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Abstract The search for inhibitors of viral replication is
dependent on understanding the events taking place at the
molecular level during viral infection. All the essential
steps during the viral life cycle are potential targets for
antiviral drugs. Classical inhibitors of herpesvirus replica-
tion cause chain termination during viral DNA replication.
Similarly, the HIV reverse transcriptase is the major target
of anti-HIV compounds. The broad-spectrum antiviral
agent ribavirin affects viral nucleic acid replication by
multiple mechanisms. Another major enzyme encoded by
many viruses is a protease responsible for the processing
of virus-encoded polyproteins. The HIV protease has been
very successfully targeted, and hepatitis C virus and
rhinovirus protease inhibitors are being actively devel-
oped. The complex series of interactions during virus entry
is a rapidly emerging and promising target for inhibitors of
HIV and many other viruses. New anti-influenza drugs
inhibit virus release from infected cells. Several stages of
the viral life cycle remain incompletely characterized and
are therefore poorly exploited in antiviral strategies. These
include, among others, the RNA capping reactions
catalyzed by many viruses, as well as the membrane
association of replication complexes which is common to
all positive-strand RNA viruses.

Introduction

Viral infections remain a major cause of human disease
and mortality, and novel infectious agents are periodically
transmitted to humans from other species and may become
established in human populations (Strauss and Strauss
2002). It has been possible to control many serious human
diseases (smallpox, poliomyelitis, yellow fever, tick-borne

encephalitis, Japanese B encephalitis, hepatitis A and B) as
well as common viral infections of children (mumps,
measles, chicken pox and rubella) by safe and effective
vaccines. Influenza virus vaccines are also reasonably
effective, provided that the vaccine is made against the
circulating virus strains. However, there are many virus
infections which currently cannot be prevented by vacci-
nation. These include chronic infections which may be
difficult targets for the immune system [human immuno-
deficiency virus (HIV), hepatitis C virus (HCV) and
papillomaviruses], infections that are more common in the
developing countries (dengue, hepatitis E), and infections
which have been newly discovered or are spreading to new
areas [West Nile virus, severe acute respiratory syndrome
(SARS) virus]. Common respiratory infections, caused by
rhinoviruses as well as other virus groups, are an important
health and economic burden. Since the rhinoviruses alone
include about a hundred different serotypes, these
infections cannot be prevented by vaccination.

We will review several virus groups that have been
targeted by antiviral drugs (Table 1). However, it is clear
that our antiviral arsenal remains inadequate in many ways
and that the search for new antiviral compounds and
strategies continues to be essential. Nevertheless, signif-
icant progress on this front has been achieved during
recent years. This may not be surprising, since the
“postgenomic era,” during which the nucleotide sequences
of entire genomes have been determined, has existed for
many virus groups for two decades or even more. It has
been possible to produce, purify and crystallize viral
proteins, which has allowed structure-based approaches
for the design and synthesis of new antiviral drugs. The
search for antiviral agents crucially depends on detailed
understanding of the reactions and interactions occuring at
the molecular level during viral infection. Every essential
step in the virus life cycle is a potential site for antiviral
intervention, as summarized in Table 2. Virus-encoded
protein targets are attractive, because they are not present
in uninfected cells, but host targets involved in viral
replication can also be considered. In this review, we will
focus on recent advances and prospects in small molecule
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synthetic antivirals against various groups of RNA viruses.
We will not consider antibodies, antisense oligonucleo-
tides, ribozymes, RNA interference or general immuno-
modulatory substances such as interferons, all of which
may be promising in some instances.

Antiviral agents inhibiting the herpesviruses date back
to the 1950s and 1960s [idoxuridine (IDU) and trifluor-
othymidine (TFT)]. As these drugs have toxic side effects,
they have only been used topically. Adenine arabinoside
(Ara A) is less toxic and can be used systemically in
severe herpes simplex virus infections. However, a
breakthrough was made when acyclovir (ACV) was
synthesized in 1977. This compound is phosphorylated
to ACV-monophosphate by the herpes virus thymidine
kinase only, followed by further phosphorylations to ACV-
triphosphate by cellular kinases, whereafter it is incorpo-
rated into DNA causing chain termination. From the 1980s

on, ACV has been followed by the improved derivatives
ganciclovir, penciclovir, famciclovir and valaciclovir, with
wider applications against several herpesviruses (Table 2)
(reviewed in De Clercq 2004).

HIV infection

The global spread of the HIV epidemic continues
unabated. HIV may be considered to be a success story
in antiviral drug development, as a formidable effort has
transformed this lethal infection to a disease, which can be
controlled to some extent (Pomerantz and Horn 2003). The
virus was isolated in 1983, and in 1987 the first specific
treatment was approved. This was zidovudine (also known
as azidothymidine or AZT), an inhibitor of the viral
polymerase, called reverse transcriptase. Zidovudine

Table 1 Classification of viruses which are targets of antiviral drugs. ss Single-stranded, ds double-stranded, CNS central nervous system

Virus family Genome Diseases/syndromes Remarks

Picornaviridae Polyprotein strategy
Rhinoviruses
(∼100)

ssRNA(+) 7–8.5 kb Common cold

Enteroviruses
(64)

CNS, rash etc Vaccines for polio 1-3

Flaviridae Polyprotein, envelope
Flaviruses
(∼30)

ssRNA(+) 10–12 kb CNS Arthropod vectors

Dengue 1-4 Hemorrhagic fever >50 million cases/year
West Nile CNS Emerging in America
Hepatitis C Chronic hepatitis >150 million carriers
Coronaviridae Polyprotein, envelope, subgenomic mRNAs
Coronavirus
(3)

ssRNA(+) 27–31 kb Respiratory

SARS-CoV SARS Emerging virus
Orthomyxoviridae Envelope, nuclear replication
Influenza A ssRNA(−) 10–15 kb, seg-

mented
Respiratory Pandemics, vaccines available

Influenza B Respiratory Epidemics, vaccines available
Influenza C Respiratory Milder infections
Paramyxoviridae Envelope, mRNA/each protein
RSV ssRNA(−) 10–15 kb Respiratory
Filoviridae Envelope, paramyxo-like
Marburg-like ssRNA(−) 19 kb Severe systemic infection Emerging, fatal infections
Ebola-like Hemorrhagic fever Mortality 50–90%
Bunyaviridae Envelope, G1 & G2 from polyprotein
Hantavirus ssRNA(−) 12–23 kb, seg-

mented
Hemorrhagic fever, renal & pul-
monary syndromes

Herpesviridae Envelope, complex biogenesis
HSV 1, 2 dsDNA 120–220 kb Skin eruptions, CNS etc Person to person, neonatal infections, typically latent

infections with occasional activationVZV Varicella & herpes-zoster
CMV Mononucleosis, congenital
Poxviridae Envelope, complex biogenesis
Smallpox dsDNA 130–375 kb Severe systemic infection Eradication completed in 1979, putative bioterrorist weapon
Retroviridae Envelope, reverse transcription
HIV-1 ssRNA(+) 7–10 kb, reverse

transcription
Chronic infection with immuno-
deficiency, AIDS

World-wide, fatal infection
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belongs to the drug class of nucleoside reverse transcrip-
tion inhibitors (NRTIs). Additional NRTIs have been
developed since, and the number of nucleoside or
nucleotide analogues approved against HIV now totals
eight, the most recent being emtricitabine (Table 2; Fig. 1).
However, it was soon realized that HIV rapidly becomes
resistant to zidovudine and other compounds given as
monotherapy due to mutations that appear in the reverse
transcriptase. Major breakthroughs were achieved in the
mid-1990s, when non-nucleoside reverse transcriptase
inhibitors (NNRTIs) and inhibitors of the viral protease
were approved for treatment (Table 2). These develop-
ments led to the now prevalent triple combination
therapies, which most commonly include a protease
inhibitor or NNRTI together with two NRTIs. However,
even these regimens, known as highly active antiretroviral
therapy, cannot completely eradicate HIV from the body.

There is some residual replication of the virus, and
resistance to the drugs used eventually develops. Other
problems include the considerable side effects caused by
the drugs, as well as a large economic burden associated
with the combination therapy. Thus, there is considerable
incentive for developing compounds with fewer side
effects, improved efficacy and better pharmacokinetic
properties.

The most recently approved protease inhibitor, ataza-
navir, can be taken once daily. It appears to have a unique
resistance profile compared with the other protease
inhibitors (Colonno et al. 2004) which means that viruses
that have become resistant to atazanavir should still be
susceptible to many of the other protease inhibitors.
Furthermore, atazanavir does not induce changes in serum
lipid levels (Sanne et al. 2003). Changes in lipid
metabolism have been a significant problem associated

Table 2 Antiviral drugs inhibit-
ing different steps in the virus
cycle. Bolded agents have been
approved for clinical use. AZT
Zidovudine, ddI didanosine,
ddC zalcitabine, d4T stavudine,
ABC abacavir, FTC emtricita-
bine, PMPA tenofovir disoprox-
il, 3TC lamivudine, ACV acy-
clovir, VACV valaciclovir, PCV
penciclovir, FCV famciclovir,
GCV ganciclovir, VGCV val-
ganxiclovir, CDV cidofovir,
IDU idoxuridine, TFT trifluri-
dine, BVDU bridvudin, C-c3Ado
carbocyclic 3-deazaadenosine

Virus cycle Antiviral agents Target viruses

Entry and uncoating
Plasma mem-
brane

sICAM-1 Rhinoviruses
SCH-C, SCH-D, UK-427, 857 HIV
Enfuvirtide HIV-1
VP-14637, BMS-433771 RSV

Endosomes Amantadine, rimantadine Influenza A
Pleconaril, pirodavir Rhinoviruses
BTA39, BTA188 Picornaviruses

Genome replication
Reverse tran-
scription

Chain terminators:
AZT, ddI, ddC, d4T HIV-1,2
ABC, FTC, PMPA
3TC HIV-1, 2, HBV
Adefovir-dipivoxil HBV
Other RT inhibitors:
Nevirapine, delavirdine HIV-1
Efavirenz, capravirine

Integration S-1360 HIV
DNA replica-
tion

Chain terminators:
ACV, VACV, PCV, FCV HSV-1, 2, VZV
GCV, VGCV CMV
CDV HSV-1, 2, VZV, papova,

pox, adeno
Other inhibitors:
IDU, TFT HSV-1
BVDU HSV-1, VZV
Foscarnet HSV-1, 2, VZV, CMV

RNA/DNA rep-
lication

Ribavirin, viramidine RSV, HCV, pox, hantaan
C-c3Ado, EICAR Ebola, pox
Enviroxime, 7B Picorna
VX-497 HCV

Polyprotein
processing

Saquinavir, ritonavir, indinavir, amprenavir, lopinavir,
atazanavir, tipranavir

HIV-1, 2

Nelfinavir HIV-1, 2 (SARS-CoV)
BILN 2061, VX-950 HCV
Ruprintrivir Rhino

Virus release Oseltamivir, zanamivir Influenza A, B
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with protease inhibitor treatments. Yet another protease
inhibitor, tipranavir, is in phase III clinical trials (Plosker
and Figgitt 2003). Tipranavir is the first efficacious non-
peptidic inhibitor of the HIV protease (Fig. 1). It appears
to have an improved resistance profile in that multiple
mutations in the protease are required for high level
resistance. Therefore, HIV strains resistant to the pre-
viously developed inhibitors still appear to be susceptible
to tipranavir (Larder et al. 2000), and tipranavir might be
primarily used as a salvage therapy for patients in which
other protease inhibitors have failed. In the NNRTI class,
capravirine is in phase III clinical trials. It may have
activity against mutants resistant to other NNRTIs,
although only limited peer-reviewed information is
available. In contrast to the polymerase and protease
inhibitors, compounds affecting the third enzyme encoded

by HIV, namely the integrase, are still in relatively early
development. It appears that specific and non-toxic
inhibitors of integrase are difficult to develop, since
integrase shares properties with other enzymes interacting
with nucleic acid substrates. However, some very potent
compounds have been reported recently (Hazuda et al.
2004).

A new highly promising class of HIV antivirals are the
inhibitors of viral entry, which may act at multiple steps
during the complex cell attachment and fusion pathway of
HIV (Moore and Doms 2003). The first entry inhibitor has
already been approved. This is a 36-amino acid synthetic
peptide known as enfuvirtide (Matthews et al. 2004). It is
identical in sequence to a portion of the HIV envelope
glycoprotein gp41, and acts by forming a complex with a
fusion-activated conformer of gp41, thereby inhibiting the

Fig. 1 Structures of selected antiviral compounds with their names
indicated beneath each compound. The upper row shows various
antiviral nucleotide analogues inhibiting viral nucleic acid replica-
tion. In the middle are shown peptidomimetic protease inhibitors
active against picornaviruses (ruprintrivir) and HCV (BILN 2061

and VX-950), as well as the nonpeptidic tipranavir, which inhibits
HIV protease. SCH-C, pirodavir and pleconaril inhibit HIV and
rhinovirus entry, respectively, whereas enviroxime appears to target
the picornavirus RNA replication complex
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fusion of viral and cellular membranes. Due to its
chemical nature, enfuvirtide is very expensive to manu-
facture and it has to be administered by frequent
injections. Many other agents targeting the entry process
are being developed (Moore and Doms 2003). Several
small molecule compounds bind to the HIV co-receptors
CCR5 or CXCR4 and prevent HIV from using these
proteins in the entry process. The first of these was known
as SCH-C and it specifically targeted CCR5 (Strizki et al.
2001) (Fig. 1). SCH-C has subsequently been displaced by
another compound, SCH-D. CCR5 is the co-receptor used
by most HIV strains. It is not essential for normal
development in mice, suggesting that it may be blocked
without major side effects. Thus, many companies are
targeting CCR5, and promising compounds include UK-
427857, developed by Pfizer (Table 2).

Influenza, rhinoviruses and other respiratory infections

Influenza

Influenza is considered by many to be the most significant
viral threat to humans. Annual influenza epidemics swipe
the globe and occasional new virulent strains cause
pandemics of great destructive potential. In the event of
a pandemic strain, it may be impossible to manufacture the
required quantities of the specific vaccine in time.
Amantadine and rimantadine have been available for
influenza treatment for a long time, but they have not been
extensively used due to their side effects and the rapid
development of resistant virus. The influenza virion
surface proteins hemagglutinin (which binds cell surface
neuraminic acid during virus entry) and neuraminidase
(which removes neuraminic acid residues from glycopro-
teins to allow efficient virus release) have for a long time
been the major focus of anti-influenza drug development.
Their structures have been known since the early 1980s.
The target first preferred was hemagglutinin (HA). How-
ever, all attempts failed due to the unfavorable geometry of
the sialic acid binding site within the HA protein (Wade
1997). In contrast, neuraminidase has been successfully
targeted by small neuraminic acid derivatives designed on
the basis of protein structure (von Itzstein et al. 1993; Kim
et al. 1997). These compounds, inhaled zanamivir and
orally administered oseltamivir, have now been approved
for prophylactic and therapeutic treatment for influenza
virus infection (Gubareva et al. 2000). Even under optimal
conditions these two drugs cannot replace vaccination.
However, they offer a means to alleviate the serious
symptoms of influenza and in prophylactic use may even
prevent the disease (Aoki et al. 2003; Hayden et al. 2004).
Neuraminidase inhibitors together with amantadine are the
only means against a putative rapidly spreading new
pandemic influenza infection. Therefore, the unnecessary
use of these drugs should be restricted to a minimum to
avoid the creation of drug-resistant influenza virus strains
(Gubareva 2004).

The intracellular phase of the influenza virus life cycle
also presents several interesting targets. In addition to the
RNA-dependent RNA polymerase (RdRp) possessed by
all RNA viruses, influenza encodes a unique cap-depen-
dent endonuclease. This enzyme cuts cellular mRNAs to
generate short (13–15 nt) cap-containing primers which
are subsequently utilized by the polymerase in the
initiation of RNA synthesis. Endonuclease inhibitors
effective against the virus have been described (Hastings
et al. 1996; Parkes et al. 2003).

Other agents

Other viruses that cause significant respiratory infections
include the positive-strand RNA rhinoviruses and corona-
viruses, as well as respiratory syncytial virus (RSV), a
negative-strand RNA virus of the paramyxovirus family.
Interesting inhibitors of virus fusion have been described
for RSV. The most recently identified compounds (BMS-
433771, VP-14637) are orally bioavailable and inhibit
virus replication in mouse models (Cianci et al. 2004;
Douglas et al. 2003). It has been speculated that the RSV
fusion protein can bind several different classes of small
molecules, and that the fusion process, with its attendant
changes in protein conformation provides multiple targets
for inhibition. Together with the successful targeting of the
HIV fusion protein, this may indicate that viral fusion
proteins in general could be promising targets for drug
development (see also Plemper et al. 2004). The different
approaches for the treatment of paramyxovirus infections
have been reviewed recently (Saladino et al. 2003).

As a result of the recent appearance of the severe acute
respiratory syndrome (SARS) virus, coronaviruses now
have attained a prominent position in studies of antiviral
strategies. Previously they were recognised as a major
cause of mild respiratory infections in humans, for which
there was no significant need for treatment. Within a year
of the recognition of the SARS virus and the sequencing
of its genome, several structures of viral replicase proteins
have already been determined, and inhibitor studies are in
progress. The coronavirus genome encodes several types
of enzymes (Snijder et al. 2003), all of which may be
considered potential targets for inhibition. Ribavirin, given
intravenously to patients suffering from SARS-CoV
infection during the outbreak in 2003, was shown to be
ineffective in a carefully conducted study (Sung et al.
2004). Existing drugs, as well as large compound libraries,
are being screened in large-scale efforts to find inhibitors
of SARS-CoV that could be used in case the lethal virus
reappears (Wu et al. 2004). The major challenge in the
treatment of respiratory infections is that the causative
agent need to be accurately and very rapidly identified
after the onset of symptoms. As the infection has already
progressed significantly when the symptoms appear,
antiviral treatment must be initiated prophylactically, or
immediately after appearance of symptoms, in order to
have any effect. This is a factor that has limited the use of
the current anti-influenza virus drugs (Gubareva et al.
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2000), and is likely to be an even more significant
handicap in treating milder respiratory infections.

Rhinoviruses

Considerable work has been carried out with inhibitors of
rhinovirus replication (Table 2), since the rhinoviruses are
the major cause of the common cold, and are therefore
among the most prevalent virus infections. The determi-
nation of high resolution 3D structures of two picorna-
viruses, poliovirus type 1 (Hogle et al. 1985) and
rhinovirus 14 (Rossmann et al. 1985) initiated the design
of a new type of viral inhibitors. In both viruses, one of the
structural proteins (VP1) displays a narrow 25 Å deep cleft
or canyon encircling the 12 five-fold vertexes of the viral
icosahedron. The cleft leads to a hydrophobic pocket
below the surface of the virion. The authors suggested that
the cleft, surrounded by conserved amino acid residues
and spatially protected from antibodies, might be the
binding site of the cellular receptors. This hypothesis was
confirmed by the determination of the structure of
rhinovirus 14 complexed with its intercellular adhesion
molecule-1 (ICAM-1) receptor molecule.

As most rhinoviruses use ICAM-1 as their receptor, an
obvious idea was to use this molecule to prevent virus
attachment to the target cells. ICAM-1 is an integral
membrane glycoprotein containing five extracellular
immunglobulin-like domains. Since rhinoviruses bind to
the two amino-terminal domains, a soluble sICAM-1
comprising these domains was used in competition
experiments. The protein was produced in chinese hamster
ovary (CH0) cells, which secrete and properly glycosylate
human proteins. sICAM-1 could inhibit infection of
several rhinoviruses in vitro (Crump et al. 1994; Ohlin
et al. 1994). However, in a human trial, intranasal
application of soluble sICAM-1 prior to virus challenge
of volunteers reduced the symptoms, but did not prevent
the infection (Turner 2001).

The early observation that some previously synthesized
rhinovirus inhibitors (e.g. disoxaril or WIN 51711) bound
to the hydrophobic pocket of VP1 started the development
of drugs preventing the adsorption and/or uncoating of the
virus (McKinlay et al. 1992). In phase I clinical trials
disoxaril turned out to be too toxic. New compounds were
developed and have been tested against the rhinoviruses
and some other picornaviruses. Compound WIN 54954
entered phase II clinical trials, but showed low activity,
whereas the third generation agent pleconaril (Fig. 1) has
been evaluated in two extensive trials, both consisting of
over 1,000 individuals with symptoms of the common
cold which began less than 24 h before beginning of the
treatment (Hayden et al. 2003a). These studies showed
that pleconaril was well tolerated, but caused only a slight
reduction in the severity of the symptoms. The FDA did
not give permission to use pleconaril (“Picovir”) as an
antiviral drug to treat the common cold, since there was
some evidence that the drug interfered with the action of
contraceptives. Since pleconaril inhibits a wide variety of

picornaviruses, it has been used also for the treatment of
severe neonatal coxsackie B virus infections, enteroviral
hepatitis and enteroviral meningoencephalitis (Bryant et
al. 2004). So far, it has not yet been approved by FDA.

Intranasally applied pirodavir (Fig. 1), another early
capsid-binding agent, showed some prophylactic potency
in phase II trials of volunteers (Hayden et al. 1992).
However, the compound is unstable, and new derivatives
with oral availability have been developed which inhibit a
wide variety of rhinoviruses as well as some enteroviruses
in vitro. So far no clinical trials of these compounds
(BTA39, BTA188) have been published (Barnard et al.
2004).

The picornavirus genome is translated as a polyprotein,
which is autocatalytically cleaved by the protease domains
2A and 3C. As failure of any of these cleavages is lethal
for virus replication, the proteases would be excellent
targets. Protease inhibitors have been successful in treating
HIV, and promising protease inhibitors have also been
synthesized against HCV infections, as discussed else-
where in this review. Since the determination of the 3D
structure of the human rhinovirus 3C protease (Matthews
et al. 1994), rational drug design has been very active.
Hundreds of new compounds with antiviral activity in
vitro have been synthesized. A series of peptidomimetic
compounds which bind irreversibly to the active site
cysteine of the 3C protease have been tested for their
properties, and their in vitro and in vivo antiviral activities.
So far, one promising compound (AG7088 or ruprintrivir;
Fig. 1) (Dragovich et al. 1999) has been tested in a phase
II trial. This compound is poorly soluble in water and was
therefore applied as an intranasal spray. When given
before infection, the drug had clear antiviral activity, but
the results were less encouraging when the drug was given
24 h after virus inoculation (Hayden et al. 2003b).

The mode of action of enviroxime (Fig. 1), a compound
discovered in late 1970s, turned out to be different from
the inhibitors described above. Enviroxime seems to
inhibit RNA synthesis by interacting with enterovirus
replicase protein 3A (Heinz and Vance 1995; 1996).
Although enviroxime could inhibit rhinoviruses and many
picornaviruses, including poliovirus, it lacked therapeutic
activity in clinical studies. Several new compounds have
been synthesized. One of these (7B) inhibits several
rhinoviruses and some enteroviruses, but so far no clinical
trials have been reported (Hamdouchi et al. 2003).

Hepatitis C virus

Hepatitis C virus (HCV) is a major cause of chronic
hepatitis, liver cirrhosis and hepatocellular carcinoma. It
was first identified in 1989, and a blood test became
available in 1992. The virus establishes a chronic infection
in up to 85% of cases, and it is estimated that HCV has
infected more than 170 million people worldwide. As a
chronic infection with active virus replication, HCV
resembles HIV, and a combination of several drugs will
probably be required for effective management or
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eradication of the virus. The current therapy for hepatitis C
is a polyethylene glycol (PEG) modified form of
interferon-α, used in combination with ribavirin (Fig. 1)
(Moradpour et al. 2002). Although the combination
therapy can be quite efficient, it is limited by significant
toxicity and lack of response in a large number of patients.
Fusion of PEG molecules with interferon results in a
biologically active drug with a longer half-life and more
favorable pharmacokinetics. Ribavirin is a broad-range
antiviral agent, but the mechanism(s) of its action is still
unclear. It is believed to inhibit inosine monophosphate
dehydrogenase (IMPDH), an enzyme that catalyses a rate-
limiting step in GTP synthesis. This leads to a decreased
pool of GTP levels in the cell, indirectly leading to the
suppression of viral RNA synthesis (Tan et al. 2002). It
has also been suggested that ribavirin can act as an RNA
virus mutagen, forcing viruses into error catastrophe
(Crotty et al. 2000).

Problems in the development of anti-HCV therapeutics
include the persistence of the virus, genetic diversity
generated during replication in the host, and the develop-
ment of drug-resistant virus mutants. Research on HCV
replication has been hampered by the lack of reproducible
infectious culture systems and small-animal models (Tan
et al. 2002). However, the study of HCV replication and
the development of new therapies has been considerably
advanced by the recent development of a cell culture
model for HCV, the replicon system (Lohmann et al.
1999). The system is based on the stable replication of
subgenomic selectable HCV RNAs, which can be
propagated efficiently in huh-7 human hepatoma cells.
High levels of replication depend on cell culture adaptive
mutations that arise in several of the nonstructural
proteins. The replicon system does not allow the
production of infectious virus particles.

HCV has a 9,600-nt positive-sense RNA genome, and it
belongs to the family Flaviviridae (Table 1). The genome
encodes a single polyprotein of about 3,000 amino acids,
which is co- and post-translationally cleaved at several
sites by the host signal peptidase and two HCV-encoded
proteases. This results in the production of at least three
structural and six non-structural proteins. In addition to the
proteases, the helicase and polymerase enzymes are coded
within the nonstructural proteins. So far, the NS3 protease
and NS5B RNA-dependent RNA polymerase have been
the major targets in drug development. Unfortunately, the
mechanism of viral entry and the receptors for HCV are
still poorly understood, as these would offer other
promising targets.

BILN 2061 (Fig. 1) is a novel HCV serine protease
inhibitor with great therapeutic potential against HCV
replication (Lamarre et al. 2003). It is a small molecule
that is biologically available through oral ingestion. The
ability of BILN 2061 to inhibit NS3 protease activity in
human liver cells was tested using the replicon system. In
human trials BILN 2061 showed very promising results.
The suppression of the viral load in patients treated with
BILN 2061 was significantly greater than in IFN-treated
patients. VX-950 (Fig. 1) is another small molecule NS3

protease inhibitor that was identified through a structure-
based drug design approach, evolving from the natural
NS5A-NS5B substrate. The inhibitory effect of VX-950
on polyprotein processing was tested using the HCV
replicon system (Lin et al. 2004). The action of VX-950
was compared to that of BILN 2061, and the data suggest
that these molecules have different mechanisms of inhi-
bition. Distinct drug-resistant mutations were identified for
both protease inhibitors, and mutants that are resistant to
BILN 2061 remain fully sensitive to VX-950 (Lin et al.
2004).

VX-497 (merimepodib) is an orally administered small
molecule inhibitor of IMPDH. A recent study using the
replicon system demonstrated that IMPDH inhibitors such
as VX-497 enhance the antiviral activity of ribavirin in
vitro (Zhou et al. 2003). The results showed that
combination treatment with ribavirin and an IMPDH
inhibitor increased the replicon error rate. This data is
consistent with the suggestion that ribavirin can act as a
mutagen. The results of the phase II clinical trials showed
that triple combinations of merimepodib, PEG-interferon
and ribavirin were well tolerated and led to a statistically
significant increase in the proportion of patients with
undetectable levels of hepatitis C virus after 24 weeks of
treatment. Viramidine (Fig. 1) is a prodrug of ribavirin,
which is converted by adenosine deaminase to ribavirin in
liver cells. Compared to ribavirin, there is less uptake of
viramidine into red blood cells due to the positive charge
of the molecule. This results in the reduction of
hematological toxicity (one of the side effects of ribavirin).
Phase II clinical trials have shown that viramidine may be
as effective as ribavirin against hepatitis C, but can
decrease the patients’ risk of developing anemia (Tan et al.
2002).

Flavivirus infections

In addition to HCV, dengue virus diseases represent a
global problem (Mairuhu et al. 2004). The disease is
already endemic in more than a hundred countries and it is
estimated to cause 50 to 100 million infections annually,
with about half a million cases of dengue hemorrhagic
fever. There are four serotypes of this mosquito-trans-
mitted flavivirus. Even though primary infection by one
serotype may be a mild febrile disease, a second infection
often leads to a serious hemorrhagic fever. Ribavirin, 6-
azauridine and glycyrrhizin inhibit dengue and some other
viruses in cell cultures (Crance et al. 2003). Systematic in
vivo studies with ribavirin have not been encouraging.
Similarly to HCV, the viral protease should be a promising
target. The 3D structure of the dengue virus NS3 protease
domain has been determined (Murthy et al. 2000).

Another important problem caused by a flavivirus is the
recent spread of West Nile virus in Northern America. This
mosquito-transmitted virus caused close to 10,000 human
cases with 230 deaths during 2003 alone. The virus
originated from Africa, and is transmitted by a large
variety of mosquito species. Serious cases have been
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treated with ribavirin plus interferon-α2 combination, but
with poor results (reviewed in Gould and Fikrig 2004).

Emerging virus infections

Ebola virus first appeared in 1976 and several outbreaks
have been reported in Africa since. The origin of this
negative-strand RNA virus is still obscure, but together
with the similar Marburg virus, Ebola is one of the most
contagious and pathogenic viruses known, as more than
half of the infections may be fatal. Mouse-adapted Ebola
virus has been used as model for the testing of antiviral
drugs. Non-toxic dose of an S-adenosyl- homocysteine
hydrolase inhibitor, carbocyclic 3-deaza-adenosine (C-
c3Ado) (Fig. 1) resulted in the survival of most of the
animals, when given 1 or 2 days after infection (Bray et al.
2000). Inhibitors of this enzyme have been previously
shown to inhibit rhabdo- and paramyxoviruses (De Clercq
1998). One possibility is that by lowering the concentra-
tion of S-adenosyl-homocysteine in cells, these drugs
interfere with the methylation step of viral RNA capping
(see below). Hantaan viruses, which can cause severe renal
hemorrhagic syndrome, have been treated with some
success with intravenous ribavirin (Huggins et al. 1991). A
recent in vitro study suggests that ribavirin causes an error
catastrophe in Hantaan virus RNA replication (Severson et
al. 2003).

The possibility that smallpox (variola) virus may
become available for bioterrorists has become a concern
for authorities in many countries. Since the complete
genome sequences of many poxviruses are available, it
would be possible to reconstruct the variola virus. The
previously used vaccines are not available in quantities
required to vaccinate the general population, and they also
occasionally cause severe complications. For these
reasons, existing antiviral drugs against poxviruses, and
especially against variola, have been re-evaluated. One of
the earliest agents was the thiosemicarbazone derivative
methisazone (Marboran), which was used with success in
the prophylaxis of smallpox in India in 1960s and in the
treatment of vaccination complications. Due to its side
effects it was not accepted for wider use. It still may be a
good lead for drug development. Many drugs developed
against other viruses have been shown to inhibit the
replication of the vaccinia virus, including agents affecting
nucleotide metabolism (e.g. Ribavirin, C-c3Ado, EICAR)
and analogues inhibiting DNA synthesis [e.g. 3’C-
methylAdo; Ara-C, Cidofovir (Fig. 1) and its derivatives;
cHPMPC and HDP-HPMPC) (Neyts and De Clercq
2003). Recently, 24 different antiviral agents were tested
for their inhibitory activity on the replication in vitro of
several poxviruses. Cidofovir and ribavirin may provide
the best choices for general use in case of urgency, as both
have been accepted previously for clinical use, although
for different purposes (Baker et al. 2003). Plans for large
and systematic efforts to look for anti-smallpox agents
have been presented (Harrison et al. 2004).

Possible new targets for antiviral drugs

Most viruses synthesize capped RNAs, which are
efficiently recognised by the cellular ribosomes for protein
synthesis, although some viruses such as the picorna-
viruses use alternative mechanisms to enhance translation.
RNA capping is essential for viruses and involves several
enzymatic reactions: RNA triphosphatase, guanylyltrans-
ferase and methyltransferase. In several cases, viruses
encode their own RNA capping enzymes which may act
by mechanisms different from those of the cellular RNA
capping apparatus. These differences in specificity should
make them attractive targets. Virus-specific capping
enzymes have been best characterized in the alphavirus-
like superfamily of positive-strand RNA viruses, which
includes the arthropod-borne alphaviruses and their distant
relatives, the rubella virus and the hepatitis E virus (Ahola
and Kääriäinen 1995; Magden et al. 2001; Kääriäinen and
Ahola, 2002). Various cap analogues have been tested for
inhibitory activity (Lampio et al. 1999). Although some
viruses steal caps from cellular RNAs, as described above
for influenza endonuclease, other groups of positive and
negative strand RNA viruses should possess capping
enzymes, many of which remain uncharacterized. As the
first example from RNA viruses, the structure of the cap
methyltransferase has been described for the flavivirus
dengue (Egloff et al. 2002).

All positive-strand RNA viruses replicate their RNA in
membrane-bound complexes (Salonen et al. 2004) and
therefore inhibition of membrane association could be a
generally applicable target for these viruses. However, in
many cases the mechanisms of membrane association
remain poorly understood (Salonen et al. 2004). Alpha-
viruses represent the first example of structurally char-
acterized membrane binding. In the middle of the replicase
protein nsP1, there is a 20-amino acid peptide, which is
responsible for the binding of the whole replication
complex to the cytoplasmic side of plasma membrane
and endosomes. The peptide forms an amphipathic alpha
helix, with hydrophobic residues embedded within the
fatty acid tails while positively charged residues interact
with negatively charged polar groups of phospholipids
(Lampio et al. 2000; Kääriäinen and Ahola, 2002).

Concluding remarks

Antiviral drugs have been screened and tested over the last
50 years. Many of the early drugs were nucleoside and
nucleotide analogues, some of which turned out to be
specific for viruses, e.g. acyclovir and its derivatives.
Modern virology has provided the tools to study the
details of virus replication at the molecular level. The
enormous challenge caused by the appearance of HIV has
shown that new drugs can be developed, once the
scientific community makes a concerted effort to solve
the details of the virus replication cycle. Similarly to HIV,
the replication of HCV is becoming very well character-
ized and this knowledge is likely to allow the delivery of
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drugs which can be used for the treatment of patients in the
near future. Systematic studies of the influenza hemag-
glutinin and neuraminidase proteins with their sialic acid
ligand have yielded compounds which can be used in
disease treatment and prevention. The rational approach
has also been used in the development of rhinovirus
inhibitors for almost 20 years, but without a clear
breakthrough, showing the inherent difficulties in this
field. Newly emerging and threatening viruses are another
area actively targeted in studies of virus inhibitors.
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