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SUMMARY

DE CLERCQ, E., EDY, V. G., TORRENCE, P. F., WATERS, J. A. & WITKOP, B. (1976).
Antiviral activity of poly(7-deazainosinic acid)-demived complexes in vitro and in
vivo. Mol. Pharmacol., 12, 1045-1051.

The antiviral activities and/or interferon-inducing abilities of poly(I) . poly(C),

poby(I) . poby(br’�C), poby(c71) . poby(C), and poby(c7I) . poly(br�C) have been assessed in a
variety of cell cultures (human, rabbit, and mouse) and animals (rabbits, mice). In
cultured cells the compounds were also examined for inhibition of host cell macromole-

cule synthesis. Lethal effects were looked for in mice sensitized with lead acetate.
Although the extent ofantiviral activity ofthe polymers varied from one assay system to
another, the following order of (decreasing) activity appeared applicable to all systems:

poly(I) . poby(br’�C) � poly(I) . poly(C) > poly(c7I) . poly(br�C) � poby(c7I) . poby(C).
Poly(I) . poly(C) and poby(I) . poly(br�C) did not differ markedly in antiviral activity,

interferon-inducing ability, on toxicity. However, in human skin fibrobbasts,

poly(I) . poly(br5C) was distinctly superior as an interferon inducer, especially at lower
doses. Poby(c71) . poly(C) was the least active of the four polymers and was also the most
potent inhibitor of host cell macmomobecube synthesis. Poly(c7I) . poly(br�C) equaled or
even surpassed poly(I) . poly(C) in interferon-inducing activity in human skin fibro-
blasts; in animals, however, it proved definitely less active. In determining the antiviral
behavior of the complexes studied, two effector mechanisms should be taken into
account: interferon induction and inhibition of macmomolecule biosynthesis. Which of

these parameters will predominate would ultimately depend on the fate of the double-
stranded complex after it has reacted with the cell.

INTRODUCTION

Poly(c7I)’ is a poly(I) analogue, whose

synthesis and physical characteristics

have recently been described by Torrence
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Onderzoek and the Katholieke Universiteit Leuven
(Fonds Derde Cyclus).

I The abbreviations used are: poly(c71), poly(7-
deazainosinic acid); poly(br5C), poly(5-bromocyti-
dylic acid); poly(I), polyinosinic acid; poly(C), poly-

et al. (1) and Ikehara et at. (2). Poly(c71)
forms 1:1 stoichiometnic complexes with

both poly(C) and poby(br�C), one of which
[poly(c71) . poly(b�’5C)] proved to be at least
as effective as poly(I) . poly(C) in inducing

cytidylic acid. Poly(I) . poly(C) represents the 1:1

complex formed from equimolar quantities of poly(I)
and poly(C). Similar notation is used to indicate the

other polynucleotide duplexes. Additional abbrevia-

tions are: VSV, vesicular stomatitis virus; HSF,

human skin fibroblasts.
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interferon and direct resistance to virus

infection in primary rabbit kidney cell cub-

tures (1). The interferon-inducing activity
of poby(c7I) . poly(C), poly(c7I) . poby(br�C),
and their parent compounds, poby(I)�

poby(C) and poly(I) poly(bm5C), has now
been explored in a number of assay sys-

tems, both in vitro (human and mouse cell
cultures) and in vivo (mice, rabbits). Ac-
tivity to toxicity ratios were assessed in
bead acetate-treated mice. To account for
their different behavior as antivirab

agents, poly(c7I) . poby(C) and its congeners
were also examined for inhibition of mac-
momobecule (RNA, DNA, protein) synthe-

sis in cultured cells.

MATERIALS AND METHODS

Preparation and characterization of pot-

ynucleotides. These procedures have been

described (1). �2O values were as follows:
poly(c71), 4.8 5; poby(bn�C), 10.3 5; poby(I),
9.4 S; poby(C), 10.0 5. The complexes were

prepared by mixing appropriate quantities
of the homopobymems in distilled water.
After lyophilization, the resulting mate-

rial was dissolved in Od M Tris-HC1-0.2 M

NaCb (pH 7.0) at a concentration of 1 mg of
polymer pen milliliter (ml) and stored at
4#{176}.Before testing, the polymers were fur-

them diluted to the appropriate concentra-
tions either in Eagle’s minimal essential

medium, for the cell culture experiments,
or in Dubbecco’s phosphate-buffered NaCl,
for the animal experiments.

Interferon production in human skin fi-
broblast cell cultures . A “superinduction”
technique similar to that previously de-

scnibed for primary rabbit kidney cells (1)
was employed to measure interferon in-
duction in NS and FS-4 cells, two human
diploid cell lines, the latter of which was
kindly provided by Dr. J. Vilcek. The hu-
man diploid cells were exposed to 10, 1, or
0. 1 �g/ml of the polymers for 1 hr, and to
cycboheximide (10 j.tg/ml) for 6 hr. Actino-

mycin D (1 j.tg/ml) was added 4 hr after the
onset of this treatment. At 6 hr the meta-
bolic inhibitors were removed and the cells

were washed and replenished with produc-
tion medium (Eagle’s minimal essential
medium plus 2% calf serum; 2 ml/Petri
dish). Approximately 20 hr after the cells

had been incubated with production me-

dium, the culture fluids were harvested
and titrated for interferon as described

previously (3, 4).
Interferon production in rabbits. Rab-

bits weighing approximately 1 kg were in-

jected intravenously with 10 or 1 �g of the
polymers (in 1 ml of phosphate-buffered
NaCl). Blood samples were taken 1, 2, 4, 7,

12, and 24 hr thereafter, and the serum
was assayed for interferon by reduction of
vesicular stomatitis virus cytopathogenic-
ity in PRK cell cultures (3).

Interferon production in interferon-

primed mouse L-929 cell cultures. Con-

fluent L-929 cell cultures in 60-mm plastic
petri dishes were exposed to mouse inter-
feron (100 units/mb) in minimal essential
medium plus 3% calf serum (2 mi/Petri
dish) for 16 hr, washed three times with
minimal essential medium and then incu-
bated with various concentrations (0.016,
0.08, 0.4, 2, and 10 j.�g/ml) of the polymers
(in minimal essential medium, 1 mi/Petri
dish) for 1 hr at 37#{176}.The cells were washed
again and further incubated with minimal
essential medium plus 3% calf serum (4
mi/Petri dish) for 20 hr. At this time the
supernatant fluids were withdrawn for in-

terferon titration. Interferon titers were
measured by a plaque reduction technique
in L-929 cells with VSV as challenge virus,
50% virus plaque reduction corresponding

to 1 unit of interferon.
Interferon productwn and toxicity in

mice. Randomly bred female NMRI mice
weighing 9-il g were injected ‘ intrave-
nously with various doses of the polymers,

ranging from 0.002 to 100 jig (in 0.2 ml of
phosphate-buffered NaCl) per mouse (10
mice per group for toxicity studies, four

mice per group for interferon production
studies). Lead acetate [Pb(OOC - CH3)21 (1
mg in 0.2 ml of distilled water) was in-
jected intravenously immediately before
the administration of the polymers. For
measuring interferon production, blood

samples were taken 3 hr after injection of
the polymers and the serum interferon ti-

ters were determined by VSV plaque re-
duction in L-929 cells.

Induction ofresistance to virus infection
in cell cultures. PRK, HSF (either NS or
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FS-4), HeLa, L-929, RK13, and VERO cell

cultures (in tubes) were exposed to various
concentrations of the polymers (10, 1, or

0. 1 j�g/ml in minimal essential medium
plus 3% calf serum; 1 mb/tube) for 24 hr at
37#{176}.The supennatant fluids were then me-
moved and the cells were challenged with
VSV (100 CCID50/tube). Virus-induced cy-

topathogenicity was recorded as soon as it
reached 100% in the control cell cultures.

Effect on RNA synthesis in cell cultures.

Confluent PRK, HeLa, and VERO cell cub-
tunes (in plastic Petmi dishes) were exposed
to 10 �g/ml of the polymers (in minimal

essential medium plus 3% calf serum; 2
ml/Petni dish) for 24 hr at 37#{176},washed
three times with minimal essential me-

dium, and then incubated for 30 mm at 37#{176}

with [5-3H]unidine (1 j.�Ci/ml of minimal
essential medium; 1 ml/Petni dish). Acid-
insoluble radioactivity was determined as
described previously (5).

RESULTS

Depending on the assay system used to
explore the interferon-inducing properties
of the polymers, the following order of
decreasing activity was noted. (a) Poly(I)�

poly(br�C) > poly(c7I) . poly(br�C) � poly(I)�
poby(C) > poly(c7I) . poby(C) in human
diploid cells, supeminduced with cycbohex-
imide and actinomycin D (Fig. 1). (b)
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FIG. 1. Interferon induction in HSF cell cultures

superinduced with cycloheximide and actinomycin D

A, poly(I)poly(br�C); i�, poly(I)poly(C); #{149},
poly(cTI) . poly(br�C); 0, poly(c71) . poly(C). The re-

sults shown refer to those obtained in NS cells.

Similar results were obtained in FS-4 cells.

Poly(I) . poly(br5C) � poby(I) . poby(C) >

poby(c7I) . poly(b�5C) > poly(c7I) . poly(C) in

rabbits (Fig. 2). The same order of activity
was obtained whether the rabbits were in-

jected with 1 �g on 10 p�g of polymer. (c)
Poby(I) . poly(C) > poby(c7I) . poby(C) >

poly(I) . poby(brsC) > poly(c71) . poly(bn�C)
in interferon-primed L-929 cells, when ex-
posed to relatively high doses (2-10 j.tg/ml)
ofthe polymers (Fig. 3). (d) Poly(I)poly(C)
> poby(I) . poby(br’iC) > poly(c7I) . poby(bm�C)

> poly(c7I) . poly(C) in mice sensitized with
lead ac�tate (Fig. 4A). A similar order of
activity was witnessed in mice not treated
with bead acetate (data not shown).

:: io�
E

C

at

C
0

at

FIG. 2. Interferon induction in rabbits

A, poly(I)poly(br�C); z�, poly(I)poly(C); #{149},
poly(c71) . poly(br�C); 0, poly(c71) . poly(C). The poly-

mers were injected at 1 j.�g/rabbit.
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FIG. 3. Interferon induction in interferon-primed

L-929 cell cultures

A, poly(I)poly(br�C); �, poly(I)poly(C); #{149},
poly(cTI) . poly(br�C); 0, poly(c71) . poly(C).
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FIG. 4. Interferon induction (A) and lethality (B) in lead acetate-treated mice

A, polyWpoly(br�C); A, poly(I)poly(C); #{149},poly(c7I)poly(br�C); 0, poly(c71)poly(C).

In lead acetate-treated mice the order
of toxicity appeared to reflect the order

of activity (Fig. 4B). However, with

poly(c7I) . poby(bn�C) and poby(c7I) . poby(C),
toxicity could not be properly assessed,

since both polymers failed to cause any
lethal effect at the highest dose tested (100
p.g/mouse).

In HSF cells (Fig. 1), poly(I) . poby(bn�C),
poly(c7I) poby(br’�C), and poly(I) poly(C)
did not differ markedly in interferon-in-
ducing activity when tested at 10 �g/ml.
As the concentration of polymer was de-
creased, differences in activity became

more pronounced, and at 0.1 p.g/ml
poly(I) . poly(b�3C) proved clearly more ef-

fective than poly(I) . poly(C) and poly(c7I)�
poby(br�C).

Poly(I) . poby(C) renders the cell resist-
ant to virus infection, even at polymer
concentrations which do not lead to the

release of detectable amounts of interferon
in the cell culture medium. It has been

postulated that the resistance induced by
such bow poby(I) . poly(C) concentrations is
mediated by endogenous interferon pro-
duction (6-10). The minimal concentration
of poly(I) . poly(C) required to induce celbu-
lam resistance to virus infection varies con-
sidemably from one cell type to another
(Table 1). In accord with previous findings
(ii), the cell cultures studies could be clas-

sified as follows [in order of decreasing
sensitivity to the antivinal activity of

poby(I) . poly(C)1: PRK > HSF > L-929
RK13 > HeLa > VERO. The minimal in-
hibitory concentrations recorded for

poly(I) . poly(b��5C) corresponded well to
those recorded for poly(I) . poly(C) (Table
1). Poly(c7I)poly(br�C) and poby(c7I)’

poby(C), however, behaved quite differ-
ently from poly(I) . poby(br5C) and poly-
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a Measured after the cells had been exposed to the compounds for 24 hr. Data represent average values ±

standard deviations for four to six observations.

(I) . poby(C). In PRK cells, poly(c71) . poly-

(C) was significantly less effective than,

but poly(cTI) . poly(br5C) was equally ef-
fective as, poby(I) . poly(br5C) and poly(I)�
poly(C). In HSF (whether or FS-4), both
poly(c7I) . poly(br5C) and poby(c7I) . poby(C)
were less effective than poly(I) . poly(br5C)
and poly(I) . poly(C). In HeLa cells, how-
ever, the poby(c71)-denived complexes dis-
played a greater antiviral effect than their
unsubstituted counterparts. In VERO
cells, none of the compounds showed ap-
preciable activity.

How may the differences in the antivimal

behavior of poly(c7I) . poby(br�C) and
poby(c71) . poly(C), as compared to poby(I)�

poly(br�C) and poby(I) poby(C), be ac-
counted for? In view of the recently
described antimetabolic properties of

poly(c71) (5), it became mandatory to ex-
amine the effects of poby(c7I) . poly(br�C)
and its congeners on host cell DNA, RNA,
and protein synthesis. The effect on RNA
synthesis is presented in Table 2. In PRK

cells, only poly(c7I) . poly(C) was found to
inhibit RNA synthesis; in HeLa cells both

poly(c71) . poby(br’iC) and poly(c7I) . poby(C)
were found inhibitory; and, in VERO cells,

none of the compounds impaired RNA syn-
thesis. Similar data (not shown) were ob-
tamed when DNA synthesis (monitored by
[methyl-3H]thymidine incorporation) and
protein synthesis (monitored by L-[4-

:IH]leucine incorporation) were measured.

DISCUSSION

The interferon-inducing activities of

poly(c7I)poby(C), poby(c7I)poly(bm�C), and
their unmodified parent compounds, poly-
(I) . poby(C) and poby(I) . poby(bm5C), have
been explored in several assay systems:
primary rabbit kidney cells, human dip-
bid fibrobbasts, mouse L-929 cells, nab-

bits, and mice. Although differences were

observed in the relative order of activity of
the compounds, depending on the assay
system used, it appeared that in most, if
not all, systems poly(c71) . poly(C) was the

least effective of the four compounds
tested, that poby(I) . poby(C) and poby(I)�

poby(bn�C) were usually similar in activ-
ity, and that poly(c7I) . poly(bn�C) showed

TABLE 1

Induction of resistance to virus infection in various cell cultures

Compound Minimal inhibitory concentration�

HSF (NS) HSF (FS-4) HeLa L-929 PRK RK13 VERO

p.g/ml

Poly(I)poly(br5C)

Poly(I)poly(C)

Poly(c71)poly(br2C)

Poly(c71)poly(C)

0.01

0.01

0.3

0.6

0.001

0.001

0.03

0.06

10 1 0.001

10 0.3 0.001

1 10 0.001

1 >10 0.1

3

0.3

�10

�10

>10

>10

>10

>10

a Required to reduce virus-induced cytopathogenicity by 50%. Cells were challenged with VSV (100

CCID�/tube) after they had been exposed to the compounds for 24 hr. Data represent average values for at

least three experiments.

TABLE 2

Effect on RNA s ynthesis in various cell cultures

Compound Dose l5-3HlUridine incorporated into RNA#{176}

HeLa PRK VERO

Poly(I)poly(br5C)

Poly(I)poly(C)
Poly(c7I)poly(br�C)

Poly(c71)poly(C)

Control

pg/mi

10

10
10

10

cpmlPetrz dish

33,157 ± 975

26,834 ± 1,579

20,700 ± 1,417

18,475 ± 1,190

28,831 ± 691

% control cpm/Petri dish % control

115.0 10,263 ± 684 117.1

93.1 8,496 ± 84 97.0

71.8 8,356 ± 453 95.4

64.1 4,964 ± 146 56.6

100 8,763 ± 229 100

cpm/Petri dish

39,936 ± 4

36,176 ± 1,876

38,260 ± 207

38,549 ± 1,735

36,429 ± 665

% control

109.6

99.3

105.0

105.8

100
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variable behavior. The intemfemon-induc-

ing activity ofpoby(c7I) . poly(br5C) equaled
or even surpassed that of poly(I) . poby(C)
in PRK (1) and HSF cells (Fig. 1). Yet

poby(c7I) . poly(br�C) was less effective than
poby(I) . poby(C) in all other assay systems
(rabbits, mice, and mouse L-929 cells).

What factors are responsible for the dif-

femences in activity among the poby(I)�
poby(C) analogues and for the fluctuations
in the order of activity from one assay
system to another? The differences in ac-
tivity among poly(I) . poby(C), poby(I)�
poly(bm5C), poly(c71) . poby(C), and poly-

(c7I) . poly(b�5C) cannot be attributed to
differences in the molecular weight of the
constituent homopolynucbeotides, since

all polymers closely approached on sum-
passed the threshold molecular size (4-5 5)
required for maximal interferon produc-

tion (12): poly(I), 9.4 5; poby(C), 10.0 5;
poby(c7I), 4.8 5; poly(bm�C), 10.3 S.

The relative inactivity of poby(c7I)�
poly(C) as an interferon inducer would
seem rebated to its bow thermal stability
[T,,, = 49#{176},as compared to 67#{176},86#{176},and 89#{176}

for poly(I) . poby(C), poby(c7I) . poby(br�C),
and poly(I) . poly(br1C), respectively (1)].
This bow T,,, may also explain why

poby(c7I) . poby(C) inhibits DNA, RNA, and
protein synthesis in PRK cells at a con-
centnation (10 pg/mb) at which poby(c7I)�
poly(br�C) fails to do so. The antimetabolic
activity of poly(c71) . poby(C) is apparently
due to the poly(c7I) component of the corn-

pbex. Poly(c7I), as well as its monomer,
c71 (7-deazainosine), has previously been
shown to inhibit DNA and RNA synthesis
in a number of virus-cell systems (5).
Furthermore, poby(c7I) has been shown
to abolish the interferon-inducing capacity
of poby(I) . poby(C) in human diploid fibro-
blasts.2 Poby(c7I) . poby(bn2C), which is sig-
nificantly more stable than poly(c7I) . poly-
(C) (1), would dissociate bess readily into
its components, and hence exert a less pro-
nounced antimetabolic effect, than poly-
(c7I) . poly(C).

The antivirab behavior of the poby(c7I)-
derived complexes appears to be governed

2 p F. Torrence and J. Vilcek, unpublished ob-

servations.

by two effector mechanisms: interferon in-
duction and antimetabobic activity. De-

pending on the polymer-cell system, one or
the other effectom mechanism will be fa-
vored. For poby(c7I) . poly(C), the antimeta-

bolic activity would generally predomi-

nate. For poby(c7I)poly(br’1C), the antimet-
abobic activity may supersede the inter-
femon-inducing capacity in some assay sys-

tems but not in others.
Whether the poby(c71) duplexes act as

interferon inducems or antimetabolites

may be determined by (a) the nuclease
activity of the cell in question (degrading
the polymers to c7IMP) and (b) the ability

of that particular cell to convent c7IMP to
c7AMP (tubencidin monophosphate). Evi-
dence has been accumulated that suggests
that the antimetabobic activity of c7I de-
pends on its conversion to c7A (tubercidin)

nucleotides (13).
By virtue of the antimetabobic proper-

ties of their poly(c7I) component,
poby(c7I)poby(C) and poby(c7I)poly(br�C)
may exhibit some antivimal activity in cells
which are refractory to the interferon-in-
ducing activity of double-stranded RNAs.
Hence poly(c71) . poly(C) and poly(c7I) . poly-

(bn5C) exerted an inhibitory effect on
VSV multiplication in HeLa cells (Table
1), and this inhibitory effect was paralleled

by a suppressive effect on host cell RNA
synthesis (Table 2). That poly(c7I) . poly(C)
and poly(c71) . poby(br5C) did not display

antiviral activity in VERO cells (Table 1)
is no surprise. VERO cells are known to be
refractory to interferon induction. They
also proved inert to the suppressive effects
of poly(c7I) . poby(C) and poly(c7I) . poly-
(br5C) on RNA synthesis (Table 2).

PRK cell cultures, especially when “su-
peninduced” with metabolic inhibitors, are
extremely sensitive to the interferon-in-
ducing capacity of homopolyribonucleotide
dupbexes (3). As evidenced for poly(c7I)�
poby(br5C), caution should be exercised in
extrapolating data on the interferon-in-
ducing capacity of polynucleotides from

one assay system to another. The activity
of polynucleotides in cultured cells does

not necessarily reflect their activity in
the whole animal. In rabbits, poly(c7I)�
poly(br�C) was definitely less effective



POLY(C7I) . POLY(C) AND POLY(C7I) . POLY(BR5C) 1051

than poly(I) . poly(C) (Fig. 2), although it
surpassed the activity of poly(I) . poby(C) in
PRK cell cultures (1).

Does substitution of CH for N-7 in the
hypoxanthine ring or substitution of bro-
mine at C-S of cytosine result in any un-

coupling of the toxic and intenfemon-induc-
ing properties of poby(I) . poly(C)? To ap-
proach this problem, activity to toxicity

ratios were determined in lead acetate-
treated mice. The activity to toxicity ratios

of poby(I) . poly(C) and poly(I) . poly(bm�C)
did not differ markedly. The activity to
toxicity ratios of poly(c71) . poly(bn�C) and

poly(c7I) . poby(C) could not be properly es-
timated, because of lack of toxicity of

poly(c71) . poly(bm�C) and poby(c7I) . poby(C)
at the highest dosage tested. Whether the
toxicity in vivo of poby(I) . poby(C) and
other double-stranded RNAs can be disso-

ciated from their interferon-inducing ac-
tivity is still a debated question. Hence
Niblack and McCreary (14), De Cbemcq et

at. (15), and Black et at. (16) did not find
significant separation of toxicity from ac-
tivity with a series of poly(I) . poly(C) prep-

arations of different molecular weight on
with different procedures intended to in-

crease interferon production . However,
Lampson et at. (17) found a decrease in
toxicity of poly(I) ‘ poly(C), without a con-

comitant decrease in antivimal activity, by
reducing the molecular size ofpoby(C), and

Ts’oet at. (18) reported dissociation of anti-
viral activity from toxicity with poly(I)�

poly(C) analogues having mismatched

base pairs [e.g., poby(I) poly(C,3,U) and
poly(I) . poly(C20,G)].
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