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Abstract

Hepatitis C virus establishes a persistent infection in approximately 80% of infected
individuals. It is unclear why the immune system is frequently unable to mediate a
response capable of controlling HCV replication. Dendritic cells (DCs) may be an
extrahepatic site of viral replication and it is hypothesised that expression of the core
protein within DCs may impair their functions resulting in inadequate immune
responses. To investigate potential immunomodulatory effects of the core protein on
DCs, replication-deficient adenoviral vectors co-expressing different versions of the
core protein (full-length, truncated and a version lacking residues 125-144) with GFP
were constructed. Whilst these adenoviruses were being generated, experiments were
carried out with an adenoviral vector expressing all the HCV structural proteins (AdCE1E2). These experiments revealed no effects of the core protein on DC phenotypic
or functional maturation in response to LPS, TNFa or anti-CD40 stimulation. The core
protein also had no effect on the ability of DCs to take up antigen and to stimulate
allogenic and antigen-specific T cell responses. The core protein has also been
proposed to alter the sensitivity of cells to apoptosis; experiments performed in this
thesis did not support this, as the susceptibility of DCs to apoptosis induced via the
Fas-Fas ligand, TRAIL and lymphotoxin pathways was not affected by core protein
expression within these cells. The susceptibility of cells to lysis by natural killer cells
and CDS" cytotoxic cells was also not altered by expression of the core protein within
them. These results do not support the core protein making a contribution to HCV
persistence by immunomodulatory effects on DCs, although it remains possible that
core protein expression at higher levels and/or at different intracellular sites within DCs
could affect their functions.
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Chapter 1 - Introduction
1.1 Introduction

Hepatitis C virus (HCV) was found to be the predominant cause of transfusionassociated non-A, non-B hepatitis (NANBH) in the 1980’s. Recent estimates by the
World Health Organisation (WHO) suggest that 200 million people are now infected
with this virus world-wide, with 3-4 million new infections occurring every year (Crabb,
2001).

Particularly high infection rates are present in Egypt, where 19.2% of the

population is HCV seropositive (Van der Poel, 1994); Europe and the Americas are
estimated to have a HCV prevalence of 1-2.4%.

Over 80% of HCV-infected individuals fail to eliminate the infection, with many
developing complications such as cirrhosis and hepatocellular carcinoma. Currently,
treatment options are inadequate; only 20 % of chronically infected individuals respond
to interferon alpha therapy (Cohen, 1999). There is no vaccine available to prevent or
help to eliminate HCV infection.

The development of prophylactic and therapeutic strategies to combat HCV infection is
hampered by problems associated with studying this virus. HCV cannot be grown in
vitro in laboratory cultures and there is still a lack of a good small animal model.
Currently chimpanzees are the only animals which can become infected by HCV and
undergo a similar disease course to that seen in humans (Walker, 1997). Therefore
many questions remain unanswered about HCV and how it causes disease.
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1.2 Hepatitis C Virus

1.2.1 HCV Classification

HCV was found to be the cause of transfusion associated non-A, non-B hepatitis in the
1980’s. The virus was not identified until 1988 and its genome was cloned in 1989
(Choo et al., 1989).

Since then, HCV has been classified as a member of the

Flaviviridae family. This family includes three genera; the Fiaviviruses, the Pestiviruses
and the Hepaciviruses (hepatitis C viruses).

These genera have diverse biological

properties and have no serological cross reactivity.

However, they do have similar

virus morphology and genome organisation and they are presumed to have the same
replication strategy (Rice, 1996), although HCV’s replication strategy is still unknown.

There are more than 68 members of the Flavivirus genus (Rice, 1996). Most of these
are arthropod-borne and are transmitted by mosquito or tick vectors. Diseases caused
by members of the Flavivirus genus of global concern include dengue fever, Japanese
encephalitis. Western Nile encephalitis and yellow fever.

The Pestiviruses include three serologically related animal pathogens (Moennig and
Plagemann, 1992), bovine viral diarrhoea virus (BDVD), classical swine fever virus
(CSFV) and border disease virus (BDV).

The Hepacivirus genus contains the hepatitis C virus.

Humans are the only known

natural host for HCV and there is no evidence of vector-mediated transmission.
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1.2.2 HCV Genotypes

HCV isolates that have been collected throughout the world have been found to have
significant genetic diversity (Bukh et al., 1995; Okamoto and Mishiro, 1994; Simmonds,
1995). The genomic sequences of the most distantly related hepatitis C virus isolates
have as much as 35% variation (Farci and Purcell, 2000).

This variability is

comparable to that seen in other virus families such as the Flaviviridae and the
Picornaviridae.

The HCV isolates have been grouped into six major genotypes (denoted 1-6) and
further subtypes (denoted a, b, c etc) (Simmonds et al., 1993). The distribution of the
major genotypes varies throughout the world; however type 1 is the most common,
causing 60% of infections world-wide (Bukh et al., 1993; McOmish et al., 1994). The
geographical distribution of the genotypes and subtypes are detailed in table 1.1. The
most common genotypes in Europe, America and Japan are types 1, 2 and 3 (Farci
and Purcell, 2000). Genotypes 2 and 3 also have a wide distribution, whilst genotype 4
is a Pan-African type and the main genotype in South Africa is type 5 and it has rarely
been detected outside of Africa (Bukh et al., 1993; Farci and Purcell, 2000; McOmish et
al., 1994; Simmonds et al., 1993). Similarly genotype 6 has only been found in Asia
(Bukh et al., 1993; Farci and Purcell, 2000; McOmish et al., 1994; Simmonds et al.,
1993).

Studies of the different genotypes have not indicated any major biological differences:
all genotypes have been found to be pathogenic, hepatotropic and all induce chronic
hepatitis C. However, there is agreement that the genotype can influence the outcome
of antiviral therapy, as patients infected with genotype 1 (particularly 1b) and genotype
4 respond poorly to interferon alpha therapy compared to patients infected with
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Genotype

Subtype

1

a
b

2

0
a

3

0
b

c-f
4

Geographical
Distribution
Europe
America
Japan
W. Europe
N. America
8 & E. Europe
Japan
Indonesia
Western countries
N. Italy
Japan
Thailand
Nepal
Indonesia
Nepal
Africa

5

Egypt
S. Africa

6

Asia

a

Reference

(Farci and Purcell,
2000 )

(Farci and Purcell,
2000 )

(Farci and Purcell,
2000 )
(Farci and Purcell,
2000 )
(Bukh et al., 1993;
Farci and Purcell,
2000; McOmish et
al., 1994;
Simmonds et al.,
1993)
(Bukh et al., 1993;
Farci and Purcell,
2000; McOmish et
al., 1994;
Simmonds et al.,
1993)

Table 1.1. The geographical distribution of HCV genotypes & subtypes.
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genotypes 2 and 3 (Farci and Purcell, 2000). As yet there is no agreement on whether
the genotype affects transmission, infectivity, pathogenesis and the natural history of
the disease (Farci and Purcell, 2000).

1.2.3 HCV Quasispecies

Hepatitis 0 virus was first described as a quasispecies by Martell et al (Martell et al.,
1992) and further studies in chimpanzees and humans have also confirmed that HCV
exists as a quasispecies (Higashi et al., 1993; Kato et al., 1992; Murakawa et al., 1992;
Tanaka et al., 1992; Yanagi et al., 1997a; Yanagi et al., 1998).

Quasispecies is a term used to describe a diverse and rapidly evolving population, the
members of which are related but have distinct genomes. Viruses with RNA genomes
generally exist as a quasispecies. RNA viruses encode an error-prone RNA replicase
which lacks a proof reading function, thus every round of replication can results in the
generation of multiple mutants with slightly different genomes. The viral quasispecies
usually consist of a “master” genome that is predominant and many minor genomes
that represent the variant genomes within the whole population. The average rate of
mutation within the genome of RNA viruses is estimated to be 10'^ to lO"® mutations per
genome and replication cycle (Domingo and Holland, 1994), therefore after a few
replication cycles there is a very heterogeneous population of viruses. The average
rate of mutation within the HCV genome has been estimated at 1.44 to 1.92 x 10"^
substitutions per genomic site per year (Gomez et al., 1999). This was estimated by a
comparison of consensus sequences of isolates obtained from humans and
chimpanzees at intervals of 8 to 13 years (Ogata et al., 1991; Okamoto et al., 1992).
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The rapid evolution of RNA viruses is a survival strategy that enables the virus to adapt
to pressure from the host environment. The existence of viral quasispecies within HCV
infections could be an important mechanism used by the virus as an evasion strategy
to allow the establishment of persistent infections in the face of the host immune
response.

Other biological implications of viral quasispecies include generation of

mutants resistant to antiviral therapies and the potential to change the cellular tropism
of the virus. There have been studies carried out to determine whether the diversity of
the HCV quasispecies has an effect upon the outcome of infection, the progression of
liver disease and the responsiveness to antiviral treatment. However, many conflicting
results are reported and this area still requires further clarification.

1.3. Virology

Hepatitis C virus has a linear, positive-sense, single stranded 9.4kb RNA genome
which contains a single open reading frame extending most of its length. This encodes
a large polyprotein precursor that is flanked by highly conserved untranslated regions
(UTRs) at the 3’ and 5’ termini. This precursor is cleaved into individual structural and
non-structural (NS) proteins at the sites indicated in figure 1.1, by host signal
peptidases or virally encoded metalloproteases.
place post-translationally. The structural

Cleavage of the polyprotein takes

proteins consist of a RNA binding

nucleocapsid protein (core) and envelope glycoproteins (El and E2).

The non-

structural proteins consist of virally encoded proteases, a helicase, and the RNAdependent RNA polymerase, which are required for viral replication.
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Figure 1.1. The HCV genome encoded polyprotein.
The HCV polyprotein precursor is shown schematically. The viral structural proteins are
cleaved by host cell signal peptidases into individual proteins (core and the envelope
glycoproteins, E1 and E2). Cleavage of the non-structural proteins is mediated by virally
encoded proteases, as indicated, in an autocatalytic manner. The functions of the
individual proteins are also indicated.
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1.3.1 HCV lifecycle

Relatively little is known about the lifecycle of HCV as the virus cannot be grown in vitro
and there is a lack of small animal model systems. The first steps of a viral lifecycle
involve binding to the host cell, entry and viral uncoating. Several putative receptors or
co-receptors have been proposed for HCV including CD81, low density lipoprotein
(LDL), the human scavenger receptor class B type 1 and glycosyaminoglycans (these
are discussed in more detail later on) which may bind to the viral envelope proteins.
However, viral entry followed by viral replication has not been demonstrated yet. It is
presumed that viral entry involves host endosomes and this may be the site of viral
uncoating to release the HCV genomes into the cell cytoplasm for replication and
translation of viral proteins.

The exact process of HCV replication remains poorly characterised due to the lack of
model systems. However, similarities to the replication strategy of related Fiaviviruses
are expected for HCV. HCV replication is thought to take place in the cytoplasm of
infected cells. The HCV proteins and genome template along with host factors are
thought to form a replication complex in association with perinuclear membranes
(Egger et al., 2002; Hijikata et al., 1993; Ishido et al., 1998; Koch and Bartenschlager,
1999; Lin et al., 1997; Neddermann et al., 1999). Recently it has been suggested that
HCV replication occurs on lipid rafts that have been recruited from the intracellular
membranes separate from the endoplasmic reticulum (ER) (Shi et al., 2003). Viral
proteins have also been detected in the Golgi apparatus and ER, so these are also
likely sites involved in HCV replication (Serafino et al., 2003). It is likely that HCV
replication occurs by the synthesis of a full-length negative-strand RNA initially, which
acts as a template for positive-strand RNA synthesis, resulting in the production of

23

progeny genomes. These new genomes are translated and viral proteins and genomes
packaged into new virions.

The 3’-most 150 nucleotides of the HCV genome (part of the 3’ UTR) have been found
to contain RNA signals which are essential for replication (Yi and Lemmon, 2003). This
region contains a poly U/UC tract, which forms part of a stem loop structure. Mutations
within this region stopped replication, proving it is essential for replication (Friebe and
Bartenschlager, 2002). The stem loop I is thought to facilitate recognition of the 3’ end
of the viral RNA by the RNA replicase (Yi and Lemon, 2003). The 5’ UTR also contains
structures essential for HCV replication.

It contains a 5’ proximal stem loop RNA

element and an 1RES (internal ribosome entry site) element which modulate replication
and translation (Luo et al., 2003). It is thought that domains I and II of the 1RES are
necessary for replication (Kim et al., 2002b). The 5’ UTR of HCV is also thought to
have strong promoter activity (Dumas et al., 2003). Translation of the polyprotein is
mediated by the 5’ 1RES in a cap-independent manner and is stimulated by the non
structural proteins (He et al., 2003; Li et al., 2003a), however the regulatory processes
involved remain poorly understood.

HCV polyprotein processing is mediated by three proteases, two virally encoded and
one host cell protease that is thought to be a signal peptidase present in the lumen of
the endoplasmic reticulum. It is thought that this signal peptidase is responsible for the
cleavage of the viral glycoproteins. Complete cleavage between E1 and E2 occurs
rapidly during or straight after translation, however cleavage between E2 and p7/NS2
can be incomplete. This results in two forms of E2 (fully processed E2 and uncleaved
E2-p7), however the significance of these two forms in virion assembly are unknown.
Production of the mature capsid protein (core) results from cleavage of the COOHterminus but it is not known what catalyses this cleavage (Reed and Rice, 2000). The
cleavage of the non-structural proteins involves two viral proteases: the zinc stimulated
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NS2-3 protease and the NS3 serine protease. The NS2-3 protease only seems to
cleave at the NS2/3 site, by an autocatalytic mechanism (Grakoui et al., 1993a; Hijikata
et al., 1993).

Cleavage at the NS3/4 site is also an autocatalytic event, whilst

processing at the NS4A/4B, NS4B/5A and NS5A/5B sites is not thought to be
autocatalytic but still occurs rapidly.

As with viral RNA replication, little is known about the assembly and release of virions.
The packaging signals of the HCV genome have not yet been characterised, although
the core protein is thought to be required for the formation of viral nucleocapsids
containing the genomic RNA. The envelope proteins are inserted into the membrane of
the ER and become glycosylated in the lumen of the ER. During virion assembly, the
core protein which forms the viral capsid is thought to associate with the cytoplasmic
side of the ER membrane. It is likely that viral nucleocapsids acquire the envelope
glycoproteins by budding into the endoplasmic reticulum, as El and E2 have ER
retention signals (Reed and Rice, 2000). Virions then pass through the host secretory
pathways to be released at the cell surface from the infected cell. HCV viral particles
are thought to be about 50nm in diameter (He et al., 1987; Shimizu et al., 1996).

1.3.2 The Structural Proteins

1.3.2.1 The core protein

The core protein forms the viral nucleocapsid, which is enveloped during virion
morphogenesis. The mature core protein is 191 amino acids long, with the last 20
amino acids forming a signal peptide for E l. The core protein has a molecular weight
of 21 to 23kDa (Hijikata et al., 1991b) and can be seen as two forms called p21 and
p23. These have been found in all HCV strains examined. Initial polyprotein cleavage
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generates p23, which is thought to be an immature version of the core protein. This
undergoes additional processing to yield p21 (Grakoui et al., 1993c; Harada et al.,
1991; Hijikata et al., 1991b). The core protein that has been isolated from infectious
sera corresponds to p21 so this is likely to be the mature core present in viral particles
(Yasui et al., 1998). The production of the p21 form of the core protein by C-terminal
cleavage of p23 is considered to be crucial for viral assembly and replication and it is
the C-terminal sequence which regulates processing of the core protein (Kato et al.,
2003). The core protein is cleaved from El by cellular signal peptidases in the ER.
Further proteolytic processing can result in the generation of truncated forms of the
core protein. These can be truncated at residues 182, 178 (Hussy et al., 1996), 171
(Liu et al., 1997) or 153 (Lo et al., 1994). The regulation and functional significance of
core protein cleavage is not clear, however unlike the full-length core protein, truncated
proteins shorter than 179 amino acids are translocated into the nucleus where they
may have different functions.

The full-length core protein has two distinct domains, a NH2 domain that is highly
charged and allows binding to ribosomes and cellular DMA and RNA (Santolini et al.,
1994), and a COOH domain that is hydrophobic and responsible for binding the core
protein to the ER membrane within cells. The NH2-terminal domain contains several
nuclear localisation signals, thus when the COOH-terminal domain is removed, the
truncated proteins are translocated into the nucleus. In natural infections of humans
and chimpanzees core protein expression has only been found in the cytoplasm of
infected cells. It is rarely found in the nucleus of infected cells, although Kawamura et
al (Kawamura et al., 1997) did detect nuclear core expression in a core transgenic
mouse line.

However, nuclear expression of the core protein may have a role in

regulating cellular gene functions.
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The core protein is thought to have several cytoplasmic functions, including binding
viral RNA (Hwang et al., 1995; Santolini et al., 1994), multimerisation with other capsid
proteins (Matsumoto et al., 1996; Nolandt et al., 1997) and interactions with E l (Lo et
al., 1996), all of which have implications in virion assembly. The core protein has been
shown to associate with ribosomal sub-units (Santolini et al., 1994) which may be
important in the uncoating process. In addition the core protein associates with lipid
droplets, co-localising with apolipoprotein A2 (Barba et al., 1997). This may account
for HCV-induced steatosis due to changes in lipid metabolism. Steatosis results when
there is an accumulation of fat droplets in the cytoplasm of cells when there is
interference with normal fat metabolism and mainly occurs in the liver. Steatosis has
also been observed in a line of core transgenic mice (Moriya and Yotsuganagi, 1997).

The role of core expression in the nucleus of cells is controversial and several different
functions have been proposed. The core protein has been reported to modulate the
activity of promoters of both cellular and viral genes; some promoters are activated by
core whilst others are suppressed (Alisi et al., 2003; Chang et al., 1998; Kwun and
Jang, 2003; Ohkawa et al., 2003; Oka et al., 2003; Ray et al., 1997; Ray et al., 1998b;
Shih et al., 1993). Cellular promoters that may be modulated by the HCV core protein
include c-myc, c-fos, p53 and p21 and viral promoters include the Rous sarcoma virus
(RVS) LTR, HIV LTR, SV40 and HBV promoters. Modulation of promoter activity has
the ability to disrupt the normal function of the host cells and may be related to the
development of hepatocellular carcinoma in some hepatitis C infected patients. HCV
core protein has also been described to have transforming properties under certain
conditions (Chang et al., 1998; Li et al., 2003b; Ray et al., 1996; Tsuchihara et al.,
1999). This may be related to the ability of the core protein to suppress the promoter
activity of the p53 gene (Ray et al., 1997) and one of the target genes p21 (Ray et al.,
1998b). A study by Tsutsumi et al (Tsutsumi et al., 2002) found that components of
some signalling pathways (c-jun, N-terminal kinase & AP-1) were enhanced in core
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transgenic mice which, they propose may have a role in hepatocellular carcinoma.
Moriya et al (Moriya et al., 1998) have found the core protein to induce hepatocellular
carcinoma in a core protein transgenic mouse line, again suggesting that the core
protein may have a role in the development of hepatocellular carcinoma in humans,
although this remains to be confirmed.

The core protein has also been found to

modulate hepatocyte cell cycle, which may also be involved in the development of
hepatocellular carcinoma (Nguyen et al., 2003).

It is not clear whether the core protein binds directly to promoter elements or has an
indirect effect by binding transcription factors.
example,

The latter may be the case as for

HCV core protein has been shown to bind heterologous nuclear

ribonucleoprotein K (hnRNPK) (Hsieh et al., 1998) which is involved in cellular premRNA splicing and nuclear RNA transport. The core protein has also been shown to
bind to RNA helicase (You et al., 1999).

The core protein has also been shown to interact with members of various signalling
pathways. For example, core can activate or suppress the transcription factor NFk B in
different cell lines (Marusawa et al., 1999; Shrivastava et al., 1998; Tsutsumi et al.,
2002). It can also activate AP-1 and Elk-1 which are part of the MAP kinase signalling
pathway (Fukuda et al., 2001; Shrivastava et al., 1998). The core protein has also
been shown to induce tyrosine phosphorylation and STAT-1 activation in hepatic cells,
which may impair cytokine signalling pathways (Bode et al., 2003). These interactions
may have an important role in the disruption of cell regulation and the transformation of
cells.

It has also been shown that the core protein can interact with the cytoplasmic domains
of several members of the tumour necrosis factor receptor (TNFR) family.
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These

include the lymphotoxin p receptor (LTpR) (Chen et al., 1997; Matsumoto et al., 1997)
and TNFR-1 (Zhu et al., 1998) which are important molecules in cytokine signalling
pathways.

If the interaction of core with these receptors results in altered signal

transduction or sensitivity to cytokines, this could have important implications with
regard to disruption or modulation of the host immune response, which is discussed in
more detail later. The core protein may also bind other members of the TNFR family
including the Fas antigen which may sensitise cells to Fas-mediated apoptosis
(Ruggieri et al., 1997).

There is also a report of the core protein inducing CC

chemokine expression (MCP-1 and RANTES) which could affect the recruitment of
cells of the immune system to virally infected cells (Meng Soo et al., 2002).

There are many conflicting reports of pathogenic roles of the HCV core protein. This
may be due to the different cell culture systems or mouse strains used to study the
core protein. The role of the core protein during viral replication and its role in liver
pathology in a natural infection both remain incompletely understood.

1.3.2.2 The Envelope Glycoproteins

The envelope glycoproteins El and E2 have been shown to be N-terminally
glycosylated at multiple sites (Grakoui et al., 1993c; Hijikata et al., 1991a; Hsu et al.,
1993). Both proteins have a COOH-terminal domain that is thought to be inserted into
the membrane of the ER whilst the bulk of the protein is translocated into the ER lumen
(Flint and McKeating, 2000).

El and E2 are thought to form heterodimers

(Deleersnyder et al., 1997; Dubuisson et al., 1994; Dubuisson and Rice, 1996) which
are held together by non-covalent interactions, although heterogeneous disulphide
linked aggregates have also been observed (Dubuisson et al., 1994; Grakoui et al.,
1993c). The retention of non-covalently linked heterodimers of El and E2 in the ER
has been shown by Kien et al (Kien et al., 2003).
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The formation of E1-E2 complexes

can be monitored by conformation dependant monoclonal antibodies and these studies
suggest that the COOH-terminal domain of E2 is necessary for correct folding of E1
(Cocquerel et al., 1998; Cocquerel et al., 2002; Cocquerel et al., 2003; Michalak et al.,
1997; Patel et al., 2001). The transmembrane region of E2 appears to be
multifunctional and has a role as an anchor. It also contains signalling sequences, so
is likely to have a role in localisation and assembly of virions (Cocquerel et al., 2001).
E2 has been found to bind and inhibit PKR-elF2a phosphorylation site homology
domain (PePHD) and the PKR-like ER resident kinase (PERK), which could interfere
with signalling within host cells and induce interferon (IFN) resistance (Pavio and Lai,
2003; Pavio et al., 2002).

The envelope glycoproteins are proposed to have a role in the binding and uptake of
HCV into host cells. The E2 glycoprotein is thought to act as the virion attachment
protein. It has been shown to bind to several putative host cell receptors (see below).
It is a major target for antibodies in the infected host. The E2 protein contains a
hypervariable region (HVR1) (Kurosaki et al., 1993; Ogata et al., 1991) within the NH2terminal region between amino acids 1 to 27 of the E2 protein (384-410 of the
polyprotein). This variability appears to be driven by antibody selection of immune
escape variants (Farci et al., 1994; Farci et al., 1996; Kato et al., 1993; Sekiya et al.,
1994; Shimizu et al., 1996; Weiner et al., 1992). The HVR1 varies within isolates and
between genotypes, although no association between HVR1 sequence and particular
genotypes have been made. This variability may be a mechanism that HCV uses to
evade host immune responses and is discussed in detail later.

The E l protein has been proposed to act as the virion fusion protein as its C-terminal
hydrophobic region (amino acids 331-383) has been shown to be responsible for
membrane association and inducing changes in membrane permeability (Ciccaglione
et al., 2001; Ciccaglione et al., 2000) However another study by Takikawa et al
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(Takikawa et al., 2000) suggests that induction of cell fusion requires E1 and E2 as well
as appropriate host cell components (see below).

1.3.3 HCV Cellular Receptors

Many research groups are trying to identify the receptor(s) HCV uses to infect host
cells, and there is a great deal of controversy over this issue. A number of different host
molecules have been shown to bind recombinant HCV glycoproteins, virus-like
particles and pseudoparticles and have thus been proposed to have a role in the HCV
attachment and entry process. These include; CD81, (Bartosch et al., 2003a; Levy et
al., 1998; Petracca et al., 2000; Pileri et al., 1998; Roccasecca et al., 2003; Triyatni et
al., 2002), low density lipoprotein (LDL) (Bartosch et al., 2003a; Hijikata et al., 1991a;
Manzini et al., 1998; Miyamoto et al., 1992; Monazahian et al., 1999; Prince et al.,
1996), glycosyaminoglycans (GAGs) (Barth et al., 2003; Germi et al., 2002; Penin et
al., 2001), the human scavenger receptor class B type 1 (Bartosch et al., 2003a;
Scarselli et al., 2002), lactoferrin (Nozaki et al., 2003; Yi et al., 1997) and more recently
DC-SIGN (DC-specific, ICAM-3 grabbing, non-integrin) and L-SIGN (Liver/lymph node
specific intracellular adhesion) (Lozach et al., 2003; Pohlmann et al., 2003).

All of these receptors have been found to bind HCV envelope proteins with different
affinities, for example, the binding of GAGs and CD81 is moderate compared to LDL
(Germi et al., 2002). Attempts have been made to correlate expression patterns with
the cell types infected with HCV (Bartocsh et al., 2003b; Meola et al., 2000). However
this cannot yield definitive conclusions about the roles played by these putative
receptors. There may be multiple receptors or additional factors such as co-receptors
which have not been identified as yet involved in the binding and entry of HCV into
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susceptible host cells. It is also conceivable that HCV may use different receptors to
infect different cell types.

In the absence of in vitro HCV infection systems, it has been difficult to explore the
role(s) played by these multiple putative receptor components in HCV attachment and
entry. However, the recent development of HCV infectious pseudoparticles by Bartosh
et al, (Bartosch et al., 2003b) has allowed such interactions to be examined. The
pseudoparticles

were

produced

by

putting

unmodified

and

functional

HCV

glycoproteins on retroviral and lentiviral core particles with green fluorescent protein,
which allowed infectivity to be determined.

Primary hepatocytes and hepatocellular

carcinoma cells were the major targets of infection in vitro and high infectivity required
the E1 and E2 glycoproteins. However, CD81 nor LDL were sufficient to mediate HCV
cell entry, again indicating that other unknown host cell factors are needed for infection.
These pseudo-particles may mimic early steps of HCV infection, but the various steps
involved in HCV entry (fusion, internalisation and cell penetration) are likely to be
mediated by different molecules which remain to be identified.

It is important to identify the receptors HCV uses for entry into host cells to allow
inhibition of infection. Some of the interactions of HCV proteins with host cell receptors
that have been identified so far have roles other to/or in addition to roles in the HCV
attachment and entry process. For example, CD81 interactions have implications in
modulating the host immune response (discussed in more detail later). The interaction
with DC-SIGN may be involved with transmission of HCV, as has been observed in HIV
infection (Geijtenbeek and van Kooyk, 2003; Nobile et al., 2003; Soilleux, 2003) where
HIV-1 uses binding to DC-SIGN to enable its transport to other lymphoid cells and
tissues.
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1.3.4 The Non-Structural Proteins

The non-structural proteins are mainly proteins with enzymatic activity which play an
important role in viral replication.

However, the precise roles of many of the non-

structural proteins remain to be identified.

1.3.4.1 F Protein

A frameshift signal during translation of the core region of the HCV polyprotein has
been identified which results in production of the core protein and a small 1.5kDa
protein called the F protein (Xu et al., 2001). This frameshift signal has been found to
be a triple frameshift (Choi et al., 2003) which occurs between codons 8 and 11 (Xu et
al., 2001). The F protein has been found to have more diversity than the type 1b core
protein, but there are no differences between HCV isolates or between isolates from
hepatocellular carcinoma patients and non-hepatocarcinoma patients (Ogata et al.,
2002). Little is known about the biological function of the F protein, although it has
been shown to be a labile protein that is associated with the endoplasmic reticulum (Xu
et al., 2003) and has a cytoplasmic location (Roussel et al., 2003).

1.3.4.2 NS2&P7

NS2 is a hydrophobic protein with a molecular mass of 23kDa. Its major function is the
cleavage of its own COOH terminus with NS3. This cleavage is dependant on the
presence of zinc (Hijikata et al., 1993; Thibeault et al., 2001) and is autocatalytic,
resulting in the formation of an active NS2-3 protease. A cellular co-factor may be
involved in this event, as it has been shown that the efficiency of processing depends
on the presence of microsomal membranes (Grakoui et al., 1993b; Santolini et al..
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1995). A study by Waxman et af (Waxman et al., 2001) has suggested that the cellular
chaperone protein HSP90 is essential for NS2/3 activity, as the HSP90-containing
complex is needed for maturation of the HCV polyprotein that encodes the enzymes
required for replication. The essential requirement for NS2 as a protease for HCV
replication (Whitney et al., 2002), makes it a target for the development of a drug which
can inhibit viral replication.

NS2 has been found to have multiple transmembrane domains and glycosylation
studies have shown that the NH2 and COOH termini of NS2 are located in the lumen of
the ER (Yamaga and Ou, 2002). It remains to be determined whether NS2 has a
separate role in HCV replication. It may play a role in virion assembly, as it has been
co-precipitated with the envelope glycoproteins (Dubuisson et al., 1994). NS2 has also
been found to interact with liver-specific pro-apoptotic CIDE-B protein (a novel family of
apoptotic inducing factors) and inhibit the induction of apoptosis (Erdtmann et al.,
2003). This could be a potential evasion strategy used by HCV, which are discussed in
more detail later.

The small hydrophobic protein p7 is located between E2 and NS2 and may be
generated when a host signal peptidase insufficiently cleaves E2/NS2, resulting in E2
and p7 being produced (Lin et al., 1994).

The function of this protein is not fully

understood but it appears to be necessary for particle infectivity in related viruses
(Harada et al., 2000).

Recent studies have found this protein can be inhibited by

amantidine, suggesting that it may is function as an ion channel (Griffin et al., 2003;
Pavlovic et al., 2003). As it is a membrane protein it has also been proposed that it
could potentially have a functional role in interacting with different components of the
secretory pathway (Carrere-Kremer et al., 2002). The sequence of p7 has been found
to be quite variable; this could thus be another region apart from the HVR1 that may
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contribute to viral persistence by mutating to achieve immune evasion (Rispeter et al.,
2000 ).

1.3.4.3 NS3

NS3 is a hydrophilic protein approximately 70kDa in size.

It has two functional

domains, a serine protease domain and an NTPase/helicase domain.

The serine

protease activates the cleavage of other non-structural proteins (NS4A/B and NS5A/B),
whilst the NTPase/helicase is involved in viral replication, acting by unwinding regions
of secondary structure in the template dsRNAs and RNA-DNA heteroduplexes. NS3
has been shown to work as a dimer and can exist in three states with differing affinities
for nucleic acid and ATP binding (Locatelli et al., 2002). NS3 alone has been shown to
be a poor helicase on RNA, but its activity is greatly promoted by the presence of the
co-factor NS4 (Pang et al., 2002). In contrast, NS3 has been shown to be a highly
processive helicase on DNA, suggesting that it may have an ability to affect host DNA,
as HCV replication does not involve a DNA intermediate (Pang et al., 2002). NS3 is
critical for HCV replication; this has been shown by the introduction of mutations which
produced cell culture adapted replicons capable of in vitro replication (Bukh et al.,
2002; Grobler et al., 2003). NS3 is also proposed to regulate signal transduction by
cyclic AMP-dependant protein kinase (PKA) and influence the survival and proliferation
of the host cell (reviewed by Reed and Rice, 2000).

1.3.4.4 NS4

NS4A is a hydrophobic protein of 54 amino acids, for which several functions have
been identified, it is involved in activation and stabilisation of the serine protease NS3
and anchorage of NS3 and possibly other members of the replication complex to
perinuclear membranes (Hijikata et al., 1993; Kim et al., 1996). NS4A has been shown
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to augment the proteolytic activity of NS3 by a protein-protein interaction (Back et al.,
2000). NS4A has also been shown to form a complex with NS4B/NS5A (Lin et al.,
1997) and it also interacts with NS5A, regulating its phosphorylation.

It has been

observed that NS4A preferentially localises in the cisternae of the ER surrounding
mitochondria and it is suggested that this localisation of NS4A may be related to an
unknown subcellular-compartment related function (Mottola et al., 2002).

NS4B is poorly characterised and is approximately 27kDa in size, it is relatively
hydrophobic and is found to be co-localised in the ER with other HCV non-structural
proteins (Hugle et al., 2001). It is thought to have a role in the viral replication complex
as it can interact with NS5B (the RNA dependant RNA polymerase) (Piccininni et al.,
2002) and it may be required for NS5A phosphorylation (Neddermann et al., 1999;
Tanji et al., 1995).

NS4A and NS4B may also have effects upon infected host cells. It was observed that
NS4A and NS4B inhibited cellular protein synthesis by targeting HCV 1RES initiated
translation, which may be a novel function for aiding survival of the virus (Kato et al.,
2002 ).

1.3.4.5 NS5

NS5A is hydrophilic and present in two forms (56 & 58kDa) which result from
differential phosphorylation (Kaneko et al., 1994; Tanji et al., 1995). It is associated
with other virally encoded proteins as part of the replication complex, although its role
in replication has not been defined. NS5A has also been shown to interact with a wide
range of molecules within different signalling pathways, for example, Grb2 (He et al.,
2002) and the interferon-stimulated dsRNA-dependant kinase (PKR) (Noguchi et al.,
2001), and disrupts their signalling, which may contribute to viral persistence and
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pathogenesis. NS5A is proposed to function as an inhibitor of PKR (Gale et al., 1997),
which is a major part of the host antiviral immune response; hence NS5A is thought to
contribute to HCV resistance to interferons.

Enomoto et al (Enomoto et al., 1995;

Enomoto et al., 1996) found a region of NS5A whose sequence correlated with the
effectiveness of interferon treatment in HCV infected individuals. It has been called the
interferon-sensitivity determining region (ISDR) and mutations in this region determine
the responsiveness to interferon (Hung et al., 2003). This is discussed in more detail
later. NS5A has also been found to bind to TRADD (Tumour necrosis factor receptorassociated death domain) and prevent TNF-mediated apoptosis (Majumder et al.,
2002). In contrast it can also bind and interact with the core protein which may have a
role in inducing apoptosis (Goh et al., 2001).

NS5B is a 68kDa protein, which has been shown to act as an RNA dependant RNA
polymerase that acts as a functional oligomer for RNA synthesis (Wang et al., 2002). It
is essential for replication and has been shown to interact with NS5A, NS3 and NS4A
to form the viral replication complex (Ishido et al., 1998; Shirota et al., 2002). NS5B has
been shown to produce initiation dinucleotide products from the 3' terminal sequence of
plus and minus strands of the HCV genome (Reigadas et al., 2001; Shim et al., 2002)
for viral replication. Structures within NS5B have been identified as being essential for
its ability to act as a polymerase and these are being targeted for new antiviral
strategies (Carroll et al., 2003; Gu et al., 2003; Stuyver et al., 2003).

1.3.5 Models of HCV Replication

HCV remains a difficult virus to study because of the lack of an in vitro tissue culture
system to propagate the virus. There is also no small animal model of HCV infection;
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currently chimpanzees remain the only animal susceptible to HCV infection (discussed
in more detail later).

Several cell lines and primary cells from humans and chimpanzees have been reported
to support HCV replication. These include continuous hepatoma cell lines, B and I cell
lines and primary hepatocytes (Bartenschlager and Lehmann, 2000). However, none
of these have been found robust enough to allow the classical virological, biochemical
or genetic analysis of the HCV replication system. Attempts were made to generate
and propagate HCV infection in susceptible cell lines by introducing synthetic full-length
genomic RNA derived from an infectious clone, but these attempts failed, possibly due
to the lack of appropriate host cell factors.

However, in vivo infection has been

achieved with molecular clones.

1.3.5.1 Molecular Clones

Molecular clones of HCV were generated from HCV genomic RNA isolated from
infectious serum. Initial attempts to infect chimpanzees with molecular clones derived
from strain H77 HCV RNA failed.

This was due to mutations introduced into the

genome during cloning which affected the viability of each clone in vivo. Success was
achieved with the identification of a consensus sequence for different genotypes. Now,
genotype specific molecular clones exist for genotype 1b (Beard et al., 1999; Yanagi et
al., 1998) and genotype la (Yanagi et al., 1997b). Chimeric genomic clones also exist
for typelb-la and type1a-2a (Yanagi et al., 1999; Yanagi et al., 1997b; Yanagi et al.,
1998) Molecular clones can transmit infection in chimpanzees and are capable of
propagating virions (Hong et al., 1999; Kolykhalov et al., 1997).

Molecular clones have also been used to map critical regions of the HCV genome
required for infection. Bukh et al (Yanagi et al., 1999) mapped critical regions of the 3’
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UTR and found regions within the 3’ UTR that were essential for HCV viability in vivo. It
is proposed that these conserved regions are required to stabilise RNA for translation
or to act as replicative signals for the viral polymerase (Reed and Rice, 1998).
Molecular clones have also been useful in showing that the enzymatic activities of the
non-structural proteins are essential for replication (Kolykhalov et al., 2000).

1.3.5.2 Replicons

The development of the subgenomic replicon system by Lohmann et al (Lohmann et
al., 1999) represented a major breakthrough for studying HCV replication. However
the major problem with this system is that virions are not assembled and released from
cells. The subgenomic replicon system consists of non-structural genes under control
of the T7 RNA polymerase promoter. These constructs are transfected into the human
hepatoma cell line, Huh-7 and replicons are selected by antibiotic resistance.

High

copy numbers of the replicons (1000 molecules per cell), which were 10,000 fold higher
than seen in the in vitro infection system were achieved (Bartenschlager, 2002). The
replicon system initially gave a very low frequency of replication (Lohmann et al.,
1999), however mutations were found within NS5B which gave rise to a higher
frequency of replication, increasing the number of resistant colonies 1000-fold over the
original system (Lohmann et al., 2001).

This system can also be used to study HCV replication by reverse genetics, by
introducing mutations and looking at the effects of these on RNA replication, thus
allowing the function of a particular gene, protein or RNA sequence to be determined.
Recently mutations in all the non structural proteins have been found that can have an
impact on replication of the replicons.

Some mutations enhance replication co

operatively when combined with other highly adaptive mutations, for example,
mutations in NS3. Other mutations are not compatible with each other, for example,

39

mutations in NS4B-5A and NS5B (Lohmann et al., 2003).

It has become more

apparent through the use of replicons that host cell factors play an important role in
HCV replication (Lohmann et al., 2003; Murray et al., 2003).

The original replicons lacked the structural proteins of HCV, but recently Pietschmann
et al (Pietschmann et al., 2002) have constructed a replicon with the full-length HCV
genome.

The structural proteins were expressed and the envelope glycoproteins

folded productively.

The core protein was also expressed and was found on the

surface of lipid droplets in the ER and cis-Golgi compartments.

However, no viral

particle assembly or virion release was observed; again this is likely to be due to the
lack of host cell factors. Replicons have now also been constructed for other strains of
HCV including strain H77 (type 1a) (Blight et al., 2003).

Replicons have been used to show that IFN treatment can decrease replication by
dramatically decreasing levels of RNA (Bartenschlager, 2002). The replicon system
also has a valuable role in assessing the ability of novel compound to inhibit HCV
replication.

They have been used to test synthetic small interfering RNA (siRNA)

molecules, showing that they have antiviral properties (Randall et al., 2003; Wilson et
al., 2003).

RNA interference (RNAi) is an antiviral mechanism which induces the

degradation of double stranded RNA; this has also been shown to inhibit the replication
of HCV replicons (Kapadia et al., 2003).

Cell-free replicon systems have also been developed (All et al., 2002; Hardy et al.,
2003). These used lysates from Huh-7 replicon transfected cells, which were capable
of making replicative intermediates from endogenous HCV RNA templates.

This

system could also be used to identify and test compounds capable of inhibiting RNA
synthesis.
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Another recent advance has been the production of a chimeric yellow fever virushepatitis C virus, where the HCV structural genes replaced the yellow fever structural
genes (Molenkamp et al., 2003).

This chimeric virus expressed E1 and E2

heterodimers, but again there was no assembly of viral particles or release of HCV
virus like particles.

1.3.6 HCVTropism

Liver hepatocytes are the principal site of HCV replication (Chang et al., 2003; Choo et
al., 1989; Kolykhalov et al., 1997; Nakamoto et al., 1994; Negro et al., 1999; Tsutsumi
et al., 1994); however some studies have found that cell types in other tissues may
also be infected. The cellular tropism of HCV is very controversial and research is
hampered by technical problems in detecting hepatitis C virus.

HCV RNA has been found in epithelial cell of parotid glands (De Vita et al., 1995), bone
marrow (Gabrielli et al., 1994; Sansonno et al., 1996), lymph nodes, pancreas (Laskus
et al., 1998) and PBMCs (Gong et al., 2003; Lerat et al., 1998; Muller et al., 1993). It is
not clear at which stage of infection cells other than hepatocytes become infected:
Muller et al, (Muller et al., 1993) detected HCV RNA in PBMCs only from chronically
infected carriers. It is also unclear how efficiently HCV undergoes productive replication
in extrahepatic sites. One hypothesis suggests that pluripotent CD34'' haematopoietic
cells may act as viral reservoirs.

Sansonno at si, (Sansonno et al., 1998) have

demonstrated these cells can support productive HCV infection in 80% of chronically
infected patients.

The tropism of HCV for cell types in the peripheral blood and lymphoid tissues is of
particular interest, as it may contribute to HCV persistence and/or immunological
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abnormalities associated with chronic HCV infection. Muller et al (Muller et al., 1993)
detected HCV RNA in the liver, serum, total peripheral blood mononuclear cells
(PBMCs) and B cells in chronically infected patients but not in the T cells or natural
killer (NK) cells. Subsequently, Lerat et a! (Lerat et al., 1998) detected positive and
negative sense HCV RNA in PBMCs in 15-100% of samples tested.

They found

polymorphonuclear leukocytes, monocytes, macrophages and B cells to be infected,
but not T cells. In contrast, Hu et a! (Hu et al., 2003) have suggested that HCV can
replicate in T and B cells. NS5A expression has also been detected in PBMCs (Gong
et al., 2003), again suggesting HCV replication can occur within these cells. Bain et a!
(Bain et al., 1999) detected HCV RNA in monocyte-derived dendritic cells in 40% of
chronic HCV carriers and reported that the viral sequences were distinct from those
detected in the liver or serum. Navas et a! (Navas et al., 2002) and Goutagny et a!
(Goutagny et al., 2003) have also found DCs to be susceptible to HCV infection. It has
been suggested that there may be selection of specific HCV viral quasispecies during
viral replication in different cell types, leading to PBMC and liver adapted isolates
(Shimizu et al., 1997).

1.4 Human Infection & Disease Pathogenesis

1.4.1 HCV Transmission

The main routes of HCV transmission are intravenous drug abuse and iatrogenic
means including blood transfusion in developing countries where blood is not
screened. Blood transfusion products also used to represent a major source of HCV
infection in developed countries prior to 1990, when new blood screening tests were
introduced.

The Centre for Disease Control (CDC) estimates the number of new

infections in the USA fell from 230,000 per year in the 1980’s to 36,000 in 1996
(Cohen, 1999) after the introduction of blood screening tests. Nosocomial transmission
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has been documented, for example, during dialysis (Katsoulidou et al., 1999) or during
surgery (Esteban et al., 1996; Ross et al., 2000). Neediestick injuries are a major route
of transmission in healthcare workers (Thomas et al., 1993). The high prevalence of
HCV in Egypt was due to the use of parenteral anti-schistosomal therapy (Frank et al.,
2000). There has also been documentation of maternal-foetal spread, however this is
infrequent and is mainly associated with HIV co-infection (Ohoto et al., 1994; Thomas
et al., 1998). Sexual transmission is reported to be inefficient (Wyld et al., 1997). HCV
has also been detected in saliva (Couzigou et al., 1993) but again this is an inefficient
route of transmission (Couzigou et al., 1993; Sagnelli et al., 1997).

1.4.2 Human HCV Infection & Pathogenesis

Following HCV exposure clinical symptoms can occur within 7-8 weeks although this
can vary greatly between patients (2-26 weeks) (Marcellin, 1999). The majority of
people do not in fact have any symptoms during acute HCV infection. Approximately
20% of infected individuals undergo an acute infection and recover from a self-limited
hepatitis. The remaining 80% of infected individuals cannot eliminate the virus and
become persistently infected.

Chronic HCV infection is ultimately associated with

development of cirrhosis in 14-50% of individuals and a further 10-30% of these
develop hepatocellular carcinoma (Koshy and Inchauspe, 1996).

1.4.2.1 Acute HCV

Diagnosis of acute HCV infection is rare as many patients are asymptomatic. The first
marker of HCV infection is the presence of serum HCV RNA that can be detected by
PCR. This can be detected as early as 1 week after infection and levels can reach 10®10® genomes per ml (Farci et al., 1991; Hino et al., 1994; Puoti et al., 1992). Anti-HCV
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antibodies can be detected in the acute phase of HCV, but seroconversion is delayed
in many patients for several weeks (Marcellin, 1999). In patients who develop acute
hepatitis, serum alanine aminotransferase (ALT) levels increase just before the onset
of clinical symptoms. At their peak responses ALT levels can be increased 10 times
over normal levels, however generally they are only moderately increased.

20% of acutely infected patients undergo a self-limiting hepatitis where HCV RNA is
undetectable and anti-HCV antibody levels have decreased but are still detectable
many years later (Marcellin, 1999). The serum ALT levels return to normal after an
initial increase. It is unknown whether the virus is completely eliminated from the host
or whether it remains at very low levels in hepatocytes or other cells which may have
become infected. However, upon re-infection these patients have an increased chance
of developing cirrhosis.

1.4.2.2 Chronic Hepatitis

Most HCV infected individuals progress to develop a chronic infection. Two patterns of
chronic HCV have been observed, differing in the ALT levels. Some patients have
chronic hepatitis with normal ALT levels whilst others have chronic hepatitis with raised
ALT levels.

In patients with normal ALT levels (approximately 25%, this varies depending on the
study (Alberti et al., 1992; Conry-Cantelena et al., 1996; Prieto et al., 1995; Serfaty et
al., 1995; Shakil et al., 1995), HCV serum RNA and antibodies against HCV are
detectable (Marcellin et al., 1997). These patients are asymptomatic and have a good
prognosis.

They may have a balance between HCV replication and host immune

control of the virus, resulting in a low cell mediated immune response against HCV
infected hepatocytes and little liver damage. These patients have been found to have
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some degree of histological abnormality when liver biopsy samples are taken; 24% are
normal, 54% have mild chronic hepatitis and 21% have moderate chronic hepatitis but
only 1% have cirrhosis (Marcellin, 1999). The progression to fibrosis in these patients
is very slow (Mathurin et al., 1998).

The second group of patients who have raised serum ALT levels (approximately 75%)
can be split into two further groups; those with mild chronic hepatitis and those with
moderate/severe chronic hepatitis. Approximately 50% of patients are in each group.
Patients with mild chronic hepatitis have mild histological lesions when liver biopsy is
performed (Marcellin, 1999). They generally have non-specific symptoms and a slow
progression of disease, with a low long-term risk of cirrhosis (Takahashi et al., 1993).
Patients with moderate or severe hepatitis have marked necro-inflammatory lesions or
extensive fibrosis when liver biopsies are taken (Marcellin, 1999).

It has been

observed that there is an overall correlation between the degree of increase in ALT
levels and the degree of histological activity. However there are exceptions so, ALT
levels are not an ideal marker for disease severity (Haber et al., 1995; Healy et al.,
1995).

1.4.2.3 Cirrhosis

Cirrhosis is the most common and most serious outcome of HCV infection and affects
15-20% of HCV infected individuals (Lauer and Walker, 2001). The progression from
chronic active hepatitis to cirrhosis is slow and the average onset of cirrhosis occurs 21
years after initial infection (Kiyosawa et al., 1990). The viral load and HCV genotype
have not been found to affect the rate of progression (Bevegnu et al., 1997; Zeuzem et
al., 2000). However, co-factors such as a high alcohol intake (Mendenhall et al., 1991;
Pares et al., 1990) or co-infection with hepatitis B virus (Colombo et al., 1989; Fong et
al., 1991) have been associated with enhanced disease progression. Cirrhosis is a
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major cause of liver transplants (approximately 30% of transplants, (Charlton et al.,
1998). Re-infection of the liver graft with HCV normally occurs, but the patient usually
has a mild chronic hepatitis and their survival is no different to that of non-HCV liver
transplant patients.

1.4.2.4 Hepatocellular Carcinoma

Once cirrhosis has become established patients are at a higher risk of hepatocellular
carcinoma (Colombo et al., 1991; Ikeda et al., 1993; Tsukuma et al., 1993).
Hepatocellular carcinoma without cirrhosis is rare.

The incidence of hepatocellular

carcinoma is between 5-10%, with Western countries having a lower incidence than
Asia (Marcellin, 1999).

Treatment of hepatocellular carcinoma is complicated and

insufficient, leading to liver transplantation in these patients.

1.4.2.5 Extrahepatic Manifestations

HCV infection has been associated with a range of extrahepatic manifestations. The
disease most commonly associated with HCV infection is mixed cryoglobulinemia,
where serum cryoglobulins consisting of immune complexes of anti-HCV antibodies
(IgG and IgM), HCV RNA, immunoglobulins, rheumatoid factor and complement are
found (Sansonno et al., 2003; Trendelenburg and Schifferli, 2003). 30-50% of chronic
HCV patients are found to have cryoglobulinemia (Marcellin, 1999), however the
majority are asymptomatic. These cryoglobulins can cause a variety of clinical
manifestations in patients including purpura (82%), arthralgia (42%) and Raynauld’s
phenomenon (22%) (Agnello, 1997).

There is evidence that HCV is an important

cause of cryoglobulinémie nephropathy (D'Amico and Fornasien, 1995; Roth, 1995).
This is where the serum cryoglobulins precipitate in the kidneys and an immune
mediated reaction causes renal damage.
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HCV is also implicated in other diseases such as B cell non-Hodgkin’s lymphoma
(reviewed by Haufater et al., 2000) and Sjogren’s syndrome (Almasio et al., 1992;
Haddad et al., 1992) where a high HCV seroprevalence has been reported.

1.5 Treatment of HCV Infection & Vaccine Prospects

1.5.1 Current Treatment of HCV Infection

The treatments for hepatitis C infection presently consist of interferon (IFN), either
alone or in combination with the antiviral drug ribavirin.

However, less than half of

those infected respond favourably to the current therapies (McHutchinson et al., 1998;
Poynard et al., 1998). There is therefore a great demand for new and more effective
treatments.

During the mid-1980’s interferons (IFNs) were shown to decrease serum ALT and HCV
RNA levels in infected patients (Davis et al., 1989; Di Bisceglie et al., 1989; Hoofnagle
et al., 1986). Interferon has direct antiviral effects produced via induction of genes
including 2’5’ adenylate synthetase (2’5’AS) and dsRNA dependant protein kinase
(PKR). It may also act indirectly by modulating innate and adaptive immune responses
(Goodbourne et al., 2000). Type 1 interferon is the treatment given to HCV-infected
individuals.

In the 1990’s interferon treatment became widely available, yet the

success of treatment varied greatly. It was found that genotype 1 infections with high
HCV RNA levels responded better to IFN therapy for a longer duration than genotype 2
or 3 infections (Davis, 2000). Recently IFN therapy has been combined with ribavirin.
Ribavirin is an inhibitor of inosine monophosphatase dehydrogenase (IMPDH) which is
a key enzyme in the purine biosynthetic pathway, thus affecting viral replication. In
addition to its antiviral activity ribavirin may also reduce generalised pro-inflammatory
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responses and reduce bystander damage to hepatocytes (Davis, 2000). Ribavirin alone
reduces serum ALT levels in 40% of chronic HCV patients, but it does not decrease
serum HCV RNA levels (Bodenheimer et al., 1997; DiBisceglie and Shindo, 1992;
Dusheiko et al., 1996; Reichard et al., 1991).

Sustained responses in patients treated with IFN alone are 6-15% after 6 months and
13-25% after 12 months (Davis, 2000). This increases to 30-40% in patients treated
with IFN and ribavirin combination therapy (Davis et al., 1998; McHutchinson et al.,
1998; Poynard et al., 1998). Augmentation of T cell responses has also been detected
in successful IFN/ribavirin therapy (Sreenarashimhaiah et al., 2003). In addition to the
fact that response rates are low, there are many other problems with the current
therapy, the main one being the expense. In the USA, the average lifetime cost of IFN,
ribavirin, lab testing and other visits is $10-12,000 and only improves the patient's life
expectancy by one year (Wong, 1999).

The side effects of treatment are also

unpleasant, with patients suffering from flu-like symptoms and depression which can
lead to problems with compliance with treatment.

Improvements to the existing IFN therapies are being made by the addition of
polyethylene glycol to IFNa. This extends the half life of the IFN and the duration of
therapeutic activity. Pegylated IFNs have been shown to have higher response rates
than the conventional monotherapy (Heathcote et al., 2000; Zeuzem et al., 2000).

New therapies are also being developed, such as inhibitors of viral replication, anti
inflammatory drugs and immune modulators. Potential inhibitors of viral replication
include other IMPDH inhibitors which act in a similar way to ribavirin. Ribozymes and
anti-sense oligonucleotides that are targeted at preventing viral replication are also
being explored as potential HCV therapies. Macejak et al (Macejak et al., 2001) have
developed a nuclease resistant ribozyme directed against the HCV 5’UTR that forms
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the 1RES required for translation. The ribozyme catalyses RNA cleavage and splicing
reaction and can reduce viral replication by 95-99% when in combination with IFN.
Other groups are also exploring the use of ribozymes as therapy for HCV (Lieber et al.,
1996; Welch et al., 1996; Welch et al., 1998).

1.5.2 Prospects for a HCV Vaccine

A prophylactic vaccine for HCV would be a great benefit to public health, even though
transmission has been reduced since the introduction of blood screening tests.

It

would benefit health care workers, haemodialysis patients, and patients with diseases
requiring frequent blood transfusions or blood products, IV drug users and partners of
HCV positive patients. Given that current treatments are not effective in all HCV
infected patients and almost 3% of the world's population harbours HCV, there is also
an urgent need for a therapeutic HCV vaccine to be developed.

The requirements for prophylactic and therapeutic HCV vaccines may differ. Ideally,
prophylactic vaccines should induce sterilising immunity which may be difficult to
achieve. However, it may not in fact be necessary. It may be enough to prevent the
development of chronic infection, as this is the major cause of morbidity and mortality
in HCV infection. A vaccine which allowed a “transient infection” (sub-clinical or of
limited acuity), whilst preventing the development of a chronic infection could be as
beneficial. Therapeutic vaccines could likewise aim to eliminate the infection or reduce
the severity of infection-associated disease.

They could potentially be used in

combination with other antiviral therapies.

Many problems are associated with HCV vaccine development. It is unclear what kind
of immune response vaccines may need to elicit to combat this infection. The type of
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response required may differ depending on the aims of the vaccine, for example,
sterilising immunity may depend heavily on neutralising antibodies, whilst studies in
chimpanzees and humans have indicated that good control of viral replication may also
require innate responses and CD4‘" and CDS'" T cells responses (discussed in more
detail later). A further complication is that vaccine-induced immune responses should
not cause immunopathological liver damage.

It is thought that much of the liver

damage occurring during HCV infection may be due to an inappropriate host immune
response rather than direct damage caused by the virus.

The genetic variability of HCV presents a further challenge to vaccine development. A
HCV vaccine should ideally provide protection against all the major circulating
genotypes, as a narrow specificity would limit the use of the vaccine geographically.
HCV vaccine development is also hampered by the lack of an in vitro replication
system and a small animal model. Chimpanzees are the only animal known to date to
be infected with HCV apart from humans. Altogether developing a HCV vaccine is a
great challenge to the scientific community.

There are several approaches currently under consideration for HCV vaccine
development. These are outlined in table 1.2 and are currently being assessed in in
vitro, mouse model systems and the chimpanzee model. However, as yet no approach
has been approved for human clinical trials.

Traditional vaccines rely upon the whole organism being inactivated or attenuated
(usually by heat or formalin) before inoculation. This is not possible for HCV as very
little virus can be isolated and there is no in vitro culture system available to generate
large enough quantities of virus for inactivation.
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HCV Protein in Vaccine
E1/E2 & Adjuvants
(MF59/muramyldipeptide)

Reference
(Choo et al., 1994)

E1/E2 in peptide vaccine
produced in insect cells

(Esumi et al., 1999)

Core in ISCOMS

(Polakos et al., 2001)

Core in virosomes

(Hunziker et al., 2001 )

NS3 in liposomes

(Jiao et al., 2003)

CE1E2

(Baumert et al., 1998;
Baumert et al., 1999)

CE1E2

(Lechmann et al., 2001)

CE1E2
CE1E2

(Qiao et al., 2003)
(Murata et al., 2003)

Subunit Vaccine

HVR-1 from E2 & cholera
toxin produced in TMV

(Nemchinov et al., 2000)

Peptide Vaccine

C, NS4, NS5, E2

(Hiranuma et al., 1999)

DNA Vaccine

CE1E2, C&IL-4/IL-2 or
GM-CSF

(Geissier et al., 1997)

C

(Tokushige et al., 1996)

C

(Major et al., 1995)

E2

(Forns et al., 1999; Forns
et al., 2000)

E1/E2

(Lee et al., 1998)

C/E2

(Inchauspe et al., 1998)

NS3/NS4/NS5 & GM-CSF

(Cho et al., 1999)

NS3

(Brinster et al., 2001)

Approach
Recombinant Proteins

Virus-Like Particles (VLPs)
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Approach
Live/Killed Viral Vectors

HCV Protein in Vaccine
E2 in Rhabdovirus

Reference
(Siler et al., 2002)

Recombinant Viral Vectors

CE1E2 in Adenovirus

(Lasarte et al., 1999)
(Bruna-Romero et al.,
1997)
(Makimura et al., 1996)
(Shirai et al., 1994)

CE1E2 in Vaccinia

(Large et al., 1999)

C/E1/E2/NS2/NS3 &
NS3/NS4/NS5 in
Canarypox

(Pancholi et al., 2000;
Pancholi et al., 2003)

0 or E2 in Semliki Forest
Virus

(Vidalin et al., 2000)

NS3 in Semliki Forest Virus

(Brinster et al., 2002)

C & recombinant C

(Hu et al., 1999)

E2 & recombinant E2HSVIgpD

(Song et al., 2000)

C/E1/E2/NS2/NS3 &
NS3/NS4/NS5 in
Canarypox

(Pancholi et al., 2000;
Pancholi et al., 2003)

C or E2 in Semliki Forest
Virus

(Vidalin et al., 2000)

NS3 in Semliki Forest Virus

(Brinster et al., 2002)

DNA Prime-Boost

Table 1.2. HCV Vaccine Strategies under consideration.
The different HCV vaccine strategies outlined in this table are being tested in in vitro,
mouse model systems or in the chimpanzee model. No candidate vaccines have yet
been approved for human clinical trials.
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The development of virus-like particles (VLP) produced in in vitro cultures has provided
an alternative approach to a HCV vaccine. VLPs are generated using a baculovirus
expression system to express the HCV structural proteins (Baumert et al., 1998;
Baumert et al., 1999).

These have been inoculated into mice and were shown to

induce strong antibody and cell mediated responses. However, the immunogenicity
depended upon the particle formation.

Even so these are an attractive vaccine

candidate requiring further study.

Another approach would be the development of a subunit vaccine as used for example,
the hepatitis B vaccine.

This was the initial approach taken by Chiron for the

development of a HCV vaccine (Choo et al., 1994). They used purified recombinant
core and envelope glycoproteins injected intramuscularly in an oil/water emulsion.
Chimpanzees were inoculated 18 times and three weeks after vaccination they were
challenged with a homologous virus. Some of the animals did not become infected
(those with the highest antibody response), whilst some did become infected and later
resolved the infection, undergoing an acute course of infection. Control un-vaccinated
chimpanzees developed a chronic infection. Re-challenged of protected animals with a
heterologous virus after a further boost with the recombinant proteins resulted in none
developing chronic infections. These studies showed that sterilising immunity was not
achieved but this may be a valid approach for preventing the development of chronic
disease.

Peptide vaccines consist of chemically synthesised peptides which could act as
immunogens. However, the major obstacle to this approach is that a single peptide
without CD4* T cell help may be a poor immunogen. This may be overcome by the
use of potent adjuvants. It may also be necessary to include several epitopes and a
mixture of peptides.

This approach is being evaluated for HCV, by using T cell
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epitopes (both CD4* and CD8* within the core protein and two non-structural proteins
(NS4 & NS5) and the E2 glycopotein (Hiranuma et al., 1999).

Another approach being investigated is that of DNA vaccination. Purified plasmid DNA
encoding antigens of interest under the control of a eukaryotic promoter is inoculated
into the host where the host cells express the antigens of interest intracellularly,
therefore mimicking a natural irfection. The advantage of this system is the ease at
which DNA can be manipulated and that several antigens can be incorporated into the
vaccine to allow priming of different arms of the host immune response.

Cytokine

genes can also be included to ect as adjuvants enhancing the immune response. The
possibility of including other imrrune modulating molecules (for example, co-stimulatory
molecules like CD80, CD86 andCD40L) is also being explored.

Recombinant viruses can also be used as vectors for vaccination. These have the
advantages of giving high levels of recombinant protein expression in the host cells and
of inducing local immune activation. Several vectors are being explored for use in a
HCV vaccine, including replication-deficient adenoviruses and vaccinia virus. Both of
these have been used to express the HCV structural proteins (Bruna-Romero et al.,
1997; Large et al., 1999; Lasarte et al., 1999; Makimura et al., 1996; Shirai et al.,
1994). Other potential viral vectors include non-replicating canarypox virus, fowlpox
virus (Paoletti et al., 1995), attenuated vaccinia strains (e.g. Modified Vaccinia Ankara)
and alphavirus vectors such as Semiliki forest virus (Smerdou and Liljestrom, 1999).

The most popular approach currently is the combination of single modality vaccines
into heterologous prime-boost strategies. Frequently DNA vaccination followed by a
purified recombinant protein boost or boosting by a viral vector (e.g. Canarypox
vectors) expressing the protein of interest.
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1.6 Models o f HCV Disease

As discussed previously, there is a lack of an in vitro model system for studying HCV
and for propagating the virus. Thî lack of a small animal model system also hampers
HCV research.
infection.

Currently, chimpanzees remain the only animal susceptible to HCV

However efforts to improve this model system and to develop alternative

transgenic mouse model systems are being undertaken by many research groups.

1.6.1 The Chimpanzee Model

Chimpanzees are the only animal susceptible to HCV infection and have been used for
over 20 years in attempts to ideniify and characterise HCV. For example, they were
used to characterise the NANB hepatitis agent (later identified as HCV), and have been
used

to study

HCV transmission,

immunity and

pathogenesis.

Chimpanzee

experiments played an important role in determining the size of the HCV virions (Alter
et al., 1978; Hollinger et al., 1978; Tabor et al., 1978) and biochemical properties of the
virus (Bradley et al., 1983; Feinstone and Mihalik, 1983; Heinrich et al., 1982; Purcell et
al., 1985; Tabor and Gerety, 1980; Yoshizawa et al., 1982). Chimpanzees have also
provided material for the isolation and characterisation of the HCV genome (Choo et
al., 1989).

They have also played an important role in testing the infectivity of

molecular clones (Kolykhalov et al., 1997; Yanagi et al., 1997a). In addition, they have
been used to study the immune response to HCV. HCV-specific CD4‘" and CD8* cells
have been identified in both chimpanzees and humans and correlates of immunity and
protection are being determined using the chimpanzee model.

Chimpanzees are 98.5% genetically similar to humans and undergo a similar clinical
course to humans infected with HCV.

Both have detectable HCV RNA days after
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exposure, with increases in ALT levels. Both develop chronic infections with evidence
of long-term liver damage. However chimpanzees do not have the same degree of
liver damage as humans (Bradley et al., 1981; Seef, 1995) and they are less likely to
develop hepatocellular carcinoma, although there has been a report of hepatocellular
carcinoma occurring in chimpanzees (Muchmore et al., 1988).

The advantages of using chimpanzees to study HCV include the ability to induce
infections with well characterised HCV inocula, the opportunity to obtain liver tissue
during the course of infection and the availability of samples prior to infection and in the
early stages of infection to allow the early events of infection to be analysed. However,
there are also disadvantages; chimpanzees are rare animals and have been an
endangered species since 1988, therefore are limited in availability.

They are also

expensive and require appropriate non-human primate research facilities as they are
difficult animals to handle. In spite of these disadvantages the chimpanzee model will
have a valid place in future studies of HCV as it facilitates well controlled experiments.
Chimpanzees can be used in the evaluation of new therapies or vaccines as well as in
further studies of HCV transmission, clinical outcomes of infection and immune
responses evoked during infection.

1.6.2 Alternative Non-human Primate Approaches

Several other species of non-human primates have been inoculated with infectious
serum from a HCV infected chimpanzee in an attempt to identify other species
susceptible to infection. These include the cynomolgus monkey, the rhesus monkey,
the green monkey, the Japanese monkey and the doguera baboon; however none of
these were susceptible (Abe et al., 1993). Tupaias (tree shrews) (Xie et al., 1998),
marmosets (Feinstone and Alter, 1981; Watanabe et al., 1987) and tamarins
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(Karayiannis et al., 1983) have been shown to be possibly susceptible to HCV
infection, however follow up studies of these are absent, conflicting or discouraging
(Garson et al., 1997).

1.6.3 Mouse Models

Mouse models offer several advantages over non-human primate models; primarily,
mice are easy to breed, maintain and manipulate. There are genetically defined and
transgenic and knockout strains widely available. However, there are disadvantages to
using mice to study HCV, the most important being that mice are not susceptible to
HCV infection. They are also not genetically similar to humans, although most mouse
genes have a human homologue.

Several groups have generated transgenic mice that express HCV structural proteins in
the liver. Mice expressing core (Matsuda et al., 1998), core-E2 (Pasquinelli et al., 1997)
and core-E1-E2 (Kawamura et al., 1997) have been made. However, none of these
mice have shown histological or biochemical evidence of liver disease. Other groups
have found that expression of core in transgenic mouse lines caused steatosis and
some mice developed hepatic tumours (Moriya et al., 1998; Moriya and Yotsuganagi,
1997). These conflicting reports may be due to differences in the genetic backgrounds
of the mouse strains used, or in the level of protein expression achieved. Most
transgenic mice express the HCV proteins to high levels, which does not occur in
human infection.

The mice may also have different cellular locations of the HCV

proteins.

The transgenic mice discussed above are also immunotolerant to the HCV proteins as
they are exposed to them from birth, therefore they cannot be used to study immune
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responses to the viral proteins. To overcome this problem, Wakita et al (Wakita et al.,
1998) developed a transgenic mouse in which the cre/loxP system was used to
conditionally express the HCV structural proteins, to which antibodies were generated.
These mice may be useful for studying the role of immune responses generated to
HCV in the pathological changes occurring in the liver, but their use in studying viral
replication is limited as they don't produce replicating virus.

To allow studies of HCV pathogenesis, infection and replication to be carried out,
researchers are now turning to xenograft models, creating mice with human or
chimpanzee hepatocyte growth by transplantation or repopulation.

Mercer et a!

(Mercer et al., 2001) have infected transgenic mice which have been repopulated with
human liver with serum from a HCV positive human. These mice can support HCV
replication and are capable of producing infectious viral particles that can transmit HCV
infection to other mice. Mice have been infected with several HCV genotypes (types
la , 1b, 3a and 6a) and rapid increases in viral titres and long term persistence of
infection occurred. These mice may prove to be valuable in studying HCV replication
and may be useful for evaluating potential therapies and vaccine candidates.
However, at the moment there are several drawbacks to this system. There is a high
mortality rate in the mice and microsurgical skills and equipment are required. The
access to human hepatocytes may also be limiting in the generation of the mice.

In summary, the animal models currently available for studying HCV all have
drawbacks, although advances with transgenic and xenograft mouse systems are
encouraging. In vitro tissue culture systems are also developing and will have a role to
play in studying HCV. Until a good system is available researchers will rely upon the
chimpanzee model to provide insights into HCV infection and immunity and it will be
essential in the evaluation of potential vaccine candidates.
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t. 7 The Immune Response during HCV infection

The immune response to HCV has been studied both in humans and in experimentally
infected chimpanzees, which like HCV-infected humans, develop an acute infection
with mild hepatitis that may either resolve or progress into a chronic infection (reviewed
by Walker, 1997).

Efforts have been made to characterise and compare immune

responses associated with clearance of acute HCV infection, good and poor
containment of chronic HCV infection and HCV-associated pathology, with the goal of
addressing questions including: how do some patients spontaneously clear HCV and
what is a protective immune response? In chronically infected patients, why do the
induced responses fail to eliminate the virus? How does the virus evade or impair host
immune responses? What role do different arms of the immune response play in
immunopathological damage during a chronic HCV infection? There is a particularly
great need to define protective immune responses as this will enable the design of
vaccines and therapies which are capable of inducing the required responses without
causing further immunopathology. Many of these questions still remain unanswered
due to the difficulties associated with studying the immune responses to HCV infection.
These include the paucity of acutely presenting patients, the drawbacks of the
chimpanzee model and lack of good small animal models for HCV infection (as
discussed previously), the lack of neutralisation assays and the variability of the virus.

1.7.1 Overview of the antiviral immune response

The immune system recognises and responds to infection with viruses and other
pathogens, becoming activated to mount an immune response, which aims to contain
or eliminate the infection, and may provide protection against re-infection.
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Following viral infection, the immune system recognises viral components or infectionassociated cell stress by receptors such as Toll-like receptors (TLR) which are pattern
recognition receptors that recognise conserved sequences on pathogens (pathogen
associated molecular patterns) resulting in rapid activation of host responses. These
early recognition events trigger host cells to release cytokines, the most important of
which are type 1 interferons (IFNa and IFN(3), for example, TLR3 recognises viral
dsRNA and triggers interferon alpha production (Williams and Sen, 2003). Cytokine
release results in the activation of cells within the innate immune system, especially
macrophages and dendritic cells which through further cytokine release and direct cell
cell contact interactions orchestrate full activation of the innate immune response. This
also leads to the activation of an appropriate adaptive immune response.

The role of the innate immune defences is to provide rapid control of viral replication in
the initial stages of infection. The effector mechanisms involved in innate immunity are
not pathogen-specific. One example is the direct antiviral effects of type I interferons,
which activate several target genes in host cells including 2’5’ adenylate synthetase
(2’5’AS), which activates RNAse L to degrade viral RNA and the dsRNA dependant
protein kinase (PKR) which inhibits viral replication. Another example is the activity of
natural killer (NK) cells. They recognise infected cells in a pathogen non-specific
manner, and both lyse virally infected cells in a MHC-unrestricted manner via perforin
and granzyme release and also secrete cytokines such as IL-12 and IFNy which that
have direct antiviral effects and/or further activate immune responses. Macrophages
and dendritic cells also contribute to innate immune responses by the production of
cytokines that have direct antiviral effects and enhance other innate immune
mechanisms.
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Factors released and cells activated during the innate immune response are important
in activating appropriate adaptive responses. DCs in particular act as a bridge between
innate and adaptive responses (Banchereau et al., 2000). The adaptive response is
characterised by specificity and memory and is mounted more slowly. It is mediated by
T and B lymphocytes, which have surface receptors that recognise specific pathogen
components.

B cell receptors bind to their target antigens alone, enabling them to

recognise “free” pathogens, whereas T cell receptors recognise a complex composed
of a pathogen-derived peptide presented by a host cell surface protein (MHO class I or
class II), which targets them to interact with other cells. T cell activation requires the
presentation of cognate peptide and MHC to the T cell by a DC. The DC triggers the
activation, clonal expansion and differentiation of antigen-specific CD4* and CD8* T
cells. Activated CD4"^ and CD8* T cells differentiate with effector functions. CD4" T
cells provide help to CD8* T cells and B cells by cell-cell contact and the further release
of cytokines, which results in the activation of CD8* cytotoxic T cells and induction of
class switching in antigen-activated B cells for antibody production. Antibodies
generated against the virion surface provide a barrier to the spread of the virus
between cells and tissues, as they can block infectivity of viral particles. Antibodies
also mediate the destruction of virally infected cells by mechanisms including
complement-dependent lysis or antibody-dependent cell mediated cytotoxicity (ADCC).
CD8* T cells are the major effector cell during many viral infections. They focus at the
site of viral replication and destroy virally infected cells, and also release cytokines that
can “cure" infected cells by non-lytic means.

Once the immune response has

established control of the viral infection, the majority of activated and expanded cells
die, whilst some remain as memory cells. The memory cells are present at a higher
frequency than prior to the infection and are more readily triggered should the virus be
encountered again, thus memory cells allow a faster response to control the infection
upon re-exposure. Pre-existing antibodies may also block or control the spread of
infection when a pathogen is encountered for the second time.
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1.7.2 Innate Immune Responses, and their role in HCV infection
■I

1.7.2.1 Type 1 Interferon Response

Type 1 interferons are a family of cytokines induced in response to the presence of
pathogens, especially viruses. They are the earliest known host induced defences,
and are produced within hours of infection.

Type 1 interferons include the alpha

interferons (IFNa) and interferon beta (IFN(3). They are released by multiple cell types
in response to viral infections but particularly high quantities are made by plasmacytoid
dendritic cells (Siegal et al., 1999). Figure 1.2 shows the pathways involved in type 1
interferon production in cells.

Type 1 interferons mediate their multiple pleiotropic effects by binding to surface
receptors and triggering the induction of other genes. One set of IFN-inducible genes
create an antiviral effect within cells, as shown in figure 1.3. Some of the IFN-inducible
genes that have antiviral effects include 2’5’ adenylate synthetase (2’5’ AS), dsRNA
dependant protein kinase (PKR) and the Mx proteins. 2’5’ AS undergoes a
conformational change when IFN and dsRNA bind and becomes activated.
polymerises ATP and other nucleotides

It then

in 2’5’ linkages which create 2’5’

oligonucleotides that activate endoribonucleases (RNase L). These degrade viral RNA
by cleavage. There are several isoforms of 2’5' AS which may act against different
viruses and have differing abilities to induce an antiviral state (O'Connell, 1997). PKR
is a cyclic AMP-independent kinase which is activated by autophosphorylation in the
presence of dsRNA. The activated PKR phosphorylates cellular proteins including
protein initiation factor (elF-2). This inhibits viral protein synthesis, thus inhibiting viral
replication.
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Figure 1.2. A schematic model of type 1 interferon gene induction in response
to virus infection (adapted from Mamane etal, 1999).
(A) Following recognition of virus infection (e.g. TLR3 recognising dsRNA),
activation of different transcription factors including IRF-3 occurs through
distinct pathways. These activate the immediate-early production of IFN-p and
IFN-a4.
(B) Secreted IFN-p and IFN-a4 bind to the type I IFN receptor on the cell surface in
an autocrine or paracrine fashion. This results in the activation of the JAKSTAT signalling pathways, leading to the expression of IRF-7. IRF-7 activation
results in amplification of IFN gene expression, with further production of IFN-p
and IFNa4 plus production of the other subtypes of IFN-a.
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Figure 1.3. The biological properties of interferons.
Interferons bind to specific surface receptors on primary target cells and induce the
transcription of a variety of genes that mount an antiviral state in infected cells.
These gene products often depend on viral dsRNA as a co-factor to ensure they are
only active under infectious conditions. PKR & 2’5’AS are synthesised as inactive
precursors (PKRi & 2’5’ASi, respectively) and are activated by dsRNA (PKRa &
2’5’ASa, respectively). Once activated they shut down translation. IFNs also induce
a pro-apoptotic state by inducing the action of caspases from procaspases. IFNs
also upregulate the synthesis of proteins involved in the processing and presentation
of viral antigens to CD8+ CTL, enhancing recognition of infected cells by CTL .
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Type 1 interferons also have regulatory roles as well as conferring an antiviral state on
cells. They regulate the acti\/ation, proliferation and differentiation of cells involved in
innate and adaptive responses (Biron, 1998; Biron, 1999; Biron, 2001), for example,
enhancing MHC expression, NK activity and antibody-dependant cell mediated
cytotoxicity and aiding cell migration. They also bias the adaptive response towards a
type 1 response (Le Bon and Tough, 2002).

Relatively little is known about type 1 interferon responses in early HCV infection as the
majority of patients do not present until a chronic infection has been established. The
paucity of model systems also hampers study of responses during acute HCV infection.
Interferons probably play an important role in control of HCV replication as the virus
attempts to impair IFN production and to evade interferon effector pathways (discussed
in more detail later). IFN production is not completely blocked, as 2’5’ AS induction has
been observed in HCV infections (Giannelli et al., 1993; Pawlotsky et al., 1995).
However type I interferon production is clearly suboptimal during chronic HCV infection,
as indicated by the relative success of IFN therapy in some patients with chronic HCV.

1.7.2.2 Other Innate Cytokines

The production of other cytokines and chemokines by macrophages and dendritic cells
during innate immune responses also play a role in controlling viral replication and the
subsequent activation of adaptive immune responses. These include tumour necrosis
factor alpha (TNFa) and interleukin -1 (IL-1) which are pro-inflammatory cytokines that
will promote an inflammatory response and the recruitment of activated cells to the site
of infection (McGuinness et al., 2000). Innate cytokines such as IL-12, IL-15 and IL-18
act in combination with type 1 interferons to promote the activation of innate effector
cells such as natural killer cells, which play an important role in controlling viral
infections. IL-12, IL-15 and IL-18 also all promote type 1 adaptive immune responses.
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There is an increase in the numbers of innate cells in the liver during HCV infection,
including infiltrating macrophages that secrete TNFa, IL-ip, IL-12, IL-18 and the
chemokine MIP-ip, all of which will promote an inflammatory response.

In contrast,

IL-12 has been shown to have therapeutic efficacy in HCV infection (Rossol et al.,
1997), suggesting it may play a (likely indirect) role in controlling HCV infection.

1.7.2.3 Natural Killer & Natural Killer T Cells

Natural killer (NK) cells are non-T, non-B lymphocytes that do not have antigen-specific
receptors. They comprise of approximately 10% of human peripheral blood
mononuclear cells, and are present at a higher frequency in the liver. They are
activated early during innate immune responses by cytokines including type 1
interferons, IL-12, IL-15 and TNFa.

NK cells provide a rapid response to viral

infections, with the peak of their activity at 2-4 days post infection.

Their activity

declines as the adaptive antigen-specific CDS'" T cell response is induced (around day
7 post-infection). The major function of NK cells is the lysis of virally infected cells via a
perforin-dependent mechanism.

They also secrete cytokines including IFNy which

controls viral replication by non-lytic mechanisms. NK cells have recently been found
to interact with DCs (Ferlazzo et al., 2000; Gerosa et al., 2002; Piccioli et al., 2002), an
interaction that is likely to be important in the regulation of both innate and adaptive
responses.

Natural killer T cells (NKT) have a restricted T cell receptor expression and some are
CDId restricted. Like NK cells, they also have cytotoxic activity against virally infected
cells and can also be triggered to release large amounts of pro-inflammatory cytokines.
The importance of NK cells in certain viral infections has been demonstrated in mice
and humans. Mice depleted of NK cells have higher levels of replication of viruses
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such as murine cytomegalovirus and vaccinia virus (Bukowski et a!., 1985). Humans
who have suppressed NK function in Chediak-Hegashi syndrome also have an
increased susceptibility to certain viral infections, particularly herpes virus infections
(Padgett et al., 1968; Wolff, 1972).

Relatively little is known about the early NK cell response during acute HCV infection
as the majority of patients do not present until a chronic infection has been established.
However, these cells are likely to be important effectors in controlling early viral
replication.

The majority of studies on NK cells in HCV infection have been carried out in
chronically infected patients. A higher frequency of NK and a lower frequency of NKT
and T cells have been detected in the liver in end-stage liver disease than in chronically
infected and normal individuals (Bosivert et al., 2003).

This is in contrast to the

peripheral blood where T cells are the largest population, followed by NK, NKT and B
cells. NK cells have been shown to be capable of lysing HCV infected hepatocytes
(Yonekura et al., 2000) which would prevent the spread of virus to neighbouring cells.
The cytotoxic capacity of NK cells has been studied in chronic HCV infections and
several studies have found them to have a significant decrease in cytotoxicity (Bonavita
et al., 1993; Castiglione et al., 2001; Corado et al., 1997; Gabrielli et al., 1995; Par et
al., 1995) as the cells expressed lower levels of perforin compared to cells from normal
individuals. NKT cells are also found at lower levels in HCV patients in their peripheral
blood (Lucas et al., 2003) and the reduced numbers may be due to activation-induced
cell death (Kakimi et al., 2000). The precise role of NKT cells in HCV infection remains
unknown.
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1.7.2.4 Gamma Delta T Cells

Gamma delta (yô) T cells are a primitive T cell with a T cell receptor consisting of
gamma and delta chains (as opposed to alpha and beta chains in the T cell receptor of
conventional T cells). They represent a small proportion of T cells (approximately 5%).
They are detected in the peripheral blood and also in the liver. They release cytokines
to aid both innate and adaptive immune responses and may have cytolytic activity
against infected cells.

Increased numbers of yô T cells have been detected in HCV infected liver (Agrati et al.,
2001a; Nuti et al., 1998) and these cells have been found to have an activated/memory
phenotype (Agrati et al., 2001a) and secrete IFNy (Agrati et al., 2001a; Agrati et al.,
2001b). Tseng et al (Tseng et al., 2001) also found yô T cells to release T N F a and IFNy
when CD81 was bound to the cells. CD81 is a potential receptor for HCV; therefore
CD81 ligation by HCV on yô T cells may activate the cells. Higher numbers of yô T
cells have also been found in the periphery in asymptomatic HCV carriers than in
chronic patients, which suggests a compartmentalisation of the cells (Par et al., 2002).
The yô T cells have been found to have cytolytic activity against primary hepatocytes,
K562, Daudi and Huh-7 cell lines (Poccia and Agrati, 2003), therefore have the
potential to lyse hepatocytes infected with HCV. The precise role of yô T cells in HCV
infection remains unknown, but they may contribute to immunopathological damage in
the liver (discussed below).

1.7.2.5 Complement

There are over twenty complement proteins in the serum.

Upon activation, these

proteins react in a cascade which generates products that mediate and amplify immune
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and inflammatory reactions.

There are two complement pathways: the classical

pathway which involves antibodies for activation, and the alternative pathway in which
antibodies are not involved. Both pathways can result in the generation of a membrane
attack complex which lyses cells.

Complement mediates antiviral effects by the

production of an acute inflammatory reaction leading to the recruitment of leukocytes
and the lysis of infected cells. The complement membrane attack complex may also
directly damage or lyse membranes of enveloped viruses, allowing the destruction of
viral nucleic acids (Almeida and Waterson, 1969).

Complement also enhances

neutralisation of virions by antibodies which may prevent viral attachment, therefore
making them more readily destroyed by phagocytosis.

The role of complement in HCV infection is unclear, however it has been observed that
the HCV core protein can interact with a complement receptor and impair T cell
responses (Kittlesen et al., 2000; Yao et al., 2001a; Yao et al., 2001b).

Failure to eliminate HCV may be due to a deficiency of innate immune responses early
on in infection, resulting in the establishment of a persistent infection.

1.7.3 Adaptive Immune Responses and their role in HCV infection

1.7.3.1 Humoral Responses

Antibodies play an important role in controlling virus infections as they provide a major
barrier against spread of infection to neighbouring cells and are particularly important in
restricting the spread of pathogens in the blood stream. The first antibodies secreted
are IgM, which are multivalent and of low affinity. Following class switching, high affinity
IgG classes of antibodies are produced. These IgG antibodies persist and provide
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protection against re-infection.

At mucosal surfaces, IgA plays a major role in

preventing infection. Antibodies neutralise viral activity by blocking viral binding and
entry into cells, or by blocking replication at a post-entry step. They also target virions
for complement lysis and opsonise viral particles for enhanced

uptake by

macrophages. They combat infected cells too, targeting them for complementmediated lysis and destruction by ADCC, although they generally play a limited role in
the elimination of established viral infections. Nonetheless, B cell activity is essential for
the long term control of other chronic viral infections such as LCMV (lymphocytic
choriomeningitis virus) (Planz et al., 1997). Once infection has been eliminated, pre
existing antibodies have a role in preventing re-infection on later exposure.

The

presence of antibodies is indicative of prior exposure to a pathogen.

In HCV infection, antibodies are normally detected within 7-8 weeks of inoculation of
experimentally infected chimpanzees (Schmilovitz-Weiss et al., 1993) and are
detectable between 7-31 weeks post infection in human serum (Chien et al., 1992).
This is quite late compared to other viruses (Alberti et al., 1988; Battegay et al., 1993;
Koup and Ho, 1994; Modlin, 2000). Individuals also vary greatly in the specificity and
timing of their antibody responses.

Antibodies reactive to all structural and non-structural proteins have been detected in
HCV-infected individuals (Bukh et al., 1995; Lemon and Honda, 1997; Neumann et al.,
1998; Simmonds, 1995).

A qualitative and quantitative analysis of the humoral

response to HCV in both acutely and chronically-infected patients (Chen et al., 1999)
revealed that antibody responses to HCV antigens were of relatively low titre, with the
exception of antibodies against the core protein, and were delayed in appearance until
the chronic phase of infection.

Further, again with the exception of anti-core

antibodies, antibodies to HCV antigens were highly restricted to the IgGI isotype.
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Most seropositive patients are still viraemic and no correlation between the clinical
outcome of infection and the antibody response has been observed. No serological
marker was of prognostic value in differentiating a resolved acute infection from an
infection which chronically progressed. Likewise, a study in chimpanzees also reported
poor antibody responses during acute HCV infection in both resolvers and non
resolvers (Cooper et al., 1999). However, another study suggested that the time of
appearance of E2-HVR1-specific antibodies was significantly different in patients who
resolved infection compared to those who progressed to a chronic infection. A high
antibody response to the E2-HVR1 correlated with clearance of acute HCV infection
(Zibert et al., 1997).

There is difficulty in measuring HCV-specific neutralising antibodies as the virus cannot
be grown in vitro. An assay which is frequently used is neutralisation of the binding of
E2 to CD81 expressed by MOLT-4 cells (“NOB” assay) (Pileri et al., 1998; Rosa et al.,
1996), but it is not clear how “NOB” activity relates to the neutralisation of viral
infectivity in vivo. It is reported that chronically infected patients lack or have low levels
of neutralising antibodies (Rosa et al., 1996); but amongst very rare patients who
naturally resolve chronic HCV, very high “NOB” titres are frequently found for an
extended period of time (Ishii et al., 1998).

The antibody response wanes with time in both chimpanzees and humans in the
absence of viraemia (Bassett et al., 1998; Dittmann et al., 1991; Farci et al., 1991;
Goeser et al., 1994; Takaki et al., 2000). HCV-specific antibodies were shown not to
prevent re-infection of chimpanzees with homologous or heterologous strains of virus in
some studies (Farci et al., 1992; Prince et al., 1992). By contrast, a protective role for
E2-specific neutralising antibodies was demonstrated by both passive protection (Farci
et al., 1996) and active immunisation experiments (Choo et al., 1994) in chimpanzees.
However, neutralising antibodies are frequently directed against epitopes in the HVR1,

71

thus may offer limited cross-protection against heterologous HCV isolates (Choo et al.,
1994).

1.7.3.2 CD4^ T Cell Responses

T cell responses are critical during viral infections; defective T cell function is frequently
associated with chronic virus infections in both mice and humans (Oxenius et al., 1998;
Reignat et al., 2002). T cells play a more important role in clearance of established
viral infections than antibody. CD4'' T cells recognise antigenic peptides presented in
the context of MHC class II. Virus-specific CD4'’ T cells have a direct effector role in
controlling viral infections by the production of soluble antiviral factors such as IFNy and
by cytotoxic mechanisms (Littaua et al., 1992), though these are generally less
important than CD8* T cytotoxic mechanisms, probably because of their lower
frequency and more limited target specificity. CD4"’ T cells also provide help for B cell
activation and class switching to enable antibody production. They thus have an
important role in antiviral immune responses, where antibodies are the main effector
arm. CD4* T cells also provide help for CD8^ I cell responses, by stimulating dendritic
cells which activate and induce expansion of naïve antigen-specific CD8^ T cell
precursors (Bennett et al., 1998; Lanzavecchia, 1998; Ridge et al., 1998). Although
CD4'' T cells are not essential for initial CD8* T cell priming and activation, they are
important for the generation and maintenance of memory (Bourgeois et al., 2002;
Janssen et al., 2003). In the absence of CD4" T cell help, CDO"" T cells are more likely
to become exhausted and non-functional (Zajac et al., 1998), CD4"^ responses may
thus be dispensable for the control of some acute infections that are contained by CD8'’
T cells, for example acute LCMV infection (Christensen et al., 1994) but they are
essential for control in chronic infections such as CMV (cytomegalovirus) (Gamadia et
al., 2003), HIV (Jin et al., 1999; Rosenberg et al., 1997) and LCMV (Planz et al., 1997).
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Little is known about the liver specific CD4* T cell responses in acute infections as liver
biopsies are rarely taken in both humans and chimpanzees, but in the peripheral blood
the CD4* response has been seen to correlate with the clinical course of infection, with
a strong correlation between a sustained, vigorous and multi-specific response and
virai clearance, even after the loss of antibody responses (Diepolder et al., 1995;
Gerlach et al., 1999; Harcourt et al., 2001; Missale et al., 1996; Rosen et al., 1999).
CD4‘" responses against the protease and helicase domains are stronger and more
frequent in patients who resolve acute HCV than those who develop chronic infections
(Diepolder et al., 1995).

In some acutely infected patients recurrent viraemia is

associated with the loss of CD4* responses (Gerlach et al., 1999). Further evidence
for the importance of CD4'' T cell responses in the control of acute HCV infection
comes from the association between class II genotypes (DRB*1101 & DRB1*0301) and
control of acute infection (Thursz et al., 1999), however this allele is not protective in all
populations. This protective MHC class II molecule may present well processed or
highly conserved peptides from the non-structural proteins (Diepolder et al., 1999).

In patients who develop chronic infections weaker CD4* responses are detected and
these responses are not sustained (Gerlach et al., 1999).

The CD4^ response is

frequently directed against the core protein in the peripheral blood, and this same
preference has also been seen in the liver (Penna et al., 2002). A correlation has also
been found between CD4'’ responses to the core protein and a healthy carrier status of
patients where viral elimination did not occur (Botarelli et al., 1993; Lechner et al.,
2000b). There is no apparent relationship between the intrahepatic CD4" response
and clinical parameters, although the vigour of the peripheral blood CD4"’ response has
correlated with low ALT levels and less fibrosis in a small number of patients (Chang et
al., 2001; Hoffmann et al., 1995).

In general, the impaired CD4^ response is

associated with increased liver disease (Puoti et al., 2001) and a sustained therapy
response is associated with stronger CD4'" responses (Cramp et al., 2000; Missale et
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al., 1997). This suggests that the HCV-specific CD4'' T cell response may contribute to
the control of the infection. However, if a deficient CD4* response is detected then
CD8'’ and B cell responses may also be inadequate, so this is difficult to prove.

1.7.3.3 CD8'’ T Cell Responses

CD8^ T cells are key effector cells in the control of many established virus infections
For example, CD8* T cells are important in LCMV (Christensen et al., 2001; Oxenius et
al., 1998), HIV (Wordarz, 2001; Wordarz and Jansen, 2001) and CMV (Reddehase et
al., 1988) infections. They can be highly expanded and are MHC class I restricted,
which allows them to recognise most cells when virally infected. Efficient control of
viral infections occurs if broad and highly specific CD8'’ T cell responses are mounted.
If a narrow CD8* T cell response is mounted, it may be easier for viruses to evade
immune control by the generation of escape viral variants (discussed later). CD8‘" T
cells have several effector mechanisms for combating infected cells. They produce
soluble factors such as IFNy and TNFa which contribute to viral clearance in a noncytolytic manner (Guidotti and Chisari, 2000).

This non-lytic control by cytokines

“cures” cells of virus infection. In addition, they clear virus infections via their ability to
lyse infected cells. There are several pathways by which CTLs can induce apoptosis in
the target cells; these are shown in figure 1.4.
CTL lysis can be in a calcium-dependent, contact-dependent manner, by perforin and
granzymes (Russel and Ley, 2002). Once the CTL has identified the target cell by cell
cell contact, signals are induced which lead to the release of granules containing
perforin and granzymes. Perforin is polymerised in a calcium-dependant manner and
enters the target cell membrane, creating a passage for granzymes to enter the target
cell. The granzymes, particularly granzyme B, cleaves proteins within the target cell
resulting in the activation

74

CTL

NK

LTa1p2

Fas-L
TRAIL

perforin & granzymes

TNFa
LTa3

Fas

IN F R1
L ip R

DR5
DD
--J
Lfl

DD
FADD

DD

FADD

FADD
Grb

Granzyme B

Procaspases

Caspase Cascade

APOPTOSIS

Figure 1.4. A schematic outline of apoptosis pathways.
Lysis of target cells can be induced via several pathways. TRAIL binds to the receptor
DR5, Fas-Ligand binds to Fas and TNFa, LTa1p2 or LTa2(31 bind to the TNF-R1.
These all recruit an adapter protein FADD, which binds to death domains on these
receptors. This leads to the activation of procaspases that initiate a caspase cascade
that results in apoptosis of the target cell. LTa3 binds to the LTpR which recruits
adapter molecules belonging to the TRAF family which initiates apoptosis within the
cell. NK cells and CTL release perforin which forms a pore for granzymes to enter the
target cell and activate an adapter called Grb. This activates granzyme B which results
in DNA fragmentation and apoptosis of the target cell.
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of caspases involved in the apoptotic pathways, ultimately resulting in lysis of the target
cell.

The Fas-Fas Ligand pathway of apoptosis induced by CTL is a calcium-independent,
contact-dependant process (Rouvier et al., 1993). Fas expressed by the target cell,
has death domain (DD) regions intracellulariy and upon ligation with Fas-ligand
expressed by the CTL, a reformation of a death-inducing signalling complex (DISC)
occurs. This complex contains adapter proteins such as FADD (Fas-associated death
domain protein) which activates caspases (in particular, caspase-8) in a cascade which
results in the induction of apoptosis within the target cell (details of the pathway are in
(Wajant, 2002).

Apoptosis pathways may also be induced within target cells via pathways involving
other members of the TNF receptor superfamily, such as TRAIL (TNF related apoptosis
inducing ligand), lymphotoxin (LTa3, LTaip2 or LTa2pi) and TNFa. These all act in a
similar way to induce apoptosis within target cells.

Ligation of the ligand with an

appropriate receptor (for example, TRAIL binding to DR5, LTa3 binding to the LTpR,
LTa1p2, LTa2p1 and TNFa binding to the TNFR-1) results in the recruitment of
adapter proteins which recognise death domain regions of the receptors. This results in
the activation of caspase cascades which induce apoptosis within the target cell. A
schematic overview of the pathways is shown in figure 1.4 (further details can be found
in Abe et al., 2000; Schulze-Osthoff et al., 1998).

The relative importance of the effector pathways involved in controlling viral replication
depends on several factors, including the virus, the stage of infection and the host cell
type or tissue (Guidotti and Chisari, 2000). For example, in acute LCMV infections,
CD8* T cells mediate control via lysis in a perforin dependant manner, whereas in
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acute vaccinia virus infection, CD8* T cells mediate control by the release of cytokines.
In chronic infections, “curing” of cells by cytokine release (IFNy and TNFa) from CD8* T
cells is very important, as seen in hepatitis B virus infection in transgenic mice (Guidotti
et al., 2002; Wieland et al., 2003) (reviewed by (Guidotti and Chisari, 1996); however
there is some active lysis of infected cells as well.

CD8* T cell responses can be detected in HCV-infected individuals in acute and
chronic infections (Chang et al., 1997; Koziel et al., 1993; Koziel et al., 1992; Koziel et
al., 1997).

In acute HCV infection the virus-specific CD8^ T cell response can be very strong: up
to 7% of circulating CD8* cells were targeted to the dominant epitope, with 1% against
the second dominant epitope (Lechner et al., 2000a). During acute infection the CD8*
cells have a highly activated phenotype (CD38"^ CD69"^) but have been found to be
unable to produce IFNy (Lechner et al., 2000a; Thimme et al., 2001). These cells have
been called “stunned”. The emergence of these “stunned” cells correlated with the
onset of liver inflammation, suggesting that these cells may have a pathological role in
the liver. It is unknown whether these cells can produce other cytokines. Resolution of
viraemia and liver inflammation correlates with the emergence of less activated CD8*
cells with high IFNy production. The frequency of CD8* cells decreases after the acute
phase, with only 0.01-1.2% of circulating HCV-specific CD8* cells being reported in
HCV seropositive patients (He et al., 1999).

In acute HCV infection the CD8* response is detectable in the liver and blood and has
been shown to correlate with the virological outcome.

An early, multi-specific

intrahepatic CD8* CTL response is associated with viral clearance in chimpanzees
(Cooper et al., 1999; Lechner et al., 2000b) and the nature of the peripheral blood
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CD8* response is also correlated with clearance of infection (Gruner et al., 2000;
Lechner et al., 2000b; Thimme et al., 2001): broad, vigorous responses against
multiple epitopes are associated with good control of virus replication. This may be
important in preventing CD8* escape and in controlling viral replication. The proportion
of activated CD8* cells has also correlated with the degree of liver inflammation (ALT
levels) in acute disease (Lechner et al., 2000a).

In chronically infected HCV patients CD8* CTL responses are not sustained (Chang et
al., 2001; Lechner et al., 2000a; Lechner et al., 2000b; Takaki et al., 2000). In one
study, recovered patients had 0.09% of circulating HCV-specific CD8* cells that had a
greater IFNy production than those in chronically infected patients who had 0.07% of
circulating HCV-specific CD8'' cells (He and Greenberg, 2002).

The poor CD8*

response is only HCV-specific as responses to other viruses including EBV (Epstein
Barr virus), influenza and HIV are not affected (Chang et al., 2001; He et al., 1999;
Lauer et al., 2002); therefore the immunosuppression seen in HCV is not a generalised
immunosuppression. The relationship between HCV-specific CD4* and CD8* T cell
responses could be important. The absence of a sufficient CD4* T cell response may
compromise the CD8* T cell response, either by the poor induction of responses or by
the lack of maintenance of responses.

Therefore it is likely that the weak CD8*

response in HCV patients may be due to the ineffective CD4* response.

During chronic HCV infection CD8* CTL epitopes in all viral proteins have been
identified in both human (Battegay et al., 1995; Cerny et al., 1995; Koziel et al., 1993;
Koziel et al., 1995; Koziel et al., 1992) and chimpanzee studies (Erikson et al., 1993).
The magnitude of the HCV-specific CD8* response can be heterogeneous, but this
does not correlate with viraemia (Wong et al., 1998). However, it has been found to
correlate with an increase in ALT levels and IFNy (Nelson et al., 1998; Wong et al..
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1998), which may relate to liver damage. During chronic infection, HCV-specific CTL
responses may be too weak to achieve viral clearance but may be strong enough to
mediate some control over the viral load, which could influence the outcome of
infection. This occurs at the expense of liver disease resulting ultimately in the
development of cirrhosis and hepatocellular carcinoma.

1.7.4 Immunopathological Role of the Immune Response in HCV-associated Liver
Damage

T cells are likely to have an immunopathological role during HCV infection, promoting
inflammation within and damage to the liver. HCV-specific T cells are found within the
liver with compartmentalisation of CD4* cells to the portal areas (Wejstal et al., 1992)
and CD8* cells in the hepatic lobules (Yuk et al., 1986). These cells have an activated
or memory phenotype. B cells are also found in germinal centres of lymphoid follicles
in the portal tracts (Gonzalez-Peralta et al., 1994; Onji et al., 1992).

The liver of HCV infected patients has a 30x greater frequency of CD8* cells than the
blood (He et al., 1999). However, most of the intrahepatic T cells are not HCV-specific
(Bertoletti et al., 1997; Carding et al., 1993; He et al., 1999). HCV-specific CTL are
also present in the liver, at a higher frequency than in the peripheral blood (Koziel et
al., 1993; Koziel et al., 1995; Koziel et al., 1992; Nelson et al., 1998) but are at lower
frequencies in the liver than is seen in for other viral infections such as LCMV (Byrne
and Oldstone, 1984).

Aggressive macrophage and monocyte responses are also

present in the liver, which will enhance antigen presentation and the inflammatory
process (Marrogi et al., 1995; Mosnier et al., 1994). The presence of pro-inflammatory
cytokines, particularly IFNy, in the liver will also enhance activation of non-specific
inflammatory responses.

IFNy enhances the ability of TNFa to mediate hepatic
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damage (Morita et al., 1995), and initiate recruitment of T cells (Cook et al., 1995;
Shields et al., 1999; Taub et al., 1993), NK and NKT cells (Kaneko et al., 2000;
Salazar-Mather et al., 1998) :o the liver, all of which are capable of mediating hepatic
damage in a non-antigen-specific manner. The presence of innate cells such as NK,
NKT and yô T cells in HCV liver may also be contributing to immunopathogenesis as
they create and sustain an inflammatory environment activating non-specific T cells. If
this response is not down-regulated damage to uninfected hepatocytes could occur,
thus enhancing inflammation and damage to the liver.

HCV-infected hepatocytes are destroyed by CD8* CTL cells via Fas-FasL (Hiramatsu
et al., 1994; Kondo et al., 1997; Lehman et al., 1996; Mita et al., 1994), TNFa
(Kinkhabwala et al., 1990; Vassalli, 1992) and perforin (Ando et al., 1997; Kondo et al.,
1997). However, uninfected hepatocytes may also be damaged by cells which are nonspecifically activated within the liver or that have been recruited by the expression of
chemokines from activated cells as part of the inflammatory process.

Another

mechanism that can amplify hepatocyte death is that of CD40-CD40L binding between
activated lymphocytes and macrophages with hepatocytes, which amplifies Fasmediated death of hepatocytes (Afford et al., 1999). This can also cause liver damage
irrespective of the antigen-specificity of the cells.

A study by Napoli et al (Napoli et al., 1996) found a correlation between Thi cytokine
responses and hepatic fibrosis and portal inflammation. The generation of a proinflammatory environment in the liver enhances necroinflammatory and fibrotic liver
disease such as cirrhosis and hepatocellular carcinoma. In contrast, Cacciarelli at a!
(Cacciarelli et al., 1996) suggested that an elevated Th2 response was present which
may downregulate the HCV-specific immune response.
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Antibodies may also contribute to immunopathology in HCV infection.

Over half of

chronically infected patients have increased expansions of CDS* B cells in the
peripheral blood (Pozzato and Moretti, 1994). Activation of these cells has been
associated with autoimmune diseases such as rheumatoid arthritis (Jarvis et al., 1992)
and may be linked with autoimmunity and B cell lymphomas in HCV patients. HCVspecific

antibodies

are

also

implicated

in

the

pathophysiology

of

mixed

cryoglobulinemia, where cold precipitable serum monoclonal and polyclonal IgG and
IgM immunoglobulins cause a systemic vasculitis with a range of clinical manifestations
(Agnello, 1997). Approximately 80% of mixed cryoglobulinemia cases are secondary
to HCV infection (Agnello, 1997). In addition, a high HCV seroprevalence has also
been reported in patients with other diseases, including B-cell-non-Hodgkin's
lymphoma (reviewed by Haufater et al., 2000) and Sjogren’s syndrome (Almasio et al.,
1992; Haddad et al., 1992).

1.7.5 Implications for Vaccine Development

The preceding information gives some insight into what kind of immune response
vaccines may need to elicit to combat HCV infection. In order to prevent infection, a
vaccine would have to induce high titre neutralising antibodies presumably directed
against the envelope glycoproteins (El & E2). To control acute infection, a strong,
sustained, vigorous and multi-specific antiviral CD4* and CDS* response would be
required; therefore a vaccine would need to induce broad spectrum T cell responses
targeting multiple conserved regions of the virus stimulating CD4* and CDS* responses
to provide protection against re-infection. Antibodies may also be important in reducing
spread and possibly aiding elimination of the virus. A therapeutic vaccine could aim to
elicit or restore a similar type of response to eliminate infection, or would at minimum
need to reduce infection in the liver in order to prevent the development of further liver

82

damage. Therefore the inducticn of liver specific CD4* and CD8* T cell responses and
antibody responses would be lequired, without causing enhancement of non-specific
immunopathological damage. To aid the development of vaccines stimulating the
correct

immune

responses

without

enhancing

immunopathology,

a

better

understanding of the immune responses occurring in HCV infection and why they
frequently fail to control viral repication is required.

1.8 Viral Immune Evasion Strategies

1.8.1 General Immune Evasion Strategies used by Viruses

Viruses have evolved many different strategies for evading the host immune response
to allow them to establish persistent infections. There are three main types of viral
immune evasion strategies.

Firstly, viruses may interfere with the induction or

maintenance of the host immune response. They may achieve this by inducing a
generalised immunosuppression, or cause tolerisation of virus-specific T cells or cause
CD8* cytotoxic T cells to become exhausted. Secondly, viruses may avoid recognition
by the

host immune

response by mechanisms such

as

latency,

infecting

immunoprivileged sites, downregulation of MHO and adhesion molecule expression or
antigenic variation. Finally, viruses may avoid host control by possessing resistance to
effector mechanisms, for example, by down-regulating Fas expression on infected cells
or possessing resistance to control by antiviral cytokines. Most viruses use a
combination of these evasion mechanisms to establish persistent infections within the
host.

Viruses develop these evasion mechanisms under pressure from the host

immune response in order to survive and replicate, thus providing them an evolutionary
advantage.
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1.8.1.1 Interference with the induction or maintenance of host immune responses

Viruses may downregulate the host immune responses by inducing a generalised
immunosuppression within the host in order to establish a persistent infection. There
are several ways viruses can induce immunosuppression. They may encode proteins
that have immunosuppressive effects, for example, some human and animal
retroviruses encode the p15E protein (Haraguchi et al., 1997) which has effects on
monocytes, NK cells and CTL activity (Cianciolo et al., 1988; Gottlieb et al., 1990).
Alternatively viruses can infect cells and tissues of the immune system and impair their
functions, or simply target them for destruction. A good example of a virus that takes
this approach is measles virus, which infects T cells, B cells, DCs and monocytes,
destroying them by syncytium formation (Joseph et al., 1975).

Measles virus also

inhibits the immune response in vitro by downregulating IL-12 production (Borrow and
Oldstone, 1994). These are non-antigen-specific mechanisms of impairing the host
immune response. Sometimes the host response is only transiently impaired in a
localised area; however in extreme cases the host response may become severely
impaired, for example, in measles virus infection or end-stage HIV infection, which may
render the host susceptible to opportunistic infections.

Viruses may also induce specific immunosuppression by several mechanisms. A virus
may induce neonatal tolerance, if infection occurs during early stages in life when the T
cell repertoire is being shaped by thymic selection, resulting in the deletion of virusspecific clones as they are recognised as self.

An example of this occurs when

neonatal mice are infected with LCMV: they become persistently infected and tolerant
to the virus (Pircher et al., 1989). An alternative strategy for generating a specific
immunosuppression is to cause exhaustion of antigen-specific T cells. Again, LCMV
uses this strategy. Infection of mice with an aggressive strain of LCMV generates a
rapid expansion of CTL, which become exhausted and cannot control the virus,
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resulting in a persistent infection (Moskophidis et al., 1993). Exhaustion may involve
deletion of virus-specific T cells, or the persistence of T cells with impaired effector
function (Zajac et al., 1998).

1.8.1.2 Avoidance of recognition by the host immune response

The second approach viruses may use is to avoid recognition by the host immune
response, in order to gain extra time for replication and transmission to a new host.
Latency is a strategy a virus may use to reside in the host undetected. Herpes simplex
virus type 1 (HSV-1) is a good example of a virus which uses latency to avoid host
recognition. It infects via the skin and undergoes lytic replication; it then infects local
sensory neurones but in these cells it does not express any gene products, hence
avoiding MHC class I recognition by CTL.

However, this strategy is not ideal for

transmission; therefore HSV periodically reactivates and undergoes lytic replication in
the skin in order to generate viral particles (Sawtell and Thompson, 1992).

Another strategy viruses use to avoid recognition by the host immune response is to
infect immunoprivileged sites.

These are sites within the body which the immune

system has limited access to, and which therefore provide a safe haven for viruses.
Immunoprivileged sites include the kidney, the salivary glands and the central nervous
system (CNS). Lymphocyte trafficking to the CNS is limited due to the blood brain
barrier, and there is an immunosuppressive environment there with little MHC class I
expression. Several viruses persist in the central nervous system, including HSV-1
and varicella zoster virus (VZV).

Viruses may also avoid recognition by the host immune system by interfering with MHC
or adhesion molecule expression on infected cells. There are several ways viruses can
interfere with MHC expression; virtually every part of the process involved in generating
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MHC expressing viral peptides is targeted by a virus in order to allow enhanced virus
production before detection. EBV targets the proteolysis of proteins. The viral protein
EBNA-1 which is the only protein produced in latently-infected cells is resistant to
proteolysis by the proteasome because it contains glycine-alanine repeats (Levitskaya
et al., 1995). Other viruses prevent the transport of peptides into the ER.

Herpes

simplex virus encodes a protein called ICP47, which blocks TAP (transporter
associated with antigen processing) from the cytoplasmic side (Fruh et al., 1995; Hill et
al., 1995; York et al., 1994), whilst the human cytomegalovirus (HCMV) US6 protein
interferes with peptide translocation from the luminal side of the ER (Ahn et al., 1997).
HCMV also impairs MHC class I expression using the US11 protein which
disassociates MHC chains resulting in their degradation (Wiertz et al., 1996).

The

transport of MHC may also be targeted by viruses; for example, the adenoviral
encoded E3/19K protein retains MHC class I molecules in the ER (Andersson et al.,
1985; Burgert and Kvist, 1985). The HIV-1 nef protein causes endocytosis of surface
MHC class I (Schwartz et al., 1996).

Viruses may also downregulate adhesion

molecules in order to reduce their susceptibility to CTL recognition, for example, EBV
can downregulate expression of ICAM-1 (intracellular adhesion molecule-1) and LFA-3
(leukocyte function antigen-3) on the surface of infected cells (Gregory et al., 1988).

Another strategy viruses can take in order to avoid recognition by the host is to
undergo antigenic variation. This can be achieved by various mechanisms including
reassortment of the viral genome, recombination between genomes or by mutation.
RNA viruses or viruses which have an RNA intermediate step have extremely high
mutation rates, generating diversity which can cause escape from both antibody and
CTL control. CTL escape viral variants are generated when CD8* cells have a major
role in controlling the infection.

This has been seen in HIV infection (reviewed by

Borrow and Shaw, 1998).
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1.8.1.3 Resistance to host effector mechanisms

Viruses can also possess resistance to host effector mechanisms: they can interfere
with the activity of antiviral cytokines (such as type 1 IFNs and IFNy) or render cells
resistant to lysis via apoptotic pathways. Antiviral cytokines are an important part of
the host immune response as they can “cure” cells of a viral infection (as described in
the immune responses section), therefore these cytokines are the most likely to be
targeted by viruses, which may encode cytokine receptor homologues or chemokine
agonists or antagonists or possess resistance to cytokine control mechanisms. Many
viruses target interferons: for example, pox viruses such as vaccinia virus produce an
interferon receptor homologue to mop up host interferons (Alcami and Smith, 1996);
and

adenoviruses encode a protein (ElA) which inhibits the JAK/STAT signalling

pathways of interferon (Mahr and Gooding, 1999). Viruses may also target antiviral
mechanisms induced by type 1 IFNs, such as the RNA-dependent protein kinase
(PKR).

Poliovirus can cause the degradation of PKR and other viruses such as

adenoviruses and EBV encode RNA inhibitors which compete with dsRNA for binding
to PKR (Mahr and Gooding, 1999).

Viruses may render host cells resistant to lysis by targeting apoptotic pathways in order
to provide more time for replication and transmission.

Some viruses encode viral

homologues of FLIP (FLICE inhibitory proteins) which blocks the formation of the DISC
(death inducing signalling complex) and prevents apoptosis (Thome et al., 1997). Pox
viruses target caspases, which are an integral part of many apoptotic pathways (see
figure 1.4), by encoding a protein called crmA. Other viruses encode homologues of
anti-apoptotic molecules such as Bcl-2; examples of this are used by HSV-1 (Kroemer,
1997) and EBV (Henderson et al., 1993).
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1.8.2 HCV Immune Evasion Strategies

Approximately 20% of individuals acutely infected with HCV contain viral replication
efficiently.

As discussed in the previous section, and by analogy with other virus

infections it would be expected that this would require efficient early control of virus
replication by innate responses (especially type 1 IFNs), and efficient adaptive
responses (especially CD4* and CD8* T cell responses). The available evidence from
HCV infection supports this, for example, associations between strong multi-specific
CD4* and CD8* T cell responses, “NOB” antibody responses and the control of acute
HCV infection have all been reported.

However, approximately 80% of individuals

don’t control acute HCV infection efficiently and go on to become chronically infected.
This suggests that HCV has strategies for impairing, avoiding and/or resisting control
by immune responses mounted by these individuals.

As discussed below, many

mechanisms have been proposed to be involved.

It is unclear why HCV does not establish a persistent infection in all infected
individuals. This could be due to host or viral factors. Host factors playing a role in the
establishment of a persistent infection could include genetics, for example, the HLA
type may affect the magnitude and breadth of HCV-specific CD4* and CD8* T cell
responses. Polymorphisms in the CD81 gene may alter the level of viral replication, as
CD81 is a proposed as a putative receptor for HCV. Alternatively CD81 polymorphisms
may alter the efficiency of antiviral host responses. Prior exposure of the host to HCV
infection would affect memory T cell responses, which again could alter the magnitude
and breadth of HCV-specific T cell responses. Viral factors influencing the outcome of
HCV infection may include the infectious dose and the route of infection. The virus
genotype has also been implicated; as discussed previously some genotypes are more
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responsive to therapy and immune control than other genotypes.

This is also

discussed in more detail below.

1.8.2.1 Type 1 Interferons

Interferons play an important role in the host antiviral response, so it is not surprising
that viruses have evolved strategies to avoid or counteract interferons. HCV may be
impairing the host type 1 IFN response, through the action of the NS5A protein. This
protein has been observed to impair IRF-1 (interferon regulatory factor) and IRF-3
activation (see figure 1.2 in previous section for interferon induction pathways) (Foy et
al., 2003; Pfiugheber et al., 2002). NS5A has also been found capable of binding to
another molecule involved in the interferon signalling pathway called Grb2 (growth
factor receptor bound protein 2).

Binding to Grb2 results in a decrease in the

phosphorylation of ERK-1/2 (extracellular signal-related protein kinase 1 and 2) which
leads to a reduction in interferon induction (Tan et al., 1999). NS5A has also been
shown to inhibit the activity of the transcription factor AP-1 (MacDonald et al., 2003)
also involved in the interferon signalling pathways. Conversely, NS5A may also
activate an interferon promoter which leads to an increase in the expression of IRF-3
(Ghosh et al., 2003) which may augment virus mediated interferon activity.

HCV also possesses resistance to interferons. This is probably very effective as it is
clear that interferon therapy fails in the majority of patients. HCV may be resisting the
host interferon response in several ways; NS5A has been shown to induce IL-8, a
cytokine which can counteract the antiviral activity of interferons (Polyak et al., 2001).
HCV also has effects on the interferon signalling pathways, for example, the core
protein has been implicated in the inhibition of STATI expression, a component of the
interferon signalling pathway (Basu et al., 2001). In addition, HCV has mechanisms for
impairing IFN-induced effector mechanisms. Enomoto et al (Enomoto et al., 1996)
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originally identified a region within NS5A in which mutations affected the response to
interferon therapy in Japanese patients with a type 1b infection. This region was called
the interferon sensitivity determining region (ISDR). A correlation between the ISDR
and interferon response has also been found in Indonesian HCV patients infected with
genotypes 1b, 1c and 2 (Lusida et al., 2001). The mechanism of interferon evasion via
the ISDR has since been identified to involve the NS5A gene product binding to the
dsRNA-dependant protein kinase (PKR) and preventing its dimérisation and the
subsequent phosphorylation of the protein synthesis initiation factor-2a (elF-2a), thus
blocking the antiviral activity of interferons (Gale et al., 1997). Other viral proteins may
also be involved in HCV resistance to the host interferon response. Taylor et al (Taylor
et al., 1999) found the E2 protein contains a domain with high homology to the
autophosphorylation domain of PKR and the phosphorylation target region of elF2a,
called PePHD (PKR- elF2a phosphorylation homology domain).

This region could

block PKR activity, more efficiently with genotype 1 E2 protein than genotypes 2 and 3
E2 protein. This may also help to explain the difference in the sensitivity to interferon
of different HCV genotypes.

In summary, HCV appears to be capable of interfering with multiple different
components of the pathways involved in interferon induction, signalling pathways and
activity in host cells, all of which result in impairment of the control of viral replication by
interferons.

1.8.2.2 NK Cells

If HCV impairs type 1 IFN induction, this may in turn affect the activation of NK cells in
early HCV infection. HCV may also impair NK responses in other ways, for example, it
has been observed that NK cells from HCV patients have a decreased cytotoxic
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capacity compared to those from uninfected individuals (Corado et al., 1997).
However, it is unclear when in infection this is occurring, and it may be a consequence
of a persistent infection. There may be a role for interaction between the HCV E2
protein and CD81 in impairment of NK responses, as it has been shown that E2 can
cross-link CD81 expressed on NK cells and block NK cell activation, cytokine
production (IFNy), proliferation and cytotoxic granule release (Crotta et al., 2002; Tseng
and Klimpel, 2002).

Alternatively, HCV could avoid NK cell recognition by inducing an upregulation of MHC
class I (Herzer et al., 2003). In addition, HCV could induce resistance to NK effector
mechanisms, by effects on the antiviral actions of interferons (described above) or by
affecting the susceptibility of cells to NK lysis (discussed below). As the role of NK
cells in HCV infection is unclear, the physiological role of these effects of HCV infection
on NK cells remains to be clarified. However, they could conceivably limit the antiviral
activity of NK cells early in the infection process, allowing a persistent infection to be
established.

1.8.2.3 Antibody Response

Humoral responses are also potential targets for HCV immune evasion. There seems
to be a delay in the induction of the antibody response during HCV infection (Chen et
al., 1999) which could contribute to HCV persistence. Ray et al (Ray et al., 2000),
found the antibody response in experimentally infected chimpanzees to be of a low
titre, short-lived and did not provide protection against re-infection with a homologous
strain of virus (Farci et al., 1992), therefore these observations suggest that the
magnitude and duration of the antibody response is impaired by HCV. However, HCV
persistence and progression of hepatitis are seen even in the face of circulating
antibodies, which would suggest the virus also avoids control by the host antibody
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responses. One strategy HCV may take to avoid the antibody response is that of
antigenic variation in the hypervariable region 1 (HVR1) of the E2 protein (Farci et al.,
1996; Higashi et al., 1993; Taniguchi et al., 1993) which is a major target for
neutralising antibodies.

Mutations in this region account for a large degree of

sequence variation between isolates from infected patients (Farci et al., 1996). The
emergence of sequence variants will allow escape from neutralising antibodies which
may lead to persistent infection (Farci and Purcell, 2000; Farci et al., 2000). However,
the generation of viral escape variants may be a consequence of a persistent infection
and immune pressure rather than the cause of persistent infection, which would imply
that HCV has other strategies for evading host immune responses in order to establish
a persistent infection.

1.8.2.4 T Cell Responses

HCV may impair the induction and/or maintenance of T cell responses via effects on
DCs. HCV RNA has been detected in cells of the immune system (Bain et al., 1999;
Lerat et al., 1998) suggesting that HCV is capable of infecting these cells which could
impair the immune responses generated by these cells. There is mounting evidence
that there is an alteration in the ability of antigen presenting cells to induce and
maintain immune responses during infection with HCV. It has been shown that
dendritic cells from chronically infected individuals have an impaired stimulatory
capacity in vitro and a reduced ability to produce IL-12 (Auffermann-Gretzinger et al.,
2001; Bain et al., 2001; Kakumu et al., 2000; Kanto et al., 1999). This has also been
shown in murine model systems where bone marrow derived DCs expressing HCV
proteins have a reduced allostimulatory capacity (Kim et al., 2002a). Similarly Hiasa et
al (Hiasa et al., 1998) found murine lymphoid DCs expressing HCV structural proteins
also had a decreased allostimulatory capacity and a decrease in IL-12 production.
Sarobe et al (Sarobe et al., 2002) have also seen a decrease in T cell allostimulatory
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responses and IL-2 production stimulated by monocyte-derived DCs expressing HCV
core and E1 proteins. Macrophages are other antigen presenting cells that may also
be affected by HCV as it has been seen that the HCV core protein can inhibit
macrophage IL-12 and nitric oxide production and these macrophages also had a
decreased ability to stimulate allogenic T cell responses (Lee et al., 2001). These
defects may contribute to deficits in the antiviral T cell responses in vivo.

In acute HCV infection, strong CD8* T cell responses are induced but impairments in
their effector functions have been reported. It has been observed that in patients with
acute HCV infection highly activated CTL populations were detected but they
temporarily failed to secrete IFNy.

These cells have been described to have a

“stunned” phenotype as they recovered the ability to secrete IFNy as the levels of
viraemia decreased (Lechner et al., 2000b).

Potentially these stunned CTL may

secrete other cytokines such as IL-4 or IL-10, as HCV-specific CTL clones have been
found to secrete these cytokines (Koziel et al., 1995). The perforin content, lytic ability
and proliferative capacity has also been found to be reduced in patients with acute
HCV infection (Urban! et al., 2002). These “stunned” cells may result from a lack of the
appropriate cytokines produced by DCs and macrophages (Bain et al., 2001; Lee et al.,
2001; Sarobe et al., 2002). However, it is more likely that this phenotype may be a
consequence of a high viral load in vivo, as a similar phenomenon has been observed
in other viral infections, such as LCMV infection (Moskophidis et al., 1993).
Alternatively, the impaired effector functions of HCV-specific CTL may be due to an
effect of the core protein interacting with the complement receptor gClqR. This has
been proposed as a mechanism for inhibition of antiviral CTL responses and proinflammatory cytokine production (IL-2 and IFNy) by Yao et al (Yao et al., 2001a; Yao
et al., 2001b).
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Although strong HCV-specific 008"^ T cell responses are frequently observed in acute
HCV infection, loss of CD4* T cell responses and low magnitude CDS* T cell responses
frequently accompany chronic HCV infection (Gerlach et al., 1999; Lechner et al.,
2000a; Wong et al., 2001). Again, the mechanisms responsible for this are not clear;
but impairment of DC function may be of importance here.

HCV may also avoid recognition by the host T cell response via its high mutation rate
which could result in the generation of escape viral variants. CTL escape has been
described in a chimpanzee with a chronic HCV infection (Weiner et al., 1995a; Weiner
et al., 1995b). If the initial CTL response is polyclonal and multispecific it is less likely to
be escaped, but an initially narrow response could be evaded by the virus by this
mechanism.

HCV may also possess resistance to T cell effector mechanisms. Several studies have
found the core protein to reduce the susceptibility of cells to apoptosis by interactions
with the TNFR-1 and Fas (Ruggieri et al., 1997; Zhu et al., 1998).

Altering the

susceptibility of cells to apoptosis would prevent their destruction by CTLs, thus
providing longer for viral replication.

1.8.3 Potential Involvement of the HCV Core Protein in HCV Evasion Strategies

The HCV core protein has properties that suggest it may contribute to HCV persistence
via several different mechanisms. First, it may act extracellularly: it has been shown
that the core protein can bind to the complement receptor (gClqR), leading to impaired
T cell responses (Kittlesen et al., 2000; Yao et al., 2001a; Yao et al., 2001b). Second,
the presence of the core protein within the cytoplasm of cells has been shown to bind
to the cytoplasmic tail of members of the TNFR family (Chen et al., 1997; Matsumoto et
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al., 1997; Ruggieri et al., 1997; Zhu et al., 1998) and may modulate signalling through
these molecules (Hahn et al., 2000; Machida et al., 2001; Otsuka et al., 2002; Zhu et
al., 2001). This family includes members which are involved in DC activation; therefore
core could decrease DC activation and functions and hence impair the host immune
response.

The TNFR family also contains members involved in NK cell and CTL

effector functions, therefore the core protein could increase the susceptibility of DCs to
apoptosis leasing to impaired immune responses, or it may decrease the susceptibility
of hepatocytes to apoptosis to increase viral production. Third, the core protein could
also affect all these pathways by effects on downstream signalling pathways, for
example, NFk B (Yoshida et al., 2001). Fourth, the core protein has been suggested to
impair JAK/STAT signalling pathways involved in cellular responses to IFNs (Basu et
al., 2001). Finally, the core protein has been shown to have effects on the regulation of
gene expression in the nucleus, for example, it has been shown to have effects on p53
(Herzer et al., 2003; Ray et al., 1997), which again could increase or decrease the
susceptibility of cells to apoptosis and have effects on the activation of responses.

Given the reports that HCV was able to infect DCs (Goutagny et al., 2003; Navas et al.,
2002) and that DCs from HCV patients had impaired functions, including a reduced
stimulatory capacity and IL-12 production (Auffermann-Gretzinger et al., 2001; Bain et
al., 2001; Kakumu et al., 2000; Kanto et al., 1999) and the variety of mechanisms by
which core could potentially effect these cells, I set out to explore the effects of the core
protein on the activation and functions and the sensitivity of cells to apoptosis. Two
studies that provided further rationale for this work were those by Hiasa et al (Hiasa et
al., 1998), who found murine DCs expressing HCV structural proteins had a decreased
stimulatory capacity and reduced IL-12 production and Lee at a! (Lee et al., 2001), who
found that the core protein decreased IL-12 and nitric oxide production by macrophage
cell lines. I aimed to address effects of the core protein on activation and interaction of
DCs with T cells and also effects core may have on the susceptibility of DCs to
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apoptosis by means of adenoviral vectors, which would be more physiologically
relevant than previous studies.
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Chapter 2 - Materials & Methods

2.1 Materiats

2.1.1 Biochemical Reagents
Reagent
lOObp DNA Ladder
1Kb"" DNA Ladder
2-Mercaptoethanol
^H-Thymidine
Agarose
Alexa Fluor 647 Dextran
(10,000 MW, anionic)
Ampicillin
Beta Plate Scint
BO-PRO-3 iodide
Bovine Serum Albumin
(BSA)
Butan-1-ol
Caesium Chloride
Chloroform
Chromogenic Alkaline
Phosphatase Substrate
(ELISPOTS)
Deoxynucleotide
Triphosphates (DNTPs)
Dimethylsulphoxide
(DMSO)
DNA Polymerase 1
DNA Polymerase Mg Free
Buffer (lOx)

Supplier
Invitrogen Life
Technologies, Paisley, UK
Invitrogen Life
Technologies, Paisley, UK
Sigma Aldrich Company
Ltd, Poole, UK
Amersham Pharmacia
Biotech UK Ltd, Little
Chalfont, UK
Promega UK,
Southampton, UK
Molecular Probes Europe
BV, Leiden, Netherlands
Sigma Aldrich Company
Ltd, Poole, UK Aldrich
Wallac, Turku, Finland
Molecular Probes Europe
BV, Leiden, Netherlands
Sigma Aldrich Company
Ltd, Poole, UK
BDH Lab Supplies, Poole,
UK
Sigma Aldrich Company
Ltd, Poole, UK
BDH Lab Supplies, Poole,
UK
BioRad Laboratories Ltd,
Hamel Hempstead, UK
Promega UK,
Southampton, UK
Sigma Aldrich Company
Ltd, Poole, UK
Invitrogen Life
Technologies, Paisley, UK
Promega UK,
Southampton, UK
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Catalogue Number
15628-019
10787-018
M7522
TRA120
V-3121
D22914
A-9518
SC/9200
B-3587
A4503
100615-Y
C3139
100776B
170-6432
U1240
D2650
18012-021
H190G

E.CO//BJ5183
Electroporation Competent
Cells
E.coli Max Efficiency
DH10B Competent Cells
E.coli Subcloning Efficiency
DH5a Competent Cells
Effectene Transfection
Reagent
Ethanol
Ethidium Bromide
FcR Blocking Reagent
Fluorescent Mounting
Medium
Fugin

Stratagene, Cambridge, UK

200154

Invitrogen Life
Technologies, Paisley, UK
Invitrogen Life
Technologies, Paisley, UK
Qiagen, Crawley, UK

18297-010

lAH Stores, Compton, UK
Sigma Aldrich Company
Ltd, Poole, UK
Miltenyi Biotech, Bisley, UK
Dako Corporation, Ely, UK

Autogen Bioclear, Caine,
UK
Gel Loading Solution Type 1 Sigma Aldrich Company
Ltd, Poole, UK
(6x)
Sigma Aldrich Company
Gelatin (type A)
Ltd, Poole, UK
CN Biosciences, Beeston,
GeneJuice Transfection
UK
Reagent
BDH Lab Supplies, Poole,
Glacial Acetic Acid
UK
BDH Lab Supplies, Poole,
Glycerol
UK
Invitrogen Life
Glycine
Technologies, Paisley, UK
Invitrogen Life
Goat serum
Technologies, Paisley, UK
Leo Laboratories Ltd,
Heparin (Pump-Hep)
Princes Risborough, UK
BDH Lab Supplies, Poole,
Isopropanol
UK
Sigma Aldrich Company
Kanamycin
Ltd, Poole, UK
Sigma
Aldrich Company
Lipopolysaccharide (LPS)
E.co//055.135
Ltd, Poole, UK
Low Endotoxin FCS (Batch Harlan Sera Labs,
Loughborough, UK
91607)
BioRad Laboratories Ltd,
Low Range Marker
Hemel Hempstead, UK
lAH Media Supplies,
Luria Broth (LB)
Compton, UK
lAH Media Supplies,
Luria Broth (LB) Agar
Compton, UK
Plates
Magnesium Chloride 6BDH Lab Supplies, Poole,
UK
Hydrate
BDH Lab Supplies, Poole,
Methanol
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18265-017
301307

E1510
130-059-901
53023
Ant-fn
G7654
(32500
70967-5
1022466
101186M
15709-017
16210-064

1022466
K0879
L2880
009501
161-0306

101494V
10158BG

Mineral Oil
Na“'Cr 04
^ ’ Chromium)
Opti-Phase Supermix
Scintillant
Paraformaldehyde
Phalloidin-Alexa-Fluor-568
Phenol
Phosphate Buffered Saline
(PBS) (1 OX)
Potassium Chloride
Potassium Hydroxide
Pellets
Recombinant Lymphotoxin
a1(32
Recombinant Lymphotoxin
a231
Recombinant TRAIL
Sodium Azide
Sodium Carbonate
Anhydrous
Sodium Chloride
Sodium Citrate
Sodium Hydrogen
Carbonate
Sodium Hydroxide Pellets
Sucrose
Sulphuric Acid
T4 DNA ligase
TAE (25x)
Tag Polymerase
Terrific Broth
TMB Substrate

UK
Sigma Aldrich Company
Ltd, Poole, UK
Amersham Pharmacia
Biotech UK Ltd, Little
Chalfont, UK
Wallac, Turku, Finland
Sigma Aldrich Company
Ltd, Poole, UK
Molecular Probes Europe
BV, Leiden, Netherlands
Sigma Aldrich Company
Ltd, Poole, UK
Invitrogen Life
Technologies, Paisley, UK
Sigma Aldrich Company
Ltd, Poole, UK
Sigma Aldrich Company
Ltd, Poole, UK
R&D Systems, Abingdon,
UK
R&D Systems, Abingdon,
UK
CN Biosciences, Beeston,
UK
Sigma Aldrich Company
Ltd, Poole, UK
BDH Lab Supplies, Poole,
UK
BDH Lab Supplies, Poole,
UK
BDH Lab Supplies, Poole,
UK
BDH Lab Supplies, Poole,
UK
BDH Lab Supplies, Poole,
UK
BDH Lab Supplies, Poole,
UK
BDH Lab Supplies, Poole,
UK
Promega UK,
Southampton, UK
Anachem Ltd, Luton, UK
Promega UK,
Southampton, UK
Invitrogen Life
Technologies, Paisley, UK
R&D Systems, Abingdon,
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M5904
CJS11
SC/9235/21
P6148
A12380
P4557
14200-067
P4504
P5958
678-LY
679-TX
616376
S8032
102405Y
102415K
102425L
102475W
102524X
102744B
102761C
Ml 801
0796-1.6R
Ml 865
22711-022
DY999

Tris-HCi
Triton-X-100
Tween-20

UK
Sigma Aldrich Company
Ltd, Poole, UK
Sigma Aldrich Company
Ltd, Poole, UK
Sigma Aldrich Company
Ltd, Poole, UK

T3253
T9284
P7949

2.1.2 Plastic ware

Product
12ml Polyclear Centrifuge
Tubes
13mm Coverslips
15ml Falcon Tubes
19g Needles
24 Well Plates
3.2ml Polycarbonate Thick
Wall Tubes
50ml Falcon Tubes
6 Well Plates
6mm Dishes
96 Flat Bottom Plates
96 V Bottom Plates
96 Well Sample Plate (CTL
Counting Plate)
Bijou Tubes
Cell Scrapers 18cm
25cm
Cell Strainers (40pm)
Chamber Slides
Cluster Tubes (FACS)
ELI SPOT plates
Eppendorf Tubes 0.5ml
1.5ml

Supplier
Beckman Instruments UK
Ltd, High Wycombe, UK
Western Lab Supplies,
Aldershot, UK
Becton Dickinson Labwear,
NJ, USA
Sherwood Medical,
Gosport, UK
Becton Dickinson Labwear,
NJ, USA
Beckman Instruments UK
Ltd, High Wycombe, UK
Becton Dickinson Labwear,
NJ, USA
Becton Dickinson Labwear,
NJ, USA
Corning, NY, USA
Corning Costar, High
Wycombe, UK
Corning Costar, High
Wycombe, UK
Wallac, Turku, Finland
BDH Lab Supplies, Poole,
UK
Becton Dickinson Labwear,
NJ, USA
Becton Dickinson Labwear,
NJ, USA
Invitrogen Life
Technologies, Paisley, UK
Abgene, Surrey, UK
Millipore Corp, Bedford,
USA
Tref Ag, Degersheim,
Switzerland
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Catalogue Number
362305
ML-579-13
352096
1100-252012
353047
362305
352070
353046
430166
3595
3894
1450-401
275/0460/24
3085
3036
352340
154461K
AB-0672
MAHA S45
96.4625.9.01
96.8160.9.02

FACS Tubes (5ml Round
Bottom Polystyrene)
Flasks T150
T75
125
Gene Puiser Cuvette 0.2cm
gap
Immune 96 Well Nunc
Plates (Maxisorp)
Internal Thread 1.8ml Nunc
Cryovials
LS^ MACS Columns
Microscope Slides
Pasteur Pipettes
PCR reaction Tubes
Pipettes 5ml
10ml
25ml
50ml
Plate Sealers
Reagent Reservoirs
(100ml)
Slide-A-Lyzer (1000
MWCO) Dialysis Cassettes
Syringes 2ml
50ml
Tips 20ul
200ul
lOOOul
Universal T ubes

Becton Dickinson Labwear,
NJ, USA
Helena Biosciences,
Sunderland, UK
BioRad Laboratories Ltd,
Hemel Hempstead, UK
Life Technologies, Paisley,
UK
Life Technologies, Paisley,
UK
Miltenyi Biotech, Bisely, UK
BDH Lab Supplies, Poole,
UK
Jencons Scientific, Leighton
Buzzard, UK
Perkin Elmer Applied
Biosystems, Warrington,
UK
Bibby Sterilin, Stone, UK
Becton Dickinson Labwear,
NJ. USA
Camlab Ltd, Cambridge,
UK
Corning Inc, NY, USA

352054
90151
9076
9026
165-2086
439454A
377267
130-042-401
406/0184/04
475-068
N801-0580 (tubes)
N801-053 (caps)
40105
47110
18327
357550
EC/005.SPN
4873

Pierce & Warriner UK Ltd,
Chester, UK
lAH Stores, Compton, UK

6638122

Rainin Instruments Co Ltd,
Woburn, USA

GPS25
GPS250
GPS1000
275/0460/04

BDH Lab Supplies, Poole,
UK

2.1.3 Restriction Enzymes

Restriction Enzyme
BglW
C/al
EcoRI

Supplier
Invitrogen Life
Technologies, Paisley, UK
Invitrogen Life
Technologies, Paisley, UK
invitrogen Life
Technologies, Paisley, UK
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Catalogue Number
15213-028
15416-068
15202-013

HindlW
Pad
Pme\
Sma\
Spe\
Sph\
SSp\

Invitrogen Life
Technologies, Paisley, UK
New England Biolabs (UK)
Inc, Hitchen, UK
New England Biolabs (UK)
Inc Hitchen, UK
Invitrogen Life
Technologies, Paisley, UK
Invitrogen Life
Technologies, Paisley, UK
Invitrogen Life
Technologies, Paisley, UK
Invitrogen Life
Technologies, Paisley, UK

15207-020
R0547L
RO5605
15228-034
15443-013
15413-040
15458-011

2.1.4 Plasmids

Plasmid
pGEM-1-195
pGEM-1-169
pGEM-1-124. 145-169
PGDNA3-EGFP
pCA13
pBHGIO
pABS.4
pFG140
pAEIsplA
pAdTrack-CMV
pAdEasy-1

Supplier
Dr J. McLauchlan, MRG
Virology Unit, Glasgow, UK
Dr M. Flint
Microbix Biosytems Inc.
Toronto, Canada

Catalogue Number

K ite

Drs He & Vogelstein,
Howard Hughes Medical
Institute Research
Laboratories, Baltimore,
USA

2.1.5 Tissue Culture Reagents
Reagent
Agar-Agar
DMEM with Glutamax
Medium
Dulbecco’s MOD Eagle
Medium
Foetal Bovine Serum
(GFGS)
Foetal Calf Serum (FGS)

Supplier
Merck, Darmstadt,
Germany
Invitrogen Life
Technologies, Paisley,UK
Invitrogen Life
Technologies, Paisley, UK
Invitrogen Life
Technologies, Paisley, UK
PAA Laboratories, Linz,
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Catalogue Number
1.01613
31955-021
41966-029
10106-169
(Lot: 40Q1282F)
A15-002

Gentamlcln
Histopaque-1077
Horse Serum
Human Male AB Serum
L-Glutamine
Low Endotoxin Foetal Calf
Serum (LE PCS)
Male AB Serum
Ml 99 Medium
MEM with Glutamax
Medium
Neutral Red
Penicillin & Streptomycin
RPMI (Phenol-Red Free)
Medium
RPMI 1640 with Glutamax
Medium
Saline
Trypan Blue
Trypsin-EDTA

Austria
Sigma Aldrich Company
Ltd, Poole, UK
Sigma Aldrich Company
Ltd, Poole, UK
Invitrogen Life
Technologies, Paisley, UK
Sigma Aldrich Company
Ltd, Poole, UK
Sigma Aldrich Company
Ltd, Poole, UK
Harlan Sera Labs,
Loughborough, UK
Sigma Aldrich Company
Ltd, Poole, UK
Invitrogen Life
Technologies, Paisley, UK
Invitrogen Life
Technologies, Paisley, UK
Invitrogen Life
Technologies, Paisley, UK
lAH Media Supplies,
Compton, UK
Invitrogen Life
Technologies, Paisley, UK
Invitrogen Life
Technologies, Paisley, UK
Baxter Healthcare,
Compton, UK
Invitrogen Life
Technologies, Paisley, UK
Invitrogen Life
Technologies, Paisley, UK

(Lot: 083)
G-1272

Supplier
GlaxoSmithKline,
Stevenage, UK
GlaxoSmithKline,
Stevenage, UK
R&D Systems, Abingdon,
UK
R&D Systems, Abingdon,
UK
Upstate Biotechnologies,
Boltoph Claydon, UK

Catalogue Number
Gift From Dr John Tite

H8889
26050-088
H-4522
G-7513
009501
(Lot: 91607)
H4522
21157-029
41090-028
15330-046

1835-030
72400-021
F7124
15250-061
45300-019

2.1.6 Cytokines

Cytokine
GM-CSF
IL-2
IL-4
M-CSF
TNFa
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Gift From Dr John Tite
204-IL-025
216-MC-025
01-164

2.1.7 Antigens & Peptides

Supplier
Antigen
Purified Protein Derivative Statens Seruminstitut,
Copenhagen, Denmark
(PPD)
Mr L. Hunt, lAH, Compton
CMV Peptide
(NLVPMVATV)

Catalogue Number
2390

2.1.8 Cell Lines

Supplier
Microbix, Toronto, Canada
Dr M. Stevenson,
Worcester, USA
Dr A. Patel, Glasgow, UK
Hep16
European Collection of Cell
Hep3B
Cultures
Dr N. Jones, Oxford, UK
HLA-A2' EBV-BLCL (EJ4)
HLA-A2^ EBV-BLCL (BORI) Dr P. Borrow, Compton, UK
European Collection of Cell
Jurkat
Cultures
European Collection of Cell
K562
Cultures
Cell Line
293
293T

Catalogue Number
PD-02-02

86062703

88042803
89121407

2.1.9 Kits

Kit
Annexin V (Cy3) Apoptosis
Kit
Gen-Probe Mycoplasma
Testing Kit
Human IL-12 p40 ELISA Kit
Human IL-2 ELISA Kit
NK Cell Isolation Kit

Supplier
Biovision Research
Products, CA, USA
Gen-Probe Inc, San Diego,
USA
R&D Systems, Abingdon,
UK
R&D Systems, Abingdon,
UK
Miltenyi Biotech, Bisley, UK
Qiagen, Crawley, UK

Catalogue Number
K102-100
1591
DY1240
DY202
130-046-502
27104

2.1.10 Antibodies

Antibody

Supplier

Agonistic AntiFas Ab

Upstate Ltd,
Milton Keynes,

Catalogue
Number
05-201
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Clone

Isotype

CH11

igM

Anti- IFNy
(ELISPOT
detection Ab)
Anti-biotin ALP

Anti-CD3

Anti-IFNy
(ELISPOT
coating Ab)
CD11cPE
CD 14 MACS
Beads
CD3 MACS
Beads
CD4 MACS
Beads
CD40
CD40 PE
CDS MACS
Beads
CD80 PE
CD83 PE
CD86 PE
CD95
Biotinylated
CD95L
Biotinylated

UK
Mablech AB,
Nacka, Sweden
Vector
Laboratories
Inc,
Peterborough,
UK
Harlan Sera
Lab UK Ltd,
Biscester, UK
Mablech AB,
Nacka, Sweden
BD Biosciences
Pharmingen,
Oxford, UK
Miltenyi
Biotech, Bisley,
UK
Miltenyi
Biotech, Bisley,
UK
Miltenyi
Biotech, Bisley,
UK
BD Biosciences
Pharmingen,
Oxford, UK
BD Biosciences
Pharmingen,
Oxford, UK
Miltenyi
Biotech, Bisley,
UK
BD Biosciences
Pharmingen,
Oxford, UK
BD Biosciences
Pharmingen,
Oxford, UK
BD Biosciences
Pharmingen,
Oxford, UK
BD Biosciences
Pharmingen,
Oxford, UK
BD Biosciences
Pharmingen,

7-B6-1

3420-6

Sp-3020

Custom
produced

0KT3

3420-3

1-D1K

5555392

B-Ly6

igGi

130-050-201

lgG2a

130-050-101

lgG2a

130-045-101

SK3

IgGi

33070D

SC3

IgGi

33075X

5C3

IgGi

130-045-201

BW135/80

lgG2a

557227

L307.4

IgGi

36935X

HB15E

IgGi

555658

2331 (FUN-1)

IgGi

33452X

DX2

IgGi

65322X

NOK-1

IgGi
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Goat Anti
mouse F(ab’)2
Fragment Gy5
HOV Core

HLA-A,B,C PE
HLA-DR PE
Mouse lgG2b
FITC
Purified Mouse
lgG1
Streptavidin PE
TRAIL Ri
(DR4)
TRAIL Rll
(DR3)

Oxford, UK
Jackson
115-176-068
Immuno
Research Labs
Inc, West
Grove, PA,
USA
Dr J.
McLauchlan,
Glasgow, UK
BD Biosciences 32295X
Pharmingen,
Oxford, UK
BD Biosciences 32415X
Pharmingen,
Oxford, UK
BD Biosciences 33804X
Pharmingen,
Oxford, UK
BD Biosciences 555746
Pharmingen,
Oxford, UK
BD Biosciences 13025D
Pharmingen,
Oxford, UK
R&D Systems
AF347
Europe Ltd,
Abingdon, UK
R&D Systems
AF631
Europe Ltd,
Abingdon, UK

106

JM122

G46-2.6

IgGi

TU36

lgG2b

27-35

lgG2b

MOPC-21

IgG

2.2 Methods

2.2.1 Preparation & Quantification of Plasmid DNA

Competent Escherichia coil (E. coil) DH5a or DH10B cells were transformed with 0.2-1 pg
of plasmid DNA using the heat shock method (Sambrook et al., 1989). Briefly, 1-5pl of
plasmid DNA was added to lOOpI of competent cells in Eppendorf tubes.

Cells were

incubated on ice for 30 minutes before heat shocking at 37°C for 20 seconds. They were
then incubated on ice for 2 minutes before addition of 1ml of Luna broth (LB) media. They
were incubated for 1 hour at 37°C in an InnOva 4230 shaking incubator (New Brunswick
Scientific, Edison, NJ, USA) at 200rpm to allow expression of the antibiotic resistance
genes. Cells were plated onto LB agar plates containing an appropriate antibiotic
(ampicillin at lOOpg/ml or kanamycin at 25pg/ml) and incubated overnight at 37°C.
Individual colonies were picked and inoculated into 10ml of LB containing the appropriate
antibiotic and grown overnight at 37°C in an InnOva 4230 shaking incubator at 200rpm.

DNA was extracted using the standard alkaline lysis method (Sambrook et al., 1989) or the
Qiagen Qiaprep Spin Miniprep kit (following the manufacturer's protocol). In the later case,
bacterial cells were pelleted at top speed in a microfuge (Eppendorf centrifuge 5415C,
Eppendorf, Hamburg, Germany) and resuspended in 250pl of buffer PI. Cells were lysed
with an equal volume of buffer P2 with gently mixing, then this solution was neutralised
with 350pl of buffer N3. Cellular debris was pelleted at top speed in a microfuge and the
supernatants added to the QIAprep spin columns placed in clean Eppendorf tubes.
Columns were spun at top speed in a microfuge and the flow-through discarded. The
columns were then washed with buffer PE and the flow-through discarded again. Finally,
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the columns were placed into clean Eppendorf tubes and plasmid DNA was eluted in 50pl
of buffer EB.

Extracted plasmid DNA was quantified using a GeneQuant Pro UV

spectrophotometer (Amersham Pharmacia Biotech, Little Chalfont, UK).

Samples of

plasmid DNA were digested with appropriate restriction enzymes following standard
methods (Sambrook et al, 1989) and were run on a 0.8% agarose mini-gel to confirm the
plasmid identity. DNA bands were visualised by ethidium bromide, viewed on a UV light
box (Jencons, Forest Row, UK) and photographed with a Polaroid GelCam (Jencons,
Forest Row, UK).

2.2.2 Preparation & Gel Purification of Plasmid Fragments

Plasmids (2-20pg) were linearised or gene fragments were excised from the plasmids by
restriction enzyme digestion following standard methods (Sambrook et al., 1989).
Fragments were separated by running the digest mix on a 0.8% low melting point agarose
gel, and the fragment band(s) were excised from the gel. The gel fragments were weighed
and 5 volumes of 20mM Tris-HCI/ImM EDTA (pH8) (TE buffer) were added. The
fragments were then incubated in a 56°C waterbath until the gel had melted.

Phenol,

phenol: chloroform (1:1) and chloroform extractions and ethanol precipitations were carried
out following standard methods (Sambrook et al., 1989). Linearised plasmids or purified
gel fragments were resuspended in an appropriate volume of distilled water or Tris-EDTA
(TE) buffer.
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2.2.3 Subcloning Techniques

Gene fragments were subcloned into the adenoviral vector plasmids pABS.4, pCA13 and
pBHGIO (Microbix method) or pAdTrack-CMV (AdEasy method).

T4 DNA ligase was

used to ligate fragments into the appropriate vector following standard techniques
(Sambrook et al, 1989). Briefly, a range of vector: insert ratios were set up (for example,
1:1, 1:2, 1:4 and 2:1), using 50-1 OOng of plasmid with 1 unit of 14 DNA ligase in the
appropriate buffer. The final volume per reaction was 10 or 20pl. Ligation mixes were
incubated at 16°C overnight. To identify the desired recombinants, the ligation mixes were
transformed into competent E. coil DH5a or DH10B cells by the heat shock method.
Colonies were picked and grown up in the presence of the appropriate antibiotic. Plasmid
minipreps were prepared as described in section 2.2.1. These were then screened by
restriction enzyme digestion. Glycerol stocks of plasmids were prepared by adding 500^1
of the overnight bacterial culture to SOOpI of glycerol in cryovials. The glycerol stocks were
stored at -80°C.

2.2.4 Plasmid DNA Maxi preps

500ml of LB containing an appropriate antibiotic was inoculated with a small scraping of
the glycerol stock of plasmid-containing bacteria. This was cultured overnight at 37°C in
an InnOva 4230 shaking incubator at 200rpm. Bacterial cells were pelleted at ZOOOrpm in
an Avanti J-301 centrifuge (Beckman, High Wycombe, UK) in a JA-14 rotor. The pelleted
cells were resuspended in 40ml of 50mM Tris-HCI/IOmM EDTA (pH8) solution. Cells were
lysed with 80ml of freshly prepared 0.2M NaOH/1% SDS solution and incubated on ice for
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5 minutes with gentle mixing. Neutralisation was carried out with 40ml KAc (pH4.8) with
complete mixing. The samples were incubated on ice for 15 minutes. Cell debris was
pelleted at SOOOrpm for 15 minutes in an Avanti J-301 centrifuge in a JA-14 rotor. The
supernatant was passed through a 40pm cell strainer to remove any further clumps of
debris before precipitation with 0.6 volumes of isopropanol. The precipitated DNA was
pelleted at SOOOrpm for 15 minutes in an Avanti J-301 centrifuge in a JA-14 rotor, and
resuspended in exactly 10ml of TE buffer. lOg of caesium chloride were added to the
DNA solution with 1ml of ethidium bromide (lOmg/ml stock).

This DNA solution was

dispensed into centrifuge tubes (3.2ml polycarbonate thick walled tubes) and balance
tubes prepared. These were spun in a Beckman Optima TLX ultracentrifuge (Beckman,
High Wycombe, UK) overnight at 80,000rpm in the TLA100.4 rotor at 20°C. After the
overnight spin, the plasmid bands were visualised under UV light and the lower (plasmid
DNA as opposed to genomic DNA) of the two bands carefully removed into fresh tubes.
The tubes were topped up with freshly made caesium chloride/ethidium bromide solution
and spun for 4-6 hours at 80,000rpm in the ultracentrifuge. The lowest band was removed
and diluted with 3 volumes of water in universal tubes.

One volume of TE-saturated

butan-1-ol was added, and the tubes were shaken and allowed to settle. The upper pink
organic phase containing the ethidium bromide was removed. These steps were repeated
until the upper phase was colourless with all ethidium bromide removed. Plasmid DNA
was precipitated with 2.5 volumes of 100% ethanol at -20°C overnight. Precipitated DNA
was pelleted at 10,000rpm in a Beckman Avanti J301 centrifuge in a JA-30.50 rotor for 15
minutes before washing with 70% ethanol. The plasmid DNA was allowed to air dry before
resuspension in an appropriate volume of TE buffer or distilled water. The concentration
of the plasmid DNA was measured by UV spectrophotometry and the plasmid identity was
checked by restriction digest analysis.
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2.2.5 Plasmid Recombination in E.coli BJ5183 Competent Cells

As part of the Ad Easy system for generation recombinant adenoviruses recombination
took place in E. coli BJ5183 electroporation competent cells. 2pg of pAdTrack-CMV-195,
pAdTrack-CMV-169 or pAdTrack-CMV-124 were digested with Pme I to linearise the
plasmids. Digested plasmid was separated from undigested plasmid by gel purification as
described in section 2.2.2 and the linearised plasmids were resuspended in 6pi of distilled
water.

Electroporation competent E. coli BJ5183 cells were thawed on ice and 40pl

aliquots placed into pre-chilled Eppendorf tubes.

1pl of pAdEasy-1 (100ng) and 6pl of

pAdTrack-CMV-195, pAdTrack-CMV-169 or pAdTrack-CMV-124 were added to the
competent cells and gently mixed.

This mixture was transferred into a pre-chilled

electroporation cuvette and the cuvette was inserted into the Gene Puiser II
electroporation chamber (BioRad, Hemel Hempstead, UK). Cells were pulsed with 2.5KV,
200 Ohms, 25mFD and 1ml of sterile LB was added after electroporation. The cells were
then transferred into 15ml Falcon tubes and incubated at 37°C in a shaker incubator
(200rpm) for 1 hour to allow expression of antibiotic resistance genes. Cells were plated
onto LB plates containing kanamycin (25pg/ml) and incubated overnight at 37°C.

2.2.6 Polymerase Chain Reaction (PCR)

Primers were designed using the Primer 3 programme available on the internet (wwwgenome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi) and synthesised by MWG Biotech,
(Ebersberg, Germany) on a 0.2pM scale, HPSF (high purity, salt free) purified. Primers
were resuspended to 1pg/pl in distilled water. A PCR reaction mix was prepared using
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75)il of PCR buffer, 45^1 of 25mM MgCb, 6)il of a 1:1:1:1 mix of DNTPs, 75^1 of 0.1 % (w/v)
gelatin and 549^1 of distilled water. For each PCR reaction 14.6^1 of the reaction mix,
0.2)liI of each primer, O.SpI of Taq polymerase, l^il (50-1 OOng) of template DNA and 3.5pl

of distilled water was added to PCR reaction tubes. The final volume for each reaction
was 20pl. Two to three drops of mineral oil were dropped on top of the PCR mix to
prevent evaporation and caps sealed on the tubes. The PCR tubes were placed into a
GeneAmp PCR System 9700 (Applied Biosystems, Warrington, UK) and the following
PCR conditions used:
94°C - 45 seconds
94°C - 30 seconds
55°C - 1 minute
72°C - 1 minute
72°C - 1 0 minutes
4°C - stop

25 cycles

Control reactions with no template, no primers, each primer alone and no Taq polymerase
were set up as well as the test samples. After completion of the PCR cycles, IOp.1 of the
product mix was diluted with 4|il of loading buffer and 4pl of distilled water and run on a
2% agarose gel at 110V for 90 minutes and product bands were visualised under UV light.

2.2.7 293 & 293T Cells

Low passage 293 cells were maintained in culture in MEM (minimum essential medium)
supplemented with 10% PCS (foetal calf serum) and penicillin/streptomycin (lug/ml).
Cells were passaged every 3-5 days, sub-culturing at 1:10, using citric saline to detach
cells from the flask surface. 293T cells were maintained in culture in DMEM (Dulbecco’s
minimum essential medium) supplemented with 7% PCS and penicillin/streptomycin
(lug/ml). Cells were passaged every 3-5 days, sub-culturing at 1:10, using 1x trypsin-
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EDTA (0.05% trypsin, 0.53mM EDTA) to detach cells from the flask surface. Cells were
shown to be mycoplasma negative by testing with the Gen-Probe mycoplasma testing kit,
following the manufacturer’s instructions.

2.2.8 Generation of Recombinant Adenoviruses

One day prior to transfection 293 cells were seeded at 10® cells in 5ml of MEM
supplemented with 10% GFGS (good foetal calf serum) into 6mm dishes (Microbix
method) or T25 flasks (AdEasy method). Cells were incubated overnight at 37°C in a
humidified CO2 incubator (Forma Scientific, Ohio, USA). Cells were 70-90% confluent on
the day of transfection.

The Qiagen Effectene transfection reagent was used for co-transfection of the adenoviral
genome plasmids from the Microbix method, following the manufacturer’s protocol for
transfection of adherent cells.

2^g of plasmid DNA (pAEIsplA & pBHGIO, pCA13 &

pBHGIO or pFG140) was dissolved into buffer EC (DNA condensation buffer) using
various ratios of plasmids (shuttle plasmid: genome plasmid) (1:1, 2:1, 1:2). Enhancer
was added at a constant ratio of 1:8 (DNA:Enhancer) and mixed by vortexing before
incubating at room temperature for 2-5 minutes. Effectene reagent was added at different
ratios (1:10, 1:25, 1:50, DNA:Effectene). Samples were vortexed and incubated at room
temperature for 5-10 minutes to allow transfection complexes to form. During this time, old
culture medium was aspirated from cells in 6mm dishes. Cells were washed with PBS and
4ml of fresh MEM supplemented with 10% GFCS added per dish.

1ml of MEM

supplemented with 10% GFCS was added to the Eppendorf tubes containing the
transfection complexes and these were briefly mixed before addition drop-wise to the cells.
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Dishes were gently rocked to disperse transfection complexes and incubated overnight at
37°C in a humidified incubator to allow gene expression.

The following day culture

medium was removed from the dishes and cells were overlayed with 5ml of 1% agaragar/M199 medium supplemented with 10% horse serum. Cells were incubated for 10,15
or 20 days to allow adenoviral plaque formation. On days 9, 14 or 19 cells were overlayed
with 5ml of 1% agar-agar/M199 supplemented with 10% horse serum supplemented with
1% neutral red to allow easier identification of adenoviral plaques. Potential plaques were
picked one day after neutral red overlays were added with a Pasteur pipette and eluted
into SOOpI of MEM (without serum) in 24 well plates by incubation overnight at 37°C. 200pl
of the eluted virus was used to infect 293 cells (seeded at 10® cells/well in 24 well plates
one day prior to infection). The remaining virus was frozen at -80°C (seed stocks). Virus
was added to cells for 30 minutes at room temperature before addition of 1.5ml of MEM
supplemented with 10% GFCS. Infected cells were incubated until complete cytopathic
effect (CPE) was observed. These cells were harvested and lysed by three freeze/thaw
cycles at -80°C/37°C to generate pi virus stocks.

The GeneJuice transfection reagent was used to transfect T25 flasks of 293 cells with the
adenoviral vector pAdEasy-HCV core genome plasmids generated using the Ad Easy
system. 4pg of Pac I digested pAdEasy-195, pAdEasy-169 or pAdEasy-124 was added to
300pl of MEM supplemented with 10% GFCS pre-incubated with 12pl of GeneJuice.
Transfection complexes were allowed to form for 5-10 minutes at room temperature before
addition drop-wise to the cells in T25 flasks. Old culture medium was removed from each
flask and 6ml of MEM supplemented with 10% GFCS added per flask before addition of
transfection complexes.

Transfected cells were incubated at 37°C in a humidified

incubator to allow gene expression. Cells were incubated for 7-10 days and CPE due to
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the production of recombinant adenovirus was observed with an inverted light microscope
(Leica Microsystems (UK) Ltd, Milton Keynes, UK). When maximal CPE was observed
cells were harvested into 50ml falcon tubes using a cell scraper to remove adherent cells.
Cells from multiple flasks of viruses transfected with the same adenoviral genome plasmid
were pooled and pelleted by spinning at 1300rpm in a Sorvall RT7 benchtop centrifuge
(DuPont (UK) Ltd, Stevenage, UK) for 15 minutes. Pellets were resuspended in 5ml of
PBS and lysed with 3 freeze/thaw cycles at -80°C/37°C to generate the seed stocks.

These stocks were amplified by sequential infection of 293 cells in T25, T75 and I I 50
flasks using 30-50% of the viral stock from the previous round of amplification for each
new infection step. Briefly, 1-2.5ml of viral lysate was added to 293T cells and incubated
for 30 minutes at 37°C before addition of DMEM supplemented with 7% PCS to the flasks.
Cells were then incubated for 3-5 days until maximal CPE was observed, after which they
were pelleted and resuspended in a small volume of serum-free DMEM (the volume used
was appropriate to the number and size of flasks harvested, for example, 1ml for a T25
flask or 2ml for a T75 flask). Three freeze/thaw cycles were then carried out to release
viral particles from the cells. The amount of each virus in stocks generated in this way was
determined using a CPE assay described in section 2.2.9.

2.2.9 CPE Assay

293 cells were seeded into 24 well plates at 10® cells/well in 2ml of MEM supplemented
with 10% GFCS one day prior to infection, so that they were 80-90% confluent at the time
of infection.

Samples to be titrated serially diluted from 10’^ to 10'^^ in MEM (without

serum). Cells were washed once with serum-free media and 200pl of each virus dilution
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was added to individual wells. MEM supplemented with 10% GFCS was added to control
wells. Cells were incubated for 30 minutes at room temperature before addition of 1.5ml of
MEM supplemented with 10% GFCS per well. Cells were incubated for 5 days and CPE
was observed with an inverted light microscope. The viral titre was calculated from the last
well showing CPE. The dilution factor here was multiplied by 5 (as only 200pl of virus was
added per well) to give the viral titre in infectious units/ml.

2.2.10 Generation of Ad-GFP & Ad-CEI E2 Stocks

Small quantities of high titre Ad-GFP and Ad-CEI E2 were provided by other investigators.
These were amplified by sequential infection of 293 cells with increasing MOIs (starting
with the highest MCI possible from the initial stock) in T150 flasks.

High titre master

stocks were generated from thirty T150 flasks infected at a MCI of 50.

Flasks were

infected in a small volume (approximately 3ml per flask) for 90 minutes at 37°C in a
humidified incubator and then 27ml of DMEM supplemented with 7% FCS and Ipg/ml of
penicillin/streptomycin was added. The cells were incubated for 3 days until complete
CPE was observed. Cells and supernatant were harvested from the flasks, pooled and
frozen in 50ml aliquots at -80°C. Three freeze/thaw cycles were carried out and the titre of
each virus determined by CPE assays.

Working stocks of each virus were prepared from the master stocks. Thirty T150 flasks
were infected at a MOI of 50 for 90 minutes in a small volume (approximately 3ml per
flask) at 37°C in a humidified incubator and then 27ml of DMEM supplemented with 7%
FCS and Ipg/ml of penicillin/streptomycin was added to each flask. The cells were
incubated for 3 days until complete CPE was observed at 37°C in a humidified incubator
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and then the cells and supernatants were harvested.

The cells were pelleted and

combined together. An equal volume of supernantant was added to the cell pellets and
this was frozen at -80°C.

Three freeze/thaw cycles were carried out.

After the final

freeze/thaw cycle, the lysate was pelleted at 4000rpm in a Sorvall RT7 benchtop
centrifuge for 20 minutes and the supernatant carefully removed into a fresh Falcon tube.
This supernantant was purified on caesium chloride gradients as described in section
2 .2 .11.

2.2.11 Adenovirus Purification

Caesium chloride gradients were prepared in 12ml polyclear centrifuge tubes. Firstly 2ml
of a high density caesium chloride solution (1.4g/ml) was placed into a tube, and then 3ml
of low density caesium chloride solution (1.2g/ml) was layered on top.

The virus

supernatant was layered onto the low density caesium chloride solution. Gradients were
spun at 100,000g for 90 minutes in a Sorvall Discovery 10008 ultracentrifuge (DuPont
(UK) Ltd, Stevenage, UK) in the TH-641 rotor. Purified virus appeared as an opalescent
band at the interface of the high and low density caesium chloride solutions.

It was

harvested by puncturing the tube with a 19g needle and gently pulling the virus band into a
2ml syringe. Purified virus was dialysed against ImM MgCl2, lOmM Tris-HCI (ph7.8) plus
10% glycerol in Slide-A-Lyzer dialysis cassettes with several changes of buffer at 4°C
overnight.

Virus was aliquoted and stored at -80°C and titrated in the CPE assay

described in section 2.2.9.
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2.2.12 Peripheral Blood Mononuclear Cell (PBMC) Isolation

Buffy coat cells from normal human peripheral blood obtained from the National Blood
Service (Colindale, London, UK) or fresh blood obtained from EJIVR donors was diluted
1:2 with saline.

15ml of diluted blood was layered onto 10ml of Histopaque-1077 and

centrifuged at 1600rpm for 30 minutes in a Sorvall RT7 benchtop centrifuge with the brake
switched off.

Peripheral blood mononuclear cells (PBMC) were harvested from the

gradient interface with a Pasteur pipette into fresh 50ml Falcon tubes. Cells were washed
three times in 50ml of saline. Following the final wash cells were resuspended in RPMI
supplemented with 10% LE FCS (low endotoxin foetal calf serum). An aliquot of cells was
diluted in trypan blue and viable cells were counted in a haemocytometer (Weber Scientific
International, Lancing, UK).

2.2.13 Human Monocyte-Derived Dendritic Cell (DC) Production

PBMCs were pelleted by spinning at 1300rpm for 5 minutes in a Sorvall RT7 benchtop
centrifuge and the supernatant was discarded. Cells were resuspended in human antiC D # MACS beads at a concentration of lOpI of beads per 10^ cells.

Cells were

incubated on ice for 10 minutes and then washed twice in 50ml of MACS buffer (RPMI, 2%
FCS, 2mM EDTA). Cells were then resuspended to 5x10^cells/ml in MACS buffer and
passed through a 40pm cell strainer to remove any clumps of cells. The cells were then
added to LS"^ MACS columns which had been previously equilibrated with 3ml of MACS
buffer, using 3ml of cells per column. Positive selection of CD14* monocytes occurred
within the columns; other cells passed through. Each column was washed twice with 3ml
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of MACS buffer to remove all unbound cells. The CD14^ cells were then eluted from the
columns in 3ml of DC culture medium (RPMI supplemented with 10% LE FCS and Ipg/ml
of penicillin/streptomycin) per column. Cells were eluted by insertion of the plunger, which
forced the cells out into a 15ml Falcon tube. Eluted CD 14^ monocytes were counted in
trypan blue using a haemocytometer and resuspended to 10® cells/ml in DC culture
medium supplemented with IL-4 (50ng/ml) and GM-CSF (200ng/ml). Cells were plated into
6 well plates (5ml per well) and incubated for 6-7 days at 37°C in a humidified CO2
incubator to allow differentiation of monocytes into dendritic cells. Three days after their
initial isolation, cells were fed by removing 1ml of the old culture medium and replacing it
with 1.5ml of fresh DC culture medium containing IL-4 (interleukin-4) and GM-CSF
(granulocyte-macrophage-colony stimulating factor).

The cells obtained were routinely

greater than 98% C D IIc positive, as assessed by antibody staining and analysis by flow
cytometry (described in section 2.2.20).

2.2.14 Infection of Monocyte-derived Dendritic Cells with Adenoviruses

Immature or mature monocyte-derived DCs were infected at an MOI of 200 in a small
volume of media (1-3ml, depending upon cell numbers) in 15ml Falcon tubes for 2 hours at
37°C in a humidified CO2 incubator. Cells were resuspended to 10® cells/ml and plated
into 24 well plates at 1ml/well and incubated at 37°C until use in a humidified CO2
incubator. In most experiments DCs were used 24 hours post infection.
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2.2.15 Assessment of GFP Expression by Flow Cytometry

293 cells or DCs were Infected with Ad-GFP, Ad-Core-195, Ad-Core-169, Ad-Core-124 or
Ad-Empty at a range of multiplicity of infections (MOIs) (0, 1, 10, 100, and 1000) and
incubated for 24 hours (to determine the optimal MOI) or at a MOI of 75 for 4-32 hours (to
determine the optimal length of infection). They were then harvested into FACS tubes and
pelleted at 1300rpm for 5 minutes in a Sorvall RT7 benchtop centrifuge. 293 cells were
resuspended in 200pl of 1% paraformaldehyde, whilst DCs were resuspended in 50pl of
Facstain (PBS, 2% FCS, 0.1% azide) and lOpI of PE-conjugated anti-CDIIc was added
per sample. Cells were stained for 30 minutes on ice in darkness, washed with 1ml of
Facstain and resuspended in 200pl of 1% paraformaldehyde. Cells were analysed on a
Becton Dickinson (Oxford, UK) FacsCalibur for GFP expression (FL-1) and C D IIc
expression (FL-2) by DCs. Data was analysed with the WinMDI program version 2.7 (Joe
Trotter, TSRI, USA).

2.2.16 Investigation of HCV Core Protein Expression by Confocal Microscopy

Monocyte-derived DCs were infected with adenoviruses at a MOI of 200 and plated into 24
well plates containing coverslips at 10® cells/well, in a 1ml volume. They were incubated at
37°C/5%C02 in a humidified incubator for 24 hours. Coverslips were removed into fresh
plates and gently washed with PBS/0.5% BSA four times before fixing in 1:1
acetoneiethanol for 15 minutes at room temperature. Coverslips were allowed to air dry
prior to rehydration in PBS/0.5% BSA for 15 minutes.

Cells were blocked with FcR

(Fragment crystallisable receptor) blocking reagent (2pl/10® cells, diluted in PBS/0.5%
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BSA) for 15 minutes, on ice. They were then washed as before and stained for core
protein expression with 400|jl of anti-core antibody diluted in PBS/0.5%BSA (JM122, a
mouse monoclonal antibody, diluted 1:200) or an isotype control antibody (purified mouse
IgGi) at the same dilution as the core antibody . Cells were stained for 30 minutes on ice
and washed as before.

Cells were stained with a secondary Cy-5-conjugated F(ab’)2

fragment (goat anti-mouse F(ab’)2 fragment, diluted 1:250) for 30 minutes on ice, in
darkness.

Cells were washed four times in PBS/0.5%BSA and co-stained with either

phalloidin-alexa-fluor-568 (diluted 1:100) to reveal the cytoskeleton or with BO-PRO-3
(1:400) to reveal the nuclei, in a 400pl volume for 20 minutes, on ice, in darkness. The
cells were then washed as before and the coverslips were mounted onto microscope
slides in Dako fluorescent mounting medium. The edges of the coverslips were sealed
with clear nail varnish and the slides were examined with a Leica confocal microscope
(Leica Microscope Systems (UK) Ltd, Milton Keynes, UK) and digital images were
captured and analysed with the Leica confocal software (Leica Microscope Systems (UK)
Ltd, Milton Keynes, UK).

2.2.17 Stimulation of Monocyte-derived Dendritic Cell Maturation

Immature

dendritic cells

(10® cells/ml) were

matured

with

a

(lipopolysaccharide) concentrations (0-100ng/ml), recombinant TNFa

range

of

LPS

(tumour necrosis

factor-alpha) concentrations (0-500ng/ml) or by stimulation with an anti-CD40 monoclonal
antibody at a range of concentrations (0-10pg/ml) in a 1ml volume in 24 well plates for 24
or 48 hours at 37°C in a humidified incubator.
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2.2.18 Production of Monocyte-derived Macrophages

Peripheral blood mononuclear cells (PBMCs) were isolated on Histopaque-1077 gradients
as described in section 2.2.12.

monocytes were isolated by MACS positive

selection, as described in section 2.2.13.

Monocytes were resuspended in macrophage medium (Dulbecco’s modified Eagle
medium supplemented with 10% heat inactivated human serum, glutamine (2mM/ml) and
gentamicin (Ipl/ml) plus with lOOOU/ml of M-CSF (macrophage-colony stimulating factor).
5x10® cells in 2ml media were plated per well in 24 well plates or 2x10'^ cells in 200pl per
well in 96 well flat bottom plates.

Cells were incubated at 37°C in a humidified CO2

incubator for 7-12 days to allow differentiation into macrophages, replacing half of the
media in each well with fresh macrophage medium without M-CSF every 2-3 days.

2.2.19 Infection of Monocyte-derived Macrophages with Adenoviruses

Culture medium was removed from macrophages and cells were washed with 1ml of PBS.
Adenoviruses were diluted in macrophage medium (without M-CSF) to allow infection at a
MOI of 1000 in a 200pl volume per well. Cells were incubated at 37°C in a humidified CO2
incubator for 2 hours before addition of 1.5ml of macrophage medium (without M-CSF) per
well. Macrophages were incubated for 24 hours at 37°C in a humidified CO2 incubator
before use.
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2.2.20 Analysis of Cell Surface Marker Expression by Flow Cytometry

The level of expression of a variety of maturation/activation markers (MHC class I, MHC
class II, CD40, CD80, CD86, CD83, CD95 and CD95L) or surface markers (CD11c and
CD14) on DCs or surface marker expression on purified I cells (CD3, CD4 and CD8) was
determined by flow cytometry. Cells were pelleted by spinning at 1300rpm for 5 minutes
and resuspended in an appropriate volume of Facstain (PBS with 2% FCS) to give 10®
cells/ml, then 50pl of cells was added per well to 96 well V bottomed plates. Cells were
stained with PE-conjugated or biotinylated antibodies against a range of markers, or with
appropriate isotype matched controls, using 5-1 OpI of antibody, for 30 minutes on ice in
darkness. Cells were then washed with 150pl of Facstain, followed by spinning the plates
at 1300rpm for 5 minutes in a Sorvall RT7 benchtop centrifuge and flicking out the
supernatant. Cells stained with directly-conjugated antibodies were resuspended in 200pl
of 1% paraformaldehyde solution and transferred into cluster tubes. Cells stained with
biotinylated antibodies were resuspended in 50pl of a 1:200 dilution of streptavidin-PE and
incubated on ice for 20 minutes in darkness. The cells were washed in the same way as
before and resuspended in 200pl of 1% paraformaldehyde solution and transferred into
cluster tubes.

The level of expression of T cell activation markers was determined by three colour
staining and analysis by flow cytometry.

Cells from DC-T cell co-cultures were

resuspended and pelleted by spinning at 1300rpm for 5 minutes in a Sorvall RT7 benchtop
centrifuge. Cells were resuspended in an appropriate volume of Facstain to give 10® cells
per well in 50pl. Cells were stained with 7 or 8pl of different cocktails of antibodies for the
various combinations of T cell surface and activation markers, as detailed below:
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Cocktail 1 = GD3-APC,
Cocktail 2 = CD3-APC,
Cocktail 3 = CD3-APC,
Cocktail 4 = CD3-APC,

CD4-PerCP,
CD8-PerCP,
CD4-PerCP,
CD8-PerCP,

CD69-PE
CD69-PE
CD25-PE
CD25-PE

Single stains with each antibody were also carried out to allow compensation settings to
be made on the FacsCalibur. The cells were incubated for 30 minutes on ice, in darkness.
Cells were then washed with 150pl of Facstain, followed by spinning the plates at 1300rpm
for 5 minutes in a Sorvall RT7 benchtop centrifuge and flicking out the supernatant. Cells
were resuspended in 200pl of 1% paraformaldehyde solution and transferred into cluster
tubes.

Samples were analysed on a Becton Dickinson FacsCalibur immediately or stored at 4°
until analysed. Data was analysed with WinMDi version 2.7 or CellQuest software (Becton
Dickinson, Oxford, UK).

2.2.21 Dextran Uptake by Dendritic Cells

The antigen uptake capacity of DCs was measured by analysis of their ability to take up
fluorescently-labelled dextran,, based on the description in Kanto et al., 1999. Briefly, 10®
dendritic cells were resuspended in 200pl of dendritic cell medium in FACS tubes. Alexafluor-647-dextran (10,000MW)) was added at 20pg/ml (1:100 dilution of stock) and cells
were incubated at 37°C for a range of times (0-30 minutes) or at 4°C for the same time
range (negative controls).

(Cells were then washed four times in 5ml of Facstain,

centrifuging between washes at 1300rpm for 5 minutes in a Sorvall RT7 benchtop
centrifuge, to remove any external dextran from the cell surface. Cells were fixed in 250pl
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of 1% paraformaldehyde and analysed for dextran uptake by flow cytometry using a
Becton Dickinson FacsCalibur. Data was analysed with WinMDi version 2.7 software.

2.2.22 Cytokine ELISAs

IL-12 production by DCs and macrophages, and IL-2 production by T cells was assessed
by measurement of cytokine levels in cell supernatants using capture ELISA kits, following
the manufacturers’ instructions. The capture antibody was diluted to the recommended
working concentration in PBS (IL-12 p40; 4pg/ml, IL-2; 4pg/ml) and lOOpI was added per
well in Immune 96 well Nunc plates (Maxisorp).

Plates were sealed and incubated

overnight at room temperature. Unbound antibody was removed by inverting plates and
washing three times with 400pl of PBS/0.05% Tween per well. Plates were blotted dry
after the final wash and blocked with 300pl of blocking solution (1% BSA (bovine serum
albumin), 5% sucrose in PBS). Plates were incubated at room temperature for at least
one hour. The washing step was repeated prior to addition of standards and samples to
the plates. Serial dilutions of an appropriate range were made for the standards (IL-12
p40; 2000-0pg/ml, IL-2; 1000-0pg/ml) in reagent diluent (0.1% BSA, 0.05% Tween in Trisbuffered saline, pH7.2-7.4, 0.2pm filtered) and lOOpI added per well.

Samples were

added neat (200pl/well) and doubling dilutions were made down the plate in reagent
diluent giving a final volume of lOOpl/well. Duplicate wells for each standard and sample
were prepared. Plates were sealed and incubated for 2 hours at room temperature. The
washing step was repeated prior to addition of the biotinylated detection antibody which
was diluted to an appropriate concentration in reagent diluent (IL-12 p40; 175ng/ml, IL-2;
100ng/ml). lOOpI of detection antibody was added per well, and plates were sealed and
incubated at room temperature for 2 hours.
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The washing step was repeated before

addition of 100pl of streptavidin-HRP (diluted 1:200 in reagent diluent) per well. Plates
were sealed and incubated at room temperature in darkness for 20 minutes. The washing
step was repeated again and lOOpI of substrate was added per well. The substrate was
prepared by mixing equal volumes of colour development buffer A and colour development
buffer B.

Plates were sealed and incubated at room temperature in darkness for 20

minutes to allow colour development. The reaction was stopped by addition of 50pl of stop
solution (2N H2SO4) per well. Plates were gently tapped to ensure thorough mixing and
the absorbancy at 450nm was read on a Spectramax 340 plate reader (Molecular Devices
Corp, Winnersh, UK). Data was analysed with the Softmax Pro software (version 3.1.2)
(Molecular Devices Corp, Winnersh, UK).

2.2.23 Mixed Lymphocyte Reactions (MLR)

The ability of DCs to stimulate allogenic T cells was assessed using several readouts: T
cell proliferation (James, 2000), IL-2 production, and activation marker expression (based
on the description in Sarobe et al., 2002.

2.2.23.1 Proliferation

PBMCs were isolated on Histopaque-1077 gradients as described in section 2.2.12 and
CD3"^ cells were purified by positive selection using anti-CD3 MACS beads and LS^ MACS
columns (following the same protocol for CD14 cell isolation, described in section 2.2.13
but substituting anti-CD3 MACS beads for anti-CD14 MACS beads). The purity of the
populations obtained 90-95% as determined by flow cytometry (described in section
2.2.20). CD3* cells were resuspended to 10® cells/ml in RPMI supplemented with 7% PCS
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and penicillin/streptomycin (1pg/ml) and plated into 96 well round bottom plates at 10®
cells per well (lOOpI volume).

Uninfected or adenovirus infected DCs were resuspended to 10® cells/ml and an
appropriate range of DC dilutions were made to enable 10® to 10^ DCs to be added per
well in a lOOpI volume. Control wells with T cells alone and DCs alone were included in the
assay set up. All variable were assayed in triplicate.

Cells were incubated at 37°C in a humidified CO2 incubator in a damp box. The plates
were pulsed with 0.8pCi/well of ®H-thymidine (added in a 20pl volume) on either day 3, 4
or 5 and incubated overnight prior to harvesting on a Tomtec 96 well plate harvester
(Perkin Elmer, Cambridge, UK). Filters were counted on a Trilux 1450 Microbeta counter
(Wallac, Turku, Finland) using version 2 of the Microbeta software.

Mean counts per

minute (CRM) were calculated for each set of triplicates.

2.2.23.2 IL-2 Production & T Cell Surface Marker expression

Uninfected or adenovirus infected DCs (10®, 10"* or 10®cells per well) were co-cultured with
10® CD3* cells in 24 well plates (prepared as described above). Each well had a final
volume of 1.5ml. Cells and supernatants were harvested after 1,2 or 3 days incubation at
37°C in a humidified CO2 incubator. Supernatants were frozen at -20°C and later assayed
for IL-2 levels by ELISA as described in section 2.2.22. The cells were triple-stained with
antibodies against CD3 with CD4 or CD8 and the activation markers CD69 or CD25
following the method described in section 2.2.20. Cells were analysed on a Becton
Dickinson FacsCalibur using CellQuest software.
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2.2.24 Stimulation of antigen-specific T cell responses

The ability of DCs to stimulate CD4* and 008"^ I cell responses to antigen was assessed
using IFNy ELISPOT assays (Kilinman and Nutman, 2000).

2.2.24.1 IFNy ELISPOT Assay

Millipore MAHA S45 plates were coated with 100pl per well of anti-IFNy mAh (clone 1D1K) diluted to 10pg/ml in 0.1M sodium bicarbonate buffer pH9.6. Plates were incubated
at 4°C overnight. Unbound antibody was removed by inverting plates and washing with
200pl of PBS/well six times. Plates were blotted dry after the final wash and blocked with
lOOpI of blocking solution (RPMI with 10% heat-inactivated pooled human serum) per well.
Plates were incubated at 37°G for at least 1 hour. Prior to addition of cells to the wells the
blocking solution was removed by inverting the plate.

Dendritic cells were counted and diluted in RPMI with 10% pooled human serum so that
between 1x10^ and 1x10® cells could be added in lOOpI per well. T cells were purified
from PBMCs isolated on Histopaque-1077 gradients and CD4"' or CD8^ cells were
positively selected using MACS beads, as previously described. The purity of cells was
80-90% determined by flow cytometry. CD4"^ or CD8^ cells were resuspended to 1x10®
cells/ml in RPMI supplemented with 10% pooled human serum and 50pl were added per
well, giving a final cell number of 5x10* cells per well.

CD4^ cells were stimulated with purified protein derivative (PPD) at 5pg/ml final
concentration; this was added in a volume of 20pl per well. Previous studies carried out by
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Dr Simone Gloster (EJIVR) showed that 5|jg/ml of PPD was an optimal concentration that
CD4* cells from BCG vaccinated individuals respond to. CDS'" cells were stimulated with a
HLA-A2 restricted CMV peptide (NLVPMVATV) from the pp65 protein at a final
concentration of 10'®M, again added in a 20pl volume per well. Controls without antigen or
peptide, and no DCs were also set up. All variables were assayed in duplicate.

The plates were incubated for 1 hour at 37°C in a damp box in a humidified CO2 incubator.
30pl of filtered PCS was then added per well and the plates were incubated overnight in a
damp box at 37°C.

After stimulation the plates were inverted to remove cells and wells were washed with
200pl of filtered PBS/0.05% Tween six times. After the final wash the plates were patted
dry. 100pl of biotinylated anti-IFNy detection mAb (clone 7-B6-1 ) diluted to 1pg/ml in PBS
was added per well and the plates were incubated at room temperature in a damp box for
2 hours. The plates were then inverted and washed with 200pl of PBS/0.05% Tween per
well as before to remove unbound antibody.

100pl of anti-biotin alkaline phosphatase

diluted 1:1000 in PBS/Tween was added per well and the plates incubated at room
temperature in a damp box for a further 1-2 hours. The plates were then washed as
before and after the sixth was h the bottom of the plate was removed and the underneath
of the plate washed in PBS/Tween to remove all unbound antibody from the wells. The
plates were carefully re-assembled, ensuring the wells were firmly sealed, and blotted dry.
10ml of chromogenic alkalinie phosphatase substrate was prepared by diluting the
development buffer 1:25 in distilled water and addition of lOOpI of colour reagents A and B.
lOOpI of substrate was added per well and the plates were watched for spot development.
After 30 minutes the plates weire inverted to remove the substrate, dismantled and washed
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with tap water. The plates were allowed to dry at room temperature and spots with a fuzzy
border were counted on an AID automated image analysis system with AID ELISPOT
version 2.5 software (Autoimmun Diagnostika GmbH, Stassberg, Germany). The results
were calculated as the mean (of duplicate wells) number of spot-forming cells per 5x10*
CD4"^ or CDS'" cells.

2.2.24.2 Antigen-Specific Proliferation Assays

Another method used to evaluate the ability of DCs to stimulate antigen-specific CD4* T
cell responses was the measurement of T cell proliferation by ^H-thymidine incorporation
assays (James, 2000).

PBMCs were isolated on Histopaque-1077 gradients as described in section 2.2.12 and
CD4* cells isolated by positive selection using anti-CD4 MACS beads and LS"’ MACS
columns (following the same protocol as used for CD14 cell isolation, described in section
2.2.13, but substituting anti-CD4 MACS beads for anti-CD14 MACS beads). CD4* cells
were resuspended to 1.4x10® cells/ml in RPMI supplemented with 10% LE PCS and
penicillin/streptomycin (Ipg/ml) and plated into 96 well plates, giving 1.4x10® cells per well
(in a lOOpI volume).

Uninfected or adenovirus infected (MCI 200) DCs were resuspended to 10® cells/ml and
an appropriate range of DC dilutions were made in RPMI supplemented with 10% LE PCS
and penicillin/streptomycin (Ipg/ml) to enable between 10^ and 2x16* DCs to be added per
well in a lOOpI volume.

130

PPD was added in a 10|j| volume per well to give a final concentration of 5pg/ml. Control
wells with no PPD and no DCs were set up and all variables were assayed in triplicate.
Plates were incubated at 37°C in a humidified CO2 incubator in a damp box and pulsed
with 0.8pCi/well of ^H-thymidine on day 5. After a further overnight incubation, they were
harvested and counted as described in section 2.2.23.1.

2.2.25 Induction of Apoptosis

The extent to which different cell types underwent apoptosis in response to various stimuli
was assessed by staining with Annexin V. This is a fluorescently labelled protein which
has a high affinity for phosphatidyl-serine of the plasma membrane which becomes
exposed as cells undergo apoptosis (Zhang et al., 1997).

Uninfected or adenovirus infected Jurkat cells (cultured in RPMI supplemented with 7%
PCS and penicillin/streptomycin (Ipg/ml)), Hep16 or Hep3B cells (cultured in DMEM
supplemented with 7% PCS and penicillin/streptomycin), macrophages or DCs were
stimulated with different inducers of apoptosis; each used at a range of concentrations.
1x10® cells were incubated in 24 well plates in a 1ml volume of the appropriate media for
24 hours at 37°C in a humidified incubator together with: an agonistic anti-Pas antibody
(clone CH-11) at 0-1000ng/ml, recombinant TNPa at 0-500ng/ml, TRAIL receptor 1 (TRAIL
R1) antibody at 0-2pg/ml, TRAIL receptor 2 (TRAIL R2) antibody at 0-10pg/ml,
recombinant TRAIL at 0-500ng/ml, recombinant lymphotoxin a ip 2 (LTa1(32) at 0-500ng/ml
or recombinant lymphotoxin a2p1 (LTa2pi) at 0-500ng/ml.

The cells were then

resuspended and transferred at 10® cells per well into 96 well V-bottomed plates for
annexin V-cy3 staining.
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Annexin V staining was perforned using the annexin V (Cy3) apoptosis kit. Cells were
pelleted in a 96 V-bottomed piste by spinning at 1300rpm for 5 minutes in a Sorvall RT7
benchtop centrifuge. The plate was flicked to remove the supernatant and the cells were
resuspended in 50pl of annexin V-Cy3, diluted in annexin V binding buffer (2.5pl annexin
per sample) from the annexin V binding kit. Cells were incubated for 15 minutes on ice, in
darkness, and then washed with 150pl of annexin V binding buffer per well and pelleted at
1300 rpm for 5 minutes in a Sorvall RT7 benchtop centrifuge.

The cells were finally

resuspended in 200pl of annexin V binding buffer and transferred into cluster tubes.
Samples were immediately run on a Becton Dickinson FacsCalibur. Data was analysed
with WinMDi version 2.7 software.

2.2.26 Natural Killer (NK) Cell Assay

The cytotoxic activity of NK cells against different target cell types was assessed using
^^Chromium release assays (Wunderlich and Shearer, 2000).

Target cells were uninfected or adenovirus infected (MOI 200) K562 cells (cultured in
RPMI

supplemented

with

7%

PCS and

penicillin/streptomycin

(Ipg/ml)),

DCs,

macrophages, Hep16 or Hep3B cells. K562 and DCs were labelled by pelleting 10® cells
in a 15ml Falcon tube, resuspending the pellet with lOOpCi of Na®^Cr04 , and then
incubating for 1-2 hours at 37°C in a humidified incubator. Cells were washed four times
with 5ml of RPMI (phenol-red free) supplemented with 10% GFCS and resuspended at 10®
cells/ml after the final wash, so that they could be added to assay plates at lO'^ cells per
well in a lOOpI volume. Macrophages, Hep16 and Hep3B cells were plated at 2x10* cells
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per well into flat bottom 96 well plates. Macrophages were allowed to differentiate for IQ12 days and Hepi 6 and HepSB cells allowed to adhere overnight. They were then labelled
in the plates by addition of 3.3uCi of Na^^Cr04 per well in a 40pl volume, for 1-2 hours at
37°C in a humidified incubator. These cells were washed four times with 200pl per well of
RPMI (phenol-red free) supplemented with 10% GFCS and lOOpI of medium was added to
each well after the final wash.

In some experiments, NK cells were purified from blood bag PBMCs (isolated as described
in section 2.2.12) using an NK cell isolation kit, following the manufacturers instructions.
Briefly, PBMCs were incubated with 20pl per 10^ total cells of the hapten-antibody cocktail
(a cocktail of hapten-conjugated monoclonal CD3, CD14, CD19, CD36 and anti-lgE
antibodies) for 10 minutes on ice.

Cells were washed twice in MACS buffer and

resuspended in 20pl per 10^ total cells of anti-hapten microbeads. They were then
incubated on ice for 10 minutes and washed as before. Cells were resuspended in 500pl
per 10^ total cells of MACS buffer and added to LS* MACS columns. The unlabelled flow
through was collected as this contained the purified NK cells. The purity of the cells was
70% as determined by flow cytometry. The cells were then counted and resuspended in
RPMI (phenol-red free) supplemented with 10% GFCS at concentrations appropriate for
addition of cells in a lOOpI volume to achieve the desired effectortarget (E:T) ratios.
Alternatively, blood was drawn from an EJIVR donor who has a high frequency of NK cells
and PBMCs were isolated on histopaque-1077 gradients, following the method described
in section 2.2.12. Whole PBMCs (containing the effector NK cells) were resuspended in
RPMI (phenol-red free) supplemented with 10% GFCS at concentrations appropriate for
addition of cells in a lOOpI volume to achieve the desired E:T ratios.
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Assays were set up in flat-bottomed 96 well plates. Effector and target cells were each
added in a 100pl volume per well. Target cells were used at 10"* or 2x10^ cells per well
and effectors were added to give a range of E:T ratios (for example, ranging from 100:1 to
5:1 with whole PBMCs or 40:1 to 5:1 with purified NK cells). Controls were included to
enable the measurement of the spontaneous and maximum chromium release from each
target cell type. These wells had lOOpI of target cells with either lOOpI of media
(spontaneous release) or lOOpI 2% (v/v) Triton-X-100 (maximum release). All variables
were assayed in triplicate.

Plates containing K562, DCs, Hepi 6 and HepSB target cells were incubated for 5 hours at
37°C in a humidified incubator before harvesting, whilst plates containing macrophages
were incubated for 5 hours or overnight before harvesting. After this incubation period,
40pl of supernatant was harvested from each well into counting plates. lOOpI of Optiphase scintillant was added per well and plates were sealed and left overnight to allow the
scintillant and sample to become homogenously mixed before counting in a Trilux 1450
Microbeta counter. The percentage specific chromium release was calculated using the
equation below.
mean test counts - mean spontaneous counts x 100 = % specific ®^Cr release
mean maximum counts - mean spontaneous counts

2.2.27 Generation of antigen-specific CD8"^ cytotoxic T cells

50ml of blood was taken from a HI_A-A2^ EJIVR donor with a known response to a HLA-A2
restricted CMV peptide (NLVPMVATV).

PBMCs were isolated on Histopaque-1077

gradients as described in section 2.2.12 and CDS'" cells isolated by positive selection using
anti-CDS MACS beads and LS^ MACS columns (following the same protocol as for CD14
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cell isolation, described in section 2.2.13, but substituting anti-CD8 MACS beads for antiCD 14 MACS beads). CD8"^ cells were plated at 2x10® cells per well into 96 well plates
with 10® allogenic feeder cells (PBMCs irradiated at 3000 rads) per well in T cell media
(RPMI supplemented with 10% GFCS, 25mM 2-mercaptoethanol and Ipg/ml of
penicillin/streptomycin) together with the HLA-A2 CMV peptide at a final concentration of
IpM. After 3 days IL-2 was added to the medium to give a final concentration of lOU/ml.
Every 3 days half of the medium in each well was replaced with fresh medium
supplemented with IL-2. As the cells proliferated and increased in numbers they were
expanded into 24 well plates. Fresh feeder cells were added every 2 weeks (5x10® cells
per well in 24 well plates) and fresh media supplemented with IL-2 was added every 3
days, replacing half of the medium per well.

2.2.28 Culture of Epstein-Barr virus transformed B cell lines

Epstein-Barr virus transformed B lymphoblastoid cell lines (EBV-BLCL) generated from
HLA-A2"^ BLCL (BORI) and HLA-A2' BLCL (EJ4) donors were cultured in RPMI
supplemented with 20% GFCS and Ipg/ml of penicillin/streptomycin in T75 flasks, subculturing at 1:10 approximately every 7 days.

2.2.29 CDO"" CTL Cytotoxicity Assays

The cytotoxic activity of MHC-restricted, antigen-specific CD8^ CTL against different target
cell types was assessed using ®^Cr release assays as described in section 2.2.26 for
assessment of NK cell cytotoxicity.
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The target cells used here were uninfected, or adenovirus infected (MOI 200), HLA-A2‘^ or
HLA-A2' EBV-BLCLs or DCs, which were labelled in suspension with lOOpCi of Na^^Cr04
for 1 hour at 37°C in a humidified incubator. The cells were washed four times with 5ml of
RPMI (phenol-red free) supplemented with 10% GFCS and resuspended in an appropriate
volume to give 2x10* target cells per well in a volume of 50pl.

CDS'" CMV-specific CTL generated as described in section 2.2.27 were resuspended to
2x10® cells/ml in phenol-red free RPMI supplemented with 10% GFCS and lOOpI of cells
added per well to give 2x10® cells per well, an effectortarget ratio of 10:1. Cells were
incubated in the presence of a range of CMV peptide concentrations (10'®M to 10'®M final
concentration, and no peptide). Peptides were diluted from the stock (0.04M) to 4 times
the desired final concentration (e.g. 4x10'®M for a final concentration of 10'®M) in 1:10
serial dilutions, and 50pl added per well. Controls were included to allow measurement of
the spontaneous and maximum ®^chromium release from each target cell type.

All

variables were assayed in triplicate.

Plates were incubated for 5 hours at 37°C in a humidified incubator, then harvested and
counted as described in section 2.2.26. The percentage specific ®^chromium release was
calculated using the equation described in section 2.2.26.

2.2.30 Statistical Analysis

Statistical analysis was performed with the Mintab 13.1 software. Statistical analysis of
variance was performed by two-way ANOVA tests and by one-way ANOVA and Tukey’s
pairwise comparison.
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Chapter 3 - Generation of Recombinant Adenoviruses
Expressing the HCV Core Protein

3.1 Introduction

The aim of this project was to gain a better understanding of mechanisms that may
contribute to HCV’s ability to evade control by the host immune response, focusing
particularly on effects of core expression within dendritic cells. As it is not possible to
assess the effects of infection of DCs with HCV directly, the approach taken was to
express the core protein within DCs by the means of adenoviral vectors, so that its
effect on their immune functions could be addressed.

Adenoviral vectors were chosen to transduce dendritic cells with the HCV core protein.
They represent an efficient gene delivery system, with high levels of gene expression
being achieved in many cell types, including both cell lines and primary cells (Graham,
2000).

The advantage of adenoviral vectors over many other viral vectors (e.g.

vaccinia or herpesvirus vectors) is they induce minimal damage to or alteration to the
target cell function (Graham, 2000; Wilkinson and Akrigg, 1992; Zhong et al., 1999)
making them an ideal vector to look at effects of expression of individual genes of
interest within the transduced cells.

Replication-deficient adenoviral vectors are capable of infecting many cell types and
expressing genes of interest within them, however they cannot undergo productive
replication as they lack regions of the adenoviral genome essential for replication.
These replication-deficient adenoviruses are generated and expanded in a helper cell
line (e.g. 293 cells), which provides the essential functions required for replication that
are lacking in the adenoviral vector genome.
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Most replication-deficient adenoviral

vectors (including the ones used here) have deletions within the early region 1 (E1) and
early region 3 (E3) of the adenovirus type 5 genome (Bett et al., 1994; McGory et al.,
1988).

Inserts between 4.7-9.4kb can be placed into the El region and inserts

between 3.7-3.9kb can be placed into the E3 region (Bett et al., 1994). El is essential
for adenovirus replication within cells therefore deletions in this region render the
vectors replication-deficient. The El deletions also include genes which are needed for
oncogenic transformation of cells in culture and genes which are essential in regulating
the adenoviral lytic cycle. However, the deletion in El does not affect the packaging
signal sequences within the virus which are essential for packaging of the full length
genome into functional virions. The deletion in E3 does not affect viral replication but
disrupts viral immunomodulatory genes including genes that can modulate immune
mediated apoptotic mechanisms. This helps to ensure that any immunomodulatory
effects seen within the target cell are due to the gene of interest expressed in the
vector rather than the immunomodulatory genes encoded by the adenovirus vector.

This chapter describes the generation of replication-deficient adenoviral recombinant
vectors co-expressing green fluorescent protein (GFP) and the HCV core protein or
fragments thereof, and analysis of core protein expression in dendritic cells (DCs)
transduced with these viruses.

3.2 Choice of HCV Core Protein and Fragments for Expression In Adenoviral
Vectors.

A series of pGEM plasmids encoding a full length version (amino acid residues 1-195)
and fragments of the HCV core protein derived from the HCV type la laboratory strain
Glasgow (Hope and McLauchlan, 2000) were provided by Dr J. McLauchlan (MRC
Virology Unit, Glasgow, UK). The full length version of core in plasmid pGEM-1-195, a
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truncated version of the core protein in plasmid pGEM-1-169 and a mutated version of
core in plasmid pGEM-1-124, 145-169 were chosen to be inserted into adenoviral
vectors, for reasons explained below. Figure 3.1 illustrates the full-length core protein
and these fragments.

Previous studies have suggested that the full-length core protein has a cytoplasmic
cellular localisation (Lo et al., 1995; Lo et al., 1994).

However it is thought that

truncated versions of the core protein, which may be generated by proteolytic
processing, may have a different cellular localisation to the full-length version.
Versions of the core protein truncated at residues 182, 178 (Hussy et al., 1996), 171
(Liu et al., 1997) or 153 (Lo et al., 1994) that lack the COOH domain may be
translocated into the cell nucleus, where core may have different functions within the
cell. For example, truncated versions of the core protein may be capable of activating
or suppressing cellular promoters, which may be important in the development of
hepatocellular carcinoma in some chronically infected individuals (Chang et al., 1998;
Ray et al., 1997; Ray et al., 1998b; Shih et al., 1993). By generating an adenoviral
vector expressing a version of the core protein truncated at residue 169, it was hoped
to achieve localisation of core to the nucleus, so that functions there could be
addressed.

The third version of core chosen for use in this project was a mutated version of the
core protein lacking residues 125-144.

Loss of this sequence results in the core

protein not being cleaved at a maturation site at residue 172.

This leads to over

expression of the mutated core protein compared to the wild type protein in BHK cells
transfected with the core encoding plasmids (Hope and McLauchlan, 2000).

An

adenoviral vector expressing this version of the core protein was generated so that if
the level of expression of core from the vector containing the full length core protein (1-
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Figure 3.1. HCV core fragments derived from the pGEM plasmids provided by Dr J.
McLauchlan.

The numbers underneath each core protein fragment represent amino acid residue numbers
in the HCV genotype 1a polyprotein.

140

195) proved to be exitremely bw; it may be possible to achieve higher levels of core
expression by means of this alemative vector.

3.3 Microbix Method for Construction of Adenoviral Vectors

Dr Frank Graham and his co-workers simplified the construction of recombinant
adenoviral vectors by developing a series of bacterial plasmids containing

circular

forms of the adenovirus type 5 genome with deletions in the El and E3 regions (Bett et
al., 1994; Bett et al., 1993; Graham, 1984; Hanke et al., 1990; McGrory et al., 1988).
As outlined in figure 3.2, recombinant adenoviral vectors are created using two
plasmids, a shuttle plasmid that contains the gene of interest flanked by E l sequences,
and a large genome plasmid that encodes the remainder of the adenoviral genome,
with a large insert in the El region which renders the genome too large for packaging,
and a deletion in the E3 region. To generate recombinant adenovirus, a helper cell line
(293) that constitutively provides El functions is co-transfected with both plasmids.
Homologous recombination occurs between these plasmids and during recombination
the large insert in the El region of the genome plasmid is reduced in size as the gene
of interest is incorporated into the adenoviral genome. The reduction in size of the
genome allows packaging of the recombinant adenoviral genome into virions. These
virions are released and infect neighbouring 293 cells, ultimately giving rise to a plaque
in the helper cell monolayer which can be visualised by neutral red staining 10-20 days
post-transfection. Recombinant virus can be expanded from the plaque and amplified
in 293 cells. Recombinant viruses generated in this way can infect multiple cell types
but can only replicate in helper cell lines, as they lack the El region.
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Large insert in E1
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of interest in E3
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containing genes of
interest in E1

Replication deficient Ad genome that can be packaged into
virions, which are then released & infect neighbouring cells

Figure 3.2. Outline of the Microbix method for generating recombinant adenoviruses.

Following transfection of the transfer plasmid and adenoviral genome plasmid into the helper
cell line (293), homologous recombination occurs and the size of the genome is reduced,
allowing the recombinant replication-deficient adenoviral genome to be packaged into virions.
These virions are released and infect neighbouring cells, ultimately giving rise to a plaque in the
helper cell monolayer which can be visualised by neutral red staining 10-20 days post
transfection. Recombinant virus can be expanded from the plaque by growth in 293 cells. The
recombinant viruses generated can also infect other cell types, but cannot replicate within them
as they lack the El region.
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This system was Initially used to try and construct recombinant adenoviruses coexpresslng the marker GFP with the different versions of the hepatitis C virus core
protein described In section 3.2. The GFP gene was cloned Into the E3 region of the
adenoviral genome plasmid pBHGIO and the core protein and fragments thereof were
cloned Into the transfer plasmid pCA13 within the E1 region of the adenoviral genome.
As Illustrated In figure 3.3, homologous recombination between these two plasmids
would result In generation of a vector co-expressIng GFP and the HCV core protein or
fragments thereof.

3.3.1 Sub-cloning core protein fragments Into the El region within the transfer plasmid
pCA13

Figure 3.4 outlines the strategy taken for subcloning the core fragments from the pGEM
vectors provided by Dr J. McLauchlan Into the transfer plasmid pCA13.

The core protein fragments were excised from lOpg of the pGEM vectors (pGEM-1195, pGEM-1-169 and pGEM-1 -124,145-195) with the restriction enzymes Hind\\\ and
EcoRI. Hind\\\ digestion was carried out first, and then the plasmids were ethanol
precipitated before digestion with EcoRI. After EcoRI digestion the fragments (0.59kb
for full length core, 0.50kb for the truncated core and 0.53kb for the mutated core) were
separated on 1% low melting point agarose gels, as shown In figure 3.5.

Isolated

fragments were purified by phenol, phenol/chloroform and chloroform extraction and
ethanol precipitation. Fragments were resuspended In lOpI of TE buffer; yields ranged
between 1.5-1.7pg as determined by UV spectrophotometry.
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Figure 3.3. Plasmids used for generation of recombinant adenoviruses by the
Microbix method.

GFP was cloned into the E3 region of the adenoviral genome plasmid pBGHIO, to generate
pBHG10-GFP. The HCV core protein or fragments thereof were cloned into the shuttle
plasmid pCA13. These two plasmids and the replication-deficient adenoviral genome
generated by homologous recombination between then in 293 cells. This is illustrated
diagrammatically in this figure. The adenoviral genome is represented by the purple lines,
the core protein by the red box, GFP by the green box, the turquoise box represents the
CMV IE promoter, the blue checked box represents the ampicillin resistance gene and the
yellow box represents the kanamycin resistance gene.
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Figure 3.4. Strategy for cloning the HCV core fragments into the transfer plasmid pCA13.

Core fragments were excised from the pGEM plasmids (provided by Dr J. McLauchlan) by
digestion with Hind\\\ & EcoRI, and cloned into pCA13 within the Hind\\\ & EcoRI restriction
enzyme sites, to generate the transfer plasmid pCA13-HCV-core for each version of the core
protein. This is illustrated diagrammatically in this figure. The plasmids and sequences within
them are not drawn to scale. The red box represents the HCV core protein fragment, the
turquoise box represents the CMV IE promoter, the blue checked box represents an amplicillin
resistance gene and the purple lines represent the adenoviral genome sequences.
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Figure 3.5. Isolation of HCV core protein encoding fragments by restriction enzyme
digestion & agarose gel electrophoresis.

Plasmids pGEM/1-124,145-169, pGEM/1-169 and pGEM/1-195 were digested with HindWl
and EcoRI. The digestion products were separated by electrophoresis on a 1% low
melting point agarose gel. Core protein-containing fragments of the expected sizes (0.53kb
for the mutated core fragment, O.SOkb for the truncated fragment and 0.59kb for the fulllength core fragment) were generated from each plasmid; the positions of these and the
remainder of the plasmid are indicated.
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15|jg of the E1 shuttle plasnid pCA13 was cut at the Hind\\\ restriction site within the
multiple cloning site. It was then ethanol precipitated and digested with EcoRI. The
digested plasmid was isolated on a 1% low melting point agarose gel and the 7kb
fragment cut from the gel was purified by phenol, phenol/chloroform, and chloroform
extraction and ethanol precipitation. The HCV core protein fragments were ligated into
the digested shuttle plasmid using T4 DMA ligase at a 1:2 vector:insert ratio (25ng of
pCA13 and 50ng of core fragment). The directional subcloning ensured the correct
orientation of the fragments with respect to the CMV promoter in pCA13.

Ligation

mixes (3 or 6pl) were transformed into E.coli DH5a competent cells using the heat
shock method. Bacteria were cultured on LB agar plates containing ampicillin, then
were expanded and miniprep quantities of DNA were prepared and screened for the
presence of the core protein fragment by digestion with the restriction enzyme C/al.
The digestion site for this enzyme is unique to the HCV core fragments, therefore
digestion results in linearisation of only core-containing recombinant plasmids, giving a
band of 7-8kb depending on the size of the core protein insert, as shown in figure 3.6.
Plasmids containing the core fragments were selected and large quantities produced
by growing large scale cultures of bacteria and carrying out maxi preps.

3.3.2 Subcloning GFP into the E3 region of the Adenoviral Plasmid pBHGIO

Figure 3.7 outlines the strategy taken to clone the GFP gene into the adenoviral
genome plasmid pBHGIO.

The GFP gene was excised the plasmid pCDNA3-EGFP by digestion with the
restriction enzymes BglW and Xba\. 20pg of plasmid pCDNA3-EGFP were digested with
6g/ll. The overhanging ends resulting from BglW digestion were filled by incubation with
30 units of the Klenow fragment and O.SmM DNTPs for 15 minutes at room
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Figure 3.6. Screening for pCA13-HCV-core recombinants by C/al restriction enzyme
digestion.

Core fragments were ligated into the shuttle plasmid pCA13 within the Hind\\\ and EcoRI
restriction sites and ligation mixes were transformed into E.coli DH5a competent cells. Miniprep
quantities of DNA were prepared and digested with C/al, an enzyme that has a unique restriction
site within the core fragments. This results in linearisation of pCA13-HCV-core recombinant,
which we see as a 7-8kb band (dependant upon the size of the core fragment insert) when
separated on an agarose gel as indicated above.
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Figure 3.7. Strategy for cloning GFP into the Adenoviral genome plasmid pBHGIO.
The GFP fragment was excised from pCDNA3-EGFP with BglW & Xba\ prior to cloning into the
shuttle vector pABS.4 within the Spel & Xba\ sites. The GFP fragment was then isolated by
Pad digestion and cloned into pBHGIO within the E3 region of the adenoviral genome. This is
illustrated diagrammatically and the plasmids and sequences are not drawn to scale. The
green box represents GFP, the turquoise box represents the CMV IE promoter, the blue
checked box represents an ampicillin resistance gene, the pink box represents the T7
promoter, the pale purple box represents the Sp6 promoter, the yellow box represents a
kanamycin resistance gene and the purple lines represent the adenoviral genome sequences.
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temperature. The Klenow fragment was inactivated and phenol, phenol/chloroform and
chloroform purifications and ethanol precipitation carried out prior to digestion of the
plasmid with Xba\ to release the GFP-containing fragment.

The GFP-containing

fragment (~1.7kb) was isolated on a 1% low melting point agarose gel, excised,
purified and precipitated in the same way as described for the HCV core protein
fragments. It was finally resuspended in 20pl of TE buffer. The yield was shown by UV
spectrophotometry to be 4.8pg.

As the pBHGIO adenoviral genome plasmid did not contain the correct restriction sites
for direct cloning of GFP into the E3 region, the shuttle plasmid pABS.4 was used to
provide a means of inserting GFP into pBHGIO. The pABS.4 shuttle vector contains
two Pad restriction sites. These sites allow the cloning of a gene of interest (GFP
here) into the plasmid pBHGIO. To enable directional cloning of the GFP fragment into
pABS.4, pABS.4 (20pg) was first digested at the Sph\ restriction site and the
overhanging ends were filled by incubation with the Klenow fragment and dNTPs,
before digestion of the plasmid at the Xba\ site. The GFP fragment was then ligated
into pABS.4.

Ligations (1:1, 1:2, 1:3, 1:4 and 2:1 vector:insert ratios with lOOng of

vector) were carried out using T4 DMA ligase and 3pl of each ligation mix were
transformed into E.coli DH5a competent cells using the heat shock method. Bacterial
colonies with kanamycin resistance were selected and expanded and screened to
identify those carrying plasmids containing GFP inserted into pABS.4. The restriction
enzyme EcoRI was used to screen for the presence of GFP in miniprep quantities of
plasmid DMA, as this enzyme should cut out a 0.8kb fragment from the GFP gene.
Large scale cultures of bacteria containing pABS.4-GFP were grown and plasmid DMA
purified by the maxiprep method.

The GFP fragment was excised from 20pg of pABS.4-GFP by digestion with Pad and
the fragment (2.8kb) was isolated on a 1% low melting point agarose gel, as shown in
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figure 3.8. This fragment was purified by phenol, phenol/chloroform, and chloroform
extraction and ethanol precipitated. The fragment was resuspended in 10pl of TE
buffer. 10pg of the adenoviral genome plasmid pBHGIO was linearised with Pad, and
the GFP fragment was ligated into the Pad site of pBHGIO with T4 DMA ligase. This
was not a directional cloning step; however the direction of the insertion of the fragment
which contains the GFP gene (together with its own transcriptional control elements) in
the E3 region of the adenoviral genome plasmid was not of importance. Again a range
of vectorinsert ratios were used (1:1, 1:2,1:3 and 1:4). 6pl of each ligation mix were
transformed into E.coli DH5a competent cells and recombinants selected on the basis
of ampicillin and kanamycin resistance. Individual colonies were picked and cultured
further before isolation of DMA by minipreps. These were checked for the presence of
pBHGIO containing the GFP fragment by several restriction digests. Xba\ digestion
should linearise pBHGIO-GFP, whilst EcoRI digestion should give three fragments of
BOObp, 1.6kb and 7kb, and Pad digestion should release the GFP fragment (2.8kb)
from the plasmid, as shown in figure 3.9. Large scale cultures of bacteria containing
pBHGIO-GFP were grown and DMA isolated by maxiprep ready for transfection into
293 cells.

3.3.3 Generation of Recombinant Adenoviruses by Co-Transfection of 293 cells

Large quantities of two other plasmids, pFG140 and pAEIsplA were also grown up
and purified by the caesium chloride maxiprep method prior to transfections being
carried out. pFG140 is a plasmid containing a circular form of the Ad5 genome that
can generate infectious virus when transfected alone into 293 cells. This can be used
as a positive control for the transfection process and generation of adenoviral plaques.
pAEIsplA is an “empty” shuttle plasmid that can be used for the generation of control
adenoviruses that only express GFP, with no insert in El (i.e. no core protein insert).
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Figure 3.8. Isolation of the GFP-containing fragment from pABS.4 recombinants by
Pad digestion.
The GFP fragment was ligated into pABS.4 within the Sph\ and EcoRI restriction sites, to
provide the Rad restriction sites for subcloning the GFP fragment into pBHGIO. pABS.4 was
digested with Rad to release the GFP-containing fragment (2.8kb) which was isolated on a
low melting point agarose gel as indicated. The lower band corresponds to the remainder of
the pABS.4 plasmid (-2.5kb).
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Figure 3.9. Confirrmation of the presence of GFP inpBHG10-GFP.
The GFP fragment was ligated into the adenoviral geiome plasmid pBHGIO within the Pad
site. Ligation mixe;s were transformed into E.coli Dh5a competent cells and recombinants
with kanamycin and! ampicillin resistance were selected and amplified. Mhiprep quantities of
DMA were digested with (a) Xba\ or EcoRI and (b Pad. Xba\ digestion linearises the
plasmids whilst EcoiRI digestion yields three fragmentsof 0.8kb, 1.6kb andZkb as indicated in
(a). Pad digestion rreleases the 2.8kb GFP fragment as indicated in (b).
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This plasmid was used to generate the control viruses as problems growing large
stocks of pCA13 occurred and a purified stock of this plasmid had been produced for
another project. This allowed the generation of the control viruses to begin whilst the
core protein and fragments thereof were being cloned into pCA13.

Plasmids were transfected or co-transfected into low passage 293 cells seeded in
60mm dishes using the Effectene transfection reagent. The transfection process was
initially optimised using control plasmids. First, the efficiency within which 293 cells
could be transfected using Effectene was determined using a plasmid that only
expressed GFP. A range of plasmid DNA concentrations were transfected into 293
cells and the transfection efficiency was determined by assessing the percentage of
cells expressing GFP 24 hours later by flow cytometry.

At DNA concentrations

between 2pg and 4pg, 98-99% of 293 cells were found to be GFP positive (data not
shown), indicating the Effectene method was efficient for transfection of 293 cells. The
ratio of DNA to Enhancer was also optimised, this time using the (much larger)
adenoviral control plasmid pFG140.

Ratios of 1:10, 1:25 and 1:50 were tried

simultaneously; however no differences in the number of plaques produced was
observed, so all future transfections were carried out at a DNA:Enhancer ratio of 1:25.
The ratio of DNA to Effectene was consistently kept at 1:8 as recommended by the
manufacturer.

To generate recombinant adenoviruses, 293 cells were co-transfected with plasmids
pAEsplA and pBHGIO or pBHGIO-GFP, or each of the pCA13-HCV core plasmids
and pBGHIO-GFP. As a positive control, cells were transfected in parallel with the
adenoviral genome plasmid pFG140. The amount of DNA transfected into cells ranged
from 0.5pg to 8pg, with different amounts of each plasmid and different ratios of each
plasmid being used (1:1 and 2:1). Transfected 293 cells were incubated for 7, 10, 15
or 20 days and then examined for the presence of plaques by addition of neutral red
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overlays. The control plasmid pFG140 consistently produced adenoviral plaques, with
the number of plaques ranging from 20-30 per plate, as shown in figure 3.10. These
plaques started to appear at day 10.

At this time no plaques were seen on cells

transfected with the different shuttle plasmids and pBHGIO-GFP; however it might be
expected that the recombinant viruses would take longer to form plaques as they have
to undergo homologous recombination before infectious virus is generated, whereas
the control plasmid pFG140 already contains all the components required for viral
replication within 293 cells. By day 20, small numbers of potential plaques (1 or 2)
were visible on cell monolayers transfected with the shuttle plasmids and pBHGIOGFP. These plaques were picked and virus eluted, however upon infection of more 293
cells no cytopathic effect was observed suggesting that these “plaques” were not due
to adenoviral replication.

To control for the possibility that mutations had been

introduced into the adenoviral genome plasmid pBHGIO-GFP when GFP was
subcloned into this, that made it difficult or impossible to recover infectious virus from
this, 293 cells were also co-transfected with pAEIsplA and the parental plasmid
pBHGIO; but this also did not result in the generation of adenoviral plaques.

This led me to believe that the homologous recombination event between the two
plasmids is a very low efficiency event. In an attempt to improve the probability that
recombination would occur, further transfections were carried out using linearised
plasmids. Each was digested with a restriction enzyme that cut it at a single unique
site. The enzymes used were SspI for pAEIsplA and the pCA13-HCV-core plasmids
and

C/al for the adenoviral genome plasmids

pBHGIO and

pBHGIO-GFP.

Combinations of linearised shuttle and genome plasmids were transfected at a ratio of
2:1 (genome plasmidishuttle plasmid) into 293 cells using a total of 6pg of linear
plasmid DNA. However, once again plaques were generated only in cells transfected
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y
Figure 3.10. Adenoviral plaques produced from transfection of 293 cells with the
plasmid pFG140 (positive control plasmid containing a circular form of the AdS
genome) revealed by neutral red staining.
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with the control plasmid pFG140, indicating that homologous recombination and
expansion of recombinant virus had failed to take place.

The continued problems encountered with generating adenoviral recombinants with
this method led me to look for another method of generating adenoviral vectors. The
method I chose to try instead was the Ad Easy system designed by Dr He and Dr
Vogelstein (He et al., 1998).

3.4 AdEasy Method for Constructing Adenoviral Vectors

The AdEasy system developed by Drs He and Vogelstein (He et al., 1998) relies upon
homologous recombination occurring between plasmids containing the adenoviral
genome and a transfer plasmid containing the gene of interest in E l, as did the
Microbix method. However, in the AdEasy system the recombination step takes place
within bacterial cells that are highly efficient at performing recombination instead of
mammalian cells where recombination is a lower efficiency event. This method has the
additional advantage that once recombinant adenoviral genomes have been
generated, they can be expanded in bacteria and transfected into large numbers of
cells, meaning that production of homogenous adenovirus stocks can be rapidly
achieved without the need for plaque purification.

Figure 3.11 outlines the AdEasy

method for generating recombinant adenoviruses.

This system was used to generate replication-deficient adenoviral vectors co
expressing HCV core protein or a fragment thereof and GFP. An advantage of this
system was that GFP was already present in the shuttle vector pAdTrack-
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Figure 3.11. The AdEasy method for generation of recombinant adenoviruses.
HCV core fragments were cloned into the shuttle plasmid pAdlrack-CMV. This was
linearised & co-transformed with the genome plasmid pAdEasy-1 into E.coli BJ5183 cells
where homologous recombination occurs between the arms of homology. Recombinant
genomes are linearised with Pad prior to transfection into the helper cell line (293) where
infectious virus is generated over 7 days. This process is illustrated in diagrammatic form
in this figure. The plasmids are not drawn to scale and the red box represents the core
protein fragment, the green box represents GFP, the turquoise box represents the CMV IE
promoter, the blue checked box represents an ampicillin resistance gene, the yellow box
represents a kanamycin resistance gene and the purple lines represent adenoviral
genome sequences.
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CMV so the only subcloning that needed to be carried out was subcloning the core
protein encoding DNA fragments into the shuttle plasmid pAdTrack-CMV.

3.4.1 Subcloning the HCV Core Fragments into pAdTrack-CMV

The HCV core protein fragments described in section 3.2 were excised from the pGEM
vectors (10pg) in which they were supplied using BglW and were isolated by separation
on 1% low melting point agarose gels, as shown in figure 3.12, and purified by phenol,
phenol/chloroform and chloroform extraction and ethanol precipitation. Figure 3.13
outlines the strategy taken for subcloning the core fragments into the shuttle vector
pAdTrack-CMV. The shuttle vector pAdTrack-CMV (20pg) was also digested with BglW.
The vector ends were dephosphorylated using calf intestinal alkaline phosphatase
(CIP) to prevent them re-ligating, then the digested plasmid was purified by phenol,
phenol/chloroform

and

chloroform

extractions

and

ethanol

precipitation

and

resuspended in lOpI of distilled water. The core fragments were ligated into the linear
shuttle vector using T4 DNA ligase, setting up ligations at vector:insert ratios of 1:1 and
1:2 or vector alone.

3pl of each ligation mix were transformed into E.coli DH10B

competent cells using the heat shock method. Bacterial cells were plated onto LB agar
plates containing kanamycin. The 1:2 vectorinsert ratio proved to be most efficient,
with hundreds of colonies growing on these plates. Individual colonies were screened
for the presence of plasmids carrying the core protein fragments. Miniprep quantities of
DNA were prepared and digested with the restriction enzyme Smal. This enzyme cuts
uniquely within the core protein DNA sequence and also allows the orientation of the
core fragments within the shuttle vector to be determined, as shown in figure 3.14.
BglW digestion was also used to confirm the presence of the core fragments within
pAdTrack-CMV as this enzyme removes the core fragment cloned into the vector.
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Figure 3.12. Isolation of the HCV core protein encoding fragments from plasmids
pGEM/1-169, pGEM/1-195 and pGEM/1-124,145-195 by restriction enzyme digestion &
agarose gel electrophoresis.
The pGEM plasmids were digested with BglW to release the HCV core protein fragments,
which were isolated on a low melting point agarose gel, as shown above. The full length
core protein fragment from pGEM/1-195 is 0.58kb, the truncated core protein fragment from
pGEM/1-169 is 0.51 kb and the mutated core protein fragment from pGEM/1-124,145-195 is
0.53kb.
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Figure 3.13. Strategy for cloning HCV core fragments into the shuttle plasmid
pAdTrack-CMV.
Core fragments were excised from the pGEM plasmids (supplied by Dr J. McLauchlan) by
digestion with BglW and subcloned into the BglW restriction enzyme site in pAdTrack-CMV,
to generate pAdTrack-CMV-core for each version of the core protein. This is illustrated
diagrammatically in this figure. The plasmids and sequences within them are not drawn to
scale. The red box represents the HCV core protein fragment, the green box represents
GFP, the turquoise box represents the CMV IE promoter and the yellow box represents a
kanamycin resistance gene.
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Figure 3.14. Screening pAdTrack-CMV-HCV-core plasmids for the presence of HCV core
encoding protein fragments by Smal digestion.
Core protein fragments were ligated into pAdTrack-CMV within the BglW restriction site. Ligation
mixes were transformed into E.coli DH5a competent cells and miniprep quantities of DNA were
prepared and digested with Smal, which cuts uniquely within the core fragment sequence and
allows determination of the orientation of the core fragment within pAdTrack-CMV. Separation of
a Ikb fragment indicates that core is in the correct orientation (highlighted by the blue arrows)
whilst a 1.5kb fragment indicates that core is in the wrong orientation.
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Once pAdTrack-CMV-core plasmids were identified large quantities of plasmid DNA
were produced and purified on caesium chloride gradients.

Large quantities of the adenoviral genome plasmid pAd Easy-1 were also produced and
purified on caesium chloride gradients, ready for co-transformation with the pAdTrackCMV-core plasmids into E.coli BJ5183 electroporation competent cells.

3.4.2 Co-transformation of E.coli BJ5183 Cells with pAdTrack-CMV-Core & pAd Easy-1

The pAdTrack-CMV-core plasmids (pAdTrack-CMV-195, pAdTrack-CMV-169 and
pAdTrack-CMV-124) were linearised by digestion with Pmel (4pg of plasmid) and
undigested plasmid was removed by running the digest mixes on 1% low melting point
agarose gels and excising the linearised DNA.

This was purified by phenol,

phenol/chloroform and chloroform extractions and was ethanol precipitated and
resuspended in 6pl of distilled water. The linear pAdTrack-CMV-core plasmids and the
circular

adenoviral

genome

plasmid

pAdEasy-1

were

co-transformed

into

electroporation competent E.coli BJ5183 cells by electroporation as described in
chapter 2. Following transformation, bacterial colonies with kanamycin resistance were
selected and DNA prepared by minipreps. This was then checked for recombinant
adenoviral genomes by Pad digestion, which yields fragments of 4.5kb and ~30kb
when a recombinant is present, as shown in figure 3.15.

Bacteria could also have

been co-transformed with pAdTrack-CMV (without core) and pAd Easy-1, to generate a
recombinant adenoviral genome plasmid from which a control adenovirus expressing
GFP only could be generated (Ad-Empty). However this was not carried out, as I had
been given a small amount of Ad-Empty by another investigator (Dr S. Smith, EJIVR),
so I did not need to generate this control virus.

165

a>

1

V)‘
m
I

II

Potential Recombinants

A.
A

Recombinant
Figure 3.15. Screening Ad-Easy-HCV-core recombinants with P a d digestion.

E.coli BJ5183 competent cells were co-transformed with pAdEasy-1 and linearised
pAdTrack-CMV core plasmids by electroporation. Colonies with kanamycin
resistance were selected and miniprep quantities of DNA prepared. The presence
of recombinants was checked by Pad digestion which yields a 4.5kb fragment and
the remainder of the genome (~30kb) as indicated above. The red arrow shows
the presence of an adenoviral recombinant genome.
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The presence of the core protein-encoding sequences in the recombinant adenoviral
genomes was confirmed by PCR as described in chapter 2. Briefly, primers specific to
a sequence present in all three versions of the core protein were designed.

If core

sequences were present in the genomes a 177bp PCR product was amplified, as
shown in figure 3.16.

Once the identity of the recombinant genome plasmids was confirmed, large quantities
of DNA were produced and purified on caesium chloride gradients. The genome
plasmids (20pg) were then linearised by Pad digestion prior to transfection into 293
cells using the GeneJuice transfection reagent as described in chapter 2.

The

GeneJuice transfection reagent was used rather than Effectene as it was a simpler and
quicker method of transfection, requiring only one reagent.

The efficiency of

transfection with GeneJuice was checked as for Effectene, and high levels of
transfection were achieved. Transfected cells were incubated for 7-10 days at 37°C in
a humidified incubator until CPE was visible.

The cells were then harvested by

scraping them off the flask surface and transferring them into tubes. The cells were
pelleted and resuspended in 2ml of sterile PBS, and viral lysates were prepared by
performing three freeze/thaw cycles at -80°C/37°C.

3.4.3 Expansion of Ad-Core-195, Ad-Core-169 & Ad-Core-124

The virus in the initial lysates obtained after the transfections was amplified by
sequential rounds of growth in 293 cells. Ad-Empty (a control virus created using the
Ad-Easy system, small quantities of which were provided by Dr S. Smith, EJIVR) was
amplified in parallel with the Ad-Core series of viruses. At first successive rounds of
infection were carried out in flasks of cells of increasing size (T25, T75, T 150), but the
level of viral amplification at each passage was too low for this to be successful - there
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Figure 3.16. Checking for the presence of the HCV core sequences in recombinant
pAdEasy-HCV-core genomes by PCR.

Primers specific for a sequence common to all three versions of the core protein were
designed, PCR ampification with which would yield a 177bp band if core sequences were
present. The pAdTrack-CMV-core plasmids were used as positive controls and the empty
plasmids pAdEasy-1 and pAdTrack-CMV were used as negative controls in the PCR. The
PCR reaction generated 177bp fragments for all three pAdEasy-core plasmids, as
indicated on the gel above, confirming the presence of core sequences in the recombinant
adenoviral genomes.
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was a decline in the titre of virus obtained in successive lysates. The transfections
were thus repeated, and virus was amplified from the initial lysates more gradually,
performing successive rounds of growth in the smallest flasks (T25) until complete CPE
was observed before moving on to infect larger flasks.

1ml of each of the initial lysates was used to infect a T25 flask of 293 cells for 1 hour at
37°C before addition of 9ml of medium. The cells were incubated for 5-7 days, until
CPE was observed.

Lysates were generated in the same way as after the initial

transfection and put into a 2ml volume. This cycle of infection and harvesting was
repeated in T25 flasks until complete CPE was observed by 2-3 days after infection,
indicating that the amount of virus present in the lysates had increased. The volume of
the lysates was kept at 2ml throughout to prevent the virus becoming too diluted. Once
this stage was achieved the infection and harvesting process was repeated in T75
flasks in order to increase titre of lysates further. Initial rounds of infection gave low
levels of CPE, but upon sequential amplification the amount of CPE increased. Once
full CPE was observed by 2-3 days post-infection, the infection process was repeated
in T150 flasks, again until complete CPE was observed. At this stage the adenoviral
titre in each lysate was measured using a CPE assay, as described in chapter 2. If the
titre was at least 5x10^ infectious units, T150 flasks of 293 cells were infected at a MCI
of about 5 and a further round of viral amplification was performed. The viral titres of
the resulting lysates were measured by CPE assay and a further round of infection was
performed, this time using a higher MCI of 25. Once a titre sufficient to allow infection
of T250 flasks at an MOI of 50 was achieved the volume of high titre virus increased by
infecting multiple flasks, as described in chapter 2, in order to generate a master stock.
These master stocks could then be used to generate working stocks that could be
purified on caesium chloride gradients as described in chapter 2.
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Although the problems initially encountered with amplification of the viral stocks were
overcome and cell lysates containing high viral titres of each virus were generated,
attempts to generate master stocks and working stocks of these viruses was thwarted
by fungal infection. When fungal infection became apparent in the first set of high titre
cell lysates produced, these were discarded and cells were re-transfected in an attempt
to generate new clean stocks.

Initially this looked promising but again as the

amplification process proceeded the fungal infection returned. The plasmids used in
the transfection were a possible source of the fungal contamination; attempts were
made to generate “clean” plasmids by subjecting the digested plasmids to phenol,
phenol/chloroform and chloroform extraction and ethanol precipitation, after agarose
gel purification.

Cells were then re-transfected with the “clean” plasmids and the

amplification process was repeated, however fungal infection still occurred. Time did
not permit further attempts to generate large scale master stocks and working stocks of
the series of core-GFP co-expressing viruses. As described in the following section,
the small amounts of reasonably high titre virus that were generated from each
recombinant plasmid did enable preliminary investigation of the GFP and core
expression in cells infected with the different adenoviral recombinants. However, all
further studies in this thesis were carried out using two recombinant adenoviruses
provided by other investigators, Ad-GFP and Ad-CE1E2.

3.5 Ad-GFP & Ad-CE1E2

I was given a small amount of two recombinant adenoviruses, Ad-GFP (provided by Dr
M, Stevenson, Worcester, USA) and Ad-CE1E2 (provided by Dr B. Clarke,
GlaxoSmithkline, UK). I generated high titre master stocks in 293 cells of each of these
viruses, and caesium chloride purified working stocks as described in chapter 2.
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Ad-GFP, contains GFP inserted in the E1 region of the adenoviral genome, and is used
as a control adenovirus.

Ad-CE1E2 contains the HCV type 1a core, El and E2

glycoproteins inserted into the El region of the adenoviral genome. However, unlike
the recombinant viruses I generated, this virus does not co-express GFP. Ad-CE1E2
was used to assess effects of the core protein on cell functions, both activation and
susceptibility to death by different apoptotic pathways.

3.6 Analysis of GFP & Core Protein Expression in Ceiis infected with Different
Adenoviral Recombinants

The expression of GFP by Ad-GFP was confirmed in 293 cells by flow cytometry.
Uninfected, Ad-GFP or Ad-CE1E2 infected 293 cells remaining from CPE assays were
scraped from the wells showing complete CPE, pelleted and fixed in 1%
paraformaldehyde and analysed by flow cytometry for GFP expression, measuring
GFP fluorescence in the FL-1 channel. As can be seen in figure 3.17, cells infected
with Ad-GFP did indeed express high levels of GFP, whilst the uninfected cells and
cells infected with Ad-CE1E2 did not have an increase in FL-1 fluorescence, confirming
that Ad-GFP did express GFP and that fluorescence detected in the FL-1 channel was
not due to infection-associated damage of the cells.

GFP expression in 293 cells infected with Ad-Empty and each Ad-Core virus was
determined by flow cytometric analysis of 293 cells remaining from CPE assays. Once
the titres of the viruses had been determined, the 293 cells were scraped from the
wells showing complete CPE, pelleted and fixed in 1% paraformaldehyde and analysed
by flow cytometry for GFP expression.

As shown in figure 3.18, a high level of

fluorescence in the FL-1 channel, indicative of GFP expression, was detected in the
cells infected with Ad-Empty (the control virus with no core insert in El), Ad-Core-195
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Figure 3.17. Determination of GFP expression in 293 cells infected with Ad-GFP
& Ad-CE1E2.

Uninfected 293 cells and cells infected with Ad-GFP and Ad-CE1E2 from CPE assays
were harvested, fixed and analysed by flow cytometry for GFP expression in the FL-1
channel.
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Figure 3.18. Determination of GFP expression in 293 cells infected with AdCore-195, Ad-Core-169, Ad-Core-124 & Ad-Empty.

Uninfected 293 cells and cells infected with Ad-core-195, Ad-Core-169, Ad-Core-124
and Ad-Empty from CPE assays were harvested, fixed and analysed by flow
cytometry for GFP expression in the FL-1 channel.
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(full length core), Ad-Core-169 (truncated core) and Ad-Core-124 (mutated core), but
not in uninfected cells.

This result showed that GFP was expressed, as would be

expected, from Ad-Empty and each of the Ad-Core viruses.

Expression of the HCV core protein in cells infected with Ad-CE1E2 and the Ad-Core
viruses was analysed by immunofluorescent staining and confocal microscopy, as this
not only enabled verification of core protein expression, but also allowed simultaneous
analysis of the intracellular location of the expressed protein. The cells used for this
analysis were monocyte-derived DCs, as future work would focus on these cells,
making it important to verify core protein expression within cells infected with in
particular Ad-CEI E2.

Monocyte-derived DCs were infected at a high MOI (200) with purified Ad-GFP and AdCEI E2 or at the highest MOI achievable using the Ad-Core containing lysates of each
Ad-Core virus. These were MOI's of approximately 9 with Ad-Core-195 and Ad-Core124, and a MOI less than 1 with Ad-Core-169. HCV core expression was assessed 24
hours post-infection by staining the cells (and as a control, uninfected DCs) with an
anti-core mouse monoclonal antibody (JM122) provided by Dr J. McLauchlan, binding
of which was detected using a fluorescently labelled (Cy5) anti-mouse F(ab’)2 fragment.
The cells were also co-stained with either phalloidin alexa-fluor 568 to detect the cell
cytoskeleton, or with a nuclear stain (BO-PRO-3), to enable analysis of the intracellular
localisation of the core protein. Using three-colour confocal microscopy, expression of
GFP, the HCV core protein and either cytoplasmic or nuclear markers could thus be
simultaneously assessed in individual cells. Representative results from this analysis
are shown in figures 3.19 -3.25.

Figure 3.19 Shows analysis of GFP expression in DCs infected at a high MOI with AdGFP, and illustrates the use of co-staining with cytoplasmic (phalloidin) or nuclear (BO-
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Figure 3.19. Expression of GFP in Ad-GFP infected DCs.
DCs infected with Ad-GFP (MCI 200) were stained with (a) phalloidin to detect the cytoskeleton or (b) BOPRO-3 to detect cell nuclei and examined by confocal microscopy. The yellow arrows indicate cells where
GFP expression can be seen in the nucleus and cytoplasm.
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Figure 3.20. Uninfected DCs stained for HCV core protein.
Uninfected DC were co-stained with anti-core antibody and (a) phalloidin to detect the cytoskeleton or
(b) BO-PRO-3 to detect cell nuclei and examined by confocal microscopy.
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Figure 3.21. Staining Ad-CE1E2 infected DCs with an isotype control antibody.
Ad-CE1E2 infected DCs were co-stained with an lgG1 isotype control antibody and phalloidin to detect the
cytoskeleton.
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Figure 3.22 Expression of HCV core protein in Ad-CE1E2 infected DCs.
DCs infected with Ad-CE1E2 (MCI 200) were stained with (a) phalloidin to detect the cytoskeleton or (b) BOPRO-3 to detect cell nuclei and examined by confocal microscopy. The yellow arrows indicate cells where
expression of core can be seen in the nucleus and cytoplasm.
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Figure 3.23. Expression of HCV core protein in Ad-Core-195 infected DCs.
DCs infected with Ad-Core-195 were stained with (a) phalloidin to detect the
cytoskeleton or (b) BO-PRO-3 to detect cell nuclei and examined by confocal
microscopy. The yellow arrows indicate cells where core expression can be detected
in the nucleus and cytoplasm.
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Figure 3.24 Expression of HCV core protein in Ad-Core-124 infected DCs.
DCs infected with Ad-Core-124 were stained with (a) phalloidin to detect the
cytoskeleton or (b) BO-PRO-3 to detect cell nuclei and examined by confocal
microscopy. The white arrows indicate cells where core expression can only be
detected in the nucleus and the yellow arrows indicate cells where core expression is
seen in both the nucleus and cytoplasm,
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Figure 3.25 Expression of HCV core protein in Ad-Core-169 infected DCs.
DCs infected with Ad-Core-169 were stained with (a) phalloidin to detect the
cytoskeleton or (b) BO-PRO-3 to detect cell nuclei and examined by confocal
microscopy. The white arrows indicate cells where core expression can be detected in
the nucleus.
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PRO-3) markers to determine the intracellular location of the protein. High levels of
GFP expression were seen in Ad-GFP infected DCs, and this protein was found in both
the cytoplasm and nucleus.

Figures 3.20-3.22 show analysis of the core protein expression in DCs infected with
Ad-CE1E2. Figure 3.20 shows uninfected DCs stained with the anti-core antibody; no
core expression was detected as expected, showing the antibody was not binding nonspecifically to the cells. Similarly, when DCs infected with Ad-CE1E2 were stained with
an isotype control antibody and the secondary Cy5-F(ab’)2 fragment, no background
staining that may be mistaken for core expression was seen. This is shown in figure
3.21.

Figure 3.22 Shows core protein staining of DCs infected with Ad-CE1E2.

Expression of the core protein could be detected in almost all cells (consistent with the
Ad-CE1E2 infection being carried out at a high MOI). Much of the core protein within
individual cells appeared to be located in the nucleus (figure 3.22b); but some of the
core staining was also seen in the cytoplasm (figure 3.22a).

Analysis of expression of both GFP and the HCV core in DCs infected with the Ad-Core
viruses is shown in figures 3.23-3.25. Although some GFP expression was detected in
DCs infected with each of these viruses, the level of GFP expression was much lower
than that seen in cells infected with Ad-GFP (compare figure 3.23 with figure 3.19). As
discussed further at the end of this chapter, this may have been due to the relatively
low MOI used for infection of DCs with the Ad-Core series of viruses. Alternatively, it
may reflect differing efficiencies in GFP production from Ad-GFP versus the Ad-Core
viruses.

Importantly, not only GFP, but also the HCV core protein could be detected in cells
infected with all three Ad-Core viruses. The level and cellular sites of core protein
expression in cells infected with Ad-Core-195 (figure 3.23) appeared very similar to that
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in cells infected with Ad-CE1E2, with core protein expression being seen in both the
nucleus and, at lower levels in the cytoplasm. It is harder to detect the core staining in
cells infected with Ad-Core-124, as can be seen in figure 3.24. This may be due to the
low MOI used for infection. The core appears to be expressed in both the nucleus and
cytoplasm of infected cells. To determine whether there are really differences in the
level of core expressed from this virus compared to Ad-Core-195, infections would
need to be carried out at a range of MO Is with both viruses and the levels of
expression looked at over time (the core protein expressed by Ad-Core-124 may
accumulate more at later time points) by a more qualitative means, for example,
intracellular staining and flow cytometry. The core protein expression in DCs infected
with Ad-Core-169 is the hardest to see, as shown in figure 3.25, which is consistent
with the lowest MOI. This version of the core protein appears to be localised in the
nucleus of the cells, but this needs to be confirmed with infection at a higher MOI.

In conclusion, the Ad-Core viruses I constructed co-expressed GFP and the HCV core
protein. The intracellular location of the core protein was nuclear and cytoplasmic for
the full length and mutated core protein but expression of the truncated core protein
may have been restricted to the nucleus. Ad-CE1E2 also expressed the core protein
within DCs; in this case the core protein had a nuclear and cytoplasmic location.

3.6 Discussion

I successfully constructed adenoviral vectors co-expressing a full-length version of the
HCV core protein (amino acids 1-195), a truncated core protein (amino acids 1-169) or
a mutated core protein (amino acids 1-124, 145-195), together with the marker green
fluorescent protein, using the Ad-Easy system. However I encountered many problems
whist making and expanding these viruses.
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The initial method I used to try and construct the adenoviral vectors was the Microbix
method.

The cloning of the core protein fragments and GFP fragments into the

respective plasmids in order to generate the recombinant adenoviral genome was
relatively straightforward, however this method consistently failed to produce viral
plaques following co-transfection into the helper cell line (293) which was required to
generate infectious virus. The transfection efficiency using the Effectene method was
high when a control GFP expressing plasmid was transfected into the 293 cells. The
control plasmid pFG140 which contained the entire infectious adenovirus genome also
consistently produced plaques, which again made it unlikely that poor transfection
efficiencies were responsible for virus not being generated.

This also provided a

control for the process of virus generation from adenoviral genomes. To exclude the
possibility that mutations had been introduced into the adenoviral genome plasmid
during the subcloning of GFP, which may have made it impossible for the recovery of
infectious virus when co-transfected with the shuttle plasmids, the parental plasmid
pBHGIO and the pAE1Sp1A shuttle plasmid were also co-transfected into 293 cells;
but this also did not result in the generation of recombinant adenoviral plaques.

The Microbix method relies upon homologous recombination taking place between the
two plasmids containing the adenoviral genome in mammalian cells; this was most
likely the limiting step in generating the recombinant viruses.

Homologous

recombination in mammalian cells is of a low efficiency (He et al, 1998), and
recombination efficiencies may have been further reduced if not all transfected cells
contain both plasmids. The size of the plasmids may also have affected recombination.
As pBHG10-GFP was very large (~35kb) compared to the pCAl 3-core containing
plasmids (~7kb) the areas of homology may be too distant for recombination to occur.
I made attempts to enhance the likelihood of recombination occurring by, changing the
ratios of the two plasmids, increasing the amount of each plasmid transfected into the
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cells, and by linearising the plasmids prior to transfection. However, recombination still
failed to occur and no recombinant adenoviruses were generated.

The continued

failing of the Microbix method led me to try a different approach.

The second approach I took to generate the recombinant adenoviral vectors was using
the Ad-Easy method, which was successful.

The main reason this method was

successful compared to the Microbix method is likely to be due to the recombination
step taking place in bacterial cells rather than mammalian cells, as bacterial cells are
more efficient at carrying out recombination (Chartier et al., 1996; Crouzet et al., 1997).
The Ad-Easy method also had other advantages over the Microbix method, mainly that
there was no need to plaque purify virus as large amounts of homogenous virus were
generated at the initial transfection step, making the method quicker than the Microbix
method. Another advantage of the Ad-Easy system was that the adenoviral genome
already contained the marker GFP, so there was no need to clone a marker into the
genome as there was with the Microbix method. This also made the Ad-Easy method
quicker as there were fewer cloning steps required as only the HCV core fragments
had to be inserted into the adenoviral genome.

Although the Ad-Easy method did successfully generate recombinant adenoviral
vectors, I had problems expanding these viruses for experimental use. Once I had
generated the initial stocks of each virus, I followed the suggested amplification
protocol provided with the Ad-Easy system; however I did not get expansion of the
viruses occurring. This was probably to be due to the initial viruses being expanded
too quickly resulting in a low MOI and a resulting decrease in output viral titres. To
overcome this problem I started again and took more time to expand the viruses,
waiting for complete CPE after each step before proceeding to the next round of
amplification. This was successful and the titre and volume of each virus did increase.
However, during the amplification process a problem with fungal contamination
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occurred. I tried adding an anti-fungal reagent (Fugin) to the cell cultures, however this
proved to be toxic to the cells.

Therefore to prevent the spread of the fungal

contamination to other cell lines and between the viruses I generated new viral stocks
by re-transfecting cells and following the slow amplification process.

This initially

appeared to have overcome the problem of fungal contamination; however, as the
amplification process proceeded the fungal contamination reappeared. The fact that
contamination occurred only during amplification of this series of viruses and not during
passage of uninfected 293 cells or preparation of stocks of Ad-GFP or Ad-CE1E2
(which were expanded from virus provided by other investigators) suggested that the
plasmids transfected into the cells may be the source of contamination. So I decided to
carry out phenol, phenol/chloroform and chloroform purification of the linearised
plasmids before transfection as this treatment should destroy any contaminating fungal
spores. Unfortunately, this step did not resolve the problem of fungal contamination in
the recombinant adenoviruses. As it was going to take more time than I had available
to solve this problem of contamination, the decision to use adenoviral vectors
constructed by other investigators (Ad-GFP and Ad-CE1E2) for the remaining studies
was taken.

I did have enough of the un purified Ad-Core viruses to determine whether they
expressed GFP and the HCV core protein and to look for any differences in the pattern
of core expression within infected cells.

Ad-Empty and the Ad-Core viruses expressed GFP. In the confocal experiments, the
level of GFP expression seen with Ad-GFP is higher than with the Ad-Core viruses,
however, you wouldn’t expect there to be differences in the levels of expression as
both contain enhanced GFP (He et al., 1998; Swingler et al., 1999) under control of the
CMV promoter. The differences are more likely to be due to the differences in the MOI
of infections, as the MOIs used for the Ad-Core viruses were lower than the MOI used
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with the purified Ad-GFP. Experiments in chapter 4 also show that the level of GFP
expression in Ad-GFP infected cells at any given time point depends on the MOI. It
may be conceivable that at higher MOIs the cells may be infected with multiple virions,
leading to higher GFP expression.

In support of this, when GFP expression was

analysed in 293 cells from CPE assays, high levels of GFP expression were seen.
These cells would have been infected at a higher MOI and 293 cells are also more
susceptible to adenoviral infection than DCs. The viruses productively replicate within
293 cells, but cannot in DCs; therefore more viral particles are present in these cells.

The HCV core protein was expressed in DCs infected with Ad-CE1E2 and the three
Ad-Core viruses.

It is easiest to see core expression in the DCs infected with Ad-

CE1E2 and Ad-Core-195. This may relate to these being infected at the highest MOIs.
To properly compare levels, infections at a range of MOIs with these viruses needs to
be carried out, to look at levels of core expression over time, by a more qualitative
means, such as intracellular staining and flow cytometric analysis. This would allow
you to see whether, as might have been expected, that you get higher levels of core
expression in cells infected with the adenovirus expressing the mutated version of the
core protein (Ad-Core-124). The mutated version of the core protein expressed by AdCore-124 is not cleaved at a maturation site, which results in over-expression of the
protein in BHK transfected cells (Hope and McLauchlan, 2000).

I also tried to look at the intracellular location of each version of the core protein by costaining cells with markers for the cytoplasm (phalloidin) or the nucleus (BO-PRO-3),
and overlaying these with the core staining. Ad-CE1E2, Ad-Core-195 and probably AdCore-124 have expressed the core protein in the cell nucleus and cytoplasm, although
higher levels appear to be in the nucleus. This may be due to host cell processing of
the full-length core protein (although the exact mechanisms of cleavage of the core
protein remain unknown (Reed and Rice, 2000), resulting in an accumulation of core
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protein within the cells that may have undergone further processing which results in
truncated versions of the protein that lack the COOH-domain.
translocated into the cell nucleus.

These can then be

Kawamura et al (Kawamura et al., 1997) have

detected nuclear localisation of the core protein in core protein transgenic mice.

It was

difficult to resolve exactly where in the cytoplasm the core protein was expressed. It is
possible it may be different with each version of the core protein; there may be
differences between the full-length core protein expressed by Ad-CE1E2 and that
expressed by Ad-Core-195.

The core protein expressed by Ad-CEI E2 will be in

association with the envelope glycoproteins, and this interaction may retain the core
protein near the endoplasmic reticulum, as El and E2 have ER retention signals (Reed
and Rice, 2000). The core protein expressed by Ad-Core-195 will not be expressed in
association with the envelope glycoproteins, therefore it may have a different location
in the cell cytoplasm as there will be no ER retention signals present from the El and
E2 proteins, as they are absent in this recombinant adenovirus. The preliminary results
presented in this chapter, suggest that the truncated version of the core protein
expressed by Ad-Core-169 may be restricted to the cell nucleus. However, I cannot be
sure as the expression levels with this virus were very low, due to the low MOI of
infection. Also, with cells infected with Ad-Core-124, where expression was also low,
there were some cells where core expression could only be seen in the nucleus and
not in the cytoplasm. From the literature it would be expected that only the truncated
version of the core protein (amino acids 1-169) would be expressed in the cell nucleus
(Hussy et al., 1996; Kawamura et al., 1997; Liu et al., 1997; Lo et al., 1994).

If more time was available I would like to produce purified high titre stocks of the AdCore viruses and do higher resolution analysis of the intracellular location of the core
protein in cells infected with these three viruses and Ad-CEI E2.

The three

adenoviruses I constructed could also be used for functional experiments, similar to
those carried out with Ad-CEI E2, described in chapters 4 and 5. This could give an
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insight into the regions of the core protein involved in immunomodulatory effects. But
at least I knew that the core protein was expressed in DCs by means of Ad-CE1E2,
which enabled further experiments to analyse how the core protein may affect DC
activation, functions and susceptibility to apoptosis, as described in chapters 4 and 5.
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Chapter 4 - Effects of the Hepatitis C Virus Core Protein on
Dendritic Cell Activation and Functions
4.1. Introduction

Hepatitis C virus is able to evade control by the host immune response in the majority
of infected individuals as approximately 80% of people infected with this virus develop
a chronic persistent infection. As discussed in chapter 1, multiple mechanisms have
been proposed to contribute to HCV’s ability to evade immune control, and a variety of
roles for individual viral proteins, including the core protein of HCV have been
suggested to be involved.

The core protein may mediate immunomodulatory effects by extracellular actions, for
example, it has been shown to bind to the complement receptor gC1qR and prevent T
cell responses (Kittlesen et al., 2000; Yao et al., 2001a; Yao et al., 2001b). In addition,
expression of the core protein within infected cells could contribute to HCV persistence.
One way the core protein may do this is by affecting the sensitivity of infected cells to
antiviral effector mechanisms, for example, altering their susceptibility to lysis by NK
cells and/or CD8* CTLs. This is considered in the next chapter. However, as the cells
infected by HCV are thought to include cells of the immune system, the core protein
could also contribute to HCV persistence by impairing their functions, thus altering the
induction or maintenance of the antiviral immune response. Evidence of HCV infection
in PBMCs has been found (Gong et al., 2003; Lerat et al., 1998; Muller et al., 1993)
and infection of antigen presenting cells, including DCs, by HCV has also been
documented (Goutagny et al., 2003; Navas et al., 2002);

therefore expression of viral

protein in these cells could alter their functions. There is evidence that HCV infection
impairs the function of DCs from chronically infected patients (Bain et al., 2001;
Kakumu et al., 2000; Kanto et al., 1999). These studies found the DCs to have a
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reduced stimulatory capacity and decreased IL-12 production. Bain et al (Bain et al.,
2001) detected expression of HCV genome sequences within the DCs; therefore
expression of HCV proteins within the cells may be occurring and could be responsible
for the defect of the DCs. One possible way the core protein could be mediating these
effects is by its ability to bind to the cytoplasmic tail of members of the TNFR
superfamily, such as the TNFR-1 (Zhu et al., 1998) and LTpR (Chen et al., 1997;
Matsumoto et al., 1997). Core may also be capable of binding to CD40 (Lai and Ware,
2000), although this interaction has not been confirmed as yet. Interacting with these
members of the TNFR superfamily that transduce activating signals via signalling
components including NFkB for the production of cytokines may disrupt DC activation
and functions (Chen et al., 1997; Matsumoto et al., 1997; Zhu et al., 1998). The core
protein may also act within the nucleus of infected cells and modulate cellular gene
expression by the activation or suppression of promoters (Chang et al., 1998; Ray et
al., 1997; Ray et al., 1998b; Shih et al., 1993) which may be related to the development
of hepatocellular carcinoma.

The goal of the work described in this chapter was to examine the effects of core
protein expression within DCs by the use of adenoviral vectors, which as discussed
previously, I hoped would not have too many effects on the activation and function of
DCs themselves. The work in this chapter focuses particularly on DC activation and
functions in response to signalling through members of the TNFR superfamily.
Responses to TNFa and anti-CD40 stimulation in comparison to LPS stimulation which
is not a member of the TNFR superfamily were examined. TNFa will bind to TNF
receptors on the DC surface and activate the cell and anti-CD40 will bind to CD40 and
stimulate signalling via the CD40-CD40L pathway, whereas LPS stimulates dendritic
cells via toll-like receptors, an innate recognition mechanism.
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4.2 Maturation of Dendritic Ceiis

Dendritic cells are normally present in an immature state. They express low levels of
CD83, CD40, CD80, CD86, MHC class I and class II and they have a high ability to
take up of antigens by endocytosis. Upon stimulation by a pathogen, cytokines or T
cells the DCs undergo maturation and activation. Their ability to take up antigen by
endocytosis is reduced and they upregulate expression of surface markers including
MHC class I and class II, adhesion molecules and co-stimulatory molecules on their
surface to enable them to present antigen to and activate T cells. They also produce
IL-12 which enhances T cell activation. Prior to carrying out experiments to address
the effects of core protein expression in DCs on their responsiveness to activation via
different pathways, initial experiments were carried out to determine the optimal
concentrations of different maturation stimuli for use in future experiments.

Monocyte-derived DCs were generated as described in chapter 2, by culturing CD14'"
cells from normal peripheral blood for 6-7 days in the presence of IL-4 and GM-CSF.
The DCs produced in this way were judged to be immature on the basis of the lack of
expression of the maturation marker CD83 on the majority of cells and expression of
relatively low levels of MHC (class I and class II) and co-stimulatory molecules (CD40,
CD80, CD86). Examples of the phenotype of these “immature” DCs are illustrated in
figures 4.1-4.3 (untreated control DCs). These examples also illustrate that there was
some variation in the phenotype of DCs produced from different donors on different
days, for example, whereas CD83 was expressed only on 33% of immature DCs in the
experiments shown in figures 4.1 (the range of unstimulated cells expressing CD83
from 6 donors was 4-33%) and 4.2 (the range of unstimulated cells expressing CD83
from 6 donors was 6-33%), it was expressed on 43% of DCs in the experiment shown
in figure 4.3 (the range of unstimulated cells expressing CD83 from 3 donors was 6-
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Figure 4.1. Maturation of DCs in response to LPS determined by phenotypic
surface marker staining.
1x10® uninfected DCs were stimulated with a range of LPS concentrations (0-1 ng/ml)
for 24 hours. Cells were stained with antibodies against CD83, class I, class II, CD80,
CD86, CD40, CD95 and CD95L and analysed by flow cytometry. Part (a) shows the
percentage of cells expressing each marker (red bars) and the mean fluorescence
intensity (MFI) of staining (yellow bars). Representative examples of the staining are
shown in part (b), with the black line indicating an isotype control, the red line indicating
staining of unstimulated cells with the indicated antibody and the purple line indicating
staining of DCs stimulated with 1ng/ml of LPS with the indicated antibody. The results
shown are representative of 6 individual experiments.
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Figure 4.2. Maturation of DCs in response to TNFa determined by phenotypic
surface marker staining.

1x10® uninfected DCs were stimulated with a range of TNFa concentrations (0200ng/ml) for 24 hours. Cells were stained with antibodies against CD83, class I,
class II, CD80, CD86, CD40, CD95 and CD95L and analysed by flow cytometry. Part
(a) shows the percentage of cells expressing each marker (red bars) and the mean
fluorescence intensity (MFI) of staining (yellow bars). Representative examples of the
staining are shown in part (b), with the black line indicating an isotype control, the red
line indicating staining of unstimulated cells with the indicated antibody and the purple
line indicating staning of DCs stimulated with 200ng/ml of TNFa with the indicated
antibody. The data shown is representative of 6 individual experiments.
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Figure 4.3. Maturation of DCs in response to anti-CD40 determined by
phenotypic surface marker staining.
1x1Q6 uninfected DCs were stimulated with a range of anti-CD40 mAb concentrations
(0-20|ig/ml) for 24 hours. Cells were stained with antibodies against CD83, class I,
class II, CD80, CD86, CD40, CD95 and CD95L and analysed by flow cytometry. Part
(a) shows the percentage of cells expressing each marker (red bars) and the mean
fluorescence intensity (MFI) of staining (yellow bars). Representative examples of the
staining are shown in part (b), with the black line indicating an isotype control, the red
line indicating staining of unstimulated cells with the indicated antibody and the purple
line indicating staining of DCs stimulated with 20pg/ml of anti-CD40 with the indicated
antibody. The data shown is representative of 3 individual experiments.
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43%), however, the mean fluorescent intensity (MFI) was similar for all donors (-13).
These differences are most likely to be due to donor-donor variation in the extent of
maturation triggered under the culture conditions, in response to, for example, low
levels of endotoxin present in the culture medium, as the culture conditions were kept
constant between experiments.

To test the responsiveness of immature DCs to different activation/maturation stimuli,
10® cells were stimulated with a range of concentrations of LPS (0-1 ng/ml), TNFa (0200ng/ml) and anti-CD40 (0-20|ig/ml) for 24 hours.

Cells were then stained with

antibodies against maturation and activation markers to allow determination of their
maturation status. Fas (CD95) and Fas-ligand (CD95L) expression were also
measured. Antibody staining was analysed by flow cytometry.

As shown in figure 4.1, LPS is a very potent inducer of DC maturation. Low levels
(0.1 ng/ml) of LPS induced a high proportion of cells to express CD83 (80%).

Co

stimulatory molecules CD80, CD86 and class I were also upregulated in a dosedependent manner, as shown by the increase in the MFI. However, there were only
very small changes in the percentage of cells expressing MHC class II, CD40 or CD95.
Very few cells expressed CD95L.

TNFa induced DC maturation in a dose dependent manner as the percentage of
CD83^ cells increased as the concentration of TNFa increased (as did the MFI), as
shown in figure 4.2. At the doses tested, TNFa did not achieve maturation of as high a
proportion as cells did when treated with LPS (60% of cells were CD83 positive at the
highest TNFa concentration, compared to 80% with LPS). TNFa also increased the
percentage of cells expressing CD80 and CD40. As with LPS the number of cells
expressing MHC class I and II did not change dramatically (reflected by the percentage
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of cells positive and the MFI). The number of cells expressing CD86 also did not
change as dramatically as with LPS. Again CD95 was expressed and very few cells
expressed CD95L and TNFa maturation did not alter their expression.

Anti-CD40 stimulation of DCs was the weakest inducer of DC maturation out of the
three stimuli.

Figure 4.3 shows the phenotypic marker expression induced by anti-

CD40 stimulation. The percentage of CD83^ cells and the MFI of CD83 staining did
increase upon anti-CD40 stimulation, but not to the same extent as with LPS (60%
positive at the highest anti-CD40 mAb concentration). In this experiment the DCs were
in a more mature state than the cells stimulated by LPS and TNFa, as there were more
cells expressing CD83 in the unstimulated cells in the LPS and TNFa experiments.
However, in duplicate experiments, anti-CD40 was a consistently weaker inducer of DC
maturation than LPS and TNFa (data not shown). Class I and class II expression did
not alter dramatically when DCs were stimulated with anti-CD40, and only small
increases in both the percentage of CD80'" and CD86'" cells and the MFI of staining
occurred. CD40 expression could not be detected. This was due to the anti-CD40
antibody used to stimulate the cells blocking the epitope recognised by the anti-CD40
antibody used in flow cytometry. This could have been overcome by co-culturing DCs
with cells expressing CD40L to induce activation and maturation rather than ligation of
CD40 by an antibody (Omata et al, 2002, Frieta et al, 2003). Again, DCs expressed
CD95 and did not express CD95L.

In conclusion, immature monocyte-derived DCs could be matured with LPS, TNFa and
anti-CD40. There was some donor-donor variation in the extent of maturation levels
(CD83 expression) in unstimulated cells, which may be triggered under the culture
conditions (for example the difference between the results shown in figures 4.2 and
4.3). Overall, differences in the potency of the three stimuli were seen. LPS was the
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strongest inducer of DC maturation, followed by TNFa, with anti-CD40 being the
weakest inducer of DC maturation, as determined by induction or upregulation of CD83
expression.

4.3. Infection of Dendritic Ceiis with Adenovirus

To study effects of HCV core protein expression in immature DCs on their activation
state and functional capacity in response to the stimuli tested above, I planned to
achieve high levels of core expression in DCs by infecting them with recombinant
adenoviral vectors encoding the core (and the envelope glycoproteins, E1 and E2).
Before I embarked on these experiments, preliminary experiments were carried out to
determine the level of DC transduction achieved by infecting DCs with recombinant
adenoviral vectors at different multiplicities of infection (MOI) and to determine effects
of the vector on DCs.

In an initial experiment, the kinetics of GFP expression in DCs following infection with
Ad-GFP were investigated, to determine the optimal time for analysis of the proportion
of transduced cells and/or analysis of the effects of HCV core protein within DCs on
their activation and functions. DCs were infected at a MOI of 75 with Ad-GFP and the
percentage of GFP positive cells and the level of GFP expression in transduced cells
were determined after 4, 8,12, 24 and 32 hours by flow cytometry. As shown in figure
4.4, a high proportion (84%) of DCs were GFP positive, however the level of GFP
expression in each cell was fairly low (MFI of the GFP-positive cells was 69.00) at 8
hours. By contrast at 24 hours, by which time 98% of cells were GFP positive, the MFI
of GFP positive cells had increased to 1074.43. By 32 hours post-infection there was
some but not a dramatic further increase in the mean level of GFP expression per cell.
Based on these results, a 24 hour infection period was used for all future experiments.
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Figure 4.4. Timecourse of GFP expression following Ad-GFP Infection of Immature DCs.
5x10® immature DCs were infected with Ad-GFP at a MOI of 75. GFP expression within the
cells was assessed by flow cytometry at 4 , 8 , 1 2 and 24 hours post infection, as indicated. The
percentage of cells expressing GFP in each sample is shown.
The data shown is
representative of 2 individual experiments.
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Previous studies have shown that adenoviral vectors transduce monocyte-derived DCs
efficiently, although some differences in effects of transduction at different MOIs were
reported between studies, ranging from 40%-96% transduction (Jonuleit et al., 2000;
Miller et al., 2002; Rea et al., 1999; Rouard et al., 2000; Zhong et al., 1999). To
determine the efficiency of infection of DCs by adenoviruses and the optimal multiplicity
of infection (MCI) for future experiments, immature and mature (treated with anti-CD40
at Spg/ml, 24 hours) DCs were infected with Ad-GFP at a range of MOIs for 24 hours.
Cells were then stained for C D IIc expression (a DC marker) and analysed for GFP
expression by flow cytometry. This allowed the percentage of DCs expressing GFP to
be determined. Representative results from this type of analysis are shown in figure
4.5. A dose-dependant increase in the percentage of GFP positive cells was seen in
both immature and mature DCs as the MCI with Ad-GFP was increased.

Similar

results were obtained with DCs that had been matured with other stimuli and infected
at a range of MOIs (data not shown). Interestingly, not only the percentage of cells
transduced, but also the mean level of GFP expression within transduced cells
increased with increasing MOIs, for example, the 21.2% of immature DCs that
expressed GFP after infection at a MOI of 10 had an MFI of 25.9; whereas the 87.3%
of cells expressing GFP after infection at a MOI of 1000 had a MFI of 333.2 (data not
shown). It is unclear why there is this difference. It may be at lower MOIs infection
was more asynchronous with some cells infected more recently than others, hence less
GFP per cell however this is unlikely. It is probably due to cells infected at higher MOIs
being infected with multiple adenovirus particles, resulting in more gene delivery and
higher expression of GFP. It was also observed that mature DCs were infected slightly
better than immature DCs, for example, following infection at a MOI of 100, 71% of
immature DCs were GFP positive at 24 hours post infection whilst 79% of mature DCs
were GFP positive at this time point.
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Figure 4.5. Infection of Immature and mature DCs with Ad-GFP at a range of MOIS.
1x10^ immature or mature (5^g/ml of anti-CD40 for 24 hours) DCs were infected with Ad-GFP at
the indicated MOIs. 24 hours later cells were stained with a PE-labelled antibody to C D IIc, to
identify DCs, and analysed for GFP (FL-1) expression by flow cytometry. The percentage of
CD11c^ and GFP* cells is shown in the upper right quadrant.

201

There are differences between the percentage of GFP positive cells at 24 hours
between experiments shown in figures 4.4 (98% GFP* at a MOI of 75) and 4.5 (71%
GFP* at a MOI of 100).

This is most likely to be due to donor-donor variation.

Typically at a MOI of 200, approximately 80% DCs were transduced and GFP positive,
therefore this MOI was used for future experiments at this time point. As the MOI
increased above 300, the infection of DCs started to have a detrimental effect on DC
viability as assessed by changes in the forward and side scatter profiles which
represent the size and granularity of cells (data not shown).

Adenoviruses are generally reported to achieve high levels of DC transduction with
minimal effects on DC activation and functions, but there are some studies suggesting
that adenovirus infection of monocyte-derived DCs induces some level of DC activation
(Hirschowitz et al., 2000; Korst et al., 2002; Miller et al., 2002; Morrelli et al., 2000; Rea
et al., 1999; Rouard et al., 2000). I examined effects of adenovirus infection on the
expression of CD83, MHC (class I and class II) and co-stimulatory molecules (CD40,
CD80 and CD86) on DCs and also on DC maturation in response to LPS, TNFa and
anti-CD40. The data for CD83 expression is shown in figure 4.6; changes in other
activation markers paralleled this data, although they were less dramatic. This figure
represents results from 6 different donors out of 20 donors analysed in total. The figure
illustrates the donor-to-donor variation in the responses made to maturation stimuli:
DCs from donor 1 responded better to LPS stimulation than those from donor 2.
Similarly DCs from donor 3 responded better than those from donor 4 to TNFa
stimulation. Generally, there was little effect of adenovirus on the activation/maturation
state of immature DCs, although occasionally a slight increase in the percentage of
cells expressing CD83 (and also MHC class I and class II and co-stimulatory
molecules) occurred, as seen in donor 4 in figure 4.6 when cells were unstimulated. In
total, 5/20 donors underwent an increase of <5% and DCs from 2/20 donors underwent
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Figure 4.6. Effect of Adenovirus on DC maturation in response to LPS, TNFa and antiCD40 stimulation.
Uninfected monocyte-derived DCs and DCs that had been infected with Ad-GFP at a MOI of
200 for 24 hours were stimulated with LPS, TNFa and anti-CD40 mAh at the concentrations
indicated for 24 hours. Cells were then stained with an antibody against CD83 (DC maturation
marker) and analysed by flow cytometry. The percentage of cells expressing CD83 is shown.
Data is shown for 6 individual donors out of 20 donors analysed.

203

an increase of >10% in the percentage of CD83^ cells following infection Ad-GFP.
Adenovirus infection frequently had little effect on the response to maturation stimuli,
although it did sometimes reduce responses, as seen in donors 1 and 3 in figure 4.6.
Altogether, Ad-GFP infection caused a reduction >10% in the percentage of cells
stimulated to express CD83 in response to treatment with the highest concentration of
maturation stimuli in 9/20 donors. This slight donor-to-donor and experiment-toexperiment variation made it important to repeat experiments with a minimum of three
different donor DCs, to be certain of the reproducibility of any effects observed.

In conclusion, DCs were efficiently transduced with GFP by adenovirus vectors (7080%) and this could be achieved with only minimal effects on DC activation and
functions. A MOI of 200 was chosen for future experiments as this gave high levels of
infection with minimal effects on DC viability.

Donor to donor variation and experiment

to experiment variation in the efficiency of adenovirus infection and responses to
maturation stimuli was observed, so experiments were repeated a minimum of three
times to be certain observed effects were reproducible.

4.4 Effects of the HCV core protein on the ability of DCs to uptake antigen

One of the functions of immature DCs is to take up antigen, which can then be
presented on the cell surface in the context of MHC class I or class II. One possible
means for a virus to impair induction of the antiviral immune response would be to
reduce the uptake of antigen by antigen presenting cells and thus reduce the
presentation of viral antigens to T cells and reduce T cell activation. Therefore, it was of
interest to determine whether the core protein from HCV could affect the ability of DCs
to take up antigen.
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DCs were infected with Ad-GFP and Ad-CE1E2 and their ability to take up antigen was
compared to that of uninfected DCs. 10® DCs were incubated with 20pg/ml of dextran
alexa-fluor-647 at 4°C and 37°C for 0 , 5 , 10 and 20 minutes. The percentage of cells
containing dextran was determined by flow cytometry. As can be seen in figure 4.7,
DCs do not take up dextran at 4°C, whilst at 37°C the percentage of dextran positive
cells increases over time. Adenovirus (Ad-GFP) and the HCV structural proteins (AdCE1E2) have no effect on the antigen uptake capacity of immature DCs.

This

experiment was also repeated with mature DCs (which take up antigen less efficiently,
but still do to some extent) and no effect of adenovirus or the HCV structural proteins
was observed (data not shown).

In conclusion, the core protein has no effect on the ability of DCs to uptake antigen.

4.5 Effects of the HCV core protein on DC maturation In response to different
stimuli

Reports that the HCV core protein can interact with the cytoplasmic tail of members of
the TNFR superfamily, including the TNFR-1 and LT(3R, and may modulate signal
transduction via them, led to investigation into the effects of the core protein expression
in DCs on their maturation and activation in response to these and other stimuli.
Initially, experiments were performed to assess whether core protein expression in
immature DCs had any effect on their maturation and activation. It was unlikely that
the core protein would induce maturation, as this would have resulted in a decrease in
the capacity of immature DCs to take up antigens, which was not seen in the previous
experiments (figure 4.7).

Phenotypic analysis of the DCs infected with Ad-CE1E2

confirmed this, when compared to uninfected DCs that were untreated, as shown in
figure 4.8. Adenovirus infection by Ad-GFP had a tendancy to decrease surface
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Figure 4.7. Antigen uptake capacity of immature DCs infected with Ad-GFP & AdCE1E2.
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minutes at (a) 4°C and (b) 37°C. Cells were washed and the percentage positive for dextran
was determined by flow cytometry. The data shown is representative of 3 individual
experiments.
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Figure 4.8. Effect of HCV core protein expression in DCs on their phenotypic maturation in
response to LPS stimulation.
1x10® uninfected, Ad-GFP or Ad-CE1E2 infected (MOI 200) DCs were stimulated with a range of LPS
concentrations (0-1 ng/ml) for 24 hours. Cells were stained with antibodies against CD83, class I, class
II, CD80, CD86, CD40, CD95 and CD95L and analysed by flow cytometry. The results shown are the
percentage of cells expressing each marker. The data shown is representative of 6 individual
experiments.
Statistical analysis of variance performed with a two-way ANOVA test determined no significant
differences between marker expression by uninfected or adenovirus infected (Ad-GFP or Ad-CE1E2)
DCs at each LPS concentration.
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marker expression more frequently than Ad-CE1E2. This effect was possibly due to
effects of residual caesium chloride in the purified Ad-GFP having detrimental effects
on DC viability.

Experiments were then carried out to look at whether the core protein would affect
maturation of DCs in response to a stimulus not delivered via a TNFR superfamily
ligand. Effects of the core protein on maturation responses to LPS were looked at.
Immature uninfected, Ad-GFP or Ad-CE1E2 infected DCs were stimulated with a range
of LPS concentrations (0-1 ng/ml) for 24 hours. Cells were stained for CD83, class I,
class II, CD80, CD86, CD40, CD95 and CD95L expression which was analysed by flow
cytometry.

LPS induced maturation of the DCs as determined by the increase in

CD83"^ cells, illustrated in figure 4.8. LPS maturation also increased the percentage of
cells expressing class I, class II and CD40 (the MFI of staining for each marker also
increased with LPS stimulation, data not shown).

There was little change in the

number of cells expressing CD80, CD86 or CD95 and no cells expressed CD95L (no
changes were seen in the MFI of staining, data not shown). Adenovirus infection and
the expression of the HCV structural proteins did not alter the phenotypic maturation of
DCs in response to LPS, as statistical analysis of variance performed with a two-way
ANOVA test revealed no significant differences. IL-12 p40 production by uninfected,
Ad-GFP and Ad-CE1E2 infected DCs in response to LPS was also measured by
ELISA.

LPS induced IL-12 production in a dose-dependent manner in all cells.

Interestingly, adenovirus infection enhanced IL-12 production in response to LPS, as
shown in figure 4.9. However, the HCV structural proteins had had no effect on LPSstimulated IL-12 production by DCs. These results were expected as LPS is a very
strong maturation stimulus, so even if the core protein had effects on downstream
signalling pathways, LPS may be able to override them.
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Figure 4.9. Induction of IL-12 p40 production by uninfected, Ad-GFP & Ad-CE1E2
infected DCs in response to LPS stimulation.
1x10® uninfected, Ad-GFP or Ad-CE1E2 infected DCs were stimulated with a range of LPS
concentrations for 24 hours. Supernatants were harvested and IL-12 production was
measured by an IL-12 p40 ELISA. The data shown is representative of 4 individual
experiments.
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Effects of the core protein on the DC maturation response to TNFa were looked at
next. Immature uninfected, Ad-GFP or Ad-CE1E2 infected DCs were stimulated with a
range of TNFa concentrations (0-200ng/ml) for 24 hours. Cells were stained for CD83,
class I, class II, CD80, CD86, CD40, CD95 and CD95L expression which was analysed
by flow cytometry. TNFa also induced DC maturation shown by the increase in the
percentage of CD83"^ cells, illustrated in figure 4.10 (the MFI of staining also increased,
data not shown). Class I, class II, CD80, CD80 and CD40 expression also increased
(shown by both the percentage of cells expressing each marker and the MFI of
staining).

CD95 and CD95L expression were unchanged.

Adenovirus infection

significantly altered the expression of CD83 and MHC class II of unstimulated DCs and
DCs stimulated with 5ng/ml of TNFa, as indicated by a * on figure 4.10 (as determined
by a two-way ANOVA test). However there were no effects on the expression of the
other surface markers and the expression of the HCV structural proteins did not alter
the phenotypic maturation of DCs in response to TNFa.

IL-12 p40 production by

uninfected, Ad-GFP and Ad-CE1E2 infected DCs was also measured in response to
TNFa maturation by ELISA. TNFa induced IL-12 production in a dose-dependent
manner. Adenovirus infection reduced the levels of IL-12 production, as seen in figure
4.11. This contrasts with the effect of adenovirus infection on the response to LPS,
where IL-12 production was enhanced (see figure 4.10). Again, however, the HCV
structural proteins had no effect on IL-12 production in response to TNFa.

Finally, effects of the core protein on the DC maturation response to anti-CD40 were
examined.

Immature, uninfected, Ad-GFP and Ad-CE1E2 infected DCs were

stimulated with a range of anti-CD40 concentrations (0-20pg/ml) for 24 hours. Cells
were stained for CD83, class I, class II, CD80, CD86, CD40, CD95 and CD95L
expression which was analysed by flow cytometry. Anti-CD40 also induced maturation
of the DCs, but to a lesser extent than LPS or TNFa, as determined by the proportion
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Figure 4.10. Effect of HCV core protein expression in DCs on their phenotypic maturation in
response to TN Fa stimulation.

1x10® uninfected, Ad-GFP or Ad-CE1E2 infected (MOI 200) DCs were stimulated with a range of
TNFa concentrations (0-200ng/ml) for 24 hours. Cells were stained with antibodies against CD83,
class I, class II, CD80, CD86, CD40, CD95 and CD95L and analysed by flow cytometry. The
results shown are the percentage of cells expressing each marker. The data shown is
representative of 6 individual experiments.
Statistical analysis of variance performed with a two-way ANOVA test determined a significant
difference (p<0.05) between marker expression by uninfected or adenovirus infected (Ad-GFP or
Ad-CE1E2) DCs at the TNFa concentrations indicated by * .
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Figure 4.11. Induction of IL-12 p40 production by uninfected, Ad-GFP & A d -C E IE 2
Infected DCs In response to TNFa stimulation.

1x10® uninfected, Ad-GFP or Ad-CEI E2 infected DCs were stimulated with a range of
TNFa concentrations for 24 hours. Supernantants were harvested and IL-12 production
was measured by an IL-12 p40 ELISA. The data shown is representative of 3 individual
experiments.
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of cells stimulated to express CD83.

Figure 4.12 shows the phenotypic marker

expression on DCs matured with anti-CD40.

There was no change in the level of

expression of any marker except CD83 (no changes occurred in the MFI of staining,
data not shown). There was no significant effect of adenovirus infection on DC surface
marker expression when cells were matured with anti-CD40 (as determined by a twoway ANOVA test). CD40 expression was not detected; again this is due to the antibody
used to mature the cells blocking the epitope recognised by the antibody used for flow
cytometric analysis.

Anti-CD40 maturation also induced IL-12 p40 production, as

shown in figure 4.13. Adenovirus infection enhanced IL-12 production in response to
anti-CD40, as had been seen with LPS. However, the HCV structural proteins had no
effect on the stimulation of IL-12 production from DCs by anti-CD40. It has not been
confirmed that the core protein interacts with the cytoplasmic domain of CD40;
therefore the lack of effects may have been due to the core protein not interacting with
this member of the TNFR superfamily.

In conclusion, neither adenovirus infection of DCs nor the expression of HCV structural
proteins within these cells had any effect on the phenotypic maturation of DCs in
response to LPS, TNFa or anti-CD40. Adenovirus infection enhanced LPS and antiCD40 stimulated IL-12 production by DCs, but decreased IL-12 production in response
to TNFa. However, the HCV structural proteins had no effect on IL-12 production by
DCs in response to LPS, TNFa or anti-CD40 stimulation.

4.6 Effects of the core protein on IL-12 production by Macrophages

As described above, expression of the HCV core protein within DCs was not found to
have any effect on their production of IL-12 in response to several different stimuli.
However, a study by Lee at al (Lee et al., 2001 ) had suggested that expression of the
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Figure 4.12. Effect of HCV core protein expression in DCs on their phenotypic maturation in
response to anti-CD40 stimulation.

1x10® uninfected, Ad-GFP or Ad-CEI E2 infected (MOI 200) DCs were stimulated with a range of
anti-CD40 concentrations (0-20ug/ml) for 24 hours. Cells were stained with antibodies against
CD83, class I, class II, CD80, CD86, CD40, CD95 and CD95L and analysed by flow cytometry. The
results shown are the percentage of cells expressing each marker. The data shown is
representative of 4 individual experiments.
Statistical analysis of variance performed with a two-way ANOVA test determined no significant
differences between marker expression by uninfected or adenovirus infected (Ad-GFP or AdCEI E2) DCs at each anti-CD40 concentration.
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Figure 4.13. Induction of IL-12 p40 production by uninfected, Ad-GFP & Ad-CEIE2 infected
DCs in response to anti-CD40 stimulation.
1x10® uninfected, Ad-GFP or Ad-CEIE2 infected DCs were stimulated with a range of anti-CD40
mAb concentrations for 24 hours. Supernatants were harvested and IL-12 production was
measured by an IL-12 p40 ELISA. The data shown is representative of 3 individual experiments.
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core protein in macrophage cell lines inhibited their ability to produce IL-12 in response
to activation with LPS for 30 hours following pre-treatment with IFNy. It was therefore
decided to investigate whether expression of the HCV structural proteins within
macrophages may affect their ability to produce IL-12.

5x10® monocyte-derived

macrophages were infected at a MOI of 1000 (a higher MOI was required to achieve
the same level of infection of macrophages as DCs, data not shown) with Ad-GFP or
Ad-CEI E2 or left uninfected for 24 hours prior to stimulation with a range of LPS
concentrations for a further 24 hours. The culture supernatants were assayed for IL-12
p40 production by ELISA. As can be seen in figure 4.14, LPS induced IL-12 production
by uninfected, Ad-GFP and Ad-CEI E2 infected macrophages.

There was no

difference in the levels of IL-12 produced by macrophages expressing the HCV
structural proteins (Ad-CEI E2 infected).

In summary, the HCV structural proteins had no effect on IL-12 production by
monocyte-derived macrophages in response to LPS stimulation.

4.7 Effects of the core protein on the ability of DCs to stimulate allogenic &
antigen-specific T ceil responses

One of the functions of DCs is to present antigen to and activate T cells in order to
induce and maintain an immune response.

It has been reported that DCs from

chronically infected HCV patients have a reduced stimulatory capacity (AuffermannGretzinger et al., 2001; Bain et al., 2001; Kakumu et al., 2000; Kanto et al., 1999) and it
has been suggested that expression of the HCV core protein may have a role in this
(Dolganiuc et al., 2003).

Therefore it was of interest to determine whether DCs

expressing the HCV structural proteins had a reduced T cell stimulatory capacity.
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Figure 4.14. IL-12 p40 production by uninfected, Ad-GFP and Ad-CEIE2 infected
macrophages in response to LPS stimulation.
5x10^ monocyte-derived macrophages were infected at an MOI 1000 with Ad-GFP or Ad-CEI E2
for 24 hours prior to simulation with a range of LPS concentrations (0-300ng/ml) for a further 24
hours. Supernatants were harvested and assayed for IL-12 p40 production by ELISA. The data
shown is representative of 3 individual experiments.
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Initially, effects of the HCV protein expression within DCs on their ability to stimulate
allogenic T cell responses were addressed.

Uninfected, Ad-GFP and Ad-CE1E2

infected DCs were cultured with allogenic T cells, and T cell activation was assessed in
three ways:

by measuring

proliferation,

IL-2 production and activation

marker

expression.

Figure 4.15 shows the allogenic T cell proliferative responses stimulated by uninfected,
Ad-GFP and Ad-CEI E2 infected DCs after 3, 4 and 5 days of co-culture, measured in a
standard ^H-thymidine incorporation assay.

There was a significant difference

(determined by a one-way ANOVA test and Tukey’s pairwise comparison) in the ability
of uninfected and adenovirus infected DCs to stimulate T cell proliferation as indicated
by a * on figure 4.15.

The adenovirally infected DCs had a reduced stimulatory

capacity when compared to uninfected DCs.

The expression of the HCV structural

proteins in DCs altered the T cell stimulatory capacity of DCs with the highest number
of stimulating DCs (1x10^) on day 4, where they were more stimulatory than uninfected
or Ad-GFP infected DCs and on day 5 when 2x10^ stimulating DCs were present,
where there was a decrease in the abilty of Ad-CEI E2 infected DCs to stimulate T cell
proliferation compared to the uninfected and Ad-GFP infected DCs. However, as these
effects of the core protein are not consistently observed at any time point, it is unlikely
that the core protein is affecting the ability of the DCs to stimulate T cell proliferation.

To determine whether there may have been subtle effects on initial T cell activation that
were not revealed by analysis of T cell proliferation after several days of culture, early T
cell activation was also assessed by analysing T cell production of IL-2 on days 1 and 2
following stimulation with allogenic DCs. The kinetics of upregulation of CD69 and
CD25 on T cells in response to allogenic stimulation was also analysed.

The

production of IL-2 by T cells was measured from culture supernatants by ELISA. As
shown in figure 4.16, co-culture of T cells with uninfected allogenic DCs stimulated IL-2
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Figure 4.15. Determination of the allostimuiatory capacity of uninfected, Ad-GFP
& Ad-CE1E2 infected DCs by measurement of CDS* T cell proliferation.
Uninfected, Ad-GFP &Ad-CE1E2 infected (M
OI 200) DCs were incubated at a range of
concentrations with 1x10®CDS* T cells. Cells were pulsed with ®H-thymidine on days
(a) 3, (b) 4 and (c) 5, harvested and proliferation measured in counts per minute (cpm).
The data shown is representative of 4 individual experiments.
Statistical analysis of variance was performed with a one-way ANOVA and Tukey's
pairwise comparison. A significant difference (p<0.05) between uninfected DCs and
adenovirus infected (Ad-GFP or Ad-CEIE2) DCs is indicated by*. A significant
difference between Ad-GFP and Ad-CEI E2 infected DCs is indicated by A.
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Figure 4.16. Determination of the allostimuiatory capacity of uninfected, Ad-GFP
& Ad-CEIE2 infected DCs by measurement of IL-2 production.
1x10® CDS'" T cells were stimulated by culture with uninfected, Ad-GFP or Ad-CEI E2
infected allogenic DCs at the indicated numbers per well. Supernatants were harvested
on day 1 and day 2 and assayed for IL-2 content by ELISA. The data shown is
representative of 3 individual experiments.
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production in a dose-dependent fashion.

Supernatant IL-2 levels did not increase

between days 1 and 2, likely because the T cells were using as well as producing IL-2.
Adenovirus infection of DCs did not alter their stimulation of IL-2 production by
allogenic T cells; and expression of the HCV structural proteins in DCs also had no
major effect on their ability to stimulate IL-2 production by T cells.

Although there

appears to be a lower level of IL-2 in the supernatant of T cell-Ad-CE1E2 DC co
cultures than that of T cell-uninfected DC co-cultures on day 1 in the experiment
depicted

in figure 4.16, this effect was not reproduced in other experiments.

Expression of the T cell activation markers CD69 and CD25 was measured on T cells
co-cultured with uninfected, Ad-GFP and Ad-CE1E2 infected DCs by flow cytometry
after 1, 2 and 3 days of incubation. The percentage of CD4+ and CD8+ cells expressing
the early T cell activation marker CD69 (figure 4.17) and the level of expression of
CD25 (IL-2 receptor) on CD4* and CD8+ T cells (figure 4.18) increased as the T cells
were co-cultured with increasing numbers of allogenic DCs, and with increasing length
of culture. Adenovirus infection of DCs and expression of the HCV structural proteins
in DCs did not alter their ability to induce T cell activation marker expression.

In conclusion, adenovirus infection and the expression of the HCV core protein did not
alter the ability of DCs to stimulate allogenic immune responses as measured by T cell
proliferation, IL-2 production and T cell activation marker expression.

A further series of experiments were carried out to address the effects of expression of
the HCV core protein in DCs on their ability to stimulate antigen-specific CD4* and
CD8* T cell responses.

EJIVR blood donors were initially screened for reactivity

various antigens (by IFNy ELISPOT assay).

DCs were then generated from donors

who had strong responses to specific antigens, and T cells isolated from the same
donor the following week to allow the ability of these DCs (uninfected or infected with
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Figure 4.17. Determination of the aliostimulatory capacity of uninfected, Ad-GFP & AdCEI E2 infected DCs by measurement of T cell activation marker expression.
1x10® CDS* T cells were stimulated by culture with uninfected, Ad-GFP or Ad-CEI E2 infected
allogenic DCs at the indicated numbers per well. Cells were stained with antibodies against CDS
& CD4 or CDS & CDS plus CD69 on days 1, 2 and S and analysed by flow cytometry. The
percentage of CD69* CD4* and CDS* I cells are shown. The data shown is representative of S
individual experiments.
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Figure 4.18. Determination of the allostimuiatory capacity of uninfected, Ad-GFP & Ad-CEI E2
infected DCs by measurement of T cell activation marker expression.
1x10® CD3^ T cells were stimulated by culture with uninfected, Ad-GFP or Ad-CEIE2 infected
allogenic DCs at the indicated numbers per well. Cells were stained with antibodies against CDS &
CD4 or CDS & CDS plus CD25 on days 1, 2 and S and analysed by flow cytometry. The mean
fluorescence intensity (MFI) of CD25^ CD4* and CDS* I cells is shown. The data shown is
representative of S individual experiments.
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Ad-GFP or Ad-CE1E2) to stimulate syngenic antigen-specific T cell responses to be
measured.

The ability of uninfected, Ad-GFP and Ad-CE1E2 infected DCs to stimulate CD4* T cell
responses to PPD (purified protein derivative from M. tuberculosis', the majority of BCG
vaccinated individuals will respond to this antigen) was initially addressed using IFNy
ELISPOT assays to read out CD4* T cell responses.

As shown in figure 4.19

uninfected DCs stimulated CD4* T cells to produce IFNy in a PPD-specific fashion; but
adenovirus-infected DCs stimulated a large number of CD4^ T cells to produce IFNy
when PPD was absent from the cultures, with only a small PPD-specific response
being apparent above this “background” response. The “background” response may
have been due to CD4* T cell production of IFNy in response to recognition of
adenoviral antigens, and/or to adenovirus infection activating DCs to stimulate CD4* T
cells to produce IFNy in an antigen-independent fashion.

As non-specific T cell

production of cytokines may be more readily triggered than T cell proliferation,
proliferation assays were used as an alternative read out of CD4* T cell responses in
an attempt to overcome the problem of high “background” in the IFNy ELISPOT assay.
As shown in figure 4.20, uninfected DCs stimulated some proliferation of CD4* T cells
in the absence of PPD, but a PPD-specific CD4* T cell response was apparent above
this.

Neither adenovirus infection of DCs nor the expression of the HCV structural

proteins within them had an effect on the ability of DCs to stimulate antigen-specific
CD4'" T cell responses.

The ability of uninfected, Ad-GFP and Ad-CEI E2 infected DCs to stimulate CD8* T
cells to respond to a HLA-A2-restricted CMV epitope was assessed by IFNy ELISPOT
assay. Purified CD8* T cells from a HLA-A2 positive donor known to recognise this
CMV epitope were stimulated by culture with syngenic DCs in the presence or absence
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Figure 4.19. Comparison of the ability of uninfected, Ad-GFP & Ad-CE1E2 infected DCs
to stimulate CD4"^ T cell responses to PPD, as measured by an IFNy ELISPOT assay.
1x10^ purified CD4* T cells were stimulated by culture with the indicated number of uninfected,
Ad-GFP or Ad-CE1E2 infected DCs in the presence (solid bars) or absence (striped bars) of
5pg/ml of PPD for 24 hours. The number of cells stimulated to produce IFNy spots was
determined by ELISPOT assay. The results shown are the mean (of duplicate wells) number of
cells/well stimulated to produce IFNy (the number of IFNy spots), i.e. the number of responding
cells per 10^ CD4* T cells. The results shown are representative of 3 individual experiments.
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Figure 4.20. Comparison of the ability of uninfected, Ad-GFP & Ad-CE1E2 infected DCs
to stimulate CD4* T cell responses to PPD, as measured by a proliferation assay.
1.6x10^ purified CD4* T cells were stimulated by culture with the indicated number of
uninfected, Ad-GFP or Ad-CE1E2 infected DCs in the presence (solid lines) or absence
(dashed lines) of Spg/ml of PPD. Cells were pulsed with ^H-thymidine on day 5 and harvested
24 hours later for analysis of "H-thymidine incorporation. The results shown are the mean (of
triplicate wells) counts per minute (cpm). The data shown is representative of 3 individual
experiments.
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of 10'^M CMV peptide for 24 hours and the number of cells producing IFNy spots was
determined. As shown in figure 4.21, there was little or no production of IFNy by CD8"
T cells cultured in the presence or absence of DCs in the absence of the CMV peptide.
Addition of the CMV peptide to T cells alone led to the production of IFNy by a small
number of cells, which may have been due to the T cells presenting the peptide to one
and another.

The number of responding cells increased when DCs were added.

Adenovirus infection and the expression of the HCV structural proteins within the DCs
did not alter their ability to stimulate peptide-specific CD8* T cell production of IFNy.

In conclusion, these results suggested that the ability of DCs to stimulate both CD4*
and CD8* antigen-specific T cell responses was not altered by adenovirus infection or
the expression of the HCV core protein within these cells.

4.8. Discussion

This chapter presents results from experiments addressing the effects of expression of
the HCV core protein (together with El and E2) in DCs on their activation in response
to different stimuli and their ability to stimulate T cell responses. Adenoviral vectors
were chosen as a means of achieving core protein expression within DCs. In line with
expectations based on reports in the literature, it was found that a high proportion of
DCs could be transduced using adenoviral vectors, with minimal effects on DC
activation and functions. Expression of the HCV structural proteins in DCs was not
found to have any effect on their activation and functions in any of the assay systems
used here. This was surprising considering the prior observations in the literature and
recent reports suggesting that the core protein does have immunomodulatory effects
on DCs. Possible explanations for this are discussed below.
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Figure 4.21. Comparison of the ability of uninfected, Ad-GFP & Ad-CE1E2 infected
DCs to stimulate CDS"^ T cell responses to a CMV epitope, as measured by an IFNy
ELISPOT assay.
5x10* purified CD8'' T cells were stimulated by uninfected, Ad-GFP infected or Ad-CE1E2
infected DCs in the presence (solid bars) or absence (open bars) of 10'^ M CMV peptide
(NLVPMVATV) for 24 hours. The number of cells stimulated to produce IFNy spots was
determined by ELISPOT assay. The results shown are the mean (of duplicate wells)
number of cells/well stimulated to produce IFNy (the number of IFNy spots), i.e. the number
of responding cells per 5x10* CD8* T cells. The results shown are representative of 3
individual experiments.

228

I found that high levels of gene expression could be achieved in a high proportion of
monocyte-derived DCs using these vectors (70-80% of transduced cells being GFP
positive at a MOI of 200 after 24 hours of infection with Ad-GFP). There was some
donor-donor variation seen in the efficiency of transduction of DCs. This may be due to
the levels of expression of the receptors adenoviruses use to infect cells.

Initial

attachment of adenovirus to host cells is via high affinity binding of the adenovirus
capsid protein to the coxsackie virus receptor (Bergelson et al., 1997; Hidaka et al.,
1999). Internalisation of adenoviral particles occurs by receptor mediated endocytosis,
involving cellular aV(33 or aVpS integrins (Wickham et al., 1993). Other molecules may
also act as receptors for adenovirus entry into host cells, including MHC molecules
(Hong et al., 1997) and integrins on the surface of cells of a haematopoietic origin
(Huang et al., 1996). Therefore any differences in the levels of expression of these
receptors between donors will influence the ability of adenoviruses to infect their cells.
Most studies in the literature agree with my findings that DCs are efficiently transduced
by adenoviral vectors (Dietz and Vuk-Pavlovic, 1998; Jonuleit et al., 2000; Rouard et
al., 2000; Zhong et al., 1999), but not all (Rea et al., 1999). I chose to use a MOI of
200 for infection of DCs, as this gave a high level of transduced cells without
detrimental effects on the viability of the cells. I found that infection at higher MOIs
resulted in a decrease in viability (assessed by changes in forward and side scatter
(representing cell size and granularity) by flow cytometry). This was probably not due
to the adenovirus itself, but is more likely to be due to residual caesium chloride in the
purified virus preparations. Steps were taken to reduce the levels of caesium chloride
following gradient purification, by increasing the period of dialysis with more frequent
changes of dialysis buffer in order to remove as much caesium chloride as possible
without reducing the titre of the virus.

I found that a MOI of 200 routinely gave greater than 80% of DCs expressing GFP; in
retrospect it may have been better to use a higher MOI to give higher levels of protein
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expression. This would have also made me more confident that I was transducing DCs
with Ad-CE1E2.

The drawback of this study was that this adenovirus did not co

express GFP, so I could not check the transduction efficiency in each experiment. This
problem would be overcome by the use of the adenoviruses I generated, as they co
express the core protein and GFP.

I found that adenovirus infection resulted in some activation of DCs (shown by the
slight increase in CD83, CD80 and CD86 expression). This also varied with donors,
whose baseline activation state and/or responsiveness to maturation stimuli varied.
Therefore to be certain of effects, all assays were repeated a minimum of three times
with different donor DCs. This mild activation of DCs agreed with other studies which
have observed either no effects (Jonuleit et al., 2000; Zhong et al., 1999) or mild
activation as I did (Rea et al., 1999; Rouard et al., 2000). Studies which did observe
effects of the adenoviral vector on DC activation (Hirschowitz et al., 2000; Korst et al.,
2002; Miller et al., 2002; Morrelli et al., 2000) were carried out in murine DCs. The
difference between these studies could be due to variation between species. The only
major effect of adenovirus infection on DCs that I saw was a dramatic decrease in IL12 production in response to TNFa.

Adenovirus infection did not block IL-12

production by DCs (I actually saw an increase in IL-12 production in response to LPS
and anti-CD40 stimulation, as did Rea et al (Rea et al., 1999), although they also saw
an increase in CD83 expression); the impairment was only in response to TNFa. This
may be due to the adenoviral vectors not having the entire E3 region deleted from the
genome. The adenoviral E3 region contains immunomodulatory genes which target
the TNFa pathway for activation and apoptosis (Burgert et al., 2002; Wold et al., 1999).
These genes encode three proteins, which are alternatively spliced during transcription.
They are the E3-10.4K, E3-14.5K and E3-14.7K proteins, which protect adenovirally
infected cells from TNF-mediated cytolysis (Gooding et al., 1988; Gooding et al., 1991;
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Horton et al., 1991). Ad-CE1E2 and Ad-GFP both have deletions in the E3 region of
the adenoviral genome which disrupts the coding sequences for these three genes
(Cladaras and Wold, 1985), therefore it was surprising that I saw an effect of the
adenovirus on the response to TNFa, potentially the deletion in the E3 region may not
have been complete in these vectors resulting in one of the proteins still being
produced and exerting effects on the cells infected with these vectors. Overall, the
effects of adenovirus on DCs were minimal and should not have masked any effects of
the HCV proteins expressed within DCs.

My findings do not support the hypothesis that the HCV core protein has
immunomodulatory effects on DCs. I did not see any effects of expression of the HCV
structural proteins in DCs on their ability to take up antigen, their phenotypic maturation
and cytokine production in response to different stimuli, or their ability to stimulate T
cell responses, either allogenic or antigen-specific. This is in contrast to findings made
in recent studies that have also addressed immunomodulatory effects of the HCV core
protein.

A number of studies have been carried out to address this hypothesis in both murine
(Hiasa et al., 1998; Kim et al., 2002a; Large et al., 1999; Liu et al., 2002) and human
(Auffermann-Gretzinger et al., 2001; Bain et al., 2001; Dolganiuc et al., 2003; Kanto et
al., 1999; Sarobe et al., 2002) systems. A variety of cells including monocyte-derived
DCs (Auffermann-Gretzinger et al., 2001; Bain et al., 2001; Kanto et al., 1999; Sarobe
et al., 2002), bone marrow-derived DCs (Hiasa et al., 1998; Kim et al., 2002a) and cell
lines (Lee et al., 2001) have been used, as have different systems for expressing the
core protein (either alone or in combination with the envelope proteins) within cells
(Dolganiuc et al., 2003; Hiasa et al., 1998; Kim et al., 2002a; Lee et al., 2001; Sarobe
et al., 2002). There has been some variation in the results, but overall a remarkably
consistent message comes across; there is no effect on the expression of MHC and
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co-stimulatory molecules (Dolganiuc et al., 2003; Hiasa et al., 1998; Kim et al., 2002a;
Sarobe et al., 2002).

No effects have been seen on the phenotypic maturation in

response to LPS (Dolganiuc et al., 2003; Sarobe et al., 2002) or to TNFa (Sarobe et
al., 2002), although only one study has looked at responses to TNFa and the results
are not shown. No studies have looked at the maturation of DCs in response to other
stimuli, such as CD40, and it is still unclear whether the core protein can affect this
pathway. However, despite these studies with no effects on the phenotype of DCs, a
consistent decrease in IL-12 production has been observed in response to a range of
stimuli including; LPS, TNFa, Staphylococcus aureas and IFNy

(Auffermann-

Gretzinger et al., 2001; Bain et al., 2001; Hiasa et al., 1998; Kanto et al., 1999; Kim et
al., 2002a; Lee et al., 2001; Sarobe et al., 2002) and a decrease in the allostimulatory
capacity of DCs has been observed (Hiasa et al., 1998; Kim et al., 2002a; Lee et al.,
2001; Sarobe et al., 2002), which in the study by Dolanguic et a! (Dolganiuc et al.,
2003) was associated with a decrease in IL-12 and an increase in IL-10 production by
T cells. Overall, these results suggest that the core protein may impair the ability of
DCs to induce and maintain T cell responses. Further evidence for this comes from the
study by Large et a! (Large et al., 1999), who found the core protein when expressed in
a vaccinia virus construct, inhibited the induction of vaccinia virus specific CTL in mice,
resulting in death of the mice. Liu et a! (Liu et al., 2002) in contrast did not see any
effect on virus-specific CTL responses and liver damage. The differences between
these studies may be due to the genotype of the core protein used. In the studies with
no effect, genotype 1b core protein was used and other studies used a genotype la
core protein.

Studies have also shown that DCs from chronically infected HCV patients have an
impaired ability to stimulate T cell responses and have a reduced capacity to produce
IL-12 (Auffermann-Gretzinger et al., 2001; Bain et al., 2001; Kakumu et al., 2000;
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Kanto et al., 1999). it is possible that the DCs are infected with HCV, so there is a
potential role of the core protein in impairing DC functions. The apparent defect in DC
function may be contributing to the lack of maintenance of strong HCV-specific I cell
responses in the chronic phase of infection.

There is a consensus in the literature that the expression of the core protein within DCs
impairs IL-12 production and their T cell stimulatory capacity, which may be of in vivo
importance.

The mechanisms involved in these effects are unclear.

Potentially,

signalling through molecules such as CD40 may be impaired, although this has not
been directly addressed by the studies in the literature and it is unclear whether the
core protein can bind to CD40.

Alternatively, core may be mediating effects on

downstream signalling components involved in DC activation, for example, NFkB. The
core protein may also be affecting DC functions by having effects within the cell
nucleus, such as activating or suppressing promoters.

However, I did not see any

effects of the core protein on DC activation or functions.

The lack of effects of the core protein in my studies may be due to the fact that I used
an adenovirus expressing the envelope glycoproteins as well as the core protein (AdCE1E2). The presence of the envelope glycoprotein may alter the way the core protein
interacts with host cell components and could also affect the form the core protein is
expressed in, as the core protein may act differently when it is independent of the
envelope glycoproteins. However, it could be argued that the association of the core
protein with the envelope glycoproteins is more physiologically relevant than
expressing each protein individually, as HCV virions will contain the core protein and
envelope glycoproteins in association with each other, as has been determined by the
production of virus-like particles (Baumert et al., 1999).

However, I feel that this is

unlikely to be the reason as other studies in the literature also had the core protein
expressed in the presence of either El alone or El and E2 (Hiasa et al., 1998; Kim et
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al., 2002a; Sarobe et al., 2002).

It could also be due to the genotype of the core

protein, as difference have been observed between genotypes, however the core
protein I used is of genotype 1a, which is the same genotype used in studies where
effects have been observed (Auffermann-Gretzinger et al., 2001; Lee et al., 2001).

It may be possible that I was not efficiently transducing cells with Ad-CE1E2, so not all
cells may have been expressing the core protein. I could not check directly the levels
of transduction with Ad-CE1E2 as this virus did not co-express the marker GFP,
however by comparison with Ad-GFP it was expected to have approximately 80% of
cells transduced. The confocal experiments described in chapter 3 confirmed that the
core protein was expressed within DCs infected with Ad-CE1E2 at fairly high levels, but
conceivably the levels of expression could be lower than those achieved with Ad-GFP.
If less than 50% of cells were transduced with Ad-CE1E2, then in assays such as T cell
stimulation and cytokine production, minor effects of the core protein may not be
apparent as the untransduced cells could mask any effects on the cells expressing the
HCV proteins. This problem could be overcome by the use of the adenoviral vectors I
constructed, as they co-express GFP and the core protein, transduced cells could be
selected by sorting so only cells expressing the core protein would be present in
assays. Potentially the levels of the core protein expression by Ad-CE1E2 transduced
cells may not have been high enough to exert effects on the cells. The experiments
looking at expression of GFP by Ad-CE1E2 infected DCs suggest that as a higher MOI
is used, the levels of GFP expression are higher as the MFI of GFP increased. So if
the levels of transduction were low with Ad-CE1E2 this could potentially be a problem.
The confocal experiments described in chapter 3 did show the core protein was
expressed; however the majority of the protein appeared to be in the cell nucleus, with
lower amounts in the cytoplasm. Therefore the location of the core protein within the
cells could also affect its actions. In future experiments, a higher MOI could be used to
achieve higher levels of core expression within transduced cells. Also, the use of the
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adenovirus I generated which expresses the mutated version of the core protein (AdCore-124) may give higher levels of core protein expression, as this version of the core
protein is not cleaved at a maturation site, which results in over expression of the
protein.

Future experiments could address the recent reports in the literature that the core
protein has immunomodulatory effects. It would be interesting to look at effects on the
T cell response further and to try and identify the mechanisms in which core can impair
the ability of DCs to stimulate T cell responses.

It would be interesting to explore

further the effects the core protein may have on DC stimulation of T cells through the
CD40 pathway and activation pathways such as NFk B, as this area has not been
studied in much detail in HCV infection. The use of the recombinant adenoviruses I
generated would allow the regions of the core protein involved in immunomodulatory
effects on DCs to be determined. This would allow a greater insight into the role the
core protein may be playing in the establishment of persistent infection in the majority
of people infected with HCV.
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Chapter 5 - Effects of the Hepatitis 0 Virus Core Protein on the
Susceptibiiity of DCs to Induction of Apoptosis via Different
Pathways

5.1 introduction

As described previously (chapter 1 and chapter 4), there is evidence to suggest that
HCV infects cells within lymphoid tissues, principally antigen presenting cells (DCs,
macrophages and B cells), raising the possibility that expression of viral proteins within
these cells may affect their activation, function or lifespan in ways that lead to impaired
control of HCV replication by the host immune response and promote viral persistence.
In the previous chapter, the hypothesis that the expression of the HCV core protein
within DCs may affect their activation and functions (and hence the induction and
maintenance of antiviral immune responses) was investigated. This chapter addresses
whether expression of the HCV core protein within DCs (and also macrophages) may
affect their sensitivity to apoptosis-inducing stimuli, and how this may impact on in vivo
control of viral replication.

There are several pathways which all lead to the induction of apoptosis within cells;
these are shown in figure 5.1.

There is an intrinsic pathway of apoptosis (suicide

pathway) which is involved in the development of many organ systems (especially the
nervous system) as well as eliminating cells which have developed abnormally or that
have genetic errors. This pathway is triggered by a lack of trophic receptor stimulation;
for example, the loss of growth factors, DMA damage or inappropriate loss of contact
with neighbouring cells. This results in the loss of mitochondrial function which then
releases cytochrome c, which activates the “apoptosome” (a complex of Apaf-1 and
caspase-9) resulting in further activation of the caspase cascade that ultimately results
in DMA fragmentation and apoptosis.
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Figure 5.1. A schematic outline of apoptosis pathways.
Apoptosis of cells can be induced via several pathways. The intrinsic pathway is
induced by the lack of growth factors or cell-cell contact, or by DNA damage, which
results in a loss of mitochondrial function causing the release of cytochrome c. This
activates the apoptosome, resulting in activation of the caspase cascade that leads to
apoptosis.
Fas-Ligand binds to Fas, TRAIL binds to the receptor DR5, and TNFa, LTa1(32 or
LTa2p1 bind to the TNFR-1. These all recruit an adapter protein FADD, which binds to
death domains (DD) on these receptors. This leads to the activation of procaspases
that initiate a caspase cascade which results in apoptosis of the target cell. LTa3 binds
to the LTpR which recruits adapter molecules belonging to the TRAF family which
initiate apoptosis within the cell.
NK cells and CTL release perforin which forms a pore in the target cell membrane for
the entry of granzymes. These activate an adapter protein called Grb which activates
granzyme B, leading to DNA fragmentation and apoptosis of the target cell.
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CTL lysis can also occur in a calcium-dependent, contact-dependent manner, by
perforin and granzymes (Russel and Ley, 2002).

Once the CTL has identified the

target cell by cell-cell contact, signals are induced which lead to the release of granules
containing perforin and granzymes.

Perforin is polymerised in a calcium-dependant

manner and enters the target cell membrane, creating a passage for granzymes to
enter the target cell. The granzymes, particularly granzyme B, cleave proteins within
the target cell resulting in the activation of caspases involved in the apoptotic
pathways, ultimately resulting in lysis of the target cell.

NK cells also use the

perforin/granzyme pathway to mediate lysis of virally infected cells.

The Fas-Fas Ligand pathway of apoptosis is a calcium-independent, contactdependent process (Rouvier et al., 1993). Fas, expressed by the target cell has death
domain (DD) regions intracellularly. Upon ligation with Fas-ligand expressed by CTL,
reformation of a death-inducing signalling complex (DISC) occurs.

This complex

contains adapter proteins such as FADD (Fas-associated death domain protein), which
activate caspases (in particular, caspase-8) in a cascade that results in the induction of
apoptosis within the target cell (details of the pathway are in Wajant, 2002).

Apoptosis may also be induced within target cells by other pathways involving
members of the TNF receptor superfamily, such as TRAIL (TNF related apoptosis
inducing ligand), lymphotoxin (LTaS, LTa1p2 or LTa2p1) and TNFa. These all act in a
similar way to induce apoptosis within target cells. Binding of the ligand by an
appropriate receptor (for example, TRAIL binds to DR5, LTaS binds to the LTpR,
LTaip2, LTa2pi and TNFa all bind to the TNF-R1) results in the recruitment of
adapter proteins which recognise death domain regions of the receptors. This results in
the activation of caspase cascades which induce apoptosis within the target cell. A
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schematic overview of the pathways is shown in figure 5.1 (further details can be found
in Abe et a!., 2000; Schulze-Osthoff et al., 1998).

Previous studies have shown that the core protein can affect the susceptibility of cells
to apoptosis. However, these studies have provided a confusing picture as they have
used different forms and genotypes of the core protein in transformed cell lines to look
at apoptosis in response to different stimuli. Some studies report an increase, whilst
others report a decrease in sensitivity to apoptosis. It has been shown that the core
protein can suppress TNFa mediated apoptosis in certain cell lines (Marusawa et al.,
1999; Ray et al., 1998a; Shrivastava et al., 1998), whilst other groups have shown that
the core protein can sensitise cells to apoptosis (Dumoulin et al., 1999; Ray et al.,
1996; Zhu et al., 1998; Zhu et al., 2001). Core may also sensitise cells to Fas-mediated
apoptosis (Hahn et al., 2000; Moorman et al., 2003; Ruggieri et al., 1997). Potential
mechanisms that may be involved could be effects of the core protein on signalling
through the TNFR family members (Zhu et al., 1998; Zhu et al., 2001), effects on
downstream signalling events (Hahn et al., 2000; Machida et al., 2001; Otsuka et al.,
2002) or effects in the cell nucleus (Alisi et al., 2003; Isoyama et al., 2002; Yamanaka
et al., 2002).

If the core protein either up- or down-regulated apoptosis, how could this contribute to
viral persistence? Many viruses have strategies for blocking the “suicide” pathway of
apoptosis and/or killing by various immune effector mechanisms in order to prolong
their replication (see chapter 1). If the core protein is capable of mediating similar
inhibitory effects on apoptosis, this would be most important in hepatocytes, which are
the major site of HCV replication. Core may likewise also prevent or delay apoptosis in
antigen presenting cells, although they are “naturally” relatively resistant to lysis
(Ashany et al., 1999; Funk et al., 2000; Medema et al., 2001). Conversely, the core
protein might increase the susceptibility of antigen presenting cells to lysis.
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If these

cells were rendered more susceptible to apoptosis via immune effector mechanisms,
they might be destroyed and induction and maintenance of the immune response
impaired, which would promote viral persistence.

The aim of the work in this chapter was to express the core protein in primary cell types
(DCs and macrophages), which may be more physiologically relevant than the
transformed cell lines used in previous studies, and to investigate the effects this had
on their susceptibility to lysis, especially lysis triggered by immune effector pathways.

5.2 Effects of the HCV core protein on apoptosis induced by the TNFR famiiy
moiecuies

Reports that the core protein can modulate the sensitivity of transformed cell lines to
apoptosis induced by TNFR family molecules, through binding of the core protein to the
cytoplasmic tail of these molecules and altering signalling pathways (Dumoulin et al.,
1999; Hahn et al., 2000; Marusawa et al., 1999; Moorman et al., 2003; Ray et al., 1996;
Ray et al., 1998a; Ruggieri et al., 1997; Shrivastava et al., 1998), prompted
investigation of its effects on susceptibility of DCs and macrophages to apoptosis
induced via the Fas-FasL pathway (triggered by an agonistic anti-Fas antibody), the
TNF pathway (triggered by TNFa, recombinant lymphotoxin alpha 1 beta 2 and
lymphotoxin alpha 2 betal) including the TRAIL pathway (triggered by recombinant
TRAIL, TRAIL receptors 1 and 2).

As DCs and macrophages may be relatively resistant to killing via these pathways,
initial experiments were carried out with Jurkat cells (a human lymphoblastoid T cell
line), which were known to be susceptible to apoptosis induced via an agonistic antiFas antibody (Peter et al., 1995). Jurkat cells were efficiently infected by adenovirus.
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with 83% of cells expressing GFP 24 hours after infection at MOI 200 with Ad-GFP
(data not shown). Jurkat cells were infected with Ad-GFP or Ad-CE1E2 for 24 hours
before stimulation with a range of concentrations of an agonistic anti-Fas antibody,
recombinant TRAIL and recombinant lymphotoxin (LTaip2 and LTa2p1) for a further
24 hours.

Cells then were stained with annexin V to determine the percentage of

apoptotic cells by flow cytometry.

Annexin V binds to phosphatidyl-serine which

becomes exposed as the cell membranes are reversed during death of the cells. As
can be seen in figure 5.2, there was a dose-dependant induction of apoptosis in
response to stimulation with the agonistic anti-Fas antibody, as the percentage of
annexin V positive cells increases with the concentration of the agonistic anti-Fas
antibody. Adenovirus infection did not alter the susceptibility of the cells to apoptosis
induced via this pathway. The expression of the HCV core protein by Ad-CE1E2 has
also not altered the susceptibility of Jurkat cells to apoptosis. Jurkat cells were also
susceptible to apoptosis induced by TRAIL, as can be seen in figure 5.3. There is a
dose-dependant induction of apoptosis, and adenovirus infection or the expression of
the core protein has not altered the susceptibility of the cells to death. However, the
Jurkat cells were resistant to apoptosis induced via lymphotoxin (both LTa1p2 and
LTa2p1), as can be seen in figure 5.4. Again, adenovirus infection or the expression of
the core protein by Ad-CE1E2 infection did not alter their susceptibility to apoptosis.

Similar experiments were then carried out using two hepatoma cell lines; Hep16 and
Hep3B (liver hepatocellular carcinoma cell lines). Previous studies using similar
hepatoma cell lines, such as HepG2, as well as Hep3B cells had found contrasting
effects of the core protein on susceptibility of these cell lines to apoptosis. Some found
core sensitised cells to apoptosis (Kalkeri et al., 2001; Ruggieri et al., 1997; Yoshida et
al., 2001), whilst others found it inhibited apoptosis (Otsuka et al., 2002; Yang et al.,
2002 ).
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Figure 5.2. Induction of apoptosis in Jurkat cells by an agonistic anti-Fas
antibody, measured by annexin V staining.
1x1 OG uninfected, Ad-GFP or Ad-CE1E2 infected (MOI 200) Jurkat cells were
stimulated for 24 hours with a range of agonistic anti-Fas Ab concentrations (0lOOOng/ml). Apoptotic cells were detected by staining with annexin V-Cy3, which was
quantitated by flow cytometric analysis. Part (a) shows the percentage of cells judged
to be apoptotic by this method. Part (b) shows the forward/side scatter (FSC-H/SSCH) and annexin V fluorescence (measured in the FL-2 channel) of uninfected Jurkat
cells stimulated with Ong/ml or lOOOng/ml of an agonistic anti-Fas antibody, to
illustrate examples of the results obtained. The data shown is representative of
results obtained in 3 independent experiments.
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Figure 5.3. Induction of apoptosis in Jurkat cells by TRAIL, measured by annexin V
staining.
1x10® uninfected, Ad-GFP or Ad-CE1E2 infected (MOI 200) Jurkat cells were stimulated for 24
hours with a range of recombinant TRAIL concentrations (0-500ng/ml), or lOOOng/ml of an
agonistic anti-Fas antibody (Fas) as a positive control. Apoptotic cells were detected by
staining with annexin V-Cy3, which was quantitated by flow cytometric analysis. The results
shown are the percentage of cells judged to be apoptotic by this method. The data shown is
representative of results obtained in 3 independent experiments.
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Figure 5.4. Induction of apoptosis in Jurkat cells by LTa2p1 & LTaip2, measured
by annexin V staining.
1x1Q6 uninfected, Ad-GFP or Ad-CE1E2 infected (MOI 200) Jurkat cells were stimulated
with a range of concentrations of (a) lymphotoxin a 2 p i and (b) lymphotoxin a ip 2 or
with 1000ng/ml of an agonistic anti-Fas antibody (Fas) as a positive control, for 24
hours. Apoptotic cells were detected by staining with annexin V-Cy3, which was
quantitated by flow cytometric analysis. The results shown are the percentage of cells
judged to be apoptotic by this method. Examples of the forwards/side scatter (FSCH/SSC-H) and annexin V staining (in the FL-2 channel), of cells stimulated with Ong/ml
or 500ng/ml of LTa2pi (part a) or LTa1p2 (part b) are also shown. The data shown is
representative of results obtained in 3 independent experiments.
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Herzer et al (Herzer et al., 2003) also found that the core protein altered the sensitivity
of hepatoma cell lines to NK lysis.

Both HepSB and He16 cells were efficiently infected by adenovirus with 80% of Hep16
and 89% of HepSB being GFP positive 24 hours following infection with Ad-GFP at a
MOI of 100 (data not shown). I found that there was a higher spontaneous background
apoptosis of HepSB and Hep16 cells than with the Jurkat cells; however neither cell
line was susceptible to apoptosis induced by any of the ligands tested, as shown in
figures 5.5 and 5.6. Infection with Ad-GFP appeared to have led to a reduction in the
percentage of annexin V positive cells as compared to uninfected cells, but this is
probably not the case. During acquisition of the samples by flow cytometry, problems
were encountered with compensating between the FITC (GFP) and PE (annexin VCyS) fluorescence.

The GFP fluorescence was very bright and quenched the

fluorescence in the PE channel, making detection of annexin V staining difficult,
resulting in the lower levels of annexin V staining being detected. Expression of the
HCV structural proteins in both Hep16 and HepSB cells did not alter their susceptibility
to apoptosis induced via the Fas-Fas ligand, TRAIL or lymphotoxin pathways.

What was of greatest interest to determine was whether the sensitivity of primary cells
to apoptosis induced via different pathways was altered by the core protein. An initial
series of experiments were carried out to look at the susceptibility of DCs to apoptosis
induced via a variety of pathways. Uninfected DCs were stimulated for 24 hours with a
range of concentrations of each apoptosis-inducing ligand and the percentage of
apoptotic cells was determined by annexin V staining, assessed by flow cytometry. As
can be seen in figure 5.7, DCs were relatively resistant to apoptosis induced by the
agonistic anti-Fas antibody when compared to Jurkat cells. However, there is a slight
increase in the percentage of apoptotic cells at the highest anti-Fas concentrations.
Figure 5.8 shows that DCs are also resistant to apoptosis induced via the TRAIL
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Figure 5.5. Induction of apoptosis In uninfected, Ad-GFP & Ad-CE1E2 Infected Hep16 cells
measured by annexin V staining.
5x10^ uninfected, Ad-GFP or Ad-CE1E2 infected Hep16 cells were stimulated with a range of
concentrations of (a) agonistic anti-Fas antibody, (b) TRAIL, (c) lymphotoxin a2p1 and (d)
lymphotoxin aip2 for 24 hours. Apoptotic cells were detected by staining with annexin V-Cy3,
which was quantitated by flowcytometric analysis. The results shown are the percentage of cells
judged to be apoptotic by this method. The data shown is representative of results obtained in 3
independent experiments.
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Figure 5.6. Induction of apoptosis in uninfected, Ad-GFP & Ad-CE1E2 infected HepSB
ceiis measured by annexin V staining.
5x10^ uninfected, Ad-GFP or Ad-CE1E2 infected HepSB cells were stimulated with a range of
concentrations of (a) agonistic anti-Fas antibody, (b) TRAIL, (c) lymphotoxin a2(31 and (d)
lymphotoxin a1(32 for 24 hours. Apoptotic cells were detected by staining with annexin V-CyS,
which was quantitated by flow cytometric analysis. The results shown are the percentage of cells
judged to be apoptotic by this method. The data shown is representative of results obtained in 3
independent experiments.
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Figure 5.7. Induction of apoptosis in uninfected DCs by an agonistic anti-Fas
antibody measured by annexin V staining.
1x10® DCs or Jurkat cells were stimulated for 24 hours with a range of concentrations of an
agonistic anti-Fas antibody (0-1000ng/ml). Apoptotic cells were detected by staining with
annexin V-Cy3, which was quantitated by flow cytometric analysis. The results shown are
the percentage of cells judged to be apoptotic by this method. The data shown is
representative of results obtained in 3 independent experiments.
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Figure 5.8. Induction of apoptosis in uninfected DCs via the TRAIL pathway, measured by
annexin V staining.
1x10® DCs were stimulated for 24 hours with a range of concentrations of (a) TRAIL R1 antibody
(0-2ug/ml), (b) TRAIL R2 antibody (0-10ug/ml) or (c) recombinant TRAIL (0-500ng/ml).
Apoptotic cells were detected by staining with annexin V-Cy3, which was quantitated by flow
cytometric analysis. The results shown are the percentage of cells judged to be apoptotic by this
method. The data shown is representative of results obtained in 3 independent experiments.
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pathway, as stimulation with recombinant TRAIL and with TRAIL receptor antibodies
(TRAIL R1 and TRAIL R2) did not increase the percentage of annexin V positive cells.
DCs were also found to be resistant to apoptosis induced by lymphotoxin and TNFa at
the concentrations tested, as shown in figure 5.9.

Experiments were then carried out to look at effects of adenovirus infection and
expression of the core protein within DCs on their susceptibility to apoptosis induced
via these pathways. As can be seen in figures 5.10 and 5.11 adenovirus infection of
DCs and expression of the HCV core protein in them via Ad-CE1E2 did not increase
their susceptibility to apoptosis induced via the Fas, TRAIL, TNFa or lymphotoxin
pathways.

Similar experiments were also carried out with monocyte-derived macrophages. As
shown in figure 5.12, there was a slight induction of apoptosis in these cells in
response to all four stimuli tested, but like DCs they were relatively resistant to
apoptosis induced via these pathways, as shown in figure 5.12. Adenovirus infection
appears to have increased slightly the levels of spontaneous apoptosis, but there was
no effect of the core protein expressed by Ad-CE1E2 on the susceptibility of
macrophages to apoptosis induced via any of the pathways tested.

In conclusion, Jurkat cells were susceptible to apoptosis induced via the Fas and
TRAIL pathways and resistant to apoptosis induced via the lymphotoxin pathway.
Hepatoma cell lines were resistant to apoptosis induced by all the pathways tested.
Finally, DCs and macrophages were relatively resistant to apoptosis induced via the
Fas, TRAIL, TNFa and lymphotoxin pathways. Expression of the core protein did not
alter the susceptibility of any of the cells tested to apoptosis induced via these
pathways.
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Figure 5.9. Induction of apoptosis in uninfected DCs by TNFa, LTa1(32 & LTa2(31,
measured by annexin V staining.
1x10® DCs or Jurkat cells were stimulated for 24 hours with a range of concentrations of (a)
TNFa(0-500ng/ml), (b) Lymphotoxin a1(32 (0-500ng/ml) or (c) Lymphotoxin a2(31 (0-500ng/ml).
Apoptotic cells were detected by staining with annexin V-Cy3, which was quantitated by flow
cytometric analysis. The results shown are the percentage of cells judged to be apoptotic by this
method. The data shown is representative of results obtained in 3 independent experiments.
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Figure 5.10. Effect of the HCV core protein on induction of apoptosis in immature &
mature DCs by an agonistic anti-Fas antibody, measured by annexin V staining.
1x10® uninfected, Ad-GFP or Ad-CE1E2 infected (MOI 200) (a) immature or (b) TNFa
matured DCs were stimulated for 24 hours with a range of agonistic anti-Fas Ab
concentrations (0-1000ng/ml), Apoptotic cells were detected by staining with annexin VCy3, which was quantitated by flow cytometric analysis. The results shown are the
percentage of cells judged to be apoptotic by this method. The data shown is representative
of results obtained in 4 independent experiments.
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Figure 5.11. Effect of the HCV core protein on induction of apoptosis of immature DCs by
TNFa, TRAIL, LTo2pi & LTa1p2, measured by annexin V staining.
1x10® uninfected, Ad-GFP or Ad-CE1E2 infected (MOI 200) DCs were stimulated with a range of
concentrations of (a) TNFa, (b) recombinant TRAIL, (c) lymphotoxin a2pi and (d) lymphotoxin
a1p2 , or lOOOng/ml of an agonistic anti-Fas antibody (Fas) as a positive control for 24 hours.
Apoptotic cells were detected by staining with annexin V-Cy3, which was quantitated by flow
cytometric analysis. The results shown are the percentage of cells judged to be apoptotic by this
method. The data shown is representative of results obtained in 3 independent experiments.
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Figure 5.12. Effect of the HCV core protein on induction of apoptosis in uninfected, Ad-GFP &
Ad-CE1E2 infected monocyte-derived macrophages, measured by annexin V staining.
1x10® uninfected, Ad-GFP or Ad-CE1E2 infected macrophages were stimulated with a range of
concentrations of (a) agonistic anti-Fas antibody, (b) TRAIL, (c) lymphotoxin a2p1 and (d) lymphotoxin
a1p2 for 24 hours. Apoptotic cells were detected by staining with annexin V-Cy3 which was
quantitated by flow cytometric analysis. The results shown are the percentage of cells judged to be
apoptotic by this method. The data shown is representative of results obtained in 3 independent
experiments.
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5.3 Effect of the HCV core protein on apoptosis induced via the perforin &
granzyme pathway

Further experiments were carried out to iook at the susceptibility of DCs and
macrophages to lysis by NK cells and CD8* cytotoxic T cells (CTL).

These

experiments aimed to address the sensitivity of DCs and macrophages to apoptosis
induced by the perforin and granzyme pathways; as experiments described above had
shown that these cells were relatively resistant to killing via the majority of the other
pathways by which NK cells and CTL are known to mediate target cell lysis, any lysis
seen in these experiments would therefore be likely to be mediated via perforin and
granzymes.

Whether the HCV core protein altered the susceptibility of DCs and

macrophages to lysis by NK cells and CTL was also addressed.

Initial NK cell lysis experiments were carried out using K562 cells, a cell line known to
be a good target for NK cells (West et al., 1977). The effect of infection of these target
cells with Ad-GFP or Ad-CE1E2 on their susceptibility to lysis by NK cells was
assessed using a standard chromium release assay.

K562 cells were efficiently

infected by adenovirus, as 93% of cells were GFP positive after 24 hours of infection
with Ad-GFP at MOI 200 (data not shown).

An increasing percentage of specific

chromium release (this represents cell lysis) was observed when K562 cells were
incubated with increasing numbers of NK cells, as shown in figure 5.13.

However,

adenovirus infection (Ad-GFP) and expression of the core protein did not alter the
susceptibility of K562 cells to NK lysis.

Further experiments used hepatoma cell lines as NK cell targets. There have been
reports in the literature suggesting that the hepatoma cell line Hep3B is more
susceptible to NK cell lysis than the Hep16, as it expresses lower levels of class I

256

100

-

90 -

o
(/)
(0
0)
2
^
'%
0)

80 70 60 -

Uninfected

50-

'Ad-GFP

40 -

Ad-CE1E2

30
20 -

10 10:1

25:1

50:1

100:1

E:T Ratio

Figure 5.13. NK cell lysis of uninfected, Ad-GFP & Ad-CE1E2 infected K562 target cells.
1x10^
labelled uninfected, Ad-GFP or Ad-CE1E2 infected K562 target cells were incubated at
a range of effector:target (E:T) ratios with PBMCs taken from a donor with a high frequency of NK
cells and lysis was assessed in a standard 5 hour chromium release assay. NK cell lysis of the
target cells is expressed as the percentage specific cytotoxicity, calculated as described in the
materials and methods. The results shown are representative of 3 independent experiments.
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(Herzer et al., 2003). Here, experiments were carried out to address whether the core
protein altered the susceptibility of each of these cell lines to lysis by NK cells.
Uninfected, Ad-GFP or Ad-CE1E2 infected Hep16 and HepSB cells were incubated
with NK cells at a range of effector:target ratios in a standard chromium release assay.
As the difference in susceptibility of the two hepatoma cell lines to NK cell lysis is
thought to relate to their relative levels of MHC class I expression, class I levels on
these cells were also monitored by staining and analysis by flow cytometry. In
agreement with the published observations I found low levels of NK cell lysis of
uninfected HepSB cells at high E:T ratios, whilst the uninfected Hep16 cells were
resistant to NK lysis, as shown in figure 5.14. Both cell lines were much more resistant
to NK lysis than K562 cells. As shown in figure 5.15, the Hep16 cells which were less
susceptible to NK lysis, expressed higher levels of MHC class I than the HepSB cells.
Adenovirus infection enhanced the susceptibility of both cell lines to NK lysis, which
might be expected as the role of NK cells is to kill virally-infected cells. This enhanced
susceptibility was not due to a reduction in surface MHC class I expression levels
(figure 5.15). However, the expression of the core protein in the hepatoma cell lines by
Ad-CE1E2 has did not alter their susceptibility to NK lysis. As can be seen in figure
5.15, the levels of class I expression by these cells also did not alter following infection
with Ad-CE1E2.

The susceptibility of DCs and macrophages to NK lysis was then examined.
Uninfected, Ad-GFP or Ad-CE1E2 infected DCs or macrophages were incubated with
NK cells at a range of effector:target ratios in a standard chromium release assay. As
can be seen in figures 5.16 and 5.17, both the DCs and the macrophages were
resistant to lysis by NK cells (the peak of lysis of uninfected monocyte-derived
macrophages at an E:T of 25:1 in figure 5.17 was an anomaly and was not reproduced
in independent experiments). Adenovirus infection of DCs and macrophages and
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Figure 5.14. NK cell lysis of uninfected, Ad-GFP & Ad-CE1E2 Infected hepatoma cell
lines.
2x10^
labelled uninfected, Ad-GFP or Ad-CE1E2 infected (a) HeplB or (b) HepSB
cells, or uninfected K562 cells were incubated at a range of effector:target (E:T) ratios with
PBMC taken from a donor with a high frequency of NK cells in a standard 5 hour chromium
release assay. NK cell lysis of the target cells is expressed as the percentage specific
cytotoxicity, calculated as described in the materials and methods. The results shown are
representative of 3 independent experiments.
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Figure 5.16. NK cell lysis of uninfected, Ad-GFP & Ad-CE1E2 infected DCs & K562 target
cells.
1x10^ ^^Cr labelled uninfected, Ad-GFP or Ad-CE1E2 infected DCs or uninfected K562 cells were
incubated at a range of effectontarget (E:T) ratios with PBMCs taken from a donor with a high
frequency of NK cells in a standard 5 hour chromium release assay. NK cell lysis of the target
cells is expressed as the percentage specific cytotoxicity, calculated as described in the materials
and methods. The results shown are representative of 3 independent experiments.
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Figure 5.17. NK cell lysis of uninfected, Ad-GFP & Ad-CE1E2 infected monocyte-derived
macrophages.
2x10^
labelled uninfected, Ad-GFP or Ad-CE1E2 infected macrophages or uninfected K562
cells were incubated at a range of effectontarget (E:T) ratios with PBMCs taken from a donor
with a high frequency of NK cells in a standard 5 hour chromium release assay. NK cell lysis of
the target cells is expressed as the percentage specific cytotoxicity, calculated as described in
the materials and methods.
The results shown are representative of 3 independent
experiments.
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expression of the core protein in these cells using Ad-CE1E2 did not alter their
susceptibility to NK lysis.

Finally, experiments were carried out to determine whether expression of the core
protein in target cells altered their ability to be lysed by CTL. Initial experiments used
EBV-BLCL as target cells. These were infected with adenovirus, with -50% being GFP
positive 24 hours post infection with Ad-GFP at a MOI of 200 (data not shown). HLAA2^ and HLA-A2 EBV-BLCL target cells were infected with Ad-GFP or Ad-CE1E2 and
their susceptibility to lysis by CD8* T cells with a specificity for a HLA-A2 restricted
CMV peptide (NLVPMVATV) was compared by assessing lysis in the presence of a
range of peptide concentrations at an effectontarget ratio of 10:1, using a standard
chromium release assay. Uninfected HLA-A2^ target cells were efficiently killed by the
CTL (90% specific chromium release at the highest peptide concentration of 10‘®M) and
the levels of killing titrated out with the peptide concentration, as can be seen in figure
5.18. Lysis of the HLA-A2 target cells was 0.3%, demonstrating that this lysis was
MHC-restricted as well as peptide-dependent. Adenovirus infection and expression of
the HCV core protein by Ad-CE1E2 did not alter the susceptibility of the B cell target
cells to CTL lysis.

Further experiments addressed whether DCs (which were resistant to apoptosis via the
Fas, TRAIL, TNFa and lymphotoxin pathways and to lysis by NK cells) were
susceptible to CTL lysis, and how expression of the HCV core protein within these cells
could affect this. Uninfected, Ad-GFP and Ad-CE1E2 infected HLA-A2"^ and HLA-A2'
DCs were incubated with a range of concentrations of a HLA-A2 restricted CMV
peptide in the presence of CMV-specific CD8^ T cells, and lysis was assessed in a
standard chromium release assay. As shown in figure 5.19, HLA-A2'’ DCs were lysed
in a peptide-specific fashion and this lysis was also MHC-restricted (data not shown).
DCs were relatively resistant to CTL lysis compared to the EBV-BLCL target cells, for
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Figure 5.18. CDS* cytotoxic T cell lysis of uninfected, Ad-GFP & Ad-CE1E2 infected B cell
targets.
2x10^
labelled uninfected, Ad-GFP or Ad-CE1E2 infected B cells (HLA-A2*) were incubated in
the presence of decreasing CMV peptide concentrations with CMV-specific CD8* T cells in a
standard 5 hour chromium release assay. CTL lysis is expressed as percentage cytotoxicity,
calculated as described in the materials and methods. The percentage specific ®^Cr release from
HLA-A2' EBV-BLCLs incubated with lO^M peptide in this experiment was 0.3%.
The results
shown are representative of 2 independent experiments.
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Figure 5.19. CD8* cytotoxic T cell lysis of uninfected, Ad-GFP & Ad-CE1E2 infected DC
targets.
2x10^
labelled uninfected, Ad-GFP or Ad-CE1E2 infected DCs (HLA-A2^) were incubated in the
presence of decreasing CMV peptide concentrations with CMV-specific CD8^ T cells in a standard
5 hour chromium release assay. CTL lysis is expressed as percentage cytotoxicity, calculated as
described in the materials and methods. The percentage specific ^^Cr release from HLA-A2' DCs
incubated with 10'^M peptide in this experiment was 22%. The results shown are representative of 1
experiment.
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example, there was 80% of specific chromium release from EBV-BLCL incubated with
peptide at 10'^M peptide concentration, but only 50% specific chromium release from
DCs at the same peptide concentration. Adenovirus infection increased the amount of
lysis of DCs in the absence of peptide and at the lower peptide concentrations (at no
peptide, 20% of Ad-GFP infected and 57% of Ad-CE1E2 infected DCs are killed),
compared to uninfected cells where there is no background killing. Expression of the
core protein within DCs has not altered their susceptibility to lysis by CTL.

In conclusion, DCs and macrophages were resistant to lysis by NK cells, but DCs were
killed by CTL, although to a lesser extent than EBV-BLCL target cells. This suggests
that the DCs may not have triggered NK cell recognition; and/or that the effector
pathways employed by CTL and NK cell lysis differ and DCs are more resistant to the
pathways used by the latter. The HCV core protein did not decrease the susceptibility
of cells to lysis which would allow more time for viral replication, nor did it increase the
susceptibility to lysis which would impair immune functions.

5.4 Discussion

The aim of the experiments carried out in this chapter was to determine whether
expression of the HCV core protein within primary cells such as dendritic cells altered
their susceptibility to apoptosis induced by different pathways. Previous studies had
suggested that the core protein could modulate apoptosis, however these studies used
transformed cell lines and had given somewhat confusing and conflicting results.

Here the susceptibility of DCs (and macrophages) to induction of apoptosis via the Fas,
TRAIL, TNFa and lymphotoxin pathways and to lysis by NK cells and CTL was
assessed. These cells were found to be resistant/relatively resistant to killing via all
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these pathways, which may make them “protected” sites for HCV replication.

The

hypothesis that core protein expression within these cells may either make then more
resistant to apoptosis (giving them a longer time-frame for viral replication), or may
make them more sensitive to apoptosis (leading to their destruction and hence
impairment of the antiviral immune response) were investigated. However, no effects
of HCV core protein (and the envelope glycoproteins, E1 and E2) expression within
DCs on their resistance or sensitivity to apoptosis was observed. Possible explanations
for this are discussed.

I found that DCs were resistant to induction of apoptosis via the Fas, TRAIL, TNFa and
lymphotoxin pathways, and were also resistant to lysis by NK cells. They could be
lysed by MHC-restricted peptide-specific CTL, although the levels of CTL lysis were
lower than that of EBV-BLCL target cells. Given the resistance of DCs to Fas and
TRAIL-mediated apoptosis, it is likely that most of the lysis by CTLs was mediated via
the perforin and granzyme pathway. The lack of killing of DCs by NK cells (which can
also kill cells using the perforin and granzyme pathway) likely reflected the fact that the
DCs did not trigger NK cell recognition. These findings are in agreement with results
from other studies (some carried out with human monocyte-derived DCs, and others in
murine systems), which have also suggested that DCs are relatively resistant to
apoptosis induced via the Fas-FasL pathway (Ashany et al., 1999; McLellan et al.,
2000; Willems et al., 2000) and to apoptosis induced via TNFRs (Funk et al., 2000), but
have shown that immature DCs can be killed by CTL (Hermans et al., 2000; Knight et
al., 1997; Loyer et al., 1999). Mature DCs have been shown to be protected from CTL
lysis by expression of a serine protease inhibitor (Medema et al., 2001), this prevents
the DC from being lysed by the CTL it has just activated, allowing the DC to activate
other cells.
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It is perhaps not surprising that antigen presenting cells are fairly resistant to apoptosis,
as they are important initiators of appropriate immune responses required for clearance
of infections. If they were destroyed before they had activated immune responses, the
pathogen would have a replicative advantage. However, there needs to be a balance
between resistance and susceptibility to apoptosis of cells, as once the pathogen has
been cleared the immune response needs to be terminated, in order to prevent
inappropriate

responses that could cause further inflammation

and

lead to

immunopathology once the pathogen has been cleared. It has been observed that
antigen presenting cells are rapidly destroyed once they have activated T cell
responses (Hermans et al., 2000; Loyer et al., 1999), however, Wong and Pâmer
(Wong and Ramer, 2003) have seen that enhanced survival of antigen presenting cells
such as DCs can occur in the absence of perforin, which may result in an increase in
the recruitment of antigen-specific T cells. Also, if DCs are an important site of viral
replication, then they may need to be killed in order to control infection, although this
can lead to a generalised immunosuppression.

Altering the susceptibility of host cells to apoptosis is an immune evasion mechanism
that is used by many viruses in order to avoid elimination and to gain more time for
replication and spread of infection. In many cases, viruses decrease the susceptibility
of infected cells to apoptosis to give a longer time frame for production of new virus
particles, for example, HSV-1 and EBV encode homologues of the anti-apoptotic
molecule Bcl-2 to prevent cells from dying (Henderson et al., 1993; Kroemer, 1997).
However, if viruses infect cells of the immune system, it may be advantageous for them
to increase susceptibility to apoptosis, to impair immune control of the infection.

In

some cases, viruses may directly trigger apoptosis, for example, HIV triggers apoptosis
of CD4* T cells (Grant et al., 1993; Shankar et al., 1999). Or perhaps viruses could
enhance the susceptibility to apoptosis by immune effector pathways by increasing the
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expression of Fas ligand or TRAIL receptors, or by enhancing signalling. Viruses could
also increase the susceptibility to NK cell and CTL recognition.

A number of previous studies have reported effects of the HCV core protein on the
sensitivity of cells to apoptosis. It has been suggested to affect apoptosis sensitivity
and resistance by a variety of different mechanisms. Core has been shown to bind to
both the lymphotoxin p receptor (Chen et al., 1997; Matsumoto et al., 1997) and the
TNFR-1 (Zhu et al., 1998) at the sites of the death domains, which is where
downstream signalling molecules bind to these receptors. Therefore binding of the
core protein to these domains could prevent or reduce binding of signalling molecules
and prevent or enhance apoptosis.

Several studies have found the core protein to

enhance susceptibility to TNFa-mediated apoptosis (Zhu et al., 1998) and to Fasmediated apoptosis (Hahn et al., 2000; Moorman et al., 2003; Ruggieri et al., 1997).
Core has also been shown to bind to downstream signalling molecules, and this has
also been implicated in modulating apoptosis (Park et al., 2001; Yang et al., 2002; Zhu
et al., 2001). In addition, core has been reported to alter the sensitivity of hepatoma
cell lines to lysis by NK cells by affecting the level of class I expression via effects on
p53 expression. The upregulation of class I relies upon the function of TAP which is
dependent on p53, and Herzer et al (Herzer et al., 2003) found the core protein
increased TAP upregulation, thus enhancing class I expression. This resulted in a
decrease in lysis of hepatoma cell lines (HepG2) by NK cells but not by CTL. They
suggest that the core protein and p53 act in synergy to evade the non-antigenic
specific effector mechanisms such as NK lysis against HCV-infected hepatocytes.

The results published in the literature are somewhat confusing and contrasting,
regarding effects of the core protein on the susceptibility of cells to apoptosis. There
are several possible explanations for these differences. Different inducers of apoptosis
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have also been used in these studies, and the physiological ligand has not always
been used.

Compounds such as cisplatin and actinomycin-D have been used to

induce apoptosis in cells, either in the presence or absence of other cytokines such as
IFNy (Fujita et al., 1996; Ray et al., 1996). Serum starvation of cells has also been
used to induce apoptosis (Honda et al., 2000; Takamatsu et al., 2001), which is more
likely to induce the intrinsic pathway of apoptosis via the release of cytochrome c from
the mitochondria, than induce apoptosis via the TNFR family members such as the Fas
pathway. As these inducers of apoptosis act via different pathways, it is likely that
different effects will be observed.

All of the previous studies have used transformed cell lines, particularly hepatoma cell
lines, which may be considered relevant as the primary site of HCV replication is the
liver.

These studies also found contrasting results; some found the core protein

sensitised cells to apoptosis (Kalkeri et al., 2001; Ruggieri et al., 1997; Yoshida et al.,
2001), whilst others found it inhibited apoptosis (Otsuka et al., 2002; Yang et al., 2002).
Studies where a suppression of apoptosis was observed (Marusawa et al., 1999; Ray
et al., 1996; Ray et al., 1998a) used different cell lines to those where enhancement of
apoptosis was observed. One of the cell lines used by Ray et al (Ray et al., 1998a)
where no effects were observed was a human breast carcinoma line (MCF7), which
has been shown to be deficient in caspase-3 (Kagawa et al., 2001), which is an
important effector caspase in apoptotic pathways. Therefore the impairment of
apoptosis is more likely due to this missing caspase rather than being an effect of the
core protein. Many of the studies have used transformed cell lines, both human and
murine, and studies carried out in mice have used different strains of mice and
transgenic mice expressing different HCV proteins. Therefore, differences between
cell types and mouse strains could also account for the differences reported in the
published studies.
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Different genotypes of the HCV core protein have been used in the published studies,
which may account for some of the differences observed. Studies that found no effects
of the core protein on apoptosis (Giannini et a!., 2002; Liu et a!., 2002; Sun et a!., 2001)
used core protein from genotype 1b, whereas studies where effects were observed
used core protein from genotype la.

The intracellular location of the core protein may also influence results obtained.
Moorman et al (Moorman et al., 2001) found that the full-length version of the core
protein was located in the cytoplasm of cells in order to induce apoptosis in Jurkat
cells. Cells expressing a truncated version of the core protein lacking the C-terminal
domain were not as susceptible to apoptosis. This may be due to the truncated core
protein being translocated into the nucleus (Lo et al., 1995; Yasui et al., 1998),
however, after prolonged core expression (over 48 hours opposed to 24 hours) cells
did undergo low levels of apoptosis.

They found residual core expression in the

nucleus but also an accumulation of core protein in the cytoplasm over time, which may
then exceed the threshold for activation of apoptosis by the Fas pathway. Therefore
the location of the core protein could alter the sensitivity of cells to apoptosis.

My studies focused on primary cells (DCs and macrophages) and I looked at induction
of apoptosis by exogenous signals, however I did not observe any effects of the core
protein on the susceptibility of these cells to apoptosis induced by the Fas, TRAIL,
TNFa and lymphotoxin pathways. The question of why I did not see any effects of the
core protein on the susceptibility of cells to apoptosis remains, considering previous
studies had implicated a role of the core protein in modulating apoptosis. The reasons
for seeing no effects are similar to those discussed in chapter 4, where I did not see
any effects of the core protein on DC activation and function. Differences could be due
to the genotype of the core protein, as already mentioned studies which saw no effects
of the core protein on apoptosis used a genotype 1b core protein. However, the core
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protein I used was type 1a, which is the genotype used in studies where effects are
reported. The differences may be due to the amount of the core protein expressed in
the different systems. Most of the previous studies transiently transfected cells with
plasmids expressing the core protein, whereas I used a recombinant adenovirus to
express the core protein, so there may be differences in the levels of core protein
expression. Again, the different expression systems could result in differences in the
glycosylation of the core protein, which may alter how it interacts with cellular proteins
and receptors and could account for differences in effects observed between studies.
In my studies the envelope glycoproteins were expressed in conjunction with the core
protein, as all my studies were carried out with Ad-CE1E2. This could also affect the
form the core protein is expressed in, as the core protein may act differently when it is
independent of the envelope glycoproteins.

However, it could be argued that the

association of the core protein with the envelope glycoproteins is more physiologically
relevant than expressing each protein individually, as HCV virions will contain the core
protein and envelope glycoproteins in association with each other, as has been
determine by the production of virus-like particles (Baumert et al., 1999). Other HCV
proteins have also been implicated in altering the susceptibility of cells to apoptosis, for
example, Ciccaglione et al (Ciccaglione et al., 2003) have found that the C-terminal
domain of the El protein is essential for apoptosis, when cells were infected with a
baculovirus expressing E l.

Therefore, if both core and El can induce apoptosis in

cells, then it would have been expected to see effects in my studies, as both core, El
and E2 were present in infected cells. The intracellular location of the core protein
expressed by Ad-CE1E2 may also account for the lack of effects.

Moorman et a!

(Moorman et al., 2001) showed that a cytoplasmic location of the core protein was
required for it to have effects on apoptosis. As shown in chapter 3, I found the core
protein to be expressed predominantly in the nucleus of DCs infected with Ad-CE1E2,
although some expression in the cytoplasm was also detected. This could account for
the lack of effects on the susceptibility of cells to apoptosis when they were infected
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with Ad-CE1E2, if the majority of the core protein was expressed in the cell nucleus,
then it would not be in an appropriate location to interfere with apoptotic signalling
pathways.

Overall, it is difficult to draw definitive conclusions from the negative results I obtained
in the experiments carried out in this chapter, with DCs and macrophages. However,
based on the reports in the literature it would be expected that the core protein can
alter the susceptibility of cells to apoptosis. In the future, these experiments could be
repeated using a higher MOI to infect target cells, to give higher levels of protein
expression within the cells.

It would also be interesting to use the adenoviruses I

generated in chapter 3; the adenovirus expressing the mutated version of the core
protein may result in higher levels of protein expression within target cells, making it
easier to determine effects of the core protein. It would also be interesting to compare
effects of the full-length core protein to those induced by the truncated version of the
core protein, as the study by Moorman et al (Moorman et al., 2001) has suggested
there may be differences in the ability of the different versions of the core protein to
induce apoptosis.
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Chapter 6 - General Discussion

Approximately 80% of individuals infected with HCV fail to clear the virus and develop
chronic infection which suggests that HCV has strategies for modulating or evading control
by the host immune response. As described in the introduction, HCV persistence is likely
facilitated by the concerted action of multiple mechanisms impairing or avoiding immune
defences. One of the factors that may contribute to HCV persistence may be its ability to
infect DCs and potentially impair their functions.

The work carried out in this thesis

focused on examining the effects of expression of the HCV core protein within DCs, to
address whether/how this may affect the host immune response.

Given the central role played by DCs in orchestrating both innate and adaptive immune
responses, it is perhaps not surprising that multiple viruses have developed strategies for
impairing or modulating DC functions to prolong their replication in the host cells. These
target many aspects of DC biology and functions. Some viruses reduce the number of
functional DC precursors, for example, HTLV-1 is known to infect monocytes and impair
their differentiation into DCs (Makino et al., 2000). Alternatively, viruses may interfere with
the recruitment of DCs to sites of infection, for example, pox viruses are large DMA viruses
that have genes encoding viral chemokine and cytokine homologues which can “mop up”
chemokines and cytokines that would recruit DCs to the site of infection. It is unlikely that
HCV uses this approach, as it has a much smaller genome. Viruses may also destroy DCs
at the site of infection to reduce activation of T cell responses, for example, pox viruses
such as canarypox induce rapid apoptosis of DCs; although this strategy is only effective if
a high proportion of DCs are infected, as it does not prevent cross-priming. Again, it is
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unlikely that HCV is using this approach, as DCs are still found in chronically infected
patients; they are just not as functional as DCs from uninfected individuals.

Many viruses are known to impair DC antigen uptake and processing in order to prevent
the induction of T cell responses by presentation of viral antigens in MHC class I. For
example, HSV-1 encodes a protein called ICP47, which inhibits MHC class I presentation
by blocking TAP activity, causing MHC retention and accumulation in the endoplasmic
reticulum (Fruh et al., 1995; Hill et al., 1995; York et al., 1994).

As yet, no HCV proteins

have been identified to have the ability to impair antigen processing or presentation,
although it remains possible this occurs. Viruses may also impair DC maturation and
migration to lymphoid organs, again to prevent the initiation of immune responses;
examples of viruses capable of this are HSV-1 and vaccinia virus. HSV-1 not only impairs
DC maturation, it also impairs the upregulation of CCR7 within DCs which prevents DC
migration (Salio et al., 1999).

Finally, viruses may interfere with the activation of T cells by DCs.

In measles virus

infection, DCs undergo maturation but are not capable of inducing T cell activation. There
is a defect in IL-12 production by DCs and upregulation of TRAIL expression in DCs is
induced by the virus.

This leads to DCs inducing apoptosis in T cells rather than

presenting viral antigens and activating T cell responses, thus reducing the number of
virus-specific T cells. Alternatively, viruses may alter the type of T cell response activated
by DCs.

If DCs activate regulatory T cells which produce IL-10 and are capable of

downregulating the virus-specific immune response, this would promote viral persistence.
There is evidence that HCV does affect the interaction of DCs with T cells.

Several

studies have found DCs from chronically infected patients to be impaired in their ability to
stimulate T cell responses and to have a reduced production of IL-12, compared to DCs
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from uninfected individuals (Auffermann-Gretzinger et a!., 2001; Bain et a!., 2001; Kakumu
et a!., 2000; Kanto et a!., 1999).

Inadequate T cell responses are also found in HCV

patients with chronic infections, which may in turn be due to impaired functions of DCs.
However the exact mechanisms HCV is using to impair host responses are still unclear.

This thesis addresses effects that expression of the HCV core protein within DCs may
have on their activation, functions and survival. Given reports that the core protein is able
to, one, bind to the cytoplasmic tail of members of the TNFR family, potentially modulating
signalling through these receptors (Chen et al., 1997; Matsumoto et al., 1997; Ruggieri et
al., 1997; Zhu et al., 1998): two, to affect the regulation of gene expression (Alisi et al.,
2003; Isoyama et al., 2002; Yamanaka et al., 2002); and three, to alter the sensitivity of
cells to apoptosis (Dumoulin et al., 1999; Marusawa et al., 1999; Ray et al., 1996; Ray et
al., 1998a; Shrivastava et al., 1998; Zhu et al., 1998; Zhu et al., 2001), two possible types
of effects of the core protein on DCs were explored. First (addressed in chapter 4), the
ability of the core protein to modulate DC activation in response to LPS, TNFa and antiCD40, and to stimulate I cell responses was explored, focusing on the hypothesis that
core protein expression within DCs may be responsible for impairing the ability of DCs to
stimulate strong type 1 I cell responses. Second (addressed in chapter 5), whether the
core protein might affect the resistance of DCs to apoptosis was addressed, concentrating
particularly on the hypothesis that the core protein may render these cells more
susceptible to destruction by immune-mediated lytic pathways, hence again leading to
impairment in the induction or maintenance of the immune response to HCV.

The approach taken was to construct replication-deficient adenoviral vectors expressing
the full-length core protein and fragments thereof and to use core-expressing adenoviral
vectors to transducer DCs in order to examine potential immunomodulatory effects of core
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protein expression in these cells. Core protein expression within DCs was not found to
affect their activation, antigen uptake, cytokine production or ability to stimulate T cell
responses. Likewise, the core protein did not alter the susceptibility of DCs (or other cells)
to apoptosis via pathways including Fas, TRAIL, TNFa, lymphotoxin and the
perforin/granzyme lytic pathways of CTL and NK cells. These results do not suggest that
HCV core protein expression within DCS has any immunomodulatory effects. However,
several other studies that have also recently addressed this have reached different
conclusions. A consistent decrease in IL-12 production by DCs in response to a range of
stimuli has been reported (Auffermann-Gretzinger et al., 2001; Bain et al., 2001; Hiasa et
al., 1998; Kanto et al., 1999; Kim et al., 2002a; Lee et al., 2001; Sarobe et al., 2002) and a
decrease in their stimulatory capacity (Hiasa et al., 1998; Kim et al., 2002a; Lee et al.,
2001; Sarobe et al., 2002), suggesting that the core protein is capable of impairing the
ability of DCs to induce and maintain T cell responses. If the HCV core protein does have
effects on DCs (and other cell types) there are several possibilities as to why I did not
observe this. The level of core protein expression achieved within cells is likely to have
been a particularly important factor. I did show that the core protein was expressed in DCs
infected with Ad-CE1E2, however the level of core protein expression achieved at the
MOIs I was using may have been too low for it to have a noticeable effect. In addition,
although experiments performed with Ad-GFP suggested that a high proportion of DCs
were transduced at the MOIs I used for infection, I could not readily check the efficiency of
DC transduction by Ad-CEI E2. If not all cells were expressing the core protein, subtle
effects of the core protein on DCs could have been missed. Higher levels of protein
expression within target cells would be achieved by infecting cells at a higher MCI,
however a balance between the level of infection and the viability of cells has to be
achieved, as if too high a MCI is used the viability of DCs decreases so they are unlikely to
function normally. Another factor that may have affected the results I obtained may have
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been the processing and intracellular location of the core protein when expressed together
with the E1 and E2 from an adenoviral vector. Most of the core protein expressed by AdCEI E2 in DCs was in the nucleus, with small amounts in the cytoplasm of some cells.
There was thus probably little protein available to interact with, for example, the
cytoplasmic tail of members of the TNFR family or downstream components of the
apoptotic signalling pathways. To overcome some of these problems, future experiments
could be carried out with the recombinant adenoviruses I generated that co-express GPP
and different forms of the core protein, including a version that may accumulate at higher
levels within the cytoplasm. Adenoviral recombinants expressing different versions of the
core protein could potentially also be used to identify regions of the core protein
responsible for immunomodulatory effects.

Whether the HCV core protein has any effect on the resistance of DCs to induction of
apoptosis via immune effector pathways has not been addressed in any other studies.
However, the core protein has been shown to alter the susceptibility of transformed cell
lines to apoptosis in response to a variety of stimuli, in some systems rendering cells more
susceptible to lysis (Dumoulin et al., 1999; Hahn et al., 2000; Moorman et al., 2003; Ray et
al., 1996; Ruggieri et al., 1997; Zhu et al., 1998; Zhu et al., 2001), and in others rendering
cells resistant to lysis (Marusawa et al., 1999; Ray et al., 1998a; Shrivastava et al., 1998).
The latter is unlikely to be of importance to DCs, but if HCV is able to increase the
resistance of other cell types, such as hepatocytes, to apoptosis, this might be of
importance in vivo, providing more time for viral replication.

A limited number of

experiments carried out with hepatocyte cell lines to address this again did not reveal any
effects of the core protein on resistance to lysis, although a recent study did suggest that
the core protein could increase the resistance of hepatoma cell lines to NK lysis by
increasing the levels of class I expression on these cells (Herzer et al., 2003).
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Although my results did not reveal any immunomodulatory effects of the core protein
expression within DCs (or other cell types), other studies together suggest that the core
protein may make an important contribution to HCV persistence, acting in more than one
way to do this.

First, when expressed within DCs it may impair their activation and

interaction with T cells and possibly other cell types (Herzer et al., 2003; Kim et al., 2002a;
Lee et al., 2001; Sarobe et al., 2002). Second, there may be external interactions of the
core protein on T cells via interactions with the complement receptor gClqR (Kittlesen et
al., 2000; Yao et al., 2001a; Yao et al., 2001b). Given the central role played by DCs in
both innate and adaptive responses, effects of the core protein on DC functions could
impact on the immune response at multiple levels, potentially affecting the HCV-specific
immune response induced in primary infection (Chen et al., 1999; Lechner et al., 2000a)
and being responsible for the alterations in NK cell function (Corado et al., 1997; Herzer et
al., 2003) and impairment in HCV-specific T cell responses seen in many chronic HCV
patients (Auffermann-Gretzinger et al., 2001; Bain et al., 2001; Kakumu et al., 2000; Kanto
et al., 1999). In addition, the core protein may confer resistance on infected cells (such as
hepatocytes) to NK/CTL lysis by impairing NK cell recognition of target cells by its ability to
upregulate class I expression (Herzer et al., 2003) and by rendering target cells resistant
to apoptosis induced by lytic effector mechanisms used by CTL and NK cells (Bonavita et
al., 1993; Castiglione et al., 2001; Gabrielli et al., 1995; Par et al., 2002). Coupled with the
other immune evasion strategies employed by HCV (including impairment of type 1
interferon production (Pfiugheber et al., 2002; Polyak et al., 2001) and resistance to type 1
interferon control (Basu et al., 2001; Gale et al., 1997); and antigenic variation to avoid
recognition by virus-specific antibody and T cell responses), this virus has an armoury of
strategies for achieving persistence in vivo.
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Understanding the mechanisms HCV uses to establish chronic persistent infections is
crucial to the design of effective vaccines and therapies to combat HCV infection. A
prophylactic vaccine for HCV would be a great benefit to public health, even though
transmission has been reduced since the introduction of blood screening tests. Ideally, a
prophylactic vaccine should induce sterilising immunity but this may be difficult to achieve,
and may not in fact be necessary. A vaccine which allowed a “transient infection” (subclinical or of limited acuity), whilst preventing the development of a chronic infection could
be as beneficial. The core protein could be used as a vaccine component, and several
investigators are already exploring this option (Alvarez-Obregon et al., 2001; DuenasCarrera et al., 2001; Hunzulker et al., 2002; Kamei et al., 2000; Ou-Yang et al., 2002;
Polakos et al., 2001). However, if the core protein is modulating host responses,
particularly by suppressing DC functions this could have implications for its use as an
immunogen. Particularly if the core protein is given in some form of vector that targets
expression to DCs; it could impair the function of cells expressing it. This might not matter,
as not all DCs would be affected, so a good response could be induced by cross
presentation.

However, any immunomodulatory effects of the core protein could be

overcome by using a mutated version of the core protein that lacked regions responsible
for immunomodulatory effects as an immunogen. As mentioned above, these could be
determined by using replication-deficient adenoviruses expressing different versions of the
core protein. If a prophylactic vaccine could induce a good neutralising antibody response
and strong memory CD4"^ and CD8"^ T cell responses, these could hopefully block or
rapidly eliminate infection before there was too much impairment of DC function. If the
core protein renders cells resistant to CTL lysis, hopefully by pre-priming other effector
mechanisms such as antibodies and cytokine production, elimination of the infection could
still be achieved.
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As the major burden of HCV infection on healthcare is due to the complications of chronic
infection, such as cirrhosis and hepatocellular carcinoma, and there are many infected
individuals worldwide, therapeutic vaccines (and other forms of therapy) are perhaps more
urgently required than a prophylactic vaccine. Therapeutic vaccines could aim to eliminate
the infection or reduce the severity of infection-associated disease. They could potentially
be used in combination with other antiviral therapies. If the core protein is modulating DC
functions, this is more likely to have implications for the development of therapeutic
strategies which would need to induce an antiviral immune response in the context of an
impaired immune system. One possible way of overcoming this problem would be to use
a therapeutic approach to reduce the viral load before attempting vaccination. Another
approach that could be considered would be that of immunotherapy using DCs. Optimism
has arisen from recent findings by Bhardwaj et al (Bhardwaj and Walker, 2003), who have
found evidence that this approach may work in a model of HIV infection, where viral
replication was controlled by therapeutic immunisation. They immunised monkeys with a
combination of DCs and chemically inactivated SIV (simian immunodeficiency virus) and
found that a dramatic reduction in the viral loads in the blood and an increase in the
number of CD4"^ T cells, which are essential in the activation and maintenance of CDS"” T
cell responses involved in viral clearance, was achieved. The use of DCs generated in
vitro and delivered in vivo has also been effective in inducing protective responses against
tumours (Banchereau et al., 2000) in animal models. A third option may be to enhance in
vivo patient DC functions to enhance the activation of T cells. This could possibly be
achieved by incorporating cytokines such as GM-CSF into vaccines to promote DC
maturation and activation in the face of viral impairment (Dranoff et al., 1993; Pardoll,
2002).

Alternatively, cytokines such as IL-12, which infected DCs may be deficient in

producing, could be incorporated into therapeutic vaccines.
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If the core protein is affecting apoptotic pathways and impairing lysis of cells, a possible
way of getting around this may be to target lytic pathways that are not affected by the core
protein. This may not be possible if the core protein is targeting downstream signalling
molecules that are involved in multiple apoptotic pathways, such as components of the
caspase cascade. Compounds which block the core protein from binding to signalling
components could potentially be designed for therapeutic use, to prevent core affecting
apoptotic pathways. Alternatively, if lysis of cells is affected by the core protein this could
be overcome by the use of “curative” cytokines, such as interferons and TNFa that will
cure cells of viral infection and enhance antiviral immune responses. Although there is
potential for these and other approaches to be employed to combat HCV infection, the lack
of suitable model systems for studying HCV hampers the development of vaccination
strategies. There is thus a great need for better model systems of HCV infection, disease
progression and pathogenesis.

In summary, there are still many challenges in developing vaccines and therapeutics for
HCV infection. In order to combat this virus a greater understanding of the virus, the types
of immune responses essential for viral clearance and the strategies the virus is taking to
evade elimination in order to establish chronic persistent infections is required.
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