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Abstract In the age of extensive global trafﬁc systems, the close neighborhood of man
and livestock in some regions of the world, as well as inadequate prevention measures and
medical care in poorer countries, greatly facilitates the emergence and dissemination of new
virus strains. The appearance of avian inﬂuenza viruses that can infect humans, the spread
of the severe acute respiratory syndrome (SARS) virus, and the unprecedented raging of
human immunodeﬁciency virus (HIV) illustrate the threat of a global virus pandemic. In
addition, viruses like hepatitis B and C claim more than one million lives every year for want
of efﬁcient therapy. Thus, new approaches to prevent virus propagation are urgently needed.
Antisense strategies are considered a very attractive means of inhibiting viral replication,
as oligonucleotides can be designed to interact with any viral RNA, provided its sequence is
known. The ensuing targeted destruction of viral RNA should interfere with viral replication
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without entailing negative effects on ongoing cellular processes. In this review, we will give
some examples of the employment of antisense oligonucleotides, ribozymes, and RNA
interference strategies for antiviral purposes. Currently, in spite of encouraging results in
preclinical studies, only a few antisense oligonucleotides and ribozymes have turned out
to be efﬁcient antiviral compounds in clinical trials. The advent of RNA interference now
seems to be refueling hopes for decisive progress in the ﬁeld of therapeutic employment of
antisense strategies.
Keywords Antisense oligonucleotides · Antiviral agents · Ribozymes · RNA interference ·
RNAi

1
Introduction
In recent years, the prevalence of chronic infections with viruses such as human
immunodeﬁciency virus (HIV) and the hepatitis B and C viruses (HBV and
HCV, respectively) has been steadily increasing and new viruses like the severe acute respiratory syndrome (SARS) coronavirus have emerged. Thus, the
demand for efﬁcient antiviral treatments is obvious. Currently, approximately
40 small molecular compounds have been approved to treat viral infections,
at least half of which are intended for patients with HIV infections (De Clercq
2004). The most prominent class of drugs used to inhibit viral propagation is
the group of inhibitors of DNA or RNA synthesis, many of which are nucleoside
analogs. These substances, however, are not fully speciﬁc for viral polymerases
and cause severe side effects upon long-term treatment. For numerous viral
infections, effective therapies are lacking altogether.
A strategy for the fast development of speciﬁc antiviral agents is therefore
desirable. Antisense (AS) strategies employ oligonucleotides (ONs) complementary to a given target RNA. They offer the opportunity to fulﬁll demand
for the development of an antiviral compound as soon as the sequence of
a virus is known. In fact, the ﬁrst AS study, published in 1978, describes the
use of an AS ON to inhibit replication of Rous-Sarcoma virus (Zamecnik and
Stephenson 1978). The following sections will deal with the use of AS ONs,
ribozymes, and small interfering (si)RNAs as antiviral agents. Aptamers will
not be addressed here, although there is no doubt about their usefulness to
diagnose and treat viral infections (e.g., Darfeuille et al. 2004; De Beuckelaer
et al. 1999; overview by McKnight and Heinz 2003). This type of ON is dealt
with in the chapters by H.U. Göringer et al., M. Menger et al., M. Sprinzl et al.,
H. Ulrich, and A.K. Deisingh of the present volume.

2
Antisense Oligonucleotides
AS ONs are typically 15–20 nucleotides in length and bind to their cognate RNA
via Watson-Crick base pairing. Since a DNA sequence of this length will statisti-
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Fig. 1 Comparison of mechanisms of gene silencing by AS ONs and siRNAs. AS ONs (left)
exert their effect predominantly in the nucleus, whereas siRNAs work mainly in the cytoplasm (right). Left: An AS ON is transported into the nucleus (1) and base-pairs with the
complementary sequence of an mRNA. RNase H is recruited to the hybrid helix (2) and
cleaves the RNA moiety. Right: An siRNA double helix reaches the cytoplasm (3). One of
the strands is incorporated into a protein complex called RISC, while the other strand is
discarded. The siRNA guides RISC to a complementary sequence on the target RNA. Upon
binding, cleavage of the target molecule is induced (4). RISC can go on through multiple
rounds of cleavage

cally occur only once in the human genome, the targeted RNA can be considered
to be a highly speciﬁc receptor for the AS agent. AS ONs are known to act by
two distinct mechanisms. (1) In the cell nucleus, the heteroduplex of a DNA ON
bound to an RNA is recognized by RNase H, which cleaves the RNA moiety of
the hybrid (Fig. 1). The RNA fragments are further degraded by exonucleases,
whereas the ON is set free and can bind to new RNA molecules in a multiple turnover manner. (2) In the cytoplasm, AS ONs can disable messenger
(m)RNAs and prevent protein synthesis by a steric blockade of the ribosome.
2.1
Development of Efficient Antisense Oligonucleotides
Theoretically, AS ONs can be directed against any region of the targeted RNA. In
practice, however, long RNA molecules are known to form complex secondary
and tertiary structures. Furthermore, various proteins bind to RNA molecules,
precluding ONs from hybridizing. It is therefore necessary to select regions of
the targeted RNA that are accessible to the AS ON. Various methods have been
developed for this purpose and are summarized in the review by Sohail and
Southern (2000).
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Another major decision in the development of an AS ON is the choice of
a suitable chemistry, i.e., nucleotide modiﬁcation. Unprotected DNA ONs are
degraded in blood serum within a few hours. Therefore, chemically modiﬁed building blocks are often used for AS ONs. The most widely employed
DNA analogs are phosphorothioates in which one of the nonbridging oxygen atoms of the phosphodiester bond is replaced by a sulfur atom (Fig. 2).
ONs consisting of phosphorothioates combine several advantages, including
enhanced nuclease resistance and activation of RNase H cleavage (Eckstein
2000). Major disadvantages, however, are their decreased binding afﬁnity to
a complementary sequence as compared to an isosequential DNA molecule
and their unintended propensity to interact with various proteins. Although
binding to plasma proteins improves the pharmacokinetic proﬁle by increasing serum half-life, interactions with other proteins may be disadvantageous
and result in toxic side effects that have been observed when higher doses of
phosphorothioates were applied (Levin 1999).
Due to the problems associated with phosphorothioates, other types of
modiﬁcations have been developed. Nucleotides of the second generation carry
a methyl or methoxy-ethyl group at the 2 oxygen of the ribose (Fig. 2). In recent
years, numerous nucleic acid analogs have been developed for applications in
AS technology (Kurreck 2003). The types of alterations range from substitutions of functional groups of the ribose by ﬂuoro- or amino-groups over
bi- or tricycle nucleotides, to a complete replacement of the ribose-phosphate
backbone by peptide bonds. Most of these nucleotides are less toxic and have
a higher target afﬁnity than phosphorothioates, but they lack the ability to
induce RNase H cleavage of the complementary mRNA. Therefore, so-called
gapmers have been developed, which consist of modiﬁed nucleotides at both
ends to protect the ON from exonucleases and a central stretch of DNA or
phosphorothioate monomers that is sufﬁcient to activate RNase H.
Due to their favorable properties, locked nucleic acids (LNAs, Fig. 2) have
increasingly been used for AS applications in recent years (Jepsen and Wengel
2004; and the chapter by S. Kauppinen et al., this volume). Gapmers consisting
of LNA and DNA monomers in the center were found to exhibit desirable properties like improved nuclease stability and enhanced target afﬁnity (Kurreck

Fig. 2 Modiﬁed nucleotides that have been widely used for antisense approaches
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et al. 2002) resulting in an almost 200-fold higher potency compared to an
isosequential DNA ON (Grunweller et al. 2003).
An important hurdle that has to be overcome for successful AS applications is
the cellular uptake of the ONs. DNAs are highly charged molecules that cannot
cross hydrophobic membranes efﬁciently. Therefore, transfection agents are
employed to facilitate entry of AS ONs into cells. The most widely used reagents
are lipids with positively charged headgroups that neutralize the negative
charge of the ONs. The ON–liposome complexes are thought to be taken up by
endocytosis. Intracellular release of the ONs can be facilitated by the addition
of helper lipids that interfere with the endosomal membrane. Further details
about the use of cationic lipids as well as other types of transfection agents are
described in a recent overview by Seksek and Bolard (2004).
2.2
Antisense Oligonucleotides as Antiviral Agents
A major advantage of AS ONs is their general applicability, because they can
be directed against virtually any RNA of interest. Viruses with RNA genomes
are particularly well suited to be targeted by AS ONs, since not only the mRNA
but also the genomic RNA can be attacked and, at least theoretically, complete
virus clearance can be achieved. In contrast, for DNA viruses or retroviruses
with their proviral DNA stably integrated into the host genome, only mRNA
(or newly synthesized genomic RNA in the latter case) can be targeted by AS
ONs. Thus, only inhibition of virus spreading can be expected, and continuous
treatment is required. Nevertheless, AS ONs have successfully been applied to
inhibit many viruses of high medical relevance (McKnight and Heinz 2003).
Due to space restraints, only a few recent examples can be discussed below to
demonstrate the potential of AS ONs in treating virus replication.
Infections with HCV are a major health problem worldwide. Chronic infection with this plus-stranded RNA virus causes liver cirrhosis, liver failure,
and hepatocellular carcinoma, often leading to the requirement of liver transplantation. Since current treatment of HCV is unsatisfactory, a need for new,
speciﬁc anti-HCV drugs stands to reason. AS ONs have therefore widely been
used with the intention of inhibiting HCV replication. The 5 -untranslated region (UTR) is one of the most highly conserved regions of the HCV genome and
has most frequently been targeted with AS ONs. Since this region is strongly
structured, intensive efforts were made to identify accessible target sites. The
entire viral cycle of HCV is cytoplasmic and thus AS ONs do not necessarily
need to be designed to activate RNase H, which is mainly located in the nucleus. Rather, it has been shown that AS ONs interfering with the assembly
of a translation initiation complex on the internal ribosome entry site (IRES)
inhibit translation of the viral polyprotein in cell-free translation assays and
transfected hepatoma cell lines. Further details of the application of ON-based
strategies to inhibit HCV are given in a review by Martinand-Mari et al. (2003).
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With more than 40 million infected individuals worldwide, HIV is one of the
most severe causes of infectious diseases. Although half of the substances that
have been approved for the treatment of viral infections are intended to treat
HIV infections, there is still an urgent need for new therapeutic approaches.
Current drugs are not only too expensive for patients in poor countries; they
also exert severe side effects upon long-term treatment and become ineffective
due to the emergence of resistant mutants. Numerous efforts to prevent HIV
replication with inhibitory ONs have been published (for a review, see Jing and
Xu 2001). Only a few recent examples can be given here. As described for HCV,
anti-HIV ONs are not necessarily required to induce virus RNA degradation
by RNase H, as they may as well be employed to inhibit essential processes
of the viral lifecycle by steric blocking. For example, Arzumanov et al. (2001)
developed AS ONs against the HIV-1 trans-activating response region (TAR),
a 59-residue stem-loop that interacts with the trans-activator protein Tat. Steric
blockade of this interaction by a chimeric 2-O-methyl RNA/LNA ON prevented
full-length HIV transcription. In another study, the HIV-1 dimerization initiation site was chosen to be targeted by AS ONs (Elmén et al. 2004): An LNA/DNA
mix-mer directed against this region prevented the dimerization of the genome
and inhibited replication of a clinical HIV-1 isolate in a human T cell line.
Working on a different class of viruses, Yuan et al. (2004) have recently described the inhibition of coxsackievirus B3 (CBV-3) replication in cardiomyocytes and in mouse hearts. CBV-3 is a member of the plus-stranded picornavirus family. It can infect multiple organs of humans and is considered to
be one of the major causes of viral myocarditis, which may develop into dilated cardiomyopathy and eventually lead to heart failure. No speciﬁc antiviral
treatments exist for this important pathogen to date. The authors found AS
ONs targeting the proximal terminus of the 3 -UTR to effectively inhibit CBV-3
replication in a cardiomyocyte cell line. The antiviral activity of the AS ON
was further evaluated in a CBV-3 myocarditis mouse model, and a signiﬁcant
decrease of viral replication and virus titers was observed.
The examples given above as well as numerous further studies demonstrate
the potential of AS ONs to act as speciﬁc antiviral agents. The AS approach is
particularly appealing for diseases for which no satisfactory speciﬁc treatment
is available. It is therefore not surprising that a rather high percentage of the
AS ONs currently being tested in clinical trials are intended to treat patients
with viral infections.
2.3
Antisense Oligonucleotides in Clinical Trials
Approximately 20 AS ONs have reached the stage of clinical testing, and one AS
drug is currently on the market (a comprehensive overview is given in Crooke
2004). Here, we will focus only on those AS ONs that are directed against viral
targets (Table 1): Isis Pharmaceuticals is working on a phosphorothioate AS

Oligonucleotide-Based Antiviral Strategies

267

Table 1 Antisense oligonucleotides in clinical development to treat viral infections according
to Crooke (2004) and companies’ Web pages
Drug

Company

Vitravene
ISIS 14803
CpG 7909
CpG 10101
GPI-2A
GEM92
MBI 1121

Isis
Isis
Coley
Coley
Novopharm
Hybridon
Hybridon

Virus
CMV
HCV
HBV
HCV
HIV-1
HIV-1
HPV

Status
Approved
Phase II
Phase I/II
Phase I/II
Phase I
Phase I
Phase I

CMV, human cytomegalovirus; HBV, hepatitis B virus;
HCV, hepatitis C virus; HPV, human papillomavirus;
HIV, human immunodeﬁciency virus

ON targeting the IRES of HCV. In a phase II trial, patients with chronic HCV
infection were treated with the AS ON, and several individuals experienced
signiﬁcant viral titer reductions. Further AS ONs were investigated with respect to their ability to treat HIV infections: GPI-2A, developed by Novopharm
Biotech, exerted strange adverse effects in a phase I trial, most likely due to
the cationic liposomal formulation used as delivery system. Hybridon is developing second-generation AS ONs targeting the gag gene of HIV-1 (GEM92)
and the mRNA of the E1 protein of human papillomavirus (MBI 1121). Phase I
trials with these ONs showed promising safety results and conﬁrmed the possibility of second-generation AS ONs to be delivered orally. Further ONs are
being tested in patients with HBV and HCV infections (CpG 7909 and CpG
10101 by Coley Pharmaceutical and 1018-ISS by Dynavax Technologies). The
mechanism of action of the latter ONs is thought to be activation of the immune response via Toll-like receptors that recognize CpG motives rather than
a classical AS mechanism (Agrawal and Kandimalla 2004).
The ﬁrst AS drug approved by the U.S. Food and Drug Administration
(FDA)—in 1998—is a phosphorothioate ON named Vitravene (Fomivirsen).
This antiviral ON targets the RNA of the immediate-early mRNA of the human
cytomegalovirus (CMV) mRNA and is intended to treat CMV-induced retinitis in immunodeﬁcient patients with acquired immunodeﬁciency syndrome
(AIDS). A major drawback of this drug is its mode of application, since it
must be injected intravitreally. Although Vitravene meets an important need
for affected patients, it is only of minor commercial signiﬁcance. In late 2004
a second ON-base drug was approved by the FDA: Macugen is an aptamer that
targets the vascular endothelial growth factor (VEGF) and provides an antiangiogenic treatment for patients with the wet form of age-related macular
degeneration, an eye disease that leads to loss of central vision.
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3
Ribozymes
In the early 1980s, the research groups of Thomas Cech and Sidney Altman
discovered RNA molecules that possess catalytic activity in the absence of any
protein moiety. These ribonucleic acids with enzymatic properties were named
ribozymes. Meanwhile, several classes of ribozymes have been identiﬁed that
can roughly be divided into large ribozymes consisting of several hundreds to
thousands of nucleotides and small ribozymes that range from 30 to about 150
nucleotides in length (Doudna and Cech 2002). In addition to being fascinating
objects of basic research, some ribozymes have been employed for medical
purposes (for reviews, see Sullenger and Gilboa 2002; Schubert and Kurreck
2004). Here, we will focus on the use of ribozymes as antiviral agents.
Hammerhead and hairpin ribozymes are the most intensively studied and
widely used ribozymes to date. Both classes were originally isolated from plant
pathogens. Their application as molecular tools became possible only after the
development of variants capable of cleaving target RNAs in a multiple turnover
manner. Secondary structures of a hammerhead ribozyme targeting the HIV-1
tat gene and a hairpin ribozyme directed against a site in the 5 long terminal
repeat of HIV-1 are depicted in Fig. 3a and b, respectively. As described for
AS ONs, ribozymes bind to their speciﬁc target RNA by Watson-Crick base
pairing. In addition, they possess the capability of cleaving a complementary
RNA molecule without the aid of cellular proteins.

Fig.3a–c Secondary structure of (a) a hammerhead ribozyme targeting HIV-1 tat gene (Ngok
et al. 2004); (b) a hairpin ribozyme engineered to cleave a site in the 5 long terminal repeat
of HIV-1 (Ojwang et al. 1992); and (c) a 10–23 DNAzyme against a consensus sequence in
the 5 -UTR of picornaviruses (Schubert et al. 2003). The optimized DNAzyme containes
2 -O-methyl RNA monomers at the underlined positions. Arrows indicate cleavage sites
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3.1
Development of Active Ribozymes
The challenges that have to be faced when developing therapeutic ribozymes
are similar to those for the optimization of efﬁcient AS ONs, but some additional difﬁculties have to be met. At ﬁrst, a suitable target site has to be
identiﬁed. This region has to be accessible to the ribozyme employed and, in
addition, it has to fulﬁll certain sequence requirements for efﬁcient cleavage by
ribozymes. For example, the hammerhead ribozyme cleaves preferably after
AUG or GUC triplets, whereas the 10–23 DNAzyme described below processes
any junction of a purine and pyrimidine.
The second important step is to stabilize the ribozyme, since RNA molecules
are even more susceptible to nucleolytic degradation than DNA ONs. This task
is complicated by the fact that the introduction of modiﬁed nucleotides very
often leads to a severe loss of catalytic activity. Beigelman and colleagues (1995)
performed a systematic optimization study for hammerhead ribozymes and
developed a design with modiﬁed nucleotides in all positions except for ﬁve
essential ribonucleotides. This molecule retained high catalytic activity and
displayed a serum half-life of more than 10 days. It has also been used in clinical
trials, as will be described in Sect. 3.3.
To date, only catalytically active ONs composed of RNA have been discovered
in nature. Enzymatic DNA ONs, referred to as DNAzymes, DNA enzymes, or
deoxyribozymes, however, have been obtained by in vitro selection, since they
can be expected to be more stable against nucleases. The most prominent
representative of this class of molecules is the so-called ‘10–23’ DNAzyme
(Santoro and Joyce 1997), the secondary structure of which is shown in Fig. 3c.
Although catalytically active ONs consisting of DNA have a higher intrinsic resistance against nucleolytic degradation, they still need further protection for applications in biological systems. We have systematically improved
the properties of a 10–23 DNAzyme targeting the 5 -UTR of the human rhinovirus (Schubert et al. 2003). The resulting DNAzyme, containing modiﬁed
nucleotides (underlined) at both termini and in the catalytic core, is depicted
in Fig. 3c. It displays a tenfold increased catalytic activity under multiple
turnover conditions and a substantially improved resistance against endoand exonucleases.
The DNAzyme was directed against a consensus sequence of picornaviruses,
which occurs not only in the rhinovirus but also in various polio-, echo-,
entero-, and coxsackieviruses. Surprisingly, the unmodiﬁed DNAzyme that
cleaves the rhinovirus RNA with reasonable rates was incapable of cleaving
coxsackievirus A21 RNA, despite full sequence homology and a similar overall structure. After the introduction of nucleotides with high target afﬁnity
(2 -O-methyl RNA and LNA), however, the DNAzyme regained the capability
of cleaving the coxsackievirus RNA with high catalytic turnover rates by successfully competing with local structures of the target RNA (Schubert et al.
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2004). The modiﬁed DNAzyme can now be used to degrade a broad range
of picornavirus RNAs. Furthermore, we demonstrated that the strategy of introducing nucleotides with high target afﬁnity may generally be applicable to
cleave seemingly unsuitable target sites.
As described for AS ONs, cellular uptake of ribozymes and deoxyribozymes
has to be enhanced by the use of transfection reagents. Ribozymes, however,
cannot only be exogenously applied as chemically presynthesized molecules,
but they can also be encoded on plasmids and expressed endogenously. This
opens the road to the use of viral vectors that have been employed for gene
therapeutic purposes, e.g., retroviruses, adenoviruses, and adeno-associated
viruses.
3.2
Cleavage of Viral RNA by Ribozymes
Ribozymes and deoxyribozymes have widely been used to inhibit virus replication in cell culture and in vivo. Here, only a few examples will be discussed;
a comprehensive overview has recently been given by Peracchi (2004). Early
on, various regions of HIV-1 have been targeted by hammerhead and hairpin
ribozymes (e.g., Zhou et al. 1994; Ojwang et al. 1992). Meanwhile, the protective effect of ribozymes against HIV-1 infection has also been demonstrated in
vivo: In a SCID-hu mouse model, CD34+ hematopoietic progenitor cells transduced with anti-HIV-1 tat-rev or env hammerhead ribozymes as well as Rev
aptamers were signiﬁcantly protected against HIV-1 infection upon challenge
(Bai et al. 2002). The 10–23 DNAzyme has also been successfully employed to
inhibit HIV-1 by either directly targeting the viral RNA (Zhang et al. 1999) or
by preventing virus entry by downregulation of the CCR5 coreceptor (Goila
and Banerjea 1998).
In addition to HIV-1, hepatitis B and C viruses have been major targets
of antiviral ribozymes. For example, a chemically stabilized hammerhead ribozyme has been designed that targets the highly conserved 5 -UTR of HCV. In
cell culture, it inhibited replication of an HCV/poliovirus chimera by up to 90%
(Macejak et al. 2000). This ribozyme, dubbed Heptazyme, has subsequently
been employed in clinical trials as will be outlined below. A different approach
has been developed to generate a ribozyme targeting HBV by expression of
a triple-ribozyme cassette that undergoes intracellular self-processing (Pan
et al. 2004). This sophisticated construct was suitable to reduce viral DNA in
the liver of transgenic mice by greater than 80%, as measured 2 weeks after infection. Furthermore, a DNAzyme containing phosphoroamidate nucleotides
was capable of inhibiting the replication of inﬂuenza A viruses by more than
99% (Takahashi et al. 2004).
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3.3
Ribozymes in Clinical Trials
Several ribozymes have already been tested in clinical trials (summarized in
Sullenger and Gilboa 2002; Schubert and Kurreck 2004). Most of these studies
were intended to treat viral infections, while some ribozymes were used in
attempts to inhibit cancer growth. For clinical trials, ribozymes were either expressed intracellularly from vectors or delivered as chemically presynthesized
ONs.
The ﬁrst phase I clinical trials in the mid 1990s were conducted with retroviral vectors that delivered hammerhead and hairpin ribozymes targeting
HIV-1 RNA. Lymphocytes or hematopoietic precursor cells that had been
isolated from infected individuals or their healthy twins were treated with
the ribozyme vectors ex vivo. After selection and expansion, the transduced
cells were infused into the bloodstream of the infected patient. The treatment was supposed to increase the resistance of hematopoietic cells against
spreading of the virus. Although the procedure was found to be safe and
ribozyme expression in transduced cells could be detected, the duration of
the protective effect was unsatisfactory. It will therefore be necessary to develop and improve methods to transduce pluripotent hematopoietic stem
cells in order to achieve long-term resistance against HIV (Michienzi et al.
2003).
In addition to these studies to treat patients with HIV infections, one clinical
trial was initiated with a hammerhead ribozyme targeting HCV. In contrast to
the trials described in the preceding paragraph, in which viral vectors were
employed to deliver ribozymes, the aforementioned chemically presynthesized
ribozyme Heptazyme was used for these tests (Usman and Blatt 2000). Encouraging results of initial clinical studies led to the initiation of a phase II trial
with Heptazyme alone and in combination with interferon (IFN) in 2001. The
ﬁnding that the HCV RNA level in the serum of patients treated with the ribozyme was reduced by only 10%, along with results from toxological studies,
led to the decision to stop clinical experimentation of Heptazyme (Peracchi
2004).
Taken together, ribozymes to treat viral infections or cancer were well tolerated in clinical settings, but their therapeutic efﬁciency was rather low. Recent
ﬁndings indicate that the minimized ribozyme variants used in these trials
lacked sequence elements that are essential for high catalytic activity under physiological conditions (Khvorova et al. 2003a). Since a new technique
believed to be much more efﬁcient has emerged with the discovery of RNA interference (RNAi), most approaches to develop RNA-based therapeutics have
now been switched to the use of siRNA rather than ribozymes.
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4
RNA Interference
RNAi denotes the disruption of RNA molecules induced by double-stranded
(ds)RNA of the same sequence. The process was ﬁrst identiﬁed in the nematode
Caenorhabditis elegans (Fire et al. 1998). Subsequent work elucidated the biochemical basis underlying this mechanism (for a recent review, see Meister and
Tuschl 2004): Long dsRNA is cut up by an RNase III-type endonuclease termed
Dicer, resulting in 19mer RNA duplexes with symmetrical two-nucleotide overhangs at both 3 -ends, known as “small interfering RNAs” (siRNAs). One of the
strands, preferably the AS strand, is subsequently incorporated into a proteinaceous complex called “RNA-induced silencing complex,” RISC, whose exact
composition is still under investigation. The RNA strand programs RISC to act
speciﬁcally on RNAs of the complementary sequence. The targeted molecule
is bound and cleaved in the center of the target sequence. Afterwards, the
damaged RNA molecule is quickly degraded by cellular nucleases, while RISC
can go on through several rounds of cleavage (Haley and Zamore 2004). In
contrast to RNase H-mediated cleavage induced by AS ONs, this process takes
place predominantly in the cytoplasm (Fig. 1).
The overall mechanism of gene silencing mediated by dsRNA is conserved
in virtually all eukaryotes. In mammals, however, the presence of dsRNA
exceeding 30 bp in the cytoplasm can initiate the innate IFN immune response,
resulting in extensive cell death. This unspeciﬁc reaction, which has hampered
the use of RNAi in mammalian cells, can be avoided if 21mer siRNA molecules
are employed (Elbashir et al. 2001). siRNAs were shown to be extremely potent
inhibitors of target gene expression (e.g., Grunweller et al. 2003). They have
meanwhile been used to knock down a plethora of individual genes in cell
culture experiments in order to investigate gene function or to trace molecular
pathways (Silva et al. 2004). RNAi has also been applied in mouse models of
human disease (summarized in Sioud 2004; and the chapter by M. Sioud, this
volume). Comprehensive overviews on the current status and application of
RNAi methods are given in numerous recent reviews (e.g., Mittal 2004; Dorsett
and Tuschl 2004).
4.1
Designing Efficient siRNA Approaches
4.1.1
Selection of Efficient siRNAs and Suitable Targets
Targeted degradation of an RNA molecule triggered by siRNAs is a multistep
process. At least two factors are critical to its efﬁcacy:
1. siRNA structure: The assembly of the RNAi enzyme complex RISC has been
shown to be dependent on thermodynamic characteristics of the siRNA
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with respect to the relative stability of both ends of the duplex (Khvorova et
al. 2003b; Schwarz et al. 2003). Based on these ﬁndings, several algorithms
have been developed to predict efﬁcient siRNAs (e.g., Reynolds et al. 2004).
2. Accessibility of the target sequence: We and others have observed that
even a well-designed siRNA with excellent thermodynamic features may
show no silencing activity when the target region is sequestered in stable
internal structures (Kretschmer-Kazemi Far and Sczakiel 2003; Schubert
et al. 2005b). For example, targeting of the 5 -UTR of picornaviruses has
turned out to be particularly inefﬁcient (Schubert et al. 2005a; Phipps et al.
2004; Saleh et al. 2004). This region is known to be highly structured, and
it associates with cellular and viral proteins, possibly precluding siRNAs
from hybridizing. Similarly, some viral RNA species have been found to be
resistant to degradation by RNAi: siRNAs directed against HIV-1, rotavirus,
and respiratory syncytial virus each afforded degradation only of the mRNA
species of the viruses, but did not interfere with viral genomic RNA of the
same sequence (Bitko and Barik 2001; Arias et al. 2004; Hu et al. 2002). This
observation is most likely due to extensive association of the viral genomic
RNAs with proteins or its localization to compartments inaccessible to RISC.
4.1.2
Delivery of siRNAs
Looking back on 20 years of effort with the delivery of ribozymes and AS ONs,
researchers today can beneﬁt from a rich body of experience regarding ON
transfer into cells (see above and Seksek and Bollard 2004 for a review). Similar
to ribozymes, siRNAs can be delivered as presynthesized dsRNA molecules,
or they can be expressed intracellularly from plasmids. Transfection efﬁciency
for presynthesized siRNAs is usually quite high in standard cell lines, but the
silencing effect wears off in a matter of days as the intracellular concentration
of siRNA decreases due to cell division and degradation by cellular nucleases.
In addition, siRNAs have to be modiﬁed chemically to increase their nuclease
resistance in body ﬂuids.
To achieve longer lasting knockdown, plasmid vectors have been designed
that afford continuous expression of short hairpin (sh)RNAs, which are intracellularly processed to give siRNAs (Fig. 4; Mittal 2004). The use of plasmid
vectors allows for the selection of stably transfected cells that have been shown
to exert gene-silencing activity, even 2 months after vector delivery (Brummelkamp et al. 2002). Delivery of plasmid DNA using standard transfection
protocols, however, is often unsatisfactory, particularly when primary cells or
stem cells are concerned. More efﬁcient uptake can be achieved by exploiting
the natural ability of viruses to infect host cells. Oncoviruses, lentiviruses,
adenoviruses, and recombinant adeno-associated viruses are the viral classes
most often employed as shuttles for delivery of transgenes into cells. An excel-
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Fig. 4 Vector expression of siRNAs. In the ﬁrst step, a self-complementary RNA, named short
hairpin RNA (shRNA), is expressed under control of a polymerase III promoter. The shRNA
is subsequently processed to give an siRNA by the endonuclease Dicer. An siRNA double
expression (SiDEx) vector can be employed to express two shRNAs directed against different
sites on the same target RNA simultaneously (Schubert et al. 2005a). Thus, mutations in one
of the target sites leading to abrogation of silencing can be compensated by the unaltered
efﬁciency of the second siRNA (for further details, see text)

lent comprehensive overview on viral delivery systems is given in the paper by
Thomas et al. (2003).
Systemic delivery into mice is usually performed by injecting the siRNA into
the tail vein in a large volume of liquid using high pressure, a method termed
hydrodynamic tail vein injection (Fig. 5). siRNAs are subsequently found to
be enriched in the liver. High-pressure injection, however, is not applicable to
humans, and more subtle ways of systemic administration need to be sought.
One of the most promising reports yet has come from Alnylam Pharmaceuticals. In their study, an siRNA was conjugated with a cholesterol molecule.
This construct had substantially improved pharmacokinetic properties and
efﬁciently reduced plasma levels of endogenous apolipoprotein B in mice after
intravenous administration (Soutschek et al. 2004).
4.1.3
Specificity of siRNAs
siRNAs are considered highly speciﬁc molecular tools, but their capacity to discriminate against mismatches seems to be dependent on the siRNA sequence
and position of the mismatched nucleotides. Unspeciﬁc effects of siRNAs have
been described in several reports. Semizarov et al. (2003) found induction of
genes related to stress and apoptosis at higher siRNA concentrations. Further-
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Fig. 5 Hydrodynamic tail vein injection: siRNAs are rapidly injected into the tail vein of mice
in a large volume of ﬂuid. The siRNAs accumulate preferentially in the liver

more, off-target effects were detected by expression proﬁling, and induction of
the IFN response by shRNAs or siRNAs has also been reported (Jackson et al.
2003; Bridge et al. 2003; Sledz et al. 2003). Moreover, siRNAs were shown to
inhibit translation of partially complementary mRNA molecules by imperfect
hybridization in a microRNA-like manner (Doench and Sharp 2004; Scacheri
et al. 2004). Most siRNAs will have partial complementarity with one or more
human genes and are thus prone to unintended gene silencing. It is therefore advisable to employ only highly efﬁcient siRNAs, so that low doses yield
sufﬁcient results and side effects are expected to be minimized. For a further
discussion of relevant issues concerning efﬁciency and speciﬁcity of RNAi
approaches, see Hannon and Rossi (2004).
4.1.4
Viral Escape
Viruses often elude long-term inhibition by acquiring mutations that render
the antiviral compound ineffective. This problem has been observed in RNAi
approaches for sustained inhibition of both poliovirus and HIV-1 (Gitlin et al.
2002; Boden et al. 2003; Das et al. 2004). Although the siRNAs employed in these
studies inhibited viral propagation initially, virus titers increased again upon
prolonged incubation. Analysis of the resistant mutants revealed either a point
mutation in the target region or extensive rearrangements of the viral RNA.
Several strategies may be useful to prevent the enrichment of escape mutants.
One is targeting of conserved sequences that are less likely to yield viable virus
after mutation. Another is reducing levels of host cellular genes necessary for
viral entry or propagation, which has led to substantial reduction of virus titers
(Zhang et al. 2004; Novina et al. 2002). Cellular genes are less prone to mutation
and are therefore less likely to allow viral escape of silencing. When pursuing
such an approach, however, the risk of side-effects must obviously be addressed
thoroughly. In analogy to conventional combination therapy, a third strategy
to prevent escape-mutant enrichment involves two or more siRNAs being used
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simultaneously. We have recently described an siRNA double expression vector
(SiDEx) containing genes for two different siRNAs both targeted against the
RNA-dependent RNA polymerase of coxsackievirus B3 (Schubert et al. 2005a;
Fig. 4). Even when an artiﬁcial point mutation was introduced into the target
gene so that the respective mono-expression vector was no longer capable
of silencing, the double expression vector maintained high silencing activity.
Although we did not ﬁnd any deleterious effect of the simultaneous use of
two siRNAs, it has been observed that different siRNAs present in one cell
may compete for access to the RNAi machinery (Bitko et al. 2005). Thus, the
efﬁciency of one siRNA may be compromised due to the presence of a second
species. Another difﬁculty in preventing viral escape may be the amount of
viral particles present in the blood of patients in the state of viremia. In HCV
infection, up to 107 virions per milliliter may be present in the bloodstream,
so that even 90% reduction of the titer may still leave enough virus particles
intact to allow escape. The highest efﬁciency knockdown is therefore even
more desirable.
4.2
Antiviral RNAi Approaches
A vast body of studies reporting the employment of RNAi for antiviral purposes
in mammalian cells has already been published. The extent of inhibition of viral
propagation measured in these studies is dependent on several factors, some
of which are choice of cell line, virulence and titer of the virus strain, siRNA
delivery method, time between infection and siRNA delivery, and the time
and method of readout and detection. It is thus difﬁcult to make quantitative
comparisons between the studies or to draw conclusions as to a possible clinical
utility of individual compounds from cell-culture experiments. In the following
paragraphs, some studies will be discussed that are likely to lead to clinical
applications in the nearer future. We are aware of the fact that our selection
is biased. Comprehensive overviews of the classes of viruses that have been
targeted by RNAi are provided in the papers by Haasnoot et al. (2003) and
Ryther et al. (2005).
4.2.1
Respiratory Diseases
Inﬂuenza is a major threat for societies worldwide. At least 20 million people
died in the catastrophic outbreak of the virus in 1918. Inﬂuenza viruses are
enveloped, single-stranded RNA viruses whose genome is segmented into
eight parts of negative polarity. They are notorious for changing their outward
shape due to small mutations in the principal antigens. Thus, the virus may
escape protective immunity induced by a previously prevalent viral strain.
Vaccination can provide effective protection against inﬂuenza virus infection.
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In older or immunocompromised people, however, vaccination’s efﬁcacy is
rather limited. Recently, warnings about the threat of an inﬂuenza pandemic
have been discussed in a news focus by Enserink (2004).
Ge and colleagues (2003) tested the antiviral effect of 20 siRNAs directed
against conserved regions of inﬂuenza A virus in cell culture and embryonated
chicken eggs. Three of these siRNAs were potent inhibitors of viral propagation.
While one siRNA reduced only the level of its speciﬁc target mRNA, two others
resulted in reduced levels of all viral RNA species. The authors conclude that
the targeted proteins have critical roles in viral transcription and replication.
About 1 year later, successful application of the previously identiﬁed siRNAs
in mice was reported in two studies. Tompkins and coworkers (2004) administered siRNAs by hydrodynamic tail vein injection followed by viral infection
16–24 h later. After 2 days, virus titers in the lungs were 10- to 56-fold lower
than in mice receiving an unrelated control siRNA. By day 18 post challenge,
60% of the animals treated with control siRNA had died, whereas mortality
was reduced to 10%–20% in siRNA-treated animals. A combination of both
siRNAs yielded 100% survival.
In the second study, siRNAs were administered complexed with polyethyleneimine (PEI) by intravenous injection, a method compatible with use in humans (Ge et al. 2004). PEI-complexed nucleic acids were found predominantly
in the lungs. Reduction of virus titers 24 h after infection was approximately
tenfold, even when siRNAs were administered 5 h after infection. Also, plasmid
DNA coding for shRNAs was found to inhibit viral propagation in mice when
administered intravenously in complex with PEI or instilled in the lungs.
Recently, intranasal administration of siRNAs to the lungs has been reported
by two groups (Bitko et al. 2005; Zhang et al. 2005). The siRNAs were directed
against different regions of respiratory syncytial virus (RSV), a major respiratory pathogen of the family Paramyxoviridae that contains nonsegmented
(−) strand RNA genomes (Barik 2004). When 5 nmol of an efﬁcient siRNA
was administered intranasally with or without transfection agents, viral titers
were reduced in the lungs of mice by up to three orders of magnitude. In addition, siRNA-treated mice showed no signs of respiratory distress during up to
6 weeks of observation. When used against an ongoing infection, the antiviral
effect decreased, but remained clearly visible even when siRNAs were given
4 days after viral challenge.
The siRNA applied by Zhang and coworkers (2005) was directed against the
viral NS1 gene that antagonizes IFN-β signaling in the host. shRNA-expressing
plasmids complexed with nanochitosan, a natural, biodegradable polymer,
were delivered 2 days before viral inoculation. NS1 expression in the lungs was
diminished 18 h later, whereas other viral genes remained unaffected. This
observation lends further proof to the ﬁnding discussed above, namely that
the viral genomic RNA may be inaccessible to RNAi. IFN-β levels in the lung
tissue of mice were signiﬁcantly increased in animals that received anti-NS1
shRNA before infection. Treatment with siRNA up to 3 days after infection still
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reduced virus titer in the lungs. Moreover, mice treated with NS1 shRNA 2 days
after infection showed a substantial decrease in lung inﬂammation compared
to control mice.
4.2.2
Viral Hepatitis
HBV is a partially double-stranded DNA virus of the Hepadnaviridae family
that primarily infects the liver. Although efﬁcient vaccines are available, an
estimated one million people die every year of HBV-related diseases, and the
number of carriers lays around 350 million. Chronic infection can give rise
to liver cirrhosis and hepatocellular carcinoma. After having entered the cell,
the viral genome is transported to the nucleus, where four RNA species are
transcribed and exported to the cytoplasm. One 3.5-kb transcript, referred to
as pregenomic RNA, also serves as a template for reverse transcription. RNAi
cannot target the viral circular dsDNA that resides in cell nuclei of chronically
infected patients, but interference with one or more of the mRNA species
has been reported repeatedly. Replication of HBV is not supported by most
animals. Therefore, replication-competent plasmids have been developed that
mimic most of the steps of the viral life cycle in cell culture and small animals.
In what was one of the ﬁrst reports on functional antiviral RNAi in mammals, McCaffrey and colleagues (2003) co-injected shRNA expression vectors
and a plasmid containing an HBV replicon into the tail vein of mice, using hydrodynamic transfection. After 7 days, the livers of the animals were probed for
replicated genomic viral DNA and RNA transcripts by Northern and Southern
blotting. The shRNAs signiﬁcantly reduced the level of HBV RNA and DNA.
Also, the amount of HBV surface antigen HBsAg in serum was decreased by up
to 85% using the most effective of the shRNAs under investigation. In addition,
however, two unexplained observations were reported: (1) An shRNA directed
against a site present only in the longest of the four mRNAs was found to reduce
not only the level of the targeted mRNA, but also levels of the other viral transcripts. (2) Treatment with any shRNA including an unrelated control shifted
the balance of single-stranded and double-stranded genomic DNA towards the
single-stranded form. These data raise the possibility that shRNAs may have
sequence-independent antiviral effects whose mechanisms are unknown as yet.
Chemically synthesized siRNAs were employed by Klein and coworkers
(2003) for tail vein injection together with the replication-competent HBV
plasmid. Both siRNAs inhibited expression of their target proteins in the liver
of mice. While the effect of one of the siRNAs was sustained for at least 11 days,
inhibition by the second siRNA ceased around day 5.
Uprichard and coworkers (2005) succeeded in clearing a preexisting HBV
gene expression from the liver of mice. Antigen levels in the serum, RNA expression, and the presence of replicative DNA intermediates were all signiﬁcantly
reduced in transgenic mice containing an HBV-plasmid. shRNA-expressing
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vectors were administered by hydrodynamic tail vein injection of recombinant
adenoviruses. The antiviral effect was sustained for at least 26 days. Interestingly, in this study the level of 3.5-kb RNA was somewhat less reduced than the
level of the 2.1-kb transcripts, although both species contained the target sites.
The reason for this observation lends itself to some speculation.
Another major hepatic pathogen is HCV (see above), which also cannot
easily be grown in cell culture. For this reason, plasmid replicons containing subgenomic fragments or the whole genome of HCV are used. To show
the general applicability of antiviral RNAi approaches in mice, McCaffrey
and colleagues (2002) used high-pressure tail vein injection to deliver a plasmid expressing a fusion construct of luciferase and the viral protein NS5B
to the livers of mice. When siRNAs or shRNA-expressing plasmids were cotransfected with the reporter plasmid, 80% and 90% reduction of luciferase
expression over the whole body of the animals were measured, respectively.
Several groups have reported on siRNAs directed against different regions on
the mRNA of HCV that reduced viral RNA and protein levels (for a listing,
see Radhakrishnan et al. 2004; Randall and Rice 2004). Randall and colleagues
(2003) found a greater than 98% inhibition of RNA levels on transfection of an
efﬁcient siRNA. This decrease may have its cause either in equal reduction of
HCV RNA in all cells, or in complete destruction of viral RNA in most of the
cells. Using immunoﬂuorescence techniques, the authors found that indeed
almost all cells were completely clear of the HCV NS5A protein. Few cells,
however, ﬂuoresced brightly, indicating that no detectable reduction in HCV
levels had taken place. To achieve sustained inhibition, stable transfection of
shRNA expression vectors has been performed. Wilson and colleagues (2004)
found a 70% reduction of HCV-gene expression when cells were challenged
with the replicon that had been stably transfected with shRNA 3 weeks earlier.
Zhang and coworkers (2004) used adenoviral delivery to knock down cellular
targets indispensable for HCV replication and achieved signiﬁcant reductions
in HCV-expressing cells.
4.2.3
HIV
The greatest body of work regarding antiviral RNAi approaches has been
performed on HIV. As outlined above, efforts have already been taken to
inhibit the spread of this devastating virus by means of gene therapy employing
ribozymes. RNAi has proved signiﬁcantly more potent than ribozymes in the
reduction of virus titers. Therefore, employing shRNA-expressing vectors for
gene therapy in settings that have been validated with ribozymes may boost
the efﬁciency of the approach.
Numerous siRNAs and shRNAs have been directed against different regions
on HIV RNA that successfully suppressed viral gene expression and replication
(see, e.g., the comprehensive list given in Haasnoot et al. 2003; Hannon and
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Rossi 2004). Early on, the question was raised which step of the viral life cycle
siRNAs would interfere with. Jacque and colleagues (2002) tested a number
of presynthesized siRNAs and plasmid-expressed shRNAs against the viral
vif and nef genes as well as the long terminal repeat (LTR). These siRNAs
suppressed the production of viral particles from an infectious HIV clone 20to 50-fold. The authors also found a dramatic inhibition of viral genomic RNA,
complementary (c)DNA, and integrated DNA. From these studies, it can be
concluded that the siRNAs employed in this case inhibited the viral life cycle at
an early stage. Somewhat different results, however, were presented by Hu and
coworkers (2002) who found no reduction of viral cDNA in cells that had been
transfected with potent siRNAs against viral gag and pol RNA. Coburn and
Cullen (2002) used siRNAs against tat and rev and noticed a slight decrease
in proviral DNA production that does not seem to be sufﬁcient to explain the
massive drop in viral gene expression brought about by the siRNAs. If and
to what extent incoming viral RNA is accessible to RNAi is thus still under
discussion.
Viral escape has been shown to be a major problem when trying to inhibit
HIV-1 replication (see above). Several groups have therefore turned to silencing
cellular genes necessary for viral propagation (Arteaga et al. 2003). Qin and
colleagues (2003) transduced T lymphocytes from uninfected individuals with
a lentiviral vector coding for an siRNA against CCR5, the viral coreceptor.
A tenfold downregulation of the expression of the receptor was observed that
led to a 3- to 7-fold protection against viral challenge. CCR5 may be a suitable
target for interference with HIV-1 entry because it is not essential for normal
immune function.
An elegant method of targeted delivery of a transgene coding for an siRNA
is to isolate hematopoietic progenitor cells that give rise to the hematopoietic
cells capable of being infected by the virus. These cells are then transduced with
the transgene of choice and reinfused into the patient. Banerjea and coworkers (2003) have used a lentiviral vector to introduce an anti-rev siRNA into
primary CD34+ hematopoietic progenitor cells. The cells were subsequently
expanded in SCID-hu thy/liv grafts. After 60 days, the mice were sacriﬁced and
thymocytes were collected. In one animal, 3% of the cells were positive for the
transgene, whereas another animal showed 53% positivity. The in vivo-derived
thymocytes that were positive for the transgene were subsequently enriched
and challenged with HIV-1. siRNA-expressing thymocytes showed signiﬁcant
protection against the viral challenge as long as 10 days post infection.
Because of the signiﬁcant experience obtained with anti-HIV ribozymes and
the high relevance and urgent need for new and cheap HIV-therapeutics, human clinical trials employing the RNAi approach against viruses are expected
to begin soon (Hannon and Rossi 2004).
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4.2.4
Coxsackievirus B3
In our own research, we focus on the siRNA-induced inhibition of CBV-3,
which is a major myocardial pathogen that causes severe heart muscle infections (see Sect. 2.2). In our opinion, CBV-3 is particularly well suited to
be targeted by siRNAs, since the virus has a cytoplasmic lifecycle. Complete
virus clearance by RNAi can be expected only for this type of virus, because
viral DNA genomes or DNA intermediates of retroviruses are not susceptible
to RISC-mediated cleavage (Fig. 1). Initial experiments with siRNAs directed
against the 5 -UTR of CBV-3 were unsuccessful, most likely due to the stable
secondary structure of this region of the viral genome. Subsequent efforts to
target the 3D RNA-dependent RNA polymerase with siRNAs, however, led to
a concentration-dependent inhibition of the virus. A plaque assay revealed a reduction of virus propagation by one log10 step (Schubert et al. 2005a). Another
aspect supports the idea to use RNAi approaches against coxsackieviruses. In
a clinical phase II trial, Kühl et al. (2003) demonstrated that IFN-β treatment
eliminates cardiotropic viruses and improves left ventricular function. The
effect of siRNAs is more speciﬁc than that of IFN-β, but the observed induction
of the IFN response by siRNAs (Sledz et al. 2003), an undesired side effect in
most cases, may prove beneﬁcial in this application.
4.3
From Bench to Bedside
In evaluating the state of development that RNAi techniques have achieved,
we must ask: How long will it take until the ﬁrst drug is approved that acts by
means of RNAi? Enthusiasm about this novel and highly efﬁcient technique and
skepticism about its applicability are in balance for the time being. Expectations
may be somewhat limited, as 20 years of research on the medical application
of AS molecules has led to no more than a single approved AS drug of minor
commercial signiﬁcance and one approved aptamer.
A number of companies like Alnylam Pharmaceuticals, Benitec, International Therapeutics, CytRx Corporation, Sirna Therapeutics, and Nucleonics
are developing siRNAs for the treatment of viral infections such as HIV, HCV,
and HBV, according to the companies’ respective Web sites. Two companies,
Sirna Therapeutics and Acuity Pharmaceuticals, have recently initiated phase I
clinical studies of siRNAs interfering with vascularization for treatment of agerelated macular degeneration. Results from these studies would be the ﬁrst
clinical data available for siRNAs and may allow better-founded predictions on
the future of RNAi in therapeutic approaches.
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5
Conclusions
ONs are a valuable alternative to low molecular weight compounds for the treatment of viral infections. AS ONs and ribozymes have been used for many years
to inhibit virus replication. Some of the most advanced molecules have even
been evaluated in clinical trials, and the only approved antisense drug to date
is an antiviral AS ON. Despite being well tolerated in the doses employed, AS
ONs and ribozymes frequently failed to provide convincing evidence for their
therapeutic beneﬁt. The more recently developed RNAi technology, however,
is likely to overcome most of the problems of the aforementioned approaches
due to its higher efﬁciency. Only three and a half years after the initial description of gene silencing by siRNAs in mammalian cells, the ﬁrst clinical
trials based on the principle of RNAi have commenced. Furthermore, siRNAs
against cancer and viral targets can be expected to enter the clinic soon. One
of the major problems of long-term inhibition of viruses is their ability to
escape any kind of treatment due to their high mutation rate. It will therefore
be advantageous to select sequences of the virus that are highly conserved.
In addition, several distinct regions of the virus should be targeted simultaneously with either siRNA double expression (SiDEx) vectors (Schubert et al.
2005a) or by combining different types of antiviral agents, e.g., ribozymes and
siRNAs (Michienzi et al. 2003). After the principle establishment of ONs as
antiviral agents, these techniques will offer the opportunity to rapidly develop
inhibitors of newly discovered viruses or variants of well-known viruses.
Acknowledgements The authors wish to thank Volker A. Erdmann for his continuous
support and inspiration and all lab members for their help and engagement for the scientiﬁc
work. We are furthermore thankful to our collaborators Heinz Zeichhardt and Hans-Peter
Grunert for introducing us into the ﬁeld of virology. Financial support by the Deutsche
Forschungsgemeinschaft (DFG Ku-1436, SFB/TR19 TP C1) and the Fonds der Chemischen
Industrie is gratefully acknowledged.

References
Agrawal S, Kandimalla ER (2004) Antisense and siRNA as agonists of toll-like receptors. Nat
Biotechnol 22:1533–1537
Arias F, Dector MA, Segovia L, Lopez T, Camacho M, Isa P, Espinosa R, Lopez S (2004) RNA
silencing of rotavirus gene expression. Virus Res 102:43–51
Arteaga HJ, Hinkula J, van Dijk-Härd I, Dilber MS, Wahren B, Christensson B, Mohamed AJ,
Smith CIE (2003) Choosing CCR5 or Rev siRNA in HIV-1. Nat Biotechnol 21:230–231
Arzumanov A, Walsh AP, Rajwanshi VK, Kumar R, Wengel J, Gait MJ (2001) Inhibition
of HIV-1 Tat-dependent trans activation by steric block chimeric 2 -O-methyl/LNA
oligoribonucleotides. Biochemistry 40:14645–14654

Oligonucleotide-Based Antiviral Strategies

283

Bai J, Banda N, Lee NS, Rossi J, Akkina R (2002) RNA-based anti-HIV gene therapeutic
constructs in SCID-hu mouse model. Mol Ther 6:770–782
Banerjea A, Li M-J, Bauer G, Remling L, Lee N-S, Rossi J, Akkina R (2003) Inhibition of HIV-1
by lentiviral vector-transduced siRNAs in T lymphocytes differentiated in SCID-hu mice
and CD34+ progenitor cell-derived macrophages. Mol Ther 8:62–71
Barik S (2004) Control of nonsegmented negative-stand RNA virus replication by siRNA.
Virus Res 102:27–35
Beigelman L, McSwiggen JA, Draper KG, Gonzalez C, Jensen K, Karpeisky AM, Modak AS,
Matulic-Adamic J, DiRenzo AB, Haeberli P, Sweedler D, Tracz D, Grimm S, Wincott FE,
Thackaray VG, Usman N (1995) Chemical modiﬁcation of hammerhead ribozymes. J Biol
Chem 270:25702–25708
Bitko V, Barik S (2001) Phenotypic silencing of cytoplasmic genes using sequence-speciﬁc
double-stranded short interfering RNA and its application in the reverse genetics of wild
type negative-strand RNA viruses. BMC Microbiol 1:34
Bitko V, Musiyenko A, Shulyayeva O, Barik S (2005) Inhibition of respiratory viruses by
nasally administered siRNA. Nat Med 11:50–55
Boden D, Pusch O, Lee F, Tucker L, Ramratnam B (2003) Human immunodeﬁciency virus
type 1 escapes from RNA interference. J Virol 77:11531–11535
Bridge AJ, Pebemard S, Ducraux A, Nicoulaz L, Iggo R (2003) Induction of an interferon
response by RNAi vectors in mammalian cells. Nat Genet 34:263–264
Brummelkamp TR, Bernards R, Agami R (2002) A system for stable expression of short
interfering RNAs in mammalian cells. Science 296:550–553
Coburn GA, Cullen BR (2002) Potent and speciﬁc inhibition of human immunodeﬁciency
virus type 1 replication by RNA interference. J Virol 76:9225–9231
Crooke ST (2004) Progress in antisense technology. Annu Rev Med 55:61–95
Darfeuille F, Hansen JB, Orum H, Di Primo C, Toulme J-J (2004) LNA/DNA chimeric
oligomers mimic RNA aptamers targeted to the TAR RNA element of HIV-1. Nucleic
Acids Res 32:3101–3107
Das AT, Brummelkamp TR, Westerhout EM, Vink M, Madiredjo M, Bernards R, Berkhout B
(2004) Human immunodeﬁciency virus type 1 escapes from RNA interference-mediated
inhibition. J Virol 78:2601–2605
De Beuckelaer A, Fürste J-P, Gruszecka M, Wittmann-Liebold B, Erdmann VA (1999) Selection of RNA aptamers that bind to a peptide of the canyon region of human rhinovirus
14. In: Wagner E et al. (eds) Proceedings of the International Congress on Endocytobiology, Symbiosis and Biomedicine, Freiburg im Breisgau, Germany, 5–9 April 1998,
Endocytobiology, VII. “From Symbiosis to Eukaryotism”. Freiburg, pp 565–577
De Clercq E (2004) Antivirals and antiviral strategies. Nat Rev Microbiol 2:704–720
Doench JG, Sharp PA (2004) Speciﬁcity of microRNA target selection in translational repression. Genes Dev 18:504–511
Dorsett Y, Tuschl T (2004) siRNAs: applications in functional genomics and potential as
therapeutics. Nat Rev Drug Discov 3:318–329
Doudna JA, Cech TR (2002) The chemical repertoire of natural ribozymes. Nature 418:222–
228
Eckstein F (2000) Phosphorothioate oligonucleotides: what is their origin and what is unique
about them? Antisense Nucleic Acid Drug Dev 10:117–121
Elbashir SM, Harborth J, Lendeckel W, Yalcin A, Weber K, Tuschl T (2001) Duplexes of
21-nucleotide RNAs mediate RNA interference in cultured mammalian cells. Nature
411:494–498

284

S. Schubert · J. Kurreck

Elmén J, Zhang H-Y, Zuber B, Ljungberg K, Wahren B, Wahlestedt C, Liang Z (2004) Locked
nucleic acids containing antisense oligonucleotides enhance inhibition of HIV-1 genome
dimerization and inhibit virus replication. FEBS Lett 578:285–290
Enserink M (2004) Looking the pandemic in the eye. Science 306:392–394
Fire A, Xu S, Montgomery MK, Kostas SA, Driver SE, Mello CC (1998) Potent and speciﬁc genetic interference by double-stranded RNA in Caenorhabditis elegans. Nature
391:806–811
Ge Q, McManus MT, Nguyen T, Shen C-H, Sharp PA, Eisen HN, Chen J (2003) RNA interference of inﬂuenza virus production by directly targeting mRNA for degradation and
indirectly inhibiting all viral transcription. Proc Natl Acad Sci USA 100:2718–2723
Ge Q, Filip L, Bai A, Nguyen T, Eisen HN, Chen J (2004) Inhibition of inﬂuenza virus
production in virus-infected mice by RNA interference. Proc Natl Acad Sci USA 101:8676–
8681
Gitlin L, Karelsky S, Andino R (2002) Short interfering RNA confers intracellular antiviral
immunity in human cells. Nature 418:430–434
Goila R, Banerjea A (1998) Sequence speciﬁc cleavage of the HIV-1 coreceptor CCR5 gene
by a hammer-head ribozyme and a DNA-enzyme: inhibition of the coreceptor function
by a DNA-enzyme. FEBS Lett 435:233–238
Grunweller A, Wyszko E, Bieber B, Jahnel R, Erdmann VA, Kurreck J (2003) Comparison
of different antisense strategies in mammalian cells using locked nucleic acids, 2 Omethyl RNA, phosphorothioates and siRNA. Nucleic Acids Res 31:3185–3193
Haasnoot PCJ, Cupac D, Berkhout B (2003) Inhibition of virus replication by RNA interference. J Biomed Sci 10:607–616
Haley B, Zamore PD (2004) Kinetic analysis of the RNAi enzyme complex. Nat Struct Mol
Biol 11:599–606
Hannon GJ, Rossi JJ (2004) Unlocking the potential of the human genome with RNA interference. Nature 431:371–377
Hu W-Y, Myers CP, Kilzer JM, Pfaff SL, Bushman FD (2002) Inhibition of retroviral pathogenesis by RNA interference. Curr Biol 12:1301–1311
Jackson AL, Bartz SR, Schelter J, Kobayashi SV, Burchard J, Mao M, Li B, Cavet G, Linsey PS
(2003) Expression proﬁling reveals off-target gene regulation by RNAi. Nat Biotechnol
21:635–637
Jacque J-M, Triques K, Stevenson M (2002) Modulation of HIV-1 replication by RNA interference. Nature 418:435–438
Jepsen JS, Wengel J (2004) LNA-antisense rivals siRNA for gene silencing. Curr Opin Drug
Discov Devel 7:188–194
Jing N, Xu X (2001) Rational drug design of DNA oligonucleotides as HIV inhibitors. Curr
Drug Targets 1:79–90
Khvorova A, Lescoute A, Westhof E, Jayasena SD (2003a) Sequence elements outside the
hammerhead ribozyme catalytic core enable intracellular activity. Nat Struct Biol 10:708–
712
Khvorova A, Reynolds A, Jayasena SD (2003b) Functional siRNAs and miRNAs exhibit
strand bias. Cell 115:209–216
Klein C, Bock CT, Wedemeyer H, Wustefeld T, Locarnini S, Dienes HP, Kubicka S, Manns MP,
Trautwein C (2003) Inhibition of hepatitis B virus replication in vivo by nucleoside
analogues and siRNA. Gastroenterology 125:9–18
Kretschmer-Kazemi Far R, Sczakiel G (2003) The activity of siRNA in mammalian cells is
related to structural target accessibility: a comparison with antisense oligonucleotides.
Nucleic Acids Res 31:4417–4424

Oligonucleotide-Based Antiviral Strategies

285

Kühl U, Pauschinger M, Schwimmbeck PL, Seeberg B, Lober C, Noutsias M, Poller W,
Schultheiss H-P (2003) Interferon-beta treatment eliminates cardiotropic viruses and improves left ventricular function in patients with myocardial persistence of viral genomes
and left ventricular dysfunction. Circulation 107:2793–2798
Kurreck J (2003) Antisense technologies: improvement through novel chemical modiﬁcations. Eur J Biochem 270:1628–1644
Kurreck J, Wyszko E, Gillen C, Erdmann VA (2002) Design of antisense oligonucleotides
stabilized by locked nucleic acids. Nucleic Acids Res 30:1911–1918
Levin AA (1999) A review of issues in the pharmacokinetics and toxicology of phosphorothioate antisense oligonucleotides. Biochim Biophys Acta 1489:69–84
Macejak D, Jensen KL, Jamison S, Domenico K, Roberts EC, Chaudhary N, von Carlowitz I,
Bellon L, Tong MJ, Conrad A, Pavco PA, Blatt LM (2000) Inhibition of Hepatitis C Virus
(HCV)-RNA-dependent translation and replication of a chimeric HCV Poliovirus using
synthetic stabilized ribozymes. Hepatology 31:769–776
Martinand-Mari, C, Lebleu B, Robbins I (2003) Oligonucleotide-based strategies to inhibit
human hepatitis C virus. Oligonucleotides 13:539–548
McCaffrey AP, Meuse L, Pham TT, Conklin DS, Hannon GJ, Kay MA (2002) RNA interference
in adult mice. Nature 418:38–39
McCaffrey AP, Nakai H, Pandey K, Huang Z, Salazar FH, Xu H, Wieland SF, Marion PL,
Kay MA (2003) Inhibition of hepatitis B virus in mice by RNA interference. Nat Biotechnol
21:639–644
McKnight KL, Heinz BA (2003) RNA as a target for developing antivirals. Antivir Chem
Chemother 14:61–73
Meister G, Tuschl T (2004) Mechanisms of gene silencing by double-stranded RNA. Nature
431:343–349
Michienzi A, Castonotto D, Lee N, Li S, Zaia J, Rossi JJ (2003) RNA-mediated inhibition of
HIV in a gene therapy setting. Ann N Y Acad Sci 1002:63–71
Mittal V (2004) Improving the efﬁciency of RNA interference in mammals. Nat Rev Genet
5:355–365
Ngok FK, Mitsuyasu RT, Macpherson JL, Boyd MP, Symonds GP, Amado RG (2004) Clinical
gene therapy research utilizing ribozymes. Methods Mol Biol 252:581–598
Novina CD, Murray MF, Dykxhoorn DM, Beresford PJ, Riess J, Lee S-K, Collman RG,
Lieberman J, Shankar P, Sharp PA (2002) siRNA-directed inhibition of HIV-1 infection.
Nat Med 8:681–686
Ojwang JO, Hampel A, Looney DJ, Wong-Staal F, Rappaport J (1992) Inhibition of the human
immunodeﬁciency virus type 1 expression by a hairpin ribozyme. Proc Natl Acad Sci
USA 89:10802–10806
Pan W-H, Xin P, Morrey JD, Clawson GA (2004) A self-processing ribozyme cassette: utility
against human papillomavirus 11 E6/E7 mRNA and hepatitis B virus. Mol Ther 9:596–606
Peracchi A (2004) Prospects for antiviral ribozymes and deoxyribozymes. Rev Med Virol
14:47–64
Phipps KM, Martinez A, Lu J, Heinz BA, Zhao G (2004) Small interfering RNA molecules
as potential anti-human rhinovirus agents: in vitro potency, speciﬁcity and mechanism.
Antiviral Res 61:49–55
Qin X-F, An DS, Chen ISY, Baltimore D (2003) Inhibiting HIV-1 infection in human T cells
by lentiviral-mediated delivery of small interfering RNA against CCR5. Proc Natl Acad
Sci USA 100:183–188
Radhakrishnan SK, Layden TJ, Gartel AL (2004) RNA interference as a new strategy against
viral hepatitis. Virology 323:173–181

286

S. Schubert · J. Kurreck

Randall G, Rice CM (2004) Interfering with hepatitis C virus RNA replication. Virus Res
102:19–25
Randall G, Grakoui A, Rice CM (2003) Clearance of replicating hepatitis C virus replicon
RNAs in cell culture by small interfering RNAs. Proc Natl Acad Sci USA 100:235–240
Reynolds A, Leake D, Boese Q, Scaringe S, Marshall WS, Khvorova A (2004) Rational siRNA
design for RNA interference. Nat Biotechnol 22:326–330
Ryther RCC, Flynt AS, Phillips III JA, Patton JG (2005) siRNA therapeutics: big potential
from small RNAs. Gene Ther 12:5–11
Saleh M-C, Van Rij RP, Andino R (2004) RNA silencing in viral infections: insights from
poliovirus. Virus Res 102:11–17
Santoro SW, Joyce GF (1997) A general purpose RNA-cleaving DNA enzyme. Proc Natl Acad
Sci USA 94:4262–4266
Scacheri PC, Rozenblatt-Rosen O, Caplen NJ, Wolfsberg TG, Umayam L, Lee JC, Hughes CM,
Shanmugam KS, Bhattacharjee A, Meyerson M, Collins FS (2004) Short interfering RNAs
can induce unexpected and divergent changes in the levels of untargeted proteins in
mammalian cells. Proc Natl Acad Sci USA 101:1892–1897
Schubert S, Kurreck J (2004) Ribozyme- and deoxyribozyme-strategies for medical applications. Curr Drug Targets 5:667–681
Schubert S, Gül DC, Grunert H-P, Zeichhardt H, Erdmann VA, Kurreck J (2003) RNA cleaving
“10–23” DNAzymes with enhanced stability and activity. Nucleic Acids Res 31:5982–5992
Schubert S, Fürste JP, Werk D, Grunert H-P, Zeichhardt H, Erdmann VA, Kurreck J (2004)
Gaining target access for deoxyribozymes. J Mol Biol 339:355–363
Schubert S, Grunert H-P, Zeichhardt H, Werk D, Erdmann VA, Kurreck J (2005a) Maintaining
Inhibition: siRNA double expression vectors against coxsackieviral RNAs. J Mol Biol
346:457–465
Schubert S, Grünweller A, Erdmann VA, Kurreck J (2005b) Local RNA target structure
inﬂuences siRNA efﬁcacy: systematic analysis of intentionally designed binding regions.
J Mol Biol 348:883–893
Schwarz DS, Hutvágner G, Du T, Xu Z, Aronin N, Zamore PD (2003) Asymmetry in the
assembly of the RNAi enzyme complex. Cell 115:199–208
Seksek O, Bolard J (2004) Delivery agents for oligonucleotides. Methods Mol Biol 252:545–
568
Semizarov D, Frost L, Sarthy A, Kroeger P, Halbert DN, Fesik SW (2003) Speciﬁcity of short
interfering RNA determined through gene expression signatures. Proc Natl Acad Sci
USA 100:6347–6352
Silva J, Chang K, Hannon GJ, Rivas FV (2004) RNA-interference-based functional genomics
in mammalian cells: reverse genetics coming of age. Oncogene 23:8401–8409
Sioud M (2004) Therapeutic siRNAs. Trends Pharmacol Sci 25:22–28
Sledz CA, Holko M, deVeer MJ, Silverman RH, Williams BR (2003) Activation of the interferon system by short-interfering RNAs. Nat Cell Biol 5:834–839
Sohail M, Southern EM (2000) Selecting optimal antisense reagents. Adv Drug Deliv Rev
44:23–34
Soutschek J, Akinc A, Bramlage B, Charisse K, Constien R, Donoghue M, Elbashir S, Geick A,
Hadwiger P, Harborth J, John M, Kesavan V, Lavine G, Pandey RK, Racie T, Rajeev KG,
Röhl I, Toudjarska I, Wang G, Wuschko S, Bumcrot D, Koteliansky V, Limmer S, Manoharan M, Vornlocher H-P (2004) Therapeutic silencing of an endogenous gene by systemic
administration of modiﬁed siRNAs. Nature 432:173–178
Sullenger BA, Gilboa E (2002) Emerging clinical applications of RNA. Nature 418:252–258

Oligonucleotide-Based Antiviral Strategies

287

Takahashi H, Hamazaki H, Habu Y, Hayashi M, Abe T, Miyano-Kurosaki N, Takaku H
(2004) A new modiﬁed DNA enzyme that targets inﬂuenza virus A mRNA inhibits viral
infection in cultured cells. FEBS Lett 560:69–74
Thomas CE, Ehrhardt A, Kay MA (2003) Progress and problems with the use of viral vectors
for gene therapy. Nat Rev Genet 4:346–358
Tompkins SM, Lo C-Y, Tumpey TM, Epstein SL (2004) Protection against lethal inﬂuenza
virus challenge by RNA interference in vivo. Proc Natl Acad Sci USA 101:8682–8686
Uprichard SL, Boyd B, Althage A, Chisari FV (2005) Clearance of hepatitis B virus from the
liver of transgenic mice by short hairpin RNAs. Proc Natl Acad Sci USA 102:773–778
Usman N, Blatt LM (2000) Nuclease-resistant synthetic ribozymes: developing a new class
of therapeutics. J Clin Invest 106:1197–1202
Wilson JA, Jayasena S, Khvorova A, Sabatinos S, Rodrigue-Gervais IG, Arya S, Sarangi F,
Harris-Brandts M, Beaulieu S, Richardson CD (2003) RNA interference blocks gene
expression and RNA synthesis from hepatitis C replicons propagated in human liver
cells. Proc Natl Acad Sci USA 100:2783–2788
Yuan J, Cheung PKM, Zhang H, Chau D, Yanagawa B, Cheung C, Luo H, Wang Y, Suarez A,
McManus BM, Yang D (2004) A phosphorothioate antisense oligodeoxynucleotide specifically inhibits coxsackievirus B3 replication in cardiomyocytes and mouse hearts. Lab
Invest 84:703–714
Zamecnik PC, Stephenson ML (1978) Inhibition of Rous sarcoma virus replication and cell
transformation by a speciﬁc oligodeoxynucleotide. Proc Natl Acad Sci USA 75:280–284
Zhang J, Yamada O, Sakamoto T, Yoshida H, Iwai T, Matsushita Y, Shimamura H, Araki H,
Shimotohno K (2004) Down-regulation of viral replication by adenoviral-mediated expression of siRNA against cellular cofactors for hepatitis C virus. Virology 320:135–143
Zhang W, Yang H, Kong X, Mohapatra S, San Juan-Vergara H, Hellermann G, Behera S,
Singam R, Lockey RF, Mohapatra SS (2005) Inhibition of respiratory syncytial virus
infection with intranasal siRNA nanoparticles targeting the viral NS1 gene. Nat Med
11:56–62
Zhang X, Xu Y, Ling H, Hattori T (1999) Inhibition of infection of incoming HIV-1 virus by
RNA cleaving DNA enzyme. FEBS Lett 458:151–156
Zhou C, Bahner IC, Larson GP, Zaia JA, Rossi JJ, Kohn EB (1994) Inhibition of HIV-1 in human
T-lymphocytes by retrovirally transduced anti-tat and rev hammerhead ribozymes. Gene
149:33–39

