-a. These observations indicate that the effects of rTNF-a
on cell growth are not limited to tumor cells, but rather that this protein may have a

broad spectrum of activities in vivo.
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Stimulation of leukocytes with mito-
gens results in the secretion of a class of
proteins called cytokines. These immu-
nomodulatory proteins, which include
interleukin-2, interferon-y, and various

other factors, have multiple effects on
sensitive cells (/). One particular cyto-
kine, named tumor necrosis factor
(TNF), was originally identified as an
activity present in the sera of mice treat-
ed sequentially with the Mycobacterium
bovis strain Bacillus Calmette-Guerin
and endotoxin (2). This activity, thought
to be produced by macrophages, caused
hemorrhagic necrosis of Meth A sarco-
mas in vivo as well as inhibition of the
growth of certain murine and human
tumor cells in vitro (2—). Subsequent
experiments in vitro showed that anti-
bodies directed against a highly purified
cytotoxic polypeptide secreted from a
lymphoblastoid cell line (RPMI 1788)
could neutralize a TNF-like activity de-
rived from peripheral blood lymphocytes

but not macrophages (5). This implied
that at least two distinct cytotoxic fac-
tors are produced by leukocytes. Addi-
tional studies showed that mitogen-stim-
ulated macrophages produce TNF-a (6),
whereas TNF-B (7) is secreted by mito-
gen-stimulated lymphocytes (8).

The genes encoding both TNF-a and
TNF-B have been cloned, and the corre-
sponding proteins have been expressed
in Escherichia coli and purified to homo-
geneity (9, 10). Even though a compari-
son of the primary structure of these
proteins reveals that they are 50 percent
homologous (6), they appear to have
comparable cytostatic and cytolytic
properties in vitro (6, 8). Here we de-
scribe the response of 39 human and
murine cell lines to treatment with
recombinant TNF-a (rTNF-a) in vitro.
The results indicate that these cell lines
can be subdivided into three groups on
the basis of their response to rTNF-a
(Table 1). Several cell lines from each of
these groups were examined in more
detailed studies. Since IFN-y has been
reported to enhance the anticellular ef-
fects of TNF- (/1), we compared the
growth of eight cell lines for their re-
sponse to rTNF-a alone, recombinant
IFN-y (rIFN-y) alone, and combinations
of both cytokines. We also determined
whether the type of cellular response to
I'TNF-a could be correlated with the
number of binding sites or ligand affinity.
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Fig. 1. Response of human cell lines to treatment with rTNF-a and rIFN-y in vitro. Changes in the viability of eight cell lines after treatment with
either cytokine alone or with the two cytokines in combination. Symbols: (O) rTNF-a only; (@) rIFN- -y only; () rIFN-y (5 U/ml) plus various
doses of ITNF-a; (A) rIFN-y (50 U/ml) plus various doses of rTNF-a; (X) rIFN-y (500 U/ml) plus various doses of rTNF-a; (M) rIFN-y (5000
U/ml) plus various doses of rTNF-a. The specific activity of rTNF-a was 3.7 X 107 U/mg (6.3 X 10® U/umol) and rIFN-y was 4.0 x 10’ U/mg
(6.8 x 108 U/pmol). The assays used to determine the specific activity of each cytokine have been described (6, 8, 21). To determine thé relative
percent viability, we used a modification of a published procedure (/1). Portions (100 l) of cells (10° per milliliter) were dispensed into 96-well
microtiter plates. Appropriate amounts of rTNF-a and rIFN-y were added to a final volume of 200 ul. Cells were incubated for 72 hours, washed
three times with phosphate-buffered saline, fixed, and stained with 20 percent methanol containing 0.5 percent crystal violet. The dye was eluted
with 0.1M sodium citrate (pH 4.2) and 50 percent ethanol for 30 minutes at room temperature and the absorbance (OD) at 540 nm was measured.
The relative percent viability (RPV) was calculated as follows: RPV = [mean OD (drug-treated)/mean OD (non—-drug-treated)] X 100 where the
mean absorbance represents the average OD from six replicates (the coefficient of variance ranged from 0.5 to 4 percent).
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In the presence of rTNF-q, the viabili-
ty of three human carcinoma cell lines,
ME-180 (cervical), BT-20 (breast), and
MCEF-7 (breast), was reduced by 50 per-
cent at doses of 120 U/ml, 150 U/ml, and
500 U/ml, respectively (Fig. 1). ME-180
cells were also susceptible to growth
inhibition by rIFN-y (50 percent inhibi-
tion at 10 U/ml), whereas MCF-7 cells
(50 percent inhibition at about 3500
U/ml) and BT-20 cells (25 percent inhibi-
tion at 5000 U/ml) were only slightly
sensitive to its antiproliferative effects.
These data indicate that there is no cor-
relation between the sensitivity of these

Table 1. Summary of the responses of 39
human and murine cell lines to treatment with
r'TNF-a in vitro. Sensitivity to rTNF-a (at
concentrations of rTNF-a = 10,000 U/ml)
was determined by the crystal violet staining
procedure outlined in Fig. 1. Cell lines were
obtained as described (/9).

Cell lines

Human cells
Growth enhancement
CCD-18Co (normal colon)
Detroit 551 (normal fetal skin)
LL24 (normal lung)
WI-38 (normal fetal lung)
WI-1003 (normal lung)

Null response*
AS549 (lung carcinoma)
Calu-3 (lung carcinoma)
G-361 (melanoma)
HeLa (cervical carcinoma)
HT-1080 (fibrosarcoma)
KB (oral epidermoid carcinoma)
LS174T (colon carcinoma)
RD (rhabdosarcoma)
Saos-2 (osteogenic sarcoma)
SK-CO-1 (colon carcinoma)
SK-LU-1 (lung carcinoma)
SK-OV-3 (ovarian carcinoma)
SK-UT-1 (uterine carcinoma)
T24 (bladder carcinoma)
WI-38 VA13 (SV40-transformed WI-38)

Antiproliferative responset
BT-20 (breast carcinoma)
BT-475 (breast carcinoma)
MCF-7 (breast carcinoma)
ME-180 (cervical carcinoma)
SK-MEL-109 (melanoma)
SK-OV-4 (ovarian carcinoma)
WiDr (colon carcinoma)

Murine cells
Null response*
B16F10 (melanoma)
CMT-93 (rectal carcinoma)
S49 (lymphoma)
Antiproliferative responset
B6MS?2 (sarcoma)
B6MSS5 (sarcoma)
CMS4 (sarcoma)
CMS16 (sarcoma)
1.929 (fibroblast)
Meth A (sarcoma)
MMT (breast carcinoma)
SAC (Moloney-transformed 3T3)
WEHI-164 (sarcoma)
*Less than 25 percent cytostasis or cytotoxicity.

tGreater than or equal to 25 percent cytostasis or
cytotoxicity.
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cells to the antiproliferative effects of
I'TNF-a and rIFN-y.

‘Treatment of ME-180, BT-20, and
MCF-7 cells with i TNF-a and rIFN-y in
combination, at concentrations that are
ineffective when the cytokines are ad-
ministered alone, resulted in an en-
hanced antiproliferative response. With
concentrations of 5 U/ml for rTNF-a and
5 U/ml for rIFN-y, the relative cytotox-
icity to ME-180 cells was 75 percent
(Fig. 1). At these concentrations the ad-
ditive effect predicted by treatment with
either protein alone would have been 45
percent (Fig. 1). To determine if this
augmented antiproliferative response
was the result of synergistic interactions’
between r'TNF-a and rIFN-y, we sub-
jected the data to an isobologram analy-
sis (12). Figure 2 shows those concentra-
tions of rTNF-a or rIFN-y, or both,
which resulted in a 40 percent decrease
in cell viability. Marked departure below
the hyphenated diagonal is indicative of
synergistic interactions (/2). These re-
sults show that synergism between
rIFN-y and rTNF-a is not uniform
throughout the range of tested concen-
trations. It was optimum between 10 and
60 U/ml for rTNF-o. combined with 0.5
to 3.5 U/ml of rIFN-vy. A similar finding
was observed for BT-20 and MCF-7 cells
(Fig. 1). The enhanced cytotoxicity ob-
served in the presence of these two cyto-
kines suggests that they may act through
convergent cellular response pathways.

Three cell lines tested in detail were
relatively insensitive to the antiprolifera-
tive effects of rTNF-a. These include
WI-38 VA13 (subline 2RA), an SV40-
transformed derivative of WI-38, T24
bladder carcinoma, and Calu-3 lung car-
cinoma (Fig. 1). In each of these lines the
number of viable cells decreased 0 to 10
percent in the presence of ITNF-a up to
a concentration of 5000 U/ml. In con-
trast, the response of these cell lines to
rIFN-y was variable. Growth of WI-38
VA13 (subline 2RA) was reduced by 35
percent at 5000 U/ml; viability of T24
bladder carcinoma cells was decreased
by 60 percent at a dose of only 50 U/ml,
and did not change with increasing doses
of rIFN-y; and a 15 percent loss in
viability was observed with Calu-3 in the
range of 500 to 5000 U of rIFN-y per
milliliter. Treatment of either T24 or
Calu-3 cells with both cytokines in com-
bination did not result in a synergis-
tic antiproliferative response. However,
treatment of WI-38 VA13 (subline 2RA)
cells with both rTNF-a and rIFN-vy re-
sulted in synergistic growth inhibition
(Fig. 1). Therefore, lack of responsive-
ness to rTNF-a does not preclude syner-
gism between rTNF-a and rIFN-y.

The response of normal diploid skin
(Detroit 551) and lung (WI-38) fibroblasts
to treatment with rTNF-a appéars to be
affected in a manner completely different
from other cell lines examined. Their
growth was stimulated in the presence of

Table 2. A comparison of rTNF-a binding to
ME-180, WI-38, and T24 cells. The rTNF-a
binding assay was done as described (20).
Confluent monolayers (~2 x 10° cells) grown
in 12-well plates were incubated with 2 x 10°
counts. per minute of !*’I-labeled rTNF-a
(~850 nCi/nmol) and various concentrations
of unlabeled rfTNF-a at 37°C for 2 hours.
After incubation, the cells were washed three
times with the incubation medium (McCoy’s
5A medium plus 10 percent fetal bovine se-
rum), solubilized with 2 percent sodium dode-
cyl sulfate, and counted for bound radioactiv-
ity. Binding affinities and number of binding
sites were determined from Scatchard analy-
sis. Data were corrected for nonspecific bind-
ing in the presence of a 1000-fold excess of
unlabeled rTNF-a. Results are the average of
triplicate determinations + standard error of
the mean.

cell Average
€
; K. (n number
line o (M) of binding
sites per cell
ME-180 0.31 = 0.055 2250 + 128
WI-38 0.22 = 0.051 2172 + 672
T24 0.25 = 0.133 1512 * 205
100

Dosage of rTNF-a (U/ml)

Dosage of rIFN-Y (U/ml)

Fig. 2. An isobologram depicting synergism
between rTNF-a and rIFN-y. The solid line
represents doses of cytokines which cause a
40 percent reduction in ME-180 viability. The
hyphenated line represents the hypothetical
amounts of rTNF-a and rIFN-y required to
cause this same decrease in viability if the
interactions were additive (12). Results are
the average of quadruplicate determinations
(the range of the coefficient of variance was
from 0.5 to 5 percent).
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r'TNF-a. There was a 20 percent increase
in the number of Detroit 551 cells in the
presence of 50 to 5000 U of rTNF-« per
milliliter compared to untreated cells
(Fig. 1). WI-38 cells showed a more
marked dose-dependent effect. There
was a 50 percent increase in growth at
500 U of rTNF-a per milliliter. The pro-
liferative response of each of these cell
lines in the presence of rIFN-y alone was
also different. WI-38 cell growth was
neither enhanced nor diminished, where-
as Detroit 551 showed a slight increase
(10 to 20 percent) in the presence of
rIFN-v (Fig. 1). Treatment of Detroit 551
with both cytokines resulted in further
growth enhancement. WI-38 cells, when
treated with various combinations of
both cytokines, showed an increase in
cell number intermediate between the
levels observed with either rTNF-a or
rIFN-vy alone. Thus, in contrast to the
growth inhibitory properties of these
proteins, their growth-enhancing proper-
ties did not appear to be synergistic.

The enhancement of growth by rTNF-a
was confirmed by monitoring changes in
DNA synthesis as assayed by [*H]thymi-
dine uptake. Briefly, WI-38 cells were
treated in vitro with various concentra-
tions of rTNF-a for 24, 48, and 72 hours
and the amount of [*H]thymidine incor-
porated was compared between treated
and untreated cultures (Fig. 3). The
amount of [*H]thymidine incorporated
into WI-38 cells increased with the con-
centration of rTNF-a and appeared to
plateau between 50 and 500 U/ml. This
response was completely abrogated (Fig.
3, solid bars) when rTNF-a was preincu-
bated with a monoclonal rTNF-a anti-
body which by itself had no effect on cell
growth. Polymyxin B, which binds bac-
terial endotoxin and thus inhibits its ef-
fect on growth (/3), had no effect on
rTNF-a enhanced proliferation of WI-38
cells (I4). These data substantiate the
conclusion that rTNF-a is a positive
growth regulator for WI-38 cells. The
bifunctional regulatory nature of rTNF-a
1is unusual among protein hormones, al-
though transforming growth factor-g (15)
and tumor cell growth—inhibiting factors
(16) are reported to possess both growth-
enhancing and inhibitory properties.

To determine whether the different
cellular responses to rTNF-a could be
attributed to some heterogeneity in
r'TNF-a binding sites, we examined the
binding of radiolabeled rTNF-a to
ME-180, T24, or WI-38 cells. These data
(Table 2) indicate that an equivalent
number of rTNF-a binding sites (about
2000) was present on the surface of these
cells, and that the binding sites had a
similar affinity for the ligand (approxi-
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mately 0.3 nM). Thus, the diverse prolif-
erative responses of these three cell lines
is not reflected in variations of binding
site number or affinity. However, this
does not exclude the possibility that
there are other classes of cells that show
no response to rTNF-a because they
have a deficient number of binding sites.
These data demonstrate the existence
of three classes of cells that can be
distinguished by their response to
rTNF-a. The effect of rTNF-a on cells
may be antiproliferative (for example,
ME-180) or growth-enhancing (for exam-
ple, WI-38). rTNF-a has a minimal mod-
ulatory effect on the growth of cells of
the third class. In the case of the T24
bladder carcinoma cell line, the resist-
ance to rTNF-a is not due to a lack of
r'TNF-a binding sites (Table 2), but could
be due to the absence of a subsequent
biochemical activity elicited in sensitive
cells after rTNF-a binds to its receptor.
Such a finding has been reported for
insulin resistance in obese mice (/7).
Recombinant TNF-a affects multiple
biological functions, including regulation
of granulocyte function (/) and lipid me-
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Fig. 3. Proliferation of WI-38 cells in the
presence or absence of rTNF-a. Cells were
exposed to various concentrations of rTNF-a
in the presence or absence of a neutralizing
mouse monoclonal antibody to rTNF-a. Cell
growth was measured by using a standard
[*H]thymidine uptake assay (22). Changes in
the growth of WI-38 cells treated with rTNF-a
(0, 50, 500, or 5000 U/ml) after 24, 48, or 72
hours are reflected by differences in the
amount of [*H]thymidine incorporated. Cells
treated with rTNF-a for 24 hours are depicted
by the open bars, 48 hours by the diagonally
hatched bars, and 72 hours by the stippled
bars. Changes in the relative amount of
[*Hlthymidine incorporated into WI-38 cells
treated for 72 hours with rTNF-a (0, 50, 500,
or 5000 U/ml) in the presence of 10,000 U of a
neutralizing monoclonal antibody per millili-
ter (2700 anti-rTNF-a units/pg) are represent-
ed by the solid bars. The mean (+ standard
error of the mean) for each experiment repre-
sents the average number of counts per min-
ute incorporated from 12 replicates. The rela-
tive amount of [*H]thymidine incorporated
represents the ratio of the means for the
treated samples to untreated cells for each
experiment.

tabolism (/8). Our results show that
rTNF-a has divergent effects on cell
growth. It is unclear how rTNF-a can
stimulate the growth of certain cell lines
while inhibiting the growth of others. In
this regard, the use of tumor cell variants
resistant to rITNF-a will allow definition
of regulatory pathways which mediate
the divergent effects of rTNF-a on cell
growth.
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