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1. Introduction

The family Flaviviridae includes human and animal pathogenic viruses of global importance,
e.g. the human flaviviruses West-Nile virus (WNV), dengue virus (DENV), Japanese
encephalitis virus (JEV), tick-borne encephalitis virus (TBEV) and yellow fever virus (JEV) as
well as hepacivirus hepatitis C virus (HCV). This virus family was named after the jaundice
occurring in course of YFV infection, the first identified virus of the Flaviviridae (Monath,
1987; Halstead, 1992). In humans infections with Flaviviridae may lead to fulminant,
hemorrhagic diseaes [YFV, DENV and omsk hemorrhagic fever virus (OHFV)], viral
encephalitis [JEV, TBEV, WNYV, St. Louis encephalitis virus (SLEV)] or chronic hepatitis C,
formerly referred to as non-A, non-B hepatitis (HCV) (Monath & Heinz, 1996; Rice, 1996).
Viruses belonging to the third genus, pestivirus, infect only animals, leading to severe
disease of the host, usually followed by death [bovine viral diarrhea virus (BVDV),
classical swine fever virus (CSFV) and border disease virus (BDV)] (Nettelton & Entrican,
1995).

The genus flavivirus consists of more than 70 species that are, on the basis of phylogenetic
analyses, divided into 14 classes which in turn are grouped into three clusters: the mosquito-
borne cluster, the tick-borne cluster and the non-vector cluster. All flaviviruses of human
importance are mosquito- or tick-borne viruses. They enter through the skin by the bite of
an infected arthropod, proliferating locally and spreading through the blood circulation and
cross the blood-brain barrier and finally entering the central nervous system. This fact is
important for further pathogenesis and unfavorable clinical outcome of the infection (King
et al., 2007). Most pathogenic flaviviruses are associated with neurological diseases. The
mosquito-borne encephalitic flaviviruses are grouped phylogenetically in the Japanese
encephalitis serocomplex. Most tick-borne flaviviruses cause encephalitis and are mainly
spread through Europe and Asia. Approximately up to 200 million new cases of infections
caused by viruses of the Flaviviridae family are registered annually. Up to date, there is no
effective antiviral therapy directed against Flaviviridae viruses.

Members of the family of Flaviviridae are small (40 to 50 nm), spheric, enveloped RNA
viruses of similar structure. The genome of the viruses consists of one single-stranded,
positive-sense RNA with a length of 9100 to 11000 bases [e.g. 10862 for YFV (strain 17D),
10477 for Russian spring-summer encephalitis virus (RSSEV) and approx. 9100 for HCV].
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90 Flavivirus Encephalitis

The RNA possesses a single open reading frame (ORF) flanked by 5'- and 3’- terminally
located untranslated regions (5"UTR and 3'UTR respectively). In course of infection with
flaviviruses the polyprotein is cleaved co- and post-translationally by proteases (Pryor et al.,
1998). The amino terminus of the polyprotein is processed into 3 structural proteins. The
spheric nucleocapsid is composed of one viral capsid protein (C-protein). Furthermore, it is
surrounded by a lipid bilayer that is acquired for the budding of the virus particle into the
lumen of intracellular vesicles. The lipid membrane contains two species of glycoproteins.
Protein M, processed from a larger precursor protein (Pre-M), and the envelope protein (E-
protein) form homodimers that determine the form of the virus particle. Beside the
structural proteins the polyprotein is additionally processed into seven nonstructural
proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, NS5) (Westaway, 1987; Leyssen et al., 2000;
Monath & Heinz, 1996; Rice, 1996). Figure 1 presents, schematically, the structure of the
flavivirus polyprotein.
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Fig. 1. Genome organization and functions of viral proteins. The polyprotein is co- and
posttranslationally cleaved by host and viral proteases (as shown in the figure) into
structural (light) and nonstructural (dark) protein. Putative functions of the viral proteins
during viral replication are indicated

2. Viral life cycle

Genomic replication proceeds very similarly within the Flaviviridae family. After binding to
the cell by specific receptors and entry of the virus via receptor-mediated endocytosis the
viral RNA is uncoated by acid-catalyzed membrane fusion and translation is initiated by
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cap-mediated processes. The viral RNA is translated into one viral polyprotein which is co-
and posttranslationally cleaved by viral and host proteases. RNA synthesis occurs in
cytoplasmic replication complexes localized at the perinuclear membranes. All NS proteins
appear to be involved in RNA replication. The blockade of their activities leads to inhibition
of the virus propagation. The genomic RNA is encapsidated into the core shell consisting of
capsid proteins, enveloped by viral surface protein embedded cellular derived lipid
membranes.
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Fig. 2. Flaviviral replication cycle. After binding of the virion to the specific host receptor the
virus enters the cell via receptor-mediated endocytosis. The low pH in the endosomes
mediates fusion of viral membranes with endosomal membranes and lead to release of viral
RNA. The viral RNA is translated into one polyprotein and proteolytically processed. Virus
assembly consisting of coating and formation of immature virion occurs at the ER.
Maturation of the immature virion particle to the mature virion occurs in the trans Golgi
network. Mature virions are finally released by exocytosis

The virus particle is budded through intracellular membranes into cytoplasmic vesicles. By
the cellular secretory pathway the virus particles are transported to the plasma membrane
and undergo a maturation procedure. Virus release into the extracellular compartment is
connected with fusion of the vesicles with the plasma membrane. Figure 2 presents the
flaviviral life cycle.
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3. Promising targets for antiviral therapy

The presumed replication cycle of flaviviruses consists of: I) Adsorption and receptor-
mediated endocytosis; II) low pH-dependent fusion in lysosomes and uncoating; III) cap-
mediated initiation of translation of the viral RNA into viral precursor polyprotein; IV) co-
and post-translational proteolytic processing of the viral polyprotein by cellular and viral
proteases; V) membrane-associated synthesis of template minus-strand RNA and progeny
plus-strand RNA; VI) assembly of the nucleocapsid, budding of virions in the endoplasmic
reticulum (ER), transport and maturation of virions in the ER and the Golgi complex, vesicle
fusion and release of mature virions. Some of these steps could be potential targets for
antiviral compounds.

3.1 Adsorption and receptor-mediated endocytosis

To date a broad range of receptors for members of the Flaviviridae have been identified.
Predominantly there are oligo- and polysaccharides, particularly heparin, heparan sulfate
and glycosoaminoglycans (GAGs) (Lee & Lobigs, 2000). Nevertheless, in some cases
membrane proteins, especially receptor proteins, serve as binding site(s) for viruses of the
Flaviviridae family.

The entry of flaviviruses into their target cells is mediated by the interaction of the E
glycoprotein with cellular surface receptor molecules. Receptor usage is both cell type and
virus-specific and contributes to host range, tissue tropism and viral pathogenicity. Highly
sulfated, negatively charged glycosaminoglycans, such as heparan sulfate, can be utilized by
several flaviviruses as low-affinity attachment factors that concentrate the virus on the cell
surface (Agnello et al.,, 1999; Germi et al., 2002; Kroschewski et al., 2003; Lee & Lobings,
2008; Chen et al., 2010; Kozlovskaya et al., 2010). Similar to observations made for other
Flaviviridae, low-density lipoprotein receptor may play a role as an attachment receptor of
nonheparan sulfate adapted JEV strains in mammalian cells, and might be responsible for
the neurovirulence of the virus (Chien et al.,, 2008). For WNV and JEV, a,f3 integrin has
been documented as a functional receptor in permissive mammalian cells. Recent studies
have reported that WNV entry into embryonic mouse fibroblasts and hamster melanoma
cells is independent from a,ps; integrin, suggesting alternative receptor molecules for
different cell types or strain differences (Medigeshi et al., 2008).

C-type lectin receptors (CLR) are host pathogen-recognition receptors (PRR) that are
specialized in sensing invading pathogens. Several members of this family are highly
expressed on myeloid cells, including monocytes macrophages and dendritic cells (DCs),
and thus play a central role in activating host immune defenses (Robinson et al., 2006).
Dendritic-cell specific ICAM-3-grabbing nonintegrin (DC-SIGN, CD209), one of the CLRs,
possesses a critical function between viral replication in insect vectors and infection of the
vertebrate host (Lozach et al., 2005; Navarro-Sanchez et al., 2003; Tassaneetrithep et al.,
2003). DC-SIGN is a tetrameric C-type lectin specialized in pathogen capture and antigen
presentation and is constitutively expressed on DCs, including those residing in the skin, the
anatomical site of initial infection (van Kooyk & Geijtenbeek, 2003). DC-SIGN recognizes
carbohydrate structures present on flavivirus glycoproteins. The remarkable capacity of DC-
SIGN to distinguish between high-mannose glycans typical for insect-derived glycoproteins
and the complex glycosylation of host-derived proteins (Lozach et al., 2005; van Kooyk &
Geijtenbeek, 2003) implies that flaviviruses have evolved an elegant strategy to initiate
infection of human cells by taking advantage of the ligand specificity of this PRR.
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3.2 Low pH-dependent fusion in lysosomes and uncoating

After the attachment of an enveloped virus to the cell surface receptors, the fusion of the
viral envelope with the host membrane follows. This process is mediated by virus-specific
fusion proteins that merge the viral and cellular membranes. The fusion proteins contain a
striking motif, so-called fusion peptide, that becomes exposed in course of conformational
changes, and is inserted into the target membrane. To date two different classes of fusion
proteins have been described. The proteins (class I and II) differ dramatically in their
structure and molecular architecture (Weissenhorn et al., 1999; Colman & Lawrence, 2003).
The fusion protein of class I is represented by hemagglutinin of influenza virus and of other
related viruses (Wilson et al., 1981; Weissenhorn et al., 1999). Class II fusion protein is
represented by the E protein of flaviviruses (Modis et al., 2003). The fusion of the viral and
host membranes may occur at neutral or alternatively at lowered pH in endocytic vesicles.
Flaviviridae require acidic pH for successful fusion with the cell membrane, followed by
uncoating of the virus (Bressanelli et al., 2004). As demonstrated for DENV-2 and TBEV at
neutral pH, the envelope glycoproteins (in the form of homodimers or homotrimers,
respectively) are so closely packed that the viral membrane is practically inaccessible and
fusion does not occur. The lowered pH leads to changes of the conformation of envelope
glycoproteins. In course of these conformational alterations, fragments of the surface area of
the viral membrane will be exposed, making penetration of the virus particle into the cell
possible (Bressanelli et al., 2004). A major role in this process is given to several conserved
histidine residues of protein E. Mutagenesis confirmed the function and importance of
initial pH-sensing and fusion-protein refolding (Fritz et al., 2008; Harrison, 2008).

3.3 Cap-mediated initiation of translation of the viral RNA into viral precursor
polyprotein

Signals required for replication of plus-strand RNA viruses are usually located in the 5'-
terminal regions of the template strands. They act as promoter elements for initiation of
minus- and plus-strand RNA synthesis. In flaviviruses, the translation is initiated by a
process called capping. The cap is an unique structure found at the 5°-terminus of viral and
cellular eukaryotic mRNA, which is important for mRNA stability and binding to the
ribosome during translation. The viral mRNA capping is a cotranscriptional modification
resulting from three reactions mediated by viral enzymes: (1) 5"-triphosphate of the mRNA
is converted to diphosphate by an RNA triphosphatase (encoded in the NS3 protein). (2)
Transfer of guanosine monophosphate (GMP) from GTP to the 5’-diphosphate RNA to form
a 5-5 triphosphate linkage, typical for cap structures. This reaction is mediated by a
guanylyltransferase. (3) The transferred guanosine moiety is methylated at the N7 position
by guanine-N7 RNA MTase and forms the cap0 structure m?’GpppN (Egloff et al., 2002; Ray
et al., 2006). A second methylation at the first nucleotide yields a capl m’GpppNm and
additionally at the second to cap2 m’GpppN=mNm™. Sequence analysis revealed the presence
of RNA GTase, N7 MTase and 2'-O MTase within the NH,-terminal domain of the NS5
protein of flaviviruses.

3.4 Co- and post-translational proteolytic processing of the viral polyprotein by
cellular and viral proteases

The flaviviral polyprotein is processed by host and viral proteases. The viral trypsin-like
serine protease is localized at the NH»-terminal domain of NS3. The viral enzyme catalyzes
the cleavages at C-prM, NS2A-NS2B, NS2B-NS3, NS3-NS4A, NS4A-NS4B and NS4B-NS5. It
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has a preference for basic amino acids, like Arg-Arg, Arg-Lys, Lys-Arg or GIn-Arg) at
position P1 and P2 followed by Gly, Ala or Ser at P1” (Chambers et al., 1990). The host signal
peptidase is responsible for cleavage at prM-E and E-NS1 (Speight et al., 1988; Nowak et al.,
1989; Falgout & Markoff, 1995). The NS3 protease activity is dependent from its cofactor, a
40-amino acid region of NS2B. This protein fulfils the function of a chaperone, like
stabilization of the latter protein, and is responsible for membrane association of the
NS2B/NS3 complex. It was shown that a non-cleavable, soluble form obtained by
substitution of the linker between NS2B and NS3 revealed a very active protease (Leung et
al., 2001). From this results that the cleavage of NS2B-NS3 is not necessary for protease
activity. Comparison of NS2B/NS3 full-length protein and NS2B/NS3 protease domain
demonstrated the marginal influence of the NS3 nucleoside triphosphatase
(NTPase)/helicase domain towards the protease activity. On the opposite site, the
unwinding activity of the NS3 protein is significantly decreased by fusion with NS2B using
DNA substrate (Chernov et al.,, 2008). Since this protein is essentially involved in the
formation of the replication complex, it is an attractive target for potential antivirals.

3.5 Metabolism of RNA - membrane-associated synthesis of templated minus-strand
RNA and progeny plus-strand RNA

The negative-stranded RNA of viruses is synthesized with the use of the parental positive-
strand RNA as template. The resulting negative-strand RNA is then used as template for the
synthesis of the positive-strand progeny RNA, that is then assembled into viral particles.
Since the negative and positive oriented RNA strands are complementary, the NS3-
associated helicase activity appears to be necessary for strand separation. NTPase/helicases
are in general nucleoside triphosphate-dependent ubiquitous proteins, capable of enzymatic
unwinding of double-stranded DNA or RNA structures by disrupting the hydrogen bonds
that keep the two strands together. Approximately 80% of all known plus-strand RNA
viruses possess at least one NTPase/helicase. The protein consists of three equally-sized
structural domains separated by deep clefts. Domains 1 and 3 share with each other a more
extensive interface than either of them shares with domain 2. In consequence, the clefts
between domains 1 and 2 and domains 2 and 3 are the largest. The domain 2 is flexibly
linked to the other two and could undergo a rigid movement relative to domains 1 and 3.
Domains 1 and 2 host seven conserved amino acid sequences, characteristic for the majority
of known NTPase/helicases within superfamily II (Kadare & Haenni, 1997).

Some of the motifs are attributed to defined function of the enzyme. The motifs I and II, so
called Walker motifs A and B, have been described as a key part of the NTP binding pocket.
Walker motif A binds to the terminal phosphate group of the NTP and the Walker motif B
builds a chelate complex with the Mg2* ion of the Mg2* - NTP complex (Walker et al., 1982).
In the absence of substrate, the residues of the Walker motifs bind one to the other, and to
the residues of the conserved T-A-T sequence of motif III. This motif is part of a flexible
“switch sequence” connecting domains 1 and 2, which transduces the energy resulting from
NTP hydrolysis and participates in the conformational changes induced by NTP binding
(Matson & Kaiser-Rogers, 1990).

Another main target for potential antivirals within the replication complex is the RNA-
dependent RNA polymerase. The enzyme facilitates the synthesis of both the negative-
strand RNA intermediate, complementary to the viral genome, and the the positive-strand
RNA complementary to the negative-strand intermediate. The investigated fragment of NS5 is
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folded in the characteristic fingers, palm, and thumb subdomains. The finger subdomain
contains a region, the “fingertips”, that displays the same fold with reverse transcriptases
(RTs). Comparison with the known structures of the RTs showed that residues from the
palm and fingertips are structurally equivalent (Bressanelli et al., 1999). Conserved clusters
between Flaviviridae, Picornaviridae families and retroviruses in defined regions of the
molecular surface are: (1) the RNA and NTP binding groove, (2) the back of the thumb, (3)
the NTP tunnel, and (4) acidic path at the top-front of the fingers. The back surface of the
thumb could be conceivably a site of interaction with other components of the replication
complex mentioned above or cellular proteins (Bressanelli et al., 1999). Due to the fact that
human cells lack RNA-dependent RNA or DNA polymerases, this protein is the most
promising and beside the protease activity best examined enzyme within the flaviviral
nonstructural proteins.

3.6 Assembly of the nucleocapsid, budding of virions in ER, transport and maturation
of virions in the ER and the Golgi complex, vesicle fusion and release of mature
virions

Progeny virions are assembled by encapsidating the genomic RNA into the core shell of
capsid proteins, enveloped by two viral surface proteins (prM and E) embedded into host-
derived lipid membranes. Although the intracellular assembly of flaviviruses is not
completely understood, the viral morphogenesis takes place by budding through
intracellular membranes into cytoplasmic vesicles (Heinz & Allison, 2003). Virus assembly
intermediates or nucleocapsid particles during the replication process of the flaviviruses
have rarely been visualized by electron microscopy, and viral particles first become visible
at the intracellular membrane compartment in infected cells. A study using cryo-
immunoelectron microscopy has described the nucleocapsid particles of Kunjin virus.
Intracellular viral particles appear to be present within the lumen of the rough endoplasmic
reticulum, which are then transported to the plasma membrane via the cellular secretory
pathway (Mackenzie & Westaway, 2001). During the transport to the plasma membrane, the
intracellular viral particles undergo the maturation process. Glycans on prM and E proteins
are modified by trimming and terminal addition of sugar residues (Mason, 1989; Heinz et
al., 1994). The N-terminal fragment of prM is cleaved by furin or a related protease in the
trans-Golgi apparatus, and this cleavage is prevented by elevation of the pH in acidic
intracellular compartments (Heinz et al., 1994; Stadler et al., 1997). This prM cleavage is
generally considered to distinguish extracellular viral particles from intracellular viral
particles and is required for converting immature virions into mature virions characterized
by the ability being highly infectious and to induce cell fusion (Allison et al., 1995; Elshuber
et al., 2003). The uncleaved prM interacts with E protein, forms a fusion-inactive prM/E
heterodimer, and keeps E protein from undergoing an acid-induced conformational change
during the transport to the plasma membrane (Guirakhoo et al., 1991; 1992). Fusion of the
vesicles with the plasma membrane releases the large amount of progeny virions into the
extracellular compartment (Mason, 1989).

4. Potential inhibitors

4.1 Viral attachment and entry
The lowered pH leads to conformational changes of envelope glycoprotein. In course of
these conformational alterations, fragments of the surface area of the viral membrane will be
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exposed, making penetration of the virus particle into the cell possible (Bressanelli et al.,
2004). In this context, it is likely that compounds or short peptides competing with the
regions of E protein which mediate the low pH-induced rearrangements of the structure of
the virus surface would be potential antivirals. Another mechanism of action of potential
flavivirus inhibitors of fusion and uncoating could be a reduction of the pH-gradient
between acidified and pH-neutral cell compartments. The macrolide antibiotic bafilomycin
A1 (Baf-Al, Fig. 3), a specific inhibitor of vacuolar-type H(+)-ATPase, is commonly used to
demonstrate the requirement of low endosomal pH for viral uncoating (Bayer, et al., 1998;
Nawa, 1998; Natale & McCullough, 1998). Treatment of the cell with the compound induced
complete disappearance of acidified cell compartments. The effect of Baf-Al is
concentration-dependent. As demonstrated for JEV growth in Vero cells, the rate of
infection decreases proportionally to the degree of depletion of the pH-lowered
compartments (Andoh, 1998). Nevertheless, there are indications that Baf-Al acts
additionally on further intracellular processes, like blockade of transport from early to late
endosomes. Since the early endosomes are suspected to lack components essential for
uncoating, this activity of Baf-A1l could result in a further antiviral mechanism of action of
the compound (Bayer et al., 1998).

Stem peptides and their interaction sites along the core trimer are potential targets for
inhibition. The presence of a DENV derived peptide blocks infection by the flaviviruses
DENV and WNV (Hrobowski et al., 2005). The hydrophobic pocket in the hinge region
between domains I and II is thought to be a highly conserved structure amongst the
flaviviruses. By virtual screening and followed biological tests Kampmann et al. identified
two peptides (Fig. 3) which are able to block WNV and/or YFV infection with ICs values in
low micromolar range (Kampmann et al., 2009).

4.2 Enzyme activities associated with NS3 and NS5 proteins

The flavivirus proteases recognize cleavage sites containing dibasic amino acid residues (at
positions P1 and P2) and a small amino acid side chain (position P1'). Therefore protease
inhibitors like benzamidine and PMSF are inactive against flaviviral NS3 proteases. Several
compounds capable of inhibiting the protease activity of NS3 have been identified. Some are
short peptides that mimic the protease cleavage site, and thus competitively inhibit NS3
protease activity by binding to its catalytic site. Recently, experiments using palmatine (Fig.
3) as protease inhibitor showed inhibitory effects towards WNV (Jia et al., 2010).

Using a high-throuput system and molecular modelling a substrate competitive inhibitor
(Fig. 3) of the WNV protease activity was detected by Mueller et al. (Mueller et al., 2008). An
extensive study of pyrazole derivatives (Fig. 3) showed effectiveness in low micromolar
range (Sidique et al., 2009). These tested analogues possess higher stability in aqueous buffer
then former tested compounds (Johnston et al., 2007).

The NS3-associated NTPase is inhibited by a broad range of nucleotide analogues (Fig. 3)
either with a modified nucleobase, e.g. ribavirin-5"-triphosphate, paclitaxel and some ring
expanded nucleosides (RENSs) triphosphates (Borowski et al., 2000; Borowski et al., 2002;
Zhang et al., 2003a; Zhang et al., 2003b), or by nucleotide derivatives that possess a
nonhydrolysable bound between the beta- and gamma-phosphates (unpublished data).
Nevertheless, inhibition was mostly obtained under selective reaction conditions and the
antiviral effect of the compounds as well as the exact in vivo mechanism of action is
unclear.
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The second promising target for potential antivirals is the viral NS5 protein-associated
methyltransferase. The majority of the viral and cellular methyltransferases could be
inhibited by derivatives of S-adenosylmethionine (SAM), the S-adenosylhomocysteine
(SAH) (De Clercq, 1993). In this context, specific inhibitors of a cellular SAH hydrolase
might inhibit the replication of Flaviviridae RNA, as demonstrated for rhabdoviruses or
reoviruses (De Clercq, 1993). Such substances have already been found. For example,
neplanocin A (Fig. 3), a naturally occurring carbocyclic nucleoside, and related abacavir and
carbovir, in which the absence of a true glycosidic bond makes the compounds chemically
more stable, as they are not susceptible to enzymatic cleavage by SAH hydrolase (Song et
al.,, 2001). A further possibility to inhibit the interactions between cap-structure and its target
protein, eucaryotic initiation factor 4E (elF4E), is the reduction of the affinity of the last to
the ligand. There are findings suggesting strongly that this affinity is regulated by
intracellular protein phosphorylation taking place in the cap-structure-binding pocket of
elF4E (Scheper & Proud, 2002).

The majority of currently known HCV polymerase inhibitors fall into two main categories,
according to their chemical structure and their mechanism of action. There are nucleoside
analogue inhibitors and non-nucleoside inhibitors. Recently a third class of compounds,
mimicking the pyrophosphate group and displaying an ability to inhibit RdRp, was
separated.

All nucleoside analogues appear to inhibit the polymerase activity in a similar manner.
After penetration into the cell, the compounds undergo intracellular phosphorylation to
the corresponding triphosphate. Subsequently the nucleotide analogues are incorporated
by the viral polymerase into the growing nucleic acid chain. This leads, in turn, to an
increased error frequency of the polymerase and, in consequence, to early termination of
the elongation reaction. The second category of RdRp inhibitors comprises structurally
and chemically heterogenous compounds, not related to the non-nucleosides or
nucleotides. The substances are not incorporated into growing DNA or RNA strand. The
compounds inhibit the polymerase indirectly by binding to the enzyme in a reversible and
non-competitive manner. A third category of polymerase inhibitors consists of the
chemically and structurally homogenous pyrophosphate mimics possessing a diketo acid
moiety. The mechanism by which the compounds exert their inhibitory effect is the
blockade of the active site of the enzyme. Thus, the binding of the phosphoryl groups of
the nucleotide substrate is blocked and formation of complexes Mg2*-NTP or Mn2*-NTP is
abolished.

Recently, several small anti-WNV compounds were identified belonging to four different
structural classes including pyrazolines, xanthanes, acridines, and quinolines (Goodell et al.,
2006, Fig. 3).

4.3 Maturation and release

Endoplasmic reticulum alpha-glucosidase inhibitors block the trimming stem in the course
of N-linked glycosylation, and eliminate the production of several ER-budding viruses. The
iminosugar derivative N-nonyl-deoxynojirimycin (Fig. 3) was found to inhibit the
replication of JEV and DENV significantly (Wu et al.,, 2002). This effect was probably
mediated by inhibition of secretion of the viral glycoproteins E and NS1. The latter protein is
known to be essential for flavivirus replication (Lindenbach & Rice, 1997).
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5. Conclusion

Due to the fact that flaviviruses are arthropod-borne viruses their spreading around the
world is difficult to control. Several strategies in case of YFV or DENV were successful for a
short period but there is no way for complete eradication of all those arthropods. Especially
the health infrastructure in most epidemic countries in South-East Asia, Africa or Latin
America makes the fight against the arthropods and viruses difficult.

Our aims for the future should be to force all strength to develop vaccines against the most
severe infection which are available for people living in endemic areas of the world, not only
for industrial countries.

Until today no antiviral therapies are effective against flaviviruses. There is an urgent need
for new molecules that block replication and/or modulate immune response. Much effort
was done during last decades to resolve the virus structures and to examine their life cycles.
Further step is the identification of potential antiviral targets. Screening of huge libraries of
compounds for their inhibitory effect have been proven as the most promising strategy in
the search of antiflaviviral therapy. Unfortunately, at the moment no candidates are
detected possessing high activity on the one hand and being less toxic towards human cells.
Furthermore, another problem which is already known from HIV therapy is the resistance
development by viruses through mutation at the target site.

6. References

Agnello, V.; Abel, G.; Elfahal, M.; Knight, G.B. & Zhang, Q.X. (1999). Hepatitis C virus and
other Flaviviridae viruses enter cells via low density lipoprotein receptor.
Proceedings of National Academy of the Sciences USA, Vol.96, pp. 12766-12771

Allison, S.L.; Schalich, J.; Stiasny, K.; Mandl, C.W.; Kunz, C. & Heinz, F.X. (1995). Oligomeric
rearrangement of tick-borne encephalitis virus envelope proteins induced by an
acidic pH. Journal of Virology, Vol.69, pp. 695-700

Andoh, T.; Kawamata, H.; Umatake, M.; Terasawa, K.; Takegami, T. & Ochiai, H. (1998).
Effect of bafilomycin Al on the growth of Japanese encephalitis virus in Vero cells.
Journal of Neurovirology, Vol.4, pp. 627-631

Bayer, N.; Schober, D.; Prchla, E;; Murphy, R.F.; Blaas, D. & Fuchs, R. (1998). Effect of
bafilomycin Al and nocodazole on endocytic transport in HeLa cells: implication
for viral uncoating and infection. Journal of Virology, Vol.72, pp. 9645-9655

Borowski, P.; Mueller, O.; Niebuhr, A.; Kalitzky, M.; Hwang, L.H.; Schmitz, H.; Siwecka, M.
& Kulikowski, T. (2000). ATP-binding domain of NTPase/helicase as target for
hepatitis C antiviral therapy. Acta Biochimica Polonica, Vol.47, pp. 173-180

Borowski, P.; Niebuhr, A.; Schmitz, P.; Hosmane, R.S.; Bretner, M.; Siwecka, M. &
Kulikowski, T. (2002). NTPase/helicase of Flaviviridae: inhibitors and inhibition of
the enzyme. Acta Biochimica Polonica, Vol.49, pp. 597-614

Bressanelli, S.; Tomei, L.; Roussel, A.; Incitti, I.; Vitale R.L.; Mathieu, M.; De Francesco, R. &
Rey, F.A. (1999). Crystal structure of the RNA-dependent RNA polymerase of the
hepatitis ¢ virus. Proceedings of the National Acadamy of Sciences USA, Vol.96, pp.
13034-13039

Bressanelli, S.; Stiasny, K.; Allison, S.; Stura, E.; Duquerroy, S.; Lescar, ].; Heinz, F.X. & Rey,
F. (2004). Structure of flavivirus envelope glycoprotein in its low-pH-induced
membrane fusion conformation. EMBO Journal, Vol.23, pp. 728-738

www.intechopen.com



100 Flavivirus Encephalitis

Chambers, T.].; Weir, R.C.; Grakoui, A.; McCourt, D.W.; Bazan, J.F.; Fletterick, R.J. & Rice,
CM. (1999). Evidence that the N-terminal domain of nonstructural protein NS3
from yellow fever virus is a serine protease responsible for site-specific cleavages in
the viral polyprotein. Proceedings of the National Academy of Sciences USA, Vol.87, pp.
8898-8902

Chen, H.L,; Her, S.Y.; Huang, K.C.; Cheng, H.T.; Wu, CW.; Wy, S.C. & Cheng, ].W. (2010).
Identification of a heparin binding peptide from the Japanese encephalitis virus
envelope protein. Biopolymers, Vol.94, pp. 331-338

Chernov, A.V; Shiryaev, S.A.; Aleshin, A.E.; Ratnikov, B.I,; Smith, J.W.; Liddington, R.C. &
Strongin, A.Y. (2008). The two-component NS2B-NS3 proteinase represses DNA
unwinding activity of the West Nile virus NS3 helicase. Journal of Biological
Chemistry, Vol.283, pp. 17270-17278

Chien, Y.J.; Chen, W.J.; Hsu, W.L. & Chiou, S.S. (2008). Bovine lactoferrin inhibits Japanese
encephalitis virus by binding to heparan sulfate and receptor for low density
lipoprotein. Virology, Vol.379, pp. 143-151

Chu, J.J. & Ng, M.L. (2003). Characterization of a 105-kDa plasma membrane associated
glycoprotein that is involved in West Nile virus binding and infection. Virology,
Vol.312, pp. 458-469

Chu, J.J. & Ng, M.L. (2004). Interaction of West Nile virus with alpha v beta 3 integrin
mediates virus entry into cells. Journal of Biological Chemistry, Vol.279, pp. 54533-
54541

Colman, P.M. & Lawrence, M.C. (2003). The structural biology of type I viral membrane
fusion. Nature Reviews in Molecular and Cellular Biology, Vol.4, pp. 309-319

De Clercq E. (1993). Antiviral agents: characteristic activity spectrum depending on the
molecular target with which they interact. Advances in Virus Research, Vol.42, pp. 1-
55

Egloff, M.P.; Benarroch, D.; Selisko, B.; Romette, J.L. & Canard, B. (2002). An RNA cap
(nucleoside-2’-O-)-methyltransferase in the flavivirus RNA polymerase NSb: crystal
structure and functional characterization. EMBO Journal, Vol.21, pp. 2757-2768

Elshuber, S.; Allison, S.L.; Heinz, F.X. & Mandl, CW. (2003). Cleavage of protein prM is
necessary for infection of BHK-21 cells by tick-borne encephalitis virus. Journal of
General Virology, Vol. 84, pp. 183-191

Falgout, B. & Markoff, L. (1995). Evidence that flavivirus NS1-NS2A cleavage is mediated by
a membrane-bound host protease in the endoplasmic reticulum. Journal of Virology,
Vol.69, pp. 7232-7243

Fritz, R.; Stiasny, K. & Heinz, F.X. (2008). Identification of specific histidines as pH sensors in
flavivirus membrane fusion. The Journal of Cell Biology, Vol.183, pp. 353-361

Germi, R.; Crance, ] M.; Garin, D.; Guimet, ].; Lortat-Jacob, H.; Ruigrok, R.W; Zarski, ].P. &
Drouet, E. (2002). Heparan sulfate-mediated binding of infectious dengue virus
type 2 and yellow fever virus. Virology, Vol.292, pp. 162-168

Goodell, J.R; Puig-Basagoiti, F.; Forshey, B.M.; Shi, P.Y. & Ferguson D.M. (2006).
Identification of compounds with anti-West Nile Virus activity. Journal of Medicinal
Chemistry, Vol.49, pp. 2127-2137

Guirakhoo, F.; Heinz, F.X.; Mandl, C.W_; Holzmann, H. & Kunz, C. (1991). Fusion activity of
flaviviruses: comparison of mature and immature (prM-containing) tick-borne
encephalitis virions. Journal of General Virology, Vol.72, pp. 1323-1329

www.intechopen.com



Flaviviral Infections and Potential Targets for Antiviral Therapy 101

Guirakhoo, F.; Bolin, R.A. & Roehrig, ].T. (1992). The Murray Valley encephalitis virus prM
protein confers acid resistance to virus particles and alters the expression of
epitopes within the R2 domain of E glycoprotein. Virology, Vol.191, pp. 921-931

Harrison, S.C. (2008). The pH sensor for flavivirus membrane fusion. Journal of Cellular
Biology, Vol.183, pp. 177-179

Halstead, S.B. (1992). The XXth century dengue pandemic: need for survieillance and
research. World Health StatQ, Vol.45, pp. 292-298

Heinz, F.X; Stiasny, K.; Puschner-Auer, G.; Holzmann, H.; Allison, S.L.; Mandl, C. & Kunz,
C. (1994). Structural changes and functional control of the tick-borne encephalitis
virus glycoprotein E by the heterodimeric association with proteins prM. Virology,
Vol.198, pp. 109-117

Heinz, F.X. & Allison, S.L. (2003). Flavivirus structure and membrane fusion. Advances in
Virus Research, Vol.59, pp. 63-97

Hrobowski, Y.M.; Garry, R.F. & Michael, S.F. (2005). Peptide inhibitors of dengue virus and
West Nile virus infectivity. Virology Journal, Vol.2,pp. 49

Jia, F.; Zou, G,; Fan, J. & Yuan, Z. (2010). Identification of palmatine as an inhibitor of West
Nile virus. Archives in Virology, Vol.155, pp. 1325-1329

Johnston, P.A.; Phillips, J.; Shun, T.Y.; Shinde, S.; Lazo, ]J.S.; Huryn, D.M.; Myers, M.C,;
Ratnikov, B.; Smith, JW. Su, Y.; Dahl, R; Cosford, N.D.P.; Shiryaev, S.A. &
Strongin, A.Y. (2007). Assay and Drug Development Technologies, Vol.5, pp. 737-750

Kadare, G. & Haenni, A. (1997). Virus-encoded RNA helicase. Journal of Virology, Vol.71, pp.
2583-2590

Kampmann, T.; Yennamallia, R.; Campbella, P.; Stoermerc, M.].; airlie, D.P.; Kobea, B. &
Young P.R. (2009). In silico screening of small molecule libraries using the dengue
virus envelope E protein has identified compounds with antiviral activity against
multiple flaviviruses. Antiviral Research, Vol.84, pp. 234-241

King, N.J; Getts, D.R; Getts, M.T.; Rana, S, Shrestha, B. & Kesson, A.M. (2007).
Immunopathology of flavivirus infections. Immunology & Cell Biology, Vol.85, pp.
33-42

Kozlovskaya, L.I; Osolodkin, D.L; Shevtsova, A.S., Romanova, LI, Rogova, Y.V;
Dzhivanian, T.I; Lyapustin, V.N.; Pivanova, G.P.; Gmyl, A.P.; Palyulin, V.A. &
Karganova, G.G. (2010). GAG-binding variants of tick-borne encephalitis virus.
Virology, Vol.398, pp. 262-272

Kroschewski, H.; Allison, S.L.; Heinz, F.X. & Mandl, C.W. (2003). Role of heparin sulfate for
attachment and entry of tick-borne encephalitis virus. Virology, Vol.308, pp. 92-100

Lee, E. & Lobigs, M. (2008). E protein domain III determinants of yellow fever virus 17D
vaccine strain enhance binding to glycosaminoglycans, impede virus spread, and
attenuate virulence. Journal of Virology, Vol.82, pp. 6024-6033

Lee, E. & Lobigs, M. (2000). Substitutions at the Putative Receptor-Binding Site of an
Encephalitic Flavivirus Alter Virulence and Host Cell Tropism and Reveal a Role
for Glycosaminoglycans in Entry. Journal of Virology, Vol.74, pp. 8867-8875

Leung, D.; Schroder, K.; White, H.; Fang, N.X.; Stoermer, M.].; Abbenante, G.; Martin, J.L.;
Young, P.R. & Fairlie, D.P. (2001). Activity of recombinant dengue 2 virus NS3
protease in the presence of a truncated NS2B co-factor, small peptide substrates,
and inhibitors. Journal of Biology Chemistry, Vol.276, pp. 45762-45771

www.intechopen.com



102 Flavivirus Encephalitis

Leyssen, P.; De Clercq, E. & Neyts, J. (2000). Perspectives for the treatment of infections with
Flaviviridae. Clinical Microbiology Reviews, Vol.13, pp. 67-82

Lindenbach, B.D. & Rice, C.M. (1997). Trans-complementation of yellow fever virus NS1
reveal a role in early RNA replication. Journal of Virology, Vol.71, pp. 9608-9617

Lozach, P.Y.; Burleigh, L.; Staropoli, I.; Navarro-Sanchez, E.; Harriague, J.; Virelizier, J.L.;
Rey, F.A.; Despres, P.; Arenzana-Seisdedos, F. & Amara, A. (2005). Dendritic cell-
specific intercellular adhesion molecule 3-grabbing non-integrin (DC-SIGN)-
mediated enhancement of dengue virus infection is independent of DC-SIGN
internalization signals. Journal of Biological Chemistry, Vol.280, pp. 23698-23708

Mackenzie, ]. M. & Westaway E.G. (2001). Assembly and Maturation of the Flavivirus Kunjin
Virus Appear To Occur in the Rough Endoplasmic Reticulum and along the
Secretory Pathway, Respectively. Journal of Virology, Vol.75, pp. 10787-10799

Mason, P.W. (1989). Maturation of Japanese encephalitis virus glycoproteins produced by
infected mammalian and mosquito cells. Virology, Vol. 169, pp. 354-364

Matson, S.W. & Kaiser-Rogers, K.A. (1990). DNA helicases. Annual Reviews in Biochemistry,
Vol.59, pp. 289-329

Medigeshi, G.R.; Hirsch, A ].; Streblow, D.N.; Nikolich-Zugich, J. & Nelson, J.A. (2008). West
Nile virus entry requires cholesterol-rich membrane microdomains and is
independent of avb3 integrin. Journal of Virology, Vol.82, 5212-5219

Modis, Y.; Ogata, S.; Clements, D. & Harrison, S.C. (2003). A ligand-binding pocket in the
dengue virus envelope glycoprotein. Proceedings of the National Academy of Sciences
USA, Vol.100, pp. 6899-6901

Monath, T.P. & Heinz, F.X. (1996). Flaviviruses. In Fields virology, Fields, B.N.; Knipe, D.M. &
Howley, P.M. (Eds.), pp. 961-1034, Lippincott-Raven Publishers, Philadelphia

Monath, T.P. (1987). Yellow fever: a medically neglected disease. Report on a seminar.
Reviews in Infectious Diseases, Vol.9, pp. 165-175

Mueller, N.H.; Pattabiraman, N.; Ansarah-Sobrinho, C.; Viswanathan, P.; Pierson, T.C. &
Padmanabhan, R. (2008). Identification and Biochemical Characterization of Small-
Molecule Inhibitors of West Nile Virus Serine Protease by a High-Throughput
Screen. Antimicrobial Agents and Chemotherapy, Vol.52, pp. 3385-3393

Natale, V.A.; McCullough, K.C. (1998). Macrophage cytoplasmic vesicle pH gradient and
vacuolar H+-ATPase activities relative to virus infection. Journal of Leukocyte
Biology, Vol.64, pp. 302-310

Navarro-Sanchez, E.; Altmeyer, R.; Amara, A.; Schwartz, O.; Fieschi, F.; Virelizier, J.L.;
Arenzana-Seisdedos, F. & Despres, P. (2003). Dendritic-cell-specific ICAM3-
grabbing non-integrin is essential for the productive infection of human dendritic
cells by mosquito-cell-derived dengue viruses. EMBO Reports, Vol.4, pp. 723-728

Nawa, M. (1998). Effect of bafilomycin Al on Japanese encephalitis virus in C6/36 mosquito
cells. Archives of Virology, Vol.148, pp. 1555-1568

Nettelton, P.E. & Entrican, G. (1995). Ruminant pestiviruses. British Veterinary Journal,
Vol.151, pp. 615-642

Nowak, T.; Farber, P.M. & Wengler, G. (1989). Analyses of the terminal sequences of West
Nile virus structural proteins and of the in vitro translation of these proteins allow
the proposal of a complete scheme of the proteolytic cleavages involved in their
synthesis. Virology, Vol.169, pp. 365-376

www.intechopen.com



Flaviviral Infections and Potential Targets for Antiviral Therapy 103

Pryor, M.J.; Gualano, R.C; Lin, A.D.; Davidson, A.D. & Wright, P.J. (1998). Growth
restriction of dengue virus type 2 by site-specific mutagenesis of virus-encoded
glycoproteins. Journal of General Virology, Vol.79, pp. 2631-2639

Ray, D.; Shah, A.; Tilgner, M.; Guo, Y.; Zhao, Y.W.; Dong, H.P.; Deas, T.S.; Zhou, Y.S,; Li,
H.M. & Shi, P.Y. (2006). West Nile virus 5 L-cap structure is formed by sequential
guanine N-7 and ribose 2'-O methylations by nonstructural protein 5. Journal of
Virology, Vol.80, pp. 8362-8370

Rice, M.C. (1996). Flaviviridae: the viruses and their replication. In: Fields virology, Fields,
B.N.; Knipe, D.M. & Howley, P.M. (Eds), pp. 931-960, Lippincott-Raven Publishers,
Philadelphia

Robinson, M.].; Sancho, D.; Slack, E.C.; LeibundGut-Landmann, S. & Reis e Sousa, C. (2006).
Myeloid C-type lectins in innate immunity. Nature Immunology,Vol.7, pp. 1258-1265

Scheper, G. & Proud, C. (2002). Does phosphorylation of the cap-binding protein eIF4E play
a role in translation initiation? European Journal of Biochemistry, Vol.269, pp. 5350-
5359

Sidique, S.; Shiryaev, S.A.; Ratnikov, B.I; Herath, A, Su, Y.; Strongin, AY. & Cosford,
N.D.P. (2009). Structure-activity relationship and improved hydrolytic stability of
pyrazole derivatives that are allosteric inhibitors of West Nile Virus NS2B-NS3
proteinase. Bioorganic & Medicinal Chemistry Letters, Vol.19, pp. 5773-5777

Song, G.Y.; Paul, V.; Choo, H.; Morrey, ].; Sidwell, RW.; Schinazi, RF. & Chu, C.K. (2001).
Enantiomeric synthesis of D- and L- cyclopentyl nucleosides and their antiviral
activity against HIV and West Nile virus. Journal of Medicinal Chemistry, Vol.44, pp.
3985-3993

Speight, G.; Coia, G.; Parker, M.D. & Westaway, E.G. (1988). Gene mapping and positive
identification of the non-structural proteins NS2A, NS2B, NS3, N54B and NS5 of
the flavivirus Kunjin and their cleavage sites. Journal of General Virology, Vol.69, pp.
23-34

Stadler, K.; Allison, S.L.; Schalich, J. & Heinz, F.X. (1997). Proteolytic activation of tick-borne
encephalitis virus by furin. Journal of Virology, Vol.71, pp. 8475-8481

Steffens, S.; Thiel, H.]. & Behrens, S.E. (1999). The RNA-dependent RNA polymerases of
different members of the family Flaviviridae exhibit similar properties in vitro.
Journal of General Virology, Vol.80, pp. 2583-2590

Tassaneetrithep, B.; Burgess, T.H.; Granelli-Piperno, A.; Trumpfheller, C.; Finke, J.; Sun, W.;
Eller, M.A,; Pattanapanyasat, K.; Sarasombath, S., Birx, D.L.,, Steinman, R.M.;
Sclesinger S. & Marovich M.A. (2003). DC-SIGN (CD209) mediates dengue virus
infection of human dendritic cells. The Journal of Experimental Medicne, Vol.197, pp.
823-829

van Kooyk, Y. & Geijtenbeek, T.B. (2003). DC-SIGN: escape mechanism for pathogens.
Nature Reviews in Immunology, Vol.3, pp. 697-709

Walker,]. E.; Saraste, M.; Runswick, M. J. & Gay, N.J. (1982). Distantly related sequences in
the alpha- and beta-subunits of ATP synthase, myosin, kinases and other ATP-
requiring enzymes and a common nucleotide binding fold. EMBO Journal, Vol.1,
pp. 945-951

Weissenhorn, W.; Dessen, A.; Calder, L].; Harrison S.C.; Skehel, J.J. & Wiley, D.C. (1999).
Structural basis for membrane fusion by enveloped viruses. Molecular Membrane
Biology, Vol.16, pp. 3-9

www.intechopen.com



104 Flavivirus Encephalitis

Westaway, E.G. (1987). Flavivirus replication strategy. Advances in Virus Research, Vol.33, pp.
45-90

Wilson, I.A.; Skehel, J.J. & Wiley, D.C. (1981). Structure of the hemagglutinin membrane
glycoprotein of influenza virus at 3A resolution. Nature, Vol.289, pp. 366-378

Wu, SF,; Lee, C]J,; Liao, CL; Dwek, R. & Zitzmann, N. (2002). Antiviral effects of an
iminosugar derivative on flavivirus infections. Journal of. Virology, Vol.76, pp. 3596-
3604.

Zhang, N.; Chen, HM.; Koch, V.; Schmitz, H.; Liao, C.L.; Bretner, M.; Bhadti, V.S.; Fattom,
A. I; Naso, R.B.; Hosmane, R H. & Borowski, P. (2003a). Ring-expanded (“fat”)
nucleoside and nucleotide analogues exhibit potent in vitro activity against
Flaviviridae NTPase/helicases, including those of West Nile virus, hepatitis C virus
and Japanese encephalitis virus. Journal of Medicinal Chemistry, Vol.46, pp. 4149-
4164

Zhang, N.; Chen, HM.; Koch, V.; Schmitz, H.; Minczuk, M.; Stepien, P.; Fattom, A.L; Naso,
R.B.; Kalicharran, K.; Borowski, P. & Hosmane, R.S. (2003b). Potent inhibition of
NTPase/helicase of the West Nile virus by ring-expanded (“fat”) nucleoside
analogues. Journal of Medicinal Chemistry, Vol.46, pp. 4776-4789

www.intechopen.com



Flavivirus Encephalitis
Edited by Dr. Daniel Ruzek

ISBN 978-953-307-669-0

Hard cover, 478 pages

Publisher InTech

Published online 30, September, 2011
Published in print edition September, 2011

Encephalitis is an inflammation of the brain tissue associated with clinical evidence of brain dysfunction. The
disease is of high public health importance worldwide due to its high morbidity and mortality. Flaviviruses, such
as tick-borne encephalitis virus, Japanese encephalitis virus, Murray Valley encephalitis virus, or St. Louis
encephalitis virus, represent important causative agents of encephalitis in humans in various parts of the
world. The book Flavivirus Encephalitis provides the most recent information about selected aspects
associated with encephalitic flaviviruses. The book contains chapters that cover a wide spectrum of subjects
including flavivirus biology, virus-host interactions, role of vectors in disease epidemiology, neurological
dengue, and West Nile encephalitis. Special attention is paid to tick-borne encephalitis and Japanese
encephalitis viruses. The book uniquely combines up-to-date reviews with cutting-edge original research data,
and provides a condensed source of information for clinicians, virologists, pathologists, immunologists, as well
as for students of medicine or life sciences.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

Andrea Baier (2011). Flaviviral Infections and Potential Targets for Antiviral Therapy, Flavivirus Encephalitis,
Dr. Daniel Ruzek (Ed.), ISBN: 978-953-307-669-0, InTech, Available from:
http://www.intechopen.com/books/flavivirus-encephalitis/flaviviral-infections-and-potential-targets-for-antiviral-
therapy

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia FE EETERAERK65S HEERR A AIRIE M ARE4058TT
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2011 The Author(s). Licensee IntechOpen. This chapter is distributed
under the terms of the Creative Commons Attribution-NonCommercial-
ShareAlike-3.0 License, which permits use, distribution and reproduction for
non-commercial purposes, provided the original is properly cited and

derivative works building on this content are distributed under the same
license.



https://creativecommons.org/licenses/by-nc-sa/3.0/

