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ABSTRACT

We assessed the antiproliferative effects of tumor necrosis factor
(TNF-a) and 7-interferon (IFN-7) alone and in combination, on nine
human colon carcinoma cell lines. All were resistant (<30% inhibition)
to TNF-a alone. Four cell lines were resistant to IFN-7 alone, two
exhibited a minimal degree of sensitivity (30-50% inhibition), one was
moderately sensitive, and two were inhibited 70% or greater. A synergistic
antiproliferative effect occurred in eight of the nine cell lines treated with
a combination of TNF-a and Il'V-y. In seven of these eight, the combi

nation of cytokines resulted in 30-40% more growth inhibition than
predicted had an additive interaction occurred (/' < 0.005). In two cell

lines with an induced resistance to mitomycin C, an increase in resistance
to combined TNF-a and IFN-7 treatment correlated with an increasing
resistance to mitomycin C. The data were further analyzed to determine
if combination treatment altered the sensitivity of the cells to one or both
agents in addition to svnergistically potentiating growth inhibitory effects.
Combinations of TNF-a/IFN-7 enhanced the dose response activity of
TNF-a in three cell lines (P < 0.09) and decreased the dose response
activity of IFN-7 in another three (P < 0.02). Colony forming experiments
on I K'i 116 cells demonstrated a reduction in the number of 250-/tm

colonies in the IFN-7/TNF-a treatment groups when compared to con
trols, indicating that combined treatment had a cytotoxic effect.

We conclude that combination TNF-a/IFN-7 treatment has a syner
gistic cytotoxic effect on human colon carcinoma cells. IFN-7 may
enhance the effectiveness of TNF-a in some cell lines, but not conversely.
These results may have therapeutic implications.

INTRODUCTION

TNF4 is a cytokine with antitumor activity which was origi
nally identified in the serum of Bacillus Calmette GuÃ©rin-sen-
sitized mice injected with endotoxin (1). Two proteins with this
activity have subsequently been identified [TNF-a and TNF-ÃŸ
(human lymphotoxin)] which are produced by activated mono-
cytes and lymphocytes, respectively; both have been purified,
sequenced, and cloned by recombinant DNA technology (2-6).
These agents have cytostatic and cytotoxic activity against a
wide range of human and murine tumor cells but little antipro
liferative activity for normal tissues (7, 8). However, not all
tumor cells are sensitive; in one study, TNF had a cytostatic or
cytotoxic effect on 12 of 23 human tumor cell lines (7), and in
another, seven of 22 (8).

Use of IFN may be one method of enhancing the sensitivity
of cancer cells to growth inhibition by TNF. IFNs are prototype
lymphokines with immunomodulatory and antitumor activity,
and are capable of enhancing the synthesis of TNF receptors
(9-11). Synergistic antiproliferative effects using combinations
of IFN-7 and TNF have been described in human breast and
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cervical carcinoma and melanoma cell lines in vitro (7, 8, 12,
13), and human breast and bowel tumor xenografts in vivo (14).

These observations prompted our interest in the antitumor
activity of these agents in human colon cancer, a malignancy
which is responsible for more than 25,000 deaths annually in
the United States and is refractory to most chemotherapeutic
drugs. In this preclinical evaluation, we assessed the antiprolif
erative effects of TNF-a and IFN-7, alone and in combination,
against a heterogeneous bank of human colon carcinoma cell
lines.

MATERIALS AND METHODS

Cell Lines. All cell lines were derived from primary human colon
carcinomas. The HCT 116R11 and HCT 116R26 cells are mitomycin
C-resistant human colon carcinoma cell lines derived from a mitomycin
C-sensitive parental cell line, HCT 116, by repeated exposure to mito
mycin C in culture (15). The HCT 116B cells, cocultivated with HCT
116 cells from a primary colon cancer, are cells with a natural resistance
to mitomycin C (16). The VACO 5, VACO 6, VACO 9P (17), RCA
(18), and SKCO 1 (J. Fogh; Memorial Sloan Kettering, Rye, NY) cell
lines were selected for these studies because these cells differed in such
characteristics as growth rate, morphology, and chemotherapeutic sen
sitivities (Table 1). All cell lines tested negative for mycoplasma
(Hoechst stain, Flow Laboratories).

All cells were grown as monolayers except the VACO 5 and VACO
6 cell lines which were grown in suspension. Cells were grown in MEM
(GIBCO) plus 8% FBS (Sterile Systems, Logan, UT), 2 HIMglutamine,
and nonessential amino acids. Cells in monolayer were subcultured
using 0.02% EDTA and Hanks' balanced salt solution (GIBCO); cells

in suspension were subcultured by diluting and resuspending in fresh
media. All cell lines were passaged one to two times weekly and were
incubated in a humidified. 5% COi atmosphere at 37Â°C.

Agents. Human TNF-a and IFN-7 were provided by Genentech, Inc.
(San Francisco, CA), with a specific activity of 5 x IO7 units/ing and
2-4 x IO7 units/mg, respectively. Both agents were used before the

expiration date supplied by Genentech.
Antiproliferative Assay. Cells were plated in triplicate in 35-mm

tissue culture plates (Costar 3506) in MEM + 8% FBS at 1 x IO4to 5
x 10* cells/well. Twenty-four h later, the media was replaced with
media or media containing TNF-a, IFN-7, or TNF-a + IFN-7. Cells
were incubated for 3 days and then either counted or washed twice and
allowed to regrow in fresh media. Cell counts were performed using a
hemacytometer after dissociating cells in Hanks' balanced salt solution,

0.02% EDTA and 8% dialyzed FBS to achieve a single cell suspension.
Colony forming experiments were performed by dissociating cells

and passing them through double-layer 20 urn pore diameter Nitex
(Tetko, NY) nylon sieves. Three hundred cells/well were plated in 35-
mm tissue culture plates in triplicate. Twenty-four h later, the media
was replaced with MEM + 8% FBS or MEM + 8% FBS containing
TNF-a, IFN-7, or TNF-a + IFN-7. Colony formation was assessed at
24, 48, 72, and 120 h thereafter by rinsing the wells with saline and
fixing the cells with cold 95% et Hanoi. Colonies were stained with 0.1%
aqueous mÃ©thylÃ¨neblue and then washed twice with distilled water and
allowed to air dry. Colonies larger than 250 Â¿im(approximately 60
cells) were counted on a plaque viewer (BÃ©licoGlass, Ine; Vineland,
NJ).

Statistical Analysis. Synergism was defined using isobolanalysis, in
which equieffective doses (doses of either drug alone or in combination
which give equivalent results) were analyzed (19). Due to inherent
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Table 1 Growth rate, morphology, and chemotherapeutic sensitivities of human
colon carcinoma cell lines

Human colon
carcinoma
celllinesHCT116HCTII6RI1HCT1I6R26HCT

I16BVACOSVACO

6VACO

9PSKCOlRCAIFN-7

Doubling Morphology IDÂ»"
time (h) (in vitro/in vivo)(ng/ml)*2020202029261104820Undifferentiated

monolayerUndifferentiated
monolayerUndifTerentiated
monolayerUndifTerentiated
monolayerUndifferentiated;

grows in sus
pensionPolarized,

columnar cellswhichgrow
insuspension/aciniForms
"domes" inconfluentculture/glandular

structuresLoosely
attachedmonolayerUndifTerentiated

monolayer>40>40>40>4055>401>40TNF-o

IDÂ«,
(ng/ml)*>200>200>200>200>200>200>200>200>200

â€¢IDÂ»,dose of each agent required to produce a 50% inhibition in growth.
* Seventy-two h exposure.

limitations in the graphic representation of Â¡sobÃ³les,or equieffective
surfaces, the data are presented in the form of dose-response curves.

In order to quantitate the degree of synergy and attach to it some
measure of statistical significance, a linear least-squares regression
model was fitted to the data from each cell line. This model included
terms representing the slope of a linearized dose response to IFN and
TNF, and an additional term representing the distance between the
plane defined by the above terms (constrained to pass through the
origin, 100% of control growth at the "zero" dose for both agents) and

a plane representing the combination. A partial F test of the significance
of the latter term provided a test of the null hypothesis of no interaction
between the two agents, and the sign and magnitude of the associated
regression coefficient provided a measure of the amount of synergy (or
antagonism).

A similar regression model was fit to test the null hypothesis of
parallelism of the two planes. This model included two additional terms
representing the alteration of the single agent dose response to IFN or
TNF when the agents were used in combination. A partial / test of the
significance of the additional terms provided a statistical test of the
null hypothesis that the dose-response effects of the single agent did
not change when used in combination. The sign and magnitude of the
associated coefficients provided an indication of the nature of the
alteration in dose response.

RESULTS

Anliprolifera tivo Effects of TNF and IFN-7 as Single Agents.
The ;ini iproliferili ivc-effects of TNF and IFN-7 as single agents

were studied in the nine colon carcinoma cell lines (Table 1).
All were resistant to the effects of TNF-a at 100 ng/ml, with
resistance being defined as less than 30% inhibition of control
growth (Fig. 1).

A broader range of sensitivities to IFN-7 was observed than
had been noted with TNF-a. Four cell lines (HCT 116, HCT
116R26, RCA, and VACO 9P) were resistant to the highest
concentrations of IFN-7 employed, 40 ng/ml (Fig. 1, A, C, E,
and /). Two cell lines (HCT 116R11, HCT 116B) exhibited a
minimal degree of sensitivity (30-50% inhibition) (Fig. l, B
and Z>).VACO5 cells were moderately sensitive to single agent
IFN-7, with moderate sensitivity being defined as 50 to 70%
inhibition (Fig. 1(7). Two cell lines were inhibited 70% or more
(VACO 6, SKCO 1 cell lines) (Fig. l, H and F).

Antiproliferative Effects of Combined TNF and IFN-7. The
effects of simultaneously combining various concentrations of
TNF-a and IFN-7 were evaluated. A synergistic antiprolifera-
tive effect was observed in eight of nine cell lines to combination
treatment with TNF-a and IFN-7 (Table 2). In seven of the cell
lines, the combination of cytokines increased growth inhibition
30 to 40% more than what would have been expected had there
been no interaction between the two drugs. For example, in the
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Fig. 1. Dose-response activity of increasing concentrations of TNF (O), IFN-
y (A), 1 ng/ml IFN-y + TNF <â€¢).or 10 ng/ml of IFN-7 + TNF (T) on nine
human colon carcinoma cell lines. The standard deviations did not exceed 6%. (1
ng/ml of IFN-7 and 1 ng/ml of TNF equal approximately 20-40 and 50 units/
ml, respectively.)

Table 2 Additional inhibition of growth with combined TNF-a/lFN-y above that
predicted by additive model

Cell lines % additional inhibition lvalues'

HCT116HCT
116RIIHCT

116R26HCT
116BRCAVACOSVACO

6VACO
9PSKCOl42375321230364036<0.001<0.001X).15<0.001<0.001<0.001<0.001<0.004<0.001

" Determined from partial / test in regression model described in "Materials
and Methods."

HCT 116 cell line, an additive antiproliferative effect between
10 ng/ml of TNF-a and 10 ng/ml of IFN-7 would have been
expected to result in approximately 45% inhibition; instead
over 85% inhibition was observed (Fig. 1/4). The combination
of small concentrations of each lymphokine also resulted in a
marked enhancement in sensitivity, including three cell lines
which had been resistant to the antiproliferative effects of TNF-
a alone (Fig. \,F,H, and I). For example, the VACO 9P cell
line represents a cell line resistant to the growth inhibitory
effects of each agent alone (Fig. I/). Ten ng/ml of either
lymphokine resulted in less than 20% inhibition; by isobol-
analysis, additive antiproliferative effects would have resulted
in about 30% inhibition. Instead, the combination of TNF-a
and IFN-7 at this concentration inhibited cell growth by 90%.
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VACO 6 and SKCO 1 cells represent two cell lines sensitive to
the antiproliferative effects of IFN-7 (Fig. 1, F and H). Small
concentrations of IFN-7, which resulted in no growth inhibition
when administered alone, were combined with IFN-7. Com
bined treatment resulted in less than 5% of control growth. In
the HCT 116B cells, the combination of TNF-a and IFN-7
also gave an average of 32% more growth inhibition than an
additive interaction (Table 2). However, because these cells
were less sensitive to TNF-a or IFN-7 alone than were the
other cell lines, this synergistic interaction is not as graphically
dramatic (Fig. ID).

The synergistic interaction between cytokines was absent or
of a lesser degree in two of the cell lines. In the RCA cell line,
combined treatment resulted in 12% more antiproliferative
activity than an additive interaction (Table 2, Fig. IE). In the
HCT 116R26 cell line, combined treatment enhanced antipro
liferative activity 5% more than an additive interaction, a dif
ference which was not statistically significant (Table 2; Fig.
1C).

The HCT 116R11 and HCT 116R26 are cells with an induced
resistance to mitomycin C obtained by serial passage of the
parental cell line, HCT 116, in the presence of the drug (12).
This resistance to mitomycin C is reflected as being 2- and 4-
fold greater ID50 for the HCT 116R11 and HCT 116R26 cells,
respectively, when compared to the parental cell line. Increase
in mitomycin C resistance in these cell lines correlated with
increasing resistance to the antiproliferative effects of combined
TNF-a/IFN-7 treatment (Fig. 1, A-Q.

The data was analyzed further to determine if combination
treatment not only synergistically potentiated growth inhibitory
effects, but also altered the sensitivity of the cells to one or both
agents. This alteration in sensitivity to either cytokine was
assessed independently of the antiproliferative effects of com
bined treatment, and is graphically displayed as three-dimen
sional dose-response planes in Fig. 2. Two dose-response planes
for each cell line are shown, in which one plane represents the

TNF

Fig. 2. Dose-response planes of (A) HCT 116 cells and (B) VACO 9P cells to
increasing doses of combinations of IFN-y and TNF-a. Open planes, predicted
additive effect had there been no interaction between the two cytokines as
determined by the linear least squares regressions of the observed percentage of
control growth of each agent alone; shaded planes, synergistic antiproliferative
effect fitted by linear least squares regression to the observed data. (1 ng/ml of
IFN-7 and 1 ng/ml of TNF equal approximately 20-40 and 50 units/ml, respec
tively.)

predicted additive effect, and the other plane the observed
synergistic effect. The distance between the two planes repre
sents the magnitude of the synergistic interaction. Planes which
are parallel to one another indicate that combination treatment
resulted in a synergistic antiproliferative effect, but that com
bination treatment did not alter the sensitivity of the cells to
either drug. Planes which are not parallel, however, indicate
that the dose-response effects of one or both agents was altered
by combined treatment. Two cell lines were chosen to illustrate
these points. For example, in the HCT 116 cells (Fig. 2A),
combining cytokines did not alter the dose-response effect of
TNF-a or IFN-7 when compared to the dose-response activity
of either agent administered as a single agent (P > 0.25). Thus,
the dose-response planes are parallel. VACO 9P cells were also
sensitive to the synergistic antiproliferative effect of combined
treatment. The predicted additive and observed dose-response
planes differed by about 40% at 10 ng/ml of each agent;
however, in this example (Fig. IB), the dose-response planes
were not parallel despite the synergistic interaction. While the
dose-response effect of IFN-7 was unchanged when combined
with TNF-a, the dose-response activity of TNF-a is enhanced
by combination treatment compared to when the TNF-a is
administered alone.

In six of the eight cell lines which exhibited a synergistic
antiproliferative effect, there was evidence that the dose-re
sponse effects of one or both cytokines was altered when used
in combination (Table 3). This was due primarily to an enhance
ment of the dose-response effect of TNF-a (HCT 116R11,
VACO 9P, and HCT 116B) or decrease in the dose-response
activity of IFN-7 (VACO 5, VACO 6, and SKCO 1). These
latter three cell lines that exhibited a decrease in the dose-
response activity of IFN-7 were cell lines that were sensitive to
IFN-7 alone and extremely sensitive to the combination of
IFN-7 and TNF-a; thus, the lack of increase in antiproliferative
activity with increasing doses of IFN-7 may have been due to
the almost complete growth inhibitory effects of small IFN-7
concentrations when combined with TNF-a. In the HCT 116
and RCA cell lines, there was no evidence that combining
cytokines altered the effectiveness of either agent.

Additional experiments were undertaken to further define
the effects of combined TNF-a/IFN-7 treatment on the growth
of HCT 116 cells. After a 72-h exposure to the cytokines, the
cells were washed and allowed to continue growing for an
additional 3-4 days in media (Fig. 3). Growth curves of TNF-
a/IFN-7 treated cells showed little change in cell numbers

Table 3 Effect of combined TNF-a/IFN-i administration on dose-response
activity of TNF-a or IFN-y

Effect on dose response*

Cell lines TNF-, IFN-7

Cell lines in which there was no change in dose-
response effects of either agent

HCT 116 No Change (P > 0.25)
RCA No change (P > 0.25)

No change (P > 0.25)
No change (P > 0.25)

Cell lines in which dose-response effect of TNF-a increases;
dose-response effect of IFN-7 remains the same

HCT 116R11 Increase (P = 0.004) No change (P = 0.14)
VACO 9P Increase (P = 0.02) No change (P = 0.13)
HCT116B Increase (P = 0.09) No change (P > 0.25)

Cell lines in which dose-response effect of TNF-a is unchanged;
dose-response effect of IFN-7 decreases

VACO 5 No change (P= 0.07) Decrease (P = 0.001 )
VACO 6 No change (P > 0.25) Decrease (P = 0.002)
SKCO 1 No change (P > 0.25) Decrease (P = 0.001 )
" /' values determined from partial F tests in regression models described in

"Materials and Methods."
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Fig. 3. Growth of HCT 116 cells exposed to 72 h of (O) media, (A) TNF-Â«,
(D) IFN-7, and (â€¢)10 ng/ml of IFN-y and 10 ng/ml of TNF-a. Bars, mean Â±
SD. (1 ng/ml of IFN-7 and 1 ng/ml of TNF equal approximately 20-40 and 50
units/ml, respectively.)

Control

IFN-7
(40 ng/ml)

TNF-o
(200 ng/ml)

Ing/ml IFN-T+
I ng/ml TNF-o

10ng/ml IFN-7+
10ng/ml TNF-a

10 20 30 40 50
NumberofColonies

Fig. 4. Number of HCT 116 colonies after a 72-h exposure to media, IFN-y,
TNF-a, or IFN-y plus TNF-a. Bars, mean Â±SD. (1 ng/ml of IFN-y and 1 ng/
ml of TNF equal approximately 20-40 and 50 units/ml, respectively.)

during treatment. Cell proliferation resumed at approximately
the same rate as control following a 24-h lag period after the
exposure to these agents ceased. In the IFN-7 or TNF-a groups,
however, the cell number continued to increase during treat
ment. To identify whether the effects of TNF-a, IFN-7, and
TNF-a/IFN-7 were cytostatic or cytotoxic, colony formation
following 72 h of drug exposure was assessed. These experi
ments demonstrated a reduction in the number of 250-/um
colonies in the drug-treated plates when compared to controls
(Fig. 4). Microscopic inspection of the plates revealed essen
tially no colonies or clumps of cells below 250 firn in diameter.
These experiments suggest that TNF-a and IFN-7 have cyto
toxic effects on HCT 116 cells.

DISCUSSION

The development of recombinant DNA technology has re
sulted in the availability of sufficient amounts of purified cyto-

kines for adequate evaluation of their immunomodulatory and
antitumor activities. One such cytokine, TNF, has generated
interest because of its multiple biological effects, including
regulation of granulocyte function (20) and lipid metabolism
(21 ) as well as diverse effects on cell growth. TNF has antitumor
activity against some cancer cells, while the growth of normal
cells is either not affected or is enhanced (8). Preclinical and

clinical studies defining the role of TNF in the treatment of
cancer are ongoing.

The antiproliferative effect of TNF alone against human
colon cancer cell lines in this study was modest. None of the
cell lines tested were inhibited in their growth by greater than
30%. Similar observations have been reported in vitro to human
TNF (>25% cytostasis or cytotoxicity) in one of three human
colon carcinoma cell lines and zero of one murine rectal carci
noma cell line (8). A 35% or greater reduction in cell number
of one of two human colon cancer cell lines has also been
observed (7). Murine TNF was capable of causing tumor regres
sion in one heterotransplanted human colon carcinoma (22)
and one murine colon carcinoma cell line (22). Intratumoral
administration of recombinant human tumor necrosis factor
resulted in total tumor regression in one of three human colon
xenografts (14).

Combining cytokines may be one way of enhancing the
sensitivity of cancer cells to growth inhibitory effects of the
individual agents. For example, combinations of Type I and
Type II IFNs have synergistic antiproliferative activity in vivo
and IB vitro in both the mouse and human systems (24-26). We
observed a potentiation of the antitumor effect of TNF-a and
IFN-7 in eight of the nine cell lines tested. The degree of
synergy was approximately the same in seven of the tumors,
with combined TNF-a/IFN-7 increasing the amount of inhibi
tion in growth by 30-40% over a predicted additive effect. In
six tumor cell lines, this antiproliferative activity resulted in a
marked inhibition of cell growth to less than 30% control. This
marked inhibition of cell growth occurred despite the relative
resistance of all six cell lines to the antiproliferative effects of
one or both agents.

TNF and IFN-7 as single agents have been described as
having both cytostatic and cytotoxic activity (7). In mouse L-
cells, the immediate effect of TNF is cytostasis, followed shortly
thereafter by cell lysis (27). Our data indicate that the growth
inhibition seen is due to the cytotoxic action of IFN-7/TNF-a
combination. In the HCT-116 cell line, combination treatment
with TNF-a and IFN-7 resulted in cell death, as evidenced by
fewer number of colonies that had formed during this period
(Fig. 4). However, cells that survived 72 h of treatment with
TNF-a and IFN-7 regrew at the same rate as control cells,
demonstrating that the ultimate reproductive potential of these
cells was not impaired (Fig. 3).

Combining TNF-a and IFN-7 altered the effectiveness of one
or both cytokines in six of the cell lines. The dose-response
activity of TNF-a increased in three cell lines. In three cell lines
sensitive to IFN-7 alone, near-maximum growth inhibition was
observed with low doses of IFN-7 when combined with TNF-
a; thus no significant enhancement in antiproliferative activity
was gained by increasing the concentration of IFN-7. These
results may have therapeutic implications. If the growth inhib
itory effects of cytokines are the mechanism responsible for
their clinical antitumor effects, the highest doses tolerated of
each agent should be administered, since the antiproliferative
effect was greatest when the highest concentrations of each
agent were combined. However, if clinical constraints such as
toxicity prohibits the combined administration of the maxi
mally tolerated doses of single agent TNF-a and IFN-7, these
results suggest that clinical trials should be designed to admin
ister high doses of TNF-a and to compromise the dose of IFN-
7 if necessary. Further experiments exploring the optimal ratios
between the two drugs are needed.

Synergistic activity resulting from combination treatment
with two agents implies that the two agents do not act inde-
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pendently of one another but interact in some manner. In the
case of TNF and IFN-7, the nature of this interaction is unclear
but may involve, at least in part, the regulation of TNF receptors
by IFN-7 (9, 11). IFN-7 significantly increased the number of
TNF receptors on HT-29 colon carcinoma cells but not the
affinity; these cells were more inhibited when treated with IFN-
7 followed by TNF, than when first with TNF and then with
IFN-7 (10). Our preliminary observations correlating acquired
mitomycin C resistance in the HCT 116 series with increasing
resistance to TNF-a/IFN-7 suggests that the synergistic inter
action may be lost with the loss of mitomycin C sensitivity in
these cell lines. Mitomycin C resistance in this series of cell
lines correlated positively with the enhanced expression of an
M, 148,000 cell surface protein, but was not associated with in
vitro cross-resistance to other cytotoxic drugs (15). Further
studies will be necessary to determine if enhanced sensitivity to
combined TNF-a and IFN-7 is inversely correlated to the
presence of this cell surface protein.

In conclusion, our preclinical evaluation of TNF-a and IFN-
7 on a heterogeneous bank of human colon carcinoma cell lines
confirms and extends the synergistic antiproliferative activity
observed by others. Our studies also indicate that, in addition
to the synergistic interaction between the two cytokines, IFN-
7 is capable of enhancing the effectiveness of TNF-a, whereas
the reverse is not uniformly true. The dramatic enhancement
of antiproliferative sensitivity to combined treatment warrants
further in vitro and in vivo investigations in this traditionally
unresponsive tumor type.
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