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the general cell morphology at concentrations up
to 1 mg/ml.

Effect of time of addition of PMAA. Fully
grown REF monolayers in tissue culture tubes
were inoculated with 30 TCID5o of Sindbis virus
per tube. After 30 min of adsorption at 4 C, the
unadsorbed virus was removed and replaced by
maintenance medium. PMAA was added to the
medium at a final concentration of 100 ,ug/ml at
different times prior to and after infection. Once
exposed, the culture remained continuously in
contact with the polymer. After 0, 12, 24, 48, and
72 hr after infection, a series of four culture tubes
was harvested and tested for total virus content.
PMAA caused a marked reduction in virus

yield, proportional to the length of time of ex-
posure (Fig. 1). When applied as late as 3 hr or
immediately after viral inoculation, PMAA as-
sured serious inhibition of Sindbis virus multi-
plication; more reduction of virus yield occurred
when PMAA was added 24 hr or just before infec-
tion.

Since inhibition of virus production was most
pronounced with PMAA treatment starting 24 hr

prior to infection, PMAA was added 24 hr before
virus inoculation in the remainder of our tests.

Virus inactivation. To test the possibility of a
direct interaction with the virus particles, 107
PFU of VSV or 108 EID5o of influenza APR8 were
mixed with 5 mg ofPMAA per ml in maintenance
medium and incubated at 4 C for 16 hr. Control
virus preparations free from compound were
included. The initial and residual virus contents
were determined by titrating the VSV samples
in PRK culture tubes and the influenza APR8
samples in the chorioallantoic cavity of chick
embryos. Interaction of residual PMAA in the
virus assay procedure must not be considered,
since the polymer was diluted "out" beyond its
active concentration level. The results in Table 2
show the difference in residual infectivity of VSV
and influenza APR8, incubated in the presence
and absence of PMAA. No measurable virus
inactivation was obtained with a concentration
of compound which provided a marked antiviral
activity in tissue culture.

Effect on virus adsorption. The effect of PMAA
on virus adsorption was measured by the disap-
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FIG. 1. Inhibition of Sindbis growth in REF treated with PMAA. Confluent monolayers were inoculated with
30rCID5o Sindbis virus per tissue culture tube. At different times prior to and after infection 100 ,g/ml ofPMAA
was added.
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TABLE 2. Virucidal activity of PMAA-virus
infectivity after inicubationz in the presence

or absence of PMAA

Virus With PMAA Without PMAA

VSV ... ... 4.8a 4.6a
APR8. .. 7 .9b 7.8b

aInfectivity expressed in log10 TCID5o/ml.
bInfectivity expressed in log10 EID5o/ml.

pearance of virus from the medium bathing the
cell cultures. PRK monolayers in 60-mm plastic
petri dishes were exposed to 100 ,ug of PMAA per
ml for 24 hr. Treated and untreated cultures were
washed throughout with medium lacking the poly-
anion and inoculated with different VSV doses
(Table 3). Virus adsorption was carried out at 4
C. Attachment of virus to cells was almost in-
dependent of temperature between the range of
0 to 4 C and 36 C (2, 14). The rate of adsorption
was influenced only by temperature, as far as
could be expected from the degree of viscosity of
the medium (1). At 4 C (12, 29), the penetration
process was strongly depressed and might be
disregarded at this low temperature.

After 1 hr of incubation at 4 C, the culture
media containing the unadsorbed virus were col-
lected. The remaining infected cell sheets were
covered with a starch overlay (4) and further
incubated at 36 C; after 1 to 2 days, the virus
plaques were treated with neutral red stain and
counted. The culture media containing the un-
adsorbed virus were also assayed for plaque-
forming virus by means of the starch overlay tech-
nique. A dilution (1 ml at 1:20) was applied to
the PRK cells grown in petri dishes and incubated
for 1 hr at 36 C, with gentle moving and 5c%, CO2
supply. The supematant fluid was then replaced
by starch overlay and further titration as de-
scribed previously (Table 3).
The amount of adsorbed virus was significantly

reduced when cell cultures were pretreated with
PMAA. The inhibition reached 80%7, for 5,000
PFU virus input to 90%c for 200 PFU virus input.
Secondly, about 80 to 90% of the inoculated
virus was recovered in the medium of cell cultures
exposed to PMAA, whereas only 10 to 20%7, of the
virus remained in the supernatant fluid of the
control cultures. The reduction in the number of
virus plaques in cells pretreated with PMAA was
largely compensated for by a proportional in-
crease of unadsorbed virus particles in the super-
natant fluid. These results indicated that, under
the concrete experimental conditions, the reduc-
tion of virus infectivity must be due to a sup-
pression of virus adsorption.
The effect of PMAA on the adsorption of

Sindbis virus to REF was determined under simi-
lar conditions. An identical though less pro-
nounced effect was obtained. The Sindbis plaque
formation was reduced by only 50%'; this de-
creased plaque number could be fully attributed to
inhibition of the adsorption process, since the
disappearance of virus from the supernatant fluid
was also reduced by 50%.

Effect on virus penetration. Penetration refers to
the sequence of events starting with irreversible
attachment of the virus particle on the cell mem-
brane (20). As long as it is bound to the cell mem-
brane, the virus may be inactivated by antiviral
antibody (12, 29). Once it has penetrated into the
cell, it escapes from the antibody influence. If
penetration is blocked, either by low temperature
(4 C) or by antiviral substance, the virus attached
to the cell surface remains susceptible to inactiva-
tion by antibody for a much longer period than
do viruses at 37 C in a compound-free medium.

Thus, if PMAA was acting on the penetration
process, the addition of specific antiserum must
provide a significantly greater inhibition of virus
production in the PMAA-treated cultures than
in the untreated ones. Full-grown REF mono-
layers in culture tubes were infected with Sindbis
virus at an input multiplicity of 10- TCID5o per cell.
After 15 min of incubation at 4 C, the unadsorbed
virus was removed by washing the tissue culture

TABLE 3. Effect ofPMAA oni adsorptioni of VSV
to PRK cells

Amount of Amount of
Totai virus adsorbed unadsorbed Total virus
amounta virusb virusC amounta

(adsorbed and (PFU/ml) (PFU/ml) (adsorbed and
unadsorbed unadsorbed in
in control PMAA
samples; With With- With With- samples;
PFU/ml) PMAA out PMAA out PFU/ml)

PMAA PMAA

5,000 676d 4,000 4,980 1,000 5,656
5,000 700 4,000 4,320 1,000 5,020
1,388 864 1,280 828 108 1,692
1,442 772 1,256 780 186 1,552
790 114 730 384 60 496
849 122 783 546 66i 668
208 109 202 126 6 235
172 30 148 156 24 186

a Total amount of virus resulting from the addi-
tion of both adsorbed and unadsorbed virus fractions
is expected to be identical in both pretreated and un-
treated cultures.

Amount of adsorbed virus is determined in
plaque-forming units for 1 ml of the original virus
suspension.

c Determination of the amount of unadsorbed
virus is based on the plaque count obtained for 1 ml
of 1:20 dilution.

d Each value corresponds to the mean obtained
for two petri dishes.
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with Eagle's medium. Compound-treated mono-

layers received 100 ,ug of PMAA per ml from 5

min to 2 hr after infection. Antibody-treated
monolayers received a 1:40 dilution of a specific
Sindbis rabbit antiserum from 1.5 to 2 hr post-
infection. Infected cell cultures were harvested
several times (Fig. 2) and assayed for total virus
content in BHK21 cells. When administered
separately, both PMAA and antiserum caused a
significant reduction of virus growth. The com-
bination of antiserum plus PMAA resulted in a

simple addition of both effects; antiserum did not
provide a more marked virus yield reduction in
PMAA-treated tissue cultures than in untreated
ones. There was no evidence that, in the presence
of PMAA, adsorbed virus was retained on the
cell surface and was inhibited from penetrating
into the cell.

Effect on virus mnaturation and release. When
added after the adsorption of virus to the cells,
PMAA was still able to reduce the virus produc-
tion. Roughly, this inhibition could result from
an effect on penetration, maturation, or release
of virus. Since PMAA did not impair virus pene-
tration, it must affect the multiplication of intra-
cellular virus or release of virus from cells. This
hypothesis was tested in the following experiment.

It is generally accepted that viruses cannot grow
in cells which lack the necessary receptors for the
viral protein. However, when released from its
protein coat, the viral RNA can enter the cells
and form complete virus particles. As resulting
particles are unable to infect other cells, only a
single-cycle growth occurs. Such a system was

* * Neither PMAA nor antiserum

o-.---O Antiserum (1 1/2 hr to 2 hr

x-----x PMAA (* S min to 2 hr

xo.o+x Both PMAA and antiserum

0 2 6 12

T M E h ou r s

FIG. 2. Effect of PMAA, antibody, anid combined
PMAA-antibody treatment on the production ofSindbis
in REF.

suitable for the study of the specific effect of
PMAA on the adsorption, penetration, trans-
cription, and translation of the virus nucleic acid
and on the release of complete virus. In a pre-
liminary experiment, HeLa cells were found to be
unsusceptible to Sindbis virus, just as REF were
to poliovirus. The Sindbis and poliovirus RNA
preparations were diluted 1:2 in 2.0 M MgSO4
containing I0-2Mtris(hydroxymethyl)aminoeth -
ane (Tris) buffer at pH 7.2. PRK cells in tissue
culture tubes were washed with 1.0 M MgSO4 in
10-2 Tris buffer and incubated with 0.2 ml of the
RNA preparation for 20 min. The inoculum was
removed and the cells were washed with 2 ml of
phosphate-buffered saline. One ml of maintenance
medium was added, and the tubes were incubated
at 36 C until harvest. Compound-treated mono-
layers were exposed to 100 ,g or 10 ,ug of PMAA
per ml from 24 hr before to 3 hr after infection.
The virus inoculum, Tris buffer, and saline wash
also contained 100 ug or 10 Ag of the compound
per ml. Sindbis and poliovirus were harvested by
freeze-thawing 24 hr after RNA challenge and
titrated in REF and HeLa cells, respectively.
A marked inhibition of Sindbis production was

observed in monolayers treated with PMAA
(Table 4). On the other hand, the multiplication
of poliovirus was rather enhanced. It seemed,
therefore, that inhibition of Sindbis RNA by
PMAA must be considered as a specific phenom-
enon, not valid for all kinds of infectious RNA.
Further evidence for the interaction of PMAA
with the Sindbis virus RNA was provided by a
stepwise analysis of the Sindbis virus growth dur-
ing the 24-hr postinfection period. Compound-
treated cell cultures received 100 ,ug ofPMAA per
ml from 24 hr before to 3 hr after infection.
PMAA-treated and untreated monolayers were

TABLE 4. Effect of PMAA on the one-cycle
multiplication ofSindbis-RNA and poliovirus-
RNA in HeLa cells and REF, respectivelya

Sindbis-RNA Poliovirus-
Polyanions (in HeLa RNA (in

cells) REF)

Control ................... 4,800b 104.13c
PMAA (10 ,ug/ml) .............. 290b 104.45c
PMAA (100,ug/ml)........ 440b 105.Oc

a Compound-treated cell cultures were exposed
to PMAA from 24 hr before to 3 hr after infection.

I Sindbis virus yield in HeLa cells determined
24 hr after viral RNA challenge by titration in
REF in petri dishes and expressed in plaque-form-
ing units per ml.

c Poliovirus yield in REF determined 24 hr after
viral RNA challenge by titration in HeLa cells in
tissue culture tubes and expressed in TcwD30/ml.
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harvested 8, 12, 16, or 24 hr after Sindbis-RNA
inoculation and titrated on BHK21 cells. The
results (Fig. 3) showed a striking yield reduction
throughout the whole first cycle of virus multi-
plication.

DIscUSSION
Whereas dextran sulfate, polyvinyl sulfate, and

polyphloroglucinol phosphate exerted a potent
inhibitory effect on herpes simplex infectivity in
cell cultures [Takemoto and Fabish (27), Vaheri
(30), Nahmias et al. (18), and Takemoto and
Spicer (28)], PMAA and PAA were more speci-
fically active on VSV, vaccinia, and Sindbis virus.

Moreover, the viral inhibitory efficiency of sul-
fate polyanions (polyvinyl sulfate, dextran sulfate)
appeared to correlate with an inhibition of cell
attachment to glass and formation of cell aggre-
gates or cell clumps (18, 23, 27). Since PMAA
did not prevent cell attachment and did not inter-
fere with normal cell growth, its antiviral activity
was due not to a general nonspecific effect on cells
but to a direct interaction with virus replication.
The inhibition of viral growth was dependent

upon the time of addition of PMAA. The earlier
the tissue cultures were exposed to the polymer,
the greater the reduction in virus yield. Although
PMAA has been found most effective when added
24 hr prior to virus inoculation, it remained
partly active when added after infection.
PMAA did not inactivate the virus particle in

its extracellular state, thus supporting the view
that PMAA did not combine irreversibly with the
virus particle as did certain polyanions such as
polyphloroglucinol phosphate, polyvinylalcohol
phtalate, copolymers of styrol and maleic acid,
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FIG. 3. Effect ofPMAA on the one-cycle multiplica-
tion ofSindbis-RNA in HeLa cells. Compound-treated
monolayers were exposed to 100 ,ug of PMAA per ml
from 24 hr before to 3 hr after infection. Sindbis viruts
yield was determined 8, 12, 16, and 24 hr after viral
RNA challenge by titration on BHK21 cells in petri
dishes anid expressed in PFU per ml.

and formaldehyde polymers of phenolsulfonic
acid (31). It was, however, quite possible that
PMAA exerted a reversible effect on the virus
particle. Acid mucopolysaccharide, heparin, and
dextran sulfate would inhibit Theiler's encephalo-
myelitis virus, encephalomyocarditis, and herpes
simplex in this way (15-17).

Direct interference with the virus particle, or a
combined action on the virus and the cell receptor
sites, could account for the inhibitory effect of
PMAA on the virus attachment to the host cell.
Both cell surface and virus particle are occupied
by predominantly negative charges (8). Adsorp-
tion is thought to be achieved by interaction be-
tween the amino groups of the virus and the phos-
phate groups of the cell wall (1). Repellent forces
between both negatively charged interacting sur-
faces prevent the virus from coming sufficiently
close to the cells; raising the cation concentration
in the suspending medium aids in overcoming this
electrostatic barrier. Up to a certain concentration,
cations and polycations enhance the adsorption
of fowl plaque virus by chick embryo cells (1).
Polyanions, on the other hand, suppress adsorp-
tion, presumably owing to a reinforcement of the
net negative charge of both cells and viruses.
Similarly, PMAA would block virus adsorption
by enhancing the repellent forces between the
interacting cells and viruses. It is not unlikely that
PMAA would also affect the virus-cell attach-
ment by spreading a three-dimensional gel net-
work over all of the cell surface. Hyaluronic acid
and ethylene maleic anhydride copolymer would
impair the virus cell binding by a similar macro-
molecular sieve system (7, 13).
The study of the effect ofPMAA on the growth

of infectious viral RNA in unsusceptible cells
allowed us to exclude the role of the cell receptors
for viral proteins. Inhibition of virus production
by PMAA in this system must be interpreted as
resulting from: (i) direct inactivation of viral
RNA, ii interaction with the uptake of RNA by
the cell, (iii) inhibition of RNA replication into
the cell, or (iv) release of complete virus from the
cell. At first, one could imagine that polyanions
such as PMAA hamper the likewise negatively
charged nucleic acids in reaching the cell surface,
since polycations such as diethylaminoethyl-
dextrane stimulate the entry of infectious nucleic
acid into the host cell (6, 20, 31). Secondly,
PMAA could affect some metabolic reactions re-
quired for viral synthesis and release. The finding
that PMAA exerts a marked inhibition on Sind-
bis-RNA, leaving poliovirus RNA intact, argues
for a specific interaction with the RNA metabo-
lism, possibly on the intracellular stage of virus
replication.
The possibility that the antiviral action of
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PMAA on the intracellular level is mediated by
induction of interferon has been raised, since the
PMAA has been found to stimulate the produc-
tion of interferon in vivo (5). The applied method
is assumed to be the most sensitive of the avail-
able assay methods for detection of interferon
(11). Yet we failed to demonstrate the presence of
interferon in the frozen and thawed cell homog-
enates. Nevertheless, it remains conceivable that
interferon is being produced in minimal amounts
sufficient to block the virus multiplication within
the same cell where it is induced, but insufficient
for dissociation from the cellular structures and
for detection in the supernatant fluid by the usual
laboratory methods.
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A marked virus-inhibiting potency is obtained in the serum after intraperitoneal
injection of polyacrylic acid (PAA) and polymethacrylic acid (PMAA) in mice.
Much higher antiviral levels were reached than for other related polymers including
dextran sulfate, heparin, polyvinyl sulfate, pyran copolymer, polystyrene sulfonate,
and macrodex. The broad antiviral action ofPAA andPMAA was attributed both to
a direct interference with the virus-cell interaction and the viral ribonculeic acid
metabolism and to the formation of an interferon-like factor. Both polyanions dif-
fered in interferon-inducing ability: highest serum interferon titer was obtained 18 hr
after the intraperitoneal injection of PAA. The mechanism of interferon production
by PAA and PMAA is discussed. As described previously for Sindbis virus and
endotoxin, the animals also became hyporeactive after injection of PAA.

Various nonviral substances have been reported
to induce an interferon-like inhibitor both in tis-
sue culture and in experimental animals. These
include microorganisms, such as trachoma inclu-
sion conjuctivitis (TRIC) agent (18), Rickettsia
tsutsugamushi (H. E. Hopps et al., Bacteriol.
Proc., p. 115, 1964), bacteria, like Brucella abortus
(27), pleuropneumonia-like organisms (J. S.
Youngner and W. S. Stinebring, unpublished data),
and protozoa, like Toxoplasma gondii (8, 21).
Some extracts of microorganisms likewise stimu-
late the production of interferon: bacterial endo-
toxins (11, 24) and extracts from Candida albicans
(2), Penicillium stoloniferum (statolon) (15), and
P. funiculosum (helenine) (22). The active com-
pound of statolon and helenine, however, is ribo-
nucleic acid of viral origin (1, 5, 14, 16). The
antiviral activity of phytohemagglutinin, an ex-
tract from red kidney bean, Phaseolus vulgaris,
might also be due to interferon (30). The inter-
feron-inducing capacity of some synthetic prod-
ucts of defined composition, like cycloheximide
(29) and pyran copolymers (17, 19), indicates
that the production of interferon is not confined
to complex biological derivatives. The study of
synthetic anionic copolymers will add to the
understanding of the physicochemical require-
ments for induction of interferon.
We were especially interested in polyacrylic

and polymethacrylic acids, which are known from
I "Aspirant" of the Belgian N.F.W.O.

our previous report (4) to have striking antiviral
properties in tissue culture. The possibility that
both polyanions would act by stimulation of
interferon was suggested though not proved.
Since nonviral inducers have been reported to
induce higher amounts of interferon in vivo than
in vitro (25), the interferon-producing ability of
PAA and PMAA was investigated in vivo.

MATERIALS AND METHODS
Female NMRI mice weighing about 20 to 25 g were

injected intraperitoneally with 0.4 ml of the tested
substance. Spleen homogenates were prepared as
described elsewhere (3). The antiviral activity of sera
and spleen homogenates was routinely determined
with the plaque-inhibition technique by using second-
ary mouse embryo fibroblasts and vesicular stomatitis
virus for challenge. After 24 hr, the neutral red stain-
ing was applied and the virus plaques were counted.
A rapid interferon assay technique, based on the
inhibition of vesicular stomatitis virus-cytopatho-
genicity in mouse embryo fibroblast culture tubes
(3), was used for testing the diethylaminoethyl
(DEAE)-fractionated samples.

Separation ofinterferon from synthetic polyanions in
biological samples. Mouse or rat interferon was sepa-
rated from synthetic polyanions on a column ofDEAE-
cellulose. As reported previously (23), rat tissue inter-
feron is not retained on a column of DEAE-cellulose
(pH 4.5) in 0.01 M sodium acetate buffer. Interferon
was adsorbed by DEAE-cellulose (pH 7.0) in 0.01 M
Sorensen phosphate buffer and eluted in 0.5 M (pH
7.0) phosphate buffer. Under the same conditions,
PMAA and PAA were strongly retained on DEAE-
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cellulose. They were not eluted with 4 M acetic or
formic acid, with 1 M sodium acetate buffer (pH 4.5),
or with 1 M sodium chloride buffered with 0.1 M tris-
(hydroxymethyl)aminomethane buffer (pH 8.2). These
experiments showed that conditions sufficient to pro-
mote the elution of interferon did not remove the
adsorbed polymer from the column.
To separate interferon from polyanions, the sample

to be tested was dialyzed against 0.01 M sodium acetate
(pH 4.5) and chromatographed on a small column of
DEAE-cellulose previously equilibrated with the same
buffer. Batch absorption was performed in centrifuge
tubes containing approximately 1 ml of DEAE-
cellulose equilibrated with 0.01 M sodium acetate
buffer (pH 4.5). DEAE (0.68 meq/g; SS Serva,
Heidelberg, Germany) was used in our experiments.
Its capacity exceeds the amount of polymers that
could be absorbed from our samples.

The concentration of the polymer was estimated
turbidimetrically by precipitation at neutral pH with
quaternary ammonium cetyltrimethyl ammonium
bromide (Cetavlon; ICL, Wilmslow, England).

Substan1ces tested. PAA, PMAA, and polystyrene
sulfonate (sodium salt) were prepared as described
previously (4).

Commercial samples of dextran sulfate 500 (Phar-
macia, Uppsala, Sweden), polyvinyl sulfate (K-salt;
Serva, Heidelberg, Germany), polyphloroglucinol
phosphate (Leo Co. 137A; Halsinborg, Sweden),
heparin (RIT Co., Genval, Belgium), alginic acid
(Light Co., Colnbrook, England), and macrodex
(Pharmacia, Uppsala, Sweden) were also tested.
Endotoxin was prepared from Proteus rettgeri ac-
cording to the method of Roberts (20). A complex of
polysaccharide was obtained by alkaline extraction of
fish meal. Carboxylated dextran was prepared from
macrodex by the method of Gilboe and Bock (9).

E
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2200-_
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The technique of Hjerten (10) was applied for the
preparation of agaropectin. Once precipitated, the
agaropectin was dissolved in 0.02 M HCl and sepa-
rated from the contaminating Cetavlon by precipita-
tion with 5 volumes of alcohol. A sulfated polysac-
charide extracted from seaweeds and commercially
available as "Ebimar" (Evans Medical Ltd., Speke,
Liverpool, England) was used after dialysis against
phosphate-buffered saline, at pH 7.4, to remove the
superfluous aluminium hydroxide. The pyran (ma-
leic anhydride divinyl ether) copolymer (NSC
46015-C; molecular weight, 17,000) was kindly sup-
plied by T. C. Merigan (Palo Alto, Calif.).

RESULTS

Preliminary experiments showed that intra-
peritoneal and intravenous injections of PAA and
PMAA were able to elicit significant antiviral
activity in the serum of mice. Antiviral activity
reached a peak titer after 18 hr, declined slowly,
and disappeared completely after 48 hr. There-
fore, blood samples were taken 18 hr after intra-
peritoneal injection of PAA, PMAA, or related
polymers in our later tests.

Dose-response curves. Groups of five mice were
injected intraperitoneally with increasing amounts
of PAA or PMAA (Fig. 1) and the animals were
bled 18 hr later. The antiviral activity ofthe pooled
sera was assayed with the plaque-inhibition tech-
nique and expressed as interferon units. The
serum activity induced by PMAA increased
regularly with increasing amounts of compound,
whereas the response to PAA reached its maximal
effect from a 1.0-mg dose (Fig. 1). These dose-

D O S E ( mg )

FIG. 1. Dose-response curves. Antiviral activity in the serum 18 hr after intraperitoneal injection of either PAA
or PMAA.
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