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Abstract—The review summarizes literature data on the development of drugs based on natural and synthetic
high-polymeric double-stranded RNA (dsRNA), their antiviral, immunoadjuvant, and antitumor properties.
Special attention is paid to cell receptors responding to exogenous dsRNA, pathways of dsRNA-dependent
antiviral reaction, ability of dsRNA to inhibit growth and induce apoptosis of malignant cells. It has been
shown that enhancing the innate immune response with dsRNA can be an effective component in improving
methods for treating and preventing infectious and cancer diseases. The further use of dsRNA for the correc-
tion of pathological processes of different origin is discussed.
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INTRODUCTION
Recognition of viral nucleic acids and induction of

interferon synthesis are the main components of
innate antiviral immunity [1, 2]. It is generally
accepted that double-stranded RNA (dsRNA) are one
of the most important mediators of interferon (IFN)
induction in response to viral infection. Viral infection
is associated with the appearance in the cell of double-
stranded forms of RNA, which either represent the
actual viral genome of the virus or appear during the
viral reproductive cycle [3]. The primary cascade of
the body’s response to viral infection and administra-
tion of exogenous dsRNA (recognition, initiation of
intracellular signaling pathways) share many similari-
ties, and therefore dsRNA may be considered as regu-
lators of antiviral reactions [1]. However, subsequent
studies of mechanisms of dsRNA action have shown
that their functions are more diverse. In this regard, a
constant interest in dsRNA as a substance for creation
of new drugs for prevention and treatment of infec-
tious and non-infectious diseases has not been waning
for many years. This review summarizes current trends
in the pharmaceutical development of drugs based on
high-polymeric dsRNA.

It should be noted that, unlike the situation in the
field in 1960s−1970s, when the first dsRNA prepara-
tions have obtained and characterized, now much is
known about the interaction of dsRNA with the cell
and intracellular signal transduction. It has been
found that the recognition of exogenous/extracellular

dsRNA in the intracellular space can be performed
using two main sensor systems [4–7]. One sensor sys-
tem includes receptors of the well-studied family of
Toll-like receptors of type 3 (Toll-like receptor 3,
TLR3) [8, 9]. The other sensor system includes the
cytoplasmic sensors RIG-I/MDA-5/LGP2 of the
RIG-like receptor family (RLR) [10, 11]. Both
types of these systems are able to induce production of
type I interferons and pro-inflammatory cytokines,
but the pathways for such activation differ.

1. TLR3-DEPENDENT MOLECULAR 
MECHANISMS FOR dsRNA RECOGNITION 

AND INDUCTION OF SIGNALING PATHWAYS

Human TLR3 is a type I transmembrane receptor
with a molecular mass of 125 kDa, which has several
structural domains: the extracellular or ectodomain
(ECD), the transmembrane domain and the cytoplas-
mic signal domain [12]. The structural basis for TLR3
interaction with dsRNA is the extracellular variable
domain. The TLR3 ectodomain has a horseshoe
shape; it contains N- and C-terminal leucine-rich
repeat domains (LRR). The transmembrane domain
consists of a single alpha helix. The cytoplasmic sig-
naling domain contains a highly conserved sequence
of approximately 200 residues homologous to the
intracellular domain of the IL-1β receptor, and there-
fore called the Toll-interleukin-1 receptor (TIR)
domain. This signaling domain is involved in the
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interaction of an activated receptor with adapter com-
ponents of the intracellular signaling pathways.

In the inactive state, TLR3 is a monomer, its acti-
vation occurs as a result of dimerization in response to
dsRNA binding [13]. Crystal structure analysis of the
complex consisting of two TLR3 ECD and dsRNA has
shown that each ectodomain binds dsRNA molecules
at two non-glycosylated sites located at opposite ends
of the TLR3 horseshoe [12]. Despite the fact that
receptor ectodomain binding to dsRNA is rather weak,
the dimeric complex is highly stable due to intermo-
lecular contacts in the TLR3 ECD C-terminal
domains.

It has been found that TLR3 dimerization and cor-
responding signal can be induced by dsRNA of at least
45−50 base pairs (bp); this corresponds to the mini-
mum spatially possible distance between the sites of
dsRNA binding with receptor ectodomain monomers
[12, 13]. This feature provides receptor recognition of
only long dsRNAs appearing in the cell as a result of
viral infection; shorter polyribonucleotides (tRNA,
rRNA, microRNA) are not able to form stable com-
plexes with TLR3 ECD. The second characteristic
feature of TLR3 consists in the receptor binding of the
ligand that occurs via surface interactions (hydrogen
bonds, electrostatic interaction) with the sugar-phos-
phate backbone of RNA, and not with individual
nucleotide bases, and depends only on the secondary
structure of RNA [12]. This explains the universality
of the ligand-receptor interaction: the ability of the
same receptor to bind dsRNA of different primary
structure. On the other hand, there is evidence that
TLR3 recognizes such specific ligand characteristics
as the presence or absence of hydroxyl group at the 2'-
position of β-D-ribose, which discriminates dsRNA
and DNA molecules [3, 12].

TLR3 is expressed mainly by specialized cells of the
immune system, such as macrophages and dendritic
cells (DC) [14]; this receptor is also found on somatic
cells [15, 16]. In most cell types, TLR3 is located
inside the cell compartments—on the membranes of
endosomes and lysosomes, although some cells, such
as epithelial cells and fibroblasts, also express it on the
plasma membrane outer surface [17, 18]. During
endocytosis of dsRNA-containing material, intracel-
lular TLR3 is able to move (by means of the UNC-93B
protein) from the endoplasmic reticulum to endo-
somes, where they acquire functional ability for ligand
recognition [19].

Regardless of receptor localization, TLR3 binding
to dsRNA is accompanied by receptor phosphoryla-
tion and its interaction with the TRIF adapter protein,
which provides further signal transduction, forming
intermediate complexes with the TRAF-3 regulatory
proteins (first signaling pathway) or TRAF-6/RIP1
(second signaling way) (Fig. 1) [20–22].

In the case of the first signaling pathway, TRAF3
binds to TANK (or related peptides NAP1 and
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SINTBAD), which, in turn, interact with TBK-1
and/or IKKε kinases; the activated kinases phosphor-
ylate IFN-regulating factors 3 and 7 (IRF-3, IRF-7).
In the nucleus, phosphorylated IRFs bind in the
region of the IFN promoters with NF-κB and ATF-
2/c-jun factors; this results in the attraction of cofac-
tors, RNA polymerase II and initiation of interferon
genes transcription.

Induction (due to dsRNA interaction with TLR3)
of the second signaling pathway via regulatory mole-
cules TRAF-6/RIP1 leads to increased activity of
transcription factors NF-kB and AP-1 (Fig. 1). This
causes production of IFN and a number of pro-
inflammatory cytokines (TNF-α, IL-1b, IL-6, IL-12,
IL-18) [26–28], involved in induction and regulation
of a wide range of immune responses.

Interferons, in turn, induce expression of gene
encoding proteins involved in realization of the antivi-
ral response. Among IFN-stimulated genes, there are
genes encoding 2'-5'-oligoadenylate synthe-
tase/RNase L (OAS/RNase L), these enzymes cause
degradation of newly synthesized cell mRNA (includ-
ing viral ones) [23], and also the gene encoding protein
kinase R (PKR), which inhibits protein synthesis [24,
25]. Most cells synthesize 2'-5'-OAS and PKR consti-
tutively, but interferons increase the transcriptional
activity of their genes several-fold. The mechanisms of
activation of OAS/RNase L and PKR, as well as their
biological effects, have been studied in details [24, 25].

1.1. dsRNA-Dependent Protein Kinase
Protein kinase R is a dsRNA-dependent IFN-

induced Ser/Thr protein kinase [26]. In a non-phos-
phorylated state PKR is associated with ribosomes; a
small part of the PKR is present in the nucleus. A key
step in PKR activation is dsRNA binding to two struc-
turally similar N-terminal motifs of the enzyme mole-
cule, dsRBM1 and dsRBM2, followed by subsequent
PKR autophosphorylation. After activation PKR
phosphorylates a number of proteins, including alpha
subunit of the eukaryotic initiation factor 2 (eIF-2);
this has important consequences for the cell cycle.
Phosphorylated eIF-2 binds to eIF-2B, thus causing
the inhibition of the eIF-2B catalyzed reaction and
protein synthesis (Fig. 2) [27]. In addition, PKR, acti-
vated by dsRNA, inhibits proliferation of various cell
types and induces apoptosis [24].

1.2. The Cascade 2',5'-Oligoadenylate 
Synthetase/Ribonuclease L (2',5'-OAS/RNase L)
OAS, like PKR, is an IFN-inducible enzyme; its

activity depends on the presence of dsRNA in the cell.
Unlike PKR, OAS does not have a separate domain
for binding an inducer. dsRNA binds in the region of
the positively charged groove of the enzyme; after con-
formational changes of the groove the OAS active cen-
ter becomes spatially accessible. The activated enzyme
 BIOMEDICAL CHEMISTRY  Vol. 13  No. 4  2019
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Fig. 1. Induction of TLR3-dependent cell signaling pathways in response to exposure to dsRNA. Binding of extracellular dsRNA
or dsRNA absorbed during endocytosis or phagocytosis to TLR3 leads to receptor phosphorylation and binding to the adapter
molecule TRIF, which serves as a platform for assembly of proteins involved in triggering signaling pathways leading to activation
of IRF-3 (7) or NF-κB. In the case of the NF-κB signaling pathway, activated TRIF interacts with TRAF6, after oligomerization
the latter acquires ubiquitin-E3-ligase activity, causing ubiquitination of both TRAF6 and RIP1 protein. The polyubiquitin
sequence is recognized by the TAK1-binding proteins TAB2 and TAB3, which promote TAK1 kinase binding to the complex.
RIP1 with attached ubiquitin molecules is recognized by NEMO, resulted in IKK complex binding to the TRIF–RIP1–
TRAF6–TAB–TAK1 complex. TAK1 phosphorylates the IKKb subunit of the IKK complex, promoting its activation. Phos-
phorylated IkB binds to ubiquitin undergoes proteasomal degradation with release of NF-κB, which migrates into the nucleus,
where it binds to the IFN-β promoter. For activation of the IRF-3 (7) pathway TRAF3 binds to TANK or NAP1 and SINTBAD
peptides, which, in turn, interact with TBK-1 and/or IKKε; their activated forms are able to phosphorylate IRF-3. Activation of
the factor IRF-7 occurs similarly. In the nucleus, activated IRFs bind in the region of the IFN-β promoter with NF-κB and ATF-
2/c-jun, resulting in the involvement of cofactors and RNA polymerase II and initiation of transcription. Abbreviations: TRIF—
Toll—interleukin (IL)-1-resistance (TIR) domain-containing adaptor inducing IFN-β; IRF—interferon regulatory factor; NF-
κB—nuclear factor κB (nuclear factor kappa-light-chain-enhancer of activated B cells); TRAF6—TNF receptor-associated fac-
tor 6; RIP1—receptor-interacting protein 1; NEMO—NF-κB essential modifier; IKK—inhibitor of nuclear factor κB kinase;
TAK1—transforming growth factor β-activated kinase 1. Adapted from [20].
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catalyzes ATP polymerization resulted in formation of
short mono-, di-, tri-, and tetra-oligoadenylates (2′,
5′-oligoA), which interact with RNase L (RNase L)
and transform it from an inactive monomeric form to
the active dimer (Fig. 2). RNase L, a protein with
molecular mass of 83 kDa, consists of three domains:
N-terminal regulatory domain, which contains nine
ankyrin-like regions, protein kinase-like domain, and
C-terminal RNase domain. 2'-5'A oligomers interact
with the ankyrin-like sites of the RNase L N-terminal
domain. The complex formation is accompanied by
conformational changes, leading to dimerization of
the enzyme molecule and the C-terminal ribonuclease
domain becomes catalytically active. Destroying
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIE
mRNA into fragments, RNase L suppresses formation
of complete viral RNA, which leads to inhibition of
both protein synthesis and assembly of viral particles
[28, 29]. Thus, both OAS and PKR are dsRNA-
dependent enzymes and become active only in the
presence of dsRNA. This fact indicates an important
role of dsRNA as markers of viral infection and trig-
gers of the intracellular antiviral reaction.

2. THE SYSTEM OF CYTOPLASMIC SENSOR 
FACTORS RIG-I/MDA-5/LGP2

As already mentioned above, in addition to TLR3
present in almost all cell types, there is another
S B: BIOMEDICAL CHEMISTRY  Vol. 13  No. 4  2019
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Fig. 2. Biochemical mechanisms of dsRNA-induced inhibition of translation and protein synthesis. DsRNA activated, IFN-
induced protein kinase R (PKR) inhibits mRNA translation via phosphorylation of the alpha subunit of the eukaryotic initiation
factor 2 (eIF-2α) and complex formation with eIF2B. Initiation of 2′-5′-oligoadenylate synthesis from ATP by dsRNA-activated
2′-5′-oligoadenylate synthetase (2′-5′OAS) leads to the dimerization of RNase L and non-specific RNA degradation. Adapted
from [28].

dsRNA

PKR

ATP → PPi+

2′,5′OAS

2′,5′-A

RNase L

RNase L
RNase L

Phosphorylation
eIF2α

PKR activation

Dimerization

Translation
inhibition

RNA/mRNA
degradation

Binding
eIF2α and eIF2β

eIF2B

eIF2B
Ribo-
some

2′,5′OAS activation
dsRNA sensor system, which belongs to the family of
RIG-like receptors [10, 30, 31]. RLRs are complex
proteins with well-organized signaling and functional
domains, with characteristic autoinhibition mecha-
nism.

Proteins RIG-1 (retinoic acid-inducible gene 1)
and MDA-5 (melanoma differentiation-associated
gene 5) contain the C-terminal RNA recognition
domain, the central DExD/H helicoid domain, and
two N-terminal CARD domains (caspase activation
and recruitment domain), which are able to bind
CARD-containing adapters, such as Car-
dif/VISA/MAVS/IPS-1. These adapter proteins, in
turn, serve as a platform for assembly of signaling pro-
teins that trigger IRF-3 or NF-κB-signaling pathways
(Fig. 1) [31–34].

There is a specificity in dsRNA recognition by
individual sensors of this family. For example, RIG-1
recognizes single-stranded RNA with a double-
stranded component containing terminal 5'-triphos-
phate, as well as relatively short (from 21 to 27 nucleo-
tides) dsRNA formed due to action of activated
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES B:
RNase L [6]. Since partially complementary
sequences in the 5' and 3' domains, containing dsRNA
with 5'-terminal triphosphates, are characteristic of
the “panhandle” structure—a double-stranded frag-
ment of the negative-strand RNA virus genome, this
mechanism seems to provide recognition specificity of
dsRNA of such viruses  as influenza A, rabies, mea-
sles, by the given sensory molecule [35–37].

In contrast to RIG-1, MDA-5 recognizes relatively
long (more than 2 kb) dsRNA, and therefore it is a
sensor of other types of viruses, particularly, encepha-
lomyocarditis virus [35]. It is suggested that MDA-5 is
the dominant cytoplasmic receptor for a complex of
polyinosinic and polycytidylic acids (PolyI:PolyC)
[38].

Until recently, helicase LGP2 (laboratory of genet-
ics and physiology 2) was considered as an exclusively
inhibiting factor of this family, preventing binding and
activation of RIG-1 and MDA-5. However, several
research groups have shown that LGP2 can be a posi-
tive regulator of the RLR-induced signal [39], which
 BIOMEDICAL CHEMISTRY  Vol. 13  No. 4  2019
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increases the recognition efficiency of viral dsRNA by
MDA-5 [40].

Recently, it has been found that, in addition to the
described receptor systems, there are other systems of
intracellular sensors and signaling molecules that
interact with dsRNA in cells; the specific features of
ligand binding and the biological role of these systems
are not yet fully understood. These include:

—the family of NLRs (NOD-like receptor, nucle-
otide-binding oligomerization domain-like recep-
tors). NLRs are localized intracellularly and are
expressed by many cell types, from immunocytes to
epithelial cells. Induction of apoptosis in influenza
infection is associated with the NOD receptor [41];

—extracellular dsRNA receptors—SR-As (scaven-
ger class A receptors), responsible for dsRNA penetra-
tion into the cell, interaction with intracellular sen-
sors, and synthesis of type I IFN [42, 43].

Thus, realization of the dsRNA effect on the cell
involves several receptor systems that are specific in
terms of dsRNA recognition. The receptor diversity
provides reliable identification of foreign double-
stranded structures and their differentiation from
endogenous cell RNA. Finally, induction of intracel-
lular signaling pathways leads to expression of cyto-
kine genes, primarily IFN, and activation of dsRNA-
binding enzyme, the key elements of the antiviral
response.

The ability of dsRNA to induce synthesis of IFN
and other cytokines is a basis for diversity of their
immunomodulatory properties. It has been shown
that dsRNA causes an increase in absorption, meta-
bolic and bactericidal activity of phagocytic cells
(macrophages, neutrophils), activity of natural killers
(NK), and maturation and activation of DC; this leads
to activation of CD8+ and CD4+ T cells [44]. Thus,
dsRNAs play a role of some functional linkers between
innate and acquired immunity systems, providing a
fast and productive defensive response to an infectious
challenge.

Another important aspect of the dsRNA effect on
the cell is regulation of cell proliferation and apoptosis.
It is currently known that apoptosis of infected cells
occurs when different dsRNA-dependent pathways
are activated [45], while the main mechanism for its
implementation is activation of caspases [46].

The described effects of dsRNA are realized not
only in infected cells, but also in cells subjected to
malignant transformation. As it has been shown in
several mouse and human cell lines, TLR3 agonists
inhibit growth of tumor cells through two main mech-
anisms: suppression of proliferation and induction of
apoptotic death [45]. In addition, dsRNAs are able to
influence immune system cells by inducing antitumor
immune responses. Stimulation of antigen-presenting
DC by dsRNA leads to activation of NK cells and
cytotoxic CD8+ T-lymphocytes causing death of
tumor cells [47, 48]. Phenotype transformation of
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIE
myeloid suppressor cells and tumor-associated mac-
rophages, caused by dsRNA,  resulted in an increase in
their antitumor activity [45, 49].

Thus, being agonists of several types of intracellular
receptors and sensors responsible for the “emergency
response” system, dsRNAs perform an important
function of its activation. The clinical use of exoge-
nous dsRNA is directed to the use of these evolution-
arily formed mechanisms for induction and activation
of cytokines, enzymes and other cellular proteins
involved in the development of the antiviral and anti-
tumor reaction for therapeutic purposes.

3. DsRNA AS DRUG SUBSTANCES
High polymeric dsRNAs that are attractive in terms

of their therapeutic potential can be subdivided into
two types: natural and synthetic.

Sources of natural dsRNA, in addition to RNA-
containing viruses that cause diseases in humans and
animals, can be insect viruses [50], plants and micro-
organisms viruses [51], some fungi contain dsRNA
elements [52]. On the basis of this type of dsRNA,
Ridostin and Larifan preparations are developed and
approved for use in clinical practice.

Ridostin is a drug based on dsRNA isolated from
virus-like particles of the Saccharomyces cerevisiae
killer strain as two individual forms, L and M (4.6 kb
and 1.8−1.6 kb, respectively) [52]. It has been devel-
oped at the SRC VB “Vector” (Russia). Ridostin is a
highly effective antiviral agent, an IFN inducer and an
immunomodulator, which is used to treat influenza,
herpes, and Chlamydia infection. Certain evidence
exists that Ridostin increases the effectiveness of the
antitumor therapy [53].

Larifan (produced by Larifan Ltd., Latvia) is a
drug containing the replicative form of bacteriophage
f2 dsRNA, obtained from Escherichia coli cells
infected with the phage. Based on phage dsRNA, sev-
eral dosage forms have been developed: the injection
form of Larifan, an antiviral and immunostimulatory
drug with antitumor activity; Larifan ointment and
suppositories [54].

Limited information exists on the development of
drugs based on other natural dsRNAs. One such
example is dsRNA of bacteriophage φ6  isolated from
infected Pseudomonas phaseolicola cells and represent-
ing a mixture of dsRNA of different lengths: 6.3 kb;
4.0 kb and 2.9 kb (L-, M- and S-forms, respectively).
In a series of experimental studies, it has been shown
that phage dsRNA exhibits high IFN-inducing and
antiviral activity against viruses causing Omsk hemor-
rhagic fever and influenza virus A/Chicken/Kur-
gan/05/2005 (H5N1)  [55–57].

Synthetic dsRNA is another type of high polymeric
dsRNA widely used in pharmaceutical development.
The history of synthetic double-stranded polyribonu-
cleotide complexes began in 1955, when Grunberg-
S B: BIOMEDICAL CHEMISTRY  Vol. 13  No. 4  2019
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Manago and Ochoa showed that the enzyme polynu-
cleotide phosphorylase (PNPase; EC 2.7.7.8) from
Azotobacter vinelandii in the presence of Mg2+ could
catalyze the reaction of polynucleotide synthesis of a
certain structure up to 2–2.7 kb from ribonucleoside
diphosphates with the release of stoichiometric
amounts of orthophosphate [58]. Subsequently, dou-
ble-stranded complexes were obtained from comple-
mentary polyribonucleotides by annealing. The devel-
opment of simple methods for synthesis of high-poly-
mer dsRNA has opened the possibility of producing
them in sufficient quantities to study and create drugs
on their basis.

In a series of studies by Vilner et al. [59, 60] it was
shown that the antiviral activity of synthetic polyribo-
nucleotides significantly depended on the polymer
length (now it is clear, that it is determined by the
specificity of receptor binding). Based on the results of
biological studies, PolyA:PolyU, PolyG:PolyC, and
PolyI:PolyC exhibiting the most pronounced IFN-
inducing and antiviral activity were chosen for further
studies.

As was shown in in vitro and in vivo experiments, 
PolyA:PolyU suppresses reproduction of herpes
viruses, viruses of reproductive respiratory syndrome,
transmissible gastroenteritis, and African swine fever
[61, 62]. It is an active IFN inducer, although its abil-
ity to enhance interferon synthesis  and to increase the
survival of mice in experimental viral infections, was a
bit lower than of PolyG:PolyC and PolyI:PolyC [61].

Currently, on the basis of PolyA:PolyU, the drug
Poludan (manufactured by Lance-Farm LLC, Russia)
has been developed and registered. It is used in the
form of eye and nasal drops in viral eye diseases (ade-
noviral and herpetic keratoconjunctivitis, keratitis,
keratoiridocyclitis, etc.), in complex therapy of influ-
enza and other acute respiratory infections.

There are data on the clinical trials of the foreign
drug analogue Polyadenur (PolyA:PolyU with a
molecular mass ranged from 250 kDa to 1500 kDa). It
has been developed by Beaufour Ipsen (France)
together with Hemispherx Biopharma (USA), for
using as a component of complex therapy (in combi-
nation with IFN-α) of hepatitis B and C, and also for
treatment of breast cancer [63–65].

According to the classification proposed by Yer-
shov et al., the PolyG:PolyC and PolyI:PolyC based
drugs are referred to the group of highly active IFN
inducers (IFN titers at the peak of the response of
more than 1000 units/mL) with pronounced antiviral
activity [61].

Studies of the complex of double-stranded polyri-
boguanylic and polyribocytidylic acids (PolyG:PolyC,
Polyguacyl) performed in the 1970s–1980s, showed
that the drug had a broad spectrum of antiviral activity
and could be effective in the acute phase of viral hep-
atitis and encephalitis, for the treatment of influenza
and rabies [61, 66]. However, a number of significant
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES B:
drawbacks, such as the uncertainty of the chemical
structure, the lack of homogeneity and, as a result, the
unpredictable pharmacokinetics and toxicity of
Polyguacyl became a serious obstacle to its clinical use
[46, 67].

In 2013, researchers from Riboxx GmbH (Ger-
many) developed a modified method for producing
PolyG:PolyC to overcome these drawbacks. The
new drug RGC100 was characterized by a strictly
defined length (100 bp) and a chemical structure,
good solubility and pronounced immunomodulatory
activity, particularly, the ability to cause DC activation
and T-cell proliferation [46].

Further improvement of RGC100 resulted in
appearance of the drug RGIC100—Poly(GI):PolyC;
one its chain was PolyC, and the complementary
chain contained G and I random quantitative combi-
nations from 1 to n − 1, where n is the total number of
nucleotides in the complementary chains. The phar-
maceutical composition contains the active compo-
nent Poly(GI):PolyC of at least 45 bp in length in
combination with pharmaceutically acceptable carri-
ers, excipients and/or solvents. According to the
authors of the patent [68], Poly(GI):PolyC can be
used for activation of innate immunity, prevention and
treatment of infectious and neoplastic diseases.

It is interesting to note that, despite the comparable
level of antiviral activity and the less pronounced toxic
properties of the PolyG:PolyC complex [61, 69], until
recently, the creation of drugs based on the complex
PolyI:PolyC was developed more intensively in world
pharmaceutical practice. Most likely, one of the rea-
sons for such preference consists in the technological
problems of obtaining PolyG [58, 70], although other
reasons are also possible (e.g. differences in the width
and manifestation of the immunomodulating action of
these complexes).

Studies of biological properties of PolyI: PolyC,
started in the 1970s, showed that the drug was a pow-
erful activator of innate immunity and an inducer of
tumor cell apoptosis [44]. Promising results have been
obtained in clinical studies of PolyI:PolyC as a means
of treating seasonal influenza [71], as well as treating
malignant tumors of different localizations in adults
and children [72–74].

An improved form of PolyI:PolyC, the drug Amp-
ligen, is currently at the stage of clinical trials. Ampli-
gen (PolyI:PolyC12U) is a double-stranded complex of
polyriboinosinic acid and a copolymer of cytidyl and
uridylic acids (with a C : U ratio of 12 : 1) and a length
from 500 bp to 2000 bp (Hemispherx Biopharma,
Inc., USA) [75]. It is an IFN inducer with a markedly
reduced incidence of adverse effects as compared to
the parent compound. In the ClinicalTrials.gov Data-
base, 16 types of clinical trials of this drug are regis-
tered. The effectiveness of the drug Ampligen has been
demonstrated in the framework of combination ther-
apy of chronic fatigue syndrome and acquired immu-
 BIOMEDICAL CHEMISTRY  Vol. 13  No. 4  2019
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Fig. 3. The scheme illustrating production of the double-
stranded complex of PolyI:PolyC-uPIC100-400 with a
controlled nucleotide length. Adapted from [78].
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nodeficiency syndrome (AIDS). Currently, the drug
has been approved in Argentina for the treatment of
severe cases of myalgic encephalomyelitis/chronic
fatigue syndrome [76].

In 2014, an improved version of the drug Ampli-
gen, PolyI:PolyC30U, was developed [75, 77]. In con-
trast to Ampligen, the new drug is characterized by a
higher content of C versus U (30 : 1), and therefore has
a reduced ability to form branched dsRNA and as a
result, it binds to TLR3 more actively.

One of the current problems associated with the
development and production of synthetic polyribonu-
cleotides is standardization of their structure. In this
context, in 2018, Nakano et al. developed a new
method for production of industrial quantities of
PolyI:PolyC of a strictly defined length [78]. In this
method prevention of an uncontrolled increase in the
length of a polyribonucleotide during annealing was
achieved by mixing several short PolyI molecules
(0.1 kb) with one long PolyC molecule (0.4 kb)
(Fig. 3). Using this method it is possible to obtain the
preparation uPIC100-400 of a given length, which was
characterized by a higher storage stability as compared
to the original PolyI:PolyC [78].

In other words, natural and synthetic dsRNA
preparations have already been employed in clinical
practice as antiviral and antitumor therapeutic agents.
Among the modern areas of pharmaceutical develop-
ment, two of the most actively developing trends are
recognized: the improvement of dsRNA dosage forms
to increase the effectiveness of the active substance
and their wider use.

4. MODERN TRENDS IN THE DEVELOPMENT 
OF ANTI-VIRUS dsRNA BASED DRUGS

The widespread clinical use of dsRNA based
preparations is often hampered by their instability in
biological media, a high level of effective doses and
side effects. Numerous efforts are undertaken to
improve dsRNA efficiency; particular attention is paid
to drug formulation that can enhance the action of the
main substance or reduce side effects; preparations on
polymeric carriers and the means of targeted delivery
[79–81].

Nucleic acids penetration into the cell can be
improved by frequently used cationic polymers. The
negative charges of nucleic acids prevent their interac-
tion with a negatively charged cell surface. After bind-
ing of nucleic acids to polycations their negative
charge neutralizes and they reduce in size; this pro-
motes nucleic acid transfection into cells. The most
known preparation of dsRNA preparations stabilized
by polymers is Hiltonol.

Hiltonol (PolyI:PolyC, stabilized by poly L-lysine
and carboxymethylcellulose—Poly ICLC), was devel-
oped by Oncovir, Inc. (USA) [82]. Poly ICLC is char-
acterized by increased resistance to hydrolysis. It
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIE
induces IFN synthesis and thus exhibits a modulating
effect on the immune system cells, including activa-
tion of T-cells, NK cells and DC, synthesis of cyto-
kines (interleukins, TNF-α) and corticosteroids.
Being less toxic than existing analogs it can be used in
higher doses for the treatment of patients with
advanced inoperable cancer [83]. The ClinicalTri-
als.gov database contains information about 97 clini-
cal trials of Hiltonol for the treatment of oncological
diseases of various localization, influenza, severe
acute respiratory syndrome (SARS) and other viral
diseases [76]. Hiltonol is an attractive potential drug
for treatment for Ebola haemorrhagic fever [84].

Liposomes are another variant of the cationic
delivery vehicle. Wong et al. showed that intranasal
administration of PolyICLC, encapsulated in cationic
liposomes, to mice prior to infection with a lethal dose
of influenza A virus, provided a higher level of protec-
tion than the non-encapsulated drug [85]. In
mice infected with Dengue virus, PolyICLC encapsu-
lated in liposomes enhanced antiviral reactions,
mainly by increasing expression of cytokines, particu-
larly, IFN-γ [86]. Liposomes can be conjugated with
antibodies, proteins and other ligands, providing their
targeted delivery. For example, liposomes containing
PolyI:PolyC, were prepared by incorporating Sendai
S B: BIOMEDICAL CHEMISTRY  Vol. 13  No. 4  2019
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virus fusogenic F protein into the lipid bilayer and tar-
geted by a monoclonal antibody bound to the lipo-
somes via Staphylococcus aureus protein A [87].
Immunoliposomes have been shown to provide a rea-
sonable level of PolyI:PolyC internalization sufficient
for antiviral response induction.

A composition containing yeast dsRNA (the active
ingredient of the drug Ridostin) and the polymer poly-
vinylpyrrolidone exhibited prolonged activating effect
on the system of nonspecific resistance and reduced
toxicity than the initial drug [81].

In recent years, transport systems based on poly-
ethyleneimine (PEI) have been actively developed for
nucleic acid delivery. PEI polyplexes provide a higher
level of transfection and protection of RNA from the
action of nucleases compared to other polycations.
This is associated with a high density of charges on
PEI, contributing to condensation of nucleic acids
into more compact complexes. To reduce the toxic
properties of PEI polyplexes are modified with PEG.
A study of such constructs containing PolyI:PolyC
and epidermal growth factor showed that high concen-
trations of immobilized dsRNA were accumulated in
the tumor tissue and caused regression of
U87MGwetEGFR glioblastoma, A431 adenocarci-
noma, and MDA-MB-468 breast cancer [88].

Polysaccharides are widely used in pharmacology,
particularly, as encapsulation matrix for preparation of
drug formulations [89]. Based on yeast dsRNA and
polyglucin (dextran with molecular mass of 50−
60 kDa), Ridostin Forte, an early-type IFN inducer
characterized by high IFN-inducing and antiviral
activity, was created [90]. Chitosan is another polysac-
charide widely used in creation of drug dosage formu-
lations due to its low toxicity, high sorption capacity,
bactericidal activity, biocompatibility, and biodegrad-
ability [91].

The use of bisphosphonates, synthetic analogues of
natural pyrophosphates is an interesting aspect in con-
text of developing methods for drug delivery to bones.
Bisphosphonates (BPs) are characterized by high
affinity for apatite bone structures and also by antitu-
mor activity. In order to provide an intracellular
codelivery, PolyI:PolyC and the third-generation bis-
phosphonate zoledronic acid (ZOL), Chen et al. [92]
obtained lipid coated calcium phosphate nanoparti-
cles (LCP). It was shown that LCP loaded with
PolyI:PolyC and ZOL exhibited significantly higher
antitumor activity against B16BL6 melanoma cells
than free PolyI:PolyC and ZOL preparations. Syner-
gism of the antitumor action of PolyI:PolyC and ZOL
in the LCP composition was also demonstrated in
mice transplanted with B16BL6 melanoma.

dsRNA delivery systems are also developed on the
basis of inorganic molecules. For example, iron oxide
nanoparticles were used for PolyI:PolyC delivery to
lymph nodes and this led to a significant increase in
the immune response [93]. Immunization of mice
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with calcium phosphate particles containing
PolyI:PolyC and CpG dinucleotide promoted their
intensive uptake by DC and this was accompanied by
the expansion of pathogen-specific CD4+ and CD8+
T-lymphocytes [94].

Another way to improve the therapeutic character-
istics of dsRNA is the development of dosage forms
indented for non-parenteral use. This is especially
attractive in the case of treatment of infectious dis-
eases, for which the mucous membranes are the “gate-
way of infection.” McNally et al. [95] demonstrated
that a single intranasal administration of PolyI:PolyC
to mice induced local production of Th1 chemokines
in the lungs and upper respiratory tract, and generated
a steady migration of T-lymphocytes into the respira-
tory tract. The observed effects depended on the
length of dsRNA. The authors of another study [96]
found that the intranasal administration of liposomes
with PolyICLC before or shortly after infection of
mice with H5N1 influenza virus inhibited viral repli-
cation. This resulted in a decrease in its lung titers, an
increase in the level of specific humoral and cellular
immune responses and survival of infected animals. In
addition, liposomal PolyICLC prevented the develop-
ment of pulmonary fibrosis, a serious complication of
the infection.

5. dsRNA BASED DRUGS AS PERSPECTIVE 
ADJUVANTS OF ANTI-VIRUS VACCINES

Experimental and clinical studies have shown that
dsRNA can be used as an adjuvant to modulate and
optimize the antigen-specific immune response. Eval-
uation of the parameters of the innate immune
response after administration of PolyI:PolyC stabi-
lized by poly L-lysine and carboxymethylcellulose
(PolyICLC) to volunteers showed that the administra-
tion of the drug caused formation of immune reactions
similar to those observed after immunization with yel-
low fever vaccine, and therefore, the drug could be
used to enhance the vaccine immunogenicity [97].

Martins et al. [98] studied the effect of PolyICLC
on the efficacy of vaccination of mice, guinea pigs, and
primates with virus-like particles (VLP) against filovi-
rus. Administration of PolyICLC resulted in an
increase of the level of TNF-α, IL-6 and chemokines,
activation of DC, NK, and B-cells. The drug
enhanced antigen-specific CD4+ and CD8+ T-cell
response, increased production of antibodies and pro-
tection during viral infection.

Co-administration of PolyI:PolyC, lipoteichoic
acid and CL097 (a TLR7/8 ligand, the imidazoquin-
oline compound with high antiviral activity) with an
inactivated vaccine against the porcine reproductive
and respiratory syndrome virus (PRRSV) conferred
higher protection against infection [99]. An increased
cellular immune response was found in guinea pigs
 BIOMEDICAL CHEMISTRY  Vol. 13  No. 4  2019
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immunized with VLP vaccine against the FMD virus
in combination with PolyI:PolyC [100].

Reliable protection of mice against tick-borne
encephalitis virus was observed after vaccination with
a specific inactivated tick-borne encephalitis vaccine
Encevir in combination with the drug Ridostin [101].
Ridostin also increased the protective properties of
weakly immunogenic vaccines against tuberculosis
and horse strangles disease [102].

The design of microcarriers for delivery of antigens
in combination with immunoadjuvants to antigen-
presenting cells (APC) is one of actively developing
areas of vaccine construction. TLR3 ligands, particu-
larly, PolyI:PolyC, are also used as candidate adju-
vants in these systems. Such adjuvants activate not
only “professional” APC (DC, macrophages), but
also non-immune cells (epithelial cells, endothelial
cells, fibroblasts); this can result in the development of
autoimmune reactions or chronic inflammation. In
order to avoid such undesirable reactions, Hafner et al.
proposed an original PolyI:PolyC delivery system
[103]. The microcarrier is a negatively charged poly-
styrene microsphere equipped with a “crown” of poly-
ethylene glycol (PEG), which is formed by electro-
static coating with polycationic copolymers based on
poly(L-lysine)-graft-poly(ethylene glycol). Experi-
ments on primary culture of peripheral blood mono-
cytes have shown that PolyI:PolyC adsorbed on the
surface of the microspheres caused activation of
monocyte-derived DC [103]. At the same time, the
preparation drug did not affect expression of antigens
of the major histocompatibility complex (MHC)
class I or secretion of IL-6 by human skin fibroblasts
and weakened their phagocytic activity; this indicates
that the adsorbed PolyI:PolyC lacks the ability to
induce adverse inflammatory reactions [104].

The use of non-parenteral routes of administration
of dsRNA as an adjuvant is particular interesting. For
example, mucosal treatment with PolyI: PolyC shortly
after vaccination of mice with live attenuated influ-
enza vaccines enhanced the functional activity of the
respiratory tract DC, formation of CD8+ T-cells and
production of neutralizing antibodies [105].

Kim et al. [106] found an increase in the produc-
tion of antigen-specific serum IgG and mucosal IgA
in response to vaccination of mice with trivalent hem-
agglutinin-subunits or split H1N1 vaccine antigen
after administration of PolyI:PolyC as an eyedrop
adjuvant. Importantly, there was no increase in
mRNA expression of proinflammatory cytokines and
mononuclear cell infiltration at the injection site; this
indicates that the drug does not have a side effect in
the form of a local inflammatory response.

Uchida et al. developed an original platform for
improvement of mRNA vaccines [107]. It is based on
the following. Eukaryotic mRNA with a polyA tail,
formed as a result of mRNA processing, was hybrid-
ized with PolyU. The hybridization did not affect the
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIE
efficiency of mRNA translation, and the double-
stranded portion of the mRNA:PolyU had an immu-
nostimulating effect. Activation of mouse and human
dendritic cells by mRNA:PolyU was 10–100 times
more efficient than in the case of single-stranded
mRNA [107]. A study of immunostimulation mecha-
nisms, performed on the HEK293 cell culture, char-
acterized by a high level of TLR3 expression, and
RAW264.7 characterized by MDA-5 and RIG-1
receptor knockout, showed that the immune response
to mRNA hybridized with PolyU was mediated by
TLR3 and RIG-I [107].

Thus, using dsRNA as vaccine adjuvants makes it 
possible to increase their protectivity. The adjuvant
activity of dsRNA seems to be based on the ability to
alter the balance of cytokines and modulate activity of
cells mediating specific and nonspecific immune
responses.

6. dsRNA-BASED DRUGS 
AS ANTI-TUMOR AGENTS

Although TLR3 has been first identified in cells of
the immune system, more recent studies have shown
that it is also expressed by malignant cells. The antitu-
mor effects of the TLR3 agonist PolyI:PolyC have
been demonstrated on a wide range of mouse and
human tumor cell lines. For example, there is evi-
dence that intracellular delivery of liposomal
PolyI:PolyC to human AGS adenocarcinoma cells
induced tumor cell apoptosis in vitro and significantly
inhibited xenograft growth in nude mice [108].

Similar results were obtained by Chen et al. [109],
who showed that transfection of PolyI:PolyC into
HeLa cervical cancer cells induced IFN-β synthesis,
formation of reactive oxygen species, causing DNA
damage, activation of caspases 3 and 9, and finally
apoptosis.

The antiproliferative, cytotoxic, and apoptogenic
effects of PolyI:PolyC were observed in experiments
on poorly differentiated human urinary bladder cancer
cell lines MGH-U3 and RT4 [110]. In MGH-U3 cells
the drug induced growth arrest at the G1-S transition;
it also increased the immunogenicity of MGH-U3
and RT4 cells, inducing expression of MHC class I
molecules on their surface and secretion of pro-
inflammatory cytokines IL-8 and IL-6 [110]. The
ability of PolyI:PolyC to induce apoptosis of prostate
cancer cells was demonstrated on cell lines derived
from bone and intracerebral metastases of a human
tumor; the effect was more pronounced on the andro-
gen-dependent LNCaP line [111]. The apoptogenic
effects of PolyI:PolyC were also reported for tumors of
other histotypes (e.g. tumors of the breast, head and
neck, kidneys, colon, and lungs) [112].

Studies performed on cells of the human mela-
noma sectional material have shown that the apopto-
genic effects of dsRNA can be enhanced during com-
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bined use with cytokines, such as IFN-α or IL-27
[113, 114].

Despite existence of intrinsic antitumor activity
dsRNA preparations are more frequently studied as
synergists and adjuvants to enhance the action of spe-
cific therapeutic agents and vaccines. For example,
Ayari et al. have shown [110] that combination of
PolyI:PolyC with the Bacillus Calmette-Guérin
(BCG) vaccine enhanced the antitumor effect of BCG
on bladder cancer transplants in MBT-2 mice. Similar
results were obtained by Muthuswamy et al. [115];
these authors believe that the combined use of BCG
with PolyI:PolyC and IFN-α may be a new method
for increasing the effectiveness of immunotherapy for
bladder cancer.

Alipour et al. [116] developed a PolyI:PolyC deliv-
ery system to enhance the antitumor immune
response to the P5 peptide, containing multiple epi-
topes of the HER2/Neu glycopeptide characteristic of
tumor cells. The P5 peptide was encapsulated into cat-
ionic nanoliposomes consisting of modified choles-
terol (1,2-dioleoyl-3-trimethylammoniumpropane-
cholesterol) that contained or did not contain
PolyI:PolyC. In groups of mice immunized with lipo-
somes carrying the P5 protein and PolyI:PolyC, as
well as liposomes containing only PolyI:PolyC, a
more significant level of IFN-γ secretion by  spleno-
cytes and an increase in the number of CD4+ and
CD8+ T-cells compared with other groups were
observed. The most pronounced inhibition of the
growth of the experimental TUBO tumor with a high
level of rHER2/neu expression during the whole
experiment (90 days) was observed during treatment
with liposomes containing P5 and PolyI:PolyC. This
suggests that the combination of PolyI: PolyC and
liposomes with a tumor antigen is able to induce an
antitumor immune response even without the use of
additional T-helper epitopes.

Intratumor administration of a plasmid carrying
the apoptin gene with PolyI:PolyC not only signifi-
cantly inhibited the growth of the 4T1 mammary
tumor in Balb/c mice, but also induced a potent anti-
tumor immune response, as evidenced by an increase
in the number of CD4+ and CD8+ T-lymphocytes,
increased secretion of cytokines into the circulation
(IFN-γ, IL-2) and tumor tissue infiltration with
immune cells [117, 118]. Similar data were obtained
using PolyI:PolyC together with the canine parvovirus
NS1 (CPV2.NS1) protein [117, 118].

More than 90% of common solid tumors and many
hemoblastoses, such as lymphoma, leukemia and
multiple myeloma, are known to express MUC1 gly-
copeptide (MUC1). However, fully synthetic glyco-
peptide tumor vaccines created on the basis of this gly-
copeptide are characterized by low immunogenicity.
Glaffig et al. [119] found that the use of PolyI:PolyC as
an adjuvant resulted in a significant increase, in
response to the vaccination,  of the production of spe-
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cific IgG, which actively interacted with human breast
tumor cells expressing MUC1, and the induction of a
cellular immune response.

Kano et al. [120] investigated PolyI:PolyC and the
recombinant protein encoded by the lymphocyte 3
activation gene (LAG-3) fused to human IgG Fc
(LAG-3-Ig) as adjuvants to a peptide vaccine against
the tumor antigen P1A. LAG-3 (CD223) is a protein
expressed on the membrane of activated T-, B-cells,
NK-сells, plasmacytoid DC and plays an important
role in their functioning. In mice with grafted masto-
cytoma tumor P815, PolyI:PolyC in combination with
LAG-3-Ig caused rejection of the grafted tumor and
increased longevity of animals. The antitumor effect
was due to increased proliferation and infiltration of
tumor tissues by T-cells and their production of Th1-
type cytokines. The combination of PolyI:PolyC with
LAG-3-Ig suppressed expression of a number of pro-
teins and receptors on T-cells, preventing their “deple-
tion”; this is important for realization of a deep and
long-lasting antitumor immune response [120].

DC dysfunction is a serious obstacle in the devel-
opment of effective anti-tumor vaccines because these
cells are often used for vaccine preparation. It has been
found that tumor associated DC (TADC) are less
mature than normal DC and respond poorly to stimu-
lation by TLR agonists, associated possibly with
hyperactivity of intracellular STAT3.

In order to overcome DC dysfunction Luo et al.
[121] developed the PMP/OVA/siRNA nanovaccine,
which is a polypeptide micelle formed by
poly(ethyleneglycol)-b-poly(L-lysine)-b-poly(L-leu-
cine) hybrid polypeptides (PEG-PLL-PLLeu) with
encapsulated OVA antigen, STAT3-siRNA and
PolyI:PolyC. Experiments have shown a significant
(up to 200-fold) increase in the uptake of OVA antigen
and siRNA by TADC after administration of the vac-
cine and a decrease (by more than 50%) in STAT3
expression. The PMP/OVA/siRNA vaccine increased
expression of CD86 and CD40 markers and IL-12
production by DC, exerted an increase in the number
of mature DCs and a decrease in the number of immu-
nosuppressive cells in the lymph nodes, which ulti-
mately contributed to the weakening of immunosup-
pression in the tumor microenvironment, develop-
ment of antitumor immune responses and tumor
regression. In other words, combination of an immu-
nomodulator PolyI:PolyC and STAT3-siRNA with
nanovaccines can be a promising strategy for increas-
ing their therapeutic efficacy [121].

CONCLUSIONS

The considered literature data indicate that
dsRNAs are components of an evolutionarily formed
system of nonspecific protection and play the role of
functional linkers between innate and acquired immu-
nity systems. Synthetic and natural dsRNA prepara-
 BIOMEDICAL CHEMISTRY  Vol. 13  No. 4  2019
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Table 1. dsRNA based drugs: modern trends of pharmaceutical developments

Name Structure Developer Current status Prescription Reference

Natural dsRNAs

Ridostin Mixture of dsRNA and single 
stranded RNA from Saccharo-
myces cerevisiae

SRC VB “Vector” 
(Russia)

Approved for 
medical 
application

Influenza, herpes, chla-
mydia, tick-borne enceph-
alitis

53, 91, 
101

Ridostin Pro Mixture of dsRNA and single 
stranded RNA from Saccharo-
myces cerevisiae, stabilized with 
polyvinylpyrrolidone

SRC VB “Vector” 
(Russia)

Registration 
stage

Influenza, SARS 81

Larifan DsRNA of phage f2 Larifan Ltd. (Latvia) Approved for 
medical 
application

Arbovirus and rhabdovi-
rus infections, herpetic 
diseases

54, 56

Rifastin DsRNA of phage ϕ6 SRC VB “Vector” 
(Russia)

Laboratory 
studies

Viral infections (Omsk 
hemorrhagic fever, influ-
enza)

55–57

Double-stranded complexes of complementary homopolynucleotides

PolyA:PolyU

Poludan Double-stranded complex 
polyriboadenylic and polyri-
bouridylic acids

LANS-Pharm Ltd. 
(Russia)

Approved for 
medical 
application

Viral eye diseases (adeno-
virus and herpetic infec-
tions), influenza and 
SARS

61, 62, 
122, 123

Polyadenur Double-stranded complex 
polyriboadenylic and polyri-
bouridylic acids

Beaufour Ipsen 
(France), Hemispherx 
Biopharma (USA)

Clinical trials Hepatitis B and C (as a part 
of IFN-α based complex 
therapy), breast cancer

63–65

PolyG:PolyC

Polyguacyl Double-stranded complex of 
polyriboguanylic and polyribo-
cytidylic acids

SRC VB “Vector” 
(Russia)

Laboratory 
studies

Viral infections (caused by 
viruses of encephalomyo-
carditis, tick-borne 
encephalitis, vesicular sto-
matitis)

46, 61, 
66, 67

RGC100 Double-stranded complex of 
polyriboguanylic and polyribo-
cytidylic acids (100 bp)

Riboxx GmbH (Ger-
many)

Laboratory 
studies

To increase efficiency of 
vaccination (activation of 
dendritic cells, T-cell pro-
liferation)

46

PolyI:PolyC

PolyI:PolyC Double-stranded complex of 
polyriboinosinic and polyribo-
cytidylic acids

University of Alabama 
at Birmingham, Hemi-
spherx Biopharma, 
Inc. (USA); Medical 
University of South 
Carolina, Gibbs Can-
cer Center and 
Research Institute, Eli 
Lilly and Company 
(USA), etc.

Clinical trials Hepatocellular carci-
noma, hepatitis B, influ-
enza

71–74, 
76
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Institute of Pharma-
ceutical Sciences, Insti-
tute of Molecular 
Biology and Biophysics 
(Switzerland); Nanjing 
Agricultural University 
(China); Icahn School 
of Medicine at Mount 
Sinai (USA); Yonsei 
University (South 
Korea); The Univer-
sity of Tokyo (Japan), 
etc.

Laboratory 
studies

For antitumor therapy of 
malignant neoplasms of 
different localization, 
enhancement of immuno-
genicity of antitumor vac-
cines

 88, 99, 
100, 104, 
105, 106, 
109–112, 
115, 117–
121

uPIC100-400 Double-stranded complex of 
polyriboinosinic and polyribo-
cytidylic acids (100–400 bp)

Kyowa Hakko Bio Co., 
Ltd., Hofu (Japan);
Hokkaido University, 
Sapporo (Japan)

Laboratory 
studies

For prophylaxis and treat-
ment of infectious and 
oncological diseases

78

PolyI:PolyC,
modified

Double-stranded complex of 
polyriboinosinic and polyribo-
cytidylic acids modified by 
polymers and/or encapsulated 
into particles

Research laboratories 
in Germany, China, 
Italy, the Netherlands, 
Canada, Belgium, Aus-
tralia, USA

Laboratory 
studies

Oncological diseases of 
various localization (glio-
blastoma, adenocarci-
noma, breast cancer, 
melanoma)

74, 79–
81, 92–
96, 108, 
116

Hitonol,
PolyICLC

Double-stranded complex of 
polyriboinosinic and polyribo-
cytidylic acids with non-cova-
lent adduct of poly-L-lysine 
and carboxymethylcellulose

Oncovir, Inc., Wash-
ington, DC (USA)

Clinical and 
laboratory 
trials

Oncological diseases of 
various localization, 
including inoperable can-
cer cases, viral infections, 
increased immunogenic-
ity of vaccines

74, 76, 
82–87, 
97, 98

Double-stranded complexes of homopolyribonucleotide and polyribonucleotide copolymer

Ampligen
Atvogen
Rintatolimod
Rintamod®
PolyI:PolyC12U

Double-stranded complex of 
polyriboinosinic acid and 
copolymer of polyribocytidy-
lic and uridylic acids (at a 
ratio 12 : 1)

Hemispherx Bio-
pharma, Inc., Philadel-
phia, PA (USA)

Clinical tri-
als. 
Approved for 
medical 
application 
(Argentina) 

Complex therapy of syn-
dromes of chronic fatigue 
and acquired immunode-
ficiency syndrome   
(AIDS), breast cancer, 
liver, prostate, ovarian 
cancer, colorectal cancer, 
mesothelioma
Severe cases of myalgic 
encephalomyeli-
tis/chronic fatigue syn-
drome

75, 76

PolyI:PolyC30U Double-stranded complex of 
polyriboinosinic acid and 
copolymer of polyribocytidy-
lic and uridylic acids (at a 
ratio 30 : 1)

Hemispherx Bio-
pharma, Inc., Philadel-
phia, PA (USA)

Laboratory 
studies

For the prevention and 
treatment of infectious and 
oncological diseases

75, 77

RGIC100 
PolyGI:PolyC

Double-stranded complex of 
polyribocytidylic acid and 
copolymer of polyguanylic and 
polyriboinosinic acids (100 bp)

Riboxx GmbH (Ger-
many)

Laboratory 
studies

For the prevention and 
treatment of infectious and 
oncological diseases

68

Name Structure Developer Current status Prescription Reference

Table 1. (Contd.)
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tions are used in clinical practice as pharmaceutical
substances for development of prophylactic antiviral
and immunomodulatory agents, and there is a clear
interest in expanding the sphere of their application
and methods for improving therapeutic properties
(Table 1).

Results of preclinical and clinical trials, experi-
mental studies reveal that dsRNAs exhibit inhibitory
action against a wide range of viruses, as well as the
adjuvant properties demonstrated in relation to vac-
cines against various viral infections. Modern trends of
pharmaceutical development include improvement of
dosage forms of dsRNA, the development of targeted
delivery tools to improve antiviral efficacy and
improve the therapeutic properties of such drugs.

A relatively new research direction includes the use
of dsRNA as antitumor agents and antitumor vaccine
adjuvants. It has been found hat these drugs inhibit
growth of tumor cells through of proliferation suppres-
sion and induction of apoptotic cell death, enhance
the antitumor immune response. Current clinical tri-
als are aimed at investigating the antitumor properties
of dsRNA as drugs for mono- and complex therapy in
combination with antitumor agents, including vac-
cines. Further studies of the mechanisms of action,
the role of dsRNA in the correction of pathological
processes of various origins, will obviously help to
optimize methods of drug usage to increase their
effectiveness and safety.
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