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ABSTRACT Interferon can affect several cellular functions,
in addition to its antiviral activity. We report here that pretreat-
ment of human cells with homologous interferon significantly in-
hibits cell fusion induced by Sendai virus and that this refractory
state is accompanied by a decrease in cell plasma membrane flu-
idity. Multinucleate cell formation induced by 13-propiolactone-in-
activated Sendai virus in human fibroblast cells (a system in which
fusion results from an interaction ofthe viral glycoprotein with the
cell membrane) was inhibited by more than 90% after addition of
human interferon for 18-24 hr. This inhibition could be neutral-
ized by antiserum to interferon. Furthermore, inhibitor studies
with cycloheximide and actinomycin D clearly indicated that syn-
thesis of protein and RNA is necessary to establish the resistant
state. To determine whether the inhibition of Sendai virus-in-
duced cell fusion resulted from interferon-induced changes at the
cell plasma membrane, experiments were carried out using the
fluorescence probe 1,6-diphenyl-1,3,5-hexatriene, which is ca-
pable of sensing molecular motions in the hydrocarbon core of the
bilayer structure. A significant decrease in the membrane fluidity
of interferon-treated cells was observed. It is likely, therefore,
that the inhibitory effect on Sendai virus-induced cell fusion ob-
served in interferon-treated cells results from an increased rigid-
ity of the target cell membrane.

In addition to their potent antiviral action, interferons (IFNs)
have various effects on normal cellular functions. It can bind
to specific receptors in the plasma membrane of normal and
transformed cells and regulate both their motility (1, 2), and
their rates of growth and division (3, 4). IFN treatment has also
been shown to alter both plasma membrane density and the
concentrations of some plasma membrane glycoproteins (5-7).
Furthermore, it is known that IFN plays an important role in
modulating the immune response of a host to infection (8, 9).
It is clear that many of these changes induced by IFN could be
mediated by alterations in membrane-associated functions of
the treated cell.
We showed previously that pretreatment of cells with ho-

mologous IFN reduced the number as well as the size of mul-
tinucleate cells induced after infection with the type D retro-
virus M-PMV (10). These results were consistent with our
findings that cell fusion induced by M-PMV and two other type
D retroviruses required penetration of the cell by the virus and
translation of virus-associated RNA (11, 12). Studies from sev-
eral laboratories had indicated that translation of viral mRNA
could be severely inhibited in IFN-treated cells (reviewed in
refs. 13 and 14). This inhibition appears to occur via two discrete
pathways: the first involves phosphorylation of eukaryotic ini-
tiation factor 2 which might prevent the binding oftRNA to 40S
ribosomal subunits (15), and the second is through a 2',5' A-

dependent endonuclease which is activated in IFN-treated cells
(16, 17).

Despite the fact that the inhibition ofM-PMV-induced fusion
might be correlated with a block in translation, it could not be
excluded that the inhibition of syncytium formation resulted
from IFN-induced changes at the cell surface. To differentiate
between these two possibilities, experiments have been carried
out with inactivated Sendai virus as a fusing agent. Cell fusion
induced by this virus results from a direct interaction of viral
glycoprotein with receptors in the cell plasma membrane. In
this type of cell fusion, commonly referred to as "fusion from
without" (18), the interaction of surface proteins of the virus
with the cell membrane is sufficient to induce cell-to-cell fusion
(19), and no virus-specific metabolism is necessary. The studies
reported here clearly show that treatment of human cells with
homologous interferon decreases their susceptibility to fusion
by Sendai virus and results in a decreased fluidity of the cell
plasma membrane.

MATERIALS AND METHODS
Cell Cultures and Virus. Primary human foreskin cells (HFS)

and normal rhesus monkey fetal lung cells (DBS-FRHL-2) were
grown as described (12). Detroit 550 cells, a human fibroblast
skin cell line obtained from the American Type Culture Col-
lection, was grown in Dulbecco's modified Eagle's medium sup-
plemented with 10% fetal serum and 0.05% sodium bicarbon-
ate. All the sera used were heat inactivated. Purified ,3-
propiolactone-inactivated Sendai virus was prepared as de-
scribed (11).

Chemicals and Reagents. Cycloheximide, actinomycin D,
and 1,6-diphenyl-1,3,5-hexatriene (DPH) were purchased from
Sigma. Human lymphoblastoid IFN (>1 x 106 National Insti-
tutes of Health units/mg of protein) was kindly provided by C.
B. Anfinsen. Human foreskin fibroblast IFN (1.9 x 106 National
Institutes of Health units/mg of protein) was obtained from
Collaborative Research (Waltham, MA). Antiserum (anti-hIFN)
prepared against highly purified human fibroblast (,3) IFN.and
which precipitates a single polypeptide in in vitro translation
studies (20) was kindly provided by P. M. Pitha. This antiserum
has a titer of 50,000 units/ml (1 unit neutralizes 1 National In-
stitutes of Health unit of human foreskin fibroblast IFN).

Assay for Cell Fusion. In general, semiconfluent or con-
fluent monolayers of human and rhesus monkey cells were
treated with either human lymphoblastoid or human fibroblast
IFN for 18-24 hr at 37°C. In some experiments, cells were
treated with cycloheximide or actinomycin D in addition to in-
terferon treatment. One set of cells was kept as an untreated
control. Both treated and untreated cells were then infected

Abbreviations: IFN, interferon; DPH, 1,6-diphenyl-1,3,5-hexatriene;
anti-hIFN, antiserum (antibody) to human fibroblast IFN; HA, hem-
agglutination; P]NaCl, phosphate-buffered saline.
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FIG. 1. Effect of human lymphoblastoid IFN on multinucleate cell formation induced by Sendai virus in human foreskin and rhesus monkey
fetal lung cells. Semiconfluent monolayers of human foreskin fibroblast cells and normal rhesus monkey fetal lung cells (DBS-FRHL-2) were pre-
treated with human lymphoblastoid IFN (70 units/ml) for 24 hr at 37°C. One set of human cells and one set of rhesus monkey cells were kept as

untreated controls. Both treated and untreated human and monkey cells were then infected with 1000 HA units of P-propiolactone-inactivated
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with 1000 hemagglutination (HA) units of (-propiolactone-in-
activated Sendai virus. After incubation for 2-3 hr at 370C, the
cells were stained with May-Grunwald-Giemsa stain as de-
scribed (11). The number of syncytia per cm2 in each group was
determined and the percentage inhibition of syncytium for-
mation was calculated.

Neutralization of Human IFN. Human fibroblast IFN (100
units/ml) was mixed with an appropriate volume of anti-hIFN,
incubated at 370C for 30 min, and added to the human foreskin
cells. In.parallel, equal volumes of human fibroblast IFN and
anti-hIFN were incubated separately at 370C for 30 min and
then added to the human cells as controls. Al the cells were
incubated for 18-24 hr at 37TC. Cells were then infected with
1000 HA units of (3-propiolactone-inactivated Sendai virus and
processed as above.

Treatment ofHuman Cells with DPH. Human foreskin cells
were pretreated with human foreskin fibroblast IFN at 10 and
100 units/ml 48 hr at 37TC. One set of human cells was kept
as untreated control. Cells were then trypsinized and resus-
pended in phosphate-buffered saline (Pi/NaCl) at pH 7.2.
Freshly prepared 6 ,M DPH (prepared by injecting 2 mM
DPH dissolved in tetrahydrofuran into Pi/NaCl) was mixed
with an equal volume of cells suspended in Pi/NaCl. The re-
sulting mixture was incubated at 370C for 15-20 min and then
brought to and held at 20.0 ± 0. 1°C for polarization measure-
ment in a Perkin-Elmer 65040 ratio fluorescence spectrometer
(Aex = 339 nm; Aem = 490 nm; band width = 20 nm). Final
conditions: DPH, 3 AM; cells, 4 X 105/ml.

The degree of polarization was computed from p = (F11 -
FI)/(Fl + F1), in which F11 and F1 are the fluorescence inten-
sities of the vertically and horizontally polarized components,
respectively, with excitation vertically polarized. The polari-
zation value for untreated cells was 0.305 ± 0.010. This value
determined from several preparations varied by no more than
5%.

RESULTS
Sendai Virus-Mediated Cell Fusion Is Inhibited by IFN. To

determine the effect ofhuman IFN on Sendai virus-induced cell
fusion, human foreskin cells were pretreated with human lym-
phoblastoid IFN at 70 units/ml for 24 hr (IFN units are ex-
pressed as National Institutes of Health reference units). Cells
were then infected with ,3-propiolactone-inactivated Sendai
virus (1000 HA units) and stained by the May-Grunwald-Giemsa
technique 2-3 hr later. Pretreatment of these human cells with
homologous IFN blocked the fusing ability of Sendai virus al-
most completely. Few syncytia were observed in the IFN-
treated cells in contrast to untreated cultures (Fig. 1 a and b).
Furthermore, those that were formed were significantly smaller
than those in untreated cells and rarely exceeded three or four
nuclei per cell. In order to rule out the possibility that the effect
of IFN was unique to the source of IFN and to the cell type
used, this experiment was repeated with human fibroblast IFN
and human foreskin cells and with both types of IFN and De-
troit 550 cells, a human fibroblastic cell line. In every case a
similar level ofinhibition ofSendai virus-induced cell fusion was
observed (Tables 1 and 2). Thus, this property of IFN is not
restricted to a particular IFN type or target cell.
On the other hand, pretreatment ofrhesus monkey fetal lung

cells with the same concentration ofhuman IFN had essentially
no effect on Sendai virus-induced cell fusion (Fig. 1 c and d).

This is consistent with our observation that, even at 200 units/
ml, human fibroblast or lymphoblastoid IFN does not com-
pletely protect these cells from vesicular stomatitis virus infec-
tion (ref. 10; unpublished data). This result might be expected
from the species specificity ofIFN preparations although these
particular cells may be more refractory to human IFN; more
importantly, it rules out the possibility of a nonspecific inhib-
itory factor in the IFN preparations. These results show that the
addition of human IFN alters the susceptibility ofhuman cells
to Sendai virus-induced fusion and suggest that the surface
membrane of such treated cells has been altered.

Abrogation of IFN Effects by Antiserum and Metabolic In-
hibitors. The above experiments strongly suggested that the
observed inhibition of Sendai virus-induced fusion is a general
property of both fibroblast and lymphoblastoid IFNs. Experi-
ments to confirm the specificity of this phenomenon were car-
ried out.

Preincubation ofhuman fibroblast IFN with an excess ofanti-
,B3IFN antiserum almost completely abolished the inhibitory
effects observed in control plates treated with IFN that had
been incubated alone (Table 1). The abrogating effect of the
anti-/-IFN antiserum was not observed in control experiments
in which it was mixed in an identical manner with lymphoblas-
toid IFN (data not shown). This is consistent with the finding
that anti-hIFN shows only marginal crossreactivity (<0.01%)
with human leukocyte IFN preparations (21).
To confirm that the observed inhibition of Sendai virus-in-

duced fusion required the synthesis of effector macromolecules
and possibly the establishment of an antiviral state, rather than
mere binding of IFN to cells, experiments utilizing metabolic
inhibitors were carried out. It is known that cycloheximide, an
inhibitor ofprotein synthesis, and actinomycin D, which inhib-
its RNA synthesis, both block the establishment of an antiviral
state in cells that are treated simultaneously with IFN (22, 23).
In initial experiments, confluent monolayers ofDetroit 550 cells
were pretreated with human lymphoblastoid IFN (200 units/
ml, for 18-24 hr) alone or together with cycloheximide (1 4g/
ml) as shown in Table 2. Cells were then infected with (pro-
piolactone-inactivated Sendai virus and stained 2-3 hr after-
ward. In a second experiment, human foreskin fibroblast cells
were pretreated with human fibroblast IFN (100 units/ml, for
18-24 hr) alone or together with cycloheximide or actinomycin
D as shown in Table 2. The results of these experiments clearly
demonstrate that the inhibitory effect of IFN is abrogated by
both drugs, strongly indicating that the action of IFN on Sendai
virus-induced cell fusion requires de novo synthesis of both
RNA and protein and possibly the establishment of an antiviral
state in these cells.

Reduction of Membrane Fluidity in IFN-Treated Cells.
Because Sendai virus-induced early fusion results from an in-
teraction between the viral glycoproteins and the plasma mem-
brane ofthe target cell, it seemed most likely that the inhibition
of the fusion observed in these experiments was due to a change
in the nature ofthe plasma membrane itself. Experiments were
therefore carried out to determine whether treatment of cells
with IFN resulted in an altered fluidity of the plasma mem-
brane. In these experiments, we used, as fluorescence probe,
DPH which is capable of sensing molecular motions in the hy-
drocarbon core of the bilayer structure and thus can indicate
changes in the fluidity of the plasma membrane. DPH previ-
ously has been used to investigate membrane fluidity in normal

Sendai virus. After incubation for 2-3 hr at 37TC, the cells were stained by the May-Grunwald-Giemsa method (11). (x480.) (a) Normal human
foreskin cells infected with Sendai virus, showingnumerous syncytia. (b) IFN-pretreated human foreskin cells, showing normal form of the fibroblast
cells after Sendai virus infection. No syncytia can be observed. (c) Normal rhesus monkey fetal lung cells infected with Sendai virus. Several large
multinucleate cells can be observed. (d) IFN-treated rhesus monkey- fetal lung cells, also showing numerous large syncytia.
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Table 1. Neutralization of the antiviral effect of human
fibroblast IFN'by anti-bIFN

% inhibition of
Addition syncytium formation

None 0
IFN (100 units/ml) 81:5
Anti-hEFN 0
IFN + anti-hIPN 5.7

Semiconfluent monolayers of human foreskin fibroblast cells were
pretreated with human foreskin fibroblast IFN or anti-hIFN (at 100
units/ml) or a preincubated mixture of both for 18-24 hr [2 units of
the unreacted IFN decreased vesicular stomatitis virus plaque for-
mation by more than 50% in these cells (data not shown)]. Cells were
then infected with 3-propiolactone-inactivated Sendai virus and
stained.

and transformed lymphocytes (24), in lymphocytes obtained
from diabetic and control subjects (25), and in other cell types
(26). In the current experiments, human foreskin fibroblast cells
were pretreated with 10 and 100 units ofhuman foreskin fibro-
blast IFN for 48 hr, at which time the cells were trypsinized,
resuspended in Pi/NaCl, and processed to determine the po-
larization values.
The polarization value of the IFN-treated sample was in-

creased significantly compared to that of an untreated control
(Fig. 2). The increased polarization could be caused by either
a change in the excited state lifetime of the incorporated probe
or a decrease in the rotational mobility of the probe in the
treated cells. The latter alteration would imply a decrease in
membrane-lipid fluidity. To distinguish between these two pos-
sibilities, the lifetime of the, probe incorporated into both un-
treated and treated cells was determined in a photon-counting
PRA 2000 pulse nanosecond fluorimeter using 339 nm for ex-
citation and a Coming 3-73 cutofffilter to isolate the emission.
The decay data were analyzed as described (27). Two lifetimes
were detected with both samples, one in the range 3-4 nsec and
the other around 9 nsec. The weighted average (± SD) was 7.9
± 0.91 nsec for the untreated sample and 8.30 ± 0.55 nsec for

Table 2. Effect of human IFN, cycloheximide, and actinomycin D
on Sendai virus-induced fusion of human cells

Addition

Exp. 1*

None.
IFN (200 units/ml)
Cycloheximide (1 tg/ml)
IFN + cycloheximide

Exp. 2t
None
IFN (100 units/ml)
Cycloheximide (1 ug/ml)
Actinomycin D (O.1 pg/ml)
Cycloheximide + IFN
Actinomycin D + IFN

% inhibition of
syncytium formation

0.0
94.0
4.0

12.0

0.0
82.0
0.0
0.0
8.0
6.0

* Confluent monolayers of Detroit 550'cells were pretreated with hu-
man lymphoblastoid IFN alone or together with cycloheximide for
18-24 hr at 37°C. One set of cells was kept as an untreated control.
Both treated and untreated cells were then infected with 3-propi-
olactone-inactivated Sendai virus and stained.

t Semiconfluent monolayers of human foreskin fibroblast cells were
pretreatedwithhuman foreskin fibroblast EFN alone ortogetherwith
cycloheximide or actinomycin D for 18-24 hr at 37°C. One set of cells
was kept as an untreated control. Both treated and untreated cells
were then processed as above.

0.36

0.32-

0.301
0 10 100

IFN, units/ml

FIG. 2. Fluorescence polarization of DPH in human foreskin fi-
broblast cells with and without treatment with human foreskin fibro-
blast IFN for 48 hr at 370C. One set of human cells were kept as an
untreated control.

the treated sample. The difference cannot be considered sig-
nificant. This result suggests that the increased polarization
values observed after IFN treatment reflect a more rigid mem-
brane structure. It is likely therefore that the inhibitory effect
on Sendai virus-induced fusion observed in IFN-treated cells
results from a decrease in the fluidity of the target cell plasma
membrane.

DISCUSSION
In this report we have shown that pretreatment ofhuman cells
with homologous IFN renders them refractory to Sendai virus-
induced cell fusion. Because this phenomenon was observed in
two different cell types with different IFN preparations from
two different sources, it is not restricted to a single type of cell
or IFN. Moreover, it suggests that this refractory state is a com-
mon cellular response to both a and ,B types of IFN. The ab-
rogation of this response by f-IFN-specific, neutralizing anti-
serum and inhibitors of RNA and protein synthesis strongly
support the proposal that it is IFN itself that is responsible for
the establishment ofthe refractory state and that it is not merely
an effect of the binding of IFN to the cell surface.

(3Propiolactone-inactivated Sendai virus has been used
throughout the. experiments described here in order to restrict
the effects of IFN to the early fusion or "fusion from without"
(18) observed with this virus. Because this type of fusion does
not require virus replication and results from an interaction
between the viral glycoprotein and cell plasma membrane, it
seemed highly probable that the observed effects of IFN were
due to alterations in the outer cell membrane. This has been
shown directly through the use of a fluorescent probe, DPH,
that is capable of detecting molecular motions in the hydrocar-
bon core of the lipid bilayer and thus provide a measure of
membrane fluidity. Treatment ofhuman cells with homologous
IFN yielded increased fluorescence polarization values that are
consistent with a more rigid membrane structure. It is likely
therefore that the inhibitory effect on Sendai virus-induced fu-
sion observed in IFN-treated cells results from a decrease in
the fluidity of the target cell plasma membrane.
The changes in membrane fluidity observed here in response

to IFN treatment provide a rationale at the molecular level for
many ofthe cellular effects observed after addition ofIFN. Such
changes could play a primary role in mediating the alterations
in cell motility and growth described by others (1-3) because

Proc. Nad Acad. Sci. USA 79 (1982)
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many cellular processes appear to require information transfer
across the plasma membrane. Alternatively, because treatment
of both normal and transformed cells with IFN results in a sig-
nificant reorganization of their cytoskeleton and extracellular
matrix (2, 4), it is possible that such changes could, in turn, play
a role in altering the fluidity of the cell plasma membrane. In
addition to these cellular changes, the observed inhibition of
murine retrovirus replication by IFN appears to involve a block
in assembly at the stage of virus release from the cell (28-30).
Such a block in IFN-treated cells would be consistent with a
stiffening of the plasma membrane because, under conditions
such that the membrane is less fluid, the process of budding
might be expected to represent the rate-limiting step in viral
replication. It will be ofinterest to determine whether the non-
infectious particles released from IFN-treated cells contain a
more rigid lipid envelope with less fusion activity than do virions
released from untreated cells.
The experiments described here do not address the mech-

anisms that might be involved in changing the fluidity of the
cell plasma membrane, nor is it known with what kinetics such
a change takes place. The answers to such questions may
be important in understanding the role of IFNs in cellular
regulation.

Note Added in Proof. While this manuscript was being reviewed, Tom-
ita and Kuwata (31) reported the inhibition of Sendai virus-induced cell
fusion by IFN.
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