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Abstract

Recurrent Hepatitis C virus infection drives inferior outcomes experienced
by patients undergoing liver transplantation due to HCV-associated liver
disease. Existing therapies exhibit increased toxicity, poor efficacy, and
profound patient intolerability in the immediate transplantation period. Liver
transplantation provides a window of opportunity to prevent re-infection of
the allograft and drastically improve patients’ post-transplant outcomes.
The anti-HCV activity of novel monoclonal antibodies(AR4a) and herbal
extracts (Epigallocatechin-gallate, Silibinin) were studied in-vitro using
HCV cell culture system and in-vivo using a humanized liver mouse model
capable of supporting HCV replication. Alone these agents exhibit reliable
cross-genotype HCYV inhibition in-vitro. Combination therapy can
completely prevent HCV infection. In-vivo EGCG alone fails to reliably
protect against HCV-genotypela challenge. AR4a alone and combined
with EGCG robustly protects against the establishment of HCV infection.
In common these agents have low toxicity potential and are thus
applicable for use in complex transplant cohorts to prophylax against HCV

re-infection.
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Chapter 1:

Hepatitis C virus and
Liver Transplantation



1.1 Hepatitis C Virus

Worldwide Hepatitis C virus (HCV) continues to maintain it’s status as a
major public health burden. Current estimates propose that from 130 up to
200 million people are chronically infected with HCV, the prevalence being
disproportionately high in certain regions which reflects many different
internal drivers of epidemics eg. Egypt, Asia, Africa [1-3]. Throughout the
world HCV is a significant utilizer of healthcare resources and this is set to

increase considerably in the years ahead [4].

HCV was first identified in 1989 as the aetiological agent responsible for
the clinical disease entity then termed ‘transfusion associated non-A, non-
B hepatitis’ [5, 6]. Since then huge resources have been consumed by
efforts to further understand the virus and curtail the associated disease
manifestations. HCV is a small, (55nm in diameter) spherical, positive
sense, single-stranded RNA virus. It is the sole member of the Hepacivirus
genus of the family Flaviviridae [7, 8]. HCV replicates primarily in
hepatocytes, however the existence of extrahepatic sites of HCV
replication has been suggested by some groups [9-11]. The HCV genome
consists of a single-stranded RNA molecule, 9.6 kilobases (kb) long with a
single open reading frame which encodes for a large polyprotein
approximately 3000 amino acids in length. The polyprotein is co- and post-
translationally processed by cellular and viral proteases to yield the final
gene products. These comprise structural and non-structural proteins. The

structural proteins include core, which forms the viral nucleocapsid, and



the two surface envelope proteins called E1 and E2 (see expanded
discussion later). The non-structural proteins NS2-NS5b are involved in
the processing of the HCV polyprotein (NS2 and NS3/NS4a proteases)
and formation of the membrane-associated replication complex (NS3,

NS4A, NS4B, NS5A and NS5B) [7, 12, 13].

Following acute infection HCV has a high propensity to establish chronic
infection [14]. Only an estimated 20-30% of individuals will spontaneously
clear acute HCV infection, the remainder developing chronic disease [15].
Recovery from acute infection is associated with a vigorous and broad
cellular and humoral immune response [16-18]. In contrast, progression to
chronic disease is associated with weak, narrow and short-lived host
cellular immune responses and low or absent neutralizing antibody titers.
[19] HCV itself has also evolved specific means of subverting the host

response to favour the establishment of chronicity [20, 21].

In the setting of chronic infection, HCV replicates at an extraordinary rate.
A high daily turnover has been estimated with the production of upwards
of 10'? viral particles per day [22]. Combined with the absence of a
proofreading activity of the RNA dependent RNA polymerase (RdRp), this
culminates in enormous genetic diversity [23]. In addition HCV displays
remarkable tolerance for the many mutations generated which often
display no negative impact on viral fitness or replication capacity. Evasion
of the host immunological response itself contributes further to the

generation of considerable sequence diversity [24]. Thus, within an



individual HCV exists as a quasispecies with the myriad different strains
displaying approximately 90% identity [25]. Seven known genotypes are
recognised whose nucleotide sequences differ from each other by an
estimated 31-33%. Within a genotype there are further divisions into
subtypes which share 75-80% identity [26]. The vast diversity of species
within and between individuals constitutes a significant barrier to the
formulation of universally effective HCV prevention and treatment

strategies.

Chronic HCV infection is a major cause of morbidity and mortality due
primarily to hepatic disease. Progressive hepatic fibrosis ensues, and
between 5-25% of individuals will develop cirrhosis and end stage liver
disease after approximately 20 years [14, 27]. Following the establishment
of cirrhosis, 10-20% of patients will manifest overt consequences of end
stage liver disease within five years (eg. oesophageal varices, ascites,
hepatic encephalopathy, and coagulopathy) [28]. In addition cirrhotic liver
disease as a consequence of chronic HCV is associated with a markedly

increased risk of hepatocellular carcinoma [14, 29].

Given the duration of time to presentation with end stage disease and the
mainly asymptomatic nature of chronic HCV infection clinicians are now
poised for a huge increase in the burden of disease due to HCV [4, 30].
Increasing numbers of individuals infected 20-30 years ago will now be
seeking healthcare as a consequence of impaired liver function. This has

prompted the recent recommendation by the Centers for Disease



Control and Prevention for routine HCV testing of new immigrants and
‘baby-boomers’, individuals born between 1945-75. These groups are
most at risk of ‘silent’ HCV disease and must be identified and engaged in

care [31].

Combination therapy with pegylated interferon alpha (Peg-IFN) and
Ribavirin (RBV) has long provided the fundamental basis for HCV
treatment [32-35]. This treatment is however undermined by variable
efficacy, the requirement for lengthy treatment durations, patient
intolerance, serious adverse effects, high costs and the requirement for
close medical supervision throughout treatment [36]. A successful
outcome from treatment is termed a sustained virological response (SVR)
and is defined as remaining HCV RNA negative in blood samples by
polymerase chain reaction (PCR) at six months post discontinuation of
combination treatment. SVR rates differ according to HCV genotypes;
individuals harbouring HCV genotype 1 or 4 achieve SVR only 50% of the

time following a treatment duration of 48 weeks [33, 37].

For patients with genotype 1 disease (the most common genotype in North
America and Europe) the rates of SVR have been improved to 70% with
the addition of the first generation viral protease inhibitors Telaprevir and
Bocepravir. However, this increased rate of SVR comes with considerable
financial cost and further exacerbates the Peg-IFN/RBV associated
adverse effects [38, 39]. More pronounced haematological toxicity

(anaemia, thrombocytopenia), gastrointestinal disturbances, and skin



rashes are frequently observed with triple therapy. Many novel direct
acting antiviral agents (DAAs) are in advanced stages of clinical trials and
demonstrate excellent efficacy but accessibility to such agents for the
majority of the HCV infected population worldwide, the threat of resistant
strains emerging, and the potential for adverse effects when used in
combination represent considerable hurdles to be overcome in the future

[40-42].

1.2 Liver Transplantation in HCV Disease

HCV associated liver disease (cirrhosis or hepatocellular carcinoma) is
now firmly established as the leading indication for liver transplantation
throughout the world [43]. Unfortunately despite this life-saving
intervention re-infection of the new liver allograft is almost universal. The
viral kinetics of this re-infection have been very clearly delineated. There is
an initial decline in the levels of HCV RNA following explantation of the
native liver during the anhepatic phase of the transplant procedure. There
is a further decline during reperfusion of the newly implanted graft
reflecting the binding and entry of circulating HCV virions into the allogratft.
Thereafter the HCV RNA levels rise briskly to reach pre-transplant levels
by day 3/4 post transplant and often exceed that level by one week post

transplant. The HCV RNA levels ultimately plateau at a level higher than



that observed pre-transplant and histological evidence of recurrence is

often evident by 6 months - 1 year post transplantation [44-46].

The severity of HCV re-infection varies considerably between individuals
and numerous contributory factors have been identified which directly
impact the post transplant course (HCV RNA titer at the time of transplant,
older age of donor, use of corticosteroid immunosuppression, insulin
resistance, hepatic steatosis) [43, 47, 48]. The immunosuppressed state
contributes considerably to the accelerated course of HCV associated liver
disease observed in patients with HCV who undergo liver transplantation.
An estimated 15-20% will develop cirrhosis within five years. Overall graft
and patient survival is significantly inferior in this patient group when
compared to individuals undergoing liver transplantation for non-HCV

related disease [49].

Efforts to treat HCV re-infection post-transplantation further magnify the
shortcomings in the currently available HCV treatment options. Overall
SVR rates approximate only 25-30% often despite employing even longer
durations of treatment [50]. Treatment efficacy is considerably
compromised by the complex co-morbidities and polypharmacy in this
patient group. The frequency of adverse effects is considerably increased
and Peg-IFN therapy itself can precipitate episodes of allograft rejection
[47]. Drug-drug interactions further potentiate toxicity (eg. haematological

and renal toxicity) and very close clinical supervision is warranted. Three



quarters of patients will ultimately require dose reduction or premature

discontinuation of HCV therapy.

The management and outcomes for patients with chronic Hepatitis B virus
infection (HBV) undergoing liver transplantation are in stark contrast.
Highly effective therapy exists which is now utilised routinely following liver
transplant to prevent HBV re-infection. Combination prophylaxis with
hepatitis B immunoglobulin and lamivudine has effectively eradicated the

risk of HBV recurrence in this cohort [51, 52].

No such strategy exists to prevent HCV recurrence. Many approaches
have been tried but none have been successful in achieving their goal.
Strategies to employ existing therapies (Peg-IFN/RBV) in a pre-emptive
role pre-transplant or early post transplant were largely unsuccessful. The
intolerability and contraindications of these agents in highly complex and
medically unstable patients severely limits the applicability of such
approaches [53]. A randomised trial using hepatitis C immune globulin
concluded that this was a safe and tolerable agent in liver transplant
recipients but no beneficial effect on the rate of HCV recurrence was

observed [54].

Clearly, as exemplified by HBV patients undergoing liver transplantation,
an effective preventative approach for HCV liver transplant recipients
stands to have an enormous beneficial impact for both the patient and

society. HCV related liver disease is the single largest indication for liver



transplant but patient and graft survival lag behind their non-HCV
counterparts. Recurrent HCV disease is the primary driver of this inequity.
Additionally it is projected that despite the recent therapeutic advances
considerable numbers of patients with HCV infection now of 20-30 years
duration will be seeking healthcare as a consequence of progressive liver
fibrosis and cirrhosis [30]. Currently liver transplantation is a primary
modality of therapy for such patients with advanced disease. Preventing
HCV recurrence will improve outcomes from a scarce and valuable
resource and enable patients to obtain the maximum benefit from such
life-saving treatment. Any successful approach to the prevention of HCV
recurrence will need to be safe and tolerable in this complex patient
cohort. It also requires durability in the face of a dynamic virus with high
replicative capacity in the setting of impairment of host cell mediated and
humoral immunity. During liver transplantation there exists a theoretical
window whereby therapeutic agents could be employed to prophylax the
‘naive’ allograft and prevent HCV entry into hepatocytes and the resulting

establishment of infection.



1.3: Study Aims and Hypothesis

Liver transplantation is a life saving intervention for individuals with end
stage liver disease. HCV related liver disease is the leading indication for
liver transplant but HCV re-infection drives inferior outcomes. The demand
for liver transplantation is projected to rise still further in the coming years

prior to the widespread availability of more effective HCV therapies.

The aim of this research proposal was to examine novel strategies
capable of preventing HCV infection and subsequently applying these

strategies to a liver transplant model.

Specific aims include:

1) To describe the in-vitro cross-genotype anti-HCV efficacy of herbal
extracts in combination with cross-neutralising anti-HCV monoclonal

antibody (AR4a)

2) To examine for the first time the ability of EGCG and AR4a alone

and in combination to protect against HCV challenge in vivo.

10



We hypothesise that combining safe, tolerable and effective HCV
therapies acting at different points of the HCV life cycle can reliably protect
against HCV challenge in vivo. Clearly this research undertaking carries
the prospect of yielding novel translational data of immediate clinical
relevance; the provision of new and safe therapeutic options to improve
outcomes in patients undergoing liver transplantation due to HCV

associated liver disease.
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Chapter 2:

HCV Cell Entry as a
Therapeutic Target



2.1: Hepatitis C Virus Cell Entry

The sequence of events whereby HCV binds to and enters target cells has
been the subject of intense study in recent years. Hepatocytes are the
primary target cell of HCV. HCV entry into hepatocytes follows a well-
orchestrated and complex series of interactions between the host cell and
virus [8, 12, 55]. Multiple steps in this process represent potential
therapeutic targets which can theoretically be exploited by treatments to

prophylax hepatocytes against the entry of HCV [56, 57].

HCV viral factors

In humans HCV circulates in different forms. It can circulate as free virions
or in forms associated with lipoproteins and immune complexes [58]. The
association with lipoproteins has been reported to enhance infectiousness
of the particles and also may confer immune evasion properties [59].
Virion associated lipoprotein and the HCV E1/E2 surface glycoprotein

complex both play an integral role in HCV cell entry.

HCV E1/E2 surface glycoprotein complex

The HCV surface glycoprotein complex has a number of roles which are
essential for the life cycle of HCV. It mediates binding to the host cell,

fusion between the viral envelope and endosomal membrane, and also is

13



involved in the process of viral particle assembly. Following transcription
and processing HCV E1 and E2 form an intracellular non-covalent
heterodimeric complex. However in it's native form on the surface
envelope E1/E2 exists as a heavily glycosylated covalent complex linked

by disulphide bridges [60-62].

The structure and function of E2 has been described in much more detalil
than that of E1. The functionality of glycoprotein E2 is highly conserved
across genotypes, this despite considerable genetic diversity. E2 contains
a number of hypervariable regions (HVR) and the purported binding site
for cluster of differentiation 81 (CD81), one of the primary host receptors
mediating HCV cell entry [62, 63]. HVR1 located on the E2 ectodomain is
one of the most immunogenic HCV epitopes and is also the region felt to
interact with another key HCV surface receptor; scavenger receptor class
B1l (SR-B1) [64]. Despite marked sequence variability the conformation of
HVR1 remains quite well conserved. Interestingly despite being highly
immunogenic, antibodies targeting HVR1 often exhibit inefficient
neutralizing capacity. It appears that in-vivo, these antibodies then drive
the variation observed within HVR1 by continuously selecting for HCV
species capable of escaping neutralization [24, 65]. Furthermore, it is in
fact likely that HVR1 functions to shield more conserved HCV epitopes,
such as the CD81 binding site, from immune recognition. These
conserved epitopes are likely to be capable of generating antibodies with

both superior and cross-genotype neutralizing activity [66, 67].
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Host cell Factors

The process of HCV cell entry is initiated following attachment of the HCV
viral particle to the surface plasma membrane of the host cell. A number of
putative host cell factors are implicated in assisting this initial attachment
step. C type lectins (L-SIGN, DC-SIGN) expressed by macrophages,
dendritic cells and liver sinusoidal endothelial cells can bind HCV surface
glycoproteins to sequester circulating virus [68]. Surface
glycosaminoglycans of hepatocytes (eg. heparin sulphate proteoglycans)
interact with the HCV envelope glycoprotein complex to mediate initial
attachment [55, 57]. The low-density lipoprotein (LDL) receptor on
hepatocytes is also implicated in facilitating initial attachment.
Apolipoprotein-B (Apo-B) or Apo-E containing HCV patrticles interact with

the LDL receptor to further concentrate virions on the cell surface [69, 70].

Subsequent to attachment, HCV virions bind specifically to a number of
cell surface receptors which facilitate entry of the virus particle into the
cell. The first such HCV specific receptor to be characterized was CD81
[71]. CD81 is a widely expressed tetraspanin molecule and functions as an
adaptor protein to sort and modulate localisation and interactions of
membrane resident proteins. It is involved in a number of important
cellular processes such as adhesion, proliferation, and differentiation. HCV
E2 contains a CD81 binding site and the E2-CD81 interaction is known to
take place post attachment [72, 73]. A second cell surface molecule, SR-

B1 has been identified that specifically interacts with HCV viral particles

15



post cell attachment. SR-B1 is a lipoprotein receptor functioning to take up
cholesterol ester from Apo-A containing lipoproteins such as HDL. The
HVR1 region of HCV E2 has been shown to specifically interact with SR-
B1 [74]. It has been proposed that this interaction may in fact precede the
CD81-E2 interaction. Zeisel at al reported that the SR-B1 and HCV
interaction alters the conformation of the HCV particle facilitating the

specific interaction between CD81 and HCV E2 [74].

Two other entry factors have more recently been identified which play a
key role in the HCV cell entry process. Claudin-1 and occludin are located
at the junction of basolateral and apical cellular membranes at sites
referred to as tight junctions [73, 75]. Tight junctions regulate paracellular
transport of solutes, water and ions. These cell surface proteins do not
interact directly with HCV but are necessary for efficient internalisation of
HCV [56]. CD81 essentially acts as a shuttle to translocate the bound HCV
particle to tight junctions, where CD81 and claudin-1 interact to form a
HCV receptor complex [76, 77]. Lupberger et al reported that the receptor
tyrosine kinases epidermal growth factor receptor (EGFR), and ephrin
receptor A2, mediate the CD81-claudin-1 interaction via intracellular
signalling pathways and actin reorganisation, which modulate the cellular

trafficking of these entry factors [78].

Following localisation to tight junctions, clathrin mediated endocytosis
occurs [79]. Subsequent endosomal fusion and viral uncoating is a pH

dependent process. Low pH induces a conformational change in E2

16



facilitating fusion of the viral envelope with the endosomal membrane.
Sainz et al have recently described a new host protein which plays an
important role in this latter fusion step of HCV cell entry. Blockade of
Niemann-Pick C1-like 1 cholesterol uptake receptor reduced HCV

infection by impairing virion and hepatocyte fusion [80].

HCV is also capable of entering cells in a CD81 independent manner.
Direct cell to cell transmission has been described and this will influence
therapeutic approaches to preventing cell entry. This alternative mode of
cell entry appears to be refractory to antibodies which target E2 or the host

cell factors involved in HCV entry such as CD81 [81, 82].

The multiple steps involved in HCV cell entry present many possible
therapeutic targets for novel agents capable of inhibiting HCV infection.
Complete protection against HCV re-entry into hepatocytes is the ultimate
goal of strategies to prevent recurrent HCV post liver transplant.
Experimental work in vitro and in vivo has yielded a number of potential

candidates.

2.2: Neutralizing antibodies and HCV

Studies addressing the immune responses of individuals who successfully
eradicate acute HCV infection indicate that a robust host response

requires both a broad, potent T cell response and an effective humoral

17



response. Viral clearance was dependent upon the rapid induction of
neutralizing antibody exhibiting broad anti-HCV activity. In contrast chronic
HCV infection is associated with low or absent neutralizing antibody titers
throughout the early period of infection [16, 17]. Indeed, individuals who
spontaneously resolve acute infection were shown to have considerably
reduced variability in HVR1 sequences compared to the marked diversity
detected in patients with chronic infection where HCV antibodies
generated against HVR1 exert selective pressure contributing to the

emergence of escape mutants capable of evading neutralization [83].

As mentioned earlier the HVR1 of E2 may function as an immunological
decoy protecting conserved epitopes from immune recognition. Deletion of
HVR1 was shown to increase susceptibility to neutralization by mAbs
targeting the CD81 binding site of E2 [66]. In addition heavy glycosylation
of E1/E2, the incorporation of lipid moieties, and non-neutralizing
antibodies bound to the circulating viral particle all combine to restrict the

access of antibodies to more conserved target epitopes.

The HCV E1/E2 surface glycoprotein represents the natural target of the
protective antibody response [63, 84]. Many monoclonal (mAb) and
polyclonal antibodies targeting linear or conformational epitopes within E2
have been described that can mediate virus neutralization in vitro [85-87].
Antibodies exhibiting broad cross-genotype activity have in general been
reported to recognise conformational epitopes which contain conserved

residues within the CD81 binding site on E2 [88, 89]. Additionally

18



numerous monoclonal antibodies (mAbs) targeting the host cell factors
utilised by HCV have demonstrated ability to inhibit HCV entry. Blockade
of CD81, SR-B1, claudin-1, and the LDL receptor all inhibited HCV
infection [70, 90-93]. These have greatly facilitated the study of HCV entry;
however, the targeting of host cell proteins can culminate in undesired

adverse effects limiting their clinical application.

The in vivo performance of HCV neutralizing antibody has been more
variable. Patient serum containing HCV antibodies have demonstrated a
variable ability to protect against HCV challenge [94]. Chimpanzees
administered serum from HCV infected individuals were protected against
homologous HCV challenge [95]. Additionally a retrospective review
published in 1998 concluded that hepatitis B immunoglobulin utilised in the
era prior to HCV antibody screening conferred some protection against the
development of HCV infection in liver transplant recipients [96]. Osburn et
al have reported that intravenous drug users repeatedly exposed to HCV
harbour neutralising antibodies capable of protecting against HCV
infection [97]. In contrast a hepatitis C immune globulin preparation
provided no protection against HCV re-infection in patients undergoing
liver transplantation due to HCV related liver disease [54]. Similarly two
groups have reported the failure of anti-E2 monoclonal antibodies to
provide durable protection against HCV recurrence following liver

transplantation [98]. In one of the studies monotherapy with a mAb was

19



associated with the selection of mutant variants in all patients

administered the mAb [99].

Law et al characterised a number of antigenic regions on E2 and identified
numerous human mAbs with cross neutralizing activity. Neutralizing mAbs
targeting antigenic region 3 (AR3, contains the CD81 binding site)
efficiently neutralized a number of different HCV genotypes in vitro and
protected against a heterologous HCV quasispecies challenge in vivo [88].
This group have identified further antigenic regions of E1/E2, and
generated a human mAb which targets a discontinuous epitope outside
the CD81 binding site on HCV E1/E2. This mAb (AR4a) targets a region
containing a very highly conserved residue and demonstrates the most
potent cross neutralizing activity in vitro. Using an in-vivo genetically
humanised mouse capable only of studying HCV entry, AR4a inhibited

cellular entry of both HCV 1b and 2a genotypes [89].

Employing an anti-HCV mAb (HCV-1 mAb) in different therapeutic
strategies in chimpanzees produced very informative results. A single high
dose of the mAb prior to administration of the HCV inoculum protected
against the establishment of HCV infection. Administering the mAb to
chronically infected animals resulted in a decline in viral load followed by a
rebound. Interestingly in vitro sera from chronically infected chimpanzees
competitively inhibited the ability of the mAb to neutralize HCV [100]. Thus

akin to the situation as it pertains to HCV individuals undergoing liver
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transplant, circulating HCV antibodies may compete with and impair the

efficacy of mAbs administered.

In patients with HCV undergoing liver transplant the prevailing HCV
variants pre and post transplant differ considerably. Sequence diversity
post transplant is less pronounced and the predominant species in
circulation clearly can escape neutralization by the patients’ pre-existing
HCV antibodies [101, 102]. These pre-existing antibodies however could
theoretically negatively impact immunotherapy strategies [103]. Whilst
immunotherapy using antibodies with broad neutralizing activity is clearly
attractive in terms of safety and tolerability, optimising in vivo cross-
genotype neutralizing potential and protection from the emergence of
resistance mutations are of key importance. Account must also be made
for the possibility of direct cell to cell transmission of HCV which is capable

of evading neutralization [81].

2.3: Herbal Extracts, Silibinin and Epigallocatechin-gallate

Silibinin

Silibinin is the major active constituent of silymarin. Silymarin is a mixture
of flavonolignans extracted from milk thistle, Silibum marianum gaertneri
[104, 105]. Silymarin has long been regarded as a ‘hepatoprotectant’ and
has a very long history of use by patients with chronic HCV infection and

21



liver disease in general [106, 107]. Silibinin is widely available, safe,
cheap, well tolerated and no significant drug-drug interactions have been
reported [108, 109]. Silibinin has been demonstrated to exhibit a number
of interesting properties. It exhibits anti-inflammatory, anti-oxidant, anti-
proliferative, and anti-fibrotic activity [105, 110]. All these properties are of

potential benefit in a post-transplant setting.

In particular it has been shown that silibinin can inhibit the activation of
NF-kB (nuclear factor kappa-light-chain-enhancer of activated B cells) and
thus reduce NF-kB dependent gene transcription [104]. Additionally it
mediates a reduction in a number of pro-inflammatory cytokines such as
TNF-a, Interferon-y and interleukin-2 from stimulated peripheral blood

mononuclear cells [104, 110].

Despite it's widespread use for many years definitive data on the anti-HCV
activity of silibinin has only emerged in recent years. In vitro both the
parent compound and the water soluble derivative (Legalon-SIL®) inhibit
HCV infection [110, 111]. The compounds function primarily to decrease
HCYV infection of cells; an inhibitory action on the HCV RNA dependent
RNA polymerase (RdRp) requiring very high in vitro drug concentrations
[112]. The predominant mode of inhibiting HCV infection is felt to be
mediated by an inhibition of endosomal fusion [111]. By incorporating into
endosomal membranes, these become stabilised and thus are less prone
to fusion. By virtue of this mechanism of action silibinin is capable too of

inhibiting the direct cell to cell transmission of HCV.
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Milk thistle products are mainly available for oral use. Many different
formulations exist and the variable concentrations of flavonolignans, and a
limited and erratic bioavailability have been suggested to explain the lack
of any definitive evidence supporting an anti-HCV effect in clinical practice
[106]. Legalon-Sil®, a water soluble version of silibinin (formulated to
enable parenteral administration) is used in the management of acute liver
failure due to amanita phalloides mushroom poisoning [113]. Silibinin is
modified to generate Legalon-Sil® by virtue of the addition of two succinate
moieties. This compound has clearly demonstrated antiviral efficacy by
causing a dose dependent decline in HCV RNA levels when administered
daily to patients by intravenous injection [114]. Further it was employed in
two case reports to successfully prevent HCV re-infection post
transplantation. Both patients had low HCV RNA levels at the time of
transplant and tolerated 14-25 days of Legalon-Sil® therapy without

significant adverse effects [115, 116].

Two small pilot studies in Spain administered intravenous Legalon-Sil®
monotherapy to patients with HCV undergoing liver transplantation. All
patients tolerated the treatment well whether administered in the
immediate pre or post-transplant period. A significant decline in HCV viral
RNA levels was observed during therapy compared with those untreated
or receiving placebo however all recipients experienced relapse following

discontinuation after three to four weeks of therapy. The relatively short
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duration of therapy and the use of monotherapy are obvious limitations to

these experimental approaches [117, 118].

Epiqgallocatechin gallate (EGCG)

EGCG is the most abundant catechin present in green tea extract. Green
tea extracts are derived from the leaves of Camellia Sinensis and like
silibinin have a long history of safe human consumption. Multiple
purported benefits have been ascribed to green tea extracts and it's
primary active component EGCG. Anti-inflammatory, anti-oxidant, anti-
tumorigenic, anti-proliferative and anti-viral effects have all been reported
[119-122]. These effects are mediated directly, via interaction with a
myriad of proteins implicated in carcinogenesis, and indirectly via it's
effects on transcription factors (eg NF-kB) and STAT (signal transducer

and activator of transcription) proteins [121, 123-125].

Green tea extracts are very safe, widely available, and cheap [126, 127].
Numerous formulations exist which can vary in their stated EGCG content.
Polyphenon E®, the formulation employed in clinical trials funded by the
National Cancer Institute in the USA contains 65% EGCG, Teavigo® on

the other hand contains 94% EGCG.

Benefits of EGCG have been demonstrated in numerous animal models of

disease. Despite limited in vivo bioavailability green tea extracts and
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EGCG have demonstrated efficacy against autoimmune disease and
tumour progression [128-130]. With regard to specific anti-viral activity
EGCG has been shown to demonstrate activity against HIV, Influenza,
Adenovirus, HBV, and Herpes simplex (HSV). EGCG acts in different
ways against the listed viruses and in some cases exhibits activity at more
than one point of the viral life cycle. Against HIV EGCG blocks the
interaction between glycoprotein 120 and CD4, and can inhibit the reverse
transcriptase enzyme [131, 132]. Likewise against influenza EGCG acts to
inhibit haemagglutination, neuraminidase activity, and RNA synthesis
[133]. EGCG interrupts the HBV life cycle by reducing the synthesis of
replicative intermediates of DNA [134, 135]. It is important to note however
that a number of these in vitro anti-viral effects occur at concentrations far
exceeding that which can be physiologically achieved by oral

consumption.

Two groups independently published data recently reporting an in-vitro
anti-viral effect of EGCG against HCV [136, 137]. Both concluded that at
relatively low concentrations of EGCG, HCV infection could be inhibited.
The predominant mechanism of action was via a prevention of initial
attachment of the viral particle to hepatocytes. As with Silibinin this
mechanism of action also inhibits direct cell-to-cell transmission. This
effect of EGCG was HCV specific (no effect on vesicular stomatitis virus or
other flaviviridae) but genotype independent and it was suggested that

EGCG may be acting directly on the HCV viral particle effecting an
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alteration in it’s biophysical properties [137]. Neither group found any
ability of EGCG to directly inhibit HCV replication, however Chen et al did
report an ability to inhibit RNA replication but only using very high in vitro
EGCG concentrations [138]. In vivo evidence of the anti-HCV effect of

EGCG is lacking.

Silibinin and EGCG have in common favourable characteristics for
application to the prevention of HCV re-infection in liver transplant
recipients. Both act primarily at early stages to inhibit entry of HCV to the
cell, and both also exhibit immunomodulatory activity. More importantly
they are extremely safe and well tolerated facilitating their administration
to this complex patient cohort who are often exceptionally unwell and
receiving many other medications. These agents are readily available
throughout the world and are cheap enabling broader patient accessibility
throughout the world when compared to that of new direct acting antiviral

agents.

26



Chapter 3:

Experimental
Methodology



3.1: Reagents

Human hepatoma (Huh) 7.5 cells (provided by Dr. C Rice, The Rockefeller
University, New York) were maintained in complete dulbecco’s modified
eagle medium (DMEM) supplemented with 10% (vol/vol) fetal bovine
serum (FBS), 0.1mM non-essential amino acids (NEAA), 100U/mL
penicillin and streptomycin 100 mg/mL. Cells were incubated at 37°C in

conditions of 5% CO..

Silibinin and EGCG were obtained from Sigma-aldrich (St Louis MO).
Silibinin (Cat number: S0417) is water insoluble, thus a stock
concentration was prepared in dimethyl sulfoxide (DMSO) and stored at
-20°C. For all silibinin experiments the end concentration of DMSO was
diluted to less than 1%. Samples containing the equivalent concentrations
of DMSO were also used as controls. EGCG (Cat. number: E4143, 95%

purity) was dissolved in double distilled H,O and stored at -20°C.

Recombinant human interferon alpha 2a (IFN-a2a, positive control) was
obtained from PBL interferon source, (Piscataway, NJ, cat. number:

11100-1) and stored as instructed.

Antibodies:

Human anti-E1/E2 mAbs AR3a and AR4a were provided by Dr. Mansun

Law, The Scripps Research Institute (La Jolla, CA). These mAbs have
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previously been characterised in detail [88, 89]. Murine IgG obtained from
BD biosciences (Franklin Lakes, NJ) was used as an isotype control
antibody for in vitro assays. Mouse monoclonal anti-human CD81 antibody
from BD biosciences (Franklin Lakes, NJ, Cat number 555675)
represented a positive antibody control during in-vitro experiments. An
isotype human anti-HIV1 IgG (B6, from M. Law) was administered to the
control group of mice during in-vivo studies. All antibodies were stored at

4°C until use.

3.2: HCV cell culture (HCVcc)system

For the in-vitro assessment of the ability of mAbs and herbal extracts to
inhibit HCV infection we used the HCVcc system. The HCVcc system was
first described in 2005 and constitutes an invaluable advance in the study
of HCV [139, 140]. In this system the complete life cycle can be completed
with the production of infectious virus capable of infecting naive Huh cell
lines. The parent HCV strain used in this system derives from a Japanese
patient with fulminant hepatitis (JFH-1) and is a genotype 2a strain.
Chimeric infectious clones have been successfully generated in vitro
which consist of the JFH-1 non-structural genes fused to the structural
genes (core, E1, and E2) of different genotypes [141]. These chimeras are
particularly valuable in the study of agents acting to inhibit target cell entry
and allow the assessment of efficacy across the range of HCV genotypes.
Additionally a recombinant HCV construct harbouring a renilla luciferase

reporter gene (JFH-1-Luc) has been created allowing assessment of
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infectivity by means of luciferase activity. JFH-1 constructs utilised in these
experiments were kindly provided by Dr C Rice, The Rockefeller

University.

Generation of Infectious HCVcc

The protocol used to generate infectious HCVcc chimeras is adapted from
Lindenbach et al [139]. Briefly, HCVcc complementary DNA (cDNA)
cloned into a plasmid containing a T7 polymerase reporter was linearized
via digestion. Following purification of the linear DNA (minelute PCR
purification columns, Qiagen, Valencia, CA, Cat number: 28004) it served
as a template to generate viral genomic RNA by in vitro transcription (T7
RiboMAX™ Express large scale RNA production system, Promega,
Madison, WI, Cat number: P1320). This RNA was purified (RNeasy Kit,
Qiagen, Valencia, CA, Cat number: 74106) prior to delivery to Huh 7.5
cells by electroporation. Trypsinised cells were washed in ice cold PBS
and resuspended at the required cell density. Five to ten micrograms of
RNA were then mixed with Huh 7.5 cells in a 4mm cuvette and 5 pulses at
860V were delivered using BTX Electrosquare Porater ECM 830. Freshly
transfected cells were allowed to rest for ten minutes prior to mixing with
fresh cell culture media and seeding in culture flasks for incubation. Cells
were incubated for 48-72 hours at 37°C, 5% CO,. HCVcc virus in the

supernatant was then harvested via filtration, frozen and stored at -80°C.
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Titration of infectious HCV

The titer of the HCVcc (generated as above) was determined by the
limiting dilution method. Cell supernatants harvested as outlined were
serially diluted ten-fold in cell culture media and inoculated onto naive
Huh7.5 cells plated in a 96 well plate (BD Falcon™). After 10-12 hours at
37°C, 5% CO,, fresh media was exchanged and incubation continued to
48 or 72 hours. Infection at this time point was determined by
immunohistostaining for HCV NS5a (outlined below).The 50% tissue
culture infective dose (TCID50) was determined by visualising wells with
infective foci present and the titer was calculated using the Reed-Muench

calculation and expressed in focus forming units (FFU) /mL.

HCV inhibition assays

Initially 96 well plates are prepared as follows. Wells were coated with
Poly-L-Lysine (Trevigen, Gaithersberg, MD, Cat number: 3438-100-01)
prior to plating with 10* Huh 7.5 cells in 100 pL of growth media and
incubated overnight. Serially diluted concentrations of silibinin or EGCG
were added as appropriate pre, simultaneous with, or after inoculation with
HCVcc at a multiplicity of infection (MOI) of 0.01. For antibody
neutralization assays the relevant antibody was serially diluted to the
required concentrations and pre-incubated with HCVcc for one hour prior

to addition to the Huh 7.5 cells. IFN-a2a 100 IU/mL and anti-human CD81
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antibody were used as positive controls. Murine IgG was used as an
isotype antibody control. After ten hours of incubation with HCV the cells
were washed to remove unbound virus and fresh media or the relevant
concentration of the investigational agents was added. HCV infectivity was
determined at 48 hours using NS5a immunohistostaining or by measuring
luciferase activity in the supernatant when using luciferase reporter
viruses. Neutralisation/ inhibition of HCV activity was determined by a
reduction in infectious foci or luciferase activity. Data shown in the results
chapter is representative of between 2 and 5 independent experimental

repeats conducted in triplicate.

Time of addition studies

Time of addition studies were conducted to assess the optimal conditions
whereby silibinin and EGCG exerted maximal inhibition. Their activity was
analysed by addition to Huh7.5 cells at differing timepoints with regard to
the point of infection. Agents were added to cells for varying durations (1-
16 hours) prior to viral inoculation (pre-treatment), simultaneous with the
HCV inoculum, or following the 10 hour infection incubation. Additionally
the HCV inoculum itself was pre-incubated with the agents for one hour
prior to addition to Huh7.5 cells. Following the wash step silibinin or
EGCG were, or were not re-added to wells for the duration of the

experiment depending on the desired experimental conditions.
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NS5a immunohistostaining

Following the required period of incubation the supernatant was removed
from the wells. Cells were washed twice with phosphate buffered saline
(PBS) and then fixed and permeabilized with ice cold 100% methanol for
at least 30 minutes at -20°C. Following this the cells were washed twice
with PBS and once with PBS/0.1% Tween 20 (this also represents the
washing steps used below). Blocking buffer (1% bovine serum albumin
(BSA), 0.2% skimmed milk in PBS/0.1% Tween 20) was added to the cells
for thirty minutes at room temperature. The block was then removed and
3% hydrogen peroxide (H.0;) in PBS to block endogenous peroxidase
activity was added for five minutes. The cells were then washed again.
Anti-NS5a mAb 9E10 (provided by Dr T Tellinghuisen, The Scripps
Research Institute, La Jolla, CA) diluted 1:25000 in PBS/0.1% Tween 20
was used as the primary antibody. Fifty uL was added per well and the
sealed plate was stored overnight at 4°C. The secondary antibody is
sheep anti-mouse HRP (GE healthcare biosciences, Pittsburgh PA, Cat
number: NA931). Following another wash step, 50 pL of the secondary
antibody diluted 1:200 in PBS/0.1% Tween 20 was added for 30 minutes
at room temperature. The cells were again washed and DAB substrate
(DAKO, Carpenteria, CA, Cat number: K3468) was reconstituted as per
the manufacturer’s instructions and added for 5 minutes at room
temperature. The cells were finally washed twice in PBS and the foci were

then visualised and counted under the microscope. The % infectivity of
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HCVcc in the presence of the investigational agents was determined by
the residual number of foci present at the relevant concentration with

reference to the number of foci in the non-treated control wells.

Luciferase assay

The inhibitory effect of the novel compounds on HCVcc harbouring a
luciferase reporter gene was assessed using the Renilla luciferase assay
system (Promega, Madison, WI, Cat number: E2820). Following the
required period of incubation 10 pL of supernatant was added to 10 pL of
lysis buffer solution (Renilla luciferase lysis buffer 1:5 dilution in distilled
H,0) in a 96 well ELISA plate. Renilla luciferase assay reagent was
prepared using renilla luciferase substrate diluted 1:100 in renilla
luciferase buffer. Fifty uL of reagent was required per reaction. Using the
Enspire® multimode plate reader (Perkin Elmer Walthin Ma), luciferase
activity was analysed. The % infectivity was determined using the residual
activity in the presence of compound with reference to the activity in the

non-treated controls after subtraction of the background.

Initial experiments quantifying JFH-1-LUC infectivity using both NS5a
immunostaining and luciferase activity showed a strong correlation
between the two assay methods across differing MOIs and duration of
inoculation (Figure 1).
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Figure 1: NS5a immunostaining (HCV foci) and luciferase activity of JFH-
1-LUC correlate across different MOIs and Durations of Infection.
Diamond: MOI 0.02; Square: MOI 0.01; Circle: MOI 0.005. Open shapes:
6 hr infection, Closed shapes: 10 hr infection

Quantification of Cell Viability/ Metabolic Activity

To quantify any in vitro toxic effects on cell activity and viability caused by
silibinin or EGCG we used the Cell Proliferation Kit | assay (Roche, Basel,
Switzerland Cat Number: 11465007001), which is based on the cleavage
of the yellow tetrazolium salt MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl
tetrazolium bromide) to purple formazan crystals by metabolically active
cells. Ninety-six well plates were prepared and seeded with Huh7.5 cells in
an identical manner to that outlined for the inhibition assays. The cells
were allowed to incubate overnight. Serial dilutions of EGCG and silibinin,

and the equivalent DMSO controls were then added to cells. After 24hrs
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incubation, 10pL of MTT labelling reagent was added for 4 hours. Then
100 pL solubilisation solution was added and the plates were incubated
overnight. Spectrophotometrical absorbance was measured using an
ELISA reader. The % change in cellular metabolic activity was determined

with reference to the non-treated cells and relevant controls.

3.3: SCID/uPA Animal model of HCV infection

To assess the in-vivo efficacy of mAbs and herbal extracts demonstrating
anti-HCV activity in vitro, we utilised the chimeric mouse model of HCV
infection pioneered at the University of Alberta. The generation of this
small animal model of HCV infection was first reported in 2001 [142]. It
has been extensively reported on since, and has proved a very powerful
tool for in-vivo HCV studies [90, 94, 143]. The native liver of homozygous
albumin/urokinase plasminogen activator (UPA)/ severe combined
immunodeficient mice (SCID/uPA mice) undergoes accelerated death and
transplanted human hepatocytes can repopulate the liver and
subsequently are capable of supporting HCV infection and replication. By
virtue of a complete lack of adaptive immunity (SCID trait) it is an ideal
model to study the ability of mAbs to confer passive immunity against HCV
and also to study the use of combination therapy to investigate means to
prevent the initial establishment of HCV infection; the ultimate goal of

strategies to prevent HCV recurrence after liver transplantation.
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Animal Care

The animals were kept virus- and antigen-free and housed in the
provincial laboratory vivarium at the University of Alberta. Animal care and
manipulation was conducted by specialist animal technicians from KMT
Hepatech, incorporated. Experimental protocols were approved by the
health sciences animal welfare committee of the University of Alberta, and
animals were cared for in accordance with the 1993 guidelines of the
Canadian Council on Animal Care. Mice were anaesthetized for transfer of
human hepatocytes via intrasplenic injection. Full ethical approval for the
use of human tissue was obtained from the research ethics board of the
University of Alberta Faculty of Medicine. Informed consent was obtained

from all donors.

Human alpha-1-Antitrypsin levels (hAAT)

The extent and stability of human liver chimerism can be assessed by
serial measurements of hAAT. High levels of human hepatocyte
colonization correlate with high serum hAAT levels. Serum hAAT levels
greater than 500ug/mL correspond to chimeric livers that consist of 70-
80% of human liver cells [144]. Samples of mouse serum (2 pL) were
diluted 1/100 in blocking buffer and analysed by sandwich enzyme linked
immunosorbent assay (ELISA) using polyclonal goat anti-hAAT antibody

(Diasorin, Stillwater MN, Cat number 81902) to capture. A portion of this
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antibody was also cross linked to HRP (Pierce, Rockford, IL, Cat number
31489) and used as the secondary antibody. Signal detection was with
3.3,5,5’-tetramethylbenzidine (Sigma, St Louis, MO). Animals with low
serum hAAT levels were used in tolerability/ toxicology studies, high hAAT

mice were used in the HCV challenge studies.

Dosing and administration of agents:

Anti E1/E2 monoclonal antibody (AR4a)

For the in-vivo HCV challenge experiments we used an anti-E1/E2 mAb
AR4a. The in-vivo performance of this mAb to date has not been
characterized in an animal model of HCV infection. An initial dose of
200mg/kg was administered via intraperitoneal (IP) injection 24 hours prior
to inoculation with HCV. Prior studies have shown that this dose
comfortably yields mAb serum values in excess of in vitro 90%
neutralization titers [88]. A further four mAb doses of 50mg/kg were
administered IP at intervals of 5 days throughout the experiment. Mice in
the control group received equivalent doses of an isotype antibody; human

anti-HIV1 IgG.

Herbal extracts

A water soluble parenteral formulation of silibinin (the formulation

demonstrating anti-HCV efficacy in human studies) was not available for
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us to utilize in the animal experiments and thus we proceeded only with

EGCG.

EGCG

Previous studies have demonstrated that the bioavailability of EGCG in
vivo is limited. Lambert et al, in 2006, reported a linear dose response
relationship when increasing doses of single administrations of EGCG
were given to mice. Doses ranging from 50-2000mg/kg were safe in single
doses. However, the maximum concentrations of EGCG achieved in
plasma and liver tissue with this approach only ranged from 0.03-4.17
pHg/mL and 0.09-18.3 pg/mL respectively [145]. The kinetics of EGCG in
mice following intragastric administration in mice has also been
characterized. EGCG is well absorbed but extensively glucuronidated
limiting it's absolute bioavailability to approximately 12.4-25.6%. The
maximum concentration of EGCG (Cnax) in plasma is achieved around 90
minutes post administration (Tmax). The elimination half-life (t2) in mice is
also quite short and estimated to be ~83 minutes [146]. The liver was
amongst the tissues (outside of the intestinal tract) with the highest levels
of EGCG and this represents a consistent finding in previous publications
[147]. It has been suggested that repeated dosing further increases tissue
and plasma levels of EGCG [147]. This phenomenon has also been
reported in human studies using volunteers taking oral EGCG formulations

[127].
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With regards to toxicity in animal models Hsu et al reported that up to
2500 mg/kg of green tea extract could be administered to mice for 28 days
without any adverse consequences [148]. In contrast, Lambert et al, when
using a pure EGCG compound, reported 85% mortality in mice following a
single administration of a dose of 1500mg/kg. Serum alanine
aminotransferase (ALT) levels rose by 138 fold and moderate to severe
hepatic necrosis was present on liver histology. In addition, more than two
repeated doses at 750mg/kg/day and 500mg/kg/day was associated with
a mortality of 75-80% and 20% respectively [149]. Hepatotoxicity of EGCG

alone had previously also been reported by Galati et al [150].

Despite these apparent limitations numerous groups have demonstrated
efficacy of EGCG using animal disease models. In an animal model of
immune mediated hepatitis (concanavalin induced hepatitis) pre-
administration of 10mg/kg/day by gavage (IG- intragastric) successfully
reduced the severity of hepatitis induced by concanavalin [128]. Likewise
in a model studying pancreatic tumorigenesis doses of 60, 80 and

100mg/kg/day inhibited pancreatic tumour growth [151].

Considering the available information on in-vivo EGCG pharmacokinetics,
toxicity, and efficacy, we elected to use a dosing schedule of 100mg/kg
twice daily by gavage. This dose was higher than that which had
demonstrated efficacy in previous studies but lower than that with which

toxicity had been observed with repeated dosing. This dosing schedule
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was also within that tolerated by SCID/uPA mice in terms of volume and

frequency of gavage.

To assess tolerability and toxicity of EGCG in the SCID/uPA mouse we
administered 200mg/kg/day (100mg/kg 12 hours apart) of EGCG IG to
three mice for 14 days. Control animals received an equivalent volume of
H,O twice daily IG. The health status of the animals was monitored by
their general condition and weight change. At the end of the 14 day dosing
period the treated animals were euthanized. Cardiac puncture was
performed to provide sufficient serum to enable measurement of EGCG
levels and liver tissue was snap frozen and stored at -80°C for later

measurement of EGCG.

Experimental Conduct:

Screening of serum hAAT levels is undertaken six weeks following
transplantation of human hepatocytes. Mice with serum hAAT levels (>500
png/mL) reflecting high engraftment of human hepatocytes were selected to
go forward into the HCV challenge studies. In total 8 mice were assigned

to each of 4 study groups:

Group 1: Control mice receiving B6 antibody IP and water IG

Group 2: Mice receiving EGCG IG only

Group 3: Mice receiving AR4 mAb IP only
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Group 4: Mice receiving both AR4a IP and EGCG IG
The study outline and protocol employed is illustrated in figure 2.

EGCG dosing began 48 hours prior to HCV inoculation and continued for
14 days. Antibody administration (200mg/kg) commenced 24hours prior to
inoculation and was repeated 4 times (50mg/kg) at 5 day intervals. HCV
inoculation was administered by intrajugular injection. The inoculum used
(50 pL) was a patient derived genotype la sample. Blood sampling was
conducted weekly by drawing 100 pL via tail bleeds for measurement of

HCV titers and serum hAAT levels.

HCV Inoculation Intra-jugular

—] —

210 4 9 14 19 28 42
‘ I *mAb IP
Completion of EGCG dosing
“mAb IP
"mAb IP
*mAb IP
1stdose AR4a mAb IP 200mg/kg
Commence EGCG dosing

Figure 2: Schematic outline of SCID/uPA mouse HCV challenge
experiments. mAb: monoclonal antibody, IP: intraperitoneal, * four doses
of mAb at 50mg/kg.
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HCV RNA guantification

Viral RNA was extracted from aliquots of mouse serum using a guanidine
extraction method as per the manufacturer’s instructions. (Buffer AVL.
Qiagen, Valencia, CA, Cat number: 19073). Extracted RNA was
transcribed to cDNA using an HCV specific primer (5'-
AGGTTTAGGATTCGTGCTCAT) with a RNA to cDNA kit (Applied
Biosystems, Foster City, CA, Cat number: 4387406). Polymerase chain
reaction (PCR) was performed with a real-time PCR system (Model 7300,
Applied Biosystems) and a Tagman assay. The HCV specific detection
probe was 6-FAM-CACCCTATCAGGCAGTACCACAAGGCC-TAMRA; the
primers used detected a conserved region of the 5’ untranslated region
(5-TGCGGAACCGGTGAGTACA, 5- AGGTTTAGGATTCGTGCTCAT).
Internal controls containing known calibrated HCV amounts, and a
standard dilution series using a plasmid containing the sequence of HCV
strain H77c were performed in parallel. The lower limit of quantification of

this assay is 300 1U/mL.

3.4: EGCG quantification

Plasma and liver tissue levels of EGCG were analyzed by Dr J Lambert,
The Department of Food Science at The Pennsylvania State University.
The experimental procedure employed to measure EGCG by this

laboratory are outlined in brief below. Plasma (100 pL) was hydrolyzed
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with 1U of sulfatase and 250U of 3-glucuronidase at 37°C for 45 minutes.
Extraction followed with methylene chloride and ethyl acetate. The ethyl
acetate fractions were pooled and dried under vacuum. Samples were
reconstituted and analysed by high performance liquid chromatography
(HPLC). Liver tissue was homogenized in two volumes of ice-cold 2%
ascorbic acid using a mechanical Dounce homogenizer, and 200pL
aliquots were hydrolyzed and extracted as outlined above for plasma. The
HPLC apparatus employed to measure EGCG levels consists of two ESA
model 580 dual-piston pumps (ESA, Inc., Chelmsford, MA), a Waters
model 717plus refrigerated autosampler (Waters, Milford, MA), and an
ESA 5500 Coulochem electrode array system (CEAS). The CEAS
potentials were set at -100, 100, 300 and 500 mV. Separation was
achieved using a binary mobile phase of solvent A (0.03M NaH2PO4, pH
3.35, containing 1.75% acetonitrile and 0.125% tetrahydrofuran) and
solvent B (0.015M NaH2PO4, pH 3.45, containing 58.5% acetonitrile and
6.25% tetrahydrofuran). The samples were separated on a 150 mm x 2.1

mm C18 column with 3.5 micron particle size at room temp.

3.5: Statistical analysis:

Statistical analyses were performed using Stata (Version 12.0, StataCorp
LP, College Station, TX) and GraphPad prism (version 6.0, La Jolla, CA)
software. Continuous variables were compared between groups using a
Mann Whitney U test. A p value less than 0.05 was considered significant.
The drug concentration at which HCV infection was inhibited by 50% (ICs)

was calculated using the following equations:
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Best fit curve y= g*eSlope’x

ICso X = L0g10(50/a) / slope*Log(EXP(1))

Analysis of the animal HCV challenge experiments was conducted as
follows: Animals with HCV RNA detectable above the threshold (1000
IU/mL) by PCR at day 7 or thereafter were considered ‘infected’. Animals
not reaching this threshold were ‘censored’. A Kaplan-Meier survival curve
(‘Survival free from infection’) was thus generated. Statistical significance

between the groups was calculated using a two-tailed log rank test.
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Chapter 4:
Results



4.1: Novel agents Inhibit HCVcc Infection

Silibinin demonstrates cross genotype HCV inhibition

To examine the effect of silibinin on HCV in vitro we used the HCVcc
system. Chimeric constructs containing genotype specific genes coding for
structural proteins fused to the parent JFH-1 (genotype 2a) genes coding
for HCV non-structural proteins were utilized. Naive Huh 7.5 cells were
inoculated with HCV chimeras and the effect of different concentrations
and exposure conditions of silibinin on subsequent infection was
examined. Using the JFH-1 strain (J6, genotype 2a) increasing doses of
silibinin were associated with a reduction in HCV infectivity. As silibinin is
water insoluble it was initially dissolved in DMSO. Thus the corresponding
vehicle controls were used containing equivalent DMSO concentrations,
and residual infectivity in particular conditions of silibinin was determined
relevant to the appropriate DMSO control (Figure 3a). The half maximal
inhibitory concentration (ICsp) of silibinin against JFH-1 genotype 2a was
approximately 44.62ug/mL. This inhibitory effect was observed across
genotype constructs as silibinin demonstrated a similar ability to inhibit
infection when tested against a genotype la chimeric construct (H77);
(Figure 3b) the IC5p estimated at 44.88ug/mL. Furthermore, this anti-HCV
activity in vitro was independently confirmed using a genotype 2a

construct encoding a luciferase reporter sequence (Figure 3c). A dose
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dependent reduction in HCV infection due to silibinin was again evident,
the calculated ICsq of 32.5 pg/mL being somewhat lower when using the

luciferase encoding construct.

A JFH 6, 2 B JFH-HT7, 1a
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Figure 3: Silibinin dose dependently inhibits JFH-1 genotype 2a(A) and
la(B) constructs. (C) JFH-1-Luc: genotype 2a construct encoding
luciferase reporter gene. Mean % residual HCV infection (adjusted for
DMSO vehicle concentration) is shown. Error bars indicate standard error

of mean (sem).

To test the conditions by which silibinin exerted it's maximal effect we
conducted time of addition studies. Using the luciferase reporter construct
and silibinin at 50ug/mL it was clear that optimal HCV inhibition was
observed when silibinin was added simultaneous with inoculation and
allowed to remain present through the duration of the experiment (Figure

4). Extended silibinin pretreatment of cells for durations of two to 16 hours
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in addition to these conditions did not confer any additive inhibitory activity
(78% vs. 66% inhibition for two and 16 hour pretreatment respectively,
p=0.7815). Pretreatment of cells alone, with removal of silibinin prior to
HCYV inoculation demonstrated only minimal inhibitory activity. Likewise
the addition of silibinin to wells only following the 10 hour infection phase

did not result in any reduction in HCV infection.
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Figure 4: Silibinin time of addition studies. Varying in vitro Silibinin
exposure conditions. ns: not significant. Mean % residual HCV infection is
shown. Error bars indicate sem.

Silibinin displays a narrow in vitro therapeutic index

To evaluate the cytotoxic potential of silibinin we utilised an assay
evaluating cellular metabolic activity (MTT assay). Serial dilutions of

silibinin were added to Huh 7.5 cells. Again the corresponding vehicle
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controls were used to correct for DMSO effects. At concentrations greater
than 100 pg/mL of silibinin a steep decline in cell viability was observed
(Figure 5). Cellular toxicity was also clearly apparent at concentrations of
250 pg/mL under direct microscopy. At this silibinin concentration during
in-vitro experiments direct visualization of wells revealed cellular
detachment and reduced cellular densities. The demonstrated cellular
toxicity at these levels of silibinin is in keeping with that previously reported
by other groups. Polyak et al, and Ahmed Belkacem et al both reported
cytotoxicity above a concentration of 100 pg/mL of silymarin and silibinin
respectively [105, 112]. In contrast the water soluble formulation, Legalon-
Sil® exhibited very little cytotoxicity even at high doses [110]. Unfortunately

this formulation was not available to us to study in these experiments.

MTT Cell Viability. Silibinin

140 4

120

100

& &

|

Az

% Equivalent DMSO Control

o B
|

N - T ~ S~
A S S IS .\9@

) Silibinin Concentration

Figure 5: Silibinin exerts cytotoxicity at concentrations above 100 pg/mL.

Mean % cellular metabolic activity adjusted to DMSO controls is shown.
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Epigallocatechin-gallate (EGCG) potently inhibits HCV infection

Using the HCVcc we characterized the ability of EGCG to inhibit HCV
infection. EGCG caused a dose dependent decline in HCV infection. As
was observed with silibinin, this anti-HCV effect was demonstrable across
HCV genotypes (Figure 6). When assayed against JFH-J6 (genotype 2a)
the ICso was approximately 5.6 pg/mL (Figure 6a). Against a genotype la
chimeric construct the respective value was 6.6 pg/mL (Figure 6b). This
dose dependent activity of EGCG was independently confirmed using the
luciferase reporter construct (Figure 6c¢). At concentrations greater than 25
pg/ml, EGCG consistently achieved almost complete inhibition of HCV
infection. Foci were absent when NS5a staining was undertaken, or

luciferase activity was reduced to that observed in background non-treated

wells.
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Figure 6: EGCG dose dependently inhibits JFH-1 genotype 2a(A) and
la(B) and JFH-1-Luc(C) constructs. Mean % residual HCV infection is
shown. Error bars indicate sem.

EGCG time of addition assays

To study the optimal conditions whereby EGCG exhibits maximum
inhibition, time of addition assays were conducted. These experiments
were conducted with a genotype 1la chimeric construct (JFH-H77,
expressing genotype la E1/E2) using EGCG at 10 pg/mL. HCV genotype
1 is the most prevalent HCV genotype in North America, and a patient
derived genotype la inoculum was to be employed during the SCID/uPA
mouse HCV challenge experiments. Therefore the anti-HCV activity of
EGCG against a genotype la construct was characterized in detail. As
observed with silibinin, the presence of EGCG when Huh 7.5 cells were
inoculated with HCV was the critical determinant of anti-HCV activity
(Figure 7). EGCG 10 pg/mL added to the cells simultaneous with HCV and
remaining present throughout the experiment reduced HCV infection by
56%. Additional pre-treatment of the cells with EGCG prior to inoculation
did not confer any additive benefit (48% inhibition, p=0.1). Similarly
pretreatment alone with removal of EGCG prior to HCV inoculation, or the
addition of EGCG only following the 10 hour infection period demonstrated
no significant ability to reduce HCV infection. Interestingly and in keeping
with data reported by other groups the maximal inhibitory effect of EGCG
was demonstrable following pre-incubation of EGCG with the viral
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construct for one hour prior to addition to the cells. In such conditions HCV
infection was reduced by a mean value of 75.9%. This was significantly
superior to that achieved with the addition of EGCG to cells simultaneous
with HCV, p=0.02. Clearly such conditions cannot be replicated in vivo
however this finding supports the theory that the activity of EGCG is

mediated in part by a direct targeting of the HCV viral particle itself.
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Figure 7: EGCG time of addition studies. Varying in vitro EGCG exposure
conditions. * indicates statistical significance.

EGCG does not display significant cytotoxicity

Using the MTT cell viability assay EGCG did not demonstrate any
reduction in cellular metabolic activity. Cellular metabolic activity remained
stable across concentrations of 2-100 pug/mL (Figure 8). Indeed at higher

concentrations the metabolic activity of Huh 7.5 cells was seen to increase
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which is likely in keeping with the many effects on cellular metabolism
attributable to EGCG. In keeping with the findings of other groups EGCG
demonstrates low toxic potential and a wide index between IC5p and the

concentration required to alter cellular metabolism significantly.
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Figure 8: EGCG does not exhibit cytotoxic potential.

Anti E1/E2 monoclonal Antibodies (mAb) AR3a and AR4a

The in-vitro neutralizing capability of the anti-E1/E2 mAbs used in this
study have been previously described [89]. An ability to cross neutralize
different HCV genotypes has been demonstrated however the efficiency of
neutralization differs considerably. AR4a mAb exhibited a more potent in-
vitro cross neutralizing potential when compared with AR3a [89]. The
efficacy of AR4a in an animal model of HCV infection and replication was

not known. Thus we characterized the activity of AR4a in our HCVcc

54



system prior to proceeding to examine it's anti-HCV activity in the
SCID/uPA mouse model. AR4a mAb demonstrated superior neutralizing
activity against genotype la constructs compared to 2a constructs, with
IC5p estimates of 1.28 ug/mL and 4.37 pg/mL respectively (Figure 9 a,b).

This finding is consistent with that reported previously in the literature [84,

89].
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Figure 9: Anti E1/E2 mAb AR4a dose dependently inhibits infection with
JFH-1 2a(A) and 1a(B) constructs.

4.2: Combination Inhibition of HCVcc

Additive reduction in HCV infection combining anti-E1/E2 mAbs and

herbal extracts

Silibinin, EGCG, and anti-E1/E2 mAbs all act early in the HCV life cycle to
inhibit HCV cell entry. Using the HCVcc system we investigated if these

agents in combination were capable of additively inhibiting HCV infection.
Using the genotype la construct, AR4a 2 pg/mL (pre-incubated with HCV

for 1 hour) and silibinin 50 pg/mL (added simultaneous with infection)
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significantly reduced HCV infectivity when compared with either agent

alone (p=0.01, Figure 10a) A similar pattern of inhibition was observed

against a genotype 2a construct (Figure 10b).
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Figure 10: AR4a mAb and Silibinin additively inhibit infection with JFH-1

la(A) and 2a(B) constructs.

Likewise EGCG at 10 pg/mL combined with AR4a 2 ug/mL demonstrated
significantly increased inhibition compared to the agents alone. Using a
genotype la construct the mean inhibition achieved by the combination
was 88.7% compared to 61% for AR4a alone (p=0.01) and 56% for EGCG
alone (Figure 11a). Additive efficacy was again demonstrated when using

a genotype 2a construct (Figure 11b).
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Figure 11: AR4a mAb and EGCG additively inhibit infection with JFH-1
la(A) and 2a(B) constructs.
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As silibinin demonstrated in vitro toxicity commencing at concentrations
approximately twice the 1Cso, and as the less toxic parenteral formulation
(Legalon-SIL®) was not available for use in the animal model, further
experiments characterizing the combination activity of these agents were

only pursued with EGCG and AR4a mAb.

High dose anti E1/E2 mAb with low dose EGCG can completely

inhibit HCV infection

To replicate the clinical scenario whereby therapeutic antibody products
are administered at high concentrations, and knowledgeable of the limited
in vivo bioavailability of EGCG, a combination of high dose AR4a mAb
with serially titrated doses of EGCG was examined to identify the lowest
EGCG concentration at which the combination could effectively completely
inhibit HCV infection. Low concentrations of EGCG are eminently more
achievable in vivo [129], and this approach provided a guide as to the
likely minimum target concentrations required for EGCG efficacy when
used in combination in vivo. We initially utilized the genotype 1a construct
for these studies taking into consideration the fact that a patient derived
genotype la inoculum would be used in the animal experiments. The mAb
AR4a, at a concentration of 10 pg/mL, consistently achieved
approximately 95% neutralization of genotype 1a HCV. Even at the

highest dose of AR4a used (50 pg/mL), residual infection could be
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detected. Despite 95% neutralization with AR4a (10 pg/mL) alone, the
addition of EGCG at 10 pg/mL resulted in a significant further inhibition of
HCV (p<0.0001 for AR4a alone vs. combination), with complete inhibition

of HCV infection attained in a number of experimental repeats (Figure 12).

AR4a(high dose) EGCG Combined. JFH H77, 1a

120 +

%%
100 -
80
§ *
B
o
2 60
£
R T
40
20
0 . W yyvyy¥ryyys
Untreated EGCG 10 mcg/ml AR4a 10mcg/ml AR4a +E10

Figure 12: High dose AR4a mAb and low dose EGCG combined robustly
inhibit infection with JFH-1 genotype 1a. Data from 5 independent
experiments conducted in triplicate.

Efficacy for this combination was also demonstrated against a genotype
2a construct. Complete inhibition was not achieved against this genotype
however the combination reduced HCV infection by 84% compared to
AR4a (55%) or EGCG (60%) alone (p<0.001 and p<0.0001 respectively)

(Figure 13).
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Figure 13: High dose AR4a mAb and low dose EGCG combined inhibit
infection with JFH-1 genotype 2a. Data from 3 independent experiments

Combination anti-E1/E2 mAb and EGCG demonstrate cross

genotypic anti-HCV activity

The activity of AR4a (10 pg/mL) and EGCG (10 pg/mL) in combination
was further assessed against JFH-1 chimeric constructs expressing the
structural proteins of genotypes 3-6. Clear efficacy was demonstrated
against all genotype constructs tested. This high titer of AR4a strongly
neutralized genotypes 4a, 5a and 6a, a finding in keeping with prior
reports. Despite high neutralizing capacity the additive effect of low dose
EGCG in facilitating complete inhibition of infection remained apparent

(Figure 14).

59



A Genotype 3a B Genotype 4a

x

140
= 1
Ew 5 10
" bl ]
L 2w
-
= E |
== a0 d
s #
e o :
Untrested migs EGCE foppmL  ARda LRz +
) 10pgimL E18
Untreatea mage  EGCC 10 ppiml ARda ARda +
10gmiL E10
Genotype 5a D Genotype 6a
(L 140
ot g 10
=T 2w
2 5
[ EN o =
-
L .
:
EGCE 10 ppimL ARda Untrasted mi EGCG 10 ppimL. ARda ARda+
Untreated mige b ARda+ igG B © 2

1oppmL E10

Figure 14: Cross genotypic activity of combined high dose AR4a mAb and
low dose EGCG. A: genotype 3a, B:4a; C:5a; D:6a. migG: murine IgG.

4.3: High dose EGCG exhibits no toxicity in SCID/uPA mice

Prior to conducting the HCV challenge experiments we undertook an
EGCG tolerability/ toxicity study in the SCID/uPA humanized liver mouse
model. A high dose of EGCG (200mg/kg/day) was administered to mice
daily by gavage for 14 days in this study. The dose employed was below
that for which toxicity in mice has been previously reported. Additionally it
was considerably higher than EGCG doses which have demonstrated
efficacy in other animal models. The volume and frequency of
administration tolerated by the animals was another limiting factor taken

into consideration during the decision regarding the EGCG dosage to
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proceed with. All mice who received EGCG tolerated it very well and no

significant weight loss and or signs of iliness were apparent.

4.4: Anti E1/E2 mAb AR4a robustly protects against HCV infection in

SCID/uPA mice, EGCG alone demonstrates low efficacy.

To assess the in vivo anti-HCV activity of EGCG and AR4a mAb alone,
and in combination, SCID/uPA mice with high levels of human liver
chimerism (hAAT > 500 pg/mL) were pretreated with the investigational
agents and challenged with a patient derived HCV genotype 1a inoculum.
Animals were assigned to four study groups as outlined previously:
Control, EGCG alone, AR4a alone, and combination AR4a/EGCG. Two
separate HCV challenge experiments were conducted, five animals were
assigned per group in the first experiment, three per group in the second.
The inoculum for the first experiment was a patient sample with a titer of
1.5 x 107 IU/mL. In the second a mouse passaged viral specimen derived
from the same patient source was used. This was mixed with human
serum prior to inoculation and had a titer of 1 x 10° IU/mL. As observed in
the prior tolerability study all animals treated tolerated the investigational

agents very well.

Serial bleeds were conducted on all mice weekly commencing on day
seven and continuing until day 42. These samples were used to determine

the HCV titer and serum hAAT levels. The dynamics of serum hAAT are
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shown according to intervention groups in figure 15. Serum hAAT levels

remained broadly stable in most mice over the course of the experiment

with levels overall gradually trending downwards.
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Figure 15: Serum hAAT levels according to intervention groups
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Some mice did not recover following the intrajugular HCV inoculation

procedure. One animal in each of the control and combination group were

lost. Additionally two mice from the EGCG alone, and the combination

groups became morbid after the first timepoint.
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HCV viral kinetics: (Figure 16)

Control group:

At the first timepoint (Day 7) five of seven mice had HCV titers detectable
above the threshold of 10001U/mL demonstrating the establishment of
HCYV infection and replication within hepatocytes. The remaining two
control animals reached this pre-determined threshold at day 14, and 21
respectively. Thus all control animals reached the HCV titer threshold
indicating the establishment of HCV infection. However, only five of seven
mice demonstrated consistent viremia above 10001U/mL, with four

maintaining high titers to the end of the study.

EGCG alone:

By day 7 in animals receiving EGCG alone four of eight had HCV RNA
detectable above the threshold, two of these progressing to demonstrate
sustained infection. Interestingly all animals developing detectable viral
replication in this group received the patient derived HCV 1a inoculum. No
animal treated with EGCG alone had HCV RNA detectable by PCR

following challenge with the mouse passaged inoculum.

AR4a containing groups:

In contrast to the control and EGCG alone groups, just one of five mice in

the AR4a alone group had a HCV RNA titer greater than 10001U/mL, this
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being detected at day 14. In the combination arm there was no detection

of HCV RNA in any animal at any of the timepoints tested.

A Control Animals B EGCG Alone
n=7 n=8
a .
- = ) ol
——
E, E T
= =2 & N LiFLF
=" = 360
[=1] [=1
L] M a8 4 e (A
% y ; " —T1
[ [ ]
- -
[ oo, e
T =y
" | L4515 )
i 1 18 2 o .
L 43
Days
_ ARda Alone D _ Combination
n=g n=7
L] k|
_
E 7 g _EI I
-\5 — g 166
=& Lkt ) =26
D%
E‘ 5 ———{1361 gm 5
= Q75T
:: B ——CT =
(AR
=z, ——pa =,
o e \rr
3 F 0869
a ? 7 a i ORTE
I, CRE0 =,
/" . BR5ET
o u Bl Sl a
4] I 14 ¥l 28 a3 [: ¥ a4 b} FL 3
Days Days

Figure 16: HCV viral kinetics according to intervention group

Kaplan-Meier Estimate: ‘Survival Free from Infection’

Animals who reached the predetermined HCV RNA threshold level were
categorized as ‘infected’. Those who did not reach this threshold point
were censored. The resulting survival curve is shown in Figure 17. The
log-rank test was used to compare outcomes (Survival free from infection)

between groups.
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In this animal model of HCV infection, both AR4a mAb containing arms of
the study demonstrated efficacy and a significant difference in HCV
infection rate was detected between the control group and both the AR4a
alone, and the combination therapy groups, p<0.001. In this study no
statistically significant difference was demonstrable between the group
receiving AR4a mADb alone and the combination of AR4a mAb and EGCG,

p=0.43.

EGCG alone conferred no statistically significant benefit in terms of the
prevention of the establishment of HCV infection, p= 0.07. The activity of
EGCG was evidently dependent upon the HCV inoculum used in the

challenge experiments (Figure 18).
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Figure 17: Kaplan-meier ‘Survival Free From HCV Infection’ curve
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Figure 18: Kaplan-meier ‘Survival Free From HCV Infection’ according to
HCV inoculum. A: mouse passaged inoculum, n=3 per group, total 12

animals; B: patient derived inoculum, n=4/5 per group, total animals 18.

4.5: EGCG levels in plasma and liver tissue of mice following 14

consecutive days of administration

The bioavailability of EGCG in mice is known to be limited. In order to
assess if repeated doses of EGCG 200mg/kg/day were capable of
achieving sufficient levels of EGCG in plasma and liver we collected
samples after 14 consecutive days of dosing. For this analysis samples
were obtained four hours following the final dose, providing an estimate of
the in vivo sustainability of EGCG concentrations after administration of
high doses. Plasma and liver tissue samples underwent analysis for the

levels of EGCG, mono- and di-methylated EGCG, and levels of their
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respective glucuronide and sulfated metabolites. A representative HPLC

chromatogram from an analysis of liver tissue is provided in figure 19.
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Figure 19: Chromatogram from HPLC analysis of EGCG and metabolites
in a liver tissue specimen. MeEGCG: Monomethylated EGCG,; Di-
MeEGCG: Dimethylated EGCG.

Figure 20 illustrates the levels of detection of EGCG and it's metabolites in
plasma and liver tissue. In all mice treated with EGCG, the parent
compound itself or it's metabolites were detectable four hours after
administration. Although detectable in treated mice, the levels in both
plasma and liver tissue were low (in the nanomolar range) when measured
at this time post administration. Of note EGCG itself remained detectable
in liver tissue at four hours whilst it had been completely cleared from the
plasma. There was no detection of EGCG or related compounds in control
animals receiving sterile water by gavage. EGCG evidently undergoes
brisk metabolism in vivo and within four hours of administration residual

levels of EGCG and it's metabolites are very low.
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Figure 20: Detection of EGCG, Monomethylated EGCG (MeEGCG) and
Dimethylated EGCG (Di-MeEGCG) in plasma and liver tissue of treated
mice. The mean value of 3 treated mice are presented, bars indicate sem.
Total: includes estimates of parent compound, in addition to the
glucuronide and sulfated metabolites.
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Chapter 5:

Discussion and
Conclusion



Hepatitis C virus persists as a major cause of morbidity and mortality
worldwide. This burden of disease is projected to increase even further in
the years ahead [4]. The adequate control and management of HCV has
presented many unique challenges to clinicians and scientists alike.
Despite major advances in the relatively short time since the first
identification of HCV, significant challenges remain in areas of paramount
importance. Considerable resources have been invested in HCV research,
and successes are now emerging in relation to HCV prevention
(development of candidate vaccines [152]), and treatment, with many
effective and better tolerated therapies to successfully treat chronic
infection in late phases of clinical trials (direct acting antivirals, DAA) [40,
41, 84]. However, there remains a growing need to improve the clinical
care pathways that strive to manage the consequences of HCV associated
end-stage liver disease. The long and asymptomatic natural history of
disease from acquisition through the development of symptoms means
clinicians are now poised for a potentially marked rise in the number of
patients who will be seeking healthcare as a consequence of severe HCV

associated liver disease [30].

For this patient group at late stages of disease, liver transplantation
represents a primary modality of care. HCV-associated liver disease is
presently the leading indication for liver transplantation worldwide.
However, the benefits of this life saving intervention are hugely

undermined by the universal recurrence of HCV and the associated
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accelerated disease progression. Outcomes in terms of graft and patient
survival lag considerably behind those observed following liver

transplantation conducted for other indications [49].

To date many groups have attempted to address this obvious area of
discrepancy, whereby the leading indication for liver transplantation has
considerably inferior outcomes. These attempts have primarily focused on
therapeutics trying to treat HCV before or early after liver transplantation.

Such approaches have proved largely unsuccessful.

Employing anti-HCV therapy in the immediate period pre transplantation
has been favored by the observation that HCV RNA levels at the time of
transplantation significantly influence post transplant outcomes. Almost
one third of patients who become HCV RNA negative by PCR ‘on
treatment’ pre transplant will not develop recurrent HCV infection of the
new allograft [53]. SVR rates traditionally achieved by treating patients
such as these who have advanced liver disease are known to be poor
(approximate 20%) [33, 153], however almost half will respond ‘on
therapy’ to become PCR negative, and in doing so increase their chances
of averting re-infection. Everson et al, from a randomized controlled trial of
HCV treatment to prevent recurrent HCV infection after transplantation
(Adult to Adult Living Donor Liver Transplantation Cohort study) reported
an overall prevention rate of 25% using a low accelerating dose regimen
of Peg-IFN and Ribavirin (RBV) pre transplantation. The rate of serious

adverse events ranged from 55-68% and was not different between
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treated groups and those receiving placebo. This rate of adverse events
clearly portrays the high complexity of this patient group awaiting liver
transplant. Rates of drug discontinuation and dose reduction were also
high [154]. Even the very modest success observed can’t be generalized
to patients with HCV awaiting transplant as prior non-responders to Peg-
IFN/ RBV were excluded and only the most stable patients were eligible
for inclusion. Thus this is a risk laden modality likely only a potential option

in a minority of well selected patients.

Pre-emptive strategies, employing treatment in the first few weeks post
liver transplant, were based upon theoretical benefits associated with an
easier to treat phase of re-infection, and embarking upon treatment prior to
the development of histological damage in the allograft. A number of
authors have again reported globally poor outcomes with such approaches
[53, 155]. Approximately half of patients will need to discontinue treatment
early and the median SVR rates reported are only in the order of 16%. The
application of pre-emptive therapy is limited to patients with an
uncomplicated post transplant course, receiving stable
immunosuppression, and with no ongoing significant co-morbidities such

as cytopenias, renal impairment or infection.

Whilst treating HCV in the immediate pre and post transplant phase carry
theoretical benefits, in practice the high toxicity of the available anti-HCV
agents (Peg-IFN and RBV) coupled with a highly complex patient group

removes these strategies from consideration in almost all patients. Thus at
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present the treatment of HCV after liver transplantation is restricted to a
later phase post transplantation when re-infection and histological disease

has already been well established [47, 50, 156].

Clearly there is a need for safe, effective and tolerable therapies that can
avail of the window of opportunity provided by liver transplantation to
prevent HCV re-infection. Whilst a precedent exists with regard to the
prevention of chronic Hepatitis B re-infection after transplantation, HCV
provides a unique set of challenges. Genetic diversity, high replication
rate, and a lack of highly effective therapies all require due consideration.
To be successful one must use the vast knowledge generated on this
evasive pathogen and create therapeutic combinations capable of
inhibiting the life cycle at different stages. To be clinically applicable such
combinations need to be safe for use in patients with complex co-

morbidities.

Fundamental to this work’s research hypothesis was the goal of identifying
novel anti-HCV therapies which when acting in combination are potentially
capable of prophylaxing against HCV re-infection after liver
transplantation. Robust inhibition of HCV entry into the ‘naive’
hepatocytes of the transplanted liver allograft represents the ultimate goal
of any preventative strategies. Agents acting primarily to inhibit HCV cell

entry were investigated; their optimal in-vitro activity was defined and their
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anti-HCV efficacy was challenged using a small animal model of HCV

infection.

Owing to a narrow in vitro therapeutic index between the IC5y and
concentrations conferring cytotoxicity, and the non-availability of the less
toxic water soluble formulation (Legalon-Sil®), silibinin was only included in
the preliminary in vitro experiments. High concentrations of silibinin in vitro
have demonstrated toxicity in other reports and conclusive data exists that
oral silibinin-containing formulations whilst beneficial in long-term liver
disease, do not specifically display any significant anti-HCV activity [157].
Legalon-Sil® a parenteral formulation of silibinin has demonstrated anti
HCV activity in when administered intravenously to chronic HCV patients,
and it has been used with some success peri liver transplantation in pilot
studies conducted in Europe [117, 118]. It may remain an agent worthy of
inclusion in future prophylactic strategies, but unfortunately the non-
availability of this formulation precluded us from including it in our study

models.

EGCG, the main active constituent of green tea extract, on the other hand
is widely available and to date demonstrates a very favorable toxicity
profile. The in vitro anti HCV activity of EGCG is clearly demonstrated in
this work and corroborates that which has been reported previously. The
observed dose dependent inhibition of HCV is genotype independent. Also
noteworthy is that the maximal inhibitory effect of EGCG is reliant upon it

being present at the time of addition of HCVcc to hepatocytes.
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Interestingly pre-treatment of the cells did little to improve the inhibitory
capacity, whereas pre-incubation of HCVcc with EGCG was in fact
capable of achieving further inhibition. These findings indicate that the
primary anti-HCV activity of EGCG is dependent upon direct interruption of
the early steps involved in cell entry, and raise the possibility that EGCG
could directly interact with the viral particle thus altering it's biophysical
properties. Previous authors have demonstrated an interruption at the

stage of primary attachment [136, 137].

These findings have important implications for the future potential clinical
application. Whereas animal models of cancer and inflammatory disease
have been used to demonstrate the anti-tumorigenic and anti-inflammatory
activity of EGCG, in these models EGCG acts primarily on, and alters,
cellular constituents and metabolism. In such models the consistent
maintenance of high local concentrations may not be essential as the
EGCG mediated effects are more long lasting. In keeping with this,
relatively low doses of EGCG administered to animals have demonstrated
efficacy. In contrast if the anti-HCV activity primarily arises from a direct
interaction with the virion, or direct disruption of viral attachment, the
consistent and durable maintenance of sufficient concentrations in the

local environment will be a prerequisite for reliable efficacy in vivo.

EGCG is rapidly metabolized in animals and humans. Administration of
very high doses via the oral route achieve rather modest maximum serum

concentrations. In humans repeated oral administration of 800mg daily
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(equivalent to 16 standard Japanese cups of green tea per day) yielded a
maximum mean serum concentration of 0.4 pg/mL [127]. In mice a single
dose of 2000 mg/kg yielded a maximum mean concentration of 4.17
pg/mL in serum and 18.3 pg/mL in liver tissue [145]. The elimination half-
lives are also short; means of 160 and 83 minutes have been reported in
human and mice studies respectively [127, 146]. Clearly in favor of EGCG
however, are the advantages of tolerability and safety. Specific to a liver
transplant population exploitation of the immunomodulatory properties

could also prove very useful.

Despite potent in vitro activity it is conceivable that the anti-HCV activity of
EGCG in vivo (experimental animal models or in the clinic) would be less
profound. Indeed in this study using a daily dose of 200 mg/kg, EGCG
monotherapy, whilst well tolerated, failed to significantly prevent the
establishment of HCV infection in the SCID/uPA humanized liver mouse
model. Interestingly the observed activity of EGCG appeared dependent
upon the challenging inoculum. EGCG primarily failed to protect against a

higher titer, direct patient-derived HCV inoculum.

Numerous potential reasons exist to explain this finding of impaired in vivo
anti-HCV activity. The pharmacokinetics/ pharmacodynamics of EGCG in
mice when administered by gavage are of particular interest. Despite twice
daily dosing of high doses of EGCG it is clear levels of EGCG fall quickly
below that expected to exhibit anti-HCV activity. The data derived from

measuring the serum and hepatic tissue levels of EGCG (and it's
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metabolic derivatives), conclusively demonstrate that EGCG is absorbed
but very quickly metabolized and eliminated. Thus during the HCV
challenge experiments there were almost certainly periods between doses
where trough EGCG concentrations in plasma and liver tissue were likely
considerably lower than that displaying activity in-vitro. With optimal
efficacy reliant on a direct interruption of HCV attachment, this represents

a significant hurdle to be overcome.

Reliable success of EGCG therapy to prevent HCV infection in this animal
model may also be dependent upon the maintenance of consistently high
concentrations at the time of inoculation and for the early period of time
following challenge. Given the brisk pharmacokinetics, and the results
from the in vivo measurement of the levels of EGCG and it's metabolites in
the mice, even in the most manipulated experimental conditions this would

prove a difficult objective with EGCG alone.

Unfortunately the conduct of detailed EGCG pharmacokinetic analysis in
SCID/uPA mice was not feasible during this proposal. The minimum
volume of serum required for the analysis of EGCG levels is 100 pL. This
represents the maximum amount of blood allowable by ethics to be drawn
on these mice once per week. Detailed kinetic data would therefore
require the sacrifice of large numbers of mice which given the complexity
and cost involved in their production was not practical. However, from the
results of the analysis of levels in our group of treated mice, and knowing

the kinetics of EGCG in mice as previously published, we can deduce that
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initial levels post dosing peak early but subsequently decline relatively
quickly to quite a low level. Administering EGCG more frequently is one
means whereby the limited bioavailability of EGCG could be addressed. In
this animal model however gavage more than twice daily leads to a

reduction in caloric intake and a consequent decline in health status.

It is also possible that the native viral particle in cell culture systems is
physically different to that which circulates in animal models. In vivo HCV
is known to variably associate with lipoprotein elements and antibody and
these associated elements may act to interfere with the effectiveness by
which EGCG alters the virion or the process of cellular attachment. The
inclusion of lipoprotein and antibody in viral particles circulating in human
serum may also explain the differences observed in EGCG efficacy
between the ‘direct’ patient-derived HCV inoculum and the ‘mouse-
passaged’ inoculum. An altered virion composition following passage in
the mouse model may result in a viral particle more susceptible to the

action of EGCG.

Furthermore data has been published regarding the efficacy of pure
EGCG compounds when compared with other green tea extracts which
contain a number of green tea catechins. Using animal tumour models it
was suggested that the maximum efficacy was demonstrable when EGCG
was administered in a formulation containing other minority catechin

constituents. Pure EGCG alone manifest a reduced effect [123, 158].
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Thus, the formulation employed for in vivo studies, may also have an

impact upon the observed effectiveness.

EGCG alone (like any anti-HCV agent used as monotherapy) fails to
reliably prevent the establishment of HCV infection. The limited
bioavailability of herbal extracts often hinders the translation of findings
from in vitro to in vivo settings. EGCG is therefore more likely to exert a
significant contribution when used in combination, where it's benefits can

be availed of whilst minimizing it’s limitations.

The success of HCV treatment approaches employing immunotherapy
have generally been quite limited. The enormous genetic diversity of HCV
species has undermined the applicability of this approach. Recently
however there have been significant advances in the generation of human
monoclonal antibodies capable of exerting cross neutralizing activity
against HCV [84, 87, 89]. These advances have renewed hopes of not
only realizing a successful HCV vaccine but also of successfully using
these mADbs to prophylax against HCV re-infection following liver
transplantation. Human anti-E1/E2 mAb (AR4a) targeting highly conserved
epitopes exhibited neutralizing activity against all the HCVcc genotype
constructs tested (genotype 1-6). SCID/UPA mice receiving AR4a mAb by
intraperitoneal injection were also significantly less likely to develop

established infection (as measured by HCV RNA positivity by PCR after
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day seven) following HCV challenge irrespective of the inoculum used.
This is the first data reporting the anti-HCV efficacy of AR4a in an animal
model capable of sustaining HCV replication. AR4a certainly robustly

protects against the initial establishment of infection.

As the sustainability of HCV infection in control mice was variable (4 of 7
animals progressed to high titer replication) it is more difficult to accurately
comment on the durability of this protection. The half-life of human
antibody (IgG) in SCID mice has been estimated to be between 6-9 days
[159, 160]. In previous animal studies using anti-E2 mAbs late
breakthrough was evident in some animals possibly due to the emergence
of resistant mutants, or by virtue of cell to cell transmission evading
neutralization [88]. In the animal experiments reported herein, the
consistent lack of detectable viremia over six weeks of surveillance may
be solely attributable to the mAb therapy and the inclusion of repeated
administrations in this protocol. The experimental findings, whilst strongly
suggestive of durable protection by AR4a mAb, are such that it is difficult

to definitively confirm this assertion.

Breakthrough infection was evident in one animal receiving AR4a therapy
alone. This animal experienced low level viremia transiently at day 7 and

14. Whether this occurred as a consequence of evasion of neutralization

or the evolution of resistance mutations is an important consideration. To

definitively address this issue cDNA will be synthesized from HCV RNA

extracted at these timepoints. Nested PCR will be used to amplify the
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E1/E2 region, and the product will undergo sequence analysis to detect

the presence of any new mutations.

Prior clinical studies administering immunotherapy to HCV patients
undergoing liver transplantation have been largely disappointing.
Polyclonal immunoglobulin failed to prevent HCV re-infection [54].
Similarly an anti-E2 mAb (HCV-AbxTL68), whilst effecting some decline in
titers, did not prevent HCV recurrence in patients undergoing liver
transplantation [98]. Another group administered an anti-E2 mAb (MBL-
HCV1) to six HCV transplant recipients. All eventually experienced re-
infection with viral species harboring mutations in the target epitope [99].
Reasons purported for the disappointing clinical results with these mAbs
include the fact that culture adaptive mutations in JFH-1 can render
isolates more susceptible to neutralization, thus overestimating efficacy
[161, 162]. In addition circulating viral subspecies and viral particles may
differ from those predominating in vitro. Another key consideration is the
suggested role for circulating host derived non neutralizing antibody
competing with the administered mAbs and inhibiting their activity [100,
103]. This is clearly not a consideration in vitro or in the SCID/uPA mouse
model of infection. Thus again the actual efficacy could be overestimated

using these experimental models.

In these experiments however AR4a consistently demonstrated a robust

ability to protect against a HCV challenge with a patient derived genotype
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1a inoculum, and it’s in vitro characteristics compare very favorably with

those of other anti-HCV mADbs.

Antibody derived anti-viral therapeutics often possess a low to moderate
genetic barrier to resistance. In the face of a dynamic viral pathogen such
as HCV they are evidently highly susceptible to the selection and
emergence of resistant mutants. Optimal therapeutic strategies employing
mADbs thus need to protect these agents with combination therapy.
Identifying combinations which can be used safely in patients undergoing
liver transplantation has proven challenging to date however new agents
have been identified/ developed that may considerably alter this widely

held belief.

Combination therapy is well accepted as the fundamental requirement for
effective treatment of chronic HCV infection. Combinations of agents with
different mechanisms of action target multiple points of the HCV life cycle,
and in doing so efficiently inhibit the virus and protect against the
emergence of resistant quasispecies. This issue is now to the fore of HCV
clinical care pathways as numerous direct acting antivirals are in late
stages of development and require careful incorporation into new durable
combination regimens. Combining agents can also enhance the efficacy at

respective doses and on occasion yield synergistic anti-viral activity.

In-vitro high dose AR4a (10 pg/mL) displayed high neutralization against

all HCVcc genotype constructs tested; genotypes 1, and 4-6 being
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comparatively more susceptible to neutralization than genotypes 2/3.
However, even the highest dose of AR4a failed to completely inhibit in
vitro infection with 1a and 2a chimeras. Despite the high levels of
neutralization observed with AR4a alone, the addition of EGCG at
concentrations more conceivably attainable in vivo (10 pg/mL) resulted in
a significant further inhibition of HCV infection. This additive effect was
observed across genotypes and was capable of completely blocking
infection against all genotype constructs tested aside from 2a, where the
combination achieved 84% inhibition. Thus AR4a mAb in high
concentration combined with a lower dose of EGCG successfully achieved

our goal in vitro.

Given the limited bioavailability of EGCG these experiments identified the
minimum concentration of EGCG capable of achieving complete inhibition
in combination with high dose mAb. Both agents act to inhibit HCV entry
and it is conceivable that in the presence of high circulating mADb titers,
EGCG can exert it's additive effect at lower concentrations, and that
fluctuations in EGCG levels may not be as critical an influence on HCV
outcome as they are with EGCG monotherapy. EGCG by virtue of it's
mechanism of action can also help combat the evasion of mAb
neutralization mediated by direct cell to cell transmission of HCV. In the
SCID/uPA mice treated with both AR4a and EGCG no animal developed
detectable HCV RNA by PCR at any point in the six week period of

surveillance following HCV inoculation. Applying a Kaplan-meier curve and
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log-rank test, ‘survival free from HCV infection’ was significantly higher in
the combination group compared to both control animals, and the animals
receiving EGCG alone (p<0.001; p=0.03 respectively). There was no
statistical difference in infection prevention between the combination
therapy group and the group administered AR4a alone. This could simply
reflect the impressive activity of high dose AR4a, but may also reflect an
impaired power to detect a difference owing to the limitation in numbers of
animals available to study. Aside from protection against the initial
establishment of infection, combination therapy would also be expected to
outperform mAb monotherapy in the prevention of late viral breakthrough.
Again owing to limited numbers of animals and the somewhat variable
extent of sustained HCV replication in control animals, it is more difficult to

definitively conclude this.

The SCID/uPA humanized liver mouse model is an extremely useful tool
for conducting in vivo HCV studies. Whilst production of the mice is
technically complex, the availability of a small animal model capable of
supporting HCV replication provides a highly practical means of analyzing
the anti-HCV activity of novel compounds. The sustainability of HCV
replication is highly dependent upon high levels of chimerism in the
animals. Durable HCV replication requires mice with extensive and
sustained human hepatocyte engraftment. In these experiments only mice
expressing high hAAT levels (>500 pg/mL) were used and these levels

remained broadly stable for the duration of follow up. However, although
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all animals in the control group developed detectable HCV RNA above the
threshold consistent with infection, only four progressed to sustained
replication. Thus while we can definitively answer the questions
addressing the ability to prevent initial HCV infection, conclusions relating
to durability of protection are more limited. The SCID/uPA mouse also
lacks an adaptive immune response. This can be exploited to facilitate the
pure assessment of the ability of administered human mAbs to neutralize
HCYV in vivo. However caution is required when translating findings to the
clinical situation, especially when applying to a cohort undergoing liver
transplantation. Pre-existing host antibody can act to inhibit anti-HCV
mADs, and this interaction may contribute to the disappointing findings

from clinical trials using such an approach to date.

In this study the investigational agents were only challenged with a patient
derived genotype la inoculum. Genotype 1 is the predominant HCV
genotype in Europe and North America, however this does limit somewhat
the immediate generalizability to the population of individuals with HCV of
diverse genotypes awaiting liver transplant. Clear in vitro cross genotype
activity was however demonstrated, and the patient inoculum provides a
heterologous HCV species challenge. In this context AR4a and the
AR4a/EGCG in combination demonstrated impressive preventative

capacity.
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Despite these limitations this research undertaking has yielded a number
of important and novel findings. EGCG, a potent in vitro inhibitor of HCV,
demonstrates a lack of definitive efficacy to protect SCID/uPA mice
against HCV infection when used alone. Undoubtedly a primary reason for
this deficiency is the limited in vivo bioavailability coupled with it's
proposed mechanism of action which appears reliant on consistent high
EGCG concentrations. The anti-E1/E2 mAb AR4a on the other hand
demonstrates a powerful ability in vitro and in vivo to cross neutralize
diverse HCV genotypes. This is the first demonstration of the activity of
AR4a in an animal model capable of sustaining active HCV replication.
The activity of AR4a provides considerable hope for the future successful

application of HCV immunotherapy.

This body of work also demonstrates the proof of concept that HCV
infection can be efficiently prevented using combination therapy in vitro
and in vivo and that this could be availed of to address the major
deficiency in the use of liver transplantation for HCV associated liver
disease. Combination therapy can avail of agents with favorable safety
profiles but that alone are expected to demonstrate inferior efficacy. This is
particularly important when applying these findings to clinical cohorts of
patients with HCV awaiting liver transplantation. Intolerability to the
currently available anti-HCV agents precludes their use to prevent HCV re-

infection in almost all patients. Moreover the wide availability of natural
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compounds means many more individuals worldwide with HCV associated

liver disease could avail of their benefits.

Combination therapy for chronic HCV is a prerequisite. Clearance of HCV
confers marked benefits to patients both pre and post transplant [47, 163,
164]. With the potential for considerable increases in the demand for a
resource as valuable as liver transplants, there is a clear need for novel
approaches to avert recurrent HCV disease. It is likely that combined
approaches and combined therapies will be required to overcome the
significant challenges presented by both the virus, and the often severely
compromised patients awaiting transplantation. Safe and tolerable agents
are needed which can be administered pre, during and post

transplantation.

The results from these preclinical experiments identify that anti E1/E2
monoclonal antibodies represent a real therapeutic advance and may form
the backbone of any future prophylactic strategy. Future clinical studies
are warranted to conduct a detailed evaluation of AR4a kinetics, efficacy
and safety in HCV patient cohorts. Pilot phase 1 dose finding studies could
be undertaken in patients with chronic HCV infection to establish kinetics
and safety. Such a study could also assess for any ability of AR4a to
reduce HCV viral loads in this setting. The half-life of human
immunoglobulin when administered to humans approximates 21 days.
Thus single administrations of a range of doses to patients with chronic

HCV infection could provide preliminary characteristics upon which to
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base further pilot studies in patients with HCV undergoing liver

transplantation.

This data could then be used to design a pilot study in HCV liver transplant
candidates. Outcomes could be compared with patients who receive
standard perioperative care. A peri-transplant schedule of AR4a infusions
could follow that employed for hepatitis B immunoglobulin with an initial
infusion during the anhepatic phase followed by daily infusions for one
week, three weekly infusions to week 4, and two further infusions at week
8 and 12 post transplant if HCV RNA remains negative. An important
consideration for the design of any such study would be the measurement
of AR4a mAD levels at regular timepoints and to correlate these with the

post-transplant HCV kinetics.

It is likely however, that to be fully effective the mAb will require additional
agents to protect against virologic breakthrough and resistant mutants.
Pre-transplant therapy can be employed to reduce the burden of viral
infection, a known prognostic indicator of post transplant HCV outcomes.
Intravenous silibinin pre-transplant in pilot European studies has been
used successfully and safely in this regard but the unpredictability of graft
availability is a limiting consideration [117, 118]. Pre-transplant silibinin
may optimize the chances of success with immunotherapy when

employing mAb therapy later peri- and post -transplant.
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Pairing the mAb with novel agents will provide additive efficacy and further
protect against virological escape. A role for EGCG whilst safe and
tolerated may be hindered by the limited bioavailability. The development
of more potent and bioavailable derivatives of EGCG may yet yield an
incredibly powerful agent to block HCV cell entry [165]. In addition the
emerging DAAs if tolerated in this patient group could be successfully
paired with mAbs essentially replicating the successful regimen employed
to prevent hepatitis B re-infection after liver transplant [51]. Clinical studies
using combination therapies will follow on from the preliminary studies

characterizing AR4a efficacy in HCV liver transplant recipients.

Of most intrigue is a possible approach which can take advantage of the
very nature of liver transplantation. Availing of the opportunity afforded by
the procedure to treat the allograft ex-vivo represents a truly unique
therapeutic approach. Priming the liver allograft with anti-viral agents ex-
vivo could prove a powerful means to definitively reduce the risk of HCV
re-infection. Safe and non-toxic herbal extracts such as silibinin and
EGCG can be availed of either to bath the graft in, or to infuse directly into
the graft prior to implantation. Indeed the many anti-oxidant, and anti-
inflammatory effects of these extracts may well provide ancillary benefits.
High local concentrations of these cell entry inhibitors could therefore be
readily achieved. A further therapeutic advance which has only recently

been reported could also be incorporated into potential prophylactic
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strategies. Janssen et al, presenting data from a phase 2 clinical trial,
report for the first time the anti-HCV activity of a novel agent targeting
human microRNA. Miravirsen can sequester microRNA-122 (miR-122)
which is expressed abundantly in hepatocytes and is known to bind HCV
at well conserved sites and protect it from recognition and degradation by
the host. It demonstrates cross genotype activity, and had no significant
attributable adverse effects [166]. This agent also exhibits a prolonged
duration of action. Thus direct administration to the liver ex-vivo,
overcoming the traditional microRNA delivery challenges, could
theoretically paralyse the early precipitous uptake and replication of HCV
virions. Miraversen could therefore provide an effective and durable
background level of protection for a number of weeks when used in

combination post transplantation.

Clearly successful approaches capable of robustly preventing HCV
infection post liver transplantation will require innovative approaches
drawing upon the many advances in modern medicine whilst also seeking
to exploit the benefits of more traditional herbal remedies. Addressing
worldwide health disparities and ensuring access to therapies for those
who require them is a considerable and growing challenge for the HCV
community. Significant numbers of individuals with HCV reside in regions
with under-resourced healthcare services. In these regions incorporating

natural herbal remedies with both anti-HCV and hepatoprotectant
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properties may prove particularly important pending the more widespread
availability of new agents. Novel proposals such as the ex-vivo treatment
of the liver allograft obviously need to be carefully studied in terms of
safety and efficacy; the viability of such a valuable resource cannot be
compromised. Furthermore the durability of prophylactic strategies in

highly immunosuppressed individuals will also require careful evaluation.

Significant advances are now being made in tackling key HCV issues such
as vaccination and improved therapeutics. This has provided renewed
hope for ultimately achieving the upper hand over this highly dynamic
pathogen. Therapeutic advances have also renewed interest in conceiving
fresh approaches to tackle the major weakness of liver transplantation for
HCV related liver disease; HCV re-infection. This research undertaking
demonstrates that protection against HCV infection is eminently
achievable and that anti-HCV agents exist that are safe and tolerable.
AR4a robustly protects against HCV infection and EGCG can act to
enhance this protection whilst also safeguarding against virological escape
and the emergence of resistant mutants. Future clinical studies of anti-
E1/E2 mADs incorporating the new DAAs stand to deliver effective,
durable and tolerable HCV prophylactic combinations. There is now
considerable optimism that routine prevention of HCV re-infection after
liver transplantation is in fact attainable. In achieving this goal, outcomes

for patients with HCV undergoing liver transplant will be brought back in
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line with that of their non-HCV counterparts. We have thus moved one
step closer to realizing an effective strategy to addressing the glaring

deficiency which exists in the management of HCV related liver disease.

92



Bibliography



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Shepard, C.W., L. Finelli, and M.J. Alter, Global epidemiology of hepatitis C virus
infection. Lancet Infect Dis, 2005. 5(9): p. 558-67.

Alter, M.J)., Epidemiology of hepatitis C virus infection. World J Gastroenterol,
2007.13(17): p. 2436-41.

Lavanchy, D., Evolving epidemiology of hepatitis C virus. Clin Microbiol Infect,
2011.17(2): p. 107-15.

Davis, G.L., et al., Aging of hepatitis C virus (HCV)-infected persons in the United
States: a multiple cohort model of HCV prevalence and disease progression.
Gastroenterology, 2010. 138(2): p. 513-21, 521 el-6.

Choo, Q.L,, et al., Isolation of a cDNA clone derived from a blood-borne non-A,
non-B viral hepatitis genome. Science, 1989. 244(4902): p. 359-62.

Kuo, G., et al., An assay for circulating antibodies to a major etiologic virus of
human non-A, non-B hepatitis. Science, 1989. 244(4902): p. 362-4.

Lindenbach, B.D. and C.M. Rice, Unravelling hepatitis C virus replication from
genome to function. Nature, 2005. 436(7053): p. 933-8.

Joyce, M.A. and D.L. Tyrrell, The cell biology of hepatitis C virus. Microbes Infect,
2010. 12(4): p. 263-71.

Sarhan, M.A,, et al., Hepatitis C virus infection of human T lymphocytes is
mediated by CD5. ) Virol, 2012. 86(7): p. 3723-35.

Pal, S., et al., Productive replication of hepatitis C virus in perihepatic lymph
nodes in vivo: implications of HCV lymphotropism. Gastroenterology, 2006.
130(4): p. 1107-16.

Revie, D. and S.Z. Salahuddin, Human cell types important for hepatitis C virus
replication in vivo and in vitro: old assertions and current evidence. Virol J, 2011.
8: p. 346.

Shulla, A. and G. Randall, Hepatitis C virus-host interactions, replication, and viral
assembly. Curr Opin Virol, 2012. 2(6): p. 725-32.

Moradpour, D., F. Penin, and C.M. Rice, Replication of hepatitis C virus. Nat Rev
Microbiol, 2007. 5(6): p. 453-63.

Seeff, L.B., Natural history of hepatitis C. Hepatology, 1997. 26(3 Suppl 1): p.
21S-28S.

Santantonio, T., J. Wiegand, and J.T. Gerlach, Acute hepatitis C: current status
and remaining challenges. ) Hepatol, 2008. 49(4): p. 625-33.

Bowen, D.G. and C.M. Walker, Adaptive immune responses in acute and chronic
hepatitis C virus infection. Nature, 2005. 436(7053): p. 946-52.

Pestka, J.M., et al., Rapid induction of virus-neutralizing antibodies and viral
clearance in a single-source outbreak of hepatitis C. Proc Natl Acad Sci U S A,
2007. 104(14): p. 6025-30.

Gerlach, J.T., et al., Recurrence of hepatitis C virus after loss of virus-specific
CD4(+) T-cell response in acute hepatitis C. Gastroenterology, 1999. 117(4): p.
933-41.

Grakoui, A, et al., HCV persistence and immune evasion in the absence of
memory T cell help. Science, 2003. 302(5645): p. 659-62.

Rowan, A.G., et al., Hepatitis C virus-specific Th17 cells are suppressed by virus-
induced TGF-beta. ) Immunol, 2008. 181(7): p. 4485-94.

Suthar, M.S., M. Gale, Jr., and D.M. Owen, Evasion and disruption of innate
immune signalling by hepatitis C and West Nile viruses. Cell Microbiol, 2009.
11(6): p. 880-8.

94



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Neumann, A.U., et al., Hepatitis C viral dynamics in vivo and the antiviral efficacy
of interferon-alpha therapy. Science, 1998. 282(5386): p. 103-7.

Simmonds, P., Genetic diversity and evolution of hepatitis C virus--15 years on. )
Gen Virol, 2004. 85(Pt 11): p. 3173-88.

Dowd, K.A,, et al., Selection pressure from neutralizing antibodies drives
sequence evolution during acute infection with hepatitis C virus.
Gastroenterology, 2009. 136(7): p. 2377-86.

Timm, J. and M. Roggendorf, Sequence diversity of hepatitis C virus: implications
for immune control and therapy. World J Gastroenterol, 2007. 13(36): p. 4808-
17.

Kuiken, C. and P. Simmonds, Nomenclature and numbering of the hepatitis C
virus. Methods Mol Biol, 2009. 510: p. 33-53.

Thein, H.H., et al., Estimation of stage-specific fibrosis progression rates in
chronic hepatitis C virus infection: a meta-analysis and meta-regression.
Hepatology, 2008. 48(2): p. 418-31.

Freeman, A.J., et al., Estimating progression to cirrhosis in chronic hepatitis C
virus infection. Hepatology, 2001. 34(4 Pt 1): p. 809-16.

Fattovich, G., et al., Morbidity and mortality in compensated cirrhosis type C: a
retrospective follow-up study of 384 patients. Gastroenterology, 1997. 112(2): p.
463-72.

Gravitz, L., Introduction: a smouldering public-health crisis. Nature, 2011.
474(7350): p. S2-4.

Smith, B.D., et al., Hepatitis C virus testing of persons born during 1945-1965:
recommendations from the Centers for Disease Control and Prevention. Ann
Intern Med, 2012. 157(11): p. 817-22.

Manns, M.P., H. Wedemeyer, and M. Cornberg, Treating viral hepatitis C:
efficacy, side effects, and complications. Gut, 2006. 55(9): p. 1350-9.

Ghany, M.G., et al., Diagnosis, management, and treatment of hepatitis C: an
update. Hepatology, 2009. 49(4): p. 1335-74.

Fried, M.W., et al., Peginterferon alfa-2a plus ribavirin for chronic hepatitis C
virus infection. N Engl J Med, 2002. 347(13): p. 975-82.

McHutchison, J.G., et al., Peginterferon alfa-2b or alfa-2a with ribavirin for
treatment of hepatitis C infection. N Engl ] Med, 2009. 361(6): p. 580-93.

Feld, J.J. and J.H. Hoofnagle, Mechanism of action of interferon and ribavirin in
treatment of hepatitis C. Nature, 2005. 436(7053): p. 967-72.

Hoofnagle, J.H. and L.B. Seeff, Peginterferon and ribavirin for chronic hepatitis C.
N EnglJ Med, 2006. 355(23): p. 2444-51.

McHutchison, J.G., et al., Telaprevir with peginterferon and ribavirin for chronic
HCV genotype 1 infection. N Engl J Med, 2009. 360(18): p. 1827-38.

Kwo, P.Y., et al., Efficacy of boceprevir, an NS3 protease inhibitor, in combination
with peginterferon alfa-2b and ribavirin in treatment-naive patients with
genotype 1 hepatitis C infection (SPRINT-1): an open-label, randomised,
multicentre phase 2 trial. Lancet, 2010. 376(9742): p. 705-16.

Ciesek, S. and M.P. Manns, Hepatitis in 2010: the dawn of a new era in HCV
therapy. Nat Rev Gastroenterol Hepatol, 2011. 8(2): p. 69-71.

Sarrazin, C. and S. Zeuzem, Resistance to direct antiviral agents in patients with
hepatitis C virus infection. Gastroenterology, 2010. 138(2): p. 447-62.

95



42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

Kieffer, T.L., A.D. Kwong, and G.R. Picchio, Viral resistance to specifically
targeted antiviral therapies for hepatitis C (STAT-Cs). J Antimicrob Chemother,
2010. 65(2): p. 202-12.

Brown, R.S., Hepatitis C and liver transplantation. Nature, 2005. 436(7053): p.
973-8.

Fukumoto, T., et al., Viral dynamics of hepatitis C early after orthotopic liver
transplantation: evidence for rapid turnover of serum virions. Hepatology, 1996.
24(6): p. 1351-4.

Garcia-Retortillo, M., et al., Hepatitis C virus kinetics during and immediately
after liver transplantation. Hepatology, 2002. 35(3): p. 680-7.

Funk, G.A., R. Gosert, and H.H. Hirsch, Viral dynamics in transplant patients:
implications for disease. Lancet Infect Dis, 2007. 7(7): p. 460-72.

Berenguer, M., et al., Clinical benefits of antiviral therapy in patients with
recurrent hepatitis C following liver transplantation. Am J Transplant, 2008. 8(3):
p. 679-87.

Gane, E.J., The natural history of recurrent hepatitis C and what influences this.
Liver Transpl, 2008. 14 Suppl 2: p. S36-44.

Shiffman, M.L.,, et al., Liver and intestine transplantation in the United States,
1995-2004. Am J Transplant, 2006. 6(5 Pt 2): p. 1170-87.

Terrault, N.A. and M. Berenguer, Treating hepatitis C infection in liver transplant
recipients. Liver Transpl, 2006. 12(8): p. 1192-204.

Dumortier, J., et al., Combined lamivudine and hepatitis Bimmunoglobulin for
the prevention of hepatitis B recurrence dfter liver transplantation: long-term
results. Am J Transplant, 2003. 3(8): p. 999-1002.

Markowitz, J.S., et al., Prophylaxis against hepatitis B recurrence following liver
transplantation using combination lamivudine and hepatitis Bimmune globulin.
Hepatology, 1998. 28(2): p. 585-9.

Terrault, N.A., Hepatitis C therapy before and after liver transplantation. Liver
Transpl, 2008. 14 Suppl 2: p. S58-66.

Davis, G.L., et al., A randomized, open-label study to evaluate the safety and
pharmacokinetics of human hepatitis Cimmune globulin (Civacir) in liver
transplant recipients. Liver Transpl, 2005. 11(8): p. 941-9.

Bartosch, B. and J. Dubuisson, Recent advances in hepatitis C virus cell entry.
Viruses, 2010. 2(3): p. 692-709.

Ploss, A. and J. Dubuisson, New advances in the molecular biology of hepatitis C
virus infection: towards the identification of new treatment targets. Gut, 2012.
61 Suppl 1: p. i25-35.

Zeisel, M.B., et al., Hepatitis C virus entry into hepatocytes: molecular
mechanisms and targets for antiviral therapies. ) Hepatol, 2011. 54(3): p. 566-
76.

Hijikata, M., et al., Equilibrium centrifugation studies of hepatitis C virus:
evidence for circulating immune complexes. ) Virol, 1993. 67(4): p. 1953-8.
Nielsen, S.U., et al., Association between hepatitis C virus and very-low-density
lipoprotein (VLDL)/LDL analyzed in iodixanol density gradients. ) Virol, 2006.
80(5): p. 2418-28.

Bartosch, B., J. Dubuisson, and F.L. Cosset, Infectious hepatitis C virus pseudo-
particles containing functional E1-E2 envelope protein complexes. ) Exp Med,
2003. 197(5): p. 633-42.

96



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Vieyres, G., et al., Characterization of the envelope glycoproteins associated with
infectious hepatitis C virus. ) Virol, 2010. 84(19): p. 10159-68.

Krey, T., et al., The disulfide bonds in glycoprotein E2 of hepatitis C virus reveal
the tertiary organization of the molecule. PLoS Pathog, 2010. 6(2): p. €1000762.
Wang, Y., Z.Y. Keck, and S.K. Foung, Neutralizing antibody response to hepatitis C
virus. Viruses, 2011. 3(11): p. 2127-45.

Bartosch, B., et al., Cell entry of hepatitis C virus requires a set of co-receptors
that include the CD81 tetraspanin and the SR-B1 scavenger receptor. ) Biol
Chem, 2003. 278(43): p. 41624-30.

Pawlotsky, J.M., et al., Genetic complexity of the hypervariable region 1 (HVR1)
of hepatitis C virus (HCV): influence on the characteristics of the infection and
responses to interferon alfa therapy in patients with chronic hepatitis C. ) Med
Virol, 1998. 54(4): p. 256-64.

Bankwitz, D., et al., Hepatitis C virus hypervariable region 1 modulates receptor
interactions, conceals the CD81 binding site, and protects conserved neutralizing
epitopes. J Virol, 2010. 84(11): p. 5751-63.

Owsianka, A.M., et al., Identification of conserved residues in the E2 envelope
glycoprotein of the hepatitis C virus that are critical for CD81 binding. J Virol,
2006. 80(17): p. 8695-704.

Cormier, E.G., et al., L-SIGN (CD209L) and DC-SIGN (CD209) mediate
transinfection of liver cells by hepatitis C virus. Proc Natl Acad Sci U S A, 2004.
101(39): p. 14067-72.

Owen, D.M,, et al., Apolipoprotein E on hepatitis C virion facilitates infection
through interaction with low-density lipoprotein receptor. Virology, 2009.
394(1): p. 99-108.

Molina, S., et al., The low-density lipoprotein receptor plays a role in the
infection of primary human hepatocytes by hepatitis C virus. ) Hepatol, 2007.
46(3): p. 411-9.

Pileri, P., et al., Binding of hepatitis C virus to CD81. Science, 1998. 282(5390): p.
938-41.

Zhang, J., et al., CD81 is required for hepatitis C virus glycoprotein-mediated viral
infection. J Virol, 2004. 78(3): p. 1448-55.

Evans, M.J,, et al., Claudin-1 is a hepatitis C virus co-receptor required for a late
step in entry. Nature, 2007. 446(7137): p. 801-5.

Zeisel, M.B., et al., Scavenger receptor class B type | is a key host factor for
hepatitis C virus infection required for an entry step closely linked to CD81.
Hepatology, 2007. 46(6): p. 1722-31.

Ploss, A., et al., Human occludin is a hepatitis C virus entry factor required for
infection of mouse cells. Nature, 2009. 457(7231): p. 882-6.

Brazzoli, M., et al., CD81 is a central regulator of cellular events required for
hepatitis C virus infection of human hepatocytes. ) Virol, 2008. 82(17): p. 8316-
29.

Harris, H.J., et al., CD81 and claudin 1 coreceptor association: role in hepatitis C
virus entry. ) Virol, 2008. 82(10): p. 5007-20.

Lupberger, J., et al., EGFR and EphA2 are host factors for hepatitis C virus entry
and possible targets for antiviral therapy. Nat Med, 2011. 17(5): p. 589-95.
Blanchard, E., et al., Hepatitis C virus entry depends on clathrin-mediated
endocytosis. ) Virol, 2006. 80(14): p. 6964-72.

97



80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Sainz, B., Jr., et al., Identification of the Niemann-Pick C1-like 1 cholesterol
absorption receptor as a new hepatitis C virus entry factor. Nat Med, 2012.
18(2): p. 281-5.

Timpe, J.M., et al., Hepatitis C virus cell-cell transmission in hepatoma cells in the
presence of neutralizing antibodies. Hepatology, 2008. 47(1): p. 17-24.
Schwarz, A.K., et al., Hepatoma cell density promotes claudin-1 and scavenger
receptor Bl expression and hepatitis C virus internalization. J Virol, 2009. 83(23):
p. 12407-14.

Farci, P., et al., The outcome of acute hepatitis C predicted by the evolution of
the viral quasispecies. Science, 2000. 288(5464): p. 339-44.

Edwards, V.C., et al., The role of neutralizing antibodies in hepatitis C virus
infection. J Gen Virol, 2012. 93(Pt 1): p. 1-19.

Owsianka, A., et al., Monoclonal antibody AP33 defines a broadly neutralizing
epitope on the hepatitis C virus E2 envelope glycoprotein. J Virol, 2005. 79(17): p.
11095-104.

Broering, T.J., et al., Identification and characterization of broadly neutralizing
human monoclonal antibodies directed against the E2 envelope glycoprotein of
hepatitis C virus. ) Virol, 2009. 83(23): p. 12473-82.

Johansson, D.X., et al., Human combinatorial libraries yield rare antibodies that
broadly neutralize hepatitis C virus. Proc Natl Acad Sci U S A, 2007. 104(41): p.
16269-74.

Law, M., et al., Broadly neutralizing antibodies protect against hepatitis C virus
quasispecies challenge. Nat Med, 2008. 14(1): p. 25-7.

Giang, E., et al., Human broadly neutralizing antibodies to the envelope
glycoprotein complex of hepatitis C virus. Proc Natl Acad Sci U S A, 2012.
109(16): p. 6205-10.

Meuleman, P., et al., A human monoclonal antibody targeting scavenger
receptor class B type | precludes hepatitis C virus infection and viral spread in
vitro and in vivo. Hepatology, 2012. 55(2): p. 364-72.

Fofana, I., et al., Monoclonal anti-claudin 1 antibodies prevent hepatitis C virus
infection of primary human hepatocytes. Gastroenterology, 2010. 139(3): p. 953-
64,964 el-4.

Meuleman, P., et al., Anti-CD81 antibodies can prevent a hepatitis C virus
infection in vivo. Hepatology, 2008. 48(6): p. 1761-8.

Krieger, S.E., et al., Inhibition of hepatitis C virus infection by anti-claudin-1
antibodies is mediated by neutralization of E2-CD81-claudin-1 associations.
Hepatology, 2010. 51(4): p. 1144-57.

Meuleman, P., et al., In vivo evaluation of the cross-genotype neutralizing
activity of polyclonal antibodies against hepatitis C virus. Hepatology, 2011.
53(3): p. 755-62.

Farci, P., et al., Prevention of hepatitis C virus infection in chimpanzees after
antibody-mediated in vitro neutralization. Proc Natl Acad Sci U S A, 1994. 91(16):
p. 7792-6.

Feray, C., et al., Incidence of hepatitis C in patients receiving different
preparations of hepatitis Bimmunoglobulins after liver transplantation. Ann
Intern Med, 1998. 128(10): p. 810-6.

98



97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

1009.

110.

111.

112.

113.

114.

Osburn, W.0., et al., Spontaneous control of primary hepatitis C virus infection
and immunity against persistent reinfection. Gastroenterology, 2010. 138(1): p.
315-24.

Schiano, T.D., et al., Monoclonal antibody HCV-AbXTL68 in patients undergoing
liver transplantation for HCV: results of a phase 2 randomized study. Liver
Transpl, 2006. 12(9): p. 1381-9.

Chung, R.T., et al., Human Monoclonal Antibody MBL-HCV1 Delays HCV Viral
Rebound Following Liver Transplantation: A Randomized Controlled Study. Am )
Transplant, 2013. 13(4): p. 1047-54.

Morin, T.J., et al., Human monoclonal antibody HCV1 effectively prevents and
treats HCV infection in chimpanzees. PLoS Pathog, 2012. 8(8): p. e1002895.
Fafi-Kremer, S., et al., Viral entry and escape from antibody-mediated
neutralization influence hepatitis C virus reinfection in liver transplantation. J Exp
Med, 2010. 207(9): p. 2019-31.

Schvoerer, E., et al., Early evolution of hepatitis C virus (HCV) quasispecies after
liver transplant for HCV-related disease. ) Infect Dis, 2007. 196(4): p. 528-36.
Zhang, P., et al., Depletion of interfering antibodies in chronic hepatitis C
patients and vaccinated chimpanzees reveals broad cross-genotype neutralizing
activity. Proc Natl Acad Sci U S A, 2009. 106(18): p. 7537-41.

Morishima, C., et al., Silymarin inhibits in vitro T-cell proliferation and cytokine
production in hepatitis C virus infection. Gastroenterology, 2010. 138(2): p. 671-
81, 681 el-2.

Polyak, S.J., et al., Inhibition of T-cell inflammatory cytokines, hepatocyte NF-
kappaB signaling, and HCV infection by standardized Silymarin.
Gastroenterology, 2007. 132(5): p. 1925-36.

Loguercio, C. and D. Festi, Silybin and the liver: from basic research to clinical
practice. World J Gastroenterol, 2011. 17(18): p. 2288-301.

Seeff, L.B., et al., Herbal product use by persons enrolled in the hepatitis C
Antiviral Long-Term Treatment Against Cirrhosis (HALT-C) Trial. Hepatology,
2008. 47(2): p. 605-12.

Flaig, T.W., et al., A phase | and pharmacokinetic study of silybin-phytosome in
prostate cancer patients. Invest New Drugs, 2007. 25(2): p. 139-46.

Mills, E., et al., Milk thistle and indinavir: a randomized controlled
pharmacokinetics study and meta-analysis. Eur J Clin Pharmacol, 2005. 61(1): p.
1-7.

Wagoner, J., et al., Differential in vitro effects of intravenous versus oral
formulations of silibinin on the HCV life cycle and inflammation. PLoS One, 2011.
6(1): p. el6d64.

Wagoner, J., et al., Multiple effects of silymarin on the hepatitis C virus lifecycle.
Hepatology, 2010. 51(6): p. 1912-21.

Ahmed-Belkacem, A., et al., Silibinin and related compounds are direct inhibitors
of hepatitis C virus RNA-dependent RNA polymerase. Gastroenterology, 2010.
138(3): p. 1112-22.

Enjalbert, F., et al., Treatment of amatoxin poisoning: 20-year retrospective
analysis. ) Toxicol Clin Toxicol, 2002. 40(6): p. 715-57.

Ferenci, P., et al., Silibinin is a potent antiviral agent in patients with chronic
hepatitis C not responding to pegylated interferon/ribavirin therapy.
Gastroenterology, 2008. 135(5): p. 1561-7.

99



115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Neumann, U.P., et al., Successful prevention of hepatitis C virus (HCV) liver graft
reinfection by silibinin mono-therapy. J Hepatol, 2010. 52(6): p. 951-2.
Beinhardt, S., et al., Silibinin monotherapy prevents graft infection after
orthotopic liver transplantation in a patient with chronic hepatitis C. ) Hepatol,
2011. 54(3): p. 591-2; author reply 592-3.

Barcena, R, et al., Safety and anti-HCV effect of prolonged intravenous silibinin
in HCV genotype 1 subjects in the immediate liver transplant period. ) Hepatol,
2013.58(3): p. 421-6.

Marino, Z., et al., Intravenous silibinin monotherapy shows significant antiviral
activity in HCV-infected patients in the peri-transplantation period. J Hepatol,
2013. 58(3): p. 415-20.

Khan, N. and H. Mukhtar, Tea polyphenols for health promotion. Life Sci, 2007.
81(7): p. 519-33.

Frank, J., et al., Daily consumption of an aqueous green tea extract supplement
does not impair liver function or alter cardiovascular disease risk biomarkers in
healthy men. J Nutr, 2009. 139(1): p. 58-62.

Yang, F., et al., The green tea polyphenol (-)-epigallocatechin-3-gallate blocks
nuclear factor-kappa B activation by inhibiting | kappa B kinase activity in the
intestinal epithelial cell line IEC-6. Mol Pharmacol, 2001. 60(3): p. 528-33.
Boehm, K., et al., Green tea (Camellia sinensis) for the prevention of cancer.
Cochrane Database Syst Rev, 2009(3): p. CD005004.

Bode, A.M. and Z. Dong, Epigallocatechin 3-gallate and green tea catechins:
United they work, divided they fail. Cancer Prev Res (Phila), 2009. 2(6): p. 514-7.
Wu, D., et al., Green tea EGCG, T cells, and T cell-mediated autoimmune
diseases. Mol Aspects Med, 2012. 33(1): p. 107-18.

Aktas, O., et al., Green tea epigallocatechin-3-gallate mediates T cellular NF-
kappa B inhibition and exerts neuroprotection in autoimmune encephalomyelitis.
JImmunol, 2004. 173(9): p. 5794-800.

Ullmann, U., et al., Plasma-kinetic characteristics of purified and isolated green
tea catechin epigallocatechin gallate (EGCG) after 10 days repeated dosing in
healthy volunteers. Int J Vitam Nutr Res, 2004. 74(4): p. 269-78.

Chow, H.H,, et al., Pharmacokinetics and safety of green tea polyphenols after
multiple-dose administration of epigallocatechin gallate and polyphenon E in
healthy individuals. Clin Cancer Res, 2003. 9(9): p. 3312-9.

Wang, Y., et al., (-)-Epigallocatechin-3-gallate protects mice from concanavalin
A-induced hepatitis through suppressing immune-mediated liver injury. Clin Exp
Immunol, 2006. 145(3): p. 485-92.

Yang, C.S., P. Maliakal, and X. Meng, Inhibition of carcinogenesis by tea. Annu
Rev Pharmacol Toxicol, 2002. 42: p. 25-54.

Lu, Y.P., et al., Topical applications of caffeine or (-)-epigallocatechin gallate
(EGCG) inhibit carcinogenesis and selectively increase apoptosis in UVB-induced
skin tumors in mice. Proc Natl Acad Sci U S A, 2002. 99(19): p. 12455-60.

Li, S., T. Hattori, and E.N. Kodama, Epigallocatechin gallate inhibits the HIV
reverse transcription step. Antivir Chem Chemother, 2011. 21(6): p. 239-43.
Nance, C.L., E.B. Siwak, and W.T. Shearer, Preclinical development of the green
tea catechin, epigallocatechin gallate, as an HIV-1 therapy. J Allergy Clin
Immunol, 2009. 123(2): p. 459-65.

100



133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

Song, J.M., K.H. Lee, and B.L. Seong, Antiviral effect of catechins in green tea on
influenza virus. Antiviral Res, 2005. 68(2): p. 66-74.

He, W., et al., Epigallocatechin gallate inhibits HBV DNA synthesis in a viral
replication - inducible cell line. World J Gastroenterol, 2011. 17(11): p. 1507-14.
Xu, J., et al., Green tea extract and its major component epigallocatechin gallate
inhibits hepatitis B virus in vitro. Antiviral Res, 2008. 78(3): p. 242-9.

Ciesek, S., et al., The green tea polyphenol, epigallocatechin-3-gallate, inhibits
hepatitis C virus entry. Hepatology, 2011. 54(6): p. 1947-55.

Calland, N., et al., (-)-Epigallocatechin-3-gallate is a new inhibitor of hepatitis C
virus entry. Hepatology, 2012. 55(3): p. 720-9.

Chen, C., et al., (-)-Epigallocatechin-3-gallate inhibits the replication cycle of
hepatitis C virus. Arch Virol, 2012. 157(7): p. 1301-12.

Lindenbach, B.D., et al., Complete replication of hepatitis C virus in cell culture.
Science, 2005. 309(5734): p. 623-6.

Wakita, T., et al., Production of infectious hepatitis C virus in tissue culture from
a cloned viral genome. Nat Med, 2005. 11(7): p. 791-6.

Gottwein, J.M,, et al., Development and characterization of hepatitis C virus
genotype 1-7 cell culture systems: role of CD81 and scavenger receptor class B
type | and effect of antiviral drugs. Hepatology, 2009. 49(2): p. 364-77.

Mercer, D.F., et al., Hepatitis C virus replication in mice with chimeric human
livers. Nat Med, 2001. 7(8): p. 927-33.

Kneteman, N.M., et al., Anti-HCV therapies in chimeric scid-Alb/uPA mice parallel
outcomes in human clinical application. Hepatology, 2006. 43(6): p. 1346-53.
Steenbergen, R.H., et al., Lipoprotein profiles in SCID/uPA mice transplanted with
human hepatocytes become human-like and correlate with HCV infection
success. Am J Physiol Gastrointest Liver Physiol, 2010. 299(4): p. G844-54.
Lambert, J.D., et al., Dose-dependent levels of epigallocatechin-3-gallate in
human colon cancer cells and mouse plasma and tissues. Drug Metab Dispos,
2006. 34(1): p. 8-11.

Lambert, J.D., et al., Epigallocatechin-3-gallate is absorbed but extensively
glucuronidated following oral administration to mice. J Nutr, 2003. 133(12): p.
4172-7.

Suganuma, M., et al., Wide distribution of [3H](-)-epigallocatechin gallate, a
cancer preventive tea polyphenol, in mouse tissue. Carcinogenesis, 1998. 19(10):
p. 1771-6.

Hsu, Y.W., et al., A subacute toxicity evaluation of green tea (Camellia sinensis)
extract in mice. Food Chem Toxicol, 2011. 49(10): p. 2624-30.

Lambert, J.D., et al., Hepatotoxicity of high oral dose (-)-epigallocatechin-3-
gallate in mice. Food Chem Toxicol, 2010. 48(1): p. 409-16.

Galati, G, et al., Cellular and in vivo hepatotoxicity caused by green tea phenolic
acids and catechins. Free Radic Biol Med, 2006. 40(4): p. 570-80.

Shankar, S., L. Marsh, and R.K. Srivastava, EGCG inhibits growth of human
pancreatic tumors orthotopically implanted in Balb C nude mice through
modulation of FKHRL1/FOX03a and neuropilin. Mol Cell Biochem, 2013. 372(1-
2): p. 83-94.

Law, J.L., et al., A Hepatitis C Virus (HCV) Vaccine Comprising Envelope
Glycoproteins gpE1/gpE2 Derived from a Single Isolate Elicits Broad Cross-
Genotype Neutralizing Antibodies in Humans. PLoS One, 2013. 8(3): p. e59776.

101



153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

Forns, X., et al., Antiviral therapy of patients with decompensated cirrhosis to
prevent recurrence of hepatitis C after liver transplantation. J Hepatol, 2003.
39(3): p. 389-96.

Everson, G.T,, et al., A randomized controlled trial of pretransplant antiviral
therapy to prevent recurrence of hepatitis C after liver transplantation.
Hepatology, 2012.

Carrion, J.A,, et al., Efficacy of antiviral therapy on hepatitis C recurrence after
liver transplantation: a randomized controlled study. Gastroenterology, 2007.
132(5): p. 1746-56.

Chalasani, N., et al., Peginterferon alfa-2a for hepatitis C after liver
transplantation: two randomized, controlled trials. Hepatology, 2005. 41(2): p.
289-98.

Rambaldi, A., B.P. Jacobs, and C. Gluud, Milk thistle for alcoholic and/or hepatitis
B or Cvirus liver diseases. Cochrane Database Syst Rev, 2007(4): p. CD003620.
Fu, H., et al., Lung cancer inhibitory effect of epigallocatechin-3-gallate is
dependent on its presence in a complex mixture (polyphenon E). Cancer Prev Res
(Phila), 2009. 2(6): p. 531-7.

Vanwolleghem, T., et al., Polyclonal immunoglobulins from a chronic hepatitis C
virus patient protect human liver-chimeric mice from infection with a
homologous hepatitis C virus strain. Hepatology, 2008. 47(6): p. 1846-55.
Zuckier, L.S., et al., The use of severe combined immunodeficiency mice to study
the metabolism of human immunoglobulin G. Cancer, 1994. 73(3 Suppl): p. 794-
9.

Dhillon, S., et al., Mutations within a conserved region of the hepatitis C virus E2
glycoprotein that influence virus-receptor interactions and sensitivity to
neutralizing antibodies. J Virol, 2010. 84(11): p. 5494-507.

Grove, J., et al., Identification of a residue in hepatitis C virus E2 glycoprotein
that determines scavenger receptor Bl and CD81 receptor dependency and
sensitivity to neutralizing antibodies. ) Virol, 2008. 82(24): p. 12020-9.
Pearlman, B.L. and N. Traub, Sustained virologic response to antiviral therapy for
chronic hepatitis C virus infection: a cure and so much more. Clin Infect Dis,
2011. 52(7): p. 889-900.

Picciotto, F.P., et al., Sustained virological response to antiviral therapy reduces
mortality in HCV reinfection after liver transplantation. ) Hepatol, 2007. 46(3): p.
459-65.

Calland N., B.S., The anthocyanidin delphinidin is a new inhibitor of Hepatitis C
virus entry, in 19th International Symposium on Hepatitis C and related
viruses.2012: Venice, Italy. p. Abstract P.068.

Janssen, H.L., et al., Treatment of HCV Infection by Targeting MicroRNA. N Engl J
Med, 2013.

102



Appendix A:

OH
on o | OMe
oH OH Gtesalic po 0. =
J’l\/ comT = o
0= . HO o “‘R‘J\ J ; |
o OH | o I O sanm SAH / oH
5% .4"-Dihyd roxyp henyl)-g-valerolactone L -1 )
; fol:H o1

Qﬁ,{.

u, 4'-MeEGC
‘Q@a‘%
HOOC
/J— 0_0-EGCG/EGC

Microsomal r\ >
UGT
" OH OH /@;ﬁz
534" 5" Trihydroxy p]len\l)—g—ralerulacmne @:DH o @,\0\12

G\‘.‘

HO
OH CG\ g;e j Cytosolic
\\1‘ C OMT
=1 A

SA_\I SAH
“ ™om
5.(3\,5-Dihydroxypheny)-gva Lerola ctone EGCG OMe

OH 4' 4"-DiMeEGCG OH

<50

fo o ﬁ
| = OH C ysteine
EGCGEGC-Sulfate = “ny
OH o | o 0OH
“on

(- 0o -

Figure 21: Biotransformative Pathways of Tea Polyphenols. EGCG:
epigallocatechin gallate; EGC: epigallocatechin; DiMeEGCG: di-methyl-EGCG;
SULT: sulfotransferase; COMT: catechol-O-methyl transferase; UGT: Uridine 5'-
diphospho-glucuronosyltransferase; SAM: S-adenosylmethionine; SAH: S-
adenosylhomocysteine. Courtesy Dr J Lambert, Pennsylvania State University.
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