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ABSTRACT

Chronic hepatitis C can lead to life threatening conditions like cirrhosis, liver failure and
hepatocellular carcinoma. There are an estimated 170 million chronic carriers of the hepatitis C
virus (HCV) world wide, making it a serious global health problem. 70-90 % of the newly
infected individuals will fail to clear the virus and develop chronic hepatitis. There is no
vaccine, and the only treatment available is a long-term combination therapy of pegylated
interferon-a (peg-IFN-a) and Ribavirine (RBV). Unfortunately, this regiment cannot be given
to all patients, and of the treated individuals only 50-80 % will succeed in clearing the virus.
Therefore, more efficient treatment approaches are needed. To achieve them, a deeper
understanding of the virus and its interaction with the host is necessary. This thesis will focus on
two aspects of the HCV life cycle; the translation and replication of the virus genome.

In the first section, viral translation mediated by the internal ribosome entry site (IRES) of the
HCV genotype 3 and its relation to treatment response was studied. A Pakistani cohort of
approximately 144 chronic HCV patients was treated with IFN-o. and RBV. Follow up one year
post treatment showed 70% sustained responders (SR) and 30% non-responders (NR)
(depicting if the virus was cleared or not). Substantial differences in the IRES nucleic acid
sequence between the two groups were observed. This prompted analyses of translation
efficiencies of IRES regions derived from 15 SR and 7 NR randomly selected patients. The SR
derived IRES displayed significantly lower translation efficiencies than those of the NR group
(29.7 £ 13 vs. 69.4 + 22; P < 0.01). This difference may be a consequence of more disrupted
IRES tertiary structure in the SR group compared to the NR group. The results indicate that a
correlation between the IRES sequence and the therapeutic outcome may serve as a prediction
model of treatment outcome for HCV genotype 3. However, further studies are needed to
establish such a model, and to understand if the correlation applies to other genotypes.

In the second section, studies were undertaken to elucidate the role of the non-structural protein
4B (NS4B) in the replication of HCV. NS4B is an integral membrane protein of little known
function except that it has membrane rearranging properties. Analyses of the NS4B topology
when processed from the polyprotein inside cells showed that the NS4B N-terminus
translocated into the ER-lumen, extending previous observations from iz vitro experiments. The
N-terminus translocation was exhibited by all the major six genotypes, manifesting a conserved
function important in the viral life cycle. By immunoprecipitation and immunofluorescence
experiments using a collection of NS4B mutants, we showed that NS4B homo-oligomerized
and that the N-terminal translocation into the lumen was crucial for induction of the membrane
associate foci (MAF) by NS4B. This provided an important insight into the events that create
the very environment in which the viral RNA replication takes place. Finally, 14 point
mutations located in different regions of NS4B in a HCV subgenomic replicon all affected the
viral replication. Even mutations of non-conserved amino acid residues and substitutions on the



lumenal side of the ER membrane displayed considerable negative effects; only one mutant
exhibited increased replication. These results implied that NS4B may have a direct involvement
in viral RNA replication beyond MAF induction. Together, the results emphasize a critical role
for NS4B in the viral life cycle. Accordingly, elucidating interacting partners of the NS4B and
intrinsic functions of the protein may offer new important insights, and possibly novel treatment
strategies.
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Molecular Studies of the Hepatitis C Virus

INTRODUCTION

In the seventies, an unknown, post-transfusion hepatitis causing agent, initially referred to as
non-A, non-B (NANB) hepatitis, was observed in many countries (Alter et al., 1978, Feinstone
et al., 1975). It was not until 1989 that the large majority of these cases were explained, when
the infectious agent was cloned and discovered. It turned out to be a virus of the Flaviviridae
family, and it was named hepatitis C virus (HCV) (Choo et al., 1989). Soon after its discovery,
it was quickly established that HCV infection was the cause of more than 90% of the previously
termed NANB hepatitis cases. The HCV infection is transmitted mainly by blood, resulting in
acute or chronic hepatitis. As many as 70-90 % of the newly infected individuals fail to clear the
virus during the acute phase and become chronic carriers, giving an estimated 170 million
chronic carriers world wide today (WHO, 1999). The chronic infection, mainly affecting the
liver, may cause cirrhosis, and can ultimately lead to liver failure or hepatocellular carcinoma
(Major et al., 2001) (Fig 1). There is no vaccine or satisfactory cure to date; the only treatment
available is the combination therapy of pegylated interferon-o2a (peg-IFN-o2a) and Ribavirin
(RBYV). Of the treated individuals, sustained responders range from 50-80 %, depending on the
infecting HCV genotype (Hadziyannis et al., 2004). Moreover, many patients do not qualify for
or cannot tolerate this treatment (Falck-Ytter et al., 2002). Accordingly more efficient and better

tolerated treatment strategies based on deeper knowledge of the viral mechanisms are needed.

Healthy liver Cirrhotic liver

Figure 1. Healthy liver (left) versus

@ 2005 by Mare Leduc cirrhotic liver (right)
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HCV infection

The HCV is predominantly spread by blood and blood products, and very rarely by sexual
transmission (Clarke & Kulasegaram, 2006). Viremia occurs around one week after the initial
introduction of the virus (Shindo ef al., 1992). The initial infection causes an acute phase of the
disease, lasting in average for 6-10 weeks. At this point most of the infected individuals (~80
%) do not show any obvious clinical symptoms (Houghton, 1996). There are cases of rapid
fulminant liver failure associated with the acute phase, but these are very rare in HCV infections
and seen mostly in immunosuppressed patients (Farci et al., 1996, Kato et al., 2001). At this
initial phase, the viral infection is detectable by elevated alanine aminotransferase (ALT) levels
released by the damaged hepatocytes, and by the presence of the virus in the serum detectable

by RT-PCR (Marin et al., 1994, Schlauder et al., 1992, Shindo et al., 1992).

As many as 70-90 % of the newly infected individuals will fail to clear the virus (WHO, 1999).
They become chronic carriers with fluctuating or persistently elevated ALT levels, with gradual
increase in necroinflammatory activity during the course of the chronic infection. About 20 %
of the chronically infected individuals will develop cirrhosis that may lead to hepatocellular
carcinoma and liver failure (Houghton, 1996). This makes the HCV the leading cause of liver

transplantations in the developed countries today (WHO, 1999).

Genotypes and world distribution

The HCV is divided into 6 main genotypes, named genotype 1-6, each with numerous subtypes,
named a, b, ¢, etc after their order of discovery (Salemi & Vandamme, 2002, Simmonds, 1999).
The different genotypes are diversely spread throughout the world, where only the genotypes 1-
3 are spread globally (WHO, 1999). The genotypes la and 1b is by far the most common
throughout the world, accounting for about 60 % of all infections. The genotype la is spread
predominantly in North America and Northern Europe, and the genotype 1b in Southern and
Eastern Europe and Japan. Genotype 2 is also global but less frequent than the genotype 1. The
genotype 3 is spread mainly in South-East Asia and quite variably in the rest of the world. The
genotype 4 is found mainly in the Middle East, Egypt, and Central Africa, where the
extraordinarily high infection rate may range up to 19 % of the population (Hibbs et al., 1993).



The genotypes 5 and 6 are almost exclusively found in South Africa and South East Asia,

respectively.

The HCV genome

The HCV is the a member of the genus Hepacivirus of the family Flaviviridae, which also
includes the Pestivirus and the Flavivirus (Choo et al., 1989, Choo et al., 1990, Miller &
Purcell, 1990, Ohba et al., 1996). The HCV is a small, enveloped, positive stranded RNA virus
about 50-65 nm in size (He et al., 1987, Kaito et al., 1994). It is similar in the genetic

disposition as the other members of the Flaviviridae, with the closest homology to the

Phospholipid bilayer envelope

Nucleocapsid

RNA genome
1 192 384 747 810 1027 1658 1712 1973 221 3011
5 NTR 3’ NTR
—Icorel E1 E2 NS2 NS3 NS4B| NS5A NS5B
p7 NS4A

V Host signal peptidases
¥ NS2-3 Metallo/thiol protease
V  NS3-4A Serine protease

Figure 2. The HCV genome. A schematic cartoon of the virion particle and the genomic make-up is
shown. The numbers above the depicted genome show the span of amino acid residues of each of the
viral proteins. The triangles depict the different proteases involved in the processing of the different sites
of the polyprotein.



Pestivirus (Choo et al., 1991a, Choo et al., 1991b, Miller & Purcell, 1990). The genome of the
HCV comprises of ~9600 nucleotides, coding for a single open reading frame translated into
~3000 amino acids that are co- and post-translationally processed into at least ten proteins
(Major & Feinstone, 1997, Major et al., 2001) (Fig 2). The open reading frame is flanked by the
5’ and 3’ non-translated regions (5’NTR and 3’NTR, respectively), the structural RNA elements
involved in the translation and replication of the viral genome, of which the 5’NTR and a
portion of the core coding sequence form the internal ribosome entry site (IRES). The structural
elements of the virus consist of the core, envelope proteins 1 and 2 (E2 and E2) (Fig 2). The
core forms the nucleocapsid around the viral genome (Kunkel ez al., 2001). The E1 and E2 form
the envelope proteins that are used for cell receptor-binding and cell fusion during the viral
entry into the cell (Lagging ef al., 1998, Matsuura et al., 2001, Meyer et al., 2000, Wellnitz et
al., 2002). While the jury is still out on whether to group the p7 protein with the structural or the
non-structural proteins, it has shown to be an integral membrane protein thought to form an ion
channel (Griffin et al., 2003). The non-structural (NS) proteins consist of NS2, NS3, NS4A,
NS4B, NS5A, and NS5B (Fig 2). The core, E1, E2, and p7 are processed from the polyprotein
by cellular proteases. The integral protein NS2 together with the N-terminal domain of NS3
forms the zinc-stimulated metalloprotease responsible for the NS2-NS3 autocleavage (Grakoui
et al., 1993a, Pieroni et al., 1997, Thibeault et al., 2001). The NS3 consists of two domains; the
N-terminus serine protease and the C-terminus NTPase/helicase (Manabe ef al., 1994, Suzich et
al., 1993, Tomei et al., 1993). The NS4A, a small hydrophobic sequence acts as a membrane
anchor and a co-factor to the NS3, enabling NS3-NS4A protease processing of the NS proteins
3-5B (Hahm et al., 1995, Manabe et al., 1994). The NS4B is an integral membrane protein
involved in the induction of the membrane alteration seen during the viral infection (Egger et
al., 2002, Lundin et al., 2003). Little else is known about this elusive protein hence much of this
thesis is focused on the NS4B. The NS5A has recently been shown to be an RNA binding
protein, closely associated with the NS5B protein in a regulatory fashion in the viral RNA
replication (Huang ef al., 2005, Shimakami et al., 2004). The NS5B is the key enzyme in the
viral RNA replication, namely the RNA dependent RNA polymerase (Behrens et al., 1996).
There is also the protein F; a small 17 kDa protein encoded by ribosomal frame shift in the core
coding region. Although seemingly expressed during the course of normal HCV infection, the
function of this protein, if any, is unknown (Xu et al., 2001). The functions of the structural and
non-structural proteins will be discussed further in the context of the viral proliferation in the

coming sections.



Molecular Studies of the Hepatitis C Virus

The HCV life cycle

Some light has been shed on the viral life cycle, predominantly by molecular studies of
recombinantly expressed HCV proteins and by comparing with other members of Flaviviridae
and positive stranded RNA viruses. However little is known about the exact mechanism by
which the HCV proliferates in its host. Notwithstanding, a quick summary of the putative life
cycle of the virus is described below (Fig 3).
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Figure 3.
The putative HCV life cycle
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The viral entry presumably occurs via receptor mediated endocytosis involving the viral
envelope proteins E1 and E2 and cell surface receptors. Once inside the cell, uncoating of the
nucleocapsid ensues most likely by the lowering of the pH in the endosomes. This releases the
viral genome into the cytoplasm to be transported to the endoplasmic reticulum (ER). Once in
the ER, the positive stranded RNA genome functions as mRNA, resulting in translation of the
viral proteins as a single polyprotein precursor. After translation, the polyprotein is processed by
cellular and viral proteases. The resulting NS proteins then form the viral replication complex.
Some of these are chambered into small ER membrane-derived spherules, referred to as the
membrane associated foci (MAF), where the actual viral RNA replication takes place in an
asymmetrical fashion; the positive RNA strand is used as template for the creation of its
complimentary copy (the negative strand), which in turn functions as the template for the
ensuing multiple copies of the positive-stranded RNA genome. The newly synthesized positive
RNA is then assembled into the nucleocapsids and the progeny virus is budded off most likely

into the ER and released from the cell via exocytosis.

Viral entry and exit

Entry

The viral entry is mediated by the binding of the envelope proteins E1 and E2 on the virion
surface to cellular receptors (Fig 2 and 3). Many cell receptors have been implicated; the low-
density lipoprotein receptor, the human tetraspanin CD81, the scavenger receptor Bl (SR-BI),
the mannose binding lectins DC SIGN and L SIGN, the asialoglycoprotein receptor, and
glycosaminoglycans (reviewed in (Bartosch & Cosset, 2006). However no single receptor has
shown to mediate viral entry by itself. Furthermore the only two cellular receptors confirmed to
have functional roles in the viral entry using HCV particles and pseudoparticles are CD81 and
SR-BI (Bartosch et al., 2005, Bartosch et al., 2003, Hsu et al., 2003, Lindenbach et al., 2005,
Meyer et al., 2000, Scarselli et al., 2002, Wakita et al., 2005). The complexity in finding a
single cellular receptor that mediate HCV entry may be due to the heterogeneity of the viral
particles found in the host serum during an infection; in “free” from, associated with high, low,
or very low-density lipoproteins, complexed with immunoglobulins, etc (Bartosch & Cosset,

2006).



Once attached to the cell surface, the virion enters the cell via clathrin-mediated endocytosis
(Blanchard et al., 2006). As seen with the closely related Flavivirus, the HCV envelope proteins
are thought to mediate the fusion between the cell and virion membranes by the lowered pH in
the endosomes, releasing the capsid into the cytoplasm (Blanchard et al., 2006, Bressanelli et

al., 2004, Hsu et al., 2003, Meyer et al., 2000, Modis et al., 2004).

A HCV protein that may be involved in the regulation of the pH of the virion during viral entry
and even exit may be the p7. This protein has been suggested to form multimeric ion channels
that can be inhibited by amantadine (Griffin ef al., 2003, Pavlovic et al., 2003). As a matter of
fact, such viroporines have shown vital in the viral entry/exit of other viruses (Gonzalez &
Carrasco, 2003). Case in point, the M2 viroporine of the influenza virus is essential both during
the viral entry for enabling virion/endosomal membrane fusion and during the virus exit for the
maturation of the virion, where it equilibrates the pH in the virion. In parallel, although the p7
has shown unnecessary for the viral RNA replication in vitro, it has shown vital for the HCV
infectivity in chimpanzees (Lohmann ef al., 1999, Sakai ef al., 2003). Functional studies on p7
of the closely related bovine viral diarreah virus (BVDV) have also shown it unnecessary in

replication but essential in producing progeny virus (Harada et al., 2000).

Exit

The manner in which the HCV virion is assembled and released from the cell is rather
enigmatic. Currently the link between the replication, virus assembly, and the viral exit from the
cell is unknown. The core has shown affinity for the 5’NTR of the viral RNA (Fan et al., 1999,
Tanaka et al., 2000) and bacterially produced core has shown to efficiently self-assemble into
nucleocapsid-like particles in vitro (Kunkel et al., 2001). However after the translation and
processing of the viral proteins, the core is relocated to the membranes around the lipid droplets
while the E1 and E2 are retained in the ER (Barba et al., 1997, Rouille et al., 2006). In cells
producing infectious virions, no interaction or co-localization has been observed between the
E1/E2 and the core (Rouille et al., 2006). Furthermore the replicon complex and the newly
synthesized viral RNA are chambered in the MAFs, where little exchange with the rest of the
cytoplasm seems to occur (El-Hage & Luo, 2003, Gosert et al., 2003, Gretton et al., 2005,
Mottola et al., 2002). How the newly synthesized RNA reaches the core to be assembled into
the nucleocapsid, and how the nucleocapsid then reaches the appropriate membrane where El

and E2 reside to be enveloped remains to be seen. It was only very recently Murakami and



colleagues were able for the first time to locate assembled HCV virions to the ER membrane
and the dilated cisternae of the ER using a novel 3-D radial-flow bioreactor (RFB) culture in

which infectious virions could be produced (Murakami et al., 2006).

Some co-localization between the core and the NS proteins 3 and 5A has been observed
(Rouille et al., 2006, Shi et al., 2002), and interaction or co-localization between the E2 and
several NS proteins such as NS2, NS3, and NS5A has also been reported (Flajolet ef al., 2000,
Rouille et al., 2006, Selby et al., 1994). These observations of interactions and co-localizations
consociate the core, the replicon complex hence the newly synthesized RNA, and the envelope
proteins. Furthermore the existence of a small subpopulation of core that is located to the ER in
cells producing infectious virions cannot be excluded. As seen in studies using recombinant
polyprotein expression or genomic replicons that are unable to produce virions, some core did

remain in the ER (Egger et al., 2002, Matto et al., 2004).

Translation initiation of the HCV RNA

Translation initiation in cells

Like the vast majority of viruses, the HCV relies on the host translational machinery at the
rough ER membrane to translate its genome. In eukaryotic cells, there are two ways in which
the RNA is translated; by cap-dependent or independent mechanism, where the cap-independent
translation is mediated by the structural RNA elements, IRES. The vast majority of translations
(95-97 %) are cap-dependent (Johannes et al., 1999). In fact the cap-independent translation
was first discovered by studying picornaviruses such as polio and encephalomyocarditis viruses
(Jang et al., 1988, Pelletier & Sonenberg, 1988). In eukaryotes, the IRES mediated translation
was observed first when the cap-dependent translation was down-regulated due to cellular stress
exerted by poliovirus infection (Johannes et al., 1999). Since then it has shown to be involved in
a variety of cellular activities including proliferation, differentiation, stress response, and the
progression of the cell cycle (Stoneley & Willis, 2004, Vagner et al., 2001). However
translation efficiencies of the cellular IRES is very inefficient compared to that of the viral

IRES, and often result in different version of the protein (Martinez-Salas ef al., 2001).



Cap-dependent versus cap-independent initiation

Translation in cells is accomplished by the ribosomal complex composed of two major

subunits; the 40S and the 60S that are assembled by an energy demanding process (ATP) into
the 80S translation initiation complex (Jang, 2006, Merrick, 2004) (Fig 4). The 40S first binds

the elongation initiation factors (elF) 1A and 3. Then the Methionine-carrying tRNA bound to

the elF2 joins the complex, forming the 43S complex. At this stage, the mRNA activated by
binding to elF4A, elF4B, elF4F, and elF4H, joins the 43S, resulting in the 48S complex. This is

o elF3

O eIF1A
|

eIF2

[ ‘ ‘ @ Met-tRNA

43S comple "i'
p X Activated
‘ @ MRNA

I~

483 complex % AUGNponA

Scanning polyA
eIF3
O elF1A
eIF4
NICD)
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mRNA
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Figure 4. Cap-dependent translation
initiation. The order in which different
factors necessary for the translation
initiation bind and release the
ribosomal unit 40S, to finally form the
80S translation initiation complex is
shown.



ensued by the ribosome complex “scanning” the bound mRNA necessary for the correct
placement of the AUG start codon that is in a favorable Kozak context. This triggers the release
of the initiation factors from the complex and the attraction of the 60S, forming the assembled

80S initiation complex. Thus begins the polypeptide synthesis.

The cap-dependent translation can be described by going through the following steps; i) the
canonical factors eIF4A, 4B, and 4F binding to the 5° M’GpppG cap structure of the mRNA is
necessary for the mRNA engaging the ribosome complex; i) the bound mRNA has to be
scanned by the 48S for placing the AUG start codon in the correct position of the ribosome.

In contrast in the cap-independent translation, the viral IRES forms complex tertiary structures
that enables immediate correct positioning of the AUG start codon in the ribosome without the
necessity of ribosomal scanning (Beales et al., 2003). What is more, unlike capped mRNA
translation initiation or IRES of picornaviruses, the HCV IRES translation initiation does not
require elF4A, 4B, and 4F (Pestova et al., 1998). The HCV IRES can bind directly to the 43S
ribosomal complex with the aid of elF3 and elF2 only, with immediate correct placement of its

start codon in the ribosome (Hellen & Pestova, 1999).

Translation initiation by HCV IRES

The IRES spans the nucleotides ~1-407 of the HCV genome that includes the entire 5> NTR
region and a part of the core coding sequence (Honda et al., 1999, Reynolds et al., 1995,
Tsukiyama-Kohara et al., 1992, Wang et al., 2000) (Fig 5). Its structure is highly dependent on
the primary sequence’s ability to form stemloops resulting in complex secondary and tertiary
RNA structures (Beales et al., 2001). Therefore even small differences in the primary sequence
of the IRES may result in differential binding of the cellular translation initiation factors
required for viral translation, resulting in variations in translation efficiency. As several studies
have shown, even very small nucleotide changes in the IRES stemloops could have dramatic
effects on the translation efficiency (Collier et al., 1998, Honda et al., 1999, Kamoshita et al.,
1997, Lerat et al., 2000, Saiz et al., 1999).
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Processing of the viral proteins

The translation of the HCV viral RNA results in one continuous polyprotein that is both co- and
post-translationally processed by cellular and viral proteases into at least 10 proteins (Fig 2).
Here, the ER membrane exerts an important function in the maturation of the proteins, as all of
the viral proteins except the NS3 have one or more membrane-anchoring domains (Svitkin et
al., 2005) (Fig 6). Not all of the NS proteins’ membrane anchoring domains transects the
membrane; the core and NS5A utilize amphipatic helices for their anchorage (Boulant et al.,

2006, Elazar et al., 2003).
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Processing the structural proteins

Upon translation, the core is initially anchored to the ER membrane by a C-terminal
transmembrane tail that also functions as a signal sequence for the ensuing E1 protein. This is
cleaved off immediately after translation, resulting in the matured core that is relocated to the
membranes around lipid droplets (Barba et al., 1997, Hope & McLauchlan, 2000, McLauchlan
et al., 2002) (Fig 6B). The E1 and E2 are also anchored by a single transmembrane domain at
their C-terminal ends (Cocquerel et al., 2002) (Fig 6). These transmembrane domains contain
ER retention signals and are also responsible for the non-covalent heterodimerization between
the E1 and E2 proteins (Duvet ef al., 1998, Op De Beeck et al., 2000, Selby et al., 1994). The
heterodimerization is also necessary for the correct folding and glycosylation of at least the E1
protein, (Dubuisson et al., 2000, Patel et al., 2001). Both proteins are heavily and
heterogeneously glycosylated upon maturation (Svitkin et al., 2005). The p7 has two membrane

spanning domains with both N- and C-terminus in the lumen after processing (Carrere-Kremer
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Figure 6. Membrane association of the viral polyproteins. The ER
membrane is necessary for the maturation of all HCV proteins
except the NS3. After processing, the p7, NS2, and NS4B have
shown to putatively possess dual topologies in the ER membrane
(striped domains). The core has shown to relocate to membranes
around the lipid droplets.

22



et al., 2004) (Fig 6). However the processing between E2 and p7 has shown incomplete,
resulting in E2, p7, and E2p7 variants (Lin ef al., 1994). What is more, E2p7 results in another
topology of the p7, with both termini toward the cytoplasm (Isherwood & Patel, 2005). Both E2
and E2p7 variants seem to be included in the virion envelope, at least as observed in studies
with virus-like particles, supporting the notion of viroporin action by p7 (Isherwood & Patel,

2005). However what role the dual topology of the p7 plays in the viral proliferation is unclear.

Processing the non-structural proteins

While the processing between the p7 and NS2 is mediated by cellular proteases, the processing
between the NS2 and NS3 is by the autoprotease formed by these two proteins (Grakoui ef al.,
1993a, Pieroni et al., 1997, Thibeault et al., 2001) (Fig 2). The NS2 is proposed to form dimers,
where the C-terminal domains result in a composite catalytic site that is responsible for the
autocleavage between the NS2-NS3 (Lorenz et al., 2006). Strangely, this is also the only known
function of the NS2 protein. The NS2 is an integral membrane protein with three or four
transmembrane domain topology; with either the N-terminus in the lumen and the C-terminus in
the cytoplasm (3 transmembrane domains) or both N- and C-termini in the lumen (4
transmembrane domains) (Yamaga & Ou, 2002) (Fig 6). This protein has also shown to co-
localize with the replication complex to the membrane associated foci (Dimitrova et al., 2003).
Furthermore yeast-two-hybrid and co-precipitation studies have shown that the NS2 may
interact directly with several, if not all of the NS proteins involved in the replication complex,
and the E2 protein (Dimitrova et al., 2003, Flajolet et al., 2000, Grakoui ef al., 1993b, Hijikata
et al., 1993, Kiiver et al., 2006, Lohmann et al., 1999, Selby et al., 1994). It is remarkable that
the NS2 is not necessary in the viral RNA replication, yet interacts with both the replication
complex and the E2 (Lohmann et al., 1999). Perhaps this suggests a function in a latter part of

the viral life cycle, such as the transition between replication and virus assembly.

The NS3 consists of two domains, the serine protease domain and the NTPase/helicase domain
(Gwack et al., 1996, Kim et al., 1995, Kim et al., 1998, Love et al., 1996, Manabe et al., 1994,
Suzich et al., 1993, Tomei et al., 1993). The processing of all of the downstream NS proteins is
dependent on this NS3 serine protease in cohort with the NS4A as co-factor (Hahm et al., 1995,
Lin, 1995 #131, Kim et al., 1996, Manabe et al., 1994, Tomei et al., 1993). The NS4A is not
only essential for the NS3 protease activity; it is the association between the NS3 and NS4A
that keeps the NS3 anchored to the ER membrane (Wolk et al., 2000) (Fig 6B). If expressed



alone, the NS3 is spread diffusely between the ER membrane, cytoplasm, and the nucleus.
Although the NS3 is the only HCV protein that does not require membranes for maturation, it
does need the membrane anchorage via the NS4A for protein stability and function (Lin & Rice,

1995, Svitkin et al., 2005, Wolk et al., 2000).

Due to the NS3 residing on the cytoplasmic side of the ER membrane, the processing of the
ensuing NS proteins are assumed to occur on the cytoplasmic side as well. Hence the processing
between NS4A-4B results in the post-translational anchorage of the NS4A, with its C-terminus
toward the lumen and leaves the NS4B N- and C-termini on the cytoplasmic side of the ER
membrane. Based on the above processing data and computer predictions, our group initially
proposed a four transmembrane model of the NS4B. However in vitro studies showed that soon
after translation the NS4B N-terminus was translocated into the lumen. This gave rise to a five
transmembrane domain model of the NS4B, with the fifth transmembrane domain created when
the N-terminal relocates into the ER lumen (Lundin et al., 2003) (Fig 6B). What role this dual
topology plays in the viral life cycle is currently unknown.

The NS5A is located to the cytosolic side, where it is associated to the ER membrane by an N-
terminal amphipatic helix (AH) (Elazar et al., 2003) (Fig 6B). The NS5B is also located on the
cytosolic side of the ER membrane, anchored by a single C-terminal transmembrane domain

(Ivashkina et al., 2002, Schmidt-Mende ef al., 2001) (Fig 6B).

The NS3-5B proteins constitute the replication complex therefore they will be discussed further

in the section below.

Replication of the viral genome

The ER membrane

The ER membrane is the scene of both viral translation and replication, and thus plays a central
role in the HCV life cycle. It is a complex organelle, organized into numerous subdomains that
perform different tasks (Baumann & Walz, 2001). It should be kept in mind that the translation
and the replication of the virus seem to occur in different regions of the ER membrane. For
instance the translation of the viral proteins occurs on the rough ER (see below), while on-going

viral RNA replication seems to be associated to the functions of the smooth ER (Aizaki et al.,



2004, Bishop & Bell, 1988, Eisenhaber et al., 2003, Helms & Zurzolo, 2004, Kapadia &
Chisari, 2005, Rajendran & Simons, 2005, Sagan et al., 2006, Shi et al., 2003, Simons &
Toomre, 2000, Soccio & Breslow, 2004, Su et al., 2002).

Rough versus smooth ER

The ER network is dynamic, constantly in contact with other cellular organelles such as
peroxisomes, mitochondrias, Golgi, etc. Although it is actually one continuous sheet of
membrane enclosing a single lumen, the ER membrane is classified into three main regions; the
rough ER (RER), the smooth ER (SER), and the nuclear envelope (NE) (Baumann & Walz,
2001). The NE wraps around the nucleus, where the inner nuclear membrane is undercoated by
the nuclear lamina. The RER is where the majority of the cell’s protein synthesis occurs. It is
named by its granular appearance due to the abundance of ribosomes attached to its surface
visible in electron micrographs. The RER is also enriched in other protein complexes involved
in the translocation and processing of proteins. For instance the signal peptidase (SP) complex
recognizes and recruits the polypeptide sequence to be translocated through the ER membrane
by the translocon complex. The translocon forms the protein conducting channel for the
translocation of the nascent polypeptide through the membrane. These are also in association
with the oligosaccharyl transferase (OST) complex that glycosylates the nascent polypeptide
chain (Johnson & van Waes, 1999). It is at the RER that the synthesis of the viral proteins also
occurs. The SER lacking ribosomes also gets its name from its appearance. It is the major store
and regulator of intracellular Ca®". Accordingly it exerts an extremely important function of a
multitude of physiological activities within a cell, as many of them are sensitive to changes in
the cytosolic Ca*" levels (Pozzan et al., 1994). The SER also is responsible for most of the
biosynthesis the cell’s membrane lipids and lipophilic compounds; e.g. lipid, cholesterol, and
glycosylphosphatidylinositol syntheses (Bishop & Bell, 1988, Eisenhaber ef al., 2003, Soccio &
Breslow, 2004). Thirdly the SER is also the site where much of the detoxification in cells takes
place. The reducing environment and the presence of enzymes such as P450, flavincontaining
mono-oxygenases, esterases, and epoxide hydrolases, and UDP-glucuronosyltransferases and
glutathione S-transferases, help eradicate xenobiotic agents from the cell (Eisenhaber et al.,

2003).

The ER is a patch-work of highly specialized subdomains with different protein compositions
that perform different functions. One such subdomain is the transitional ER (tER), a part of the
SER; these are involved in the packaging of proteins into the ER derived coat protein II (COPII)



for the ensuing vesicular transport from the ER (de Martin ef al., 2005). Such microdomains
consists of lipid rafts, small functional microdomains in cellular membranes (Helms & Zurzolo,
2004, Rajendran & Simons, 2005, Simons & Toomre, 2000). These microdomains have lipid
and cholesterol compositions that differ from the rest of the membrane, making them insoluble
to certain detergent condtions that would dissolve the other cellular membranes. These
microdomains are concentrated in small invaginations of membranes that make up the sorting

centers for protein transport in endocytosis and transcytotsis, including the tER.

The SER and its lipid rafts have shown to play an important role in the viral replication. As seen
with HCV subgenomic replicons, the HCV replication complex together with newly
synthesized viral RNA is also found on lipid rafts (Aizaki et al., 2004, Shi et al., 2003).
Furthermore subgenomic replicons also show that HCV replication may be heavily dependent
on the host lipid metabolism (Kapadia & Chisari, 2005, Sagan et al., 2006). This notion is also
supported by microarray data of chimpanzee liver biopsies, where up-regulation of genes

involved in the lipid metabolism has been reported (Su et al., 2002).

Viral replication and cellular membrane rearrangement

The association of RNA virus replication to cellular membranes were first observed by studying
alphaviruses (Semliki forest viruses) in the late sixties, where membrane fractionation studies
showed that viral replicase activity were associated with the mitochondrial membranes
(Kaariainen & Soderlund, 1978). Although the origins of the membranes may vary,
rearrangement of cellular membranes seems to be a general feature in all positive stranded RNA
viruses (Ahlquist et al., 2003, Mackenzie, 2005, Salonen et al., 2005). Furthermore, these
altered membranes have also shown to be the sites for the viral RNA replication. For many
RNA viruses such as the picorna-, flavi-, arteri-, and bromoviruses, the membrane is ER-
derived. However other cellular membranes such as endosomes and lysosomes (togaviruses),
peroxisomes and chloroplasts (tombusviruses), mitochondria (nodaviruses) and membranes of
the secretory pathway are also used (Mackenzie, 2005, Salonen et al., 2005). While not all RNA
virus membrane rearrangements seem to result in MAF formation, this seems to be a common
trait at least within the flaviviruses and the hepacivirus (Egger et al., 2002, Mackenzie et al.,
1996, Westaway et al., 1999, Westaway et al., 1997b). The rearranging of cellular membranes
associated with the replication of these viral genomes could have several functions, among
which to; i) chamber off the replication complex into protective environments where the double

stranded RNA replication intermediate does not trigger host defenses; ii) enclose thus increase



the concentration of the components necessary for the viral replication; iii) increase the

membrane surface on which the replication complex resides.

HCV replication and ER membrane rearrangements

The proteins that form the replication complex of the HCV are located to ER membrane-derived
spherules referred to as the membrane associated foci (MAF) (Egger et al., 2002, El-Hage &
Luo, 2003, Gosert et al., 2003, Mottola et al., 2002). The MAF induction is exerted by the
NS4B (Egger et al., 2002, El-Hage & Luo, 2003, Gosert et al., 2003, Gretton et al., 2005,
Lundin et al., 2003, Shi et al., 2003). It is the most well documented molecular function of the
NS4B, exerted even in the absence of the other HCV proteins (Fig 7). These foci have shown to
be the site of the newly synthesized viral RNA (El-Hage & Luo, 2003, Gosert et al., 2003, Shi
et al., 2003). Though not all MAFs may be the sites for viral replication, the lack of MAF
induction capacity may disable viral replication (Elazar et al., 2004, Mackenzie & Westaway,
2001, Westaway et al., 1999). As observed, mutations introduced to the NS4B that abolished
membrane rearranging capacity also caused the abolishment of replication when introduced to

the subgenomic replicon (Elazar et al., 2004).

Figure 7. Induction of MAFs by recombinantly expressed NS4B-EGFP. Huh7 cells were allowed to
express the recombinant NS4B protein fused to the EGFP at the C-terminus for 15, 18, 24, and 48 hours.
These pictures show the step-wise increase in the MAF formation. The longer the expression, the higher
the cell death could be observed. As can be seen, cells still surviving at 48 hours had very large and
distinct MAFs. It should be kept in mind that despite that these images show a time-dependent gradual
increase of MAF formation, all time-points studied displayed cells with varying degrees of MAF formation,
though each time-point had a dominating degree of MAF induction.

The replication complex

Studies with the subgenomic replicons have shown that only NS3-5B are required to maintain
the replication of the viral RNA in cells (Lohmann et al., 1999). Furthermore, replicons derived
from HCV as well as other Flaviviridae have shown that the proteins NS3-5B except the NS5A
are necessary in cis configuration in the context of the viral polyprotein for maintaining viral

replication (Appel et al., 2005, Grassmann et al., 2001, Khromykh et al., 2000, Li & McNally,



2001, Tong & Malcolm, 2006). The NS3 helicase/NTPase and the NS5B RNA dependent RNA
polymerase (RdRp) make up the central functional domain of the replication complex (Ishido et
al., 1998). Multimeric forms of NS5B have shown to synthesize RNA in a cooperative way by
interacting with the structural element of the 3’NTR of the viral negative strand RNA (Friebe &
Bartenschlager, 2002, Friebe et al., 2005, Piccininni et al., 2002, Tanaka et al., 1996, Wang et
al., 2002, Yi & Lemon, 2003).

The NS3 and the NS4B in replication

The polymerase activity of the NS5B is regulated by the interaction with the other components
of the replicon complex, for instance by interacting with the NS3 helicase. The NS3 helicase
has a 3’ to 5° directional duplex RNA unwinding action with affinity for poly U regions within
the viral RNA (Gwack et al., 1996, Hong et al., 1996, Kanai et al., 1995, Kim et al., 1998,
Lesburg et al., 1999). The interaction between the NS3 and NS5B seems to promote the
copying of the negative strand -3’NTR of the viral RNA to produce the positive stranded RNA
(Piccininni ef al., 2002). The NS4B seems to suppress this process by partial inhibition of the
NTPase activity of the NS3. This is very interesting, since besides MAF induction, the NS4B
being an integral membrane protein was thought to merely provide a scaffold for the rest of the
replication complex. Moreover mutations in the NS4B have also shown to improve viral
replication in cells, indicating its critical involvement in the viral replication (Blight et al., 2000,
Lohmann et al., 2003). However by which manner the NS4B functions in replication is yet to be

discovered.

The NS5A and the human vesicle membrane associated protein A (hVAP-A) in replication
The NS5B has also shown to be regulated by the NS5A by direct interaction (Shimakami ef al.,
2004, Shirota et al., 2002). The NS5A is a zinc-binding metallo-protein that forms dimers that
bind the viral RNA (Huang et al., 2005, Tellinghuisen et al., 2004, Tellinghuisen et al., 2005).
It was shown to prefer the polypyrimidine (U and G) tract in the 3°NTR of the positive stranded
RNA with high affinity, opening up the possibly for binding similar sequences in the 3’NTR of
the negative strand and the 5’NTR as well.

A cellular protein shown necessary for the HCV replication is the human vesicle membrane
associated protein A (hVAP-A). The hVAP-A normally interacts with proteins involved in
membrane fusion such as the vesicle-associated membrane protein (VAMP) 1 and 2 and

oxysterol binding proteins that are involved in oxysterol and cholesterol homeostasis (Weir et



al., 1998, Wyles et al., 2002). This protein has also shown to interact with both NS5A and
NS5B (Gao et al., 2004, Tu et al., 1999). As seen by siRNA against hVAP-A, reduced hVAP
expression resulted in reduction of subgenomic replicon replication as well (Gao et al., 2004).
Furthermore, mutations in the NS5A causing disruption in the hVAP/NS5A interaction also

caused replication inhibition (Evans et al., 2004).

Moreover, the NS5A exists in at least two forms; phosphorylated (56 kDa) and
hyperphosphorylated (58 kDa) forms, regulated in cis by the proteins NS3, NS4A, and NS4B
(Koch & Bartenschlager, 1999, Neddermann et al., 1999). These two forms of NS5A were
shown to bind differently to the hVAP-A; the phosphorylated form bound well to the hVAP,
while the hyperphosphorylated form did not (Evans ef al., 2004). In parallel, studies with the
subgenomic replicons has shown that mutations causing the loss of the hyperphosphorylated
form results in much higher replication rates, however HCV viruses containing the same
mutations are unable to produce infectious virions (Blight et al., 2000, Bukh et al., 2002).
Perhaps the different degrees of phosphorylation signal transition from one phase of the viral
life cycle to another, such as from the replication phase to the assembly phase (Evans et al.,

2004).

Viral evolution

The HCV is highly mutable due to the viral RdRp lacking proof-reading activity. It is a quickly
mutating virus whose estimated evolution rate is 1-3 x 10° nucleotide substitutions per site per
year, depending on the site (Fernandez et al., 2004, Kato et al., 2005a, Lu et al., 2001, Major et
al., 1999). This makes it comparable to the evolutionary rate of the Human Immunodeficiency
virus 1 (HIV-1) (Goudsmit et al., 1991, Ina et al., 1994, Smith et al., 1997). Furthermore there
are coding regions in the viral genome, such as the hypervariable regions (HVR) in the E2, that
allow high mutability, presumably for the virus to escape the immune system (Bassett et al.,
1999, Booth et al., 1998). It should be kept in mind that not all viral progeny are fit to
propagate; the mutations caused by the viral replicase often result in unfit virions. Only those
mutations that allow proper proliferation as well as immunoescape will be favored. This way,
the high mutability results in the persistence of the virus in the infected individual as a
collection of quasispecies (Bowen & Walker, 2005, Pawlotsky, 2006). Even within the same
subtype, the virus may differ as much as 9 % in the over-all genome and up to 49 % in the HVR
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regions (McAllister ef al., 1998). The constant production of new virus variants makes it very
challenging for the host immune system recognize and clear the virus, enabling some variants to

escape, persisting the infection.

The immune system

The infected individual’s initial immune response is thought to be vital for the outcome of an
HCV infection. For instance, an early and extensive increase in the expression of IFN-o/f3
response genes during the acute phase of the infection is associated with viral clearance (Bigger
et al., 2001). Accordingly this section will deal with the interaction between the host defense

system contra the virus invasion.

The innate immune system
The immune system may be divided into two; the innate and the acquired immunity (Janeway
& Travers, 1997). The innate immunity is the first line of defense once the physical barriers of

the human body are breached. They

consist of lymphocytes such as Innate immunity

monocytes / macrophages and
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antigens/invaders and secrete cytokines such as the IFN-a or B. This results in the up-regulation
of the immune response in the surrounding cells and infected cells as well, including up-
regulation of their major histocompatibility complex I (MHC I) presentation of foreign antigens.
As an immuno-evasive mechanism, many viruses and tumors down-regulate the cell’s MHC I
presentation. Therefore the NK cells recognize rather the “lack of self”; i.e. the NK cells are
triggered by the lack of sufficient MHC I expression (Sentman et al., 1995). Upon activation,
these cells induce cytolysis or apoptosis in the target cells as well as being a potent producer of
cytokines, especially the IFN-y. The dendritic cells are mainly involved in the presentation of
the foreign antigen to the rest of the immune system via MHC II and secreting cytokines such as
interleukin 12 (IL-12) which is important for the development of the course of the acquired
immune response (Maldonado-Lopez & Moser, 2001). Most importantly, all of the cells of the
innate immune system are involved in attraction and activation of cells of the acquired immune
system by secreting cytokines such as IL-12, IFN-o, and IFN-y, and presenting the foreign
antigens via MHC II (Fig 8).

The acquired immune system THO
The acquired immunity is mediated by

CD4+ T helper cells (Ty), CD8+

IFN-y
cytotoxic T cells (T¢), and B cells (Fig IL-12 IL-4
e : N A~
8). Upon infection via contact with L4 IL-12
IL-10  IFN-y
APCs presenting the infecting agent’s THA1 TH2
antigens, each cell that recognizes an
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pool of T and B cells and then clonally ;Z’:Z( 1 1 IILL_-150
expanded. This way, the adaptive CTL B cell ab switch
immunity is “tailored” to recognize NK cells Eosinophils
specific antigens. Because of the B cells Mast cells
Macrophages

Figure 9. Cytokine regulation of the Ty1 and T2 immune response. Depending on the cytokines, the
immature Ty0 cells are exposed to by the APCs, the Ty0 will mature into either Ty1 or T2. Cytokines
such as IFN-y and IL-12 will induce Ty1, while IL-4 will result in T42 (grey arrows). These inductions can
be inhibited by the presence of IL-4 or 10 for Ty1 and IL-12 or IFN-y for T2 (grey block arrows). The
mature Ty1 and Ty2 then produce different sets of cytokines (black arrows); the Ty1 produces cytokines
such as IL-2, IFN-vy, and TNF-a that stimulate the cell-mediated immune response while the T2
produces cytokines such as IL-4, 5, and 10 that triggers the humoral response.



constant selection pressure for specificity toward antigens, the efficiency of recognizing and
clearing the infecting agent improves with time. Upon activation by the APCs, the CD4+ Ty
develops to produce different sets of cytokines that regulates the balance between the humoral
response and the cellular response of the acquired immune system. Depending on the cytokine
profile secreted, the CD4+ Ty is divided into Tyl and Ty2 (Fig 9) (D'Elios & Del Prete, 1998).
The Tyl producing predominantly IL-2, tumor necrosis factor oo (TNF-at), and IFN-y activates
the CD8+ cytotoxic T cells and NK cells but also the B cells, thus the immune response is
primarily cell-mediated. Contrarily, the Ty2 producing IL-4, IL-5, and IL-10 is responsible for
humoral response maturation by stimulating B-cell proliferation and antibody class switch, and

stimulating mast cell and eosinophil growth and differentiations (Janeway & Travers, 1997).
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Figure 10. Mammalian cell's immune response to viral attack. The dotted arrows show the antiviral
pathways that can be triggered by the presence of viral components in cells, such as viral proteins or
RNA. Interestingly, HCV RNA did not trigger this pathway in subgenomic replicon systems (Abe et al.,
2005, Guo et al., 2003, Zhu et al., 2003a). The solid arrows show the antiviral pathways triggered by
IFN.



The host immune system versus the virus

Triggering the innate immunity

The HCV infects mainly hepatocytes. Although it has also been found in other cell types such
as blood monocytes and epithelial cells on small intestines, the replication of the virus has
shown to occur mainly in hepatocytes (Crovatto et al., 2000, Deforges et al., 2004, Lerat et al.,
1998, Radkowski et al., 2002). The infection in the hepatocytes causes a number of changes,
including triggering genes responsible for the host defense such as the IFN response genes
(Bigger et al., 2001, Su et al., 2002) (Fig 10). These include 2’-5’ oligoadenylate synthetase
(OAS), double-stranded (ds) RNA-dependent protein kinase (PKR), and Mx1 protein, as well as
IFN-regulated transcriptional factor genes and genes that encode cytokines such as IFN-f that
attract granulocytes and macrophages and stimulate the cytotoxicity of NK cells. This way, the

innate immune system is triggered.

Recruiting the adaptive immunity

In the liver, the APCs consist of liver sinusoidal endothelial cells and resident macrophages
(Kupffer cells). Upon infection, the T cells are recruited by the NK cells’ IFN-y secretion and
the up-regulated chemokine expression (such as CXCL9 and CXCL10) on the APCs. Upon
recruitment, the CD4+ and CD8+ T cells will recognize the HCV antigen presented by the
MHC on the infected hepatocytes and APCs and respond with both cytotoxic (e.g. cytolytic T
cell activation) and non-cytotoxic cytokine-mediated effector functions (e.g. humoral response)
(Crispe, 2003). This is manifested in the liver by the concomitance of up-regulated genes
involved in the antigen processing and MHC expression, and the presence of infiltrating CD4+
and CD8+ T cells (Bigger et al., 2001, Su et al., 2002). At this stage, the vigor and the quality

of the T cell response have been correlated with viral clearance (Thimme ef al., 2001).

HCV escape from host defense
The first thing that comes to mind when speaking of HCV eluding the host immune system is

the generation of quasispecies (Bowen & Walker, 2005, Pawlotsky, 2006). By rapid mutation of



especially the HVR regions of the envelope proteins, the HCV generates variants that evade
recognition by the B and T lymphocytes mediating the specific immunity. Furthermore there are
several other mechanisms by which the virus directly manipulate the host immune system;
inhibiting NK cell’s responses such as cytotoxicity, proliferation, and IFN-y and TNF-a
secretion by crosslinking the CD81 on the NK cell surface (Crotta et al., 2001, Tseng &
Klimpel, 2001); causing deficiency in peripheral-blood dendritic cells to loose their
allostimulatory capacity by unknown mechanisms (Bain et al., 2001); impairing IFN-y
production and proliferation by CD8+ T cells despite MHC binding, most likely by HCV
nucleocapsid (core) proteins binding to complement (C1q) receptors on T cells (Urbani et al.,
2002); and viral block or diversion of HCV specific CD8+ T cell differentiation also by
unknown viral effects (Lucas et al., 2004).

Interferons

As mentioned before, the only HCV treatment to date is the combination therapy of peg-IFN-
o2a and RBV, where the sustained responders may range between 50-80 % (Hadziyannis et al.,
2004). This is actually a significant improvement from the previously used non-pegylated IFN-
o, where the therapeutic outcome was at least 5-10 % lower (Craxi & Licata, 2003, Foster,
2003). This improvement may at least in part be ascribed to the longer systemic duration of the
pegylated interferon. Also studies have shown that the earlier the onset of IFN treatment after
the HCV infection initiation, the better was the outcome (Kamal et al., 2006, Urbanek et al.,
2004, Wiegand et al., 2006). HCV sensitivity to IFN has also been demonstrated with
subgenomic replicons in vitro (Blight et al., 2000, Chung et al., 2001, Frese et al., 2001, Frese
et al., 2002, Guo et al., 2001). Other studies have shown that the effectiveness of IFN therapy in
patients could be correlated to the degree of IFN-a/p receptor expression in their livers (Fukuda

et al., 1996). Together these show that interferons play a crucial role in the viral clearance.

Types of interferons
Interferons are grouped into two types: type I consists of numerous variants of IFN-a and one
of B, and type II consists of IFN-y (Levy, 2002). Many, if not all cells are capable of producing

IFN-a and 3, where the productions are triggered by the presence of viral components in cells.



Both IFN-a and 3 act on the same IFN receptor on cell surfaces. The IFN-y is produced by the
NK and Tyl cells and is one of the most potent stimulators of the immune system. The IFN-y
triggers the acquired immunity’s proliferation and cytotoxic responses as well as up-regulating
the innate immune system (Billiau et al., 1998). As seen in HCV infections, the initial response
by the host to [IFNs may be a key action that affects the course of the HCV infection (Bigger et
al., 2001).

Virus-triggered cell response

Antiviral actions in cells are normally triggered by double stranded RNA, an intermediate in the
viral genome replication, and/or viral proteins (reviewed in Gale, 2003) (Fig 3). These may
trigger the IFN-f production in cells by activating IFN regulatory factor 3 (IRF3), activating
transcription factor 2 (ATF-2), or PKR. The produced IFN-B can activate both self and
neighboring cells by binding to the type I IFN receptor on the cell surfaces (binds both IFN-a
and f) trigger the Jak-STAT signaling via Jak1-Tyk2 (protein tyrosine kinase) proteins. These
induce signal transducer and activator of transcription (STAT) phosphorylation and
dimerization. The dimerized STAT then forms the IFN-stimulated gene factor 3 (ISGF3). The
ISGF3 in turn translocates into the nucleus and initiates the transcription of the IFN-stimulated
response elements (ISRE). The resulting IFN-stimulated genes (ISG) in turn activate PKR,
OAS, and the Mx1. The PKR triggers the elF-2a and the OAS triggers the ribonuclease L
(RNase L), both which result in the inhibition of translation in the cell, that may ultimately lead
to apoptosis. The Mx inhibits cellular transcription. The PKR triggers also the IkB kinase
complex (IKK), activating the nuclear factor kB (NFxB) that initiates the transcription of IFN-3

again.

HCV-triggered cell response and interferon

Studies with HCV subgenomic replicons in cell cultures have shown that the PKR, OAS, and
Mx were not triggered by the replicating viral RNA per se (Abe et al., 2005, Guo et al., 2003,
Zhu et al., 2003a). In addition, down-regulation of proteins involved in antigen processing for
MHC presentation was also observed (Abe et al., 2005). However at least PKR and OAS
antiviral actions were easily triggered via the Jak-STAT pathway by treating the cells with IFN
(Frese et al., 2001, Gale, 1997 #33, Guo et al., 2004, Guo et al., 2003, Wang et al., 2003, Zhu et



al., 2003a) (Fig 10). Remarkably, despite activation of the antiviral responses in cells, the
complete eradication of viral presence was not always guaranteed, at least in the context of type

[ interferons (Cheney et al., 2002, Guo et al., 2001).

Interferon treatment and viral clearance

The prognosis for the antiviral treatment outcome varies greatly between the infecting HCV
genotypes, as seen in an extensive study including over thousand patients who had been treated
with the combination therapy of peg-IFN-a2a and RBV (Hadziyannis et al., 2004). The number
of patients that remained clear of the virus even 6 months after treatment for the HCV genotype
1 ranged between 29-52 %. While for the genotypes 2 and 3, the cure rate could be as high as
80-84 %. Furthermore the study also showed difference between the viral clearance depending
on the initial viral load of the patient. For the genotype 1, clearance rates for those with high
initial viral load ranged from 16-47 %, while the corresponding number for patients with low
initial viral load was 41-65 %. Hence the outcome of the IFN treatment seems very much
dependent on the infecting genotype as well as the host immune system. Together these data

show that much remains to be revealed in the interaction between the virus and the host.

Model systems

Chimpanzees

The study of the HCV has been very difficult due to the lack of small in vitro culture systems.
Until very recently the virus was only possible to propagate in human or chimpanzee hosts. The
chimpanzees and humans are 98.8 % genetically identical (Ebersberger et al., 2002). Sharing
such high degree of identity, the chimpanzees have been, and still are invaluable tools for
studying the viral progression in host organisms. Many studies of both humoral and cellular
immune response on the viral progression have been done in chimpanzees, where the time and
progression of the infection may be studied under controlled circumstances. However these are
highly intelligent animals that risk extinction in the world, and are very costly to maintain.
Furthermore, as similar to humans as they are, it should be kept in mind that chimpanzees still
differ from us in the genetic expression profile: the all-over expression patterns of protein levels
differ up to 31.4 % between humans and chimpanzees (Enard ef al., 2002). This difference may

result in the slight differences observed in the viral disease progression between chimpanzees



and humans. For instance the necroinflammatory lesions are almost always mild in
chimpanzees while the spectrum is wider in humans, ranging from mild inflammation to
cirrhosis leading to liver failure (Walker, 1997). Another difference that should be noted is the
difference in the humoral response; chimpanzees seem to have a more restricted antibody

response against the virus than humans (Walker, 1997).

Small animal models

So far creating smaller animal models using small primates or different strains of mice for the
study of HCV have achieved limited success, primarily due to the lack of robust HCV
replication (Grakoui et al., 2001, Guha et al., 2005). However there is one mouse model that
has shown some promise. By grafting immunodeficient SCID mice homozygous for urokinase-
type plasminogen-activator under the albumin promoter (Alb-uPA) with human hepatocytes, up
to 70 % of the mouse liver could be bestowed with human hepatocytes (Mercer ef al., 2001).
The Alb-uPA gene causes overproduction of urokinase in the liver, ultimately resulting in
accelerated death of endogenous hepatocytes. This way the transplanted human hepatocytes
could compensate for that loss, resulting in the chimeric liver. These mice were able to become
infected with the HCV virus, where viral titres could reach 3 x 10" to 3 x 10° copies/ml blood.
However virus production seemed to generally cease after 15-17 weeks. Furthermore, the
immunodeficiency in these mice and the grafting with human hepatocytes is extremely
laborious and requires specialist competence. Together, it makes a costly and complicated

model to use.

In vitro HCV models

As mentioned above, there still are no satisfactory small and easy to handle animal models
available to date. Fortunately during the course of this thesis, leaps and bounds of improvements
have been made in small and easy to handle in vitro model systems for the HCV proliferation.
These novel systems can now enable controlled biochemical and molecular studies of different

aspects of the viral life cycle, as well as mass-screening in search of novel antiviral agents.

The HCV subgenomic replicons
Initially, in vitro HCV models were limited to infecting primary hepatocyte cultures or

hepatoma cell lines with HCV isolates (Fournier et al., 1998, lacovacci et al., 1997, Ikeda et al.,



1997, Lanford et al., 1994, Seipp et al., 1997, Shimizu et al., 1992, Yoo et al., 1995). These
systems provided some measurable HCV replication, however viral replication in these cultures
was extremely inefficient and dwindled rapidly. A major breakthrough was made in 1999 when
Lohmann and colleagues successfully created a subgenomic HCV replicon that could self-
replicate in the human hepatoma cell line Huh7 (Lohmann ef al., 1999). The replicon was based
on the Conl isolate (HCV genotype 1b) from a chronically infected patient, and consisted of the
Neomycin resistance gene under the HCV IRES, and the proteins NS3 to NS5B of the Conl
flanked by the Encephalomyocarditis virus IRES (EIRES) and the HCV 3’NTR (Fig 11). This
replicon was further improved by the discovery of a cell adaptive mutant with the change
S2204I in the NS5A region that vastly improved the replication capacity in cell culture (Blight
et al., 2000). Since then replicons with other adaptive mutations (Blight ef al., 2000, Krieger et
al., 2001, Lohmann et al., 2001, Yi & Lemon, 2004), derived from other HCV genotypes (la
and 2a) (Blight et al., 2003, Kato et al., 2003), both subgenomic and genomic (Blight et al.,
2002, Ikeda et al., 2002, Pietschmann et al., 2002), with different cell tropisms (Ali et al., 2004,
Date et al., 2004, Kato et al., 2005b, Zhu et al., 2003b) have been generated making replicons a
powerful tool. Gene expression profiling of cells treated with IFN supporting replicons and
biopsies from infected patients treated with IFN showed remarkable similarities further
validating this system (Ji et al., 2003, Zhu et al., 2003a). Despite lacking the ability to produce
infectious viral particles, it has the advantage of having fully on-going HCV RNA replication
similar to that of a chronic infection. And since no viral particles are produced, these are safe
and easy to handle. These replicons enabled biochemical studies of the HCV replication that
was previously impossible. In this thesis, the study of how mutations in the NS4B affect the
HCV replication was based on using this very system (paper IV).
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Figure 11. The HCV subgenomic replicon

HCYV production in vitro

In the past year, another milestone of HCV research has been achieved. Finally, an in vitro cell
culture system that enables robust production of infectious virions have been achieved by three
independent groups (Lindenbach et al., 2005, Wakita et al., 2005, Zhong et al., 2005) based on
the same JFH isolate from a patient with fulminant HCV infection (HCV genotype 2a) (Kato et



al., 2003, Kato et al., 2001). What is more, the chimera virus J6/JFH, both derived from
genotype 2a isolates, created by Lindenbach and colleagues showed to be infectious in
chimpanzees as well, i.e. transferable between the in vivo and in vitro systems (Lindenbach et
al., 2006). Since then in vitro production of infectious virions of the genotypes la as well as 1b
has been reported (Murakami et al., 2006, Yi et al., 2006). Regrettably, these newer systems
were not available at the time for our studies. It shall be very exciting to see what these systems

will reveal in the future.



AIMS

The aim of this thesis was to shed some light on two aspects of the viral life cycle; the
translation and the replication of the virus genome. In particular, the focus has been put on the
HCV IRES mediated translation in relation to clinical outcome, and the role of the NS4B on the

viral replication.

More specifically:
e Study the role of the IRES sequence in the translation initiation: how do differences in
the IRES sequences affect the translation initiation, and are there any relations to clinical

outcome (Paper 1)?

e Biochemical studies of different NS4B variants recombinantly expressed in cells in hope

of illuminating some of its functional properties (Paper II and III).

e Study the functional integrity of the NS4B on the HCV replication in the context of the

viral replicon complex (Paper IV).



COMMENTS ON MATERIALS AND METHODS

This section describes and discusses the methods used in this thesis in general terms. A more

detailed report on materials and methods used can be found in the original articles.

Cell lines

The cell lines used in these studies were HepG2, Hep3B, HEK293, Hela (all Paper I), Huh7
(Papers II to IV), T#9 (see description below; Paper IV), Cos7 (Papers II and III). All cell lines
except Huh7 and T#9 were grown in Dulbecco’s modified Eagle medium (DMEM) containing
GlutaMAX I supplemented with 10 % foetal calf serum with 100 U penicillin and 100 pg
streptomycin per ml media (all from Invitrogen). The Huh7 and T#9 were grown in DMEM

with 10 % foetal calf serum only.

The “cured” cell line T#9
For the replicon survival trials (Paper IV), the cell lines Huh7 and T#9 were used. The Huh7
cell line was obtained from Japanese Collection of Research Bioresources. The T#9 is a so-

called “cured” cell line, derived from our lineage of Huh7.

The Huh7 is a rather unstable cell line; clear variations can be observed between cell lines
derived from the same parental cell. For instance, it has been seen that certain Huh7 clones
display more favorable environments for the replication of the HCV subgenomic replicon than
others (Blight ef al., 2002, Lohmann et al., 2003, Murray et al., 2003). Furthermore, Huh7 cell
lines that support replicons for longer time periods seem to promote the selection of cells that
favors replicon replication. By treating these cells with IFN-a, Blight and colleagues showed
that cells harboring replicons could be “cured”, i.e. the replication of the replicon ceased (Blight

et al., 2002). When new replicons were reintroduced into these cured cell lines, they showed to



be superior for replicon establishment. Therefore, in order to create highly permissive cell lines
for our replicon establishment efficiency studies, the T#9 cell line was accordingly created

(Paper 1V).

The T#9 cell line had been supporting S2204I replicon replication for 9 months prior to being
treated (i.e. “cured”), by adding 1000 IU/ml IFN-y (Roche) to the media for 5 weeks. The loss
of replicon replication was verified by the loss of resistance to G418, the loss of expression of
NS3 and NS5A detectable by Western blotting, and the loss of replicon RNA detectable by RT-
PCR. In contrast to that reported by Blight and colleagues, the T#9 was not curable by IFN-a
treatment. Although the IFN-a did suppress the replication, it could not completely abolish the
replicons even under prolonged IFN-a treatment. This inability of the IFN-a to abolish replicon
replication in cell cultures has also been observed by other groups (Cheney et al., 2002, Guo et
al., 2001). However treatment with IFN-y efficiently suppressed and abolished the replicon
replication, as also reported by other groups (Cheney et al., 2002, Frese ef al., 2002). Again,
these discrepancies in replicon clearance by IFN between different research groups may be due

to clonal differences in the Huh7 cell lines.

The above once more emphasizes the instability of the Huh7 derived cell lines (our own
observations, (Lohmann et al., 2003, Murray et al., 2003). In order to keep the conditions
between the different transfection rounds in the experiments of Paper IV as similar as possible,
the cells were stored aliquoted in liquid nitrogen prior to use and discontinued after a maximum

of 20 passages for Huh7 and 16 passages for T#9.

Dual luciferase assay

For the study of HCV IRES driven translations (Paper I), the dual luciferase assay was chosen.
It is a simple way of determining the efficiency of the HCV IRES by using a bi-cistronic
reporter system (Collier et al., 1998). In the original construct pDL-T7, the reporters consist of
two different luciferase enzymes each driven by its own promoter; the Renilla luciferase under
the T7 promoter and the Firefly luciferase under the HCV IRES to be tested. In our work the T7
promoter was exchanged with the cytomegalovirus (CMV) promoter, since the T7 required

additional transfection with a construct carrying the T7 polymerase (Fig 12). Both reporter
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luciferase activities are assayed in the same cell
IR ES lysate aliquot in a sequential succession using the
Dual-Luciferase® Reporter (DLR™)  Assay
System (Promega) and a luminometer: first the
activity of the firefly luciferase reporter is measured
and quenched; then the activity of the Renilla
luciferase reporter is measured. Here, the Renilla
luciferase activity functions as the internal control.
This enables the comparison of different HCV
IRES to each other by normalizing the HCV IRES
driven Firefly luciferase activity against the CMV
promoter driven Renilla luciferase activity. Both

Figure 12. The bi-cistronic dual luciferase  reporters yield linear assays with attomole (< 10%)
vector. The CMV promoter drives the

internal control Renilla luciferase (R Luc), sensitivities with no endogenous activities from the
and the HCV IRES drives the Firefly
luciferase (FF Luc). host cells, and the range of measurement extends 7

logs. This gives the dual luciferase assay the
advantage of enabling different samples to be compared to each other despite great differences

in transfection efficiencies.

Comparing the translation efficiencies of different IRES

The constructs containing the different HCV IRES were transfected into cells and allowed to
develop for 48-72 hours in a time study in order to establishing the optimal expression time,
where maximum luciferase activities were achieved after 48 hours. For the quantification of
IRES mediated translation, the cells were harvested and the lysates were measured for luciferase
activities as described above. The activity of the CMV driven Renilla luciferase activity was
arbitrarily set at 100 %. The IRES driven translation efficiency was assayed by normalizing the

Firefly luciferase activity against that of the Renilla luciferase.

Studying the effects of antiviral treatment on IRES-mediated translation

For studying the effects of antiviral treatment on IRES mediated translation, a dose-response
curves were established on the IFN-a and RBV by treating the cells 24 hours post-transfection
with 500, 1000, 1500, 2000, and 5000 IU/ml for IFN-a, or 50, 100, and 500 uM for RBV,



where dose-dependent suppression of the translation could be seen as previously reported (Kato
et al., 2002a). However at the highest doses of both IFN and RBV, considerable amounts of cell
death were observed, therefore optimal doses (non-lethal) for both substances were chosen for
the ensuing combination experiments: 500 and 1000 IU/ml IFN-a were used together with 25
uM RBV for the combination treatment. For the evaluataion of the effects of the antiviral
treatment on IRES mediated translation in vitro, the activity of the Firefly luciferase of dual
luciferase vector from transfected but untreated cells was first normalized against its internal
control, the Renilla luciferase activity. The resulting value was then set at 100 %. Subsequently,
the normalized value (i.e. the ratio Firefly/Renilla luciferase activity values) of the IFN and

RBYV treated cells were reported in proportion to their untreated counterpart.

Statistical analysis of the IRES-mediated translation efficiencies

For our IRES mediated translation efficiency studies, a rather low number of IRES were used
(15 for SR and 7 for NR). Thus to test the degree of statistical significance, the non-parametrical
Mann-Whitney U-test was used.

Introducing mutations to NS4B DNA templates

In our work, numerous vectors and in vitro transcription templates were created (Papers I to
IV). In instances of introducing single mutations to a DNA sequence or few mutations at the 5’
or 3* end of a sequence, PCR amplification of a protein coding sequence with elongated primers
carrying the wanted mutations may be used (Fig 13A). This is followed by standard restriction
enzyme-based cloning into a DNA vector. Another alternative is the use of ready-to-go kits
such as Quick-Change site-directed mutagenesis kit (Stratagene). There, two primers carrying
the desired mutations which are reverse-complementary to each other are used to amplify the
entire vector carrying the protein to be mutated (Fig 13B). A major advantage of this method is
that the resulting PCR product may be directly amplified in E. coli, making the restriction
enzyme-based cloning unnecessary (e.g. used to make the pNS3-4B/E210 vector in Paper II).
However both of the above methods are limited by the size and location of the mutation to be
introduced. The scope of the mutagenesis kits is also limited by the size of the vector carrying
the gene to be mutated, under the principle “the larger the vector, the lower the success rate”.

This is due to the limitations of the DNA polymerase’s ability to amplify larger DNA fragments
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Figure 13. Introducing small mutations to a protein coding sequence. A. Standard PCR-based cloning.
B. Quick-Change site-directed mutagenesis (Stratagene). X — changes introduced to the protein coding
sequence.

as well as the limits to its proof-reading capacity. In most of our cases, larger changes had to be
made, such as the introduction of mutations to perturb a putative AH in the N-terminus of the
NS4B (Papers III and IV). Alternatively mutations had to be inserted in very large vectors, such
as the replicon vectors with sizes over 11 kilobases (Paper IV). In these cases the assembly PCR

technique was used (Ho et al., 1989).

Assembly PCR

Assembly PCR is a very efficient method of manipulating large sections of DNA templates. An
example is given in Figure 14. It is a two-step process. The mutation carrying primers are
primers B and C, one being the reverse-complementary to the other. In the first step, the
template with forward primer A and the reverse primer B, and the forward primer C and the
reverse primer D is used for the PCR amplification. This gives rise to the products AB and CD.
In the second step, equimolar amounts of AB and DC are used as templates with the primers A

and D for the final PCR, giving rise to the assembled product.
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Figure 14. Assembly PCR. X — changes introduced to the protein coding sequence.

One negative aspect of the assembly PCR is the “many” PCR steps: the higher the number of
PCR cycles, the more prone the product may be to unwanted changes. We however did not
suffer markedly from the increase of unwanted mutations upon sequencing the finished
constructs. Sequencing results showed that roughly ~30-100 % of the finished vectors were as

designed, depending on the length and complexity of the assembled product.

Using this method, we have created several variants of NS4B mutant vectors (e.g. pNS3-
NST4B in Paper II and pAHmut-EGFP, various p4B- and pAHmut NST-EGFP constructs in
Paper III), as well as introduced mutations to the replicon vector (e.g. L1715R, P1716G, etc in

Paper IV). The assembly PCR has also been used to create numerous templates for in vitro



transcription (e.g. various T7-4B NST templates for in vitro glycosylation scan and topology

studies in Paper III).

In vitro transcription and in vitro translation

In vitro transcription followed by in vitro translation of the resulting transcript is a quick and
easy way to manipulate and test proteins. Briefly, the T7 promoter, the Kozak translation
initiation sequence, and other desired changes are added to the DNA template by PCR (see the
section “Introducing changes to NS4B DNA templates™), and the resulting T7 DNA template is
used in the ensuing in vitro transcription by T7 RNA polymerase. The resulting RNA is then
used in the in vitro translation using rabbit reticulocyte lysate. The rabbit reticulocyte lysates are
crude extract containing all the macromolecular components required for translation of
exogenous RNA such as 80S ribosomes, tRNAs, aminoacyl-tRNA synthetases, initiation,
elongation and termination factors, etc. It is a rather insensitive system that requires neither 5’
capping nor poly-adenylation of the RNA transcript. Proteins requiring membrane insertions, or
simpler modifications such as glycosylations are expressed in the presence of canine pancreatic
microsomal membranes, which are crude extracts of ER membranes. Using this system the
creation from a DNA template to the finished protein may take less than a day! However it
should be kept in mind that the capacity of in vitro translation system to translate, process, and
modify resulting proteins is rather limited compared to the production in cells. There are also
quantity and size limitations to the protein or proteins that can be translated in vitro, especially
when polyproteins or multimeric complexes are concerned. In addition proteins requiring higher

chaperone activity may be very difficult to produce despite the addition of microsomes.

The in vitro transcription reactions were performed using T7 polymerase (Invitrogen) according
to the manufacturer’s recommendations using DNA templates. The ensuing translations
consisted each of 1 pl of the in vitro transcribed RNA, 9 pul nuclease-treated rabbit reticulocyte
lysate, 40 pM amino acid mixture without L-Methionine, 40 units RNasinl (all from Promega),
and 30 pCi L-[*’S]-Methionine (Perkin-Elmer). For the translations of NS4B in in vitro
glycosylation studies (Papers II and III), the above reactions were supplemented with or without
1 pl Canine Pancreatic Microsomal Membranes. The reactions containing microsomes were
further supplemented by either 0.4 mM of competitive glycosylation acceptor peptide (benzoyl-
Asn-Leu-Thr-methylamide) dissolved in DMSO (total volume 0.2 pl) or 0.2 ul DMSO only.



This was to verify true glycosylation (see the below section “Glycosylation studies’). For the
NS4B processing studies (Paper 1V), both NS4A-NS4B and NS4B-NSS5A translation reactions
were supplemented with 1 pl microsomes. The NS3 or NS3-NS4A were however translated
without microsomes or L-[>>S]-Methionine then added to the NS4A-NS4B and NS4B-NS5A
reactions, respectively, for in vitro processing of the NS4B. The finished products were run on
SDS-PAGE under reducing conditions. The gels were then fixed (10 % Acetic acid, 30 %
methanol, and 60 % H,0), dried (under vacuum pressure at 80 °C), and analyzed using Fuji

BAS 1000 Phosphoimager and Image Gauge V3.45 software (Fuji Film Science Lab 99/2001).

Quantification of protein populations

In order to quantify a specific population of proteins in a sample of mixed proteins, the different
populations of proteins were first separated by running the sample on SDS-PAGE gels. The
proteins (made detectable by incorporation of radioactive amino acids (*>S) or binding of
Horseradish peroxidase (HRP) conjugated antibodies) were quantified by measuring the
intensities of unsaturated bands, using either film exposed to Enhanced chemiluminescence
(ECL) development or image scanned by the Phosphoimager. Then the resulting bands were
quantified by using the Image Gauge V3.45 software (Fuji Film Science Lab 99/2001). For
instance, the populations of NS4B with lumenally located N-terminus (Paper II) were quantified
by calculating the quotient between the intensity of the glycosylated band divided by the
summed intensities of the glycosylated and unglycosylated bands. The processing efficiencies
of the NS3-4B and NS4B-5A (Paper IV) were calculated as the quotient of densitometric band
intensity of NS4B divided by the band intensity of either NS4A-B or NS4B-5A for NS4A-B or
NS4B-5A processing, respectively.

Glycosylation studies

The most common glycosylation of a protein or a peptide in eukaryotes is the N-linked
glycosylation (Kornfeld & Kornfeld, 1985). It occurs co-translationally in the lumen of the ER
membrane by the oligosaccharyl transferase (OST). The enzyme recognizes the Asn-X-Thr/Ser

sequence of the nacent polypeptide chain that has been translocated into the lumen, where X is
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Figure 15. Glycosylation of nascent protein. The oligosaccharyl transferase (OST) is associated to the
translocase complex on the lumenal side of the ER membrane. It catalyzes the reaction between the Asn
of the Asn-X-Ser/Thr sequence of the nascent polypeptide chain and the lipid-linked the
tetradecasaccharide (GIcNAc,-Mang-Glcs), as soon as a distance of 12-14 amino acid residues clears
from the ER membrane.

any amino acid residue except Pro (Imperiali ef al., 1999) (Fig 15). The enzyme hydrolyzes the
reaction between the tetradecasaccharide (GIcNAc,-Many-Gles) to the Asn side chain. The
glycosylation site needs 12-14 amino acid residues’ distance from the ER membrane in order

for the OST to be able to catalyze this reaction (Nilsson & von Heijne, 1993).

In our work, we have taken advantage of the glycosylation occurring exclusively inside the ER
lumen to determine the membrane topology of the NS4B protein (Fig 15). The NS4B is an
integral membrane protein located to the ER or the membranes derived form the ER (Egger et
al., 2002, Gretton et al., 2005, Hugle et al., 2001, Lundin et al., 2003). By introducing the
glycosylation site Asn-Ser-Thr (NST) to strategic locations of the protein, we could determine
the membrane orientation of that particular site, depending on the outcome of the glycosylation
results. The glycosylation of the NST site increasing the protein by 2 kDa would indicate
lumenal location of that site. However if the glycosylation outcome was positive, true
glycosylation had to be verified, as false positives could arise due to ribosomal slippage,

alternative translation start sites, etc.



Verifying true glycosylation in vitro

For the in vitro glycosylation studies, we used a competitive glycosylation acceptor peptide
(benzoyl-Asn-Leu-Thr-methylamide) (see the above section “In vitro transcription and in vitro
translation”). If it was true glycosylation, the glycosylation of the protein could be inhibited by
adding the peptide (Fig 16A).

Verifying true glycosylation of proteins expressed in cells

For the glycosylation studies of proteins expressed in cells, the proteins were treated with
PNGase F. PNGase F is an amidase that cleaves between the innermost GlcNAc and the Asn
residues of high mannose, hybrid, and complex oligosaccharides from N-linked glycoproteins
(Fig 16B). It hydrolyzes almost all types of N-glycan chains from peptides or proteins. The NST
sites introduced to different NS4B variants results in the N-linked glycosylation of the Asn.
Accordingly this enzyme was used to verify true glycosylation of the NS4B proteins expressed

in cells (Maley et al., 1989).
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Figure 16. Glycosylation verification in vitro versus in vivo. A. In In vitro glycosylation verification,
peptides that compete for the glycosylation is added to the translation reactions. This way they hinder the
translated proteins from getting glycosylated. B. In in vivo glycosylation, the oligosaccharide moiety is
removed by the treatment with PNGase F.



Briefly the cell lysates were divided into equal aliquots and denatured; one of the aliquots was

then treated with PNGase F according to the manufacturer’s recommendation. Both aliquots

were analyzed in parallel by Western blotting to verify true glycosylation.

Immunoprecipitation studies

Immunoprecipitation is a commonly used tool for studying protein-protein interactions. There

are many ways of initiating the immunoprecipitation assays. For instance there are various

different ways of producing the proteins; e.g. by in vitro translation, by E coli expression, by

expression in eukaryotic cells, etc. The process of letting the interaction occur between the two

proteins to be studied may also vary; the proteins may simply be produced together for

interaction, be produced by separate means then mixed together for interaction, and so on.
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Figure 17. Schematic cartoon of immunoprecipitation

However the proteins are produced and
allowed to interact with each other, they
all arrive at the immunoprecipitation step
with antibodies specific for one of the
interacting proteins, ensued by the
detection of the other protein, i.e. the co-
precipitated protein, by Western-blotting
(Fig 17). This way, interaction may be

determined.

In our work we chose the co-expression
method, where two constructs, each
carrying one protein, were co-expressed in
Cos7 cells. Differentially-tagged NS4B
and NS4B mutants were used to study
NS4B homo-oligomerization capacities
(Paper III). The wild-type NS4B of the
HCV genotype la was tagged at the N-
terminus with Xpress (Invitrogen) and co-

expressed with different variants of NS4B



(wild-type of genotype la and 1b, mutants with perturbed putative AH, various deletion
mutants, etc) tagged with EGFP at the C-terminus. The cell lysates were first incubated with
Anti-Xpress antibodies and then pulled down using Protein G PLUS-agarose suspension (Santa
Cruz Biotechnology). The cell lysate from prior to the immunoprecipitation, the unbound
proteins left after the removal of the agarose beads and the bound proteins, and the agarose
beads with the bound proteins were all analyzed by Western blotting. There, the co-precipitated
proteins were detected with anti-GFP antibodies and HRP conjugated secondary antibodies

using the ECL Western blotting Analysis system (GE Healthcare).

Crosslinking proteins in intact cells

A way of stabilizing protein-protein interaction for the immunoprecipitation studies is by using
crosslinkers (Wong & Wong, 1992). Crosslinkers strengthen the interaction between two
proteins by covalent binding. They are often small bidirectional molecules with reactive groups
at each end. The choice of the length between the reactive groups may vary depending on the
interaction to be studied, the general rule of thumb being “the shorter the distance the closer the
interaction”. The reactive groups at each end binds to various regions of the protein polypeptide
chain, such as the primary amine groups (-NH;), carboxsyl (-CO,H), sulphydryl (-SH), or
hydroxyl groups (-OH). The crosslinker may be homobifunctional, i.e. both ends of the cross
linker reacts with the same group, or heterobifunctional, i.e. each end reacts with different
groups. By choosing either reversible or irreversible crosslinkers, linkage may be made either
permanent or reversible. In reversible linkers, the arms of the molecule are held together by a
disulphide bridge thus the crosslinking may be reversed by a simple reduction. Additionally
depending on what proteins to crosslink, crosslinkers that may or may not permeate membranes

may be chosen.
O
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Disuccinimidyl suberate (DSS)

In our work, the irreversible crosslinker

chosen for the crosslinking of NS4B in live
cells (Fig 18). DSS was chosen on the account of having a relatively short spacer arm length of

11.4 A and reacting with primary amine groups, the most common in proteins compared to the



other groups. Moreover this crosslinker is membrane permeable, making it ideal for
crosslinking membrane proteins such as the NS4B, while keeping the cellular membranes intact
(Paper III). Since it is lipophilic, it is perfect for the intramembrane conjugations likely for

NS4B proteins.

Briefly, 1 mM DSS solution was added to cells for 20 minutes at room temperature and
quenched by adding Tris-HCI to a final concentration of 10 mM. The cells were then harvested

and the lysates were used in ensuing immunoprecipitation assays.

Immunofluorescence studies

For the visualization of the membrane altering ability of various variants of NS4B, the proteins
were fused to EGFP at the C-terminus and expressed in Cos7 cells (Paper II) and Huh7 cells
(Papers II to IV). Since previous studies have shown that the EGFP alone do not localize to the
ER nor induce membrane changes, it made a good tool for easy visualization of the NS4B

proteins (Elazar et al., 2004, Lundin et al., 2003, Zheng et al., 2005b).

As prolonged NS4B expressions resulting in higher NS4B concentrations were shown toxic for
the cells (Fig 7), the cells were usually fixed after 18-24 hours and only in certain cases 48
hours post-transfection. The Huh7 cells expressing different variants of NS4B fused to EGFP
were fixed for 10 minutes in 4 % formaldehyde prior to further treatments. The nuclei were
stained for 3 minutes in 4’,6-diamidino-2-phenylindole (DAPI) (Sigma) for easy detection
(Papers 1II to IV). The lipid droplets were visualized by staining for 5 minutes in 0.6 % 1-([4-
(Xylylazo)xylyl]azo)-2-naphthol (Oil Red O, Sigma) in 60 % isopropanol (Paper III). The cells
were mounted with MOWIOL onto glass slides and analyzed by fluorescence microscopy and
photographed using a Leica DFC300 FX camera and analyzed using Leica QWin V3 Software

(Leica Microsystems Imaging Solutions Ltd).



Transfection and selection of HCV subgenomic replicons

In order to study the role of the NS4B in the HCV replication, the HCV subgenomic replicon

was used (Paper 1V). Various mutations were introduced to strategic locations of the NS4B in

the subgenomic replicon, and the effects were evaluated by comparing the replicon

establishment efficiencies of the different mutants. At the time we initiated our studies, the only

in vitro HCV system available was the subgenomic replicon system. Of course the most recent
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Figure 19. Establishing HCV subgenomic replicon in
Huh7 or T#9 cells.

systems in which infectious virions
may be produced may provide more
accurate data concerning the NS4B’s
effects on the wviral life cycle
(Bartenschlager & Pietschmann, 2005,
Lindenbach et al., 2005, Murakami et
al., 2006, Wakita et al., 2005, Yi et al.,
2006). However, microarray data has
shown the subgenomic replicon system
to have remarkable similarities with
the viral replication in vivo (Bigger et
al., 2001, Su et al., 2002, Zhu et al.,
2003a). Moreover it is a safe and easy

system to handle.

For easy manipulation of the replicons,
a DNA construct carrying the replicon
coding sequence is used. This is in turn
used for the in vitro transcription of the
replicon RNA. The replicon RNA is
then purified from the contaminating
DNA and transfected into Huh7 cells
by electroporation. Once inside the

cell, the replicon RNA is directly used



as template for the translation of the Neo and the NS3-5B proteins. The NS3-5B form the
replication complex for the continued production of progeny replicon RNA. The Neo permits
the cells’ survival in G418 selection media only if on-going replication of the replicon RNA is
present. Since no DNA is present, resistance due to selective integration of Neo gene into the

host cell genome is not possible (Fig 19).

The plasmid vectors carrying the different replicon mutants, the original replicon S22041, and
the polymerase deficient replicon pol- were used as templates in in vitro transcriptions and
DNasel treated as described by Blight and colleagues (Blight et al., 2000). The resulting RNA
was purified to eliminate the remaining contaminating DNA debris using RNeasy®
MinEluteTM Cleanup Kit (Qiagen). One or 4 pg RNA and one mock sample with H,O only
were used to transfect ~3 x 10° to 2 x 10° Huh7 or T#9 cells by electroporation. For estimation
of replication establishment efficiency, the cells were subjected to selection media containing 1
mg/ml G418 (Invitrogen) 24-48 hours post-transfection and changed every 2-3 days. After 10-
16 days the cells were fixed and stained with crystal violet (Sigma-Aldrich) and the resulting
colonies were counted. For the replicon establishment efficiency comparisons, the colony
forming unit (cfu) per g RNA of the replicon mutants were normalized against that of S22041
and pol- set at 100 and 0 %, respectively. The given values are in percentage of colony
calculations displayed as mean + standard error of mean. These results were based on

calculations of over 10 transfection rounds.



RESULTS

The hepatitis C virus life cycle can be summarized in the following steps; viral entry into the
host cell, translation of the viral RNA genome, processing of the viral proteins, the replication
complex formation and MAF induction, replication of the viral genome, virion assembly, and
exit from the host cell. Unfortunately much of these steps in the viral life cycle are shrouded in
obscurities. This thesis attempts to add its share to the vast puzzle of HCV infection, focusing
on two aspects of the viral life cycle; the translation and the replication of the HCV.
Accordingly, the following results will be presented in the order befitting the HCV life cycle,
starting with the study of viral IRES mediated translation followed by the study of the viral

replication with focus on the NS4B protein.

The IRES-mediated translation and its correlations with
antiviral treatment (Paper I)

In the first part of this thesis, the differences in the IRES elements derived from patients
infected with the HCV genotype 3 and their impacts on translation was scrutinized in vitro cell
culture systems (Paper I). As seen in patient studies, the outcome of the combination therapy of
IFN-a and RBV may differ greatly depending on the infecting HCV genotype (Hadziyannis et
al., 2004). The molecular mechanisms behind these differences are yet to be defined. Previous
studies have tried to correlate sequence variability of the IRES with IFN therapy outcome with
conflicting results (Collier et al., 1998, Saiz et al., 1999, Yamamoto et al., 1997).

A large number of patients chronically infected with the HCV genotype 3 attending the Aga
Khan University Hospital clinics in Karachi were chosen for this trial. These patients were
chosen on the basis of the demographic features of the sustain responder (SR) and non-
responder (NR) groups being comparable; no difference was observed in age spread, gender,

pretreatment serum ALT levels, and Histological Activity Index on liver biopsies. Two hundred



patient serum samples were collected and genotyped, revealing 72 % of the patients to be
infected with the genotype 3. These patients were subjected to six months treatment with IFN-o
and Ribavirin (RBV) and followed up for up to one year. The genotype 3 infected patients were
then grouped into sustained responders (SR, 70 %) and non-responders (NR, 30 %), based on
the absence/presence of HCV RNA in serum and normal/elevated ALT levels one year after the

completed treatment.

Sequencing of the HCV isolated from the SR and NR groups revealed intriguing sequence
differences in the 5’NTR between the two groups. Sequence alignment of the IRES regions of
the SR and NR groups with a previously published genotype 3a isolate (#D17763) showed that
most IRES of the SR group exhibited greater variations in the IRES sequence than the NR

group (Sakamoto et al., 1994). In the SR group insertions were seen mainly in stemloop I, and
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Figure 20. Differences in the IRES sequences of the SR group compared to a reference IRES sequence
of the HCV genotype 3a (D17763) (Paper |). The arrows show the mutations. Bold letters— substitutions.
Plus sign (+) — insertions. Minus sign (-) — deletions. Pink letters - putative change in the secondary
structure. Red letters — AUG start codon. Blue letters - core coding sequence.



deletions in stemloop II, while substitutions were scattered all three loops (Fig 20). The IRES of
the NR group displayed fewer differences than the SR sequences, located mainly to the

stemloops I and III, of which most substitutions were concentrated to the stemloop III (Fig 21).

To study this further, 15 SR and 7 NR patients were chosen at random. The IRES nucleotide
sequences 1-407 derived from the HCV in the pre-treatment samples of these patients were
cloned into a bi-cistronic dual luciferase vector and the IRES mediated translation efficiencies
were determined in a dual luciferase assay in HepG2, and Hep3B cell lines. Remarkably, of the
different isolates, the IRES of the SR group showed significantly less efficient translation than
those of the NR group (29.7 £ 13 % and 69.4 + 22 %, respectively p < 0.01, Mann-Whitney U-
test).

This prompted us to also examine the IRES from the SR and NR groups’ responses to antiviral

treatment with IFN-oo and RBV in vitro. Seven IRES constructs from each group were
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Figure 21. Differences in the IRES sequences of the NR group compared to a reference IRES sequence
of the HCV genotype 3a (D17763) (Paper ). Likewise symbols have been used here as in Fig 20.



transfected into cells and treated with IFN-o and RBV (500 or 1000 IU/ml IFN-a and 25uM
RBV) prior to examining the translation efficiency. Here, the translation efficiency of the IRES
from the SR isolates showed greater reduction than those of the NR isolates upon antiviral
treatment (67-68 % and 86-88 % of untreated cells for SR and NR, respectively, P > 0.05).
Though the results were not statistically significant, indications were that even antiviral therapy

in vitro may potentially be correlated to the in vivo results.

In this study significant correlations between the IRES translation efficiency and HCV genotype
3 treatment outcomes could be seen. The IRES elements are highly dependent on their tertiary
structure for proper function. Disruption of this structure may result in less efficient recruitment
of cellular factors necessary for translation (Collier ef al., 1998, Honda et al., 1999, Kamoshita
et al., 1997, Lerat et al., 2000, Pestova et al., 1998, Saiz et al., 1999). Therefore SR derived
IRES having lower all-over translation activity than those of the NR group may be a result of a
more disrupted IRES tertiary structure. As observed, the increased mismatch in the stemloop
forming sequences of the SR derived IRES did not seem to have any complementary mutations

to compensate for the mismatch.

The IFN-o and RBV treatment had greater impact on reducing translation efficiency of the SR
derived IRES than those derived from the NR group. Once again the more disrupted tertiary
structures of the IRES derived from the SR group may have made them more vulnerable to the

adverse effects of the antiviral treatment than those of the NR group.

In conclusion, this study indicates that IRES mediated translation efficiency may be an
important factor in the viral treatment outcome, albeit the in vitro assays need further

optimizing, perhaps using even larger numbers of SR and NR derived IRES sequences.

Study of NS4B and its role in HCV replication

Continued elucidation of the topology of the NS4B (Paper Il)

In this work we continued our study of the NS4B N-terminal translocation into the lumen in
vivo. In the previous work by our group (Lundin et al., 2003), the NS4B of the genotype 1a was
suggested to initially have 4 transmembrane domains (TM1, TM2, TM3, and TM4) with both



N- and C-termini in the cytoplasm. However soon after the translation, the N-terminus was
shown to translocate into the lumen, resulting in the fifth transmembrane domain (TMX) (Fig
22). This gave rise to the 5 transmembrane domain model of the NS4B protein, with the N-
terminus in the lumen and the C-terminus in the cytoplasm. However this work was preliminary
in the sense that the NS4B had been expressed alone and studied by in vitro translation only. In
Paper I, the translocation of the N-terminus was studied by expressing the NS4B in cells, both
by itself and in the context of the viral polyprotein. Furthermore the NS4B of all genotypes

were studied.

Figure 22. Dual topology of the NS4B. The
putative transmembrane domains TMX, TM1,
TM2, TM3, and TM4 are shown.

Firstly the amino acid residue positions 9-11 of the NS4B N-terminus was changed to the
glycosylation sequence Asn-Ser-Thr (NST) in the NS4B-EGFP fusion protein and studied by
fluorescence microscopy. This was to ensure that the introduced glycosylation motif did not
affect the only known function of the NS4B; its membrane rearranging capacities (Egger et al.,
2002, Gretton et al., 2005, Lundin et al., 2003). Subsequently the same glycosylation site was
introduced to the NS4B in the context of the NS3-4B, NS3-5A, and NS3-5B and tested for
translocation. The glycosylated protein (NS4B band with 2 kDa shift) would indicate N-

terminal translocation.

The results showed that a substantial portion of the NS4B N-terminal was indeed glycosylated,
indicating lumenal location also when expressed in cells. Intriguingly the NS4B in the context
of the NS3-5A and the NS3-5B had less efficient N-terminal translocation than that of the NS3-
4B expression (Fig 23A). Quantification data showed that in NS3-4B, the NS4B population
with lumenally located N-terminus was 61 % compared to 17 % and 16 % (mean values) for

NS3-5A and NS3-5B, respectively (Fig 23B).

Next the N-terminal translocation of all the HCV genotypes was tested. The glycosylation site
NST was introduced to the N-termini of the NS4Bs of the genotypes 1b, 2b, 3a, 4a, 5a and 6a
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for translation studies in vitro. In the presence of microsomes, all genotypes showed N-terminal
glycosylation of a substantial population, comparable to that of the HCV 1la genotype used in

previous studies. Hence the N-terminal translocation occurs indeed in all genotypes.

Recently Elazar and colleagues reported of an amphipatic helix (AH) located to the amino acid
residues 6-29 of the NS4B (Elazar et al., 2004). Perturbing this AH in the NS4B abolished
MAF inductions. Furthermore introducing the same mutations in the subgenomic replicon
resulted in the abolishment of replication as well. Due to the N-terminal location of the
perturbing mutations, N-terminal translocation capacity of the same AH mutant was studied in
Paper II by introducing the NST site to its N-terminus. Interestingly this AH mutant was not
able to translocate its N-terminus into the ER lumen when expressed in cells, suggesting a

correlation between the translocation and membrane rearrangements (Fig 23C).

As shown in this study, a substantial portion of the N-terminal domain translocated into the

lumen even when NS4B was expressed in cells, either by itself or in the context of NS3-4B

61



polyprotein. Although when the NS4B was expressed in the context of NS3-5A or NS3-5B
polyproteins, less efficient translocation was observed. We conclude that the NS5A may have a
negative regulatory effect on the NS4B translocation; i.e. keeping the N-terminus in the
cytoplasm. However it should be kept in mind that over 25 % of the NS4B population with the
N-terminus in the lumen still remained despite the presence of the NS5A (61 % for NS3-4B
compared tol7 % for NS3-5A and 16 % for NS3-5B). This suggests that a substantial
population of the NS4B even in the context of the viral replication may have its N-terminus

located to the lumen.

The NS4B of all HCV genotypes showed the capacity for N-terminal translocation, indicating
that the dual location is a conserved function of the N-terminus. Such a conserved feature
usually indicates an important function. This is further supported by the fact that the mutations
perturbing the AH that rendered the NS4B unable to translocate its N-terminus, also disabled
MAF induction as well as rendering the subgenomic replicon unable to replicate (Elazar et al.,

2004).

In conclusion the translocation of the NS4B N-terminus into the lumen is a conserved feature
that may be negatively influenced by the NS5A. In addition, translocation and MAF induction
may be interlinked.

Correlation between N-terminal translocation, oligomerization and membrane
rearrangements of the NS4B (Paper lil)

The most well known function of the NS4B to date is the capacity to induce membrane
rearrangements, resulting in the membrane associated foci where viral replication is thought to
take place (Egger ef al., 2002, El-Hage & Luo, 2003, Gosert et al., 2003, Lundin et al., 2003,
Shi et al., 2003, Waris et al., 2004). A likely way of achieving membrane rearrangements is by
protein-protein interactions. Though previous studies have shown the NS4B to interact with
several other NS proteins such as the NS2, NS3, NS4A, and NS5A (Dimitrova et al., 2003,
Flajolet et al., 2000, Lin et al., 1997), only weak interaction with itself had been observed at the
time when we started our investigations (Dimitrova ef al., 2003). As other NS proteins such as
the NS2, NS3, NS5A, and NS5B have shown to function in oligomeric forms, the NS4B also
operating in an oligomeric form was not unlikely (Levin & Patel, 1999, Lorenz et al., 2006,

Tellinghuisen et al., 2005, Wang et al., 2002). Another interesting aspect is that the NS4B



mutant that lacked the ability to induce MAF was also unable to translocate its N-terminus into
the lumen (Paper II). In Paper III the role of oligomerization and N-terminal translocation in the

context of MAF induction was studied.

To asses oligomerization, differentially tagged NS4B of the HCV genotype la was used; one
with the Xpress tag in the N-terminus and the other with the EGFP protein fused to its C-
terminus. The Xpress tag was used in the pull-down and the co-precipitated protein was
analyzed by detection with anti-GFP antibodies in a Western blot. This way homo-
oligomerization of the NS4B proteins could be examined (Fig 24). Investigations of NS4B with
a glycosylation site introduced to its N-terminus (NST4B-EGFP) revealed that NS4B of both
topologies were involved in the interaction. In addition treatment with an irreversible
crosslinker DSS prior to the immunoprecipitation revealed that NS4B may exist even as trimers
and possibly even larger complexes, although the majority was found in the monomeric form.
Comparing NS4B treated with DTT to untreated NS4B revealed that the interaction may be via

disulphide bridges.

Co-precipitation studies between the Xpress-tagged wild type NS4B and N- or C-terminal
deletion mutants expressed in fusion with the EGFP (NS4B(92-261)-EGFP and NS4B(1-191)-
EGFP, respectively) revealed that both termini were required for the interaction (Fig 24).
Interestingly, neither of the deletion mutants was able to induce the stereotypical MAFs seen

with the wild type NS4B (Fig 24).

Having established that the NS4B is indeed capable of homo-oligomerization, the correlation
between the oligomerization and the N-terminal translocation was studied. However as a
starting point, the identity of the TMX, the transmembrane domain formed after the
translocation (Fig 22), had to be established. NST sites were introduced after every three amino
acid residues of the N-terminus and tested first in vifro for approximation, then by cellular
expression for the determination of the N-terminal end of the TMX. Based on these results in
conjunction with our computer predictions, we propose the TMX to be approximately located to

the amino acid residues 60-84 of the NS4B.

As shown in Paper II, a NS4B mutant with perturbed AH located to the amino acid residues 6-
29 (AHmut) could not translocate its N-terminus into the lumen. In Paper III the very same

mutant was tested for oligomerization against the wild type NS4B. In addition AHmut and wild



Lumen

<AL=

Cytgplasm

TL, O , MAF

| | NS4B M N
0% ~AHmut “ - - -

| ssNS4B + | + | +
W ssAHmut | + | + | +
| ' NS4B(1-191) | + | - | -

| NS4B(30-261) + | + | +

. NS4B(60-261) + | -1

. NS4B(92-261) | - | - | -
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the NS4B that were included in the assays. Striped domain — mutated region. Black domain — signal
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type NS4B variants with an export signal sequence added to their N-termini were also tested in
parallel (Kabat ef al., 1991). The signal sequence causes co-translational translocation of the N-

termini of the entire NS4B or AHmut population and is cleaved off after entering the lumen.

The AH mutant was not able to interact with the wild type NS4B. However forcing the N-
terminus into the lumen, as in the ssAHmut, restored the AHmut’s oligomerization capacities
(Fig 24). In addition, immunofluorescence studies with the signal sequence mutants revealed
that not only did the oligomerization capacities return, but also the MAF induction. Together,
these data strongly indicated a correlation between N-terminal translocation, oligomerization,

and MAF induction.

Interestingly the immunofluorescence studies with the signal sequence protein variants also
revealed that the survival rate of the ssSNS4B was much lower than that of the ssAHmut or the
wild type NS4B. Topology verification of the signal sequence protein variants revealed that
although all of ssNS4B were correctly folded with their N-termini in the lumen, almost half of
the ssAHmut population was most likely malfolded. Possibly the large population of malfolded



ssAHmut alleviated the would-be detrimental effect of the entire population having lumenally
positioned N-terminus. Furthermore previous translocation studies have shown that only a small
population of the wild type NS4B translocates its N-termini into the lumen due to negative
influence by the NS5A (Paper II). Together these data indicate an advantage for not having too

much of the NS4B population with lumenally located N-terminus.

In order to map what parts of the N-terminus that may be involved in the above three functions,
the N-terminus was divided into three domains; AHI1 in the first 30 amino acid residues of the
protein (Elazar et al., 2004); AH2, a second putative AH recently proposed to the amino acid
residues 40-69 (Castet et al., 2004); and the TMX, proposed to the amino acid residues 60-84
(Fig 24). Three deletion mutants were accordingly tested for oligomerization, translocation, and
MAF induction; NS4B(30-261) lacking AH1; NS4B(60-261), lacking both AH1 and AH2; and
NS4B(92-261) lacking AH1, AH2, and TMX as negative control for the above three functions.
Interestingly the NS4B(30-261) was shown to translocate its N-terminus, oligomerize to the
wild type NS4B, and induce MAFs, showing that the first AH was not necessary for these
functions (Fig 24). In contrast the NS4B(60-261) revealed that despite the N-terminus
translocated into the lumen, the protein could not oligomerize and lost most of the MAF
inducing capacity (Fig 24). Together these results indicate that the AH2 may be involved in

both oligomerization and MAF induction.

In Paper I1I, we showed that the NS4B formed homo-oligomers when expressed in cells. While
this manuscript was being written, Yu and colleagues reported of homo-oligomerization of the
NS4B via palmitoylation of the C-terminus (Yu et al., 2006). However considering i) the
presence of three C-terminal Cysteins, among which one is fully conserved, ii) the close vicinity
of these to the ER membrane, and iii) the reducibility when treated with DTT, we propose an
alternative explanation; that the oligomerization via the C-terminus is due to disulphide bridge/s
rather than due to palmitoylation. Albeit disulphide bridge formations are rare in the cytosol, it

does occur, especially in very close vicinity of the ER membrane (Schouten et al., 2002).

The domain responsible for both the oligomerization and the MAF induction is most likely the
AH2. This notion is supported by the NS4B(30-261) mutant lacking the AH1 still being able to
translocate, oligomerize, and induce MAFs while the NS4B(60-261) mutant lacking both AH1
and AH2 not being able to oligomerize or induce MAFs (Fig 24). What is more, it seems that
the AH2 should be located on the lumenal side of the ER membrane for the MAF induction to



occur. This is supported by the fact that mutations in the AH1 (AHmut) obstructing all three
events could be reversed by forcing the defective AH1 into the lumen by a signal sequence (Fig
24). Perhaps the mutated AH1 on the cytoplasmic side disturbs the conformation/function of the
AH2 and/or the TMX, thus inhibiting oligomerization, translocation, and MAF induction. Yet
by forcing lumenal location with a signal sequence, the AH2 and TMX may achieve correct

conformation as a result of TMX integration into the membrane, thus returning the three events.

However translocation may not necessarily be correlated with the oligomerization. The
immunoprecipitation study with NST4B-EGFP showed that the majority of the precipitated
NS4B population had the N-terminus cytoplasmically located (see Paper III Fig 2c, lanes 3 and
4). This shows that interaction of the N-terminus is most likely between NS4Bs with their N-
termini on the same side of the ER membrane or that the location of the interacting N-termini
does not matter. Conversely it is unlikely between NS4Bs where one has cytoplasmically
located and the other lumenally located N-terminus. In the latter case co-precipitation studies
should have yielded equal populations of glycosylated and unglycosylated NS4Bs, which was
not the case. However oligomerization may indeed be correlated to MAF induction; as seen
with the C-terminus deletion mutant (NS4B(1-191), it could neither oligomerize nor induce

MAFs, despite being able to translocate its N-terminus (see Paper 111, Fig3D, lanes 1 and 2).

In conclusion we propose the following; the translocation of the N-terminus may be necessary
on the lumenal side to induce the membrane curvature and the oligomerization may provide the
local high concentration of the NS4B that are necessary to form the MAFs. The dual topology
of the NS4B may be a way to regulate the induction of MAFs as too efficient induction may be

detrimental for the cells.

Effects of point-mutations in the NS4B of the HCV subgenomic replicon
replication (Paper IV)

The NS4B has shown to be indispensable in the context of the viral replication in HCV
subgenomic replicon as well as replicons and in vitro cultures of both pestiviruses and
flaviviruses (Appel et al., 2005, Grassmann ef al., 2001, Khromykh et al., 2000, Li & McNally,
2001, Qu et al., 2001, Tong & Malcolm, 2006). It has shown necessary in cis in the viral
polyprotein in order to maintain the viral replication (Grassmann ef al., 2001, Khromykh et al.,

2000, Tong & Malcolm, 2006). Furthermore single mutations in the NS4B has shown to



mediate alterations in cytopathy of both the BVDV and West Nile virus, changes in cellular
tropisms of both Dengue and HCV, as well as mediate IFN resistance in the Flaviviridae
(Hanley et al., 2003, Lohmann et al., 2003, Lundin et al., 2003, Munoz-Jordan et al., 2003,
Namba et al., 2004, Qu et al., 2001, Sumpter et al., 2004, Wicker et al., 2006, Zhu et al., 2003b).
These effects exerted by the NS4B are presumably by protein-protein interaction, however the
obsolete numbers of interacting cellular proteins reported in current literature is rather
enigmatic. Hence in the final part of this thesis we studied the effects of different regions of the
NS4B on the HCV replication by using the HCV subgenomic replicon (Blight ez al., 2000).

Fourteen point-mutations were separately introduced to the bi-cistronic subgenomic HCV 1b
RNA replicon with the adaptive mutation S2204I at strategic positions based on a previous
topology model of the NS4B (Blight et al., 2000, Lundin et al., 2003) (Fig 25). The mutations
were introduced to the regions at the N- and C-terminal ends and the loop regions between the
transmembrane domains. The introduced mutations at the N- and C-terminus were chosen on
the basis of being non-conserved and close to the N- and C-terminal ends without disrupting the
P6, P4, P1, and P1’ positions around the sites crucial for the NS4B processing from the
polyprotein (Bartenschlager et al., 1995, Kim et al., 2000).
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Figure 25. The 14 point mutations introduced to strategic regions of the NS4B in the subgenomic
replicon (Paper IV). Red letters — changes of conserved amino acid residues.

The introduced mutations resulted in the changes of the following amino acid residues;
L1715R, P1716G, Y1717L, and E1719K changes in the N-terminus of a highly variable region,
and W1963S and N1965D in the C-terminus, of which the W1963S change was that of a
conserved residue (Fig 25). The changes in the loop regions were; P1822A and P1823A in the
lumenally located TM1-TM2 loop; G1845A and K1846A in the cytoplasmically located TM2-



TM3 loop; M1869A, G1871A, P1874A, and F1877R in the lumenally located TM3-TM4 loop
(Fig 25). Of these, the changes G1845A of the TM2-TM3 loop and all the changes made in the
TM3-TM4 loop were conserved throughout the HCV genotypes.

The replicons containing these mutations were introduced to the Huh7 and T#9 cells, and the
impact of the mutations on the replication establishment efficiency was evaluated by comparing
the efficacies of the mutants to those of the parental S22041 and the polymerase deficient pol-
replicons (negative control). This was done by calculating the cfu/ug replicon RNA (used for
the transfection) and presenting it as a percentage (including the standard error of mean) of

those of S22041 and pol- replicons set at 100 % and 0 %, respectively.

Most of the introduced mutations gave varying degrees of negative effect on the replicon
establishment (Fig 26). The ranking order of the mutants from the most efficient to the least in
the N- and C-termini were E1719K (66.8 £ 18.9 %), P1716G (28.2 + 10.1 %), and Y1717L (4.2
+ 1.8 %) all in the N-terminus, and N1965D (3.3 £ 2.1 %) in the C-terminus. Interestingly only
the W1963S change of a conserved amino acid residue in the C-terminus gave total abolishment
of replication (0.0 = 0.1 %). What is more, the L1715R change of a non-conserved amino acid
residue closest to the N-terminal end gave increased replicon establishment efficiency (207 +

77.6 %).
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Figure 26. The replicon establishment efficiencies of the 14 replicon mutants
(Paper 1V). Red letters/circles — changes of conserved amino acid residues. The
highest (L1715R) and the lowest (W1963S) replicon establishment efficiency values
are shown in blue.



The following ranking is in the order most efficient to the least efficient of the inter-
transmembrane loop mutations; P1822A (88.0 £ 12.5 %), K1846A (59.8 + 8.6 %), G1871A
(52.4 + 5.4 %), P1823A (31.2 + 4.8 %), P1874A (16.0 = 2.1 %), G1845A (0.6 + 0.1 %), and
M1869A and E1877R at the bottom (0.3 £ 0.1 % for both). However none of the changes in the
loop regions, even of the fully conserved amino acid residues, resulted in complete elimination
of replicon establishment, such as seen with the W1963S of the C-terminus. Interestingly, the
MI1869A and E1877R changes of the conserved residues in the luminal loop between the TM3
and TM4 resulted in the near abolishment of the replicon establishment. This is especially
remarkable in the light of that the replication complex presumably resides on the cytosolic side

of the ER membrane (Wélk et al., 2000).

Despite having introduced the N- and C-terminal mutations in sites thought not to affect the
viral polyprotein processing, we still had to ensure that this was truly the case. Hence the
processing of the NS4B in these mutants (in the sites between NS4A-4B and NS4B-5A) was
studied in vitro. No differences could be observed in the processing of the NS4B derived from

the different mutant replicons and the parental S2204I replicon.

Remarkably once established in cells, all replicon mutants gave similar variations in cell growth
rate in selection medium, replicon RNA copy number, and amount of NS proteins produced
irrespective of their initial establishment efficiency. This could be due to reversion or
compensatory mutations occurring once the replicons manage to establish in cells. In order to
see if such was the case, the NS4B regions of several of the least efficient replicon mutants
extracted from single colony-derived cell lines were sequenced. These revealed that no such
reversion or compensatory mutations had taken place, at least not within the NS4B region.
Although in order to exclude compensatory mutations in other regions of the replicon, further

sequencing is necessary.

As reported by Elazar and colleagues, mutations introduced to the N-terminus resulted in the
dissolution of the MAF induction as well as replication of the subgenomic replicon (Elazar et
al., 2004). Hence the membrane rearranging capacities of all of the above mutants were tested.
The NS4Bs of all the mutant replicons and the parental S22041 replicon were expressed in
fusion with the EGFP and transfected into Huh7 cells for immunofluorescence studies. The
NS4Bs from all of the above mutants could induce MAFs. This indicated that mechanisms other

than the perturbation of the membrane altering ability were disrupted by the introduced mutants.



Additionally the intact MAF induction also suggests that the proper topology of these NS4B

mutants were maintained.

Mutations in the NS4B were shown to have a strong impact on the replicon establishment in
cell culture. Reduction of replicon establishment due to changes in the TM1-TM2 and TM2-
TM3 loops may possibly be ascribed to minor perturbations in the structural integrity of the
NS4B protein as these loops are predicted to be very tight turns (Lundin et al., 2003). However
the effects of the changes introduced to the N- and C-terminal ends are presumably due to
alterations in protein-protein interactions. As their location suggests, the termini of a protein

sequence are likely to be at sites exposed for interaction with other factors.

The results obtained from mutations introduced to the lumenally located TM3-TM4 loop are
intriguing. This loop is predicted to be larger and protrude deeper into the lumen than that of the
TM1-TM2. In addition the replication complex is thought to reside on the cytoplasmic side
(Wolk et al., 2000). This raises the notion that NS4B could be affecting the replication by

recruiting lumenal factors.

Another intriguing set of mutations is in the TM2-TM3 loop in the cytoplasm; the G1845A and
the adjoining K1846A. This is especially interesting as Einav and colleagues have suggested
these two residues to be a part of a conserved GTP binding motif (Einav et al., 2004). While the
G1845A almost abolishing replication (0.6 + 0.1 %) may support that notion, the adjoining
K1846A being rather well-tolerated (59.8 £+ 8.6) does not. Moreover Lohmann and colleagues
have reported of an adaptive mutant replicon with the K1846T change (Lohmann ef al., 2003).
Together we believe that although this site being most likely involved in protein-protein

interaction, it may have other functions than binding GTP.

In conclusion, Paper IV shows the importance of NS4B integrity, where even non-conserved
amino acid residues have strong impact on the viral replication. Moreover, even mutations in
the loop regions protruding into the lumen showed to strongly affect the replication, implying
interactions with factors beyond the replication complex. This indicates that elucidating

interacting partners for NS4B may offer important insights on the replication process.



DISCUSSION

In this thesis aspects of the translation and the replication of the viral life cycle have been
investigated. In the study of the viral translation, the focus was put on the role of the translation
mediated by the HCV IRES in vitro and how it may correlate to the therapeutic outcome in
vivo. The investigations of the viral replication have been approached two ways; by using a
collection of recombinantly expressed NS4B for deciphering its topology and function, and by

using the HCV subgenomic replicon for scrutinizing the NS4B in an on-going HCV replication.

For the IRES mediated translation studies, statistically significant differences in translation
efficiencies in vitro could be seen between the SR and NR groups. The IRES derived from the
SR group showed significantly less efficient translation than that of the NR group. This is in
contrast to previous studies where no significant difference between the SR and the NR groups
was seen (Saiz et al., 1999). One possible explanation could be the differences in the IRES
segments used in our study compared to that by Saiz and colleagues; we studied the translation
efficiency of the entire IRES region (nucleotides 1-407) while the IRES studied by Saiz and
colleagues lacked the first 40 nucleotides (nucleotides 40-407). The nucleotides 1-43 contain a
cis-acting RNA element that regulates HCV RNA replication and translation (Luo et al., 2003).
Hence the difference in the presence or absence of the first 40 nucleotides may have affected the

outcome of the studies by our group and that of Saiz and colleagues (Saiz et al., 1999).

Our results suggest that IRES translation efficiency may be an important factor influencing the
clinical outcome. It would be very interesting to repeat this study with IRES derived from other
genotypes to see whether similar correlation may be observed, especially for the HCV genotype
1 which is the most frequent (60 % of all HCV infections in the world) yet has the worst
prognosis for the therapeutic treatment outcome (Hadziyannis ef al., 2004). A robust universal
prediction model of the therapeutic outcome of the HCV in patients is yet to be revealed.
Perhaps in the future, our work could result in a universal prediction model of the therapeutic

outcome. IFN therapy is not only costly, it is also very demanding on the patient. Ideally, by



sequencing the IRES regions of the infecting HCV, perhaps a more efficient treatment regime

may be tailored for the patient.

At the time when our studies of the NS4B’s role in the viral replication were initiated, the only
established function of the NS4B was to induce membrane arrangements in which replication of
the viral RNA was thought to occur (Egger et al., 2002, El-Hage & Luo, 2003, Gosert et al.,
2003, Gretton et al., 2005, Lundin et al., 2003, Shi et al., 2003, Waris et al., 2004). However it
was soon also shown to be an integral part of the viral replication complex, necessary in cis for
the replication to transpire (Appel et al., 2005, Tong & Malcolm, 2006). Therefore, an
important part of the study of NS4B proteins role in the HCV replication was the extended
studies of the topology of this elusive protein. This was in hope of achieving indications of the

protein’s function in the viral life cycle based on its molecular characteristics.

Paper II substantiated the N-terminal translocation of the NS4B even when it was expressed in
the context of the viral polyprotein in cells. Moreover in vitro translation studies showed that
this feature was conserved in all HCV genotypes. Such conserved features generally indicate
important functions. We interpreted these results as further substantiating our findings that a
fraction of the NS4B population must translocate the N-terminus into the lumen even in the
context of the viral proliferation. Indeed, studies using a collection of NS4B mutants indicated
that the N-terminal translocation may be one of the main occurrence necessary for the MAF
induction. In fact these experiments showed that the amino acid residues 30-60 containing the
putative AH2 were most likely responsible for both the oligomerization and MAF induction

(Paper III).

I believe that it is the AH2 on the lumenal side of the ER membrane that enables the MAF
induction. As seen in other proteins, the AH is a recurring motif for inducing membrane
curvature (Ford et al., 2002, Henzler Wildman et al., 2003, Peter et al., 2004, Richnau et al.,
2004). Perceivably, the lumenally positioned AH2 acts as a wedge in the membrane inducing
positive curvature into the ER lumen. This would result in the enclosure of the replicon
complexes in spherules and explain the resistance of the replicon complex and nascent RNA to

both RNases and proteases (Aizaki ef al., 2004, El-Hage & Luo, 2003, Quinkert et al., 2005).

However N-terminal translocation alone was not enough to induce MAFs: Another likely way

for the NS4B to achieve membrane rearrangements would be by protein-protein interaction



either with itself or with other viral and/or cellular factors. Attempts have been made to find
cellular interactants of the NS4B, by us as well as other groups, by means of
immunoprecipitation studies or yeast two-hybrid assays, using the NS4B as bait (our
unpublished data, (Flajolet et al., 2000, Tong et al., 2002). Disappointingly little has been
substantiated. Yet the effects exerted by the NS4B on the MAF induction, and even other
cellular effects such as the inhibition of protein synthesis of the host cell, IL-8 trans-activation,
must surely be due to some sort of interaction with cellular factors (Florese et al., 2002, Kadoya

et al., 2005, Kato et al., 2002b, Tong et al., 2002).

While interacting cellular factors are yet to be identified, our oligomerization studies showed
that the NS4B does indeed interact with itself. Both its N- and C-terminal domains were
necessary, for oligomerization, and it was essential for the formation of MAFs (Paper III). The
oligomerization perhaps increases the local concentrations of the NS4Bs necessary for MAF
induction. Could the NS4Bs in these oligomeric forms be involved in the formation of the
replicon complexes as well? All the other NS proteins have shown to require at least
dimerization for the proper function (Levin & Patel, 1999, Lorenz et al., 2006, Tellinghuisen et
al., 2005, Wang et al., 2002). Quinkert and colleagues have also shown that less than 5 % of the
NS proteins produced in a cell was estimated to actually be involved in replication of the viral
RNA, with 1:1 stoichiometry between the NS proteins (Quinkert et al., 2005). Our
oligomerization data showed that only a small minority of the NS4B was in oligomeric form
(Paper III). This may support the notion that only the oligomeric forms of the NS4B may be
involved in MAF induction and that the very same are also involved in the formation of the

replicon complexes.

Interestingly the study with the NS4B mutants revealed another phenomenon; that too much
MAF induction may be detrimental for the cell survival. This is especially interesting in the
light of all positive stranded RNA viruses seeming to require rearrangement of cellular
membranes for the viral replication to occur (Ahlquist et al., 2003, Salonen et al., 2005). In
Paper II we noticed that the N-terminal translocation was negatively regulated by the NS5A.
Moreover in on-going replicon replication, MAFs are kept at a rather low constant level;
distinct MAFs visible by standard immunofluorescence are only seen in cells supporting
efficient replicon replication (El-Hage & Luo, 2003, Gosert et al., 2003, Pietschmann et al.,
2001). Although a prerequisite for the viral replication, too much MAF induction seems to be

detrimental for the host cell, thus vital to regulate. Also in Kunjin viruses, replication efficiency



could be correlated to the degree of MAF induction (Mackenzie et al., 2001). Although in the
Kunjin virus, the membrane induction seems to be regulated by differential processing of the
MAF-inducing protein in the Kunjin virus, the NS4A. Here, the NS4A processing results in two
isoforms; by either retaining or removing the C-terminal domain 2K of the NS4A (Roosendaal
et al., 2006, Westaway et al., 1997a). It is the NS4A retaining the 2K that induces the spherules
in the cytoplasmic membranes, while the NS4A lacking the 2K relocates to the Golgi to recruit
the membranes used within the replication complex. As observed, MAF induction seems to be a

result of the balance between the two NS4A populations (Roosendaal et al., 2006).

Remarkably, the NS4B’s role in the HCV replication does not seem to end with merely
inducing MAFs. In Paper 1V, 14 point-mutations were introduced to strategic positions of the
NS4B protein in the context of the subgenomic replicon based on our 5STM topology model
(Paper IV). Despite all the mutants maintaining the ability to rearrange membranes, the replicon
replication establishment ranged from increased to strongly reduced efficiency. Some of the
negative effects of the alterations in the NS4B may be ascribed to minor disruption in the
intramolecular integrity of the NS4B. However the sites of many of the mutations, especially in
the N- and C-termini and in the lumenally located TM3-TM4 loop, are more likely involved in
intermolecular interactions; i) the N- and C-termini mutations are at the ends of their respective
domains thus potentially superficially exposed (Fig 26); ii) according to our model, the TM3-
TM4 loop is longer than the other inter-transmembrane domain loops, therefore likely to
protrude deeper into the lumen (Fig 26). What is even more appealing with these mutants, they
ignite the possibility of intermolecular interaction, not only with other viral factors, but also
with cellular factors, especially when considering the dual topology of the N-terminus and the
TM3-TM4 loop’s lumenal protrusion (N.b.! the replication complex is on the cytoplasmic side
of the ER membrane (Wolk et al., 2000)). As seen in studies by other groups, the NS4B has
shown to physically interact with NS2, NS3, NS4A and NS5A (Dimitrova et al., 2003, Flajolet
et al., 2000, Lin et al., 1997). As for the cellular effects such as altering of cellular tropism,
conferring IFN resistance, inhibiting protein synthesis of the host cell, and trans-activating IL-8
must surely be due to some sort of interaction with cellular factors (Florese et al., 2002, Kadoya
et al., 2005, Kato et al., 2002b, Lohmann et al., 2001, Sumpter et al., 2004, Tong et al., 2002,
Zheng et al., 2005a, Zhu et al., 2003b).

Studies with different Huh7 derived cell lines have shown that individual cells differ in their

capacity to support replicons, most likely due to differential expression of cell factors promoting



viral replication (Blight ef al., 2002, Lohmann ef al., 2003, Murray et al., 2003). Selection of
such permissible cells that compensate the detrimental effects of the mutations may also have
been the case for our replicon mutants: Once the replicon mutants established in cells, all gave
similar variations in cell growth rate in selection medium, replicon RNA copy number, and
amount of NS proteins produced irrespective of their initial establishment efficiency. This is
despite no reversion or compensatory mutations were observed within the NS4B region (though
compensatory mutations outside of the NS4B region cannot be excluded at this time). Together
they support the notion that there indeed could be direct interactions between the NS4B and
cellular factors. However the replication complex comprises merely 5 % of all NS proteins
produced during viral proliferation in cells, hence finding the cellular factors interacting with

the NS4B in the context of viral replication provides a big challenge (Quinkert et al., 2005).

Why the dual topology? The NS4B’s two topologies may have two different functions in the
viral life cycle. Ergo lumenally located N-terminus of the NS4B induces the MAFs and the
cytoplasmically located N-terminus could enable other function of the protein, among others
affecting the replication. An example of such protein with dual topology is the integral
membrane protein, large surface protein (L) of the hepatitis B virus (HBV). The lumenal
location of the protein’s N-terminus functions as the viral receptor while its cytoplasmic
location may act as the matrix protein, interacting with the nucelocapsid (Bruss & Vieluf,
1995). This gives the two different topologies of the L protein distinctly separate functions in
the viral life cycle. Such could also be the case with the two topologies of the HCV NS4B. For
instance one of the great mysteries of HCV life cycle is how the newly synthesized viral RNA 1is
encapsidated by the core: while the viral RNA is compartmentalized in the MAFs, the core is
located to the membranes around the lipid droplets (Barba et al., 1997, McLauchlan et al., 2002,
Rouille et al., 2006). Intriguingly our computer modulation studies have shown that the N-
terminus has an AH-loop-AH structure very similar to that of the core lipid membrane
association domain (Paper III) (Boulant et al., 2006). That this NS4B structure indeed is capable
of associating with the lipid droplets was seen when only the first 93 amino acid residues of the
NS4B was expressed in cells (Paper I1I). Perhaps the cytoplasmically located N-terminus of the
NS4B could act as the bridge between lipid droplets and the replicon complex, thus also

between the core and the newly synthesized viral RNA.



SUMMARY

In this thesis, two aspects of the HCV wviral life cycle were studied; the IRES mediated
translation and the viral replication with focus on the NS4B protein. The first section showed
that studying the correlation between the IRES sequence and the therapeutic outcome may serve
as a prediction model for the therapeutic outcome of clinical treatment of HCV genotype 3. In
the future this may be extended to other HCV genotypes, hopefully resulting in a robust

prediction model.

The study of the NS4B’s role in the viral life cycle showed that oligomerization and balancing
the N-terminal translocation may be the key to forming the MAFs, a prerequisite for the viral
RNA replication to occur. What is more, direct involvement by NS4B in viral RNA replication
beyond MAF induction is also implied by the impacts on replication observed for mutations in
even seemingly non-conserved amino acid residues, and more surprisingly in the lumen. Our
findings show that elucidating interacting partners of the NS4B on both sides of the ER
membrane may offer important insight on the viral replication. Together these results emphasize
the pivotal roles the elusive NS4B has in the viral life cycle, and deciphering those may be a

key to novel therapeutic strategies.
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