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SPECTRUM OF DISEASE

Flaviviridae are enveloped, positive single-stranded RNA vi-
ruses. This virus family contains three genera: Hepacivirus
(hepatitis C virus [HCV]), Flavivirus (e.g., Yellow fever virus
[YEV], Dengue fever virus [DENV], Japanese encephalitis virus
[JEV], Tick-borne encephalitis virus [TBEV]) and Pestivirus
(Bovine viral diarrhea virus [BVDV), Classical swine fever virus
[CSFV], and Border disease virus [BDV]). Hepatitis G virus/GB-
virus C (HGV/GBV-C) is classified within the family Flaviviri-
dae but has not been assigned to a genus. Although viruses
belonging to different genera have different biological proper-
ties and do not show serological cross-reactivity, great similar-
ity in terms of virion morphology, genome organization, and
presumed replication strategy have been noted (33, 195, 246).
The organization of the genome and its nomenclature, as well
as the replication strategy, are presented in Fig. 1 and 2 and
Table 1.

Hepaciviruses

Infections with HCV were referred to as non-A, non-B hep-
atitis until the causative agent was identified in 1989 (38). HCV
infections occur worldwide. The World Health Organization
(WHO) recently estimated that 3% of the world’s population
has been infected with HCV, which means that more than 170
million chronic carriers are at risk of developing cirrhosis
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and/or liver cancer (133). Many HCV carriers are intravenous-
drug users or blood product recipients. With the introduction
of blood donor screening for HCV, the frequency of HCV-
associated posttransfusion hepatitis has been declining in re-
cent years. Other possible routes of transmission are needle
stick accidents, procedures such as body piercing and tattooing,
and traditional scarifications and circumcision in developing
countries (118, 260). Sexual and perinatal transmission (181,
194, 228) may also occur, although less frequently (the risk is
probably <5%) (133). In many cases, no risk factor(s) could be
identified. After infection with HCV, an acute infection devel-
ops, mostly with a subclinical (anicteric) course. Three weeks
after exposure, HCV RNA becomes detectable, and shortly
before the onset of clinical signs, levels of alanine aminotrans-
ferase (ALT) in serum start to rise. Only one-third of patients
develop jaundice or other signs of acute hepatitis, which may
last for 2 to 12 weeks; however, the majority of cases remain
asymptomatic. At least 85% of acutely infected patients de-
velop chronic HCV infection (3). Although the symptoms of
acute hepatitis may resolve, the ALT levels generally remain
elevated and HCV RNA persists. About one-third of these
patients have persistently normal ALT levels, although most of
them have histological evidence of chronic hepatitis (133). In
general, the higher the ALT levels, the more severe the symp-
toms of chronic hepatitis (133). Chronic hepatitis C, whether
associated with symptoms or asymptomatic, can lead to cirrho-
sis and end-stage liver disease. In studies with a 10- to 20-year
follow-up, cirrhosis developed in 20 to 30% of the patients, 1 to
5% of whom may develop liver cancer during the next 10 years
(56, 109, 187). Together with alcoholic liver disease, hepatitis C
is the most common cause of cirrhosis and the major indication
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FIG. 1. Genomic organization of members of the Flaviviridae. The viral genome consists of a single-stranded RNA molecule of positive polarity which is capped
in flaviviruses and contains an IRES in hepaciviruses and pestiviruses. UTR are present at the 5’ and 3’ ends of the genome. Boxes indicate mature proteins generated

by proteolytic processing.

for liver transplantation. After liver transplantation, recur-
rence of HCV infection is common, but in many cases the
recurrence is mild and the long-term survival averages 65%
after 5 years (references 90, 93, 112, 175, and 197 and refer-
ences therein). At the current rate of infection, the pool of
chronic hepatitis C patients would increase by 4% in the next
decade but remain stable thereafter. The number of deaths
caused by HCV in the United States is currently estimated at
8,800 per year; by the year 2008 this may be as high as 35,000
(44).

So far, little is known about HGV/GBV-C infections. GB
viruses (GBV-A, GBV-B, and GBV-C) are phylogenetically
related to HCV (108, 145, 253). GBV-A and GBV-B are nat-
urally occurring viruses in tamarins; humans are the natural
host for GBV-C. GBV-C is found mostly as a coinfection
associated with HCV and is transmitted in the same way (59,
60).

Flaviviruses

Currently, more than 70 flaviviruses have been reported, and
many of them cause important human diseases. All human
flaviviruses are transmitted by vectors such as ticks and mos-
quitoes, making the disease very difficult to eradicate (169).
Based on phylogenetic analysis, 72 species of flaviviruses have
been grouped into 14 clades, which in turn can be grouped in
three clusters: the mosquito-borne cluster, the tick-borne clus-
ter, and the no-vector cluster. All flaviviruses of human impor-
tance belong to the first two clusters; the last cluster holds a
few viruses which have been isolated from mice or bats; how-
ever, no arthropod vector or natural route of transmission has
yet been demonstrated (125).

Although an efficient vaccine exists against YFV, this virus is
still a leading cause of hemorrhagic fever and related mortality
(up to 50%) worldwide (167). Another flavivirus, DENV,
threatens up to 2.5 billion people and is still emerging through-
out the world. Over 100 million cases of DENV and at least

500,000 cases of dengue hemorrhagic fever (DHF), including
in about 25,000 fatal cases, occur annually worldwide (77, 195,
250). All the DENV strains that have ever been isolated can be
divided into four serotypes, which cause similar disease in
humans (77, 249). Although the primary infection is (often)
subclinical (especially in children) and induces lifelong immu-
nity for that particular serotype, a second infection with a
different serotype may lead to the development of DHF or
dengue shock syndrome (combined mortality, up to 5%) (126,
193). DHF has been classified into four grades according to the
severity of shock and bleeding (249). It is generally assumed
that antibody-dependent enhancement of infection plays an
important role in the complex pathogenesis of DENV infec-
tions, but this needs further study (21, 154, 171). International
travel and uncontrolled urbanization have resulted in an in-
creased spread of the mosquito vector (Aedes aegypti and Aedes
albopictus). Infections in most tropical and subtropical regions
now are hyperendemic (prevalence of two or more serotypes),
which enhances the occurrence of DHF and dengue shock
syndrome (77).

A third important member of the Flavivirus genus is JEV.
This mosquito-borne virus is the leading cause of viral enceph-
alitis worldwide. Approximately 50,000 cases occur annually in
Asia and result in high mortality (30%) or in long-lasting
neurological sequelae (30%) (105, 166).

Other important flaviviruses that cause encephalitis are also
responsible for high mortality rates or neurological sequelae.
Two important subtypes of TBEV exist, i.e., the European and
Eastern subtypes. The mortality rate associated with infection
by the Eastern subtype (also referred to as Russian spring-
summer encephalitis virus [RSSEV]) is ~20%; for infection by
the Western subtype (also referred to as Central European
encephalitis virus [CEEV]) this value is 1 to 2% (85). Although
the last large epidemic caused by Murray Valley encephalitis
virus (MVEV) occurred in 1974, new cases of MVEYV infection
are reported regularly, especially in Western Australia (153).
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FIG. 2. Replicative cycle of members of the Flaviviridae. The presumed replication cycles of the hepaciviruses and pestiviruses (A) and of the flaviviruses (B) are
shown. 1, adsorption; 2, receptor-mediated endocytosis; 3, low-pH fusion in lysosomes; 4, uncoating; 5, IRES-mediated initiation of translation (A) or cap-mediated
initiation of translation (B); 6, translation of the viral RNA into viral precursor polyprotein; 7, co- and posttranslational proteolytic processing of the viral polyprotein
by cellular and viral proteases; 8, membrane-associated synthesis of template minus-strand RNA and progeny plus-strand RNA; 9, assembly of the nucleocapside; 10,
budding of virions in the endoplasmatic reticulum; 11, transport and maturation of virions in the endoplasmatic reticulum and the Golgi complex; 12, vesicle fusion

and release of mature virions. ss, single stranded.

69

N

template
{-)ssRNA

progeny
{+)ssRNA

sl s e SRR —————
\ja

{+)sSRNA

@ -5 (polyproten) >

viral helicase &

RNA-dependent

RNA polymerase
& cofactors

non-structural
proteins

viral & cellular
proteases

A

structural
profeins

&

‘iéiiiii%illlliii’
1

\

@ e

T

—




70 LEYSSEN ET AL.

CLIN. MICROBIOL. REV.

TABLE 1. 5" and 3’ UTR, structural proteins, and nonstructural proteins of members of the Flaviviridae and their function

Protein Hepacivirus

Flavivirus Pestivirus

5" UTR 342 bases (80)

Structural proteins

CAP —

IRES HCV (135, 232)

Npro P

C Nucleocapsid protein (12)

Pre-M —

E

EI‘HS P

E1 Envelope glycoprotein (12) —
E2 Envelope glycoprotein (12) —

Nonstructural proteins

67-132 bases (33)
Type I m’GpppN,,,,pN, (245)

Nucleocapsid protein (33)
Precursor membrane glycoprotein (244) —
— Envelope glycoprotein (33) —

385 bases (37)

BVDYV (188), CSFV (196, 207)
Autoprotease (p20) (248)
Nucleocapsid protein (p14)

Envelope glycoprotein with RNase
activity (gp48) (25)

Envelope glycoprotein (gp25) (200)

Envelope glycoprotein (gp53) (200)

Role in early RNA replication (144), —

secreted after glycosylation (33)

Function unknown (p54) (17)

Function unknown; binds strongly to —

the 3'UTR, NS3, and NS5 (152)

Function unknown; binds strongly to

Cofactor of the NS3 (33, 152) —
Serine protease; NTPase-helicase (33)

N terminus: serine-type protease,
C terminus: NTPase-helicase
(p80) (252)

Expression characteristic for
cytopathic biotypes (223)

Expression characteristic for
noncytopathic biotypes (223)

NS3 protease cofactor (p10) (252)

most of the other nonstructural
proteins (152)

NS1 —

NS2 Constituent of the protease (12) —

NS2A —

NS2B —

NS3 Constituent of the protease; N
terminus: serine-type protease; C
terminus: NTPase-helicase (12)

NS2-3 — —

NS4A NS3 protease factor (12)

NS4B Function unknown

NS5 —

NS5A Induction of interferon resistance by
repression of the cellular PKR
protein kinase (68)

NS5B RdRp (12) —

3'UTR Variable length (120)

Function unknown
RdRp (33) —

114-585 bases (33)

Function unknown (p30) (236)

Function unknown (p58)

RdRp (p75)

225 bases (37)

“ —, does not apply to this genus.

West Nile virus (WNV) is endemic mainly in Africa and the
Middle East and around the Mediterranean Sea. In 1996 an
outbreak of WNV infection with 373 cases and 17 deaths was
reported in Romania (81, 231). Recently (late August and
September 1999), an outbreak of encephalitis caused 77 cases
in the New York City area, with six deaths. Although the cause
was first identified serologically as St. Louis encephalitis virus,
partial sequence analysis showed the virus to have higher sim-
ilarity to the West Nile virus (T. Briese, X.-Y. Jia, C. Huang,
L. J. Grady, and W. I. Lipkin, Research Letter, Lancet 354:
1261-1262, 1999). Although there are no recent reports of
outbreaks or epidemics of St. Louis encephalitis virus (SLEV),
the virus causing this disease is endemic in the western United
States and is responsible for severe disease (123). Omsk hem-
orrhagic fever virus (OHFV) is responsible for a number of
infections annually in rural areas in the Omsk region in Russia.
The case fatality rate is 0.5 to 3% (169). Annually, 400 to 500
virologically diagnosed cases of Kyasanur forest disease virus
(KFDV) infections are reported in India (169). Louping ill
virus (LIV) mainly infects sheep, but up to 1991 at least 37
documented cases of infection in humans have been reported,
most of them acquired during laboratory experiments or diag-
nosis (43).

Pestiviruses

The genus Pestivirus contains three important animal vi-
ruses: CSFV, BVDV, and BDV. Two main routes of infection
have been described: the oronasal route and the transplacental
route. The latter is responsible for the development of persis-
tently infected animals, which are a threat to the rest of the
livestock. Although infection of their respective host causes
severe disease that is usually followed by death, all viruses are
able to cross the interspecies barrier with great ease, usually
causing a milder disease in other hosts (57, 226, 235).

BVDV infections are associated with severe mucosal disease
in cattle, although swine and other ruminants are also suscep-
tible to the virus (163, 226). Field isolates can be categorized
into noncytopathic and cytopathic biotypes depending on their
behavior in cell culture (8, 176). Acute postnatal infection of
cattle with BVDV is characterized by high morbidity and low
mortality rates (182). This mild disease is marked by ulceration
of the nose, mouth, and gastrointestinal mucosa, which causes
the virus to spread quickly because of continuous salivation,
nasal discharge, coughing, or diarrhea (227). Severe disease
resembling CSFV infection or OHF has been recorded in
calves, although this (acute) hemorrhagic condition is rare



VoL. 13, 2000

(58). The main target organs for viral replication are lymphoid
tissues and epithelial and all major lymphocytic cells, although
cells of the gastrointestinal tract, glands, and neurons also
support viral replication (26, 58). Depending on the time of
gestation, transplacental infection with a noncytopathic strain
may cause calves to be stillborn, to become persistently in-
fected, or to experience growth retardation or severe neuro-
logical malformations (86). At 6 months to 2 years old, these
persistently infected calves develop mucosal disease, which is
characterized by severe ulceration of the gastrointestinal tract,
and they die about 2 weeks after onset of the disease (140, 141,
224). The mucosal disease is associated with the conversion of
the primary infecting noncytopathic strain (or biotype) into a
cytopathic strain, which results either from insertion of a cleav-
age site in the NS2-3 protein or duplication of the NS2-3 gene
(thus causing the expression of the NS3 protein instead of the
NS2-3 protein) (54, 124, 164, 165, 224). Estimates of economic
losses due to BVDV vary and depend mainly on the pathoge-
nicity of the strain. At an estimated annual incidence of acute
infections of 34%, annual losses due to low-virulence BVDV
strains were estimated at $20 million per 10° calvings and the
losses due to highly virulent strains were $57 million per mil-
lion calvings (92).

Two other pestiviruses cause infection and disease in live-
stock. CSFYV, also known as hog cholera virus, is an important,
highly contagious pathogen of swine that is easily transmitted
by aerosol, contaminated clothing, or direct contact (127, 129).
Wild boar are responsible for introducing or reintroducing
CSFV into many domestic swine herds (111). The virus has an
almost worldwide distribution and leads to severe economic
losses (238). Although severe acute infections with mortality
rates varying from 30% up to 90-100% were previously de-
scribed, chronic CSFV infections are more common today.
After infection, pigs suffer from milder symptoms than those
associated with the acute form, and the severity of disease
depends on whether the infecting strain is of the cytopathic or
noncytopathic biotype. Viremia is less pronounced, and a neu-
tralizing-antibody response develops (122). After 2 weeks to
several months, the condition of the infected animals deterio-
rates to a severe leukopenia, which is particularly notable with
the lymphocytes (183, 215), and they finally die of neurologic
and hemorrhagic symptoms. Infection before day 41 of gesta-
tion is lethal. Fetuses that become infected after day 41 and
before day 85 may appear normal, but persistent viremia is
detected and all of them will die within 1 year of the onset of
disease, which is referred to as late-onset CSFV infection.
Because of the structure of the porcine placenta, some piglets
in a given litter may become infected whereas others may not.
After day 85 of gestation until birth, piglets are no longer
susceptible to infection (227).

BDYV of sheep and goats causes a mild clinical disease fol-
lowing acute postnatal infection (177). However, congenital
infection acquired between days 16 and 64 of gestation may
cause fetal death, abortion, or endocrine, nervous, skeletal,
integumentary, and immune system abnormalities in lambs
(30, 177). As with BVDV and CSFV, BDV isolates can, de-
pending on their behavior in cell culture, be divided in noncy-
topathic and cytopathic biotypes, of which the latter are also
characterized by the production of the NS3 nonstructural pro-
tein instead of the NS2-3 protein (16).

Therapy for pestivirus infections is not believed to be an
option. Instead, when an outbreak or epidemic of CSFV oc-
curs, populations of infected pigs are slaughtered to prevent
further virus transmission. The overall strategy for BVDV is (i)
vaccination or (ii) identification and removal of persistently
infected animals (143). Efficient vaccination may lead to the
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situation where no more persistently infected calves are born
(22, 40, 41).

CURRENT STRATEGIES FOR THE
TREATMENT OF INFECTIONS

Hepaciviruses

Currently, chronic or early-diagnosed acute hepatitis C is
treated with -2 interferon alone (131) or in combination with
ribavirin (45, 47). The interferons approved for HCV are a-2b
interferon (Intron-A), a-2a interferon (Roferon-A), consensus
interferon (r-metIFN-Conl), and o-1n interferon (Welferon);
all appear to be clinically equivalent (72). Interferon therapy,
which is expensive, is associated with many side effects (espe-
cially after prolonged therapy) and is effective in only a subset
of patients (159). Forty percent of patients with chronic HCV
have an initial response to interferon therapy but may subse-
quently relapse. Only 15 to 20% of patients have a sustained
virological response (46, 162). Interferon treatment of patients
who had already developed cirrhosis resulted in clinical im-
provement and reduced the progression to hepatocellular car-
cinoma (HCC) (19). Therapies (i) with higher interferon dos-
ages (107), (ii) initiated during the acute phase of the infection
(192), (iii) with other types of interferon (including pegylated
interferon, which results in a more sustained drug concentra-
tion) (29, 73, 84), (iv) with other treatment schedules (66), or
(v) for longer duration (230) are currently being evaluated.
Clinically relevant factors favoring the outcome of treatment
with interferon are low pretreatment levels of HCV RNA (less
than 2 X 10° copies/ml); patient younger than 40 years, pres-
ence of minimal fibrosis, female gender, and the absence of
genotype 1b virus (184). Viral factors that may promote the
progression of the liver disease include high HCV levels in
serum, viral genotype 1b, and a high degree of viral genetic
diversity (73, 149). Negative host factors may include immune
deficiency, alcohol consumption, and coinfection with Human
immunodeficiency virus (HIV) or HBV (73). The National In-
stitutes of Health have recommended against the use of inter-
feron for chronic HCV patients with normal levels of liver
enzymes (156). Patients with normal or minimally elevated
levels of transaminases in serum have a more benign course of
infection with minimal risk of progression to cirrhosis. Evi-
dence has suggested that interferon therapy is not usually ben-
eficial and may even be harmful in this cohort of patients,
perhaps as the result of an immunomodulatory action of in-
terferon that may alter the balance of host immune reactions
and viral replication (156). Antiviral therapy with an interfer-
on-based regimen is also not recommended in decompensated
patients with cirrhosis, because of an increased adverse-effect
profile (73).

Data obtained from multicenter studies showed that ribavi-
rin as monotherapy was not more effective than placebo in
reducing or eliminating HCV RNA levels (136, 263). Because
ribavirin lowered the ALT levels and improved liver histology
in most patients without being antivirally active, an immuno-
modulatory role has been attributed to this drug (98). When
therapy with ribavirin was stopped, ALT levels in serum rose to
pretreatment levels. A major side effect of ribavirin after pro-
longed treatment may be reversible hemolytic anemia (91).
Close monitoring of hemoglobin is therefore required. Riba-
virin in combination with «-2b interferon (marketed as Rebe-
tron) has been approved in the European Union for the treat-
ment of both naive and relapsing hepatitis C. The product has
received marketing authorization throughout the 15 member
states of the European Union. It is already being marketed in
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the United States and approved in Canada. Rebetron is ap-
proved for the treatment of chronic hepatitis C infection in
patients who have relapsed after interferon therapy and for
previously untreated patients with chronic hepatitis C, elevated
ALT levels, high inflammatory activity or fibrosis, or HCV
RNA-positive serum but without liver decompensation. In a
large international study, a significantly greater sustained viro-
logical response was found in patients treated with the combi-
nation of interferon plus ribavirin than in patients treated with
interferon alone (190). Improved sustained response rates with
combined treatment were also recently reported in a large
multicenter trial in the United States (162). In a study with 345
patients with chronic HCV who relapsed after interferon treat-
ment, combination treatment resulted in a higher rate of viro-
logical, biochemical, and histological response than did treat-
ment with interferon alone (45). In another study with 912
patients, interferon alone or in combination with ribavirin was
given as initial treatment for chronic hepatitis C. The rate of
sustained virological response and histological improvement
was better in those receiving the combination therapy (162).
Overall, viral clearance in about 40% of the patients was ob-
tained with these combination regimens. Thus, although com-
bination therapy results in a marked improvement in the ability
to treat chronic HCV infection, ~60% of the patients still do
not respond to treatment. There is therefore an obvious need
for more potent therapies. The effect of the combination of
interferon and ribavirin has also been evaluated in patients
dually infected with HCV and HGV and in HGV-positive
patients. However, no significant reduction of the HGV RNA
levels in serum was observed (132, 199, 257).

Flaviviruses

At present, no vaccine or effective antiviral treatment exists
for the prevention or treatment of infections with DENV.
Supportive care and symptomatic treatment through hydration
or aggressive fluid management, if hypotention develops dur-
ing the course of DHV, are the most important aids to improve
survival. Treatment with the corticosteroids methylpred-
nisolone, hydrocortisone hemisuccinate (214, 221), or carba-
zochrome sodium sulfonate (AC-17) (which decreases capil-
lary permeability) (222) did not reduce mortality in children
with severe dengue shock syndrome.

Ribavirin has significant in vivo activity against a number of
RNA viruses and has proven to be effective in the treatment of
Influenza virus (71), Respiratory syncytial virus (216), Lassa fever
virus (161; E. L. Stephen and P. B. Jahrling, Letter, Lancet
:268-269, 1979), and Hanta virus infections (95). The in vitro
and in vivo activity of ribavirin against flaviviruses (such as
YFV and DENV) is, however, very weak (Table 2) (32, 67, 94,
96, 178; our unpublished data). In a blinded, placebo-con-
trolled study, prophylactic ribavirin treatment of rhesus mon-
keys infected with DENV had little or no effect on viremia
(155). In mice, intraperitoneal administration of ribavirin had
no effect on survival following intracerebral inoculation with
DENV. However, treatment with ribavirin-2',3",5'-triacetate, a
prodrug of ribavirin, resulted in a significant increased survival
time and rate. This may be explained by the higher capability
of this molecule to cross the blood-brain barrier (119). Riba-
virin had no beneficial effect on the course of YFV infections
in rhesus monkeys, as assessed by measuring viremia and liver
dysfunction and scoring for encephalitis and mortality (94).
Rhesus monkeys treated with the nuclease-resistant complex
of polyriboinosinic-polyribocytidylic acid (an interferon in-
ducer) were protected against virus-induced mortality after
challenge with a virulent wild-type YFV strain (211). Treat-
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ment of weanling mice and baby hamsters with the interferon
inducer 10-carboxymethyl-9-acridanone prevented death
caused by peripheral JEV infection (225). One case study
described the beneficial effect of recombinant human alpha
interferon on the course of JEV infection (82). Dexametha-
sone did not prevent death caused by edema-induced increases
in intracranial pressure in patients with severe JEV (88).

VIRAL REPLICATION CYCLE

To discuss potential targets for antiviral therapy, it is neces-
sary that the viral life cycle first be reviewed. The initial site of
interaction of DENV with the host cell is heparan sulfate (34,
35), which allows the virus to concentrate on the surface of the
cell (Fig. 2). After this interaction, the virus is assumed to bind
with high affinity and specificity to a less common receptor or
coreceptor, which in turn triggers receptor-mediated endocy-
tosis. Endosomatic pH changes trigger the fusion between the
viral envelope and the endosomal membrane, expelling the
nucleocapsid in the cytosol, whereupon the positive single-
stranded RNA genome is uncoated. Recently, it was demon-
strated that the HCV E2 envelope protein binds to CD81, a
tetraspanin that is expressed on various cell types including
hepatocytes and B lymphocytes (186). After release of the viral
genome into the cytoplasm, the 5’ untranslated region
(5'UTR) directs the RNA to the ribosomes, where the trans-
lation of the single open reading frame into a precursor
polyprotein occurs. Viruses belonging to the genus Flavivirus
have a short 5'UTR containing a type I m’GpppN,mpN, cap
structure (245). The 5'UTR of the genera Pestivirus (188) and
Hepacivirus (HCV [232] and HGV [185]), however, contains an
internal ribosomal entry site (IRES), which directs the ribo-
some to the first triplet coding for the polyprotein. Recently, it
was also shown that the 3’ end of the HCV genome enhances
the efficiency of translation of the viral RNA (102). The viral
polyprotein is processed co- and posttranslationally into indi-
vidual and functional viral proteins. This processing is carried
out by cellular proteases (signalases [191]) and viral proteases,
which therefore represent an interesting antiviral target. In-
deed, inhibition of the protease activity should prevent the
viral proteins from maturing and thus prevent viral replication.
The RNA-dependent RNA polymerase, associated with cofac-
tors, produces minus-strand single-stranded RNA, which in
turn serves as a template for the production of new plus-strand
single-stranded RNA genomes (18). Subcellular localization of
viral proteins presumed to be involved in replication of the
virus and ultrastructural analysis of infected cells indicate that
viral replication is closely associated with membranes. After
replication, the viral genome is encapsidated in the nucleocap-
sid proteins and directed to the endoplasmic reticulum or
other membranous structures induced by viral infection, where
the immature virus, surrounded by a lipid envelope containing
viral proteins, buds off into the lumen. Passing through the
secretory pathway, the envelope proteins become glycosylated.
Finally, mature viruses are released into the extracellular space
(33, 240).

INHIBITION OF SPECIFIC ANTIVIRAL TARGETS AND
ASSAYS TO ASSESS THIS INHIBITION

Cell Culture Systems

An efficient cell culture system for the replication of HCV
has not yet been established. Attempts have been made to use
human cells of hepatocytic and lymphocytic origin, but low and
variable levels of replication and virus-induced cytotoxicity
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TABLE 2. Susceptibility of YFV and DENV to a
selection of antiviral agents

ECsq (ng/ml)* for:

Antiviral agent

YFV DENV
Ribavirin 28 = 18 49 = 13
EICAR 0.8 0.6 24 +0.8
Mycophenolic acid 0.08 = 0.05 0.4 =03
Tiazofurin 25+ 14 98 =13
Selenazofurin 36+1.5 10 = 5.7

¢ Concentration required to reduce the virus-induced cytopathic effect in Vero
cells by 50%.

pose important problems. Primary hepatocytes (derived from a
human donor) can be infected with HCV isolated from serum
of viremic patients, and the virus can, although with much
variation, be detected in the supernatant for several weeks
after infection. HCV replication has been demonstrated by
detection of minus-strand RNA in primary hepatocytes de-
rived from an HCV-negative donor after infection with sera
from HCV-positive patients with different viral loads in a
strand-specific reverse transcription-PCR (65). However, the
availability of primary hepatocytes is limited, and their isola-
tion is time-consuming and labor-intensive, which makes these
systems unsuitable for intensive large-scale antiviral studies.
Clones of the nonneoplastic hepatocyte line PH5SCH were
shown to sustain the replication of HCV; this replication was
maintained for 70 to 100 days. Alpha interferon was shown to
have an antiviral effect in these cell lines (99).

Another example of progress in this domain has been the
generation of a continuous human cell line that inducibly ex-
presses the entire HCV open reading frame (170). To this end,
the HCV genome has been cloned in a tetracycline-regulated
gene expression system. Withdrawal of tetracycline from the
cell culture medium results in the generation of an unspliced
~9-kb transcript. The viral proteins produced are faithfully
processed, which indicates that the cellular and viral proteo-
lytic machinery, as well as the posttranslational modifications,
is functional. One of the most recent and important examples
is the construction of subgenomic selective replicons cloned
from a full-length HCV consensus genome from an infected
liver. Following transfection of this RNA in human hepatoma
cells, these RNAs were found to replicate to high levels, al-
lowing detailed molecular studies of HCV and the study of
antiviral drugs (148).

Both pestiviruses and flaviviruses can be readily propagated
in cell culture. In vitro cell culture systems with the vaccine
strain 17D of YFV has been used to identify new inhibitors of
flavivirus replication. These experiments confirmed the weak
inhibitory effect of ribavirin on YFV replication (178). The
most potent inhibitor of YFV replication identified was the
IMP dehydrogenase inhibitor mycophenolic acid and the riba-
virin analog EICAR (5-ethynyl-1-B-p-ribofuranosylimidazole-
4-carboxamide) (9) (Table 2). Also, several inhibitors of oro-
tidine monophosphate decarboxylase and CTP synthetase
resulted in a selective inhibition of YFV replication (178).
Recently, some furanonaphthoquinone derivatives were shown
to inhibit the replication of JEV in cell culture (217).

Inhibition of Viral Entry

Molecules that specifically interfere with the initial steps
(binding and penetration) of viral interaction with the host cell
may represent the first barrier against infection. This may be
achieved by interference with the viral molecules that bind to
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their cognate receptor or with the receptor itself. However, at
present, for most members of the Flaviviridae, relatively little is
known about these initial steps. A better understanding of
these processes should be helpful.

Studies with many other viruses have shown that several
molecules may act as potent inhibitors of virus binding and/or
penetration. These include (i) polyanions (such as sulfated,
sulfonated, or carboxylated polymers and polyoxymetalates
[100, 179] that block the binding to the host cell of enveloped
viruses, including herpesviruses such as cytomegalovirus
[CMV] and HIV), and (ii) plant lectins (either mannose, N-
galactosamine, or N-acetylglucosamine specific) that are inhib-
itory to HIV and CMV (10, 11), bicyclams (e.g., AM3100) that
hinder the interaction of HIV with its CXCR-4 coreceptor (55,
204), and molecules, such as pirodavir, that prevent the binding
of rhinovirus particles with the host cell (4, 83, 198). So far,
only the polysulfate PAVAS (a copolymer of acrylic acid and
vinyl alcohol sulfate) has been shown to block the infection of
primary hepatocytes with HCV (39). It is mandatory, there-
fore, to examine various other polyanionic (sulfate, sulfonate,
carboxylate, oxometalate, etc.) substances for their inhibitory
effects on HCV infection. A possible exciting application of
compounds that are specifically targeted at the initial interac-
tion of HCV with its host cell would be the addition of such
compounds to blood products that have not been screened for
the presence of HCV, as is often the case in Third World
countries.

Inhibition of the IRES

An example of a possible strategy to discover inhibitors of
IRES has been described (31). Initial screening for active com-
pounds was performed with an HCV-IRES-firefly luciferase
(Fluci) construct in the Huh7 cell line. To verify selectivity,
additional tests were performed with a dual-reporter cell line
by using a Renilla luciferase construct (Rluci-IRES-Fluci).
Compounds suppressing both signals were discarded as non-
selective inhibitors of translation or transcription, whereas
compounds that inhibited solely the Fluci signal were selected.
These compounds were further studied for their potential in-
hibitory effect on the replication of an IRES-dependent virus
by using chimeric poliovirus whose IRES was replaced by the
HCV IRES. The IRES site of poliovirus can indeed be func-
tionally replaced by the related genetic element from HCV.
Using a similar chimeric poliovirus, a small (60-nucleotide)
RNA (called IRNA, isolated from yeast) was found to inhibit
viral replication by competing for critical cellular polypeptides
that are required for viral IRES-mediated translation (150,
261).

Inhibition of Capping

In flaviviruses, prevention of capping should elicit an antivi-
ral effect by “disabling” the RNA of the progeny virus. Caps
are synthesized by an RNA triphosphatase, a guanylyltrans-
ferase, and a methyltransferase. Flaviviruses replicate in the
cytoplasm, it can therefore be assumed that these functions are
performed by virus-encoded proteins (245). However, much
research is still needed to unravel the pathways involved in the
capping of flavivirus RNA. Evidence was provided that the
flavivirus NS3 protein encodes a triphosphatase in its carboxy-
terminal domain (245). A putative methyltransferase domain
was identified in the NS5 gene of flaviviruses (121). S-Adeno-
sylmethionine (SAM) acts as a methyl donor in transmethyla-
tion reactions. Viral (and cellular) methyltransferases are sen-
sitive to inhibition by S-adenosylhomocysteine (SAH). Specific
inhibitors of SAH hydrolase inhibit the replication of RNA
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viruses such as the rhabdoviruses, reoviruses, and arenaviruses
(50). Recently, the SAH hydrolase inhibitor 3-deazaneplano-
cin A was shown to protect mice against a lethal infection with
a mouse-adapted Ebola virus (97). Thus, both viral enzymes
(i.e., RNA triphosphatase and methyl transferase) involved in
capping, as well as the cellular SAH hydrolase, may be targets
for chemotherapeutic intervention in the replicative cycle of
flaviviruses.

Inhibition of Protease

The HCV genome encodes two different protease activities:
the NS2/3 (putative metalloproteinase) and the NS3 (serine
protease). The HCV serine protease is encoded by the NS3
gene and is believed to be one of the main targets for antiviral
therapy for members of the Flaviviridae. The proteases of HCV
(172, 206, 239) and DENV (234) have been cloned and ex-
pressed. The presence of the NS4A protein (or at least part of
it) is essential for optimal functioning of the HCV and pesti-
virus NS3 serine protease (61, 229, 252). The flavivirus NS2b
has been proposed to be a cofactor for the flavivirus NS3 (33,
152). Coexpression of the HCV NS3-NS4A complex indeed
results in enhanced proteolytic activity compared to that of the
NS3 protease alone (203, 220, 247). Site-directed mutagenesis
of the HCV protease (209, 233, 254) and the DENV protease
(234) and ultrastructural analysis of the HCV protease with
and without cofactors (117, 256), has been used to study the
properties of amino acid residues in or near the catalytic site.
By using protease inhibitors, clues about the structural require-
ments for achieving effective enzymatic inhibition were deter-
mined (53). Because of the low efficiency of the NS3 protease,
an assay to determine the activity of the protease based on the
natural substrate is not very sensitive. To improve the quality
of the assays, Bianchi and colleagues developed synthetic dep-
sipeptide substrates that were shown to have a 100-fold higher
turnover rate than the natural substrate did (20, 218).

Several major pharmaceutical groups have set up high-
throughput screening systems to identify protease inhibitors.
Various methods to discover inhibitors of the enzyme have
been developed. Sudo et al. (212) engineered a maltose-bind-
ing protein-NS3-NS4A fusion protein and a synthetic peptide
that mimics the NSSA-NS5B junction, which is cleaved by the
NS3 protease. Degradation of the substrate or inhibition of
cleavage could be demonstrated by high-performance liquid
chromatography (212). By using poliovirus, a chimeric virus
containing the HCV NS3 protease and an NS3-specific cleav-
age site was generated. Production of infectious virus de-
pended on the activity of the HCV protease (79).

A similar approach to assess the activity of the NS3 protease
in cell culture is to use chimeric Sindbis viruses carrying se-
quences coding for NS3 and its cofactor NS4A. The NS3 cleav-
age site was introduced between the structural proteins of the
Sindbis virus. Production of infectious Sindbis virus particles
was found to rely on the activity of the HCV NS3 protease.
Disabling the protease by mutagenesis inhibited the produc-
tion of new Sindbis virus particles (62).

Cho et al. (36) constructed a chimeric gene allowing the
expression of the NS3/NS4A-secreted alkaline phosphatase
(SEAP) polyprotein. Normal activity of the NS3 protease
would result in cleavage of the polyprotein and secretion of the
SEAP into the extracellular medium of both transfected or
stably transformed cell lines. Inhibition of the protease activity
should lead to a reduced secretion of SEAP, which can be
conveniently quantified by a chemiluminescence detection
method (36). A similar type of assay has been described by
Lamarre (130). The amino acid sequence targeted by the HCV
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NS3 protease was hooked onto the peroxidase-antiperoxidase
complex; the complex was then attached to the bottom of
96-well plates. Compounds inhibiting the HCV protease could
be readily detected by using the peroxidase-antiperoxidase
color reaction after incubation with purified NS3 protease
(130). So far, several either nonpeptidic (104, 213) or peptidic
(101, 209) inhibitors of the HCV protease have been identified.
As for HIV (52, 63), peptidomimetics could be designed. In-
hibitors of the HCV protease could also be designed based on
studies of the active loop of mutant eglin c, a well-known
protease inhibitor (158), and by studying the inhibitory prop-
erties of modified natural peptide substrates (101).

Inhibition of RNA-Dependent RNA Polymerase

Another main target is the RNA-dependent RNA polymer-
ase (RdRp). The RNA polymerases of HCV (1, 147, 255, 259)
(18), DENV (219), and BVDV (262) have been cloned and
expressed. The kinetic properties of the HCV RdRp have been
studied in detail (147). An assay in which the RdRp activity is
measured in crude extracts of cells infected with a flavivirus has
been used for antiviral drug-screening purposes (13, 14). The
5'-triphosphate metabolite of ribavirin is believed to act as an
inhibitor of the viral RdRp (94). Besides inhibition of the viral
RdRp, two other, non-mutually exclusive mechanisms of anti-
viral actions of ribavirin have been proposed: (i) inhibition of
the IMP dehydrogenase after phosphorylation of ribavirin to
ribavirin-5'-monophosphate (RMP), causing a depletion of the
intracellular GTP pools, and (ii) inhibition of the guanylyl-
transferase by ribavirin-5'-triphosphate (RTP), which could
interfere with the capping of viral and cellular RNA (74). The
precise mechanism of action, i.e., the relative importance of
RTP as inhibitor of the viral RdRp in the antiviral activity of
ribavirin against flaviviruses, remains to be elucidated.

Several derivatives of ribavirin that are endowed with broad-
spectrum antiviral activity have been described. The most
potent in this series is EICAR (51). EICAR is 20- to 60-fold
more active than ribavirin against YFV (178) and DENV Ta-
ble 2). The 5'-monophosphate form of EICAR (EICAR-MP)
is, like RMP, also an inhibitor of IMP dehydrogenase (9).
EICAR 5'-triphosphate (EICAR-TP) is formed intracellularly.
This metabolite may, by analogy to RTP, have the potential to
inhibit the viral RdRp. Further investigation of the mechanism
of the anti-flavivirus action of ribavirin and its analogues may
lead to the development of (ribavirin) analogues that are se-
lective and strong inhibitors of the replication of members of
the Flaviviridae through a specific interaction with the RdRp.

Inhibition of Helicase

As well as the serine protease activity located at the N
terminus of the NS3 protein, helicase and NTPase activities are
located in the C terminus of this protein. Helicases are en-
zymes which unwind double-stranded DNA-DNA, RNA-
DNA, or RNA-RNA regions in an ATP-dependent reaction.
The function of the helicase of the Flaviviridae is assumed to be
the unwinding of the plus and minus RNA strands of the
genome after the polymerase reaction.

It is presumed that the helicase-NTPase is essential for viral
replication and may thus represent an excellent target for drug
development. Inhibitors of the helicase of Herpes simplex virus
have been identified (208). The HCV (69, 189) and HGV
(134), helicases have been cloned, expressed, and character-
ized. The helicase of the Flaviviridae belongs to the DEAD
(Asp-Glu-Ala-Asp) box family of RNA helicases (115). The
functional domain of the HCV NTPase-RNA helicase is about
400 amino acids long (113, 114). The crystal structure of the
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TABLE 3. Animal models for infections with members of the Flaviviridae
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Virus Model Remarks Reference(s)
HCV Chimpanzees Viremia after peripheral infection 15, 27, 205
Trimera mouse model Viral replication after implantation of HCV-positive liver fragments 42
Huh-7 HCC mouse model Viral replication after implantation of HCV-infected HCC cells in 174
nude mice
Hepatocarcinogenesis Cirrhosis and liver cancer in mice transgenic for the HCV core protein 173
YFV Monkeys Morbidity and mortality after peripheral infection 6, 137, 146, 157, 168
Suckling mice Encephalitis and death after intracerebral injection with a mouse-adapted 201
YFV strain
DFV Monkeys Viremia after peripheral inoculation; encephalitis after direct intracerebral 5, 155
infection
Suckling mice Encephalitis after intracerebral but not peripheral inoculation with strain 24, 110
adapted through serial passage in the brain
Hu-PBL-SCID model Some (but variable) viral replication 251
K562-SCID model Encephalitis and death after inoculation of the virus in an abdominal 142
erythroleukemia tumor mass
AG129 mice (IFN-a'/B*-y")  Encephalitis and death after intraperitoneal inoculation 103
JEV Bonnet macaques Encephalitis after intracerebral or peripheral inoculation 70, 75
Immunocompetent mice Encephalitis and death after peripheral or intracerebral inoculation with 87
some strains
TBEV  Dogs Encephalitis and death after bite of an infected tick 242
Immunocompetent mice Encephalitis and death after peripheral inoculation with a neurovirulent 237
strain
Suckling mice Encephalitis and death after intracerebral or peripheral infection 89, 106

helicase domain of the HCV NS3 (either with or without a
bound single-stranded oligonucleotide) has been reported
(116, 258). There may be several potential sites for the inter-
action of small-molecule inhibitors, including the binding site
for ATP and for the single- and double-stranded polynucle-
otide. These sites are believed to exist in both “open” and
“closed” conformations. Trapping the enzymes in either of
these conformations may be assumed to block its activity (115).

Ribozymes and Gene Therapy

Ribozymes are RNA molecules composed of a catalytic site
that will cleave the target RNA at a specific site and a sequence
complementary to a designated site on the target RNA. Ri-
bozymes targeted to highly conserved regions of the HCV
genome were shown to cleave the viral RNA and to reduce in
vitro translation (180). The ribozymes reduced or eliminated
HCV RNA expressed in cultured cells and in primary human
hepatocytes that had been isolated from patients with ad-
vanced HCV-associated liver disease (138). A luciferase assay
to determine the effect of HCV 5'UTR-specific targeted ri-
bozymes on the protein translation process has been reported
(202). Due to the RNA structure of ribozymes and hence their
high biodegradability, there is a serious delivery problem. A
gene therapy approach, using adenovirus-mediated expression
of ribozymes, may help to solve this problem (139, 243).

Antisense Oligonucleotide Therapy

Antisense oligonucleotides are able to target and disable
viral replication by interfering with the translation process by
hybrid arrest of the translational machinery or by the induction
of RNase that results in the cleavage of the double-stranded
RNA portion of the hybrid (7). Antisense (phosphorothioate)
oligonucleotides were shown to inhibit HCV translation in an
in vitro model (2, 240). The only antisense oligonucleotide that

has been formally approved as an antiviral drug is ISIS 2922
(formiversen). This molecule shows protection against CMV
retinitis in AIDS patients when injected intravitreally (64, 160).
Although antisense oligonucleotides are designed to act in a
very selective way by sequence-dependent binding, side effects
are not uncommon, since interaction with DNA (triplex for-
mation) and proteins (through simple charge interactions or
even sequence-dependent binding) may also occur (7, 23).
Major problems such as rapid digestion by intracellular nucle-
ases and intracellular delivery of the antisense oligonucleotide
may be alleviated by modifying the phosphodiester backbone
to a phosphorothioate and/or loading the drug in liposomes or
DNA-protein complexes which can be targeted to specific cells
or tissues by antibodies (7, 23, 76).

ANIMAL MODELS

Experimental HCV Infections

As well as humans, chimpanzees can also be infected with
HCV (15, 27, 205) (Table 3) or HGV (28). Although the
chimpanzee model has contributed significantly to the under-
standing of HCV infection, the high cost and availability of
these animals limit the extent to which antiviral-drug (and
other) studies can be carried out with this model. Small labo-
ratory animals, including mice, are not susceptible to infection
with HCV. Alternative models such as the “trimera mouse
model” have been established (42). In this model, immuno-
competent mice are lethally irradiated and subsequently given
bone marrow cells from SCID mice. Thereafter, liver frag-
ments from viremic patients with HCV are transplanted under
the kidney capsule. Replication of the virus, as assessed by
means of reverse transcription-PCR, was detected for more
than 15 days in this model. Another mouse model of HCV
involves the highly tumorigenic Huh-7 HCC cells (174). After
in vitro infection of these Huh-7 HCC cells with serum isolated
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from HCV-positive patients, cells are implanted directly into
the livers of nude mice. As reported, HCV RNA remained
detectable in the serum and liver for more than 49 days postin-
fection (174). The similarities in genetic organization, replica-
tion strategy, and polyprotein processing between HCV and
the tamarin virus GBV suggest that it may be possible to
construct chimeric HCV-GBV viruses that can be used to
infect tamarins. These monkeys are smaller and easier to han-
dle than chimpanzees (73). A murine model that may help
elucidate the mechanism of hepatocarcinogenesis and its ther-
apy has recently been published (173). Mice transgenic for the
HCYV core gene were found to develop steatosis, a histological
feature characteristic of chronic hepatitis C, early in life. After
the age of 16 months, adenomas appeared, in which, in a
nodule-in-nodule like manner, a less differentiated neoplasia
resembling human HCC developed.

Experimental Flavivirus Infections

In Table 3, the different animal model systems for flavivirus
infections are listed. Monkeys have been used to study the
neurovirulence of YFV vaccines (137, 157). Experimental in-
fection of rhesus, cynomolgus, or squirrel monkeys with a wild-
type YFV strain results in liver damage followed by death, as
seen in humans (6, 146, 168). Mouse-adapted strains that were
obtained by serial passage of the virus in the brains of suckling
mice induce encephalitis and death but only after direct intra-
cerebral inoculation (201). No reports have been published
about clinical signs in mice upon peripheral inoculation with
mouse-adapted or nonadapted strains of YFV. We have found
that intraperitoneal infection of 2-day-old (but not 5-day-old)
SCID mice with the vaccine strain Stamaril of YFV results in
encephalitis and its associated mortality; in contrast, 2- to
3-day-old NMRI (immunocompetent) mice appeared to be
resistant to the infection when not injected directly into the
brain (our unpublished data).

Several species of monkeys, such as rhesus monkeys, can be
infected experimentally with DENV (155). Although these an-
imals develop viremia, clinical illness or death, as observed in
humans, was observed only after intracerebral inoculation with
a neurovirulent strain (5). Experimental intracerebral infection
of mice with DENYV strains that have been passaged in mouse
brain may cause encephalitis, especially when newborn or
suckling mice are used (24, 110). These mouse-neurotropic
DENV strains appear to be attenuated in humans and may be
potentially important in the development of a vaccine. Enceph-
alitis caused by DENV in humans is, however, rather rare
(151). Peripheral inoculation of DENV in immunocompetent
or SCID mice does not cause disease (142, 251; our unpub-
lished data).

A first attempt to establish a murine model for dengue
infection by peripheral inoculation of the virus was reported by
Wu et al. (251). SCID mice were reconstituted with human
peripheral blood lymphocytes and subsequently infected intra-
peritoneally with DENV (type 1 strain). However, virus pro-
duction was highly variable in this model (251). A second
attempt was recently reported by Lin et al. (142). SCID mice
were engrafted intraperitoneally with human erythroleukemia
cells (K562). Five weeks after the inoculation of the cells, the
resulting abdominal tumor mass was infected with DENV (dif-
ferent strains). Encephalitis and death due to DENV replica-
tion was recorded, and viral antigens were detected in the
serum, the brain, and the tumor mass (142). Recently, a mouse
model that does not make use of human xenografts was re-
ported. Mice that lack the alpha/beta and gamma interferon
and receptor genes (AG129 mice) develop disease and die 10
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to 12 days after intraperitoneal inoculation with a mouse-
adapted type 2 DENV. In contrast to wild-type mice or mice
deficient in either the alpha/beta interferon receptor or gamma
interferon ligand genes, replication of the virus could be dem-
onstrated in the sera, spleens, and brains of the infected
AG129 mice (103).

Intracerebral or subcutaneous inoculation of Bonnet ma-
caques with a neurovirulent strain of JEV resulted in enceph-
alitis (70, 75). The JEV vaccine that is currently used consists
of purified inactivated mouse-adapted neurovirulent strains
(78, 237). Infection of mice (younger than 3 weeks) with JEV
by the intracerebral or peripheral route resulted, depending on
the strain used, in encephalitis and death (87). Natural lethal
infections with TBEV in dogs bitten by infected ticks have
been documented (242). As with JEV, a purified preparation
of inactivated TBEV adapted to become neurovirulent in mice
can be used as a vaccine (237). Intracerebral inoculation of
such virus in suckling or young adult mice results in the devel-
opment of encephalitis and death (89, 106).

Because of their high pathogenicity for humans, most flavi-
viruses require special research facilities (BSL3 for YFV [wild-
type strains], JEV, LIV, WNV, MVEV, SLEV, and Powassan
encephalitis virus and BSL4 for OHFV and RSSEV), which
may hinder research in this field. Therefore, an animal model
for flavivirus infections that allows researchers to work under
BSL2 conditions would help in studying the pathogenesis of
and possibly new therapies for flavivirus infections. Ideally, the
virus used in such an animal model should (i) be of low patho-
genicity for humans, thus reducing the costs of the research
and avoiding the need for special facilities for manipulation;
(ii) be easy to propagate in cell culture; and (iii) cause mor-
bidity and mortality in small adult laboratory animals following
systemic infection. The Modoc virus (48, 49) may fulfill these
requirements.

PROSPECTS FOR TREATMENT

Although 170 million people are chronically infected with
HCV and are thus at risk of developing cirrhosis, liver failure,
and liver cancer, options for therapy are currently limited.
Treatment with interferon confers a sustained loss of virus in
the blood only in 15 to 20% of the patients and is associated
with serious side effects; when interferon is combined with
ribavirin, viral clearance may be achieved in up to 40% of
patients. Because of the genetic and serological heterogeneity
of HCV, the development of effective vaccines will be difficult
and is not expected to occur soon. Thus, there is an urgent
need for a more (cost-)effective treatment and/or immunopro-
phylaxis. Because of the lack of a complete cell culture system
for HCV replication that can be used for (high-throughput)
antiviral drug-screening purposes, several assays have now
been elaborated that allow drug screening against specific viral
targets (such as the IRES, the viral protease and helicase
[which are both encoded by the NS3 gene], and the RdRp
[encoded by NS5b]). One may reasonably assume that the
major efforts generated by many pharmaceutical groups may in
the next coming years result in the discovery of selective in-
hibitors of HCV replication (241). Such newly discovered in-
hibitors will first have to be evaluated in the chimpanzee HCV
infection model. Despite the major clinical impact of flavivi-
ruses such as DENV, JEV, and TBEV, there is as yet no drug
available for the chemoprophylaxis or chemotherapy of infec-
tions with these viruses. The intense search for inhibitors of
HCV replication will probably result in the discovery of com-
pounds that inhibit the replication of Flaviviridae in general.
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