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1. Discovery of HCV and development of diagnostic tests.

The genome of HCV was first cloned in 1989 from the plasma of a chimpanzee that had been

experimentally infected with the materials, containing the putative non-A and non-B hepatitis

agent (Alter et al., 1975; Prince et al., 1974). Characterization of HCV molecular clones

revealed that HCV genome was composed of a positive-stranded RNA of about 10 kb (Choo

et al., 1989). Identification of HCV cDNA clones allowed for an expression of recombinant

HCV antigens both in E.coli and yeast, which in turn, were used for the development of anti-

HCV enzyme-linked immunosorbent assay (ELISA) for detection of antiviral antibodies

(Kuo et al., 1989). The application of this assay for seroprevalence studies revealed high

frequency of anti-HCV detection among patients with post-transfusion non-A and non-B

hepatitis in different countries (Kuo et al., 1989; Van der Poel CL et al., 1989; Nishioka et al.,

1991). These data clearly indicated that HCV was the major causative agent of parenteral non-

A and non-B chonic hepatitis worldwide.

Following the identification of HCV, a number of modifications of ELISA for the detection of

anti-HCV were introduced. Nowadays, the so-called “third generation” tests, which include

several structural and non-structural HCV proteins, are widely used in medical practice as a

primary diagnostic assay (Bresters et al., 1992). To increase the specificity of anti-HCV

detection a recombinant immunoblot assay (RIBA) is often used as a supplementary

technique to confirm positive ELISA results.

Despite being a very powerful diagnostic tool, the anti-HCV assays provide positive results

not for all patients, infected with the virus. First of all, this applies for the so-called “window

period”, an interval between exposure and development of antibodies to HCV proteins.

Besides that, the anti-HCV production might be low or even absent in immunocomprised

patients.

Recent advances in molecular biology have contributed to the development of new powerful

tools for the diagnosis of HCV infection. These assays allow for a sensitive and specific

detection of HCV RNA genome (up to 102 copies genome equivalent per ml) in plasma or

serum of infected individuals (Pawlotsky; 2002). The first group of methods is based on a

combination of a reverse transcriptase reaction and a polymerase chain reaction (RT-PCR)



Introduction 9

using the HCV-specific primers. The PCR-based techniques are used both for qualitative and

quantitative determination of HCV RNA. Another technique that is currently widely used is

transcription-mediated amplification (TMA). In this assay the conserved regions within 5’-

UTR of the HCV genome are reverse transcribed into complementary DNA (cDNA) that is

then amplified as single-stranded RNA copies by T7 RNA polymerase and the amplicons are

detected by hybridization with a complementary RNA labelled probes. Another technique

used for quantification of HCV RNA is a branched DNA (b-DNA) assay. In this assay viral

RNA is captured by a set of specific synthetic oligonucleotide capture probes, then the signal

resulting from a specific hybridization of capture and detection probes with the viral RNA is

amplified. In general, nowadays, the diagnostic of HCV infection is based on combination of

the assays for the detection of both anti-HCV and HCV RNA.

2. Epidemiology of HCV.

The development of diagnostic tools has facilitated the studies of epidemiology of HCV

infection worldwide. The seroprevalence rates of HCV are about 0.5-1% in Western Europe

and North America, 3-4% in some Mediterranean and Asian countries and up to 10-20% in

parts of Central Africa and Egypt (Wasley et al., 2000; WHO, 2000). Currently, more than

200 millions people worldwide are chonically infected with HCV. According to the WHO

report, a chonic liver disease is responsible for about 1.4 millions deaths in 2001, including

796000 due to the cirrhosis and 616000 due to primary liver cancer. At least 20% of these

deaths are probably attributable to HCV infection.

HCV is mainly transmitted though contact with blood and blood products (blood transfusion).

After introduction in 1990 of anti-HCV screening of blood and blood products into a blood

service of the developed countries, post transfusion hepatitis C has virtually disappeared and

in most industrialized countries the intravenous drug abuse has become the major identifiable

mode of HCV transmission (Moradpour et al., 2001). Unfortunately, the lack of systematic

screening of blood donors continues to result in HCV transmission by blood and blood

products in many countries with developing or transitional economies.
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In addition, large-scale parenteral therapy programs as well as surgical and dental procedures

with inadequately sterilized equipment have been important routes of transmission in these

countries (Frank et al., 2000). Sexual transmission of HCV between monogamous partners

appears to be uncommon.

Detection of HCV-RNA by polymerase chain reaction (PCR) shows that HCV may be present

in the saliva of HCV infected patients. Epidemiological studies, however, suggested that the

infective capacity of HCV viral particles in saliva is low, and probably transmission of HCV

by saliva does not play an important role (Hermida et al, 2002). Finally, a mother-to-infant

transmission of HCV has been observed globally, but the risk is probably less than 5% unless

the mother is co-infected with human immunodeficiency virus (HIV) (WHO, 1999).

3. Taxonomy of HCV.

HCV has been classified as the only member of the Hepacivirus genus and belongs to the

Flaviviridae family, which includes the classical flaviviruses, such as yellow fever virus and

dengue virus, the animal pathogenic pestiviruses, such as bovine viral diarrhea (BVDV), and

the GB viruses (HGV/GBV-A, HGV/GB-B and HGV/GBV-C). All these viruses share a

number of similarities in their genome organization, structure and replication. Thus, all

viruses of Flaviviridae family have an enveloped particle harbouring a single-stranded RNA

genome of positive polarity carrying one long open reading frame (ORF).

HCV isolates demonstrated very high genetic heterogeneity and have been classified into

three major categories, depending on the degree of the sequence divergence: genotypes,

subtypes, and isolates (Robertson et al., 1998; Simmonds et al., 2005). Existing variants of

HCV are classified into six genotypes numbered 1 to 6. Within the genotype, the more closely

related variants are classified into subtypes and designated a, b, c, d, etc, in order of

discovery. In infected individuals HCV genomes coexist as heterogeneous viral populations

closely related designated as quasispecies that result from the accumulation of mutations

during viral replication in the host. Genotypes differ from each other by 31% to 33% at the

nucleotide level, compared with 20% to 25% between subtypes. Despite the sequence

diversity of HCV, all genotypes share an identical complement of collinear genes of similar or

identical size in the large open reading frame, and the genetic inter-relationships of HCV
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4.4. The 3’untranslated region (UTR).

The 3´UTR, approximately long of 200 nucleotides, is recognized by the viral RNA-

dependent RNA polymerase. The 3’UTR has been divided into three regions: a variable

sequence of approximately 40 nucleotides, an internal poly (U)/polypyrimidine tract (the

poly-U/UC region) of variable length, and a highly conserved region of 98 nucleotides among

HCV genotypes containing a stable stem-loop structure which has been termed X-region

(Fig.3) (Kolykhalov et al., 1996). The role of the variable region is not clear. The poly-U/UC

region and the much-conserved X-region are required for viral replication (Cheng et al., 1999,

Oh et al 2000). Genetic studies have shown that a poly (U/UC) tract of at least 25 nucleotides

as well as a complete X-tail are required for RNA replication in cell culture and for infectivity

of the viral genome in vivo ( Friebe et al., 2002; Gates et al., 2003).

Recently, an additional cis-acting RNA element (CRE) has been identified in the 3’ terminal

coding region of NS5B (Friebe et al., 2005). This CRE designated 5BSL3.2 forms a long-

distance RNA-RNA interaction with SL2 in the X-tail, which is indispensable for RNA

replication. La auto antigen and polypyrimidine tract-binding protein (PTB) that bind to

5’UTR of HCV genome have also been identified as cellular factors which bind to the 3’UTR

(Tsuchihara et al., 1997; Spangberg et al., 2001), suggesting that La auto antigen and PTB are

involved not only in IRES-mediated translation, but also in viral replication.

Fig. 1. Genome organization of HCV. The HCV genome is schematically presented. The highly structured 5’ and

3’untranslated regions (UTR) are not drawn to scale. The 5’ UTR contains an internal ribosomal entry site (IRES). The single

HCV open reading frame is shown as a large open box.
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Fig. 2. Secondary and tertiary RNA structure within the complete 5’UTR of HCV and immediately downstream open

reading frame. The region comprising the IRES extends from domain II to domain IV. The initiator AUG codon is

highlighted. Adapted from Honda et al.,1996.

Fig. 3. Computer-generated secondary structure prediction of HCV strain H 3’UTR.

Stem–loop structures (SLI-III) within the 3’-terminal 98-nucleotide X region are indicated. Bold–type UGA denotes the

termination codon of HCV ORF. Arrows indicate variable base pairs in the stem of SLI and the asterisk denotes the variable

nucleotide in the loop of SLI. Adapted from Kolykhalov et al., 1996.
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Alternative reading frame protein or frame shift protein (ARFP/F protein)

The synthesis of a protein encoded by an alternative reading frame within the core region was

reported by several groups (Branch et al., 2005). This protein was designated alternative

reading frame protein (ARFP) or frame shift protein (F protein) and comprises up to 160

amino acids. Expression of the ARFP protein of HCV genotype 1a in vitro or in mammalian

cells yields a17 kDa protein. Sequencing of in vitro labelled ARFP protein indicated that the

framshift junction likely occurs at codons 9 to 11 of the core protein sequence (Xu et al.,

2001). However, multiple framshifting events recently have been reported in this region, and

a 1.5 kDa protein also could be produced by -1/ +2 framshifting (Choi et al., 2003). In

addition, the framshift position seems to be genotype dependent, as a +1 framshift at codon 42

was recently reported for genotype 1b (Boulant et al., 2003). Detection of anti-ARFP

antibodies in the serum of HCV-infected patients suggests that ARFP protein is expressed

during HCV infection. Functions of ARFP protein are unknown.

HCV E1 and E2 envelope glycoproteins.

The two HCV envelope proteins, E1 and E2, are released from the polyprotein by host signal

peptidases, and presumably are the key components of the viral envelope, involved in

receptor binding and cell fusion (Grakoui et al., 1993; Bartosch et al., 2003). E1 and E2

contain high mannose glycosylation suggesting that they are retained in the endoplasmic

reticulum or Golgi, likely due to their C-terminal membrane anchoring sequences (Martire et

al., 2001). E1 and E2 are type-I transmembrane (TM) glycoproteins of about 35 kDa and 70

kDa respectively, with a short C-terminal transmembrane domain (TMD) of approximately 30

amino acids and N-terminal ectodomains of 160 and 334 amino acids, respectively. Both E1

and E2 transmembrane domains are composed of two short stretches of hydrophobic amino

acids separated by short polar segment containing fully conserved charged residues

(Cocquerel et al., 2000). The second hydrophobic stretch acts as an internal signal peptide for

the downstream protein (Cocquerel et al., 2002). Before signal-sequence cleavage, the E1 and

E2 transmembranes adopt a hairpin structure and after cleavage by a host signal peptidase, the

signal-like sequence is reoriented toward the cytosol leading to a single transmembrane

passage (Fig.4). E1 and E2 can also form heterodimers of both covalent (disulfide-bonded)
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Fig. 4. Behavior of the transmembrane domains of HCV envelope glycoprotein E1 and E2 during the early steps of

their biogenesis. Top, the N-terminus of E1 is translocated into the lumen of the ER up to the N-terminus of the E1

transmembrane domain, which acts as a stop transfer signal. The C-terminal half of the transmembrane domain of E1 acts as

the signal sequence of E2 and has its C-terminus oriented toward the lumen of the ER to allow the translocation of E2.

Bottom, after cleavage by the signal peptidase, the signal-like sequence is reoriented toward the cytosol , yielding a single

transmembrane passage. Adopted from Cocquerel et al., 2002.
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In addition, p7 incorporated into virions as E2-p7 may also be processed during exocytosis to

allow the formation of channels that protect E2 from fusogenic change and/or function during

virus entry. As more insights into p7 function and behaviour in cells are gained, it is clear that

targeting p7 in future antiviral therapies could potentially act by blocking HCV at multiple

points in its life cycle, perhaps using compounds based on maintained derivatives. Further

experiments on ion channel function, ideally in systems where HCV virions can be produced,

will be required to define the precise function of p7 in HCV replication.

.

Fig. 5. Hypothetical model for intracellular targeting of p7. Upon translation, p7 adopts either a single- or double-

membrane-spanning topology. A double-membrane-spanning p7 (top left) is more likely to remain in the ER, potentially due

to a signal located in the N terminus of the protein. If signal peptide cleavage occurs, double-membrane-spanning p7 will

form oligomeric channels, whereas uncleaved E2-p7 is directed into virus particles. A single-membrane-spanning p7 (bottom

left) could spontaneously adopt the double-membrane-spanning topology prior to signal peptide cleavage, or by the action of

a C-terminal signal, cleaved protein could be targeted to membranes around mitochondria. Upon reaching these membranes,

protein would then be free to adopt a double-membrane-spanning topology forming oligomeric channels. Adopted from

Griffin et al. 2005.
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5.2. Non-structural proteins of HCV.

Non-structural protein 2 (NS2).

NS2 is a nonglycosylated integral membrane protein rich in hydrophobic amino acids that

does not seem to be essential for formation of the replication complex (Lohmann et al., 1999;

Blight et al., 2000). The well-known function of NS2 is its participation in proteolytic

cleavage at the NS2-NS3 junction of the polyprotein. Most of the NS2 sequence is required

for the zinc-dependent proteinase function, which is responsible for the autocatalytic cleavage

that separates NS2 from downstream portion of the precursor polyprotein. The autocatalytic

cleavage occurs rapidly after translation and involves a conformation-dependent mechanism

(Reed et al., 2000). NS2 is a metal-dependent protease, because its activity can be inhibited

by EDTA and stimulated by ZnCl2 (Hijikata et al., 1993; Pieroni et al., 1997). HCV NS2

protein was found to inhibit cell growth and to induce the cell cycle arrest in the S-phase

though down-regulation of cyclin A expression, which may be beneficial to HCV viral

replication (Yang et al., 2006). HCV NS2 protein was identified as a potent inhibitor of

cytokine gene expression suggesting an important role for HCV protease in counteracting host

cell antiviral response (Kaukinen et al., 2006). It was suggested that NS2 is a short-lived

protein whose degradation by the proteasome is regulated in a phosphorylation-dependent

manner though the protein kinase CK2 (Frank et al., 2005). More recently, the role of NS2

protein of HCV in infectious particle production was reported (Yi et al., 2006). By using

chimeras’ genomes encoding the structural proteins of H77 strain (HCV genotype 1a) within

the background of JFH1 strain (HCV genotype 2a), Yi and co workers shown that RNAs

encoding polyproteins fused at the NS2/NS3 junction, and at a site of natural, inter-genotypic

recombination within NS2 produced infectious virus. Compensatory mutations were observed

within E1, P7, NS2 and NS3 genes of produced virions. This finding suggests that

interactions between NS2 and E1 and p7, as well as NS2 and NS3, are essential for virus

assembly and/or release, and that each of these viral proteins plays an important role in this

process.







Introduction 24

Fig. 6 . Structure of full-length NS3 protein (PDB accession code 1CU1). The C-terminus of helicase domain (indicated in

white) lies in the active site of the pro teinase domain. Adopted from Penin et al.,2004.



Introduction 25

Non-structural proteins 4A (NS4A) and 4B (NS4B).

NS4A, which is a small protein of 54 amino acid residues, forms a stable complex with the

NS3 protein as an essential cofactor of the NS3 proteinase and this complex is required for the

efficient processing of NS proteins (Bartenschlager et al., 1994; Failla et al., 1994; Lin et al.,

1994; Chung et al., 2000). Stable NS4A-NS3 complex requires the 22 amino acid residues at

the N-terminal of the NS3 protein, suggesting that the interaction between NS3 and NS4A is

primarily important for the NS4A dependent processing of NS proteins (Failla et al., 1995;

Satoh et al., 1995). Recent data suggests that NS4A protein inhibits host and viral translation

though interacting with eEF1A, implying a possible mechanism by which NS4A is involved

in the pathogenesis and chonic infection of HCV (Kou et al., 2006).

NS4B protein (261 amino acid residues for HCV-1b) is rich in hydrophobic amino acid

residues and has been detected primarily in the membrane fraction (Hijikata et al., 1993;

Selby et al., 1993). The function of the NS4B protein remains unknown, although it has been

recently demonstrated that the NS4B protein in association with the Ha-ras gene played an

important role in the malignant transformation of NIH3T3 cells (Park et al., 2000). It was

recently found that expression of NS4B induces the formation of a seemingly ER derived

membranous web that harbours all HCV structural and non-structural proteins (Egger et al.,

2002), as well as replicating viral RNA (Gosert et al., 2003). Thus, one function of NS4B may

be to induce a specific membrane alteration that serves as a scaffold for the formation of the

HCV replication complex. Recent data suggest the possibility that NS4B and NS4A play an

important role in inducing the IL-8 gene expression under certain cellular conditions, which

might be one of the strategies to establish persistent HCV infection (Kadoya et al., 2005).
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Binding of GTP to this site may induce a conformational change resulting in efficient

initiation of RNA synthesis. The catalytic domain of NS5B protein is membrane associated

via C-terminal transmembrane domain, which is essential for HCV RNA replication

(Moradpour et al., 2004). The structure of NS5B complexed with two different non-

nucleoside inhibitors was reported (Bressanelli et al., 2002). These drugs were found to bind

at a surface site in the thumb approximately 30 Å from the active site and closely to the

allosteric GTP site. Identification of these structures suggests that non-nucleoside inhibitors

may act by blocking the enzyme in the initiation mode though inhibition of a conformational

change need to proceed with elongation.
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Fig. 7. Crystal structure of the catalytic domain of NS5B, the HCV RNA-dependent RNA polymerase (PDB accession

code1GX6). (A) Ribbon diagram of the complexed with UTP and Mn2+. (B) Superimposition of HCV NS5B with the

bacteriophage 6 polymerase, showing the path of the template strand and the NTP tunnel. The thumb domain is omitted from

this image for clarify. Adapted from Penin et al., 2004.
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6. Life cycle of HCV.

6.1. Attachment and cell entry of HCV.

For long time studies of HCV life cycle were hampered by the lack of efficient cell culture

systems. Many attempts have been made to identify cell lines that allow efficient infection

with HCV and virus production, but these systems suffered from very low virus yield and

poor reproducibility. Albeit this limitation, a significant number of model systems have been

developed and the route of cell entry as well as capture molecules involved in low-affinity

interactions for the initial contact of HCV with target cells and potential high-affinity receptor

candidates that may mediate HCV trafficking and fusion has been described (Bartosch et al.,

2006).

Soluble E2 was shown to bind specifically to hepatocarcinoma and other cell types,

suggesting that the ectodomains of E2 mediates cell attachment (Flint et al., 1999a, 1999b;

Heo et al., 2004; Higginbottom et al., 2000; Michalak et al., 1997; Yagnik et al., 2000;

Yamada et al., 2005). Infectious HCV pseudoparticles that display E1 and E2 glycoprotein

complexes have been generated (Bartosch et al., 2003). Using HCV pseudoparticles it has

been demonstrated that HCV uptake is a pH-dependent event, indicating that HCV is

internalized in cells via receptor-mediated endocytosis. Once within an endocytic vesicle,

HCV requires exposure to low pH in order to fuse with the cellular target membrane. But how

and at what stages of its entry HCV needs to bind to cellular receptors with high affinity in

order to convert into a fusogenic conformation remain unclear. A considerable number of

receptors have been proposed for HCV. Potential receptors include the low-density

lipoprotein receptor (Angello et al., 1999; Monazahian et al., 1999), the human tetraspanin

CD81 (Pileri et al., 1998), the human scavenger receptor class B type I ( SR-BI) (Scarselli et

al., 2002), the mannose binding lectins DC SIGN and L SIGN (Gardner et al., 2003; Lozach

et al., 2004; Lozach et al 2003; Pohlmann et al., 2003), the asialoglycoprotein receptor

(ASGPr) (Saunier et al., 2003), glycosaminoglycans (Barth et al., 2003; Germi et al., 2002),

and Claudin-1 von Hahn et al., 2006). Experimental data using HCV pseudoparticles have

confirmed functional roles for CD81 and SR-BI in HCV entry, and a requirement for CD81 in

cell entry has recently been confirmed with cell culture produced HCV (HCVcc) (Lindenbach

et al., 2005; Wakita et al., 2005).
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It is important to note that, neither CD81 nor SR-BI has a liver specific expression profile.

Curiously, these molecules are expressed on a number of cell lines of hepatic and non-hepatic

origin. Because hepatic cell lines expressing CD81 and SR-BI are permissive to HCV

pseudoparticles as well as to cell culture produced HCV, while the non-hepatic cell line

expressing CD81 and SR-BI are not or only to very low levels, it is tempting to speculate that

the missing entry factors for HCV are indeed liver-specific molecules (Bartosch et al., 2003a,

2003b, 2003c, Lindenbach et al., 2005; Zhang et al., 2004).

6-2. Polyprotein translation and possessing.

Following entry of virus into the cell, viral RNA is directly translated. Translation of the HCV

genome, which lacks a 5´ cap, depends on IRES within the 5´UTR. The IRES binds 40S

ribosomal subunits directly and avidly, bypassing the need for pre-initiation factors, and

inducing an mRNA-bound conformation in the 40S subunit (Spahn et al., 2001). The IRES-

40S complex then recruit eukaryotic initiation factor (eIF) 3 and the ternary complex of Met-

eIF2-GTP to form a non-canonical 48S intermediate, before a kinetically slow transition to

the translationally active 80S complex (Ji et al., 2004; Otto et al., 2004). As has been already

mentioned, the translation of the HCV genome produces a large polyprotein of 3010-3011

amino acids, which undergoes cotranslational and post-translationally proteolytic processing

in the cytoplasm or in the endoplasmic reticulum of the infected cell to give rise to four

structural (core protein, envelope glycoproteins E1 and E2 and small hydrophobic polypeptide

p7) and six non-structural proteins (NS2, NS3, NS4A, NS4B, NS5A, and NS5B) (Hijikata et

al., 1991) (Fig.8). The structural proteins mature by signal peptidase cleavages between C/E1,

E1/E2, and E2/p7. In addition, signal-peptide peptidase releases core from the E1 signal

peptide. Within the non-structural region, the p7/NS2 junction is also cleaved by signal

peptidase. Further proteolytic processing within the non-structural region occurs though the

action of two viral enzymes, the NS2 auto protease, which cleaves at the NS2/3 junction; and

the NS3-4A serine protease, which cleaves at all downstream sites (Fig.8).
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Fig. 8. Translation and processing of hepatitis virus polyprotein. The 9.6 kb plus strand RNA is genome is represented at

the top. Internal ribosomal entry site-mediated translation yields a polyprotein precursor of about 3010 amino acids that is

processed into the mature structural and non-structural proteins.
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6.3. Replication of HCV.

Replication of HCV RNA proceeds via synthesis of a complementary minus-strand RNA

using the genome as a template and the subsequent synthesis of genomic plus-strand RNA

from this minus-strand RNA intermediate (Fig.9).

As in all positive-strand RNA virus, HCV forms a membrane-associated replication complex,

composed of viral proteins, replicating RNA, altered cellular membranes and additional host

cell factors (Egger et al., 2002; Gosert et al., 2003). This strategy may offer multiple

advantages, including: compartmentalization and local concentration of viral products,

physical support and organization of the RNA replication complex, tethering of viral RNA

during unwinding, supply of lipid constituents important for replication and protection of viral

RNA from double-strand RNA-mediated host defences and RNA interference. For HCV,

physical interactions among non-structural proteins, for example, between NS5A and NS5B

(Shirota et al., 2002), have been described. In addition, the determinants of membrane

association of HCV non-structural proteins have been mapped (Schmidt-Mende et al., 2001;

Brass et al., 2002). A candidate HCV replication complex, named “membranous web”,

recently was identified in tetracyclin-regulated cell lines inducibly expressing the entire HCV

polyprotein (Egger et al., 2002). The membranous web harboured all the viral proteins and

was very similar to the sponge like inclusions previously revealed by electron microscopy in

liver cells of HCV-infected chimpanzees. It was recently shown that the membrane web is

indeed the viral replication complex in Huh7 cells harbouring autonomously replicating HCV

RNAs (Fig.9) (Gosert et al., 2003).
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6.4. Assembly and release of HCV virions.

The mature HCV virion is thought to possess a nucleocapsid and outer envelope composed of

a lipid membrane and envelope proteins. Virion assembly presumably begins with the

interaction of capsid proteins and genomic RNA to form a nucleocapsid. The nucleocapsid

acquires an envelope and the mature virion is released from the infected cell.

The mechanism of HCV RNA packaging has not been determined, but data available for

other RNA viruses suggests that the packaging reaction specifically incorporates viral RNA

into the capsid with the total exclusion of cellular RNAs and negative-strand viral RNA. To

achieve this specificity the positive-strand RNA is thought to possess an encapsidation signal,

which exhibits a specific binding affinity for the capsid protein.

Enveloped viruses acquire their envelope by the process of budding, either though

intracellular membranes or though the plasma membrane. Electron microscopy studies with

flaviviruses have shown that nucleocapsid form in the cytoplasm and bud into intracellular

vesicles derived from the ER, acquiring envelops in the process (Hase et al., 1987). The

assembled virions are then released from the cells via the exocytosis pathway.

Because HCV glycoprotein complexes are mostly retained in the ER, it is thought that HCV

budding may occur in the ER or in ER-like structures (Duvet et al., 1998). In this case the

virus may be exported via the constitutive secretory pathway. In agreement with this

assumption, complex N-linked glycans were found on the surface of partially purified virus

particles, suggesting virus transit though the Golgi (Sato et al., 1993). However, since HCV

particles tend to associate with cellular components it remains to be determined whether these

glycans are present on the E proteins or on the cellular proteins associated with HCV

particles.
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Fig. 9. Life cycle of HCV. The steps of the viral life cycle are depicted schematically. The topology of HCV structural and

non-structural proteins at the endoplasmic reticulum (ER) membrane is shown. HCV RNA replication occurs in a specific

membrane alteration, the membranous web (MW). IRES-mediated translation and polyprotein processing as well as

membranous web formation and replication, illustrated here as separate steps for simplify, may occur in a tightly coupled

manner. Adapted from Volker Brass et al., 2006.
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7. Model systems to study HCV replication.

7.1. In vivo models.

The only animal that can be infected with HCV reproducibly is the chimpanzee, but its use is

limited by ethical reasons, its scarcity and high maintenance costs. In an attempt to establish a

small animal model Xie et al., (1998) experimentally inoculated tupaias (T. belangeri

chinensis), a species shown to be susceptible to infection with hepatitis B virus (Walter et al.,

1996; Yan et al. 1996). However, only about one-quarter of the animals became infected with

HCV and developed either transient or intermittent viraemia with rather low titres.

Recently, an in vivo model of HCV infection was developed involving a SCID mouse

carrying a urokinase plasminogen activator (uPA) transgene under the control of the albumin

promoter (Mercer et al., 2001). Expression of the uPA transgene in the mouse liver causes a

gradual depletion of the mouse hepatocytes. Transplantation of normal human hepatocytes

into these SCID-beige/Alb-uPA mice results in animals with chimeric human livers, which

can then be infected with HCV. This model provides a unique opportunity to study virtually

all aspects of the HCV life cycle, including viral entry, replication, and viral kinetics. The

chimeric SCID/uPA mouse model also provides a unique opportunity to study HCV-infected

animals, which have been transplanted with hepatocytes from different donors, facilitating the

analysis of host-specific responses to HCV. However generation of such chimeric animals is

laborious and requires special expertise to isolate and transplant human hepatocytes and

maintain colony of fragile immonudeficient mice with an approximately 35% mortality in

new-borns due to a defect in blood coagulation.
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7.2. In Vitro model Systems.

Cell culture Systems

Study of the viral life cycle requires a robust in vitro cell culture system. A number of reports

have described the propagation of HCV particles in tissue culture, including one in which the

propagated virus was subsequently shown to be infectious in chimpanzees (Shimizu et al.,

1998). For reasons that are not evident, infection of primary hepatocytes and established cell

lines with HCV have not only produced poor viral replication and low viral yields but have

also suffered from poor reproducibility. There are several reports suggesting that HCV can

also replicate in extra hepatic cells, in particular, in peripheral blood mononuclear cells

(PBMC) (Cribier et al., 1995; Lerat et al., 1996). Recently, the in vivo HCV-infected B-cell

lines directly established from chonically HCV-infected patients were described (Sung et al.,

2003). At least one of these B-cell lines persistently produced infectious virions, which could

establish secondary infection in primary human hepatocytes and lymphocytes in vitro. These

findings, if confirmed in independent laboratories, would provide evidence that HCV infects

B-cells during the course of natural infection.

Since primary hepatocytes are difficult to grow in cultures, numerous attempts to infect

immortalized hepatocytes and hepatoma cell lines have been undertaken in the last years. For

example, a nontumorigenic, immortalized human hepatocytes cell line, PH5CH was used to

assess the infectivity of HCV positive sera (Ikeda et al., 1997; Ikeda et al., 1998). During the

first twelve days of culture, the level of HCV positive-strand RNA increased and the viral

RNA remained detectable for at least thirty days of cell cultivation. During cell incubation a

strong selection for HCV variants with a particular sequence of HVR-1 of the E2 protein was

observed suggesting that only certain variants can bind to or replicate in these cells. Thus, in

vitro cell culture models, at least in some cases, can be used to demonstrate the infectivity of

the virus but in general they are not suitable to study the viral life cycle due to very low levels

of viral replication (detectable only by PCR), which is usually transient.
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Transfection of cell line with viral cDNA.

Since infection of cell cultures with HCV-containing sera did not provide reproducible

results, several groups tried to develop the HCV cell culture system using transfection of cells

with cloned HCV genome molecules (Yoo et al., 1995; Dash et al., 1997). Transfected cell

lines, in which the viral RNA was expressed from chomosomally integrated viral cDNA

under the control of constitutive or inducible promoters, were already described for several

plus-strand RNA viruses (Boyer and Haenni, 1994). Application of this approach to HCV led

to the establishment of a stable HCV replication in cultures of Huh7 or HepG2 cells (Yoo et

al., 1995; Dash et al., 1997). For about sixty days post-transfection both positive and

negative-strands of HCV RNA were detectable by RT-PCR in the transfected cells.

Expression of viral core and non-structural proteins was recorded in the cytoplasm of

transfected cells by immunostaining. Culture supernatants of the HepG2 transfected cells

were infectious for Daudi lymphoma cells for three passages tested. It should be noted,

however, that other laboratories did not confirm these experiments and it is not clear if the

authors did observe the HCV replication or dealt with the transcription of HCV RNA from the

integrated cDNA.

Subgenomic replicon

Since several groups failed to demonstrate a replication of a full-length genome in transfected

cell lines, an alternative strategy based on the construction of the bicistronic subgenomic

selectable HCV RNAs replicon was suggested (Lohmann et al., 1999). A consensus HCV

genotype 1b genome strain Con1 cloned from a liver of a patient with chonic hepatitis was the

source for HCV sequence. To construct the selectable replicon, the structural genes of HCV

were deleted and replaced by the gene encoding the neomycin phosphotransferase (neo)

followed by the internal ribosome entry site (IRES) of encephalomyocarditis virus (EMCV)

(Fig.9). This element was required to allow translation of the HCV coding sequence. Two

different versions of the replicon were generated, harbouring the NS2-5B or the NS3-5B

coding region of the HCV genome. The replicon sequences were positioned downstream of a

T7 RNA polymerase promoter and a unique restriction site was engineered at 3’ end to allow

synthesis of run off transcripts with authentic 5’ and 3’ termini. Upon transfection of cells and
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Subsequent selection with neomycin (G418), non-transfected cells and cells in which the

replicon RNA does not replicate will die. Only cells harbouring a high level of replicating

HCV RNA will amplify both the HCV sequences and the neo gene and therefore will develop

G418 resistance. The cells will grow under selection conditions and form colonies (Fig.10).

It was shown that a series of adaptive mutations arose during propagation of the subgenomic

replicon-containing cells and that a large fraction of these mutations conferred greatly

increased cloning efficiency of the replicon in Huh7 cells (Blight et al., 2000; Lohmann et al.,

2001). Such adaptive mutations usually cluster in certain regions, such as the central region of

non-structural protein 5A (NS5A), the C-terminal portion of the NS3 serine protease and the

N-terminal portion of the NS3 RNA helicase domains as well as at two positions in NS4B. In

Con1-based replicon for example, substitution of arginine for glycine at amino acid position

2884 of the HCV polyprotein was found to work as a highly adaptive mutation that increases

colony formation efficiency of the replicon by several orders of magnitude (Lohmann et al.,

2001). Additionally, combination of two amino acids substitutions located in NS3 (E1202G

and T1280I) with one amino acid substitution located in NS4B (K1846T) of Con1-based

replicon increases drastically replication level of the replicon, allowing monitoring of HCV

RNA replication in a transient replication assay using a luciferase reporter gene. Furthermore,

substitution of serine with isoleucine at amino acid position 2204 of the HCV polyprotein was

found to work as a highly adaptive mutation, which was sufficient to increase drastically

replication level of Con1-based replicon by several orders of magnitude (Blight 2000).

However, some mutations are clearly incompatible with each other, leading to defective

replicon, when they were combined (Lohmann et al., 2001).

The efficiency of replicon RNA amplification was found to be determined by selection for

particularly permissive cells within a given population of Huh7 cells (Lohmann et al., 2003;

Blight et al., 2002), and even not all clones of Huh7 cells are able to support replication of

HCV RNA. Treatment of a Huh7 cells bearing HCV replicon with interferon alpha or

inhibitors of polymerase often results in cell lines that support higher levels of HCV RNA

replication as compared with the original naïve Huh7 cells. Despite Huh7 cells, the spectrum

of permissive host cells for HCV RNA replication has been expanded. Zhu and co workers for

example reported the successful propagation of HCV replicon in Hela cells and the mouse

hepatoma cell line Hepa1-6 (Zhu et al., 2003). Moreover, replications of HCV RNA in other
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Table1. HCV subgenomic and genomic replicons.

HCV
strains

Genotype Dicistronic
subgenomic
replicon

Dicistronic
full-length
replicon

Ability for a
vigourous
production of
infectious
progeny in
cell culture

Permissive
cell lines

Publications

Con1

H77

BK

O

N

M1LE

JFH-1

1b

1a

1b

1b

1b

1b

2a

+

+

+

+

+

+

+

+

+

-

+

+

-

+

-

+

-

-

-

-

+

Huh7 cells

Huh7 cells

Huh7 cells

Huh7 cells

Huh7 cells

Huh7 cells

Huh7 cells,
Hela cells,
293 cells

Lohmann et al., 1999;
Pietschmann et al., 2002

Blight etal., 2003; Kyung
et al., 2006

Grobler et al., 2003

Ikeda et al., 2005

Ikeda et al., 2002

Kishine et al., 2002

Kato et al., 2003, 2005;
Wakita et al., 2005
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Fig. 10. Schematic representation of the method used to establish HCV-replicon containing cell lines. The structure of

the HCV genome is given at the top. The subgenomic RNAs derived form, composed of the HCV 5’UTR plus a small

fragment of the core-coding region (thin box), the neo gene, the encephalomyocarditis virus IRES (E-I), HCV NS2-5B or

NS3-5B and the 3’UTR, are drawn below. Since core-coding sequence are requires for full IRES activity, the ~20 amino-

terminal residues of the core protein are fused to the amino terminus of the neomycin phosphotransferase. Upon transfection

of Huh7 cells, only those supporting replication of the HCV RNAs amplify the neo gene and develop resistance against the

drug G418. Therefore, only these cells will form colonies, whereas untransfected cells and cells that do not support

replication of these RNAs will be eliminated during selection. Adapted from Bartenschlager and Lohmann; 2000.
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Full-length, genomic HCV replicon.

The replicon system has allowed genetic dissection of HCV RNA elements and proteins,

provided material for biochemical and ultra structural characterization of the viral replication

complex, and facilitated drug discovery efforts as well as the investigation of antiviral

resistance. Despite these advances, the important questions about the production of the

infectious viral particle, pathway of the virus entry, and the assembly of viral structural

proteins and RNA into new virus particles still remain unanswered. Although dicistronic

genome-length HCV RNAs harbouring adaptive mutations replicated efficiently in Huh7 cells

and expressed the structural proteins, infectious particles were not released into the culture

medium (Blight et al., 2002; Pietschmann et al., 2002, Ikeda et al., 2005). It was suggested

that either the Huh7 cell line lacked some factors critical for particle formation and release or

that the adaptive mutations required for efficient replication in tissue culture interfered with

packaging, assembly or release of virus. The last hypothesis was supported by observations

that mutations adaptive for Con1 genomic RNA in vitro (in Huh7 cells) significantly reduced

the infectivity of this RNA in chimpanzees (Bukh et al., 2002).

Recently, a HCV genotype 2a subgenomic replicon, derived from a patient with fulminant

hepatitis C, and designed as JFH-1 (Japanese fulminant hepatitis-1), was found to be able to

replicate efficiently in Huh7 and in non-hepatic cell lines without requirement for adaptive

mutations. Based on these observations, Wakita and colleagues transfected in vitro

transcribed full-length JFH-1 RNA into Huh7 cells and found that this genome not only

replicated efficiently but also produced virus that was infectious for naïve Huh7 cells (Wakita

et al., 2005). Virus particles recovered from the culture medium had a density of about 1.15-

1.17 g/ml and a spherical morphology with an average diameter of about 55 nm.Virions

produced in this system were also found to be infectious when intravenously inoculated into a

chimpanzee. Similarly, another group succeeded in establishing a highly efficient replication

and virus production system by constructing chimeras comprising the core to E2 region from

the genotype 2a clone J6 and the non-structural region from the JFH-1 clone (Lindenbach et

al., 2005). Virus particles produced in tissue culture could be inhibited efficiently by

interferon alpha as well as specific HCV protease and polymerase inhibitors, demonstrating

the suitability of this system for antiviral testing.
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Taking advantage of the JFH-1 genome and a highly permissive Huh7.5.1, Zhong and

colleagues demonstrated that infectious particles were released with high efficiency following

transfection with the full-length JFH-1 RNA (Zhong et al., 2005). Infectivity titers observed

were in the range of 104 to 105 infectious units per millilitre, which was approximately 50-

fold higher as compared to a previous study that also used the same JFH-1 clone but naïve

Huh7 cells (Wakita et al., 2005). Virus spread efficiently thoughout the culture and could be

serially passaged without loss of infectivity. Thus, the JFH-1 replicon can support efficient

production of infectious HCV in cell culture. It is not yet clear why this particular genome is

capable of replicating without adaptive mutations, or how adaptive mutations preclude

infectious particles production. More recently, production of infectious HCV in three-

dimensional culture systems, but not in monolayer cultures, of Huh7 cells carrying the

genome-length dicistronic viral RNA of genotype 1b (Con1) was reported (Murakami et al.,

2006). Analysis of the culture fluid by a 10-60% (wt/vol) sucrose density gradient

centrifugation have shown that HCV RNA and core protein were predominately detected in

the 1.15-1.20 g/ml fractions with a maximal detection in the 1.18 g/ml fraction. Transmission

electron microscopy of the 1.18 g/ml fraction revealed presence of particulate structures with

diameters of 30-60 nm and a major particle size of 50 nm. Viral particles produced in these

3-D culture systems were shown to be infectious; their infectivity could be neutralized by

monoclonal antibody directed against E2 protein. However the use of 3-D cell culture system

is limited because the system is not accessible for all laboratories.

So far, a robust production of infectious virus progeny in cell culture and the spread of the

virions are restricted to a particular Huh7 cell clone, namely Huh7.5.1 cell clone. To extend

the studies on HCV replication and interaction with the cell host, additional cell lines, that can

support replication of HCV RNA and robust production of infectious viral particles, are

urgently needed.




