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Earlier studies demonstrated the induction of B,-interferon (IFN-B,) in human diploid fibroblasts (FS-4
strain) exposed to tumor necrosis factor (TNF). These studies suggested that IFN-B, mediates an antiviral effect
in TNF-treated cells and exerts a feedback inhibition of the mitogenic effect of TNF. Here we demonstrate that
the expression of the antiviral action of TNF can be enhanced by prior exposure of FS-4 cells to trace amounts
of IFN-B,. IFN-B,, at a higher concentration, can directly increase the expression of IFN-B,. Exposure of cells
to TNF enhanced IFN-$, (but not IFN-B;) mRNA expression in response to poly(I) - poly(C), an IFN inducer
which is also known to stimulate FS-4 cell growth. Platelet-derived growth factor and interleukin-1 also led to
the increased expression of IFN-B,. However, platelet-derived growth factor and interleukin-1 could override
the antiviral effect of TNF and also that of exogenously added IFN-B,. Our data suggest that a complex network
of interactions that involves the endogenous production of IFN-B, is triggered by several growth-modulatory
cytokines. Cellular homeostasis is likely to represent a balance between the induction of IFN-, by these
cytokines and their ability to override the inhibitory actions of IFN-§,.

Many cytokines have antagonistic biological effects on
cells in culture. For example, the cell growth-stimulating
action of platelet-derived growth factor (PDGF) can be
inhibited by the addition of interferon (IFN), and con-
versely, PDGF is able to inhibit the antiviral action of IFN
(8, 11, 16, 26). Similarly, the growth factor-like mitogenic
effect of tumor necrosis factor (TNF) in human fibroblasts
can be inhibited by the addition of IFN (30). Recent obser-
vations that some growth factors themselves induce endog-
enous IFNs suggest a role for such IFNs in the homeostatic
mechanism controlling cell proliferation. Colony-stimulating
factor-1 induced IFN in murine bone marrow cells (14); this
IFN was subsequently identified as murine IFN-B (17). TNF
was shown to induce human IFN-B, mRNA in human
fibroblast cultures (10). TNF produced an antiviral effect in
human fibroblasts, apparently mediated by the induction of
IFN-B; (10). The development of the antiviral effect of TNF
in FS-4 cells could be blocked by anti-IFN-B serum. More-
over, anti-IFN-B serum amplified the mitogenic effect of
TNF in human fibroblast cultures (10).

IFNs are classified as a, B, or vy based on neutralization by
appropriate antisera (5, 9). At least two functional
poly(I) - poly(C)-inducible human IFN-8 genes have been
characterized (reviewed in references 18 and 24). The IFN-
B1 gene is located on human chromosome 9 and has been
extensively investigated (reviewed by C. Weissmann and H.
Weber, Prog. Nucleic Acids Res. Mol. Biol., in press). The
IFN-B, gene (22, 31) is located on chromosome 7 (24) and
has been recently expressed into biologically active recom-
binant human IFN-B in heterologous expression systems
(18, 32). Although the IFN-B; and -B, genes do not cross-
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hybridize at the nucleic acid level, the two proteins share
distinct amino acid sequence similarities (L. T. May, D. C.
Helfgott, and P. B. Sehgal, Proc. Natl. Acad. Sci. USA, in
press). The two recombinant proteins can be cross-
neutralized by several different heterologous polyclonal and
monoclonal antibodies (18, 32; J. Vil¢ek, unpublished data).
The 1.3-kilobase (kb) IFN-B, mRNA is expressed constitu-
tively at a low level in confluent cultures of human fibro-
blasts maintained for about 1 week without medium replen-
ishment (10, 32). TNF greatly increased the steady-state
level of IFN-B, mRNA in such fibroblast cultures without
the appearance of the 0.9-kb IFN-B; mRNA (10).

Experiments described here show that the expression of
IFN-B is enhanced when human fibroblasts are first exposed
to a low concentration of exogenous IFN-B and then to TNF
or when they are first exposed to TNF followed by
poly(I) - poly(C). IFN-B, by itself, used at high concentra-
tion, can directly induce IFN-B,. We show, in addition, that
growth factors such as PDGF and interleukin-1 (IL-1) induce
IFN-B,, but not IFN-B,, in serum-depleted human diploid
fibroblasts. At the same time, PDGF and IL-1 can block the
antiviral effect of exogenously added or endogenously pro-
duced IFN-B; or IFN-B,. These data support the view that
antagonistic or co-agonistic interactions among the
exogenously added and the one or more endogenously
produced cytokines determine the net biological effects
observed. Our experiments document new aspects of the
intricate cytokine network that functions in human diploid
fibroblast cultures.

MATERIALS AND METHODS

Materials. Recombinant Escherichia coli-derived human
TNF (specific activity, 4.8 X 10’ units/mg) was Kindly
supplied by the Suntory Institute for Biomedical Research
(Osaka, Japan); partially purified human leukocyte IFN-a
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(lot 201P; specific activity, >2 x 10° IU/mg) was obtained
from the New York Blood Center; partially purified human
diploid fibroblast IFN-B (lot 4; specific activity, 2 x 108
IU/mg) was obtained from Dr. Rentschler Arzneimittel
GmbH & Co.; recombinant E. coli-derived human IFN-
B1178¢" (specific activity, 2 X 10% IU/mg) was obtained from
Triton Biosciences; recombinant E. coli-derived human
IFN-y (specific activity, >5 X 10° IU/mg) was obtained from
Suntory Institute for Biomedical Research; highly purified
human PDGF was obtained from Elaine W. Raines and
Russell Ross (University of Washington School of Medicine,
Seattle) and from Cellular Products Inc. (specific activity,
>8 x 10° units/mg); recombinant E. coli-derived human
IL-1a (specific activity, 3 X 107 units/mg) was obtained from
Hoffmann-La Roche Inc. (Nutley, N.J.); and recombinant E.
coli-derived human IL-1B (specific activity, 107 units/mg)
was obtained from Charles A. Dinarello (Tufts University
Medical Center, Boston). Poly(I) - poly(C) was obtained
from P-L Biochemicals, Inc. (Milwaukee, Wis.), cyclohexi-
mide was from Sigma Chemical Co. (St. Louis, Mo.), and
actinomycin D was from Calbiochem-Behring (La Jolla,
Calif.). Antisera to human IFNs and their use in neutraliza-
tion assays have been described before (9, 10). The human
IFN-a; cDNA probe was pLM001 (21); the human IFN-B;
cDNA probe was pD19 (13); and a 21-nucleotide-long syn-
thetic DNA probe complementary to the IFN-B, mRNA (10)
was used for Northern blot analyses. [a->?P}JdCTP and
[y-**PIATP were purchased from New England Nuclear
Corp. (Boston, Mass.). Reference standards for human
IFN-a, -B (expressed as W.H.O. international units per
milliliter), and -y (expressed as N.I.H. reference units per
milliliter) were obtained from the National Institutes of
Health (Bethesda, Md).

Cell culture methods. The human foreskin diploid fibro-
blast strain designated FS-4 (29) was used in all the experi-
ments. Procedures for cell growth, for antiviral protection
assays with encephalomyocarditis (EMC) virus, for detec-
tion of IFN activity in samples of cell culture medium, and
for the serologic characterization of the IFN activity have
been described earlier (10). FS-4 cells were grown in 24-well
multiwell plates (1 ml of medium per well), T-175 flasks (30
ml of medium per flask), or 150-mm plastic petri dishes
(Flow Laboratories, Inc., McLean, Va.) (30 ml of medium
per petri dish) in Eagle minimal essential medium supple-
mented with 5 or 10% (vol/vol) heat-inactivated (56°C, 30
min) fetal bovine serum (GIBCO Laboratories, Grand Is-
land, N.Y.) (10). Unless stated otherwise, experiments were
carried out in confluent FS-4 cell cultures 6 to 8 days after
the last medium replenishment. Cytokines or other experi-
mental agents were added directly to the conditioned me-
dium in the cultures to achieve the indicated concentrations.
IFN titers in some experiments are expressed as laboratory
units per milliliter that correspond to approximately 0.1 to
0.2 IU of the appropriate reference standard per ml.

Blot-hybridization analyses of RNA. Procedures for extrac-
tion of cellular polyadenylated RNA, blot-hybridization
analyses, and autoradiography have been described earlier
(10). For RNA blots, polyadenylated RNA (yield approxi-
mately 1 pg per T-175 flask or 150-mm petri dish) was
denatured in 10 to 20 mM methylmercury hydroxide, elec-
trophoresed through a 1% agarose-10 mM methylmercury
hydroxide gel, and blotted onto aminobenzyloxymethyl cel-
lulose paper (ABM paper; Pharmacia, Inc., Piscataway,
N.J.) (10, 13, 21, 22). Autoradiography was carried out at
—70°C with Kodak XAR-5 film and Du Pont intensifier
screens. Although not shown in the Results section, most of
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the blots were reprobed with a cDNA clone to human B-actin
mRNA as part of the last step in each experiment to verify (i)
equal mRNA loading in comparable lanes and (ii) adequacy
of the procedures used to strip the blots of hybridized probes
and those used for rehybridization.

RESULTS

In the following sections particular experimental questions
are explored both by biological techniques (for example, by
antiviral protection assays) and by nucleic acid hybridization
procedures (for example, by Northern blot analyses of
polyadenylated RNA). Thus, specific biological observa-
tions can be directly correlated with the underlying expres-
sion of particular IFN mRNA species.

Enhancement of TNF-induced IFN-B, expression by
exogenous IFN-B. Earlier studies showed that treatment of
confluent cultures of FS-4 cells with TNF at concentrations
in the range of 1 to 30 ng/ml for 24 h inhibited virus
multiplication and the cytopathic effect of EMC and herpes
simplex viruses (10). Incubation of confluent FS-4 cell cul-
tures for a period of 6 to 8 days after the last addition of fresh
medium was important for the development of virus resist-
ance. Such continued incubation of confluent cultures ap-
pears to be associated with constitutive production of small
amounts of IFN-B (10). To determine whether this constitu-
tive production of IFN-B had a role in the ability of TNF to
induce an antiviral state, we treated confluent FS-4 cell
cultures for 6 h with IFN-B in the concentration range of 0.05
to 0.2 units/ml, starting 2 days after the last addition of fresh
medium, and the antiviral activity of TNF at different
concentrations was then determined in these cells. [A par-
tially purified preparation of IFN-B obtained from
poly(I) - poly(C)-induced FS-4 cell cultures was used in
these experiments. This is referred to as IFN-B since the
particular mixture of subspecies present is not known. It is
likely that IFN-B; predominates in this preparation.] TNF
alone did not elicit an antiviral state in cultures replenished
with fresh medium 2 days before the experiment but did
elicit cell protection in cultures that were exposed before-
hand to a low concentration of IFN-B (Fig. 1A). The amount
of IFN-B used in these experiments was not, by itself,
sufficient to protect the cells from EMC virus infection (Fig.
1A). The Northern blot analysis in Fig. 1B confirmed that
FS-4 cells exposed to IFN-B at a concentration of 0.5
units/ml for 9 h and then treated with TNF express a higher
steady-state level of the 1.3-kb IFN-B, mRNA than cells
treated with TNF alone or IFN-B (0.5 units/ml) alone. Figure
1B also shows that there is no detectable expression of the
0.9-kb IFN-B; mRNA in these cells. Numerous additional
experiments failed to reveal any mRNA hybridizable with an
IFN-a; cDNA probe in TNF- and IFN-B-treated FS-4 cells
(data not shown).

Enhancement of poly(I) - poly(C)-induced IFN production
by TNF. FS-4 cell cultures treated with TNF for 15 h at
concentrations in the range of 3 to 100 ng/ml responded to
the IFN inducer poly(I - C) by producing a three- to four-
fold-higher yield of IFN-B (Fig. 2A). This increase was
blocked when the exposure of cells to TNF occurred in the
presence of anti-IFN-B serum, suggesting that endogenous
TNF-induced IFN-B, was involved in the ‘‘priming’’ of FS-4
cell cultures (see reference 25 for a discussion of the priming
effect of IFNs). The role of endogenous TNF-induced IFN-
B2 in regulating its own synthesis in response to
poly(I) - poly(C) is illustrated in the Northern blot analysis
shown in Fig. 2B. Poly(I) - poly(C) induced both IFN-B,; and
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FIG. 1. Enhancement of the antiviral effect (A) and IFN-B, mRNA expression (B) by trace amounts of exogenous IFN-B in TNF-treated
fibroblasts. (A) Confluent cultures of FS-4 cells in 24-well tissue culture plates were replenished with fresh medium containing 5% fetal calf
serum and incubated for only 2 days before use. Trace amounts of IFN-8 were added directly to the medium in duplicate sets of wells to give
final concentrations in the range from 0.05 to 0.2 IU/ml. Six hours later, TNF was added in increasing concentrations to the medium as
indicated. After another 24 h, EMC virus (3,000 PFU per well) was added to the cultures in 100 pl of medium. Protection of cells from the
cytopathic effect of EMC virus was determined by the dye uptake method as described previously (10). ODg30, Optical density at 630 nm. (B)
FS-4 cells (four flasks per group) were treated with IFN-B (0.5 IU/ml) for 9 h and then with TNF (30 ng/ml) for 6 h. Cellular polyadenylated
RNA was analyzed by blot hybridization with a *?P-end-labeled IFN-B, oligonucleotide probe and then with a nick-translated 32P-labeled
IFN-B, cDNA probe (10, 13). Lanes: 1, untreated control; 2, IFN-B alone; 3, IFN-B and TNF; 4, TNF alone.

IFN-B, in FS-4 cell cultures (Fig. 2B, lane S5). The induction
of IFN-B, by poly(I) - poly(C), but not IFN-B,, was en-
hanced in cells treated with TNF for 15 h (Fig. 2B, lane 6).
This increase was less if anti-IFN-B serum was included in
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FIG. 2. Enhancement of poly(I) - poly(C)-induced IFN produc-
tion (A) and IFN-B, mRNA expression (B) by TNF. (A) FS-4 cells
cultured in 24-well plates were treated with the indicated concen-
trations of TNF. Rabbit anti-IFN-B serum (5 pl per well) was added
to half the cultures together with TNF. After 15 h poly(I) - poly(C)
was added (final concentration, 10 pg/ml), and the cultures were
incubated for another 1 h. The cultures were then washed exten-
sively with phosphate-buffered saline and incubated for 20 h with
fresh medium (0.5 ml per well). The culture fluids were then
collected, and the IFN titer was determined as described earlier
(10). (B) FS-4 cells (four flasks per group) were treated with TNF (30
ng/ml) for 15 h and then with poly(I) - poly(C) (10 png/ml) for 2.5 h.
Two groups were also treated with TNF in the presence of rabbit
anti-IFN-B serum (100 pl per flask). Cellular polyadenylated RNA
was analyzed by blot hybridization with an IFN-8, probe and then
with an IFN-B; probe. Lanes: 1, untreated control; 2, TNF alone; 3,
TNF in the presence of anti-IFN-f serum; 4, TNF in the presence of
anti-IFN-B serum and then poly(I) - poly(C); 5, poly(I) - poly(C)
alone; 6, TNF and then poly(l).

the culture medium during the TNF treatment (Fig. 2B, lane
4). Anti-IFN-B serum did not affect the expression of IFN-B,
mRNA per se in response to TNF alone (compare lanes 2
and 3 in Fig. 2B), but inhibited the ability of the secreted
IFN-B to enhance poly(I) - poly(C) induction of IFN-B,
(compare lanes 4 and 6 in Fig. 2B). The data in Fig. 2 suggest
that the increase in IFN titer seen in the medium of TNF-
and poly(I) - poly(C)-treated cultures (Fig. 2A) corresponds
to the increase in IFN-B, expression (Fig. 2B).

Induction of endogenous IFN production by exogenous
IFNs. We explored the possibility that other exogenously
added IFNs also induce endogenous IFNs in FS-4 cell
cultures. Two sets of experiments were carried out to test
this possibility. In one set, FS-4 cells were treated with
different IFNs at different concentrations for 15 h and then
subjected to the cycloheximide-actinomycin D ‘‘superinduc-
tion regimen’’ described in the legend to Table 1 (see
references 25 and 29 for a discussion of the rationale for the
superinduction regimens used; Table 1 describes a represen-
tative experiment of several carried out). IFN production in
these cultures was monitored over the next 15 h. In the other
set, FS-4 cell cultures were treated with different IFNs at
different concentrations simultaneously with cycloheximide
for 8 h, and IFN production was monitored over the next 15
h (Fig. 3). It is clear from the data summarized in Fig. 3 that
all three types of IFNs tested, IFN-a, -B, and -y, can induce
endogenous IFN in FS-4 cells detectable in the culture
medium. Comparable IFN yields were obtained with the
different protocols tested.

Characterization of the induced endogenous IFN, based
on neutralization with antisera specific for IFN-a, IFN-8, or
IFN-v, is summarized in Table 1. These data show that when
FS-4 cells were treated with IFN-a, -B, or -y for 15 h before
the addition of cycloheximide, the IFN produced was largely
IFN-B. When the exogenous IFNs were added at the same
time as cycloheximide, the IFN activity in the culture
medium was either largely IFN-a or a mixture of IFN-a and



276 KOHASE ET AL.

100}

E

~

p

~ 30

°

@

)-

§ 10}

<4t )

0 10 30 100 10 30 100 10 30 100
IFN-a (IU/ml)  IFN-B (IU/mI)  IFN-y (RU/mI)

FIG. 3. Induction of endogenous IFN activity by exogenous
IFN-a, IFN-8, or IFN-y. Two different regimens were used as
described in Table 1, footnote a, except that several different
concentrations of exogenous IFN were tested. The titer of the
endogenous IFN activity produced when exogenous IFN treatment
preceded cycloheximide by 15 h is shown by the open circles, while
that produced when exogenous IFN was added simultaneously with
cycloheximide is shown by the closed circles.

-B (Table 1). IFN activity (10 to 100 units/ml) of the B
serotype was also detected in the culture medium of FS-4
cells appropriately induced with TNF (data not shown).
The Northern blot analysis in Fig. 4 shows that the IFN
mRNA detectable in FS-4 cell cultures treated with different
IFNSs for 18 h is IFN-B,. No hybridization was detectable
with IFN-a; or IFN-B; cDNA probes (this experiment is
comparable to the —15 to 0 h IFN treatment experiment in

TABLE 1. Serologic characterization of endogenous IFN activity
produced in FS-4 cells by exogenous IFN-a, IFN-B, and IFN-y

Residual titer of endogenous IFN (units/ml) af-
ter mixing with antiserum®:

Exogenous IFN“

Anti- Anti- Anti- No
Treatment  Type NG IFN  IFN-y  seum
-15to0 h a 130 <4 130 130
B8 140 6 130 160
v 190 50 190 180
None <4 <4 <4 <4
Oto8h a 10 42 70 60
B8 10 80 72 80
Yy 12 16 30 32
Antiserum®
IFN-a <4 4?2 70 60
IFN-8 400 <4 500 400
IFN-y 64 64 <4 60

@ FS-4 cells cultured for 2 days after medium replenishment in 24-well
plates were treated with exogenous IFN-a, IFN-B, or IFN-y (each at 300 IU/
ml) and incubated for 15 h at 37°C. Cycloheximide (50 ng/ml) was then added
for 8 h followed by actinomycin D (2 pg/ml) for 1 h. The cultures were washed
with phosphate-buffered saline (six times, 1 ml each time) and incubated with
0.5 ml of minimal essential medium per ml (four wells per group) containing
5% fetal calf serum for another 15 h. The culture fluids were collected, pooled,
and stored at —80°C. Another set of cultures was treated similarly except that
the exogenous IFNs were added simultaneously with cycloheximide. 0 h
refers to the time of addition of cycloheximide. See references 25 and 29 for a
discussion of the rationale for the superinduction regimens used.

5 Each endogenous IFN sample (100 pl) was incubated for 60 min at 37°C
with 20 ul of antibodies to IFN-a (rabbit serum, diluted 10 times), to IFN-8
(calf serum, diluted five times), to IFN-y (monoclonal antibody, culture fluid),
or with 20 pl of minimal essential medium containing 5% fetal calf serum, and
then titrated for residual IFN activity.

< To ascertain specificity each antibody was tested in parallel with appropri-
ate reference IFN preparations.
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Table 1). Northern blot analyses of mRNA isolated from
FS-4 cells treated with different IFNs for 6 to 8 h in the
presence of cycloheximide revealed the induction of IFN-$,
mRNA by exogenous IFN-B, but no hybridization was
detected when IFN-a; or IFN-B; cDNA probes were used
(data not shown), even under very relaxed hybridization and
washing conditions (12). The lack of detectable mRNA
hybridizing with the IFN-a; cDNA probe contrasts with the
detection of an IFN-a species in the culture fluids (Table 1).
Suggestive evidence for the existence of human IFN-a
species whose mRNA is 1.8 kb long and which does not
cross-hybridize an IFN-a; cDNA probe even under very
relaxed hybridization conditions has been reported earlier
(21, 23).

IFN-B, induces IFN-B, mRNA without the requirement for
new protein synthesis. To determine whether the effects seen
with the preparation of natural human IFN-B used in the
preceding experiments could be reproduced with homoge-
neous IFN-B,, we carried out the experiment illustrated in
Fig. 5. This Northern blot analysis shows that the steady-
state level of IFN-B, can be increased by exposure of FS-4
cells to E. coli-derived homogeneous IFN-B,!75¢" for 17 h
(Fig. 5, lane 2). Cycloheximide by itself increases the steady-
state level of IFN-B, mRNA (Fig. 5, lane 3) (6, 10, 32). The
addition of rIFN-B,!"5°* to FS-4 cells in the presence of
cycloheximide caused an even higher level of expression of
IFN-B, mRNA (Fig. 5, compare lanes 3 and 4). Thus IFN-B,
is directly inducible by IFN-B, in the presence of cyclohex-
imide (Fig. 5) but not by IFN-a or -y (data not shown).

PDGF induces IFN-B,. The growth factor PDGF was
tested for its ability to increase IFN-B; and -B, mRNA
expression in human fibroblasts. The blot-hybridization data
in Fig. 6 indicate that the addition of PDGF for 8 h in the
concentration range of 1 to 10 units/ml to confluent, serum-
depleted FS-4 cell cultures led to an increase in the level of
IFN-B, mRNA. An increase in IFN-B, mRNA levels was
also seen after the addition of fresh calf serum (final concen-
tration, 10%, vol/vol) (Fig. 6B, lane 2). In contrast to the
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FIG. 4. Increased expression of IFN-B, mRNA in FS-4 cells
treated with IFN-a, IFN-B, or IFN-y (300 IU/ml). FS-4 cells (four
flasks per group) were treated with IFN-a, IFN-B, or IFN-y
(without cycloheximide or actinomycin D) at a final concentration of
300 IU/ml for 18 h. Cellular polyadenylated RNA was extracted and
analyzed by blot hybridization with IFN-a;, IFN-B,, and IFN-B;
probes. A blot of mRNA from Sendai virus-induced human
Namalwa cells was included as an internal control in the IFN-a; and
IFN-B, hybridizations (13). These probes detect the 0.8- to 1.4-kb
IFN-a;-hybridizable mRNA and the 0.9-kb IFN-8; mRNA in in-
duced Namalwa (Nam) cells as indicated by the arrowheads. Lanes:
1, untreated control; 2, IFN-a-treated cells; 3, IFN-B-treated cells;
4, IFN-y-treated cells.
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observations of Zullo et al. (33) with murine BALB/c-3T3
cells, no hybridization was detected when these blots were
probed with an IFN-B, cDNA. Similarly, no hybridization
was detected by using an IFN-a; cDNA probe.

IL-1 induces IFN-B,. The growth factor IL-1 was also
tested for its ability to affect IFN-B; and IFN-B, expression
in human fibroblasts. The Northern blot analysis shown in
Fig. 7 shows that treatment of FS-4 cells with IL-1a for 12 h
greatly increased the steady-state level of IFN-B, mRNA but
not that of IFN-B; mRNA.

PDGF and IL-1 override the antiviral effect of TNF. It is
known that mitogens such as PDGF can interfere with the
antiviral and antiproliferative effects of IFNs (11, 16, 26). We
have confirmed that PDGF can decrease the antiviral effect
of rIFN-B,'75¢ in FS-4 cells (data not shown). Thus, it
appeared that PDGF could both induce IFN-B and block its
biological effects. This possibility was tested in an experi-
ment in which we attempted to determine whether PDGF
could elicit an antiviral state in FS-4 cells (Fig. 8A). We also
tested the effect of PDGF on the antiviral state elicited by
TNF in these cultures. It is clear from the data in Fig. 8A
that PDGF by itself did not elicit an antiviral state in FS-4
cell cultures even though it led to the increased expression of
IFN-B, (Fig. 6). Furthermore, PDGF could abolish the
antiviral state elicited by TNF.

IL-1 also did not induce an antiviral state by itself in FS-4
cell cultures (Fig. 8B). It blocked the antiviral effect of TNF
in these cells (Fig. 8B) and inhibited the antiviral activity of
exogenously added IFN-B (data not shown).

DISCUSSION

Many of the interactions described in this paper involve
the increased expression of the cytokine IFN-B, in diploid
fibroblast culures (Fig. 9). This endogenous cytokine is a
glycosylated protein of apparent molecular weight of 21,000;
it is translated from an mRNA of 1.3 kb that contains an
open reading frame of 212 amino acids of which the first 30
to 33 amino acids form a hydrophobic stretch that could act
as the secretory signal (19, 22, 24, 31, 32; May et al., in
press). Biologically active recombinant human IFN-B, has
been produced in heterologous rodent cell expression sys-
tems (18, 32). IFN-B, shares distinct amino acid sequence
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FIG. 5. Recombinant E. coli-derived IFN-B,"5 induces IFN-B,
mRNA. FS-4 cells were treated with rIFN-B,175¢r (500 IU/ml) for 17
h (lane 2; five flasks per group) or with aIFN-B,75¢F (500 IU/ml) in
the presence of cycloheximide (50 pg/ml) for 9 h (lane 4; three flasks
per group). Lane 1 represents an untreated control group (five
flasks), and lane 3 represents a control group treated only with
cycloheximide (three flasks). The blot was hybridized with the
IFN-B, probe.
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FIG. 6. PDGF and bovine serum increase expression of IFN-B,
mRNA in FS-4 cells. (A) Quiescent FS-4 cells (10 150-mm plastic
petri dish cultures per group), which were given their last medium
replenishment 8 to 10 days earlier, were treated with PDGF (10
units/ml) in 5 ml of conditioned medium per culture for 8 h, and the
cellular polyadenylated RNA was analyzed by blot hybridization
with first the IFN-B8, probe and then the IFN-B, probe. Lane 1,
Untreated control; lane 2, PDGF-treated cells. (B) Quiescent FS-4
cells (seven 150-mm plastic petri dish cultures per group) were
treated with 10% (vol/vol) calf serum (GIBCO) or PDGF for 8 h.
Lane 1, Untreated control; lane 2, 10% calf serum; lane 3, PDGF (1
unit/ml); lane 4, PDGF (10 units/ml).

similarities with IFN-B, (May et al., in press), and the
antiviral activity of IFN-B, can be neutralized by polyclonal
and monoclonal antisera raised against the IFN-B; protein
(18-20, 22, 31, 32). These findings are the basis for the
designation “‘IFN-B,”’ in keeping with the guidelines of the
Committee on Interferon Nomenclature (5), although the
1.3-kb IFN-B; mRNA and the 0.9-kb IFN-B; mRNA do not
cross-hybridize the respective heterologous cDNA probes
and can thus be readily distinguished from each other in
Northern blot analyses (22, 31).

The expression of IFN-B, mRNA in human diploid fibro-
blasts is markedly affected by the physiological state of the
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FIG. 7. IL-1la increases expression of IFN-B, mRNA in fibro-
blasts. FS-4 cells (five flasks per group) were treated with IL-1a (20
units/ml) for 12 h, and the cellular polyadenylated RNA was
analyzed by blot hybridization with first the IFN-B, probe and then
the IFN-B, probe. Lane 1, Untreated control; lane 2, IL-1a-treated
cells.
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FIG. 8. PDGF and IL-1 override the antiviral effect of TNF.
FS-4 cells were seeded in 24-well plates and replenished with fresh
medium as described in the legend to Fig. 1. Six (A) and seven (B)
days after medium change, TNF (30 ng/ml), PDGF (2.5 units/ml),
IL-1a (1 ng/ml; 30 units/ml), IL-1B8 (30 ng/ml), and combinations as
indicated were added directly to duplicate cultures. Protection of
cells from the cytopathic effect of EMC virus was determined as
described in the legend to Fig. 1 and in reference 10. ODg;,, Optical
density at 630 nm.

cells in culture. Confluent, quiescent FS-4 cell cultures
constitutively express IFN-B, at a low level (10). The
present experiments show that such cultures respond to a
variety of growth stimuli [TNF, PDGF, IL-1, bovine serum,
and poly(I) - poly(C)] by increasing the amount of the en-
dogenous IFN-B, mRNA. The subsequent secretion of en-
dogenous IFN-B, into the culture medium appears to be
important in modulating or mediating several of the biolog-
ical effects of some of these growth factors.

Complex cytokine interactions in FS-4 cell cultures. IFN-B,
appears to suppress the cell growth-stimulating action of
TNF while mediating its antiviral effect in FS-4 cells (10).
Furthermore, the induction of IFN-B, by TNF can be
enhanced by prior exposure of FS-4 cell cultures of IFN-B;
at a low concentration (0.03 to 3 units/ml). The induction of
IFN-B, by poly(I) - poly(C) can be enhanced further by prior
exposure of FS-4 cell cultures to TNF. Since this enhance-
ment was reduced in the presence of antibody to IFN-B, the
secreted, TNF-induced IFN-B, appears to mediate the en-
hancement, by TNF, of IFN-B, induction by poly(I)
poly(C). IFN-B; at a higher concentration (10 to 300
units/ml) directly induces IFN-B,. IFN-a and IFN-y at high
concentration also induce IFN-B, as well as an endogenous
IFN-a species. It is important to note that the enhancing
effect of TNF on the induction of IFN-g, by poly(I) - poly(C)
is selective in that the induction of IFN-B; by poly(l) -
poly(C) is not affected by TNF.

Unlike TNF, the growth factors PDGF and IL-1 induce
IFN-B, mRNA without the concomitant development of an
antiviral state in human diploid fibroblasts. This is not
unexpected because PDGF and IL-1 were found to block the
antiviral activity of IFN-B,!7S". Thus, although strong
mitogens such as PDGF induce endogenous IFN-B,, they
can apparently override at least some of the effects of the
endogenous IFN in FS-4 cells. Action of IL-1 is dependent
on cell type because IL-1 produced an antiviral state in
human osteosarcoma MG63 cells (27, 28; M. Kohase and J.
Viléek, unpublished data).
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The IFN-B; and IFN-B, inducer poly(I) - poly(C) also
stimulates cell growth in human diploid fibroblast cultures
(2; J. Vil¢ek, M. Kohase, and D. Henriksen-DeStefano, J.
Cell. Physiol., in press). Anti-IFN-B serum further enhanced
the growth stimulatory effect of poly(I) - poly(C), suggesting
that the induction of IFN-B; or IFN-B, or both by
poly(I) - poly(C) exerts a feedback inhibition on cell prolif-
eration (Vil¢ek et al., in press).

TNF induces IL-1 expression in macrophages (1, 7),
endothelial cells (15), and FS-4 fibroblasts (J. Le, D.
Weinstein, U. Gubler, and J. Vil¢ek, submitted for publica-
tion). Available results (10; present studies) suggest that in
FS-4 cells the induction of IFN-B, by TNF, leading to the
development of an antiviral state, is dominant over both the
induction of IL-1 by TNF and the blocking effect of this IL-1
on the IFN-B,-mediated antiviral state.

In the present experiments, TNF and rIFN-B,!7S¢" in-
creased the steady-state levels of IFN-B, mRNA in the
presence of cycloheximide, indicating that new protein syn-
thesis is not required for this induction. The observation that
rIFN-B,'75¢" directly induced IFN-B, expression, whereas
IFN-a did not, suggests that although IFN-a and -B; com-
pete for the same cell surface receptor (3), there can be
differences in the intracellular events that they elicit.

The increase in gene expression mediated by the endoge-
nous production of a second cytokine is sensitive to inhibi-
tion by cycloheximide. Thus, the increase in the expression
of class I HLA mRNA in TNF-treated human endothelial
cells and fibroblasts can be blocked by cycloheximide (4) and
by anti-IFN-B serum (May et al., in press). Therefore, the
increase in class I HLA gene expression by TNF is likely to
be, at least in part, an indirect effect of the endogenous
secretion of IFN-B, in these cultures.

There are differences in the behavior of the IFN-B, gene in
different human cells. Human lymphoblastoid cells
(Namalwa), which appear to contain an intact IFN-, gene
as judged by restriction fragment analysis, did not express
detectable IFN-B, mRNA in response to inducers that led to
the expression of IFN-B; mRNA in Namalwa cells and
IFN-B; and IFN-B; in FS-4 cells (24; P. B. Sehgal and L. T.
May, in K. Cantell and H. Schellekens, ed., The Biology of
The Interferon System 1986, Martinus Nijhoff, in press). We
anticipate that similar cell-type- and tissue-specific differ-
ences will be uncovered as the cytokine networks operative
in other systems are explored. Differences in the endogenous

Direct effects

Direct effects
FIG. 9. Cytokine network in human diploid fibroblast cultures.
Solid arrowheads represent stimulatory effects, open arrowheads
represent inhibitory effects, and the relative size of the open
arrowheads represents the relative strength of the inhibitory effects.
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production of cytokines in local tissue environments in
response to particular stimuli may contribute to the diversity
of the biological responses observed.

Conclusions. IFNs have emerged as important autocrine
regulators of cell growth and function. In human diploid
fibroblasts, the endogenous production of IFN-B; is highly
responsive to the presence of other growth-modulatory
cytokines such as TNF, PDGF, IL-1, and IFN-B;. A com-
plex network of interactions is triggered when one or more of
these agents is present in the cellular environment (Fig. 9).
IFN-B, appears to mediate the antiviral effect of TNF and to
modulate the mitogenic effect of TNF. The production of
IFN-B; in response to TNF can be increased further by trace
amounts of IFN-B;. At higher concentrations, IFN-B; can
directly induce IFN-B, expression. Some of the growth
factors such as PDGF and IL-1 can, at appropriate concen-
trations, override the biological effects of endogenous or
exogenous IFN-B. A growth factor such as TNF that does
not interfere with IFN-B action can induce another endoge-
nous growth factor, such as IL-1, that does. Thus, the
apparent biological effects of a particular cytokine in human
diploid fibroblast cultures represent the cumulative result of
the qualitative, quantitative, and temporal interrelationships
summarized briefly in Fig. 9. Cellular homeostasis is likely to
represent a balance among these several antagonistic and
coagonistic interactions.
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