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Abstract

The identification and development of new antiviral agents that can be used to combat hepatitis C virus (HCV) infection has been
complicated by both technical and logistic issues. There are few, if any, robust methods by which HCV virions can be grown in vitro.
The development of HCV RNA replicons has been a great breakthrough that has allowed for the undertaking of significant screening
efforts to identify inhibitors of HCV intracellular replication. However, since replicons do not undergo a complete replication cycle, drug
screening programs and mechanism of action studies based solely on these assays will not identify compounds targeting either early
(virion attachment, entry, uncoating) or late (virion assembly, egress) stages of the viral replication cycle. Drugs that negatively affect
the infectivity of new virions will also not be identified using HCV RNA replicons. Bovine viral diarrhea virus (BVDV) shares a similar
structural organization with HCV, and both viruses generally cause chronic long-term infections in their respective hosts. The BVDV
surrogate model is attractive, since it is a virus-based system. It is easy to culture the virus in vitro, molecular clones are available for
genetic studies, and the virus undergoes a complete replication cycle. Like HCV, BVDV utilizes the LDL receptor to enter cells, uses a
functionally similar internal ribosome entry site (IRES) for translation, uses an NS4A cofactor with its homologous NS3 protease, has a
similar NS3 helicase/NTPase, a mechanistically similar NS5B RNA-dependent RNA polymerase, and a seemingly equivalent mechanism
of virion maturation, assembly and egress. While the concordance between drugs active in either BVDV or HCV is largely unknown at
this time, BVDV remains a popular model system with which drugs can be evaluated for potential antiviral activity against HCV and in
studies of drug mechanism of action.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction this country. No vaccine is available for HCV, and the cur-
rent treatment for HCV infection, ribavirin and interferan-
The hepatitis C virus (HCV) is an enveloped virus with (IFN-«), is only effective in a subset of patients. Both
a positive-sense RNA genome of approximately 9.6kb of these antiviral agents are broadly acting antiviral com-
(Choo et al., 1991; Kato, 2000; Rosenberg, 20BiCV is pounds that are non-specific for HCV. Also, this therapy
the major etiologic agent of non-A, non-B hepatitis, and is not tolerated well by patients. Therefore, new antiviral
over 170 million people are infected with HCV worldwide agents to treat HCV infection are desperately needed.
(WHO, 2002. These infections are often asymptomatic;  Technically, we have been retarded in our abilities to
however, HCV infection frequently causes chronic hepati- jdentify new antiviral drugs for HCV due to our inabil-
tis, which can progress to liver cirrhosis, end-stage liver ity to propagate the virus reproducibly in vitro (reviewed
disease, and hepatocellular carcinorhe(g et al., 2000 in Bartenschlager and Lohmann, 200The invention of a
Approximately 3.9 million Americans are infected with  self-replicating subgenomic HCV RNA replicohghmann
HCV, making HCV the most common blood-borne infec- et al., 1999awas a great breakthrough in HCV research.
tion in the United State{m et al., 2002. Infection with These bicistronic replicons are based on constructs contain-
HCV is also the leading cause for liver transplantation in jng the authentic '5and 3 non-translated regions (NTR)
of the virus genome, a neomycin phosphotransferase (Neo)
* Corresponding author. Tek:1-301-694-3232; fax:-1-301-694-7223.  9ene to allow exclusive survival of cells that continue to pro-
E-mail address; Buckwold@sri.org (V.E. Buckwold). duce the transgene in the presence of G418, and the internal
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ribosome entry site (IRES) element of EMCV mediating the bers of the Flaviviridae family and a genomic RNA struc-
translation of the downstream HCV non-structural (NS) pro- ture very similar to that of HCV. Unfortunately, since the
teins involved in polyprotein processing and RNA replica- virus can only be grown in the primary hepatocytes of cer-
tion (reviewed iBartenschlager and Lohmann, 200HCV tain non-human primates, this model has not been widely
RNA replicons are robust systems that have shown utility utilized. Clearly it is not possible today to use GBV-B in
in the evaluation of antiviral agents affecting HCV transla- high-throughput screening (HTS) efforts for drug discovery.
tion, RNA replication, and polyprotein proteolytic process- Due to these limitations inherent in the field of HCV drug
ing (Frese et al., 2001; Guo et al., 2001; Cheney et al., 2002; discovery and development, there has been great interest in
Lanford etal., 2003; Zhou et al., 2008 owever, HCV RNA the use of BVDV as a surrogate model system. BVDV is
replicons do not produce infectious virions. Therefore, they the type member of the Pestivirus genus of the Flaviviridae
cannot be used for the identification and characterization of family of viruses Colett et al., 1988 Other members of this
antiviral agents acting at early steps of the viral replication group include classical swine fever virus (formerly known as
cycle such as virus attachment to and entry into cells, or hog colera virus) and border disease virus of sheep. BVDV
the subsequent uncoating process following entry; nor dois easy to grow in tissue culture, and molecular clones are
they allow for the identification of compounds affecting late available for genetic studiedlgyers et al., 1996; Vassilev
stages of the replication cycle, such as virion maturation andet al., 1997) Common strains of BVDV such as NADL,
egress from cells. Similarly, antiviral agents that act through which is available from the American Type Culture Collec-
their ability to reduce the infectivity of newly formed virions tion (ATCC), are cytopathic in tissue culture, allowing for
cannot be identified or characterized using HCV RNA repli- facile assessment of antiviral activity using a cytoprotection
cons. Since HCV RNA replicons do not faithfully reproduce assay. The validation of the utility of the BVDV surrogate
all steps of the HCV replication cycle, and due to the rela- virus model is incomplete, since most of the few drugs that
tively high costs associated with the use of this technology are known to be active against HCV have not been tested
for the development of antiviral agents, surrogate viruses areagainst BVDV, however, its replication in cell culture is in-
still widely utilized for the identification and characteriza- hibited by the drugs currently used to treat HCV infections.
tion of anti-HCV antiviral agents. Ribavirin and IFNe are effective antiviral agents against
Other viruses have only been used rarely as surrogateBVDV (Markland et al.,, 2000; Ouzounov et al., 2002;
viruses in the study of HCV. The yellow fever virus (YFV) Buckwold et al., 2003; Stuyver et al., 2003HCV RNA
is the type member of the Flavivirus genus of the Flaviviri- replicons Frese et al., 2001; Guo et al., 2001; Cheney et al.,
dae family of viruses. This virus has been employed as a 2002; Lanford et al., 2003; Zhou et al., 2008nd related in
surrogate model of HCV replication for the evaluation of vitro HCV infection and expression systentSastet et al.,
antiviral agentsNeyts et al., 1996 However, since its ge-  2002; Contreras et al., 2002BVDV has been the most
nomic structure is further removed phylogenetically from widely utilized in vitro HCV surrogate model system for
that of HCV than is bovine viral diarrhea virus (BVDV) the identification and characterization of antiviral agents for
and other members of the Flaviviridae, and because it usesuse against HCV. The strengths and weaknesses of the use
a cap-dependent rather than an IRES-mediated mechanisnof the BVDV model system for this indication, as well as
of translation initiation, it is seldom employed as an in vitro examples of its use in this regard, are reviewed below.
surrogate model of HCV. Rather, the YFV is used in the eval-
uation of antiviral compounds in a range of action studies.
These studies are typically performed to see if compounds?2. Similaritiesand differences between BVDV and HCV
act specifically against HCV or BVDV, or non-specifically
against multiple viruses in order to ascertain whether drugs 2.1. Overall functional and genetic similarity between
have a broad spectrum of antiviral activity against all Fla- HCV and BVDV
viviridae viruses. This is the case with both of the broadly

acting antiviral compounds IFN-and ribavirin, and the use The Flaviviridae family of viruses is currently com-
of YFV has been informative in confirmatory studies on the prised of three genera of viruses: the Hepaciviruses, the
mechanism of action of these compounBsi¢kwold et al., Pestiviruses, and the Flavivirused/dstaway et al., 1985;
2003. Robertson et al., 1998; Lindenbach and Rice, 200he

The GB virus B (GBV-B) is also an interesting candi- GB viruses A and B (GBV-A, GBV-B) are awaiting formal
date for use as a surrogate model of HCV replication for classification within the family and may constitute one or
the evaluation of antiviral agentB¢ames et al., 2001This more separate genera in the familiuerhoff et al., 1995;
hepatotrophic virus can undergo a complete replication cy- Robertson et al., 1998
cle in tissue culture, making it possible to identify com- All members of the Flaviviridae family of viruses
pounds affecting all stages of the viral life cycle. GBV-B share similarities in virion structure, genome organiza-
has both a relatively high degree of sequence identity with tion, and presumably in their replication cycle (reviewed
HCV (27-33% amino acid identity with HCV across the in Lindenbach and Rice, 20R1Fig. 1 shows a general-
polyprotein Muerhoff et al., 1999 compared to other mem-  ized Flaviviridae replication cycle. Flaviviridae virions are
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Fig. 1. Generalized Flaviviridae replication cycle. In step 1, Flaviviridae virions bind to specific cellular receptors through their envedope ratep

2, virions are internalized through receptor-mediated endocytosis. A fusion of host and cellular membranes results in step 3, leading todghéheelease
nucleocapsid into the cytoplasm. Further uncoating of the nucleocapsid (step 4) allows the positive-sense genomic RNA to be translated into a single
large polyprotein, which is cleaved into individual viral proteins by a combination of viral and host proteases (step 5). Membrane-associatied repli
complexes containing the viral RNA-dependent RNA polymerase (step 6) copy the genomic, positive-sense RNA into a negative-sense RNA that serves
as the template for the synthesis of progeny positive-sense RNA molecules. The process of glycoprotein maturation and virion assembly occurs in
membrane-associated vesicles (step 7). Virions are then secreted from cells through the secretory pathway to the plasma membradenZtdr

and Rice (2001)

enveloped particles composed of a host-cell-derived lipid positive-sense RNA molecules. The process of glycoprotein
bilayer containing two or more envelope (E) proteins sur- maturation and virion assembly is thought to occur along
rounding a nucleocapsid shell composed of core (C) proteinthe secretory pathway in the endoplasmic reticulum (ER),
that is associated with the single-stranded positive-senseGolgi, and intermediate compartmeniBohis and Dubovi,
RNA genome. The initial attachment to and uptake of these 1987c; Grummer et al., 20D1Virions are then secreted
viruses into cells is thought to occur through an interaction from cells by fusion of exocytic vesicles with the plasma
between specific cellular receptors and the envelope pro-membrane.

teins. A fusion of host and cellular membranes results in  The structural organization of the genomes of HCV and
the release of the nucleocapsid into the cytoplasm. FurtherBVDV is shown inFig. 2 The overall structure is similar,
uncoating of the nucleocapsid allows the positive-sense yet major differences in their genomic organization are also
RNA to be translated into a single large polyprotein, which immediately apparent. Both of these Flaviviridae viruses
is cleaved into individual viral proteins by a combination of have a single-stranded positive-sense genomic RNA that
viral and host proteases. Inhibition of host macromolecular codes for a single large polyprotein that is processed into
synthesis is not known to occur until very late stages of in- multiple proteins both co- and post-translationally by means
fection with cytopathic BVDV variants¥onis and Dubovi, of both viral and host proteases. The sizes of the genomes are
19873. Membrane-associated replication complexes con- disparate, with HCV at approximately 9.6 kBfoo et al.,
taining the viral RNA-dependent RNA polymerase copy 1991 and BVDV at about 12.6 kb in lengtiCplett et al.,

the genomic, positive-sense RNA into anti-sense RNA, 1989. Like other RNA viruses, the high mutation rate re-
which serves as the template for the synthesis of progenysulting from the lack of proofreading function in the viral
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Fig. 2. Structural organization of HCV and BVDV genomes. The organization of the genomic RNAs of HCV and BVDV are displayed diagrammatically.
This drawing is based on the cDNA sequences of HCV-1 (Genbank Accession number M62321) and of BVDV NADL strain (AJ133738). Coding
sequences in the viral polyprotein are boxed with the names of the proteins indicated. Non-coding regions are shown as straight lines. The scale of th
drawing is indicated by the line below the two genomes that shows the size of 1-kb RNA. See text for details.

RNA-dependent RNA polymerase is believed to result in a The remainder of the viral proteins are common to both
complex interrelated population of viral quasispecies during HCV and BVDV. The envelope proteins 1 and 2 (E1, E2)
infections Donis et al., 1991 If the complete amino acid  are proteolytically processed using host cell ER-associated
sequence of the polyproteins is compared between variousenzymes. Next are the non-structural proteins derived from
HCV genotypes and BVDV, little overall amino acid se- the p7-NS5B region, which are involved in polyprotein
guence identity (21%) is foundMiller and Purcell, 1990; processing, RNA replication, and virion assembly, followed
Muerhoff et al., 199k However, this level of identity should by the 3 NTR, which is also common to both viruses.
be viewed in light of the 27-33% amino acid identity across The p7 of both viruses appears to function to allow the
the polyprotein observed when GBV-B, the virus phylo- traffic of ions across the membrane. Blockage of this ion
genetically most similar to HCV, was analyzedyerhoff channel suppresses the replication of BVDOFFiffin et al.,
et al., 199%. Nonetheless, from the similarity of the hy- 2003; Pavlovic et al., 2003The NS2-NS3 has @s-acting
dropathic profiles of the BVDV and HCV polyproteins protease activity that cleaves the NS2/NS3 boundary in
(Muerhoff et al., 199} it appears that both viruses code for HCV, but only in cytopathic isolates of BVDVIOonis and
essentially functionally equivalent gene products. Likewise, Dubovi, 1987b; Tautz et al., 199Tdiscussed below). The
the similar RNA structures of the’ NTRs point toward NS3 protease cleaves the remaining sites in the polyprotein
homologousis-acting control elements. of all isolates (NS3/NS4A, NS4A/NS4B, NS4B/NS5A,
Both genomes are composed of tHdNTF'R that contains NS5A/NS5B). In addition, the NS3 protein has a helicase
an IRES, followed by the viral polyproteins. The N-terminus and NTPase activity. The NS4A acts as a cofactor for the
of the Pestivirus polyprotein consists of an autoprotease NS3 protease. The functions of NS4B and NS5A are un-
(NPro, aka p20) that functions to release the core protein certain, but mutations in the NS5A region are thought to be
by autoproteolysisWiskerchen et al., 1991 This protein associated with resistance to IFN in some HCV genotypes
is a cis-acting papain-like protease that cleaves its own (Enomoto et al., 1995 The HCV NS5A protein appears
C-terminal end at a Cys/Ser recognition sequence. No otherto modulate intracellular signal transduction pathways and
function other than to generate the N-terminus of the core may influence the replication, persistence, and pathogenesis
protein (C) has been identified for NPro. Genetic engineer- of HCV (Khabar and Polyak, 2002The role of NS5A in
ing has been used to demonstrate that NPro is not essentiathe biology of BVDV has not yet been explored. The NS5B
for Pestivirus replicationTratschin et al., 1998; Lai et al., protein has RNA-dependent RNA polymerase activity. The
2000. In contrast, the HCV polyprotein N-terminus en- polyprotein coding region of the genome is followed by the
codes a structural protein, termed core (C), that functions 3 NTR sequences, which stabilize the RNA by prevent-
as the viral capsid protein. This protein is common to both ing its degradation and function as the promoter for minus
HCV and BVDV. Following the core protein is the EO (aka strand RNA synthesis.
Erns for RNase, soluble) glycoprotein, which is only present
in the Pestivirus genus. The EO is an additional envelope 2.2. Biology of persistent infections in their natural hosts
protein that has an associated RNase activBghfieider
et al., 1993. This protein is not an integral membrane pro- Persistent infection is the hallmark of the interaction of
tein, and it seems to be either non-covalently attached to Pestiviruses and Hepaciviruses with their hosts and is char-
virions or simply secreted from infected celSilya-Krott acterized by chronic viremia in the absence of clinical signs
et al., 1994. Interestingly, soluble recombinant EO can in- of disease for many years. The frequency of chronic carri-
hibit the ability of BVDV to infect cells [gbal et al., 200D ers of HCV in the human population or of BVDV in cattle
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populations are very similar (between 0.5 and 3®%dlin HCV-infected individuals, despite the presence of anti-HCV
et al., 1985; Kim et al., 2003bhowever, the mechanism of  antibodies, suggests that such antibodies fail to induce viral
establishment of persistent infection is different. clearance. Chronic hepatitis C is generally asymptomatic,

Pestiviruses can only establish persistence if they infect but is usually associated with persistent or fluctuating el-
the developing fetuscClurkin et al., 1984 It appearsthat  evations in blood liver enzyme level$ig¢ofnagle, 200p
evasion of the host innate and adaptive immune responses ardpproximately 20% of chronically infected individuals will
required for the establishment of Pestivirus infectiondvila  develop liver cirrhosis, which can lead to end-stage liver dis-
pregnant animals usually acquire non-cytopathic BVDV by ease and hepatocellular carcinoma. Extra-hepatic manifes-
oronasal exposure that results in a transient viremia. Thetations include cryoglobulinemia, which seems to coincide
Pestiviruses are placental trophoblast tropic, which facili- with the development of liver cirrhosi&éyali et al., 2002
tates the transplacental infection of virtually every fetus car-  Although the mechanisms of establishment and mainte-
ried by a viremic mother. Unless the fetal infection results nance of Pestivirus and Hepacivirus persistence in their hosts
in an abortion, a persistent infection develops in most fe- are different, the outcome is similar in virologic terms. Both
tuses infected with a non-cytopathic BVDV during the first viruses tend to establish chronic long-term infections that ei-
trimester of pregnancySasdipan et al., 2002The suc- ther tolerize the host or are insensitive to viral-specific host
cess of fetal infection is associated with the ability of the humoral and cellular immune responses, and the interplay
non-cytopathic virus to suppress type | interferon produc- between virologic and host immunologic responses to infec-
tion in the fetus Charleston et al., 2001 Fetal infection tion seems to be related to the manifestation of the disease
with non-cytopathic BVDV during the first trimester results process associated with each virus.
in the birth of calves that are immunotolerant to BVDV.

These newborns develop into apparently healthy animals,

which remain viremic for life AcClurkin et al., 1984 Viral 3. Overview of major viral targets for antivirals
loads in the peripheral blood range from310 1 infec-

tious units/ml. The source of the circulating virus appears to 3.1. Attachment and entry through homologous cellular
be primarily monocytes and lymphocytdsiélefeldt, 1987, receptors

1988; Bielefeldt et al., 1987 Ephithelial tissues are an-

other primary target of BVDV replicationQdeon et al., Virions must specifically attach to and enter into cells in

1999. order to initiate an infection cycle. Two candidate BVDV
In contrast, fetal infections with cytopathic BVDV strains receptors have been identified. In one study, a pair of cell

are rare, and persistence is not establisigrdvwnlie et al., surface proteins of 56 and 28 kDa existing as a multimer of

1989; Harding et al., 2002 The appearance of cytopathic about 200 kDa were identified using monoclonal antibodies
lethal variants of BVDV in persistently infected animals is that inhibited BVDV infections $chelp et al., 1995, 2000
common and results in a fatal syndrome known as mucosallt appears that this protein complex binds F-actin to aid
disease. This disease is caused by the unchecked replicathe endocytosis of BVDV virionsSchelp et al., 2000 In
tion of these cytopathic BVDV variants due to immuno- another study, a 50-kDa cellular protein was identified that
logic tolerance to the viral antigens. Cytopathic variants was able to inhibit BVDV infectionlinocha et al., 199/
are characterized by the production of NS3 as free proteinlt is not known if any of these proteins are responsible for
(non-cytopathic BVDV produces only NS2-NS3). In the the resistance of a mutant MDBK cell line to Pestivirus
majority of cases, cytopathic variants arise by either muta- infection (Flores and Donis, 1995
tions in NS2 that allow cleavage at its C-terminus with con-  Four putative cellular receptors have been identified that
comitant release of NS3 or by a gene duplication event thatmay be involved in the initiation of HCV attachment, pene-
leads to the ectopic production of NS3 (reviewedviayers tration, and entry into cells: CD81, SR-BI, L-SIGN, and the
and Thiel, 199% While non-cytopathic BVDV isolates sup-  low-density lipoprotein (LDL) receptor. The CD81 molecule
press type | interferon mMRNA production, cytopathic BVDV  was the first candidate HCV receptor that was found. It was
variants are powerful interferon inducersd(er et al., 1994; identified by cloning efforts as a putative HCV receptor by
Baigent et al., 2002 virtue of its binding to HCV E2 PRileri et al., 1998 This
Hepaciviruses generally establish persistence following tetraspanin family member is expressed in a variety of cell
parenteral inoculation of a mature individual. HCV is prin- types, and there is growing evidence that this interaction is
cipally a hepatotropic virus; however, the virus may be able not critical for HCV attachment and entry into cellgtracca
to replicate in peripheral blood mononuclear cells and, to et al., 2000; Winschmann et al., 2000; Triyatni et al., 2002;
a more limited degree, in other tissué€soans, 2000 A Zhou et al., 2002; Sasaki et al., 2Qp®cluding the fact that
minority of infected individuals spontaneously resolve the transgenic mice expressing the CD81 are not susceptible to
acute infection £15%), while most cases85%) lead to HCV infection (Masciopinto et al., 2002 The CD81 recep-
chronic persistent HCV infections. The outcome of HCV in- tor may play a role as a coreceptor by aiding the attachment
fection is determined by interactions between the virus and to and entry of HCV into cells, but it is clearly not sufficient
the hostimmune system. The persistence of infection in mostto perform this role alone. The role of a CD81-like molecule
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in the attachment to and entry of BVDV into cells has not
been explored.

A second candidate receptor for HCV that was also iden-
tified by its affinity for E2 is the human scavenger receptor
class B type | (SR-BI) $carselli et al., 2002 The human
HepG2 hepatoma cell line was found to bind to E2, yet it
did not express the CD81 receptor. An 82-kDa glycosylated

protein was identified as the most likely candidate responsi-

ble for E2 binding by reversible cross-linking experiments

the addition of other initiation factors and the 40S riboso-
mal subunit (as a 43S preinitiation complex), which scans
the mRNA until the first initiation codon is reached. Factor
displacements and the joining of the 60S ribosomal subunit
result in the formation of the active 80S ribosome. However,
the genomic RNAs of HCV and BVDV are not capped.
These viruses utilize similar IRES elements in théiNgR

that initiate translation via a single common mechanism that
differs from the standard cap-dependent translation mecha-

and using specific antibodies. CHO cells stably transfected nism (reviewed inPestova et al., 2001 These “HVC-like

with the human SR-BI bound E2 while stable cells express-
ing a different human scavenger receptor did not. Infection
of these cell lines with HCV (or BVDV) has not been de-
scribed.

Very recently, a new candidate HCV receptor has
been proposed: the liver/lymph node-specific intercellu-
lar adhesion molecule-3-grabbing integrin (L-SIGN). This
liver-enriched molecule is a calcium-dependent lectin ex-
pressed on liver and lymph node endothelial cells. L-SIGN
and the dendritic cell-specific homologue DC-SIGN specif-
ically bind HCV virions by engaging E2Qardner et al.,
2003. Its role in HCV and BVDV infection is unknown.

The fourth candidate HCV receptor that has been identi-
fied is the LDL receptorAgnello et al., 1999; Monazahian
et al., 1999. A variety of experimental evidence indicates
that this interaction is biologically significant. The most
salient of these findings include the facts that the LDL re-

IRES elements” are both structurally and mechanistically
distinct from the IRES translation initiation mechanism
used by encephalomyocarditis virus or poliovirusespez

de Quinto et al., 2001; Beales et al., 2D0Bhe HCV-like
IRES element binds directly to the 40S ribosomal subunit
and elF3, allowing 43S complexes to bind directly to the
initiation codon to initiate translatiorPgstova et al., 1998;
Kieft et al., 200). A variety of protein-IRES RNA inter-
actions are known to affect the HCV IRES translational
efficiency, including host proteins such as polypyrimidine
tract binding protein Ali and Siddiqui, 199%, La antigen
(Ali and Siddiqui, 1997, heterogeneous ribonucleoprotein
L (Hahm et al.,, 1998 an unidentified 25-kDa cellular
protein EFukushi et al., 1997 and also HCV core pro-
tein (Shimoike et al., 1999 The interactions affecting the
BVDV IRES have not been examined as thoroughly as that
of the HCV IRES. The polypyrimidine binding protein also

ceptor has a liver-enriched expression pattern, that the mostinds to the BVYDV IRES, but it does not seem to affect its

highly infectious fraction of HCV is found bound to lipopro-
teins, and that the binding to and entry of HCV into cultured

translational activity $anderbrand et al., 20D0
The 5 NTR is the most conserved portion of both the

cells can be upregulated by agents that increase the expresHCV genome (341 nt’5NTR; Hellen and Pestova, 1999

sion of LDL receptor and downregulated by agents interfer-
ing with the HCV-LDL receptor interaction (se&gnello

et al., 1999; Monazahian et al., 1999; Winschmann et al.,

2000; Favre et al., 2001; Andre et al., 2002; Triyatni et al.,

and the BVDV genome (385 nt BNTR; Donis, 199% and
contains sequences involved in the control of RNA repli-
cation and translation. The 8nd of the IRES element is
not well defined, and a small segment of the core coding

2002;and references therein). The emerging view is that the sequence appears to contribute to this element’s efficiency
LDL receptor may serve as an HCV receptor, although a role (Bartenschlager and Lohmann, 2001

for the participation of other receptors and coreceptors can-

not be excluded at this time. But the LDL receptor has not
yet been shown to be sufficient for HCV entry into cells. The
entry of BVDV into cultured cells is also known to be medi-
ated by the LDL receptoHlores and Donis, 1995; Agnello
etal., 1999. Thus, antiviral agents that block the attachment
of and entry of HCV virions into cells through the LDL re-
ceptor may be identified using BVDV as a surrogate model
of HCV replication.

Due in part to the uncertain nature of the true HCV re-
ceptor, antiviral agents targeting this stage of the viral life
cycle have not yet been identified.

3.2. Polyprotein translation via functionally equivalent
IRES elements

Normal translation initiation in eukaryotes occurs by
recognition of the 5terminus MG cap of MRNA by the
eukaryotic initiation factor (elF)4F complex, followed by

Among other viral IRES elements, the BVDV IRES is
quite similar to that of HCV. In the IRES, there is 47% se-
guence homology between the two viruddali et al., 199}
however, the secondary structure of the IRES elements ap-
pears to be functionally equivalent. The finding that an HCV
IRES could substitute for the BVDV IRES in chimeric virus
constructs supports this contentiofRrglov et al., 1998
It is believed that the structural elements of the HCV-like
IRESes of BVDV and HCV act as a scaffold that orients
binding sites such that their interactions with initiation fac-
tors and ribosomes leads to the assembly of functional initi-
ation complexes. The secondary structures of the HCV and
BVDV IRES elements are shown Fig. 3.

An examination of the secondary structure of th&lbRs
shows that the‘zalf of the BVDV NTRs shows conserva-
tion with that of HCV, while the 5end of the NTR is not con-
served. It is believed that the veryénds of the genome are
probably involved in RNA replication rather than in transla-
tional control Chon et al., 1998; Frolov et al., 1998; Becher
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Fig. 3. Comparison of the proposed secondary structures of the HCV and BVDV IRES elements. The folding ‘'oNffie RNA was predicted by
thermodynamic energy rules implemented in the MFOLD software and coincides with the available experimental structure determinations. ifiee similar
in the secondary structures of the completeNFRs of HCV (Genbank Accession number AF011751) and BVDV (AJ133738) are evident. The IRES
elements are boxed. The start codon (AUG) is also indicated.
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et al., 2000; Yu et al., 2000; Friebe et al., 2001; Friebe and utilize their NS4A as a protein cofactor for NS3 protease
Bartenschlager, 2002; Kim et al., 2002&he reverse com-  activity.

pliment of the 5NTR is the negative-sensé RTR, which The NS3 proteins of BVDV and HCV are similar in size
serves as the promoter for initiation of positive-sense RNA (683 vs. 631 amino acids, respectively), and both function
synthesis. analogously in terms of their activities in the viral life cycle

Since the specific macromolecular interactions involved (Xu etal., 1997. We compared the complete NS3 protein se-
in the IRES-mediated cap-independent initiation of transla- quences of HCV-1 (Genbank Accession number AF009606)
tion are so different from the manner by which host mMRNAs and BVDV NADL (AJ133738) using the program BIOEDIT
are translated, the HCV IRES is thought to be a good tar- (http://www.mbio.ncsu.edu/BioEdit/bioedit.hthand found
get for HCV antiviral therapy Jubin, 2001; Gallego and 21.6% amino acid identity. The extent of the similarities be-
Varani, 2002 using therapeutic antisense molecul&gKi tween the two proteins is more apparent when the conserved
and Honda, 1995; Hanecaki et al., 199thozymes Kriiger NS3 sequence motifs are comparedable 1 The protease
etal., 200}, small interfering RNAs$eo et al., 2003 other domain motifs show 0-44.4% (mean23.7%) amino acid
small RNAs Das et al., 1998 and other compounds. Clearly  identity with 0-18.2% (mear= 11.3%) conserved amino
one needs to directly compare the nucleotide sequences oficid changes at the remaining sites. The helicase/NTPase
BVDV and HCV when sequence-specific antiviral strategies domain displays 40.0-62.5% (mean47.9%) amino acid
are to be evaluated using BVDV. We anticipate that antiviral identity with 0-31.3% (mean 12.7%) conservative amino
agents targeting other attributes of the HCV IRES that are not acid changes at the remaining sites, which indicates that the
dependent on primary sequence may also inhibit the BVDV NS3 NTPase/helicase domain of BVDYV is more similar to
IRES. Some potentially interesting targets include the IRES HCV than is the protease domain.
secondary and tertiary structure, and the interaction of the Due to the relatively low levels of sequence identity be-
IRES with the viral and host proteins that affect its transla- tween HCV and BVDV NS3 proteases and the differences
tional efficiency. One example of this type of antiviral agent in cleavage specificity, BVDV may not be an appropriate
is the ribozyme directed against the HCVNTR that ac- surrogate model for this target. But due to the high levels
tually seemed to inhibit HCV IRES activity. This ribozyme of identity between the conserved motifs of the NS3 heli-
turns out to have targeted the 20S proteosarsibunit case/NTPase of BVDV and HCYV, this BVDV target may
PMA7 RNA (Kruger et al., 2001 It would be interestingto  serve as an appropriate surrogate for the HCV protein. Cer-
examine the effects of this compound on BVDV IRES ac- tainly it will be important to validate the use of the BVDV
tivity. Thus, BVDV may serve as an appropriate surrogate model for these indications using the HCV NS3 protease
model system for the evaluation of antiviral compounds tar- and helicase/NTPase inhibitors that are now being identi-
geting the HCV IRES under some circumstances. The use offied before employing it alone to identify inhibitors of these
replication-competent BVDV chimeras containing the HCV drug targets. The use of the chimeric BVDV containing an

IRES in place of the BVDV IRESKrolov et al., 1998will HCV NS4A-tethered NS3 protease domdini(et al., 2000
certainly facilitate the use of BVDV to identify inhibitors of  might expedite this work.
the HCV IRES.

3.4. RNA replication using homologous NS6B enzymes
3.3. Proteolytic processing using homologous viral NS3
proteins The NS5B protein is the virus-encoded RNA-dependent
RNA polymerase and is a major target for the development

The HCV and BVDV NS3 proteins are multifunc- of anti-HCV antiviral agentsZhong et al., 1998; Kao et al.,
tional proteins. The N-terminal third of NS3 contains a 1999; Lai et al., 1999; Lohmann et al., 1999bhis activ-
chymotrypsin-like serine protease domain that functions ity is essential for the replication of HC\L.éhmann et al.,
to cleave the viral non-structural proteins NS3-NS5B, 1999b; Kolykhalov et al., 20Q0and BVDV (Grassmann
while the C-terminal portion codes for RNA helicase and et al., 200}. The HCV NS5B is 591 amino acids in length
NTPase activities (reviewed lrindenbach and Rice, 20D1 while the BVDV NS5B codes for a 719-amino-acid-long
The NS3 protease and the helicase/NTPase activities ofprotein. The size difference is due to the presence of an
HCV and BVDV are each essential for viral replication additional N-terminal domain in the Pestivirus enzyme
(Gu et al., 2000; Kolykhalov et al., 20p0Oand both are  (Lai et al., 1999. Both the HCV and BVDV NS5B pro-
considered major targets for HCV antiviral drug discovery teins have a highly hydrophobic amino acid domain at
efforts Borowski et al., 2002; Perni and Kwong, 2002 the C-terminus l(ai et al., 1999. We compared the com-
Cleavage of the NS3/NS4A site by the NS3 protease occursplete NS5B protein sequences of HCV-1 (AF009606) and
in cis, while the remaining sites are cleavedtians. The BVDV NADL (AJ133738) using the program BIOEDIT
HCV NS3 protease cleaves a highly conserved sequence ofhttp://www.mbio.ncsu.edu/BioEdit/bioedit.hthand found
(Asp/GIu)XXXX(Cys/Thr) | (Ser/Ala) while the BVDV 17.2% amino acid identity. The extent of the similarities be-
NS3 protease targets a sequence of le(Ser/Ala/Asn) tween the two proteins is more apparent when the conserved
and less defined flanking amino acids. Interestingly, both NS5B sequence motifs are compared, with 13.6-40.0%
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Table 1
Comparison of HCV and BVDV NS3 proteins in conserved motifs

NS3 domain Motif Comments Alignment Percent Conserved
identity changes (%)

%
Protease Box Contains the H of the HCV-1 NEvCWIvEIGAGTRTIASPK 15.0 15.0
catalytic HDC/S triad BVDV NADL  QEGISSDEVTAGKDLLVCD

*

Box 22 Contains the D of the HCV-1 DODLVGWPAPQ 0 18.2
catalytic HDC/S triad BVDV NADL SNNRLTDETEY

*
Box 3 Contains the S of the HCV-1 P----- ISYMEEsEEGRLLCcP-A 353 11.8
catalytic HDC/S triad BVDV NADL ~ TPAFFDLKNWEEWEELBIFEASS
Involved in substrate

binding
Box 4 Involved in substrate HCV-1 HAEL FRAAFC 44.0 0
binding BVDV NADL  RVigE- -BVK§G
Helicase/NTPase PF Binding of  andy ~ HCV-1 INEINe TG KE T PR 40.0 313
phosphate of the NTPBVDV NADL ~ ITLAKEASSTRELEKR
laP No function assigned HCV-1 KVigNEs vISATLGF 40.0 6.7
BVDV NADL  RVIR#IELREEAAESV
11bd Chelation of Mg+~ HCV-1 il TifeDESH] 50.0 0
of Mg-NTP complex BVDV NADL  YHFLBEYE
no No function assigned HCV-1 [VIBATATP)S 62.5 0
BVDV NADL  [AMiFNgEA
Ivb No function assigned HCV-1 Gl T il 50.0 16.7
BVDV NADL  ELxiigv
Vb No function assigned HCV-1 TIDA MU GlKERDIg DI | 43.8 25.0
BVDV NADL  ENRIESEvVTLPELETEE
vIP Binds nucleic acids HCV-1 DAVSRT{s}del 50.0 9.1

BVDV NADL  TVGEQAREIIES

The complete amino acid sequences of the NS3 proteins of HCV-1 (Genbank Accession number M62331) and BVDV NADL (AJ133738) were aligned
using the program BIOEDIThttp://www.mbio.ncsu.edu/BioEdit/bioedit.nmBlocks of amino acids corresponding to highly conserved sequence #otifs
from that alignment are shown. Asterisks indicate the site of the conserved HDC/S catalyflcrésatlies. Identical amino acids are shown in black
blocks while conservative changes are indicated in shaded blocks.

aBazan and Fletterick (1990)

bKadagé and Haenni (1997)

¢ A-site of Walker et al. (1982)

dB-site of Walker et al. (1982)

(mean= 30.4%) amino acid identity and 0-30.4% (mean alone in the treatment of HCV-infected patients, it does
12.8%) conserved amino acid substitutions at the other sitesnot reduce viral loads or lead to sustained virologic re-
(Table 2. sponses @i Bisceglie et al., 1995; Dushieko et al., 1996;
It has been found that both of these NS5B proteins exhibit Bodenheimer et al., 1997 This drug is active against
similar reactivity profiles in vitro in terms of their RNA  BVDV in vitro (Markland et al., 2000; Buckwold et al.,
polymerase activitied @i et al., 1999; Steffens etal., 1999  2003; Stuyver et al., 2003and weakly active against HCV
Also, a mutational and deletional analysis of the BVDV RNA replicons [anford et al., 2003; Zhou et al., 2003
NS5B found generally consistent effects on de novo and and related in vitro HCV expression systenmSofitreras
elongative RNA synthesis compared to analogous mutationset al., 2002. However, since the combination therapy of
and deletions in the HCV NS5B polymeradeai et al., ribavirin and IFNe leads to enhanced virologic responses
1999. in HCV-infected patients relative to the use of either drug
Ribavirin has a complex and multifaceted mecha- alone Gutfreund and Bain, 20Q0and since this drug com-
nism of action that may include both direct and indi- bination produced a synergy of antiviral activity in vitro
rect, immune-mediated activities (reviewed @raci and against both BVDV and yellow fever virusB@ckwold
Cameron, 2002; Lau et al., 2002Vhen ribavirin is used et al., 2003 and against HCV RNA replicongénabe et al.,
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Table 2
Comparison of HCV and BVDV NS5B proteins in conserved sequence motifs
Motif Comments Alignment Percent Conserved
identity changes (%)
* * %
Nc? Possible role in RNA template/  HCV-1 REPARLIEVERDLGVE 33.3 13.3
primer and/or nucleotide BVDV NADL ERR PRVEOYEEAKTR
interactions
* *
AP Magnesium coordination and HCV-1 KTEMGFEYEIR CFES TIESEIR 348 304
possibly sugar selection BVDV NADL NEEVAVEEBRKAWET OIS KBLO
* * * %k K%k
Bb Possibly sugar selection and HCV-1 RRCEABEVLTIECEN - TRTCYIKARRAE 37.0 o
discrimination BVDV NADL NGoRcEEC PoIEAERSMENVLTMM YRFE
*kkkokk
cP Magnesium coordination and HCV-1 BL------ ODCTMLEEN vVilCEs 40.0 15.0
the invariant “GDD” motif BVDV NADL EVeYKSFNRVARIHSERBGF L HTEK
*
Db Palm core structural element HCV-1 S-AEVOEDAASLRAFTRHIIMTRYS 13.6 18.2
BVDV NADL KGLELKFANKGMOI LHEIGKPOK
EP Hydrophobic interaction with HCV-1 LELHTSEESNVSVAHDG 235 0
thumb BVDV FEDHEFEEHTPVPVRWS

The complete amino acid sequences of the NS5B proteins of HCV-1 (Genbank Accession number M62331) and BVDV NADL (AJ133738) were
aligned using the program BIOEDIhitp://www.mbio.ncsu.edu/BioEdit/bioedit.htinBlocks of amino acids corresponding to highly conserved sequence
motifs*P from that alignment are shown. Identical amino acids are shown in black blocks while conservative changes are indicated in shaded blocks.
Asterisks indicate the most highly conserved amino &dds

2l ai et al. (1999)

b O'Reilly and Kao (1998)

2002; Yamaga et al., 20D2here is great interest in under- sponsible for the drug resistance. In an in vitro assay using
standing the mechanism of action of ribavirin. The use of purified wild-type and F224S mutated BVDV NS5B pro-
drug—drug combination analysis as above will likely play teins, they showed that VP32947 inhibited the RNA poly-
an important role in the identification and characterization merase activity of wild-type but not F224S NS5B proteins.
of favorable combinations of new drugs that can be used to The compound does not inhibit HCV RNA replicons.
combat HCV infection. Similarly, Stuyver et al. (2003)screened a nucle-

Ribavirin acts in part as an antiviral agent through its oside library with cytopathic BVDV and identified
direct actions as an inhibitor of the HCV RNA-dependent B-p-N*-hydroxycytidine (NHC) as an inhibitor of BVDV
RNA polymerase NS5BMaag et al., 2001 as an IMP de-  replication. This compound also showed antiviral activity
hydrogenase inhibitoiills et al., 1978; Zhou et al., 2003 using HCV RNA replicons. In an HCV NS5B polymerase
or by acting as an RNA mutagen following its incorpora- assay, the NHC-triphosphate did not inhibit the reaction, but
tion into viral RNA by NS5B Crotty et al., 2000, 2001; it did act as an alternate substrate and its incorporation into
Lanford et al., 2001; Contreras et al., 2002; Lanford et al., RNA led to an increased molecular weight of the reaction
2003; Zhou et al., 2003 Since ribavirin also has antiviral  product. Drug-resistant HCV RNA replicon cell lines could
activity against BVDV Markland et al., 2000; Buckwold  not be identified. The authors speculated that incorporation
et al., 2003; Stuyver et al., 20p3ne would anticipate that  of NHC into genomic RNA by NS5B led to an alteration in
the same NS5B-dependent mechanism is operative here athe HCV IRES secondary or tertiary structure, representing
is with other viruses. one possible mode of action of the compound.

Three additional published studies illustrate how unique  Recently, Sun et al. (2003)identified the cyclic urea
HCV NS5B inhibitors might have already been discovered derivative compound 1453 as an inhibitor of non-cytopathic
using BVDV. Baginski et al. (2000jdentified compound  BVDV replication in cell culture. The compound was shown
VP32947  (3-[((2-dipropylamino)ethyl)thio]-5H-1,2,4-tri-  to act after viral entry into cells and prior to the release
azino[5,6-bjindole) as an inhibitor of cytopathic BVDV of progeny virus. Compound 1453 reduced viral, but not
replication in a cell-based assay. The inhibitor acted at a latecellular RNA synthesis. When 1453-resistant BVDVs were
stage in the viral life cycle and had a dramatic inhibitory selected and isolated, a single specific mutation of NS5B
effect on BVDV RNA synthesis. VP32947-resistant BVDV glutamic acid to glycine E291G (E3560G in the polypro-
was isolated, and the mutation of NS5B amino acid 224 tein) was identified. Reverse genetics was used to demon-
from phenylalanine to serine (F224S) was found to be re- strate that this mutation was responsible for drug resistance.
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Surprisingly, compound 1453 did not inhibit the NS5B HCYV replication continues to be widely utilized in drug dis-
polymerase activity in vitro. However, when a membrane covery programs and in mechanism of action studies. This
assay of the NS5B polymerase activity as replicase complexis due to the similarities between these two viruses in terms
was utilized, specific inhibition of wild-type, but not mu- of their replication cycles and biology, in terms of their ge-
tant, BVDV NS5B was observed. Specifically, compound netic organization, and due to the functionally homologous
1453 is believed to inhibit the elongation of HCV RNA nature of many of their gene products that are considered
from the NS5B replicase complex. The inhibitory activity to be major targets for development of anti-HCV antiviral
of compound 1453 against HCV RNA replicons or HCV agents. It will be important to validate this surrogate model
NS5B protein was not reported. Indeed, the concordancesystem with the new anti-HCV drugs that are now being
between the activities of most in vitro inhibitors of the HCV identified through other means. Similarly, it is of great in-
and BVDV polymerases is not known at this time. This is terest to determine the concordance between inhibitors of
an important area for future studies given the importance of BVDV replication and those of HCV. In all likelihood, the
HCV NS5B as a target for antiviral drug discovery efforts. use of BVDV and the myriad of BVDV—-HCV chimeras that

It is worth pointing out the importance of the BVDV are emerging may lead to the identification and characteriza-
and HCV RNA replicon drug resistance studies mentioned tion of unique anti-HCV antiviral agents targeting a variety
above. By analogy with other viruses such as human im- of stages in the viral life cycle.
munodeficiency virus, we anticipate that many of the new
anti-HCV antiviral agents that are being developed, which
target the viral RNA-dependent RNA polymerase NS5B,

may lead to the generation of drug-resistant viral strains. A We thank Roger Ptak for reviewing this manuscript. This

recognition and understanding of this phenomenon will fa- 1o« supported in part by Southern Research Institute,
cilitate our abilities to best utilize these new drugs clinically. 4 grant Al-53574 to VEB and USDA grant 01-02382 to
RD; a contribution of the University of Nebraska Agricul-
tural Research Division, Lincoln, NE 68583. Journal Series

) . No. 14098.
Viral envelope proteins mature as they traverse the ER

in a complicated process mediated by the action of host

cell enzymes, which add and trim the sugar moieties that References

are found on the mature envelope glycoproteins. These

post-translational modifications are essential for the proper adier, H., Frech, B., Meier, P., Jungi, T.W., Peterhans, E., 1994. Non-

folding and transport of viral glycoproteins and the subse-  cytopathic strains of bovine viral diarrhea virus prime bovine bone

quent secretion of mature viriong( et al., 1997; Block gaffﬁw-deéi_\/ei maCFZOthégeS for e;%"znclesde;ge:gga;ion of nitric oxide.

H H lochem. BloO S. Res. Commun. , —. .

et al., 19.98' The ER a-glucosldase enzymes. mediate Agnello, V., AbeFI), é Elfahal, M., Knight, G.B., Zhang, Q.-X., 1999.

the stepW|se_ removal of terminal glucose residues fro_m Hepatitis C virus and other Flaviviridae viruses enter cells via low

N-glycan chains that are attached to nascent glycoproteins density lipoprotein receptor. Proc. Natl. Acad. Sci. USA 96, 12766

to allow glycoproteins to interact with the ER chaparone 12771

proteins calnexin and calreticulin, which bind exclusively Ali. N., Siddiqui, A., 1995. Interaction of polypyrimidine tract-binding

to monoglucosylated glycoproteins. Glucosidase inhibitors ~ Protein with the 5 noncoding region of the hepatitis C virus RNA
e . genome and its functional requirement in internal initiation of trans-

are kn(_)wn that specn‘lcally target proteins depe_nd_er?t onthe ion. J. Virol. 60, 6367-6375.

calnexin interactionNehls et al., 2000 These inhibitors Ali, N., Siddiqui, A., 1997. The La antigen binds &oncoding region

and, in particular, the iminosugBFnonyl-deoxynojirimycin of the hepatitis C virus RNA in context of the initiator AUG codon

(DNJ) and more recently deoxygalactonojirimycins (DGJ, ~ and stimulates internal ribosome entry site-mediated translation. Proc.

long-alkyl-chain galactose-based iminosugars) were found Nt Acad. Sci. USA 94, 2249-2254.

S . . . . Andre, P., Komurian-Pradel, F., Deforges, S., Perret, M., Berland, J.L.,
to inhibit the formation and secretion of BVDV virions in Sodoyer, M., Pol, S.. Brechot, C., Paranhos-Baccala, G., Lotteau, V.,

cell culture due to misfolding of host and viral glycopro- 2002. Characterization of low- and very-low-density hepatitis C virus
teins Eitzmann et al., 1999; Durantel et al., 200The RNA-containing particles. J. Virol. 76, 6919-6928.

infectivity of new|y released virions was also curtailed by Baginski, S.G., Pevear, C.D., Seipel, M., Sun, S.C.C., Benetatos, C.A,,
these agents. As with many such studies. the effects of Chunduru, S.K., Rice, C.M., Collett, M.S., 2000. Mechanism of action

. . . of a pestivirus antiviral compound. Proc. Natl. Acad. Sci. USA 97,
these anti-BVDV antiviral agents on HCV RNA replicon 798137986 P

replication were not described. Baigent, S.J., Zhang, G., Fray, M.D., Flick-Smith, H., Goodbourn, S.,
McCauley, J.W., 2002. Inhibition of beta interferon transcription by
noncytopathogenic bovine viral diarrhea virus is through an interferon
regulatory factor 3-dependent mechanism. J. Virol. 76, 8979-8988.

Bartenschlager, R., Lohmann, V., 2001. Novel cell culture systems for

. . . . the hepatitis C virus. Antiviral Res. 52, 1-17.

In spite of the relatively low levels of sequence identity gazan, J.F., Fletterick, R.J., 1990. Structural and catalytic models of

between BVDV and HCV, the BVDV surrogate model of trypsin-like viral proteases. Sem. Virol. 1, 311-322.

Acknowledgements

3.5. Virion maturation, assembly, and egress

4. Conclusions



12

Beales, L.P., Holzenburg, A., Rowlands, D.J., 2003. Viral internal ribo-
some entry site structures segregate into two distinct morphologies. J.
Virol. 77, 6574—6579.

Beames, B., Chavez, D., Lanford, R.E., 2001. GB virus B as a model for
hepatitis C virus. ILAR J. 42, 152-160.

Becher, P., Orlich, M., Thiel, H.-.J., 2000. Mutations in tHenbntrans-
lated region of bovine viral diarrhea virus result in altered growth
characteristics. J. Virol. 74, 7884—7894.

Bielefeldt, O.H., 1987. Double-immunolabeling systems for phenotyping
of immune cells harboring bovine viral diarrhea virus. J. Histochem.
Cytochem. 35, 627-633.

Bielefeldt, O.H., 1988. In situ characterization of mononuclear leuko-
cytes in skin and digestive tract of persistently bovine viral diarrhea
virus-infected clinically healthy calves and calves with mucosal dis-
ease. Vet. Pathol. 25, 304-309.

Bielefeldt, O.H., Ronsholt, L., Bloch, B., 1987. Demonstration of bovine
viral diarrhoea virus in peripheral blood mononuclear cells of per-
sistently infected, clinically normal cattle. J. Gen. Virol. 68, 1971—
1982.

Block, T.M., Lu, X., Mehta, A.S., Blumberg, B.S., Tennant, B., Ebling, M.,
Korba, B., Lansky, D.M., Jacob, G.S., Dwek, R.A., 1998. Treatment
of chronic hepadnavirus infection in a woodchuck animal model with
an inhibitor of protein folding and trafficking. Nat. Med. 4, 610-614.

Bodenheimer Jr., H.C., Lindsay, K.L., Davis, G.L., Lewis, J.H., Thung,
S.N,, Seef, L.B., 1997. Tolerance and efficacy of oral ribavirin treatment
of chronic hepatitis C: a multicenter trial. Hepatology 26, 473-477.

Bolin, A.R., McClurkin, A.W., Coria, M.F., 1985. Frequency of persistent
bovine viral diarrhea virus infection in selected cattle herds. AJVR 46,
2385-2387.

Borowski, P., Schalinski, S., Schmitz, H., 2002. Nucleotide triphos-
phatase/helicase of hepatitis C virus as a target for antiviral therapy.
Antiviral Res. 55, 397-412.

Brownlie, J., Clarke, M.C., Howard, C.J., 1989. Experimental infection
of cattle in early pregnancy with a cytopathic strain of bovine virus
diarrhoea virus. Res. Vet. Sci. 46, 307-311.

Buckwold, V.E., Wei, J., Wenzel-Mathers, M., Russell, J., 2003. Synergis-
tic in vitro interactions between alpha interferon and ribavirin against
bovine viral diarrhea virus and yellow fever virus as surrogate models
of hepatitis C virus replication. Antimicrob. Agents Chemother. 47,
2293-2298.

Castet, V., Fournier, C., Soulier, A., Brillet, R., Coste, J., Larrey, D.,
Dhumneaux, D., Maurel, P., Pawlotsky, J.-M., 2002. Alpha interferon
inhibits hepatitis C virus replication in primary human hepatocytes
infected in vitro. J. Virol. 76, 8189-8199.

Charleston, B., Fray, M.D., Baigent, S., Carr, B.V., Morrison, W.I., 2001.
Establishment of persistent infection with non-cytopathic bovine viral
diarrhoea virus in cattle is associated with a failure to induce type |
interferon. J. Gen. Virol. 82, 1893-1897.

Cheney, I.W.,, Lai, V.C.H., Zhong, W., Brodhag, T., Dempsey, S., Lim,
C., Hong, Z., Lau, J.Y.N., Tam, R.C., 2002. Comparative analysis of
anti-hepatitis C virus activity and gene expression mediated by alpha,
beta, and gamma interferons. J. Virol. 76, 11148-11154.

Chon, S.K., Perez, D.R., Donis, R.O., 1998. Genetic analysis of the
internal ribosome entry site of bovine viral diarrhea virus. Virology
251, 370-382.

Choo, Q.-L., Richman, K., Han, J.H., Berger, K., Lee, C., Dong, C.,
Gallegos, C., Coit, D., Medina-Selby, A., Barr, P.J., Weiner, A., Bradley,
D.W., Kuo, G., Houghton, M., 1991. Genetic organization and diversity
of the hepatitis C virus. Proc. Natl. Acad. Sci. USA 88, 2451-2455.

Colett, M.S., Larson, R., Gold, C., Strick, D., Anderson, D.K., Purchio,
A.F., 1988. Molecular cloning and nucleotide sequence of the pestivirus
bovine viral diarrhea virus. Virology 165, 191-199.

Contreras, A.M., Hiasa, Y., He, W., Terella, A., Schmidt, E.V., Chung,
R.T., 2002. Viral RNA mutations are region specific and increased by
ribavirin in a full-length hepatitis C virus replication system. J. Virol.
76, 8505-8517.

V.E. Buckwold et al./Antiviral Research 60 (2003) 1-15

Crotty, S., Maag, D., Arnold, J.J., Zhong, W., Lau, J.Y., Hong, Z., Andino,
R., Cameron, C.E., 2000. The broad-spectrum antiviral ribonucleoside
ribavirin is an RNA virus mutagen. Nat. Med. 6, 1375-1379.

Crotty, S., Cameron, C.E., Andino, R., 2001. RNA virus error catastrophe:
direct molecular test by using ribavirin. Proc. Natl. Acad. Sci. USA
98, 6895-6900.

Das, S., Ott, M., Yamane, A., Tsai, W., Gromeier, M., Lahser, F., Gupta,
S., Dasgupta, A., 1998. A small yeast RNA blocks hepatitis C virus
internal ribosome entry site (HCV IRES)-mediated translation and
inhibits replication of a chimeric poliovirus under translational control
of the HCV IRES element. J. Virol. 72, 5638-5647.

Di Bisceglie, A.M., Conjeevaram, H.S., Fried, M.W., Sallie, R., Park,
Y., Yurdaydin, C., Swain, M., Kleiner, D.E., Mahaney, K., Hoofnagle,
J.H., 1995. Ribavirin as therapy for chronic hepatitis C. A randomized,
double-blind, placebo-controlled trial. Ann. Int. Med. 123, 897-903.

Donis, R.O., 1995. Molecular biology of bovine viral diarrhea virus and
its interactions with the host. Vet. Clin. North Am. Food Anim. Pract.
11, 393-423.

Donis, R.O., Dubovi, E.J., 1987a. Characterization of bovine viral
diarrhoea-mucosal disease virus-specific proteins in bovine cells. J.
Gen. Virol. 68, 1597-1605.

Donis, R.O., Dubovi, E.J., 1987b. Differences in virus-induced polypep-
tides in cells infected by cytopathic and noncytopathic biotypes of
bovine virus diarrhea-mucosal disease virus. Virology 158, 168-173.

Donis, R.O., Dubovi, E.J., 1987c. Glycoproteins of bovine viral
diarrhoea-mucosal disease virus in infected bovine cells. J. Gen. Virol.
68, 1607-1616.

Donis, R., Corapi, W., Dubovi, E., 1991. Bovine viral diarrhea and their
antigenic analyses. Arch. Virol. Suppl. 3, 29-40.

Durantel, D., Branza-Nichita, N., Carrouee-Durantel, S., Butters, T.D.,
Dwek, R.A., Zitzmann, N., 2001. Study of the mechanism of antiviral
action of iminosugar derivatives against bovine viral diarrhea virus. J.
Virol. 75, 8987—8998.

Dushieko, G., Main, J., Thomas, H., Reichard, O., Lee, C., Dhillon, A.,
Rassam, S., Fryden, A., Ressink, H., Bassendine, M., Norkrans, G.,
Cuypers, T., Lelie, N., Tefler, P., Watson, J., Sillikens, C., Weiland,
0., 1996. Ribavirin treatment for patients with chronic hepatitis C:
Results of a placebo-controlled study. J. Hepatol. 25, 591-598.

Enomoto, N., Sakuma, I., Asahina, Y., Kurosaki, M., Murakami, T., Ya-
mamoto, C., Izumi, N., Marumo, F., Sato, C., 1995. Comparison of
full-length sequences of interferon-sensitive and resistant hepatitis C
virus 1b. Sensitivity to interferon is conferred by amino acid substitu-
tions in the NS5A region. J. Clin. Invest. 96, 224-230.

Favre, D., Berthillon, P., Trepo, C., 2001. Removal of cell-bound lipopro-
teins: a crucial step for the efficient infection of liver cells with hep-
atitis C virus in vitro. C. R. Acad. Sci. Ill 324, 1141-1148.

Flores, E., Donis, R., 1995. Isolation of a mutant MDBK cell line resistant
to bovine viral diarrhea virus infection due to a block in viral entry.
Virology 208, 565-575.

Frese, M., Pietschmann, T., Moradpour, D., Haller, O., Bartenschlager,
R., 2001. Interferor inhibits hepatitis C virus subgenomic RNA
replication by an MxA-independent pathway. J. Gen. Virol. 82, 723—
733.

Friebe, P., Bartenschlager, R., 2002. Genetic analysis of sequences in the
3’ nontranslated region of hepatitis C virus that are important for RNA
replication. J. Virol. 76, 5326-5338.

Friebe, P., Lohmann, V., Krieger, N., Bartenschlager, R., 2001. Sequences
in the B nontranslated region of hepatitis C virus required for RNA
replication. J. Virol. 75, 12047-12057.

Frolov, 1., McBride, M.S., Rice, C.M., 199&is-acting RNA elements
required for replication of bovine viral diarrhea virus-hepatitis C virus
5 nontranslated region chimeras. RNA 4, 1418-1435.

Fukushi, S., Kurihara, C., Ishiyama, N., Hoshino, F.B., Oya, A., Katayama,
K., 1997. The sequence element of the internal ribosome entry site
and a 25-kDa cellular protein contribute to efficient internal initiation
of translation of hepatitis C virus RNA. J. Virol. 71, 1662-1666.



V.E. Buckwold et al./Antiviral Research 60 (2003) 1-15

13

Gallego, J., Varani, G., 2002. The hepatitis C virus internal ribosome-entry Khabar, K.S., Polyak, S.J., 2002. Hepatitis C virus-host interactions:

site: a new target for antiviral research. Biochem. Soc. Trans. 30, 140—

145.

the NS5A protein and the interferon/chemokine systems. J. Interferon
Cytokine Res. 22, 1005-1012.

Gardner, J.P., Durso, R.J., Arrigale, R.R., Donovan, G.P., Maddon, P.J., Kieft, J.S., Zhou, K., Jubin, R., Doudna, J.A., 2001. Mechanism of

Dragic, T., Olson, W.C., 2003. L-SIGN (CD 209L) is a liver-specific
capture receptor for hepatitis C virus. Proc. Natl. Acad. Sci. USA 100,
4498-4503.

Gowans, E.J., 2000. Distribution of markers of hepatitis C virus infection
throughout the body. Semin. Liver Dis. 20, 85-102.

Graci, J.D., Cameron, C.E., 2002. Quasispecies, error catastrophe, and

the antiviral activity of ribavirin. Virology 298, 175-180.

ribosome recruitment by hepatitis C IRES RNA. RNA 7, 194-206.
Kim, Y.K., Kim, C.S., Lee, S.H., Jang, S.K., 2002a. Domains | and Il in
the B nontranslated region of the HCV genome are required for RNA
replication. Biochem. Biophys. Res. Commun. 290, 105-112.
Kim, W.R., Brown Jr., R.S., Terrault, N.A., El-Serag, H., 2002b. Burden of
liver disease in the United States: summary of a workshop. Hepatology
36, 227-242.

Grassmann, C.W., |Sken' 0., Tautz, N., Behrens’ S.E., 2001. Genetic KOkahalOV, AA., Mlhallk, K., Feinstone, S.M., RiCe, C.M., 2000. Hep-

analysis of the pestivirus nonstructural coding region: defects in the
NS5A unit can be complemented frans. J. Virol. 75, 7791-7802.

Griffin, S.D., Beales, L.P., Clarke, D.S., Worsfold, O., Evans, S.D., Jaeger,
J., Harris, M.P., Rowlands, D.J., 2003. The p7 protein of hepatitis
C virus forms an ion channel that is blocked by the antiviral drug,
amantadine. FEBS Lett. 535, 34-38.

Grummer, B., Beer, M., Liebler-Tenorio, E., Greiser-Wilke, I., 2001. Lo-
calization of viral proteins in cells infected with bovine viral diarrhoea
virus. J. Gen. Virol. 82, 2597-2605.

Gu, B., Liu, C., Lin-Goerke, J., Maley, D.R., Gutshall, L.L., Feltenberger,
C.A., Del Vecchio, A.M., 2000. The RNA helicase and nucleotide
triphosphatase activities of the bovine viral diarrhea virus NS3 protein
are essential for viral replication. J. Virol. 74, 1794-1800.

Guo, J.-T., Bichko, V.V., Seeger, C., 2001. Effect of alpha interferon on
the hepatitis C virus replicon. J. Virol. 75, 8516-8523.

Gutfreund, K.S., Bain, V.C., 2000. Chronic viral hepatitis C: Management
update. CMAJ 162, 827-833.

Hahm, B., Kim, Y.K., Kim, J.H., Kim, T.Y., Jang, S.K., 1998. Heteroge-
neous nuclear ribonucleoprotein L interact with tHeb8rder of the
internal ribosome entry site of hepatitis C virus. J. Virol. 72, 8782—
8788.

Han, J.H., Shyamala, V., Richman, K.H., Brauer, M.J., Irvine, B., Urdea,
M.S., Tekamp-Olson, P., Kuo, G., Choo, Q., Houghton, M., 1991.
Characterization of the terminal regions of hepatitis C viral RNA:
identification of conserved sequences in theiftranslated region and
poly(A) tails at the 3end. Proc. Natl. Acad. Sci. USA 88, 1711-1715.

Hanecaki, R., Brown-Driver, V., Fox, M.C., Azad, R.F., Furosako, S.,
Nozaki, C., Ford, C., Sasmor, H., Anderson, K.P., 1996. Antisense
oligonucleotide inhibition of hepatitis C virus gene expression in trans-
formed hepatocytes. J. Virol. 70, 5203-5212.

Harding, M.J., Cao, X., Shams, H., Johnson, A.F., Vassilev, V.B., Gil,
L.H., Wheeler, D.W., Haines, D., Sibert, G.J., Nelson, L.D., Campos,
M., Donis, R.O., 2002. Role of bovine viral diarrhea virus biotype in
the establishment of fetal infections. Am. J. Vet. Res. 63, 1455-1463.

Hellen, C.U., Pestova, T.V., 1999. Translation of hepatitis C virus RNA.
J. Viral Hepat. 6, 79-87.

Hoofnagle, J.H., 2002. Course and outcome of hepatitis C. Hepatology

36 (Suppl 1), S21-S29.

Igbal, M., Flick-Smith, H., McCauley, J.W., 2000. Interactions of bovine
viral diarrhoea virus glycoprotein E(rns) with cell surface glycosamino-
glycans. J. Gen. Virol. 81, 451-459.

Jubin, R., 2001. Hepatitis C IRES: translating translation into a therapeutic

target. Curr. Opin. Mol. Ther. 3, 278-287.

Kadaré, G., Haenni, A.-L., 1997. Virus-encoded RNA helicases. J. Virol.
71, 2583-2590.

Kao, C.C., Del Vecchio, A.M., Zhong, W., 1999. De novo initiation of
RNA synthesis by a recombinant flaviviridae RNA-dependent RNA
polymerase. Virology 253, 1-7.

Kato, N., 2000. Genome of human hepatitis C virus (HCV): gene orga-
nization, sequence diversity, and variation. Microb. Comp. Genet. 5,
129-151.

Kayali, Z., Buckwold, V.E., Zimmerman, B., Schmidt, W.N., 2002. Hep-

atitis C virus-encoded enzymatic activities and conserved RNA ele-
ments in the 3nontranslated region are essential for virus replication
in vivo. J. Virol. 74, 2046-2051.

Kriiger, M., Beger, C., Welch, P.J., Barber, J.R., Manns, M.P., Wong-Staal,
F., 2001. Involvement fo proteosomesubunit PSMA7 in hepatitis
C virus internal ribosome entry site-mediated translation. Mol. Cell.
Biol. 21, 8357-8364.

Lai, V.C., Kao, C.C., Ferrari, E., Park, J., Uss, A.S., Wright-Minogue, J.,
Hong, Z., Lau, J.Y., 1999. Mutational analysis of bovine viral diarrhea
virus RNA-dependent RNA polymerase. J. Virol. 73, 10129-10136.

Lai, V.C., Zhong, W., Skelton, A., Ingravallo, P., Vassilev, V., Donis,
R.O., Hong, Z., Lau, J.Y., 2000. Generation and characterization of a
hepatitis C virus NS3 protease-dependent bovine viral diarrhea virus.
J. Virol. 74, 6339-6347.

Lanford, R.E., Chavez, D., Guerra, B., Lau, J.Y., Hong, Z., Brasky, K.M.,
Beames, B., 2001. Ribavirin induces error-prone replication of GB
virus B in primary tamarin hepatocytes. J. Virol. 75, 8074—-8081.

Lanford, R.E., Guerra, B., Lee, H., Averett, D.R., Pfeiffer, B., Chavez,
D., Notvall, L., Bigger, C., 2003. Antiviral effect and virus—host
interactions in response to alpha interferon, gamma interferon,
poly(l)-poly(C), tumor necrosis factor alpha, and ribavirin in hepatitis
C virus subgenomic replicons. J. Virol. 77, 1092-1104.

Lau, J.Y.N., Tam, R.C., Lang, T.J., Hong, Z., 2002. Mechanism of action
of ribavirin in the combination treatment of chronic HCV infection.
Hepatology 35, 1002-1009.

Liang, T.J., Rehermann, B., Seeff, L.B., Hoofnagle, J.H., 2000. Patho-
genesis, natural history, treatment and prevention of hepatitis C. Ann.
Int. Med. 132, 296-305.

Lindenbach, B.D., Rice, C.M., 2001. Flaviviridae: the viruses and their
replication, In: Knipe, D.M., Howley, P.M., Griffin, D.E., Lamb, R.A.,
Martin, M.A., Roizman, B. (Eds.), Fields Virology, 4th edn., Vol. 1.
Lippincott Williams & Wilkins, Philadelphia, PA, pp. 991-1041.

Lohmann, V., Kérner, F., Koch, J.-O., Herian, U., Thielmann, L., Barten-
schlager, R., 1999a. Replication of subgenomic hepatitis C virus RNA
in a hepatoma cell line. Science 285, 110-113.

Lohmann, V., Overton, H., Bartenschlager, R., 1999b. Selective stimulation
of hepatitis C virus and pestivirus NS5B RNA polymerase activity by
GTP. J. Biol. Chem. 274, 10807-10815.

Lopez de Quinto, S., Lafuente, E., Martinez-Salas, E., 2001. IRES inter-
action with translation initiation factors: functional characterization of
novel RNA contacts with elF3, elF4B, and elF4Gl. RNA 7, 1213-1226.

Lu, X., Mehta, A., Dadmarz, M., Dwek, R., Blumberg, B.S., Block, T.M.,
1997. Aberrant trafficking of hepatitis B virus glycoproteins in cells
in which N-glycan processing is inhibited. Proc. Natl. Acad. Sci. USA
94, 2380-2385.

Maag, D., Castro, C., Hong, Z., Cameron, C.E., 2001. Hepatitis C virus
RNA-dependent RNA polymerase (NS5B) as a mediator of the antiviral
activity of ribavirin. J. Biol. Chem. 276, 46094—-46098.

Markland, W., McQuaid, T.J., Jain, J., Kwong, A.D., 2000.
Broad-spectrum antiviral activity of the IMP dehydrogenase inhibitor
VX-409: a comparison with ribavirin and demonstration of antiviral
additivity with alpha interferon. Antimicrob. Agents Chemother. 44,
859-866.

atitis C, cryoglobulinemia, and cirrhosis: a meta-analysis. Hepatology Masciopinto, F., Freer, G., Burgio, V.L., Levy, S., Galli-Stampino, L.,

36, 978-985.

Bendinelli, M., Houghton, M., Abrignani, S., Uematsu, Y., 2002.



14

Expression of human CD81 in transgenic mice does not confer sus-
ceptibility to hepatitis C virus infection. Virology 304, 187-196.

McClurkin, A.W., Littledike, E.T., Cutlip, R.C., Frank, G.H., Coria, M.F.,
Bolin, S., 1984. Production of cattle immunotolerant to bovine viral
diarrhea virus. Can. J. Comp. Med. 48, 156-161.

Meyers, G., Thiel, H.J., 1996. Molecular characterization of pestiviruses.
Adv. Virus Res. 47, 53-118.

Meyers, G., Tautz, N., Becher, P., Thiel, H.J., Kummerer, B.M., 1996. Re-
covery of cytopathogenic and noncytopathogenic bovine viral diarrhea
viruses from cDNA constructs. J. Virol. 70, 8606-8613.

Miller, R.H., Purcell, R.H., 1990. Hepatitis C virus shares amino acid
sequence similarity with pestiviruses and flaviviruses as well as mem-
bers of two plant virus supergroups. Proc. Natl. Acad. Sci. USA 87,
2057-2061.

Minocha, H.C., Xue, W., Reddy, J.R., 1997. A 50 kDa membrane protein
from bovine kidney cells is a putative receptor for bovine viral diarrhea
virus (BVDV). Adv. Exp. Med. Biol. 412, 145-148.

Monazahian, M., Bohme, I., Bonk, S., Koch, A., Scholz, C., Grethe, S.,
Thomssen, R., 1999. Low density lipoprotein receptor as a candidate
receptor for hepatitis C virus. J. Med. Virol. 57, 223-229.

Muerhoff, A.S., Leary, T.P., Simons, J.N., Pilot-Matias, T.J., Dawson, G.J.,
Erker, J.C., Chalmers, M.L., Schlauder, G.G., Desai, S.M., Mushahwar,
I.K., 1995. Genomic organization of GB viruses A and B: two new
members of the Flaviviridae associated with GB agent hepatitis. J.
Virol. 69, 5621-5630.

Nehls, S., Snapp, E.L., Cole, N.B., Zaal, K.J., Kenworthy, A.K., Roberts,
T.H., Ellenberg, J., Presley, J.F., Siggia, E., Lippincott-Schwartz, J.,
2000. Dynamics and retention of misfolded proteins in native ER
membranes. Nat. Cell Biol. 2, 288-295.

Neyts, J., Meerbach, A., McKenna, P., De Clercq, E., 1996. Use of
yellow fever virus vaccine strain 17D for the study of strategies for the
treatment of yellow fever virus infections. Antiviral Res. 30, 125-132.

Odeon, A.C., Kelling, C.L., Marshall, D.J., Estela, E.S., Dubovi, E.J.,
Donis, R.O., 1999. Experimental infection of calves with bovine viral
diarrhea virus genotype Il (NY-93). J. Vet. Diagn. Invest. 11, 221-228.

O'Reilly, E.K., Kao, C.C., 1998. Analysis of RNA-dependent RNA poly-
merase structure and function as guided by known polymerase struc-
tures and computer predictions of secondary structures. Virology 252,
287-303.

Ouzounov, S., Mehta, A., Dwek, R.A., Block, T.M., Jordan, R., 2002.
The combination of interferon-2b andn-butyl deoxynojirimycin has
a greater than additive antiviral effect upon production of infectious
bovine viral diarrhea virus (BVDV) in vitro: implications for hepatitis
C virus therapy. Antiviral Res. 55, 425-435.

Pavlovic, D., Neville, D.C., Argaud, O., Blumberg, B., Dwek, R.A.,
Fischer, W.B., Zitzmann, N., 2003. The hepatitis C virus p7 protein
forms an ion channel that is inhibited by long-alkyl-chain iminosugar
derivatives. Proc. Natl. Acad. Sci. USA 100, 6104—-6108.

Perni, R.B., Kwong, A.D., 2002. Inhibitors of hepatitis C virus NS3.4A
protease: an overdue line of therapy. Prog. Med. Chem. 39, 215-255.

Pestova, T.V., Shatsky, I.N., Fletcher, S.P., Jackson, R.J., Hellen, C.U.,
1998. A prokaryotic-like mode of cytoplasmic eukaryotic ribosome
binding to the initiation codon during internal translation initiation
of hepatitis C and classical swine fever virus RNAs. Genes Dev 12,
67-83.

Pestova, T.V., Kolupaeva, V.G., Lomakin, I.B., Philipenko, E.V., Shatsky,
I.N., Agol, V.I., Hellen, C.U.T., 2001. Molecular mechanisms of trans-
lation initation in eukaryotes. Proc. Natl. Acad. Sci. USA 98, 7029—
7036.

Petracca, R., Falugi, F., Galli, G., Norais, N., Rosa, D., Campognoli,
S., Burgio, V., Di Strasio, E., Giardina, B., Houghton, M., Abrignani,
S., Grandi, G., 2000. Structure—function analysis of hepatitis C virus
envelope-CD81 binding. J. Virol. 74, 4824-4830.

Pileri, P., Uematsu, Y., Campagnoli, S., Galli, G., Falugi, F., Petracca,
R., Weiner, A.J., Houghton, M., Rosa, D., Grandi, G., Abrignani, S.,
1998. Binding of hepatitis C virus to CD81. Science 282, 938-941.

V.E. Buckwold et al./Antiviral Research 60 (2003) 1-15

Robertson, B., Myers, G., Howard, C., Brettin, T., Bukh, J., Gaschen, B.,
Gojobori, T., Maertens, G., Mizokami, M., Nainan, O., Netesov, S.,
Nishioka, K., Shin-i, T., Simmonds, P., Smith, D., Stuyver, L., Weiner,
A., 1998. Classification, nomenclature, and database development for
hepatitis C virus (HCV) and related viruses: proposals for standard-
ization. Arch. Virol. 143, 2493-2503.

Rosenberg, S., 2001. Recent advances in the molecular biology of hepatitis
C virus. J. Mol. Biol. 313, 451-464.

Sanderbrand, S.A., Tautz, N., Thiel, H.J., Ochs, K., Beck, E., Niepmann,
M., 2000. Translation from the internal ribosome entry site of bovine
viral diarrhea virus is independent of the interaction with polypyrimi-
dine tract-binding protein. Vet. Microbiol. 77, 215-227.

Sasaki, M., Yamauchi, K., Nakanishi, T., Kamogawa, Y., Hayashi, N.,
2003. In vitro binding of hepatitis C virus to CD81-positive and
-negative human cell lines. J. Gastroenterol. Hepatol. 18, 74—79.

Scarselli, E., Ansuini, H., Cerino, R., Filocamo, G., Traboni, C., Nicosia,
A., Cortese, R., Vitelli, A., 2002. The human scavenger receptor class
B type | is a novel candidate receptor for the hepatitis C virus. EMBO
J. 21, 5017-5025.

Schelp, C., Greiser-Wilke, 1., Wolf, G., Beer, M., Moennig, V., Liess, B.,
1995. Identification of cell membrane proteins linked to susceptibility
to bovine viral diarrhoea virus infection. Arch. Virol. 140, 1997-2009.

Schelp, C., Greiser-Wilke, ., Moennig, V., 2000. An actin-binding protein
is involved in pestivirus entry into bovine cells. Virus Res. 68, 1-5.

Schneider, R., Unger, G., Stark, R., Schneider-Scherzer, E., Thiel, H.J.,
1993. Identification of a structural glycoprotein of an RNA virus as a
ribonuclease. Science 261, 1169-1171.

Seki, M., Honda, Y., 1995. Phosphorothioate antisense oligodeoxynu-
cleotides capable of inhibiting hepatitis C virus gene expression: in
vitro translation assay. J. Biochem. 118, 1199-1204.

Seo, M.Y., Abrignani, S., Houghton, M., Han, J.H., 2003. Small interfering
RNA-mediated inhibition of hepatitis C virus replication in the human
hepatoma cell line Huh7. J. Virol. 77, 810-812.

Shimoike, T., Mimori, S., Tani, H., Matsuura, Y., Miyamura, T., 1999.
Interaction of hepatitis C virus core protein with viral sense RNA and
suppression of its translation. J. Virol. 73, 9718-9725.

Silva-Krott, 1.U., Kennedy, M.A., Potgieter, L.N., 1994. Cloning, se-
guencing, and in vitro expression of glycoprotein gp48 of a noncy-
topathogenic strain of bovine viral diarrhea virus. Vet. Microbiol. 39,
1-14.

Steffens, S., Thiel, H.J., Behrens, S.E., 1999. The RNA-dependent RNA
polymerases of different members of the family Flaviviridae exhibit
similar properties in vitro. J. Gen. Virol. 80, 2583-2590.

Stuyver, L.J., Whitaker, T., McBrayer, T.R., Hernandez-Santiago, B.I.,
Lostia, S., Tharnish, P.M., Ramesh, M., Chu, C.K., Jordan, R., Shi,
J., Rachakonda, S., Watanabe, K.A., Otto, M.J., Schinazi, R.F., 2003.
Ribonucleoside analogue that blocks replication of bovine viral diarrhea
and hepatitis C viruses in culture. Antimicrob. Agents Chemother. 47,
244-254,

Sun, J.-H., Lemm, J.A., O'Boyle II, D.R., Racela, J., Colonmo, R., Gao,
M., 2003. Specific inhibition of bovine viral diarrhea virus replicase.
J. Virol. 77, 6753-6760.

Swasdipan, S., McGowan, M., Phillips, N., Bielefeldt-Ohmann, H., 2002.
Pathogenesis of transplacental virus infection: pestivirus replication in
the placenta and fetus following respiratory infection. Microb. Pathog.
32, 49-60.

Tanabe, Y., Sakamoto, N., Maekawa, S., Kurosaki, M., Yamashiro,
T., Enomoto, N., 2002. Synergistic effects of ribavirin and
alpha-interpheron on intracellular hepatitis C virus relplication in Huh7
cells. In: Proceedings of the Nineth International Meeting on HCV
and Related Viruses (abstract 95).

Tautz, N., Elbers, K., Stoll, D., Meyers, G., Thiel, H.J., 1997. Serine
protease of pestiviruses: determination of cleavage sites. J. Virol. 71,
5415-5422.

Tratschin, J.D., Moser, C., Ruggli, N., Hofmann, M.A., 1998. Classical
swine fever virus leader proteinase Npro is not required for viral
replication in cell culture. J. Virol. 72, 7681-7684.



V.E. Buckwold et al./Antiviral Research 60 (2003) 1-15

Triyatni, M., Saunier, B., Maruvada, P., Davis, A.R., Ulianich, L., Heller,
T., Patel, A., Kohn, L.D., Liang, T.J., 2002. Interaction of hepatitis C
virus-like particles and cells: a model system for studying viral binding
and entry. J. Virol. 76, 9335-9344.

Vassilev, V., Collett, M., Donis, R., 1997. Authentic and chimeric
full-length genomic cDNA clones of bovine viral diarrhea virus that
yield infectious transcripts. J. Virol. 71, 471-478.

Walker, J.E., Saraste, M., Runswick, M.J., Gay, N.J., 1982. Distantly
related sequences in the andB-subunits of ATP synthetase, myosin,

kinases and other ATP-requiring enzymes and a common nucleotide

binding fold. EMBO J. 1, 945-951.

Westaway, E.G., Brinton, M.A., Gaidamovich, S.Y., Horzinek, M.C.,
Igarashi, A., Kaaridinen, L., Lvov, D.K., Porterfield, J.S., Russell, P.K.,
Trent, D.W., 1985. Flaviviridae. Intervirology 24, 183-192.

Wills, R.C., Carson, D.A., Seegmiller, J.E., 1978. Adenosine kinase ini-
tiates the major source of ribavirin activation in a cultured human cell
line. Proc. Natl. Acad. Sci. USA 75, 3042—-3044.

World Health Organization, 2002. Global surveillance and control of
hepatitis C. J. Viral Hepat. 6, 35—47.

Wiskerchen, M., Belzer, S.K., Collett, M.S., 1991. Pestivirus gene ex-
pression: the first protein product of the bovine viral diarrhea virus

large open reading frame, p20, possesses proteolytic activity. J. Virol.

65, 4508-4514.

Winschmann, S., Medh, J.D., Klinzmann, D., Schmidt, W.N., Stapleton,
J.T., 2000. Characterization of hepatitis C virus (HCV) and HCV E2
interactions with CD81 and the low-density lipoprotein receptor. J.
Virol. 74, 10055-10062.

Xu, J., Mendez, E., Caron, P.R., Lin, C., Murcko, M.A., Collet, M.S.,
Rice, C.M., 1997. Bovine viral diarrhea virus NS3 proteinase: polypro-

15

tein cleavage sites, cofactor requirements, and molecular model of
an enzyme essential for pestivirus replication. J. Virol. 71, 5312—
5322.

Yamaga, A.K. Choi, J., Ou, J.-.H., 2002. Effects of ribavirin and interferon

on the replication of hepatitis C virus subgenomic RNA replicons. In:
Proceedings of the Nineth International Meeting on HCV and Related
Viruses (abstract 106).

Yu, H., Isken, O., Grassmann, C.W., Behrens, S.-E., 2000. A stem-loop
motif formed by the immediate’ ferminus of the bovine viral diarrhea
virus genome modulates translation as well as replication of the viral
RNA. J. Virol. 74, 5825-5835.

Zhong, W., Gutshall, L.L., Del Vecchio, A.M., 1998. Identification and
characterization of an RNA-dependent RNA polymerase activity within
the nonstructural protein 5B region of bovine viral diarrhea virus. J.
Virol. 72, 9365-9369.

Zhou, X., Tang, Z2.Y., Klumpp, B., Wolf-Vorbeck, G., Barth, H., Levy,
S., von Weizsacker, F., Blum, H.E., Baumert, T.F., 2002. Primary
hepatocytes offupia belangeri as a potential model for hepatitis C
virus infection. J. Clin. Invest. 109, 221-232.

Zhou, S., Liu, R., Baroudy, B.M., Malcom, B.A., Reyes, G.R,
2003. The effect of ribavirin and IMPDH inhibitors on hep-
atitis C virus subgenomic replicon RNA. Virology 310, 333-
342.

Zitzmann, N., Mehta, A.S., Carrouee, S., Butters, T.D., Platt, F.M., Mc-
Cauley, J., Blumberg, B.S., Dwek, R.A., Block, T.M., 1999. Imino
sugars inhibit the formation and secretion of bovine viral diarrhea
virus, a pestivirus model of hepatitis C: implications for the develop-
ment of broad spectrum anti-hepatitis virus agents. Proc. Natl. Acad.
Sci. USA 96, 11878-11882.



	Bovine viral diarrhea virus as a surrogate model of hepatitis C virus for the evaluation of antiviral agents
	Introduction
	Similarities and differences between BVDV and HCV
	Overall functional and genetic similarity between HCV and BVDV
	Biology of persistent infections in their natural hosts

	Overview of major viral targets for antivirals
	Attachment and entry through homologous cellular receptors
	Polyprotein translation via functionally equivalent IRES elements
	Proteolytic processing using homologous viral NS3 proteins
	RNA replication using homologous NS5B enzymes
	Virion maturation, assembly, and egress

	Conclusions
	Acknowledgements
	References


