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Abstract

Successful anti-viral immunity is dependent on effective activation of the innate
immune response. The majority of individuals infected with hepatitis C virus (HCV)
fail to eliminate the virus and progress to chronic infection. Treatment for HCV is with
the anti-viral cytokine interferon-alpha (IFN-a), a potent activator of the innate immune
system. Treatment response rates vary depending on viral genotype, with genotype 1
infected patients having response rates of less than 50%. IFN-a signals through the
Janus kinase/Signal Transducers and Activators of Transcription (JAK/STAT) pathway,
specifically activating STAT1, STAT2 and STAT3, which induces many IFN stimulated
genes (ISGs). Studies from our group showed that STAT1 and STAT3 expression is
reduced in peripheral blood mononuclear cells (PBMCs) from HCV patients. Therefore,
our central hypothesis was that HCV directly inhibits IFN-a signalling, thus blocking
anti-viral immune responses. We also proposed that in vitro expression of IFN-a
induced ISGs would predict clinical responsiveness.

We found that HCV targeted STAT3 to inhibit induction of ISGs. such as for
proteins such as protein kinase R (PKR), 2°5’- oligoadenylate synthetase (OAS) and
myxovirus resistance A (MxA), revealing a novel role for STAT3 in IFN-a activated
innate immune responses. Proteasomal inhibition restored ISG induction in PBMCs
from patients who were non-responsive to IFN-a stimulation in a STAT3-dependent
manner. Bioinformatic analysis was carried out to identify functionally relevant
conserved regions of the HCV genome, particularly viral genotype 1. that allow HCV to
hi-jack host proteasome degradation pathways and target STAT3. Using small peptide
inhibitors against these conserved regions, both STAT3 expression and ISG induction
was recovered.

Patients who had failed to respond to therapy had low ISG induction in their
PBMC:s in vitro following IFN-a stimulation. We therefore analysed in vitro response to
[FN-a in PBMCs from patients commencing IFN-a therapy and correlated ISG
induction with therapeutic response. Quantification of PKR, OAS and MxA expression
in vitro following IFN-stimulation prior to treatment reliably predicted genotype 1
infected patients who would achieve viral clearance at the end of therapy.

In conclusion, this research found that HCV specifically targets STAT3 to evade

anti-viral immune responses and this inhibition could be reversed by targeting
21



conserved regions of the viral genome responsible for mediating protein degradation.
Having observed this profound effect within patient PBMCs, we were able to use
PBMCs to accurately identify which genotype 1 infected patients would respond to
[FN-a therapy prior to treatment. Our findings present rational targets within the HCV
genome for the development of novel therapeutics and provide a clinical predictive

assay to determine patient response to IFN-a treatment.



Chapter 1

Introduction



Chapter 1 Introduction

HCV is a bloodbourne virus estimated to currently infect 159 million people
worldwide. Epidemiological data suggests that approximately 400,000 individuals are
chronically infected in Australia and Oceania, 14 million in the Americas, 16 million in
the Middle East, 17.5 million in Europe, 28.1 million in Africa and 83 million in Asia
(Fig. 1.1) [1]. Precise data are unknown as initial HCV infection is often asymptomatic,
but estimated figures indicate that HCV is a significant global health burden. Chronic
infection over decades can lead to the significant damage of the liver and the
development of serious complications including cirrhosis, hepatocellular carcinoma and
eventual liver failure. HCV infection is the leading cause of liver transplantation in the
developed world and the World Health Organisation believe that 350,000 people

worldwide die every year from HCV related illnesses.

mfmlmlal=l

Figure 1.1. Prevalence of HCV worldwide
HCV prevalence is highest in Asia and Africa, with Egypt (14%), Cameroon (13.8%), Burundi (11.3%)

and Mongolia (10.7%) having the highest infection rates worldwide. Countries in Europe, particularly
within Eastern Europe also have a significant proportion of the population infected. Adapted from [1].
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Viral infection is usually rapidly detected and eliminated by robust anti-viral
defences within the host immune system. However, in individuals infected with HCV,
50-90% of those infected fail to eliminate the virus and go on to develop chronic HCV
infection [2], suggesting that HCV has evolved mechanisms of overcoming the host
immune response. [FN-a proteins are a family of 13 cytokines produced by many cells
upon viral infection and exert potent anti-viral activity through upregulation of over 500
genes associated with effective viral clearance [3]. The standard therapy for HCV is a
combination of IFN-a with the nucleoside analogue ribavirin. IFN-a therapy is an
expensive, arduous treatment regime which causes serious side effects such as
depression and anaemia. The high cost of treatment eliminates the opportunity of
therapy for many in the developing and third world, who comprise the majority of those
infected worldwide. The potent activation of anti-viral responses by IFN-a suggests that
therapeutic administration of IFN-a to HCV infected individuals would lead to the
successful eradication of the virus. However, this therapy has suboptimal response
rates; viral clearance after therapy can be as low as 40-50% depending on viral
genotype. Therefore, due to the high cost of treatment, severe side effects and poor
success rate, it is critical that patients who will ultimately fail to respond are identified
prior to commencing therapy thus avoiding unnecessary treatment. Several viral and
host factors have been implicated as predictors of therapeutic response to IFN-a,
including viral genotype [4], innate immune genes, such as polymorphisms near [FN-A
genes [5], and hepatic ISG expression [6]; however as yet, there is no pre-treatment

assay to determine who will respond and who will not.

Furthermore, as HCV interferes with the action of IFN-a, it is crucial that the
molecular mechanisms used by HCV to block the action of IFN-o are thoroughly
understood. Fully elucidating the interaction between HCV and the innate immune

system would enhance the development of novel anti-viral therapies.
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1.1 Hepatitis C Virus

HCV was formally identified in 1989 after a decade long search to discover the
causative agent of non-A, non-B hepatitis [7]. HCV is an RNA virus from the
Hepacivirus genus within the Flaviviridae family, a family that also includes
Flaviviruses and Pestiviruses. There are seven genotypes of HCV, which can have as
much as 33% nucleotide sequence diversity between genotype. Each genotype is
further separated into many subtypes and quasispecies [8]. HCV has a positive single-
stranded genome, ~9,600 nucleotides in length, and encodes 10 viral proteins. A
genome of 9,600bp is an extremely small viral genome, as some DNA viruses can be as
large as 300 to 1,200 kbs and encode for 100s of viral proteins [9]. The primary site of
HCV replication is the liver and it is estimated that a single infected hepatocyte
produces 10 to 100 viral particles per day [10]. The viral genome is comprised of a 5’
non-coding region (NCR), a long open reading frame (ORF) and a 3° NCR. The ORF is
both co- and post-translationally modified to produce viral proteins (Fig.1.2). The 5°
NCR is highly conserved across genotypes and contains the internal ribosome entry site
(IRES), which is involved in cap-independent translation of RNA. The functions of
HCV proteins have been the subject of intense scrutiny in an effort to identify novel
therapeutic targets. Although many roles have been discovered, the function of several
of these proteins still remains unclear. Structural proteins of HCV include core and the
envelope glycoproteins E1 and E2. The non-structural (NS) proteins consist of p7, NS2,
NS3, NS4A, NS4B, NS5A and the NS5B RNA-dependent RNA polymerase (RdRp)

[11].
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HCV ORF
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Figure 1.2. The HCV polyprotein

The HCV open reading frame (ORF), between the 5’ non-coding region (NCR) and 3’NCR, is translated
into the HCV polyprotein. The ~3000 amino acid polyprotein is made up of structural and NS proteins.
The polyprotein is post-translationally cleaved by host peptidases and viral proteases to produce 10 viral
proteins. The structural proteins include core, E1 and E2 and the non-structural proteins include p7, NS2,

NS3, NS4A, NS4B, NS5A and NS5B.

1.1.1 Structural proteins

HCYV structural proteins are expressed in the amino terminus of the polyprotein
and they assemble to form the viral particle. The core protein of HCV is an RNA
binding protein that has been shown to play a pivotal role in the assembly of the viral
nucleocapsid. Core directs assembly of viral NS proteins to lipid droplets on the
endoplasmic reticulum (ER), where the NS proteins instigate viral replication [12].
Core has also been implicated in host cellular processes including apoptosis, lipid
metabolism, and carcinogenesis [13]. The role of core in apoptosis remains
controversial, with many studies claiming that core enhances apoptosis and many others
concluding it protects against programmed cell death. For example, one study found
that core enhanced apoptosis in the Huh-7 hepatocyte cell line through caspase
activation and cytochrome C release from the mitochondria [14]. In contrast, in vivo
studies found that transgenic mice expressing core, E1, E2 and NS2 were resistant to
cytochrome c¢ release from the mitochondria and had less caspase 3 and caspase 9

activation [15]. Conflicting reports about the effect of core on apoptosis are most likely
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due to different experimental systems and the complex nature of apoptotic pathways

within cells, illustrating that the exact function of core is unknown.

Core has also been reported to exhibit some immunomodulatory effects, such as
inducing an inflammatory profile [16,17]. Monocytes from healthy individuals produce
the inflammatory cytokine tumour necrosis factor (TNF) -a following stimulation with
core proteins; however, monocytes from HCV patients produce more TNF-a upon
stimulation with core than healthy controls [18]. Indeed, repeated stimulation with core
failed to induce tolerance in monocytes from HCV patients, who remained hyper-
responsive to core stimulation, unlike healthy controls that produced less TNF-a over
time following repeated stimulation with core protein. This indicates that healthy
monocytes become tolerant, preventing excessive inflammation. This is an interesting
observation as persistent inflammation within the liver during HCV infection is the
cause of hepatic complications associated with the virus. Triggering of TNF-a,
interleukin (IL) -1 and IL-10 production by monocytes stimulated with core, as well as
a lack of IL-12 production, blocks dendritic cell (DC) differentiation, which are key
immune cells responsible for mediating innate and adaptive immune responses [16].
Conversely, core expression in Hel.a and hepatoma cells strongly inhibited expression
of the pro-inflammatory cellular enzyme cyclooxygenase 2 (Cox-2) [19]. Difference in
the effects of core on the inflammatory response is most likely due to the difference in
experimental cell types and may reflect mechanisms used by HCV to balance the
immunomodulatory effect it has on the immune system and avoid detrimental

inflammatory destruction of the host.

The envelope glycoproteins, E1 and E2, form the viral envelope and are
modified by N-linked glycans. Both are cleaved by host signal peptidase in the ER and,
as an E1-E2 heterodimer, play a pivotal role in HCV viral entry, replication and virion

assembly [20] (Fig. 1.3).
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Figure 1.3. HCV virion structure

The HCV proteins E1 and E2 form heterodimers which, along with host proteins, form the viral envelope

of the viral particle. Within the virion, the viral nucleic acid is surrounded by core protein.

As El and E2 form the viral envelope, and therefore are exposed to the
extracellular humoral immune system, they are frequently the candidate antigens used
in the efforts to develop a HCV vaccine. Patients who spontaneously clear HCV
infection have significantly higher serum levels of broadly neutralising antibodies that
recognise epitopes in E1 and E2, compared to patients who do not [21]. In fact, patients
who spontaneously resolve HCV infection have been shown to be rapid inducers of
neutralising antibodies against the E1-E2 heterodimer whereas those with chronic
infection showed low titres of antibodies during the acute stage of infection [22].
Vaccine development has primarily focused on raising antibodies against E1E2 or E2
alone, with little success. However, a recent study found that chimpanzees vaccinated
against El induced broadly neutralising antibodies and cleared subsequent viral
challenge, compared to those vaccinated against E2 (without the hyper-variable region
(HVR) -1) or unvaccinated chimps [23]. Further understanding of the innate immune
response to these two proteins, and the subsequent induction of effective adaptive

immune responses, is needed for the development of new therapeutic vaccines against

HCV.



A more elusive structural protein sometimes found during HCV infection results
from a +1 ribosomal frameshift mutation within core that produces an alternative
reading frame protein (ARFP) or F protein [24]. This phenomenon has been observed in
genotype la and 1b of HCV; genotype la F protein occurs as a result of a +1 frameshift
at codon 11 of core; genotype 1b F protein occurs following a frameshift mutation at
codon 42 of core (Fig.1.4). Although the role of the F protein in the viral life cycle is
still undefined, patient antibodies against the F protein are negatively correlated with
HCYV viral titres, and T lymphocytes against the F protein exist in some HCV infected

patients [25,26]. The exact function of this protein remains to be defined.

L F protein (genotype 1a) J

[ F protein (genotype 1b) ]

Figure 1.4. Frameshift mutation in core result in F protein translation

A frameshift mutation at codon 11 in HCV genotype la results in the production of an F protein of 151
amino acids in length. A frameshift mutation at codon 42 in HCV genotype 1b results in the production of

an F protein of 102 amino acids in length.

1.1.2 Non-structural proteins

NS proteins of HCV have many diverse roles in the viral life cycle, including
polypeptide cleavage and immunomodulatory roles. p7 is the smallest viral protein and
assembles into hexamers, that form an ion channel in the ER membrane [27]. Formation
and insertion of p7 hexamers into membranes regulates proton conductance in vesicles
to reduce acidification, an event crucial for the production of infectious viral particles

[28]. The p7 protein is hypothesised to be an important virulence factor, involved in the
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late stage of HCV replication, based on the observation that p7 is essential for
infectivity of HCV in chimpanzees [29]. This indicates an important role for p7 in viral
life cycle. This small protein, so critical for viral vitality, requires much more research

to uncover its complete function.

NS2-3 is a cysteine autoprotease that cleaves the HCV polypeptide
between NS2 and NS3A. NS2-3 is needed to establish replicating HCV infection in
chimpanzees [30]. Cleaved NS2 protein has been implicated in the inhibition of gene
synthesis and induction of apoptosis within cells [31]. NS2 also exerts effects on cell
growth by inducing cell cycle arrest in the S phase through down-regulation of cyclin A
expression, an effect demonstrated in both hepatic and non-hepatic cell lines [32].
Recently, NS2 has been shown to have a positive effect on HCV translation by
upregulating HCV IRES-dependent translation in Huh-7 cells and inhibiting NS5B
RdRp activity in Huh-7, HeLLa and HepG2 cells, thus shifting the balance from RNA
replication to RNA translation [33].

The NS3 protein contains two domains, an N-terminal serine-type protease
domain and a C-terminal helicase/NTPase domain and has important functions in the
viral life cycle and interaction with the immune system, making it an attractive target
for novel drug design. The protease function of NS3 is enhanced when it non-covalently
associates with its cofactor NS4A, and this complex has roles in both processing the NS
polypeptide and in viral replication. The NS3-4A protease cleaves the HCV polypeptide
between NS4A/NS4B, NS4B/NS5A and NS5A/NS5B. Stable NS3 expression is
dependent on NS4A as deletion of NS4A results in the rapid degradation of NS3 within
the cytosol. Both proteins are essential for HCV viability [34,35]. The NS3-4A protease

has immunomodulatory effects on innate immunity, as discussed in section 1.6.

NS4B is a hydrophobic viral protein that induces the formation of membranous
structures on the ER necessary to support HCV RNA replication [13]. NS4B also has an
important nucleotide binding domain, which mediates the binding and hydrolysis of
guanosine-5'-triphosphate (GTP), a substrate for RNA synthesis during transcription
[36]. Mutation of amino acids within this domain inhibits viral replication, highlighting

NS4B as a future target for HCV anti-viral drugs.
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NS5A is a phosphoprotein which can be found in both phosphorylated and
hyperphosphorylated forms. The phosphorylation of NSS5A is conserved among
Hepacivirus and Pestiviruses, demonstrating its importance in the Flaviviridae family
life cycle [11]. NS5A has profound effects on the innate immune system (discussed in
section 1.6) and can modulate host cell cycle control to propagate viral replication.
NS5A directly targets many mitogen-activated protein kinase (MAPK) signalling
pathways which allows it to control the cell growth cycle, presumably to benefit viral
replication [37]. Interestingly, mutations in the IFN sensitivity determining region

(ISDR) of NS5A have been linked with response to IFN-a treatment [38,39].

NS5B protein is an RNA-dependent RNA polymerase, making it a critical
enzyme for HCV viral replication and an attractive target for direct anti-viral drug
development. NS5B uses the positive strand RNA genome of HCV as a template and
initiates synthesis of a complimentary negative RNA strand by binding to the 3’UTR.
Mutations in motifs within NS5B that mediate its RdRp function dramatically block
viral replication [40]. Other functions attributed to NS5B include binding to and
inhibiting the anti-viral GTPase guanylate binding protein 1 and inhibiting TNF-a
stimulated nuclear factor kB (NF-kB) activation, which is necessary for the induction of

a pro-inflammatory immune response [41,42].

As HCV encodes such a small number of proteins, it is not surprising that these
proteins are multifunctional and often work synergistically to promote virus survival
and propagation. An example of this is NS5B, whose expression results in upregulation
of the anti-viral cytokine IFN-f. Co-expression of NS4A, NS4B and NS5A, counteract
this activation of IFN-B. possibly reflecting strategies evolved by the virus to limit its
own activation of the immune system [43]. NS4A can bind to NS3, inhibiting the
enzymatic activity of the NS2-3 protease to possibly control proteolytic cleavage events
during replication [44]. These two examples illustrate the importance of studying HCV
proteins in the context of one another and that studies of one protein alone cannot draw

definite conclusions as to that protein’s function.
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1.1.3 HCV viral life cycle

The HCV viral life cycle commences with HCV mediating its entry into a host
cell. The membrane of the HCV virion is made of host-derived proteins and E1-E2
heterodimers. These heterodimers bind several defined receptors including CD8I,
scavenger receptor class B type 1 (SR-B1), claudin N1 (CLN1), occludin,
glycosaminoglycans (GAGs), low-density lipoprotein receptor (LDLR) and the
mannose binding lectins, DC-SIGN and L-SIGN [45] (Fig. 1.5).

Extracellular space

Clathrin
mediated
endocytosis

Cytosol
[ Acidified endosome |

Figure 1.5. Receptors that mediate HCV internalisation

Several receptors on the cell membrane can bind to and facilitate HCV internalisation into the cell,
including low-density lipoprotein receptor (LDLR), glycosaminoglycans (GAGs), scavenger receptor
class B type 1 (SR-B1), occludin (OCLD), CD81 and claudin N1 (CLNI1). Following binding to the
receptor, HCV is internalised via clathrin-mediated endocytosis and the virus is internalised in the cytosol

in an acidified endosome.

The first identified HCV receptor was CD81, a type III membrane glycoprotein
that can form tetraspanin enriched microdomains (TEMs) at the cell membrane, similar
to the formation of lipid rafts [46]. HCV E2 binds to the long extracellular loop of
CD81 homodimers, however CD81 homodimers may not be the sole mediator of HCV
internalisation and may function to concentrate viral particles on the surface of

membranes [47]. The introduction of the HCV pseudoparticle (HCVpp) in vitro culture
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system led to the identification of SRB1 as another receptor involved in HCV cell entry.
SRBI is a high density lipoprotein (HDL) receptor with a high affinity for HCV E2.
Antibodies against SRB1 have been shown in vitro to block the interaction between E2
and SRBI1 and subsequently prevent internalisation of the HCVpp particle [48]. CLNI
was identified as another HCV co-receptor through screening of CD81+ SRB1+ 293T
cells for additional receptors required to make these cells permissive to HCVpp
infection [49]. The claudin family of proteins are small membrane-spanning proteins
involved in the formation of tight junctions and CLNI1 is highly expressed in the liver,
where it plays an important role in the formation of paracellular sealing between
hepatocytes [50]. siRNA knock-down of CLNI1 results in decreased infectivity of
HCVpp, further demonstrating its role during HCV cell entry [51].

Another tight junction protein identified as a receptor for HCV is occludin.
Although overexpression of occludin in HCVpp permissive cell lines did not render the
cells more susceptible to infection, silencing of its expression abolished the ability of
the virus to enter the cells [52]. HCV can also bind to GAGs on the cell surface,
specifically to GAG heparin sulphate via the E2 protein [53]. Four viral epitopes in the
hypervariable region of E2 have been shown to be important for this interaction and
treatment of the HCVpp infection model with heparin sulphate could inhibit binding of
E2 to GAG heparin sulphate, thus inhibiting viral entry [54]. Another receptor proposed
to be involved in viral entry is the LDLR. LDLR primarily binds to cholesterol in the
form of LDL circulating in the plasma; ligand binding leads to the internalisation of the
receptor-ligand complex via clathrin-mediated endocytosis, with LDL dissociating from
the receptor in the low pH environment of the endosome [55]. HCV was shown to bind
strongly to LDLR, and antibodies targeting this receptor could significantly inhibit
absorption of HCV into the cell [56]. Indeed, single nucleotide polymorphisms (SNPs)
in the LDLR have been linked to liver disease severity and response to therapy during

treatment of HCV [57].

Upon receptor binding, HCV enters the cell via clathrin-mediated endocytosis
and fusion of viral and endosomal membranes in a pH-dependent manner, allowing for
viral uncoating and introduction of the viral genome into the cytoplasm of the cell [11].
The viral RNA then undergoes replication or protein translation [58]. Replication of the
virus occurs on the ER and as HCV has a positive sense RNA genome, the viral RNA
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acts as an mRNA. Replication of the viral genome occurs when the NS5B RdRp
synthesises the negative strand of the genome, which then serves as a template for the
synthesis of a positive strand of the genome. The positive strand RNA genome is
encapsulated and enveloped with viral structural proteins on the ER. Cap-independent
translation is initiated upon binding of the 40S ribosomal subunit to the IRES within the
5’NCR. Polypeptide processing of the structural proteins is mediated by ER signal
peptidases and NS proteins via the viral proteases NS2-3 and NS3-4A [59,60].
Replication of HCV on the ER causes conformational changes in the ER membrane,
leading to the formation of a replication complex, termed the membranous web,

consisting of HCV RNA, proteins and altered ER membranes [61].

1.1.4 HCV Genotypes and quasispecies

There are seven genotypes of HCV, which can have as much as 33% divergence
in nucleotide sequence [62]. Proteins such as the envelope E1 and E2 glycoproteins
exhibit the highest sequence diversity among genotypes, reflecting the demand on these
proteins to continually evolve due to pressure from the immune system. Proteins not
exposed to the immune system, such as the NS proteins, show less sequence diversity
between genotypes [8]. The preferred method of discriminating viral genotype is based
on the 5’NCR due to its highly conserved nature, which allows for accurate
discrimination between genotypes. However, this conservation means that while tests

can distinguish between viral genotypes, genotype subtypes are not readily identified
[63].

HCV has a high replication rate and a person chronically infected with HCV is
thought to produce up to a trillion new viral particles per day [64]. This high rate of
viral production, alongside the high error rate of the RdRp NS5B during replication,
leads to the generation of many HCV mutants, which therefore exist together with the
original HCV virus sequence [8]. This has led to the generation of many different
subtypes within each viral genotype and within an infected individual, the existence of

closely related yet genetically distinct quasispecies. Therefore a patient will be infected
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with a population of different HCV genomes that are closely related, allowing the virus

to effectively evade immune responses [65].

HCV genotype is an important determinant of response to [FN-a therapy, with
genotype 1 infected patients having much poorer response rates than patients infected
with other viral genotypes [2]. Within genotype 1 infected patients, there are two
dominant subtypes: la and 1b. Those infected with genotype 1b have a better response
to IFN-a therapy than those infected with la [66]. Differences between these two
subtypes has also been observed in clinical trials for new, direct acting anti-viral drugs
[67]. Results from phase I1I clinical trials with the protease inhibitor telaprevir indicate
that those infected with genotype 1b had higher response rates than those infected with
genotype la [68]. These differences between the subtypes of genotype 1 will have
important consequences when treating HCV infected patients in Ireland. It is estimated
that 55% of the Irish population are infected with HCV are infected with genotype 1.
Although the precise breakdown of the subtypes of those infected with genotype 1 is
not documented, it is known that 11.2% (390/3493) represent women who were

infected with genotype 1b in the 1970s through contaminated anti-D [69, 71].

1.1.5 History of HCV infection in Ireland

Following the identification of HCV in 1989, a national screening programme
was set up to identify individuals who had possibly been infected through contaminated
blood products in the previous two decades. This investigation resulted in the positive
identification of over 10,000 people infected with HCV, as summarised in figure 1.6.
Based on those known to be infected through contaminated blood products, and
intravenous drug abusers (IVDA) who undergo testing when they first present at drug
treatment clinics, it is estimated that between 20,000 and 50,000 individuals in the Irish
population are currently infected with HCV, approximately 0.5-1.2% of the population,

a statistic similar to other countries in Northern Europe [69].
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Figure 1.6. Cases of HCV confirmed in Ireland by the National Virus Reference
Lab between 1989-2004

Number of cases of confirmed HCV infection in drug users, patients who received contaminated blood
products and other patients along with total confirmed cases, diagnosed between 1989 and 2004. Taken

from [69].

Over 10,000 cases of HCV were identified in Ireland between the virus being
discovered in 1989 up to 2004. Identification of those infected through contaminated
blood products peaked in 1994 following a mass screening campaign. Since 1994, the
cases in Ireland positively identified for HCV are predominantly within the IVDA
cohort. There was also a rise in individuals testing positive who have no known

classical risk factors such as IVDA or receipt of a blood transfusion.

The vast majority of newly identified cases in this country are from needle
sharing during IVDA, with many of these also co-infected with human
immunodeficiency virus (HIV). Co-infection with HIV is a compounding risk factor for
development of accelerated symptoms typically associated with long term chronic HCV
infection, including cirrhosis and hepatocellular carcinoma. IVDA cases have a lower
rate of spontaneous viral clearance during acute infection, due to compromised

immunity from HIV co-infection and drug and alcohol abuse [70].

Prior to routine screening of blood products for HCV, HCV infected blood
products were administered to people with blood clotting disorders, recipients of blood

transfusions and women infected with the virus after receiving contaminated anti-D
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immunoglobulin. Irish women infected through contaminated anti-D divide into two
cohorts: those infected between 1977 and 1979 and those infected between 1991 and
1994, with the former cohort infected with genotype 1b and the latter cohort infected
with genotype 3 of the virus. From the 1970s cohort, 704 women were identified
through a mass screening programme to be seropositive for HCV in 1994, with 390
(55%) PCR +ve cases detected for the virus [71]. This represented a high rate of
spontaneous clearance during acute infection, possibly due to the fact that those
infected were young, healthy women (the average age of infection was 28), who
received a relatively low dose of HCV. The number of patients testing PCR +ve from
the 1990s cohort is much lower, most likely reflecting the low level of HCV RNA

present in the contaminated anti-D batch [72].

Study of the cohort of women infected with HCV genotype 1 through infected anti-
D provides an interesting insight into the role of the human immune system in clearance
of HCV. What makes these women a unique and homogenous group to study is that
they were all infected with the exact same genotype of virus, were all of similar age and
health status, and were all of the same ethnicity. Of the 704 women infected with anti-D
and tested antibody positive, 314 women developed an adaptive immune response that
successfully eliminated the virus, whereas 390 developed an adaptive response but
failed to clear HCV [71]. Interestingly, there is a large cohort of women (~55%) who
are thought to have been exposed to the virus but are not infected and have no evidence
of antibodies against HCV. This indicates that the innate immune system in these

women successfully eradicated the virus.

1.2 Anti-viral immunity

HCV has evolved mechanisms to allow it to evade anti-viral immune responses,
having major implications for both the natural clearance of the virus and response to
IFN-a treatment. The human immune system comprises many effector systems, cells
and molecules, spread throughout all organs and systems of the body which defend and
protect against infection and disease. This remarkable and complex system is capable of

distinguishing between harmful and innocuous, between self and non-self and between
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commensal and pathogen. Two highly linked branches, the innate and adaptive immune
systems, interact to provide effective anti-viral immunity. When a pathogen initially
enters the body, it encounters the innate immune system; this system is a broad range,
non-specific first line of defence, capable of successfully eliminating many pathogenic
challenges. If the threat persists, the innate immune system activates the adaptive

immune system, a more exact defence that can eliminate specific pathogens.

Preventing pathogen entry is one of the simplest means of immune defence.
Anatomical barriers include the skin and the mucosal epithelia that line the respiratory
and reproductive tracts, which have both physical and chemical means of preventing
pathogen entry. Should these defences be breached, underlying epithelial surfaces
contain resident macrophages, such as Kupffer cells in the liver, and circulating
neutrophils that can rapidly recognise and phagocytose pathogens. Not only can they
destroy the pathogen, they are potent producers of cytokines and chemokines, thus
invoking an inflammatory response. During inflammation, many processes are activated
to limit pathogenic spread, including the coagulation system, endothelial activation and
complement system activation. However, should these immediate first lines of defence
fail, early innate immune activation is capable of inducing a more potent response
through various effector leukocytes and detection of pathogens via pattern recognition

receptors (PRRs).

Adaptive immunity differs from innate immunity, as rather than taking hours to
activate, it can take days; it is highly specific in the recognition of a pathogen and it is
capable of retaining immunological memory. However, effective adaptive immune
responses are only elicited following innate immune activation. The effector cells of the
adaptive immune system are T and B lymphocytes, each type capable of generating
receptors specific for a particular antigen. B lymphocytes recognise antigen via
immunoglobulins on their cell surface. When these are expressed on the B cell surface,
they are known as the B cell receptor (BCR). Following binding of an antigen to the
BCR, the B cell becomes terminally differentiated into a plasma cell and these receptors

are secreted and classed as antibodies.

T cells recognise specific antigen epitopes via the T cell receptor (TCR). The

TCR is expressed together with a co-receptor, either CD4 or CD8. CD8+ T cells are
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cytotoxic T lymphocytes (CTLs), which recognise peptides presented by MHC class |
molecules and have potent anti-viral activity. CD4+ T cells are further differentiated
into two classes; Thl and Th2 cells. Thl cells control intracellular bacterial infection
and promote antibody secretion by B cells. Th2 cells are important for controlling
helminth infection and also activate B cells to produce antibodies. The genes for the
BCR and TCR are encoded on multiple gene segments and the generation of these
receptors require gene rearrangement, enabling them to create receptors of unique
specificity. Once a BCR or TCR engages with its specific antigen, the lymphocyte
bearing that receptor clonally expands. Some of these clones will persist perpetually in
the body, facilitating rapid expansion should the pathogen be encountered again.
However many viruses, such as HCV, are constantly evolving and replicate
inaccurately, allowing them to constantly evade specific memory T and B iymphocytes,

thus making them difficult targets for vaccination.

HCYV induces both T and B cell responses and the extent of induction of their
activation can determine whether an infected individual becomes chronically infected
with the virus. For example, chronic infection is associated with low frequencies of
circulating CTLs, whereas individuals who spontaneously clear the virus demonstrate
potent and sustained CD8+ T cell responses [73.74]. A ‘stunned’ CD8+ T cell
phenotype has been described in HCV, where virus specific CD8+ T cells are activated
yet dysfunctional and therefore fail to secrete anti-viral cytokines such as IFN-y [73].
CD4+ T cells also play an important role in the control and resolution of HCV.
Chimpanzees that previously resolved HCV infection, failed to clear the virus upon re-
infection when Th1 responses were ablated using CD4+ T cell specific antibodies [75].
In humans, HCV specific CD4+ T cell responses correlate with viral load and disease
progression [76]. Furthermore, HCV has been shown to inhibit the secretion of IL-2 by
activated T cells, thus preventing IL-2-mediated T cell growth and expansion and
differentiation of antigen specific memory T cells [77]. Functional humoral responses
are also crucial for HCV viral clearance and have been the subject of intense scrutiny in
efforts to develop a successful vaccine. Indeed, rapid induction of neutralising
antibodies against HCV envelope proteins is associated with successful viral clearance

during acute infection [21,22].
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1.3 The anti-viral innate immune system

1.3.1 Innate immune cells involved in anti-viral immunity

Most cells involved in innate immunity are derived from a common myeloid
progenitor in the bone marrow which can differentiate into granulocytes; such as
neutrophils, eosinophils and basophils; and monocytes, which in turn can differentiate
into macrophages and DCs. Innate immune cells derived from common lymphoid
progenitors in the bone marrow include natural killer (NK) cells and lymphocytes.
Macrophages and neutrophils are efficient phagocytes that recognise, engulf and
destroy invading pathogens. Ingestion of pathogens by macrophages upregulates the
expression of MHC class II molecules on their cell surface and allow them to become
antigen presenting cells (APCs) and present pathogen-derived peptides to CD4+ T cells.
Therefore, successful activation of adaptive immune responses is dependent on
effective detection and presentation of pathogens to the adaptive immune system by
cells within the innate immune system. DCs are professional APCs that reside in tissues
and peripheral lymphoid organs and are key mediators of innate anti-viral immunity.
There are two major types of DCs: conventional DCs (¢DCs) and plasmacytoid DCs
(pDCs). ¢DCs recognise a wide variety of pathogens and are mainly involved in antigen
presentation and naive T cell priming, whereas pDCs respond primarily to viral
infection by producing large amounts of potent anti-viral type I IFNs and have been

implicated in controlling HCV infection [78].

NK cells are innate immune cells derived from a common lymphoid progenitor
with potent anti-viral potential. Invariant receptors on the NK cell surface recognise
transformed and virally infected cells and kill targets by releasing the contents of the
cytotoxic granules found in their cytoplasm. NK cells are activated in response to type |
IFNs and cytokines derived from macrophages, including 1L-12, produced early in the
activated innate response. IL.-12, along with the pro-inflammatory cytokine TNF—q,
stimulate NK cells to produce large quantities of the type II IFN, IFN-y. IFN-y is a
cytokine that exerts anti-viral actions through various processes such as MHC
upregulation and Th1 T lymphocyte differentiation. Patients who resolve acute HCV are

known to have NK cells with a more activated phenotype than those who do not resolve
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infection [79,80]. NKT cells are similar to NK cells, but express an invariant TCR that
recognises presentation of lipids via CD1d molecules. Their numbers are few in
circulation; however they compose approximately 12% of intrahepatic lymphocytes.
Although the function of NKT cells has not been fully elucidated, it has been shown
during HCV infection, intrahepatic NKT cell numbers are reduced, as are total NK cell
numbers, indicating they are targeted by the virus to inhibit their role in anti-viral

immunity within the liver [81,82].

1.3.2 Pattern Recognition Receptors (PRRs)

Although the innate immune response lacks the range of specificities found in
adaptive immunity, it can identify certain patterns conserved on pathogens, termed
pattern associated molecular patterns (PAMPs), through germ-line encoded receptors
PRRs. PRRs are capable of recognising and mounting a quick response to a broad range
of pathogens and can be classed into a number of functionally distinct classes including,
toll-like receptors (TLRs), nucleotide binding and oligomerization domain (NOD)-like
receptors (NLRs) and retinoic acid-inducible gene 1 (RIG)-like receptors (RLRs). In
humans, there are ten TLRs; membrane bound receptors that sense a diverse range of
PAMPs from bacteria, viruses, fungi and parasites. An interaction between a PAMP
with its cognate TLR results in the initiation of a signalling cascade, which can be
defined as either dependent or independent of the adapter molecule myeloid
differentiation primary response gene 88 (MyD88). Activation of these pathways
activates the transcription factors NF-xB and [FN-regulatory factors (IRFs) [83]. TLRs
signal through five toll/IL-1 receptor (TIR) domain containing adapter molecules:
MyD88, MyD88-adapter-like (MAL), TIR-domain-containing adapter protein inducing
IFN-B (TRIF), TRIF-related adapter molecule (TRAM) and sterile a and armadillo-
motif-containing protein (SARM), with SARM being a negative regulator of signalling
[84] (Fig.1.7). TLR engagement with its cognate ligand actives MyD88 via the adapter
MAL, leading to signalling through IL-1 receptor-associated kinases (IRAKs) and TNF
receptor associated factors (TRAFs), which in turn activate NF-xB. MyD88
independent signalling occur when the adapter TRAM activates TRIF, which leads to

IRF3 and IRF7 activation via the TANK-binding kinase 1/IxB kinase ¢ (TBK1/IKKg)
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complex [85]. Generally, activation of NF-xB is associated with the upregulation of
pro-inflammatory genes, whereas the activation of IRFs is associated with the

upregulation of type I IFNs.

Pro-inflammatory
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Figure 1.7. TLR receptor activation upregulates type I IFNs and pro-inflammatory
cytokines

TLRs found on the cell membrane include TLR1, TLR2, TLR4, TLR5 and TLR6, whereas TLR3, TLR7,
TLR8 and TLRY are found on endosomal membranes. All cell membrane TLRs can signal through the
adapter molecule MyD88 to activate IRAK and TRAF family members, which subsequently activate the
transcription factor NF-kB, promoting pro-inflammatory gene induction. Endosomal TLRs and TLR4 can
signal independent of MyD88 via the adapter molecule TRIF. TRIF activates the TBK1/IKKe complex,
which phosphorylates the transcription factor IRF3, allowing them to dimerise and translocate to the

nucleus, promoting upregulation of type I [FNs.

RLRs are cytosolic receptors which include RIG-1, melanoma differentiation
factor-5 (MDA-5) and laboratory and of genetics and physiology-2 (LGP-2). These
receptors signal via the adapter molecule IFN promoter stimulator-1 (IPS-1) (also
termed MAVS/VISA/Cardif), which is mitochondrial associated (Fig. 1.8). IPS-1
activates the TBKI1/IKKe complex, which in turn activates the downstream

transcription factors NF-kB, IRF3 and IRF7 [86].
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Figure 1.8. Cytosolic RLRs activation promotes type I IFN production

RIG-I and MDA-5 detect cytosolic RNA during viral infection. Activation of these receptors initiates a
signalling cascade via the mitochondrial associated IPS-1 and the TBK1/IKKe complex, leading to the
phosphorylation and dimerisation of IRF3 and IRF7. These transcription factors subsequently translocate

to the nucleus where they upregulate the expression of type I [FNs.

1.3.3 Viral recognition by the innate immune system

Many PRRs in the innate immune system detect and respond to viral PAMPs.
These include members from the TLR, NLR and RLR families, as well as some novel
cytosolic DNA sensors. Many of these sensors are located on the cell membrane (e.g.
TLR2 and 4), while others are found on membranes within endosomal compartiments
(TLR 3, 7, 8 and 9), while others are located in the cytosol (RLRs and NLRs), allowing

the innate immune system to engage with viruses at various stages of their life cycle.

TLR2 and TLR4 are present on the cell membrane and are traditionally
associated with response to fungal and bacterial PAMPs. However, a role for these
TLRs in viral detection and response has emerged. TLR2 activation has recently been
shown to result in the production of type I IFNs, as well as activate pro-inflammatory
cytokine production, in response to several DNA viruses [87]. TLR2 also upregulates an
inflammatory response upon stimulation with either HCV core protein or NS3 protein
[88], however this is not believed to be particularly relevant in vivo. as infectious

particles failed to elicit the same response [17]. The detection of viral PAMPs by the
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endosomal TLRs, TLR3, TLR7, TLR8 and TLR9, is well-established. TLR3 recognises
dsRNA, TLR7/8 recognise ssSRNA and TLR9 recognises DNA with CpG motifs [89].
TLR3 signals through TRIF upon ligand interaction, whereas the other TLRs signal via
MyD88. TRIF activates the transcription factor IRF-3 which, once phosphorylated.
dimerises and translocates to the nucleus to upregulate the production of type I IFNs.
TLR7 and TLR9Y are constitutively expressed within pDCs, an innate immune cell type

known for its abundant production of IFN-a upon viral infection [90].

Cytoplasmic RLRs also detect viral nucleic acids. RIG-I, recognises 5’
triphosphates on uncapped viral RNA, as opposed to endogenous host mRNA which
contains a nucleic modification at the 5° end of its mRNA (a 5’cap), providing mRNA
stability. RLRs can recognise both positive and negative sense RNA viruses, including
HCV. RIG-I and MDA-5 can recognise dsRNA, depending on the length of the
sequence [91]. Viral activation of RLRs results in signalling via the mitochondrial
adapter protein IPS-I, which activates IRF-3 and -7, leading to the upregulation of type
I IFNs [86]. Viral DNA can also be detected indirectly via RLR, as cytoplasmic RNA
polymerase 111 converts viral DNA to RNA, which consequently activates RLRs [89].

Although cytoplasmic sensors of RNA have been known about for some time,
cytoplasmic DNA sensors are only recently being identified. The first to be confirmed
was DNA-dependent activator of IFN-regulatory factors (DAI, also called DLM-
1/ZBP1) in 2007 by Takaoka et al.; which was shown to bind to dsDNA in the
cytoplasm, activate IRFs and promote the induction of type I IFNs [92]. However, this
sensor was later shown to be cell type dependent, as knock-down of DAI in certain cell
types had no effect on IFN-B induction [93]. Another cytosolic sensor that recognises
DNA is Absent in Melanoma 2 (AIM2), a member of the Pyrin and HIN domain-
containing protein (PYHIN) family [93,94]. Activated AIM2 forms an inflammasome
protein complex that processes the pro-inflammatory cytokine IL-1p and also induces
cell death via caspase 1. Recently described IFI16 is another member of the PYHIN
family, but unlike AIM2, IFI16 activates the induction of IFN-B in response to DNA
viruses [95]. It is anticipated that other members of the PYHIN family of DNA sensors
remain to be discovered, as well as other families of cytoplasmic DNA sensors, which

will be important in the detection of viruses by the innate immune system.
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1.4 Interferons

IFNs were first identified in the 1950s after it was found that interaction of
inactivated virus with cells led to the production a substance that protects against viral
infection [96]. Type I IFNs include IFN-a, IFN-B, IFN-¢, IFN-k, IFN-o, IFN-9, and
IFN-t [97]. Detection of viruses by PRRs of the innate immune system leads to the
rapid production of the type I IFNs, which in turn can upregulate more than 500 genes
[3]. Type I IFNs are the largest family of IFNs, with 13 different subtypes of IFN-a and
one IFN-fB protein in humans; type I [FNs only include IFN-y; and type III IFNs have
three family members: IFN-A1 (IL-29), IFN-A2 (IL-28A) and IFN-A3 (IL-28B)
(Overview of IFNs in Table 1.1). Of the 13 IFN-a subtypes, each subtype appears to
have slightly different effects on cell growth and anti-viral activity [98]. All type I and
III IFNs can be expressed by most cell types, whereas type Il IFN production is limited
to activated T cells, macrophages and NK cells [98].

Sub'tgs: aka Receptors A:;is'i‘:u?sid Expression pattern
IFN-a IFNAR-1/IFNAR2 165-166 Ubiquitously expressed
IFN-B IFNAR-1/IFNAR2 166 Ubiquitously expressed
IFN-3 * IFNAR-1/IFNAR2 170 Trophoblasts
S— IFN-€ IFNAR-1/IFNAR2 208 Uterus, ovary
IFN-o IFNAR-1/IFNAR2 172 Leukocytes
IFN-k IFNAR-1/IFNAR2 180 Epidermal keratinocytes
IFN-1 ** IFNAR-1/IFNAR2 191 Trophoblasts
N *** IFNAR-1/IFNAR2 1618 Spleen, thymus, iymph node
Type 11 IFNs [FN-y **** IFNGR-1/IFNGR2 146 Activated T cell, macrophage, NK cell
IFN-11 (IL-29) IL-28Ra/IL-10R2 200 Ubiquitously expressed
Type I11 [FNs IFN-A2 (IL-28A) | IL-28Ra/IL-10R2 200 Ubiquitously expressed
IFN-A3 (IL-28B) | IL-28Ra/IL-10R2 196 Ubiquitously expressed

* Only expressed in pigs and cattle
** Expressed in ruminants only
*** Expressed in mice only

**** Acts as a homodimer

Table 1.1. Members of the IFN family

Type I, I1 and I1I IFN family members, with their cognate receptors, amino acid length (in humans unless

otherwise stated) and expression pattern. Table adapted from [97].
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1.4.1 Type | IFNs effector functions

Type I IFNs promote the establishment of an anti-viral state within the immune
system. This is done directly through upregulation of intracellular anti-viral proteins
and secreted cytokines and chemokines, which promote anti-viral responses in
surrounding cells. 100s of ISGs are upregulated by type I IFNs and these genes have a
broad range of functions, including direct anti-viral effects, innate immune signalling,
metabolism and apoptosis. A summary of the categories of ISGs upregulated is shown
in Table 1.2, adapted from [99]. IFN-a and IFN-B upregulate different ISGs, despite
signalling through the same receptor [3]. The diverse range of effects exhibited by type
I IFNs has led to them being used to treat many different diseases, such as IFN-
treatment for multiple sclerosis and IFN-a treatment for cancer and HCV infection

[100].

1.4.2 Type | IFNs and the adaptive immune response

Type I IFNs are critical initiators of the adaptive immune response, and should
their function be compromised, leads to defective activation of adaptive responses. T
and B lymphocyte maturation and expansion are dependent on the efficient presentation
of pathogen epitopes via MHC molecules on APCs. Type I IFNs upregulate the
expression of MHC on APCs, along with essential co-stimulatory molecules, and
promote the maturation of APCs such as DCs. Anti-viral CD8+ T cell activation and
proliferation requires the chemokines C-X-C motif chemokine 10 (CXCL10) and
CXCR3, which are both strongly upregulated by type I [FNs [101]. Type I [FNs are
thought to be essential controllers of T cell responses via their pro-apoptotic properties
[102] and are also required for the maturation of B lymphocytes, as they upregulate B
cell survival factors and isotype switching following activation [103,104]. Therefore
viruses, such as HCV, that perturb type I IFN responses, consequently disrupt the

promotion of an effective adaptive immune response.
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1.4.3 Type | IFN receptor

How a cell responds to IFN depends on the expression of its cognate receptor on
the cell surface. Type 1 IFNs signal through the IFN-a receptor (IFNAR), a heterodimer
that consists of two chains, IFNAR1 and IFNAR2, and activates the JAK-STAT
pathway. The IFNAR is ubiquitously expressed. Only one isomer of IFNARI1 exists,
however IFNAR2 is known to be alternatively spliced to produce 3 different isomers: a
long transmembrane IFNAR2c chain and two truncated forms, a transmembrane
IFNAR2b chain and a soluble sIFNAR2a [105]. In vitro observations suggest that the
IFNAR2b may be a dominant negative regulator of IFNAR2c¢ and that soluble
sIFNAR2a may potentiate IFN-a signalling [106]. HCV infection often causes the
upregulation of IFNARI and IFNAR2 on circulating immune cells [107] and hepatic
expression of the IFNAR, determined from liver biopsies of infected patients, is

associated with a positive response to IFN-a therapy [108].
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Function number Function number
Amino acid metabolism fl Lipid metabolism 10
Angiogenesis 8 Lymphocyte adhesion 4
Antigen presentation 6 Metabolic enzyme 16
Antigen processing 8 Muscle contraction 4
Anti-viral 8 Nucleotide metabolism 9
Apoptosis 19 Oncogene 6
Blood clotting 5 Protease /i
Cancer 6 Protease inhibitor 6
Cell-cell adhesion 6 Proteasome subunit 6
Cell cycle 7 Protective 8
Chemokine 6 Protein folding 4
Complement 5 Receptor 16
Cytoskeleton 16 RNA splicing 4
Development 18 RNA binding 5
DNA replication/repair 8 Signalling 53
Extracellular matrix 8 Transcription factor 37
G-protein signalling 8 Transcriptional activator 30
Growth factor 15 Transcriptional repressor 8
GTP-binding 7 Translation 11
Hormone 11 Tumour suppressor 4
Host defence 51 Ubiquitination 5
ISG-unknown 10 Unknown 12
Immune modulation 39 Vesicle transport 5
Inflammation 16 Others 22
lon transport 5 ESTs 78

Table 1.2. Type I IFNs upregulate 100s of genes with diverse functions
Functional characterisation of the genes upregulated by type I IFNs. The number of

genes upregulated in each group is indicated. Data is generated from several

microarrays, as described in [99].
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1.5 The JAK-STAT pathway

Type 1 IFNs exert their pleiotropic effects via activation of the JAK-STAT
pathway (Fig. 1.9). This signalling cascade is used by many cytokines and growth
factors, where receptor associated JAK kinases activate STAT transcription factors,
which translocate to the nucleus and bind to specific promoter elements. In mammals,
there are four JAK proteins (JAK1-3 and tyrosine kinase 2 [Tyk2]) and seven STAT
proteins (STAT1-4, 5a, 5b and 6). JAKs are tyrosine kinases that non-covalently bind to
a receptor and become activated upon receptor-ligand interaction. Ligand binding
causes receptor dimerisation and this receptor clustering allows associated JAK proteins
to auto-phosphorylate. The activated JAK proteins in turn phosphorylate the receptor,
creating docking sites for cytoplasmic STAT proteins which bind to these
phosphotyrosine residues through their SH2 domains. Receptor bound STAT proteins
are subsequently tyrosine phosphorylated by activated JAKs, thus changing their
conformational shape, promoting their dimerisation with other STAT proteins in the
form of either homo- or hetero-dimers. STAT dimers are imported into the nucleus via
their nuclear import signal sequences, where they can bind to particular promoter
elements and activate transcription of target genes. This signalling pathway is tightly
regulated by three families of negative regulators, protein tyrosine phosphatases, the
protein inhibitors of STATs (PIAS) and suppressor of cytokine signalling (SOCS)
proteins [109].
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Nucleus

Upregulation of
IFN stimulated
genes

Figure 1.9. IFN-a signals through the JAK-STAT pathway

1. IFN-a binds to the IFN-a receptors (IFNAR1 and IFNAR?2), promoting their dimerisation. Receptor
clustering allows associated JAK proteins, Tyk2 and JAKI, to auto-phosphorylate, thus becoming
activated. Activated JAK proteins phosphorylate the IFNARs, creating docking sites for cytoplasmic
STAT proteins. 2. STAT1, STAT2 and STAT3 are activated in response to IFN-a. Binding of STATS to the
receptor promotes Tyk2 and JAKI1 phosphorylate of receptor-bound STAT proteins. Phosphorylated
STAT proteins form homo- or hetero-dimers. 3. Following dimerisation, activated STAT proteins are
imported into the nucleus where they bind to specific promoter elements. 4. Binding of STAT dimers to

gene premoters leads to the upregulation of over 560 IFN-a stimulated genes within the cell.
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1.5.1 JAK proteins

All JAKs contain seven ‘JAK homology’ domains (JHI-JH7) and are
ubiquitously expressed with the exception of JAK3, which is only found in cells derived
from myeloid and lymphoid lineages. The JH1 domain possesses tyrosine kinase
activity, whereas the JH2 domain is a pseudokinase domain that is thought to regulate
the catalytic activity of the JHI domain. JH3 and C-terminal portion of JH4 form the
SH2 domain and the N-terminal portion of JH4 spanning to JH7 domain assemble into a
FERM (F for 4.1 protein, E for ezrin, R for radixin and M for moesin) domain that is
involved in receptor binding (Fig.1.10).

1200
—m----“—
Y i Pseudo-kinase
FERM domain 852 domain domain Domain

Figure 1.10. Structure of JAK Kkinases

Each JAK protein contains 7 domains, JHI1-JH7. The JH1 domain has kinase activity; the JH2 domain is
a pseudokinase domain involved in regulation of the JHI domain; JH3 and part of JH4 form an SH2
domain; which recognises phosphorylated proteins; and the rest of JH4 spanning to JH7 forms a FERM

domain, involved in receptor binding.

In type I IFN signalling. Tyk2 and JAKI associate with the cytoplasmic
portions of IFNARI and IFNAR2 (Fig. 1.9). There is some redundancy in this system
as Tyk2” mice show little difference in resistance to viral infection compared to wild
type (WT) [110]. Although these mice had defective responses to type I IFNs, they were
not completely abrogated. In contrast, JAK1 is more pleiotropic and JAK1”" mice
display an early post-natal lethal phenotype and JAK1” embryonic fibroblasts are
completely unresponsive to type [ [FN [111]
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1.5.2 STAT proteins

The members of the STAT family share 6 domains that are structurally and
functionally conserved; these include N-terminal, coiled-coiled, DNA binding, linker,

SH2 and a transcriptional activation domain (Fig. 1.11).

1 770

(o el o Wl 7]

Figure 1.11. Overview of STAT protein structure

STAT proteins contain six functional domains. At the N terminus is the NH2 domain, involved in STAT
protein oligomerisation. This is followed by a coiled-coil domain and then a DNA binding domain
(DBD), a linker domain (link) and an SH2 domain, which recognises phosphorylated proteins. At the C

terminus is the transcriptional activation domain (TAD), which contains the STAT phosphorylation sites.

Inactive STAT proteins form homotypic dimers in the cytoplasm through their
N-terminal domains, thus regulating and stabilising STAT proteins in the absence of
stimulation [112]. The coiled-coiled domain of STAT proteins interacts with other
proteins and has been implicated in the nuclear import of STATs. The DNA binding
domain mediates STAT binding to DNA promoter elements while the linker domain
links the DNA binding domain to the SH2 domain. The SH2 domain is found in all
proteins that bind to phosphorylated tyrosine residues and it is through this domain that
STAT proteins bind phosphorylated docking sites on cell membrane receptors, activated
JAKs and other STAT proteins, to form homo- or hetero- dimers. Finally, the
transcriptional activation domain is found at the carboxyl terminus and contains
tyrosine and serine residues that become phosphorylated during signalling [112].
Alternative splicing produces STAT proteins which lack C terminal transcriptional
activation domain. These truncated STAT proteins are thought to act as dominant

negatives on full-length protein function, however recent in vivo studies suggest that
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they may be alternatively activated by cytokine signalling to upregulate different
subsets of genes compared to their full length forms [113].

STAT knock-out (KO) mice have given insight into the diverse roles played by
STAT proteins in many cell processes. STAT1” mice exhibit signalling defects in
response to type I IFNs which leave the mice susceptible to viral infection [114,115].
STAT2” mice are also more susceptible to viral challenge and have defective type I IFN
responses [116]. STAT3 deficient mice die early in embryogenesis before gastrulation,
but conditional knock-down has revealed its role in many biological functions such as
cell growth, suppression of apoptosis and cell motility [117,118]. STAT4 and STAT6 are
important for T cell subset polarisation and STAT4”" and STAT6” mice have defective
T cell subset distribution. STAT5a deficient mice showed the importance of STATSa in
mammopoietic and lactogenic signalling, whereas STATSb was shown to be crucial in

the sexual dimorphic effects of growth hormones in liver and other tissue [119].

1.5.3 STAT proteins and IFN-a

STAT1 and STAT2 are the most studied STAT proteins in relation to IFN-a
signalling. STAT1 and STAT2 form heterodimers upon IFN-a signalling and these
heterodimers subsequently bind to the transcription factor IRF9, forming the IFN
stimulated gene factor (ISGF)-3. ISGF-3 binds IFN stimulated response elements
(ISREs) in the promoter elements of genes, which leads to the upregulation of ISGs
[120]. The role of STAT3 in relation to IFN-a has not been as well established, aithough
it is postulated to play an important role in the anti-viral response activated by IFN-a. In
a Daudi lymphoblastoid cell line deficient in STAT3, cells were IFN-a resistant despite
having normal STAT1 and STAT?2 levels. Restoration of STAT3 restored responsiveness
to IFN-a [117]. STAT3 overexpression has been shown to promote the formation of
STAT1:STAT3 heterodimers in response to IFN-a, preventing STAT1 from forming
homodimers. This resulted in a decreased expression of pro-inflammatory genes
associated with STAT1 homodimers while anti-viral ISGs upregulation remained
unaltered [117]. These results may explain the observation that STAT1” mice are

unresponsive to IFN; as these mice would lack both STAT1:STAT1 homodimer and
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STAT1:STAT3 heterodimer formation [118]. STAT4 and STATS5 can also be activated
by the type I IFNSs, although this is limited to specific cell types [121,122].

1.5.4 Anti-viral effector proteins: PKR, OAS and MxA

Over 500 genes are upregulated by type I IFNs [3] and three well-characterised
ISGs with potent anti-viral activity are PKR, OAS and MxA. PKR is located in the
cytoplasm of cells and is activated in response to dsRNA larger than 30bp in length
[123]. PKR exerts its anti-viral effects by inhibiting protein synthesis and can induce
pro-apoptotic effects. When PKR binds dsRNA and becomes activated, it dimerises,
allowing it to subsequently autophosphorylate, catalysing the phosphorylation of
eukaryotic initiation factor 2-o (elF2-a) on serine 51. This blocks translation in two
ways: firstly, it reduces the cellular pool of functional elF2, which is necessary for all
cellular protein translation; secondly, it disrupts the critical delivery of methionyl-tRNA
to the 40S ribosome which is critical for translation activation [124].

2’5’-OAS activates the latent endoribonuclease RNasel., leading to translational
suppression through cleavage and subsequent inactivation of 28S rRNA. 2°5°-OAS is
expressed in a latent, inactivated form in the cytoplasm and is activated in response to
dsRNA. 2°5°-OAS polymerises ATP to 2°5’-linked oligomers of adenosine (2-5A).
These 2-5A molecules activate RNasel., which dimerises and mediates RNA
degradation [125]. This RNA degradation amplifies the type I IFN response as degraded
RNA activates nucleic acid sensors in the cytosol such as RLRs.

MxA is thought to prevent the replication of many RNA viruses, such as
influenza. This is postulated to occur in the early stage of viral life cycle soon after viral
entry and prior to genome amplification. MXA recognises viral nucleocapsids and
renders them redundant by wrapping around the viral structure and forming
MxA/nucleocapsid oligomers [126]. Another anti-viral mechanism proposed for MxA is
that it may direct nucleocapsids to alternative sites in the cytoplasm, where they are not
functional for RNA synthesis and are likely to be immobilised and subsequently
degraded [127]. Interestingly, we have demonstrated that the core protein of HCV co-
localises with MxA in a granular pattern in the cytoplasm of cells, a phenomenon that is

potentiated with the co-treatment of IFN-a and ribavirin, the drugs used to treat HCV
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infection [128]. This was specific for MxA, as PKR and OAS were not affected,

revealing a potentially specific anti-viral role for MxA in HCV infection.

1.6 Viral immune evasion

Due to constant pathogen exposure, the immune system has evolved to protect
against infection and disease. However, invading pathogens concurrently evolved
mechanisms to subvert and evade the immune response. Viruses have a particularly
rapid replication rate and high mutation frequency which allow many viruses to
effectively avoid anti-viral immunity. Viruses can target many stages of anti-viral
immunity, from mimicking inhibitory components of the complement cascade to
interfering with antigen presentation via MHC class I [129,130]. An important evasion
mechanism frequently utilised by many viruses is targeting innate immunity by

inhibiting the upregulation and functions of type I [FNs.

1.6.1 Viral inhibition of TLR signalling

Viruses can block the upregulation of type I IFNs by directly inhibiting
signalling cascades activated from TLR and RLR ligand engagement. Vaccinia Virus
(VACYV), a large dsDNA virus predicted to encode for over 260 viral proteins, has many
well documented strategies for blocking TLR signalling. One VACV protein, A46,
contains a TIR domain which allows it to interact with the TIR domains of the adapter
molecules MAL, MyD88, TRIF and TRAM, therefore preventing signal transduction
from TLRs, thus blocking upregulation of type I IFNs and pro-inflammatory cytokines
[131]. Another protein from VACV virus, AS52, inhibits TLR signal transduction by
interacting with IRAK2 and TRAF6, two molecules activated by TLRs as part of the
signalling cascade [132]. The importance of A46 and A52 to the viral life cycle of
VACYV is demonstrated by the fact that deletion of either of the genes encoding for these
proteins leads to viral attenuation. Proteins from Hepatitis B Virus (HBV) can inhibit
TLR3 and TLR4 signalling in various liver cell types via suppression of IRF3 activation

[133]. Flaviviruses have also evolved means of blocking TLR signalling. The NSI
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protein of West Nile Virus (WNV) inhibits signal transduction following TLR3
activation by blocking the translocation of IRF3 and NF-«xB [134].

HCV proteins target TLR signalling to evade innate immune activation (Fig.
1.12). The serine protease NS3-4A inhibits TLR3 and MyD88-independent signalling
by targeting the signalling molecule TRIF, which is cleaved into two polypeptides, thus
destroying functionality [135]. This prevents NF-kB and IRF3 activation and
subsequent type I IFN production. Another HCV protein, NS5A, can also diminish TLR
signal transduction by binding directly to the adapter molecule MyD88 via its ISDR
domain, preventing recruitment of IRAK1 to the molecule, therefore preventing the
upregulation of pro-inflammatory cytokines such as IL-6, but not IFN-B which is

upregulated in a MyD88-independent manner [136].
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Figure 1.12. HCV NS3-4A and NS5A block TLR signal transduction

HCV NS3-4A protease inhibits upregulation of type I IFNs following TLR activation by targeting the
essential adapter molecule TRIF and cleaving it into two polyproteins, thus rendering it inactive. HCV

NSS5A inhibits MyD88 and subsequently blocks the upregulation of pro-inflammatory cytokines

following TLR activation.
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1.6.2 Viral inhibition of RLR signalling

Viral targeting of RLR pathways is another effective way of preventing
activation of innate immune anti-viral responses. As RLRs are cytoplasmic nucleic acid
sensors, they are an important class of detectors of viral infection within a cell. They are
also potent activators of type I IFNs. Consequently, many viruses have evolved
strategies to counteract RLR activated signalling pathways, including interacting with
molecules involved in signal transduction and suppressing synthesis of type I [FNs. One
means of preventing recognition of viral RNA by RLRs is by encoding viral proteins
that will bind to dsRNA directly, thereby acting as decoys for these receptors without
activating anti-viral signalling pathways. The VP35 protein inhibits PKR activation,
which is reversible by introduction of deletions and mutations to the dsSRNA-binding
domain, highlighting the significance of the dsSRNA-binding activity of this protein in
antagonising innate immune mechanisms. Viruses often target RLRs directly to block
their activation. MDAS, an important cellular RLR sensor of Picornoviruses, is targeted
by Poliovirus for degradation in a caspase- and proteasome- dependent manner, thus
preventing type I IFN production [137]. Furthermore, NS1 protein of Influenza virus
prevents activation of RIG-I by targeting Trim 25, an E3 ligase important in controlling
RIG-I activation [138].

C6 protein of VACV suppresses upregulation of type I IFNs via RLR signal
inhibition. C6 interacts with scaffold proteins that form the TBKI1/IKKe complex
which, when activated by upstream signals for RLRs and cytosolic DNA sensors,
phosphorylate IRF3 and IRF7 [139]. HCV suppresses RLR signalling by targeting the
mitochondrial associated IPS-1 molecule, thus blocking type I IFN upregulation. HCV
NS3-4A protease specifically cleaves IPS-1 from the mitochondrial membrane thus
rendering it unable to activate the downstream TBK1/IKKe complex (Fig. 1.13). HCV
is not the only virus encoding a protein that can disrupt IPS-1; Influenza virus
suppresses IPS-1 via the PB1-F2 protein and Hepatitis A virus (HAV) cleaves IPS-1 via
the protease 3ABC [140,141]
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Figure 1.13. HCV NS3-4A inhibits RLR-mediated activation of Type I IFNs

The HCV protease NS3-4A cleaves the mitochondria associated IPS-1 adapter protein, rendering it
dysfunctional. This results in diminished ability of RLRs, such as RIG-I and MDA-5, from activating the
TBK1/IKKe complex, thus preventing the activation of IRF3 and IRF7 and subsequent type I IFN

upregulation.

RLR and many TLR pathways activate IRF3 and IRF7, which are responsible
for binding to promoter regions in the IFN-B and IFN-a genes to upregulate their
expression. As this is an important convergence of several virally-activated innate
immune pathways, many viruses encode proteins that target these transcription factors.
Examples include the V protein of Paramyxoviruses, such as Mumps and Parainfluenza,
which mimic IRF3 and thus act as a decoy substrate for the TBK1/IKKe complex and
prevent the complex from activating IRF3 [142]. Proteins from Herpes simplex virus
(HSV) sequester IRF3 by directly binding to it, thereby preventing its activation and
promoting its degradation [143]. To date, there is no evidence that HCV can directly
interact with IRFs to inhibit type I IFN production.
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1.6.3 Viral targeting of IFN signal transduction

Since type I IFNs induce 100s of ISGs through activation of the JAK-STAT
signalling cascade, viruses often target this pathway before this comprehensive anti-
viral response becomes activated. VACV encodes a soluble IFNAR homologue called
B18R, which competes with the receptor to bind type I IFNs [144]. However, most
viruses evade the action of IFN-a by targeting intracellular JAK and STAT proteins.
Viruses that target JAK proteins include Human Papilloma virus, which targets Tyk2
via an E6 protein, and Human Cytomegalovirus, which interacts with JAK1 to prevent
its activation [145].

Viruses that target the JAK-STAT pathway often evolve mechanisms for
degrading STAT proteins. Paramyxoviridae is a family of viruses that have done this
successfully by targeting STATs for proteasome-mediated degradation via their V
protein. Parainfluenza virus 5 V protein preferentially degrades STAT1, whereas type 2
human Parainfluenza virus V protein degrades STAT2 [146]. Respiratory syncytial virus
(RSV) also targets STAT2 for proteasomal degradation to inhibit type I IFN signalling
[147]. Mumps virus V protein is unique in the Paramyxoviridae family as it can target
both STAT1 and STAT3 to completely inhibit IFN-a signalling [148]. HCV has also
been shown to target STATI to evade anti-viral innate immunity. Phosphorylation of
serine 727 on STAT1 was inhibited by the HCV NS3-4A protease in Huh-7 cells [149].
In addition, HCV core protein has been shown to interact with the STAT1 SH2 domain
[150]. HCV can also target STAT1 methylation through upregulation of protein
phosphatase 2A (PP2A) [151]. HCV-induced upregulation of PP2A resulted in decreased
methylation of STAT1, therefore decreasing its ability to bind to DNA and increasing its
association with the negative regulator PIAS1. Although in vitro HCV expression has
been shown to target STAT1 expression in cell lines, it is unknown whether it does so in
HCV infected individuals and whether this impacts on IFN-o therapy. Another
outstanding issue is that IFN-a activates other STAT proteins as well as STAT1 and the

impact of HCV on these proteins remains undefined.
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1.6.4 Viral targeting of type | IFN induced effector molecules

Viral inhibition of type I IFN induced effector molecules, such as PKR and
OAS, are common mechanisms used by viruses to inhibit the innate immune response.
Viruses that target PKR include Adenoviruses, HSV, Influenza A virus and Reoviruses,
which often encode more than one protein that counteracts this important viral regulator
[152]. HCV NS5A and E2 both target PKR, an astounding fact given that HCV only
encodes ten proteins. NS5A interacts through the ISDR and downstream amino acids
with the protein kinase catalytic domain of PKR, rendering the anti-viral sensor unable
to inhibit protein translation and therefore block viral replication [153]. E2 contains a
sequence similar to the phosphorylation site in PKR, thus allowing E2 to bind to PKR
and inhibit its activity [154].

Viruses also target OAS-RNaseL to avoid destruction. HSV Type 1 encodes
Usl11 protein late in its viral life cycle, which directly interacts with OAS, inhibiting the
synthesis of 2°-5" oligoadenylates and therefore preventing the formation of active
RNasel. homodimers [155]. HCV NS5A can also bind directly to OAS, although unlike
NS5A binding to PKR, it interacts with it through amino acids in the N-terminal of the

protein, as illustrated in figure 1.14 [156].

237-276: ISDR

1 l 148 237 276 302 447
1-148: OAS binding domain | [ 237-302: PKR binding domain

Figure 1.14. Overview of HCV NS5A domains that interact with PKR and OAS

NSSA interacts with OAS through amino acids 1-148, whereas it exhibits its inhibitory activity on PKR

through binding via amino acids 237-301, which includes the IFN sensitive determining region (ISDR).
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There is little evidence that viral proteins directly interact with and inhibit MxA,
possibly due to the fact that this protein has only recently been well described and its
full role during viral infection is still being characterised. West Nile virus can shield
viral particles from MxA detection by forming cytoplasmic membrane structures,
however it does not interact directly with MxA [157]. There has been no documented

evidence that HCV directly inhibits MxA, although they are known to co-localise [128].

1.7 HCV therapy: IFN-a

The current licensed therapy for HCV patients is IFN-a in combination with the
nucleoside analogue ribavirin. While this therapeutic regime is effective for viral
clearance in some patients, particularly those infected with genotypes 2 and 3, it is
suboptimal in other patients infected with difficult-to-treat genotypes such as genotype
1 and genotype 4 [2]. The administered IFN-o is covalently attached to polyethylene
glycol (PEG) chains, which shields IFN-a from the host immune system, preventing its
degradation by metabolic enzymes and prolongs the residence of IFN-a in the body
[158]. Ribavirin is thought to be incorporated into the viral genome and increase the
mutation frequency during viral replication [159]. Ribavirin has also been found to act
as a viral mutagen by broadly introducing errors into the HCV genome, even into
highly conserved regions such as the NCRs [128]. Interestingly, ribavirin may also
directly affect anti-viral gene expression: in HCV cell culture models, ribavirin both
blocked HCV replication and upregulated a distinct set of ISGs in a mechanism
independent of IFN signalling, RLRs and TLRs [160]. We have found that ribavirin
specifically upregulates the expression of the ISG MxA, which colocalises with HCV in
a granular manner, indicating a novel mode of action [128]. The upregulation of MxA
by ribavirin was independent of PKR, OAS and CXCLI10, the other ISGs examined,
suggesting that the upregulation of MxA by ribavirin occurs via an alternative pathway

to JAK-STAT that results in the upregulation of a distinct subset of genes.



1.8 Rationale and overall objective

1.8.1 Rationale

IFN-a is a potent activator and mediator of the innate anti-viral response and therefore,
should be a highly effective therapeutic for combating HCV infection. Furthermore, the
rapid induction of IFN-a upon viral infection would suggest that HCV should be
effectively eliminated from the host and not establish chronic infection. The failure of
the many infected individuals to naturally clear HCV infection, as well as the 50% of
genotype 1 infected patients who fail to respond to therapeutic IFN-a, suggests that
HCV has evolved highly effective mechanisms of subverting the action of IFN-a to
evade anti-viral immune responses. This must have profound implications for patients
receiving IFN-a therapy and viral targeting of IFN-a signalling may be the reason many

people fail to respond to [FN-a therapy.

1.8.2 Hypothesis

Our hypothesis is that HCV, in particular viral genotype 1, blocks IFN-a signalling by
targeting STAT proteins, specifically STAT3, for degradation, thus inhibiting anti-viral
IFN-a signalling. This mechanism would impact on ISG induction and anti-viral innate
immunity. We postulate that blocking the specific sites within the virus that mediate
STAT3 degradation would recover ISG expression, thus identifying novel therapeutic
targets and revealing an important role for STAT3 in anti-viral innate responses. We
believe that analysis of ISG induction in immune cells from HCV patients will identify
patients who will respond to clinical IFN-a treatment and therefore not need triple
therapy with the new protease inhibitors. This would also identify patients who would
fail to respond to IFN-a therapy and therefore identify the patients who would need

treatment with additional anti-viral drugs such as protease inhibitors.
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1.8.3 Specific aims

The specific aims of this project are:

1.

To elucidate the molecular mechanism used by HCV to target IFN-a signalling
by studying the effect of HCV expression on STAT proteins. This would have
serious consequences regarding anti-viral immune responses and therefore both
the spontaneous clearance of viral infection and response to IFN-a therapy.

To examine if small peptide inhibitors can block HCV-mediated degradation of
STAT proteins and potentially recover IFN-o induced anti-viral gene induction.
To analyse the expression of IFN-a induced anti-viral genes in immune cells
from HCV infected patients who have undergone IFN-a therapy.

To determine whether the responsiveness of immune cells to in vitro IFN-a
stimulation from HCV patients, prior to commencement of clinical IFN-a

therapy, is indicative of patients’ response to clinical IFN-a therapy.
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Materials and Methods
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‘hapter 2 Materials & Methods

2.1 Materials

2.1.1 General Materials

General lab chemicals were purchased from Sigma, USA, with the exception of Ficoll-
Paque separation medium (Amersham, UK), Phosflow Perm Buffer III and cytofix (BD
Biosciences, USA), RNA/DNA free H,0, NuPAGE® MOPS SDS Running buffer and
Pre-cast BIO-RAD Criterion™ 4-12% Bis Tris gels (BioSciences, Dublin), MG132
(Calbiochem, USA), agarose, BSA, EtBr (Fisher, USA), TRIzol®, DH5a competent
E.Coli cells, One Shot® Top 10 chemically competent E.Coli cells (Invitrogen, USA),
Western blotting molecular weight marker (LI-COR, Germany) PVDF membrane, BCA
protein assay reagent (Millipore, USA), Oligo dT, Omniscript RT Kit (Qiagen,
Germany), Passive lysis buffer (MSC, Dublin), luciferin (Biosynth, Switzerland),
Coelenterazine (VWR international, Dublin) STAT3 scrambled and STAT3 siRNA
(Santa Cruz Biotechnologies, USA) SyBr green and IFN-a2a (Roche, Switzerland)

2.2.2 Cell lines/constructs

Huh-7s cells expressing T7 polymerase was a kind gift from Prof. Ralf Bartenschlarger,
(University of Heidelberg). The HCV plasmid pBRTM/HCV1-3011 DNA construct was
a kind gift from Prof. Charles Rice (The Rockefeller University, USA). The empty
vectors pBR322 and pcDNA3.1 were both purchased from Invitrogen, USA. pRL-TK
was purchased from Promega, USA. ISRE-luciferase and GAS-luciferase were

purchased from Stratagene, USA.
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2.2.3 Antibodies

For flow cytometric analysis, the PE conjugated antibodies anti-STAT1 pY701
(612564) and anti-STAT3 pY705 (612569) were both purchased from BD Biosciences,
USA. For western blotting, anti-STAT1 (9172) and anti-STAT2 (4594) were purchased
from Cell Signal, USA, anti-STAT3 (sc 482) was purchased from Santa Cruz, USA, and
anti-f-actin (85441) was purchased from Sigma, USA.

2.2.4 Cell culture reagents

DMEM, RPMI, Pen-strep and trypsin-EDTA were all purchased from Biosciences,
Dublin. FCS was purchased from Analab, Ireland. Lithium heparin tubes for blood
collection were purchased from BD Biosciences, USA. Trypan blue was purchased
from Sigma USA, zeocin was purchased from Invivogen, USA and Lipofectamine 2000

was purchased from Invitrogen, USA.

2.2 Patient information

2.2.1 Patient recruitment

Patients attending the HCV out-patient clinics at St. Vincent’s University Hospital
(SVUH), Dublin and St. James’s Hospital (SJH), Dublin were invited to participate in
this study. All patients enlisted were HIV negative. Healthy controls were kindly
donated from both the staff at SVUH or from volunteers within Trinity College Dublin.
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2.2.2 Ethical approval

This study received ethical approval from the local Research and Ethics Committees at
SVUH and SJH, in accordance with the ethical guidelines of the 1975 Declaration of
Helsinki. Written informed consent was obtained from each patient and healthy control

before entry into the study.

2.2.3 Treatment Regime

Patients treated with IFN-a therapy received weekly subcutaneous injections of 180ug
PEG-IFN-a2a or 1.5ug/kg PEG-IFN-a2b. Genotype 2 and 3 patients receiving PEG-
IFN-02a were given 800mg ribavirin per day and genotype 1 infected patients received
1000mg for <75kg or 1200mg for >75kg of ribavirin per day. Patients receiving PEG-
IFN-a2b were given 800mg for <65 kg; 1000mg for 65-85 kg, 1200mg for 86kg-105kg,
and 1,400mg for >105kg of ribavirin per day.

2.2.4 Antibody and PCR testing

To determine HCV antibody status of patients, all were tested using a third-generation
immunoassay (Abbott Diagnostics, Germany) which was confirmed using a third-
generation recombinant immunblot assay (RIBA-3) (Chiron Corp., CA, USA) [161].
PCR status was assessed using the Cobas Amplicor PCR system (Roche Diagnostic
Systems, Nutley, NJ), a quantitative real-time PCR that measures HCV nucleic acid in

the serums of patients.
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2.2.5 Sample Collection

All blood samples were collected in lithium heparin tubes. These tubes were used as
heparin activates anti-thrombins, therefore blocking the coagulation cascade and

preventing clotting of the blood. 30mls of blood was taken from each subject.

2.3 Methods

[ performed all experimental methods and analysis of results described. Design of experiments

was done by me in collaboration with my supervisors Prof. O’Farrelly and Dr. Stevenson.

2.3.1 PBMC isolation

PBMCs were isolated from 30ml of whole blood via density gradient centrifugation
using Ficoll-Paque PLUS separation medium and Leucosep® separation tubes. Ficoll-
Paque PLUS separates mononuclear cells and lymphocytes from erythrocytes and
granulocytes. Following centrifugation, erythrocytes and granulocytes cells will
sediment at the bottom of the separation medium, whereas the more buoyant PBMCs
will be enriched in the interphase above the separation medium. Leucosep® tubes
contain a porous polyethylene barrier which prevents the mixture of the sample material

with the separation medium, thus decreasing instances of red blood cell contamination.

Ficoll-Paque PLUS, 15mls, was added to a Leucosep® tube and centrifuged at 300 x g
for 3 minutes (mins); causing the Ficoll-Paque PLUS to pass through the porous barrier.
15-20mls of blood was added to the tube and centrifuged at 1,580 x g with the brake off
for 5Smins. Following this, the sedimented erythrocytes and granulocytes are found
beneath the porous membrane with the Ficoll-Paque, whereas PBMCs remain above the
membrane. PBMCs were harvested with a Pasteur pipette and washed twice in 20ml
Roswell Park Memorial Institute (RPMI) solution, with centrifugation at 453 x g for
Smins. Following washing, the cell pellet was resuspended in Iml of RPMI
supplemented with 2% foetal calf serum (FCS). Viable cells were counted using trypan

blue on a haemacytometer under a light microscope.
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2.3.2 Culture of Huh-7 cell line

For cell line analysis, Huh-7s that stably express the T7 polymerase were used. Huh-7s
are a hepatocyte cellular carcinoma cell line derived from a 57 year old Japanese male
in 1982 [162]. Huh-7s were cultured in 10% Dulbecco’s Modified Eagles Medium
(DMEM supplemented with 10% FCS and 250U/ml penicillin, 250pg/ml streptomycin,
6pg/ml zeocin). Cells were maintained in a humidifier at 37°C and supplied with 5%
CO,. Cells were passaged every 2-3 days when reaching ~80% confluence. Upon
reaching confluence, cells were removed from their flask by incubating with trypsin-
EDTA for 5-10mins at 37°C. The cells were resuspended in 10% DMEM and
centrifuged at 290 x g for Smins. The cell pellet was resuspended in 10% DMEM and
viable cells were counted using trypan blue on a haemacytometer under a light

microscope before being transferred to a sterile flask.

2.3.3 Stimulations

IFN-a was prepared from Roferon-A (IFN-u-2a). The stock concentration was 6x10°
[U/ml, which was diluted 1:6,000 to give a final concentration of 1000IU using RPMI
for PBMCs or DMEM for Huh-7 cells. For MG132 treatment, cells were treated with
10uM MG132 for 2h. Prior to all treatment, cells were rested in RPMI or DMEM
supplemented with 2% FCS for 2h. This serum starvation synchronises the cells into the

same phase of cell cycle.

2.3.4 Peptide synthesis and reconstitution

All peptides were synthesised by GenScript Corporation (Pistcataway, New Jersey,
USA) and had >95% purity. Each peptide was designed to have a nine arginine tail at
the N-terminus to facilitate cell entry. Peptides were diluted to a concentration of 2mM
in nuclease-free (NF) H,0, aliquoted and stored at -20°C. For working stock, each
aliquot was diluted to a concentration of 0.42mM in 34% dimethylformamide (DMF) in
NF-H,0, due to the hydrophobic nature of the peptides. DMF was used instead of
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dimethyl sulfoxide (DMSO) to dissolve the peptides as some of peptides contained
cysteine residues, which DMSO could thiol oxidate resulting in possible dimerisation of

peptides. Peptides synthesised are represented in Table 2.1.

Elongin C (p7) Cul-2 (E2) Elongin C (NS2)
Peptide 9R-VSFLVFFCFAWYL | 9R-SWAIKWEYVVLLFLLL 9R-VQGLLRIC
Scrambled | 9R-WVFLFFFYLACSV | 9R-YVLFLSELKWLIAVLW 9R-CVIGLQLR

Table 2.2. List of peptides synthesised

Peptides were designed against the elongin C binding sites in the p7 and NS2 protein and a
peptide was designed against the cul-2 binding site in E2. Corresponding scrambled peptides
were also designed. Each peptide contained a 9-polyarginine tail to facilitate cell penetration
(9R).

2.3.5 Huh-7 cell transfection

For transfection of Huh-7 cells, 6 well plates were seeded at a density of 0.3x10° cells
per well in DMEM supplemented with 10% FCS only. Cells were transfected 24h later
with 0.8ug of indicated vector for 16h using Lipofectamine 2000 at a
vector:lipofectamine ratio of 1:2. 1.6ul of lipofectamine was incubated at room temp
with 248ul serum-free (SF) DMEM for Smins. 250ul of appropriate vector dilution was
added and incubated for a further 20mins before being added slowly to cells.

For 96 well plates, Huh-7 cells were seeded at a density of 1x10° cells/well in DMEM
supplemented with 10% FCS. 24h later, cells were transfected with 230ng DNA. For
each well, 0.4pl lipofectamine was added to 9.6ul SF-DMEM and incubated for Smins.
10ul of DNA diluted in SF-DMEM was added to the lipofectamine mix and incubated
at RT for 20mins before being added to cells.

No antibiotics were used at any stage for cells being transfected.
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2.3.6 RNA extraction and quality control

Total RNA was isolated from PBMCs and Huh-7s following the TRIzol® reagent
manufacturer’s protocol (Invitrogen, CA, USA). Briefly, cells were resuspended in 1ml
of TRIzol® reagent and incubated at RT for Smins. 200ul of chloroform was added and
samples were vigorously shaken for 15mins to ensure complete mixing of chloroform
and TRIzol®. Samples were incubated at RT for 3mins before centritugation at 13,400
x g for 15mins at 4°C. The upper aqueous layer (the layer containing the RNA) was
carefully removed, resuspended in 500ul of isopropanol and incubated at RT for
10mins, to precipitate RNA. Samples were centrifuged at 13,400 x g for 10mins at 4°C.
Supernatant was removed and RNA was washed by resuspending the pellet in 1ml 70%
ethanol, followed by centrifugation at 5,100 x g for Smins at 4°C. The RNA pellet was
then air dried for 5-8mins, before being resuspended in 30ul NF-H,O and incubated at
60°C for 5-10mins to dissolve the RNA. All samples were stored immediately on ice to
prevent RNA degradation. RNA yield and quality was then assessed using a NanoDrop®
ND-1000 spectrophotometer (Thermo scientific, MA, USA), Agilent 2100 Bioanalyzer
(Agilent Technologies) and agarose gels. RNA yield was not affected by IFN-a
stimulation of PBMCs (Fig. 2.1). RNA quality was also unaffected (Fig. 2.2) and high
quality RNA was successfully isolated from PBMCs from HCV patients (Fig. 2.3).
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Figure 2.1. RNA yield from PBMCs with or without IFN-a stimulation

RNA vyield was assessed using a ND-1000 NanoDrop® spectrophotometer. The NanoDrop®
calculates RNA concentration based on Beer Lambert’s Law, which states that ¢ = (A * e)/b
where ¢ is concentration in ng/ul, A is absorbance as calculated as -log
(Intensitygmpie/Intensityyiank), € is the extinction coefficient for RNA and b is the path length in
cm.
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Figure 2.2. RNA quality: healthy PBMCs

A representative Agilent Bioanalyzer profile of RNA isolated from varying amounts of healthy
PBMCs, with or without 2h stimulation with 1000IU IFN-a. RNA quality is assessed by the
degradation visible as bands other than the 28S and 18S. The Agilent Bioanalyzer calculates an
RNA Integrity Number (RIN) based on a numbering system from 1 to 10, with 1 being most
degraded and 10 being most intact. All RNA from healthy PBMCs had a RIN > 8.
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Figure 2.3. RNA quality: PBMCs from HCV patients

A representative Agilent Bioanalyzer profile of RNA isolated from PBMCs isolated from nine
HCV infected patients. RNA quality is assessed by the degradation visible as bands other than
the 28S and 18S. The Agilent Bioanalyzer calculates an RIN based on a numbering system from
1 to 10, with 1 being most degraded and 10 being most intact. All RNA from PBMCs from
HCV patients had a RIN > 8.

2.3.7 cDNA synthesis and qRT-PCR

lng of total RNA from each sample was reverse transcribed into cDNA with oligo-dT
primers using an Omniscript RT Kit, using the following reaction: 2ul 10x reaction
buffer, 8ng/ul Oligo dT, 0.25mM dNTP and 1pul Omniscript enzyme, added to 1pg RNA
and made up to 20ul in NF-H,O and incubated at 37°C for 1h. Following this, the
enzyme was inactivated by heating the reaction to 95°C for 5min and cDNA was
quantified using a NanoDrop” ND-1000 spectrophotometer. 40ng/ul dilutions were
prepared for quantitative real time RT-PCR (qRT-PCR) reaction.

Each reaction was carried out in duplicate, in a total volume of 25ul with 2ul of cDNA
(40ng/ul). 12.5ul SyBr green PCR master mix (Roche, Switzerland) and 10.5pl
primer/H,0. qRT-PCR was performed using a MX3000P® quantitative PCR system
(Stratagene Corp, CA, USA) using the following cycling parameters: 95°C for 30sec,

60 °C for Imin and 72°C for 30sec followed by amplicon dissociation.
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2.3.8 Primer design

Primers were designed to be intron-spanning where possible. This ensures that only
c¢DNA made from mRNA extracted is being amplified by primers of interest and not
possible genomic DNA contamination. Primers were designed using Primer Express®
v3.0 software (Applied Biosystems). Primers with the lowest penalty score (i.e. the
primers with closest match to primer criteria chosen) were used. To determine optimal
primer concentration, concentrations of 100nM, 300nM, 600nM and 900nM were
titrated using qRT-PCR. Amplification of a single PCR product was confirmed by
analysing dissociations curves and visualisation on agarose gels. A full list of primers is

given in Table 2.2.

2.3.9 GeNorm analysis

All gene amplifications for human samples were normalised to Ribosomal protein 15
(RPS15), which was selected as the most stably expressed gene across samples from a
panel of potential normalisers: B-Actin, RPS15, glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), peptidylprolyl isomerase A protein (PPIA) B2 microglobulin
(B2M), glucuronidase  (GUSB) and RPS9) using GeNorm version 3.4 (Fig. 2.4).

Average expression stability values of control genes

25
2
15
1

0.5

Average expression stability M

GAPDH B-actin PPIA GUSB RPS9
RPS15

Figure 2.4. GeNorm analysis of reference genes

GeNorm analysis showing stability of reference genes across PBMCs, from healthy or HCV
infected patients, stimulated with IFN-o. M values <1.5 are considered stably expressed genes.
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2.3.10 Quantitative real-time polymerase chain reaction (qRT-PCR) data
analysis

Data analysis was carried out using the 27" method [161]. Ct values were initially
inputted into the formula 2"V A ratio of gene of interest relative to housekeeping gene
was generating by normalising the gene of interest to a stable internal housekeeping
control gene, as determined using geNORM analysis. If induction of a gene was being
analysed, the ratio of the stimulated sample would be normalised to the ratio of the

unstimulated sample; for sample induction values less than 1, -1 was divided by the

induction value to calculate negative relative expression.

Gene Forward Reverse
B-actin AGATGACCCAGATCATGTTTGAGA CGTCACCGGAGTCCATCAC
B2M GTGCTCGCGCTACTCTCTCTTT GTCAACTTCAATGTCGGATGGA
CXCL10 CCAATTTTGTCCACGTGTTGAG GCTCCCCTCTGGTTTTAAGGA
GAPDH CCACCCATGGCAAATTCC CAGCATCGCCCCACTTG
GUSB ATCCGCACTGTGGCTGTCA CCAGCGAAGCAGGTTGAAGT
IFN-a GTACTGCAGAATCTCTCCTTTCTCCTG GTGTCTAGATCTGACAACCTCCCAGGCACA
IFN-B AACAAGTGTCTCCTCCAAATTGC GCAGTATTCAAGCCTCCCATTC
MxA GGTGGTGGTCCCCAGTAATG ACCACGTCCACAACCTTGTCT
2'5'-0AS GAAGCCCTACGAAGAATGTCAGA TCGGAGTTGCCTCTTAAGACTGT
PKR TCTCAGCAGATACATCAGAGATAAATTCT AGTATACTTTGTTTCTTTCATGTCAGGAA
PPIA GCAAATGCTGGACCCAACAC GCCATTCCTGGACCCAAAG
RPS9 TGACCGGGTGGTTTGCTTA ATACTCGCCGATCAGCTTCAG
RPS15 CGGACCAAAGCGATCTCTTC CGCACTGTACAGCTGCATCA
STAT1 TGATGGCCCTAAAGGAACTG AGGAAAACTGTCGCCAGAGA
STAT2 CACACTATGCATGGTATCACAAACA CTGAAGATTTCCATTGGCTCAGT
STAT3 GAGAAGGACATCAGCGGTAAGAC GCTCTCTGGCCGACAATACTTT
Trim 19 CCAACAACATCTTCTGCTCCAA CTGGATCTCTGCGCTGATGTC
Trim 21 GGCCCTTTGCTGGGTATGT CACTTCCAACTTCTCAGCCAACT

Table 2.2. Primers for qRT-PCR

2.3.11 Sample preparation for western blot

All cells for western blotting were harvested in radioimmunoprecipitation (RIPA) lysis
buffer with protease inhibitors (20mM tris(hydroxymethyl)aminomethane (Tris),
150mM NaCl, ImM ethylenediaminetetraacetic acid (EDTA) pHS8, 1% v/v Triton X-
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100, 0.1% w/v SDS, made up in dH,0, supplemented prior to use with the protease
inhibitors 5pg/ml aprotinin, Spg/ml leupeptin, ImM phenylmethylsulfonyl fluoride
(PMSF) and 1mM Na3;VOy). For cell lysis, cells were incubated in the RIPA buffer on
ice for 15mins. The cells were then centrifuged at 13,400 x g for 15mins. Cell

supernatants, containing the proteins of interest, were harvested and stored at -20°C.

To determine protein concentration, a bicinchoninic acid (BCA) protein assay was
performed. BCA reagent 2 was diluted 1:50 times in BCA reagent 1 and 200pl of this
mix was added to a well of a 96 well plate. 3ul of the relevant sample was added and
incubated at 37°C for 30mins. Protein concentration was determined using a BCA
standard curve and all samples were made relative to the sample of lowest protein
concentration. 5x blue juice sample (0.3M Tris, 50% v/v glycerol, 0.35M Sodium
dodecyl sulphate (SDS), 10% v/v B-mercaptoethanol, pinch of bromophenol blue, made

up in dH,O) was added per sample and samples were boiled at 95°C for Smins.

2.3.12 Western blotting

Reducing SDS-PAGE is a technique where a protein is denatured, i.e. it loses its
quaternary and tertiary structure, and ran through a polyacrlyamide gel using
electrophoresis, which will separate proteins based on their molecular weight. Proteins
can then be transferred to a polyviniyidene difluoride (PVDF) membrane where a
protein of interest can be probed using a specific primary antibody for that protein.
Secondary antibody, which will bind the primary antibody, is conjugated to an infrared

dye is added. Protein can then be visualised on an Odyssey” Infrared Imaging System.

Pre-cast BIO-RAD Criterion'™ 4-12% Bis Tris gels were set up in gel apparatus with
NuPAGE® MOPS SDS Running buffer. Gels were loaded with samples and molecular
weight marker. Gels were initially run at 60V for 25mins until the protein had run
through the stacking gel, the voltage was then increased to ~180V and samples were ran

until the proteins reached the end of the gel.
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Protein was transferred from the gel to a PVDF transfer using semi-dry transfer. Briefly,
a PVDF membrane was soaked in methanol for 20secs to activate it, was rinsed in dH,0
for 2mins and transferred into a bath of transfer buffer (25mM Tris, 0.19M glycine,
20% v/v methanol, made up in dH,0). Two blotting pads and the gel were also soaked
in transfer buffer for at least Smins. The semi-dry transfer was then set up as follows:
blotting pad, PVDF membrane, gel, blotting pad. All were checked to confirm the
absence of air bubbles. Transfer was run on a Biorad semi-dry transfer machine at 20V

(500mA) for 90mins.

Membranes were blocked to prevent the non-specific binding of antibody in 5% milk
solution (5% powdered milk in phosphate buffered saline (PBS, 1.37M NaCl, 82mM
Na,HPO,, 15mM KH,PO4, 27mM KCL, made up in dH,0) with 0.1% v/v Tween-20)
for 30-60mins at RT. Biots were then incubated overnight at 4°C with primary antibody,
diluted 1:1000 in 5% milk solution. The following day, relevant secondary antibody
was added; this was at a dilution of 1:5000 in 5% milk solution, and was incubated
rocking at RT for 30mins. Antibodies used are shown in Table 2.3. Proteins were

analysed on an Odyssey” Infrared Imaging System.

| Primary Antibody Probing Dilution Secondary Antibody
STAT1 1:1000 Goat anti-rabbit
STAT2 1:1000 Goat anti-rabbit
STAT3 1:1000 Goat anti-rabbit
NS2 1:1000 Goat anti-mouse
B-actin 1:1000 Goat anti-mouse

Table 2.3. Antibodies used for western blotting

2.3.13 Flow cytometry

To analyse phosphorylated STAT proteins, cells were fixed by adding an equal volume
of pre-warmed Cytofix and incubated at 37°C in the dark for 10mins. Cells were
washed by adding Iml staining buffer (1% BSA, 0.01% sodium azide made up in PBS
containing 0.1% Tween-20) and centrifuging at 290 x g for Smins at 4°C. Supernatant
was removed and cells were permeablised by adding 1ml cold Phosflow Perm Buffer II1

and incubating on ice for 30mins. Cells were washed twice with stain buffer and
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resuspended in 100ul stain buffer. 10ul pSTAT1 or 20ul pSTAT3 was added to relevant
samples and incubated in the dark at RT for 30mins. Cells were washed once more with
stain buffer and the final cell pellet was resuspended in 500ul stain buffer. All samples

were acquired on a Dako Cyan flow cytometer and the data were analysed using Flowjo

software (Tree Star Inc, OR, USA).

2.3.14 Plasmid transformation

Exogenous genetic material can be introduced into competent bacterial cells through the
process of transformation. Transformation of plasmid DNA containing an origin of
replication into competent bacterial cells allows for the rapid production of large

quantities of plasmid DNA.

To transform DH5a cells, a competent Escherichia coli (E.Coli) bacterial strain, 2ul of
plasmid DNA was added to 10ul of DH5a cells. Aliquoted DHS5a cells were stored at -
80°C and when required, thawed on ice. Plasmid DNA-DHSa mix was swirled gently
and incubated on ice for 2mins. DHSa cells were then heat shocked by incubating at
42°C for 45secs; this promotes uptake of plasmid DNA. The mix was incubated on ice
for a further 2mins. 100ul of pre-warmed Luria-Bertani (LLB) was added and the LB mix
was plated onto LB agar plates containing either 100pg/ml ampicillin or 12.5pg/ml

tetracycline, depending on the vector being transformed.

To transform One Shot® Topl0 chemically competent E.Coli cells, a 10ul aliquot of
Topl0 cells were thawed on ice and 2ul of DNA mix was added. This mixture was
incubated on ice for 30mins before the bacterial cells were heat shocked at 42°C for
45secs. The reaction was incubated for a further 3mins on ice and 100ul pre-warmed
LB broth. The reaction was shaken at 200rpms for 1h at 37°C, before being plated onto
LG agar plates containing 100pg/ml ampicillin. LB agar plates were incubated for 12-
16h at 37°C. Uptake of plasmid DNA was confirmed by the presence of bacterial
colonies on agar plates. Positive and negative controls were used for each

transformation.
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2.3.15 Plasmid preparation and purification

Plasmid Mini-prep:

A single colony was added to 3mls LB broth containing 100pg/ml ampicillin and grown
for 16h at 37°C while being shaken at 200rpms. 500ul of each culture was added to
500ul of glycerol and stored for future use at -80°C. The remainder of the cultures were

mini prepped to isolate the plasmid DNA.

For purification of small amounts of plasmid DNA, Promega PureYield™ plasmid
miniprep system (Promega Corporation, Madison, WI, USA) was used. 2.5ml of
bacterial culture was centrifuged at 16,000 x g for Imin. Supernatant was discarded and
cell pellet was resuspended in 600ul of NF-H,O. 100ul Cell Lysis Buffer was added and
the reaction was mixed by inverting 6 times. Within 2mins, 350ul pre-chilled
Neutralisation Solution was added and the reaction was mixed thoroughly by inverting
the tube. The reaction was centrifuged at 16,000 x g for 3mins before the supernatant
was transferred to PureYield™ Minicolumn, which was then centrifuged at 16000 x g
for Imin. The flow-through was discarded and 200ul of Endotoxin Removal Wash was
added to the column. The column was centrifuged at 16000 x g for Imin before addition
of 400ul Column Wash Solution and being centrifuged at 16000 x g for Imin. The
minicolumn was transferred to a fresh, sterile 1.5ml eppendorf and 30ul of Elution
buffer was carefully added to the column. After leaving this to stand at RT for 1min, the
column was centrifuged at 16000 x g for Imin to elute plasmid DNA. Plasmid

concentration was assessed using a NanoDrop® ND-1000 spectrophotometer.
Plasmid maxi-prep:

A single colony of transformed bacteria or 100ul of glycerol plasmid stock was added
to 3mls LB broth and shaken at 200rpm at 37°C for 8h. This starter culture was then
added to 150ml LB and shook at for a further 12-16h at 200rpm at 37°C. 500ul of
culture was added to 500ul of glycerol and stored at -80°C. A Promega PureYield ™
Plasmid Maxiprep System was used to isolate plasmid DNA. Cells were pelleted by
centrifugation at 5000 x g for 10mins at RT and supernatant was discarded. Pellets were
resuspended in 12ml Cell Resuspension Solution. 12ml Cell Lysis Solution was added

and mixed by gently inverting 3-5 times followed by incubation at RT for 3mins. 12ml
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Neutralisation Solution was added to the mixture, which was then inverted 10-15 times.
Lysates was centrifuged at 14000 x g for 20mins at RT and added to a PureYield™
Clearing Column, which was placed on a PureYield™ Maxi Binding Column. A
vacuum was applied until all liquid had passed through both columns. The clearing
column was then removed. To wash the binding column, Sml Endotoxin Removal Wash
was added and a vacuum was applied until the liquid has passed through the column.
30ml of Column Wash solution was added and a vacuum was applied until the solution
had passed through, after which vacuum was applied for an additional Smins to ensure
the column membrane was dry. Plasmid DNA was retrieved from the column by eluting
in 1ml of NF-H20, which was added to the column, incubated at RT for 1min before
vacuum being applied. Eluted DNA was retrieved in a sterile 1.5ml eppendorf. Plasmid

concentration was assessed using a NanoDrop” ND-1000 spectrophotometer.

2.3.16 Agarose gels

PCR products were visualised on 1% Agarose dissolved in 1x TAE buffer (50x stock:
121g Tris base, 28.5ml glacial acetic acid, 18.6g Na,EDTA.2H,0; adjusted to 500mls)
with Ethidium bromide (1:6000 dilution). Gels were ran at 120V for 20-40mins and
visualised under UV light.

2.3.17 Cloning

To clone the E2-p7-NS2 polypeptide into the multiple cloning site of pcDNA3.1,
primers were designed to amplify the E2-p7-NS2 region of HCV. Restriction sites for
Hind III and Xho I were incorporated into the forward and reverse primers,

respectively:
F: GCGGATC AAGCTT ATG GAAACCCACGTCACCGGGGGAAG

R: GTGGAGGTTGCTG GGTGGA CATCATCACCATCACCAC TAG CTCGAG
GATC
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The PCR reaction was set up as follows: SmM dNTPs, 10x Taq buffer, 2uM
forward/reverse primer, 500ng HCV DNA construct, 2mM MgCl,, 0.2ul platinum Taq;
made up to 50ul with NF-H,O. The insert was amplified using the following cycling
parameters: 94°C for 2mins followed by 35 cycles of: 94°C for 30secs, 65°C for 30secs
and 72°C for 1.5mins. The PCR product was ran on an agarose gel and the product was
excised and removed from the gel using a Promega gel clean up kit. The PCR product,
along with pcDNA3.1, were digested using the following reaction: 1ul HindIII, 1ul Xho
I, 0.7ul 100x bovine serum albumin (BSA), 6ug DNA and 7ul buffer 2 (NEB), made up
to 70ul in NF-H,O, incubated at 37°C for 1h. The reactions were visualised on an
agarose gel and digested DNA was extracted from the gel using a Promega Wizard®
SV Gel and PCR Clean-Up System. For ligation, a 1:3 vector:insert ratio was used. This
resulted in 108ng of digested insert being ligated into 100ng of digested pcDNA3.1 in
the following reaction: 2ul DNA ligase (NEB), 6ul 10x reaction buffer, made up to 60ul
in NF-H20. This reaction was incubated at 16°C for 1h before being transformed into
Top10 competent cells. Following transformation, 10 colonies were chosen for mini-
prep to confirm presence of ligated insert. Prepared DNA was sent for sequencing to
confirm the presence of ligated insert. Following confirmation of insert, maxi preps

from 100ul glycerol stocks grown up in LB broth were used for large-scale preparation

of plasmid DNA.

2.3.18 Gel Clean up

To extract DNA from agarose gel, a Promega Wizard® SV Gel and PCR Clean-Up
System was used. 10ul of Membrane Binding Solution was added per 10mg of agarose
gel. The mixture was vortexed and incubated at 60°C for up to 10mins, until the gel had
dissolved. The gel mixture was added to a SV Minicolumn and incubated at RT for
Imin. The column was centrifuged at 16000 x g for Imin, the flow-through was
discarded and 700ul Membrane Wash Solution was added. This was centrifuged at
16000 x g for Imin, flow-through was discarded and the column was centrifuged again
for Smin at 16000 x g to dry the membrane. The column was placed on a sterile 1.5ml

eppendorf, 50ul NF-H20 was carefully added to the membrane and incubated at RT for
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Imin. To elute DNA, the column was centrifuged at 16000 x g for Imin. DNA

concentration was assessed using a NanoDrop™ ND-1000 spectrophotometer.

2.3.19 Luciferase reporter gene assay

As a measurement of IFN-a activity, Firefly luciferase reporter gene assays were used
where the promoter of interest [either ISRE or y-activated sequence (GAS)] is upstream
of a luciferase gene and when stimulated, bioluminescent activation can be measured.
As an internal transfection control, the constitutively active plasmid TK-Renilla was co-

transfected with all luciferase vectors.

Per well, cells were transfected with 60ng of either ISRE-luciferase or GAS-luciferase
reporter gene plasmids, 20ng TK-Renilla and 150ng of EV (either pBR322 or
pcDNA3.1), HCV or cloned vectors as indicated. Cells were treated with [FN-a as
indicated. To harvest the cells, media was removed by inversion and lysed for 15mins
using 50ul Passive Lysis Buffer with vigorous shaking. To assay firefly luciferase
activity, 40ul luciferase assay mix (20mM tricine, 1.07mM (MgCO3)sMg(OH),.5H>0,
2.67mM MgSOy, 0.1M EDTA, 33.3mM DTT, 270mM coenzyme A, 470mM luciferin,
530mM ATP) was added to 20ul cellular lysates. To quantify Renilla luciferase activity,
40ul of 2ug/ml Coelenterazine (diluted from stock in 1x PBS) was added to 20pul of
lysates. Luminescence was read using a Reporter microplate luminometer. All firefly
luciferase values were normalised relative to the Renilla activity for that sample and

expressed as fold induction over unstimulated EV.

2.3.20 Short hairpin RNA (shRNA) and small interfering RNA (siRNA)

For siRNA, 60pmol of scrambled or native STAT3 siRNA was made up to 100ul in
siRNA transfection media. A 2:1 ratio of siRNA transfection reagent to siRNA was
made up in 100ul siRNA transfection media. These two solutions were mixed gently
together and incubated in the dark for 15-45mins. Huh-7 cells (1x10°/well/6 well plate)
or PBMCs (5x10%well/12 well plate) were washed twice with transfection media, with

a final volume of 800ul transfection media left on the cells. 200ul siRNA mix was then
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added to cells and incubated for 5-7h. 1ml of DMEM supplemented with 20% FCS was
then added to the cells. After 18-24h, media was removed and DMEM supplemented
with 10% FCS was added to cells. 36h later, cells were stimulated as indicated and

harvested in 1ml of TRIzol® for mRNA analysis.

For shRNA, Huh-7 cells, 1x10°/well/6 well plate, were transfected with 500ng of
scrambled, STAT1 or STAT3 shRNA, or both together using lipofectamine. Media was
changed after 24h. 24h after media was changed, cells were stimulated as indicated and

harvested in 1ml of TRIzol® for mRNA analysis.

2.3.21 Bioinformatics

Clustal W:

The Clustal W multiple sequence alignment 2.0 tool

(http://www.ebi.ac.uk/tools/clustalw2) was used to align multiple protein sequences to

compare amino acid similarities of the sequences [163]. This software attempts to find
the best alignment match from input sequences based on the Gonnet substitution matrix,
a matrix that gives a score for amino acid mismatches, based on a broad range of

protein sequences.

Fuzzpro:

To identify potential motifs within protein sequences, FuzzPro, an EMBOSS software

programme (www.emboss.org), was used. Short protein sequence motifs input into this

software as regular expressions, which can be of varying length, with amino acids being
represented by their [UPAC one letter codes, unknown amino acids represented by x
and varying lengths can be represented by numbers (e.g. C-[MF]-x(2,4)-L would search
for a pattern starting with a cysteine residue, followed by either a methionine or a

phenylalanine residue, followed by 2-4 unknown residues and finally a leucine residue).
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2.3.22 Statistics

To test differences in values between two independent patient sample groups,
non-parametric Mann-Whitney U tests were used. Non-parametric tests were used for
patient samples as normal Gaussian distribution could not be assumed with the low
patient numbers being assessed; therefore use of parametric statistical tests could have
resulted in inaccurate analysis of the data. For paired patient sample analysis, Wilcoxon
matched pairs analysis was used. To analyse differences within a cell line, a Student’s T
test was used as normal distribution was assumed within a cell line. All were calculated
using Graphpad Prism® 5 software. To analyse the difference in the extent of variability
between two groups of individuals, a non-parametric Levene’s test was used. This was
done using Statistical software package SPSS, version 16.0 to rank the data, calculate
the mean rank value and subtract that from each rank value. A one way analysis of

variance was then used to test the variance between the groups.

p-values <0.05 were considered statistically significant.
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Chapter 3

HCYV degrades STAT3 via the proteasome:
identification of inhibitory peptides against
viral targets that restore IFN-a

responsiveness

86



hapter 3 HCV degrades STAT3 via the proteasome: identification
of inhibitory peptides against viral targets that restore IFN-a

res ponsiveness

3.1 Introduction

Viral recognition by the innate immune system results in the systemic induction
of anti-viral responses within the host, most notably through the activation and rapid
production of type I IFNs, which switch on potent anti-viral defences capable of
directly limiting viral replication and activating the adaptive immune response. Type [
IFNs activate STAT transcription factors, which dimerise and translocate to the nucleus,
binding specific promoter elements and upregulating expression of ISGs. Two common
promoter elements activated by IFN-a are ISRE and GAS. IFN-a activates STAT homo-
and hetero-dimers and specificity for either the ISRE or GAS promoter is dependent on
the STAT dimer formed. Some ISGs only contain a promoter element for one, whereas

other contain promoter elements for both [164].

50-90% of those infected with HCV fail to naturally clear the virus [2], therefore
it is a reasonable hypothesis that HCV codes for an immunomodulator capable of
subverting type I IFN responses. Up until recently, the only therapy for treating HCV
was IFN-a, which should in theory allow the rapid inhibition of HCV replication.
However, up to 60% of patients fail to respond to this treatment, particularly genotype 1
infected patients, further supporting the hypothesis that type I IFN is a target for HCV
and that the IFN-o pathway in some individuals is susceptible to HCV targeted attack.
As IFN-o signals through the JAK-STAT pathway, and it had been previously been
shown that HCV can target STAT1 [165], we were particularly interested in
investigating the effect of HCV on STAT transcription factors and the consequence on

[SG induction.
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3.1.1 HCV and STAT proteins

STAT1 and STAT?2 are activated by IFN-a and form the ISGF-3 complex with
IRF9. The ISGF-3 complex binds to specific promoter elements, resulting in the
upregulation of over 500 anti-viral genes, which exhibit diverse roles such as anti-viral
immunity and control of cell growth [3]. In 2005, Lin et al., reported that HCV could
target STAT1 for degradation in a Huh-7 hepatocyte cell line. They found that STAT1
was degraded in a proteasome-dependent manner, as the proteasomal inhibitor MG132
could recover STAT1 protein expression [166]. Later studies found that the NSS5A
protein from HCV also decreased STATI1 protein expression [166,167]. STATI
expression in the liver has been linked with treatment response to IFN-a therapy. Liver
biopsies from HCV patients showed an impaired ability for activated STAT1 to bind
DNA following activation, due to an upregulation of the negative regulator protein
phosphatase 2A (PP2A) [151]. PP2A upregulation was later shown to be caused by
HCV replication on the ER, inducing stress and calcium release, which promotes PP2A

expression [168].

Although STAT1 and STAT?2 are seen as the classical proteins activated by IFN-
a, other STAT proteins are also involved in IFN-a signal transduction [150,167]. STAT3
is involved in many cellular processes such as proliferation and growth factor
signalling, although its role in IFN-a signalling remains controversial. We found that
both STAT1 and STAT3 expression was significantly reduced in circulating leukocytes
from chronically infected HCV patients (Data provided by Dr. Nigel Stevenson).
Altered STAT3 protein expression by HCV could be reversed using the proteasomal
inhibitor MG132, suggesting that HCV targets STAT3 for proteasomal degradation (Fig.
3.1). We therefore sought to determine how HCV could be targeting STAT3 protein for
proteasomal degradation. Specific targeting of STAT3 protein expression by HCV may

be due to an important, unknown role for this protein in the IFN-a anti-viral response.
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Figure 3.1. Proteasomal inhibition recovers STAT3 expression in PBMCs from
HCYV patients

Western blot analysis of STAT3 protein levels in the PBMCs of HCV infected patients, with or without
the proteasomal inhibitor MG132.

3.1.2 Viral targeting of STAT proteins for degradation via the proteasome

Targeting proteins for degradation via the proteasome is a proteolytic cellular
process that recycles redundant or misfolded proteins, by labelling them with poly-
ubiquitin chains, to produce free amino acids. Ubiquitin is a small molecule that is post-
translationally attached to target proteins via an isopeptide bond, leading to two
possible outcomes. If a single ubiquitin molecule is attached, then the tagged protein
will be involved in non-proteolytic events such as signal transduction; whereas if the
protein is tagged with a polyubiquitin chain via a lysine 48 residue, that protein is
targeted to the 26S proteasome for degradation [169]. The 26S proteasome recognises
proteins with a polyubiquitin chain attached, and subsequently mediates their

degradation through its protease activity [169].

3.1.3 Ubiquitination and proteasome-mediated degradation

The attachment of ubiquitin molecules to a target protein involves three
enzymes, an activating E1 enzyme, a conjugating E2 enzyme and a ligase E3 enzyme
(Fig. 3.2). Two El enzymes are found in humans that activate the C terminus of the
ubiquitin molecule [170]. The activated ubiquitin molecule is then transferred to the
conjugating E2 enzymes, for which there are thought to be approximately 30 genes

identified in humans. E2 conjugating enzymes transfer ubiquitin molecules to the E3
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ubiquitin ligase. Over 600 E3 ligases have been identified in humans [171] and they
bind the target substrate to mediate covalent attachment of the ubiquitin molecules
[172]. E3 ligases link the ubiquitin process to the specific protein targeted for
degradation and hundreds of these ligases have been identified. They are involved in
diverse cellular processes and malfunction of their regulation has been implicated in
many diseases, such as cancers [173]. The specificity of E3 ligases for target substrates
has made them attractive targets for diseases such as cancers, were proteasomal
inhibition would enhance responsiveness to treatment but avoiding the severe side-

effects associated with the clinical administration of general proteasome inhibitors
[174].
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Figure 3.2. Polyubiquitination of target proteins results in protein degradation via
the proteasome

1. An El enzyme catalyses the transfer of an ubiquitin molecule to an E2 enzyme. 2. The E2 enzyme
catalyses the transfer of the ubiquitin molecule to the E3 adapter ligase. 3. The E3 adapter poly-
ubiquitinates the target protein on a lysine 48 residue. 4. The polyubiquitinated target protein is
recognised by the 26S proteasome. 5. The 26S proteasome degrades the target protein, releasing free

amino acids into the cell.
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Some E3 ligases, such as SOCS proteins and Von Hippel-Lindau (VHL) tumour
suppressor protein, bind to the E2 complex via elongin and cullin (cul) proteins. E3
ligases containing elongin B and elongin C binding sequences (known as a BC box)
also bind to either cul-2 or cul-5 molecule [172]. Cul-2 binding E3 ligases bind a VHL
box, named after VHL tumour suppresser protein, the first protein described to contain
this motif [175]. One known function of VHL is to induce proteasomal degradation of
hypoxia inducible factor la (HIF-la), a transcription factor that regulates cellular
responses during hypoxia. HIF-la regulates the expression of genes involved in
angiogenesis and erythropoeisis, promoting their upregulation during hypoxia, whereas
under non-hypoxic conditions, VHL degrades HIF-la via the proteasome [176,177].
Mutations in the VHL tumour suppressor gene causes VHL disease, an inherited cancer,
which occurs due to the failure of VHL tumour suppressor to function as an E3 ligase
and degrade HIF-1a, reflecting the aberrant effects associated with deregulation of the
ubiquitination and proteasomal degradation system [178]. Cul-5 binding E3 ligases
mediate degradation via a SOCS box, named after SOCS proteins [175]. SOCS proteins
regulate cytokine signalling through their E3 ligase activity and control type I IFN
signalling by targeting the IFNAR and JAK proteins for proteasomal degradation [179].

3.1.4 Virally encoded E3 ligases with VHL- and SOCS- boxes

Many viruses have hijacked this system by encoding proteins with VHL- and
SOCS- boxes, allowing them to act as E3 ligases and target proteins involved in anti-
viral immunity for degradation. These viral E3 ligases can recruit elongin and cul
proteins, allowing them to polyubiquitinate target substrates. HIV vif protein contains a
SOCS box which recruits elongin C, along with elongin B and cul-5, and targets the
anti-viral protein APOBEC3G for proteasomal degradation [180]. Adenovirus encodes
Edort6, a protein that also contains a SOCS box, allowing the virus to induce
proteasomal degradation of p53, a protein that suppresses cell growth [181]. Many
viruses have been shown to specifically target STAT proteins for degradation to evade
type I IFN responses. Paramyxoviruses encode a V protein which allows them to

degrade many STATs including STAT1, STAT2 and STATS3, although this is dependent
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on cul-4 and therefore independent of a VHL- or SOCS- box [182]. One virus that
degrades STAT proteins using a VHL-box is RSV. RSV encodes a protein, NS1, which
allows it to bind to elongin C and cul-2 and target STAT2 for proteasomal degradation
[147]. Bioinformatic analysis studies from our lab revealed that HCV may encode its
own E3 ligase similar to that seen in RSV NS1. A multiple sequence alignment of VHL
tumour suppressor protein and RSV NS1 shows that there is a putative binding site in

the p7 protein of HCV genotype 1 (Fig. 3.3).

RSV-NSL = cccccmmmmmccmeeeo g 1) { ¢ U R ¥ |
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Figure 3.3. The elongin C binding site in RSV NSI, HCV p7 and VHL

Clustal W multiple sequence alignment of two elongin C binding proteins, NS1 from RSV and the VHL
tumour suppressor protein, with the p7 protein from HCV. Amino acids known to be involved in elongin

C binding are conserved within the p7 protein of HCV.

Therefore, we propose that HCV functions as an E3 ligase to allow it to mediate the

degradation of STAT proteins and evade innate anti-viral responses activated by IFN-a.
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Figure 3.4. Proposed model for HCV-mediated STAT proteins degradation

HCV contains a putative elongin C binding site that may allow it to target STAT proteins for proteasomal

degradation, similar to other viral proteins that encode elongin C binding sites.
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3.1.5 Aims

The aim of this study was to establish the mechanism by which HCV targets STAT3
protein expression. We also wanted to examine if the absence of STAT3 had a
consequence on IFN-o induced anti-viral immunity. We aimed to determine the
molecular mechanism used by HCV to degrade STAT3 using bioinformatic analysis to
identify the regions of the HCV genome with motifs similar to those known to act as
elongin C binding E3 ligases. This would allow us to test whether specifically targeting
the identified viral regions that mediate protein degradation could restore STAT3
protein expression and recover IFN-a signalling, and therefore represent a possible

novel therapeutic intervention during HCV infection.
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3.2 Results

3.2.1 STAT1 and STAT3 protein expression is reduced by HCV

To examine the effects of HCV protein expression, we use a hepatocyte cell line (Huh-
7s) stably expressing a T7 polymerase and a cDNA construct, which under control of a
T7 promoter, expresses all the structural and NS proteins of HCV. Following
transfection of Huh-7 cells with the HCV construct, both STAT1 and STAT3 protein
expression was starkly reduced, whereas STAT2 was not affected (Fig. 3.5). HCV

protein expression was confirmed by probing for NS2.

EV HCV
e ~ |STAT1
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Figure 3.5. STAT1 and STAT3 protein expression in reduced in Huh-7 cells
expressing HCV

Huh-7s were transfected with either pPBR322 as a control (EV) or HCV for 16 hours,
before being lysed and analysed by western blotting. Antibodies against STATI,
STAT2, STAT3, NS2 and B-actin were used.
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3.2.2 STAT1 and STAT3 mRNA is unaffected by HCV expression

To assess whether HCV was altering STAT1 and STAT3 protein expression by affecting
mRNA levels of these proteins, qRT-PCR was used to measure the gene expression
level for both (Fig. 3.6). STAT2 was also measured as a control. HCV had no affect on
STAT1, STAT2 or STAT3 mRNA levels compared to cells transfected with EV control.
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Figure 3.6. HCV expression does not reduce STAT1, STAT2 and STAT3 mRNA
expression

qRT-PCR was used to analyse the expression of STAT1, STAT2 and STAT3 mRNA in
Huh-7 hepatocytes transfected with either EV (pBR322) or HCV for 16h (n=3). All

samples were normalised to endogenous RPS15 expression.

95



3.2.3 IFN-a stimulation upregulates ISGs in Huh-7 cells

As HCV can alter expression of STAT1 and STAT3 protein in Huh-7 cells, we sought to
analyse the consequence of reduced expression of these transcription factors on IFN-a
induced ISG expression. Initially, we determined the optimal time point for ISG
expression in these cells. We chose PKR, OAS and MxA as our read-out for ISG
induction as these are three well-studied IFN-a induced ISGs (Fig. 3.7). By 2h post
[FN-o. stimulation, PKR, OAS and MxA mRNA expression was significantly
upregulated compared to unstimulated Huh-7s (p<0.05). This upregulation was highly
significant for PKR expression 4h post stimulation (p<0.01). 6h IFN-a stimulation

upregulated all 3 ISGs with high significance compared to unstimulated cells (p<0.01).
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Figure 3.7. IFN-a upregulates ISG expression in Huh-7 hepatocytes
Huh-7 hepatocytes were stimulated with 1000IU IFN-o for 2, 4 and 6 hours before
mRNA for PKR, OAS and MxA was analysed using qRT-PCR. All samples were

normalised to endogenous RPS15 expression. N=3, statistical differences analysed

using Student’s T test compared to unstimulated; *p<0.05, **p<0.01.
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3.2.4 HCV blocks IFN-a induced gene expression in Huh-7 cells

In Huh-7 hepatocytes, expression of HCV leads to decreased expression of STAT1 and
STAT3 protein. As these transcription factors are important for IFN-a signal
transduction, we examine the effect of HCV expression on ISG induction. Huh-7 cells
were transfected with HCV and stimulated with IFN-a. We found that transfection with
HCYV significantly reduced ISG induction (Fig. 3.8). Induction of both PKR and MxA

were both significantly reduced in the presence of HCV (p<0.05); OAS induction was
also reduced, although not significantly (p<0.07).
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Figure 3.8. HCV blocks ISG induction in Huh-7 hepatocytes

Huh-7 hepatocytes were transfected with EV or HCV for 16h and stimulated with
1000IU IFN-a for 4h. qRT-PCR was used to analyse mRNA expression of PKR, OAS

and MxA (n=4). All samples were normalised to endogenous RPS15 expression.

Statistical differences analysed using Student’s T test, *p<0.05.
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3.2.5 HCV expression significantly inhibits ISRE and GAS induction

As we found that the induction of the ISGs PKR, OAS and MxA was significantly
decreased by HCV expression, we sought to assess the effect of HCV expression on the
activation of ISRE and GAS promoters. We used firefly luciferase vectors under the
control of the ISRE or GAS promoter sequences, which when activated by a suitable
stimulus, induce quantifiable luciferase expression. Huh-7s transfected with either ISRE
or GAS luciferase vectors were also transfected with either EV control or HCV and
stimulated with IFN-a over a time course (Fig. 3.9A and 3.9B respectively). IFN-a
strongly activated both ISRE-luc and GAS-luc, after 8h and 24h stimulation. However,
expression of HCV significantly inhibited activation of ISRE and GAS promoter
activation by IFN-a. For ISRE-luc, HCV inhibition of induction was highly significant
after 4 and 8h stimulation (p<0.01) and significantly inhibited after 24h stimulation
p<0.05). HCV significantly inhibited GAS-luc induction after 8h IFN-a stimulation
*p<0.01).
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Figure 3.9. HCV inhibits ISRE and GAS promoter activity
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Huh-7 cells were transfected with firefly reporter plasmid, either (A) ISRE-luciferase or

(B) GAS-luciferase, TK-Renilla reporter plasmid and either pBR322 or HCV. The cells
were stimulated with 1000IU IFN-a for 0, 4, 8 or 24h and then assayed for ISRE or

GAS activation. N=3; statistical differences analysed using Student’s T test, * p<0.05 or

** p<0.01 compared to EV.
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3.2.6 Endogenous ISG expression is dependent on STAT1 and STAT3
expression

Huh-7s expressing HCV significantly reduces both STAT1 and STAT3 protein
expression and subsequently fail to induce ISGs following IFN-a stimulation, therefore
we aimed to determine the relevant contribution of STAT1 and STAT3 to endogenous
ISG expression within Huh-7 cells. We used shRNA against STAT1 or STAT3, and
analysed expression of PKR, OAS, MxA and CXCL10, a chemokine upregulated by
IFN-a (Fig. 3.10). We found that cells transfected with either STAT1 or STAT3 shRNA,
and both together, had decreased endogenous expression of PKR, OAS and MxA, but
not of CXCL10, compared to cells transfected with control shRNA.
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Figure 3.10. Endogenous ISG expression is dependent on STAT1 and STAT3
expression

Huh-7 cells were transfected with either control shRNA, STAT1 or STAT3 shRNA, or
both together for 48h. Endogenous levels of PKR, OAS, MxA and CXCL10 were
measured by qRT-PCR. All samples were normalised to RPS15 housekeeping control.
N=3
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3.2.7 ISG induction is dependent on STAT1 and STAT3 expression

Having observed that STAT1 and STAT3 expression is necessary for endogenous
expression of ISGs, we investigated the role of STAT1 and STAT3 in ISG induction
following IFN-a stimulation. Huh-7s cells were transfected cells with either STAT1 or
STAT3 shRNA, or both together, stimulated with IFN-a for 2h, before measuring ISG
induction (Fig. 3.11). We found that STAT1 and STAT3 shRNA, either alone or in
combination, decreased induction of PKR, OAS and MxA. Interestingly, CXCLI10
induction was also reduced with shRNA against STAT1 or STAT3.
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Figure 3.11. ISG induction is dependent on STAT1 and STAT3

Huh-7 cells were transfected with control shRNA, STAT1 shRNA, STAT3 shRNA or
both together for 48h before being stimulated with 1000IU IFN-a for 2h. qRT-PCR was
used to measure PKR, OAS, MxA and CXCL10 mRNA expression. All samples were

normalised to RPS15 housekeeper control. N=3
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3.2.8 STAT3 is required for ISG induction

As the role for STAT1 is well established in ISG induction, we sought to further
confirm the contribution of STAT3 in ISG induction using an alternative method of
gene inactivation: siRNA against STAT3 (Fig. 3.12). Huh-7s treated with STAT3 siRNA
showed significantly reduced STAT3 gene expression (p<0.01). Endogenous levels of
PKR and MxA, and also induction of these genes following stimulation, was decreased

when STAT3 expression was reduced using STAT3 siRNA.
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Figure 3.12. STAT3 siRNA reduces ISG induction in Huh-7 hepatocytes

gRT-PCR analysis of STAT3 (n=6), PKR and MxA mRNA expression (both n=3) in
Huh-7 hepatocytes transfected with scrambled or STAT3 siRNA, -/+ 1000IU 2h IFN-a.
All samples are normalised to RPS15 housekeeping control and values are relative to

unstimulated scrambled control. statistical differences analysed using Student’s T test,

*%p<0.01.
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3.2.9 The elongin C binding site is conserved in genotype 1 of HCV

To further analyse the putative elongin C binding site within the p7 protein of HCV,
consensus sequences for different HCV genotypes were generated by retrieving
sequences of the p7 protein from known genotypes from the Los Alamos HCV
Sequence Database, where each sequence is from a different patient [147,175].
Consensus sequences were generated, using the consensus maker tool available within
the database, for genotype la (325 seqs), 2 (30 seqs), 3 (10 seqs), 4 (17 seqs) and 6 (47
seqs), and along with the sequence for our HCV ¢DNA construct aligned using the
Clustal W multiple sequence alignment tool (genotype 1b) (Fig. 3.13). We found that
within genotype la and 1b of HCV, the four amino acids responsible for mediating
elongin C binding are highly conserved, both as to amino acid residue and spacing
between them; the initial valine residue is followed by two random amino acids before a
leucine residue, which is followed by a cysteine residue after three more amino acids
and finally, there is a leucine after four more amino acids. These amino acids were not

as highly conserved in the other viral genotypes examined.

Construct Glb  ¥SFLVFFCFAWYLK
Gla VSFLVFFCFAWYLK
G2 WFFIFFVA-AWYLK
G3 GWYLVAFCAAWYWR
G4 WYAIFFIC IAWHVK
G6 WWGLLFLC CAWYVE
cConsensus Ve=li—==C——==0—

Figure 3.13. The Elongin C binding site in different HCV genotypes

Consensus sequences were generated for different HCV genotypes using the consensus
maker tool in the Los Alamos HCV sequence database for genotype 1a (325 seqs), 2 (30
seqs), 3 (10 seqs), 4 (17 seqs) and 6 (47 seqs). The elongin C binding site in p7 for each
consensus sequence was aligned using ClustalW multiple alignment tool. Identical

amino acids are in yellow and similar amino acids are in grey.
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3.2.10 Orientation of the elongin C binding site in p7

The putative elongin C binding site in HCV is in a region of p7 that is known to form
an o-helix [183], therefore any residues that can theoretically interact with a protein
should be orientated on the same side of the helix. To examine this, a helical wheel was
generated using an online helical wheel projection programme (Fig. 3.14). The first
three residues known to mediate elongin C binding were found to be all facing the same

direction of the a-helix.

1.51@238.1
/

Elongin C binding site p7: ESFEVFFEFAWYE

Figure 3.14. Helical wheel projection of the elongin C binding site

A helical wheel was generated using an online helical wheel generator tool

(http://rzlab.ucr.edu/scripts/wheel/wheel.cgi) to visualise the orientation of the residues

of the elongin C binding site in p7 of HCV. Circles are hydrophilic residues, diamonds
are hydrophobic residues. Extent of green colour correlates with extent of

hydophobicity. Residues with no hydrophobicity are coloured yellow.
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3.2.11 The E2 protein of HCV has a cul-2 binding site

All E3 ligases that bind to an elongin C protein must also bind to a cul-2 or cul-5
protein to mediate targeting of proteins for proteasomal degradation by attachment of
poly-ubiquitin chains [29]. The programme FuzzPro from the EMBOSS suite of

bioinformatic software (www.emboss.org) was used to search our HCV construct for

the presence of either cul-2 or cul-5 binding sites, based on motifs used by other E3
ligases known to bind these proteins. This search identified a possible cul-2 binding
motif within the E2 protein of HCV. ClustalW multiple sequence alignment tool was
then used to align this putative binding site with known cul-2 binding proteins and the
possible binding site within genotype la of HCV (Fig. 3.15). The cul-2 binding site in
HCV E2 contains amino acids that are conserved and have similar spacing to amino

acids known to mediate cul-2 binding in other proteins.

RSV NS1 RLDS{HMT- DEMNQI S D
WVHL VKPENYRF‘L DIVRSIRY EDI
Construct (glb) SIA K-WE IAF T
HCV gla SIA K- wE i‘m
Consensus S——5—I1———¥—=L——LL

Figure 3.15. The cul-2 binding site of HCV
ClustalW was used to align the cul-2 binding proteins NS1 (from RSV) and VHL

tumour suppressor protein with our HCV construct (genotype 1b) and HCV genotype

la.

105



3.2.12 The cul-2 binding site is conserved in genotype 1 of HCV

Consensus sequences for different HCV genotypes were generated by retrieving
sequences of the E2 protein from known genotypes taken from the Los Alamos HCV
Sequence Database. Consensus sequences were generated using the consensus maker
tool for genotype 1a (245 seqs), 2 (33 seqs), 3 (10 seqgs), 4 (21 seqs) and 6 (47 seqs) and
aligned using the ClustalW multiple sequence alignment tool (Fig. 3.16). ClustalW
multiple sequence alignment of consensus sequences for each genotype revealed that
the four amino acids responsible for mediating elongin C binding are highly conserved

in genotype la and 1b of HCV, but not in other genotypes examined.

Construct Glb  SSIASWAIKWEYVVLLFLLL
14 S$SIASWAI KWEYVVLLFLLL
2 BPALTKY IVKWERVVLLFLLL
3 S GMBBWAL KWEEV IL ¥FLLL
4 SAVVSWALKWEYV-LAFLLL
3 S SVVSWAWKWEYVVLAFLVL
Consensus §---5—I-—-Y—-L--LL

Figure 3.16. The cul-2 binding site in different HCV genotypes

Consensus sequences were generated for various HCV genotypes using the consensus
maker tool in the Los Alamos HCV sequence database for genotype la (325 seqs), 2 (30
seqs), 3 (10 seqs), 4 (17 seqs) and 6 (47 seqs). The cul-2 binding site in E2 for each

consensus sequence was aligned using the Clustal W multiple sequence alignment tool.
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3.2.13 Orientation of the cul-2 binding site

The putative cul-2 binding site in HCV is in a region of E2 that is known to form an a-
helix [183], therefore residues could be involved in protein interaction should have the
same orientation on the helix. To examine this, a helical wheel was generated and
analysed (Fig. 3.17). The majority of residues identified as being critical for cul-2

binding are all orientated to the same side of the a-helix.

L20

Construct (glb) BsiaBwalk-wefjvvi@rLrfd

Figure 3.17. Helical wheel projection of the cul-2 binding site

A helical wheel was generated using an online helical wheel generator tool

(http://rzlab.ucr.edu/scripts/wheel/wheel.cgi) to visualise the orientation of the cul-2

binding site in E2 of HCV. Circles are hydrophilic residues, diamonds are hydrophobic
residues, triangles are potentially negative charged residues and pentagons are
potentially positively charged residues. Extent of green colour correlates with extent of
hydophobicity. Residues with no hydrophobicity are coloured yellow. Residues with a

potential charge are light blue.
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3.2.14 HCV NS2 protein has an elongin C binding site

As we has identified an elongin C binding site in p7 and a cul-2 binding site in E2, we

further searched the HCV genome for any additional binding sites. Using FuzzPro

software from the EMBOSS site (www.emboss.org), we further searched our HCV
construct for the presence of additional cul-2 or elongin C binding sites. This led to the
identification of a second possible elongin C binding site, within HCV NS2 protein.
Multiple sequence alignment of HCV NS2 protein with known elongin C binding
proteins demonstrated that the amino acid residues critical for elongin C binding arc

highly similar and correctly positioned within this motif (Fig. 3.18).

RSY NS1 Li TEY'I'DK i
HIV vif GSl QY LALAAL I
WVHL Q_._
Construct (glb) Gl LRI

HCY gla QGI LRI
Consensus = Y¥—--L-—--C-—----

Figure 3.18. The elongin C binding site in NS2

Clustal W sequence alignments of elongin C binding sites in other proteins (NS1 protein
of RSV, HIV vif protein and VHL tumour suppressor protein) was used to identify an
elongin C binding site in the NS2 protein of HCV, both in our genotype 1b HCV

construct and HCV genotype 1a. Conserved consensus amino acids are highlighted.
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3.2.15 The elongin C binding site in NS2 is highly conserved in genotype 1

As we found that the elongin C binding site in p7 and the cul-2 binding site in E2 were
highly conserved in genotype 1 of HCV, we sought to determine whether the elongin C
binding site in NS2 was also conserved. Consensus sequences were generated using the
consensus maker tool in the Los Alamos HCV Sequence Database for genotype 1a (245
seqs), 2 (33 segs), 3 (10 seqgs), 4 (21 seqs) and 6 (47 seqs) and aligned using the
Clustal W multiple sequence alignment tool (Fig. 3.19). As with the other binding sites,
the elongin C binding site in NS2 was highly conserved in genotype 1, but not in the

other, more IFN-a sensitive, genotypes.

Construct Glhb YOGLLRICALARKI
1a VOGLLRICALARKM
2 RHALLRVC TLVRHL
3 AHVLVRLCMLVRSY
4 AHALIKICSLLRGW
6 AHILLRACLLVR—
Consensus N—b=7nsC=57 I

Figure 3.19. The elongin C binding site is conserved in genotype 1 of HCV

Consensus sequences were generated for various HCV genotypes using the consensus
maker tool in the Los Alamos HCV sequence database for genotype la (325 seqgs), 2 (30
seqs), 3 (10 seqs), 4 (17 seqs) and 6 (47 seqs). The elongin C binding site in NS2 for
each consensus sequence was aligned using the Clustal W multiple sequence alignment

tool.
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3.2.16 Orientation of the elongin C binding site in NS2

The region of NS2 containing the newly identified elongin C binding site is in an a-
helix. Therefore for these conserved amino acids to interact with a protein, they must be
facing the same direction in the a-helix. A helical wheel was generated for the elongin
C binding site and the first three of the conserved amino acids were in the same

orientation (Fig. 3.20).

Elongin C binding site NS2: JHOGWLRIMALARKE

Figure 3.20. The orientation of the elongin C binding site in NS2

A helical wheel was generated using an online helical wheel generator tool

(http:/rzlab.ucr.edu/scripts/wheel/wheel.cgi) to visualise the orientation of the cul-2

binding site in E2 of HCV. Circles are hydrophilic residues, diamonds are hydrophobic
residues and pentagons are potentially positively charged residues. Extent of green
colour correlates with extent of hydophobicity. Residues with no hydrophobicity are
coloured yellow. Extent of red colour correlates with extent of hydrophilicity. Residues

with a potential charge are light blue.
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3.2.17 Cloning of the E2-p7-NS2 region of HCV

Having identified putative elongin C binding sites in p7 and NS2 and a cul-2 binding
site in E2, we assessed whether these HCV proteins could inhibit IFN-a signalling.
HCV is transcribed as a polypeptide, with E2, p7 and NS2 in linear alignment. By
introducing restriction sites for Hind III before E2 and Xho I after NS2 in our HCV
c¢DNA construct, this region was cloned into the vector pcDNA3.1. Expression of

E2NS2 was confirmed by visualising NS2 expression using immunoblotting (Fig. 3.21).

B-actin

EV E2NS2 E2NS2
Clone 1 Clone 2

Figure 3.21. Expression of E2NS2 in Huh-7 hepatocytes

Huh-7 hepatocytes were transfected with either pcDNA3.1 (EV) or 2 different E2-p7-
NS2 (E2NS2) clones and probed with NS2 antibody to confirm protein expression. -

actin was used as an internal control.
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3.2.18 E2NS2 reduces STAT3 expression

Initially, we wanted to determine whether expression of E2-p7-NS2 (E2NS2) could
affect the expression of STAT3, as full length HCV had. Huh-7 hepatocytes were
transfected with EV, E2NS2 or HCV. Expression of either E2ZNS2 or HCV resulted in

reduced STAT3 protein expression compared to cells transfected with EV (Fig. 3.22).

(A)
B-actin
EV E2NS2 HCV
(B) STAT3 densitometry
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Figure 3.22. E2NS2 inhibits expression of STAT3
(A) Huh-7s were transfected with pcDNA3.1 (EV), E2NS2 or HCV for 16h and STAT3

protein expression was analysed using western blotting (n=3). [-actin was analysed as
a loading control. (B) Huh-7s were transfected with pcDNA3.1 (EV) or E2NS2 for 16h
and STAT3 protein expression was analysed using western blotting n=6. B-actin was
used as a loading control and densitometry analysis was used to quantify protein levels.
Aratio of STAT3 to B-actin protein levels were graphed and Student’s T test was used to

analyse statistical differences between the two groups. ***p<0.001.



3.2.19 ENS2 inhibits activation of ISRE and GAS promoter elements

To examine the effect of E2NS2 on IFN-a signalling, we quantified the induction of
ISRE and GAS luciferase in the presence of E2NS2, or EV and HCV as positive and
negative controls, respectively. We showed that E2NS2 significantly inhibited both
ISRE (Fig. 3.23A) and GAS luciferase (Fig. 3.23B) induction, even more profoundly
than with full length HCV. This was evident at all time points of IFN-a stimulation

examined.
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Figure 3.23. E2NS2 is an effective inhibitor of ISRE and GAS luciferase induction

Huh-7 cells were transfected with firefly reporter plasmid, either (A) ISRE-luciferase or
(B) GAS-luciferase, TK-Renilla reporter plasmid and pcDNA3.1, E2NS2 or HCV. The
cells were stimulated with 10001U IFN-a. for 0, 4, 8 or 24h and then assayed for ISRE
or GAS activation. Results are expressed as mean fold induction +/- SD and are
representative of at least three experiments, each performed in triplicate. Statistical

differences analysed using Student’s T test. ¥* p<0.01 or *** p<(0.001 compared to EV.
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3.2.20 E2NS2 inhibits ISG induction

To examine the effect of E2NS2 on ISG induction, Huh-7 hepatocytes were transfected
with EV or E2NS2 and gene induction of PKR and MxA was assessed. Both PKR and
MxA induction was significantly inhibited in the presence of E2NS2 (p<0.05) (Fig.
3.24).

PKR MxA
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Figure 3.24. E2NS2 inhibits induction of PKR and MxA

Huh-7 hepatocytes were transfected with either pcDNA3.1 (EV) or E2NS2 and
stimulated with 1000IU IFN-a for 4h. qRT-PCR was used to quantify expression of
PKR and MxA. All samples are normalised to RPS15 housekeeping control. N=4;

statistical differences analysed using Student’s T test, *p<0.05.
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3.2.21 Designing novel peptides against the elongin C binding site in p7

We postulated that if HCV could act as an E3 ligase by recruiting elongin C to block
IFN-a signalling, disrupting the interaction between HCV and elongin C would restore
IFN-a responsiveness. To test this, a peptide mimicking the elongin C binding site in
the p7 protein of HCV was synthesised (Table 3.1). This peptide was designed to have
a C-terminal tail of 9 arginines to allow the peptide to penetrate the cell without needing
to transfect it. A control scrambled peptide was also designed which contained the same
amino acids of the elongin C binding site in p7, but these amino acids were in a random

scrambled order.

Elongin C (p7)
Peptide 9R-VSFLVFFCFAWYL
Scrambled 9R-WVFLFFFYLACSV

Table 3.1 Peptides designed to block HCV inhibition of IFN-a signalling
Sequences for peptides designed against the elongin C binding site in p7. Each peptide

is designed to contain a 9 polyarginine tail at the N-terminus.
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3.2.22 An inhibitory peptide against the elongin C binding site in p7 can

partially recover STAT3 expression

To investigate if the inhibitory peptide against the elongin C binding site in p7 restored
STAT3 expression, we treated HCV transfected Huh-7s with the inhibitor peptide
against the elongin C binding site in p7. We found that treatment with this peptide alone

slightly recovered STAT3 protein expression (Fig. 3.25).

EV HCV

Figure 3.25. Analysis of STAT3 protein expression in the presence of inhibitory
peptide

Huh-7s were transfected with Sug EV/HCV followed by treatment with SuM of either
the scrambled or inhibitory peptide for 16 hours. Cells were lysed and STAT3 was

analysed using western blot (n=2). B-actin was used as an internal control.
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3.2.23 Designing novel peptides against the cul-2 binding site in E2 and
the elongin C binding sites in NS2

A peptide designed against the elongin C binding site in p7 slightly enhanced STAT3
protein expression, therefore we designed similar peptides against the cul-2 binding site
in E2 and the elongin C binding site in NS2 (Table 3.2). These were designed to mimic
the cul-2 and elongin C binding sites, with the addition of an N-terminal polyarginine

tail to facilitate cell entry. Corresponding scrambled peptides were also designed.

Cul-2 (F2) Elongin C (NS2)
Peptide 9R-SWAIKWEYVVLLFLLL 9R-VQGLLRIC
Scrambled OSR-YVLFLSELKWLIAVLW 9R-CVIGLQLR

Table 3.2. Peptide sequences for the peptides designed against the cul-2 binding
site in E2 and the elongin C binding site in NS2
Peptide sequences for inhibitory peptides designed against the cul-2 binding site in E2

and the elongin C binding site in NS2 with scrambled control peptides. Each peptide is

designed to contain a 9 polyarginine tail at the N-terminus.
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3.2.24 Treatment with a peptide combination restores STAT3 expression

Treatment with a single peptide against the elongin C binding site in p7 could
marginally restore STAT3 protein expression; therefore we wanted to determine
whether treatment with a combination of peptides, against the cul-2 binding site in E2
and the elongin C binding sites in p7 and NS2, would fully restore STAT3 expression.
Transfection with E2NS2 resulted in decreased STAT3 expression whereas treatment
with peptides against the elongin C and cul-2 binding sites fully restored STAT3 protein
levels (Fig. 3.26).

EV E2NS2

3 scram + - + -

3 peptides - + - +
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f-actin | eu— -“ SRR SUsaRT

Figure 3.26. Treatment with a combination of inhibitory peptides restores STAT3
protein expression

Huh-7 hepatocytes were transfected with pcDNA3.1 (EV) or E2NS2 for 2h, 3uM of
inhibitory peptides against the elongin C binding sites in p7 and NS2, and the cul-2
binding site in E2, were added to the cells for 12h (9uM total peptide concentration).
Cells were harvested and STAT3 protein expression was analysed by western blotting

(n=3). B-actin was used as a loading control.
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3.2.25 Treatment with E3 ligase binding site inhibitor peptides blocks
HCV-mediated inhibition of ISG induction

Treatment with all three inhibitory peptides successfully restored STAT3 protein
expression in E2NS2 transfected cells. We next aimed to determine whether restoration
of STAT3 also rescued ISG induction in these cells. Huh-7 cells were transfected with
either EV or E2NS2 and treated with a combination of scrambled control peptides or
with the inhibitory peptides. Transfection with E2NS2 and treatment with the scrambled
peptides resulted in decreased ISG induction, however treatment with the inhibitory

peptides significantly restored both PKR and MxA induction (Fig. 3.27).

PKR MxA
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Figure 3.27. Treatment with inhibitory peptides can block HCV inhibition of ISG
induction

Huh-7 cells were transfected with either pcDNA3.1 (EV) or E2NS2 for 2h then treated
with 3uM peptides of each scrambled/inhibitory peptides (9uM in total), against the
elongin C binding site in p7 and NS2 and the cul-2 binding site in E2, for 14h. Cells
were stimulated with 1000IU IFN-a. for 4h and mRNA was harvested in TRIzol lysis
reagent. R[-PCR was used to quantify PKR and MxA expression and samples are
relative to untreated control. All samples were normalised to RPSIS internal

housekeeping control. N=3; statistical differences analysed using Student’s T test,

*p<0.05.
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3.3 Discussion

One of the fastest and most effective anti-viral defence mechanisms is the
production of the type I IFNs and the activation of the JAK-STAT signalling cascade,
which consequently results in the upregulation of 100s of anti-viral genes [99].
Therefore it is not surprising that many viruses have targeted key proteins of this
pathway to facilitate viral persistence. Proteasomal degradation of STAT3, a key
transcription factor in the regulation of anti-viral gene expression, seems to be a
particularly successful immune evasion strategy. Mechanisms that result in STAT
protein degradation have been evolved by many viruses such as Mumps virus, which
can degrade both STAT1 and STAT3 and RSV, which can degrade STAT?2 [29]. Viruses
that degrade STAT proteins hijack a natural host mechanism of protein recycling, and
by forming their own E3 ligase complexes, can polyubiquitinate STAT proteins which

are subsequently degraded by the 26S proteasome.

STAT1 and STAT2 are commonly thought to be involved in anti-viral IFN-a
signalling and the induction of type I IFNs [147,148]. Although STAT3 is known to be
activated by type I IFNs and has been postulated to be important for anti-viral responses
[114], a definitive role in type I IFN signalling remained elusive. Here we show that
depletion of STAT3 expression in a hepatocyte cell line, either through shRNA or
siRNA, resulted in severely impaired anti-viral ISG induction, similar in extent to what
we found when we knocked out STAT1 protein expression. This may explain why HCV

targets STAT3 as well as STAT1 for proteasomal degradation [117,184].

Previous bioinformatic analysis revealed that HCV encodes an elongin C
binding site in its p7 protein; this is significant as other viral proteins that mediate STAT
protein degradation have the potential to bind to and utilise elongin C. This motif
contains 4 amino acids deemed crucial for elongin C binding, particularly the first three
highlighted residues in figure 6.4, as these have been shown to be critical for elongin C
binding to VHL tumour suppressor [166]. Further analysis of the elongin C binding site
in the p7 protein of HCV revealed that this motif was highly conserved in genotype 1 of
the virus, the genotype most resistant to IFN-a treatment. The binding site motif was

not so highly conserved in other genotypes of the virus. p7 has two a-helixes [185] and
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the identified elongin C binding site is within the second a-helix, therefore amino acids
known to be involved in binding should have the same orientation to allow for protein
interaction. We confirmed that the first three of the amino acids categorised as being
important for binding were all facing the same direction in the a-helix, providing
further information consistent with this being a functional binding site. Additional
bioinformatic analysis revealed the presence of an additional elongin C binding site in
the NS2 protein of HCV. Again, this was highly conserved in genotype 1 of HCV and
was in the correct orientation in the a-helix, as determined through helical wheel

analysis, for protein binding.

Proteins that bind to elongin C, such as SOCS proteins and VHL tumour
suppressor protein, can also bind to cullin proteins. Therefore we sought to investigate
whether HCV contained a motif for binding a cullin protein. We discovered a cul-2
binding motif containing amino acids identified as being relevant in cul-2 binding in the
E2 protein of HCV, one of the structural glycoproteins that form the envelope of HCV.
In silico analysis revealed that these amino acids were highly conserved in genotype 1
of HCV and not in the other genotypes, as we had observed for the elongin C binding
site. Again, similar to the p7 protein of HCV, this part of E2 is known to have an a-
helical structure [27]. Therefore we confirmed that the majority of these amino acids
were clustered on the same face of the a-helix, physically allowing these amino acids to

interact with the same protein.

Usually the elongin C and cul-2 binding sites are encoded on a single protein
that functions as the E3 ligase and binds both these proteins; however in HCV these
binding sites were present in the p7, NS2 and E2 proteins. Interestingly, it is long
known that the junction between E2 and p7 and between p7 and NS2 is incompletely
cleaved; leading to the generation of E2-p7 and E2-NS2 proteins within infected cells
[186]. Studies showing that the p7 protein was critical for infectivity in vivo also
postulated that the E2-p7 protein has a critical role in infectivity, although this could not
be confirmed in vivo and no function has been assigned to this protein [29,187,188].
Therefore the discovery of a putative cul-2 binding motif in E2 and elongin C binding
sites in p7 and NS2 provides a possible functional role for the intact E2-p7-NS2
(E2NS2) protein.
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Bioinformatic analysis informed our hypothesis that the HCV E2-p7-NS2 could
function as an E3 ligase and ubiquinate STAT1 and STAT3, thus leading to their
degradation and inhibited IFN-a signalling. To test this hypothesis, we cloned out the
E2NS2 region of HCV into another vector which allowed us to assess the function of
these proteins specifically. We found that expression of these proteins was sufficient to
degrade STATS3, inhibit activation of the ISRE and GAS promoter elements and block
induction of crucial anti-viral genes. This is strong confirmation that it is indeed this
region of the virus that is responsible for mediating degradation of STAT proteins and

inhibition of IFN-a signalling.

Studies from our group previously showed that proteasomal inhibition using
MG132 could restore STAT3 protein expression. As proteasomal degradation of
proteins is a homeostatic process used in normal protein recycling, we determined to
design a more viral specific means of inhibiting STAT3 degradation. We postulated that
small peptides which mimicked the elongin C binding sites in p7 and NS2, and the cul-
2 binding site in E2, would competitively inhibit the interaction between HCV and
elongin C and cul-2, therefore preventing STAT1 and STAT3 degradation. Initially we
tested the effect of one peptide inhibitor, which worked against the elongin C binding
site in p7, on STAT3 expression. We found that this peptide marginally increased the
expression of STAT3, but was unable fully to restore it. Therefore, we treated Huh-7
cells transfected with the E2NS2 construct with all three peptides, to ensure complete
inhibition of HCV recruitment of the E3 ligase complex. We discovered that treatment
with all three peptides together in combination reversed the inhibition of STAT3
expression by E2NS2, thus allowing for the recovery of IFN-a induced ISG expression
in the presence of E2NS2. These results have significant therapeutic implications as
IFN-a therapy has high failure rate, particularly for those infected with genotype 1 of
the virus. Restoration of IFN-a responsiveness in these patients would mean that not
only could they respond to IFN-a therapy, buy it may also allow them to naturally clear
the virus through restoration of their own endogenous IFN-a-mediated immune
response. Therefore, targeting of these highly conserved binding sites may provide a

novel therapeutic strategy for the treatment of HCV.
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hapter 4 Anti-viral gene induction in PBMCs from HCV patients

4.1 Introduction

HCV is a liver specific virus previously thought to replicate exclusively in
hepatocytes. The ability of HCV to replicate in other cell types, such as circulating
leukocytes, has been the subject of much controversy. However, many studies have
demonstrated HCV extrahepatic replication and it is becoming generally accepted that
HCV is capable of replicating in other locations including immune cells, albeit at a
lower level than observed in hepatocytes [189]. HCV has a positive sense ssRNA
genome which is copied during replication into a negative strand intermediate. This
negative strand intermediate is the template for replication of positive sense ssRNA,
which is the template for further genome replication or translation of viral proteins (Fig.
4.1). Therefore, to distinguish between active replication of HCV within PBMCs or
only the presence of the virus, the detection of both positive and negative strands of

HCV in a cell type is required [190].

+ve strand

/

— +ve strand
§ \ p— [ HCV polypeptide]

Figure 4.1. HCV replication involves synthesis of negative and positive strands of
the viral genome

1. HCV —ve strand replication intermediate is synthesised from the +ve strand viral genome. 2. The —ye
strand replication intermediate is transcribed into +ve stranded RNA. 3. This replicated +ve strand RNA
can be translated into the HCV polypeptide or 4. The HCV +ve strand RNA can be used as a template to
synthesise further —ve stranded RNA.
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4.1.1 HCV replication and PBMCs

Experimental and clinical observations suggest that HCV possibly replicates at
low levels within peripheral immune cells, thus creating a long lasting viral reservoir.
Clinical evidence that HCV exerts effects outside the liver comes from increased
incidences of extrahepatic complications in those infected with HCV, including mixed
cryoglobulinemia, Non-Hodgkin's lymphoma and glomerulonephritis [29]. Leukocytes
such as T and B lymphocytes, monocytes and DCs have all been demonstrated to
support HCV replication [191]. Interestingly, the virus found replicating in immune
cells may be quite different to the virus found replicating in the liver. In patients
chronically infected with HCV, quasispecies of the virus found within the liver differs
from the quasispecies detected within DCs of the same individual [192]. The translation
efficiency of the quasispecies within the DCs was much lower than within the liver and
possibly reflects HCV adaptation to the environment within DCs rather than the
hepatocyte intracellular environment. This is consistent with other reports of low level
HCV replication in PBMCs compared to hepatocytes and indicates differential
compartmentalisation of viral quasispecies within patients. Although viral breakthrough
following complete response to IFN-a therapy is rare, its occurrence may be due to the
low-level persistence of HCV within PBMCs. For example, some patients who had
previously responded to therapy and cleared the virus experienced re-occurrence of
HCV after receiving immunosuppressive drugs [193,194]. Given that very low levels of
HCV RNA has been detected in PBMCs following apparent viral resolution [195],
PBMCs could represent an important viral reservoir capable of causing viral
breakthrough. More research is needed to determine the precise cell type within PBMCs
that HCV is persisting in and therefore the viral reservoir, as it could have many
important implications. For example, if the viral reservoir was B cells, then patients co-
infected with HIV would lack the necessary T helper cells to prevent HCV viral
breakthrough.

T lymphocytes may play an important role in regulating HCV replication within
PBMCs. Depletion of CD8+ T cells from PBMCs isolated from HCV patients increases
HCV replication in the remainder of the PBMC fraction, as determined by measuring

both strands of the replicating virus [196]. CD4+ T cells are also likely to regulate
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HCV replication within PBMCs as PBMCs cultured ex vivo from HCV/HIV co-infected
patients, which have reduced CD4+ T cells due to HIV infection, produce more HCV
RNA in culture supernatants than patients mono-infected with HCV, indicating
increased replication of HCV in PBMCs from co-infected patients due to loss of
functional CD4+ T cells [197]. Administration of therapeutic IFN-a strongly
upregulates ISGs in PBMCs in vivo [198], therefore low level HCV replication within
PBMCs could have major implications for response to IFN-a therapy. Indeed, it has
been shown that during clinical IFN-a treatment, HCV RNA in PBMCs declines at a
slower rate than RNA decline in the serum and those with a faster decline of HCV RNA
in their PBMCs had an increased likelihood of viral clearance after treatment [199].
Small amounts of HCV positive and negative strand RNA can still be detected in
PBMCs from patients up to 8 years after spontaneously resolving infection or clearing
the virus following IFN-a therapy [200,201]. This indicates that PBMCs may be
persistently infected with low amounts of viral RNA, creating a latent reservoir of the
virus that can be re-activated if the host becomes immunocompromised, such as after
liver transplantation [193,202]. We also can detect HCV RNA within PBMCs from
HCV infected patients and have shown the expression of the NS2 protein in PBMCs by
western blotting (Data provided by Dr. Nigel Stevenson, Fig. 4.2).
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Figure 4.2. HCV NS2 is expressed in PBMCs from HCYV infected patients

PBMCs from healthy (H) and HCV infected patients were isolated and lysed in RIPA buffer and ran on

an SDS-PAGE gel. NS2 protein expression was analysed. -actin was analysed as a loading control.
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4.1.2 PBMCs from HCV patients and STAT proteins

This evidence suggests that HCV replication within PBMCs has profound
effects on the host immune system and response to IFN-a therapy. Therefore, we aimed
to investigate IFN-a signalling in PBMCs from HCV infected patients. Our group
previously found that expression of STAT1 and STAT3, key transcription factors in the
IFN-a signalling cascade, was greatly reduced in the PBMCs from HCV infected
patients (Data provided by Dr. Nigel Stevenson, Fig. 4.3).
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Figure 4.3. STAT1 and STAT3 are absent in the PBMCs of HCV infected patients

Western blot analysis of PBMCs from healthy controls and HCV infected patients, with our without
stimulation with IFN-a. Phosphorylation of STAT1 and STAT3 (pSTAT1 and pSTAT3) and total protein

levels of STAT1 and STAT3 were analysed. B-actin was analysed as a loading control.

This result was similar to what we had observed in Huh-7 hepatocytes
transfected with a HCV DNA construct (Fig. 3.2). Although STAT1 had previously been
shown to be absent from HCV cell culture systems [166], this was the first time it was
shown to be absent from patient PBMCs. The finding that STAT3 was also absent
indicates a profound effect of HCV on the JAK-STAT pathway in circulating leukocytes
during HCV infection. STAT3 degradation in PBMCs could be reversed upon
proteasomal inhibition (Fig. 3.1), indicating that HCV mediates STAT3 degradation via
the proteasome in PBMCs, similar to what we found in Huh-7 hepatocytes. As STAT3
was absent from PBMCs of HCV patients, and we previously showed that STAT3 was
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essential in ISG induction in a hepatocyte cell line (Fig. 3.10); we wanted to determine

the role of STAT3 in IFN-a induced anti-viral immune responses in PBMCs.

4.1.3 PBMCs from HCV patients and induction of ISGs

PBMCs include major leukocyte populations such as monocytes, DCs, NK
cells, T and B lymphocytes. /n vitro stimulation of T cells, NK cells and monocytes
with IFN-a upregulates ISGs and this ex vivo upregulation is comparable to in vivo
stimulation with IFN-o [166]. Therapeutic administration of IFN-a induces anti-viral
gene expression in PBMCs from both humans and chimpanzees, with higher ISG
upregulation in PBMCs than the liver in vivo [203]. As STAT1 and STAT3 are absent in
PBMCs from HCV patients, and both are important in IFN-a signal transduction, we
sought to examine ISG expression in PBMCs from HCV patients

4.1.4 Viral genotype and ISG induction in PBMCs

Another important issue we aimed to resolve was whether different genotypes of
HCV influenced IFN-a induced gene expression in PBMCs. Replicating HCV has been
found in PBMCs from patients infected with various viral genotypes [204] and viral
genotype is the strongest predictor of response to IFN-a therapy. Less than 50% of
those infected with genotype 1 of HCV respond to therapy, whereas around 80% of
those infected with genotype 2 or 3 will respond [2]. Viral genotype has also been
shown to influence ISG expression within the liver of infected patients; genotype 1
infected patients have higher hepatic ISG expression than those infected with other
genotypes and high hepatic ISG expression is linked to non-response to IFN-a
treatment [205]. Therefore we aimed to expand our study to determine whether viral

genotype could influence ISG expression in PBMCs from HCV patients.
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4.1.5 PBMCs and response to IFN-a treatment

Therapeutic administration of IFN-a strongly upregulates ISG expression in
PBMCs [198]. However, in HCV infected individuals, STAT1 and STAT3 are absent in
patient PBMCs (Fig 4.1). We showed using bioinformatic analysis that genotype 1 of
HCV had highly conserved mechanisms for promoting this degradation of STAT
proteins compared to other genotypes (Chapter 3). A possible reason for non-response
to IFN-a therapy in HCV patients could be due to the loss of STAT1 and STAT3 protein
expression in patient PBMCs and a subsequent failure to induce anti-viral ISG
expression. Therefore, we assessed IFN-a responsiveness in the PBMCs from patients
who failed to respond to IFN-a therapy. If a patient who did not respond to therapy had
low ISG induction in viiro in their PBMCs, this could represent an important method of
analysing the responsiveness of a HCV patient to therapy and could possibly be used as

a predictive assay prior to patients commencing [FN-a therapy.

Initially, we evaluated expression of typical anti-viral genes induced by IFN-a
such as PKR, OAS and MxA. However, IFN-a can upregulate expression of 100s of
ISGs with many diverse cellular functions, therefore we also expanded our study to
analyse other anti-viral genes. One such protein upregulated by IFN-o was the
chemokine CXCL10, also known as IFN-y-induced protein 10 kDa (IP-10). CXCLI10 is
an inflammatory chemokine associated with recruitment of Thl lymphocytes which
signals through the receptor CXCR3. Elevated levels of CXCL10 are associated with
several autoimmune diseases including rheumatoid arthritis and systemic lupus
erythematosus (SLE) [206]. Furthermore, elevated levels of this chemokine have been
linked counter-intuitively to non-response in HCV patients. Patients with lower
CXCL10 levels pre-treatment were more likely to have sustained virological response

than those with high pre-treatment serum levels [207].

Another protein induced by IFN-a, also with a strong link to autoimmune
disease, is tripartite motif-containing protein 21 (Trim 21), also known as Rho52 or
SSA. Trim 21 is traditionally thought of as being an autoantigen in diseases such as
SLE and Sjogren's syndrome [208]; which are frequent co-morbidities of chronic HCV
infection [209]. However, a role for Trim 21 in innate immunity and anti-viral defence

is emerging. It has been shown that Trim 21 is an E3 ligase that mediates degradation of
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IRF3, IRF7 and also IRF8 [210,211]. As Trim 21 is an IFN-inducible protein, it is
thought that this degradation is part of a normal regulatory homeostasis to control IFN
production. The E3 ligase activity of Trim 21 has also been demonstrated recently to
have important, direct roles against influenza and other non-enveloped viruses [212].
The mechanism for this direct effect involves Trim 21 recognising the non-enveloped
virus coated with antibody in the cytoplasm of cells, and this recognition allows Trim
21 to target the virus for proteasome-mediated degradation. With these emerging roles
for this E3 ligase in innate anti-viral immunity, we decided to investigate whether there

was any significance for this IFN-o induced protein in HCV infection.

4.1.6 Aims

The overall aim of this study was to analyse responsiveness of PBMCs from
HCYV infected patients to in vitro IFN-a stimulation. Specifically, we sought to compare
ISG expression in PBMCs from HCV infected and uninfected individuals and to
analyse IFN-a responsiveness in PBMCs from patients infected with various genotypes
of HCV, as viral genotypes respond differently to IFN-a therapy. We hypothesise that
reduced expression of STAT1 and STAT3 in PBMCs from HCV patients would have
important consequences for response to clinical IFN-a treatment. Therefore, we also
examined the response to IFN-a in PBMCs from patients who failed to respond to
clinical IFN-a therapy. Proteasomal inhibition restores STAT3 protein expression in
PBMCs from HCV patients (Fig. 3.1), hence we aimed to determine the effect of
STAT3 recovery on ISG induction in patient PBMCs and determine if viral targeting of
STAT3 in PBMCs was due to an important role for STAT3 in anti-viral immunity within
PBMCs, similar to what we had demonstrated in Huh-7 hepatocytes in chapter 3.
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4.2 Results

4.2.1 PBMCs upregulate anti-viral gene expression in response to IFN-a

Initially, we confirmed that in vitro stimulation of PBMCs with IFN-a could upregulate
ISG expression. PBMCs were isolated from healthy controls and qRT-PCR was used to
quantify ISG induction. All three anti-viral genes examined, PKR, OAS and MxA, were
rapidly induced following IFN-a stimulation (Fig. 4.4). Induction of ISG expression
was similar at 2h, 4h and 6h after initial stimulation with inter-individual variance

observed for all ISGs at all time points examined.
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Figure 4.4. qRT-PCR analysis of ISG induction in PBMCs from healthy
individuals

2x10° PBMCs, isolated from healthy controls (n=6), were stimulated in vitro for 2, 4 or
6h with 1000IU of IFN-a. PKR, OAS and MxA gene induction was analysed using
gRT-PCR. All samples were normalised to endogenous RPS15 expression. Median fold

changes are shown, relative to unstimulated controls.
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4.2.2 PBMCs from HCV patients upregulate ISGs in response to in vitro

IFN-a stimulation

To assess whether there was a difference in anti-viral gene induction in the immune
cells of healthy and HCV infected patients, we stimulated PBMCs in vitro with IFN-a
for 2h. IFN-a stimulated induction of PKR, OAS and MxA gene expression was similar
in PBMCs from both healthy and HCV infected individuals (Fig. 4.5). Both groups had
high diversity in ISG induction, with the extent of induction extremely variable between
individuals within either of the groups. Those with high induction of one of the ISGs
had similarly high induction of the other two ISGs. None of the ISGs differed

significantly in their upregulation between healthy or HCV infected individuals.
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Figure 4.5. qRT-PCR analysis of IFN-a induced ISGs in PBMCs from healthy and
HCYV +ve patients

2x10°® PBMCs, isolated from healthy controls (n=9) and HCV patients (n=35), were
stimulated with 1000IU IFN-a for 2h. PKR, OAS and MxA gene expression was
quantified using qRT-PCR. All samples were normalised to endogenous RPS15

expression. Median fold changes are shown, relative to unstimulated controls.
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4.2.3 Endogenous expression of anti-viral genes is similar in healthy

controls and HCV infected patients

As ISG induction in both healthy and HCV patient PBMCs was similar following IFN-
a stimulation, we examined endogenous levels of ISG expression within PBMCs from
those individuals. Endogenous expression of PKR, OAS and MxA was similar in the
PBMCs of healthy controls and HCV infected patients (Fig. 4.6). HCV infected patients
seemed to exhibit higher diversity in endogenous ISG expression. To test this
statistically, the extent in variability in endogenous ISG expression between healthy and
HCV infected patients was assessed using a Levene’s non-parametric test. The null
hypothesis of the non-parametric Levene’s test is that both groups have equal
variability. Therefore, this test calculates a p-value based on the difference between the
extents of variability between 2 groups [213]. The p-values calculated using non-
parametric Levene’s test were 0.43 for PKR, 0.89 for OAS and 0.38 for MxA.
Therefore, variability in endogenous ISG expression is similar in PBMCs from healthy

controls and HCV infected patients.
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Figure 4.6. qRT-PCR analysis of endogenous ISGs levels in PBMCs from healthy
and HCYV individuals

PKR, OAS and MxA gene expression was quantified using gRT-PCR from 2x10°
PBMC s, isolated from healthy controls (n=9) and HCV patients (n=59). Median fold

changes are shown, relative to RPS15 gene expression.
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4.2.4 I1SG induction is similar in patients infected with genotype 1 and
those infected with other genotypes

Patients infected with genotype 1 have very different responses to therapeutic IFN-a
than those of other genotypes, therefore we analysed ISG induction in PBMCs in
relation to viral genotype. There were no significant differences in induction of PKR,
OAS and MxA between healthy controls, genotype non-1 and genotype 1 infected
patients (Fig. 4.7). Induction of PKR was similar in healthy controls and patients
infected with genotypes other than genotype 1, whereas genotype 1 infected patients
appeared to exhibit more diversity in their PKR induction. OAS induction was diverse
in healthy and HCV patients, regardless of genotype. MxA induction in the genotype
non-1 infected HCV patients showed little variability, whereas healthy controls and
patients infected with genotype 1 showed more diverse MxA induction. To assess the
extent in variability in ISG induction between genotype 1 and genotype non-1 infected
patients, a Levene’s non-parametric test was used. When this test was applied to analyse
the extent of variability in ISG induction between genotype 1 and genotypes non-1
infected patients, we found that genotype 1 infected patients had more diverse ISG
induction variability for PKR (p=0.06), OAS (p=0.06) and MxA (p=0.055) compared to
genotype non-1 infected patients, although these p-values did not reach significance
(p<0.05).
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Figure 4.7. ISG induction in PBMCs from HCYV patients infected with genotype 1
of the virus and other genotypes

2x10° PBMCs, isolated from healthy controls (n=9). HCV patients infected with

genotypes other than genotype 1 (genotype non-1; n=8) and genotype 1 infected
patients (n=14), were stimulated with 1000IU IFN-a for 2h. PKR, OAS and MxA gene

expression was quantified using qRT-PCR. All samples were normalised to endogenous

RPS15 expression. Median fold changes are shown, relative to unstimulated controls.
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4.25 Genotype 1 infected patients have similar endogenous ISG

expression in their PBMCs compared to genotype non-1 infected patients

In the liver, endogenous expression of hepatic ISGs is higher in those infected with
genotype 1 than genotypes 2 and 3 [205], therefore we sought to investigate
endogenous ISG expression in PBMCs from HCV patients of different genotypes and
determine whether patients infected with genotype 1 of HCV had higher ISG expression
in their PBMCs compared to those infected with other genotypes (genotype non-1). We
observed no significant difference in endogenous ISG expression between the heaithy
controls, genotype non-1 and genotype 1 infected patients (Fig. 4.8). Healthy controls
and HCV patients all showed diverse variability in endogenous ISG expression,

regardless of viral genotype.
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Figure 4.8. Genotype analysis of endogenous ISG levels in PBMCs from HCV
infected patients

PKR, OAS and MxA gene expression was quantified using qRT-PCR from 2x10°
PBMCs, isolated from healthy controls (n=9) and HCV patients infected with genotypes
other than genotype 1 (genotype non-1; n=27) and genotype 1 infected patients (n=32).

Median fold changes are shown, relative to RPS15 gene expression.



4.2.6 Patients who failed to respond to therapy have low anti-viral gene

induction in vitro

Unfortunately, many patients infected with HCV fail to respond to clinical IFN-a
therapy. Having shown that PBMCs from HCV patients can exhibit a high degree in
variability regarding ISG induction in vitro, we postulated that perhaps patients who
failed to respond to IFN-a therapy (non-responders) would exhibit low ISG induction in
vitro. These non-responders were patients who were PCR +ve 6 months following IFN-
a therapy. As controls we used PBMCs from patients who had previously responded to
clinical IFN-a (responders). Responders showed a significantly higher induction of anti-
viral genes in response to IFN-a in vitro in comparison to non-responder patients (Fig.
4.9). Induction of PKR was 40 fold in responders, whereas in non-responders this
induction was only 2 fold (p<0.018). The difference in induction in OAS was even
more significant, with responders having a 150 fold induction while non-responders
showed a 20 fold mean induction (p<0.01). MXA gene induction in responders was over

200 fold and in non-responders it was less than 10 fold (p<0.018).
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Figure 4.9. ISG induction in PBMCs from HCV +ve patients who failed to respond
to therapy

2x10° PBMCs, isolated from patients who had completed IFN-a therapy and had
responded (responders; n=5) or failed to respond (non-responders; n=6), were
stimulated in vitro with 1000IU of IFN-a for 2h. PKR, OAS and MxA mRNA
expression was quantified using qRT-PCR. All samples were normalised to endogenous
RPS15 expression. Median fold changes are shown, relative to unstimulated controls.

Mann-Whitney statistical analysis, *p<0.05 and **p<0.01.
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4.2.7 Endogenous expression of ISGs is similar in responders and non-
responders

HCV patients who fail to respond to IFN-a treatment have higher baseline anti-viral
gene expression in their liver prior to IFN-a treatment and this is postulated to
contribute to therapy failure due to tolerance to further IFN-a stimulation [212]. We
analysed ISG expression in PBMCs from patients who had previously undergone IFN-a
therapy and found similar expression of PKR, OAS and MxA in responders and non-

responders (Fig. 4.10).
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Figure 4.10. Endogenous ISG levels in responders and non-responders to therapy

2x10° PBMCs, isolated from patients who had completed IFN-a therapy and had
responded (responders; n=14) or failed to respond (non-responders; n=11), were
analysed using qRT-PCR for expression of PKR, OAS and MxA. Median fold changes
are shown, relative to RPS15 expression. Mann-Whitney U-tests were used to compare

medians.

140



4.2.8 Difference in induction of ISGs in responders and non-responders is

greater in those infected with genotype 1 of HCV

Patients infected with genotype 1 of HCV have the worst response rates to IFN-a
therapy [2], therefore analysed ISG expression in PBMCs from patients infected with
genotype 1, received IFN-a therapy and either responded or failed to respond. PKR,
OAS and MxA gene induction in response to in vitro IFN-a stimulation was

significantly greater in those who responded to treatment (Fig. 4.11).
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Figure 4.11. ISG induction in genotype 1 infected patients who failed to respond to
therapy

2x10° PBMCs, isolated from patients who had completed IFN-a therapy and had
responded (responders; n=3) or failed to respond (non-responders; n=6), were
stimulated in vitro with 1000IU of IFN-a for 2h. PKR, OAS and MxA mRNA
expression was quantified using qRT-PCR. All samples were normalised to endogenous
RPS15 expression. Median fold changes are shown, relative to unstimulated controls.

Mann-Whitney statistical analysis, *p<0.05.

141



4.2.9 IFN-a fails to activate STAT proteins in PBMCs from non-responder
patients

We previously found that PBMCs from HCV patients lacked expression of STAT1 and
STAT3 proteins (Fig. 4.2). As these transcription factors are crucial for IFN-a signal
transduction, and we found that non-responders to therapy had low ISG induction in
vitro (Fig. 4.11), we assessed STAT1 and STAT3 protein in the PBMCs of HCV patients
who failed to respond to therapy. We used flow cytometry to analyse the activation of
STAT1 or STAT3 in PBMCs from healthy controls, patients who previously responded
to IFN-a therapy and patients who failed to respond. After 15min IFN-o stimulation,
healthy controls showed strong phosphorylation of STAT1 and STAT3 (Fig. 4.12A) as
did patients who responded to IFN-a therapy (Fig. 4.12B). However, PBMCs from
patients who failed to respond to clinical IFN-a therapy induced lower levels of STAT1
and STAT3 phosphorylation after in vitro IFN-a stimulation (Fig. 4.12C).

142



(A) Healthv

(B) Responder

[ | TN, W
T AN, T, R

(C) Non-

pSTATI pSTAT3

Figure 4.12. Flow cytometric analysis of pSTAT1 and pSTAT3 expression in
response to IFN-a

2x10° PBMCs, isolated from healthy controls (A; n=3), patients who had responded to
therapy (B; n=2) and HCV patients who had failed to respond to therapy (C; n=2), were
stimulated in vitro with 1000IU of IFN-a for 15 mins. The red line represents
unstimulated control and the blue line represents the shift of either pSTAT1 or pSTAT3

following IFN-a stimulation.
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4.2.10 STAT1 and STAT3 mRNA levels are similar between healthy patients

Although we had previously demonstrated that depleted STAT3 expression in PBMCs
from HCV patients could be recovered following proteasomal inhibition (Fig. 4.2),
indicating that HCV targets STAT3 protein rather than mRNA expression, we sought to
further confirm that HCV did not affect STAT1 and STAT3 mRNA expression in
PBMCs. Therefore, mRNA levels for these proteins were analysed using qQRT-PCR in
the PBMCS from healthy and HCV infected patients (Fig. 4.13). Endogenous mRNA

expression levels of both STAT1 and STAT3 were comparable between healthy controls
and HCV infected patients.
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Figure 4.13. STAT1 and STAT3 mRNA expression is similar in PBMCs from
healthy controls and HCV infected patients

2x10° PBMCs, isolated from healthy controls (n=7) or HCV infected patients (n=12),
were analysed using qRT-PCR for endogenous STAT1 and STAT3 mRNA expression.

All samples were normalised to endogenous RPS15 expression. Median fold changes

are shown, relative to RPS15 gene expression.
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4.2.11 CXCL10 mRNA is elevated in patients who failed to respond to
therapy

CXCL10 is another IFN-o upregulated protein that has been associated with non-
response to IFN-o therapy. Therefore, we measured mRNA expression for this protein
in the PBMCs from non-responder patients. CXCL10 mRNA expression was measured
in patients who had responded to clinical IFN-a therapy and patients who failed to
respond (Fig. 4.14). Endogenous CXCL10 mRNA was elevated in therapeutic non-
responders in comparison to responders (p<0.03). There was no significant difference
in CXCL10 induction when responders were compared to non-responders, after

stimulation with [FN-a.
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Figure 4.14. Endogenous CXCL10 and CXCL10 induction in PBMCs from
responders and non-responders analysed by qRT-PCR

PBMCs were isolated from patients who had previously responded to clinical I[FN-a
therapy (responders, n=5) and from patients who had failed to respond (non-responders,
n=5) and mRNA was quantified using qRT-PCR. (A) Endogenous CXCL10 expression
was measured in 2x10° PBMCs, samples relative to RPS15 gene expression (B)
CXCL10 was measured following stimulation of 2x10° PBMCs with 1000IU of IFN-a,
samples normalised to the internal control RPS15 and relative to unstimulated. Median

fold changes are shown. Mann-Whitney statistical analysis, *p<0.05.
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4.2.12 Endogenous mRNA expression levels of Trim 21, but not Trim 19,

are elevated in non-responders to therapy

Other proteins with anti-viral roles upregulated by IFN-a are Trim proteins.
Endogenous levels of mRNA for both Trim 21 and Trim 19 were quantified by qRT-
PCR in PBMCs from patients who responded to therapy and from non-responders (Fig.
4.15A). Endogenous mRNA levels of Trim 21 were significantly higher in non-
responders compared to patients who responded to therapy. Contrary to this, there was
no significant difference in the endogenous expression levels of Trim 19 between
responders and non-responders. Neither was there any difference in the induction of
both Trim 21 and Trim 19 following stimulation with IFN-a (Fig. 4.15B). This is in

contrast to the difference in ISG induction observed in figure 4.11.
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Figure 4.15. Expression of Trim 21 and Trim 19 mRNA in PBMCs from
responders and non-responders

PBMCs were isolated from patients who had previously responded to clinical IFN-a
therapy (responders, n=5) and from patients who had failed to respond (non-responders,
n=5) and qRT-PCR was used to analyse gene expression. (A) Endogenous Trim 21 and
Trim 19 mRNA expression levels were measured in 2x10° PBMCs. Samples relative to
endogenous RPS15 gene expression (B) Trim 21 and Trim19 mRNA expression was
measured following stimulation of 2x10° PBMCs with 1000IU of IFN-a for 2h.
Samples were normalised to the internal control RPS15 and relative to unstimulated.

Median fold changes are shown. Mann-Whitney statistical analysis, *p<0.05.
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4.2.13 There is no significant difference in IFN-a and IFN-8 mRNA between

responders and non-responders

We also assessed levels of endogenous type 1 IFNs in the PBMCs of responders and
non-responders, to examine if there was any change in mRNA induction of IFN-a or
IFN-B. Endogenous mRNA expression of IFN-a and IFN-B was comparable in
responder and non-responder PBMCs (Fig. 4.16). Similarly, there was no difference in
the induction of either of these genes in responders and non-responders following

stimulation with I[FN-a.
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Figure 4.16. IFN-a and IFN-p mRNA expression in PBMCs of non-responders
analysed by qRT-PCR

PBMCs were isolated from patients who had previously responded to clinical I[FN-a
therapy (responders, n=5) and from patients who had failed to respond (non-responders,
n=5) and qRT-PCR was used to analyse gene expression. (A) Endogenous [FN-a and
IFN-B mRNA expression levels were measured in 2x10° PBMCs. Samples were relative
to RPS15 gene expression (B) IFN-a and IFN-B mRNA expression was measured
following stimulation of 2x10° PBMCs with 1000IU of IFN-a. Each sample is
normalised to its endogenous RPSI5 wvalue and gene expression is relative to

unstimulated control. Median fold changes are shown.
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4.2.14 Proteasomal inhibition recovers anti-viral gene expression in non-

responders

Non-responders to therapy show low anti-viral gene induction in response to IFN-a in
vitro (Fig. 4.9). As we had previously found that inhibition of the proteasome could
restore ISG induction in Huh-7 cells transfected with HCV, we wanted to confirm if
ISG induction could be restored in PBMCs from non-responders by blocking the
proteasome. PBMCs from non-responders were pre-treated with the proteasomal
inhibitor MG132. There was significantly enhanced PKR, OAS and MxA gene
expression in these patients following treatment with MG132 and IFN-a compared to
treatment with IFN-a alone (p<0.05, Fig. 4.17)
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Figure 4.17. Proteasomal inhibition recovers ISG induction in PBMCs

PBMCs were isolated from HCV patients who failed to respond to clinical IFN-a
therapy (n=6). 2x10° PBMCs were pre-treated -/+ the proteasomal inhibitor MG132
(10uM) for 2h prior to stimulation with 1000IU IFN-a for 2h. Each sample is
normalised to its endogenous RPS15 value and gene expression is relative to
unstimulated control. Wilcoxon matched pairs analysis was used to compare individuals

within the MG132- and the MG132+ groups.
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4.2.15 STAT3 is required for optimal ISG induction in PBMCs

PBMCs from non-responder HCV patients have low STAT3 activation and low
induction of anti-viral genes following stimulation with IFN-a (Fig. 4.9 and Fig. 4.12).
Therefore we assessed whether STAT3 is required for ISG induction in PBMCs, as we
had found it was necessary for ISG induction in Huh-7 cells (Fig. 3.9). We used siRNA
to knock down STAT3 expression in PBMCs from healthy controls and quantified
STAT3, PKR and MxA mRNA levels using qRT-PCR (Fig. 4.18). We found that STAT3
siRNA significantly knocks down STAT3 expression in PBMCs. Following treatment
with STAT3 siRNA, PBMCs have reduced induction of the ISGs PKR and MxA
compared to PBMCs treated with control siRNA.
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Figure 4.18. STAT3 is required for optimal ISG induction in PBMCs

(A) 2x10° PBMCs, isolated from healthy controls (n=4), were transfected with 60pmol
of scrambled or STAT3 siRNA for 72h and qRT-PCR was used to quantify STAT3
mRNA expression. Gene expression levels relative to RPS15. (B) 2x10° PBMCs,
isolaed from healthy controls (n=3), were transfected with 60pmol of scrambled or
native STAT3 siRNA for 72h and stimulated with 1000IU IFN-a for 2h. qRT-PCR was
used to quantify PKR and MxA mRNA expression. All samples were normalised to
RPS'5 and gene expression was relative to unstimulated control. Wilcoxon matched

pairsanalysis statistical analysis was used.
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4.2.16 STAT3 is required for the recovery of ISGs in non-responders

We found that ISG induction could be recovered in non-responder PBMCs following
proteasomal inhibition (Fig. 4.17), and that STAT3 knock down resulted in
compromised ISG induction in healthy PBMCs (Fig. 4.19), therefore we assessed if
recovery of ISG induction in non-responder PBMCs was directly due to the recovery of
STAT3 protein levels. As we previously found, treatment with MG132 could recover
induction of both PKR and MxA (Fig. 4.19). However, when STAT3 expression was
knocked down using siRNA, the non-responder PBMCs treated with MG132 failed to

recover the induction of PKR, and to a lesser extent, MxA expression.
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Figure 4.19. STAT3 is required for the recovery of ISGs via the proteasome in non-
responder patients

2x10° PBMCs, isolated from non-responder patients (n=3), were transfected with
6(pmol of scrambled or STAT3 siRNA for 72h, followed by 2h treatment with 10uM
MG132 and then stimulated with 1000IU IFN-a for 2h. qRT-PCR was used to quantify
expression of PKR and MxA mRNA. All samples were normalised to RPS15 and gene

expression is relative to unstimulated control.
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4.3 Discussion

Studies from our lab revealed that PBMCs from HCV infected patients lack
expression of STAT1 and STAT3 proteins, key transcription factors involved in IFN-a
signal transduction. Loss of STAT3 was seen in the PBMCs of 84% of HCV patients
examined (16/19 patients all infected with genotype 1 of HCV, Dr. Nigel Stevenson,
personal communication). IFN-o promotes the upregulation of many ISGs in PBMCs,
both in vivo and in vitro, with many of these upregulated ISGs having anti-viral
potential [198]. We propose that in PBMCs from HCV infected patients, absence of
STAT1 and STAT3 results in reduced responsiveness in some patients to both
endogenous and therapeutic IFN-a, explaining the low rate of spontaneous HCV
clearance and lack of response to [FN-a therapy. Therefore the aim of this study was to
examine the responsiveness of PBMCs from HCV patients to in vitro IFN-a
stimulation. This would reveal the functional consequence of HCV-mediated
degradation of STAT1 and STAT3 proteins within PBMCs and could reveal a important,
novel role for STAT3 in IFN-a induced anti-viral gene expression, similar to its role in

ISG induction in Huh-7 hepatocytes (Chapter 3).

As we wanted to study the in vitro responsiveness of PBMCs to IFN-a
stimulation, we first determined the optimal duration of IFN-a stimulation required to
upregulate ISG expression. As upregulation was similar at all time points examine, we
concluded that 2h stimulation with IFN-a would be optimal for studying IFN-a
responsiveness of PBMCs, as this short time would ensure that ISG induction was a
direct effect of initial IFN-o stimulation and not due to a secondary, indirect effect

activated by IFN-a stimulation.

IFN-a stimulated anti-viral gene expression patterns were similar in
PBMCs from healthy controls and HCV patients; both groups contained individuals
who displayed strong ISG induction after IFN-o stimulation whereas other individuals
within both groups had poor upregulation of ISGs. Subtle variation in PBMC
responsiveness may explain the diversity observed in clinical responsiveness to IFN-a
therapy. Further analysis revealed that there were no significant differences in the

endogenous basal levels of these genes in PBMCs from healthy and HCV infected
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patients. This is different to what has been found in liver studies, where it was
demonstrated that HCV infection in both human and chimpanzee results in higher
hepatic ISG expression than in uninfected controls [214,215]. Interestingly, there was a
lot of variance observed in endogenous ISG expression between individuals infected
with HCV (Fig. 4.6). Constitutive upregulation of anti-viral ISGs would be predicted
during viral infection. It is known that HCV targets RIG-I and TLR3 signalling to
prevent activation of type I IFNs [135] and targets STAT1 to prevent IFN-a signalling
[166]. Therefore, the ability of HCV to exert immunomodulatory effects such as these
in some individuals may account for the variance observed in endogenous levels of

ISGs within our patients.

Many factors such as age, sex and viral load can predict responsiveness to IFN-
a therapy. A major viral factor that can determine overall response to therapy is viral
genotype. Patients infected with genotype 1 of the virus have lower response rates to
IFN-a therapy than any other genotype [2]. Therefore, we sought to determine whether
those infected with genotype 1 had different responsiveness to IFN-a stimulation
compared to those infected with other viral genotypes. Genotype non-1 infected patients
showed diverse levels of OAS induction, but not of PKR and MxA. In contrast,
genotype 1 infected patients showed diverse induction of all three anti-viral genes
examined, with some patients having very high induction and others had very low
induction. This was similar to the diversity observed in healthy controls. The versatile
ISG induction in PBMCs from genotype 1 infected patients compared to genotype non-
1 infected patients reflects the scenario in IFN-a therapy: that the vast majority of those
not infected with genotype 1 respond similarly by clearing the virus, while those
infected with genotype 1 have a diverse rate of response. In the genotype 1 infected
patients, those with low ISG induction could be the patients whose STAT proteins are
being targeted for proteasomal degradation. As we had found in chapter 3 that the
binding sites that could allow HCV to act as an E3 ligase were not highly conserved in
other viral genotypes, non-response to IFN-a may be via an alternative inhibitory
mechanism in those infected with genotypes such as genotype 3. We also found that
endogenous ISG expression was similar in genotype 1 and genotype non-1 infected
patients. Interestingly, all HCV patients, regardless of viral genotype, had extremely

diverse endogenous ISG expression in their PBMCs. This is in contrast to ISG
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expression within the liver, where genotype 1 infected patients have been shown to
have constitutively higher hepatic ISG expression than patients infected with other viral

genotypes [205].

As we found that PBMCs from HCV patients showed a diverse range of in vitro
ISG induction, we hypothesised that patients who failed to respond to IFN-a therapy
would be the patients with poor induction of anti-viral genes in vitro. Therefore we
analysed both endogenous ISG expression and ISG induction following IFN-a
stimulation in the PBMCs from patients who had previously undergone IFN-a therapy
and failed to respond; i.e. were still PCR +ve for the HCV. As controls, patients who
had successfully responded to IFN-a treatment, and were PCR —ve for the virus, were
used. We found significant differences in how these patients responded to in vitro IFN-a
stimulation compared to the non-responders. All these patients were defined as non-
responders as they were PCR +ve 6 months post treatment, further analysis is needed to
measure [SG in expression in non-responders based on their kinetic response to IFN-a
therapy, as patients who were null responders (i.e. never responded to IFN-a at any
time on treatment) may have very different in vitro ISG induction than paitents who
achieved partial response to treatment (i.e. achieved significant decline in HCV RNA
titres while on treatment). Non-responder patients had very low ISG induction whereas
the ISG induction in responders was significantly higher. Interestingly, endogenous ISG
expression was similar in both groups. This finding contrasts with reports of hepatic
ISG expression, as those least responsive to therapeutic administration of IFN-a have

been shown to have higher hepatic ISG levels [6].

We showed that patients who had responded to therapy had significantly higher
IFN-a stimulated anti-viral gene induction in their PBMCs than patients who had failed
to respond. This difference was even more pronounced when those who had been
infected with genotype 1 of the virus were examined. The stark difference in in vitro
responsiveness to [FN-a stimulation could be indicative of the variation seen in the
normal population and may correlate with clinical responsiveness to IFN-a therapy. The
endogenous ISG expression in the non-responders is quite low compared to the
endogenous levels in healthy and HCV -ve patients in Fig. 4.6, perhaps reflecting that
HCV specifically suppresses endogenous ISG expression in the PBMCs of non-
responders to avoid viral clearance. Another possible conclusion is that only induction
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of the anti-viral ISGs is compromised. Indeed, it has been found that PBMCs from
HCV infected patients have significantly elevated expression of SOCS3, the negative
regulator of JAK-STAT signalling (Aideen Collins, unpublished data). Therefore, it
would be interesting to measure SOCS3 expression in PBMCs from non-responder
patients to investigate whether high SOCS3 expression was suppressing the endogenous

expression of anti-viral ISGs.

As non-responders had low ISG induction following IFN-a stimulation in vitro,
we wanted to investigate the JAK-STAT pathway in these patients. PBMCs from
healthy controls and patients who had previously responded to therapy all showed
strong phosphorylation of STAT1 and STAT3 following IFN-a stimulation. In contrast,
non-responders to therapy showed little STAT1 and STAT3 activation, thus explaining
why these patients exhibited such low ISG induction when stimulated. The decreased
phosphorylation of STAT1 and STAT3 is most likely due to reduced protein expression
of these transcription factors, as PBMCs from HCV infected patients have lower total
STAT1 and STAT3 protein levels. The lack of STAT1 and STAT3 activation, and the
subsequent failure to activate ISGs in response to IFN-a, may explain why these

patients failed to respond to clinical IFN-a therapy.

Although we focused on analysing three classically activated ISGs upregulated
by IFN-a, PKR, OAS and MxA, we also wanted to expand our study to analyse other
[FN-a stimulated genes that may be of interest in HCV patients. High levels of the
chemokine CXCL10 are found in HCV patients who ultimately fail to respond to IFN-a
therepy [6], therefore we investigated CXCL10 mRNA levels in the PBMCs from
patients who had previously undergone IFN-a therapy. We found that patients who did
not rzspond to therapy had significantly higher expression of CXCL10 in their PBMCs,
compared to patients who had responded. This difference in endogenous ISG
expression between responders and non-responders was not what we had found for
PKR OAS or MxA. Also in contrast to these ISGs, responders and non-responders had
similir induction of CXCL10 mRNA following stimulation with IFN-a. This could be
due v IFN-a activating alternative signalling pathways other than the JAK-STAT path,
such as MAPK pathways [164]. Interestingly, it has been shown that the MAPK
pathvay upregulates CXCL10 expression in response to stimuli such as LPS and [FN-y,
there'ore IFN-a could possibly be upregulating its expression in a similar manner [216].
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Diversion of IFN-a signalling to alternative pathways may actually be a natural
mechanism used by IFN-a to limit its own production of CXCL10 thereby controlling
inflammation under strong IFN-a stimulation. This is also particularly interesting in
light of recent findings that the high levels of CXCL10 seen in HCV patients may
actually be the antagonist version of CXCL10 [217].

The E3 ligase Trim 21 is upregulated by IFN-a and limits the production of type
[ IFNs by targeting IRF3 and IRF7 for degradation via the proteasome [208]. This
protein also has direct anti-viral activity against non-enveloped viruses by recognition
of antibody coated viral particles in the cytoplasm of the cell and mediating their
degradation [138,212]. As this had only been demonstrated for non-enveloped viruses,
it is unlikely that Trim 21 possesses direct anti-viral activity against HCV, an enveloped
virus. However, due to the important role Trim 21 plays in regulating type 1 IFN
production, we wanted to investigate whether HCV could affect the expression of this
E3 ligase. We found that in patients who did not respond to IFN-ao therapy, endogenous
Trim 21 mRNA expression was significantly higher than patients who had responded to
therapy. There was no evidence of upregulation of Trim 19 mRNA. Interestingly, Trim
21 was similar to CXCLI10, as the induction of both these genes following IFN-a
stimulation was similar in both responders and non-responders despite significantly
higher endogenous mRNA expression of both genes. Elevated Trim 21 expression
possibly indicates a mechanism used by HCV to suppress the production of type I IFNs
by manipulating a natural host mechanism for controlling signalling for its own

advantage.

To ensure that any differences we observed were not due to differential levels of
endogenous IFN-a or IFN-B, we measured basal levels of the mRNA for these proteins
and also the mRNA levels following 2h IFN-a stimulation. We found that there was no
significant difference in the endogenous levels of these genes, or their expression
following IFN-a stimulation, between patients who had previously responded or failed
to respond to therapy. This finding was unexpected as it has been previously
demonstrated that PBMCs from HCV infected patients have significantly higher
expression of IFN-a and IFN-B mRNA than PBMCs from healthy controls [218].
Furtter patients would need to be examined to provide conclusive data regarding type |

IFN expression in PBMCs from responders and non-responders.
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We had found that non-responders to therapy had low activation of STAT1 and
STAT3 following IFN-a stimulation and ISG induction was compromised in these
patients. Our lab had previously found that blocking the proteasome in PBMCs from
HCV patients could recover STAT3 protein expression (Fig. 3.1); therefore we
investigated whether proteasomal inhibition could recover ISG induction in non-
responder PBMCs. Blocking the proteasome in non-responder PBMCs could
significantly recover the induction of PKR, OAS and MxA. This observation, along
with the results in Chapter 3 where small peptide inhibitors could block HCV
degradation of STAT3 and recover ISG expression, indicate that specifically targeting
the ability of HCV to degrade STAT proteins in vivo has potential to recover IFN-a

responsiveness in patients who previously failed to respond to this therapy.

Although we showed that STAT3 was absent from patient PBMCs, and that
MG132 could recover ISG induction in these cells, we could not directly link ISG
recovery to STAT3 protein restoration. Although it had previously been shown in a cell
line that STAT3 is essential for anti-viral gene induction [117], the role of STAT3 in
ISG induction in PBMCs has never previously been assessed. Initially, we used STAT3
siRNA to examine the role of STAT3 induction in healthy PBMCs. We found that knock
down of STAT3 expression resulted in decreased expression of PKR and MxA. Next,
we set out to prove that the recovery of STAT3 in patient PBMCs following
proteasomal inhibition was responsible for the increase in ISG expression. Treating
cells with STAT3 siRNA and MG132 prior to IFN-a stimulation showed that ISG
recovery was dependent on the recovery of STAT3 protein expression. STAT3
activation is known to induce anti-HCV activity in vitro [184], and our findings in
patient PBMCs ex vivo further confirm the importance of STAT3 in anti-viral innate

immunity and provide a rationale as to why HCV targets this transcription factor.

In conclusion, HCV targets STAT3 protein which compromises [FN-a signalling
in PBMCs, which probably has major consequences both for effective viral clearance
by the immune system and response to [FN-a therapy. PBMCs from HCV patients show
diverse responses to in vitro IFN-a stimulation and this is particularly prominent
between different HCV genotypes. Patients who failed to respond to IFN-a therapy had
low ISG induction in vitro but could be made responsive to IFN-o in a STAT3
dependent manner by blocking the proteasome. The stark difference in ISG induction in

157



vitro between responders and non-responders indicated that studying ISG in vitro may
be a powerful tool for discriminating patients who will respond clinically to IFN-a

therapy from those who will fail to respond.
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Chapter 5

Pre-treatment in vitro responsiveness to
IFN-a as a predictor of clinical

responsiveness
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“hapter 5 Pre-treatment in vitro responsiveness to IFN-a as a predictor of

clinical responsiveness

5.1 Introduction

HCYV infection is treated with combination PEG-IFN-a and ribavirin. Success
rates vary depending on the patient’s viral genotype. Sustained virological response
(SVR) is achieved in 40-50% of patients infected with HCV genotype 1 after 48 weeks
of clinical IFN-a treatment, while patients infected with HCV genotypes 2 and 3
achieve SVR in 65-82% of cases after 24 weeks therapeutic IFN-a administration [2].
In patients infected with HCV, administration of IFN-a results in the rapid upregulation
of ISGs in PBMCs but not in the liver [218,219]. Therefore, clinical [FN-a therapy acts
on other sites in addition to the liver. To fully understand responsiveness to IFN-a
therapy in HCV infected patients, a comprehensive examination of the effect of IFN-a
on PBMCs is necessary. In particular, the response of PBMCs to IFN-a could be a
useful indicator of physiological response to the cytokine and therefore a predictor of
overall response to treatment. Additional investigations into the mechanisms of non-
responsiveness to IFN-a therapy will allow for the development of more effective anti-

viral drugs to treat HCV.

5.1.1 Viral factors

The most clearly defined baseline viral factor contributing to therapeutic non-
response is viral genotype; patients infected with genotypes 2 and 3 have higher rates of
SVR compared to genotype 1 infected patients [203]. Viral load can also have a
significant impact on how a patient responds to treatment; patients with lower viral
loads (<600,000 IU/ml) respond quicker to treatment and achieve higher rates of SVR
[220]. An individual with high complexity of viral quasispecies is more likely to have a
worse response to therapy than an individual with a small quasispecies repertoire [221].

The amino acid sequence in several HCV proteins have also been reported to influence
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therapy outcome, with mutations in both core protein and NSS5A protein being

associated with treatment response [39,222].

5.1.2 Host factors

Many host factors have been identified that influence patient response to
therapy. Women tend to have an increased chance of achieving SVR than men - due in
part to the fact that women tend to drink less alcohol. Alcohol consumption accelerates
fibrosis in HCV infected patients and the presence of bridging fibrosis is associated it a
decreased likelihood of achieving SVR [223]. There is also an interesting link between
women’s endocrine system and treatment response. It has been recently found that post-
menopause, women achieve SVR at a similar rate to men, and women who undergo an
early menopause are less likely to respond to therapy [224]. Race has an important
effect on treatment outcome, with black patients having lower SVR rates than non-black
[225]. Other factors that predict non-responsiveness to therapy include high BMI,
insulin resistance, excessive alcohol consumption and co-infection with other viruses
[226]. Furthermore, as discussed previously in chapter 4, patients with high CXCL10
protein levels in their serum are less likely to respond to IFN-a therapy than those with

lower CXCL10 pre-treatment serum levels.

Recently, several genome-wide association studies (GWAS) identified SNPs
upstream of the IL28B gene that have a strong association with response to IFN-a
therapy and also with spontaneous clearance of HCV [227,228]. The functional
significance of these SNPs is still being elucidated. These IL28B related SNPs have
been found to be independent of any other known predictors of response, including
CXCLI10 levels and viral mutations [229]. However although these SNPs are
significantly linked to treatment response, one recent study showed that hepatic
expression of ISGs is a stronger predictor of response than the IL28B SNPs [230]. This
study calculated the relative predictive value of known predictors of non-response,
including high hepatic ISG basal levels, the minor alleles of SNPs identified upstream
of the IL28B gene, viral genotype and age. They found that the strongest predictor of

non-response to therapy, regardless of viral genotype, was high hepatic ISG expression.
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However, percutaneous liver biopsies are not without risk and there is a 1% incidence
of serious complications including internal bleeding, infection and pain [231], therefore
they do not represent a realistic option for predicting treatment response. A more
practical option would be to identify a pre-treatment predictor of response using easily-

accessible patient samples such as PBMCs.

5.1.3 HCV, PBMCs and IFN-a therapy

Microarray analysis on mRNA from patient PBMCs has been used to examine
response to IFN-a during treatment. The in vivo and ex vivo responses of PBMCs to
IFN-a have been demonstrated to be similar, indicating that ex vivo stimulation of
PBMCs can be used to analyse physiological changes in IFN-a induced anti-viral gene
expression [230]. Data from our lab have shown that the transcription factors STAT1
and STAT3 are degraded in PBMCs from HCV patients, and as described in the
previous chapter, patients who previously responded to therapy have significantly
greater ISG induction in their PBMCs following in vitro stimulation with IFN-a,
compared with patients who failed to respond to therapy. Therefore, we hypothesised
that those who fail to respond to therapy would fail to upregulate anti-viral genes in
response to IFN-a pre-treatment. We predict this failure is due to lack of STAT proteins,

as a result of viral degradation.

5.1.4 Disadvantages of IFN-a/ribavirin therapy

[FN-a/ribavirin therapy is a long, expensive course of treatment with severe side
effects. IFN-a therapy is associated with influenza-like symptoms, including fatigue,
headache and fever, and psychiatric side-effects including depression, which occur in
up to 30% of those treated [232]. Other side effects include neutropenia and anaemia
[233]. PEG-IFN-a is given subcutaneously once a week, with daily ribavirin being
taken orally. Treatment duration depends on the viral genotype being treated; genotype
1 infected patients are treated for 48 weeks, whereas patients infected with genotype 2

or 3 are usually treated for 24 weeks. This treatment regime is mainly paid for by the
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Irish Health Service Executive and costs €1950 per month. As an estimated 20,000-
50,000 people are infected in Ireland [69], it is a significant economic burden to treat
these patients. Therefore it is critical, both clinically and economically, to identify
patients who are unlikely to respond to treatment, especially with the imminent
introduction of new, more expensive treatment regimes which have additional side

effects.

5.1.5 Future HCV treatment

Increased insight into the viral life cycle of HCV has allowed for the
development of several new directly acting anti-viral agents. The drugs being phased
into routine clinical use are based on small molecules that target the HCV NS3-4A
protease, thus interfering with replication and polyprotein processing of the virus. It is
also a particularly relevant target given that the NS3-4A protease is responsible for
blocking many pathways of the innate immune response (Fig. 1.2). The two currently
licensed NS3-4A protease inhibitors are telaprevir (Vertex) and boceprevir (Merck),
both of which are used in combination with the standard IFN-a/ribavirin regime. In
March of 2011, Merck published two trials on boceprevir: the SPRINT-2 and
RESPOND-2 trials [234.235]. The SPRINT-2 trial evaluated boceprevir in 1,097
treatment naive, genotype-1, mixed race HCV patients and found that the addition of
boceprevir to IFN-o/ribavirin therapy significantly increased the SVR rates; in the
nonblack cohort there was an increase in SVR from 40% to 60%; while black patients
had an increase of 23% to 54% SVR [235]. The RESPOND-2 trial was a phase III trial
which evaluated boceprevir in 403 genotype 1 infected patients who were previous
partial responder or relapsers. Addition of boceprevir to IFN-o/ribavirin increased SVR
rates from 24% to 68% for those of non-black race [234]. The number of black patients
included in this trial was only 49 and SVR rates increased from 8% to 53% with triple
therapy in this group, which is a significant improvement compared to IFN-a and
ribavirin alone. However, it still results in non-response in almost half of black patients

treated.
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Following the publication of the boceprevir phase III trials, Merck published
two trials on telaprevir in June 2011: the ADVANCE and the REALIZE trials. The
ADVANCE trial evaluated 1,088 treatment naive patients, infected with genotype 1,
and found that the addition of telaprevir to the IFN-o/ribavirin treatment regime
increased SVR rates from 44% to 75% [68]. In black patients (n=94 or 8% of total
sample), SVR rates increased from 25% to 62% with addition of telaprevir to IFN-
a/ribavirin therapy. The REALIZE trial evaluated 663 genotype 1 HCV patients who
were previous null responders, partial responders or relapsers to IFN-a/ribavirin therapy
who were being retreated with the addition of telaprevir [236]. Rates of SVR were
significantly higher in telaprevir treated groups than the control group, with SVR rates
increasing from 24% to 88%. Non-response to new protease inhibitors may be
dependent on how an individual metabolises the drug. An important pathway in the
metabolism of both telaprevir and boceprevir is the cytochrome CYP3A enzyme
pathway [237]. However, metabolism rates for these drugs vary, with telaprevir having
a plasma half life of 8-11h and boceprevir having a plasma half life of 3.5h. As high
serum concentrations are needed to block the emergence of resistant mutants,
variability, an important factor that could influence therapeutic failure to triple therapy

may be CYP3A activity.

The success of these agents in enhancing response rates in genotype 1 infected
patients will revolutionise treatment of HCV infection. However cost, adverse side
effects and the emergence of drug resistant variants are all major challenges that need to
be to be overcome. The additional adverse side effects of these protease inhibitors,
along with the already unfavourable side effects that occur during IFN-a/ribavirin
therapy, mean that some patients will not be able to tolerate triple therapy. In phase 111
trials of boceprevir and telaprevir, anaemia was seen in approximately 36% and 50% of
patients respectively. This resulted in ribavirin dosage being reduced, as ribavirin can
also cause anaemia, and during boceprevir treatment, erythropoietin had to be
administered for up to 140 days in some cases. In Ireland, the use of these protease
inhibitors is currently on a named patient basis. Of the three patients who have received
Telaprevir to date in the Mater hospital Dublin, two required blood transfusions due to
anaemia (Dr. Mary O’Neill, The Mater Hospital Dublin, personal communication).

Rash, ranging from mild to severe, and cutaneous reactions are also common side
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effects seen in more than 50% of patients taking telaprevir. A further drawback of these
new drugs is they must be taken orally every 7 to 9 hours with high fat food for the
entire regime. Failure to comply with therapy can lead to the emergence of viral
mutants due to the existence of viral quasispecies within infected individuals. HCV
mutants resistant to protease inhibitors have been demonstrated both irn vitro and in vivo
[238]. HCV NS3-4A protease requires very few viral amino acid substitutions to allow
it to develop resistance to protease inhibitors [234,235]. Indeed, for the 30-40% of
patients who fail to respond to triple therapy, this will hinder them from future
therapeutic regimes due to the development of protease resistant mutants [239]. Another
significant problem with the new protease inhibitors is the lack of response in up to half
of black patients treated, meaning this therapy will be ineffective in a significant

proportion of HCV infected individuals globally.

The success of these new viral specific compounds has paved the way for the
development of other anti-HCV drugs, many of which have the potential to circumvent
the need for the therapeutic use of IFN-a. New polymerase inhibitors, which target the
NS5B RNA-dependent RNA polymerase, are in phase 1 and phase II clinical trials.
These are divided into two classes: the nucleoside analogues, which interfere with the
initiation of RNA transcription, and the non-nucleoside analogues, which bind directly
to NS5B [240]. Other new therapies being developed include cyclophilin inhibitors,
IFN-A therapy and neutralising antibodies [241].

Dual therapy with IFN-a and ribavirin is an expensive treatment regime. In
addition, IFN-a treatment is associated with neutropenia and ribavirin is associated with
anaemia. Further costs can be €2,000 per month for G-CSF (for those suffering from
neutropenia, given for approx 4 months) and €2,000 per month for erythropoietin (for
those suffering from anaemia, given for approx 3 months). The new protease inhibitors
are estimated to cost an additional €18,000 for one course of treatment. They further
increase the risk of anaemia, which may require intervention with costly blood
transfusion and EPO treatment. This ultimately results in triple therapy being too
expensive for the vast majority of people infected with HCV globally. Moreover, as
more than 20% of patients will fail to respond to the new therapeutics, it remains
imperative to identify those non-responsive patients before they embark on this
expensive, arduous regime. Identifying a negative predictor of response to IFN-

165



a/ribavirin will be very clinically relevant in the era of triple therapy. Therefore, a major
aim of this study is to identify patients who would respond to IFN-o/ribavirin therapy,

and which patients would benefit from the addition of protease inhibitors.

5.1.6 Patient response to treatment

Monitoring viral kinetics during treatment is a useful indicator as to whether a
patient will ultimately respond to therapy (Table 5.1). Rapid virological response (RVR)
is defined as being PCR —ve for HCV by week 4 of treatment. Early virological
response (EVR) is defined as achieving a >2 logo drop in viral load by week 12 of
therapy. Patients who are PCR —ve at the end of treatment (EOT) have an EOT
response. Overall response to therapy is determined 6 months after therapy is
completed. Patients who are PCR —ve 6 months after treatment have a SVR. Patients

who have an EOT response, but fail to have an SVR, are classed as relapsers.

Achieving RVR is a strong predictor of achieving overall SVR to therapy.
Around 90% of patients who achieve RVR will achieve an SVR; however, patients who
do not have an RVR but have an EVR still have a 65-72% of achieving SVR [226]. In
contrast, failing the achieve EVR strongly predicts patients who will ultimately not
have an SVR and patients infected with genotype 1 will have their treatment
discontinued at week 12 if they have not achieved EVR [4]. Unfortunately, patients who
fail to achieve SVR following IFN-a and ribavirin therapy are highly unlikely to
respond to a second course of treatment. One study evaluated 20 patients who had
failed to achieve SVR to initial IFN-a/ribavirin treatment, and were retreated with a

second course of treatment and found that only 10% of the patients responded [242].
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IFN-a therapy: Week 4 Week 12 Week 24/48 6 months post tx

RVR

EVR

EOT

SVR PCR -ve
Relapser PCR +ve

Table 5.3. On-treatment response to IFN-a and ribavirin therapy

Patients who are PCR —ve at week 4 of treatment have a rapid virological response
(RVR). Patients who achieve a >2 logo drop in viral RNA have an early virological
response (EVR), patients who are PCR —ve at the end of treatment (EOT) have an EOT
response. Patients who are PCR —ve 6 months after treatment completion have a
sustained virological response (SVR). Patients who have an EOT response but
experience viral breakthrough within the 6 months after treatment are classed as
relapsers.

*Patients infected with genotype 1 and 4 are usually treated for 48 weeks; patients
infected with other viral genotypes are typically treated for 24 weeks.

5.1.7 Aims

The objective of this prospective study was to identify signatures of in vitro
responsiveness to IFN-a that might predict in vivo responsiveness to clinical IFN-
a/ribavirin therapy. Not only would this predict patients who will not respond,
identifying responders to standard IFN-¢ and ribavirin therapy would negate the need
for intervention with protease inhibitors. To do this, we aimed to isolate PBMCs from
HCYV patients before they started therapy, stimulate the PBMCs with IFN-a in vitro and
quantify expression of anti-viral ISGs. As infection with genotype 1 of HCV is the
strongest predictor of treatment failure in HCV patients, we also wanted to compare in
vitro PBMC responsiveness in genotype 1 patients and genotype non-1 infected
patients, with respect to treatment outcome. We also aimed to examine ISG expression
with on-treatment viral kinetics, as response to treatment at week 4 and week 12 of

therapy are known on-treatment predictors of overall virological response.
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5.2 Patient information

Patients recruited for this studying were all chronically infected with HCV and
attending SVUH and SJH Hepatology units (Clinical characteristics of patients in this
study are given in Table 5.2). They all commenced IFN-a treatment on the day of initial
sample collection. Prior to the first administration of therapeutic IFN-a, 30mls of blood
was taken. PBMCs were isolated from whole blood and 2x10° PBMCs/ml were
stimulated in vitro with 100IU or 1000IU of IFN-a for 2, 4 and 18h. For this study,
mRNA was extracted and cDNA was synthesised from cells stimulated for 2 and 4h.
RNA extraction was unsuccessful from PBMCs of two patients (both genotype 1
infected). qRT-PCR was used to quantify mRNA expression of anti-viral genes. The
results from these experiments were correlated with the response of the patients to

treatment at various stages (Table 5.1).
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26 (G2:1; G3:23;
Number 45 19 G4:2) 1

Sex (M/F) 30/15 13/6 17/9 0.8371

Age (years -/+ SD) 42.8-/+10.3 | 44.6-/+ 132 4171+ 8 03774

ALT (IU/L -+ SD) 111 -/+ 98 “122'3 Z i 109.4 -/+75.7 0.271

AST (IU/L-/+ SD) 702-/+52 | 66.6-/+548 7374 50.5 0.4411

WCC (x 10/L/+SD) | 6.2-/+2.5 57 4+2 6.7+ 2.7 0.2657

Neut (x10°/pl) 337516 | BBLE1A 334 18 0.961

Lymph (x10%/ul) 22409 | 18-+06 2.5+ 1 0.023

Mono (x10°/ul) 0.55-/+0.25 | 0.46-/+0.13 0.59 /+ 0.3 0.105
Viral Load

R 734119 | 5.6-+108 8.6 -/+12.9 0.4414

Table 5.4. Summary of patient characteristics
A summary of clinical characteristics for total patients, also separated according to

patients who were infected with genotype 1 and genotype non-1 of the virus. There was
no significant difference in clinical characteristics between genotype 1 and genotype
non-1 infected patients, with the exception of lymphocyte count as genotype 1 infected
patients had significantly lower lymphocyte counts than genotype non-1 infected
patients (p<0.05). ALT=Alanine Transaminase, a liver enzyme, individuals without
liver disease have a normal range of 8-59 IU/L. AST=Aspartate Aminotransferase, a
liver enzyme, individuals without liver disease have a normal range of 11-34 IU/L
[243]. WCC=Whole Cell Count, Neut=Neutrophil count, Lymph=lymphocyte count,

Mono=Monocyte count.
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5.3 Results

5.3.1 Response rates to clinical IFN-a therapy

In total, 61% of the patients enrolled for this study achieved SVR (Table 5.3A & 5.3B).
The lowest response rate was in patients who were infected with genotype 1 of HCV
(56%), whereas those infected with other genotypes had a combined response rate of
65% (genotype 2, 100%, n=1; genotype 3, 65% n=20, genotype 4, 50%, n=2). Overall,
51% of patients achieved an RVR; 42% of genotype 1 infected patients and 58% for
patients infected with other genotypes. 81% of patients had an EVR; 80% of genotype 1
infected and 82% of those infected with other genotypes. 79% of patients were PCR —
ve at EOT; 72% of genotype 1 infected patients and 84% of those infected with other
genotypes. Seven patients who were PCR —ve at the end of therapy had viral
breakthrough within six months after treatment and these were classed as relapsers.
Using Fisher’s exact test, we found no significant differences in RVR, EVR, EOT or
SVR between genotype 1 infected patients and those infected with other viral

genotypes.
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Treatment response
i %

/ b achieving
Yes (N) No (N) Total (N) ; response
RVR 23 29 45 " | RVR 51
G1 8 11 19 G1 42
G2 1 0 1 G2 100
G3 13 10 23 G3 57
G4 1 1 2 G4 50
EVR 17 4 21 & EVR 81
G1 8 2 10 : G1 80
G3 9 1 10 : G3 90
G4 0 1 1 : G4 0
EOT 34 9 43 | EOT 79
G1 13 5 18 : G1 72
G2 1 0 1 G2 100
G3 19 3 22 G3 86
G4 1 1 2 ' G4 50
SVR 25 16 41 SVR 61
G1 10 8 18 ¢ G1 56
G2 1 0 1 G2 100
G3 13 7 20 G3 65
G4 1 1 2 G4 50

Table 5.3. Number of patients who achieved RVR, EVR, EOT and SVR
Number, and corresponding %, of patients who achieved RVR, EVR, EOT and SVR.

Each treatment time point was further analysed into patients infected with genotype 1
(G1), genotype 2 (G2), genotype 3 (G3) and genotype 4 (G4). 2 patients discontinued
treatment after week 4 (1 G1 infected patients and 1 G3 infected patient). 2 more
patients were not followed-up after treatment completion and therefore their SVR status

is unknown; both were infected with G3.
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5.3.2 Breakdown of patient response to treatment

Viral kinetics are monitored on treatment as they can predict the likelihood of achieving
an SVR, therefore we analysed the predictive power of on-treatment viral Kinetics
within our patient cohort (Table 5.4). Regarding RVR, 82% of patients with an RVR
achieved an SVR. RVR predicted SVR in 86% of genotype non-1 infected patients and
75% of patients infected with genotype 1. RVR was highly predictive of having an EVR
(95%) and an EOT (91%). Not achieving RVR was associated with a 63% chance of
not achieving SVR. Patients infected with genotype non-1 who did not achieve RVR
were most likely not to have an SVR (67%); whereas 60% of genotype 1 infected
patients who did not have an RVR did not have an SVR. In those without an RVR, most
achieved and EVR (81%) and an EOT response (67%).

Having an EVR by week 12 of treatment was associated with a 67% chance of having
an SVR, in total and for both genotype 1 and genotype non-1 infected patients. One of
the two patients infected with genotype non-1 who failed to achieve EVR also failed to

achieve an EOT response or an SVR.

To determine whether achieving RVR was a significantly better predictor of achieving
SVR than EVR, Fisher’s exact test was used and found that, although RVR could
predict SVR in 82% of patients compared to EVR predicting it in 67%, this was not
significantly different (p=0.24). Achieving an RVR was a strong positive predictor of
EVR (PPV: 95%) but not achieving RVR could not predict not achieving EVR (NPV:
19%). Not achieving EVR has been shown to be strongly associated with not achieving
an SVR, therefore genotype 1 infected individuals who did not achieve EVR (n=3) had
their treatment discontinued at this point. 2 patients infected with genotype non-1 did
not have an EVR, 1 patient achieved an SVR while the second patient did not. 78% of
patients who were PCR —ve at EOT had an SVR, 77% of those infected with genotype 1
and 79% of patients infected with other viral genotypes. Patients who were PCR +ve at

the end of treatment were PCR +ve 6 months after therapy.
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All G non-1 G1
RVR EVR 95% (21/22) 100% (14/14) 88% (7/8)
EOT 91% (20/22) 100% (14/14) 75% (6/8)
SVR 82% (18/22) 86% (12/14) 75% (6/8)
EVR EOT 87% (33/38) 87% (20/23) 87% (13/15)
SVR 67% (24/36) 67% (14/21)

67% (5/15)

G non-1

EOT SVR 78% i25/32i 79% i15/19i 77% i10/13i
All

G1

No RVR No EVR 19% (4/21) 18% (2/11) 25% (2/8)
No EOT 33% (7/21) 36% (4/11) 30% (3/10)
No SVR 63% (12/19) 67% (6/9) 60% (6/10)

No EVR No EOT 50% (1/2) 50% (1/2) -
No SVR 50% (1/2) 50% (1/2) -

No EOT No SVR 100% (9/9) 100% (4/4)

100% (5/5)

Table 5.4 Breakdown of response rates
Predictive value for SVR based on achieving, or failing to achieve, RVR, EVR or EOT.
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5.3.3 HCV patients (all genotypes) who achieve RVR have similar anti-viral

gene expression pre-treatment as patients who do not achieve RVR

RVR is defined as undetectable HCV RNA by week 4 of treatment and is a strong
predictor of SVR [244,245]. Therefore we analysed pre-treatment anti-viral gene
expression using qRT-PCR, in PBMCs from pre-treatment patients of all viral
genotypes, before and after stimulation with IFN-a in vitro for 2 and 4h and at a
concentration of [FN-a of 100IU and 1000IU. Endogenous levels of PKR, OAS and
MxA, before in vitro IFN-a stimulation, revealed that those who achieved RVR tended
to have higher ISG expression pre-treatment, although this difference was not
significant (Fig. 5.1 & Table 5.5). Patients who did not achieve SVR showed slightly
higher ISG expression with 100U IFN-a stimulation for 2h. This trend was similar
with 1000IU IFN-a for 2h for OAS and MxA, but not PKR as PKR expression was
slightly lower in those who did not achieve RVR than in those who did. Expression of
ISGs was the same between patients with an RVR and those without an RVR with
100IU IFN-a stimulation for 4h. 4h stimulation with 1000IU IFN-a resulted in higher
PKR and OAS expression in those with RVR, but was not significant (PKR, p=0.06;
OAS, p=0.07). Expression of MxA after 4h stimulation with 1000IU IFN-a was similar

in patients who achieved RVR and patients who did.
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Figure 5.1. HCYV infected patients (all genotypes) who achieve RVR have similar
ISG expression pre-treatment as patients who fail to achieve RVR

PBMCs from HCV patients were isolated prior to the commencement of IFN-a
treatment and stimulated in vitro with either 100IU or 1000IU of IFN-a for 2 or 4h.
qRT-PCR was used to measure the mRNA for PKR, OAS and MxA, which were
normalised relative to the internal housekeeper RPS15. Gene expression was segregated
according to those who achieved RVR and those who did not. RVR: control, n=21; 2h
100IU, n=17; 2h 1000IU, n=19; 4h 100IU, n=18; 4h 1000IU, n=21; no RVR: control,
n=22; 2h 100IU, n=16; 2h 1000IU, n=17; 4h 100IU & 10001U, n=21. Non-parametric
Mann-Whitney U-tests were used to test for significant differences between the two

groups at each time point.
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All genotypes

Unstimulated 21 24 0.5 22 1.8 0.6 0.18
2h IFN-a 100I1U T4 10.9 29 16 15.5 4.3 0.26
PKR 100000 | 19 23 47 17 21 46 0.86
4h IFN-a 100U 18 24 4.4 21 19.3 54 0.21

10001U

30.3

54

20.4

0.06

Unstimulated 21 24 0.7 22 1.9 0.8 0.22

2h IFN-a 1001U 17 7.8 22 16 21.5 9.2 0.21

OAS 10001U 19 21 6.1 17 29.8 11.9 0.28
4h IFN-a 1001V 18 23.3 6.3 21 22.7 77 0.83

10001U 21 355 9.3 21 30.4 13.4 0.07

B

Unstimulated 21 1.4 33 22 4.9 1.7 0.3

2h IFN-a 1001U 17 47.6 15.3 18 115.1 47.9 0.13

MxA 10001U 19 100 18.9 17 145.3 47.7 0.83
4h IFN-a 1001U 18 98.7 24.2 21 103.4 36.8 0.2

10001U 21 134.3 27.8 21 150.2 386 0.6

Table 5.5. Summary of ISG expression and RVR: all genotypes

Summary of mean fold changes for in vitro ISG expression in pre-treatment patients,

infected with all viral genotypes, analysed with respect to patients who achieved RVR

and those who did not.
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5.3.4 Genotype non-1 infected HCV patients who achieve RVR have similar
pre-treatment ISG expression in vitro as those who fail to demonstrate
RVR

In vitro 1SG expression in PBMCs from pre-treatment genotype non-1 patients was
analysed with respect to achieving RVR. Endogenous levels of PKR and MxA were
slightly lower in patients who did not achieve RVR, whereas endogenous OAS levels
were slightly elevated in the same patients (Fig. 5.2 and Table 5.6). Stimulation with
[FN-a for 2h, at concentrations of either 100IU or 1000IU, showed no stronger
upregulation of PKR, OAS and MxA in patients who subsequently did not achieve RVR
than those who did. Stimulation for 4h with IFN-qa, at concentration of 100IU or
10001U, showed no significant difference in PKR, OAS or MxA between genotype non-
1 patients who achieved RVR and those who did not. Overall, no significant trend
emerged for RVR with respect to genotype non-1 infected patients and pre-treatment

ISG expression.
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Figure 5.2. Genotype non-1 infected patients who achieve RVR have similar ISG
expression pre-treatment as patients who fail to achieve RVR

PBMCs from genotype non-1 infected HCV patients were isolated prior to the
commencement of IFN-a treatment and stimulated in vitro with either 1001U or 10001U
of IFN-a for 2 or 4h. qRT-PCR was used to measure the mRNA for PKR, OAS and
MxA, which were normalised relative to the internal housekeeper RPS15. Gene
expression was segregated according to those who achieved RVR and those who did
not. RVR: control, n=15; 2h 100IU & 1000IU, n=14; 4h 100IU & 1000IU, n=15; no
RVR: control, n=11; 2h 100IU, n=8; 2h 1000IU, n=9; 4h 100IU, n=11; 4h 1000IU,
n=10. Non-parametric Mann-Whitney U-tests were used to test for significant

differences between the two groups at each time point.
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Genotype non-1

Unstimulated 15 23 0.5 11 22 1 0.19

2h IFN-a 1001U 14 9.5 2.9 8 15 7 0.29

PKR 10001V 14 16.4 3.4 9 19.5 5.1 0.64
4h IFN-a 1001U 15 229 44 1 22.6 9.4 0.3

1000IU 15 29.5 6.5 10 22.5 8.2 0.28

Unstimulated 15 2.3 1 11 2.8 14 0.72

2h IFN-a 1001U 14 6.2 2.1 8 24.4 17.7 0.29

OAS 10001U 14 12.8 3 9 29.8 15.7 0.73
4h IFN-c 1001U 15 23.8 7.5 1 29.9 13.8 0.96

10001V 15 27.4 8 10 49.2 272 0.56

Unstimulated 15 13.2 45 1 6.5 238 0.38

2h IFN-a 1001V 14 423 14.8 8 124.9 90.3 0.23

MxA 10001U 14 98.5 212 9 174.3 80.4 0.97
4h IFN-a 1001U 15 104.5 281 1 126.8 64.7 0.28

10001U 15 1211 253 10 2021 68 0.68

Table 5.6. Summary of ISG expression and RVR: genotype non-1
Summary of mean fold changes for in vitro ISG expression in pre-treatment patients,

infected with all viral genotypes except genotype 1, analysed with respect to patients

who achieved RVR and those who did not.
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5.3.5 Genotype 1 infected patients who achieve RVR have higher ISG
expression in their PBMCs pre-treatment compared to patients who do not
have RVR

Genotype 1 infected HCV patients have the highest failure rate to IFN-a therapy,
therefore it is important to identify those who will respond and those who are likely to
fail in this subset of patients. Achievement of RVR is a strong positive predictor of
SVR, therefore we analysed in vitro responses at week 4 of treatment with pre-
treatment ISG expression in PBMCs. Initially, we measured endogenous levels of PKR,
OAS and MXxA in pre-treatment PBMCs and analysed them with respect to RVR (Fig.
5.3 and Table 5.7). Patients who failed to achieve RVR had lower endogenous
expression of both PKR and MxA than patients who did achieve RVR, and these
patients also had significantly lower levels of OAS expression (P<0.05) in their
PBMCs. 2h stimulation of PBMCs from patients who went on to achieve RVR with
100IU IFN-a showed higher expression of PKR than patients who did not have RVR,
although expression of OAS and MxA was slightly less. MxA expression was also
slightly less in these patients with 1000IU IFN-a, however this was not the case for
OAS and PKR. No 2h stimulation with IFN-a showed any significant differences
between those who achieved RVR and those who did not. 4h stimulation with 100IU
IFN-a resulted in higher PKR and OAS expression in PBMCs from patients with RVR,
whereas MxA expression was less. Stimulation for 4h with 1000IU IFN-a resulted in
higher PKR, OAS and MxA expression in patients with RVR and this was significantly
higher for OAS (p<0.05) compared to patients who did not go on to achieve RVR.
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Figure 5.3. Genotype 1 patients who achieve RVR have higher pre-treatment ISG
expression than patients who fail to achieve RVR

PBMCs from genotype 1 infected HCV patients were isolated prior to the
commencement of IFN-a treatment and stimulated in vitro with either 1001U or 10001U
of IFN-a for 2 or 4h. qRT-PCR was used to measure mRNA for PKR, OAS and MxA,
which were normalised relative to the internal housekeeper RPS15. Gene expression
was segregated according to those who achieved RVR and those who did not. RVR:
control, n=6; 2h 1001U, n=3; 2h 1000IU, n=5; 4h 1001U, n=3; & 1000IU, n=6; no RVR:
control, n=11; 2h 100IU, n=8; 2h 1000IU, n=8; 4h 100IU, n=10; 4h 1000IU, n=11.
Non-parametric Mann-Whitney U-tests were used to test for significant differences

between the two groups at each time point. *p<0.05.
group p p
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Genotype 1

Unstimulated 6 3.2 14 11 13 0.5 0.29
2h IFN-a 1001U 3 19.4 104 8 16.1 8.5 0.92
PKR 1000IU 5 42.3 13.9 8 22.6 8.2 0.22
4h IFN-a 1001U 3 29.6 17 10 15.6 4 0.57

10001U

Unstimulated 6 2.6 0.8 1" 1 0.5 <0.05 Yes
2h IFN-a 1001U 3 15.2 7.9 8 18.5 6.8 0.92
OAS 10001U 5 441 19.4 8 29.8 19.3 0.13
4h IFN-a 1001U 3 20 9 10 14.7 5.4 0.69

10001U 6 55.6 259 1 13.3 47 <0.05 Yes

Unstimulated 6.9 35 1 3.3 1.8 0.39

6
2h IFN-a 1001U 3 72.4 60.3 8 105.3 40.7 0.92
MxA 10001U 5 104.2 446 8 112.6 49.4 0.83
;?N%] 1001U 3 69.5 426 10 77.6 326 0.57
10001U 6 167.3 775 11 103 36.5 0.39

Table 5.7. Summary of ISG expression and RVR: genotype 1
Summary of mean fold changes for in vitro ISG expression in pre-treatment patients,

infected with genotype 1 of HCV, analysed with respect to patients who achieved RVR

and those who did not.
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5.3.6 HCV patients (all genotypes) who achieve EVR have higher ISG

expression in vitro in their PBMCs pre-treatment

A patient is defined as having an EVR if they have a greater than 2 log;( drop in viral
load by week 12 of treatment. After RVR, it is the best on-treatment predictor of
response. We aimed to determine whether there was a correlation between pre-treatment
ISG expression in PBMCs and EVR. Patients who achieved an RVR were excluded
from this analysis. Initially, we performed this analysis using data from patients infected
with all genotypes combined. Patients who achieved EVR tended to have higher
endogenous expression of ISGs in their PBMCs pre-treatment; although this was not
significant (PKR, p=0.62; OAS, p=0.5; MxA, p=0.3) (Fig. 5.4 and Table 5.8). ISG
expression following 2h stimulation with 100IU [FN-a was higher in patients with EVR
than those without; this was significant for OAS expression (p<0.05) and although PKR
and MxA expression tended to be higher in these patients, it was not significant.
Stimulation with 1000IU IFN-a for 2h resulted in different levels of expression of the
three anti-viral genes between those achieving EVR and those failing to achieve it, but
with no significant trends emerging. 4h stimulation with IFN-a, with either
concentrations, resulted in higher expression of PKR, OAS and MxA in patients with

EVR, but this was not significant.
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Figure 5.4. HCV infected patients (all genotypes) who achieve EVR have similar
ISG expression pre-treatment as patients who fail to achieve EVR

PBMCs from HCV patients were isolated prior to the commencement of IFN-a
treatment and stimulated in vitro with either 100IU or 10001U of IFN-a for 2 or 4h.
gRT-PCR was used to measure the mRNA for PKR, OAS and MxA, which were
normalised relative to the internal housekeeper RPS15. Gene expression was segregated
according to those who achieved EVR and those who did not. EVR: control, n=17; 2h
1001U, n=13; 2h 10001U, n=14; 4h 100IU, n=15; 4h 1000IU, n=17; no EVR: control,
n=4; 2h 100IU & 1000IU, n=3; 4h 100IU & 1000IU, n=4. Non-parametric Mann-
Whitney U-tests were used to test for significant differences between the two groups at

each time point.
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All genotypes

Unstimulated 17 2 0.7 4 0.7 0.2 0.62
2h IFN-a | 100I1U 13 17.2 5.2 3 8.5 4.3 0.42
PKR 10001U 14 21.3 52 3 19.4 121 0.66
4h IFN-a | 1001U 15 18.7 5.6 4 243 20.5 0.58
10001U 4

Unstimulated 17 4 04 0.1
2h IFN-a | 100IU 13 26.2 11.0 3 1.0 0.4 0.01 Yes
OAS 1000I1U 14 35.6 14.1 3 25 1.3 0.15
4h IFN-a | 100I1U 15 29.0 10.3 4 7.5 6.3 0.09
10001U 17 36.5 16.3 4 53 4.7 0.08

Unstimulated 17 59 2.9 1.2 0.4 0.30

4
2h IFN-a | 100IU 13 136.1 57.7 3 24.0 10.6 0.23
MxA 10001U 14 141.8 51.2 3 161.3 152.5 0.57
4h IFN-a | 100U 15 126.9 49.6 4 57.7 411 0.73

4

10001U 17 157.4 42.3 117.2 107.0 0.50

Table 5.8. Summary of ISG expression and EVR: all genotypes
Summary of mean fold changes for in vitro ISG expression in pre-treatment patients,

infected with all viral genotypes, analysed with respect to patients who achieved EVR

and those who did not.
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5.3.7 Genotype non-1 infected patients who achieve EVR have similar ISG
expression in their PBMCs pre-treatment as those who do not achieve
EVR

82% of patients infected with HCV genotypes other than genotype 1 achieved EVR
(Table 5.3). Therefore, analysis of this group is limited as the number of patients who
did not achieve EVR is low (n=2), with both patients showing diverse in vifro response
to IFN-a stimulation. The two patients who did not have EVR had lower endogenous
expression of PKR, OAS and MxA in their PBMCs pre-treatment (Fig. 5.5 and Table
5.9). PKR expression following IFN-a stimulation for either 2h or 4h and with both
concentrations, in the patients who did not have EVR was slightly higher than in
patients who did have EVR. In these same patients, OAS expression was lower with all
stimulations. MxA expression was lower for 2h and 4h stimulation with 100IU IFN-a in

those without EVR but higher for 2h and 4h stimulation with 1000IU IFN-a.
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Figure 5.5. Genotype non-1 infected patients who achieve EVR have similar ISG
expression pre-treatment as patients who fail to achieve EVR

PBMCs from genotype non-1 infected HCV patients were isolated prior to
commencement of IFN-a treatment and stimulated in vitro with either 100IU or 10001U
of IFN-a for 2 or 4h. qRT-PCR was used to measure the mRNA for PKR, OAS and
MxA, which were normalised relative to the internal housekeeper RPS15. Gene
expression was segregated according to those who achieved EVR and those who did
not. EVR: control, n=9; 2h 100IU, n=6; 2h 1000IU, n=7; 4h 1001U, n=8; 4h 10001U,
n=9: no EVR: control, 2h 100IU, 2h 1000IU, 4h 100IU & 4h 1000IU, n=2.
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Genotype non-1

Unstimulated 9 2.5 1:2 2 0.8 0.2 N/A

2h IFN-a | 100U 6 16.0 9.5 2 12.0 4.3 N/A

PKR 10001U i 17:1 5.4 2 27.9 16.0 N/A
4h IFN-a | 100U 8 20.1 9.2 2 43.9 41.7 N/A

10001U 9 18.8 8.5 2 27T 23.7 N/A

Unstimulated 9 3.4 1.7 2 0.4 0.3 N/A

2h IFN-a | 1001U 6 32(2 23:2 2 1.2 0.6 N/A

OAS 10001U il 37.3 19.5 2 3.5 1.5 N/A
4h IFN-a | 100U 8 37.1 18.4 2 13:2 13.2 N/A

10001U 9 53.0 30.1 2 9.9 9.5 N/A

Unstimulated 9 1.7 33 2 1.0 0.7 N/A

2h IFN-a | 100IU 6 155.0 120.4 2 34.5 2.8 N/A

MxA 10001U T 155.7 91.5 2 239.7 226.6 N/A
m4h IFN-a | 1001U 8 150.1 87.1 2 93.4 85.2 N/A

10001U 9 175.4 71.4 2 2246 213.4 N/A

Table 5.9. Summary of ISG expression and EVR: genotype non-1
Summary of mean fold changes for in vitro ISG expression in pre-treatment patients,

infected with all viral genotypes except genotype 1, analysed with respect to patients

who achieved EVR and those who did not.
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5.3.8 Genotype 1 infected patients who achieve EVR have higher ISG
expression pre-treatment in their PBMCs than patients who do not have
EVR

Most patients infected with genotype 1 achieved EVR (80%, Table 5.3). Endogenous
expression of PKR, OAS and MxA tended to be lower in patients without EVR; (Fig.
5.6 and Table 5.10). Due to the low patient number in the patients who failed to achieve
EVR (n=2), statistical analysis could not be performed. For 2h stimulation with IFN-a,
there was only gene expression data for 1 of the 2 genotype 1 infected patients with
EVR, therefore Mann-Whitney analysis could not be performed on these groups.
However, the patients without EVR tended to have lower expression of PKR, OAS and
MXxA in their PBMCs following IFN-a stimulation for 2h, particularly with 100IU IFN-
a. 4h stimulation with 1001U and 10001U of IFN-a resulted in higher ISG expression in
patients with EVR than patients without an EVR.
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Figure 5.6. Genotype 1 patients who achieve EVR have higher pre-treatment ISG
expression than patients who fail to achieve EVR

PBMCs from genotype 1 infected HCV patients were isolated prior to the
commencement of [FN-a treatment and stimulated in vitro with either 1001U or 10001U
of IFN-a for 2 or 4h. qRT-PCR was used to measure the mRNA for PKR, OAS and
MxA, which were normalised relative to the internal housekeeper RPS15. Gene
expression was segregated according to those who achieved EVR and those who did
not. EVR: control, n=8; 2h 100IU, 2h 1000IU & 4h 100IU, n=7; 4h 1000IU, n=8; no
EVR: control, n=2; 2h 100IU & 1000IU, n=1; 4h 100IU & 10001U, n=2.
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Genotype 1

Unstimulated 8 1.5 0.6 2 0.6 0.4 N/A

2h IFN-a 1001U 7 18.1 59 1 1:5 0.0 N/A

PKR 10001U 7 255 8.8 1 2.5 0.0 N/A
4h IFN-a | 100lU 7 17.0 6.4 2 4.6 22 N/A

10001U 8 243 7.5 2 1.6 0.0 N/A

Unstimulated 8 1.2 0.6 2 0.4 0.0 N/A

2hIFN-a | 100I1U 7 21.0 7.3 1 0.6 0.0 N/A

OAS 10001U 7 33.9 21.8 1 0.6 0.0 N/A
4hIFN-a | 1001U 7 19.7 6.8 2 1.8 1.4 N/A

10001U 8 18.0 5.6 2 0.7 0.5 N/A

Unstimulated 8 4.0 2.5 2 1.4 0.7 N/A

2h IFN-a | 1001U 7 119.9 439 1 29 0.0 N/A

MxA 10001U 7 128.0 541 1 4.5 0.0 N/A
4h IFN-a | 100IU 7 100.4 445 2 22.0 17.6 N/A

1000I1U 8 137.2 447 2 9.7 5.8 N/A

Table 5.10. Summary of ISG expression and EVR: genotype 1
Summary of mean fold changes for in vitro ISG expression in pre-treatment patients,

infected with genotype 1, analysed with respect to patients who achieved EVR and

those who did not.
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5.3.9 ISG expression in pre-treatment PBMCs from patients of all

genotypes does not predict who will be PCR —ve at the end of treatment

Treatment ended weeks for genotype 1 infected patients after 48 and after 24 weeks for
those infected with other genotypes and patients were assessed to determine whether
they were PCR —ve or PCR +ve for HCV. Patients who were PCR —ve at the end of
treatment tended to have higher expression of PKR, OAS and MxA pre-treatment,
although the p values showed that this was far from significant and therefore definite
differences cannot be assumed (Fig. 5.7 and Table 5.11). Stimulation of pre-treatment
PBMCs for 2h with 100IU or 1000IU showed higher expression of PKR, OAS and
MXxA in patients who subsequently were PCR +ve at the end of treatment. Expression of
PKR in these patients was lower compared to PCR —ve patients at all 4h IFN-a
stimulations. Expression of OAS was higher in those who were still PCR +ve at all 4h
stimulations, as was MxA expression following 100IU IFN-a stimulation for 4h. MxA
expression tended to be lower pre-treatment following 10001U IFN-a stimulation in

PCR +ve patients.
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Figure 5.7. HCV infected patients (all genotypes) who are PCR —ve and PCR +ve
at the end of treatment have similar ISG expression pre-treatment

PBMCs from HCV patients were isolated prior to the commencement of IFN-a
treatment and stimulated in vitro with either 100IU or 1000IU of IFN-a for 2 or 4h.
gRT-PCR was used to measure the mRNA for PKR, OAS and MxA, which were
normalised relative to the internal housekeeper RPS15. Gene expression data was
segregated according to those who were PCR —ve at treatment end and those who were
not. PCR +ve: control, n=32; 2h 100IU, n=24; 2h 1000IU, n=27; 4h 1001U, n=28; 4h
10001U, n=31; PCR -ve: control, n=9; 2h 100IU & 1000IU, n=8; 4h 1001U & 10001U,
n=9. Non-parametric Mann-Whitney U-tests were used to test for significant

differences between the two groups at each time point.
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All genotypes

Unstimulated 32 23 0.5 9 1.8 0.9 0.81

2h IFN-a 1001U 24 12.5 27 8 17 7 0.59

PKR 10001U 27 22.2 4.2 8 23.7 5.2 0.42
4h IFN-a 1001V 28 226 4.2 9 18.2 8.2 0.58

10001U 31 27.9 4.5 9 22 8.1 0.48

Unstimulated 32 2.485 0.7 9 14 0.4 0.89

2h IFN-a 1001U 24 9.878 2:2 8 29.8 17.8 0.54

OAS 10001U 27 16.97 46 8 55 224 0.25
4h IFN-a 100IU 28 21.57 4.5 9 313 16.8 0.72

10001U 31 27.76 6.7 9 53.4 30.1 0.54

Unstimulated 32 9.69 24 9 3.761 1.6 0.36

2h IFN-a 100IU 24 73.87 171 8 109.4 923 0.2

MxA 10001U 27 121.7 233 8 125.4 82 0.18
4h IFN-a 1001U 28 100.5 19.7 9 116.2 78.7 0.25

10001U 31 148.6 24 4 9 130.3 72.6 0.15

Table 5.11. Summary of ISG expression and EOT: all genotypes

Summary of mean fold changes for in vitro ISG expression in pre-treatment patients,

infected with all viral genotypes, analysed with respect to patients who achieved EOT

response and those who did not.
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5.3.10 Genotype non-1 infected patients who are PCR +ve at the end of

treatment have higher ISG expression in their PBMCs pre-treatment

ISG expression pre-treatment was analysed in PBMCs from genotype non-1 infected
patients and assessed with regards to PCR status at the end of treatment. Endogenous
levels of PKR expression were lower pre-treatment in patients who were PCR —ve at the
end of treatment (Fig. 5.8 and Table 5.12). In contrast, patients who were PCR —ve had
slightly higher endogenous levels of OAS and MXA pre-treatment. Stimulation of pre-
treatment PBMCs, from genotype non-1 infected patients, with 100IU or 10001U IFN-
a, for 2 or 4h, resulted in higher expression of PKR, OAS and MxA in the patients were
PCR +ve at the conclusion of IFN-a therapy.
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Figure 5.8. Genotype non-1 infected patients who are PCR —ve or PCR +ve at the
end of treatment have similar ISG expression pre-treatment

PBMCs from genotype non-1 infected HCV patients were isolated prior to the
commencement of IFN-a treatment and stimulated in vifro with either 100IU or 10001U
of IFN-a for 2 or 4h. qRT-PCR was used to measure the mRNA for PKR, OAS and
MxA, which were normalised relative to the internal housekeeper RPS15. Gene
expression was segregated according to those who were PCR —ve at the end of
treatment and those who were not. PCR -ve: control, n=21; 2h 100IU, n=17; 2h
1000IU, n=18; 4h 100IU, n=21; 4h 1000IU, n=20; PCR +ve: control, 2h 100IU, 2h
1000IU, 4h 100IU & 4h 1000IU, n=4. Non-parametric Mann-Whitney U-tests were

used to test for significant differences between the two groups at each time point.
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Genotype non-1

Unstimulated 21 2.2 0.5 4 3.2 1.8 0.39

2h IFN-a 1001U 17 9.1 25 4 23.7 13.2 0.17

PKR 10001U 18 16.7 3.3 4 23.6 7.2 0.33
4h IFN-a 100U 21 21 4.8 4 29.6 17.4 0.85

10001U 20 249 5.6 4 37.3 14.9 0.42

Unstimulated 21 27 1 4 21 0.7 0.48

2h IFN-a 1001U 17 6.6 1.8 4 425 35.1 0.28

OAS 10001U 18 11.5 25 4 58.2 314 0.47
4h IFN-a 1001U 21 21.8 5.6 4 56 356 0.63

10001U 20 214 6.2 4 108.8 59.6 0.37

Unstimulated 21 115 35 4 6.6 3 0.97

2h IFN-a 100U 17 43.6 12.3 4 211.7 181 0.35

MxA 10001U 18 109.2 28 4 225.6 155.8 0.7
4h IFN-a 1001U 21 93.5 2238 4 235.7 168.2 0.68

10001U 20 128.6 28.1 4 272 139.1 0.33

Table 5.12. Summary of ISG expression and EOT: genotype non-1
Summary of mean fold changes for in vitro ISG expression in pre-treatment patients,

infected with all HCV genotypes except genotype 1, analysed with respect to patients

who achieved an EOT response and those who did not.
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5.3.11 Genotype 1 infected patients who are PCR -ve at the end of

treatment have higher ISG expression in their PBMCs pre-treatment

PBMCs from genotype 1 infected patients, who were PCR —ve or PCR +ve at the end of
treatment, were analysed for ISG expression. Endogenous expression of anti-viral genes
in the PBMCs of these patients followed the same trend: patients who were PCR —ve at
the end of treatment had higher endogenous levels of PKR, OAS and MxA pre-
treatment whereas patients who were subsequently PCR +ve at treatment end had lower
expression of these genes in their PBMCs pre-treatment (Fig. 5.9 and Table 5.13).
Stimulation with 100IU IFN-a for 2h resulted in higher expression of PKR, OAS and
MXxA in the PBMCs of the patients who were PCR —ve at the end of treatment compared
to those who were PCR +ve but this difference was only significant for MxA (P<0.01).
Stimulation with 1000IU IFN-a for 2h resulted in higher PKR and MxA expression in
those who went on to be PCR —ve after treatment, again MxA expression was the only
gene that was significantly higher (p<0.05). In contrast, OAS expression tended to be
lower in these patients. ISG expression pre-treatment following 4h stimulation with
100IU IFN-a was higher in those who were PCR —ve at the end of treatment but this
was not significant. Stimulation with 1000IU IFN-a for 4h resulted in significantly
higher expression of PKR, OAS and MxA in those who went on to be PCR -ve at the
end of treatment compared to those who remained PCR +ve (p<0.05, p<0.05 and

p<0.01 respectively).
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Figure 5.9. Genotype 1 patients who are PCR —ve at the end of treatment have
higher pre-treatment ISG expression than patients who remain HCV +ve

PBMCs from genotype 1 infected HCV patients were isolated prior to the
commencement of I[FN-a treatment and stimulated in vitro with either 1001U or 10001U
of IFN-a for 2 or 4h. qRT-PCR was used to measure the mRNA for PKR, OAS and
MxA, which were normalised relative to the internal housekeeper RPS15. Gene
expression was segregated according to those who were PCR —ve at end of treatment
and those who were not. PCR -ve: control, n=11; 2h 1001U, n=7; 2h 1000IU, n=9; 4h
100IU, n=7; 4h 1000IU, n=11; PCR +ve: control, n=5; 2h 100IU & 1000IU, n=4; 4h
100IU & 10001U, n=5. Non-parametric Mann-Whitney U-tests were used to test for

significant differences between the two groups at each time point.*p<0.05, **p<0.01.
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Genotype 1

Unstimulated 1 2.6 0.8 5 0.7 0.2 0.17
2h IFN-a 100U 7 209 6.6 4 10.1 4.7 0.41
PKR 10001U 9 33.1 10.3 4 23.8 8.6 0.83
4h IFN-a 1001U 74 245 8.8 5 9.1 3.8 0.43
10001U 5

Unstimulated 1 2 0.6 5 0.8 0.2 0.57
2h IFN-a 1001U 7 17.8 5.6 4 171 11 0.79
OAS 10001U 9 27 12:5 4 51.8 36.7 0.6
4h IFN-a 1001U 7 21 7.2 5 115 5 0.34
5

10001U 11 39.4 15 91 54 <0.05 Yes

Unstimulated 5
2h IFN-a 1001U 7 147.3 39.9 4 i/ 4.3 <0.01 Yes
MxA 10001U 9 146.8 427 4 251 19 <0.05 Yes
4h IFN-a 100U 7 121.7 415 5 20.5 10.7 0.07
1000I1U 11 185 457 5 16 10.8 <0.01 Yes

Table 5.13. Summary of ISG expression and EOT: genotype 1
Summary of mean fold changes for in vitro ISG expression in pre-treatment patients,

infected with HCV genotype 1, analysed with respect to patients who achieved an EOT

response and those who did not.



5.3.12. Patients (all genotypes) who achieve an SVR tend to have higher

ISG expression in their PBMCs pre-treatment

Overall response to IFN-a therapy is determined 6 months after treatment; if a patient is
PCR —ve at this point, they have achieved an SVR. As this is the overall response to
treatment, this category is most relevant regarding association with pre-treatment ISG
expression. Initially, ISG expression and SVR was analysed in patients of all viral
genotypes. Patients who achieved SVR tended to have higher pre-treatment expression
of PKR, OAS and MxA in their PBMCs pre-treatment than patients who did not have
SVR (Fig. 5.10 and Table 5.14). Higher levels of PKR and MxA expression after IFN-a
stimulation was seen in patients who achieved SVR compared to those who did not,
however aithough this was consistent for all three anti-viral genes, it was not
significant. OAS expression was lower in those who had SVR than those who did not
for all 2h IFN-o stimulations and also for 4h stimulation with 1000IU IFN-a. 4h
stimulation with 100IU IFN-a resulted in slightly lower OAS expression in patients

who subsequently did not attain SVR.
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Figure 5.10. HCV infected patients (all genotypes) who achieve SVR have similar
ISG expression pre-treatment as patients who fail to achieve SVR

PBMCs from HCV patients were isolated prior to the commencement of [FN-a
treatment and stimulated in vitro with either 100IU or 1000IU of IFN-a for 2 or 4h.
gRT-PCR was used to measure the mRNA for PKR, OAS and MxA, which were
normalised relative to the internal housekeeper RPS15. Gene expression was segregated
according to those who achieved SVR and those who did not. SVR: control, n=23; 2h
100IU, n=17; 2h 1000IU &4h 100IU, n=20; 4h 1000IU, n=23; no SVR: control, n=16;
2h 100IU & 1000IU, n=14; 4h 100IU & 1000IU, n=15; 4h 1000IU. Non-parametric
Mann-Whitney U-tests were used to test for significant differences between the two

groups at each time point.
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Unstimulated 23 2.549 0.5106 16 1.37 0.4966 0.14
2h IFN-a 1001U 17 15.22 3.652 14 12.31 4211 0.74
PKR 10001U 20 26.94 5.241 14 16.51 3.847 0.29
4h IFN-a 1001V 20 27.23 5.228 15 14.55 5.392 0.07

10001V

Unstimulated

Unstimulated 23 2.343 0.6989 16 1.372 0.3662 0.68

2h IFN-a 1001U 17 11.04 3.033 14 20.26 10.4 0.62

OAS 10001U 20 20.07 6.003 14 34.68 14.08 0.93
4h IFN-a 1001V 20 24.08 5.753 15 23.15 10.5 0.37

10001U 23 33.31 8.696 15 37.67 18.48 0.21

23 10.28 3.06 16 4.735 1.808 0.24

2h IFN-a 1001U 1.7 87.45 23.13 14 81.74 52.21 0.26

MxA 10001U 20 143 29.39 14 100.5 47.03 0.09
4h IFN-a 1001V 20 119 252 15 83.37 47 .44 0.08

10001U 23 164 30.58 15 121.5 45.14 0.21

Table 5.14. Summary of ISG expression and SVR: all genotypes

Summary of mean fold changes for in vitro ISG expression in pre-treatment patients,

infected with all viral genotypes, analysed with respect to patients who achieved SVR

and those who did not.
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5.3.13. There is no correlation with pre-treatment ISGs in PBMCs and SVR
in genotype non-1 HCV patients

Patients infected with genotypes other than genotype 1 have a high rate of response to
[FN-a therapy. Patients infected with genotype non-1 who achieved SVR had similar
endogenous expression levels of PKR, OAS and MxA in their PBMCs before treatment
than those who didn’t achieve SVR (Fig. 5.11 and Table 5.15). PKR expression was
slightly lower in those with SVR that those without for 2h stimulation with 100IU IFN-
o and both concentrations at 4h, whereas for 2h stimulation with 1000IU IFN-a,
expression of PKR was slightly higher in patients with SVR. OAS and MxA followed
the same trend for all IFN-a stimulations: patients who achieved SVR had slightly less
OAS and MxA expression post stimulation than patients who did not have SVR. Again,
none of these slight differences showed any levels of significance and were only general
trends observed. A summary of pre-treatment ISG expression in PBMCs from genotype

non-1 infected patients is given in table 5.16.
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Figure 5.11. Genotype non-1 infected patients who achieve SVR have similar ISG
expression pre-treatment as patients who fail to achieve SVR

PBMCs from genotype non-1 infected HCV patients were isolated prior to the
commencement of IFN-a treatment and stimulated in vitro with either 1001U or 10001U
of IFN-a for 2 or 4h. qRT-PCR was used to measure the mRNA for PKR, OAS and
MxA, which were normalised relative to the internal housekeeper RPS15. Gene
expression was segregated according to those who achieved SVR and those who did
not. SVR: control, n=15; 2h 100IU, n=12; 2h 1000IU, n=13; 4h 100IU & 1000IU,
n=15; no SVR: control, 2h 100IU & 1000IU, 4h 100IU, n=8; 4h 1000IU, n=7. Non-
parametric Mann-Whitney U-tests were used to test for significant differences between

the two groups at each time point.
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Genotype non-1

Unstimulated 15 241 0.5 8 2 1 0.87
2h IFN-a 100U 12 10.36 3.3 8 15 I 0.42
PKR 10001U 13 19 42 8 16.3 46 0.8
4h IFN-a 1001U 15 254 6.2 8 20.6 9.6 0.5
1000IU 15 29.1 6.9 7 29.5 9.6 0.94
Unstimulated 15 22 1 8 2 0.6 0.63
2h IFN-a 1001V 12 5.9 22 8 25 175 0.1
OAS 10001U 13 11:2 33 8 345 17.2 0.59
4h IFN-a 1001U 15 22.6 7.3 8 35.7 18.7 0.87
10001U 15 8 7
Unstimulated 15 1.4 44 8 8.1 3.2 0.92
2h IFN-a 1001U 12 48.6 16.7 8 123.6 90.5 0.73
MxA 10001U 13 1243 37.1 8 153.7 78.4 0.97
4h IFN-a 1001V 15 104.2 29.8 8 139 86.3 0.97
10001U 15 126 34 7 226.4 81.2 0.18

Table 5.15. Summary of ISG expression and SVR: genotype non-1
Summary of mean fold changes for in vitro ISG expression in pre-treatment patients,

infected with all viral genotypes except genotype 1, analysed with respect to patients

who achieved SVR and those who did not.
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Tabie 5.16. Summary of pre-treatment ISG expression in PBMCs from genotype

non-1 infected patients

Summary of mean fold changes for in vitro ISG expression in pre-treatment patients, infected

with genotype non-1, analysed with respect to patients who achieved RVR, EVR, EOT and

SVR and patients who did not. Mann-Whitney U tests were used to analyse statistical

significant differences.
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5.3.14 Genotype 1 infected patients who achieve SVR have significantly

higher ISG expression pre-treatment

Genotype 1 infected patients have the poorest rate of response to [FN-a treatment, so it
would be useful to determine which patients are unlikely to respond before
commencing therapy. Therefore, we were particularly interested in correlating pre-
treatment ISG expression data in these patients and overall SVR. Endogenous levels of
PKR and MxA were significantly higher in the PBMCs of pre-treatment patients who
went on to achieve SVR than those who did not (p<0.05), with OAS also being higher
but not significantly so (Fig 5.12 and Table 5.17). Stimulation for 2h with either 1001U
or 1000IU IFN-a resulted in higher levels of PKR and OAS expression in patients with
SVR, although this did not reach significance (p=0.08). However, all stimulations with
IFN-a for 2h resulted in consistently higher levels of MxA expression in PBMCs from
patients achieving SVR than those who did not achieve SVR (p<0.05 for 2h stimulation
with 100IU and p<0.01 for 2h stimulation with 1000IU). For IFN-a stimulations for 4h,
expression of PKR, OAS and MxA were all significantly higher in those who went on
to achieve SVR. In those with SVR, stimulation with both concentrations of IFN-a for
4h resulted in significantly more PKR expression (p<0.05), as was OAS expression
after 4h stimulation with 100IU. 4h stimulation with 1000IU IFN-a stimulation resulted
in highly significant increases of OAS expression in those with SVR (p<0.01) whereas
both 4h time points resulted in highly significant increases of MxA in the same patients
(P<0.01). A summary of pre-treatment ISG expression in PBMCs from genotype 1

infected patients is given in table 5.18.
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Figure 5.12. Genotype 1 patients who achieve SVR have significantly higher pre-
treatment ISG expression than patients who fail to achieve SVR

PBMCs from genotype 1 infected HCV patients were isolated prior to the
commencement of [FN-a treatment and stimulated in vitro with either 1001U or 10001U
of IFN-a for 2 or 4h. qRT-PCR was used to measure the mRNA for PKR, OAS and
MxA, which were normalised relative to the internal housekeeper RPS15. Gene
expression was segregated according to those who achieved SVR and those who did
not. Control media stimulated SVR and no SVR, n=8; 2h and 4h 100IU SVR and no
SVR, n=5; 2h 1000IU SVR and no SVR, n=7; 4h 1000IU SVR and no SVR, n=8. Non-
parametric Mann-Whitney U-tests were used to test for significant differences between

the two groups at each time point.
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Genotype 1

Unstimulated 8 3.3 1 8 0.7 0.1 <0.05 Yes

2h IFN-a 100U 5 26.9 .7 6 8.7 3.1 0.08

PKR 10001U 7 41.7 11.3 6 16.8 7 0.14
4h IFN-a 1001U 5 32.6 10.3 7 7.7 28 <0.05 Yes
10001V 8 411 9.2 8 10.8 2.8 <0.05 Yes

Unstimulated 8 2.6 0.8 8 0.7 0.2 0.19

2h IFN-a 1001U 5 23.5 6.1 6 12.7 8 0.33

OAS 10001U 7 35.6 14 6 34 256 0.45
4h IFN-a 100IU 5 28.6 7.6 V 8.8 4.5 <0.05 Yes
10001U 8 51 19.3 8 8.8 34 <0.01 Yes

Unstimulated 8 8.1 3.2 8 1.3 0.5 <0.05 Yes

2h IFN-a 1001U 5 180.8 485 6 25.9 12.3 <0.05 Yes

MxA 10001U 7 177.8 48.8 6 29.6 13.3 <0.01 Yes
4h IFN-a 1001U 5 163.3 458 7 19.7 7.9 <0.01 Yes

10001U 8 235.4 52.5 8 29.7 10.6 <0.01 Yes

Table 5.17. Summary of ISG expression and SVR: genotype 1
Summary of mean fold changes for in vitro ISG expression in pre-treatment patients,

infected with genotype 1, analysed with respect to patients who achieved SVR and

those who did not.
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PBMCs from genotype 1
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Table 5.18. Summary of pre-treatment ISG express

infected patients

Summary of mean fold changes for in vitro ISG expression in pre-treatment patients, infected

with genotype 1, analysed with respect to patients who achieved RVR, EVR, EOT and SVR and

patients who did not. Mann-Whitney U tests were used to analyse statistical significant

differences.
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5.3.15 Genotype 1 infected patients who will respond to IFN-a therapy can
be identified pre-treatment through analysis of PBMC responsiveness to

IFN-a stimulation

To further assess the predictive power of measuring ISG expression in vitro in PBMCs
to identify patients who will have an SVR, the ISG expression in genotype 1 patients
following 4h stimulation with 1000IU IFN-a, the most significant time point was
analysed (Fig. 5.13). To calculate the predictive power of ISG expression, we used
receiver operating curve (ROC) analysis, which plots a curve of the true positive rate
(the sensitivity) against the false positive rate (1-specificity). From this, the area under
the curve (AUC) can be calculated, which measures the ability of the test to correctly
discriminate between SVR and no SVR. A perfect test would have an area of one; tests
with areas between 0.9 and 1 are considered excellent, and 0.8-0.9 is considered a good
measure. For PKR, expression after IFN-a stimulation resulted in significantly higher
gene expression in those with SVR (Fig. 5.13) and the AUC was 0.86 (Table 5.19).
Gene expression greater than 12.2 had a 100% PPV and a 50% NPV for achieving SVR
(Table 5.19), with a likelihood ratio of achieving SVR with gene expression over 12.2
of 2.67. PKR gene expression of less than 27.56 had a 100% PPV and 62.5% NPV of
not achieving SVR (Table 5.20) with a likelihood ratio of not achieving SVR of 2.67.
For OAS, expression after [FN-o stimulation resulted in highly significantly higher
gene expression in those with SVR (Fig. 5.13) and the AUC was 0.94 (Table 5.19).
Gene expression greater than 9.68 had a 100% PPV and a 25% NPV for achieving SVR
(Table 5.19), with a likelihood ratio of achieving SVR with gene expression over 9.68
of 2.67. OAS gene expression of less than 31.92 had a 100% PPV and 62.5% NPV of
not achieving SVR (Table 5.20), with the odds of not achieving SVR being 2.67. For
MxA, expression after [FN-a stimulation resulted in highly significantly higher gene
expression in those with SVR (Fig. 5.13) and the AUC was 0.94 (Table 5.19). Gene
expression greater than 84.74 had a 100% PPV and an 87.5% NPV for achieving SVR
(Table 5.17A), with a likelihood of achieving SVR of 7. PKR gene expression of less
than 91.72 had a 100% PPV and an 87.5% NPV of not achieving SVR (Table 5.20),

with not achieving SVR 8 times more likely if gene expression was less than 91.72.



The AUC values for PKR, OAS and MxA calculated deviated significantly from an
imperfect AUC value of 0.5 (p<0.01 for all).
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Figure 5.13. Patients with SVR have significant induction of ISGs pre-treatment

PBMCs from genotype 1 infected HCV patients were isolated prior to the
commencement of IFN-o treatment and stimulated in vitro with 10001U of IFN-a for
4h. gRT-PCR was used to measure the mRNA for PKR, OAS and MxA, which were
normalised relative to the internal housekeeper RPS15. Gene expression was segregated
according to those who achieved SVR and those who did not. N=8 for both SVR and no
SVR. Non-parametric Mann-Whitney U-tests were used to test for significant

differences between the two groups at each time point.*p<0.05; **p<0.01.



PKR | (067- | 00002 | »122 | 100(63.1- | 625@45- 1 4, 50 267
- 100) 91.5)
0.94

oAs | (0.82- | 0003 | 968 | 100(63-100) | 2349~ 100 25 4
h 96.8)
0.94

MxA | (081- | 0003 | >8474 | 87347- | 400(63-100)| 100 87.5 7
1] 100)

Table 5.19. Cut-off gene expression values for predictive values for achieving SVR

PKR | (067- | 0.0002 | <2756 | 100(63.1- | 625(45- | 44, 625 267
oy 100) 91.5)
0.94

OAs | (0.82- | 0.003 | <31.92 | 100 (63 - 100) 62'25254)'5' 100 62.5 267
11) :
0.94

MxA | (0.82- | 0003 | <9172 | 100(63-100) | B87-3(47- 100 875 8
i 100)

Table 5.20. Cut-off gene expression values for predictive values for not achieving

SVR

Summary of AUC analysis, optimal gene cut-off expression, sensitivity, specificity and

predictive values for ISG expression in PBMCs from patients before IFN-a therapy

commencement who ultimately achieve SVR.

AUC: area under the curve, Cl: confidence intervals, PPV: positive predictive value,

NPV: negative predictive value
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5.3.16 Patients of all genotypes who relapse have low in vitro ISG

expression pre-treatment

Overall response to therapy is determined 6 months after treatment because viral
breakthrough (i.e. becoming PCR +ve) can occur within this time, despite the patient
being PCR —ve at the end of treatment. In our cohort, the viral relapse rate was 23%,
25% for those infected with genotype 1 and 21% for those infected with other
genotypes. We wanted to determine if there was any correlation between IFN-a induced
ISG expression and relapse to therapy. We found that in patients infected with all
genotypes of HCV, endogenous ISG expression and IFN-a induced ISG expression was
decreased pre-treatment in the patients who went on to relapse after therapy (Fig. 5.14
and Table 5.21). The correlation between ISG expression and patients who were PCR
+ve within the 6 months after treatment was most pronounced for PKR, which was
significantly less in relapsers, compared to patients who achieved SVR, following
stimulation with 1000IU IFN-a for 2h (p<0.05). This was similar following stimulation
with 100IU IFN-a for 4h, although not significant (p=0.06). OAS and MxA expression
was also less in the relapsers, although this was not significantly so, possibly due to the

low patient numbers involved in the analysis.
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Figure 5.14. Patients (all genotypes) who relapse after treatment have lower ISG
expression pre-treatment

PBMCs from HCV patients (all genotypes) were isolated prior to the commencement of
IFN-a treatment and stimulated in vitro with either 100IU or 10001U of IFN-a for 2 or
4h. qRT-PCR was used to measure the mRNA for PKR, OAS and MxA, which were
normalised relative to the internal housekeeper RPS15. Gene induction was segregated
according to those who relapsed (became PCR +ve within 6 months of treatment) and
those who did not. No relapse: control, n=23; 2h 100IU, n=17; 2h 1000IU & 4h 1001U,
n=20; 4h 10001U, n=23; relapse: control, n=7; 2h 100IU & 1000IU, 4h 100IU &
10001U, n=6. Non-parametric Mann-Whitney U-tests were used to test for significant

differences between the two groups at each time point. ¥*p<0.05; **p<0.01.



All genotypes

10001U

Unstimulated 23 25 0.5 7 0.8 0.2 0.09
2h IFN-a 1001U 17 15.2 3.7 6 6.2 1 0.46
PKR 10001U 20 26.9 52 6 6.9 2i7 <0.05 Yes
4h IFN-a 1001U 20 272 52 6 9 5.7 0.06
6

Unstimulated 23 23 0.7 T 1.3 0.7 0.52

2h IFN-a 1001U 17 11 3 6 7.5 2.4 0.97

OAS 10001U 20 20 6 6 7.6 3 0.23
4h IFN-a 1001U 20 241 5.7 6 10.9 6.7 0.31

10001U 23 33.3 8.7 6 14 54 0.25

Unstimulated 23 10.3 3.1 7 5 3.7 0.38

2h IFN-a 1001U 17 87.5 23.1 6 44.9 122 0.70

MxA 10001U 20 143 294 6 67.4 223 0.24
4h IFN-a 1001U 20 119 25.2 6 34.2 1 0.12

10001U 23 164 30.6 6 108.3 39.6 0.63

Table 5.21. Summary of ISG expression and relapse: all genotypes

Summary of mean fold changes for in vitro ISG induction in pre-treatment patients,

infected with all viral genotypes, analysed with respect to patients who achieved SVR

and those who relapsed after having an EOT response.
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5.3.17 Genotype non-1 infected patients who relapse have low ISG

expression pre-treatment

21% of genotype non-1 infected patients relapsed, despite being PCR —ve for HCV
when treatment was completed. 50% of these genotype non-1 infected patients had
previously achieved an RVR and an EVR and were therefore PCR —ve throughout
therapy yet had viral breakthrough once therapy was stopped. Although ISG induction
in this group of patients showed no correlation with treatment response at any stage of
therapy, we wanted to assess if ISG induction could be associated with treatment
relapse. Endogenous expression of PKR, OAS and MxA in unstimulated cells was less
in the patients who relapsed following therapy compared to those who did not (Fig. 5.15
and Table 5.22). Induction of PKR was much lower in these patients following IFN-a,
regardless of the concentration of IFN-a or the time point examined. OAS and MxA
induction were also moderately reduced. Overall, relapsers infected with genotypes
other than genotype 1 of HCV showed a general reduction in ISG expression pre-
treatment compared to patients who remained PCR —ve, but this never reached

significance.
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Figure 5.15. There is no significant difference in ISG expression in patients
infected with genotype non-1 who relapse and those who achieve SVR

PBMCs from genotype non-1 infected patients were isolated prior to the
commencement of [FN-a treatment and stimulated in vitro with either 100IU or 10001U
of IFN-a for 2 or 4h. gqRT-PCR was used to measure the mRNA for PKR, OAS and
MxA, which were normalised relative to the internal housekeeper RPSI15. Gene
induction was segregated according to those who relapsed and those who did not. No
relapse: control, n=15; 2h 100IU, n=12; 2h 10001U, n=13; 4h 100IU & 1000IU, n=15;
relapse: control, 2h 100IU & 10001U & 4h 1001U, n=4, 4h 1000u, n=3. Non-parametric
Mann-Whitney U-tests were used to test for significant differences between the two

groups at each time point. *p<0.05; **p<0.01.



Genotype non-1

Unstimulated 15 21 0.5 4 0.9 0.4 0.34
2h IFN-a 100IU 12 10.4 3.3 4 6.3 26 0.86
PKR 10001U 13 19 4.2 4 8.9 3.8 0.28
4h IFN-a 1001V 15 25.4 6.2 - 14.5 8.6 0.34
10001U 15 29.1 6.9 3 19.2 10.2 0.64
Unstimulated 15 2.2 1.9 4 1 1.3 0.96
2h IFN-a 1001U 12 59 9.5 4 2.2 3.3 0.25
OAS 10001U 13 22,6 10.7 4 73 36 0.65
4h IFN-a 1001U 15 22,6 15.4 4 1.3 9.6 0.88
10001U 15 23.9 19.7 3 8 10.1 1
Unstimulated 156 11.4 4.4 4 9.6 6.2 0.96
2h IFN-a 1001U 12 48.6 16.7 4 35.5 16.7 0.95
MxA 10001U 13 124.3 371 4 81.9 31.1 0.87
4h IFN-a 1001U 15 104.2 29.8 4 42.4 14.5 0.58
10001U 15 126 34 3 165.7 65.3 0.34

Table 5.22. Summary of ISG expression and relapse: genotype non-1
Summary of mean fold changes for in vitro ISG induction in pre-treatment patients,

infected with all viral genotypes except genotype 1, analysed with respect to patients

who achieved SVR and those who relapsed after having an EOT response.
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5.3.18 Genotype 1 infected patients who relapse have low ISG induction
pre-treatment.

25% of patients examined who were infected with genotype 1 were PCR —ve at the end
of 48 weeks of IFN-ao/ribavirin therapy, yet became PCR +ve within the 6 months after
treatment and therefore relapsed. Not all genotype 1 infected relapsers had an RVR but
all had an EVR. Endogenous expression of PKR, OAS and MxA was not significantly
different in the PBMCs of patients pre-treatment who subsequently went on to relapse
after therapy, compared to patients who achieved SVR (Fig. 5.16 and Table 5.23).
Unfortunately, for stimulation for 2h with 100IU and 10001U IFN-a, or stimulation with
100IU IFN-a for 4h, the number of patients who relapsed was too low to analyse (n=2);
however, the data for these 2 relapser patients showed lower ISG expression in these
patients than in patients who remained PCR —ve after treatment. For stimulation with
1000IU IFN-a for 4h, induction of PKR, OAS and MxA were all lower in patients who
relapsed compared to those who did not. The reduction in OAS expression in these

patients was significantly less (p<0.05) but not for PKR and MxA.
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Figure 5.16. Genotype 1 infected patients who relapse have lower ISG expression

pre-treatment

PBMCs from genotype 1 infected patients were isolated prior to the commencement of

[FN-a treatment and stimulated in vitro with either 100I1U or 1000IU of IFN-a for 2 or
4h. qRT-PCR was used to measure the mRNA for PKR, OAS and MxA, which were

normalised relative to the internal housekeeper RPS15. Gene induction was segregated

according to those who relapsed (became PCR +ve within 6 months of treatment) and
those who did not. No relapse: control, n=8; 2h 1001U, n=5; 2h 10001U, n=7; 4h 1001U,
n=5; 4h 10001U, n=8; relapse: control, n=3; 2h 1001U & 1000IU & 4h 100IU, n=2; 4h

10001U, n=3. Non-parametric Mann-Whitney U-tests were used to test for significant

differences between the two groups at each time point. *p<0.05; **p<0.01.



enotvpe

Unstimulated 8 3.3 1:1 3 0.7 0.3 0.13
2h IFN-a 1001U 5 26.9 7.7 2 5.8 1.5 N/A
PKR 1000I1U 7 41.6 11.3 2 2 0.1 N/A
4h IFN-a 1001V S 32.6 10.3 2 4.1 1.8 N/A
10001U 8 411 9.2 3 12,5 4.2 0.28
Unstimulated 8 2.6 0.8 3 05 0.1 0.38
2h IFN-a 1001U 5 23.5 6.1 2 3.7 1. N/A
OAS 10001U 7 35.6 14 2 1.3 0.8 N/A
4h IFN-a 1001U 5 28.6 7.6 2 21 0.5 N/A

1000I1U 8 51 19.3 3 8.3 3.3 <0.05 Yes
Unstimulated 8 8.1 3.2 3 11 0.4 0.08
2h IFN-a 1001U 5 180.8 48.5 2 63.7 56 N/A
MxA 10001U 7 177.8 48.8 2 38.4 19.7 N/A
4h IFN-a 1001U 5 163.3 45.8 2 17.8 12.6 N/A
1000I1U 8 235.4 52.5 3 50.9 171 0.08

Table 5.23. Summary of ISG expression and relapse: genotype 1
Summary of mean fold changes for in vitro ISG induction in pre-treatment patients,

infected with genotype 1, analysed with respect to patients who achieved SVR and

those who relapsed after having an EOT response.
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5.3.19 CXCL10 expression pre-treatment is similar in genotype 1 infected

patients who have an SVR and those who do not

We previously found that patients who had been treated with IFN-a and failed to
respond had significantly higher endogenous levels of the chemokine CXCL10, when
compared to patients who had also undergone therapy but responded (Fig. 4.14).
Therefore, as this retrospective analysis revealed significant differences in CXCLI10 in
responders and non-responders after treatment, we wanted to assess CXCL10 mRNA in
patients pre-treatment. We analysed CXCL10 mRNA levels in the pre-treatment
PBMCs from patients infected with genotype 1 (Fig. 5.17). We found that there was no
significant difference in endogenous CXCL10 mRNA expression in the PBMCs
between patients who had an SVR and those who did not. Gene induction following
IFN-a stimulation also showed no difference in the level of expression of CXCLI10

mRNA between patients who achieved SVR and those who did not.
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Figure 5.17. CXCL10 mRNA expression is similar in genotype 1 infected patients
who achieve SVR and those who do not

PBMCs were isolated from genotype 1 infected patients prior to the commencement of
[FN-a therapy and stimulated with 1000IU IFN-a for 4h. CXCL10 mRNA was
quantified using qRT-PCR. All gene expression values are expressed as a ratio to the
internal housekeeping control RPS15. Gene expression was segregated according to

patients who subsequently achieved SVR or did not at the end of treatment.



5.4 Discussion

Our earlier studies revealed differences in responsiveness of immune cells to
IFN-a stimulation between patients who had successfully cleared the virus following
therapeutic IFN-a and ribavirin compared with patients who had failed to respond.
Patients who did not respond had significantly lower IFN-a induced anti-viral gene
expression in vitro. Therefore we hypothesised that by analysing the in vitro response of
PBMCs to IFN-a prior to commencing treatment, we could predict who would respond

to therapy and those who would not respond.

The overall SVR rate in our patient cohort was 62%; 50% for genotype 1
infected patients and 65% for those infected with other genotypes. This SVR rate is
lower than what has been reported previously, particularly for the patients infected with
genotype non-1 [2]. This is most likely due to the low patient number in the study. 90%
of patients who achieve an RVR will achieve an SVR, as this difference was no
significant between our response rates and another study of response rates in patients
attending SVUH (Fisher’s exact T test, p=0.46) [226]. We found that 81% of our
patients who achieved RVR went on to have SVR, similar to what had been previously
reported in a cohort of patients treated in the Hepatology Unit in SVUH [4]. We found
that 63% of patients with no RVR had no SVR, whereas the previous study found that
no RVR predicted 87.5% of those who would not respond. This may be due to the lower
patient number in our study (n=45 vs n=190, respectively). Most patients in our cohort
achieved EVR (81%); again for genotype 1 infected patients the EVR rate was slightly
lower than in patients infected with other genotypes (80% vs 82%, respectively), as
would be expected. 81% of patients were PCR —ve at the end of treatment, but only
62% achieved an SVR. This meant that 23% of patients had viral breakthrough within
the 6 months after treatment and were therefore considered relapsers. Details on the
rates of relapse after successfully achieving an EOT response is limited, however a
Spanish study in 2009 found similar relapse rates within their patient cohort (22%)
[246].

It has already been demonstrated using microarray analysis that the in vitro

stimulation of PBMCs with IFN-a reflects ISG upregulation in vivo in HCV patients
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[4]. In fact, patients who fail to respond to IFN-a have a decreased global
transcriptional response to in vitro IFN-a stimulation pre-treatment in their PBMCs
[244]. High endogenous expression of ISGs in the liver is strong predictors of non-
response to therapy [245]. However, liver biopsies are an invasive procedure associated
with significant risks, whereas PBMCs represent a far more assessable source of patient
material for assessing treatment response [231]. Therefore, as ISG expression is a
potentially good marker for treatment response, our prospective study examined ISG
induction in PBMCs pre-treatment using quantitative real-time PCR, to link pre-

treatment response to IFN-a stimulation in vitro with therapeutic IFN-a response.

A useful measure of response to treatment is to monitor viral kinetics at week 4
and week 12 during therapy, with the probability of achieving SVR strongly linked to
early viral ciearance during therapy. We found that for all HCV genotypes, endogenous
ISG expression tended to be lower pre-treatment in patients who did not achieve RVR.
Analysis of stimulated PBMCs from patients infected with all genotypes of HCV
revealed that expression of PKR, OAS and MxA was similar in those with RVR and
those without, with the exception of PKR which was significantly higher in patients
with RVR following 4h stimulation with 1000IU IFN-a. When we analysed these data
according to viral genotypes, discernable differences were observed. Overall, those
infected with genotype non-1 tended to have lower ISG expression following IFN-a
treatment in the patients who did have an RVR and higher ISG expression in those who
did not achieve RVR. However, genotype 1 infected patients who had an RVR tended to
have higher pre-treatment ISG expression following in vitro IFN-o stimulation in their
PBMCs, with only OAS being significantly higher in those with RVR following 4h
stimulation with 1000IU IFN-a. Therefore, these results indicate that pre-treatment ISG
induction does not predict RVR.

At week 12 of treatment, patients who have >2 log;o drop in viral load have
achieved an EVR. Patients who achieve EVR have a 65% likelihood of achieving SVR,
whereas patients who so not achieve EVR only have a 1-3% chance of responding to
treatment; therefore treatment is halted at this point for all patients, regardless of viral
genotype [247]. As with RVR, we analysed our pre-treatment ISG induction data with
respect to the patients who achieved EVR and those who did not. Initially, we analysed
all genotypes of HCV and found that ISG expression, either endogenous or following
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IFN-a stimulation, tended to be higher in patients pre-treatment who then went on to
have an EVR, but only differences in OAS expression reached significance. In the
genotype non-1 patients, only 2 patients had an EVR, as a result, definitive conclusions
about pre-treatment ISG induction and EVR cannot be made in these patients. In the
genotype 1 infected patients, the EVR rate was 83% (15/18), therefore the numbers of
those without EVR was low. However from this limited number, a trend did emerge for
ISG expression. Those who did not have an EVR had lower endogenous expression of
the 3 anti-viral genes and following IFN-a stimulation, they had lower expression of
these compared to those with EVR. This was statistically significant for OAS and PKR

expression, despite the small number of patients analysed.

When we examined pre-treatment ISG induction with respect to EOT response,
we found similar patterns of expression as seen with RVR and EVR. Generally, patients
infected with all HCV genotypes who were PCR —ve at the end of treatment had similar
pre-treatment ISG expression compared to those who were PCR +ve. Similarly, patients
infected with genotypes other than genotype 1 had similar ISG pre-treatment in patients
with an EOT response and those without. However, there was a trend in patients who
remained PCR +ve at EOT to have slightly higher ISG expression pre-treatment than
those who became PCR —ve. More definitive trends emerged through the analysis of
genotype 1 infected patients. Expression of PKR, OAS and MxA after stimulation with

IFN-a was significantly higher in patients pre-treatment who went on to be PCR —ve at

EOT.

Although the link between pre-treatment ISG expression and RVR, EVR and

EOT response is of interest, ultimately it is the correlation with SVR that is of
importance for predicting response to IFN-a therapy. Initially, we analysed SVR and
ISG expression in PBMCs from HCV patients infected with all genotypes. Overall,
PKR and MxA expression tended to be lower in patients who did not have an SVR, but
this was not statistically significant. OAS expression was similar in those with SVR and
those who did not achieve SVR. Pre-treatment ISG expression was similar in patients
infected with genotype non-1 who achieved SVR and those who did not. Therefore, pre-
treatment ISG expression could not predict SVR in patients infected with genotype non-
1. In contrast, pre-treatment ISG expression in genotype 1 infected patients was a robust
predictor of SVR. In genotype 1 infected patients, we found that endogenous ISG
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expression in PBMCs was significantly lower pre-treatment in patients who failed to
respond to therapy. This is different to what had been reported previously in the liver, as
patients who fail to have an SVR have significantly higher pre-treatment hepatic ISG
expression [6]. Following IFN-a stimulation for 4h, all 3 anti-viral genes were
significantly higher pre-treatment in patients who achieved SVR than those who did
not. Interestingly, expression of MxA mRNA showed the greatest differences between

responders and non-responder despite this being the gene least associated with RVR or
EVR.

The association of pre-treatment ISG expression in PBMCs from genotype 1
infected patients and achieving SVR was greatest following stimulation with 1000IU
IFN-a for 4h, therefore we further analysed the predictive power of this stimulation to
discriminate between responders and non-responders. Of particular importance was to
determine if we could identify patients who would respond to standard IFN-a and
ribavirin therapy and would therefore not require addition of a protease inhibitor.
Firstly, we calculated the area under the curve (AUC) for each gene using ROC
analysis. AUC measures the ability to correctly discriminate between those with SVR
and those with no SVR. The null hypothesis is if you cannot distinguish between the
two groups, AUC=0.5. A perfect test to accurately discriminate between two groups
would result in AUC=1 [248]. We found that pre-treatment expression of all three anti-
viral genes were strong predictors of over SVR (PKR, AUC=0.86; OAS, AUC=0.94;
MxA, AUC=0.94). This further highlights the predictive power of studying these anti-

viral genes pre-treatment.

We also calculated predictive values for achieving SVR and not achieving SVR,
based on different anti-viral gene expression cut-off levels, as determined using ROC
analysis. Gene expression of PKR greater than 12.2, OAS greater than 9.7 and MxA
greater than 84.5 predicted SVR in 100% of patients tested. MxA had the strongest
predictive power, with patients with MxXA expression greater than 84.5 being 7 times
more likely to achieve SVR with standard IFN-a and ribavirin, and would therefore not
require treatment with new protease inhibitors. We found that gene expression cut-off
values of 27.6 for PKR, 31.9 for OAS and 91.7 for MxA could predict likelihood of not
achieving SVR in 100% of our patients. This was particularly stringent for MxA
expression where patients with gene expression less than 91.7 were 8 times more likely
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not to achieve SVR as patients who had gene expression higher than this value. Overall,
pre-treatment MxA gene expression was the greatest predictor of patients who would or
would not achieve SVR and using this pre-treatment expression of this gene, we
accurately identified patients who would not need intervention with triple therapy and

patients who would benefit from it.

Another subset of patients we were interested in analysing were those who
relapsed after treatment completion; these were patients who achieved an EOT response
but had viral re-occurrence in the first 6 months after completing IFN-a therapy.
PBMCs are a likely extrahepatic reservoir of HCV that may be responsible for re-
infection of the liver after treatment [249], therefore the pre-treatment responsiveness of
PBMCs to in vitro IFN-a stimulation could be a potential predictor of relapse. 23% of
patients within our study relapsed after therapy; 25% of genotype 1 infected patients
and 21% of genotype non-1 infected patients. The patient number was quite low
therefore definitive conclusions could not be made, however trends in ISG induction
could be examined. We found that patients who relapsed tended to have less ISG
induction pre-treatment in their PBMCs, regardless of viral genotype and this was
significantly different for OAS expression. When divided up into genotype 1 and
genotype non-1 infected patients, again those who relapsed had less ISG induction in
their PBMCs than patient who successfully achieved an SVR. We would predict that
with larger numbers in the relapse cohort, particularly for genotype 1 infected patients,
there would be a significant difference in pre-treatment ISG expression in the PBMCs

from responders compared to relapsers.

Our retrospective studies had found that CXCL10 mRNA was higher in patients
who had failed to respond to therapy compared to patients who had responded (Fig.
4.14). CXCLI10 protein has been reported to be higher in the pre-treatment serums of
patients who subsequently fail to respond to IFN-a therapy [207,250]. Therefore, we
wanted to evaluate the mRNA gene expression for CXCL10 pre-treatment in PBMCs
from HCV patients and determine if there was any correlation with treatment outcome.
We found no correlation in either endogenous gene levels, or expression after
stimulation, for CXCL10 mRNA and SVR. CXCL10 protein levels were also evaluated
in this patient cohort in a parallel study, with no association found between CXCL10
protein levels and treatment response (Dr. Shahzad Sarwar, SVUH, personal
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communication). Therefore our mRNA expression data for CXCL10 correlates with the

CXCL10 protein data for these patients, as neither could predict SVR.

In conclusion, pre-treatment ISG expression in PBMCs from HCV patients
infected with genotype 1 can predict response to IFN-a treatment. Using specific gene
expression data, we could identify pre-treatment genotype 1 infected patients who
would respond to IFN-a and ribavirin combination therapy and patients who would
need additional treatment with protease inhibitors during therapy. This type of
predictive assay would result in substantial economic savings, as well as avoid the need
for an additional anti-viral agent wit it inherent adverse effects. RVR, EVR and EOT
responses cannot be reliably predicted pre-treatment from ISG expression in PBMCs,
most likely because on treatment viral kinetic analysis is not a robust predictor of SVR
in this patient cohort. Pre-treatment ISG expression in PBMCs from genotype 1
infected patients can predict SVR, which is the ultimate aim of treatment as it eradicates

the virus.
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Chapter 6

Final Discussion
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Chapter 6: Final Discussion

Since the identification of HCV in 1989, Scientists have sought to understand
how HCV establishes persistent infection within the human body. Viral infection
normally activates a potent anti-viral state within the body, first with the activation of
innate immune defences which in turn activate specific adaptive immune responses,
capable of retaining immunological memory. Although the risk of HCV infection via
contaminated blood products has decreased with enhanced screening of blood, those
infected with HCV through IVDA in still increasing. Also, new cohorts of infected
patients with acute HCV infection are also emerging, including through sexual contact,
particularly in those infected with HIV and in men who have sex with men (MSM)
[251]. In addition, re-infection rates of HCV in patients who had previously cleared the
virus are rising, particularly in the MSM cohort [252]. Therefore, it remains imperative
that the immune response to HCV be fully elucidated, thus allowing for the

development of novel therapeutics and improved treatment regimes.

Viruses often subvert innate immunity to prevent triggering of anti-viral
immune responses. Type 1 IFNs are rapidly produced by the innate immune system
following viral infection and act as critical regulators of both innate and adaptive anti-
viral immune responses. IFN-a is a family of type I IFNs that signal via STAT
transcription factors to promote the upregulation of 100s of ISGs [3]. These ISGs
activate an array of different cellular responses including control of the cell cycle and
many metabolic pathways [99]. They particularly upregulate many processes involved
in anti-viral defence, including MHC processing, cytokine expression and molecules
that directly target viruses for elimination [253]. Therefore, many viruses have evolved
mechanisms to subvert both the upregulation of type I IFNs and inhibit their signalling
in an effort to block anti-viral innate defences. This robust induction of anti-viral
immunity by IFN-a has led to its development as a therapy for HCV, although therapy
with IFN-a often fails to eradicate viral infection from the host, suggesting that HCV

directly inhibits the action of this cytokine.

Chapter 3 of this thesis sought to investigate a specific mechanism by which

HCV blocks the action of IFN-a and evades innate immune responses. Previous results
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from our lab demonstrated that HCV degrades STAT3 protein in PBMCs from HCV
patients in a proteasome-dependent manner. Several viruses hi-jack the host proteasome
system to target STAT proteins for degradation; one such example is RSV. RSV encodes
a viral E3 ligase contained a VHL-box, which mediates binding to elongin C and cul-2,
thus allowing the virus to polyubiquitinate STAT2 and target it for proteasomal
degradation [147]. Bioinformatic analysis identified a putative elongin C binding site
within the p7 protein of HCV. Further analysis revealed the presence of an additional
elongin C binding site within NS2 protein and a cul-2 binding site within E2 protein.
Interestingly, these binding sites were highly conserved within genotype 1 of HCV and
not other genotypes. As genotype 1 of HCV is most resistant to I[FN-a therapy [2], we
hypothesise this is because of its ability to degrade STAT proteins, thus blocking IFN-a
signal transduction and the upregulation of ISGs essential for viral clearance. However,
as the amino acid sequence of these binding sites were the same in genotype la and 1b,

they do not explain the differences in response between these two subtypes to IFN-a

therapy [66].

E3 ligases with VHL-boxes are generally single proteins capable of binding
elongin C and cul-2; however, the two elongin C and the cul-2 binding site were in the
HCV proteins p7, NS2 and E2 respectively. It is known that the HCV polypeptide is
incompletely cleaved during viral processing and leads to the generation of E2-p7-NS2
and E2-p7 proteins [187]. Therefore, we sought to determine if E2-p7-NS2 (E2NS2)
could act as a possible viral E3 ligase and degrade STAT3. We found that expression of
E2NS2 could abolish STAT3 protein expression. Furthermore, similar to expression of
full length HCV, E2NS2 was capable of inhibiting activation of ISRE and GAS
response elements following IFN-a stimulation and could block the induction of the
ISGs PKR and MxA, indicating that this region was indeed responsible for inhibiting
IFN-a signalling.

Having identified a mechanism by which HCV suppresses activation of anti-
viral responses to [FN-a, we hypothesised that if the elongin C and cul-2 binding sites
allow HCV to act as a functional E3 ligase, then specifically targeting these sites would
reverse HCV degradation of STAT proteins and restore IFN-a induced anti-viral genes.
Therefore, we synthesised small peptide mimics of these viral binding sites, designed to
bind elongin C and cul-2, thus preventing HCV recruitment of these proteins and
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subsequent inhibition of IFN-o signalling. Treatment with the three peptides in
combination restored expression of STAT3 protein and IFN-a induced anti-viral genes.
These results confirm that E2NS2 is acts as an E3 ligase and these binding sites mediate
recruitment of elongin C and cul-2 proteins to degrade STAT proteins (Fig. 6.2). These
investigations have paved the way for future research within our lab to develop these
peptides further, with the intention of designing small molecule inhibitors against these
binding sites which could be used as a future therapy that would both increase
responsiveness to IFN-o therapy and possibly restore host responsiveness to

endogenous IFN-a.

E2NS2 viral E3 ligase

Figure 6.1. E2ZNS2 is a viral E3 ligase

The E2-p7-NS2 polyprotein can act as an E3 ligase to degrade STAT3 and inhibit innate immune
responses. In HCV genotype 1, E2 protein contains a binding site for cul-2, p7 protein contains a binding
site for elongin C and NS2 protein contains am additional binding site for elongin C. Peptides against

these binding sites can restore responsiveness to [FN-a.

The interaction of HCV and the immune system involves two aspects: viral and
host factors. Firstly, the impact of viral genotype is clear when response rates to [FN-a
therapy are examined, as genotype 1 infected patients have a much poorer response rate
to therapy than other genotypes [2]. Chapter 3 of this thesis investigated why genotype
1 was most resistant to therapy and the mechanism used by HCV to subvert the actions
of IFN-a. Secondly, there is also a host immune related feature involved as not
everyone infected with the same viral genotype responds to HCV infection and IFN-a
therapy similarly. The importance of host genetics is demonstrated through study of a
cohort of Irish women infected with anti-D contaminated with genotype 1b of HCV in

the 1970s. Over 1,500 women are known to have received contaminated anti-D, of
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these 704 tested antibody positive for HCV, with 390 also testing PCR +ve for the virus,
indicating persistent infection within this subgroup of women [71]. That means that 314
women successfully mounted an adaptive immune response capable of clearing the
virus. Even more striking are the women who received contaminated anti-D but have no
immunological memory of infection, which is around 55% known to have received
contaminated anti-D. This indicates that the innate immune system within these women
was capable of eliminating the virus before adaptive immune responses were mounted.
Analysis of the innate immune system in these women who seemingly cleared HCV
infection without any induction of the adaptive immune response would possibly reveal
the innate immune mechanisms crucial for viral clearance and response to IFN-a

therapy and increase our overall understanding of the innate anti-viral system.

Our lab previously found that STAT1 and STAT3 expression was reduced in
PBMCs from HCV patients (Fig. 4.3). As clinical IFN-a strongly upregulates ISG
expression in PBMCs compared to liver [219], we postulated that this could be a
possible reason for non-response to therapy and that analysis of responsiveness of
PBMCs to IFN-a stimulation may predict therapeutic response. Our hypothesis was that
interactions between HCV and the innate immune system, specifically the IFN-a
response within PBMCs from infected patients, would have major implications for

response to therapeutic [FN-a.

Initially, we sought to examine anti-viral gene expression in PBMCs from HCV
patients. PBMCs from both healthy controls and HCV patients showed diverse
induction rates of PKR, OAS and MxA following in vitro IFN-a stimulation. When ISG
expression in PBMCs was examined in HCV patients according to viral genotype, in
vitro IFN-a stimulation resulted in more diverse patterns of ISG induction in genotype 1
infected patients, than those infected with other genotypes. This was interesting as
genotype 1 infected patients exhibit diverse rates of response to clinical IFN-a therapy,
whereas the majority of those infected with other genotypes respond positively to IFN-a
treatment. Indeed, it has been shown in our lab that HCV does not degrade STAT3 in
every HCV patient and 16% of patients still have STAT3 protein expression in their
PBMCs despite chronic infection (Genotype 1 infected patients, Dr. Nigel Stevenson,
personal communication). Therefore, this could explain why there is a diverse range of
ISG induction in PBMCs from HCV infected patients and STAT3 protein expression is
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only targeted in some individuals. Ongoing work within our lab aims to examine SNPs
in STAT3 that have previously been associated with response to IFN-a therapy in renal
cell carcinoma and chronic myeloid leukaemia [254,255], in order to determine what

makes an individual susceptible to HCV-mediated STAT3 degradation.

In the liver, HCV infection results in upregulation of endogenous ISGs
compared to healthy controls [149]. However, we found no significant differences in
endogenous ISG expression in PBMCs from healthy controls and HCV patients. We
and others have shown that HCV replicates within PBMCs, albeit at lower levels than
within liver (Fig. 4.1)[204]. This could mean that HCV replication is high enough
within PBMCs to activate endogenous ISG expression or that HCV is possibly
subverting the upregulation of type I IFNs and/or inhibiting IFN-a signalling, to block

endogenous [SG expression within PBMCs.

Having observed that HCV patients have diverse rates of response to in vitro
stimulation of PBMCs with IFN-a, particularly in genotype 1 infected patients, we
postulated that patients with lower ISG in vitro might also respond poorly to clinical
IFN-a therapy. Initially, retrospective analysis of known responders and non-responders
was carried out. These were patients who had already undergone IFN-a therapy,
therefore the responders were PCR —ve and non-responders PCR +ve at time of in vitro
analysis. Non-responders had significantly less ISG induction in their PBMCs in vitro
compared to responders. This was particularly pronounced in genotype 1 infected
patients. Endogenous ISG expression levels were similar in responders and non-
responders, suggesting that direct IFN-a signalling is compromised. Indeed, further
analysis revealed decreased STAT1 and STAT3 activation in PBMCs from non-

responders.

Interestingly, non-responders had significantly higher levels of CXCL10 and
Trim 21 in their PBMCs. CXCLI10 protein levels were higher in the serum of pre-
treatment patients who fail to respond to IFN-a therapy [207]. Trim 21 is an E3 ligase
that degrades IRF3 and IRF7, thus controlling the induction of type I [FNs [210,211].
Endogenous levels of the type I IFNs, IFN-a and IFN-B, were similar in PBMCs from
both responders and non-responders, perhaps suggesting that type I IFN upregulation is

inhibited by HCV in PBMCs, possibly through known mechanisms such as inhibition
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of RIG-I and TLR3 signalling [135.256]. This could explain why endogenous levels of
ISGs are similar in PBMCs from healthy individuals and HCV infected patients,

whereas in the liver, HCV infected patients have higher endogenous ISG expression
[214].

Previously, our lab demonstrated that proteasomal inhibition could recover
STAT3 in PBMCs of HCV patients; therefore we proposed that this recovery of STAT
proteins would allow the recovery of ISG expression. PBMCs from non-responders that
were treated with a proteasomal inhibitor prior to stimulation with IFN-a, had
significantly enhanced ISG expression. To date, only one proteasome inhibitor is used
clinically, bortezomib, which is used to treat multiple myeloma and mantle cell
lymphoma. Only patients refractory to other treatments and with advanced disease are
treated, as the side effects of this drug make it difficult to tolerate [257]. Recently, it has
been proposed that rather than blocking the proteasome, specifically targeting E3
ligases would yield better, more tolerable results [174]. This further justifies the use of
small molecule inhibitors that specifically target the elongin C and cul-2 binding sites in

HCV as a possible future therapeutic strategy to restore responsiveness to IFN-a.

This thesis specifically focused on HCV targeting of STAT3 and not STAT1 for
two reasons. First, it had previously been found that HCV can target STAT1 protein
expression [166]. Secondly, STATI involvement in IFN-a signalling and anti-viral
immunity is well established [115], whereas the finding that STAT3 was targeted by
HCV to evade innate immune anti-viral responses was completely novel. To further
investigate the role of STAT3 in innate immunity, we used a hepatocyte cell line, Huh-
7s, and PBMCs from healthy controls or HCV patients. Knock-down of STAT3
expression, with either siRNA or shRNA, in Huh-7 hepatocytes compromised induction
of the anti-viral genes PKR and MxA. PBMCs treated with STAT3 siRNA yielded
similar results, with both PKR and MxA induction reduced in the absence of STAT3. To
confirm that recovery of STAT3 protein expression in PBMCs from non-responder
patients was responsible for recovery of ISG expression, STAT3 siRNA was used to
knock down STAT3 expression, before proteasomal activity was blocked using MG132.
In PBMCs from non-responder patients that were treated with control siRNA, MG132
could restore ISG induction. However, in PBMCs from non-responders treated with
STAT3 siRNA, MG132 failed to recover ISG induction, directly linking STAT3 protein
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recovery with restoration of ISG induction. This reveals an important, novel role for

STAT3 in IFN-a signalling and the upregulation of anti-viral genes.

Our retrospective analysis of patients who failed to demonstrate an SVR to anti-
viral therapy found these patients had low anti-viral gene induction in vitro in their
PBMCs. Therefore, a prospective study was set up to determine whether overall
response to clinical IFN-a therapy could be predicted pre-treatment by analysing
responsiveness of PBMCs to in vitro IFN-a stimulation. Response to combination
therapy with IFN-a and ribavirin is suboptimal, with response rates of less than 50% in
some instances. The introduction of new protease inhibitors in combination with the
current IFN-a and ribavirin regime will increase response rates, especially in patients
with the difficult-to-treat genotype 1 [241]. However, new triple therapy has a high cost
and additional severe side effects, therefore we also aimed to identify patients pre-
treatment, using in vifro stimulation of their PBMCs, who would respond to standard
IFN-a and ribavirin alone and which patients would have potentially benefitted from

addition of protease inhibitors.

Patients infected with genotype 1 of HCV who achieved SVR following IFN-a
therapy could be identified pre-treatment through analysis of ISG induction in their
PBMCs following in vitro IFN-a stimulation. Genotype 1 infected patients who failed
to achieve SVR had significantly less expression of ISGs pre-treatment in their PBMCs
following IFN-a stimulation. Using gene expression cut-off values, we could positively
predict which genotype 1 infected patients who would achieve SVR. This allowed us to
identify the patients who would not require triple therapy with new protease inhibitors,
which if applied clinically, would yield substantial economic savings and improve
quality of life for those patients during therapy. On-treatment viral kinetics at week 4
and 12 (RVR and EVR, respectively) has been shown to be predictive of overall SVR
[247]. However, we found no correlation between pre-treatment ISG expression and
RVR or EVR. Ongoing work within our lab includes genotyping these pre-treatment
patients for IL28B SNPs highly associated with treatment response [5,258]. ISG
expression in the liver, with the addition of IL28B SNP genotype, is highly predictive of
response to [FN-a therapy [230], therefore investigations will continue into a possible
link between ISG expression in PBMCs and IL28B SNPs. Other ongoing work includes
efforts to identify a protein biomarker from PBMCs that is a read-out for IFN-a
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responsiveness, as this would be a more practically diagnostic test than qRT-PCR.
Another investigation is also underway to link pre-treatment STAT3 expression in
PBMCs and response to IFN-a therapy. Overall, the aim of is to develop an assay of
pre-treatment predictive biomarkers. The future of HCV treatment will be personalised
therapeutic regimes, where many predictive marker such as fibrosis score, viral
genotype and host innate immune gene polymorphisms, will determine the type and
duration of anti-HCV treatment. Our novel finding of in vitro IFN-a responsiveness
being strongly predictive of clinical response to IFN-a will enhance the development of

individualised pre-treatment assessment.

In conclusion, the E2NS2 protein from HCV has immunomodulatory properties
capable of inhibiting IFN-a signalling by targeting STAT3, thus blocking induction of
anti-viral genes, resulting in chronic HCV infection (Fig. 6.2). Small peptides to block
the sites in HCV that mediate inhibition of IFN-a signalling can restore responsiveness
to IFN-a and represent a new therapeutic intervention strategy. This also uncovered a
previously unknown role for STAT3 in the induction of anti-viral immune responses.
Stimulation of PBMCs with IFN-a in vitro, both from healthy controls and HCV
infected patients, revealed massive diversity in induction of anti-viral genes. In
genotype 1 infected patients, those with the lowest induction of anti-viral genes in vitro
were least likely to respond to clinical IFN-a therapy and would require additional
treatment with new protease inhibitors. This predictive assay has significant clinical
potential to discriminate between responders and non-responders, thus determining

personalised therapeutic options for HCV infected patients.
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Figure 6.2. HCV degrades STAT proteins via the proteasome to block induction of
anti-viral genes

The E2NS2 protein of HCV acts as an E3 ligase to recruit cul-2 and elongin C and allow the virus to
target STAT3, and possibly STAT1, for proteasomal degradation. This blocks the upregulation of ISGs

critical for effective viral clearance.

6.1 Future work

Although this work has provided a deeper understanding into the interaction of
HCV with the anti-viral innate immune system, there are still many aspects that are not
understood. In chapter 3. HCV was shown to contain binding sites to allow it to act as
an E3 ligase and degrade STAT proteins, therefore inhibiting IFN-a signalling.
Blocking the putative elongin C and cul-2 binding sites with short inhibitory peptides
could restore IFN-o responsiveness. In a parallel project, Dr. Nigel Stevenson
demonstrated the poly-ubiquitination of STAT3 by HCV, both in cell culture and in
PBMCs from HCV patients and that HCV associated with elongin C. Although this
provides further evidence that HCV is indeed acting as an E3 ligase, the next set of
experiments would need to demonstrate a direct interaction between HCV and STAT3.
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Should HCV not co-immunoprecipitate with STAT3, then further analysis would be
required to investigate whether HCV was targeting STAT3 via another adaptor protein.
Another interesting finding of this work was that the elongin C and cul-2 binding sites
were highly conserved in genotype 1 of HCV and not genotype 2, 3, 4 and 6. Therefore,
as we hypothesis that HCV genotype 1 acts a strong inhibitor of [FN-a signalling via its
E3 ligase potential, analysis and comparison of total STAT protein levels in PBMCs
from HCV patients infected with different viral genotypes would experimentally verify

whether different genotypes of HCV do indeed have different E3 ligase activity.

Future treatment regime for those infected with HCV will vary in terms of drugs
used and duration of treatment and will be based on individual clinical characteristics;
therefore a personalised pre-treatment assay will be required to help establish a clinical
profile of an individual patient that would determine optimal treatment for that patient.
Such pre-treatment assays will be based on many factors such as 1L28B genotype,
fibrosis score, viral genotype and the age of the patient. As we had found that HCV had
a strong inhibitory effect on IFN-a signalling in PBMCs from infected patients, we
sought to establish a pre-treatment assay based on responsiveness of PBMCs to in vitro
IFN-a stimulation and found that in genotype 1 patients, ISG induction in PBMCs was
highly predictive of response to therapeutic IFN-a. However, patient numbers recruited
for this study were low and although provide an important indication that monitoring an
individuals anti-viral immune response can be indicative of response to IFN-a therapy,
larger patient numbers need to be recruited to provide more definitive conclusions.
Finally, a prospective study of pre-treatment patients would need to be established
based on the gene cut-off values we determined to evaluate the overall predictive power

of this test.
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