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ABSTRACT

The antiproliferative effects of human Â¡nterferon(IFN), IFN-7,
IFN-a54, and IFN-ioser,alone and in combination, were assessed

on 10 human cell lines. All IFNs were produced by recombinant
technology and purified to homogeneity. In all cell lines except
one, the addition of IFN-7 to either IFN-a54 or IFM-^ resulted

in a synergistic antiproliferative effect, regardless of individual
IFN sensitivities or tissue of origin. The only exception was a
normal diploid fibroblast cell in which an additive antiproliferative
effect occurred with combination IFN treatment. A malignant
fibrosarcoma cell line of similar mesenchymal origin demonstra
ted a synergistic antiproliferative effect. One cell line was sensi
tive to both type I and type II IFN alone. Three cell lines were
relatively resistant to IFN-7 but not to IFN-joser,one was relatively
resistant to FN-ft^ but not to IFN-7, and the remainder were
resistant to both IFN-7 and IFN-/?Â«.,or IFN-Â«54.The addition of
IFN-a54 to IFN-ÃŸsÂ«in the SKCO 1 cell line resulted in an

antagonistic interaction. Timing experiments with RT112 cells
indicate that IFN-7 and FN-ft^ need not be in the media at the

same time for the synergistic effect to occur. Combinations of
type I and type II IFN thus resulted in synergistic antiproliferative
effect for transformed human cells of various histogenesis, in
cluding some with a relative resistance to one or both IFN types.

INTRODUCTION

Interferons are a group of naturally occurring proteins which
have antiviral, antitumor, and immunoregulatory properties. Two
types of IFN3 have been identified based on their biological and
physical properties. Type I IFN, IFN-a and IFN-/3,can be induced

in leukocytes, fibroblasts, and other cell types by viruses or
double-stranded polyribonucleotides. Type II IFN (IFN-7) is pro
duced by T-lymphocytes in response to mitogens or antigens.

Type I and type II IFN differ from each other in primary structure
with type I interferons containing about 165 amino acids (1) and
type II IFN containing 146 amino acids (2). In addition, human
IFN-Â«and IFN-0 can be distinguished from IFN-7 by differences

in receptor binding (3, 4) and antigenicity. Unique biological
properties of partially purified IFN-7 when compared to IFN-a
and IFN-0 include differences in affinity for gangliosides (5), more

potent antiviral (6) and antiproliferative activity (5, 7, 8) in certain
cell lines, and the induction of a selective set of polypeptides (9).

Potentiation of the antitumor effects of mouse IFN has been
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described in murine cell lines by combining type I with type ll
IFN. Both synergistic in vivo antitumor activity and direct in vitro
anticellular activity has been observed using partially purified
mouse IFNs on mouse B16 melanoma cells (10) and murine
leukemic L-1210 cells (11). However, interpretation of these
results has been limited by the possibility that IFN-7 preparations
might be contaminated with lymphokines produced concomi-
tantly by T-cells.

Recombinant DNA technology has resulted in the availability
of highly purified human IFN preparations. We have assessed
the antiproliferative effects of combinations of different human
IFNs in human cell lines of varying histogenesis and sensitivities
to single IFN, including two cell lines of the same mesenchymal
origin. Our studies have utilized IFN produced by recombinant
DNA techniques and purified to homogeneity.

MATERIALS AND METHODS

Cell Lines

SKCO 1, a human colon carcinoma cell line, and the T24 and RT112
human transitional cell carcinoma cell lines were a gift from J. Fogh,
Memorial Sloan Kettering, Rye, NY. The VACO 5 (12) and ACHN (13)
cell lines were derived in our laboratory from patients with colon carci
noma and renal carcinoma, respectively. The human bronchogenic car
cinoma cell line, A549, the normal (WI38) and transformed (WI38 VA13)
human embryonic lung cell line, and the human fibrosarcoma cell line,
HT1080, were obtained from American Type Tissue Collection (Rockville,
MD). The BG9 human foreskin fibroblasts were a gift from S. S. Leong,

Roswell Park Memorial Institute, Buffalo, NY. All cells were grown as
monolayers except the VACO 5 cell line which was grown in suspension.
Cells were grown in MEM plus either 8 or 10% heat inactivated FBS
(Sterile Systems, Logan, UT), 2 mw glutamine, an 50 /Â¿ggentamicin/ml;
in addition, the VACO 5 cell line was supplemented with 2 Â«Â¿ginsulin/ml,
2 /ig transferrin/ml, 5 x 10~9 M sodium selenite, and 2 x 10~10M 3,3'-
5'-triiodo-L-thyroxine. The HT1080 and BG9 cell lines were supple

mented with 0.1 rriM nonessential amino acids (Grand Island Biological
Co., Grand Island, NY). Cells in monolayer were subcultured using 0.05%
trypsin, 0.02% EDTA, and Hanks' buffered salt solution (Grand Island

Biological Co.), and cells in suspension were subcultured by diluting and
resuspending in fresh media. All cell lines were passaged 1-2 times
weekly and were incubated in a humidified, 5% CO2 atmosphere at 37Â°C.

Interferons

IFN-7 was provided by Biogen, Cambridge, MA, with a specific antiviral
activity of 2 x 107 units/mg protein. IFN-/3Â«Â»and IFN-a54 were provided

by the Cetus Corporation/Triton Biosciences Interferon Program, Berke
ley, CA, and have a specific activity of 1 x 108 units/mg. IFN-/3Â»is a

synthetic mutant protein with a substitution of serine for cysteine at
amino acid position 17. All interferons were titered against international
standards for antiviral potency. International standards used were NIAIO
G023-901-527 for IFN-Â«54,G023-902-527 for IFN-/3â€ž,and Gg23-901-
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530 for IFN-7. Approximately 1 ng of IFN-7/ml was equivalent to 20
antiviral units; 1 ng of IFN-Â«54and IFM-f^/ml equaled 100 antiviral units.

Antiproliferative Assays

Three different methods of assessing the antiproliferative effects of
IFN were utilized. These included cell counts, neutral red dye uptake
(14), and colony formation. Preliminary experiments had demonstrated
similar antiproliferative effects of individual IFNs when several of the cell
lines (SKCO 1, ACHN, and BG9) were studied using two of the three
methods. In addition, the antiproliferation effects of combination IFN was
assessed on the T24 transitional cell carcinoma cell line using all three
experimental conditions, and synergistic effects were seen with all three.
Therefore, for technical reasons, each cell line was studied utilizing the
conditions and methods for which it was most suited.

Cell Counts. SKCO 1 cells were plated in triplicate at 1 x 105 cells/
25-cm2 plastic flask in 8% FBS. Twenty-four h later, the media were

replaced with either MEM plus 8% FBS or IFN in the same media. Cells
were incubated for 3 days, washed twice with MEM, and incubated
without IFN for an additional 4 days. They were then trypsinized, agitated
to obtain a single cell suspension, and counted using a hemacytometer.

VACO 5 cells and A549 cells were plated in triplicate at concentrations
of 5 x 10" cells/T25 flask and incubated for 24 h, at which time additional

media or IFN were added. VACO 5 cells were incubated for 3 days,
washed twice with MEM, refed with media, and incubated an additional
2 days. A549 cells were treated with IFN for 5 days and counted. Cell
counts were performed using a hemacytometer after dissociating .cells
in Hanks' buffered salt solution, EDTA, and 10% dialyzed FBS to achieve

a single cell suspension.
Neutral Red Dye Uptake. Growth inhibition of the ACHN, HT1080,

BG9, WI38, and WI38 VA13 cell lines was assessed with neutral red dye
by preparing a uniform cell suspension and plating 1-5 x 103 cells/well

in 95-well tissue culture plates (Costar 3596) in media or IFN. The plates

were incubated until the control cells approached confluency, which
varied between 3 and 6 days, depending on the cell line, and assayed
by the neutral red dye uptake method (14). Then the media were removed
from the monolayers and 0.1 ml of the dye solution/well was added
(0.05% neutral red, Sigma Chemical Co., St. Louis, MO) in medium with
2% FBS. After a 1-h incubation at 37Â°C, the excess dye was removed

with blotting and the monolayers were washed twice with 0.1 ml 0.85%
NaCI solution. Cell associated dye was extracted by adding 0.2 ml of a
0.1 M NaHsPO^ethanol (1:1) solution/well followed by incubation for 1 h
at 37Â°C.The absorbance of neutral red in each monolayer was measured

at 570 nm (630 nm reference beam) with a Dynatech MR6600 Elisa
microplate reader (Dynatech Laboratories, Alexandria, VA).

Colony Formation. Colony formation of the RT112 and T24 cell lines
was evaluated by preparing a uniform single cell suspension and adding
100-200 cells to each 60-mm plastic Petri dish. IFN or MEM was added

to triplicate plates at the time of plating and the plates were incubated
for 10-15 days. Colonies were then fixed in 95% ethanol and stained

with 0.2% mÃ©thylÃ¨neblue for 30 min. Colony number was quantitated
using a plaque viewer (BÃ©licoGlass Works, Vineland, NJ). Only colonies
with greater than 50 cells were counted.

Statistical Analysis

Interaction between different types of Interferon was analyzed using
a multiplicative model (15). The multiplication of the surviving fraction
due to either drug alone (SFA or SFB) is compared with the observed
result, or surviving fraction found with combined treatment [SFA+ B,
where SFA+ a < (SFA x SFB) if the interaction is synergistic, SFA+ B =

(SFAx SFB) if the interaction is additive, and SFA+ B > (SFA x SFB) if it is
antagonistic]. Although widely used, this model requires a log linear dose
response relationship. Therefore, results were also analyzed using iso-

bolograms, in which equieffective doses (doses of either drug alone or
in combination which give equivalent results) were determined (16).
Equieffective doses can either be graphed (an isobologram) or a formula

can be applied to determine the type of interaction. \AC/AE + Bc/Be = 1

if the interaction is additive, <1 if the interaction is synergistic, or >1 if
the interaction is antagonistic, where AC and Bc equal the concentration
of Drug A or Drug B which when combined with each other give the
same result as some concentration of either drug alone (Ac or BE)].
Isobologram analysis allows application to all cell systems regardless of
the dose response curves (15). Synergy, as defined by the multiplicative
model, was confirmed using isobologram analysis in all cases except the
A549 cell line, which did not demonstrate a log linear dose response
relationship and therefore was not able to be analyzed by the multipli
cative model, and the BG9 cell line, in which Â¡sobÃ³lemethodology was
not applied since equieffective doses could not be identified. For the
purpose of graphic representation, we have presented our data using
the multiplicative model.

RESULTS

Individual Interferons

The antiproliferative effects of IFN-7, IFN-ÃŸser,or IFN-Â«54were

studied in human cell lines of different histogenesis. Various
degrees of sensitivity to the different IFNs were observed. In the
SKCO 1 human colon carcinoma cell line, a dose dependent
effect of both iFN-ft^ and IFN-7 was noted, whereas IFN-Â«54

demonstrated minimal antiproliferative activity (Fig. 14). In the
ACHN human renal carcinoma cell line, IFN-7 at concentrations

as high as 20.0 ng/ml did not significantly inhibit growth, and yet
antiproliferative effects resulted from IFN-/^ (Fig. 2A). Similarly,
RT112 cells were relatively resistant to the antiproliferative ef
fects of IFN-7 but not IFN-jSser(data not shown). The human

colon carcinoma cell line, VACO 5, was relatively resistant to
IFN-ftier at 10.0 ng/ml, while this concentration of IFN-7 resulted

in approximately 70% inhibition of cell growth (Fig. 2fl). Colony
formation by the T24 human transitional carcinoma cell line was
relatively refractory to the antiproliferative effects of both IFN-
Â»54 and IFN-7 (Fig. 2C), as was cell growth by the A549

bronchogenic carcinoma cell line (data not shown).
Human cell lines of the similar mesenchymal origin were stud

ied to determine if differences in sensitivities to the antiprolifera
tive effects of IFN existed between normal and transformed cells.
BG9 cells were derived from normal human foreskin fibroblasts,
and HT 1080 cells were from a fibrosarcoma. Both cells were
relatively resistant to both IFN-/3serand IFN-7, with less than 30%

inhibition of cell growth noted at concentrations of up to 20.0
ng/ml (Fig. 3, A and B). WI38 cells were relatively refractory to
the antiproliferative effects of both IFN-7 and IFN-ft*,,, while their

virally transformed counterparts, WI38 VA13 cells, were relatively
resistant to IFN-7 but not to IFN-ft,Â»(data not shown).

Interferon Combinations

IFN-7 and IFN-#Â»eror IFN-a54. The effects of simultaneously

combining various concentrations of IFNs on cell growth were
evaluated. In SKCO 1 cells the addition of IFN-7 and either IFN-
ÃŸseror IFN-a54 for 72 h resulted in a synergistic antiproliferative
effect after 4 days of growth. For example, 5.0 ng of IFN-7/ml
or 10.0 ng of IFN-fc/ml resulted in about 60% inhibition of cell

growth (Fig. 14). By isobole analysis, had there been no inter
action between the two IFNs, this same degree of inhibition
would have been expected with the combination of one-half of

each of these doses. Instead, 60% inhibition required only 0.5
ng of IFN-7/ml and 2.5 ng of FN-ft^/ml, over 50% less Â¡nterferon
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Fig. 1. Antiproliferative effects of IFN-/3â€ž,IFN-7, and IFN-a54 on SKCO 1 cells. Cells were treated with IFN-/3Â«,IFN-r, or IFN-a54 alone IA); combinations of IFN-7
and IFN-/3Â«(8); IFN-7 and IFN-a54 (C); or IFN-a54 and IFN-0Â«,(0). â€¢,observed antiproliferative effect of combination IFN treatment; O, expected additive antiproliferative
effect of combination IFN treatment as calculated by the multiplicative model. Graphed are the results from one of three representative experiments (A-C) or one of two

representative experiments (O). â€¢and bar, mean SE; O and bar, mean range of duplicate samples.

(data not shown). Similarly, 25% inhibition of cell growth was
observed with the equieffective doses of 2.0 ng of IFN-7/ml and
1.0 ng of IFN-/i,â€ž/ml.By Â¡sobÃ³leanalysis, an additive interaction
between 1.0 ng of IFN-y/ml and 0.5 ng of IFM-ft^/ml would have

been expected to result in about 25% inhibition; instead, over
80% was observed (Fig. 18). A synergistic antiproliferative effect
was observed at all concentrations of IFN-^ or IFN-7. When
SKCO 1 cells were exposed to combinations of IFN-7 and IFN-

Â«54,a modest synergistic antiproliferative response occurred
(Fig. 1C).

An alternate method to graphically represent drug interactions
is the plotting of equieffective doses, or an isobologram. In A549
bronchogenic carcinoma cells, 10.0 ng of IFN-ÃŸnr/ml,20.0 ng of
IFN-y/ml, or a combination of 0.5 ng of FN-ft^/ml and 1.0 ng of
IFN-7/ml (a 20-fold less concentration of each Interferon) all

resulted in about 50% inhibition (data not shown). The resulting
isobologram resulted in a concave line, defining synergy. If the
interaction had been additive, the resulting isobole would have
been a straight line; had it been antagonistic, a convex line.

Synergism was also observed when the cell line was relatively
resistant to the antiproliferative effects of one of the interferons
tested. For example, the ACHN cell line was relatively resistant
to concentrations of IFN-7 as high as 20.0 ng/ml (Fig. 2A).
However, doses of IFN-7 5.0 ng/ml or higher, in combination
with varying doses of IFN-/^, resulted in an enhanced antipro
liferative effect, whereas smaller doses of IFN-7 did not (Fig. 2A).

Thus, 5.0 ng of IFN-7/ml resulted in synergy when combined
with 1.0 or 5.0 ng IFN-ÃŸw/ml;decreasing doses of IFN-7 resulted
in an additive response. In the VACO 5 cell line, 1.0 ng of IFN-
7/ml or 2.5 ng of IFN-/3se,/ml alone resulted in approximately

25% inhibition of cell growth (Fig. 23), while the combination of
these two doses gave almost 80% inhibition.

Synergism was also noted even when the cell line was rela
tively resistant to both type I and type II IFN. In the T24 cell line,
either 8.0 ng of IFN-7/ml or 4.0 ng of IFN-a54/ml resulted in only

10% inhibition in colony formation (Fig. 2C). However, combining
these two doses resulted in almost total inhibition. A purely
additive effect would have been expected to result in approxi
mately 20% inhibition.

Comparison of Sensitivity of Diploid and Transformed
Cells. The two human fibroblast cell lines demonstrated different
responses to combination IFN treatment. BG9 normal human
fibroblasts demonstrated only additive effect (Fig. 3A). A syner
gistic antiproliferative effect was noted in the transformed HT
1080 cell line at all doses of IFN tested (Fig. 35). WI38 cells and
virally transformed WI38 VA13 cells both exhibited a synergistic
antiproliferative effect, although the synergistic interaction was
greater in the WI38 VA13 cells (data not shown).

IFN-Â«54 and IFN-^^-The interaction between IFN-a54 and
IFN-/3,e,was evaluated in the SKC01 cell line. The combinations
of IFN-a54 and IFM-^, negatively influenced each other (Fig.
10). While 5.0 ng of IFN-a54/ml had no significant antiprolifera-
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tive effect and 2.5 ng of IFN-ft^/ml inhibited cell numbers by 7/ml, approximately 90% inhibition was noted. Thus type I and
approximately 55%, the combination of 5.0 ng of IFN-a54/ml type II IFNs need not be present in the media at the same time
and 2.5 ng of IFN-p'ser/mldecreased cell number by only approx- in order to induce enhanced antiproliferative activity,

imately 30%. According to both the multiplicative and isobolo-

gram models this was an antagonistic interaction. DISCUSSION

Timing of Addition of Interferons

Additional studies were undertaken to determine whether the
timing of treatment with type I plus type II IFN influenced the
antiproliferative effects. Colony number in the RT112 cell line
was inhibited less than 25% by a 10-day exposure to 2.0 ng of
IFN-7/ml and less than 50% by a 10-day exposure to 1.0 ng of
IFN-ft.er/ml (Fig. 4). When 2.0 ng of IFN-7/ml plus 1.0 ng of IFN-

/3ser/mlwere added to cell cultures simultaneously, greater than
95% decrease in colony number occurred. An enhanced antipro
liferative effect occurred if cells were pretreated with either IFN
for 24 h before the addition of the other. For example, colony
number was decreased 80% by a 24-h exposure to 2.0 ng of
IFN-7/ml, followed by removal of IFN-7 and the addition of 1.0
ng of IFN-ÃŸser/mlfor 9 days. When the cells were exposed to 1.0
ng IFN-A^/ml for 24 h before a 9-day treatment of 2.0 ng of IFN-

Combination of IFNs have resulted in a potentiation of the
immunoregulatory (17), antiviral (18), and antiproliferative activity
of IFN (10,11,19,20). In this report, synergistic antiproliferative
activity was demonstrated in a variety of human cell lines of
different histogenesis. Ten types of human cells were studied;
two cells derived from normal tissues, one virally transformed
human embryonic lung cell line, and seven cell lines of tumor
origin, including two colorectal, two bladder, one renal, and one
bronchogenic carcinoma cell line, and a cell line derived from a
human fibrosarcoma. Sensitivity to human IFN-a54, IFN-/3Â»,,or
IFN-7 (as defined by >50% inhibition at clinically achievable
concentrations of 500-1000 units/ml) differed between cell lines.

Only one cell (SKCO 1) was sensitive to both type I and type II
IFNs. Relative resistance to IFN-7 was noted in the ACHN, WI38
VA13, and RT112 cells, to IFN-ft,Â«in the VACO 5 cells, and to

both a type I and type II IFN in the remainder of the cell lines.
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Nevertheless, with one exception, the addition of IFN-7 to either
IFN-a54 or IFN-ftÂ», in these heterogeneous human Å“il types

resulted in a potentiation of the antiproliferative activity of either
IFN alone. This synergism was observed regardless of whether
the cells were resistant to IFN-7 alone, sensitive to IFN-7 but

resistant to a type I IFN, or resistant to both type I and type II
IFNs. The fact that synergy was reproducible in four of the cell
lines using two or three different methods of analysis indicates
that the synergistic interaction between IFNs was not dependent
upon methodology.

In SKCO 1 cells, synergistic antiproliferative activity was de
pendent on the presence of IFN-7. Combinations of IFN-7 plus
FN-^ or IFN-a54 resulted in synergy, whereas the use of IFN-
Â«54and FN-ftÂ« resulted in antagonism. In the ACHN cell line,

synergistic activity was noted only at higher concentration of
IFN-7, regardless of the concentration of the type I IFN used.

These results suggest that the synergistic antiproliferative activ
ity was dependent on IFN-7. This result differed from that of the
mouse system (10), where IFN-7 and IFN-a/ÃŸ appeared to

mutally potentiate each other.
Cell lines of the same tissue type were evaluated to determine

if differences in sensitivities to single or combination IFNs exist
between malignant and nonmalignant cells. Previous studies
have suggested that human IFN-/3 (21), IFN-a (22), and IFN-7 (6)

have more potent antiproliferative effects against malignant than
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nonmalignant cells. However, as different tissue types may vary
in their sensitivities to different IFNs (23), the results of these
reports are difficult to interpret. Our studies used two cell lines
of the same mesenchymalorigin, one derived from normal human
foreskin fibroblasts, and one from a human fibrosarcoma. Al
though derived from different patients, the two cells demonstra
ted similar sensitivities to the individual IFNs. The malignant cell
line, however, proved significantly more sensitive to the combi
nation of IFN-/3Â«*and IFN-7. Both normal fibroblasts, derived
from embryonic lung cells, and virally transformed cells were
synergistically inhibited in growth by these two IFNs, although
this synergistic interaction was greater in the virally transformed
cells. It is unclear whether these differences in sensitivities to
combination IFN treatment represent inherent differences in cell
line sensitivity or are related to the transformed state of the cell.

Our studies utilized purified preparations of Escherichla coli
derived human interferons. Interpretation of reports using par
tially purified preparations of mouse IFN have been limited by
the possibility that the biologicaleffects might have resulted from
contaminants or impurities in the IFN preparations. Studies sug
gesting that the antiproliferative activity of mouse IFN is a prop
erty of the IFN itself have been reported (24-26). However, our
data, obtained with IFN produced by recombinant DNA tech
niques and purified to homogeneity, confirms that the inhibitory
effects of IFNon tumor growth is indeed due to the IFN molecule
itself. Our data also confirm and expand upon the work of
Czarniecki et al., who described a synergistic antiproliferative
effect when human melanoma cells were treated with recombi
nant human IFNs (19).

Since our studies used purified preparations of IFN-a54, IFN-
//,.,.,,and IFN-7, their relative antiproliferative activity can be
compared on a weight basis such as protein concentration
(nanograms/milliliter). Previous reports, utilizing either partially
purified (6) or purified (7) human immune Interferon, have indi
cated that human IFN-7 has more potent anticellularactivity than
do IFN-a or IFN-ÃŸwhen compared on the basis of antiviral
activity. Our data suggest that while differences between cell
lines exist, the relative activities of IFN-7 and IFN-/1..,appear to
be quite similar.

Synergistic activity resulting from combination treatment with
two agents implies that the two agents do not act independently
of one another but instead interact in some manner. In the case
of IFN, the nature of this interaction is unclear; however, timing
experiments utilizing the RT112 cell line indicate that the two
IFNs need not be present in the media at the same time for it to
occur.

We have demonstrated that a synergistic enhancement of
antiproliferative effects of IFN type I and type II occur in a variety
of human cell lines, including some with a relative resistance to
one or both IFN types. Although the mechanisms by which one
IFNtype may potentiate the biologicalactivities of another remain
to be identified, these results have both biological and clinical
implications.
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