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SUMMARY

Ts’o, PAUL 0. P., ALDERFER, JAMES L., LEVY, JUDITH, MARSHALL, LEWIS,

O’MALLEY, JUDITH, HOROSZEWICZ, JULIUS S. & CARTER, WILLIAM A. (1976) An
integrated and comparative study of the antiviral effects and other biological
properties of the polyinosinic acidpolycytidylic acid duplex and its mismatched
analogues. Mol. Pharmacol., 12, 299-312.

Extensive investigations were made of the biological properties of the polynucleotide

duplex, n10rC0, along with two modified duplexes having mismatched base pairs,
rI�r(C,2,U),, [as well as nInr(C1,,U)nj and rI0r(C29,G)0 [as well as rIflr(C2�,G)flj. These
duplexes were studied using a variety ofbiological systems to determine their efficacy in
producing antiviral activity (e.g. , interferon) relative to their accompanying secondary

biological properties (e.g., acute toxicity, pyrogenicity, and mitogenic activity). These
duplexes were studied on a comparative basis in the mouse for their ability to elicit pro-
tection against a lethal viral challenge, their acute toxicity, and their relative mitogenic

effects on splenic cells. In the intact rabbit, circulating interferon and pyrogenicity
were studied, and complementary studies were done with rabbit kidney cells in culture.
In human neonatal fibroblasts in culture, these duplexes were studied for their antivinal

protection and relative levels of interferon production. Our results indicate that the
mismatched polynucleotide duplexes are comparable in their antivinal properties to

rI5�rC� but possess much less pronounced secondary effects than the nI0�nC0 molecule.
The utility of these duplexes in elucidating mechanisms of biological responses to
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double-stranded RNA is discussed along with the presentation of a theoretical frame-
work for design and development of polynucleotid#{233} duplexes having a therapeutic
efficacy greater than rI��rC�.

INTRODUCTION

The effectiveness of the double-stranded

synthetic polynucleotide duplex, nI5rC�,2
as an antiviral substance, specifically as
an interferon inducer, has been recognized

for about 8 years (1-5). However, the po-
tential use of nI�nC� as a chemotherapeu-

tic agent against viral disease has been
constrained by the other biological effects,
many ofwhich can be considered “toxic” (4,

6).
Briefly, the other biological effects in-

dude pyrogenicity in the rabbit (7), dimi-
nution of hematopoietic stem cells in mice
and rats (7), and stimulation of autoim-
mune disease (8). In dogs, toxicity includes
reduced hematopoiesis and necrosis of var-
ious specialized cells (7, 9). In man, the

most consistent toxic response is fever (10,
11). Recently we have also noted coagula-
tion defects after intravenous administna-

tion ofrI�rC�.3 Much effort has been made
to improve the efficacy of nI�rC�, particu-
larly by increasing the antivinal activity of
these compounds (5, 12). In general, these

attempts have not resulted in a significant
dissociation of the antivinal from the spe-
cific secondary effects being measured;
that is, an increase in antiviral protection
usually results in proportional increments
in the other biological properties (5).

In our preceding publication (13) we con-
structed two mismatched polynucleotide

duplexes, rI�r(C,3,U)� and rI�r(C20,G)�. In
these two duplexes the complex was inter-

rupted by the unpaired bases (uracil or
guanine) located in the rC� strand. These
two mismatched duplexes were found to be

comparable in antivinal activity to the per-
fectly matched rI�rC� duplex when tested

2 The abbreviations used are: rI�rC�, polyino-

sinic acidpolycytidylic acid; rI�r(C ,3,U)�, polyino-

sinic aicdcopolymer of cytidylic and uridylic acid

with a base ratio of 13:1, respectively, and so on;

buffer A, 0.15 M NaC1, 0.01 M sodium phosphate (pH

7.2), and 0.001 M MgCl2.

A. Freeman, J. O’Malley, and W. A. Carter,

unpublished observations.

in human neonatal fibroblasts in culture.
These two mismatched duplexes, however,
were hydrolyzed 5-8 times faster by nu-
cleases. We proposed at that time that
these two mismatched duplexes might
have better therapeutic efficacy than
nI�rC5.

In the present investigation we have
tested the antiviral properties and several

secondary effects of these two types of mis-
matched duplexes [rI�r(C12, U)jrI5r(C13,

U)� and nI�n(C20,G),�jrI5r(C29,G)�J both in
human neonatal fibroblasts and in two in-

tact animal systems; at each point compar-
isons have been made with the perfectly
matched nI�rC� molecule. In the mouse,
relative protection by these inducers

against a lethal viral challenge (Semliki
Forest virus), their acute toxicity (result-
ing in mortality), and their relative mito-
genic effects on splenic cells have been
investigated. In addition, in the intact nab-

bit, circulating interferon and pyrogenic-
ity have been carefully studied, and com-

plementary studies have been done with
rabbit kidney cells in culture. Our data
suggest that these mismatched polynucle-

otide duplexes are comparable in their an-
tivinal properties to nI�nC5 but possess

much less pronounced secondary effects
than the nI�rC� molecule (4). The results

not only warrant further study in appro-
pniate animal models, but also suggest

that early clinical investigations might be
worthwhile.

A theoretical framework for the design

and development of polynucleotide du-
plexes having a therapeutic efficacy
greater than nI�nC� is also discussed.

MATERIALS AND METHODS

Solutions. Buffer A was used for both
physical and biological studies so that the
results could be compared directly. Eagle’s
minimal essential medium (14) was pre-

pared to contain fetal calf serum as speci-
fled, and glutamine (2 mM), penicillin G
(200 units/mi), and streptomycin (200 j.�g/

ml) were added immediately before use.
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Polynucleotide duplexes. The nucleoside

diphosphates, enzymes, and polynucleo-
tides were: CDP, Schwarz BioResearch

and P-L Biochemicals; UDP, Miles Labo-
ratories; GDP, Schwarz BioResearch; and
Micrococcus luteus polynucleotide phos-
phorylase (EC 2.7.7.8), P-L Biochemicals.
The polyinosinic acid and polycytidylic

acid used were obtained from P-L Bio-

chemicals.
The copolymer r(C12,U)5 was synthe-

sized using the following mixture with an
incubation period of 4.5 hr at 37#{176}:CDP, 36
mM; UDP, 7 mM; Ti-is-Cl, 0.15 M, pH 8.2;
MgCl2, 0.01 M; EDTA, 0.4 mM; and polynu-

cleotide phosphorylase, 2 mg/ml. The co-
polymer rI5r(C29,G)5 was synthesized us-
ing the following mixture with an incuba-
tion period of 5 hr at 37�: CDP, 38 mM;

GDP, 2 mM; Tris-Ci, 0.15 M, pH 8.2;
MgCl2, 0.01 M; EDTA, 0.4 mM; and polynu-
cleotide phosphorylase, 2 mg/mi. The pun-
fication procedure was the same for both
polymer preparations. The incubation
mixture was deproteinized three times
with phenol, as previously described (13).

The resulting aqueous phase was then di-

alyzed extensively against NaC1 (50 mM)-

EDTA (5 mM), NaCl (5 mM)-EDTA (0.5
mM), and finally distilled H20. This proce-
dune yielded polymers (38% yield with ne-

spect to starting substrates) which con-
tamed no nucleoside diphosphates, as
judged by paper chromatography, or de-
tectable amounts of protein, by the Lowry
assay (15).

The base ratios of both copolymers were
determined by exhaustive hydrolysis to
nucleoside monophosphates, followed by
treatment with bacterial alkaline phos-
phatase. The resulting nucleosidic solu-
tion was analyzed by paper chromatogra-
phy to determine the base ratio. r(C12,U),,
(17.4 A265 units, at a concentration of 43
units/mi) was hydrolyzed with 0.3 N KOH

at 37#{176}for 23 hr. The pH of the solution was
then lowered to 8.5 by bubbling CO2
through the solution. Alkaline phospha-

tase (1 mg/ml) was added to the solution
and incubated at 37#{176}for 6 hr. The entire

mixture was applied to Whatman No. 1
paper and developed with 1-butanol-
formic acid-H2O (77:10:13). The ultravi-

olet-absorbing material was eluted from

the paper, and the base ratio was deter-
mined to be 12 C:1 U. r(C29,G)� (20 A265

units, at 67 units/mi) was hydrolyzed in a
mixture containing Tris-Cl (0. 1 M, pH 8.2),
EDTA (1 mM), RNase A (1 p.g/ml), RNase
T1 (0.013 mg/mi), and alkaline phospha-
tase (0.27 mg/mi). This mixture was incu-

bated at 37#{176}for 28 hr, then applied to paper

and developed in 2-propanol-ammonia-
water (7: 1:2). The ultraviolet-absorbing
materials eluted from the chromatogram

indicated a base ratio of 29 C:1 G.
The sedimentation coefficients of

r(C12,U)� and n(C29,G)� in buffer A were 7.2

S and 7.6 S, respectively; the correspond-
ing values of the commercial preparations

ofrl6 and rC� in buffer A were 6.3 S and 6.7
S, respectively.

The poiynucieotide duplexes rI5rC�,
rI5n(C12,U)5, and rI�n(C29,G)� were pre-
pared by the following procedure. Each
single-stranded component of a complex
was prepared from a concentrated stock to
yield a solution of 1 m�t base residue in
buffer A. The extinction coefficients of
r(C12,U),, and r(C29,G)6 were assumed to

be identical with that of rC,,. These 1 m�
component solutions were sterilized by
passage through a Millipore filter (0.22

sm). The solutions were handled under
sterile conditions thereafter. The polynu-
cleotide duplex was formed by mixing 1:1
stoichiometric amounts of the complemen-
tary strands, to yield a solution of duplex
with a concentration of 1 m.i total base.
Annealing of the complementary strands
was facilitated by chilling the solution at
4#{176}for 90 mm. The formation of the duplex
was verified by the ultraviolet spectrum of
the solution. The solution complexes were
then stored at -70#{176}.

The dupiexes of rI�r(C13,U)5 and r15
n(C20,G)6 were the preparations described
and characterized in our preceding publi-
cation (13).

Viruses. Bovine vesicular stomatitis vi-

rus, New Jersey serotype, was harvested
from infected mouse L-cells to yield a titer
of 1-10 x 10� plaque-forming units/mi. The
virus stock, usually diluted 100-fold, was

stored at - 70#{176}.Semliki Forest virus ob-
tained from the Center for Disease Con-
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trol, Atlanta (Ri-i MP ii PR 3564-73), was
diluted 1000 fold, and 0.01 ml was injected
intracerebrally into suckling ICR Swiss
mice. Virus in brain tissue was harvested

after 5 days and diluted 10-fold in minimal
essential medium with 20% fetal calf se-
rum, and the LD50 was determined by ti-
tration in adult ICR Swiss mice. The virus
stock was diluted 100-fold in minimal es-
sential medium with 20% fetal calf serum
and stored in aliquots at -70#{176}.

Antiviral activities in human neonatal

fibroblasts. Human neonatal fibroblasts

were grown as monolayers in 75-cm2 pias-
tic flasks with minimal essential medium
containing 10% fetal calf serum. Cells
were exposed to polynucleotide dupiexes in
buffer A for 1 hr and then washed three
times before reincubation in fresh medium
at 37#{176}.Intracellular protection was deter-
mined colonimetnically (16, 17). Generally

a multiplicity of infection of approximately
0. 15 plaque-forming unit/cell was used.
Percentage of protection was defined as

the ratio of dye uptake by viable cells in
the infected viral culture to dye uptake by
viable cells in a mock-infected culture. The

colonimetnic titration (in duplicate or trip-
licate) was performed 28 hr after infection.
For measurement of virus yield reduction,
18 hr after exposure to polynucleotide du-
piexes, cells were challenged with vesicu-
lan stomatitis virus (multiplicity of infec-
tion, 0.15) and incubated for 28 hr. Virus
titer was then determined (in duplicate) in
mouse cells by plaque titration.

Antiviral activities in rabbit kidney

cells. Primary rabbit kidney cell cultures
were grown as monolayers in minimal es-

sential medium containing 10% fetal calf
serum, and these cultures were treated
with polynucieotides for 1 hr. The anti-
viral activities were measured by intracel-
lulan protection against vesicular stomati-

tis virus challenge, as described in the sec-
tion above on human cells (16, 17), and by
extraceilulan interferon titers. Interferon
was harvested from the extnaceiiuiar
fluids 18 hr after the exposure to the poly-
nucleotide duplex and measured coioni-
metrically, using vesicular stomatitis vi-
rus as the challenge virus. Assays were
carried out in duplicate or triplicate.

Mitogenic activities measured in murine

splenic cells. Splenic cells from a single 12-
week-old female CD-i mouse were sus-

pended in McCoy’s modified medium 5A
containing N-2-hydroxyethylpiperazine-
N’-2-ethanesulfonic acid buffer (Flow
Labs, Rockville, Md.) with and without

human serum (5%) at a concentration of 4
x 106 cells/mi. To aliquots (0.5 ml) of the

cell suspension (in sextuplicate), poiynu-
cleotide duplexes (0.2 ml ofa 1 m� solution
in buffer A) were added. The controls con-
tamed cells with aliquots (0.2 ml) of either

buffer A or phytohemaggiutinin (Well-
come Research Laboratories) (a 5 �g/ml
solution prepared in buffer A). The mix-
tunes were incubated for 30 mm at 37#{176},
after which 0.3 ml of McCoy’s medium 5A
with human serum was added. The final
concentration of human serum was 5%.
The cultures were incubated at 37#{176}in a
humidified 7.5% CO2 atmosphere. Mten 45
hr, 1 jtCi of [3H]thymidine (specific activ-
ity, 6.7 Ci/mmole; Schwanz/Mann) in 0.5
ml of medium was added to half the cul-
tunes. Following further incubation at 37#{176},
triplicate cultures were harvested 6 hr
later and incorporation of label was deter-
mined by liquid scintillation counting ac-
cording to Bach et al. (18). The other half of
the cultures were incubated for a total of
141 hr before introduction of [3Hlthymi-
dine for an incorporation period of 6 hr.

Semliki Forest virus infection of mice.

Semliki Forest virus solutions of the LD75
dose (0.2 ml of a 1 x i0� dilution) were
injected intnapenitonealiy into groups of

eight mice. The polynucleotide duplexes
(0.5 ml) were also injected intrapenitone-

ally 1 hr prior to virus infection and daily
for 3 days after the infection. Control ani-
mais, i.e. , without virus infection but with
polynucleotide injection, and animals with
virus infection but without polynucleotide
injection, were also included in these ex-
peniments. Animal deaths were recorded
daily, and mortality rates were calculated
after a 7-day period.

Interferon induction in rabbits in vivo.

Male albino rabbits (2-3 kg) were injected
intravenously with 1 ml of polynucleotide
dupiexes dissolved in buffer A. Serum was
collected 4, 6, and 8 hr after injection, di-
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luted in minimal essential medium con-

taming 2% fetal calf serum, and assayed
for interferon.

Mouse mortality caused by polynucleo-
tide duplexes. Poiynucieotide dupiexes in

0.3 ml of buffer A were injected intrave-
nousiy into groups of five mice (each
weighed about 15 g), and the mortality
was determined after 24 hr. Buffer A was
injected into control animals.

Pyrogenicity in rabbits caused by poly-
nucleotkk duplexes. A single dose of poly-
nucieotide in 0.3 ml of buffer A was in-

jected intravenously into male albino nab-

bits (aproximately 3 kg; B. and H. Rabbi-
try, Rockviile, Md.) after the animals had
first been observed to have a stable tem-

perature for at least 1 hr. The temperature
of individual rabbits after injection was
recorded every 12 mm up to 24 hr by a
Yellow Springs Teiethermometen and re-

corder. The mean values of temperature
deviation from at least four animals were
plotted. On the average, one out of eight
animals developed erratic temperatures
unrelated to the injection (which might
have been due to handling), and records
from these animals were not used. Buffer
A was injected into the control animals.

RESULTS

Following our earlier work (13) on the
mismatched polynucieotide duplexes
rI5r(C13,U)� and rI�r(C20,G)�, we pre-

pared two new dupiexes, nI�r(C12,U)� and
nI5r(C29,G)�, in gram quantities sufficient
for testing their antiviral properties and

ability to evoke measurable changes in
other physiological events. Some of these
events could manifest themselves as

overtly “toxic” reactions; however, the
term toxicity is obviously difficult to de-
fine, both conceptually and expenimen-
tally. In this study we simply assumed
that interferon induction was the event
to be preserved, and asked whether the

additional biological reactions (operation-
ally defined as a measure of “toxicity”)
must necessarily covary. That is, could an-

tivirai activity be uncoupled from the mul-
tiplicity of other reactions? The data are
presented in the following three sections.

Confirmation of antiviral properties of

rI�r(C,.�, U) ,, and rI�r(C2�, G) ,, in the sys-

tem ofhuman neonatal fibroblasts. In Ta-

ble 1 the antiviral effects of the newly

prepared, mismatched nI�r(C ,2,U)5 and
rI�r(C29,G)� duplexes are compared with
those of the perfectly matched nI�rC� in
human neonatal fibroblasts. The results of
three separate experiments (A, B, and C),
measuring intracellular protection, virus

yield, and interferon release, show that
the antivinal effects of these two newly
prepared, imperfectly matched duplexes

are comparable to those of the perfectly
matched rI6rC5. These results (Table 1)

thus fully confirm our previous observa-
tion (13) and provide the foundation for
further testing of the biological properties

of nI�n(C12,U)� and nI,,r(C29,G)�.
The mouse model . The antivinal effects

and the toxicity of nI�r(C12,U),, [as well as
rI,, . � U),, , prepared previously] and
nI�n(C29,G)� [as well as nI�r(C20,G)�, pre-
pared previouslyl were compared with
those ofnI5rC� at both the cellular and the

whole animal level.
Table 2 describes the antiviral effect of

n16rC6 and the four mismatched ana-
logues as measured by protection of mice
against Semliki Forest virus. The results

show that the antiviral effects of n15n(C,2,
U),, and rI��n(C,3,U)5 were identical with
that of n15rC5 at the three doses studied
(100, 25, and 10 jig/injection). The anti-
viral effects of rI5 . n(C20, G)� and rI� . r(C29,

G),, were also the same at doses of iOO and
25 �g, but appeared to be slightly lower
than those of nI�nC5 and of nI�r(C,2,U)�/

nI�n(C,3,U)� at the i0-j�g dose level.
Table 3 describes the acute toxicity of

rI6rC� and its two mismatched analogues

as measured by the mortality of mice after
intravenous injection of a relatively large
dosage ofthe polynucleotide duplex. At the

400 pg/animai dose, in two separate exper-
iments (A and B), 80% of the animals died
when injected with nI�rC�, only 40% died

when injected with nI�n(C,3,U)�, and none
died when injected with nI�r(C20,G)5. At

the level of 350 pg/animal only 20% of the
mice died when injected with nI��rC5, and
at this dosage none died with an nIn�r(Ci:;,

U),, injection. The data show that rI,,�r(C20,
G),, is definitely less acutely toxic than
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TABLE 2

Antiviral effects ofrI�rC,, and its mismatched analogues as measured by protection ofmice against Semliki

Forest virus (SFV)

The polynucleotide duplex was administered in 0.5 ml by intraperitoneal injection 1 hr prior to and daily

for 3 days after virus infection with approximately an LD75 dose of virus. In experiments with virus

infection, each group consisted ofeight mice; in experiments without virus infection, each group consisted of

five mice. No mortality was observed in experiments with injection of the polynucleotides without virus

infection.

Virus Polynucleotide duplex Mortality

100kg 25kg 10 �.tg

Expt. A Expt. B

% % % %

SFV None 75 75 87.5 75.0

None rI�rC� 0

SFV rI�rC� 0 0 12.5 12.5

None rI�r(C12,U)� 0

SFV rI�r(C,2,U)� 0 12.5 12.5

None rI�r(C13,U)� 0

SFV rI�r(C13,U)� 0 0 12.5 12.5

None rI�r(C20,G),, 0 62.5 12.5

SFV rI�r(C20,G),, 0 0 50.0 12.5

None rI�r(C29,G)� 0

SFV rI�r(C29,G)� 0 12.5 25.0

rI,,rC,, and possibly less toxic than
rI,,r(C13,U),,. Also, the rI,,r(C13,U),, du-
plex appears to be less acutely toxic than
nI,,rC,,. It should be noted that this test for
acute toxicity, as measured by mortality,
is really an “all-or-none” phenomenon
which can be effectively studied only
within a relatively narrow concentration
range. Therefore we developed additional
test systems for chronic toxicity to monitor
the possible undesirable effects of rI,,rC,,

and the mismatched analogues at low dos-
ages and over a much wider range of poly-
men concentration; these studies will be
the subject of a separate paper.

As an additional test of potentially sig-
nificant biological events elicited by a sin-
gle dosage of RNA dupiexes, we also meas-
ured the mitogenic effects on murine

spienic cells, which would signify stimuia-
tion of the immune system. Table 4 de-
scribes one of several typical experiments
in which measurements were made at two
time points (45 and 141 hr) in both the

presence and absence of added serum in
the culture medium during initial expo-

sure to the different compounds. In these
experiments addition of buffer A served as

TABLE 3

Acute toxicity ofrl,rC8 and its mismatched

analogues as measured by mortality of mice

The polynucleotide duplex was administered by

intravenous injection in 0.3 ml to groups of five

mice. Mortality was determined after 24 hr.

Polynucleotide
duplex

Mortality

400 �g 350 �g 300 �g

Expt.
A

Expt.
B

% % % %

rI�rC, 80 80 20 20

rI�r(C,3,U)� 40 40 0

rIflr(C)�,G)fl 0 0

BufferA 0 0

a negative control in providing a back-
ground value of [3Hlthymidine inconpona-
tion, and treatment with phytohemaggiu-

timn served as a positive control in demon-
strating the viability and responsiveness
of these cells in culture (19-21). The early
mitogenic effect of nI,,nC,, at 290 p.M con-

centration was cleanly demonstrated in
this experiment by measuring the
[3H]thymidine incorporation after 45 hr of
incubation. The results also showed that



TABLE 5

Antiviral effects ofrl,rC, and its mismatched

analogues as measured in rabbit kidney cells

The cells were treated with polynucleotide du-

plexes for 1 hr.

306 TS’O ET AL.

TABLE 4

Mitogenic effects ofrI�rC� and its mismatched analogues on murine splenic cells as measured by

[3H]thymidine incorporation

Splenic cells (4 X 106 cells/ml) from a 12-week-old female CD-i mouse were suspended in medium, with

and without human serum (5%). After addition of compounds to the cultures, cells were incubated for 45 hr

before addition of[3H]thymidine to half the cultures. After 6 hr of incubation with [3H]thymidine, triplicate

cultures were harvested and incorporation was determined. The remaining cultures were incubated contin-

uously for a total of 141 hr before addition of[3H]thymidine for a 6-hr period oflabeling. For other details, see

MATERIALS AN D METHODS.

Compound After 45 hr of incubation After 141 hr of incubation

Without serum With serum Without serum

Average Stimu-
radioac- lation

tivity in- index
corpo-
rated

With serum

Average Stimu-
radioac- lation

tivity in- index
corpo-
rated

Average Stimu-
radioactiv- lation
ity incorpo- index

rated

Average Stimu-
radioactiv- lation
ity incorpo- index

rated

BufferA

cpm

411 1.0

cpm

1,000 1.0

cpm

270 1.0

cpm

307 1.0

PHA” 40,540 98.6 39,860 39.8 2,100 7.8 1,370 4.5

rI�rC,,b 7,670 18.7 6,035 6.0 1,110 4.1 423 1.4

rI,r(C2,U),b 1,975 4.8 2,750 2.8 1,148 4.3 773 2.5

rI,r(C2�,G),b 1,620 3.9 2,790 2.8 1,690 6.3 340 1.1

(4 PHA(phytohemagglutinin) was dissolved in buffer A at a concentration of 5 jzg/ml.
h Polynucleotide duplexes were added to a final concentration of 290 �M.

the mismatched complexes n,5 � 12 , U),,

and nI,,r(C29,G),, were only one-third to
one-half as mitogenic by comparison. In
other words, the mismatched complexes
caused much less arousal of the immune
system as judged by their direct specific
mitogenic effects. Presumably this differ-
ential effect might also be seen in intact
animals with circulating RNA duplexes
gaining access to splenocytes within the
reticuloendotheiiai network (see DISCUS-

SION).

The rabbit model. The antiviral effects

of rI,,rC,, and the two mismatched ana-
logues, nI,,r(C 12,U)� and nI� n(C29, G)�,
were first measured with rabbit kidney
cells in culture. As shown in Table 5, the
data on intracellular protection and on ex-

traceliular interferon indicate that these
two mismatched analogues are as effective

as nI,,nC,,.
The antiviral effects ofrI,,�rC,, were then

compared with those of the two mis-
matched analogues for relative ability to
induce circulating interferon in the intact
animal. In Table 6 the time course of Se-
rum interferon levels after an intravenous
injection of rI,,rC,, at 2 pg/kg is shown.
While there was some variation among the

Polynucleo-
tide duplex

Concen-
tration

Intra-
cellular
protec-

tion

Inter-
feron ti-

ter

BufferA
MM %

0 <1

rI,rC, 0.1

1

10

100

42

100

100

100

<216

<216

800

1300

rI,r(C2,U). 0.1

1

10

100

24

90

94

99

<216

216

1300

3500

rI,r(C29,G). 0.1

1

10

100

74

98

98

100

<216

440

680

1700

six animals, the results generally mdi-
cated a relatively high level at 4 and 6 hr,
followed by a decline at 8 hr. These data
are also pertinent to subsequent pyrogen-
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(4 The interferon titers of rabbits injected with buffer A were less than 10 (see Table 6).

icity studies, discussed below. Table 7 de-

scribes typical results in a series of experi-
ments in which the induction of circulat-
ing interferon by rI,,nC,, (at a 1 p.g/kg

dose) was compared with that of the two
mismatched analogues, nI,,r(C12,U),, and
rI,,r(C29,G),,. Again, against a background

of some variation from animal to animal,
one can note that both the mismatched
analogues induced measurable interferon
titers (compare Tables 6 and 7). The
rI,,r(C29,G),, molecule appeared to be a

TABLE 6

Induction of circulating interferon in rabbits by

rI,rC,

Six male albino rabbits (2-3 kg) were injected

intravenously with 2 pg/kg ofrI�rC, or buffer A and

were bled 4, 6, and 8 hr after injection.

Rabbit Treatment Interferon titers after in-
jection

4hr 6hr 8hr

1 BufferA <10 <10

2 rI�rC, 1200 2900 220

3 rI�rC, 1800 2700 1800

4 rI,rC� 1800 2800 1500

5 rI,rC, 1100 4400 620

6 rI�rC� 2200 2900 900

very effective inducer, indeed as good as

rI,,nC,,, if not better, while rI,,r(C12,U),,
appeared somewhat less active. Thus we
note a slight difference in antivirai activ-
ity between the two mismatched dupiexes
when they are carefully compared in the
mouse and rabbit.

As an additional test of another signifi-

cant biological response, we measured pyr-

ogenicity after intravenous injection of the
polynucleotide duplexes (7). This test sys-
tem is remarkably sensitive to the pres-

ence of double-stranded RNA (4, 7), and
therefore we could establish correlations,
if any, between the levels of circulating

interferon and the intensity of the fever
response. In addition, the pyrogenicity
measurement appeared particularly perti-
nent to problems which might be encoun-

tened with the clinical evaluation of these
specific polynucleotide duplexes.

Figure iA describes the rise in body
temperature after intravenous injection of
four dosages of rI,,rC,, in rabbits. Very

little effect was observed at doses of 0.001
and 0.01 pg/kg of nI,,rC,,; however, a sig-
nificant rise was observed at doses of 0.1

and 1 pg/kg. This increase in temperature
reached a maximum at about 3-4 hr and

TABLE 7

Induction ofcirculating interferon in rabbits by rlnrCa rI,r(C,2,U)a and rI,r(C24,G),

Male albino rabbits weighing approximately 2 kg each were injected intravenously with 1 �tg/kg of rI�rC�

or analogues. The animals were bled 4, 6, and 8 hr after injection, and serum interferon titers were

determined.

Inducer” Rabbit Interferon titers after injection

Expt. A Expt. B (4 hr)

4hr 6hr 8hr

rI,rC, 1

2

3

4

950

2000

650

620

290

210

230

<100

160

300

rI,r(C2,U), 1

2

3

4

105

200

130

350

160

115

500

170

<100

140

120

<100

<100

<100

<100

<100

rI�r(C29,G), 1

2

3

4

290

2700

950

1000

260

1200

1900

430

130

260

110

500

220

200

260

210
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FIG. 1. Pyrogenicity ofrl, �.C, in rabbits

A. Temperature changes in rabbits after differ-

ent intravenous doses of rI�rC�. Each curve is the

average of four animals receiving 0.001 (--), 0.01

(- - -), 0.1 (....), or 1.0 �tg/kg (-) ofthe polynucle-

otide duplex.

B. Temperature changes in rabbits after 1 pg/kg

intravenous doses of rI,rC, (-), rI�(), rC�

(- - -), or buffer A (._) Each curve is the average

offour animals, except for the buffer A control curve

(two animals) (see MATERIALS AND METhODS).

declined to normal levels at about 7-8 hr.
Between the 13th and 17th hours a second
wave of temperature increase was noted, a
phenomenon more noticeable (see below)

at higher dosages. The extent of increase
in body temperature was similar at the 0.1
and 1 pg/kg doses. Figure lB shows that,
at the 1 jig/kg dose, only the rI,,rC,, duplex
could consistently induce fever; the single-
stranded rI,, and rC,, molecules were inert.

Figures 2 and 3 describe the compara-
tive pyrogenic effects of rI,,nC,, and the

two mismatched analogues, rI,,n(C13,U),,
and rI,,r(C20,G),, (Figs. 2A and 3A), as
well as nI,,�r(C,2,U),, and nI,,r(C29,G),,
(Figs. 2B and 3B). The data clearly mdi-
cate that at doses of both 1 and 0. 1 pg/kg

T5’O ET AL.

��1�� these two types of mismatched duplexes

have little, if any, ability to induce fever

as compared to the rI,,nC,, molecule. In-
deed, only at a dose level of 5 p.g/kg (Fig. 4)
could a small inductive effect (�T � 0.3-
0.5#{176})of rI,,r(C13,U),, and rI,,’r(C20,G),, be
consistently observed. At this dosage (5
p�g/kg) the extent of temperature rise (�T
� 1.5-1.6#{176}) induced by nI,,rC,, was much
higher and a second wave of fever was
clearly evident (Fig. 4). Since the pyrogen-
icity caused by these two mismatched du-
plexes at the 5 pg/kg level (Fig. 4) ap-

peared to be considerably lower than the
pyrogenicity induced by rI,,rC,, at a 0.1
p.g/kg dose (Fig. 1), it could be estimated

that the pyrogenic properties of the
nI,,r(C13,U)� and rI,,n(C20,G),, duplexes
were probably 50-100-fold lower than that

of rI,,rC,,.
It should be particularly noted that at

doses of i and 2 p.g/kg the time curve of

circulating interferon titers in these ani-

2

1.0

08

;3 06

-4 04

02

0
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FIG. 3. Temperature changes in rabbits after 0.1

pg/kg intravenous doses of polynucleotide duplexes.

Each curve is the average of four animals. A.

-, rI�rC�; - - -, rI�r(C,3,U)�; . . . . , rI�r(C20,G)�.

B. , rI,,rCC; - - -� rI�r(C,2,U)�; #{149}. . .,rI,

r(C29,G),.

�O8

� 0.6

04

02

0

FIG. 4. Temperature changes in rabbits after 5

pg/kg intravenous doses of rI,rC, (-), rI,r(C,3,

U), (----), and rI,r(C20,G), �
Each curve is the average of four animals.

mals had already been described (Tables 6
and 7). Thus both the intensity of fever

and the circulating interferon level in-
duced by these polynucleotide duplexes
could be evaluated under identical condi-
tions.

-1.0

DISCUSSION

Under RESULTS we compared the anti-
viral properties of nI,,rC,, and its mis-
matched analogues, rI,, . r(C,2,U),,/nI,,�

r(C,3,U),,, and nI,,r(C20,G),,/rI,,r(C29,G),,,

in two cellular systems (human neonatal
fibrobiasts and rabbit kidney cells) and in
two animal systems (protection of mice

and rabbits). The data clearly support and
extend our previous conclusion (i3) that
these two types of mismatched analogues

are as effective, or very nearly so, as the
perfectly matched rI,,rC,, in their anti-
viral properties. We have also compared

the “toxicity” of rI,,rC,, and these two mis-
matched analogues in one cellular system
(mitogenic effect on murine splenic cells)

and two animal systems (acute toxicity/
mortality in mice and pyrogenicity in
rabbits). The results substantiate our pre-
vious suggestion (13) that these mis-
matched duplexes are in fact significantly
less able to trigger additional biological
responses than rI,,rC,,. Our suggestion

originated from the experimental observa-
tion that these mismatched dupiexes,
rI,,r(C13,U),, and rI,,r(C20,G),,, are much

more sensitive to degradation by nucleases
(13) and therefore might be removed much
more readily than nI,,rC,,.

In experiments in which the polynucieo-
tide duplexes were introduced to the ani-
ma! at a very low dose (1-0.1 pg/kg), as in

the pyrogenicity tests with rabbits, the dif-

ference in “toxicity” between the rI,,rC,,
and its mismatched duplexes was striking,
i.e. , about 50-100-fold less for the mis-
matched duplexes. In this situation we
reason that the injected polynucleotide du-
plexes are probably degraded and removed

rapidly by the animal. In agreement with
this proposition, in experiments in which

splenic cells were exposed to a fairly high
concentration of polynucleotide duplexes,
the difference in “toxicity” was only 3-4-

fold in favor of the mismatched duplexes.
Finally, in the acute toxicity experiments,
in which a relatively massive amount of

polynucleotide duplex (400 �g) was in-
jected intravenously into the mouse, the
differences between nI5rC,, and the two

mismatched duplexes became smaller and
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distinctions were more difficult to evalu-
ate.

There are at least two intrinsic problems

in providing a quantitative interpretation

of data derived from the acute toxicity/
mortality experiments. (a) When an over-
whelming amount of any potentially toxic
substance is introduced into the organism,
the system of natural resistance (such as
the disposal and repair processes) tends to
break down and become inoperative.
Therefore this type of experiment does not

reflect the tolerance of the organism’s pro-

tective mechanism with its natural dis-

posal and repair processes functioning un-
den more normal conditions. (b) Since a
large amount of polynucleotide duplexes is

needed in the tests, and the response
(death) is all-or-none in nature, only a
very narrow range of concentrations can

be effectively tested. In view of these seri-
ous intrinsic problems, we have doubts
about the usefulness ofthe data from acute

toxicity/mortality measurements, particu-

lanly as they relate to the possible chemo-
therapeutic application of these polynucle-

otide duplexes. Since the advantage of the

mismatched duplexes is based on proper
functioning of the disposal process in the
animal, the data for acute toxicity/mortal-
ity at very high dosages may not really

evaluate properly the therapeutic efficacy
of mismatched polynucleotide duplexes.

In the mouse model the protection of the

animal against a lethal viral challenge
and the test for mitogenic effects of the

spienic cells are, in contrast, more clearly
relevant to the chemotherapeutic applica-
tion of these polynucleotide duplexes.
First, we have confirmed the report of
Dean et al. (22) that nI,,�rC,, is a potent
mitogen for lymphocytes and spleen cells
in the mouse. Collaro et al. (23) reported

that intraperitoneal injection of nI,,rC,,
into the mouse can cause an immediate
and transient cytopathic action on the re-

ticuloendothelial system, enlargement of
thespleen, and a selective stimulating ac-
tion on antibody-producing cells. Recently

the effects of rI,,�rC,, and interferon prepa-
rations on the immune system of the host

have received much attention (for discus-

sions, see refs. 1-5, 24). Our preliminary
results on human splenic cells mimic those
reported here for the munine system and
will be described elsewhere.

In the rabbit we have confirmed and

extended the study of Philips et al. (7) on
the pynogenicity of nI,,rC,,. Certainly this
test is exquisitely sensitive (for nI,,rC,, at
the dose of 0. 1 j.�g/kg), although the biolog-
ical origin of the fever is not entirely clear
(4). A particular merit of the rabbit model
is that pyrogenicity and the induction of

circulating interferon can be measured
concurrently at the same dose level of pol-
ynucleotide duplex in the same animal.

It should be emphasized that the four
test systems established in these two ani-
mal models may be useful in signaling

cellular targets and therapeutic potential
in man. Thus the protection against viral

disease, the responsiveness of lymphoid
tissue, the induction of circulating inter-

feron, and the level of febrile responsive-
ness are measurements directly pertinent

to the establishment of therapeutic effi-
cacy of these polynucleotide duplexes. The
data from the two animal models warrant

an early clinical investigation of these
mismatched duplexes in comparison with
nI,,rC,,.

The current study also helps to establish
a theoretical framework for designing a

polynucleotide duplex as an interferon in-
ducer having greaten therapeutic efficacy
than nI,,rC,,. In general, we can classify
the biological responses to polynucleotide
duplexes into two categories, i.e. , the de-
sirabie effects (e.g. , antiviral activities)
and the undesirable effects of “toxicity.”

There exists a variety of clearly undesira-

ble effects, such as inhibition of the syn-
thesis of protein (25), DNA (26), and RNA
(27) (for a review, see ref. 4). The strategy

in designing a polynucleotide duplex of

greater efficacy rests on the basic premise
that either the structural requirements or

the temporal requirements of the desirable
and the undesirable responses are not
identical. Substantial efforts have been
made to modify the bases (28, 29), back-

bone (30, 31), and sizes (32) (for a compre-
hensive review, see ref. 5). The limited
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success of these approaches may stem
partly from the relative unavailability of
pertinent systems for testing a spectrum of
physiological responses to a specific RNA

duplex, and partly from the relative ab-
sence of theoretical guidance for an experi-
mental approach in significantly modify-
ing the therapeutic ratio.

Emphasis has been placed by our labora-

tories on the possible differences in tem-
poral requirements of the antivinal vs. the
other biological responses. This approach
is based on the observation (33) that the
time requirement for triggering the anti-
viral and interferon response by rI,,rC,,, at

least for cells in culture, is very short in-

deed (within a few minutes or less at 37#{176}).
Therefore there is a strong possibility that

the “time constants” in triggering the de-
sirabie response and in the induction of the
other physiological responses may be suffi-

ciently different to permit the design and
development of an interferon inducer of
superior efficacy to rI,,rC,, (4). Our preced-
ing paper (13) was predicated on this prem-
ise, and our present results confirm the

apparent advantages of this approach.

Several additional comments are in or-
den. Obviously this specific strategy will
be successful for the development of a su-

perior interferon inducer only when the
“time constant” or the temporal require-

ment of the antivinal response is shorter
than that of the other responses. More-
oven, this approach may have general ap-
plicability to the study of basic mecha-
nisms concerning the biological effects of
double-stranded RNAs. For example, it is
unlikely that all the biological responses
to double-stranded RNA will have the
same “time constants.” Therefore, at least
in theory, a series of double-stranded
RNAs with varying degrees of relative
sensitivity to enzymatic degradation can
be constructed to examine a number of
biological responses. The variations in

temporal requirements may actually ne-
flect relative differences in location, as
well as in structure, of “receptor” sites

which promote the other biological re-
sponses. For instance, it seems reasonable
to presume that the brief time for trigger-

ing the antiviral and interferon response is
related to “receptor” sites, perhaps on the

outer face of the plasma membrane. On
the other hand, many receptor sites for

other biological responses may be located
inside the cell and, indeed, within the flu-
cleus.

The approach developed in the current
study, based on differences in temporal

requirements, may therefore yield valua-
ble insights about both the structure and
location of”receptors” which induce a spec-
trum of biological responses on exposure to
polynucleotide duplexes. A recent hypoth-
esis (4) suggests that aspects of morbidity
normally encountered in viral infection

may in fact occur through the molecular
mediation of double-stranded RNA. Our
current studies provide an experimental
approach to this type of question and, at
the same time, a possible opportunity to

evolve a chemotherapeutic compound of
interest.

Previous efforts have been made to pre-
pare polynucleotide duplexes with much
more resistance to enzymatic hydrolysis;
thus far such complexes have not been

found to have a therapeutic efficacy

greater than rI,,nC,, (5). According to our
own theoretical analysis, these resistant
complexes should not, a priori, possess any
advantage over rI,,rC,,. In fact, from con-

sidenations of the temporal requirements,
these duplexes are likely to be less selec-
tive since they persist longer in biological
fluids than rI,,nC,,, thus having a greater
probability of inducing additional physio-
logical responses. Such an approach may
only be successful in the event that the

chemical on structural modification that
confers resistance of the duplex to enzy-
matic degradation also happens to provide
a structure more specific for interferon in-
duction and, similarly, is noninductive of
the other biological responses. Such an
event seems rather unlikely by chance
alone, particularly in view of the large
spectrum of specific physiological re-
sponses to double-stranded RNA mole-

cules. Thus we feel that the success of an
approach based on specific structural ne-
quirements (as opposed to temporal ne-
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quirements) may be accomplished only by
rigorous theoretical guidance with system-
atic procedures; such an approach is cur-
rently being followed in our laboratories
(34).
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