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Abstract

The study of double-stranded RNA (dsRNA) encompasses a variety of fields. Basic research in this area

has contributed to a greater mechanistic understanding of gene induction, tumor cell growth arrest, the establishment
of antiviral states, and immunomodulation. Because of the possible clinical value of these molecules, physicians are
now exploring the use of synthetic dsRNA to treat patients with cancer, HIV-1 disease, and immune dysfunction.
Continued studies of the mechanisms of action of dsRNA are likely to suggest an even wider scope of clinical

applications.
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In 1969 Hilleman’s group discovered that the
interferon inducing component in extracts of
Penicillium funiculosum was dsRNA [1] and
that other natural and synthetic dsRNAs could
induce interferon (IFN) formation and host re-
sistance to viral infections in animals and cul-
tured cells [2]. Polyinosinic:polycytidylic acid
(pl:C) was the most potent inducer of the RNAs
tested, while DNA and single-stranded RNA were
consistently inactive. From this basic work, IFN
investigators hypothesized that the IFN inducer
in virus infected cells was the viral dsRNA ge-
nome or replicative intermediate. Subsequently,
dsRNA has been found to have several appar-
ently distinct activities. pl:C has been shown to
induce a wide variety of genes, activate latent
enzymes, arrest tumor cell growth, and enhance
both cell mediated cytotoxicity and B cell re-
sponse to antigens. Although some of these activ-
ities follow IFN induction, others are a direct
result of dsRNA.
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2'-5" oligoadenylate synthetase; 2'-5'A, 2'-5' oligoadeny-
lates; VSV, vesicular stomatitis virus.
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GENE INDUCTION BY dsRNA OR
VIRUS INFECTION

The molecular mechanisms which contribute
to the induction of genes by dsRNA or virus
infection are best known in the case of Type I
IFNs (a and B). It has been well established that
these genes are transcriptionally regulated by
dsRNA or virus. Researchers have defined cis-
acting regulatory and promotor (Fig. 1) regions
of the IFN-B gene which are required for induc-
tion by pl:C or virus [reviewed in 3, 4]. A num-
ber of IFN regulatory factors (IRF) which bind
to sequences within the human IFN- promotor
region have been identified. These include IRF-1,
IRF-2, and NF-kB [reviewed in 3]. Both IRF-1
[5], involved in enhancing transcription, and
JRF-2 [6], involved in the down regulation of
transcription, bind to the same hexamer repeat
within the promotor region of the human IFN-g
gene. IRF-1 may also play a role in the induction
of IFN-a since a transfected murine IRF-1 gene
was capable of inducing transcription of both a
and B IFN in uninduced monkey COS cells [7].
Along with IRF-1 and IRF-2, Visvanathan and
Goodbourn [8] recently identified a cellular fac-
tor in L929 and C127, activated by pl:C, that
binds to another sequence (—65 to —55) within
the IFN-B promotor and enhances transcrip-
tion. This inducible factor has DNA binding
specificities indistinguishable from transcription
factor NF-kB previously identified in mature B
cells. Lenardo et al. [9] later demonstrated that
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IRF-1 and IRF-2 binding sites are in italics; NF-kB binding sites are in bold type.

Fig. 1. Promotor region of the human IFN-§ gene [4].

the NF-kB and IFN-8 regulatory sequences (—65
to —55) were interchangeable in vivo and that
viral treatment of 70Z/3 pre-B lymphocytes in-
duced x gene expression as well as B IFN gene
expression. Discrepancies have arisen in estab-
lishing the importance of transcription factors
[10] and cis-acting sequences [11,12,13] in-
volved in the regulation of IFN-B gene expres-
sion. These discrepancies may be explained by
the use of transfected versus resident genes
[10], or the differential expression, utilization,
and modification of transcription factors present
in the different cell lines studied. Goldfield and
Maniatis [14] first developed this idea after
finding that cyclohexamide (CHX) had no effect
on the induction of either tumor necrosis factor
a (TNF-a) or IFN-B in Sendai virus infected
U937 monocytoid cells, while CHX treatment
did block induction of both genes in the Nama-
lwa B cell line and IFN-8 in the JY B cell line.
They concluded that cell lines differ in their
ability to constitutively produce the positive and
negative regulatory proteins required for IFN-g
induction by dsRNA or viral infection. This view,
echoed also by Taylor and Grossberg [3], ap-
pears to be a powerful framework from which to
understand the biological activity of dsSRNA and
other cytokines which have pleiotropic activi-
ties.

It is less well understood how dsRNA regu-
lates the induction of other genes involved in the
antiviral or growth mediated response. The
known genes directly induced by pl:C are listed
in Table 1. In this review, direct induction is
defined as specific RNA accumulation in the
presence of the protein synthesis inhibitor CHX.
This accumulation must be greater than in the
presence of CHX alone, since previous studies
have noted induction of dsRNA inducible genes
with CHX [129]. Experiments have also shown
induction of other genes by dsRNA or virus
(Table IT) without CHX. Although several homol-
ogies have been claimed among promoter re-
gions of dsRNA inducible genes as illustrated
above, they exist in positions or orientations
different from the IFN-B regulating elements.
More work is needed to establish whether the

various dsRNA inducible genes and IFN-B are
regulated by similar or unrelated transcription
factors.

The mechanism by which dsRNA leads to the
activation of certain cellular factors and subse-
quent gene induction remains unclear. Since
protein synthesis is apparently not required for
the induction of some genes, activation of tran-
scription may be the consequence of post-tran-
scriptional modification of preexisting regula-
tory proteins [15]. Also, since a single molecule
of dsRNA is sufficient for the induction of type 1
IFN, Marcus and Sekellick [16] proposed that
dsRNA triggers amplification of a cellular sig-
nal. It is possible that this dsRNA triggered
signal may be a result of activated protein ki-
nases capable of regulating a wide range of fac-
tors involved in the regulation of dsRNA induc-
ible genes. Zinn et al. [17] showed that
2-aminopurine (2AP) inhibited the induction of
c-mye, c-fos, and IFN-B in the pl:C treated hu-
man MG63 cell line. Marcus and Sekellick [18]
showed that 2AP inhibited the induction of type
1IFN in vesicular stomatitis virus (VSV) treated
mouse L(Y) and chick embryo cells. Since dsRNA
dependent protein kinase (DDPK) and the heme
regulated elF-2 kinase are the only known pro-
tein kinases which are inhibited by 2AP, both
groups proposed the possibility that DDPK may
play a role in dsRNA regulation of cellular pro-
teins. Ghosh and Baltimore [19] demonstrated

TABLE I. Known Genes Directly
Induced by dsRNA or Virus

(in the presence of CHX)
Gene Cell line Inducer Ref
IFI-78k Human diploid NDV, pl:C 122
fibroblast
IF1-56k HelLa, UAC, FS-4, pl:C 123
Daudi, Vero
IFI-54k Daudi, DIF-8 NDV, pl.C 124
c-mye Balbc/3T3 pl:C 125
c-fos Balbe/3T3 pl:C 125
JE Balbe/3T3 pl:C 125
IRF-1 Hela pL:C 10
IFN-8 Balbc/3T3 pl:C 125
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TABLE II. Other Genes Which
May Be Directly Induced by dsRNA

(no CHX data)
Gene Cell line Inducer Ref
TNF-a U937 Sendai 14
KC Balbe/3T3 pl:C 124
MCSF Balbc/3T3 pl:C 124
IL-6 Hela pl:C, Sendai 125
IFN-« genes Namalwa Sendai 126
TIS7 Swiss 3T3 NDV, pI.C 127

that phosphorylation of the NF-kB inhibitor,
IFB, by protein kinase C or the heme regulated
elF-2 kinase led to IFB inactivation and subse-
quent activation of NF-kB, while the cyclic AMP
dependent protein kinase had no effect. Since
DDPK has similar substrate specificity as the
heme regulated protein kinase, future experi-
ments should investigate whether DDPK is capa-
ble of inactivating IFB. Experiments should also
investigate the ability of DDPK to activate other
protein kinases. A full knowledge of the basal
activity of relevant regulatory and signal trans-
duction systems will be essential in revealing
the mechanisms of gene induction by dsRNA in
any biological setting.

dsRNA DEPENDENT ACTIVITIES IN CELLS

Early in the 1970’s it was discovered that
dsRNAs of natural or synthetic origin inhibited
viral RNA and protein synthesis in IFN treated
intracellular systems [reviewed in 20]. It was
later shown that two dsRNA dependent en-
zymes, 2,5A synthetase and DDPK, contributed
to this inhibition. Upon activation by dsRNA,
2 5A synthetase converts ATP into a thermo-
stable compound, 2,5A. This compound then
activates a latent endonuclease, RNase L, which
subsequently degrades host and viral RNA. Sev-
eral forms of the 2,5A synthetases, with dif-
ferent dsRNA requirements and subcellular lo-
calizations, have been isolated from individual
cell types [21,22]. Optimal activity for the 30 to
40 kD synthetase requires 100 to 1,000 times
more dsRNA than the 110 kD isozyme. Re-
cently, Suhadolnik et al. [23] also showed that
fructose 1,6-bisphosphate activated the 110 kD
synthetase purified from both HeLa cells and
rabbit reticulocyte lysate. It remains to be seen,
however, which other isozymes can be activated
by this cellular metabolite. Other intermediates
of glycolysis or other phosphorylated sugars did

not display this activity. The preparations of
sugar were shown to be free of dsRNA by nu-
clease resistance. In light of the fact that approx-
imately 70 bp of dsRNA are required to activate
2,5A synthetase [24], it is curious that a phospho-
rylated sugar monomer is also active. The role of
a glycolytic intermediate in activating the 2,5A
synthetase/RNase L pathway may have repercus-
sions for regulation of cell cycle metabolism.

The basis for specificity of RNA degradation
by the 2,5A synthetase/RNase L pathway, if
such specificity exists, remains elusive. Activa-
tion of RNase L at the site of viral replication
might facilitate preferential degradation of for-
eign RNA. The 2,5A synthetases may act locally
on RNase L, making the subcellular site of the
enzyme pathway important. The 110 kD
isozyme, which requires low amounts of dsRNA
for optimal activation (0.1 pg/ml), might be re-
sponsible for selective translational control; the
67 kD membrane associated synthetase for sig-
nal transduction, the 30 to 40 kD nuclear iso-
zyme for hnRNA cleavage [25]. The differential
expression and localization of the synthetase
isozymes makes them candidates in the mecha-
nisms of cell cycle regulation and differentia-
tion.

Along with 2,5A synthetase, DDPK has also
been shown to inhibit protein synthesis in IFN
treated cells [reviewed in 20, 26]. Activation of
DDPK requires dsRNA binding, ATP binding in
the presence of manganese, and autophosphory-
lation. Once activated, DDPK phosphorylates
the 37 KD eukaryotic initiation factor subunit,
elF-2a [27], and certain histones [28,26]. Phos-
phorylated elF-2a binds the guanine nucleotide
exchange factor, elF-2B, and subsequently pre-
vents further initiation of protein synthesis
[29,30]. Galabru et al. [31] recently purified the
68 kD DDPK from Daudi cells utilizing mono-
clonal antibody affinity chromatography and
demonstrated by Scatchard analysis that the
protein had both high and low affinity binding
sites for pl:C. These results concur with previ-
ous work which established that optimal concen-
trations of dsRNA activated kinase activity, while
high concentrations inhibited DDPK activity
[32]. Kostura and Mathews [33] also performed
Scatchard analyses using purified DDPK acti-
vated with heteropolymer dsRNA and discov-
ered only one binding site. They also found that
activation was second order with respect to
DDPK concentration, suggesting that activation
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of DDPK required one dsRNA molecule and two
DDPK molecules. Also suggestive of an intermo-
lecular catalytic mechanism, histones that bound
dsRNA with high affinity relieved the inhibition
of DDPK by excessive dsRNA concentrations
[34]. DDPK bound to dsRNA could autophospho-
rylate free DDPK but not other dsRNA-bound
enzyme molecules. Further work is needed to
resolve conflicting binding site results and to
establish the exact mechanism by which dsRNA
activates DDPK.

dsRNA may also inhibit protein synthesis by
other mechanisms. Kaempfer and his colleagues
[35] discovered that dsRNA can bind to and
inactivate eukaryotic initiation factor-2 (elF-2)
and subsequently inhibit protein synthesis.
Harary et al. [36] learned that 2 pg/ml of pl:C,
which was coadministered with DEAE dextran
in order to promote dsRNA uptake, caused a
generalized inhibition of protein synthesis in
L1929 cell, while 20 pg/m! of pI:C administered
alone did not. A cytopathic effect could not be
demonstrated in any cultures by vital dye stain-
ing. While general protein synthesis was inhib-
ited by over 80%, IFN activity (antiviral) was
markedly induced. These experiments provided
evidence that high intracellular concentrations
of pI:C can cause a more or less generalized
inhibition of protein synthesis, but additional
factors must be required for achieving cell lysis.
Harary et al. [36] then found that when an
elF-2:pI:C complex was applied to cells in the
presence of DEAE dextran, IFN induction by
pl:C in cells and antiviral activity of pI:C in mice
were augmented while protein synthesis inhibi-
tion was reduced. It remains to be established
whether coupling of dsRNA with eIF-2 pre-
vented dsRNA uptake or spared the intracellu-
lar eIF-2 pool in releasing protein synthesis
inhibition. Nevertheless, these results suggest
that dsRNA may inhibit protein synthesis by
direct interaction with elF-2, in addition to work-
ing through DDPK and 2-5A synthetase.

Along with impairing virus replication through
the inhibition of protein synthesis, activation of
2,bA synthetase/RNase L pathway and DDPK,
recent work has demonstrated the ability of
dsRNA to induce other activities that may be
related to dsSRNA’s antiviral effects. Meegan and
Marcus [37] demonstrated that dsRNA induced
in avian cells a secreted soluble nuclease that
degrades dsRNA. They also noted that under
different assay conditions, mammalian cells

also released and accumulated high activities of
dsRNase [37]. Also, an activity that unwinds
dsRNA has been reported to exist in several
organisms. This activity was first shown in Xeno-
pus laevis oocytes wherein injected antisense
RNA was unable to form stable hybrids in vivo
with its complementary endogenous mRNA [38].
Bass and Weintraub [39] later showed that this
unwinding activity covalently modified dsRNA
by converting adenosine residues to inosine res-
idues. This conversion altered the base pairing
of RNA duplexes, rendering them susceptible to
single-stranded RNases [39]. Wagner and
Nishikura [40] have also shown this activity in
various types of mammalian cells including
HeLa, human lymphoblastoid, mouse plasmacy-
toma, Burkitt lymphoma, and mouse F9 terato-
carcinoma cells. They also demonstrated a satu-
rable, reversible binding of proteins to dsRNA
by gel retardation assays [40]. The role of dsRNA
unwinding activity has been implicated in cell
cycle control and differentiation [38]. It is also
possible that the unwinding activity is part of
another cellular defense mechanism against vi-
ruses.

ANTIVIRAL ACTIVITY OF dsRNA AND
TS ROLE IN THE REGULATION OF HiV-1
GENE EXPRESSION

It is generally thought that all viruses elabo-
rate dsRNA intermediates during infection and
that the presence of these intermediates affords
the cell some level of resistance to infection via
IFN induction, activation of dsRNA-dependent
enzymes, and immune inhancement. When exog-
enously applied prior to virus infection, both
natural and synthetic dsRNAs exhibited antivi-
ral activity in vivo and in vitro [1,2,41,42]. Acti-
vation of the 2,5A synthetase/RNase L pathway
by dsRNA may account for protection against
some viruses. Chebath et al. [43] found that
CHUO cells expressing a transfected 100 kD 2,5A
synthetase gene exhibited elevated 2,5-A levels,
and were less susceptible to certain viral infec-
tions. In addition, inhibition of the antiviral
state generated by microinjection of RNase L-ac-
tivating 2,5A and 2,5A analogs was demon-
strated by coinjection of the S S, stereoisomer of
2,54, a specific inhibitor of RNase L [44].

Recently, the so-called Mx proteins have been
shown to protect mice from influenza virus infec-
tion [45]. Even though various analogues of
these proteins have been identified in a variety
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of animal species [46,47,48], their antiviral activ-
ity has been verified only in mice. VSV alone did
not induce Mx (p78); however, pretreatment of
cells with IFN-y resulted in augmented produc-
tion of Mx transcripts upon subsequent expo-
sure to dsRNA or virus [49]. Neither 2,5A syn-
thetase nor Mx alone protected against VSV
infection. Goetschy et al. [49] hypothesized that
IFN priming allows cells to accumulate antiviral
molecules, which are promptly activated upon
viral infeetion and subsequently inhibit protein
synthesis in infected cells and delay virus multi-
plication. However, in unprimed cells, these mol-
ecules might be induced by viruses, but the
kinetics of viral takeover would interfere with
the establishment of an antiviral state.

Some viruses have evolved mechanisms which
confer resistance to the antiviral effects of dsSRNA
or IFN [reviewed in 4]. This may arise from
virus mediated inhibition of the DDPK and 2,5A
synthetase/RNase L pathways. For example, the
accumulation of non-functional 2-5A and conse-
quent elimination of RNase L activity occurs in
herpes simplex I, I1 [50], SV40 {51], and vaccinia
virus [130] infected cells. Also, reovirus encodes
for a well characterized dsRNA binding protein,
reovirus o3 [52], which inhibits DDPK activa-
tion in infected 1,929 cells [53]. Resistance to
IFN by adenovirus has been attributed to VAI
RNA which competitively binds to DDPK and
prevents its activation by dsRNA [reviewed in
54, 55].

Human immunodeficiency virus type-1 (HIV-
1) may also be relatively resistant to IFN and
dsRNA mediated antiviral effects and may also
use genomic dsRNA regions to up-regulate its
own gene expression. Replication of HIV-1 re-
quires the viral encoded TAT protein [56]. Acti-
vation of HIV-1 transcription by TAT is medi-
ated via TAR sequences present in the 5’ region
of the LTR [57]. These sequences possess a high
degree of secondary structure (Fig. 2) and are
present in all HIV-1 transcripts [58]. Subse-
quent studies have shown that these sequences
were capable of inhibiting translation of down-
stream sequences. Parkin et al. [59] demon-
strated that synthetic RNA derived from se-
quences +1to +111 of the LTR were capable of
inhibiting translation of a downstream linked
report gene in reticulocyte lysates, HeLa cell
extracts, and Xenopus laevis oocytes. This inhi-
bition was eliminated by mutations which dis-
rupted the predicted secondary structure. Com-
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Fig. 2. Secondary structure proposed for HIV-1 leader mRNA
[128].

pensation mutations which once again restored
the secondary structure resulted in the renewed
inhibition of protein synthesis. They suggested
that the 5’-secondary structure interfered with
translational factor binding at the CAP site and
subsequent protein synthesis.

It has also been proposed that mRNA encoded
TAR sequences can inhibit protein synthesis in
trans. This is supported by previous work which
has shown that synthetic RNAs transcribed from
cloned TAR sequences were capable of activat-
ing DDPK and promoting subsequent phospho-
rylation of eIF-2 (+1 to +80 [60], and +1 to
+232 [61]). SenGupta and Silverman [61]
showed activation of 2,5A synthetase by these
same synthetic RNAs (+1 to +111). HIV medi-
ated inhibition of translation has been linked to
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the long latency between HIV-1 infection and
the development of acquired immunodeficiency
syndrome (AIDS). Roy et al. [62] hypothesized
that HIV may be induced from a latent state by
an increase in TAT levels, since TAT was capa-
ble of down-regulating DDPK protein levels in
IFN treated Hel.a cell stably expressing TAT.
They also stated that this down-regulation was
specific for DDPXK since there was no decrease in
2,5A synthetase message in IFN treated HeLa
cells. However, Schroder et al. [63] demon-
strated that TAT was capable of binding to the
5'-leader RNA and subsequently inhibited its
ability to bind and activate purified 2,5A syn-
thetase. In contrast to the previous mentioned
reports, Gunnery et al. [64] demonstrated that
synthetic TAR RNA (+3 to +82) purified to
apparent homogeneity was unable to activate
purified DDPK. At high concentrations, how-
ever, this RNA prevented activation by reovirus
dsRNA. Gunnery et al. [64] concluded that re-
sults of previous work documenting activation
of DDPK by these same sequences may be due to
contaminating dsRNA molecules generated from
the in vitro transcription system utilized and
not by actual TAR RNA. It is also possible that
nucleotides +83 to +111, of the Gunnery et al.
[64] transcripts’ are required for DDPK activa-
tion. Nonetheless, inhibition of the two dsRNA
dependent intracellular enzymes by HIV-1
mRNA and TAT may aid its ability to avoid host
cellular defense mechanisms. Along with the
inhibition of these enzymes, HIV-1 leader mRNA
may also be involved in the induction of HIV-1
gene expression. The activation of NF-kB may
be a common pathway in increasing HIV-1 ex-
pression and activation of latent provirus, since
mutations within sequences of the LTR en-
hancer region (sequences similar to the k light
chain enhancers) prevented both binding of
NF-kB and subsequent HIV-1 transcription
[131]. Visvanathan and Goodbourn [8] demon-
strated that pI:C was capable of activating the
binding of NF-kB to the inducible element within
the human f IFN promoter and activate tran-
scription. It is therefore possible that the double-
stranded region of leader sequences or other
dsRNA replicate intermediates of HIV-1 may be
able to activate HIV-1 expression through NF-
kB.

The activation of HIV-1 expression by dsRNA
notwithstanding, Montefiori and Mitchell [65]
showed that the HIV-1 permissive cell lines, C3
and CEM, were significantly protected from

HIV-1 infection when grown in media supple-
mented with a mismatched analog of pl:C, pl:
C,U. pl:C,U inhibited proviral DNA synthesis
and RNA accumulation in virus challenged
T-lymphoblastoid cells [66]. A single exposure of
pl:C,U had greater antiviral effects than a single
exposure IFN-a and IFN-B on CEM cells or
combined exposure of these cytokines on C3
cells [65]. dsRINA showed synergy between IFNs
and other antiviral compounds with pI:C,U in
inhibiting HIV-1 infection [67]. However, in the
same study, pl:C,U was unable to inhibit the
production of virus from chronically infected
cell lines. pI:C,U was effective against a geneti-
cally divergent isolate of HIV-1 (HTLV-III;)
and possessed antiviral activity in non-CD4" cell
lines of monocyte/macrophage (U937) origin
[132]. Lawrence et al. [68] also demonstrated a
translational block of HIV-1 replication in
acutely infected cells and confirmed the lack of
antiviral activity of pl:C,U in chronically in-
fected cell lines.

In vitro, HIV-1 infection of at least some lines
of CD4"* T cells results in a temporary elevation
of 2-5A synthetase and RNase L activities; how-
ever, these activities decline as HIV-1 infection
persists [69]. Previous studies have established
the importance of these enzymes in mediating
resistance to HIV-1 infection. High levels of 2,5
A synthetase, supplied by transfected 2,5A syn-
thetase genes, prolongs suppression of HIV-1
infection [70]. Also, RNase L association with
the nuclear matrix may degrade HIV env RNA
[691. The regulation of HIV-1 infection by dsRNA
activated enzymes and vice versa is obviously
complex. Considering that dsRNA protects CD4*
and macrophage cells from HIV-1 infection and
has immunomodulatory action, it may be useful
to consider combination therapy with reverse
transcriptase inhibitors (AZT, ddI). Such a com-
bination may also reduce the frequency of AZT
resistant viruses and prolong the T4 cell in-
creases which are transiently obtained with AZ'T
(W.A. Carter and D. Strayer, personal communi-
cation).

Antiproliferation Activity of dsRNA

Levy et al. [71] were the first to show that
pI:C could inhibit the rate of growth of human
tumor xenografts in mice. Fisher et al. [72]
provided evidence that immune enhancement
alone could not explain the antitumor activity of
pl:C and forecasted that another mechanism
must also be involved. Levy [73] discovered that
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20-100 pg/ml of pl:C was “toxic” to a variety of
proliferating cells. Initially, it was not recog-
nized that the cytostatic (antiproliferative) and
cytotoxic responses to pl:C were distinct phe-
nomena. Subsequent research showed that low
concentrations (e.g., 1 pg/ml) of dsRNA selec-
tively inhibited tumor cell growth [74,75,76].
This inhibition of cell growth could be explained
by IFN induction in some cell lines [77,78],
while in other cell lines, sensitivity to dsRNA
and IFN were often independent phenomena
[79,80]. It has been generally assumed that the
IFN independent antiproliferative activity of
dsRNA involves activation of the dsRNA-depen-
dent intracellular enzymes, 2-5A synthetase
and/or DDPK. Chapekar et al. [78] showed induc-
tion of 2,5A synthetase and degradation of rRNA
after dsRNA application. Although greater than
10 pg/ml of pl:C was required to detectably
increase 2-5A synthetase, 0.5 pg/ml inhibited
DNA synthesis and cellular proliferation. Arad
et al. [81] reported that antiproliferation by
dsRNA occurred most dramatically in cells with
high 2-5A synthetase levels. In neither case was
it possible to obtain evidence that DDPK might
be involved.

Two new discoveries raise an interesting, new
possibility. Suhadolnik et al. [23] showed that
2,5A synthetase can be activated in vitro by
1-10 mM fructose 1,6-bisphosphate to produce
bioactive 2,5A. Hubbell et al. [82] have discov-
ered that adenyl cyclase becomes activated in
dsRNA treated cells and that cAMP increases
are necessary and sufficient for the antiprolifer-
ative activity of pl:C and pI:C,U. These results
suggest that dsRNA may exert its antiprolifera-
tive effect through cAMP signal transduction,
activating glycogen breakdown and subsequent
increases in fructose 1,6-bisphosphate concentra-
tions [23,83]. It should be pointed out, however,
that the antiproliferative activity of IFN is prob-
ably not exerted through this route, since appli-
cation of IFN to the same tumor cell lines does
not result in cAMP accumulation. Whether
dsRNA effects synergy with IFNs through ade-
nyl cyclase activation needs clarification.

dsRNA has been shown to have differential
effects on fibroblasts. Forsberg et al. [74] re-
ported that 2 ug/ml of pI:C inhibited the platelet
derived growth factor (PDGF) stimulated growth
of human foreskin fibroblasts rendered “quies-
cent” by 2 days of culture in serum-free me-
dium. Treatment with pl:C after initiation of
DNA synthesis (about 16 h after PDGF addi-

tion) did not have any inhibitory effect on prolif-
eration. pl:C (10 pg/ml) also inhibited [*H] thy-
midine incorporation in response to other growth
factors (FGF, 10 ng/m] and EGF, 2 ng/ml). Nei-
ther protein synthesis nor the interaction be-
tween PDGF and its receptor were disturbed by
pl:C treatment. These results are consistent
with a mechanism of autogenous production of
IFN-B, in response to pl:C. Zullo et al. [75]
showed that pl:C applied to mouse BalbC/3T3
fibroblasts, rendered ‘‘resting” by growing to
confluence in 5% calf serum, mimicked PDGF in
causing a proliferative response subsequent to
induction of competence genes. Vilcek et al. [76]
then demonstrated a mitogenic response in cy-
cling human foreskin fibroblasts and showed
that the proliferative response was intensified if
IFN-B was neutralized with antibodies after pI:C
application, developing the idea that IFN may
naturally feed back to limit proliferation subse-
quent to mitogenic signals. Growth and anti-
growth signals transmitted by pl:C or pI:C,U
are multiple, complex, and poorly understood.
The multiplicity of responses may derive from
the complex structure of the homopolymer ds-
RNAs which are comprised of both hetero-
geneously sized single-stranded and double-
stranded domains. A fruitful area of future
research may be the study of dsRNA of defined
structure, which may aid in determining whether
certain structures elicit only one or a few of the
many possible growth responses.

IMMUNOMODUILATION

In vivo administration of dsRNA has been
reported to enhance cytolytic activity of natural
killer (NK) cells [84,85] and monocytes [86] and
to increase humoral immunity [87]. In no case
has a cell directly responsive to dsRNA been
unambiguously identified. It is therefore possi-
ble that the observed immune enhancements
are secondary to response of unidentified acces-
sory cells. Immune enhancement occurs through
the increased recruitment of precursor cells
through IFN production. In Ficoll-purified blood
mononuclear cells, dsRNA induced the secretion
of IFN-q, -B and -y [88]. However, neither lym-
phocytes (nonadherent) nor monocytes (adher-
ent) separated from peripheral blood mononu-
clear cells (PBMC) could secrete IFN-a [88].
dsRNA can cause accumulation of certain mR-
NAs in PBMC, such as the mRNA coding for
TNF-a and TNF-g [89]. Purified subpopula-
tions of immune cells and cell lines resembling
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specific types of immune cells can also respond
to dsRNA by synthesizing lymphokines, but of-
ten the relationship between cytokine expres-
sion and immune enhancement is unclear.

Monocytes/Macrophages

Macrophage activation, the production of mac-
rophages capable of lysing susceptible target
cells, is thought to involve two distinct steps:
priming and triggering. Though pl:C can acti-
vate responsive macrophages directly, this is
also considered to be a two-step process [90].
Target cell lysis by dsRNA activated macro-
phages can occur via release of TNF-a [91] or by
TNF-a + IFN-o/B [92] from macrophages [133].
Fleit and Rabinovitch [93] showed release of
type I IFN (o/f) by mouse bone marrow mac-
rophages treated with pl:C or infected with new
castle disease virus (NDV). In the human mono-
cytoid cell line, U937, Sendai virus infection
resulted in increased rates of TNF-a and IFN-8
mRNA synthesis [14]. This mRNA synthesis
was partially sensitive to 10 mM 2-AP but resis-
tant to 50 pg/ml of CHX, suggesting that activa-
tion of DDPK was required but new protein
synthesis was not. In contrast, TNF-a and IFN-8
mRNA synthesis was sensitive to 2AP and CHX
in Namalwa and JY human B cell lines [14].
Whether Sendai virus is mimicked by pl:C in
U937 cells, and whether similar mRNA induc-
tion occurs in natural macrophages needs fur-
ther clarification.

Lepe-Zuniga et al. [88] reported that while
pl:C and pI:C,U induced increases in IFN-f
activity in purified human monocytes/macro-
phages, unless IFN-y was also added, no IFN-«a
activity was produced. This finding suggested
that dsRNA induction of IFN-« in macrophages
required IFN-y production by accessory cells
such as lymphocytes. Once macrophages were
primed by exogenous IFN-y, enhanced tumori-
cidal activity followed low dose application of
pl:C [94]. Tt is curious that though macrophage
activation is a two-step process, the direct induc-
tion of two molecules thought to be utilized in
the terminal cytolytic event, TNF-« and IFN-B,
are probably directly induced during priming
with pl:C [95]. Triggering may involve either
superinduction of these proteins and/or induc-
tion of other proteins used for binding to and/or
lysis of target cells, such as complement pro-
teins [96]. It is possible that the reason that high
concentrations of pl:C directly activate respon-

sive macrophages is that enough dsRNA re-
mains after priming to trigger the primed cells.
It would be interesting to learn whether two low
doses of pI:C separated in time would be suffi-
cient to activate responsive macrophages. It is
not known whether by activating macrophages
pl:C mimics a natural dsRNA [97] or a natural
non-dsRNA [20].

NK Cells and T Cells

pI:C and pI:C,U increased NK activity in vivo
in animals [84], man [98], and in vitro [99]. In
vivo increases in cytolytic activity, following a
single IV injection of pl:C, coincided with in-
creases in the number of circulating NK cells.
This increase in NK cell number could not be
explained by proliferation of NK cells, but prob-
ably arose through recruitment of NK cells from
other localities [100,101]. dsRNA does not di-
rectly activate T cells in vitro. However, LAK T
cell cytolytic activity was induced over 3—4 days
by pI:C,U in combination with doses of IL-2
which were in themselves too low to induce LAK
cytolytic activity [H.R. Hubbell and R. Bigler,
personal communication].

Because of the difficulty in purification of NK
cells, little is known about the mechanism of NK
enhancement by dsRNA. Increase in NK cyto-
toxic activity in vitro by pl:C and pl:C,U was
first discovered by exposing Ficoll-purified blood
mononuclear cells to dsRNA for 24 h and mea-
suring killing of the NK target cell line, K562
[99]. It is possible that enhancement of NK
activity by dsRNA required accessory cells since
no published experiments examine activation of
purified large granular lymphocytes (LGL) by
dsRNA. Indeed, Cohen et al. [102] reported that
macrophages may release IFN-« and IFN-B and
thereby activate NK cells. Santoni et al. [103]
showed that in vivo administration of pI:C re-
sulted in increased fibronectin synthesis by NK
cells and found that fibronectin was required for
post-binding induction of phosphatidyl inositol
hydrolysis. A population of cells purified as plas-
tic nonadherent, nylon nonadherent, blood
mononuclear cells, containing NK cells and T
cells, was shown to synthesize IFN-y mRNA in
response to pI:C [134]. Unlike induction of IFN-«
and - mRNA in fibroblasts and monocytoid
cells, induction of IFN-y mRNA required prior
de novo protein synthesis [135] and activation of
protein kinase C [104,105].
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B Cells

Braun and Nakano discovered that oligodeox-
ynucleotides [106], poly(A:U) [87], or poly(C)
complexed with basic proteins [87] injected into
CF-1 or AKR mice 48 h after injection of sheep
red cells stimulated increases in the number of
spleen cells releasing antibody to sheep red cells.
Later work showed that pI:C [107] and mycovi-
rus dsRNA [108] produced similar effects. The
stimulation only occurred when RNA was admin-
istered after antigen; otherwise suppression of
humoral immunity resulted. More recent re-
search suggests that the suppression may have
occurred secondary to NK cell activation [109].

Goldfield and Maniatis [14] demonstrated pro-
tein synthesis independent induction of IFN-8
and TNF-a mRNA by Sendai virus infection in
human B cell lines. Earlier, Shuttleworth et al.
[110] had shown coordinate induction of mRNA
coding for IFN-« and IFN-B in Namalwa B cells
by Sendai virus infection, but it was not deter-
mined whether prior protein synthesis was nec-
essary. Thus, it is possible that B cell enhance-
ment in vivo is a result of dsRNA’s direct effects
on other cells.

CLINICAL APPLICATIONS

Because dsRNAs in vivo have antiviral activ-
ity, inhibit tumor cell proliferation and enhance
immune function, it was natural to develop them
as new clinical entities. pA-U, pl:C, and pl:.C,U
have all been used clinically with reported suc-
cess. Surprisingly, even though the antiviral
properties of dsRNA were discovered first and
plausible mechanisms of actions had been estab-
lished through activation of intracellular dsRNA
dependent enzymes, the first clinical tests of
dsRNA were as anticancer agents. Regarding
pl:C, two opposing strategies were implemented
in the clinic. First, it was reasoned that the most
powerful clinical activities would result if the
dsRNAs were stabilized by complexing with a
basic protein. pl:CLC, pI:C complexed with poly-
lysine and carboxymethyl cellulose, was used in
a phase 1 clinical trial to evaluate toxicity [111].
Though some evidence of clinical response was
obtained, pl:CLC was found to be toxic and
doses predicted to be therapeutic could not be
reached. In the second strategy, it was reasoned
that the induction of IFN required only brief cell
contact with dsRNA, so the lowest toxicity would
result if biodegradation in vivo were accelerated.

pl:C,U is rapidly degraded in blood [112], but
can induce IFN and exhibits antiviral [65,113],
antitumor [114], and NK activating [99] activ-
ity.

pl:C,U was shown to be without significant
clinical toxicity in cancer patients, even when
given twice weekly at relatively high doses (200
1,000 mg) for several years [115,116,114]. Clini-
cal responses were seen at doses above 100 mg,
including some complete remissions [116], but
the major response observed was disease stabili-
zation. In the few cases examined, tumor regres-
sion was accompanied by increases in 2,5A syn-
thetase in PBMC and increases in intracellular
bicactive 2,5A [118]. The extent to which cancer
responses resulted from direct action on the
tumor vs. enhanced immune surveillance has
not been determined. More recently, trials with
pl:C,U and IFN-«a in cancer patients have re-
sulted in an unexpected higher response rate
[D.R. Strayer and 1. Brodsky, personal commu-
nication]. D. Strayer (personal communication)
has proposed that the chance of cancer response
is linked to direct antitumor actions of dsRNA,
while the duration of responses is more related
to immune enhancement.

pl:C,U was reported to have beneficial effects
in 10 HIV disease patients [119]. T4 cell num-
bers stabilized, delayed cutaneous hypersensitiv-
ity returned, and HIV load slowly decreased. A
pilot study of 30 additional patients confirmed
these responses [117]. A large trial in HIV dis-
ease failed, probably due to misformulation of
the dsRNA [117]. The effects in HIV disease
may have to do with an intrinsic defect in the
2,5A synthetase pathway in PBMC. It is re-
ported that PBMC of ARC and AIDS patients
have elevated levels of latent 2,5A synthetase
[119,120,121] and low to undetectable levels of
activated RNase .[118,119,121]. After adminis-
tering pI:C,U for several weeks, these values
normalized [119,121]. It is unlikely that the
observed 2,5A synthetase/RNase L defect is the
disturbance in the pathway resulting from HIV
infection which has been observed in vitro [69],
because so few PBMC are infected in vivo. Alter-
natively, the pathway defect may signai a cyto-
kine imbalance which can be corrected by
dsRNA. Such an effect may signify that immune
enhancement is a more important property in
controlling HIV disease than its direct anti-HIV
activity.
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PERSPECTIVE

Biological responses to exogenously supplied
dsRNA are varied and fascinating. Some re-
sponses are direct, such as the rapid and specific
induction of cAMP in tumor cells leading to
growth arrest. Other responses are more com-
plex, such as the immune enhancements which
may begin with control of specific (IFN) gene
transcription in one cell type and culminate in
enhanced immunoactivity of secondary or ter-
tiary affected cells. Still others, such as genera-
tion of an antiviral state and toxicity, may result
from direct action of dsRNA as an intracellular
cofactor for enzyme activity. These responses
not only provide fertile ground for scientific
inquiry, but they also promise new clinical ap-
proaches to diseases involving neoplastic growth,
virus infection/reactivation, and/or immune dys-
function.

Nevertheless, many important areas of dSRNA
biology remain unclear. Does dsRNA exert anti-
tumor cell activity through cAMP by differential
gene regulation, protein phosphorylation, or
both? What are the signal transduction path-
ways leading to direct and indirect gene tran-
scription by dsRNA? What primary-secondary
cell interactions occur in vivo to cause immune
enhancement by dsRNA? Is there a unitary
mechanism for generation of antiviral states?
Have these responses to dsRNA evolved because
dsRNA itself is an important cellular signal or
because it structurally mimics other bioactive
molecules? It is hoped future research will an-
swer some of these questions.
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