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Abstract.

Hepatitis C virus (HCV) is a major human pathogen and the leading cause of
cirrhosis and liver cancer worldwide. HCV entry is clathrin- and pH-
dependent, and requires CD81, Scavenger receptor Bl (SR-BI), and the tight
junction (TJ) proteins Claudin-1 and Occludin.

Primary HCV strains cannot be efficiently cultured in vitro, making the
evaluation of potential antiviral compounds in a biologically relevant context
extremely difficult. Despite being suitable for high-throughput screening, most
cell-based reporter assays rely on the secretion of serine alkaline
phosphatase and thus do not allow the selection of HCV infected cells, or the
screening of patient samples to identify cell culture infectious viral strains. We
aimed to develop a cell-based reporter assay, which utilizes the viral NS3/4A
protease to cleave and activate a fluorescent reporter protein constitutively
expressed in Huh-7.5 hepatoma cells.

HCV tropism is restricted to the liver, where hepatocytes are polarized and
form TJ, which are indispensable for normal liver functionality. We
demonstrate that in confluent cells, SR-BI and Claudin-1 expression is
increased and that HCV entry is enhanced when cellular contact is
established. Furthermore, cell junction formation and SR-BI overexpression,
respectively, accelerated virus entry, suggesting a key role for SR-BI in HCV
internalization.

The mechanisms underlying HCV-associated hepatic injury are poorly
understood, however, it is thought that HCV may disrupt TJ integrity, thus
compromising hepatocyte polarity and function. We demonstrate that the HCV
structural proteins modulate the expression and localization of TJ proteins,
leading to their redistribution to cytoplasmic vesicles with possible
consequences for TJ integrity in vivo.
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1 Introduction

1.1 A brief history of non A, non B post-transfusion hepatitis

Post-transfusion hepatitis (PTH) was first appreciated during and immediately
after World War IlI, when the increasing number of blood and plasma
transfusions led to a considerable increase in the number of hepatitis cases in
the US. First evidence for the viral etiology of PTH was provided during the
1940s, when research groups in the United Kingdom and the US identified
two immunologically distinct types of hepatitis, namely type A (infectious) and
type B (serum). Several reports documented the faecal/oral transmission
route of hepatitis type A, eliminating hepatitis A virus (HAV) as a causative
agent of PTH (167, 260, 306, 316). Hepatitis type B, on the other hand, was
demonstrably transmitted through blood and blood products (220, 222), and
the discovery of the “Australia antigen”, also referred to as HBV surface
antigen (HBsAg), and its association with hepatitis B virus (HBV) confirmed
the viral etiology of the disease (53, 221). In 1972, soon after the link between
PTH and the Australia antigen was established (152), screening of blood from
volunteer donors for HBsAg became a US federal regulation. As predicted by
many researchers, exclusion of HBsAg-positive and commercial donors
reduced the PTH rate by up to 97% (14). However, cases of hepatitis
continued to occur even in recipients of HBsAg-negative blood transfusions,
indicating that those individuals had contracted an infection associated with

virus(es) other than HAV or HBV (13, 122, 330). Transfusion-associated Non-



A, non-B hepatitis (NANBH) was characterized by a shorter incubation period
than HBV, and did not conform to the bimodal curve observed for HAV and
HBV infection. Further evidence for an unknown infectious agent was
provided by epidemiological studies reporting patients with recurring episodes
of hepatitis post transfusion, something that was not observed in hepatitis

type A and B infections (166, 238, 294, 340).

Despite extensive research in the 1970s and 1980s, the etiological agent(s) of
NANBH remained elusive, mainly because no cell culture or animal model
was available for the propagation of the unknown agent. The successful
transmission of the NANBH agent into chimpanzees eventually made it
possible to show that NANBH was caused by a small, enveloped virus (15,
123, 168, 381). However, due to the insufficient concentration of viral antigen
in the chimpanzee serum, identification of the virus was delayed until
Houghton and colleagues at Chiron, in collaboration with Daniel Bradley at the
Center for Disease Control, tackled the problem with a blind immunoscreening
approach. They extracted and reverse-transcribed nucleic acid from
chimpanzee plasma containing the NANBH agent and used the resulting
cDNA fragments to design a recombinant expression library in E.coli. By
screening the expressed proteins against the serum of a chronically infected
NANBH patient they were able to isolate and sequence a single
immunoreactive clone designated 5-1-1 (81, 82). Based on the characteristics
of the nucleotide sequence - the NANBH virus contains a 10,000 nucleotide

positive-strand RNA genome consistent with members of the Togaviridae and



Flaviviridae families - the new virus was classified within a separate genus
(Hepacivirus) of the Flaviviridae family and designated Hepatitis C Virus

(HCV).

1.2 The disease.

1.2.1 Epidemiology.

To date about 170 million individuals worldwide are persistently infected with
HCV (WHO, 2002). The prevalence of HCV infection varies in different parts
of the world and is high in Northern Africa, South-East Asia and the Eastern
Mediterranean, where up to 5% of the population are infected, compared to
approximately 1.7% in Western Europe and North America (WHO, 2002;
(17)). The clinical progression of the disease is usually slow and
asymptomatic and in most cases it takes decades before severe liver damage
occurs (5). Of the 70 to 80% of individuals who develop a chronic infection
following exposure to HCV (10, 57, 60), approximately 30% develop liver
cirrhosis, while end-stage liver failure and hepatocellular carcinoma are
observed in 0.04 to 2.5% of chronically infected patients (10, 16, 71, 90).
There is currently no vaccine (237) and antiviral therapies are only effective in

about 50% of treated individuals (102, 169).

There are six major HCV genotypes which show approximately 30%
divergence (366, 367). Despite sharing a basic virology, these genotypes
differ in their geographical distribution and prevalence; genotypes 1,2 and 3

are distributed worldwide and are prevalent in Western Europe, Canada and



the USA (110, 197, 276, 382), while genotypes 4, 5 and 6 can be found in

more distinct geographic areas (64, 72, 367).

The outcome of HCV infection is determined early, generally within six months
of exposure to the virus, and seems to be partly associated with the HCV
genotype (119). Individuals infected with HCV genotype 1 are more likely to
develop chronic infection (270, 334) and hepatocellular carcinoma (101),
whereas steatosis, an abnormal accumulation of lipids in the liver which is
possibly associated with fibrosis, is most frequently observed in genotype 3
infection (342, 343). Also, genotype 1 shows greater treatment resistance
than genotypes 2 and 3, with only 40-50% chronically infected individuals on
combination therapy resolving a genotype 1 infection compared to 70-80% of

those infected with genotype 2 and 3 (124, 426).

1.2.2 Immunobiology.

The main reservoir for HCV replication is hepatocytes in the liver, although
several studies suggest that other cell types, such as peripheral blood
mononuclear cells (PBMC) and dendritic cells may also be affected (21, 22,
226, 227, 236, 305, 312, 373). The frequency of HCV positive hepatocytes
within an infected liver has proven difficult to determine (224, 228), however,
viraemia is thought to be high with virus production rates in the range of
1x10"> RNA copies per day (231). Antibodies against HCV are usually
detectable 6 to 8 weeks post infection (317) and can be detected in acutely

and chronically infected individuals (251, 282). However, conflicting evidence



exists regarding the role of humoral immunity and B cells in viral clearance
(111, 280, 251, 319, 372), particularly since antibody titers are usually high in
chronic hepatitis C, suggesting limited neutralizing efficacy (111, 251, 282).
Interestingly, sequence changes in the hypervariable-1 region (HVR1) of the
HCV envelope glycoprotein E2 have been reported to occur around the same
time as antibody seroconversion (56, 57, 119), suggesting that the virus might
evade the immune response through escape mutations. Sequencing studies
have revealed that clearance of the virus is associated with a reduction in viral
diversity in the E1 and E2 coding regions, while a variety of viral quasispecies

can be found in persistently infected individuals (119, 120).

Studies of infected individuals have shown that a strong and sustained CD4" T
cell response is crucial to control acute HCV infection (56). RNA appears in
the plasma a few days post infection and typically peaks about 8 to 10 weeks
later, regardless of outcome (1, 38). Although viraemia is present early, T-cell
responses are usually delayed and follow one of three basic patterns (1): in
persistent infection, CD4* and CD8" T-cell responses are weak or
undetectable (91, 284, 393) and fail to control viraemia. In some cases, the
viral RNA level is transiently controlled, but viraemia rebounds as a result of a
contracted CD4" T-cell response (91, 284, 393). In acute resolving infection,
T-cell responses are vigorous and sustained and target multiple MHC class I-
restricted epitopes in structural and non-structural HCV proteins (91, 233). It is
not known whether the failure to develop a sustained antiviral response is the

result of antigen overload during immunological priming, virus-induced defects



in antigen presentation, mutational escape of epitopes, deletion and
functional anergy of T cells, or other causes (56). Overall, the outcome of
HCV infection is most likely determined by the magnitude, diversity and quality
of the adaptive immune response, while the primary failure to induce a T-cell

response or T-cell exhaustion predict viral persistence (79, 333, 362).

In vivo evidence Postulated or in vitro evidence
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Figure 1-1 Possible mechanisms of immune evasion by HCV.

Red lines annotate mechanisms for which there is supporting in vivo
evidence; dotted lines indicate mechanisms that are involved in viral
persistence; triangles indicate inhibition of antigen presentation (image from
(56)).

In addition to its ability to successfully evade host immune responses, HCV is
also known for efficient allograft re-infection following liver transplantation.
During the anhepatic phase of transplantation, HCV RNA levels typically
decrease with a calculated elimination half-life of about 2 hours (144). This

decrease in viral RNA concentration can be explained in part by the lack of



virion production by hepatocytes (135). After reperfusion of the graft, the viral
load continues to decline rapidly and typically reaches its low about 24 hours
later, presumably due to a massive entrance of HCV into the hepatocytes and
uptake of the virus by the liver reticuloendothelial system (144). Viral kinetics
then follows one of three basic patterns: RNA serum levels can increase
rapidly, remain unchanged, or decrease progressively. From week 2 post
transplantation, however, the viral RNA concentration in the serum increases
exponentially in most patients, peaking by the fourth month after implantation
(74). One year after transplantation, viral RNA levels usually exceed

pretransplant levels by 10- to 20-fold (143).

To date the standard antiviral therapy for acute hepatitis C infection is
treatment with pegylated interferon-o in combination with ribavirin, a
guanosine analogue with antiviral activity (reviewed in (124)). In cell culture,
virtually any cell type is able to produce type | IFN in response to viral
exposure, however, in vivo, plasmacytoid dendritic cells (pDC) are seen as
the “professional IFN o/f producing cells” (86, 194, 274). In addition to their
direct antipathogenic activity, IFN-I has been shown to synergize with
proinflammatory cytokines to activate innate effectors such as NK cells,
macrophages, and dendritic cells (69) and may modulate antigen presentation

and the adaptive immune response (232).

IFN-I production is induced when the innate mechanisms in infected cells and

patrolling immune cells recognize pathogen-associated molecular patterns



(PAMPs), e.g. single-stranded and double-stranded viral RNA, and polyuridine
signatures (reviewed in (207)). In hepatocytes, HCV dsRNA and proteins are
engaged by retinoic-acid-inducible-gene-1 (RIG-I) and Toll-like receptor (TLR)-
3 (91, 119, 193). This engagement results in the phosphorylation and
activation of Interferon-regulatory factor (IRF)-3 and the subsequent
production and secretion of type | interferons IFN-o/p3, both of which induce
the transcription of various IFN-stimulated genes (ISG) through the JAK-STAT
signalling pathway and establish a non-virus-specific antiviral state within the

cell (39, 354).

HCV induces vigorous intra-hepatic IFN-I responses, however, these
responses do not correlate with the outcome of infection (111, 139, 232, 378,
393). Intriguingly, HCV replicons are highly sensitive to IFNa in vitro (130),
indicating that /n vivo the virus disables IFN response pathways through
multiple mechanisms (Figure 1-2): the core protein, for example, can
suppress the JAK-STAT-pathway, while the viral protease NS3-4A functions
as an antagonist of IRF-3 activation and IFN-f secretion by interfering with the
TLR-3 and RIG-I signalling pathways (129, 242). In addition, the HCV proteins
NS5A and E2 can inhibit RNA-regulated protein kinase (PKR), allowing the
virus to evade in part the translational-suppressive actions of IFN-I (205). IFN-
o therapy aims to substitute for the disrupted IFN production in infected
hepatocytes, therein re-establishing ISG expression, promoting memory T-cell
proliferation, and stimulating the activation of natural killer cells and dendritic

cell maturation (124, 395).
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Figure 1-2 Attenuation of IFN signalling by HCV.

Receptor signalling by autocrine and paracrine IFN is subject to feedback
inhibition by suppressor of cytokine signalling (SOCS) proteins. The HCV core
protein induces expression of SOCS-3, which can suppress Jak—STAT
signalling events and block the IFN-induced formation of ISGF3 (12). HCV
protein expression in liver cells is associated with induction of the protein
inhibitor of activated STAT (PIAS) expression and concomitant inhibition of
STAT function in vivo. Patients with chronic HCV infection can exhibit high
levels of serum IL-8 (328, 329), which interferes with IFN signalling events
that catalyse ISGF3 assembly and function (image from (141)).



Interestingly, the resistance of different HCV genotypes to IFN therapy may in
part be determined by the ability of E2 and NS5A to inhibit PKR. Indeed, E2
sequences of genotype 1, which is relatively resistant to IFN therapy, inhibit
PKR more efficiently than E2 sequences of genotypes 2 and 3, which respond
much better to IFN therapy (333, 388). Likewise, the outcome of IFN
treatment of HCV-infected patients in a Japanese cohort correlated with the

NS5A genotype (reviewed in (387)).

In order to prevent allograft rejection, patients are treated with
immunosuppressive drugs after transplantation. The effect of most of these
drugs on viral replication is unknown, although it has been reported that
corticosteroid treatment enhances HCV RNA levels in vivo (143). Of the
calcineurin inhibitors that are routinely used to reduce rejection after organ
transplantation, only the effect of cyclosporin A (CSA) on HCV replication has
been studied in more detail. CSA suppresses replication of HCV RNA in
cultured human hepatoma cells carrying subgenomic (411) or full-length HCV
replicons (189). Furthermore, CSA seems to inhibit HCV genome
multiplication in cultured hepatocytes infected with plasma from HCV-infected
individuals (411). Intriguingly, two other drugs, FK506 (tacrolimus) and
rapamycin, which share pharmacological mechanisms that suppress T-cell
activation with CSA, do not have any inhibitory effect on HCV RNA replication
(300) supporting the hypothesis that the antiviral effect of CSA is not linked to

its immunosuppressive activity (411). Instead, CSA might inhibit HCV

10



replication by binding to cyclophilin B, which has been shown to support

replication by associating with the viral NS5B polymerase (412).

1.2.3 Immunopathogenesis.

The effective elimination of HCV infection requires the coordinated function of
the innate and adaptive immune responses. However, evidence suggests that
the activation of the immune response also plays a key role in the
pathogenetic processes leading to progressive tissue damage (reviewed in
(371)). Of note, hepatic injury usually coincides with the onset of an immune
response during acute infection, but not with that of viral replication, which can
occur in the absence of an inflammatory response (11, 60, 118). Also, it has
been observed that immunosuppressive therapy may be accompanied by a
transient amelioration of inflammatory activity and hepatocellular damage
despite increased viraema (89) while termination of immunosuppressive
therapy may result in inflammatory aggravation (116, 160). However, in the
same study, HCV patients whose immune system was compromised due to
hypogammaglobulinemia rapidly progressed to severe liver disease (89),
suggesting that the host immune response may still be an important factor in

the control of chronic infection.

HCV proteins including NS5A, core and NS3 have been reported to up-
regulate TLRs (103, 261), resulting in the activation of transcription factors
IRF3 and NF-kb and increased production of IFN-1 (172). This in turn

stimulates expression of ISGs and provides an amplification loop to further

11



promote IFN-I and ISG expression (129). In chimpanzees, acute resolving
HCV infection is associated with a robust host response characterized by high
level ISG expression in the liver (47). However, in chronic hepatitis C high ISG
expression is apparently correlated with the extent of liver damage (301, 315),
most likely because the up-regulation of TLRs and the stimulation of
proinflammatory cytokines contribute to the pro-inflammatory environment.
More importantly, the continued activation of cytokine secretion and HCV non-
specific effector pathways in the absence of a functional cellular immune
response may result in hepatocyte damage, fibrogenesis and malignant

transformation (371).

Of note, IFN-inducible protein IP-10, the natural ligand of the CXCRS3
chemokine receptor, is induced in hepatocytes surrounded by infiltrating
lymphocytes (358) and may promote non-specific recruitment of CXCRS-
expressing immune cells to sites of inflammation (339). In cytotoxic T-cells
and NK cells, triggering of Fas or TNFR1 by Fas ligand or TNF secretion
induces the activation of caspase 8 in susceptible target cells and,
subsequently, apoptosis. HCV infection induces TNF production in
hepatocytes, although elevated serum TNF levels are mostly observed in the
acute phase of hepatitis C (154, 397). However, it is interesting to speculate
that in HCV infection, intrahepatic T-cells expressing Fas ligand may interact
with Fas-positive hepatocytes to induce cell death, since high Fas serum
levels seem to correlate with the severity of hepatic injury in chronic hepatitis

C (176, 180, 311). Furthermore, the amount of infiltrating cytotoxic (CD8") T-
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cells reportedly correlates with hepatocellular apoptosis (321), unlike the level
of transaminases, which are released into the serum following hepatocellular

injury.

In addition to stimulating IFN-I production, NF-xb is involved in the regulation
of chemokines, thus activating the recruitment of NK and NKT cells, which
exert cytolytic activity and inhibit viral replication by secreting inflammatory
cytokines. NK cells play a crucial role in the antiviral host response, however,
in chronic HCV infection they secrete abundant levels of interleukin-10 and
TGFp (304), both of which stimulate the proliferation and extracellular matrix
deposition of hepatic stellate cells (HSCs) (325). In normal liver, HSCs are
nonparenchymal, quiescent cells whose main functions are to store vitamin A
and to maintain the normal basement membrane-type matrix. However, in
response to liver injury, HSCs switch to an activated state in which they
become highly proliferative and synthesize "fibrotic" matrix rich in type |

collagen (131, 132).

1.3 Model systems for HCV study.

1.3.1 Primary cell culture and cell lines.

For more than two decades the major limitation for HCV research was the lack
of a cell culture system that allowed efficient propagation of the virus. Until
HCV was identified in 1989, insight into the elusive NANBH agent was
provided almost exclusively by serological and epidemiological studies, since

immortalized cell lines seemed to be unsusceptible to HCV infection, while
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systems based on the cultivation of primary cells isolated from the tissues of
chronically infected patients and infection of primary hepatocytes with HCV,
respectively, were hampered by the low level of HCV replication. Moreover,
experiments were difficult to reproduce since the infectivity of the sera
generally did not correlate with the HCV RNA titre. HCV-specific antibodies
present in the sera of most chronically infected patients also impaired the
productivity of infection, as did the quality of the hepatocyte preparation. To
add to the difficulties, the low viral replication rate demanded the use of a
highly sensitive detection method. Flaviviruses, like other positive strand RNA
viruses, replicate via a negative strand RNA intermediate and it was assumed
that HCV was no exception. Thus, in vitro studies used strand-specific reverse
transcriptase polymerase chain reaction (RT-PCR) to detect the negative-
sense molecule, which was believed to be indicative of viral replication (347).
Although it was now possible to detect very low levels of HCV RNA, the new
method was fraught with problems, including the potential for contamination
and lack of strand-specificity of the reaction due to self-priming of the RNA,
false priming of the incorrect strand, and random priming by cellular nucleic
acids (162, 225, 384). Since these problems were difficult to overcome,
additional criteria were introduced to verify replication in HCV-infected cells.
These included sequence analysis to demonstrate genomic variability,
successful transmission from infected to naive cells, “curing” infected cells

with interferon a, and detection of viral antigens.
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Despite the technical difficulties implied with the primary cell culture system,
lacovacci et al. (185, 186) and Lanford et al. (225) were able to propagate
serum-derived HCV in primary human and chimpanzee hepatocytes,
respectively. Both studies reported a significant increase of HCV positive
stranded RNA within the first four days of infection, while the negative
stranded RNA signal became first detectable on day four and increased
markedly thereafter. Lanford and colleagues furthermore noted that primary
liver cells isolated from baboons were not susceptible to infection supporting
the idea that HCV has a narrow host range. Interestingly, a positive stranded
RNA signal was detectable in these cells up to 11 days post inoculation
despite their apparent non-permissiveness, demonstrating that caution must
be exercised when differentiating between newly synthesized RNA and the

original inoculum.

1.3.2 The replicon system.

Although primary cell culture provided some insight into the basic principles of
HCV infection, the heterogeneity of the inoculum, the low RNA replication
rate, and the inability to manipulate the genome made it difficult to analyze the
viral life cycle in any detail. In a first attempt to overcome these obstacles,
Lohmann et al. created a neomycin-selectable HCV minigenome (replicon)
based on the Conf7 consensus genome cloned from liver-derived viral RNA
(254). Originally, a full-length genome was used to transfect various cell lines
and primary human hepatocytes. However, the full-length RNA failed to

replicate for unknown reasons prompting Lohmann et al. to generate a
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number of bicistronic constructs, which comprised of the 5-HCV internal
ribosome entry site (IRES), a neomycin phosphotransferase gene, the
genotype 1b non-structural genes NS2 or NS3 to NS5B under the control of
an Encephalomyocarditis virus (EMCV) IRES, and the HCV 3’-nontranslated

region (NTR).

Subsequently, Blight et al. generated similar neomycin-selectable replicons
based on a HCV-H genotype 1a infectious clone described by Kolykhalov and
colleagues (50, 213). Unlike their full-length counterparts the new subgenomic
replicons replicated to a high level, a fact that was attributed to cell-culture
adaptive mutations in the NS3, NS5A and NS5B region (50, 219, 253). Based
on these findings, several groups successfully generated full-length replicons
with single amino acid substitutions in the genes encoding the non-structural
viral proteins (51, 187, 203, 322). As expected these cell culture-adaptive
mutations markedly enhanced RNA levels as well as the frequency of cells
supporting replication. However, Huh-7 cells harbouring full-length replicons of
the prototypic viral strains Con? and HCV-H still failed to produce infectious
particles although the Con7 strain was infectious in vivo (63), indicating that
the structural proteins were assembly competent. Furthermore, the number of
HCV RNA replication-competent cells within the total population remained low
even for adapted replicons, suggesting that the cellular background was a

major determinant of replication efficiency.
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To enhance permissiveness of the Huh-7 cell line, Blight et al. transfected
Huh-7 cells with subgenomic replicons with either the wildtype amino acid
sequence, a serine-to-ileucin substitution (S22041) in the NS5A region, or a
47-amino acid NS5A deletion (5AD47) (52). Cells supporting viral replication
were selected and cured of HCV RNA by prolonged treatment with interferon
(IFN) a. The resulting clonal cell lines were then tested for their ability to
support HCV replication following re-transfection with subgenomic and full-
length replicons. One clone in particular, designated Huh-7.5, showed an up
to 33-fold increase in the frequency of cells able to support HCV replication,
as well as a significantly enhanced replication capacity. A key feature of the
host antiviral defense is the production of IFNa and IFNB and subsequent
expression of IFN-stimulated genes in response to viral double stranded RNA
or GU-rich single stranded RNA (354). In most cells, these specific pathogen-
associated molecular patterns (PAMPs) are recognized by Toll-like receptors
(TLRs) (310). However, in cultured hepatocytes PAMPs are recognized by a
cellular helicase, RIG-l, which triggers activation of the IFN-regulatory
transcription factor-3 (IRF3), IFN production, and expression of the IFN-
stimulated genes. In Huh-7.5 cells, however, a mutation in RIG-I abolishes
PAMP signalling to IRF3, thus inhibiting the cellular antiviral response and

conferring increased permissiveness for HCV RNA replication (380).

1.3.3 HCV pseudoparticles (HCVpp) and cell-culture derived HCV
(HCVcc).

The replicon system provides a valuable tool to study HCV replication.

However, it does not allow studies of virus attachment and entry as mediated
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by glycoprotein-receptor interactions. First attempts to generate HCV-like
particles in insect cells using Baculoviruses that contained the cDNA of the
HCV E1/E2 structural proteins (37) were only moderately successful.
Recombinant Vesicular stomatitis virus (VSV) that expressed genes encoding
the HCV structural proteins fused to domains of the VSV envelope proteins
also failed to infect permissive cell lines (65), although the HCV glycoproteins
were efficiently incorporated into the carrier-virus-envelope. Several groups
finally developed infectious HCV pseudoparticles (HCVpp) by expressing the
E1/E2 structural proteins in 293T cells together with a packaging construct
encoding the HIV genome minus the env gene, and the gag and pol genes of
murine leukaemia virus (MLV) or VSV (30, 106, 183). Co-expression of these
constructs led to the efficient assembly of infectious replication-deficient HCV
pseudoparticles, which allowed in depth studies of virus binding, attachment,

and internalization, and helped to identify novel HCV receptors.

Finally, Wakita and colleagues cloned a genotype 2a replicon (JFH-1) from a
Japanese patient with fulminant hepatitis, which replicated efficiently in liver-
specific and non-liver specific cell lines without the need for adaptive
mutations and supported the secretion of infectious viral particles in cell
culture (244, 408). Subsequently, another research group produced infectious
HCV genotype 1a (Hutchinson strain; H77-S) (419), a strain that is most
prevalent in the U.S. and many other countries (424). Using these cell culture-
derived infectious particles (HCVcc) it is now possible to study the HCV life

cycle from entry to release. Recently, Lindenbach et al. constructed a chimeric
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JFH-1 genome containing the core to NS2 region of HCV strain J6 (244),
which not only produced infectious particles in vitro, it also replicated
efficiently in chimpanzees and uPA-SCID mice (245), allowing for the first time

the dissection of the HCV life cycle in vitro as well as in vivo.

1.3.4 Animal models.

For more than a decade, the chimpanzee was the only animal model available
to study HCV infection. Like humans, chimpanzees have detectable HCV
RNA within a few days of infection with viral titers usually reaching 10°~10’
RNA genome copies/ml, and a rise in viraemia is usually followed by an
increase in serum aminotransferase (ALT) levels (reviewed in (94)).
Furthermore, the majority of infected animals display necroinflammatory
changes in liver biopsies and 40-60% of infected animals progress toward
chronic viral persistence (33, 48). The chimpanzee model was used to
characterize the infectious agent of NANBH (15, 123, 381), and to clone the
HCV genome for the first time (81). Finally, the chimpanzee model was
instrumental in the establishment of HCV infectious molecular clones (213,

418).

One major advantage of the chimpanzee model is the ability to monitor the
progression of hepatitis C from beginning to end. This is of particular interest
since HCV infection in humans is usually asymptomatic, making it difficult to
study the acute phase of infection. In chimpanzees, however, liver biopsy

samples can be obtained before the exposure and at intervals post-
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inoculation, allowing the analysis of events starting immediately after HCV
infection, such as changes in gene regulation and cellular immune responses
to viral antigens (94). Furthermore, studies in the chimpanzee model have
shed light on different aspects of the cellular immune responses and their role
in viral clearance and persistence, respectively (91, 302, 363, 392), and the

role of memory immune responses in HCV re-infection (34, 48, 331, 413).

The ideal model for studying HCV would be one that adequately represents
most aspects of human HCV infection and disease, is affordable, easily
available, and reproducible. During the past decade, several groups have
developed transgenic mouse models to examine the effects of the HCV core
and the envelope glycoproteins on hepatocytes. However, studies using these
transgenic mice yielded conflicting results (292, 293, 314, 342), putting into
question the suitability of this in vivo model. Recently, however, several
groups have reported the creation of chimeric (xenograft) mice harbouring
human hepatocytes (99, 279, 281). These mice are immunodeficient and
suffer from severe, chronic liver disease caused by overexpression of the
noxious protein urokinase. Overproduction of urokinase not only causes
hepatocyte death, it also causes individual hepatocytes to delete portions of
the urokinase transgene and to acquire a replicative advantage over
surrounding cells. As a result, the liver is rapidly repopulated with largely
nontransgenic cells, a survival advantage that is extended to hepatocytes
transplanted from mouse, rat, and human (279). Chimeric mice, such as the

SCID/uPA mouse, have been successfully infected with HCV derived from
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human serum and have been shown to support viral replication at clinically
relevant titers (281), allowing investigators for the first time to study HCV

infection in a small animal model.

Indeed, the new in vivo model system has proven useful in the evaluation of
novel anti HCV therapies. uPA/SCID mice were used to test a gene therapy
approach to treat HCV by delivering a modified form of the BHS3-interacting
death agonist (BID), a member of the Bcl-2 family of pro-apoptotic proteins
which is crucial for death receptor-mediated apoptosis (182). More recently,
the xenograft mouse model was employed to study the neutralizing efficacy of
human monoclonal antibodies (mAbs) against genetically diverse HCV
isolates (230). Here, Law et al. were able to demonstrate that human mAbs
from the serum of HCV infected patients protected against heterologous viral
infection, suggesting that a prophylactic vaccine against HCV may be
achievable. Meuleman et al. in turn demonstrated that CD81 is required for
HCV infection in vivo and that prophylactic treatment with anti-CD81
antibodies protects uPA/SCID mice from a subsequent infection with HCV

strains of various genotypes (280).
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1.4 The HCV Life Cycle.

Figure 1-3 The HCV life cycle.
(modified from Tibotech Pharmaceuticals, Belgium)
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1.4.1 HCV genome replication and polyprotein processing.

The genome of HCV is well characterized as a single-stranded 9.6 kb RNA
molecule comprising a single open reading frame (ORF) that encodes a 3000
amino acid polyprotein precursor flanked by two nontranslated regions
(NTRs). As the HCV genome lacks a 5’ cap, translation of the genome
depends on an internal ribosome entry site (IRES) which is located within the
highly conserved 5’NTR and directly binds 40S ribosomal subunits to induce
translation of the precursor protein (246). The polyprotein precursor is co- and
posttranslationally processed by viral and host proteases into a variety of
structural and non-structural proteins. The amino terminal one-third of the
polyprotein harbours the core protein and the envelope glycoproteins E1 and
E2, followed by a small integral membrane protein, p7, a metalloprotease that
might function as an ion-channel (158). The carboxy-terminal two-thirds of the
precursor protein encode the non-structural proteins, which are involved in the

coordination of the virus life cycle.
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Figure 1-4 The HCV genome and proteins.

Translation depends on an internal ribosome entry site (IRES) within the 5’
non-translated region (NTR). The polyprotein precursor is posttranslationally
processed by host and viral proteases and the HCV structural (red) and non-
structural proteins are localized within the ER membrane. (image modified

from (78)).
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Following cleavage of the structural proteins by host proteases, two viral
enzymes further process the polyprotein. The NS2-3 proteinase cleaves at the
NS2/3 junction (157, 175), whereas the NS3-4A serine protease cleaves at all
downstream sites with a temporal sequence that is thought to be crucial for
replication (100). In addition to its protease function, NS3 serves as a RNA
helicase, unwinding double-stranded RNA in a 3’ to 5’ direction. Recently, it
was also shown that NS3-4A cleaves the mitochondrial antiviral signalling
(MAVS) protein, which interacts with a receptor for intracellular viral dsRNA
(RIG-1) and induces the IFN response. Cleavage of the MAVS protein results
in its dislocation from the mitochondria and perturbance of its activity, helping

HCV to evade innate immunity (243).

HCV replication proceeds via synthesis of a complementary minus-strand
RNA using the viral genome as a template. This minus-strand RNA then
serves as a template to generate multiple nascent HCV genomes. The key
enzyme responsible for both steps is NS5B (289), which is localized to the ER
lumen, where it is anchored to the membrane via an insertion sequence (350)
that may serve as a docking site for transmembrane protein-protein
interactions. NS5B is able to initiate synthesis of the minus- and plus-strand
RNA in a primer-dependent way as well as de novo, although in vitro the
enzyme seems to prefer the primer-dependent variant (9, 126, 201).
Interestingly, NS5B binds to a wide variety of RNA and DNA templates and so
far it is unclear how template specificity is achieved, although it has been
shown that recombinant NS5B can recognize HCV RNA through a conserved

stem-loop structure made up from sequences of the 3’ coding region and the
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3'NTR of the polyprotein (77). Interestingly, protease treatment of
permeabilized cells destroys most non-structural proteins without
compromising the activity of NS5B, suggesting that only a small fraction of NS

proteins is actively engaged in replication (286).

Not much is known about the function of the serine phosphoprotein NS5A,
except that it exists in a hypo- and a hyperphosphorylated form (199, 332,
390) and that it modulates HCV RNA replication by interacting with NS5B and
various cellular regulatory factors (149, 402), (361). Indeed, adaptive
mutations in NS5A domains | and Il enhance the ability of the virus to replicate
in vitro (50, 219, 252). NS5A domain Ill is not involved in RNA replication,
however, Tellinghuisen et al. recently demonstrated that a single serine
residue deletion in domain Il inhibits phosphorylation of the casein kinase |l
consensus motif in this region of NS5A (389), disrupting the production of
infectious virus at an early stage of particle assembly. Furthermore, it has
been suggested that NS5A might play a role in the development of IFN
resistance, due to the protein’s ability to inactivate double-stranded RNA
dependent kinase (PKR), thus modulating the IFN-stimulated antiviral
response (140). Finally, NS5A can function as a transcriptional trans-activator.
The exact nature of this mechanism is unclear but it has been proposed that
the protein, which is localized to the ER, activates cellular transcription factors
by inducing oxidative stress in the host cell (153). In this way NS5A might also

contribute to the liver disease pathogenesis associated with HCV infection.
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1.4.2 HCV Attachment And Entry.

The first step in the viral life cycle is the binding of the virus to the host cell via
interaction of the viral glycoproteins with one or more cell surface receptors.
In some cases these receptors serve as mere attachment factors, however,
they may also be involved in the internalization of bound virus particles via
one of two major entry routes, namely fusion of the viral envelope with the
plasma membrane or uptake via endocytic-like pathways (reviewed in (267,

369)).

Large extracellular loop (LEL)

Extracellular loop-1 (EC1)
Q!
" } |
) J J

Cytoplasma

Figure 1-5 HCV entry receptors.

The receptor activity of CD81 and Claudin-1 (CLDN1) depends on critical
residues within the LEL and EC1 domains, respectively.
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Tetraspanin CD81

CD81 is a 26-kDa surface protein composed of four hydrophobic
transmembrane domains and two hydrophilic extracellular domains (EC1 and
EC2) (239). Like other members of the tetraspanin superfamily, CD81 is
expressed in a range of organisms, including mouse and chimpanzee, and on
most human tissues apart from red blood cells and platelets (113). The
cytoplasmic and transmembrane domains as well as small extracellular loop
of CD81 are highly conserved between species, while the large extracellular
domain varies considerably both in length and sequence, thus contributing to
species-specific interactions. Cross-linking experiments have shown that
human CD81 mediates a number of signal transduction events involved in the
regulation cell proliferation, morphology, differentiation, adhesion, and motility

(241).

Soluble truncated versions of HCV glycoprotein E2 bind with high affinity to
human lymphoma and hepatocarcinoma cell lines. By screening a cDNA
expression library from a subclone of the human T-cell lymphoma cell line
Molt-4 with recombinant E2, Pileri et al. identified CD81 as the E2-binding
partner (324). Binding of E2 to CD81 was mapped to the large (major)
extracellular loop of the tetraspanin and it was furthermore demonstrated that
the E2-CD81 interaction is species-specific; only fusion proteins containing
the large extracellular loop (LEL) of the human protein bound E2 in
immunoblots, while no interaction with mouse protein was observed (324).

Using alanine scanning mutagenesis positions L162, 1182, N184 and F186
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incubation time promotes HCV entry. Of note, HCVpp-H77 infectivity was 50%
increased compared to HCVpp-JFH, therefore, the genotype 1a strain was

used in subsequent experiments.

Figure 3-9 Phase images of Huh-7.5 cells plated at low, standard and
high density.

Cells were plated on collagen-treated borosilicate cover slips and 26h later
imaged with a Zeiss fluorescent microscope. Nuclei were counterstained with
DAPI. Scale bars represent 100 um.
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Figure 3-10 Cellular contact modulates HCVcc infectivity.

Huh-7.5 cells were plated at low (<), standard (A), or high (O) density and
26 hrs post plating infected with JFH-1 or J6/JFH HCVcc for 1 to 6 hrs. 48 hrs
post infection, infectivity was quantified by counting NS5A-positive foci Data is
presented as foci forming units (FFU)/ml. Values represent means + standard

deviation.
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To define the effect of cellular contact on viral entry, Huh-7.5 cells were
plated at increasing cell densities from 7.5x10° to 30x10° cells/cm® and
HCVpp-H77 allowed to adsorb for 5 hrs at 37°C. Thereafter, non-internalized
particles were removed by washing and luciferase activity was determined
following a 72 hrs incubation period. A modest increase in HCVpp-H77
luciferase activity was observed from low to standard seeding density ( Figure
3-11), whereas HCVpp-H77 infectivity was enhanced more than 2-fold at high
cell density. In contrast, the effect of cell confluence on the infectivity of
murine leukaemia virus pseudoparticles (MLVpp), which were used as an
independent control, was negligible, indicating that the effect of cellular

contact on viral infection was HCV glycoprotein-specific.
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Figure 3-11 Cellular contact modulates HCV entry.

A. HCVpp infectivity is governed by incubation time. Huh-7.5 cells were
plated at standard seeding density and incubated with HCVpp-JFH or HCVpp-
H77 for up to 8 hrs, envelope-deficient pseudoparticles (NoEnv) and MLVpp
were used as controls. Viral infectivity (per cent GFP positive cells) was
determined by flow cytometry. B. HCVpp infectivity increases with cell
confluence. Huh-7.5 cells were plated at different densities and infected with
HCVpp-H77 or MLVpp for 5h. Luciferase activity (relative light units; RLU) was
measured 72h post infection. Statistical analysis was performed using a
paired two-tailed t-test (p=0.0046).
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3.2.3 Effect of cellular contact on HCYV internalization kinetics

Escape from proteinase K dependent proteolysis

Cellular contact modulates CLDN1 and SR-BI expression and distribution, and
promotes HCV infection at the entry level. To determine whether a loss of cell-
cell contact affected the internalization kinetics of HCV, we utilized a well-
described proteolytic assay in which proteinase K (PK) is used to remove cell-
bound, non-internalized virus particles from the cell surface, the hypothesis
being that internalized particles become resistant to proteolysis (Figure 3-12).
Receptor-mediated endocytosis is an energy-dependent process, therefore
inoculation with the virus was carried out on ice to prevent uptake of bound
virus particles. This also resulted in synchronized internalization of bound

virus once the temperature was elevated to 37°C.

Since the PK-dependent internalization assay requires the trypsinization of
cells prior to inoculation with HCVcc, we sought to ascertain, whether trypsin
treatment reduced receptor expression at the cell surface. Huh-7.5 cells were
treated with trypsin or an enzyme-free buffer (cell dissociation buffer; CDB) for
10 min and subsequently infected with HCVcc for 1 hr at 37°C. Thereafter,
cells were washed thoroughly to remove unbound virus and re-plated at equal
densities. 48 hrs post infection the percentage of NS5A positive cells was

determined by flow cytometry (Figure 3-13).
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Figure 3-12 Proteinase K dependent HCV internalization assay.

Huh-7.5 cells were trypsinized, washed and the cell suspension infected with
HCVcc for 1 hr on ice. Unbound particles were removed by washing and the
temperature elevated to 37°C. At different time points post entry initiation,
cells were incubated with proteinase K (PK) for 1 hr on ice to remove non-
internalized particles, thereafter cells were re-plated. 48 hrs post infection,
infectivity was determined by counting infected foci.
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Viral infectivity was reduced by approximately ~30% for cells in suspension
compared to adherent cells, suggesting that loss of cellular/ECM contact
reduced the efficiency of virus-receptor interactions. However, trypsin-treated
and CDB-treated cells were equally susceptible to infection, indicating a
modest proteolytic effect of trypsin on the surface expressed HCV entry
factors. Concomitantly, analysis of receptor levels by flow cytometry
confirmed the presence of CD81, CLDN1, and SR-Bl on trypsinized cells

(Figure 3-13).

To determine the efficiency of PK at removing cell-bound infectious virus, cells
in suspension were infected with HCVcc for 1 hr on ice, unbound particles
removed by washing thoroughly, and the cells immediately treated with PK at
4°C. Using 50 ug/ml PK we were able to remove ~90% of cell-bound virus
from the cell surface (Figure 3-14A). Furthermore, we noted that viral
infectivity reached a plateau 1 hr post entry initiation (Figure 3-14B) ,
indicating that 100% of cell-bound virus had become resistant to PK. Due to
the variability of infectivity over time, the percentage entry was calculated by
comparison of the level of infection in PK treated cells to that of untreated

cells.

To establish the PK-dependent escape kinetics of HCVcc, trypsinized Huh-7.5
cells were infected with JFH-1 or J6/JFH for 1 hr on ice, washed to remove
unbound virus, and entry initiated by elevating the temperature to 37°C. At

different time points thereafter, the cells were incubated with 50 ug/ml PK on
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ice to remove non-internalized particles and re-plated in 24-well tissue culture
plates. 48 hrs post infection, HCVcc infectivity was determined by
enumerating NS5A-positive foci. J6/JFH internalized with a half-maximal entry
rate (t;,) of 19 min., while JFH-1 internalization was 9 min. faster (Figure
3-15), suggesting that different HCV strains may internalize with different
efficiencies. However, overall the HCVcc internalization kinetics for cells in
suspension were comparable to the entry kinetics reported previously for

adherent cells (278).

116



Uninfected| Adherent

+Trypsin

100: CD81' » SR-BI

% of Max

Alexa Fluor 488

Figure 3-13 HCV infection of adherent and non-adherent Huh-7.5 cells.

A. Cells were treated with trypsin or an enzyme-free buffer (CDB) and infected
with J6/JFH for 1 hr at 37°C. Cells were re-plated and viral infectivity
measured by flow cytometry 48 hrs post infection. Values represent per cent
infected cells of the total population. B. Surface expression levels of CD81,
SR-Bl and CLDN1 in adherent (solid line) and trypsin-treated (dashed
line) Huh-7.5 cells were analyzed by flow cytometry. Species matched IgGs
(black) were used as controls.
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Figure 3-14 PK-mediated proteolysis of cell-bound infectious virus.

J6/JFH was pre-bound to non-adherent Huh 7.5 cells for 1 hr on ice.
Thereafter, unbound particles were removed by washing. A. Efficiency of
proteolysis. Cells were treated with 10, 25 or 50 ug/ml PK for 1 hr at 4°C to
remove non-internalized particles. After which cells were re-plated and the
number of infected cells determined at 48 hrs post infection. B. PK mediated
inhibition of HCV entry. Cells were either treated with PK (black bars) on ice
(0 min time point) or shifted to 37°C for 15 to 120 min, thereafter non-
internalized particles were digested with PK for 1 hr on ice. Untreated cells
(white bars) were used as controls.
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Figure 3-15 Time course of HCVcc sensitivity to proteolysis.

JFH-1 or J6/JFH was pre-bound to non-adherent Huh-7.5 cells for 1 hr on ice.
Thereafter, unbound particles were removed by washing and entry initiated by
shifting the temperature to 37°C. At the indicated time points, the cell
suspension was treated with proteinase K for 1 hr on ice. Cells were re-plated
and infected foci enumerated 48 hrs post infection. Per cent HCVcc entry
were calculated relative to the 1h time point, values represent the combined
data from 2 independent experiments performed in triplicate + standard
deviation; arrows indicate half maximal internalization.

119



Escape from neutralizing antibodies

Confluent cells support a higher level of HCV entry, concomitant with
increased cell surface expression of CLDN1 and SR-BI. To elucidate whether
the cell contact-mediated modulation of receptor expression promotes HCV
internalization, we studied the Kkinetics of viral entry by monitoring the
resistance of internalized virus to the neutralizing effect of antibodies (Figure
3-16). In this assay, virus is pre-bound to the cell surface at 4°C for 1 hr.
Based on the assumption that internalized virus is resistant to neutralization,
neutralizing antibodies (nAb) were added to the cells at different time points

post entry initiation and infectivity enumerated 48 hrs post infection.

To establish a baseline, we measured the escape/internalization rate of JFH-1
and J6/JFH for Huh-7.5 cells plated at standard seeding density (15x10°
cells/cm?) from a neutralizing anti-E2 monoclonal antibody (C1). As described
above, virus was adsorbed onto cells at 4°C for 1 hr, unbound particles were
removed by washing thoroughly, and entry was initiated by elevating the
temperature to 37°C. At different time points cell bound virus was neutralized
by adding C1 and infectivity determined 48 hrs post infection. We noted that
following C1 treatment, the number of infected cells reached a plateau at 2 hrs
post entry initiation, indicating that 100% of bound virus was resistant to
neutralization (Figure 3-17). In subsequent experiments data was expressed

as per cent HCVcc entry and calculated by comparison of HCV infectivity in
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nAb treated cells to the HCV infectivity measured at the 2h time point; half-

maximal internalization rates were defined as 50% loss of inhibition (ts,).
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Figure 3-16 Neutralizing antibody (nAb) escape assay.

HCVcc was pre-bound to adherent Huh-7.5 cells on ice. Unbound particles
were removed by washing and internalization initiated by elevating the
temperature to 37°C. To block internalization, neutralizing antibodies were
added at different time points post entry initiation. Infectivity was determined
by counting NS5A-positive foci.

With ~23 min and ~18 min, respectively, JFH-1 and J6/JFH showed
comparable half-maximal internalization rates at standard seeding density
(Figure 3-18A). However, given that C1 was more efficient at neutralizing

JFH-1 (~82% neutralization) than J6/JFH (~68% neutralization), JFH-1 was
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used in further studies. To rule out the possibility that the observed entry
kinetics were specific for the C1-mediated inhibition of E2-receptor
interaction(s), we repeated the nAb escape assay using a mix of polyclonal
human IgGs to neutralize cell-bound JFH-1 (Figure 3-18B). Again, the
neutralizing efficacies of polyclonal IgGs (~83% neutralization) and C1 (~79%
neutralization) were comparable. Similar internalization kinetics were
observed after blocking infection with either antibody, with ty,,, of ~16 min.
(lgGs) and ~22 min. (C1), respectively, indicating that the observed viral entry
kinetics at standard seeding density are not specific for the C1-mediated

neutralization of JFH-1.

To study the effect of cellular contact on HCV internalization kinetics, the half-
maximal entry times of JFH-1 were compared for sub-confluent and confluent
Huh-7.5 cells. At sub-confluence, 50% of cell-bound particles became
resistant to neutralization within ~30 min. post entry initiation (Figure 3-19).
When cellular contact was established, the half-maximal entry time of JFH-1
was reduced to ~15 min., representing a significant acceleration of virus
internalization during the early stages of the entry process (p<0.031; paired t-
test). These data support the hypothesis that cellular contact promotes HCV
internalization, presumably through the modulation of CLDN1 and/or SR-BI

expression or other unidentified receptors such as occludin.
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Figure 3-17 Neutralizing activity of anti-E2 nAb C1.

JFH-1 was adsorbed onto Huh-7.5 cells for 1 hr on ice, thereafter entry was
initiated by elevating the temperature to 37°C. At different time points post
entry initiation, virus infectivity was neutralized with an anti-E2 antibody (C1).
Infectivity (foci forming units; FFU) reached a plateau approximately 2 hrs
post entry initiation. Data is from a representative experiment performed in
quadruplicate; error bars represent standard deviation.
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Figure 3-18 Time course of HCVcc sensitivity to antibody-mediated
neutralization.

A. JFH-1 and J6/JFH internalization. Cells were infected with JFH-1 or
J6/JFH for 1 hr on ice and entry initiated by elevating the temperature to 37°C.
To neutralize infectivity, an anti-E2 antibody (C1) was added to the cells at the
indicated time points. B. Neutralization with anti-E2 antibody and
polyclonal human IgG. Huh-7.5 cells were infected with JFH-1 as described
in (A). Viral infectivity was neutralized using an anti-E2 antibody (C1) or a mix
of polyclonal human IgGs. Viral infectivity was enumerated 48 hrs post
infection and per cent HCVcc entry calculated relative to the 2 hr time point
(100% internalization); arrows indicate half maximal internalization (t.,).
Values are the combined data from 3 independent experiments performed in
triplicate; error bars represent standard deviation.
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Figure 3-19 Modulation of HCVcc internalization kinetics with cell
confluence.

Huh-7.5 cells were plated at low or high density and incubated with JFH-1 for
1 hr on ice. Post entry initiation, internalization was blocked with an anti-E2
antibody (C1) at the indicated time points. Infectivity was determined 48 hrs
post infection, the per cent viral entry were calculated relative to the 2 hrs time
point. Statistical analysis was performed as described in section 3.2.4. Values
are the combined data of 2 independent experiments done in ftriplicate =
standard deviation.
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3.2.4 Statistical analysis of internalization assays.

To ascertain whether the internalization kinetics for cells plated at low or high
density were significantly different, we used a two-tailed paired t-test to
compare the percentage entry at individual time points. When the mean
values for all six time points (0 to 120 min) were compared, no significant
difference between the two curves was detected. However, comparison of the
mean values of individual time points showed a significant difference of the
percentage entry at 15 and 30 min as summarized in Table 3-1.

A two-tailed paired t-test was also used to compare the internalization kinetics

of parental and SR-BIl and CLDN1 over-expressing cell lines.

Two-tailed paired t-test
Time points | P value Correlation P value Pairing
(two-tailed) coefficient; r | (one-tailed) significantly
<0.05? effective?
0-120min | 0.1776 0.9194 <0.0001 Yes ***
15-30 min | 0.031 na Na na

Table 3-1 Statistical analysis of HCVcc entry kinetics.

Comparison of the entry kinetics in sub-confluent and confluent cells with the
two-tailed paired t-test following the guidelines in the GraphPad statistics
handbook.

3.2.5 Defining the role of SR-Bl and CLDN1 in HCYV internalization.

The surface expression of SR-Bl and CLDN1 is significantly increased at cell
confluence. Likewise, HCVcc internalization is significantly accelerated in

confluent cells during the early stages of the entry process when cellular
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contact is established, suggesting a relationship between viral entry kinetics
and the surface expression of CLDN1 and/or SR-BI. To assess the role of SR-
Bl and CLDN1 expression levels in HCV internalization, Huh-7.5 cells were
transduced with lentiviral vectors to over-express human SR-Bl or CLDN1 and

viral internalisation kinetics determined by means of the nAb escape assay.

Flow cytometry confirmed 2 to 3-fold elevated CLDN1 and SR-BI surface
expression levels in transduced Huh-7.5 cells (Figure 3-20). Furthermore, we
did not observe any indirect effects of CLDN1 over-expression on SR-BI or
CD81 levels, and vice versa (data not shown). Attempts to generate a Huh-7.5
cell line overexpressing CD81 failed, most likely because human hepatoma
cells already express relatively high levels of CD81. LSCM analysis of
receptor distribution in parental and tranduced cells demonstrated a
cytoplasmic accumulation of SR-Bl and CLDN1 (Figure 3-21) in the majority of

over-expressing cells.

Quantification of receptor levels by linear profile plot analysis confirmed that a
significant proportion of receptor molecules were retained intracellularly and
receptor expression at the plasma membrane was only modestly increased.
Similar observations were recently reported for HeLa and NIH3T3 cells, where
ectopically expressed CLDN1 appeared to reside predominantly in

intracellular vesicles (417).
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Figure 3-20 CLDN1 and SR-BI overexpression in Huh-7.5 cells.

A. Cells were transduced to overexpress human CLDN1 or SR-Bl and
receptor levels determined by flow cytometry. CLDN1 and SR-BI levels were
up to 3-fold elevated in transduced (dashed lines) compared to parental cells
(black). Species-matched irrelevant IgGs (grey) were used as controls. B.
Transduced and parental cells were infected with HCVpp-H77, MLVpp, or
envelope-defective pseudoparticles (NoEnv) for 1h and luciferase activity
measured at 72h post infection.
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Figure 3-21 Localization of CLDN1 and SR-BI in transduced Huh-7.5
cells.

A. Parental and transduced cells were plated at standard seeding density on
collagen-treated cover slips and 26 hrs post plating stained with antibodies
specific for CLDN1 or SR-Bl. B. Receptor expression levels at the plasma
membrane and in the cytoplasm were determined by linear profile plot
analysis, values are expressed as arbitrary fluorescence units (AFU);
Background fluorescence was determined by staining with the secondary
antibody only and was 36 AFU (TRIP CLDN1) and 27 AFU (TRIP SR-BI),
respectively.
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In accordance with published observation (159) high levels of SR-BI
enhanced HCVpp infection ~ 1.5 fold, whereas high levels of CLDN1 failed to
modulate HCVpp infectivity (Figure 3-20) in Huh-7.5 cells plated at standard
density. Over-expression of CLDN1 or SR-Bl also failed to enhance the
infectivity of MLVpp, which were used as a negative control, confirming the

enhancing effect of SR-BI on viral entry is HCV glycoprotein-specific.

To determine the effect(s) of CLDN1 and SR-Bl over-expression on HCV
internalization, transduced Huh-7.5 cells were plated at standard seeding
density and the nAb escape kinetics of JFH-1 measured as described above.
In support of the observation that high CLDN1 levels do not enhance HCVpp
infection, CLDN1 over-expression failed to accelerate JFH-1 internalization
Figure 3-22. In SR-Bl overexpressing cells, on the other hand, JFH-1
internalization kinetics were significantly accelerated during the early entry
stages with a half-maximal time (ts,) of 6 min (compared to t;,., = 15 min at
cell confluence). Of note, the neutralizing efficacy of anti-E2 antibody C1 was
markedly reduced in SR-Bl overexpressing cells (~65% neutralization)
compared to parental Huh-7.5 cells (~79% neutralization). In summary, these
data highlight the crucial role of SR-BI in HCV entry and furthermore suggest

that the receptor may be an important determinant of HCV internalization.
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Figure 3-22 Effect of CLDN1 and SR-BI over-expression on the entry
kinetics of JFH-1.

Huh-7.5 cells transduced to over-express CLDN1 or SR-Bl were plated at
standard seeding density and incubated with JFH-1 for 1 hr on ice. Entry was
initiated by elevating the temperature to 37°C, thereafter infection was
neutralized with an anti-E2 antibody (C1). NS5A-positive foci were
enumerated 48 hrs post infection, and the percentage of C1-resistant particles
calculated relative to the 2 hrs time point. Statistical analysis was perfomerd
as described in section 3.2.4 .Values represent the means of 2 independent
experiments = standard deviation.

131



3.2.6 Discussion

The recent identification of CLDN1 (114) and occludin (OCLN) (326) as crucial
HCV co-receptors alluded to the possible effect(s) of tight junction (TJ)
formation and cell polarization on HCV entry, especially since polarized
hepatocytes within the liver are thought to be the main reservoir of HCV
replication. In our experience, the susceptibility of non-polarized Huh-7.5
hepatoma cells to HCVcc infection is dependent on cell seeding density. We
also observed that in non-polarized hepatoma cells, the TJ proteins CLDN1,
occludin and ZO-1 were enriched at cell junctions (95, 136), prompting us to
investigate the role(s) of these ‘TJ-like’ structures in HCV entry. In this study,
we demonstrate that cellular contact (i) modulates CLDN1 and SR-BI cell
surface expression and distribution, (i) promotes HCVpp and HCVcc
infectivity, and (iii) enhances the rate of HCVcc internalization through an

unknown mechanism(s).

CD81 and SR-BI surface expression levels are key determinants for HCV
infectivity (159, 215); therefore, we sought to establish whether cellular
contact affected the expression and/or localization of HCV entry receptors.
Using confocal imaging and linear plot profile analysis we demonstrated that
CD81 surface expression levels were comparable between sub-confluent and
confluent cells and the protein was uniformly distributed in the plasma
membrane with no detectable enrichment at cell-cell borders (Figure 3-8).

Western blotting analysis of total cell lysates confirmed that CD81 protein
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levels were unaffected by confluency status. Huh 7.5 cells express relatively
high levels of CD81 and we presume that minor changes in CD81 expression
may therefore be undetectable. Concomitantly, we were unable to increase
CD81 surface expression using lentiviral vectors, suggesting that endogenous
CD81 expression may be saturated in these cells. In contrast, we found that
SR-Bl and CLDN1 cell surface expression, but not intracellular forms, was
significantly increased with cell confluence (Figure 3-8C). Western blotting
analysis confirmed elevated SR-Bl and CLDN1 protein levels in confluent cells
(Figure 3-8D), whereas mRNA levels were unaffected by the confluency
status (P. Balfe, unpublished observations), suggesting a post-transcriptional
modulation of CLDN1 and SR-Bl. A similar effect has been observed in
human breast cancer cells constitutively expressing CLDN1, where protein
levels at sub-confluence were low despite high CLDN1 mRNA levels (179).
Likewise, the adaptor protein PDZK1, which is required for proper sorting and
delivery of SR-BI to the plasma membrane (364, 365), has been shown to up-
regulate hepatic SR-BI protein expression in vivo without affecting mRNA
levels (212). These findings suggest that cellular contact induces a rapid
translational regulation of CLDN1 and SR-BI mRNA, resulting in increased

CLDN1 and SR-BI protein levels with possible consequences for HCV entry.

In addition to elevated CLDN1 and SR-BIl surface expression levels, we
observed that both receptors were enriched at cell junctions, an observation
that was previously reported for CLDN1 in human, murine and canine tumour

and non-tumour cell lines (136, 138, 179, 188, 223). In polarized epithelial
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cells, surface expression of membrane proteins involves the sorting of
proteins from the trans-Golgi network to the correct plasma membrane
domains and anchoring and/or retention at the cell surface, followed by
endocytosis, transcytosis or recycling (reviewed in (61). Delivery of proteins to
the cell surface is mainly mediated by peripheral membrane (PDZ-domain)
proteins, which interact with the C-terminal PDZ-ligand binding domains of
membrane proteins including CLDN1 and SR-Bl (190, 364). Potential
interaction partners are the aforementioned SR-Bl adaptor protein PDZK1,
and the Zonula occludens (ZO) proteins -1 and -2, which localize to sites of
cell-cell contact in sub-confluent cell cultures (206) where they facilitate
assembly of tight junctions by directly interacting with CLDN1 and occludin
(125, 190, 191, 297). The regulatory pathways involved in CLDN1 protein
expression and targeting are not well understood. However, several studies
suggest that mechanisms regulating membrane trafficking may be conserved
between polarized and non-polarized cells and that all cells are principally

equipped for polarized protein delivery (298, 403, 421).

To determine the effect of cell confluence on HCV entry, we studied the
infectivity of HCVpp in Huh-7.5 cells plated at cell densities ranging from low
(single cells) to high (intact monolayer) (Figure 3-9). HCVpp demonstrated a
significant boost of luciferase activity at cell confluence, when cell-cell contact
was established between most cells within the culture ( Figure 3-11). In
contrast, MLVpp infectivity was markedly enhanced at standard compared to

low density, while the establishment of cellular contacts did not result in a
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further increase in luciferase activity, indicating that the effect of cell density
on viral entry was HCV glycoprotein-specific. The same enhancing effect was
observed for HCVcc infection, with JFH-1 and J6/JFH infection increasing
significantly when cellular contact was established (Figure 3-10). In our
experience, prolonged inoculation promotes HCV infection (Figure 3-10 and
Figure 3-11), suggesting that attachment and/or internalization are rate-
limiting steps in the viral entry process. There is currently no evidence for a
direct interaction between HCV particles or recombinant E1E2 glycoproteins
with CLDN1 (114) and it is possible that CLDN1 may interact directly with
CD81 or SR-BI, thus modulating E2-binding capacity, or the transport of virus-
receptor complexes to membrane compartments permissive for virus

internalization and fusion.

It is worth noting that HCV RNA replication and cell density are closely related
in most human hepatoma cell lines. Within 48 hrs of reaching cell confluence,
intracellular RNA levels can drop up to 20-fold in cells harbouring genomic
replicons (352). Likewise, serum starvation markedly reduces RNA
abundance, while cell cycle arrest reportedly has no effect on intracellular
RNA levels, indicating that viral replication depends primarily on actively
growing host cells (323, 352). A recent study by Nelson et al. (308)
furthermore reports that confluence-mediated replicon inhibition can be
reversed by supplying exogenous nucleosides, leading the authors to
conclude that the diminished pools of endogenous nucleosides may be partly

responsible for the decrease in HCV RNA in confluent cells.

135



Cellular contacts formed by CLDN1 probably promote HCV co-receptor
interactions and/or the formation of specialized membrane domains amenable
to the uptake of receptor-bound HCV particles (97). To determine whether
cellular contact promotes the internalization of cell-bound HCVcc, we
examined the ability of anti-E2 antibody to inhibit infection of sub-confluent
and confluent cells when added at various times during entry. We noted that
the inhibitory activity of an anti-E2 antibody was lost much earlier at cell
confluence than sub-confluence (Figure 3-19), with half maximal inhibition
being attained at 15 min and 30 min., respectively. Interestingly, the
internalization kinetics in sub-confluent and confluent cells differed
significantly during the first 30 min of the entry process and converged
thereafter, suggesting that cellular contact modulates an early step in HCV

entry.

It has previously been demonstrated that the inhibitory activity of anti-CD81
antibodies is lost approximately 17 min. post entry initiation (45, 114), while
half-maximal HCV fusion requires 73 min. as determined by sensitivity to
bafilomycin A (278) and a monoclonal anti-Flag CLDN1 antibody (114).
However, in studies using antibodies against the extracellular loop of CLDN1
the viral internalization kinetics were comparable to those measured in anti-
CD81 antibody escape experiments (Dr. Thomas Baumert, SA Texas HCV
Meeting). In non-adherent (i.e. cell-contact deprived) Huh-7.5 cells, the
inhibitory activity of proteinase K was lost approximately 19 min post entry

initiation (Figure 3-15). These data were comparable to the escape kinetics
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measured in 60% confluent adherent cells in the presence of an anti-E2

antibody (Figure 3-18).

To further dissect the roles of SR-BlI and CLDN1 in the cell contact-mediated
modulation of HCV entry, we studied HCVcc internalization kinetics in sub-
confluent Huh-7.5 cells transduced to over-express SR-Bl or CLDN1.
Overexpression of CLDN1 failed to accelerate virus internalization (Figure
3-22). This might be due to (i) a large proportion of CLDN1 being retained in
the cytoplasm in transduced cells (Figure 3-21), which may hinder the
formation of functional virus-receptor complexes; (ii) efficient internalization
requiring the interaction of CLDN1, CD81 and SR-BI, in which case the co-
receptors would likely have to be expressed at equally high levels to exert an
enhancing effect; (iii) both CLDN1 and OCLN being required for efficient
internalization, which might explain why high levels of CLDN1 failed to
enhance internalization in sub-confluent cells, where TJ protein levels are
naturally low. Since SR-Bl over-expression significantly enhances HCVpp
infectivity despite the large proportion of intracellular retained molecules
(Figure 3-22), we concluded that the amount of SR-BI cell surface protein was
sufficient to enhance infection and that the intracellular forms of the protein

may be functional.

CLDN?1 on the other hand may have to be localized to the plasma membrane

to promote viral entry. Two studies recently proposed that the specific

localization of CLDN1 to TJ might play a crucial role in the regulation of HCV
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cellular tropism (249, 417). Indeed, ectopic expression of CLDN1 in
CD817/SR-BI" cell lines does not necessarily confer susceptibility to HCV
infection (114), possibly because a large proportion of CLDN1 is retained in
intracellular vesicles. Furthermore, the disruption of TJ-enriched CLDN1 by
TNFa treatment markedly reduces the susceptibility of Huh7.5.1 cells to HCV
infection (417), suggesting that the protein may have to be localized to the cell

surface to allow functional virus-receptor and/or receptor-receptor interactions.

Overexpression of SR-Bl accelerated the entry of cell-bound JFH-1 in a
manner similar to that observed for confluent cells (Figure 3-22), suggesting a
crucial role for SR-BI in HCV internalization. In addition, high levels of SR-BI,
but not CLDN1, reduced the neutralizing efficacy of an anti-E2 antibody,
lending support to a model of HCV entry where CD81 and SR-BI interact
directly with virus particles, while CLDN1 faciliates internalization via
interaction with SR-BI and other co-receptors (reviewed in (171, 290)). We
presume that CLDN1 and SR-BI/CD81 have to interact to allow efficient
uptake of bound particles and that high surface expression of at least SR-Bl is

crucial to promote internalization.

In sub-confluent cells, CLDN1 protein levels are low and plasma membrane
expression virtually undetectable. Over-expression of SR-BI increases these
cells’ susceptibility to infection i.e. the efficiency of virus-receptor interactions

as well as the efficiency of virus internalization.
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CD81, SR-Bl and CLDN1 co-localize in normal and HCV-infected liver and
also in various liver-derived cell lines (164, 335, 417) and have to be in close
proximity to allow efficient viral cell entry (164), which supports the hypothesis

of a receptor-complex.

It is noteworthy that Coxsackievirus B virus utilizes TJ associated proteins to
enter target cells (43) through binding to its primary receptor, decay
accelerating factor (DAF), on the basolateral surface of epithelial cells. DAF
binding is followed by lateral migration of the virus-receptor complex to the TJ
and subsequent interaction with CAR co-receptor in a OCLN-dependent
fashion (95). Similarly, HCV may interact with SR-BI, either directly or through
HCV-associated lipoproteins, and subsequently with CD81, followed by lateral
migration of the virus-receptor complex to the TJ and CLDN1/OCLN-mediated

endocytosis and fusion (reviewed in (171).
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3.3 HCV induced alterations of tight junction protein expression

and localization

3.3.1 HCYV infection modulates expression and localization of the tight
junction protein CLDN1.

We previously observed that Claudin-1 (CLDN1) expression is increased in
HCV infected liver (335), suggesting direct and/or indirect effect(s) of HCV on
TJ protein expression. These findings are in line with recent studies
demonstrating the modulation of TJ protein expression by RNA viruses such
as HIV-1 (19, 200) and West Nile virus (405). To assess the effect of HCV
infection on CLDN1 expression in vitro, Huh-7.5 cells were infected with high
titer JFH-1 over night. Since previous studies showed (see chapter 3.2) that
cellular contact modulates CLDN1 expression, infected and naive cells were
re-seeded at 60% confluence the day before harvesting to minimize cell
density associated effect(s). 72h post infection, cells were harvested in RIPA
buffer and defined amounts of protein separated by SDS PAGE.
Immunoblotting showed markedly increased CLDN1 levels in JFH-1 infected
total cell lysates, whereas CD81 levels were comparable between naive and

infected cells (Figure 3-23A).

To determine whether HCV infection modulates CLDN1 localization, JFH-1
infected and subgenomic replicon (SGR) bearing cells were stained for
CLDN1 and CD81 expression and analyzed by laser scanning microscopy

(LSCM) (Figure 3-23B). This allowed us to assess whether expression of only
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the non-structural proteins was sufficient to modulate TJ protein localization.
In naive and SGR bearing cells, the majority of CLDN1 localized to the
plasma membrane. However, in JFH-1 infected cells, which express the
structural and non-structural viral proteins, CLDN1 localized to the plasma
membrane and intracellular vesicular locations, whereas CD81 staining was
unaltered and comparable to naive and SGR cells. The intracellular dot-like
accumulation of CLDN1 was also observed for another HCV strain, J6/JFH
(data not shown). Together these findings suggest that the structural viral

proteins, core-E1E2-p7, modulate CLDN1 localization in Huh-7.5 cells.
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Figure 3-23 JFH-1 modulates CLDN1 expression and localization.

A. 0.5 ug of naive and JFH-1 infected Huh-7.5 cell lysates obtained from a
95% NS5A positive culture were separated by SDS PAGE under reducing
(CLDN1, NS5A) or non-reducing (CD81) conditions and probed for NS5A,
CLDN1 and CD81; p-Actin was used as a loading control. B. CLDN1 (green)
and CD81 (green) localization in naive, JFH-1 infected, and subgenomic
replicon (SGR) bearing Huh-7.5 cells. Cells were plated at equal densities on
collagen-treated cover slips and fixed 24 hrs post plating. Viral protein was
visualized by staining with an anti-NS5A antibody (9E10; red). LSCM images
were obtained using a 63x 1.2NA objective (scale bars represent 20 um).
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3.3.2 JFH-1 infection modulates localization of OCLN and ZO-1

To assess whether HCV infection alters the localization of other tight junction
proteins, we investigated the localization of occludin (OCLN) and ZO-1 in
JFH-1 infected cells at 48 and 72 hrs post infection. Dual staining of infected
cells for NS5A and CLDN1, OCLN and ZO-1, demonstrated a redistribution of
all three TJ proteins to the cytoplasm as early as 48 hrs post infection (Figure
3-24), with ZO-1 and OCLN forming dot-like structures similar to those
observed for CLDN1. As the number of infected cells within the culture
increased over time this redistribution became more marked, with 70% of
JFH-1 infected cells showing an intracellular accumulation of TJ proteins at 72

hrs post infection.

To determine whether the cytoplasmic forms of CLDN1, OCLN and ZO-1
localize to the same vesicular compartments, JFH-1 infected Huh-7.5 cells
were co-stained for CLDN1 and OCLN or ZO-1 and analyzed by confocal
microscopy. Since it was not possible to simultaneously stain cells for two TJ
proteins and NS5A, the level of infection was determined separately by
enumerating NS5A positive cells; the HCV infectivity obtained was 60-70% in
two independent experiments. As expected, CLDN1 co-localized with OCLN
and ZO-1, respectively, at cellular junctions (Figure 3-25). We observed
partial co-localization of intracellular TJ protein forms. However, it is worth
noting that intracellular forms of CLDN1 were present in the majority of cells
within the culture, whereas OCLN and ZO-1 relocalization occurred less

frequently and not necessarily in conjunction with CLDN1.
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Figure 3-24 JFH-1 infection modulates CLDN1, occludin, and ZO-1
localization.

Naive and JFH-1 infected Huh-7.5 cells were plated on collagen-treated cover
slips and stained for NS5A (TRITC; red) and either CLDN1, occludin or ZO-1
(Alexa Fluor 488; green) at 48 and 72 hrs post infection. Nuclei were
counterstained with DAPI (blue) and LSCM images obtained with a 63x 1.2NA
objective (scale bars represent 20 um). The boxed areas on the images
obtained at 72 hrs are enlarged to show details of the intracellular staining
pattern.
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Figure 3-25 Co-localization of TJ proteins in HCV infected Huh-7.5 cells.

Cells from a 90% JFH-1 infected culture were seeded at equal density prior to
analysis. TJ proteins were visualized by staining with mouse anti-CLDN1
(Abnova), and rabbit anti-OCLN and anti-ZO-1 antibodies; bound antibodies
were detected with Alexa Fluor 488 (green) and Alexa Fluor 594 (red),
respectively. LSCM images of single 1 um Z sections were obtained with a
63x 1.2NA objective. Images are enlarged to show details of TJ protein
localization (scale bars represent 20 um).
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3.3.3 CLDNT1 localizes to an unknown intracellular compartment in HCV
infected cells

The envelope proteins E1 and E2 are actively retained in the endoplasmic
reticulum (ER) during replication (109, 112), where they interact with viral
proteins such as core (250, 255) and NS2 (269, 353), and a number of host
proteins such as calnexin and calreticulin (83). A modulation of CLDNA1
localization was not observed in cells expressing subgenomic replicons
(Figure 3-23), leading us to speculate that the structural viral proteins may be
involved in the relocalization of CLDN1. Since the viral glycoproteins are
localized to the ER, we sought to define the intracellular localization of CLDNq1
in JFH-1 infected cells. CLDN1 showed no detectable colocalization with early
endosomes (EEA1), late endosomes (Lamp1), the Golgi matrix protein
GM130, or the Golgi-ER intermediate compartment (ERGIC53). These data
suggest that intracellular CLDN1 is not retained in the ER and may localize to
an unknown cytoplasmic storage compartment (192). In line with these
observations, CLDN1 failed to co-localize with the HCV structural proteins E2

(C1) and core (JM122) in JFH-1 infected cells (Figure 3-27).
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Figure 3-26 Localization of intracellular CLDN1 in HCV infected cells.

JFH-1 infected cells from a 90% NS5A positive culture were grown on
collagen-treated glass cover slips and stained with antibodies specific for
CLDN1, early endosomes (EEA1), late endosomes (Lamp1), Golgi matrix
protein (GM130), and the Golgi-ER intermediate compartment (ERGIC53), at
72h post infection. Bound antibodies were visualized using an Alexa Fluor 488
anti-rabbit conjugate (CLDN1; green) and a TRITC anti-mouse IgG conjugate
(compartment markers; red). Nuclei were counterstained with DAPI (blue) and
LSCM images of single 1um Z-sections obtained using a 63x 1.2NA objective.
Representative enlarged images of single cells are shown.
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Figure 3-27 Co-localization of CLDN1 and HCV proteins.

JFH-1 infected cells were plated on collagen-treated cover slips and co-
stained for CLDN1 (Alexa Fluor 488; green) and core (JM122; Alexa Fluor
594; red), E2 (C1; red) or NS5A (9E10; red). LSCM images of 1 um Z sections
were obtained at 63x magnification and enlarged for better visualization of
protein localization.
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3.3.4 Relocalization of TJ proteins in Huh-7.5 cells is cytokine-
independent and requires infection with HCV

The disassembly and internalization of epithelial TJ is a rapid process that can
be induced in response to pathophysiological stimuli such as oxidative stress
(36) and pro-inflammatory cytokines (125, 163). Several studies have
demonstrated that IFNy and TNfa down-regulate the expression of TJ proteins
in epithelial and endothelial cell lines (265, 422). Furthermore, IFNa has been
shown to induce the internalization of TJ proteins in epithelial cells (62).
Schmitt et al. recently reported that VEGF induces the disruption of
hepatocellular TJ (351). Recent reports have furthermore demostrated that
HCV gene expression induces VEGF expression (198, 303) and in line with
these observations we found that HCV infection increases VEGF secretion in
HepG2 and, to a lesser extent, in Huh-7.5 cells (Dr. Christoper Mee,

manuscript in preparation).

To assess whether the intracellular accumulation of TJ proteins in HCV
infected Huh-7.5 cells is mediated by cytokines, naive Huh-7.5 cells were
incubated with IFNy, TNFa or recombinant VEGF ¢ (isoform 165) for 48 hrs.
Thereafter, cells were stained for CLDN1, OCLN and ZO-1 and analyzed by
LSCM (Figure 3-28). Stimulation with either cytokine had no effect on TJ
protein distribution, indicating that the intracellular accumulation of CLDNT1,
OCLN and ZO-1 is associated with HCV infection or may be mediated by

unknown cellular factors.
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Figure 3-28 Effect of cytokines on TJ protein distribution.

Naive Huh-7.5 cells were seeded at equal density on collagen-treated cover
slips and treated with 1 ng/ml TNFa, 100 U/ml IFNy or 500 ng/ml VEGF,4 for
48 hrs. Untreated cells were used as a control. TJ proteins (Alexa Fluor 488;

green) were visualized with the respective antibodies and LSCM images taken
with a x63 1.2NA objective (scale bars represent 20 um).

150



Our data suggests that HCV infection induces the localization of TJ proteins to
intracellular vesicles. To confirm this, Huh-7.5 cells were infected with JFH-1
and non-internalized virus particles removed 24 hrs post infection by washing
thoroughly. 72 hrs post infection the conditioned culture media from these
cells was collected and cleared by centrifugation to remove cell debris. Naive
Huh-7.5 cells were inoculated with the conditioned media for 72 hrs in the
presence of an anti-CD81 monoclonal antibody (2s131) to block HCV infection
or an anti-VEGF antibody (VG76e) to neutralize the effects of VEGF (Figure
3-29). Dual staining for CLDN1, OCLN and NS5A demonstrated intracellular
TJ protein localization in the cell cultures treated with conditioned media with
or without VG76e. However, neutralization of virus infectivity with anti-CD81
ablated the effect(s) on TJ protein localization. Furthermore, intracellular
forms of CLDN1 were only observed in NS5A positive cells, whereas adjacent
cells were unaffected. Together, these findings suggest HCV-dependent,

VEGF-independent mechanism(s) of TJ protein relocalization.
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Figure 3-29 CLDNT1 relocalization is associated with HCV infection.

Naive Huh-7.5 cells were treated with conditioned media collected from a
JFH-1 infected cell culture in the presence of anti-CD81 (2s131) or anti-VEGF
(VG76e) antibodies. Cells incubated with conditioned media only were used
as a control. Following 72 hrs incubation cells were stained for CLDN1 (Alexa
Fluor 488; green) and NS5A (TRITC; red), nuclei were counterstained with
DAPI (blue). LSCM images were taken with a 63x 1.2NA objective and
enlarged for better visualization of CLDN1 staining (scale bars represent 20
um).

152



3.3.5 HCYV glycoproteins mediate CLDN1 and OCLN relocalization in
infected cells

Cells supporting genomic HCV replication demonstrate a redistribution of
CLDN1 to the cytoplasma, whereas hepatoma cells supporting subgenomic
replicons encoding only the non-structural proteins fail to induce this
relocalization (Figure 3-23). To assess the effect(s) of the viral glycoproteins
on TJ protein localization we transfected Huh-7.5 cells with constructs
encoding the JFH-1 (genotype 2a) structural proteins E1 and E2. Staining with
a monoclonal antibody specific for E2 (C1) revealed a diffuse staining pattern
of JFH-1 reminiscent of the endoplasmic reticulum (ER) (Figure 3-30). 24%
and 16% JFH-1 E1E2 positive cells showed an intracellular accumulation of
CLDN1 and OCLN, respectively, while no relocalization was observed for ZO-
1 (data not shown). In contrast, all three TJ proteins localized exclusively to
the plasma membrane of mock-transfected cells. These data suggest that the
redistribution of CLDN1 and OCLN observed in infected cells may in part be
mediated by the HCV encoded glycoproteins. However, ZO-1 failed to
recapitulate the phenotype seen with HCVcc, suggesting that additional
factor(s) may be required. Attempts to co-precipitate the viral glycoproteins
and CLDN1 were repeatedly unsuccessful, as previously reported (114).
However, neither CLDN1 nor OCLN co-localized with E2 (Figure 3-30),

suggesting that the proteins do not associate.

Since the structural region of the HCV genome is highly variable between

genotypes, we sought to confirm the effect on TJ protein localization with
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glycoproteins derived from a genetically diverse strain, H77 (genotype 1a).
Intracellular CLDN1 and occludin were readily observed in 30% and 61% of
H77 E1E2 positive cells, respectively (Table 3-2). The frequency of cells
showing CLDN1 and occludin redistribution was significantly higher in H77
than in JFH-1 E1E2 expressing Huh-7.5 cells (Fisher’'s exact test, p=0.0066),
indicating that glycoprotein diversity may have functional consequences for TJ

protein localization and hepatocyte polarity.
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Figure 3-30 HCV glycoproteins induce CLDN1 and OCLN redistribution.

Huh-7.5 cells were transfected with constructs expressing JFH-1
glycoproteins E1E2 or an empty vector (mock) and co-stained for E2 (C1
mADb; Alexa Fluor 594; red) and either CLDN1 or occludin (Alexa Fluor 488;
green); nuclei were counterstained with DAPI (blue). LSCM images of single
imm Z-sections were obtained using a 63x 1.2NA objective (scale bars
represent 20 um). Boxed areas are enlarged to show details of E2 and TJ

protein localization.

Percent of E2 positive cells
showing TJ protein redistribution

E1E2 strain CLDN1 Occludin
Mock 0 0
JFH-1 24 16
H77 30 61

Table 3-2 CLDN1 and OCLN relocalization frequency in E1E2 expressing
cells.

Quantitative assessment of the frequency of transfected cells showing
intracellular forms of CLDN1 or occludin (per 100 E1E2-positive cells).
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3.3.6 CLDNT1 localizes to a longer-lived storage compartment in HCV
infected cells

To assess the effect(s) of HCV infection on the synthesis and degradation of
CLDN1, HCV infected cells were treated with cycloheximide (CHX), which
inhibits protein biosynthesis by blocking translational elongation. Naive and
JFH-1 infected cells were treated with 20 wg/ml of CHX and CLDN1
expression studied after 4, 8, and 12 hrs. There was no demonstrable change
in protein expression following 8 hrs of CHX treatment. However, by 12 hrs
CLDN1 expression was no longer detectable in naive cells (Figure 3-31, left
panel). Likewise, following a 12 hr treatment of JFH-1 infected cells CLDN1
expression at the plasma membrane was undetectable, however, the
cytoplasmic forms were still visible, suggesting an extended half-life of the
intracellular protein compared to the plasma membrane form(s) (Figure 3-31,
middle panel). When naive and JFH-1 infected Huh-7.5 cells were washed
extensively following CHX treatment and new rounds of protein synthesis
monitored after 1, 3, 6 and 9 hrs, newly synthesized CLDN1 was first detected
after 9 hrs and localized to the plasma membrane in both naive and infected
cells (Figure 3-31, right panel). We hypothesize that in HCV infected cells
CLDN1 is redistributed into a longer-lived intracellular compartment.
Furthermore, our data suggests that the accumulation of CLDN1 in HCV

infected cells is not the result of enhanced protein synthesis.
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Figure 3-31 Increased half-life of intracellular CLDN1 in HCV infected
cells.

72 hrs post infection JFH-1 infected cells were treated with 20 ug/ml
cycloheximide (CHX) for 12 hrs. Following treatment, cells were either fixed
immediately (middle panel) or washed thoroughly and incubated for a further
9h (right panel). Cells were co-stained for CLDN1 (Alexa Fluor 488; green)
and NS5A (TRITC; red) Nuclei were counterstained with DAPI (blue) and
LSCM images obtained using a 63x 1.2NA objective (scale bar represents 20
um). Areas in the treated cells where intracellular CLDN1 expression persists
in association with NS5A are annotated with arrows.
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To assess whether intracellular forms of CLDN1 are retained in proteasomes,
we treated infected cells with ALLN (Calpain inhibitor-1), a well-described
proteasome inhibitor (283, 357, 409), the hypothesis being that the inhibition
of proteolysis will result in the accumulation of CLDN1 if the protein indeed
resides in proteasomes. Huh-7.5 cells were infected with JFH-1 and 24 hrs
post infection incubated with 10 ug/ml ALLN for 24 hrs. Thereafter, cells were
fixed and CLDN1 distribution in naive and infected cells analyzed by confocal
microscopy (Figure 3-32). No significant protein accumulation was observed
in naive cells, suggesting that CLDN1 degradation is proteasome-
independent. Likewise, ALLN treatment had no visible effect on the level of
intracellular protein in JFH-1 infected cells, lending support to the hypothesis
that CLDN1 is retained in a long-lived storage compartment of unknown

origin.
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Figure 3-32 Effect of proteasome inhibition on CLDN1 protein level.

24 hrs post infection, naive or JFH-1 infected Huh-7.5 cells were treated with
36 uM ALLN for 24 hrs. Thereafter, cells were fixed and stained for CLDN1
(Alexa Fluor 488; green) and NS5A (TRITC; red). LSCM images were taken at
63x magnification (scale bars represent 20 uM).
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3.3.7 Endocytosis of intracellular forms of CLDN1 in HCV infected cells

Recent reports have illustrated the dynamic nature of proteins within the TJ,
with up to 50% of proteins redistributing from the TJ area within a 10 min
period (356). For some TJ proteins including Claudins -1 and -4, OCLN and
Z0-1 internalization from the plasma membrane has been shown to occur via

a clathrin-mediated process (192).

To ascertain whether the accumulation of intracellular CLDN1 forms in HCV
infected Huh-7.5 cells is due to enhanced internalization from the plasma via
clathrin-mediated endocytosis, we first attempted the pharmacological
inhibition of this pathway using chlorpromazine. However, following 4 to 12
hrs incubation with 15 to 30 uM chlorpromazine we observed intracellular
accumulation of CLDN1 in naive and infected cells (data not shown),
suggesting unspecific side-effects of the inhibitor. To circumvent this problem,
transfection experiments were carried out using a dominant negative EPS15
construct (EPS15-GFP) to inhibit clathrin-mediated endocytosis. In these
experiments, JFH-1 infected Huh-7.5 cells were transfected with EPS15-GFP
expression plasmids and CLDN1 localization analyzed by LSCM 72 hrs post
infection (i.e. 24 hrs post transfection) (Figure 3-33). EPS15-GFP expression
was monitored by flow cytometry 24 hrs post transfection, confirming a 15-
20% transfection efficiency GFP in two independent experiments. To test the
ability of the EPS15 mutant to inhibit clathrin-mediated endocytosis, we

monitored the internalization of fluorescently labelled transferrin from the cell
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surface. We found that expression the uptake of transferring was 50%

reduced in GFP positive cells (Dr. Jennifer Timpe, unpublished observations).

Due to the construct already being GFP-tagged, it was not possible to co-stain
the cells for CLDN1 and NS5A, therefore, HCV infectivity was determined
separately by counting NS5A positive cells. In two independent experiments,
70% infectivity and 15-20% transfection efficiency were obtained (Figure
3-33A). Also, staining of transfected cells for NS5A showed that expression of
the EPS15-GFP construct did not interfere with HCV protein expression.
Overall, we did not observe cytoplasmic accumulation of CLDN1 in JFH-1
infected cells expressing EPS15-GFP, whereas intracellular forms of CLDNA1
were readily observed in untransfected JFH-1 infected cells (Figure 3-33B).
These findings suggest that internalization events may be involved in the

accumulation of the TJ proteins to vesicular compartments.
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Figure 3-33 CLDN1 localization in HCV infected Huh-7.5 cells following
inhibition of clathrin-mediated endocytosis.

A. JFH-1 infected Huh-7.5 cells were transfected with constructs encoding a
GFP-tagged dominant negative EPS15 mutant (GFP-EPS15) 48 hrs post
infection. 24 hrs post transfection, cells were stained for NS5A (Alexa Fluor
594; red) and the level of infection determined by counting NS5A positive
cells. In two independent experiments, 70% infectivity was obtained (left
panel). EPS15 expression (GFP; green) did not interfere with expression of
viral proteins (right panel). LSCM images were taken at 40x magnification
(scale bars represent 20 um). B. Intracellular forms of CLDN1 (Alexa Fluor
594; red) were only observed in mock-transfected JFH-1 infected cells (upper
right panel). A total of 50 cells were analyzed. LSCM images were obtained
using a 63x 1.2NA objective and enlarged to show details of CLDN1
localization (scale bars represent 20 um).
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3.3.8 Discussion

In polarized cells, tight junctions limit the intra-membrane diffusion of
molecules between the apical and basolateral membrane domains (‘fence’
function) and create a semi-permeable barrier between epithelial cells
restricting diffusion of molecules through the intercellular space (‘barrier’
function). Hepatocyte polarity is crucial for liver functioning, with apical
(canalicular) and basolateral (sinusoidal) cell surfaces performing specific
tasks like the canalicular secretion of bile and the sinusoidal secretion of
serum proteins, respectively. In this study we confirmed our earlier
observation that CLDN1 expression is increased in HCV infected liver tissue
(335). Furthermore, we demonstrate that the viral envelope glycoproteins can
disrupt the localization of CLDN1 and other members of the tight junction (TJ)
complex, with possible in vivo implications regarding the progression of liver

disease in chronic hepatitis C.

In naive Huh-7.5 cells, CLDN1 localizes predominantly to the plasma
membrane with minimal intracellular staining (Figure 3-23), whereas in JFH-1
infected cells the protein shows a significant accumulation into dot-like
perinuclear structures as early as 48 hours post infection (Figure 3-24). A
similar intracellular staining pattern was observed for the tight junction (TJ)
proteins ZO-1 and occludin (Figure 3-24). Interestingly, TJ protein
redistribution was confined to NS5A" cells with no detectable perturbation of

uninfected neighbouring cells. In line with this observation, conditioned
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medium from JFH-1 infected cells failed to induce CLDN1 accumulation when
HCV infection was inhibited with a monoclonal CD81-blocking antibody
(Figure 3-29), implying that the effect(s) were not mediated by soluble
diffusible factor(s). There was no detectable redistrubtion of CD81 from the

plasma membrane as previously reported (400).

Increased epithelial permeability is characteristic for systemic and local
inflammation and may be caused by bacterial and viral pathogens,
respectively, or endogenous stimuli such as proinflammatory cytokines (202,
348). Interferon-y (IFNy) and tumor necrosis factor-a. (TNFa) can cause the
disruption of epithelial barriers (202, 348) (204, 346) and have been shown to
increase the permeability — characterized by a decrease in transepithelial
resistance (TER) and increased paracellular flux of solutes - across
monolayers of various polarized cell lines (262, 266, 422). Both IFNy and
TNFo down-regulate OCLN expression in HT-29 cells (265). Likewise, IFNy
has been shown to decrease ZO-1 mRNA and protein levels in T84 cells
(422) and to induce the internalization of epithelial TJ proteins into vesicular
structures (62, 404). Another cytokine, vascular endothelial growth factor
(VEGF), which regulates tumor angiogenesis, has been shown to down-
regulate the expression of OCLN (351, 410) and ZO-1 (127) in endothelial
cells, resulting in increased paracellular permeability (208). We hypothesized
that the intracellular accumulation of TJ proteins in HCV infected cells may be

mediated by cytokines, however, we found that CLDN1, OCLN and ZO-1

164



distribution was unaltered in Huh-7.5 cells treated with IFNy, TNFa or VEGF

(Figure 3-28).

Interestingly, TNFoa is reportedly the central mediator of inflammation in
hepatitis C (217) and elevated serum levels have been correlated with
severity of fibrosis in HCV infected individuals (430). Indeed, viral NS3
protease reportedly induces TNFa production in HepG2 and Huh-7 cell lines
(165), suggesting a link between HCV and the inflammatory processes in
acute and chronic hepatitis C. Similarly, HCV gene expression induces
stabilization of hypoxia-inducible factor 1o (HIF-1a) (303) and enhances
androgen receptor-mediated transcriptional activity (198) thus stimulating the
VEGF expression. Schmitt et al. recently reported that treatment of HepG2
cells with recombinant VEGF resulted in a loss of apical canalicular structures
and a re-localization of OCLN, leading the authors to conclude that VEGF
may promote hepatocellular metastasis within the liver (351). In accordance
with these data we demonstrated that VEGF reduces TJ integrity in HepG2
cells (Dr. Christopher Mee, manuscript in preparation). Furthermore, HCV
stimulated the secretion of VEGF in HepG2 and, to a lesser extent, in Huh-7.5
cells by stimulating the relocalization of OCLN (Dr. C. Mee, manuscript in
preparation). In summary, these data establish a link between HCV gene
expression, cytokine production and the development and progression of

cirrhosis and fibrosis in hepatitis C.
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Calcium-induced disassembly of adherent intracellular contacts in polarized
epithelial cells involves endocytosis of TJ and AJ (adherens junction) proteins
via a clathrin-mediated pathway (192). To test whether the intracellular forms
of TJ proteins in HCV infected Huh-7.5 cells are trafficked from the plasma
membrane, we attempted the pharmacological inhibition of clathrin-mediated
endocytosis and immunofluorescence analysis of TJ protein localization. No
visible effect(s) on TJ protein localization were observed when infected Huh-
7.5 cells were treated with 15 uM chlorpromazine over a 4 hour-period (data
not shown). The use of a higher chlorpromazine concentration resulted in cell
detachment, whereas prolonged treatment time(s) led to a significant
intracellular accumulation of TJ proteins and induced severe changes in cell
morphology (data not shown). Moreover, the cytoplasmic accumulation of TJ
proteins was observed in infected and uninfected cells, suggesting an
unspecific alteration of TJ protein trafficking. To circumvent these problems,
we transfected JFH-1 infected Huh-7.5 cells with dominant-negative EPS15
constructs to inhibit clathrin-mediated endocytosis and analyzed TJ protein
localization in NS5A*/EPS15" cells by immunofluorescence (Figure 3-33).
Since it was not possible to co-stain EPS15-GFP expressing cells for TJ
proteins and NS5A due to technical limitations, we aimed to achieve at least
90% infectivity to ensure a sufficient number of Eps15+/NS5A+ cells within the
infected population. We failed to observe intracellular CLDN1 in NS5A+/
Eps15+ expressing cells, suggesting that the intracellular accumulation may
be the result of internalization events. However, it is important to take into

account the 70% infection rate and the 50% inhibition of clathrin-mediated
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endocytosis by the EPS15 dominant negative mutant (Dr. Jennifer Timpe,

unpublished observations), when interpreting these results.

Because it is known that clathrin-coated pits deliver their cargo to early
endosomes (reviewed in (296)), we sought to determine whether CLDN1
localizes with markers of the endocytic pathway. CLDN1 did not co-localize
with the Golgi complex (GM130) and the ER-Golgi intermediate compartment
(ERGIC583), respectively. Furthermore, CLDN1 showed no co-localization with
markers of the endocytic pathway, like early (EEA1) and late (Lamp1)
endosomes, indicating that intracellular forms of the protein may be retained
in an unknown storage compartment (Figure 3-26). lvanov et al. demonstrated
that in depolarized T84 epithelial cells, the cytoplasmic compartment
containing junctional proteins did not acquire markers of any classic
organelles involved in protein trafficking such as recycling and late
endosomes/lysosomes, trans-Golgi network, or the ER (192). Instead, it was
demonstrated that the TJ protein containing vesicles were enriched in
syntaxin-4, resembling the syntaxin-4-containing storage compartment for

basolateral membrane proteins found in non-polarized MDCK cells (256).

Membrane proteins that are internalized by receptor-mediated endocytosis or
macropinocytosis are delivered to early endosomes for sorting (247).
Interestingly, the intracellular forms of CLDN1 in infected Huh-7.5 cells failed
to colocalize with the early endosomal markers EEA1 (Figure 3-26) and CD63

(data not shown), indicating that the protein was not associated with early

167



endosomes. Ubiquitin-mediated proteolysis plays an important role in the
cellular response to stress and extracellular effectors (reviewed in (151)) and
instead of following the endocytic pathway, CLDN1 may be targeted to the
proteasome for degradation. Proteasome inhibition promotes rapid protein
accumulation to aggresomes (proteinaceous inclusion bodies) as a result of
impairments in protein removal and we speculated that an inhibition of
proteasome-mediated proteolysis would lead to a visible increase in
intracellular CLDN1 in HCV infected cells if the protein was destined for
degradation. However, treatment with ALLN had no significant effect on the
distribution of CLDN1 in naive or NS5A positive cells (Figure 3-32),
suggesting that the intracellular protein is not targeted to proteasomes in HCV

infected cells.

To further investigate a possible degradation of intracellular TJ proteins, we
studied CLDN?1 localization in JFH-1 infected Huh-7.5 cells following treatment
with cycloheximide (CHX), the hypothesis being that a block of protein
synthesis will result in a decrease of intracellular CLDN1 if the protein is
targeted to proteasomes or lysosomes. CHX blocking of protein biosynthesis
for 12 hrs markedly reduced the expression of CLDN1 at the plasma
membrane in naive cells (Figure 3-31). In contrast, intracellular forms of
CLDN1 in infected cells were still detectable, suggesting a longer half-life.
Following the removal of CHX, CLDN1 was detected at the plasma membrane
in naive and infected cells, suggesting that ‘trapping’ of CLDN1 in infected

cells occurs in a relatively long-lived intracellular compartment. Furthermore,
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the inhibition of protein synthesis did not affect the level of cytosolic CLDN1,
indicating that the accumulation of TJ proteins in the cytoplasma of HCV

infected cells is not the result of enhanced synthesis.

In non-polarized cells, proteins are synthesized on ER-bound ribosomes
followed by post-translational modification in the Golgi apparatus and sorting
at the trans-Golgi network (TNG) (reviewed in (247)). Unless they contain a
specific targeting signal, proteins are constitutively trafficked to the plasma
membrane, where they are either retained or internalized (178, 218, 247,
398). Despite the availability of intracellular protein CLDN1 levels at the cell
surface were drastically reduced following CHX treatment, indicating that the
cytoplasmic forms of the protein are not recycled and transported back to the

plasma membrane.

Conflicting evidence exists as to whether hepatoma cells are capable of
forming functional tight junctions. Two recent studies demonstrate increased
transepithelial electric resistance (TER) and dextran permeability following
calcium depletion in Huh-7 cells, suggesting that these cells exhibit barrier
function ((40, 417). In our experience, Huh-7 and Huh-7.5 cells from several
independent sources failed to form functional tight junctions as assessed by
the flow of small molecular weight dextrans, fluorescent lipids, transeptithelial
resistance measurements, and the localization of multidrug resitance
associated protein-2 (MRP2) and multidrug resistance protein-1 (MDRP1),

which localize to the apical canalicular domain in polarized epithelial cells
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(115, 391). HCV permissive HepG2-CD81 cells demonstrated decreased
formation of canalicular structures following JFH-1 infection, indicating a loss
of cell polarity (Dr. Christopher Mee, unpublished observations). Interestingly,
both NS5A positive and naive cells showed reduced MRP2 staining,
suggesting that the depolarization of one cell within a sheet or monolayer may
affect the polarity of neighbouring cells and promote virus transmission via
cell-cell routes (396). Recent observations that HCV entry is significantly
enhanced in calcium-depleted compared to polarized Caco-2 cells (277) led
us to speculate that HCV may preferably enter hepatocytes where cell-cell
contacts are damaged and tight junctions disrupted. It is worth noting that
following liver transplantation, the allograft is in most cases rapidly re-infected
(272). Tissue damage inflicted during the surgical procedure may facilitate this
process. In addition, a low level infection with HCV in an immuno-suppressed
environment may evoke a ‘depolarization chain reaction’, resulting in rapid

viral spread within the transplanted organ.

Viruses such as HIV-1 (19, 200), human cytomegalovirus (41), and West Nile
virus (405) have been shown to alter TJ protein expression and/or distribution
in polarized brain endothelial cells, the disruption of the blood-brain barrier
resulting in the infiltration of infected immune cells into the central nervous
system. Likewise, HCV induced alterations of TJ protein localization may lead
to a perturbation of hepatocyte barrier function and promote the local
infiltration of leukocytes into the parenchyma (reviewed in (70)). Several

reports demonstrate the infiltration of lymphocytes into the liver (reviewed in
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(111). Furthermore, clinical studies suggest a link between the tissue damage
characteristic for chronic hepatitis C and the sustained secretion of pro-
inflammatory cytokines by intrahepatic immune cell infiltrates (reviewed in
(173, 371). It is also worth noting that in hepatocytes, surrounding infiltrating
lymphocytes have been shown to induce expression of the chemokine
receptor ligand interferon-inducible protein (IP)-10 (358), thus promoting the
infiltration of HCV non-specific natural killer (NK) cells and cytotoxic T
lymphocytes (CTLs) into the liver (339). Several lines of evidence suggest that
HCV is non-cytopathic (11, 60). However, by perturbing hepatocyte barrier
function and promoting the local infiltration of lymphocytes into the liver, the
virus may directly contribute to liver cell damage and accelerate disease

progression to fibrosis and cirrhosis.

There was no observable re-organization of TJ proteins in Huh-7.5 cells
supporting sub-genomic JFH-1 replication (Figure 3-23), suggesting that the
structural proteins alone or in combination with the non-structural proteins
mediate the changes in protein localization. Transfection of Huh-7.5 cells to
express JFH-1 E1E2 induced a re-organization of CLDN1 and occludin
staining in a proportion of cells (Figure 3-30). Interestingly, the genotype 1a
H77 glycoproteins exerted a more profound effect on TJ protein localization
than the genotype 2a JFH-1 (Table 3-2), despite comparable levels of E1E2
expression, leading us to speculate that, in vivo, the ability of HCV to disrupt
hepatocyte barrier functions may be variable. This is consistent with clinical

observations noting considerable differences in the severity of HCV-
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associated defects in liver function associated with biliary cirrhosis and

cholestatic liver disease (18, 104, 272, 399).
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3.4 Concluding remarks.

In this study we have employed the HCVcc system to investigate the
mechanisms of viral entry. We have demonstrated that the formation of
cellular contacts increases CLDN1 and SR-BI expression and promotes the
internalization of cell-bound virus particles in vitro. The mechanism(s)
underlying this phenomenon remain to be identified, however we were able to
show that in the absence of cellular contact SR-BI alone is sufficient to
modulate the entry kinetics of HCVcc, demonstrating a crucial and rate-
limiting role for the receptor in virus internalization. In contrast, the expression
levels of CLDN1, which has been proposed to act at a late stage during viral
entry (114), did not limit the rate or frequency of HCVcc internalization.
Compared to other enveloped viruses HCVcc internalization is slow, which
probably reflects the time required to form higher order protein complexes
between CD81, SR-Bl and CLDN1. Based on our findings we propose a
model in which high SR-BI expression promotes receptor complex formation,
resulting in the more efficient internalization of cell-bound virus particles

(Figure 3-34).
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Figure 3-34 Model of HCV entry.
Within the receptor complex SR-BI acts as a primary receptor. SR-BI bound

particles then interact with CD81 and CLDN1, possibly followed by TJ protein
mediated endocytosis.

Chronic hepatitis C is associated with progressive liver injury, which, in many
cases, leads to fibrosis and cirrhosis. The pathology of HCV infection is
thought to be caused predominantly by a virus-specific cell-mediated immune
response (reviewed in (307)) while the virus itself is seen as non-cytopathic
(11, 60). In our study, we have demonstrated that HCV infection modulates TJ
protein expression and localization and, moreover, that in Huh-7.5 cells this
modulation is mediated by the viral envelope glycoproteins rather than soluble
factors. Furthermore, we have demonstrated that HCV infection results in
decreased cell polarity, alluding to the effect(s) the virus may have on
hepatocyte functionality. In future studies we aim to define the mechanism(s)

underlying the HCV-mediated disruption of TJ protein localization, which may
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provide further insight into the pathogenesis of HCV infection and support the

identification of alternative therapeutic targets.

Taken together, our findings highlight the importance of studying the role of TJ
in HCV entry, and the effect(s) of HCV infection on TJ formation and cell
polarity. It is worth noting, however, that to date the majority of in vitro studies
facilitate Huh-7.5 cells, which, unlike human hepatocytes, do not form
functional TJ. Polarized cell lines, such as Caco-2 and Hep-G2 cells,
constitute a more physiological model of human hepatocytes but have the
disadvantage of relatively low susceptibility to HCV infection. In this context,
the recently developed uPA/SCID mouse model (279) represents a valuable
tool, which will allow in depth studies of the role(s) of HCV in the progression
of liver disease. After all, a detailed understanding of the pathology of HCV
infection is of paramount importance for the development of effective antiviral
therapeutics and the prevention of HCV-related liver injury in chronic hepatitis

C.
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