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ABSTRACT

Australia now has improved access to HCV treatment for individuals with all
stages of liver disease. There is limited data however, documenting any long-term
clinical benefit of viral eradication in those with early stage liver disease. We report on
the long-term outcomes of a well-characterised cohort of CHC subjects with
predominantly early stage liver disease, whom paired liver fibrosis assessments were
performed more than 10 years apart. We show in a real-world setting, that both early
and curative HCV treatment halts fibrosis progression. Our data supports the early
treatment of all people with CHC regardless of liver fibrosis stage, to prevent long-term

liver sequelae.

In subjects with acute / subacute HCV infection, we identify predictors of innate
immunological response in peripheral blood mononuclear cells, to differentiate
spontaneous clearers to those who progress to chronic infection. Our data strongly
implicates TLR4 signaling in the persistence of HCV infection. Those who developed
chronic infection had higher TLR4 expression on peripheral monocytes and NK cells
and increased IFN-y response to TLR4 stimulation. We also observed increased TLR7
responsiveness in this group. We confirm the previously noted associations of IFNL4
genotype and plasma IP-10. Our data presents TLR4 as a potential biomarker for
predicting clearance. This would clinically translate to individuals presenting with acute
/ subacute HCV infection, being able to defer drug therapy and its associated morbidity

and cost.

In subjects with chronic HCV infection, we demonstrate a clear effect of direct
antiviral agent (DAA) mediated viral suppression therapy on patterns of TLR signaling
in subjects with chronic HCV-1. We show that peripheral monocytic TLR2, TLR4 and
TLR7 signaling is down-regulated early on in treatment, with a strong trend to higher
baseline TLR signaling being associated with viral clearance with the DAAs. We are the
first study to demonstrate a relationship between TLR signaling activity and IFN-free
therapy for HCV. We hypothesise that the HCV virus directly stimulates the TLR

pathways to induce an antiviral effect, with higher TLR signaling evident among those
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who respond to DAA therapy. This was accompanied by a reduction in PBMC ISG
expression, NK activation markers and plasma levels of inflammatory cytokines /

chemokines, with restoration of the innate immune response.

Despite excellent treatment options, the mechanisms responsible for viral
eradication in HCV have remained poorly defined. Previous data suggest a link
between innate immunity and HCV pathogenesis, as well as spontaneous viral
clearance. The data suggested that antiviral therapy alone was not sufficient to clear
virus and supported a key role for innate immunity contributing to viral clearance. Our
results strongly implicate TLR signaling / expression in HCV viral clearance. We believe
TLR agonists must be considered as a potential HCV vaccine candidate and further

research in this area is required.
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1 Literature Review

1.1 Introduction

Up to 71 million people are chronically infected with the hepatitis C virus (HCV)
worldwide.? Chronic hepatitis C (CHC) leads to the development of cirrhosis,
hepatocellular carcinoma and liver failure and is a significant public health concern
with HCV-related mortality surpassing HIV-related mortality in the United States, over

a decade ago.?

The landscape of HCV treatment has changed remarkably over the last decade.
HCV treatment was traditionally associated with significant morbidity and
unacceptable cure rates. However, interferon-free combinations of direct acting
antiviral (DAA) agents are now standard of care, with cure rates approaching 100% and

excellent tolerability.

Despite these therapeutic advances, the exact mechanism of HCV eradication is
yet to be unravelled. There is no doubt that there is a complex interplay between the
virus and host response, that ultimately determines if an individual achieves
spontaneous clearance in acute HCV infection, or a sustained virological response with
HCV treatment. An understanding of the immunopathogenesis of HCV and treatment
response remains very relevant to vaccine development and design, and is the next
major challenge for HCV. As the antiviral drugs are costly, this remains a vital public

health initiative for resource limited regions.

The first aim of this thesis was to investigate the clinical benefit of viral
eradication. With improved access to HCV treatment for individuals with all stages of
liver disease over the last half-decade, we felt that it was important to determine if
there is any long-term clinical benefit to viral eradication. In a cohort of CHC subjects
followed long term, we show that HCV eradication is associated with lower rates of

liver fibrosis progression.

We also wished to explore the underlying immunopathogenesis of HCV by

looking at the host response to viral eradication. This formed the basis of the second
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and third aims, in which we wished to investigate the immunological host response to
viral eradication in both acute and chronic hepatitis C infection. We firstly looked at a
cohort of subjects with acute HCV infection, and identified predictors of innate
immunological response in peripheral blood mononuclear cells (PBMCs) to
differentiate spontaneous clearers to those who progressed to chronic infection. This
led to the question of whether the innate immune response plays a critical role in HCV
clearance and antiviral therapy in subjects with CHC. Similar to the acute HCV cohort,
we were able to identify baseline predictors of treatment response to DAA therapy in
the setting of CHC. During the course of this thesis, the treatment paradigm moved
swiftly from IFN being the backbone of therapy, to IFN-free regimens consisting of a
combination of DAAs, now the standard of care. We were able to capture this
evolution and in doing so, identify key differences in innate immunological response to

IFN-based therapy compared to DAAs alone.

1.2 Epidemiology

The prevalence of chronic HCV infection in Australia was estimated at 227,306 in
2014, with a reported 10,790 cases of new infection reported each year.3* This data
was prior to the introduction of the DAAs, with a reported 58,280 individuals treated

for hepatitis C since March 2016.>”7

In Australia, approximately 80% of HCV infections occur through injecting drug
use (IDU).%° Prior to 1990, blood transfusions accounted for 5-10% of acute infections,
but this was virtually eliminated after blood screening of HCV was implemented.
Immigration from endemic regions is the other key risk factor in Australia, with
approximately 11% of infected individuals being immigrants.1%!! These include Asia,
Africa and South America, where key modes of HCV transmission include inadequate
sterilisation of medical equipment, unsterile vaccinations and transfusion of
unscreened blood or blood products. Less frequent modes of transmission include
vertical transmission with a 2-8% risk from mother to baby, and sexual transmission
with a risk of <1% in heterosexual relationships. However, the incidence of per

mucosally transmitted HCV in HIV-positive men who have unprotected sex with men,
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has increased in Europe, the USA, Asia and Australia. This mini-epidemic has occurred

since 2004, during the era of the new DAAs.1214

1.3 HCV Virology

1.3.1 Classification

HCV belongs to the Hepacivirus genus, a member of the family Flaviviridae.

1.3.2 Viral Structure

HCV is a small (50nm) enveloped, single-stranded, positive-sense virus with an
RNA genome of approximately 9.6kb in length. The RNA genome is surrounded by an
icosahedral protective shell formed by the HCV core protein, known as the
nucleocapsid. This is further encased by a host-derived lipid bilayer studded with

complexes of two HCV envelope glycoproteins, E1 and E2.

1.3.3 Genome Organisation

5" UTR

_I— 3’ UTR
ssRNA open reading frame
1 translation/processing

|core [ 1| E2 [p7|Ns2| Ns3 [ Nsan

Ns4B | NssA [ NssB |

Structural proteins Non-structural proteins

Figure 1.1 HCV genome.

The RNA genome consists of an open reading frame encoding a long viral

polyprotein, consisting of 10 structural and non-structural proteins. Similarly, to other
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viruses of the family Flaviviridae, co— and post— translational cleavage of the HCV

polyprotein requires both host and viral proteases.

The N-terminal quarter of the genome encodes the core protein and two
membrane-associated glycoproteins E1 and E2. The rest of the genome encodes the
non-structural proteins NS2, NS3, NS4A, NS4B, NS5A and NS5B. In addition, p7 is a
polypeptide located at the junction between the structural region and the NS region,

reported to be involved in ion channel activity.

The RNA genome is flanked by two short untranslated regions (UTR). A highly
conserved 5’ UTR of approximately 341 nucleotides, precedes the translation initiation
codon, containing the ribosome binding site (IRES - internal ribosomal entry site). The
3" UTR is of variable length, consisting of a poorly conserved sequence of
approximately 40 nucleotide, an internal poly (U)/polypyrimidine tract, followed by a

highly conserved 98-nucleotide sequence.

1.3.4 Viral Replication Cycle
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Figure 1.2 HCV viral replication cycle.
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1.3.5 HCV Entry, Fusion and Uncoating

HCV enters its target cell, the hepatocyte, through clathrin-mediated endocytosis
via a combination of four putative host co-receptors. These include two E2 binding
proteins, the tetraspanin CD81'>' and scavenger receptor class B1 (SC-B1)'#2°, and
the tight junction proteins claudin (CLDN1) and occluding.?'?°> Other putative receptors
have been implicated in viral entry, such as the low density lipoprotein (LDL) receptor,
glycosaminoglycans, CLDN6 and CLDN9 and two lectins, dendritic cell-specific
intercellular adhesion molecule 3-grabbing nonintegrin (DC-SIGN) and the related liver-
specific intercellular adhesion molecule 3-grabbing nonintegrin (L-SIGN). Endocytosis
of HCV is followed by Rab5-dependent transport to the early endosomal compartment,
where a low pH environment leads to fusion of the endosomal membrane and viral

envelope, releasing the viral genome into the cytosol.?®

1.3.6 Viral Replication

Viral replication in the cytosol occurs on a modifed cytosolic membrane network
in which the genome becomes amplified, to reach critical mass. The RNA genome is
transcribed to form a complementary negative-sense RNA molecule, which then serves
as a template for the synthesis of progeny positive-strand RNA molecules. The newly
translated viral polyprotein is cleaved by a host-cell signalase as well as virus-specific
non-structural proteins, NS2 and NS3. The NS3 protease, together with its cofactor,
NS4A, cleaves the viral polyprotein at four sites, generating viral proteins essential for
replication of the RNA genome. The NS3 protease also has helicase (unwindase)
activity. The enzyme capable of performing both steps of RNA synthesis is the virally
encoded RNA-dependent RNA polymerase NS5B. Alongside robust replication of HCV
of approximately 1012 virons per day'®, the RNA polymerase lacks proof reading skills
and these factors account for the high rate of mutation and presence of HCV

quasispecies within a single host.?”:28

1.3.7 Assembly and Release
New viral genomes are packaged into viral particles by the viral structural
proteins. Virus is released from the hepatocyte in association with host lipoproteins,

such that the blood HCV is present as a lipoprotein coated virus.
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1.3.8 HCV Genotypes

HCV has been classified into at least 6 different genotypes (1-6), distinguished by

differences in 30-35% of their nucleotide sequences. Numerous subtypes have been

identified within the genotypes, bearing differences in 20-25% of their nucleotide

sequences. The HCV genotypes vary according to geographical distribution, as well as

the risk groups involved. The greatest variability occurs in the E1 and E2 glycoproteins.

The core and non-structural proteins are highly conserved and the 5° UTR contains the

least variability.
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1.3.8.1 Viral Epidemiology in Australia

HCV-1 is the most common genotype in Australia (55%), followed by HCV-3
(38%), and HCV-2 and HCV-4 in 7% and <1%, respectively.3’ Europe has similar
prevalence rates to Australia.3! Asia reports similar prevalence of HCV genotypes to
Australia, but HCV-2 (18.6%) and HCV-6 (7.0%) are more common. In America, the
prevalence of HCV-1 is higher (74.5%), with lower rates of HCV-3 (10.6%) and higher
rates of HCV-2 (10.2%). In contrast, HCV-1 (26.3%), HCV-2 (23.7%) and HCV-4 (28.1%)

are equally common in Africa, with HCV-3 (6.3%) the least common.

1.4 Diagnosis Of HCV

The screening blood test for hepatitis C is the anti-HCV antibody. If the anti-HCV
antibody is positive, hepatitis C infection must be confirmed with a nucleic acid test for
HCV RNA called the HCV PCR (polymerase chain reaction) assay. A HCV PCR detects the

presence of the hepatitis C virus in the blood.

An individual with a positive anti-HCV antibody but a negative HCV PCR does not
have hepatitis C infection. This would indicate that the individual has had previous
exposure to hepatitis C, and has either spontaneously cleared the virus, or has

achieved viral eradication with anti-viral therapy.

1.4.1 Acute Hepatitis C

Acute hepatitis C is defined as infection with HCV within the first six months of
exposure. This can be identified with a positive HCV PCR and an undetectable anti-HCV

antibody that within 12-weeks will become detectable.

1.4.2 Chronic Hepatitis C

Chronic HCV infection is defined as infection with HCV for greater than 6-months,
confirmed by the detection of a positive HCV PCR for duration of greater than 6-

months.

1.5 Natural history of HCV

15-50% of individuals with acute HCV infection spontaneously clear the virus.?

The majority of individuals infected with HCV develop chronic infection, defined by
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positive PCR for HCV RNA in serum / plasma for > 6 months. The majority of individuals
with acute HCV infection are asymptomatic, but some may experience non-specific
symptoms, such as fatigue, malaise, nausea, anorexia and mild to moderate abdominal
pain. A small proportion develop clinical jaundice, and of those who are symptomatic,
it may occur in up to 70%.3? Clinical jaundice, elevated ALT levels, female gender,
genotype 1, HBsAg positivity and IFNL4 polymorphisms all predict for spontaneous

clearance.3334

Chronic hepatitis C is characterized by hepatic inflammation, thought to be
driven by the immune response to HCV viremia (the HCV is not directly cytopathic). It
is typically a slowly progressive disease with studies suggesting that up to 10-20% will
develop cirrhosis after 20-30 years of infection.3> Once cirrhosis is established,
individuals carry a 1.5% annual risk of developing hepato-cellular carcinoma and a 4%

annual risk of hepatic decompensation.

Natural History of HCV infection

20-50% / \ 50-80%

\\:0% 1.5%/y' \

- - -

N/

B R

Figure 1.4 Natural History of HCV Infection.

1.5.1 Factors Associated with Fibrosis Progression and the Development
of Cirrhosis

Factors that influence fibrosis progression are dependent on the stage of liver
fibrosis of at initial assessment, either assessed via liver biopsy or non-invasive means,

or by a myriad of host and viral factors.
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Liver histology, informing the level inflammation and fibrosis stage, at initial
assessment has been shown to predict disease progression.3®3” A small cohort study
showed that mild liver fibrosis at baseline conferred a 1.2% annual risk of cirrhosis
progression, compared to almost all subjects with severe inflammation and bridging
fibrosis developing cirrhosis at 10-years. Steatosis, particularly in those with genotype

3 HCV infection, has also been shown to be associated with fibrosis progression.3-4°

Host related factors have been shown to influence fibrosis progression and
include older age (>40 years), male gender, mode of transmission (blood transfusion),
heavy alcohol use, co-infection with HIV or hepatitis B, diabetes mellitus or insulin
resistance, obesity and vitamin D deficiency; data largely derived from cross-sectional
analyses of large cohorts or clinical trials.*°*> The only protective factor that has been

identified to lower the rate of fibrosis progression is coffee consumption.464’

Genetic factors may also influence fibrosis progression. In a study of 574
Caucasian subjects in the United States, seven SNPs were found to predict the
development of advanced fibrosis / cirrhosis in CHC infection.*® This data was validated
in 938 subjects from the longitudinal HALT-C trial with an association between this
genetic signature and fibrosis progression seen after 3.5-year follow up.*® Subjects had
previously failed peglFN +/- RBV and were re-treated. Those with breakthrough or
relapse at week 20 were randomised to a lower dose peglFN maintenance therapy or
no treatment for 3.5 years, with no benefit shown with maintenance treatment.>%°!
Fibrosis progression was assessed from liver biopsies obtained at baseline, 1.5 and 3.5

years.

There are data to suggest that SVR leads to fibrosis regression. Clinical trials
based on paired liver biopsies have shown SVR to be associated with histological
improvement in both grade and stage. However, these studies were limited by a short-
term follow up of only 12-24 months.*42°2 Long-term data demonstrating any benefit
of viral eradication on fibrosis progression is limited. Clinical trials evaluating antiviral
therapy for HCV have typically used sustained virological response as a surrogate for
clinical benefit. Data from Spain suggest that SVR is associated with significant
reduction in the risk of progression to cirrhosis in a population of patients with median

duration of follow-up of 10 years.>® A similar retrospective study in Korea observed an

1 Literature Review 9



association between SVR and lower risk of cirrhosis over median follow-up of 4 years.>
However, a recent Cochrane review concluded that there was no evidence that the
new IFN-free DAA treatments reduced HCV-related morbidity or all-cause mortality.>®
This was based on 5-month follow up data. As such, more long-term studies are
required to determine whether viral eradication does reduce long-term HCV-related

morbidity and mortality.

1.6 Clinical Manifestations of HCV

1.6.1 Generalised Symptoms

In the context of compensated liver disease, the majority of individuals with
chronic HCV infection are asymptomatic. However, some may report generalised
symptoms such as fatigue, general malaise, sleep disturbance, anorexia, nausea,
abdominal pain, weakness or diarrhea. It is unclear the degree to which chronic HCV
infection contributes to these generalized symptoms. A recent study suggests that
fatigue, pain and sleep disturbance are more strongly associated with socio-economic,

demographic and psychiatric conditions as opposed to chronic HCV infection itself.>®

1.6.2 Hepatic Manifestations

After the establishment of cirrhosis, individuals are at risk for hepatic
decompensation. Symptoms related to decompensated liver disease and portal
hypertension can include icterus (jaundice), reduced mental clarity (hepatic
encephalopathy), increase in abdominal girth (ascites), ankle swelling (peripheral

edema) or haematemesis and meleana.

1.6.3 Extra-hepatic Manifestations

Many extra-hepatic manifestations have been associated with chronic HCV
infection. These occur as a result of the immune / inflammatory response to the virus.
One study suggests that up to 40% of subjects with chronic HCV infection will present
with at least one extra-hepatic manifestation. This data does not reflect our clinical
experience, with the lymphoproliferative and dermatological conditions listed below

encountered infrequently.>” They are as follow:
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1.6.3.1 Lymphoproliferative Disorders

Essential Mixed Cryoglobulinemia — This condition is characterised by deposition
of immune-complexes into small and medium-sized blood vessels. More than 90% of
individuals with this condition will have chronic HCV infection. Approximately half of
individuals with chronic HCV infection will have detectable cryoglobulins.®® Clinical
manifestations include renal disease, arthralgias, neurological disease and a
leukocytoclastic vasculitis. If individuals have chronic HCV infection, HCV eradication
with anti-viral therapy is the mainstay of treatment. Additional therapies include

plasmapheresis.

Lymphoma — Chronic HCV infection has been associated with the development of
primary hepatic lymphoma, as well as B-cell non Hodgkin lymphoma, with a higher
prevalence among those with lymphoma.>%®° Furthermore, curative HCV therapy has

been shown to risk the risk of lymphoma.®?

1.6.3.2 Dermatological Conditions

Porphyria Cutanea Tarda — This condition presents as a chronic blistering,
photo-sensitive skin rash, that results from accumulation of uroporphyrins in the liver,
blood and urine due to reduced activity of the hepatic enzyme, uroporphyrinogen
decarboxylase. It is also characterised by neurovisceral symptoms, such as abdominal
pain and neuropsychiatric changes. The prevalence of HCV in such individual has been
reported as up to 50%.°> An improvement in symptoms may occur with HCV

treatment.

Lichen Planus — This condition presents as hyperpigmented, flattened, violaceous
skin papules, but may also involve the hair, nails and mucous membranes. The

prevalence of HCV in individuals with lichen planus has been reported from 10 to 40%.3

1.6.3.3 Thyroid Disease

Thyroid disease has been found to be more common in individuals with chronic
HCV infection. A prevalence of 2-13% of thyroid disease in CHC has been reported,

being most common in older women.>’
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1.6.3.4 Diabetes Mellitus

A link between HCV and Type 2 diabetes mellitus has been suggested by several
epidemiological studies. A meta-analysis reported an odds ratio of 1.7 of developing
diabetes in the setting of HCV.8 HCV has also been linked to the development of insulin
resistance, but the underlying mechanism between the two conditions are still not

known.

1.7 Treatment of HCV

1.7.1 Chronic HCV Infection
1.7.1.1 The Evolution of Antiviral Therapy for Chronic HCV Infection

The treatment for chronic HCV infection has changed dramatically over the past
two decades. In the mid 1990s, treatment consisted of standard IFN at 3MU three
times weekly for 12 months for treatment-naive chronic HCV patients, with a sustained
virological response rate (SVR, defined as a negative HCV PCR 3-months post anti-viral
therapy) of only 16%.1° Ribavirin, a synthetic guanosine nucleoside analogue with
antiviral therapy against DNA and RNA viruses, administered as monotherapy was
found to improve serum transaminases for the duration of treatment but not at follow
up, and had no effect on HCV RNA levels.'>'* However, in combination with standard
interferon proved to double rates of SVR of up to 33% with 24 weeks of therapy and up
to 42% with 48 weeks of therapy.'>!” This effect was attributed to lower relapse rates,

more so than the higher rates of end of treatment response with the use of ribavirin.

Treatment response rates were still considered suboptimal and it was
hypothesised that low rates of SVR could be partly related to inadequate serum
concentrations of the interferon, in view of its short, 8-hour half-life. Viral kinetic
studies of HCV indicated a high rate of turnover and an in-vivo half-life of only a few
hours!®2% suggesting that interferon was not providing enough immune pressure on
the virus. The pharmacological properties of interferon were thus improved, with the
covalent attachment of a branched 40-kd polyethylene glycol moiety to IFN-a-2a
(pegylation), resulting in reduced clearance (10-fold) and a more sustained absorption
(time to peak plasma concentration increased 7-fold), permitting once-weekly dosing.

Pegylation also reduced immunogenicity of the interferon. Three pivotal registration
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trials established pegylated interferon and ribavirin as standard of care for chronic
hepatitis C infection for the next decade.??3>2> These studies delineated differences in
response between HCV genotypes with SVR rates for Genotype 1 HCV of 42-46% with
48-weeks of therapy, in comparison to HCV-2/3 with rates of 76-82% requiring only 24
weeks of therapy and low dose daily ribavirin (800mg). Long-term studies confirmed
that a SVR, defined as an undetectable serum HCV RNA 6-months post treatment,

could safely be considered a cure.>%5364

At the commencement of this thesis, we witnessed the advent of the first wave
of direct acting antiviral agents (DAAs), in the form of the first generation NS3/4A
serine protease inhibitors - Boceprevir and Telaprevir. Addition of these DAAs into the
HCV treatment armamentarium revolutionised the treatment of HCV, with achievable
SVR rates of up to 63-75% with Genotype 1 HCV (similar to that of HCV-2 and HCV-3),
and the potential to reduce treatment duration with early virological response.®>% A
lot of promise and hope was felt in the world of hepatitis C treatment, particularly with
the discovery of IFNL4 polymorphisms and the ability to predict treatment response.
Despite improved treatment response to the first generation NS3/4A protease
inhibitors, the side effect profile of these agents were considerable and treatment
remained a challenging process for patients. The second wave, first generation NS3/4A
protease inhibitor, simeprevir saw improved tolerability however still required the use
of pegylated interferon and ribavirin.%”%® Biomarkers predicting treatment response
during this era of DAAs in combination with PR remained clinically important. SVR
rates were still suboptimal, particularly in the cirrhotics, and the decision as to
whether to treat or await the newer DAAs due to the associated toxicity, was

important in clinical practice.

Over the next few years, we bore witness to the rapid development of different
classes of DAAs geared to targeting multiple steps in the HCV replication cycle.
Combination therapy using the DAAs targeting different parts of HCV life cycle is now

the standard of care, negating the requirement for pegylated interferon.
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1.7.1.2 Current Treatment Regimens for Chronic HCV Infection
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Figure 1.5 SVR rates according to differing treatment regimen and durations®®

In March 2016, four of the newer direct antiviral agents were listed on the
Australian Pharmaceutical Benefits Scheme (PBS) for the first time. All individuals with
CHC, regardless of fibrosis stage (except Genotype 4/6) were now able to receive
IFN-free treatment in the form of a combination of DAAs. Such regimens had been
available in the United States and Europe from late 2014, with access in Australia
limited to those participating in clinical trials, through compassionate access via the
pharmaceutical company (typically reserved for advanced liver disease or IFN
intolerability) or through the direct purchase of DAAs from the pharmaceutical
company afforded by the patient themselves. The IFN-free regimens were initially
limited to treatment of genotype 1/ 2 / 3, however the recent PBS listing of a pan-

genotypic treatment option now allows for treatment of Genotype 4 and 6.

1.7.1.3 Direct Acting Antiviral Agents

The different subclasses of DAAs are discussed below.

1.7.1.3.1 NS3/4A Protease Inhibitors
The function of the HCV NS3/4A protease is to cleave the HCV polyprotein to

generate mature non-structural proteins, essential for viral replication. The currently
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approved third generation NS3/4a protease inhibitors in Australia include grazoprevir,

paritaprevir (ritonavir-boosted), glecaprevir and voxilaprevir.

1.7.1.3.2 NS5A Inhibitors

The NS5A protein is essential for viral replication and assembly, however its
complete structure and function is yet to be determined. The currently approved NS5A
inhibitors available in Australia include velpatasvir, pibrentasvir ledipasvir, ombitasvir,

daclatasvir and elbasvir.

1.7.1.3.3 NS5B Inhibitors

The NS5B protein is an RNA-dependent RNA polymerase that uses the HCV RNA
virus as a template, to transcribe double-stranded messenger RNA. There are two
subclasses of NS5B inhibitors — nucleoside/nucleotide analogue inhibitors (NIs) and
non-nucleoside analogue inhibitors (NNIs). Nis target the catalytic site within the NS5B
polymerase. As a false substrate, its incorporation into newly synthesised viral RNA
leads termination of the transcription process. Through this mechanism of action, Nls
act against all HCV viral genotypes and have a high barrier to resistance. In Australia,
sofosbuvir is the first approved nucleotide inhibitor. NNIs also bind to the NS5B
polymerase, however induces a conformational change, blocking the function of the

polymerase. Dasabuvir is the only approved NNI inhibitor in Australia.

1.7.1.3.4 Ribavirin

Ribavirin is a guanosine analogue with antiviral activity against hepatitis C. Its
exact mechanism is not known, however in combination with pegylated IFN-a, was
essential in reducing the rates of relapse and breakthrough. In the era of the potent
DAAs, ribavirin still has an important role, particularly in the more difficult to treat

cirrhotic patients, offering shorter treatment duration as well as improved cure rates.

1.7.1.4 Approved IFN-free regimens for chronic HCV infection in Australia
1.7.1.4.1 Genotype 1a/1b HCV infection

Sofosbuvir plus Velptastavir
Treatment is for 12-weeks and is associated with cure rates of >=95%.7°

Sofosbuvir plus ledipasvir
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Treatment is for 12-weeks and is associated with cure rates of >= 95%.”! The
exception is for prior non-responders to peglFN therapy who have cirrhosis require
24-weeks of treatment, with cure rates still at >=95%.”?> An abbreviated 8-weeks of
treatment may be considered in individuals who are treatment naive, non-cirrhotic

and have a baseline HCV VL < 6 x 10° IU/mL.
Elbasvir plus grazoprevir

Treatment is 12-weeks for Genotype 1b HCV infection.”®>’* Among individuals
with Genotype 1la HCV who are either treatment naive, prior relapsers to peglFN/RBV
alone or peglFN/RBV in combination with simeprevir, boceprevir or telaprevir,
treatment is for 12-weeks. Among HCV-1a partial and non-responders to peglFN/RBV
alone or in combination with simeprevir, boceprevir or telaprevir, treatment is for 16-
weeks. All regimens are associated with cure rates >=95%. As grazoprevir is a protease
inhibitor, this regimen is contra-indicated in individuals with history of hepatic

decompensation or decompensated cirrhosis.
Sofosbuvir plus daclatasvir

Treatment is for 12-weeks and associated with >=95% cure rates, with a few
exceptions.” Individuals with cirrhosis should receive 24-weeks of treatment, or
12-weeks if administered with ribavirin. Secondly, 24-weeks of treatment is
recommended in those who have failed triple therapy, in the form of peglFN/RBV in

combination with a protease inhibitor (simeprevir, boceprevir or telaprevir).
Paritaprevir-ritonavir, ombitasvir and dasabuvir # ribavirin

This regimen is associated with cure rates of >=95%.7%7° Treatment for HCV-1a is
12-weeks with the addition of ribavirin, except in those who have cirrhosis or history of
null-response to peglFN/RBV, and require 24-weeks. Treatment for HCV-1b infection is
12-weeks without ribavirin. This regimen contains the protease inhibitor, paritaprevir,
and is therefore not recommended in those who have previously failed protease

inhibitor therapy.

1.7.1.4.2 Genotype 2 HCV infection

Sofosbuvir plus Velpatasvir
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Treatment is for 12-weeks and is associated with cure rates of >=95%.7%80

1.7.1.4.3 Genotype 3 HCV infection

Sofosbuvir plus Velptastavir

Treatment is for 12-weeks and is associated with cure rates of >=95%.80
However, the addition of ribavirin should be considered in subjects who have failed
peglFN/RBV or have cirrhosis, with lower cure rates (89-93%) observed in clinical

trials.8°
Sofosbuvir plus daclatasvir

Treatment is for 12-weeks and associated with cure rates of 94-97% cure rates,
with a few exceptions.?! Individuals with cirrhosis have proven to be more difficult to
cure, and should receive either 24-weeks of treatment or 12-weeks with the addition
of ribavirin. These regimens are associated with a similar rate of cure at 86%. Secondly,
24-weeks of treatment is recommended in those who have previously triple therapy, in
the form of peglFN/RBV in combination with a protease inhibitor (simeprevir,

boceprevir or telaprevir).

1.7.1.4.4 Genotype 4 HCV infection

Elbasvir plus grazoprevir

Treatment is for 12-weeks in individuals who are treatment naive, and is
associated with cure rates of 96%.82 The addition of weight-based RBV and extending

the treatment to 16-weeks is recommended for those who have previously failed

peglFN/RBV.
Sofosbuvir plus Velpatasvir
Treatment is for 12-weeks and associated with cure rates of 100%.(70)
Glecaprevir + Pibrentasvir

Treatment is for 8-weeks for subjects without cirrhosis, and 12-weeks for those
with cirrhosis, and associated with cure rates of 93% and 100% (n=16),
respectively.®3# This regimen is not recommended in subjects with Child Pugh B/C

cirrhosis as this regimen includes an NS3/4a protease inhibitor.
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1.7.1.4.5 Genotype 5 and 6 HCV infection
Sofosbuvir plus Velpatasvir

Treatment is for 12-weeks and associated with cure rates of 97% and 100% for

genotype 5 and 6, respectively.”®
Glecaprevir + Pibrentasvir

Treatment is for 8-weeks and associated with cure rates of 100% in patient
without cirrhosis.838* Treatment duration should be extended to 12-weeks in those
with cirrhosis. This regimen is not recommended in subjects with Child Pugh B/C

cirrhosis as this regimen includes an NS3/4a protease inhibitor.

Duration
DAA Regimen Genotype
Non cirrhotic Cirrhosis
Sofosbuvir plus Velptastavir la/b, 2,3,4,5,6 12-weeks 12-weeks
Sofosbuvir plus ledipasvir la/b 12-weeks 12-weeks
Elbasvir plus grazoprevir 1b 12-weeks 12-weeks
1a* 12-weeks
13# 16-weeks Contra-indicated in Child Pugh
4 12-weeks B/C cirrhosis
4** 16-weeks + ribavirin
Sofosbuvir plus daclatasvir 1la/b, 3 12-weeks 24-weeks, or
12-weeks + ribavirin
la/b, 37 24-weeks
Paritaprevir—ritonavir, 1a 12 weeks + ribavirin 24-weeks + ribavirin
ombitasvir and dasabuvir 1b 12 weeks 12-weeks
Glecaprevir + Pibrentasvir 4,5,6 8-weeks 12-weeks
Contra-indicated in Child Pugh
B/C cirrhosis

*relapsers to PR alone or PR + simeprevir, boceprevir or telaprevir

#partial or non responders to PR alone or PR + simeprevir, boceprevir or telaprevir
“failed triple therapy with PR + simeprevir, boceprevir or telaprevir

“*failed PR

Table 1.1 Approved IFN-free regimens for chronic HCV infection in Australia
1.7.2 Acute HCV Infection

In the era of IFN-free DAA therapies, there is limited evidence with regards to the
approach for treatment of acute HCV infection. In Australia, the IFN-free regimens
require an individual to have ‘chronic infection’, defined as HCV seropositivity for
6-months with a detectable HCV viral load. Therefore, observation of individuals for

acute HCV infection during the first 6-months should be considered and if spontaneous
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clearance as not occurred at 6-months, treatment would be as for chronic hepatitis C

infection.

1.8 Immunopathogenesis of HCV

The immune system relies on both an innate and adaptive response to combat

invasion by microbial pathogens.

1.8.1 Innate immune response

1.8.1.1 Pattern Recognition Receptors are Thought to Initiate the Innate Immune
Response to HCV

PRRs signaling plays a role in the pathogenesis of HCV. PRRS include the TLRs as
well as RIG-I and PKR. Thirteen TLRs have been described so far, each responsible for
recognition of different PAMPs, with ten functional TLRs identified in humans. A type 1
transmembrane protein, TLRs are characterised by a leucine-rich repeat (LRR) domain
and a conserved region known as toll-interleukin (IL-1) receptor (TIR) domain. TLRs
survey both the extracellular space (transmembrane TLR) as well as the cytoplasm
(endosomal TLR). Bacterial components are detected by TLR2, 4 and 5 that reside on
the cell surface. Specifically, TLR4 recognises lipopolysaccharide (LPS), an integral
component of the outer membrane of gram-negative bacteria, TLR5 recognises
flagellin, and TLR2 recognises lipoproteins and glycoproteins present in a variety of
bacteria, yeasts and mycoplasma (Figure 1.6). TLR2 obtains its broad range of
specificity through heterodimerisation with TLR1 and TLR6, recognising triacyl
lipopeptides and diacyl lipopeptides, respectively. Various adapter and accessory
molecules, such as MD-2 and CD14, also influence specificities of the TLRs.(85)
Detection of bacterial and viral nucleic acids are mediated by TLR3, TLR7/8 and TLR9,
all located within the cell in the endosomal/lysosomal compartment, although TLR3
can be detected on the cell surface in certain cell types.®® It is postulated that the
intracellular localisation of nucleic acid-specific TLRs minimises the potential reactivity
with self-DNA and RNA.%” TLR3 mediates the recognition of double stranded RNA,
TLR7/8 recognises viral single-stranded RNA and TLR9 recognises unmethylated CpG

DNA from bacteria and viruses.
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Figure 1.6 Innate immunity — the first line of defence

HCV is a non-cytolytic virus and viral replication within the hepatocyte drives the
host immune response and underpins the pathogenesis of the virus. During viral
replication within the hepatocyte, the host detects the presence of HCV, as ‘non-self’
nucleic acid via the cytosolic helicase retinoic acid induced gene-I (RIG-1) receptor or
the endosomal toll-like 3 receptor (TLR3) (Figure 1.7). Recognition by RIG-I has been
shown in vitro to occur within hours of infection, triggering downstream signaling
before extensive viral protein synthesis has occurred.(88) RIG-I binds to the exposed 5’
triphosphate and the 3’ UTR region of the HCV RNA genome, rich in poly-U/UC
nucleotides. In contrast, TLR3 senses HCV double-stranded RNA intermediates that
accumulate late in HCV viral replication, shown to initiate downstream signaling in
cultured hepatoma cells, 3-4 days after infection.®® In vitro studies have identified
specific components of the HCV polyprotein that interact with TLR2 and TLR4
receptors. TLR2 is expressed on the plasma membrane and has been shown to

recognise the HCV core and NS3 protein®®°! HCV NS5A protein interacts with TLR4.%%°3
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The endosomal TLR7/8 receptors detect single stranded RNA, and have been shown to
sense the HCV genomic RNA mounting an inflammatory response.®* The TLR9
receptors recognises genomic DNA, however there is no data yet to show a direct

interaction with HCV.?4%>

During HCV viral replication and activation of RIG-I or TLR3, a conformational
change in the receptors leads to the recruitment of adaptor molecules mitochondrial
antiviral signaling protein (MAVS) and toll-interleukin-receptor domain containing
adaptor protein-inducing interferon beta (TRIF), respectively, that then prompt a
downstream effect leading to the formation of transcription factors, IFN-regulatory
factor 3 (IRF3) and IFN-regulatory factor 7 (IRF7). Dimerisation of IRF3 occurs, which
enters the nucleus and targets the promoter for the type 1 IFN, IFN-B and other
antiviral genes. IFN-B engages the IFN-a/beta receptor on the cell surface of
hepatocytes in an autocrine and paracrine manner, and activates the JAK-STAT
signaling pathway. Jak-1 phosphorylates STAT1 and STAT2, and together with IRF9
form ISG factor 3 (ISGF3) transcription factor complex, which binds to IFN-stimulated

response elements (ISRE) within the promoters of ISGs to activate gene transcription.
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Figure 1.7 Innate immunity has been implicated in the host response to chronic HCV

infection
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A third pattern recognition receptor has also been identified, a cellular protein
kinase PKR that senses the IRES of the HCV RNA genome. Activation of PKR triggers a
kinase-independent signaling cascade in primary human hepatocytes, to drive the
induction of ISGs and IFN-B, prior to RIG-I activation, using the adaptor proteins MAVS,

tumour necrosis factor receptor-associated factor 3, IRF3 and NF-kB.%®

Previous work in our laboratory has shown that TLR2/4 expression is up-
regulated in CHC compared to healthy controls, on peripheral CD14+ monocytes and
hepatic mMRNA.®”*8 Increased peripheral monocytic TLR2 expression correlated with
increased circulating TNF-a levels, and TLR2/4 hepatic mRNA expression correlated
with hepatic necro-inflammatory activity. Other groups have produced data to support

our findings.?%°%-102

There is conflicting data however, regarding TLR signaling in the setting of CHC.
TLR4 signaling has been shown to be compromised in 13 women with CHC with
reduced IL-6 response, compared to healthy controls.1% In another study that included
31 subjects with CHC, TLR 2 / 4 signaling was shown to be up-regulated with an
increase in IL-6, IL-8, TNF-alpha and IFN-B response.”® There is no data yet to
determine if there is correlation between TLR expression / signaling and IFNL3 / IFNL4

polymorphisms.

1.8.1.2 Interferon Signaling and Interferon Stimulated Genes

The type 1 IFN system in response to invading pathogens activates over 380
human ISGs. Among these, ISGs with specific anti-HCV activity have been identified
through microarray RNA analyses of liver and peripheral blood mononuclear cells of
chimpanzees and HCV infected patients and further characterised in in vitro studies.'%*
107 Intra-hepatic up-regulation of 2’,5’- oligoadenylate synthetase-like (OASL) gene
correlates with a high HCV viral load, and in vitro inhibits HCV viral replication through
degradation of RNA.1%8 Activated PKR acts in parallel with the IRF3-activated gene P56,
to both prevent initiation of viral protein translation, through the phosphorylation of
the a subunit of eukaryotic translation initiation factor 2 (elF-2a), and the binding of
P56 to elF3, respectively.19911% An RNA editing enzyme, adenosine deaminase that acts
on dsRNA (ADAR1), catalyses the deamination of adenosines in dsRNA, leading to

unstable RNA and a high propensity for mutations.!!! Finally, intra-hepatic viperin
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expression is up-regulated in HCV patients**“ and has been shown to interact with the

NS5A protein in vitro to limit viral replication.!!3

IRF7, IRF1, RIG-I, MDAS5 and IRF2 are ISGs shown in a cell culture model to
specifically inhibit HCV replication, impairing translation of the incoming genome.1*
This implies that ISGs target early in the life cycle of the virus. In microarray RNA
analyses of peripheral blood mononuclear cells from HCV patients receiving treatment,
Mx1, OASL, OAS2 and viperin were ISGs shown to be up-regulated, correlating with

HCV viral load reduction.1%’

Type 3 IFNs are also produced in response to HCV infection or stimulation with
the TLR3 ligand, polyinosinic:polycytidylic acid (poly I:C) — a synthetic analog of double-
stranded RNA. They are produced at higher levels than type 1 IFNs, and ISG induction
has been shown to correlate with type 3 but not type 1 IFN production.!?>117 This
suggests that the type 3 IFN system may functionally be the predominant antiviral
pathway induced in hepatocytes, rather than type 1 IFNs, and is largely responsible for
the observed patterns of ISG induction. The importance of up-regulation of these
antiviral genes by HCV is underscored by the fact that HCV-infected patients exhibiting
high levels of intra-hepatic ISG expression are less responsive to peglFN-a and
ribavirin. This was evident in 16 patients, treated with PeglFN/RBV with liver

biopsy/PBMCs obtained prior to treatment and 4-hours post PegIFN injection.8

The potential role of type 3 IFNs in the pathogenesis of HCV is intriguing,
particularly in view of the discovery of the association between IFNL4 polymorphism
and spontaneous clearance of HCV as well as IFN treatment response (see below).
IFNL4 polymorphisms are associated with intra-hepatic ISG expression and may explain
the relationship between hepatic ISG expression and HCV treatment outcome.!%129 No
association has been found however, between IFNL4 genotype and IFNL4 mRNA
expression.1?013 |t may be that the poor response IFNL4 genotype leads to
‘exhaustion’ of the type 1 IFN response, incapable of further activation to IFN-based
antiviral therapy. In the case of the good-response genotype however, signaling is
quiet and therefore primed for a strong type 1 IFN response in the context of IFN-

based therapy.
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ISG expression has been shown to differ between different cell populations in
the liver. In non-responders to IFN-based therapy, ISG up-regulation is more
pronounced in hepatocytes, but more pronounced in Kupffer cells in responders.1?
Hence, it is possible that the IFNL4 polymorphisms have cell-specific effects on
expression, not detected in the previous studies. This is an evolving area that still

needs to be solved.

During the course of this PhD, down-regulation of ISG expression has been
shown to occur in hepatocytes and peripherally, in the context of the new IFN-free
DAA therapies regardless of treatment outcome.'?> Interestingly, this study showed
that Type 1 IFN hepatic ISG expression at the end of treatment was higher among
those who achieved SVR, as opposed to patients who later relapsed. The authors of
this study hypothesised that innate immunity this may be in fact facilitating viral
eradication in the context of the DAAs. A more recent small study showed that higher
baseline hepatic ISG expression and an activated peripheral NK phenotype was also

associated with SVR to DAA treatment.12®

1.8.1.3 Cytokines and Chemokines

T helper type 1 (Th1) and T helper type 2 (Th2) cells are a vital part of the anti-
viral response. Thl cells drive the cell-mediated response through production of IL-2,
TNF-a and IFN-y, promoting activation of macrophages, cytotoxic CD8+T cells and NK
cells. The humoral immune response is the domain of the Th2 cells, effected through
cytokines such as IL-4 and IL-5 production that activate helper CD4+ T-cells promoting
antibody production via B cells. IL-10, an immune-modulatory cytokine is also a
product of Th2 cells that inhibits Th1 cytokine production and T cell proliferation, but is
also produced by macrophages, dendritic cells and B cells. Chemokine response to viral
infection is also an integral part of the innate immune response, leading to activation

and migration of effector lymphocytes to the site of infection.

Subjects with CHC present with an activated intra-hepatic and peripheral
cytokine / chemokine milieu. Numerous studies have shown CHC subjects to have
elevated levels of circulating pro-inflammatory cytokines, such as TNF-a, IFN-y, IL-6, IL-
8 and IL-12.%297:127-132 Cytokine response to chronic HCV may play an important role in

treatment response, as well as rates of liver fibrosis progression. In 47 CHC subjects,
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low pre-treatment levels of serum TNF-a predicted a sustained virological response to
IFN-based therapy.?’ This same group followed 56 untreated CHC subjects with paired
liver biopsies at a 3-year interval and showed serum TNF-a levels to correlate with the
degree of hepatic inflammation at baseline, and at follow-up.1?® Interestingly, the anti-
inflammatory cytokine IL-10 is also elevated in CHC, with low levels predicting SVR in
79 CHC subjects who received IFN-based therapy.'3* A more recent study of 18
subjects with CHC found an association between high serum IL-10 levels and mild liver
fibrosis, and low serum IL-10 and high levels of the pro-inflammatory cytokines IL-2,

IFN-y and TNF-a with severe fibrosis.!3

Chemokines also play a role in the pathogenesis of HCV. IP-10 is a potent
chemokine produced by hepatocytes and liver-infiltrating lymphocytes during CHC,
and prompts the recruitment of T-cells and NK cells. Low pre-treatment levels of IP-10
have been shown to predict SVR in response to PR in CHC.1% Riva et al looked at 16
patients with acute HCV, and found lower levels of IP-10, as well as a truncated
biologically inactive form of IP-10, in those who spontaneously cleared the infection.3®
They postulated that IP-10, in its truncated form, acts as an antagonist to biologically

active IP-10, as it retains its CXCR3 binding ability. This may explain the paradox of high

IP-10 levels being associated poor treatment response in the context of CHC.

Mechanistic studies have looked further to elucidate the exact role of such
cytokines / chemokines in the pathogenesis of HCV. Dolganiuc et al. elegantly showed
increased monocytic production of TNF-a, as well as the anti-inflammatory cytokine
IL-10, following TLR2-mediated stimulation with HCV core and NS3 protein.%9°1,137,138
HCV core protein was also shown in vitro, to reduce TLR-9 mediated IFNa production,
implying impaired plasmacytoid dendritic cell (pDC) IFN-a production. pDCs being a
critical antigen-presenting cell in viral infections producing large amounts Type 1 IFNs.
This was posed as potential mechanism in which HCV evades the innate immune
response. HCV RNA intermediates have been identified as the key pathogen associated
molecular pattern, to trigger TLR3-mediated production of pro-inflammatory cytokines
and chemokines.®’ Monocytic-derived and myeloid dendritic cells, but not pDCs, have
been shown in PBMCs from CHC subjects, to produce TLR-3 mediated IL-12, IL-6, IL-10

and IFN-y in response to cell culture produced hepatitis C.13° NS5A protein has also
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been shown in a cell culture model, to be a promoter for the TLR4 gene, leading to up-
regulation of TLR4 expression and TLR4 mediated IFN-B and IL-6 production in
hepatocytes and B-cells.> NS5A also induces IL-8 mRNA and protein expression in

vitro, that partially inhibits IFN response.4°

1.8.1.4 Natural Killer Cells

Natural killer (NK) cells form an integral part of the IFN-driven, innate immune
response, constituting 5-15% of the PBMC population and 30% of the intrahepatic
lymphocyte population. NK cells may be the key cell population driving the eradication
of HCV during anti-viral therapy. Killer immunoglobulin-like receptor (KIR)-HLA
genotypes have been associated with HCV outcome, with homozygosity for the
KIR2DL3 haplotype predicting HCV clearance in the setting of acute infection.#3142 The
expression of activatory and inhibitory receptors on NK cells have been shown to differ
between healthy subjects and those with chronic HCV infection, with an activated NK
phenotype present in the setting of CHC.2*3 One study compared 42 subjects with CHC
to healthy controls, and found TRAIL expression to be up-regulated, with a
corresponding increase in NK cell degranulation. IFN-y response was poor however. It
was hypothesised that these conflicting findings may represent NK cells contribution to
liver disease progression, but with ineffectual viral clearance. NK phenotype and
functional response to IFN-based therapy also differs between responders and non-
responders to treatment, with responders demonstrating greater NK cytotoxicity.!4
Furthermore, higher pretreatment levels of NK inhibitory receptors is associated with
the unfavourable IFNL3 genotype.!* More recently, NK cell function was shown to be

restored in the setting of IFN-free antiviral therapy.14®

1.8.1.5 IFNL4 Genotype

Please refer to Chapter Appendices 1.10 for review on IFNL4 genotype. In late
2009 / early 2010, four independent groups simultaneously performed genome-wide
association studies and identified linked single nucleotide polymorphisms (SNPs) in the
region of the IFNL3 gene on chromosome 19 that predicted for viral eradication with
pegylated IFN-a and RBV, for genotype 1 chronic HCV infection.}#”-150 This landmark
discovery had immediate clinical relevance for treatment decision-making, informing

the timing of therapy prior to the availability of direct acting antiviral agents.
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Individuals carrying the good response genotype were 2-3 fold more likely to be cured.
IFNL4 polymorphism was subsequently associated with spontaneous clearance of

acute HCV infection also.1°0-152

The top discovery SNPs were rs12979860 and/or rs8099917. These are both tag
SNPs for a causal variant on a haplotype block in the region of the IFNL4 gene. The
causal variant has not yet been identified. Rs12979860 and rs8099917 are in very
strong linkage disequilibrium in most populations, and are similarly informative. The
exception is patients of African ancestry where rs12979860 is more strongly associated
with viral eradication. The frequency of the good response variant varies between
patients of different ethnic background, being most common in Asian populations, and
least common in patients with African ancestry.#”1! This difference in genotype
frequency between patients of different ethnic background explained much of the
differences in peglFN and RBV response rates historically observed according to

ethnicity.153-156

The mechanism explaining the association between IFNL4 polymorphism and IFN
treatment response is unclear. The IFNL4 gene is found on chromosome 19 and
encodes for the antiviral cytokine, interferon lambda 3 (IFN-A3).1571%8 This type 3 IFN,
binds to a unique cell surface receptor, the IFN-lambda-receptor (IFNLR) that activates
the Janus kinase-signal transducers and activators of transcription (JAK-STAT) signaling
pathway and leads to the induction of interferon-stimulator genes (ISGs). The
downstream signaling pathway is shared with the type 1 IFN receptor. A key point of
distinction between the type 1 and type 3 IFN receptors is the distribution of
expression, where type 1 IFN receptors are ubiquitous, but type 3 IFN receptors are
restricted to epithelial cells, including hepatocytes, and plasmacytoid dendritic cells,
but are not expressed by most haemopoietic cells.?> IFN-A inhibits HCV replication in
cell culture models as well as in vivo.'®%-162 Data suggests type 3 IFN may be the
dominant IFN produced by the liver in response to HCV infection.11>116

As yet there is no convincing data to show a relationship between IFNL4
genotype and IFN-A-3 expression in the liver or peripheral blood mononuclear cells.'2%
123 This suggests that IFNL4 polymorphism may be associated with functional

consequences for IFN-A-3.120122147 |ENL4 genotype has been associated with levels of
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intrahepatic ISG expression, where patients with the good response variant display low
level expression.1?9-122163 This is consistent with previous data linking liver ISG

118

expression to IFN treatment response.**° IFNL4 genotype has also been associated

with NK cell activity.14®

More recently, the IFNL4 gene was discovered through RNA sequencing
performed in primary human hepatocytes from a liver donor uninfected with HCV,
stimulated with the TLR3 ligand, poly I:C.1** Found between IFNL3 and IFNL2, a
dinucleotide polymorphism of IFNL4 (ss469415590, AG/TT) creates (AG) or disrupts
(TT) an open reading frame, with transcription of either a functional or dysfunctional
antiviral cytokine, IFN-A4, respectively. Transcription of the unfavourable IFNL4
polymorphism results in transient production of IFN-A4, activating STAT1 and STAT2
downstream of the JAK-STAT signaling pathway, leading to ISG induction. The
favourable IFNL4 polymorphism leads to no IFN-A4 production.’®> Similar to IFNL3
polymorphisms, IFNL4 polymorphims are associated with IFN-based treatment
response and intra-hepatic ISG expression.!® It is in complete linkage disequilibrium
with the unfavourable genotype of the two top IFNL3 polymorphisms (rs8099917 and
rs12979860) in individuals of Chinese and European ancestry, but in moderate linkage
equilibrium in individuals of African ancestry. IFNL4 polymorphisms are a better
predictor of response to IFN-based treatment in this group. Despite the recent
discovery of IFNL4 polymorphisms, again the exact mechanism responsible for its

strong association with treatment response is yet to be determined.

1.8.2 Adaptive Immune Response

The adaptive immune response to HCV ensues after the initial innate immune
response. It is comprised of two components — a humoral response where B-cells
recognise circulating pathogens leading to the production of antibodies, and a
cell-mediated response involving T-cells that recognise processed viral pathogens

within a major histocompatibility complex, presented on the surface of a cell.

1.8.2.1 Humoral Response

In stark contrast to the immediate innate immune response to acute HCV

infection, HCV-specific antibodies take approximately 6-8 weeks to develop.®® This is
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despite the HCV virus being detectable in serum within days of infection. HCV-specific
antibodies develop against epitopes on the HCV structural and non-structural viral
proteins. The majority of these antibodies lack anti-viral activity. Spontaneous
clearance has been demonstrated in subjects with hypogammaglobulinemia and
primary antibody deficiency, suggesting that the humoral response is not essential in

the control of HCV virus.1®’

A small proportion of the antibodies have been shown in vitro, to block HCV
binding, entry and uncoating through targeting the hypervariable region-1 (HVR-1) of
the HCV envelope glycoproteins, E1 or E2, but are isolate specific.1®®1%° These are
known as neutralising antibodies and have been associated with HCV clearance.1%170
This was illustrated in a cohort of 49 women exposed to a single strain of Genotype 1b
HCV (isolate AD78) when receiving contaminated anti-D immunoglobulin.l’!
Spontaneous clearance was associated with early induction of neutralising antibodies
(n=20), with late induction associated with persistent infection (n=19). Despite this
association, neutralising antibodies demonstrate cross reactivity against differing HCV
genotypes, making it difficult ascertain its exact role in viral clearance.l’>’> A more
recent study addressed this issue by testing neutralising antibody response of 52
subjects with acute HCV infection, to a library of 19 HCV envelope glycoproteins
derived from subjects with differing strains of genotype 1 HCV infection.}’® An early
and broader anti-genotype 1 response was associated with spontaneous clearance,
with a delayed response evident in those who developed persistent infection,
regardless of HCV genotype. One CHC-infected subject followed for 26-years also
demonstrated broadening of its neutralizing antibody response, with on-going escape
of the HCV virus from antibody recognition.!’”” In a study of 8 subjects with acute HCV
infection, neutralising antibodies were shown to drive HCV envelope sequence
evolution, with high antibody response in those who attained spontaneous
clearance.'’* Further investigation as to the role of neutralising antibodies in
controlling HCV viremia will be paramount in the development of a protective HCV

vaccine.
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1.8.2.2 Cell-mediated T-cell Response

The cell-mediated T-cell response is also evident 6-8 weeks after infection, but is
thought to play a more critical role in HCV clearance.'’®17° A CD4+ T-cells response is
essential in promoting B-cell mediated antibody production and priming CD8+ T-cells,
through cytokine production produced by its respective, Th2 and Thl cells. A strong
and sustained, polyclonal CD4+ T-cell response, targeting numerous epitopes on the
viral proteins, is associated with viral clearance.'’>® This coincides with the
presentation of clinical hepatitis and a rise in liver transaminases. A CD8+ T-cell
response is also crucial, leading to lysis of virus-infected cells and cytokine production
(predominantly TNF-a and IFN-y) promoting viral clearance. In acute infection, HCV-
specific CD8+ T-cell response is initially stunned with impaired IFN-y production!8+185,
however recovery is evident when the CD4+ T-cells come into effect.!® In the setting
of chronic infection, on-going antigenic stimulation leads to dysfunctional T-cell

effector function.®”

1.8.2.3 Viral Evasion Mechanisms

HCV has developed numerous mechanisms to evade the host innate immune
response. In vitro studies have demonstrated its ability to block steps in the Type 1 IFN
signaling pathway, as well as through direct antagonism of HCV specific anti-viral ISGs,

accounting for its ability to establish persistent infection in the host.

Specifically, the HCV NS3/4A protease has been shown in cell culture models to
cleave the adaptor molecules, Toll-IL-1 receptor domain-containing adaptor inducing
IFN-B (TRIF) and mitochondrial antiviral signaling protein (MAVS), thereby blocking
activation of interferon gene expression through the Toll-like receptor 3 (TLR3) and
retinoic acid-inducible gene | (RIG-1) pathways.18818 The NS3 protein itself, has been
shown in vitro to interfere with TLR3-mediated IFN-B production through binding to
the protein kinase, TBK1, upstream of the transcription factor IRF3, inhibiting IRF3

activation.1?

The HCV core protein, through its interference of the JAK/STAT signaling
pathway, also attenuates the type 1 IFN response. It directly binds to the STAT1
protein preventing its phosphorylation and activation, as well as induces expression of

the negative regulator, suppressor of cytokine signaling 3 (SOCS3).1°%192 |n a cell
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culture model, this pathway is also blocked through HCV polyprotein induced protein
phosphatase 2A expression, causing decreased STAT1 activation and down-regulation

of ISGF3-dependent ISG transcription.193-197

HCV also has direct effects against specific ISGs. The HCV NS5A protein inhibits
the antiviral function of 2’-5" OAS and PKR through direct interaction, but also induces
IL-8 expression leading to reduced ISG expression.132198200 pKR is also inhibited by the

HCV E2 protein.20!
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1.9 Hypothesis and Aims

1.9.1 PartA

Long-term data proving that viral eradication of chronic HCV reduces long-term
HCV-related morbidity and mortality is limited. Clinical trials evaluating antiviral
therapy for HCV have typically used sustained virological response as a surrogate for
clinical benefit. Therefore, long-term clinical outcomes are not known. This is reflected
in a recent Cochrane review that concluded that there was no evidence that the new
IFN-free DAA treatments reduced HCV-related morbidity or all-cause mortality.>> This

was based on 5-month follow up data.

Hypothesis 1: Curative HCV treatment would halt fibrosis progression, and

therefore improve long-term clinical outcomes.

Aim 1: To evaluate the impact of viral eradication on fibrosis progression over a

decade.

Aim 2: To identify variables influencing liver fibrosis progression over a decade.

1.9.2 PartB

Mechanisms underlying viral eradication in the setting of both acute, and chronic
HCV infection with anti-viral therapy are not clear. There is a wealth of literature that
strongly implicates innate immunology as playing a key role. Spontaneous clearance of
acute HCV infection is associated with IFNL4 polymorphisms and low serum chemokine
IP-10 levels, but the immunopathogenesis of acute HCV remains poorly understood.
The majority of individuals are asymptomatic, and those at highest risk of transmitting
and acquiring HCV, are typically a difficult patient population to engage. As a result,

there is limited data in this area.

In chronic HCV infection, innate immunology is thought to be a biomarker for IFN
response, with poor response characterised by elevated pre-treatment intra-hepatic
ISG expression, less pronounced on-treatment changes in PBMC ISG expression,
reduced levels of NK cell degranulation, and elevated pre-treatment plasma

chemokine IP-10 levels. IFNL4 polymorphisms are also associated with IFN response,

32 1 Literature Review



and although the underlying mechanism has not yet been identified, IFNL4

polymorphisms are associated with ISG and IP-10 expression.

When this thesis commenced, pegylated IFN was the backbone of HCV treatment
in combination with a protease inhibitor. This was associated with significant toxicity

and SVR rate were suboptimal. Therefore, it was very relevant to:
— identify biomarkers predicting SVR to aid clinical decision making;

— identify novel biological pathways that might lead to new therapeutic

approaches.

With the introduction of DAA therapy, particularly early DAA therapy, SVR rates
were 80-90% and stratification of treatment responses according to immunological
markers was still an important goal. Even today, with highly effective DAA therapy,
identification of biomarkers predicting high rates of SVR may identify groups suitable

for shorter treatment duration.

We therefore wished to explore the innate immunological pathways involved in
the spontaneous clearance of acute HCV infection, and viral eradication with HCV

treatment in chronic HCV infection.
Hypotheses:

1. Peripheral TLR expression and signaling activity are associated with the clinical

outcome of acute hepatitis C infection.

2. Peripheral TLR signaling and expression are associated with response to

IFN-free antiviral therapy.

3. Peripheral markers of innate immunity (monocyte ISG expression / NK
phenotype and function /cytokine, chemokine expression) are associated with
the response to IFN-free antiviral therapy.

Aims:

1. To identify patterns of TLR signaling and expression in individuals who acquire

acute HCV infection, comparing spontaneous clearance vs. persistent infection.
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2. To investigate the innate immune effects of viral load decline with IFN-free
DAAs by examining peripheral TLR expression and signaling, ISG expression, NK

phenotype and function and cytokine / chemokine expression.

3. To compare this data to a parallel prospective cohort of patients treated with
an IFN-containing regimen, allowing for a direct comparison of the innate

immune responses to the different anti-viral therapies.
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Abstract Host genetic variability in the vicinity of the
IL28B gene is strongly associated with the outcome of
pegylated interferon-o and ribavirin treatment for genotype
1 hepatitis C infection. In the setting of protease inhibitor
triple therapy, this association is attenuated. However,
IL28B genotype continues to be useful for guiding duration
of therapy, as well as selecting the most cost-effective treat-
ment regimen. Recent data suggests that IL28B genotype
may remain relevant to future interferon-free regimens. This
review explores the clinical role of IL28B genotyping in the
context of current and evolving therapies.

Keywords IL28B gene - Hepatitis C infection - Direct acting
antiviral agents - NS3/4A protease - NS5B polymerase -
NS5A protein

Introduction

Up to 170 million people are chronically infected with the
hepatitis C virus (HCV) worldwide [1]. Chronic hepatitis C
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leads to the development of cirrhosis, hepatocellular carci-
noma and liver failure and is a significant public health
concern with HCV-related mortality recently surpassing
HIV-related mortality in the United States [2]. Importantly,
these complications can be prevented by viral eradication.
HCV can be cured by interferon-based therapy. Prior to
2011, the standard of care treatment for genotype 1 HCV
was pegylated interferon- (peglFN) and ribavirin (RBV)
for 48 weeks. Unfortunately peglFN and RBV therapy only
cured at best 50 % of genotype 1 HCV patients, and was
associated with considerable morbidity. In 2009, genome-
wide association studies (GWAS) identified a strong associ-
ation between a polymorphism in the region of the IL28B
gene on chromosome 19, and treatment outcome with
peglFN and RBYV [3ee, 4e¢ 5e¢]. Patients carrying the good
response genotype were 2—3 fold more likely to be cured.
IL28B polymorphism was subsequently associated with
spontaneous clearance of acute HCV infection also [6,
7e¢]. This discovery had immediate clinical relevance for
treatment decision-making, informing the timing of therapy
in the setting of the impending availability of direct acting
antiviral agents (DAAs). Now that the 1st generation prote-
ase inhibitors telaprevir and boceprevir are widely ap-
proved, IL28B genotype remains relevant to clinical
management, although the association with sustained viro-
logical response (SVR) is attenuated. In this article, we
review the association between IL28B and IFN treatment
outcomes, and discuss the utility of I[L28B genotyping in the
context of current and future treatment paradigms.

IL28B Polymorphism Predicts for Response
to Peg-Interferon and Ribavirin Treatment

The discovery that IL28B variation strongly predicts for the
eradication of genotype 1 HCV infection in the setting of
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peglFN and RBV therapy was made simultaneously by four
independent groups in late 2009/early 2010 [3ee, 4ee, See Tee],
All four groups performed a genome-wide association study
and identified linked single nucleotide polymorphisms (SNPs)
in the region of the /L28B gene on chromosome 19 that
predicted for viral eradication. The top discovery SNPs were
rs12979860 and/or rs8099917. These are both tag SNPs for a
causal variant on a haplotype block in the region of the IL28B
gene. The causal variant has not yet been identified.
Rs12979860 and 1s8099917 are in very strong linkage dis-
equilibrium in most populations, and are similarly informa-
tive. The exception is patients of African ancestry where
rs12979860 is more strongly associated with viral eradication.
The frequency of the good response variant varies between
patients of different ethnic background, being most common
in Asian populations, and least common in patients with
African ancestry [3¢e, 6]. This difference in genotype frequen-
cy between patients of different ethnic background explains
much of the differences in pegIlFN and RBYV response rates
historically observed according to ethnicity [8—11]. IL28B
genotype is also strongly associated with spontaneous clear-
ance of acute HCV infection [6, 7°, 12].

The mechanism explaining the association between IL28B
polymorphism and IFN treatment response remains unclear.
The IL28B gene is found on chromosome 19 and encodes for
the antiviral cytokine, interferon lambda 3 (IFN-A3) [13, 14].
This type 3 IFN, binds to a unique cell surface receptor, the
IFN-lambda-receptor (IFNLR) that activates the Janus kinase-
signal transducers and activators of transcription (JAK-STAT)
signalling pathway and leads to the induction of interferon-
stimulator genes (ISGs). The downstream signalling pathway
is shared with the type 1 IFN receptor. A key point of distinc-
tion between the type 1 and type 3 IFN receptors is the
distribution of expression, where type 1 IFN receptors are
ubiquitous, but type 3 IFN receptors are restricted to epithelial
cells, including hepatocytes, and plasmacytoid dendritic cells,
but are not expressed by most haemopoietic cells [15] I[FN-A
inhibits HCV replication in cell culture models [16, 17] as well
as in vivo [18]. Recent data suggest type 3 IFN may be the
dominant IFN produced by the liver in response to HCV
infection [19, 20].

The immunology associated with IL28B genotype in
patients with genotype 1 HCV infection is just starting to be
unravelled. As yet there are no convincing data to show a
relationship between IL28B genotype and IFN-A-3 expression
in the liver or peripheral blood mononuclear cells. This sug-
gests that [L28B polymorphism may be associated with func-
tional consequences for IFN-A-3 [3ee, 21, 22]. IL28B
genotype has been associated with levels of intrahepatic ISG
expression, where patients with the good response variant
display low level expression [21-24]. This is consistent with
previous data linking liver ISG expression to IFN treatment
response [25]. IL28B genotype has also been associated with

NK cell activity [26]. There remains much to learn and this is a
rapidly expanding area.

IL28B Genotyping in the Context of Pegifn and RBV
Therapy

Protease inhibitor triple therapy is now standard of care in
many parts of the Western world, however these drugs are not
universally available and it remains relevant to discuss the clin-
ical utility of /L28B genotyping for pegIFN and RBV therapy.
In the intent-to-treat analysis of the IDEAL study pharma-
cogenetics cohort, 69 % of Caucasian patients with the good
response IL28B genotype achieved an SVR compared to 27 %
to 33 % of patients with the poor response IL28B genotypes
(»<0.0001) [27]. IL28B genotype was shown to be the stron-
gest pre-treatment predictor of response to peglFN and RBV
therapy, after adjustment for other well-established baseline
predictors such as ethnicity, hepatic fibrosis stage, plasma
HCV RNA level and fasting glucose level. IL28B polymor-
phism was strongly associated with on-treatment viral kinetics.
A greater proportion of individuals with the CC genotype
achieved critical on-treatment virological milestones (Cauca-
sians: rapid virological response (RVR): CC 28 % vs. CT/TT
5 %, p<0.0001; and partial early virological response (pEVR):
CC 97 % vs CT/TT 72 %/68 %, p<0.0001). Recent data
suggest that IL28B genotype is more strongly associated with
phase 1 vs. phase 2 decline in the setting of IFN therapy [28].
IL28B genotype is also associated with treatment outcome in
patients with genotype 4 HCV infection, and the effect size is
similar to that seen in genotype 1 HCV [29]. The association
between IL28B genotype and IFN response in genotype 2/3
HCV is less clinically relevant. Genotype 2/3 HCV are more
sensitive to IFN. The literature linking IL28B genotype to
treatment response is inconsistent, and most studies have not
been powered to demonstrate small differences in SVR. Most
studies have observed differences in early viral response
according to IL28B genotype, but not all have identified an
association with SVR [7ee, 30-38]. IL28B genotype may be
most relevant to genotype 3 HCV in the setting of other poor
IFN response characteristics, at baseline (cirrhosis, insulin re-
sistance), or on-treatment (non-RVR patients). Clearly there are
important virological determinants of IFN sensitivity that differ
between HCV-1 and HCV-2/3; these remain poorly defined.
There has been interest in how I[L28B genotype compares
to measurement of on-treatment viral kinetics as a predictor of
peglFN and RBYV treatment outcome for genotype 1 HCV. In
the clinic, IL28B genotype and on-treatment response can be
considered to provide complementary information about IFN
responsiveness. IL28B genotype is the critical pre-treatment
predictor of SVR, and on-treatment virological decline pro-
vides a “real-time” measure of response, capturing the IL28B
genotype effect, as well as the other clinically relevant
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determinants of response, including fibrosis stage and insulin
resistance. On-treatment virological response is particularly
important for predicting eligibility for short duration pegIFN
and RBV, and it has recently been shown that 24 weeks is
sufficient only for the subset of patients who carry the good
response IL28B genotype and have a low baseline HCV RNA
level and achieve an RVR [39].

Prior to the availability of direct-acting antiviral (DAA)
therapy, IL28B genotype was a useful piece of information
for making decisions about a patient’s the suitability for
peglFN and RBV therapy. Caucasian patients who carry the
good response IL28B genotype achieve SVR rates >70 %
with 48 weeks of pegIFN and RBYV, and remain good candi-
dates for therapy (Table 1). In the setting of the poor response
IL28B genotypes SVR rates are disappointing (< 40 %), and
in the absence of clinical urgency, deferral of therapy awaiting
access to DAAs is reasonable.

I128B Genotyping and Telaprevir/Boceprevir Triple
Therapy

Telaprevir and boceprevir are now licensed as first-line
treatment for genotype 1 HCV in many parts of the world.
Both agents are inhibitors of the HCV NS3/4A protease, and
must be used in combination with peglFN and RBV to
prevent the selection of HCV resistance-associated variants.
The clinical utility of the IL28B genotype for predicting
treatment response in the context of the new DAAs has been
explored through retrospective analyses of the pivotal Phase
3 trials. The addition of an NS3/4A serine protease inhibitor
to peglFN and RBV therapy significantly improves the rate
of SVR in both treatment-naive and treatment-experienced
patients, and therefore the association between IL28B geno-
type and likelihood of SVR is attenuated.

In the ADVANCE Trial, triple therapy with telaprevir,
peglFN and RBV was investigated in treatment naive
patients chronically infected with genotype 1 HCV [40e¢].
Telaprevir was given for either 8 (T8PR) or 12 weeks
(T12PR) in combination with peglFN and RBYV, followed
by peglFN and RBV alone for an additional 12 or 36 weeks,
according whether an extended RVR (eRVR) was achieved.
In a retrospective analysis of the ADVANCE study cohort,
42 % of the participants, all Caucasian, were genotyped for
the IL28B SNP, 1512799860 [41¢]. Telaprevir therapy was
associated with an increase in SVR across all /L28B geno-
types, and the relationship between IL28B genotype and
SVR appeared to be attenuated (T12PR: CC = 90 % vs.
CT=71%vs. TT =73 %). A greater increment in SVR was
noted in carriers of the minor T variant compared to carriers
of the CC genotype (Tables 2 and 3). CC patients were more
likely achieve an eRVR and be eligible for short duration
therapy (Tables 2 and 3).

@ Springer

The Phase 3 REALIZE study enrolled treatment-
experienced patients. Patients were classified according to
previous peglFN and RBV treatment response (previous re-
lapse, partial response and null response) [42+¢]. Patients were
randomised to one of two groups receiving 12 weeks of
telaprevir plus peglFN and RBV for a total of 48 weeks (with
or without a 4 week lead-in period of peglFN and RBV) or a
control group that received placebo plus peglFN and RBV. A
retrospective analysis of the association between the SNP
rs12799860 and SVR was performed in 80 % of this cohort
(n=527) [43¢]. SVR rates were high across all /L28B geno-
types in the telaprevir arms, remaining numerically higher in
the CC patients in the overall analysis (Tables 2 and 3).
However, once patients were stratified according to previous
IFN response, IL28B genotype was no longer associated with
the outcome of telaprevir therapy [43°].

Retrospective analyses of the boceprevir Phase 3 studies,
SPRINT 2 and RESPOND 2, have also evaluated the associ-
ation between /L28B genetic variability and SVR. The
SPRINT 2 trial randomized treatment-naive patients to one
of two boceprevir containing arms (4 week lead-in phase of
therapy with peglFN and RBYV, followed by response-guided
boceprevir-based therapy for 28 to 48 weeks, or 4 week lead-
in phase plus 44 weeks of boceprevir plus peglFN and RBV),
or the control arm (placebo plus peglFN and RBV) [44e°].
IL28B genotyping (rs12799860) was performed in 62 % (n=
653) of the SPRINT 2 cohort [45¢]. High rates of SVR were
observed in all individuals with the favourable CC genotype,
with minimal increase in SVR with boceprevir therapy
(Tables 2 and 3). It should be noted that the SVR rate in the
pegIFN and RBV control arm was substantially higher than
that seen in the ADVANCE trial. Although absolute SVR rates
did not increase, 90 % of the CC patients in a combined
analysis of SPRINT-2/RESPOND-2 were eligible for short
duration therapy in the RGT arm [45¢]. SVR rates in the
non-CC patients were substantially higher with the addition
of boceprevir (Tables 2 and 3). The lead-in phase of pegIFN
and RBV has been shown to characterize IFN responsiveness
and stratify patients for likelihood of subsequent SVR with
boceprevir therapy, as well as risk of antiviral resistance. A 1
log10 TU/mL reduction in HCV RNA has been identified to be
a critical threshold for predicting SVR/resistance. This has been
proposed as a clinical decision point, where patients with poor
IFN responsiveness might have treatment deferred for more
effective future regimens (eg quadruple therapy or IFN-free
therapy). The clinical utility of the lead-in for predicting IFN
responsiveness varies according to IL28B genotype. In patients
who carry the good response IL28B genotype, IFN responsive-
ness (1 log reduction) is almost universal [45+, 46]. In contrast,
the lead-in has greater utility for identifying IFN responsive-
ness in patients with the poor response IL28B genotypes.

The RESPOND 2 trial enrolled treatment-experienced
genotype 1 HCV patients, all of whom were previous
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Table 1 IL28B genotyping is relevant to decision-making about 1st-line therapy for genotype 1 HCV IL28B genotype may be used to identify
patients who benefit most from DAA therapy. Considerations include efficacy, duration of therapy, treatment-related toxicity, and cost effectiveness

IL28B genotype

Lead-in phase of
peginterferon plus
ribavirin (PR)

Ist line therapy

Pros

Cons

Good response
IL28B genotype

Poor response
IL28B genotype

Not informative (1 log;o
reduction is almost
universal)

> 1 log reduction in HCV
RNA identifies patients
who are IFN-responsive

<1 logo reduction in HCV
RNA defines poor
IFN-responsiveness

PR

Telaprevir/boceprevir
triple therapy

PR

Telaprevir/boceprevir
triple therapy

PR

Telaprevir/boceprevir
triple therapy

Deferral for next
generation agents

SVR rate of >70 %*

May be more cost-
effective than first-
line treatment
with triple therapy
HCYV resistance to PR has
not been described
Avoids DAA-related toxicity

High SVR rate>80 %*
Majority eligible for short
duration RGT

May be more effective for
cirrhotic patients®

Large SVR benefit
compared to PR
(75-82 %)*

Cost effective

Large SVR benefit
compared to PR

Future regimens
will have:

- Higher SVR rate

- Reduced risk of resistance

- Reduced treatment-
related toxicity
- Reduced pill burden

48 weeks of therapy required
for the majority

Patients who relapse will
require re-treatment

SVR increment is small

Increased treatment-related
toxicity

High pill burden

Expensive, cost effectiveness
not clear

Low SVR rate compared to
DAA triple therapy

Increased treatment-related
toxicity

High pill burden
Very low SVR rate

Overall SVR rates remain
suboptimal

Risk of selection of resistance
associated variants®

Risk of disease progression, esp
in patients with advanced liver
fibrosis

Risk of loss-to-follow-up

May be more expensive (DAA

failure may prevent enrolment
in future clinical trials)

# Caucasians enrolled in the IDEAL study
® The SVR rate in Caucasian patients with cirrhosis enrolled in the IDEAL study according to IL28B genotype was CC 41 % vs. CT 22 % vs. TT

11 %

 The clinical significance of resistance-associated variants remains unclear

relapsers or partial responders to prior peglFN and RBV
therapy [47¢¢]. Null responders, defined by a failure to
achieve a 2 logl0 reduction in HCV RNA at week 12 of
the previous IFN treatment, were excluded. Retrospective
analysis of the relationship between IL28B genotype and
treatment outcome was possible in 66 % (n=259) of the
original cohort. SVR rates were substantially higher in indi-
viduals of all IL28B genotypes who received boceprevir
therapy, vs. peglFN and RBV alone [45¢] (Tables 2 and 3).

IL28B genotype was still associated with SVR, although the
association was attenuated compared to that observed in the
control arm. The major increment in SVR was observed in
non-CC patients; the CC patients were more likely to be
eligible for short duration therapy. Similar to the data from
REALIZE, once IFN responsiveness was characterized in
this study by measurement of the virological decline during
the lead-in phase, IL28B genotype was no longer informa-
tive for predicting SVR [45¢].
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Table 2 Association of IL28B genotype and treatment response in telaprevir/boceprevir phase 3 studies. Rates of SVR according to IL28B

genotype
Study Treatment CcC CT TT
Advance [41¢] (N=454/1088) PR, n=161 64 % 25 % 23 %
T8PR, n=153 84 % 57 % 59 %
T12PR, n=140 90 % 71 % 73 %
Sprint-2 [45¢] (N=653/1048) PR, n=217 78 % 28 % 27 %
BOC RGT, n=222 82 % 65 % 55 %
BOC/PR48, n=214 80 % 71 % 59 %
Realize [43¢] (N=527/622) Relapsers PR, n=52 33 % 20 % 30 %
Pooled T12/PR48, n=209 88 % 85 % 85 %
Partial Responders PR, n=20 20 % 20 % 0 %
Pooled T12/PR48, n=79 63 % 58 % 71 %
Prior Null Responders PR, n=33 (N/A) 6 % 7 %
Pooled T12/PR48, n=134 40 % 29 % 31 %
Respond 2 [45¢] (N=259/394) Prior Relapsers PR, n=32 50 % 33 % 57 %
Pooled BOC arms, n=134 86 % 74 % 78 %
Prior Partial Responders PR, n=20 33 % 0 % 33 %
Pooled BOC arms, n=73 60 % 55 % 45 %

The cost-effectiveness of drug therapy is an increasingly
important issue in today’s world. Telaprevir and boceprevir
are both expensive, and there has been considerable interest
in identifying patient populations in whom DAA may not be
necessary as first-line treatment (Table 1). IL28B genotype
is an attractive biomarker, as the good response genotype
identifies a group of patient who achieve high rates of SVR
with pegIFN and RBV alone. A number of groups have now
modeled the cost effectiveness of different treatment strate-
gies for boceprevir/telaprevir access. Telaprevir and boce-
previr are most cost-effective for patients who carry the poor
response IL28B genotypes [48, 49]. In patients who carry
the good response IL28B genotype, cost effectiveness is less
clear. First-line therapy with peglFN and RBV RGT, fol-
lowed by PI therapy for those patients who relapse, may be
more cost-effective [48—50]. An important caveat is that

there are little data evaluating the impact of PI therapy in
patients with the good response genotype and advanced
liver fibrosis. In the IDEAL study, the SVR rates in this
group were <50 % with peglFN and RBV alone [27]. It
should also be noted that the results of cost effective anal-
yses depend on the assumptions made, and will be strongly
influenced by the set price for drug.

In summary, both telaprevir and boceprevir therapy are
associated with a substantial increase in the rate of SVR
compared to peglFN and RBV alone. The association be-
tween IL28B genotype and treatment outcome is therefore
attenuated. In treatment-naive patients, IL28B genotype
informs IFN responsiveness and provides clinically useful
information. In patients who carry the good response 1L28B
genotype, PI therapy appears to be associated with only a
small increment in SVR rate. As such, the cost effectiveness

Table 3 Association of IL28B genotype and treatment response in telaprevir/boceprevir phase 3 studies. Rates of key on-treatment virological
milestones according to IL28B genotype

Study Treatment Outcome (%) CcC Non-CC
CT TT
Advance [41¢] T8PR, n=153 eRVR? 64 % 51 % 50 %
T12PR, n=140 eRVR? 78 % 57 % 45 %
Sprint-2 [45¢] Pooled BOC arms, n=436 Week 8 Undetectability® 89 % 52 %
Respond 2 [45°] Pooled BOC arms, n=206 Week 8 Undetectability® 82 % 51 %
Sprint 2 & Respond 2 Pooled BOC arms, n=633 Lead-in phase, HCV RNA 97 % 75 % 56 %

(Combined) [45¢]

reduction>1 log;o IU/mL

& Criteria for short duration therapy according to RGT, response-guided therapy
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of PI therapy for these patients is not clear. A major clinical
benefit of PI therapy for these patients is to allow short
duration therapy (>75 % of good response patients will be
eligible for short duration therapy). Patients who carry the
poor response IL28B genotypes clearly benefit from PI

Table 4 Association of IL28B genotype and treatment outcome of DAA regimens in development

therapy, with large increments in SVR. An algorithm for
the use of IL28B genotyping in the setting of telaprevir/
boceprevir therapy is proposed in Table 1. In treatment-
experienced patients, where previous IFN response has been
well-characterized, IL28B genotyping is less useful.

Study N Treatment Outcome (%) CC Non-CC
SILEN-C1 [59] 40 PR SVR24 82 % 41 %
70 BI201335 240 mg QD/PR 100 % 71 %
(no lead in)
Pillar [60] 46 PR48 SVR24 100 % 55 %
109 75 mg TMC 435/Pooled 84 % 73 %
PR12 and PR24
107 150 mg TMC 435/Pooled 97 % 78 %
PR12 and PR24
Atlas [61] 24 PR24 SVR24 88 % 25 %
51 Danoprevir 300 mg/PR 81 % 63 %
57 Danoprevir 600 mg/PR 95 % 79 %
38 Danoprevir 900 mg/PR 85 % 68 %
Essential [53] 73 PR48 SVR24 73 % 17 %
72 Alisporivir®/PR 48 weeks 100 % 62 %
71 Alisporivir/PR RGT 100 % 73 %
72 Alisporivir/PR 24 weeks 71 % 33 %
Jump-C [62] 33 Mericitabine/PR SVRI12 80 % 72 %
Sound C2 [57] 59 (81)* BI201335/B1207127 (TDS)/ SVR12 67 % 57 % (HCV-1a, SVR12=32 %)
RBYV, 16 wks
61 (80)  BI201335/BI207127 (TDS)/ 71 % 57 % (HCV-1a, SVR12=38 %)
RBY, 28 wks
68 (78)  BI 201335/B1207127 (BD)/ 79 % (HCV-1a, SVR12= 64 % (HCV-1a, SVR12=32 %)
RBY, 28 weeks 75 %) (HCV-1b, (HCV-1b, SVR12=84 %)
SVR12=82 %)
39 (46)  BI201335/B1207127 TDS/no 58 % 33 % (HCV-1a=0 %)
RBY, 28 weeks
56 (77)  BI201335/BI207127 (TDS)/ SVR 4 68 % 52 % (HCV-1a=42 %)
RBY, 40 wks
Proton [63] 13 200 mg PSI 7977/PR “12+12”  SVRI12 N/A 100 (TT)
Inform-SVR [64] 64 Mericitabine/Danoprevir- SVR12 HCV-1a 27 % (46/15) HCV-1a 25 % (7/28)
ritonavir/RBV HCV-1b 50 % (2/4) HCV-1b 76 % (13/17)
[65] 10 BMS-790052/BMS-650032 SVR24 100 (2/2) 100 (8/8)
(null responder population)
[66] 10 BMS-790052/BMS-650032/ SVR24 100 (1/1) 100 (9/9)
PR
(null responder population)
11 BMS-790052/BMS-650032 100 (1/1) 40 (4/10)
(null responder population)
Pilot [67] 11 ABT-450-ritonavir/ABT-072/  SVR24 91 % (10/11) -
ABT-450/RBV
Co-Pilot [68] 19 ABT-450-ritonavir 250 mg/ SVR24 90 % (9/10)°~100 % PP 100 % (9/9)
ABT-333/RBV
14 ABT-450-ritonavir 250 mg/ SVR24 80 % (4/5)°~100 % PP 100 % (9/9)
ABT-333/RBV

#The development of Alisporivir has recently been halted

® ] patient withdrew week 2 due to asymptomatic ALT elevation

1 patient withdrew week 1 for personal reasons
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IL28B Genotyping and Future DAA Therapies

The next wave of DAA therapy is on the horizon in the
management of Genotype 1 HCV. Phase 2 data investigating
second-generation NS3/4A protease inhibitors, cyclophilin
inhibitors and NS5A inhibitors, all in combination with
PeglFN and RBYV, are emerging. Studies now stratify ran-
domization according to IL28B genotype, and interim anal-
yses of efficacy according to IL28B polymorphism are
summarized in Table 4. In general, IL28B polymorphism
has continued to be associated with treatment outcome in
studies of triple therapy with a single DAA plus peglFN and
RBY, although the strength of association has been clearly
attenuated compared to the peglFN and RBV control arms.
IL28B genotype was useful for discriminating those eligible
for shortened therapy. The boundaries of short-duration
therapy have not yet been fully explored in the setting of
DAA therapy, and IL28B genotype may be important for
defining the minimum necessary length of treatment. Recent
interim data from the ATOMIC study suggests that IL28B
genotype might be less relevant to outcomes of triple ther-
apy with the very potent nucleotide analogue GS-7977,
where SVR12 rates of 90 % where observed in 52 patients
treated for only 12 weeks duration [51].

Quadruple therapy using a combination of two different
classes of DAAs with pegIFN and RBV is also being eval-
uated, and shows particular promise for patients who are
prior null responders to peglFN and RBV alone. Very high
rates of SVR have been observed in small cohorts of
patients in early phase studies [52]. As yet there is little data
evaluating the relationship between IL28B genotype and
treatment response. Analyses will be limited by the small
number of patients who carry the good response 1L28B
genotype in null responder cohorts, but the high SVR results
obtained suggest that much of the IL28B effect may be
overcome. Indeed, with SVR rates >90 % it will be difficult
to identify any predictive biomarkers for treatment response.

Interferon-free therapy for HCV is greatly anticipated and
preliminary results from Phase 2 clinical trials are promising
[52-54]. Although the mechanism by which the /L28B
genotype influences treatment outcome is yet to be eluci-
dated, it is clearly a marker of interferon sensitivity. There-
fore, the clinical utility in the context of an interferon-free
regimen is not clear. Recent data suggest that IL28B geno-
type may still be associated with treatment response in the
setting of IFN-free regimens, although the clinical relevance
of this association is not yet known. The INFORM-1 study
was the first study to demonstrate that IFN-free therapy
could have a potent antiviral effect [55]. Patients were
treated for 14 days with the NS5B nucleoside polymerase
inhibitor, mericitabine, in combination with the protease
inhibitor, danoprevir. Recent analysis of the on-treatment
viral kinetics revealed a significant difference in second
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phase viral decline according to IL28B genotype [56], sug-
gesting that IL28B genotype may influence the rate of
clearance of infected hepatocytes. This might be consistent
with the role of IL28B genotype in natural clearance of
HCV. Interim results of the SOUND-C2 trial have demon-
strated a clear difference in SVR12 according to /L28B
genotype in HCV-1a patients (Table 4) [57]. The SOUND-
C2 data suggest that IL28B genotype may remain particu-
larly relevant to IFN-free therapy for HCV-1A, which is
emerging as a “hard-to-cure” virus for DAA therapy.
Patients who carry the good response IL28B genotype
may continue to be an easy-to-cure population for IFN-
free therapies. In fact, a number of IFN-free regimens are
going forwards into populations limited to HCV-1b or the
good response IL28B genotype [57, 58]. Whether more
potent DAAs, or combinations of multiple DAAs, can over-
come this association in HCV-1la patients remains to be
seen. Patients who carry the poor response IL28B genotypes
and have HCV-1a infection may remain hard-to-cure, and
given the high response rates observed with quadruple ther-
apy, may ironically remain the population who continue to
require IFN therapy.

Conclusions

IL28B polymorphism predicts for IFN responsiveness and is
a key determinant of the outcome of peglFN and RBV
therapy. In the setting of telaprevir/boceprevir treatment,
IL28B genotype is associated with the likelihood of SVR,
as well as eligibility for short duration therapy. IL28B ge-
notype may also be relevant to cost-effectiveness strategies.
The treatment for HCV is rapidly evolving, with the devel-
opment of multiple classes of DAAs, quadruple therapy
regimens, and IFN-free strategies. In the future it is likely
that clinicians will have the option of using a number of
different regimens of combination DAAs=+pegIFN. All will
be very effective, with SVR rates >90 % for most patient
groups, and first-line treatment regimens will be IFN-free.
With such high SVR rates, it is likely that IL28B genotype
will no longer be associated with the overall rate of SVR. To
remain clinically relevant, IL28B genotyping will need to be
shown to allow individualization of treatment regimens.
Patients with the good response IL28B genotype will need
to be eligible for treatment that is cheaper, simpler, or
shorter. Conversely, the poor response IL28B genotype
may require more intensive, longer duration therapy.
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2 Materials and Methods

The following materials and methods were used to perform for experiments in this
thesis.

2.1 Clinical Methods

2.1.1 Liver Stiffness Measurement (LSM)

LSM was assessed using transient elastography according to the manufacturer’s
guidelines, and considered valid if a minimum of 10 measurements were obtained with

at least a 60% success rate and an interquartile range < 0.3 of the median value.

2.2 Laboratory Methods

2.2.1 Isolation of Peripheral Blood Mononuclear Cells (PBMCs)

40 mL of whole blood was collected from subjects via venepuncture in to four
gel-free, lithium heparin tubes. The blood was centrifuged at 1000 rpm for 5 minutes,
brake on, to separate plasma from the blood. Plasma was carefully collected from the

surface using a pipette and stored in four, 1ImL aliquots in plasma tubes at -80°C.

Blood in the tubes were poured in equal amounts, in to two falcon tubes and
diluted 1:2 with sterile PBS. Equal amounts of diluted blood were carefully overlayed
over 15mL of cold Ficoll Paque Plus solution (GE Healthcare, United Kingdom) using a
sterile transfer pipette. Centrifugation at 2400 rpm for 25-minutes, brake off, was
performed to allow gradient separation of the components of whole blood, as

depicted in Figure 2.1.
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Figure 2.1 Isolation of peripheral blood mononuclear cells (PBMCs) by density
gradient centrifugation.
A. Layers before centrifugation. B. Layers after centrifugation.

The PBMCs were harvested using a transfer pipette, and placed in to falcon tubes
at a maximum of 10mL. The PBMCs were diluted with PBS, up to 50mL in each falcon
tube to wash the cells. Three washes were performed, with centrifugation performed
at 1500 rpm for 10-minutes, brake on, in which the pelleted PBMCs would be re-
diluted with 50mL of PBS each time. After the first wash, PBMCs pelleted from the
same subject were combined to limit cell loss during the washing process. After the
third wash, the PBS was carefully removed and the pelleted PBMCs were re-suspended
in 1mL of media ((RPMI-1640 (Sigma Lifesciences, USA), 5% heat-inactivated foetal calf

serum (FCS), penicillin, streptomycin, L-glutamine).

10uL of cells in media were added to 90 pL of Trypan blue stain for a cell viability
exclusion test and counted with a haemocytometer. The PBMCs were re-suspended in

media at a minimum concentration of 20 x 108 PBMCs/mlL.

To prepare the PBMCs for long-term storage, 0.5mL of the re-suspended PBMCs
in RPMI/5% FCS were added to 0.5mL of freezer mix (20% dimethylsulfoxide + 80%
FCS) in cryo vials (Nunc, Copenhagen, Denmark), and gently mixed with the pipette.
The cryo-vials were placed in a NalgeneTM Cryo 1-degree celcius freezing container
(Nalgene, Thermo Fisher Scientific, USA) within 5-minutes (ensuring adequate
isopropyl alcohol) and slowly cooled by being placed at -80°C for a minimum of 24-

hours. The PBMCs were then placed in liquid nitrogen for long-term storage.
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2.2.2 Flow Cytometry for Determination of TLR Intra-Cellular and
Surface Expression on Peripheral CD14+ Blood Monocytes and
Natural Killer Cells

1mL of frozen PBMCs from each subject, were thawed rapidly at 37°C in a warm
water-bath. In a class Il cabinet, PBMCs were added to 9mL of sterile PBS in a 10mL
falcon tube, to remove any residual DMSO. The diluted PBMCs were mixed by
inversion and pelleted through centrifugation at 1500rpm for 5-minutes. A transfer
pipette was used to gently remove supernatant. The pelleted cells were resuspended
in 1mL of supplemented RPMI (5% FCS-P/S (enriched with L-glutamax)). A cell count
was performed using a haemocytometer and the trypan blue exclusion test was

performed to ensure PBMC viability.

4 x 10° PBMCs were set aside for TLR functional assay and incubated at 37°C for a

minimum of 1-hour, to reduce the background of cytokine production.

The remaining PBMCs were centrifuged at 1500 rpm for 5-minutes. The
supernatant was removed and PBMCs were resuspended at 5 x 10° cells/mL

(equivalent to 0.5 x 10° per 100ulL).

400 ulL of PBMCs (2 x 10® PBMCs in total) of each subject sample were aliquoted
into an unsterile flow cytometry (FACS) tube and combined with 4 uL of FVS 510 to
assess for PBMC viability. 3.6mL of PBS was added to each FACS tube and incubated for
15 minutes at room temperature in the dark to stain the PBMCs. The stained PBMCs
were then centrifuged at 1500 rpm for 5 minutes, brake on, to pellet cells. The
supernatant was removed and the stained PBMCs washed twice with 1mL of PBS/2%

FCS. The cells were resuspended in 400 uL of PBS/2%FCS and gently vortexed.

FACS tubes were labelled in pairs, T1 representing the receptors of interest, and
T2 representing the isotype controls. Four FACS tubes were labelled as TLRP1 T1,
TLRP1 T2, TLRP2 T1 and TLRP2 T2.

Five FACS tubes were labelled as follows for single-stain compensation tubes:

CD14 APC-Cy7, TLR2 AF647, TLR4 PE, CD3 Pac Bl and CD56 PE-Cy7.

Antibodies were aliquoted in to their respective FACS tubes as per Table 2.1.

2 Materials and Methods 49



FACS tube | Marker Fluorophore | Category Lot Recommended | Volume added
label number | number volume
TLRP1T1 CD3 Pacific blue 1l
CD56 PE Cy7 3puL
CD14 APC-Cy7 1puL
TLR2 AF647 558319 5253914 0.125pg/20uL 2uL (0.0125ug)
TLR4 PE 564215 5295895 0.25ug/5uL 1ulL (0.05ug)
CD86 APC 3puL
TLRP1 T2 CD3 Pacific blue 1l
CD56 PE Cy7 3puL
Mouse AF647 557732 4003600 0.03ug/5uL 2uL (0.0125ug)
1gG1,
Mouse PE 554680 0.2ug/uL 0.25puL
IgG1, K (0.05pg)
1gG2 APC 1.5uL
TLRP2 T1 CD3 Pacific blue 1l
CD56 PE Cy7 3puL
CD14 APC-Cy7 1puL
TLRP2 T2 CD3 Pacific blue 1l
CD56 PE Cy7 3L
CD14 APC-Cy7 1puL
CD3 Pac Bl | CD3 Pacific blue 0.2 uL
CD56 PE CD56 PE Cy7 1.5uL
Cy7
TLR4 PE TLR4 PE 564215 5295895 0.5 uL
TLR2 TLR2 AF647 558319 5253914 1puL
AF647
CD14 APC- | CD14 APC-Cy7 0.5 uL
Cy7

Table 2.1 Antibodies for TLR surface expression

100uL of the stained PBMCs were transferred into each of the FACS tubes
labelled TLRP1 (T1 & T2) and TLRP2 (T1 & T2) for surface and intra-cellular staining,
respectively. These tubes were incubated for 20 minutes at room temperature in the

dark. The stained PBMCs were then washed twice with 1mL PBS supplemented with
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2% FCS and centrifuged at 1500rpm for 5 minutes. The supernatant was removed with

a pipette.

100 pL of 2% formaldehyde was added to TLR P1 T1 and T2 for each subject.
Centrifugation was performed at 1500 rpm for 5-minutes to pellet the stained, fixed
PBMCs. The supernatant was carefully removed with a pipette, leaving approximately

75 uL of fluid. The FACS tubes were vortexed run on flow cytometry immediately.

Conversely, for the FACS tubes labelled TLR P2 T1 and T2, 250 puL of
Cytofix/Cytoperm (BD Biosciences, CA, USA) was added using a chemical hood, and
placed at 4°C overnight. This step permitted permeabilisation of cells for intracellular

staining without disrupting the cell surface antibody staining.

The following day, each FACS tube was washed with 1mL of BD Perm/Wash (1:10
solution with distilled H,0) and spun at 2500 rpm for 5-minutes. This speed was
employed due to account for the change in cell density after the Cytofix/Cytoperm
step. Six FACS tubes were labelled as follows for single-stain compensation tubes -
CD14 APC-Cy7, RIG-I AF647, TLR7 PE, CD3 Pac Bl and CD56 PE-Cy7. Antibodies were

aliquoted in to their respective FACS tubes as per Table 2.2.

FACS Marker Fluorophore Category Lot number Recommended Volume
tube number volume added
label
TLRP2T1 | RIG-I AF647 NBP2- 0.5ug/10uL lul
27102 (0.05pg)
TLR7 PE IC5875P | ABEV0312051 0.25pug/10uL SuL
(0.125pg)
TLRP2 T2 | Mouse AF647 557732 0.03pg/5uL 8uL
IgG1, K (0.05pg)
Mouse PE 349053 0.05ug/uL 2.5uL
IgG2a, K (0.125ug)
CD3 Pac CD3 Pacific blue 0.2 uL
B
CD56 PE CD56 PE Cy7 1.5uL
Cy7
TLR7 PE TLR4 TLR7 PE IC5875P | ABEV0312051 lul
RIG-I RIG-I AF647 NBP2- 0.5 uL
AF647 27102
CD14 CD14 APC-Cy7 0.5uL
APC-Cy7

Table 2.2 Antibodies for TLR intra-cellular expression
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These FACs tubes labelled TLRP2 T1 and T2 were incubated for 30 minutes at 4°C
in the dark. The stained PBMCs were then washed twice with 1ImL BD Perm/Wash and
ready for flow cytometry. This was performed on the FACS Canto Flow Cytometer
(Becton Dickinson, USA). Isotype matched non-binding control antibodies were used
for comparison. A total of 10,000 CD14-positive monocytes and CD56-positive NK cells
of each sample were analysed; dead cells were gated out based on their light scatter

properties.

Data were analysed using FlowJo software (Tree Star Inc., Ashland, OR, USA).
TLR2, TLR4, TLR7, RIG-I and CD86 values were expressed as a ratio of the geometric
mean fluorescence of individual study patients to the geometric mean isotype control

values for that patient.

2.2.3 NK Cell Phenotyping

1mL of frozen PBMCs were thawed rapidly at 37°C in a warm water-bath. In a
class Il cabinet, PBMCs were added to 9mL of sterile PBS in a 10mL falcon tube, to
remove any residual DMSO. The diluted PBMCs were mixed by inversion and pelleted
through centrifugation at 1500rpm for 5-minutes. A transfer pipette was used to
gently remove supernatant. The pelleted cells were resuspended in 1mL of
supplemented RPMI (5% FCS-P/S (enriched with L-glutamax)). A cell count was
performed using a haemocytometer and the trypan blue exclusion test was performed
to ensure PBMC viability. 2 x 10 PBMCs were set aside for NK functional assay and
incubated at 37°C for a minimum of 1-hour, to reduce the background of cytokine

production.

The remaining PBMCs were centrifuged at 1500 rpm for 5-minutes. The
supernatant was removed and PBMCs were resuspended at 5 x 10° cells/mL

(equivalent to 0.5 x 10° per 100ulL).

Six unsterile flow cytometry (FACS) tubes were labelled as follows: NKP1 (NK
panel 1) T1 and T2, NKP2 T1 and T2, and NKP3 T1 and T2.

Six unsterile FACS tubes were labelled as follows for single-stain compensation

tubes: CD3 Pac BIl, CD56 PE-Cy7, NKp46 PE, TIM3 BB515, TRAIL APC, and HLA-DR FITC.
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Antibodies were aliquoted in to their respective FACS tubes as per Table 2.3.

FACS tube Marker Fluorophore | Category Lot Recommended | Volume added
label number | number volume
NKP1T1 CD3 Pacific blue 1l
CD56 PE Cy7 3uL
NKp46 PE 557991 | 4255803 | 0.25ug/20uL 5uL (0.0625ug)
NKG2D APC 558071 | 5036864 | 1ug/20uL 4pl (0.2pg)
TIM3 BB515 565568 | 5135962 | 0.5ug/5uL 2ul (0.2pg)
NKP1 T2 CD3 Pacific blue 1l
CD56 PE Cy7 3uL
Mouse PE 554680 0.2ug/uL 0.3uL
IgG1, k (0.0625ug)
Mouse APC 554681 0.2ug/uL 1ul (0.2pg)
1gG1,
Mouse BB515 564416 0.2ug/uL 1ul (0.2pg)
IgG1,
NKP2 T1 CD3 Pacific blue 1l
CD56 PE Cy7 3uL
NKp30 PE 558407 0.2ug/uL 2ul (0.4ug)
TRAIL APC 563642 0.2ug/uL 2ul (0.4ug)
HLA-DR FITC 555811 | 4342790 | 0.5ug/20uL 2uL (0.05ug)
NKP2 T2 CD3 Pacific blue 1l
CD56 PE Cy7 3uL
Mouse PE 554680 0.2ug/uL 2ul (0.4ug)
1gG1,
Mouse APC 554681 0.2ug/uL 2ul (0.4ug)
1gG1,
Mouse FITC 555573 | 5104825 | 1ug/20uL 1ulL (0.05ug)
IgG2a, K
NKP3 T1 CD3 Pacific blue 1l
CD56 PE Cy7 3uL
CD85j PE 551053 | 5156845 | 1ug/20uL 10pL (0.5ug)
NKG2A APC 130-098- 10puL/test 2ul
812
CD122 BB515 564688 | 4335880 | 0.5ug/5uL SuL (0.5ug)
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NKP3 T2 CD3 Pacific blue 1l
CD56 PE Cy7 3uL
Mouse PE 555743 5078858 | 1ug/20uL 10pL (0.5ug)
IgG2b, K
REA APC 130-104- 2ul
Control 614
(S)
Mouse BB515 564416 0.2ug/uL 2.5uL (0.5ug)
1gG1,
CD3 PacBI | CD3 Pacific blue 0.2 uL
CD56 PE CD56 PE Cy7 1.5uL
Cy7
NKp46 PE | NKp46 PE 557991 | 4255803 | 1uL lul
TIM3 TIM3 BB515 565568 | 5135962 1l
BB515
TRAILAPC | TRAIL APC 563642 0.5uL
HLA-DR HLA-DR FITC 555811 | 4342790 lul
FITC

Table 2.3 Antibodies for NK receptor surface expression

100 pL of PBMCs were transferred into each of the FACS tubes labelled NKP1 (T1
& T2), NKP2 (T1 & T2) and NKP3 (T1 & T2) for surface staining. These tubes were
incubated for 20 minutes at room temperature in the dark. The stained PBMCs were
then washed twice with 1mL PBS supplemented with 2% FCS and centrifuged at
1500rpm for 5 minutes. The supernatant was removed with a pipette and 100 uL of 2%
formaldehyde was added to fix the stained cells. Centrifugation was performed at 1500
rom for 5-minutes to pellet the stained, fixed PBMCs. The supernatant was carefully
removed with a pipette, leaving approximately 75 uL of fluid. The FACS tubes were

vortexed and 1 ul of Pl was added and mixed just prior to running on flow cytometry.

2.2.4 TLR Functional Assay

The thawed PBMCs in supplemented RPMI that were set aside (4 x 10° / subject)
and rested at 37°C for a minimum of 1-hour were used to assess TLR function. The
PBMCs were counted using the haemocytometer and viability re-assessed using the
trypan blue exclusion test. The PBMCs were re-suspended in supplemented RPMI to

obtain a concentration of 2 x 10° PBMC/mL.
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To obtain a concentration of 2 x 10° PBMC/mL (0.5 x 10°® PBMCs per TLR

stimulation), the following formula was used:
Veemcs Patient 1 = 2 x 108/mL x Vesmcs/[thawed PBMCs Patient 1]
Veemcs = Vpemcs Patient 1 + Verpwm

Veremi = Veemcs - Veswcs Patient 1 - to make total volume up to Vesmcs = (n x

0.25mL) + 0.5mL
To determine the volume of PBMCs required, the following formula was used:
Vpemcs = (N x 0.25mL) + 0.5mL
n = number of stimulation tubes
extra 0.5mL accounts for pipetting error

0.25mL of PBMCs per stimulation tube

To determine the volume of TLR ligand required, the following formula was used:
Viigand = (n x 0.25mL) +0.5mL

n = number of patients

0.25mL per stimulation tube

*note - extra 0.5mL to account for pipetting error

To determine the volume of each TLR ligand required, the following formula was

used:

Vpsc = 2 x [final] x Viigana/[stock] = VP3C = 200ng/mL x Viigand/10000

To make up the volume of TLR ligand, it was mixed with RPMI media with 1%

L-glutamine, 1% penicillin and 5% fetal calf serum.
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Table 2.4 details each TLR ligand with its corresponding stock concentration, the

concentration used for TLR stimulation and an example of the volume of ligand and

volume of RPMI media used.

TLR receptor Ligand Stock Stimulation 2 x [final] Viigand (ML)| Vmedia (1L)
concentration concentration

Unstimulated 250uL

TLR2 P3C 10ug/mL 100ng/mL 200ng/mL 30uL 1470uL
(InVivoGen) (1:50)

TLR3 Poly I: 5mg/mL 10ug/mL 20ug/mL 6uL 1494uL
(InVivoGen) (1:250)

TLR4 LPS 10000ng/mL 100ng/mL 200ng/mL 30uL 1470pL
(InVivoGen) (10ug/mL) (1:50)

TLR7/8 R848 1000ug/mL Sug/mL 10ug/mL 15uL 1485uL
(InVivoGen) (1:1200)

TLRS CpGODN2006 | 105.3uM (varies) 0.3uM 0.6uM 9uL 1580puL
(InVivoGen)

RIG-I 5'ppp-dsRNA 100ug/mL 0.5ug/mL lug/mL

(positive) (InVivoGen) (1ug/0.1mL)

RIG-I Control 100ug/mL 0.5ug/mL lug/mL

(negative) (InVivoGen) (1ug/0.1mL)

Table 2.4 Volume of TLR ligands used for TLR stimulation

Preparation of the RIG-I ligand (positive - 5'ppp-dsRNA, and negative - control)
followed a different protocol. To prepare RIG-I stimulation the following steps were
followed. The protocol recommends 10uL 5’ppp dsRNA to 100uL of lyovec. Therefore
to make 5 samples, 50 puL 5’ppp dsRNA was added to 550uL of lyovec. This was
combined with 700 pL of supplemented RPMI, resulting in a concentration of 5.0ug

5’ppp dsRNA in 1250uL. The same steps were followed for the RIG-I control.

250 pL of each TLR ligand was added to 250 uL of PBMCs into sterile FACS tubes.
The sterile FACS tubes were capped only to the first stop, to allow gas exchange. The
FACS tubes were placed in incubation at 37°C for 20 hours. The samples were
centrifuged at 1500rpm for 5-minutes. The supernatants were aliquoted into three
sterile Eppendorf’s at 100 pL, 100 pL and 250 pL and stored at -80°C until batch

analysis.

The concentrations of TLR ligand and duration of incubation period were chosen

based on the results of optimization experiments, to maximize cytokine output.
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2.2.5 Measurement of Cytokines by Enzyme-Linked Immunosorbent
Assay (ELISA)

Commercial ELISA kits were used to measure the spontaneous secretion of

cytokines in plasma. The cytokines measured are as follow:

a. IP-10 (BD Biosciences, CA, USA)
b. MCP-1 (BD Biosciences, CA, USA)
C. IL-6 (BD Biosciences, CA, USA)

d. IFN-y (BD Biosciences, CA, USA)
e. CXCL9 (R&D systems, MN, USA)

If the cytokine measurements were found to be outside the standard curve, the
samples were remeasured at a dilution of 1/10 or 1/100 in Assay Diluent (PBS + 10%
FCS).

To perform ELISA for CXCL9, 1% Bovine Serum Albumin Millipore was used
instead of Assay Diluent, as recommended in the manufacturer’s guidelines (R&D

systems, MN, USA)

One day prior to the experiment, a 94-well enhanced protein-binding ELISA plate
was prepared with a Coating Buffer solution (0.1M Na2C03 pH 9.5). This consisted of
8.4g of NaHCO3 and 3.56g Na2C03 to 50mL of distilled water. 100uL of coating buffer

was required per well, therefore a 94 well plate required 9.4mL of coating buffer.

Capture antibody was diluted in Coating Buffer (1:250 dilution with 0.1M
carbonate buffer, pH 9.5) and 100uL was added to each well. The plate was sealed in a

humidified container and incubated overnight at 4°C.

Table 2.5 is an example of a template used to perform ELISA, with the standards
in column 1 and 2. Standards were included in each 94-well ELISA plate, with a
replicate of each sample included. If multiple time-points of the same subject were to

be measured, these time-points were included on the same 94-well plate.
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1 2 3 4 5 6 7 8 9 10 11 12
A 500pg/ml | 500pg/ml [ TO09-1 | T009-1 [ TO09-2 | TO09-2 | TOO9-3 | TOO9-3 | TOO9-4 | TO09-4 | TOO9-5 | TOO9-5
B 250 250 TO11-1 | TO11-1 | TO11-2 | TO11-2 | TO11-3 | TO11-3 | TO11-4 | TO11-4 | TO11l-5 | TO11-5
C 125 125 B010-1 | B010-1 | BO10-2 | BO10-2 | BO10-3 | BO10-3 | BO10-4 | BO10-4 | BO11-6 | BO11-6
D 62.5 62.5 BO11-1 | BO11-1 | BO11-2 | BO11-2 | BO11-3 | BO11-3 | BO11-4 | BO11-4 | BO11-5 | BO11-5
E 313 313 TO12-1 | TO12-1 | TO12-2 | TO12-2 | TO12-3 | TO12-3 | TO12-4 | TO12-4 | TO12-5 | TO12-5
F 15.6 15.6 B12-0 B12-0 B12-1 B12-1 B12-2 B12-2 B12-3 B12-3 B12-4 B12-4
G 7.8 7.8 B12-5 B12-5 TO13-1 | TO13-1 | TO13-1 | TO13-1 | TOO1-3 | TOO1-3 | TOO1-4 | TOO1-4
H 0 0 TO01-5 | TOO1-5 | BO02-1 | BOO2-1 | B002-2 | BOO2-2 | B0O2-3 | BOO2-3 | B0O2-4 | B002-4

Table 2.5 Template for ELISA plate

On the day of the experiment, the ELISA plate was removed from the fridge and
brought to room temperature. The capture antibody solution was removed using a
closed-circuit container and washed three times with 300uL of Wash Buffer
(PBS/Tween® - 0.5 ml of Tween®-20 in 1 L PBS). The plate was blotted to remove any

residual liquid.

250mL of Assay diluent was prepared (PBS + 10% FCS - 225mL PBS and 25mL
FCS). 200 pl of Assay Diluent (10% FCS in PBS) was added to each well. The Assay
Diluent was used as a blocking buffer to block non-specific binding. The plate was
sealed in a humidified container and incubated at room temperature for 1 hour. The
blocking buffer was removed and the plate was washed three times with 300uL of

Wash Buffer. The plate was blotted to remove any residual liquid.

Stock standard solutions and their dilutions were prepared as per manufacturer’s
guidelines. One stock standard solution was made at a concentration of 500pg/mL. Six
dilutions were derived from the stock standard solution, but combining 300uL of the
stock standard solution with 300uL of assay diluent. This was vortexed and made a
concentration of 250pg/mL. This step was repeated by combining 300 pL of the second
standard (250pg/mL) with 300uL of assay diluent, to form a concentration of

125pg/mL. This step was repeated four more times to produce standards with
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concentrations of 62.5pg/mL, 31.3 pg/mL, 15.6pg/mL, and 7.8pg/mL. Assay diluent
was used for the final standard at a concentration of Opg/mL. The standard
concentrations were used to generate a standard curve to enable measurement of

each cytokine.

1mL of frozen plasma for each subject was thawed to room temperature and
spun at 13,500 rpm for 5 minutes. 100 pL of each sample and standard were aliquoted
into the plate as per the template. The plate was sealed in a humidified container and
incubated at room temperature for 2-hours. The standards and samples were removed

and the plate was washed five times with PBS/Tween®.

100 pL of diluted detection antibody in Assay Diluent (detector antibody plus
substrate enzyme Streptavidin-HRP, diluted 1:250 in Assay Diluent) was added to each
well. The plate was sealed in a humidified container and incubated for 1 hour at room
temperature. The detection antibody was removed and the plate was washed seven

times with Wash Buffer, with residual fluid blotted from plate.

100pL of Substrate Solution (Sure Blue tetramethylbenzidine microwell
peroxidase) was added to each well, and the plate was incubated at room temperature

for 15-minutes (without a container).

50uL of Stop Solution (2M H2S04) was then added to each well, at a similar rate
to addition of the Substrate Solution. The plate was immediately placed into an ELISA

microplate reader and the absorbance was measured at 450nm.

2.2.6 Measurement of Cytokines by Cytometric Bead Array Assay on TLR
Stimulated PBMCs

The cytometric bead array (CBA) assay was performed on thawed tissue culture

supernatants. The cytokines measured included:

a. Human IFN-y (BD Biosciences, CA, USA)
b. Human IL-10 (BD Biosciences, CA, USA)
c. Human IFN-a (BD Biosciences, CA, USA)
d. Human TNF-a (BD Biosciences, CA, USA)
e. Human IL-1b (BD Biosciences, CA, USA)
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Human IL-8 (BD Biosciences, CA, USA)
Human IL-6 (BD Biosciences, CA, USA)
Human IP-10 (BD Biosciences, CA, USA)
Human MCP-1 (BD Biosciences, CA, USA)

Human CXCL9 (BD Biosciences, CA, USA)

Human IFN-y, IL-10 and IFN-a were measured at 1:1 concentration, with these

analytes performed in the same experiment. The remaining cytokines were measured

at dilutions of 1:1, 1:10 and 1:100, to accommodate high levels of cytokine, and

performed in the same experiment.

Table 2.6 is an example of a template used to perform the CBA for one

experiment. Each well was identified by the sample name, dilution factor and TLR

stimulant. Wash buffer was allocated to one well per experiment to act as a control.
Plate 1
1 2 3 4 5 6 7 8 9 10 11 12
wash A0S-5 A09-5 A10-1 A10-1 A10-1 A10-1 A10-1 A10-1 A10-1 A10-1 A10-2
A | buffer RIG-I (+) | RIG-I cont us P3C PIC LPS R848 CpG RIG-I (+) | RIG-I cont us
1:1 1:1 1:1 1:1 1:1 1:1 1:1 1:1 1:1 1:1 1:1 1:1
A10-2 A10-2 A10-2 A10-2 A10-2 A10-2 A10-2 Al10-4 A10-4 A10-4 A10-4 A10-4
B P3C PIC LPS R848 CpG RIG-I (+) | RIG-I cont us P3C PIC LPS R848
1:1 1:1 1:1 1:1 1:1 1:1 1:1 1:1 1:1 1:1 1:1 1:1
A10-4 A10-4 A10-4 A10-5 A10-5 A10-5 A10-5 A10-5 A10-5 A10-5 A10-5 Al1-1
C CpG RIG-I (+) | RIG-I cont us P3C PIC LPS R848 CpG RIG-1 (+) | RIG-I cont us
1:1 1:1 1:1 1:1 1:1 1:1 1:1 1:1 1:1 1:1 1:1 1:1
All-1 All-1 All-1 All-1 All-1 All-1 All-1 Al1-2 Al1-2 Al1-2 Al1-2 Al1-2
D P3C PIC LPS R848 CpG RIG-I (+) | RIG-I cont us P3C PIC LPS R848
1:1 1:1 1:1 1:1 1:1 1:1 1:1 1:1 1:1 1:1 1:1 1:1
Al1-2 Al1-2 Al1-2 All-4 Al1-4 All-4 All-4 All-4 All-4 All-4 All-4 Al11-5
E CpG RIG-I (+) | RIG-I cont us P3C PIC LPS R848 CpG RIG-1 (+) | RIG-I cont us
1:1 1:1 1:1 1:1 1:1 1:1 1:1 1:1 1:1 1:1 1:1 1:1
Al1-5 Al1-5 Al1-5 Al1-5 Al1-5 Al1-5 Al1-5
F P3C PIC LPS R848 CpG RIG-I (+) | RIG-I cont
1:1 1:1 1:1 1:1 1:1 1:1 1:1
G
H

Table 2.6 Template for CBA

Preparation of standards

1.

One vial of lyophilised Human Inflammatory Cytokines Standard for

each cytokine to be measured in the same multiplex assay, were pooled in a 10mL

yellow top polypropylene tube. 2.0 mL of Assay Diluent was added and allowed to sit
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for a minimum of 15-minutes, then gently mixed with a pipette. This tube was labelled

as the Top Standard (5000 pg/mL).

2. 300 pL of Assay Diluent were pipetted into ten yellow top tubes and

labelled as per the following:

a. 1:2 dilution — 2500 pg/mL
b. 1:4 dilution — 1250 pg/mL
c. 1:8 dilution — 625 pg/mL

d. 1:16 dilution —312.5 pg/mL
e. 1:32 dilution — 156 pg/mL
f. 1:64 dilution — 80 pg/mL

g. 1:128 dilution — 40pg/mL

h. 1:256 dilution — 20pg/mL

i. Assay dilutent — Opg/mL

3. Serial dilution was performed transferring 300 pL from the Top
Standard into the tube labelled, 1:2 dilution. This was mixed thoroughly with gentle
pipetting, and 300 pL was transferred into the 1:4 dilution, and so on, to the 1:256

tube.

Preparation of Mixed Human Inflammatory Cytokine Capture Beads

1. The number of tests to be performed were calculated, to include

standards + controls + samples (including dilutions)

2. The total volume of capture beads and diluent was calculated as per the

following:
=25 puL x (humber of samples + 10 standards + 4 controls)
The volume of each capture bead was calculated as per the following:
= 0.5 pL x (number of tests)

The volume of capture bead diluent was calculated as per the following:
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= total volume — (volume of capture beads) x ‘number of analytes’

3. Each Capture Bead was vortexed aggressively into a suspension for a
few seconds and the calculated volume was added to a single tube labelled “mixed

Capture Beads” with the volume of Capture Bead Diluent.

4, The Bead mixture was vortexed thoroughly

Preparation of PE Detection Reagent

The same calculations apply as per the mixed capture beads.

Preparation of Cytometer Setup Beads

1. Add 15 pl of Cytometer Setup Beads to three cytometer setup tubes
labeled A, B and C.

2. Add 15 pl of FITC Positive Control Detector to tube B.

3. Add 15 pl of PE Positive Control Detector to tube C.

4, Incubate tubes A, B, and C for 30 minutes at room temperature, in the
dark.

5. Add 450 ul of Wash Buffer to tube A and 400 pl of Wash Buffer to tubes
B and C.

Preparation of Test Samples

1. Frozen tissue culture supernatants were removed from the -80 C freezer
and allowed to thaw to room temperature. The Eppendorf’s were spun for 5-minutes

at 13,500 rpm.

2. Each test sample was diluted to a desired factor of 1:1, 1:10, 1:50 or

1:100 with Assay Diluent. An example is as follows:
1:10 dilution — 90 pL of Assay Diluent + 10 pL of NEAT sample

1:50 dilution — 245 Assay Diluent + 5 pL of NEAT sample
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1:100 dilution — 90uL of Assay Diluent + 10uL of 1:10 diluted sample

3. The diluted test samples were vortexed to ensure thorough mixing.

Assay procedure

1. 15 plL of the mixed Capture Beads were added to all test tubes. This
included samples, controls, tests and corresponding diluted tests. The mixed Capture

Beads were vortexed after every 10 tubes, to ensure it remained thoroughly mixed.

2. 15 plL of each sample was aliquoted to its correspondingly labelled, non-

sterile FACS tube, including the standards

3. A quick vortex was performed to mix with Capture Beads.
4, The tubes were incubated at room temperature for 1-hours, in the dark.
5. 1mL of Wash buffer was added to each tube and centrifuged at 200 x g

for 5-minutes.

6. Supernatant was carefully removed with a pipette from each tube,

leaving a residual 75uL of liquid in each tube.

7. 15 pL of PE Detection Regent was added into the residual fluid. A quick,

gentle vortex was performed to ensure mixed.
8. The tubes were incubated at room temperature for 2-hours, in the dark.

9. 1mL of Wash buffer was added to each tube and centrifuged at 200 x g

for 5-minutes.

10. Supernatant was carefully removed with a pipette from each tube,

leaving a residual 75uL of liquid in each tube.

11. 150 pL of wash buffer was added to tube to resuspend the pellet, ready

to analyse on a flow cytometer.

The intensity of fluorescence signal was measured on the FACS Canto Flow
Cytometer (Becton Dickinson, USA) and data analysed using the FCAP Array Software

(BD Biosciences).
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2.2.7 Measurement of Cytokines in Plasma by Enhanced Cytometric
Bead Array Assay

The enhanced sensitivity cytometric bead array (CBA) assay was used to detect
the spontaneous secretion of the following panel of cytokines, to allow for the

detection of levels as low as 0.274 pg/mL.

a. IFN-y (BD Biosciences, CA, USA)

b. IL-6 (BD Biosciences, CA, USA)

C. IL-8 (BD Biosciences, CA, USA)

d. IL-10 (BD Biosciences, CA, USA), and
e. TNF-o (BD Biosciences, CA, USA).

All cytokines were measured at 1:1 concentration.

The protocol had variations to that used for the standard cytometric bead assay

and is as follows.

Preparation of standards

1. One vial of lyophilised Human Inflammatory Cytokines Standard for
each cytokine to be measured in the same multiplex assay, were pooled in a 10mL
yellow top polypropylene tube. 4.0 mL of Assay Diluent was added and allowed to sit
for a minimum of 15-minutes, then gently mixed with a pipette. This formed the

reconstituted standards.

2. 460 pL of assay diluent was pipetted into a tube labelled as the Top
Standard (200,000 fg/mL).

3. 400 pL of Assay Diluent were pipetted into yellow top tubes and

labelled as per the following:
a. 1:3 dilution — 66,667 fg/mL
b. 1:9 dilution — 22,222 fg/mL

c. 1:27 dilution — 7,407 fg/mL

64 2 Materials and Methods



d. 1:81 dilution — 2,469 fg/mL
e. 1:243 dilution — 823 fg/mL
f. 1:729 dilution — 274 fg/mL
g. Assay diluent —0 fg/mL

4, Serial dilution was performed transferring 40 pL of the reconstituted
standards into the Top Standard tube. This was mixed thoroughly with gentle
pipetting, and 200 uL from the Top Standard was transferred into the 1:3 dilution, and
so on, to the 1:729 tube. The final tube labelled 0 fg/mL had no standard added, acting

as a negative control.

Preparation of Mixed Human Inflammatory Cytokine Capture Beads

1. The number of tests to be performed were calculated, to include

standards + controls + samples

2. The total volume of capture beads and diluent was calculated as per the

following:
=15 puL x (humber of samples + 10 standards + 4 controls)
The volume of each capture bead was calculated as per the following:
=0.75 pL x (number of tests)
The volume of capture bead diluent was calculated as per the following:
= total volume — (volume of capture beads) x ‘number of analytes’

3. Each Capture Bead was vortexed aggressively into a suspension for a
few seconds and the calculated volume was added to a single tube labelled “mixed

Capture Beads” with the volume of Capture Bead Diluent.
4, The Bead mixture was vortexed thoroughly

Preparation of Human Detection Reagent (Part A)

1. The number of tests were calculated as per for capture beads

2. The total volume of human detection reagent and diluent was

calculated as per the following:
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The total volume required is calculated as

=15 pL x (humber of tests)

The total volume of Human Detection Reagent (Part A)

= number of tests x 0.75 L

The volume of Human Detection Reagent Diluent

= total volume — (volume of human detection reagent x ‘number of analytes’)

3. The Human Detection Reagent (Part A) was added to the Detection
Reagent Diluent, labelled as ‘Mixed Human Detection Reagents’ and stored at 4-

degrees, in the dark.

Preparation of Enhanced Sensitivity Detection Reagent (Part B)

1. One vial (per 50 tests) of lyophilised Enhanced Sensitivity Reagent was
reconstituted in 550uL of Detection Reagent Diluent and incubated at 15 minutes at

room temperature, in the dark. This was gently mixed with a pipette

2. 4.5mL of Detection Reagent Diluent was added into a 15mL conical

polypropylene tube

3. 0.5mL of reconstituted Enhanced Sensitivity Reagent (Part B) was added

to the conical tube and gently vortexed

Assay procedure

1. 15 plL of the mixed Capture Beads were added to all test tubes. This
included standards, controls, and tests. The mixed Capture Beads were vortexed after

every 10 tubes, to ensure it remained thoroughly mixed.

2. 15 plL of each sample was aliquoted to its correspondingly labelled, non-

sterile FACS tube

3. 50uL of each standard dilution was added to its correspondingly

labelled, non-sterile FACS tube
4, A quick vortex was performed to mix with Capture Beads.

5. The tubes were incubated at room temperature for 2-hours, in the dark.
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6. 15 pL of Human Detection Regent (Part A) was added. A quick, gentle

vortex was performed to ensure mixed.
7. The tubes were incubated at room temperature for 2-hours, in the dark.

8. 1mL of Wash buffer was added to each tube and centrifuged at 200 x g

for 5-minutes.

9. Supernatant was carefully removed with a pipette from each tube,

leaving a residual 75uL of liquid in each tube.

10. 100pL of Enhanced Sensitivity Detection Reagent (Part B) was added to

each tube and gently mixed
11. The tubes were incubated at room temperature for 1-hour, in the dark

12. 1mL of Wash buffer was added to each tube and centrifuged at 200 x g

for 5-minutes.

13. Supernatant was carefully removed with a pipette from each tube,

leaving a residual 75uL of liquid in each tube

14. 150 pL of wash buffer was added to tube to resuspend the pellet, ready

to analyse on a flow cytometer.

2.2.8 NK Functional Assay

The thawed PBMCs in supplemented RPMI that were set aside (4 x 10° / subject)
and rested at 37°C for a minimum of 1-hour were used to assess TLR function. The
PBMCs were counted using the haemocytometer and viability re-assessed using the
trypan blue exclusion test. The PBMCs were re-suspended in supplemented RPMI to

obtain a concentration of 2 x 10° PBMC/mL.

Table 2.7 details each ligand used to assess NK function, with its corresponding

stock concentration, and the concentration used for stimulation.
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Ligand [stock ] [Stimulation] 2 x [final]

Supplemented RPMI
(unstimulated)

IL-12 10ug/mL 0.5ng/mL 1ng/mL

IL-15 10ug/mL 20ng/mL 40ng/mL

Table 2.7 NK ligands to assess NK function

To prepare the IL-12 ligand, the following steps were taken:
1. 10pL aliquot of IL-12 (10ug/mL) + 90uL media (1:10)
=100pL at 1ug/mL or 100uL at 1000ng/mL

2. 100pL + 9900puL media (1:100)

=10mL at 10ng/mL

To prepare the IL-15 ligand, the following steps were taken:
1. 10pL aliquot of IL-15 (10ug/mL) + 90uL media (1:10)
=200pL at 1ug/mL or 200uL at 1000ng/mL

2. 100pL + 150pL media (1:2.5)

= 250uL at 400ng/mL

Two aliquots were prepared to make a total of 500pL.

To obtain 2 x the final concentration, 500uL of IL-12 ligand at 10ng/mL was
added to 500pL of IL-15 at 400ng/mL and 4mL of supplemented RPMI, for 10 samples.

Using sterile, covered FACS tubes, 500uL of prepared media was added 2

separate FACS tubes labelled:
a. IL-12 (1ng/mL) + IL-15 (40ng/mL)
b. RPMI with 5% FCS only

500uL of resuspended PBMCs was then added to each tube with a final

concentration of (1x10° cells/mL) to make:
a. IL-12 (0.5ng/mL) + IL-15 (20ng/mL)

b. RPMI with 5% FCS only
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The FACS tubes were incubate for 14 hours at 37°C.

The following day, 1uL Brefeldin (Golgi Plug) was added to each FACS tube and
incubated for 4 hours at 37°C. The FACS tubes were centrifuged at 1500rpm for 5 min
and the supernatant removed. One wash was performed with 2 mL PBS (to remove
media) and centrifuged 1500 rpm for 5 min. The supernatant was removed and 1mL
PBS and 1.0 ML FVS 510 (as 1 x 10° cells, for 1:1000 dilution); a viability stain. The
samples were incubated for 15 minutes at room temperature in the dark. To stop the
staining process, the cells were washed twice with 1mL PBS 2% FCS and centrifuged at
1500rpm for 5-minutes. The supernatant was removed leaving the pellet in 100uL of

PBS, ready for surface staining.

The following antibodies were added to each FACs tube for surface staining, as

per Table 2.8.

FACS tube label Marker Fluorophore Volume added
CD3 Pac BI CD3 Pacific blue 0.2 uL
CD56 PE Cy7 CD56 PE Cy7 1.5uL

Table 2.8 Antibodies for TLR surface expression

Four unsterile FACS tubes were labelled as follows for single-stain compensation

tubes - CD3 Pac Bl, CD56 PE-Cy7, IFN-y PE and TNFa APC.

Antibodies were added to the labelled, single-stain compensation tubes as per

Table 2.9.
FACS tube Category Lot Volume
label Marker | Fluorophore number number added
CD3 Pac BI CD3 Pacific blue 0.2 uL
CD56 PE Cy7 | CD56 PE Cy7 1.5uL
IFNg PE IFNg PE 554701 0.5puL
TNFa APC TNFa APC 554514 4302508 | 0.3pL

Table 2.9 Antibodies for single stain compensation tubes

100uL PBMCs were added to each of the single stain compensation tubes.
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These tubes were incubated for 20 minutes at room temperature in the dark.
The stained PBMCs were then washed twice with 1mL PBS supplemented with 2% FCS
and centrifuged at 1500rpm for 5 minutes. The supernatant was removed with a
pipette and 100 pL of 2% formaldehyde was added to fix the stained cells.
Centrifugation was performed at 1500 rpm for 5-minutes to pellet the stained, fixed

PBMCs. The supernatant was removed.

In the chemical hood, 250 ul BD Cytofix/Cytoperm was added to in all FACS
tubes, including compensation tubes, and incubated for 20 minutes at 4°C for intra-
cellular staining. Two washes were performed with 1mL BD Perm/Wash (1:10 solution

with distilled H,0).

To make up 1x concentrated BD Perm/Wash at 1:10 dilution with dH,0 the

following formula was used:

Total volume required = 4mL X # of FACS tubes (this includes extra as surface

marker compensation tubes only need 2 washes).

The following antibodies were added to each FACs tube for intra-cellular staining,

as per Table 2.10.

Antibody | Marker | Fluor | Category Lot Recommended Volume added
ophor Number Number volume
e
IFNg PE IFNg PE 554701 0.2pg/uL 0.5pL (0.1ug)
TNFa APC TNFa APC 554514 4302508 0.2ug/uL 2ul (0.4ug)

Table 2.10 Antibodies for intra-cellular staining

The FACS tubes were incubated for 30 minutes at room temperature, in the dark.
Two washes with 1 BD Perm/Wash were performed, with centrifugation at 2500rpm
for 5min, and the supernatant removed from the pelleted cells, leaving a residual 100

uL, ready for flow cytometry.

Frequency of IFN-y positive NK cells that were incubated in complete medium
without cytokines was subtracted from the frequency of IFN-y positive NK cells

stimulated with cytokines.
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2.2.9 RNA Extraction from Whole PBMCs

The RNAqueous®-4PCR Total RNA Isolation Kit (Ambion, Austin, TX, USA) was
used for extraction of RNA. PBMCs from liquid nitrogen storage were thawed rapidly in
a 37°C water-bath, then diluted with 9mL of sterile PBS in a 10mL falcon tube to
remove any residual DMSO. The diluted PBMCs were mixed by inversion and pelleted
by centrifugation at 1500rpm for 5-minutes. The supernatant was discarded and the
pelleted cells resuspended in 1mL of supplemented RPMI Trypan blue exclusion was
used to assess PBMC viability, which was greater than x%. PBMCs were then re-
pelleted by centrifugation at 1500rpm for 5 minutes, and the cell pellet dissolved in
300uL of cell lysis buffer. The lysate was left to incubate at room temperature for a
minimum of 10-minutes before continuing with the RNA extraction, or stored at -80°C

long term.

2.2.9.1 RNA isolation

An equal volume (300uL) of 64% Ethanol was added to the lysate and mixed
gently. The lysate/ethanol mixture (600uL total volume) was applied to a filter
cartridge in a collection tube and centrifuged at 13,500 rpm for 1-minute. The flow-
through was discarded and the cartridge was then washed with 650 pL of Wash
solution#1 , twice with 450 uL Wash Solution 2/3 and finally dried by an additional

centrifugation at 13,500 rpm for 2-minutes.

RNA was eluted into a fresh collection tube with 60 pL of Elution Solution (pre-
heated to 80°C). After addition of the Elution Solution, the filter cartridge was allowed
to incubate at room temperature for 1-minute to facilitate elution of RNA from the
filter, then centrifuged at 13,500 rpm for 1-minute. Elution was repeated with an

additional aliquot of 20 pL of elution solution and the eluates combined.

2.2.9.2 DNAsel Treatment and DNAsel Inactivation

Traces of DNA in the extracted RNA solution were removed by digestion with
DNAsel. 1uL of DNAse 1 and 0.1 volume (8uL) of x10 DNAse Buffer were added to
80uL of the RNA sample, mixed gently and incubated on a 37°C heat block for 15
minutes. At the end of the incubation, DNAsel was inactivated by the addition of 0.1
volume (8uL) of DNAsel Inactivation Reagent. The collection tube was mixed gently to

ensure dispersion of the DNAse Inactivation Reagent and allowed to sit at room
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temperature for 2-minutes. After centrifugation at 13,500 rpm at 1-minute, the RNA
was carefully transferred to a fresh tube and quantified on the NanoDrop™1000

Spectrophotometer v3.7 (ThermoScientific).
The RNA was stored in sterile RNAse/DNAse free tubes for long term storage at
-80°C or used immediately for complimentary DNA (cDNA) preparation.

2.2.9.3 cDNA Preparation

The High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, CA, USA)
was used to prepare cDNA. A 20 pL cocktail consisting of 4.0 uL of 10 x RT buffer, 1.6
uL of 25 x dNTP (100mM), 4.0uL x RT primers, 6.4 pL of sterile water, 2.0 uL of
RNAseOut and 2.0 pL of Multiscribe RTAse, was added to 20 pL of RNA. The tube was
mixed gently and allowed to incubate at room temperature for 10 minutes, then at
37°C for 120 minutes, followed by a 5-minute incubation at 85°C. To facilitate
visualization of the RNA pellet, 2.0 uL of glycoblue (1ug/uL) was added to the sample.
The mixture was then precipitated with 7.0 uL of 3M sodium acetate and 300 pL of
100% ethanol at -80°C overnight. The precipitated cDNA was then centrifuged at
13,500 rpm for 20-minutes, and the supernatant carefully removed with a pipette and
discarded. The cDNA pellet was then washed with 400uL of 70% ETOH and centrifuged
at 13,500 rpm for 10 minutes. The supernatant was again carefully removed and
discarded. The pellet was allowed to air- dry for 5-minutes, then dissolved
overnight in 300uL of TE (10mmol Tris buffer and 1mL EDTA) and used immediately or

stored at -80°C long term.

2.2.9.4 cDNA Preparation

The High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, CA, USA)
was used to prepare cDNA. A 20 pL cocktail consisting of 4.0 uL of 10 x RT buffer, 1.6
uL of 25 x dNTP (100mM), 4.0 uL x RT primers, 6.4 pL of sterile water, 2.0 pL of
RNAseOut and 2.0 pL of Multiscribe RTAse, was added to 20 pL of RNA. The tube was
mixed gently and allowed to incubate at room temperature for 10 minutes, then at
37°C for 120 minutes, followed by a 5-minute incubation at 85°C. To facilitate
visualization of the RNA pellet, 2.0 uL of glycoblue (1ug/uL) was added to the sample.

The mixture was then precipitated with 7.0 uL of 3M sodium acetate and 300 pL of
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100% ethanol at -80°C overnight. The precipitated cDNA was then centrifuged at
13,500 rpm for 20-minutes, and the supernatant carefully removed with a pipette and
discarded. The cDNA pellet was then washed with 400uL of 70% ETOH and centrifuged
at 13,500 rpm for 10 minutes. The supernatant was again carefully removed and
discarded. The pellet was allowed to air-dry for 5-minutes, then dissolved overnight in
300uL of TE (10mmol Tris buffer and 1mL EDTA) and used immediately or stored at -

80°C long term.

2.2.9.5 PCR of cDNA

PCR was performed on an Applied Biosystems 7500 Fast Real Time PCR System
(Applied Biosystems, CA, USA). Forward and reverse primers were used a final
concentration of 250nM (Table 2.11) in a 20 uL reaction containing 5 pL of cDNA, 1 uL
each forward and reverse primers, 3 pL of sterile water, and 10 uL of SYBR Green

Master Mix (Applied Biosystems) as listed in Table 2.11.

GENE Forward Primer Reverse Primer Accession
OAS1 NM_0010324
5’-CTTCGTACTGAGTTCGCTCCA 5’-TGCACTCCTCGATGAGCTTGA 09
MX1 NM_0011449
5’-AGATTGAGATTTCGGATGCTTCA | 5-GTCAGATCCGGGACATCTCG 25
ISG15 5’-CACGCCGATCTTCTGGGTGA NM_005101
5’-GCTGAGAGGCAGCGAACTCA
IP-10 NM_001565
(IP-10) 5’-GACTCTAAGTGGCATTCAAGGA 5’-GATTCAGACATCTCTTCTCACC
NM_001101
ACTBA 5’-CATTGCYGACAGGATGCAGAA 5’-GCTGATCCACATCTGCTGGAA
(bActin)
GAPDH
5’-ATGGGTGTGAACCATGAGAAGT | 5'-AGTCCTTCCACGATACCAAAGT | NM_002046
IL-10 NM_000572
5’-GAGATGCCTTCAGCAGAGTGA 5’-CTGGGTCTTGGTTCTCAGCTT
IL-6 NM_000600
5’-CAGACAGCCACTCACCTCTTC 5’-CAGGTTGTTTTCTGCCAGTGC
SOCS1 5’-CAGCTCGAAGAGGCAGTCGA NM_003745
5’-TTCGCCCTTAGCGTGAAGATG
CXCL8 NM_000584
(IL-8) 5’-GCTCTGTGTGAAGGTGCAGTT 5’-TCCTTGGGGTCCAGACAGAG
CCL2 5’-GAAAGTCTCTGCCGCCCTTC NM_002982
(MCP-1) 5’-GCTTCTTTGGGACACTTGCTG
CXCL9 NM_002416

5’-GAGAAAGGGTCGCTGTTCCTG 5’-CCTTCACATCTGCTGAATCTGG

Table 2.11 Forward and reverse mRNA PCR primer sequences
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Abstract

Background/Aims

Long-term follow-up studies validating the clinical benefit of sustained virological response
(SVR) in people with chronic hepatitis C (CHC) infection are lacking. Our aim was to identify
rates and predictors of liver fibrosis progression in a large, well characterized cohort of CHC
patients in whom paired liver fibrosis assessments were performed more than 10 years
apart.

Methods

CHC patients who had undergone a baseline liver biopsy pre-2004 and a follow up liver
fibrosis assessment more than 10 years later (biopsy or liver stiffness measurement (LSM)
using transient elastography [FibroScan]) were identified. Subjects who had undergone

a baseline liver biopsy but had no follow up fibrosis assessment were recalled for LSM.
Fibrosis was categorised as mild-moderate (METAVIR F0-2 / LSM result of < 9.5 kPa) or
advanced (METAVIR F3-4/ LSM >9.5 kPa). The primary objective was to assess the associ-
ation between SVR and the rate of liver fibrosis progression over at least 10 years, defined
as an increase from mild-moderate fibrosis at baseline liver biopsy (METAVIR FO0-2) to
advanced fibrosis at follow-up liver fibrosis assessment.

Results

131 subjects were included in this analysis: 69% male, 82% Caucasian, 60% G1 HCV, 25%
G3 HCV. The median age at F/U fibrosis staging was 57 (IQR 54—62) years with median
estimated duration of infection 33-years (IQR 29-38). At F/U, liver fibrosis assessment was
performed by LSM in 86% and liver biopsy in 14%. The median period between fibrosis
assessments was 14-years (IQR 12—-17). 109 (83%) participants had received interferon-
based antiviral therapy. 40% attained SVR. At F/U, there was a significant increase in the
proportion of subjects with advanced liver fibrosis: 27% at baseline vs. 46% at F/U (p =
0.002). The prevalence of advanced fibrosis did not change among subjects who attained
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SVR, 30% at B/L vs 25% at F/U (p = 0.343). However, advanced fibrosis became more com-
mon at F/U among subjects with persistent viremia: 10% at B/L vs 31% at F/U (p = 0.0001).
SVR was independently associated with protection from liver fibrosis progression after
adjustment for other variables including baseline ALT (p = 0.011), duration of HCV infection
and mode of acquisition.

Conclusion

HCV eradication is associated with lower rates of liver fibrosis progression. The data support
early treatment to prevent long-term liver complications of HCV infection.

Introduction

Approximately 115 million people are chronically infected with hepatitis C (HCV) worldwide,
including 230,000 Australians.[1,2] HCV is associated with complications including liver cir-
rhosis, liver failure and hepatocellular carcinoma. HCV is the most common indication for
liver transplant in high-income countries including Australia. Antiviral therapy can eradicate
HCV. It is assumed that eradicating HCV will prevent these complications.

The landscape of HCV treatment has changed dramatically over recent years. Interferon-
free combinations of direct acting antiviral (DAA) agents are now standard of care, with cure
rates approaching 100% and excellent tolerability. However the cost associated with the new
DAAs is a major barrier to treatment access. Therefore, it is important to evaluate long-term
clinical outcomes, to confirm that viral eradication is associated with predicted clinical benefit.

Clinical trials evaluating antiviral therapy for HCV use sustained virological response
(SVR) as a surrogate for clinical benefit. Until recently, there has been little data available con-
firming the impact of SVR on long-term clinical outcomes of people with CHC. In particular,
there are limited data concerning the long-term benefit of SVR on fibrosis progression in non-
cirrhotic subjects.

In selected high-risk populations of subjects with advanced fibrosis or cirrhosis, SVR is
associated with improved overall and liver-related survival, as well as reduced rates of hepatic
de-compensation and hepatocellular carcinoma.[3-7] These results have been replicated in
numerous, multi-centre studies of up to 500 subjects with a follow up of 3-8 years. However,
data demonstrating a clinical benefit from SVR in people with less advanced disease are scarce.

There are data to suggest that SVR leads to fibrosis regression. Clinical trials based on
paired liver biopsies have shown SVR to be associated with histological improvement in both
grade and stage. However, these studies were limited by a short-term follow up of only 12-24
months.[8-10] Recent data from Spain suggest that SVR is associated with significant reduc-
tion in the risk of progression to cirrhosis in a population of patients with median duration
of follow-up of 10 years. A similar retrospective study in Korea observed an association
between SVR and lower risk of cirrhosis over median follow-up of 4 years. In both studies, the
definition of cirrhosis at long-term F/U was based on radiological features for most patients.
Transient elastography has greater sensitivity for the presence of advanced fibrosis / cirrhosis
than ultrasound, meaning that these studies may have under-estimated the risk of fibrosis
progression.

We describe a large, well-characterized cohort of CHC patients followed longitudinally in
whom paired liver fibrosis assessments were performed more than 10 years apart. We used
transient elastography and liver stiffness measurement to define the presence of advanced

PLOS ONE | https://doi.org/10.1371/journal.pone.0185609 October 24, 2017 2/12


https://doi.org/10.1371/journal.pone.0185609

@° PLOS | ONE

SVR halts fibrosis progression: A long-term follow-up study of people with chronic hepatitis C infection

fibrosis / cirrhosis at follow-up. We show that achievement of SVR halts liver fibrosis progres-
sion. The data supports early treatment of all people with CHC, regardless of liver fibrosis
stage, to prevent long-term liver sequelae.

Methods
Data resource

The St Vincent’s Hospital Hepatitis C electronic database (HCV database) is a hospital-based
patient database that comprehensively records up-to-date patient characteristics (demographic
and biochemical), treatment history, liver fibrosis stage and hospital clinic attendance.

Study population

This was a retrospective / prospective study. Subjects who had undergone a first time liver
biopsy before 2004 were identified from the HCV database. For inclusion in the current study,
subjects were required to have a second liver fibrosis assessment > 10 years after the original
assessment. 106 patients in the database had paired liver fibrosis assessments more than 10
years apart. If follow-up liver fibrosis staging had not been performed more than 10-years after
baseline liver biopsy, subjects received an invitation by mail to present for liver stiffness mea-
surement (LSM) and a blood test. 25 subjects were recalled by this method. We excluded sub-
jects co-infected with hepatitis B or HIV. Demographic, clinical, histological and biochemical
data were collected from the HCV database.

Timepoints

CHC was defined as persistent HCV RNA for at least 6-months after onset of acute infection
or known exposure. The estimated duration of infection was calculated from the year of
known exposure or episode of acute infection. A liver biopsy performed after diagnosis of
chronic HCV infection formed the first liver fibrosis assessment. Second liver fibrosis mea-
surement was defined as either a liver biopsy or LSM performed > 10 years after first liver
fibrosis assessment. HCV treatment was recorded as the completion date of antiviral therapy,
with a sustained virological response (SVR) defined as an undetectable HCV RNA 24-weeks
post antiviral therapy.

Blood test

Blood test included full blood count, electrolytes, liver function test, IL28B genotype, HCV
viral load and genotype, and HBV serology.

Liver fibrosis evaluation and categorisation

Fibrosis was categorised as mild-moderate for a biopsy with a METAVIR stage of 0-2 or a
LSM result of < 9.5 kPa and as advanced for a biopsy with a METAVIR stage of > 3 or a LSM
result of > 9.5 kPa.

Liver stiffness measurement by transient elastography

LSM was assessed using transient elastography according to the manufacturer’s guidelines,
and considered valid if a minimum of 10 measurements were obtained with at least a 60% suc-
cess rate and an interquartile range <0.3 of the median value. Operators at our institution had
performed a minimum of 100 procedures.
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Liver histology

Liver histology was assessed by pathologists specialized in liver disease. Specimens were
obtained by percutaneous liver biopsy, then fixed, paraffin-embedded, and stained with hae-
matoxylin-eosin and Masson’s trichrome. Histological fibrosis stage was scored according to
the METAVIR classification, defined as F0, no fibrosis; F1, portal fibrosis without septa; F2,
portal fibrosis and few septa; F3, numerous septa without cirrhosis; and F4, cirrhosis.[11]

Outcomes analysis

The primary objective was to assess the effect of SVR on the rate of liver fibrosis progression
over 10-years. Participants with advanced fibrosis (F3/F4), or cirrhosis (F4), at baseline were
excluded in this analysis. SVR was defined as an undetectable HCV PCR 6-months post antivi-
ral therapy. Fibrosis progression was defined as an increase from mild-moderate fibrosis at
baseline liver biopsy (METAVIR F0-2) to advanced fibrosis at follow-up liver biopsy (META-
VIR F3-4) or LSM (>9.5 kPa). The secondary objective was to identify variables influencing
liver fibrosis progression, and included age, gender, hepatitis C genotype (genotype 1 vs. non-
genotype 1), mode of HCV acquisition (blood transfusion vs. other), body mass index (BMI),
baseline ALT, HCV viral load, IL28B genotype (rs12979860) (CC vs. non-CC), estimated dura-
tion of infection and SVR. Indirect fibrosis progression rate was defined as the ratio between
the METAVIR fibrosis score at baseline liver biopsy and the estimated duration of infection.
LSM measurements were converted to corresponding METAVIR fibrosis stage as previously
validated.[12-18]

Statistical analysis

Participant characteristics were presented as median and inter-quartile ranges (IQR) for con-
tinuous variables and number (%) for dichotomous variables. McNemar’s test was used to
assess for liver fibrosis progression. In the analysis of variables that were associated with liver
fibrosis progression, Fisher’s exact test / Chi square test was used for dichotomous variables
and Mann-Whitney for continuous variables. The probability level was set at p < 0.05. Vari-
ables that were associated with liver fibrosis progression with a p-value < 0.1 were included in
multivariable logistic regression models. Statistical analysis was performed using PRISM v6.0.

The study protocol was approved by the Human Research Ethics Committee at St Vincent’s
Hospital and conducted according to the Declaration of Helsinki and ICH/GCP guidelines.
Written informed consent was obtained for participants recalled for LSMs. Informed consent
was not deemed necessary for subjects derived from the HCV database, given the retrospective
nature of this study.

Results
Study population

131 subjects were included in this analysis. All subjects had had a liver biopsy at our institution
prior to 2004. 18 subjects had paired liver histology available more than 10 years apart, 88 sub-
jects had a liver biopsy with a follow-up LSM, and 25 subjects were actively recalled to present
for a follow-up LSM and blood test. Of the 106 subjects who did not require recall, 7 did not
have blood test results at the time of follow-up fibrosis staging.

Clinical characteristics of the cohort at baseline and follow up fibrosis assessment are sum-
marized in Tables 1 and 2, respectively. 69% (91/131) were male, 82% were Caucasian (108/
131) and the median age at follow-up assessment was 57 (IQR 54-62) years. As noted, liver
fibrosis assessment at F/U was performed by transient elastography in 86% (113/131) and
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Table 1. Participant characteristics at baseline.

Participant Characteristics at Baseline (n = 131)

Age (years)

Male

Ethnicity

Age of HCV acquisition (years), n = 101

Estimated duration of infection at time of baseline liver biopsy (years)

Indirect Fibrosis Progression Rate (METAVIR Fibrosis stage/years of
infection)

Patients treated for HCV

Patients attaining SVR during study
Initial ALT (U/L)

Baseline HCV viral load (log1o 1U/mL)
Liver Fibrosis at baseline

FO

F1

F2

F3

F4

Mode of HCV acquisition

VDU

Blood transfusion

Tattoo
Multiple risk factors
No risk factors
Unknown
HCV genotype
Genotype 1
Genotype 2
Genotype 3
Genotype 4
Genotype 6
Unknown

https://doi.org/10.1371/journal.pone.0185609.t001

Median (IQR) or percentage
(n)
57 (IQR 54-62)
69% (n=91)
82% Caucasian (108)
20 (IQR 17-24)
17 (IQR 14-22)
0.05 (IQR 0-0.16)

83% (n = 109)
40% (n = 44)
94 (IQR 60—152)
6.10 (IQR 5.52-6.38)

41(31%)
43 (33%)
20 (15%)
10 (8%)
17 (13%)

31%)
17%)

14% (18/131) had a repeat liver biopsy. The median period between first and second liver
fibrosis assessments was 14-years (IQR 12-17 years). The majority of our cohort (60%, n = 79)
was infected with Genotype 1 HCV, followed by Genotype 3 HCV (25%, n = 33). At baseline,
79% (104/131) had mild-moderate liver fibrosis (FO 31% (41/131), F1 33% (43/131), F2 15%
(20/131)), and 21% advanced fibrosis (F3 8% (10/131), F4 13% (17/131)). 109 (83%)

Table 2. Participant characteristics at follow-up fibrosis assessment.

Participant Characteristics at Follow-up Fibrosis Assessment (Liver Biopsy or

LSM)

Median (IQR)

Estimated duration of HCV infection at follow-up fibrosis assessment (years), n = 101 33 (IQR 29-38)

Time between Liver biopsy and follow-up fibrosis assessment (years)
BMI

ALT (U/L)
https://doi.org/10.1371/journal.pone.0185609.t1002

14 (IQR 12-17)

25.2 (IQR 23.5—
28.3)

48 (IQR 27-94)
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participants received antiviral therapy. 25% (27/109) were treated with standard interferon-c,
35% (38/109) with standard interferon-o and ribavirin, 33% (36/109) with pegylated inter-
feron-o and ribavirin (PR), 6% (7/109) with a protease inhibitor in combination with (PR) and
one participant with an interferon-free combination of DAAs. 40% (44/109) attained SVR.
HCC developed in 3 participants during follow up. There were no reports of hepatic de-com-
pensation or death at follow up.

Liver fibrosis progression secondary to hepatitis C infection

At baseline liver biopsy, mild-moderate liver fibrosis (F0-2) was detected in 79% (n = 104)
and advanced fibrosis (F3-4) detected in 21% (n = 27). At follow-up, there was a statistically
significant increase in the proportion of subjects with advanced liver fibrosis (35% (n = 46),
p-value = 0.002, McNemar’s test for comparison of baseline vs. 10 year F/U, (Fig 1A). 21%
(n = 27) originally staged as mild-moderate fibrosis had progressed to advanced fibrosis after a
median of 14 (IQR 12-17) years. 73% (n = 95) had no change in fibrosis stage, of which 59%
(n=77) and 15% (n = 19) had mild-moderate fibrosis and advanced fibrosis at baseline and
follow up, respectively. Among patients with advanced fibrosis at baseline (n = 27), regression
to mild-moderate liver fibrosis was observed in 6% (n = 8 (30%)). 7 had received curative
HCV treatment. One participant demonstrated fibrosis regression (METAVIR F3 to LSM
5.8kPa after 17-years) despite relapsing to a course of pegylated interferon-a/ribavirin. Of
note, they presented with a very low HCV viral load at baseline, with no hepatic inflammation
at follow up (ALT 11 U/L).

114 subjects presented with METAVIR FO-F3 at baseline, of which 24% (n = 27) progressed
to cirrhosis (F4 or LSM > 13.5 kPa) over 17 years (IQR 12-16).

Predictors of liver fibrosis progression

Sustained virological response following HCV treatment. We considered the associa-
tion between SVR and liver fibrosis progression. First, we separated patients into those who
achieved SVR, and those who did not achieve SVR (Fig 1B and 1c¢). 83% (n = 109/131) of our
cohort received HCV treatment and 40% (n = 44/109) achieved SVR. No significant change in
liver fibrosis was observed over a median of 13.5 (IQR 11.5-16.9) years in subjects who were
cured of HCV, p = 0.343 (Fig 1B), with fibrosis progression observed in only 3 subjects despite
SVR. All had evidence of F2 fibrosis at baseline. One subject had biopsy proven F4 fibrosis at
follow up, but required two courses of antiviral therapy (standard IFN and pegI[FN/RBV) to
achieve SVR. The remaining two subjects progressed to biopsy proven F3 fibrosis, both acquir-
ing HCV secondary to IDU with previous exposure to HBV infection. Alcohol and diabetes
were additional co-factors present in one subject. In contrast, 26% (n = 23/87) of subjects who
did not receive antiviral therapy or achieve a sustained virological response to treatment, pro-
gressed from mild-moderate to advanced fibrosis over a median of 13.7 (IQR 12.3-16.0) years,
p =0.0001, McNemar’s Test (Fig 1C).

A subset analysis was performed on participants who had baseline liver biopsy and follow
up LSM (n = 114). This excluded those who had paired liver histology (n = 18). Similar to the
findings of the overall cohort, there was a significant increase in the proportion of subjects
(32%(n = 36) with advanced fibrosis at follow up, p = 0.038, McNemar’s test for comparison of
baseline vs. 10 year f/up (Panel A in S1 Fig). In those who attained SVR (n = 36), liver fibrosis
regression occurred after 10-years, p = 0.013 (Panel B in S1 Fig), where as in those who did not
attain SVR (n = 62), fibrosis progression was evident at follow-up, p = 0.0001 (Panel C in S1
Fig).
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Fig 1A. Fibrosis staging of HCV cohort at baseline and follow-up
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Fig 1B. Sustained virological response is associated with stable / improved
liver fibrosis
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Fig 1C. Persistent HCV is associated with liver fibrosis progression
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Fig 1. A. Fibrosis staging of HCV cohort at baseline and follow-up. B. Sustained virological response is
associated with stable / improved liver fibrosis. C. Persistent HCV is associated with liver fibrosis progression.

https://doi.org/10.1371/journal.pone.0185609.9001

Failure to attain SVR and longer estimated duration of infection before HCV treatment
initiation predict liver fibrosis progression. To adjust for potential confounding variables,
we then considered the association between SVR and liver fibrosis progression using logistic
regression analysis. The primary analysis included only those subjects with mild-moderate liver
fibrosis at baseline. On univariable analysis, predictors of liver fibrosis progression among those
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Table 3. Predictors of liver fibrosis progression—Failure to attain SVR and longer duration of infection prior to HCV treatment.

Co-variate No Fibrosis progression Fibrosis progression P- Multivariable logistic regression
value (P-value)
n 76 28
Age of patient (yrs) 56 (IQR 53-62) 60 (IQR 56-63) 0.188
Gender 55 (72%) 18 (64%) 0.472
HCV genotype (G1 vs. other) 47 (62%) 16 (57%) 0.351
HCV acquisition (blood transfusion vs. other) 17 (22%) 16 (57%) 0.002 0.412
Estimated duration of HCV infection till liver biopsy 16.5 (IQR 12.0-21.5) 19.0 (IQR 15.0-28.0) 0.029 0.318
(years)
Fibrosis rate to original liver biopsy (METAVIR 0.0387 (IQR 0-0.656) 0.0253 (IQR 0-0.0804) 0.984
stage/years of infection)
Age of acquisition 20 (IQR 17-22) 21 (IQR 15-25) 0.973
Failure to attain SVR 47 (62%) 23 (82%) 0.060 0.001
Baseline ALT (U/L) 87 (IQR 55-121) 125 (IQR 76-175) 0.011 0.493
Baseline Viral Load (IU/mL) 891012 (IQR 344980— 1455260 (IQR 1148700—- | 0.521
2405270) 1744878)
Baseline ferritin 226 (IQR 132-320) 273 (IQR 147-596) 0.170
Baseline AFP 5 (IQR 5-6) 5(IQR 1-7) 0.469
Caucasian vs. other 62 (82%) 24 (86%) 0.774
Estimated duration of infection before treatment 20.0 (IQR 15.0-28.0) 28.5(IQR 24.0-34.3) 0.008 0.005

initiation (years)
https://doi.org/10.1371/journal.pone.0185609.t003

presenting with mild-moderate fibrosis at baseline (n = 104) were high baseline ALT

(p =0.011), longer estimated duration of HCV infection prior to liver biopsy (p = 0.029), longer
estimated duration of infection before treatment initiation (p = 0.008) and mode of acquisition
(p = 0.002) [Table 3]. On multivariable analysis, SVR was independently associated with protec-
tion from liver fibrosis progression (p = 0.001). Shorter duration of infection prior to HCV treat-
ment initiation was also associated with protection from liver fibrosis progression (p = 0.005).

A separate analysis was performed to include subjects presenting with METAVIR FO0 -F3
(n = 114) at baseline. Predictors of fibrosis progression on univariable analysis included longer
estimated duration of infection prior to liver biopsy, failure to achieve SVR, high baseline
ALT, high baseline ferritin and longer estimated duration before treatment initiation. Similar
to the previous findings, attainment of SVR and shorter duration of HCV infection prior to
treatment initiation were also associated with protection from liver fibrosis progression on
multivariable analysis (see S1 Table).

Longer estimated duration of infection prior to HCV treatment initiation predicts liver
fibrosis progression in HCV treatment failure. When we considered the population of par-
ticipants who did not achieve SVR and had mild-moderate fibrosis at baseline (n = 57), the
independent predictors of liver fibrosis progression were mode of acquisition, high baseline
ferritin, and longer estimated duration of infection prior to HCV treatment initiation (see S2
Table). On multivariable analysis, shorter duration of infection prior to HCV treatment was
associated with protection from liver fibrosis progression (p = 0.0002). This was also a signifi-
cant predictor among participants who were untreated or did not attain SVR (p = 0.032) (see
S3 Table).

Discussion

In this well-characterised cohort of patients followed longitudinally for more than 10 years, we
have shown that SVR is associated with a reduction in the risk of liver fibrosis progression.
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Fibrosis progression occurred in only 7% of those who achieved SVR in comparison to 30% of
non-responders to antiviral therapy, over a decade. The three participants who did develop
fibrosis progression despite SVR were noted to have additional co-factors such as alcohol and
diabetes. This highlights the importance of early treatment initiation, as well as aggressive
management of co-factors to avoid fibrosis progression.

Alongside SVR, early treatment initiation was found to be independently associated with
protection against liver fibrosis progression. This was evident in both the overall cohort
[20-yrs (IQR 15.0-28) vs. 29-yrs (IQR 24-35), p 0.005)], and among those who failed HCV
treatment (see supplementary data). The importance of early curative therapy is underscored
by the poor prognosis of individuals with advanced fibrosis/cirrhosis and failed HCV treat-
ment. This particular cohort of patients is well described in the literature, most recently in a
retrospective analysis of four hundred participants that observed disease progression and
death to occur in 42% and 25% respectively, within a decade.[19]

Our results support the findings of two recent retrospective analyses with data to suggest
that SVR significantly reduces the long-term risk of liver fibrosis progression. One study from
Korea followed two hundred and eighty subjects for 4-years, of which 80% had received antivi-
ral therapy. A lower incidence of cirrhosis was reported among those who attained SVR than
without (0.6% vs. 33.9%, p = 0.001). A large study from Spain (n = 1289) also reported a
lower incidence of cirrhosis with SVR after a 12-year follow-up period (2.2% vs. 28% of non-
responders).[20] Of note, these studies included radiological findings, a less sensitive test than
transient elastography, to define cirrhosis.

Fibrosis progression occurred in 21% of our cohort after a 14-year follow-up period, with
the majority (n = 16, 59%) developing cirrhosis (Metavir F4 or LSM > 13.5kPa). The cirrhosis
rate at follow-up was 21%. This is consistent with previous estimates. A systematic review of 57
studies estimated progression to cirrhosis to be 21% at 20 years among liver clinic attendees.
[21] More recently, a UK study found rates of cirrhosis of 23% at 20 years among individuals
referred to a tertiary referral centre.[22] However, an Australian series of four hundred and
fifty-five participants attending liver clinic reported a cirrhosis prevalence of 12% after 12
years (IQR 7-17yrs).[23] All of these studies formed estimates based on a single liver biopsy
and an estimated date of infection, and may have underestimated the rate of HCV-related
fibrosis progression in the liver-clinic setting.

Our results contribute to the growing body of evidence that curative HCV treatment pre-
vents long-term fibrosis progression, and supports the notion that access to DAA therapy
should be made widely available to all individuals regardless of fibrosis stage.

There are number of limitations to our study. Participants were identified from a HCV
database, and although this database was inclusive of all HCV-infected attendees at our tertiary
hospital, it is possible selection bias may have occurred. Furthermore, our patient population
may be overrepresented by more severe illness and rapid disease progression, compared to a
community-based cohort. We were not able to collect detailed data concerning [24-27] beha-
vioural factors that have been associated with the natural history of CHC, including alcohol
consumption, marijuana use and coffee consumption, were not included in our analysis.
[28,29] Liver inflammation has been shown to alter LSMs and we potentially may have over
estimated the degree of fibrosis in participants with high levels of ALT. However, fluctuating
levels of inflammation / ALT are more characteristic of chronic hepatitis B infection and a
study of one hundred and fifty HCV subjects who underwent a liver biopsy and LSM, showed
no impact of ALT on LSM.[30] Despite these limitations, we believe the clinical message is
strong, and the cohort is unique for the duration of long-term follow-up with paired liver
fibrosis assessments.
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In conclusion, we have shown in a well-characterised cohort of patients managed in a real-
world setting, that curative HCV treatment halts fibrosis progression. The data support treat-
ment for all people living with HCV, including people with mild-moderate liver fibrosis.

Supporting information

S1 Fig. A. Fibrosis staging of HCV cohort at baseline and follow-up (n = 114). B. Sustained
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Background. Mechanisms by which spontaneous clearance of acute hepatitis C occurs are unclear. A critical role for the innate
immune system and IFNL4 polymorphisms has been proposed. This study investigates whether Toll-like receptor (TLR) expression
and signaling during acute hepatitis C correlates with clinical outcomes.

Methods. Participants identified from the Australian Trial in Acute Hepatitis C and the Networks study were followed longitudinally
from the time of diagnosis of acute hepatitis C. Peripheral blood mononuclear cells (PBMCs) and plasma were collected at and 2 time
points after diagnosis. At each time point, TLR2, TLR4, and CD86 expression on peripheral blood monocytes, natural killer (NK) cells,
and NK T cells was measured, as well as the response of PBMC:s to stimulation with TLR ligands. Cytokine and chemokine levels were
measured in stimulated PBMCs and plasma.

Results. We identified 20 participants with acute hepatitis C (10 with hepatitis C virus [HCV] monoinfection and 10 with HCV and
human immunodeficiency virus coinfection). Eleven participants (55%) spontaneously cleared HCV. Acute hepatitis C and spontaneous
clearance was associated with lower TLR4 expression on monocytes (P =.009) and NK cells (P =.029). Acute hepatitis C and sponta-
neous clearance was also associated with a reduced interferon y response to TLR4 (P =.038) and TLR7/8 stimulation (P =.035), a reduced
interleukin 6 response to TLR7/8 stimulation (P =.037), and reduced IFN-y-inducible protein 10 (IP-10) response to TLR2 stimulation

(P=.042). Lower plasma IP-10 levels were associated with spontaneous clearance (P =.001).
Conclusions. These findings implicate TLR4 signaling as playing a critical role in the outcome of acute hepatitis C.

Keywords. toll-like receptors; cytokines; hepatitis C.

Mechanisms by which spontaneous clearance of acute hepatitis C
occurs are unclear. Only 15%-50% of individuals with acute hep-
atitis C virus (HCV) infection spontaneously clear the virus [1].
Individuals with acute hepatitis C are particularly difficult to
identify, in part because the majority are asymptomatic at the
time of infection. As a result, limited data exist correlating host
immune response with clinical outcomes of acute hepatitis C,
in either HCV monoinfection or in HCV and human immuno-
deficiency virus (HIV) coinfection. Despite the recent develop-
ment of very effective direct antiviral therapy for HCV, these
drugs are expensive, and the development of a preventive HCV
vaccine remains a public health priority. Therefore, understand-
ing the pathogenesis of early HCV infection and the immunolog-
ical determinants of clinical outcome remain important.

Received 1 February 2016; accepted 23 May 2016; published online 9 June 2016.
Correspondence: S. G. Chen Yi Mei, Department of Gastroenterology, St Vincent's Hospital,
Level 4 Daly Wing, 35 Victoria Parade, Fitzroy, Victoria 3065, Australia (sweelin.chenyimei@
svha.org.au).
The Journal of Infectious Diseases®  2016;214:739-47
© The Author 2016. Published by Oxford University Press for the Infectious Diseases Society
of America. All rights reserved. For permissions, e-mail journals.permissions@oup.com.
DOI: 10.1093/infdis/jiw235

The innate immune system is understood to play a critical role
in the pathogenesis of HCV infection. The major cytoplasmic
sensor for HCV is thought to be retinoic acid-inducible gene 1
(RIG-I), which recognizes double-stranded RNA intermediates
produced during the viral lifecycle and leads to stimulation of the
interferon (IFN) signaling pathway. Toll-like receptor 3 (TLR3)
also signals through this pathway, but it detects double-stranded
RNA intermediates within endosomes. Both RIG-I and TLR3 sig-
naling have been shown in vitro to have antiviral responses to
HCV [2-4]. More recently, variants in the region of the IL28B
gene that encodes the type 3 IFN, IFN-A4, have been associated
with spontaneous clearance of acute hepatitis C [5]. This associa-
tion may occur via IFNL4-mediated induction of IFN-stimulated
genes (ISGs). IFNL4 polymorphism is highly predictive of sponta-
neous and IFN-o~induced HCV clearance in HCV monoinfection
and HCV and HIV coinfection [6-10]. Other components of HCV
are known to engage with the TLR4 and TLR2 receptors, and sig-
naling through these TLRs leads to the production of proinflam-
matory cytokines, as well as stimulating type 1/3 IFN through IFN
regulatory factor 3 [11, 12].

In chronic hepatitis C, TLR expression is increased in peripheral
blood mononuclear cells (PBMCs) in comparison to expression in
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healthy controls [11, 13-15]. Additionally, patients with chronic
hepatitis C demonstrate higher cytokine production following ex
vivo TLR stimulation. Increased TLR expression is also seen in
HIV monoinfection [16, 17]. Our laboratory has previously
shown that individuals with chronic hepatitis C, with either
HCV monoinfection, HCV and HIV coinfection, or HIV mono-
infection upregulate peripheral monocyte TLR2 and TLR4 protein
expression, in comparison to healthy controls [13, 18]. Of note, no
differences in TLR expression were identified between the virally
infected groups. These findings suggest that TLR expression and
function are intimately involved in the pathogenesis of chronic
hepatitis C.

There are no data yet looking at TLR2 or TLR4 expression in
the setting of acute hepatitis C. It is also not known whether
HCV and HIV coinfection alters TLR expression and thus in-
fluences different rates of spontaneous clearance. Overall, spon-
taneous viral clearance occurs less frequently in HCV and HIV
coinfection, suggesting that HIV infection may attenuate the
immune mechanism responsible for clearance [19]. Interferon
responsiveness is also reduced in HIV and HCV coinfection
as compared to HCV monoinfection [20-23].

In collaboration with the Australian Trial in Acute Hepatitis
C (ATAHC-I) and the Networks study, we performed a detailed
evaluation of the role of innate immune signaling as a determi-
nant of clinical outcomes in a unique cohort of individuals with
acute hepatitis C [24, 25]. This is the first study to investigate
TLR expression and functional cytokine response in the setting
of acute hepatitis C, in both HCV monoinfection and HCV and
HIV coinfection.

METHODS

Subjects

This was a longitudinal study of 10 HCV and HIV-coinfected and
10 HCV-monoinfected participants with stored PBMCs and plas-
ma identified from the ATAHC-I and Networks studies of acute
hepatitis C, as previously described [24, 25]. In the ATAHC-I, pa-
tients were followed longitudinally from time of diagnosis of
acute/early HCV infection, defined as first detection of anti-
HCV antibody within 6 months and clinical hepatitis C (jaundice
or an alanine aminotransferase [ALT] level of >10 times the upper
limit of normal) within the past 12 months or documented anti-
HCV seroconversion within the past 24 months. Estimated date
of infection in ATAHC-I participants was calculated either as 6
weeks prior to the onset of seroconversion, if present, or before
the first ALT level of >400 IU/mL or as the midpoint between
last negative anti-HCV antibody test and the first positive anti-
HCV antibody test result, if participants were asymptomatic. In
the Networks study, people who inject drugs were followed longi-
tudinally for up to 5 years, with blood samples collected up to 3
times monthly. Estimated date of infection in Networks partici-
pants was calculated as the midpoint between last HCV RNA-
negative test and the subsequent HCV RNA-positive test.

Spontaneous clearance of acute hepatitis C was defined as 2
tests >4 weeks apart in which HCV RNA was undetectable
(lower limit of detection, 10 IU/mL). PBMCs were collected at
the time of diagnosis of acute/early HCV infection and at 2 differ-
ent time points after diagnosis. This varied between each partici-
pant, based on participant follow up and availability of study
samples for analysis. HCV RNA was detected in ATAHC-I partic-
ipants with the transcription-mediated amplification assay for
qualitative and quantitative HCV RNA (Versant, Bayer, Australia
[lower limit of detection, 10 IU/mL]; and Versant HCV RNA 3.0,
Bayer, Australia [lower limit of detection, 615 IU/mL], respective-
ly), and HCV genotype was determined by the Versant LiPa2
assay (Bayer, Australia). Qualitative HCV RNA testing was per-
formed for Networks participants by using the Cobas Amplicor
HCV Test, version 2.0 (Roche Diagnostics, Branchberg, NJ).
IFNL4 genotype (rs12979860) was determined by Sanger se-
quencing. The ATAHC-I protocol was approved by the Human
Research Ethics Committee at St Vincent’s Hospital and conduct-
ed according to the Declaration of Helsinki, the International
Council on Harmonization of Technical Requirements for Phar-
maceuticals for Human Use, and good clinical practice. The
Human Research Ethics Committee at the Alfred Hospital ap-
proved the Networks study protocol.

Flow Cytometry for Determination of TLR Expression on Peripheral
CD14* Blood Monocytes and Natural Killer (NK) Cells

Detailed methods were previously described elsewhere [13]. In brief,
cell surface staining was performed on rapidly thawed PBMCs,
using the following fluorochrome-conjugated anti-human mono-
clonal antibodies: anti-TLR2- fluorescein isothiocyanate, anti-
TLR4-phycoerythrin (eBioscience), anti-CD86-allophycocyanin,
anti-CD14-allophycocyanin Cy7, anti-CD3-Pacific Blue, and anti-
CD56-phycoerythrin Cy7 (eBioscience). Isotype-matched nonbind-
ing control antibodies were used for comparison. A total of 10 000
CD14" monocytes and CD56" NK cells of each sample were ana-
lyzed; dead cells were gated out, based on their light scatter proper-
ties on the FACS Canto Flow Cytometer (Becton Dickinson). Data
were analyzed using FlowJo software (Tree Star, Ashland, OR).
TLR2, TLR4, and CD86 values were expressed as a ratio of the geo-
metric mean fluorescence of individual study patients to the geomet-
ric mean isotype control values for that patient.

PBMC Stimulation

A total of 1 x 10° thawed PBMCs from subjects were cultured at
37°C for 20 hours in Roswell Park Memorial Institute medium
with 1% L-glutamine, 1% penicillin, and 5% fetal calf serum
(FCS) and TLR ligands. PBMCs were stimulated with RPMI 5%
FCS (unstimulated control), 100 ng/mL Pam-3-Cys (a TLR2 li-
gand), 10 pg/mL polyinosinic:polycytidylic acid (a TLR3 ligand),
100 ng/mL lipopolysaccharide (LPS; a TLR4 ligand), 5 pg/mL
R848 (a TLR7/8 ligand), and 0.3 uM CpG ODN 2006 (a TLR9
ligand). All TLR ligands were from InVivoGen. Supernatants
were harvested after culture and stored frozen at —70°C until
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batch analysis. The concentrations of TLR ligand and the duration
of the incubation period were chosen on the basis of results of op-
timization experiments, to maximize cytokine output.

Measurement of Cytokine Levels by the Cytometric Bead Array Assay
and Enzyme-Linked Immunosorbent Assay (ELISA)

The cytometric bead array assay was performed on thawed tissue
culture supernatants at dilutions of 1:1, 1:10, and 1:100, to accom-
modate high levels of cytokine. IFN-y-inducible protein 10 (IP-
10), monocyte chemoattractant protein 1 (MCP-1), interleukin
8 (IL-8), interleukin 10 (IL-10), IFN-y, tumor necrosis factor o
(TNF-a), and interleukin 6 (IL-6) levels were measured simulta-
neously, according to the instructions provided by the manufac-
turer (BD Biosciences, San Jose CA). PBMCs cultured in medium
alone were used as controls. A series of 10 dilutions using cytokine
standards were run in each assay, for generation of standard
curves. The intensity of the fluorescence signal was measured
on the FACS Canto Flow Cytometer (Becton Dickinson), and
data were analyzed using FCAP Array Software (BD Biosciences).
Frozen plasma from subjects permitted measurement of sponta-
neous secretion of cytokines. The enhanced-sensitivity cytometric

Table 1. Baseline Characteristics of the Study Population
Spontaneous

Characteristic Clearance Chronic Infection P Value
Subjects 11 (55) 9 (45)
Age, y 34.4 (26.2-39.4) 31.2 (29.3-46.2) .700
Male sex 10 (91) 9 (100) 1.000
Estimated duration of infection, wk

At screening 25 (9-33) 20 (8-38) 1.000

At first visit 46 (32-59) 43 (22-58) .669

At second visit 56 (43-76) 66 (45-90) 718
HCV aviremic

At screening 6 (55) 0(0)

At first visit 9(82) 01(0)

At second visit 11 (100) 0(0)
White 11 (100) 9 (100) 1.000
HIV coinfection 6 4 1.000
CD4* T-cell count, x10% cells/L 686 (613-806) 766 (534-882) .873
Receiving ART

Yes 4 2 429

No 0 1

Unknown 2 1

HIV load, copies/mL 73.5 (43.8-7338) 48.5 (41.8-2338) 471

HCV genotype

1 5 3 447

3 4 3

4 0 1

Unknown 2 0
Favorable IFNL4 genotype 8 (73) 1(11) .010
Jaundice 3(27) 2 (22) 1.000
Peak ALT level, U/L 589 (102-2030) 225 (124-502) 226
BMI 22.3(20.4-28.3) 23.9 (20.4-27.1) .835

Data are no. of subjects, no. (%) of subjects, or median value (interquartile range).

Abbreviations: ALT, alanine aminotransferase; ART, antiretroviral therapy; BMI, body mass
index; HCV, hepatitis C virus; HIV, human immunodeficiency virus.

bead array assay was performed to measure IFN-y, IL-6, IL-8,
IL-10, and TNF-a levels. Commercial ELISA kits were used to
measure IP-10 and MCP-1 levels, according to the manufacturer’s
guidelines.

Statistical Analysis

Statistical analysis was performed using Stata, version 13.0. Par-
ticipant characteristics and laboratory measurements are present-
ed as median values and interquartile ranges. The Fisher exact
test was used to test for significant group differences in dichoto-
mous variables, and the independent samples ¢ test was used for
continuous variables. As time points of blood collection for each
participant varied during the course of infection, group differenc-
es (acute hepatitis C and spontaneous clearance vs persistence,
HIV positive vs negative, and IFNL4 favorable vs unfavorable)
for each of the immunological outcomes were visualized using
locally weighted scatterplot smoothing (LOWESS) curves. Group
differences between the group with acute hepatitis C with spon-
taneous clearance and the group with acute hepatitis C without
clearance that appeared marked on the LOWESS graphs were
further investigated using random-intercepts multilevel model-
ing, with time and clearance status entered as the level 1 variables
and the patient identifier as the level 2 variable. Probability level
was set at a P value of <.05. No corrections for multiple com-
parisons were used, owing to the exploratory nature of the anal-
yses [26]. Subgroup analyses for group differences by HIV and
IFNL4 status were not performed because of sample size
limitations.

RESULTS

Characteristics of the Study Population

Twenty participants were included in this analysis (10 with HCV
monoinfection and 10 with HCV and HIV coinfection). Baseline
characteristics of the cohort are summarized in Table 1. Eleven
patients achieved spontaneous HCV clearance (5 with HCV
monoinfection and 6 with HCV and HIV coinfection), and 9 de-
veloped chronic HCV infection (5 with HCV monoinfection and
4 with HCV and HIV coinfection). Estimated duration of infec-
tion at screening was similar in both groups (25 vs 20 weeks). All
HIV-coinfected patients had CD4" T-cell counts of >350 x 10°
cells/L at the time of HCV infection, and 6 were receiving anti-
retroviral therapy. PBMCs and plasma were available for analysis
at 3 time points for 15 patients and at 2 time points for 5 patients.
Five with spontaneous clearance were HCV viremic at the first
time point (2 participants were also viremic at the second time
point) before clearing the virus. The remaining 6 with spontane-
ous clearance were aviremic at all time points.

A favorable IFN14 genotype predicted spontaneous clearance
(P=.010). Participants who achieved spontaneous clearance were
otherwise comparable to those who developed chronic HCV infec-
tion in terms of age, sex, race, HCV genotype, body mass index, and
jaundice.
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TLR2, TLR4, and CD86 Expression on Peripheral Blood Monocytes, NK
Cells (Dim and Bright), and NK T Cells

Low TLR4 expression was associated with the likelihood of
spontaneous clearance. TLR4 expression on CD14" peripheral
monocytes was significantly lower in participants who achieved
spontaneous clearance (P =.009; Figure 1). TLR4 expression was
also reduced on peripheral NK cells, on bright NK cells, and on
dim NXK cells among individuals with spontaneous clearance
(P=.029, P=.038, and P =.050, respectively). The subjects with
spontaneous clearance were separated into those who were initially
viremic and those who were aviremic at the first time point, and
TLR4 expression was found to be low and at a similar level in
both groups (Figure 2). The HCV load of participants with persis-
tent infection did not differ significantly from that of the subjects
with spontaneous clearance who were viremic at the first time
point (P=.171). No difference in TLR4 expression was seen on
NK T cells (P =.096). HIV coinfection did not alter TLR4 expres-
sion when visualized on LOWESS curves (data not shown).
LOWESS curve analysis of TLR2 and CD86 expression on pe-
ripheral CD14" monocytes, NK cells, and their subtypes showed

no differences according to clinical outcome of acute hepatitis
C. IFNL4 polymorphisms were associated with spontaneous
HCV clearance when visualized on LOWESS curves. There was
a strong but nonsignificant trend for the unfavorable IFN14 ge-
notype to be associated with higher expression of TLR4 (P = .127)
and TLR2 (P=.291) on CD14" monocytes (Supplementary
Data). Differences were not seen on NK cells or their subtypes.

Proinflammatory Cytokine Secretion

Plasma Levels

Plasma IP-10 levels were lower in participants who achieved spon-

taneous clearance as compared to those with persistent infection

(P <.001; Figure 3). No significant differences were seen in the

plasma levels of IFN-y, IL-6, IL-8, IL-10, TNF-0, or MCP-1.
Levels of plasma IP-10 remained high on the LOWESS curve

among individuals carrying the unfavorable IFNL4 genotype,

but the difference did not reach statistical significance.

Cytokine Responses to TLR Stimulation of PBMCs
Reduced cytokine response to TLR4 (LPS) stimulation was asso-
ciated with the likelihood of spontaneous clearance. TLR4
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Figure 1. Locally weighted scatterplot smoothing curves illustrating Toll-like receptor 4 (TLR4) expression during acute hepatitis C with or without spontaneous clearance.

Random-intercepts multilevel modeling found that TLR4 expression was significantly reduced on peripheral monocytes (A), natural killer (NK) cells (B), and bright (C) and dim (D)
NK cells during acute hepatitis C with spontaneous clearance (n = 9; blue/dark gray, cleared) than during acute hepatitis C without spontaneous clearance (n = 11; red/light gray,
chronic). The geometric mean fluorescence (GMF) ratio is calculated as the ratio of the geometric mean fluorescence of individual study patients to the geometric mean isotype
control values for that patient. This figure is available in black and white in print and in color online.
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Figure 2. Hepatitis C virus (HCV) viremic status at the first time point. A, Toll-like
receptor 4 (TLR4) expression on peripheral monocytes at the first time point, with
participants grouped according to HCV viremic status. B, HCV load at the first
time point, with participants grouped according to HCV viremic status. Abbrevia-
tions: GMF, geometric mean fluorescence; PCR, polymerase chain reaction.

stimulation resulted in significantly reduced levels of IFN-y
among subjects with spontaneous clearance (P =.038) and a
nonsignificant trend toward lower IL-6 production (P =.078;
Figure 4). Similarly, TLR7/8 (R848) stimulation resulted in signif-
icantly lower IFN-y (P =.029) and IL-6 (P =.037) production in
the setting of spontaneous clearance. Finally, TLR2 (P3C) stim-
ulation elicited lower levels of IP-10 among participants who
spontaneously cleared the virus as compared to those who did
not (P =.042). No differences in cytokine response were seen
with TLR3 or TLRY stimulation. There was no association be-
tween HIV status and any innate immune marker in this study.

IFNL4 polymorphisms predicted the response to TLR4 (LPS)
stimulation. Individuals with the favorable IFNL4 genotype
demonstrated significantly lower IFN-y production following
TLR4 stimulation (P =.016), in comparison to those with the
unfavorable IFNL4 genotype. Similarly, significantly lower
IEN-y levels following TLR7/8 (R848) stimulation were found
in this group (P =.029).
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Figure 3. Locally weighted scatterplot smoothing (LOWESS) curve illustrating
plasma inducible protein 10 (IP-10) levels in acute hepatitis C (AHC) with and with-
out spontaneous clearance. Unstimulated plasma IP-10 levels were significantly
lower in AHC and spontaneous clearance, n =11, (blue/dark grey, Cleared - LOWESS)
than AHC without spontaneous clearance, n=9 (red/light grey, Chronic - LOWESS).
This figure is available in black and white in print and in color online.

DISCUSSION

We have performed a prospective, longitudinal analysis of the in-
nate immune response in a cohort of participants with acute hep-
atitis C, half of whom were coinfected with HIV. Despite the
small number of participants in this study, key differences in
TLR expression, spontaneous cytokine secretion, and functional
cytokine response were observed between those with acute hep-
atitis C who had spontaneous clearance and those without spon-
taneous clearance. No clear effect of HIV was identified, but our
numbers were small.

Individuals with spontaneous clearance of acute hepatitis C was
associated with significantly lower levels of TLR4 expression on pe-
ripheral blood monocytes, NK cells, and their subtypes (dim and
bright NK cells) as compared to those without spontaneous clear-
ance. These findings are consistent with previous work in our lab-
oratory that has shown an upregulation of TLR2 and TLR4
expression on peripheral monocytes in subjects with chronic hep-
atitis C, with or without HIV coinfection, compared to healthy con-
trols [13]. Further evidence implicating TLR4 receptors as a critical
player in the innate immune response to acute hepatitis C were the
reduced levels of IFN-y in response to TLR4 (LPS) stimulation in
subjects with spontaneous clearance. TLR7/8 (R848) stimulation
also elicited differences between the 2 groups, with reduced IFN-
v and IL-6 responses in the setting of spontaneous clearance. Of
note, no changes in plasma levels of IFN-y or IL-6 were observed
in those with and those without spontaneous clearance.

Our results are the first to show differences in TLR protein ex-
pression and signaling in the setting of acute hepatitis C in rela-
tion to clinical outcome. We hypothesize that upregulation of
TLR4 expression and an increase in the TLR4 signaling pathway
is promoting viral persistence. The exact mechanism underlying
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Locally weighted scatterplot smoothing (LOWESS) curves illustrating levels of interferon y (IFN-y), interleukin 6 (IL-6) and inducible protein 10 (IP-10) produced by stim-

ulated peripheral blood mononuclear cells in acute hepatitis C (AHC) with or without spontaneous clearance. Toll-like receptor 4 (TLR4) stimulation resulted in significantly reduced
levels of IFN-y (A), and a non-significant trend toward lower IL-6 production (B) in AHC and spontaneous clearance, n=11, (blue/dark grey, Cleared - LOWESS) than AHC without
spontaneous clearance, n=9, (red/light grey, Chronic - LOWESS). TLR7/8 stimulation resulted in significantly lower IFN-y (C) and IL-6 production (D) in AHC and spontaneous clear-
ance. IP-10 levels were significantly lower in AHC and spontaneous clearance following TLR2 stimulation (£). This figure is available in black and white in print and in color online.

this is not clear, however, and further studies are required to in-
vestigate this. It is possible that HCV may be driving this increase
in TLR4 expression in those with persistent infection. However,
when we separated the subjects with spontaneous clearance into
those who were initially viremic and those who were aviremic at
the first time point, TLR4 expression was low and at a similar level
in both groups. Furthermore, no difference in HCV load was
found between subjects with spontaneous clearance who were ini-
tially viremic and participants with persistent infection, indicating
that TLR expression may be independent of HCV load.

Impairment of TLR4 signaling in HCV-infected dendritic
cells has been demonstrated in vitro [27]. In a murine replicon
model, TLR4 stimulation has been shown to suppress HCV
viral replication [28]. These findings, however, were in the set-
ting of chronic infection. TLR4 gene polymorphisms have been
shown to prognosticate liver fibrosis risk in a white population
[29]. In a Saudi Arabian population, an association between
TLR4 gene polymorphisms and chronic HCV infection was
identified but not with fibrosis [30]. Larger genome-wide asso-
ciation studies are needed to validate these findings. The TLR4
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pathway has also been implicated as proviral in other infectious
diseases. Respiratory syncytial virus requires TLR4 signaling to
facilitate its clearance, whereas engagement of mouse mammary
tumor virus with TLR4 promotes its viral persistence [31, 32].
The data suggest that TLR4 expression and signaling may be in-
volved in the pathogenesis and persistence of HCV, and further
mechanistic studies are required.

IFNL4 polymorphisms may at least in part explain the associ-
ation of acute hepatitis C and spontaneous clearance with lower
TLR expression and functional cytokine response to ex vivo TLR
stimulation. IFNL4 polymorphisms predict spontaneous clear-
ance of acute hepatitis C. As expected, the majority of subjects
(8 of 11) with spontaneous clearance carried the favorable
IFNL4 genotype, and, correspondingly, the unfavorable IFNL4
genotype was prevalent in those (8 of 9) who developed persistent
infection. The type III IFN IFN-A4 is encoded by the IL28B gene
and upon binding to its corresponding receptor leads to the
induction of ISGs. Low pretreatment intrahepatic ISG expression
is strongly associated with the favorable IFNL4 genotype
(rs12979860; rs8099917) and is a positive predictor of cure by
IFN-based therapy in chronic hepatitis C [33-37]. Interestingly,
our laboratory also found an increase in intrahepatic TLR2/TLR4
and TNF-o. messenger RNA expression in subjects with chronic
hepatitis C, with or without HIV coinfection, compared with
healthy controls [18]. The paradigm seen in chronic hepatitis
C, whereby IFN nonresponse is characterized by a preactivated
innate immune state, is potentially relevant in acute hepatitis
C. In the setting of chronic hepatitis C, Sarasin-Filipoicz et al
showed that slow responders to pegylated interferon-alfa/
ribavirin exhibited high pretreatment intrahepatic ISG expres-
sion, with no change in ISG expression following commence-
ment of treatment. This was in contrast to rapid responders,
who exhibited low pretreatment intrahepatic ISG expression
with strong ISG induction following treatment. Similarly, Taylor
et al showed greater changes during treatment in ISG expression
in PBMCs in rapid responders versus slow responders. [IFNL4
genotype may determine these differences. No comparable intra-
hepatic data exists for acute hepatitis C. Higher TLR expression
and functional cytokine response in those who develop persistent
infection may reflect an innate immune system incapable of
mounting a response great enough to achieve viral clearance,
similar to that seen in chronic hepatitis C. Our findings extend
those of Villacres et al, who showed significantly higher basal
IL-6 secretion levels but reduced levels of IL-6 secretion following
TLR4 (LPS) stimulation in peripheral blood of 13 chronic HCV
infected subjects, compared with healthy controls (P <.05).

Intrahepatic and peripheral blood levels of IP-10 are high in
chronic hepatitis C. Additionally, low pretreatment serum IP-
10 level is a positive predictor of sustained virological response
to IFN-based therapy, with or without HIV coinfection [38-
44]. Grebely et al and Beinhardt et al found, in large cohorts of
patients with acute hepatitis C (n = 187 and n = 62, respectively),

lower IP-10 levels in screening blood samples from subjects with
spontaneous clearance (mean level [+SD], 248 + 32 pg/mL vs
142 + 22 pg/mL [P =.008]; and median level, 764 pg/mL vs
1481 pg/mL [P =.006]) [6]. Approximately half of the subjects
in the group studied by Beinhardt et al had multiple measurements
available on follow-up, in which IP-10 concentrations remained
low in subjects with spontaneous clearance. Similarly, our study
found that lower levels of plasma IP-10 were present in individ-
uals with acute hepatitis C achieving spontaneous clearance,
compared with those with persistent infection. This difference
persisted following TLR2 (P3C) stimulation, with significantly re-
duced levels of IP-10 associated with spontaneous clearance. We
hypothesize that a high level of IP-10, alongside an increase in IP-
10 response to TLR2 signaling, promotes viral persistence. Our
data fit with the growing body of evidence of the role IP-10
plays in the clearance of acute hepatitis C. A recent longitudinal
study by Riva et al in 16 patients with acute hepatitis C similarly
found significantly lower levels of IP-10, as well as a truncated
biologically inactive form of IP-10, in those who spontaneously
resolved the infection over the course of 12 months. They postu-
lated that IP-10, in its truncated form, acts as an antagonist to
biologically active IP-10, as it retains its CXCR3 binding ability.
This may explain the paradox of high IP-10 levels being associ-
ated with the development of persistent HCV infection in acute
hepatitis C and a poor treatment response in the context of
chronic HCV infection.

There are a number of limitations to our study. Identifying the
exact cell populations producing cytokines following ex vivo TLR
stimulation would provide further depth to our analysis, along-
side comparative intrahepatic TLR expression/signaling data.
As liver biopsy is rarely clinically relevant in the setting of
acute hepatitis C, this will prove a difficult area to study. A caveat
to our findings was the inability to discern whether TLR4 upre-
gulation in the setting of persistent infection was attributable to
HCV or ongoing hepatic inflammation. Finally, owing to low
numbers, we were not able to assess whether HIV-infected pa-
tients who had low CD4" T-cell counts or were not receiving an-
tiretroviral therapy had impaired clearance.

In conclusion, our study is the first to illustrate differences in
TLR4 expression on peripheral monocytes and NK cells (and
their subtypes) and differing functional TLR responses, accord-
ing to clinical outcomes in acute hepatitis C. Although new
IFN-free therapies for chronic hepatitis C approach cure rates
of nearly 100%, acute hepatitis C will continue to remain an on-
going public health issue, and unraveling the immunology be-
hind viral clearance will be important in guiding management
for these patients, in addition to development of a HCV vaccine.
Last, owing to the high cost of the new HCV drugs, the predic-
tion of spontaneous clearance by analysis of biomarkers will
allow identification of patients who are likely to spontaneously
clear infection, so that they can defer therapy and thereby avoid-
ing unnecessary cost and toxicity.
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5 Peripheral Monocyte TLR Signaling and its
Association with the Outcome of DAA
Therapy in Patients with Genotype 1 HCV
Infection

5.1 Introduction

Toll-like receptors (TLR) are a well-characterised family of pattern recognition
receptors that reside predominantly on cells of the innate immune system and detect
the presence of invading microbes, such as viruses, bacteria, fungi and parasites. Such
invading microbes contain highly conserved structural motifs, known as pattern-
associated molecular patterns (PAMPs), and through recognition by pattern
recognition receptors (PRRs), trigger a diverse number of signaling pathways, including

TLR signaling, to mount an immune inflammatory response.

There is a body of evidence to highlight the importance of TLR signaling as a key
determinant of viral disease pathogenesis including hepatitis B, HIV, cytomegalovirus,
respiratory syncytial virus and herpes simplex virus.2°? Toll-like receptor signaling has
also been previously implicated in the pathogenesis of acute and chronic HCV
infection. Previous work in our laboratory has shown that patients with chronic
hepatitis C display higher levels of TLR2/4 protein expression on peripheral blood
monocytes, as well as higher TLR2/4 gene expression in liver compared to healthy
controls.””% Monocyte TLR2 expression correlated with increased levels of circulating
TNF-a and serum ALT, and TLR2/4 mRNA expression in the liver correlated with
hepatic necro-inflammatory activity. Similar results have been observed in other
studies.®?°9103 |n Chapter 4, we demonstrated that persistence of HCV infection was
associated with high level reactivity of TLR4 and TLR7/8 signaling pathways in response
to toll ligand-specific stimulation, as well as with high levels of TLR4 expression on

monocytes and NK cells.23

Experimental models also suggest an important link between TLR signaling and

HCV pathogenesis. In vitro studies have identified specific components of the HCV
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polyprotein that interact with the TLRs leading to induction of a pro-inflammatory
response. In peripheral blood mononuclear cells, the HCV core and NS3 protein have
been shown to stimulate TLR2 signaling.®? In a cell culture model the HCV NS5A protein
enhanced TLR4 gene transcription and IL-6 / IFN-B production.’%°3 HCV is also sensed
by cytoplasmic RIG-I and endosomal TLR3 during viral replication leading to stimulation
of the interferon (IFN) signaling pathway. This interferon stimulated gene (ISG)
pathway has been recognised as important in the HCV host-virus interaction and to be
a determinant of sensitivity to exogenous IFN.118204 poor response to exogenous IFN-a
has been associated with elevated pre-treatment intra-hepatic ISG expression, as well
as changes in peripheral ISG expression. It has also been associated with IFNL4
polymorphisms, where the “good response” genotype is associated with lower levels
of hepatic ISG expression and good clinical response to exogenous IFN-based

120,122

therapy.

This link with TLR signaling has been clinically translated into the development of
TLR agonists as potential anti-viral agents for HCV. In a phase 1b study, a small-
molecule TLR7 agonist was shown in humans to have an IFN-dependent anti-viral
effect against HCV.2% Despite good tolerability, clinical development of this agent was

discontinued due to the development of more effective direct acting antivirals (DAAs).

In summary, these data suggest a potential role for TLR signaling in the
pathogenesis of chronic hepatitis C. To date there have been no studies of host-virus
interactions in the setting of potent DAA therapy for HCV. In particular, it is not known
how TLR expression / signaling responds to the inhibition of HCV replication, nor
whether endogenous TLR signaling pathways are associated with the outcome of
antiviral therapy. We hypothesized that the high level TLR2/4+7 expression and
signaling observed in the setting of persistent HCV infection (Chapter 3), although
insufficient to clear the virus, may contribute to antiviral efficacy in the setting of

potent interferon-free DAA therapy.

5.2 Aims

The aims of this study were to investigate the early effect of potent viral

suppression using DAA therapy on TLR expression and signaling on peripheral
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monocytes in subjects with genotype 1 chronic HCV infection, and to determine
whether baseline TLR expression/signaling or early changes in TLR expression/signaling

during therapy were predictive of treatment outcome.

5.3 Methods

5.3.1 Description of Patient Cohort

Patients with Genotype 1 CHC who were referred for antiviral therapy between
2012 and 2014 were enrolled prospectively. Patients were treated with the direct
acting antiviral regimen of ombitsavir (12.5mg), ritonavir (50mg) boosted paritaprevir
(75mg), dasabuvir (250mg) +/- weight-based ribavirin. Plasma and PBMCs were

collected from subjects at baseline, day-1, day-14 and day-28 of treatment.

HCV RNA levels were measured using the COBAS® TagMan HCV test (Roche
Molecular Diagnostics). The HCV genotype was tested using the COBAS® TagMan HBV
test (Roche Molecular Diagnostics). IL28B genotype (rs12979860) was typed using the
TagMan allelic discrimination kit (Applied Biosciences, Foster City, CA, USA).(206)

The study protocol was approved by the Human Research Ethics Committee at St
Vincent’s Hospital and conducted according to the Declaration of Helsinki and ICH/GCP

guidelines. Written informed consent was obtained for participants.

5.3.2 Functional Evaluation of the Activity of TLR Signaling Pathway via
PBMC Stimulation

The activity of TLR signaling pathways was tested by evaluating cytokine
production from PBMCs in response to stimulation with TLR-specific ligands. Detailed
methods were presented in Chapter 2.2.4. In brief, a total of 1x10° thawed PBMCs
from subjects were cultured at 37°C for 20 hours in Roswell Park Memorial Institute
(RPMI) medium with 1% L-glutamine, 1% penicillin, and 5% fetal calf serum (FCS) and
TLR ligands. PBMCs were stimulated with RPMI 5% FCS (unstimulated control), 100
ng/mL Pam-3-Cys (a TLR2 ligand), 10 pg/mL polyinosinic:polycytidylic acid (a TLR3
ligand), lipopolysaccharide (LPS; a TLR4 ligand), 5 ug/mL R848 (a TLR7/8 ligand), and
0.3 uM CpG ODN 2006 (a TLR9 ligand). All TLR ligands were supplied by InVivoGen.
Supernatants were harvested after culture and stored frozen at -70°C until batch

analysis. The concentrations of TLR ligand and the duration of the incubation period
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were chosen on the basis of results of optimization experiments, to maximize cytokine

output.

5.3.3 Measurement of Cytokine Levels by the Cytometric Bead Array
Assay and Enzyme-Linked Immunosorbent Assay (ELISA)

The cytometric bead array assay was performed on thawed tissue culture
supernatants (post stimulation) at dilutions of 1:1, 1:10, and 1:100, to accommodate
high levels of cytokine. IFN-y—inducible protein 10 (IP-10), monocyte chemoattractant
protein 1 (MCP-1), interleukin 8 (IL-8), interleukin 10 (IL-10), interferon-gamma (IFN-y),
tumour necrosis factor a (TNF-a), chemokine (C-X-C motif) ligand 9 (CXCL9),
interleukin-1b (IL-1b) and interleukin 6 (IL-6) levels were measured simultaneously,
according to the instructions provided by the manufacturer (BD Biosciences, San Jose
CA). Supernatants from PBMCs cultured in medium alone were used as controls. A
series of 10 dilutions using cytokine standards were run in each assay, for generation
of standard curves. The intensity of the fluorescence signal was measured on the FACS
Canto Flow Cytometer (Becton Dickinson), and data were analysed using FCAP Array
Software (BD Biosciences). To assess differences in TLR functional response on-
treatment, each time-point was presented as a ratio in comparison to the baseline

(day-0) time-point.

5.3.4 Flow Cytometry for Determination of TLR Expression on Peripheral
CD14+ Blood Monocytes and Natural Killer Cells

Detailed methods have been previously described.(97) In brief, cell surface
staining was performed on rapidly thawed PBMCs, using the following fluorochrome-
conjugated anti-human monoclonal antibodies: anti-TLR2- fluorescein isothiocyanate,
anti-TLR4-phycoerythrin (eBioscience), anti-TLR7-phycoerythrin (R&D Systems), anti-
CD14-allophycocyanin Cy7, anti-CD3-Pacific Blue, and anti-CD56-phycoerythrin Cy7
(eBioscience). Isotype-matched nonbinding control antibodies were used for
comparison. A total of 10 000 CD14+ monocytes and CD56+ NK cells of each sample
were analysed; dead cells were gated out, based on their light scatter properties on
the FACS Canto Flow Cytometer (Becton Dickinson). Data were analysed using FlowJo
software (Tree Star, Ashland, OR). TLR2, TLR4, and TLR7 values were expressed as a

ratio of the geometric mean fluorescence of individual study patients to the geometric
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mean isotype control values for that patient. To assess differences in TLR receptor
expression / signaling on-treatment, each time-point was presented as a ratio in

comparison to the baseline (day-0) time-point.

5.3.5 Statistical Analysis

Participant characteristics and laboratory measurements are presented as
median values and interquartile ranges. The Fisher exact test was used to test for
significant group differences in dichotomous variables, and the independent samples t-
test was used for continuous variables. The Mann-Whitney-U test was used to
determine if differences existed between baseline TLR receptor expression / signaling,
in comparison to TLR expression / signaling at each time-point. This was performed
using Prism (v7). Graphs were presented as Tukey box plots, with the middle line

representing the median, and the box extending from the 25th to 75th percentile.

5.4 Results

5.4.1 Characteristics of the Study Population

16 subjects with HCV-1 infection were prospectively enrolled and treated with a
combination of IFN-free antiviral therapy, comprised of ombitsavir, ritonavir boosted
paritaprevir, dasabuvir +/- ribavirin. The baseline characteristics and demographics of
this group are detailed in Table 5.1. In brief, 8/16 (50%) were male, 15/16 (94%) were
Caucasian and 14/16 (86%) had advanced liver fibrosis (METAVIR F3-4). 7/16 (44%)
were prior non-responders to treatment with peginterferon-a plus ribavirin. 4/16
(25%) carried the CC genotype (rs12979860) which has been associated with good

response to peginterferon-based treatment for HCV.
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Participant characteristics
n (%) 16 (48%)
Age, years (median, IQR) 55(51-61)
Male (n,%) 8 (50%)
Caucasian (n,%) 15 (94%)
Treatment naive 9 (56%)
Baseline ALT, U/L (median, IQR) 128 (149 - 154)
HCV genotype 1a/1b 11 (69%) / 5 (31%)
Baseline HCV RNA level, IU/mL (median, IQR) 1910 000 (55400 — 2 655 000)
Advanced fibrosis (>F3) 14 (86%)
Favourable IFNL4 Gt (n,%) (CC, rs 12979860) 4 (25%)

e Treatment naive o 2(50%)
Prior IFN experience 7 (44%)
Ribavirin (n,%) 11 (69%)
SVR (%) 14 (86%)

Table 5.1 Participant Characteristics and Demographics at Baseline

All subjects experienced a rapid decrease in serum HCV RNA levels during DAA
therapy. Significant reductions in serum HCV RNA level were observed as early as day-
1 of treatment (median reduction at day-1 = 1,908,623 |U/mL) (Figure 5.1). 10/16
(63%) subjects had an undetectable serum HCV RNA level at day-28. Serum ALT levels
also fell rapidly with IFN-free therapy and median ALT fell significantly by day-7 of
treatment. 14/16 (88%) subjects had ALT < ULN at day-28. One subject was lost to
follow up. 14/16 (86%) subjects went on to achieve a sustained virological response at
week 12 post-treatment (SVR12). 2/16 (19%) achieved an EOT response but then
relapsed post-treatment. Both had HCV-1a infection, with one subject treatment
experienced, cirrhotic and with the poor response IFNL4 genotype, and the other was

treatment naive with F3 fibrosis, carrying the good response IFNL4 genotype.
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Figure 5.1 Serum HCV RNA and ALT response to IFN-free therapy.
Serum HCV RNA and ALT levels fell with IFN-free therapy. (A) Serum HCV RNA;
(B) ALT.

5.4.2 IFN-free DAA Treatment was Associated with Reduction in PBMC
TLR Signaling Activity Over Time

5.4.2.1 Analysis of On-treatment TLR Signaling Activity

We first tested whether DAA therapy and rapid viral suppression was associated
with any effect on monocyte TLR signaling activity. The first analysis considered the
entire cohort who received IFN-free DAA therapy. PBMCs were collected at days 0, 1,
14 and 28 of DAA therapy. As previously described, we measured cytokine responses
to stimulation of PBMCs with the specific TLR ligands Pam-3-Cys (TLR2), Poly I:C (TLR3),
LPS (TLR4), R848 (TLR7/8) and CpG ODN 2006 (TLR9).

DAA therapy was associated with a significant reduction of TLR signaling activity
over time (Figure 5.2). Reduced responses to TLR2 stimulation (IL-10, IL-8), TLR7
stimulation (IL-10, MCP-1 and IL-8) and TLR9 stimulation (MCP-1) were detectable as
early as day-1 after starting DAA therapy. Reduced cytokine response to stimulation
with TLR2, TLR4 and TLR7/8 ligands was detectable at day-14 and day-28 (Figure 5.2),
and there was a trend to progressive decline over time for all cytokine responses.
Reduced IL-10 response was most marked and most common for TLR2, TLR4 and TLR7
ligands at all timepoints. Pro-inflammatory cytokine responses were also lower (Figure
5.2). No detectable cytokine response was observed following TLR3 ligand stimulation

(as seen with our acute HCV cohort, data not shown).
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5.4.3 Baseline TLR Signaling Activity and the Outcome of DAA Therapy
for Genotype 1 HCV

We next tested for an association between TLR signaling activity at baseline and
response to DAA therapy. We measured cytokine responses to stimulation of PBMCs
with the specific TLR ligands Pam-3-Cys (TLR2), Poly-IC (TLR3), LPS (TLR4 ligand), R848
(TLR7/8) and CpG ODN 2006 (TLR9) as described above. Cell culture supernatants were
tested post-stimulation for a cytokine panel that included IL-10, TNF-a, MCP-1, IL-6,
IFN-y, IL-8, CXCL9, IP-10 and IL-1b.

Analysis of pre-treatment samples demonstrated a strong trend for markers of
PBMC TLR2, TLR4 and TLR7 signaling to be elevated in patients who went on to achieve
an SVR following DAA treatment (Figure 5.3). A similar pattern was observed for higher
on-treatment levels of TNF-a, MCP-1, IL-6, IL-8, IL-1b, IFN-y and CXCL9 secretion
following TLR ligand stimulation among subjects who achieved an SVR (see Chapter
Appendices 5.8 - Figure 5.9). No differences according to treatment response were

observed following TLR9 ligand stimulation.

We were also interested in whether TLR signaling activity differed according to
IFNL4 genotype or liver fibrosis stage. No significant difference in baseline TLR
reactivity was observed between patients with different IFNL4 genotype or different

stage of liver fibrosis (see Chapter Appendices 5.8 - Figure 5.10).
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Figure 5.3 TLR signaling activity in PBMCs at baseline according to SVR vs. non SVR.
A trend for markers of PBMC TLR2, TLR4 and TLR7 signaling to be elevated in patients
who went on to achieve an SVR following DAA treatment was observed. A) IL-10; B)
TNF-a; C) MCP-1; D) IL-6; E) IL-8; F) IP-10.
**undetectable levels of measured cytokine to TLR stimulation
Refer to appendices (Figure 5.9) for cytokines: IFN-y, IL-1b, CXCL9.
No detectable cytokine response was observed following TLR3 ligand stimulation.

5.4.3.1 Analysis of PBMC TLR Signaling Activity Over Time According to Treatment

Outcome (SVR12 vs non-SVR12)

We then analysed patterns of TLR signaling over time according to treatment

outcomes. Although there were no statistically significant differences observed, there

108 5 Peripheral Monocyte TLR Signaling and its Association with the Outcome of DAA Therapy in Patients with
Genotype 1 HCV Infection



was a trend to reduced TLR signaling ‘on-treatment’ among those who achieved

SVR12. (Figure 5.4). No difference was seen according to IFNL4 genotype (C/C n =4 vs.

non-C/C n = 12) (see Chapter Appendices 5.8 - Figure 5.11).
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Figure 5.4 TLR 4/ 2 / 7 / 9 reactivity with DAA treatment according to SVR vs. non

SVR.

A trend to reduced TLR signaling on-treatment was observed among those who
achieved SVR. A) IL-10; B) TNF-a; C) MCP-1; D) IL-6; E) IL-8; F) IP-10.

**undetectable levels of measured cytokine to TLR stimulation
No detectable cytokine response was observed following TLR3 ligand stimulation.
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5.4.3.2 PBMC TLR Signaling Activity was not Associated with Baseline Serum ALT
Levels

After observing the trend for higher baseline levels of TLR signaling activity
amongst subjects who then went on to achieve an SVR, we then compared baseline
ALT levels between groups, as a simple test of whether the difference observed might
be a non-specific reflection of underlying hepatic inflammation. However, there was a
trend to higher ALT levels at baseline and day-1 in subjects who did not attain SVR12
(Figure 5.5). Subjects who did not achieve SVR12 also had higher baseline HCV RNA

levels than those who did not attain SVR12.
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Figure 5.5 Serum HCV RNA and ALT response to DAA therapy according to
SVR vs. non SVR.

A trend to higher ALT levels at baseline and day-1 was observed in subjects
who did not attain SVR. (A) Serum HCV RNA; (B) ALT.

5.4.4 TLR2, TLR4, and TLR7 Expression on Peripheral Blood Monocytes
and NK Cells (Dim and Bright) with DAA therapy

After observing that TLR signaling activity was down-regulated during antiviral
therapy, and that there was a potential signal for baseline levels of TLR signaling
activity to be associated with the outcome of DAA therapy, it was important to test
whether this reflected difference in TLR expression. We tested expression of TLR2/4/7
on PBMC populations, including CD14+ monocytes, NK cells and NK bright/dim
subsets, at baseline and longitudinally during treatment. However, there was no
difference in CD14+ monocyte expression of TLR2, TLR4 or TLR7 evident over time
(Figure 5.6). There was also no difference in levels of monocytic TLR expression
comparing subjects who achieved SVR12 vs. those who did not achieve SVR12 at

baseline (see Chapter Appendices 5.8 - Figure 5.13) or during treatment (Figure 5.7).
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Small increases in the NK cell expression of TLR2, TLR4 and TLR7 were observed
at day-14 / day-28 (Figure 5.6). These changes were most apparent on the NK dim cell
subset. SVR12 was associated with higher day-1 / day-14 TLR4 expression on NK cells
and NK bright/dim subsets, with a trend to higher TLR2/7 expression (Figure 5.7). No
differences were seen according to IFNL4 genotype (see Chapter Appendices 5.8 -

Figure 5.12).
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Figure 5.6 TLR 4 / 2 / 7 expression with DAA treatment.

No change in CD14+ monocyte expression of TLR 4 /2 / 7 or TLR7 was observed
with DAA treatment. Small increases in NK cell expression of TLR 4/ 2 / 7 was
observed at day-14 and day-28. (A) CD14+ monocytes; (B) NK cells; (C) Bright NK

cells; (D) Dim NK cells.
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Figure 5.7 TLR 4 / 2 / 7 expression with DAA treatment, according to SVR vs. non SVR.

No difference in levels of monocytic TLR expression was observed according to
treatment response. (A) CD14+ monocytes; (B) NK cells; (C) Bright NK cells; (D) Dim NK

cells.

5.5 Discussion
This is the first study to demonstrate a relationship between TLR signaling

activity and IFN-free therapy for HCV. DAA-mediated viral suppression was associated
with down-regulation of peripheral monocyte TLR4, TLR2 and TLR7 and TLR9 signaling.
This occurred as early as day-1 with the TLR 2/7/9 pathways. We also observed a

strong trend for higher baseline TLR 2/4/7 signaling activity in subjects who achieved

viral clearance compared to those who subsequently relapsed.
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Our data suggests an important role for TLR signaling in the anti-viral response to
HCV. In the context of chronic HCV infection, active viral replication sensed through
the host’s extra and intra-cellular PRRs in response to the numerous viral PAMPs, leads
to an increase in TLR expression / signaling, with ineffectual viral clearance.®”%103 Data
from our acute HCV cohort demonstrated an association between increased TLR4
signaling and the development of persistent infection. In response to a potent set of
DAAs, we propose a model whereby the early drop in TLR signaling is a direct reflection
of the reduced levels of circulating extra and intra-cellular viral PAMPs, potentially
moving toward the restoration of a HCV-induced dysregulated immune state. Although
this drop in TLR signaling was observed in all treated subjects, the trend to increased
pre-treatment TLR signaling in those who achieved viral clearance, suggests that the
TLR pathway may be play a role in viral eradication in the context of DAAs. Increased
TLR signaling reflecting a host-virus interaction geared toward a greater
pro-inflammatory and type-1 endogenous IFN response, accelerated viral kinetics, and
the prevention of HCV-related resistance associated variants. A trend to higher early
on-treatment IL-10 / IP-10 response to TLR 4/2/7 signaling was also observed in those

who achieved viral clearance, also supports this model.

No difference in TLR signaling or expression was seen according to IFNL4
genotype. Further studies are required to determine if IFNL4 is linked to TLR signaling
and the response to DAAs. Our cohort was underpowered to determine if IFNL4
genotype is relevant to viral clearance. As the majority had advanced fibrosis, and

nearly half had prior IFN non-response, this may also have confounded our results.

Although TLR signaling was down-regulated on treatment, no change in TLR
expression was evident with the DAAs when tested on all PBMC populations. Previous
data has shown that levels of TLR expression do not necessarily correlate with TLR
pathway activity.’ This suggests that the TLR-mediated anti-viral activity against HCV
lies within the intrinsic property of the TLR pathways. TLR4 is known to induce both a
pro-inflammatory and endogenous type 1 IFN response, via its MyD88 dependent and
independent pathways, respectively. In a cell culture model, the HCV NS5A protein
enhanced TLR4 gene transcription with increased IL-6 and IFN-B production.9>% In

recognising viral single stranded HCV RNA, the endosomal pattern recognition receptor
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TLR7 has similarly been shown to mediate both a pro-inflammatory cytokine /
chemokines and type 1 IFN response.’* Other components of the HCV polyprotein, the
HCV core and NS3/4a, have been shown in vitro to stimulate TLR2 leading to activation
of the NFKB pathway inducing a pro-inflammatory state.®® As such, our data suggests
that the baseline up-regulation of these TLR signaling pathways is in direct response to

HCV replication.

We considered whether the increase in TLR signaling may reflect a non-specific
pro-inflammatory state due to chronic HCV infection. However in our DAA therapy
cohort there was a trend to lower ALT levels among those who achieved viral
clearance, suggesting this is a true reflection of the host-virus interaction. Our data is
consistent with the literature that has shown a strong association between TLR
signaling and viral disease pathogenesis. In chronic HIV infection, an increase in
TLR2/4 expression and signaling was found to correlate with HIV viral load, potentially

207 In contrast, cell culture and animal models

promoting disease progression.
investigating chronic HBV infection have shown increased TLR signaling leads to
suppression of HBV viral replication.?® This has clinically translated into the
development of TLR agonists in the management of HBV, with TLR7/8 agonists

currently in phase 2 development.299210

TLR agonists have been trialled in HCV, but halted due to a toxicity signal.2®> Our
data support a potential role for TLR agonists in refractory patients with chronic HCV,
such as DAA failures or Genotype 3 HCV cirrhotics. In view of the highly effective first
and second-line DAA regimens licensed in the years since this study was commenced,

this is unlikely to be pursued.

5.6 Limitations

Although we were able to demonstrate clear patterns of innate immunological
response to antiviral therapy, our cohort is small. Validation of our findings in a larger
cohort of CHC patients, would allow for a more detailed analysis, including
stratification according to treatment response and IFNL4 genotype would strengthen
our results. Future studies should consider analysis of intra-hepatic TLR signaling; the

data from this project support more invasive testing. We acknowledge that data from
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our refractory cohort cannot be translated to treatment naive HCV individuals with
early fibrosis, or subjects with non-genotype 1 HCV. Further studies are required in
such subjects. Furthermore, the direct acting antiviral regimen used in this study is no

longer widely used.

5.7 Conclusion

Our data demonstrate a clear effect of DAA mediated viral suppression therapy
on patterns of TLR signaling in subjects with G1 CHC. We have shown that peripheral
monocytic TLR2, TLR4 and TLR7 signaling is down-regulated early on in treatment, with
a strong trend to higher baseline TLR signaling being associated with viral clearance
with the DAAs. No on-treatment changes in monocytic TLR expression were evident,
suggesting that this observation reflects downstream activity of the signaling pathway.
Future studies should evaluate the role of TLR signaling in other hard-to-cure
populations including subjects with Gt 3 HCV and DAA non-responders. There may be a
role for TLR-active agents in such hard-to-cure populations, or as adjuvant treatment

to shorten overall treatment duration.
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5.8 Appendices
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Figure 5.8 Reduced TLR 4 / 2 / 7 / 9 signaling with DAA therapy.

A) IL-1b; B) IFN-y; C) CXCL9

**undetectable levels of measured cytokine to TLR stimulation.

No detectable cytokine response was observed following TLR3 ligand stimulation.
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A trend for markers of PBMC TLR2, TLR4 and TLR7 signaling to be elevated in

patients who went on to achieve an SVR following DAA treatment was
observed. (A) IL-1b; (B) IFN-y; (C) CXCL9
**undetectable levels of measured cytokine to TLR stimulation.

No detectable cytokine response was observed following TLR3 ligand stimulation.
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Figure 5.10 TLR signaling activity in PBMCs at baseline according to IFNL4
genotype.
No significant difference in baseline TLR reactivity was observed according to
IFNL4 genotype. (A) IL-10; (B) TNF-a; (C) MCP-1; (D) IL-6; (E) IL-8; (F) IP-10.

**undetectable levels of measured cytokine to TLR stimulation.
No detectable cytokine response was observed following TLR3 ligand stimulation.
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Figure 5.11 TLR 4 /2 /7/9 reactivity with DAA treatment according to IFNL4

genotype.

No change in on-treatment TLR signaling was observed according to IFNL4 genotype.
(A) IL-10; (B) IP-10; (C) TNF-a; (D) MCP-1; (E) IL-6; (F) IL-8

**undetectable levels of measured cytokine to TLR stimulation
No detectable cytokine response was observed following TLR3 ligand stimulation.
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Figure 5.12 TLR 4/ 2 / 7 expression with DAA treatment, according to IFNL4

genotype.

No difference in levels of monocytic TLR expression was observed according to IFNL4
genotype. (A) CD14+ monocytes; (B) NK cells; (C) Bright NK cells; (D) Dim NK cells.
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Figure 5.13 Baseline TLR 4 / 2 / 7 expression on with DAA treatment,

according to SVR vs. non SVR.
No difference in levels of monocytic or NK TLR expression was observed

according to treatment response. (A) CD14+ monocytes; (B) NK cells; (C) Bright
NK cells; (D) Dim NK cells.
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Figure 5.14 Baseline TLR 4 / 2 / 7 expression with DAA treatment, according

to IFNL4 genotype.
No difference in levels of monocytic or NK TLR expression was observed

according to IFNL4 genotype. (A) CD14+ monocytes; (B) NK cells; (C) Bright NK
cells; (D) Dim NK cells.
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6 Direct Acting Antiviral Therapy for HCV is
Associated with Rapid Reduction in Markers
of Innate Immunity

6.1 Introduction

The innate immune system is strongly associated with the pathogenesis of HCV
infection, as well as interferon (IFN) treatment response. Interferon treatment
response is strongly associated with patterns of intrahepatic interferon-stimulated
gene (ISG) expression!!®2%* thought to reflect host IFNL4 genotype.'?%122 |nterferon
treatment response is also associated with levels of circulating chemokines and

cytokines, in particular IP-1013>211 and natural killer cell function.144145

An important translational question is whether innate immunity is associated
with the outcome of IFN-free DAA therapy. To date there have been few studies of
host-virus interactions in the setting of potent DAA therapy for HCV. In Chapter 5, we
performed a detailed analysis of the association between monocyte TLR expression
and signaling during antiviral therapy for genotype 1 HCV. We showed that viral
suppression was associated with down-regulation of TLR2/4/7 signaling activity. There
was a trend for treatment response to be associated with increased baseline TLR
signaling activity in response to ligand stimulation. TLR signaling leads to induction of
pro-inflammatory cytokines, chemokines and antimicrobial peptides, as well as
endogenous type 1 IFNs which effect the innate immune response and are also
important in initiating adaptive immune responses. Given the results observed in
Chapter 5, as well as the well-described association between ISG expression, host
IFNL4 genotype, chemokine levels, NK cell activity and IFN-treatment response, we
were interested to test for an association between these downstream markers of

innate immunity and HCV suppression in the context of IFN-free DAA therapy.

There are still limited data evaluating the reversal of impaired immune responses
in the context of DAA therapy, and in particular how the immune system responds to

the inhibition of replication without concomitant exogenous interferon administration.
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Very recent data from a number of small studies suggests that viral clearance during
DAA therapy is associated with downregulation of intrahepatic and peripheral I1SG
expression. DAA therapy has also been associated with reductions in circulating levels
of chemokines, and NK cell activity!?6:146:212-215 |t remains unclear whether ISG levels at
baseline or their decline during treatment are correlated with virological breakthrough
or relapse. Data suggesting a role for the endogenous intrahepatic interferon response
in viral clearance during DAA therapy are conflicting. A gene signature based on pre-
treatment liver and/or peripheral ISG expression predicting treatment outcome has
been observed in some studies'?® but not others. Similarly, an association between
IFNL4 genotype and the outcome of DAA therapy has not been consistently observed.
A number of studies have observed an association between EOT liver ISG
expression!?®, or post-treatment peripheral ISG or serum IFN-a expression and SVR.?16
Limitations of previous data include small sample sizes, use of early DAA regimens that
are no longer used because of suboptimal efficacy, failure to collect very early time-
points limiting analysis of the kinetics of dynamic change in innate immune markers,
and in one recent manuscript, analysis of acute rather than chronic HCV in a HIV-
coinfected subjects?!® limiting extrapolation to HCV-mono-infected individuals with

chronic infection.
We hypothesized that:

i) Viral replication drives the up-regulation of markers of innate immunity
that are observed in the context of chronic HCV infection, and that rapid
viral suppression with DAA therapy will be associated with rapid down-

regulation of innate immune marker in the periphery.

ii) Expression levels of innate immune markers in the periphery will be a
biomarker predicting response to treatment with potent DAA therapy in

people with hard-to-cure characteristics.

6.2 Aims

The primary aim of the current study was to investigate the early effects of viral
suppression on peripheral ISG expression, circulating cytokines/chemokine and NK cell

phenotype during therapy with an interferon-free, DAA-only regimen, in subjects with
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genotype 1 chronic HCV infection and hard-to-cure characteristics. Data were
compared a parallel cohort treated with IFN-based therapy. The secondary aim was to
determine whether baseline expression levels, or early changes, in innate immune

markers were predictive of treatment outcome.

6.3 Methods

6.3.1 Description of Patient Cohort

Patients with Genotype 1 CHC who were referred for antiviral therapy between
2012 and 2015 were enrolled prospectively. Patients were treated with one of three

regimens:
2012 - 2013

e A combination of telaprevir (750mg orally three times a day), pegylated-IFN-
a-2a (180mcg subcutaneously, once a week) and weight-based ribavirin (Telaprevir /

PR)

* A combination of boceprevir (800mg orally, three times a day), which was
commenced after a 4-week lead in with pegylated-IFN-a-2a and weight-based ribavirin

(PR)
2014
e The direct acting antiviral regimen of ombitsavir (12.5mg), ritonavir (50mg)

boosted paritaprevir (75mg), dasabuvir (250mg) +/- weight-based ribavirin (PrOD +/-
RBV)

The differing treatment regimens reflect the evolving treatment for CHC over the

last half-decade.

Our laboratory also had data from a healthy control reference group. This data

was included in some analyses.

Plasma and PBMCs were collected at baseline, day-1, day-14 and day-28 of
treatment from subjects who received PrOD +/- RBV and Telaprevir / PR. Subjects who

were treated with boceprevir / PR had plasma / PBMCs collected at baseline and
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day-28. This allowed for a PR control for the early innate immunological studies, but

not as a comparator for treatment outcome.

Notably, all subjects presented with at least one ‘hard-to-cure’ characteristic, to
include either previous IFN non response, advanced fibrosis, high HCV viral load, IFNL4

non C/C genotype or HCV-1a infection (vs. HCV-1b).

6.3.2 Interferon Signaling Gene Expression

Please refer to Chapter 2 for a detailed description of the methods involved. We
determined the gene expression profiles of a panel of biologically relevant ISGs (Table
6.1) previously reported to be important in HCV118120217°219 jn PBMCs at baseline,
day-1, day-14 and day-28. In brief, PBMCs from each time-point were thawed and cell
viability was assessed using the trypan blue exclusion test. RNA was extracted using
the RNAqueous®-4PCR Total RNA Isolation Kit (Ambion, Austin, TX, USA). cDNA was
then prepared using the High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, CA, USA). PCR was performed on the Applied Biosystems 7500 Fast Real
Time PCR System (Applied Biosystems, CA, USA), to attain mRNA levels of Mx1, OAS1,
SOCS1 and ISG15, using their respective forward and reverse primers. To assess the
differences in ISG mRNA expression on-treatment, each time-point was presented as a

ratio in comparison to the baseline (day-0) time-point.

ISG Function Chronic HCV
Mx1 Myxovirus A strictly type | IFN-specific response )
(influenza virus) marker

resistance 1

0OAS1 Degrades viral and cellular RNA. AN
Encodes OAS2,5 proteins are
expressed at low levels, then
considerably induced by type | IFNs
that are subsequently activated by
viral RNA

SOCS1 | Suppressor of A negative regulator of the IFN )\
cytokine signaling 1 | signaling pathway

ISG15 Free ISG15 stabilizes the USP18 )
protein by preventing its
ubiquitination, leading to an
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attenuated response to IFN-a

Table 6.1 Panel of Interferon Signaling Genes!8120,217-219

6.3.3 Measurement of Plasma Cytokine /Chemokine Levels by
Cytometric Bead Array Assay and Enzyme-Linked Immunosorbent
Assay (ELISA)

Please refer to Chapter 2.2.5 for a detailed description of the methods involved.

In brief, frozen plasma from each time-point was thawed and enhanced
cytometric bead array was performed to measure IL-1b, TNF-a, IL-8 and IL-10 levels
simultaneously. ELISA was used to measure the chemokine IP-10, MCP-1, IL-6, CXCL9
and IFN-y levels, according to the manufacturer’s guidelines. The different treatment

time points for each subject were performed in the same experiment.

The intensity of the fluorescence signal was measured on the FACS Canto Flow
Cytometer (Becton Dickinson), and data were analysed using FCAP Array Software (BD
Biosciences). To assess the differences in cytokine /chemokine response on-treatment,
each time-point was presented as a ratio in comparison to the baseline (day-0)

time-point.

6.3.4 Measurement of mRNA Levels of Cytokine / Chemokine in PBMCs
by RNA Extraction and Real-Time PCR

Please refer to Chapter 2.2.9 for a detailed description of the methods involved.
In brief, PBMCs from each time-point were thawed and cell viability was assessed using
the trypan blue exclusion test. RNA was extracted using the RNAqueous®-4PCR Total
RNA Isolation Kit (Ambion, Austin, TX, USA). cDNA was then prepared using the High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, CA, USA). PCR was
performed on the Applied Biosystems 7500 Fast Real Time PCR System (Applied
Biosystems, CA, USA), to attain mRNA levels of the measured cytokines /chemokines,
using the respective forward and reverse primers. To assess the differences in
chemokine /cytokine mRNA expression on-treatment, each time-point was presented

as a ratio in comparison to the baseline (day-0) time-point.
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6.3.5 NK Phenotype

There is data to suggest that a dysregulated peripheral NK cell phenotype /
function in CHC also contributes to ineffectual viral clearance.'*® Certain NK phenotypic

144

features have been associated with IFN response™*®, and more recently to first-

generation DAAs. 146,215,220

We wished to investigate for NK phenotypic changes in response to second
generation DAAs, and if associated with treatment outcome. A combination of
biologically relevant activating and inhibitory NK receptor were measured on

cryopreserved PBMCs at each time point. These are listed in Table 6.2.

NK receptor Receptor Function

NKp46 / NKp30 + Natural cytotoxicity receptors
HLA-DR + Activation marker

NKG2D + Activating receptor

TRAIL + Activation marker

CD122 + IL-2 receptor beta chain

TIM3 +/- Inhibitory receptor

NKG2A - Inhibitory receptor

Table 6.2 Panel of NK Receptors

Please refer to Chapter 2.2.3 for a detailed description of the methods involved.
In brief, PBMCs from each time-point were thawed and cell viability was assessed using
the trypan blue exclusion test. Surface staining was performed with CD markers and
panel of NK receptors. These samples were analysed using flow cytometry and FlowJo
(v10.1). The level of expression of the NK receptors are presented as (a) a percentage

of the total cell population; and (b) geometric mean fluorescence. To assess the
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differences in NK receptor expression on-treatment, each time-point was presented as

a ratio in comparison to the baseline (day-0) time-point.

6.3.6 NK Cell Function

The activity of NK cell function was tested by evaluation of IFN-y / TNF-a
response to stimulation with IL-12 and IL-15 ligands. Detailed methods were presented
in Chapter 2.2.8. In brief, a total of 1x10° thawed PBMCs from subjects were cultured
at 37°C for 14 hours in Roswell Park Memorial Institute (RPMI) medium with 1% L-
glutamine, 1% penicillin, and 5% fetal calf serum (FCS) and IL-12 or IL-15 ligands. 1uL
Brefeldin was then added and incubated at 37°C for 4 hours. PBMCs were stimulated
with RPMI 5% FCS (unstimulated control), 10ug/mL IL-12, or 10ug/mL IL-15. IL-12 / IL-
15 ligands were supplied by InVivoGen. Surface staining was then performed with CD
markers. Cells were fixed and permeabilized with the Cytofix/Cytoperm Kit and stained
with anti-IFN-y-PE and anti—tumour necrosis factor (TNF) a —APC (InVivoGen). A total
of 10,000 CD56+ NK cells of each sample were analysed; dead cells were gated out,
based on their light scatter properties on the FACS Canto Flow Cytometer (Becton
Dickinson). Data were analysed using FlowJo software (Tree Star, Ashland, OR).
Frequency of IFN-y-positive NK cells that were incubated in complete medium without
cytokines was subtracted from the frequency of IFN-y-positive NK cells stimulated with

cytokines.

6.3.7 Statistical Analysis

Participant characteristics and laboratory measurements are presented as
median values and interquartile ranges. The Fisher exact test was used to test for
significant group differences in dichotomous variables, and the independent samples t-
test was used for continuous variables. The Mann-Whitney-U test was used to
determine if differences existed between baseline ISG expression, in comparison to ISG
expression at each time-point. This was performed using Prism (v7). Graphs were
presented as Tukey box plots, with the middle line representing the median, and the

box extending from the 25th to 75th percentile.
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6.4 Results

6.4.1 Description of Patient Cohort

16 subjects with HCV-1 infection were prospectively enrolled and treated with a
combination of IFN-free antiviral therapy, comprised of ombitsavir, ritonavir boosted
paritaprevir, dasabuvir +/- ribavirin (PRoD +/- RBV). The baseline characteristics and
demographics of this group are detailed in Table 6.3. In brief, 8/16 (50%) were male,
15/16 (94%) were Caucasian and 14/16 (86%) had advanced liver fibrosis (METAVIR
F3-4). 7/16 (44%) were prior non-responders to treatment with peginterferon-a plus
ribavirin. 4/16 (25%) carried the CC genotype (rs12979860) which has been associated

with good response to peginterferon-based treatment for HCV.

As a parallel comparator, 17 subjects with HCV-1 infection were prospectively
enrolled and treated with IFN-based therapy. 12 subjects were treated with telaprevir,
pegylated-IFN-a-2a and weight-based ribavirin (Telaprevir / PR), and 5 subjects were
treated with pegylated-IFN-a-2a and weight-based ribavirin (PR), with the addition of
boceprevir at week 5. Their baseline characteristics and demographics are detailed in
Table 6.3. In brief, of the subjects who received Telaprevir/PR, 9/12 (75%) were male
or Caucasian, and 7/12 (58%) had advanced liver fibrosis (METAVIR F3-4). 7/16 (44%)
were prior non-responders to treatment with peginterferon-a plus ribavirin. 4/16
(25%) carried the CC genotype (rs12979860) which has been associated with good
response to peginterferon-based treatment for HCV. Of the subjects who received PR,
1/5 (20%) were male, 5/5 (100%) were Caucasian and 3/5 (60%) had advanced fibrosis.
3/5 (60%) were prior non-responders to treatment with peginterferon-a plus ribavirin

and 0/5 carried the favourable IFNL4 CC genotype.
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IFN-free

IFN-based therapy

Participant therapy
characteristics

PRoD +/- RBV Telaprevir/PR PR
n (%) 16 (48%) 12 (36%) 5 (15%)
Age, years (median,

55(51-161) 51 (57 -62) 64 (57 — 65)
IQR)
Male (n,%) 8 (50%) 9 (75%) 1(20%)
Caucasian (n,%) 15 (94%) 9 (75%) 5 (100%)
Treatment naive (n,%) | 9 (56%) 7 (58%) 2 (40%)
Baseline ALT, U/L 128 (149 - 154) | 90 (54 — 135) 56 (48 — 86)

(median, IQR)

HCV genotype 1a/1b

11 (69%) / 5

8 (67%) / 4 (33%)

1(20%) / 4

(31%) (80%)
Baseline HCV RNA 1910000 4 930 000
level, IU/mL (median, (55400 — 2 655 E 35370505)0()471500 (375000 —
IQR) 000) 6250000)
Advanced fibrosis

14 (86% 7 % %
(2F3) (n.%) (86%) (58%) 3 (60%)
Favourable IFNL4 Gt
(n,%) (CC, rs 4 (25%) 3 (25%) 0 (0%)
12979860) 2 (50%) 2 (67%) 0 (0%)
Treatment naive (n,%)
Prior IFN experience 7 (44%) 5(42%) 3 (60%)
Ribavirin (n,%) 11 (69%) 12 (100%) 5 (100%)
SVR (n,%) 14 (86%) 6 (55%) 1 (20 %)

Table 6.3 Participant Characteristics and Demographics at Baseline
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Subjects who were treated with PRoD +/- RBV, experienced a rapid decrease in
serum HCV RNA levels during DAA therapy. Significant reductions in serum HCV RNA
level were observed as early as day-1 of treatment (median reduction at day-1 =
1,908,623 IU/mL) (Figure 6.1). 10/16 (63%) subjects had an undetectable serum HCV
RNA level at day-28. Serum ALT levels also fell rapidly with IFN-free therapy and
median ALT fell significantly by day-7 of treatment. 14/16 (88%) subjects had ALT< ULN
at day-28. 15/16 (94%) subjects achieved an end-of-treatment response. One subject
was lost to follow up. 14/16 (86%) subjects went on to achieve a sustained virological
response at week 12 post-treatment (SVR12). 2/16 (19%) achieved an EOT response
but then relapsed post-treatment. Both had HCV-la infection, with one subject
treatment experienced, cirrhotic and with the poor response IFNL4 genotype, and the
other was treatment naive with F3 fibrosis, carrying the good response IFNL4

genotype.

Those who received T/PR had a significant reduction in HCV RNA levels as early
as day-1 (median reduction at day-1 = 2,046,830 IU/mL, IQR 295,696 — 4,694,750)
(Figure 6.1). 8/12 (67%) subjects had an undetectable serum HCV RNA level at day-28.
Treatment with PR also saw a significant reduction in serum HCV RNA at week 4
(median reduction at day-28 = 4,834,800 IU/mL), but all had detectable virus. Serum
ALT levels dropped by day-7 with T/PR with a trend to lower levels with PR,
highlighting the differing potencies of the antiviral regimens. There was no difference
in the mean levels of HCV RNA at baseline or day-28, for each of the treatment

regimens.
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Figure 6.1 Viral kinetics and biochemical (ALT) response to antiviral therapy.
On-treatment viral load (A) and ALT (B) response to antiviral therapy. (C) Average viral
load at baseline and day-28 according to treatment response.

6.4.2 Analysis of ISG mRNA Expression in PBMCs During Anti-Viral
Therapy

The well-recognised link between intra-hepatic/peripheral I1SG expression and
virological response to exogenous IFN-a, as not yet been fully defined with the newer
IFN-free DAAs. We first determined the gene expression profiles of a panel of
biologically relevant ISGs (Mx1, OAS1, ISG15 and SOCS1, previously reported to be
important in HCV118120,217-219 jn PBMCs at baseline, day-1, day-14 and day-28. During
treatment with IFN-free DAAs, the expression of all ISGs was significantly reduced over
time with viral suppression. Reduced expression of SOCS1 was detectable at day-1, and
non-significant trends were also noted for reduced levels of OAS and MX1 (Figure 6.2).
Statistically significant reduction of all ISGs was detectable by day-14, plateauing there
(Figure 6.2). In contrast, patients treated with telaprevir plus PR therapy experiencing
rapid and marked induction of Mx1, OAS1 and ISG15 mRNA that peaked at day-1,

before plateauing (Figure 6.2). SOCS1 mRNA expression was significantly down-
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regulated at day-1, before returning to baseline. This was similar to the expression

pattern observed at day-28 in patients treated with PR alone (Figure 6.2).
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Figure 6.2 On-treatment viral suppression with DAA treatment is associated
with reduced PBMC ISG expression.
(A) OAS; (B) Mx1; (C) ISG15; (D) SOCS1.

6.4.3 Pre-treatment ISG mRNA Expression in PBMCs was not Associated
with Viral Clearance during IFN-Free DAA Therapy

We then tested for an association between baseline PBMC ISG mRNA expression

and response to DAA therapy and T/PR + PR therapy, combined (Figure 6.3). In our
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small cohorts, no significant differences were seen. Similarly, pre-treatment expression

was not associated with IFNL4 genotype (Figure 6.4).
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Figure 6.3 Pre-treatment ISG expression according to treatment response.
No difference in pre-treatment ISG expression was observed according to
treatment response to anti-viral therapy. (A) OAS; (B) Mx1; (C) ISG15; (D)
SOCS1.
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Figure 6.4 Pre-treatment ISG expression according to IFNL4 genotype.
No difference in pre-treatment ISG expression was observed according to IFNL4
genotype. (A) OAS; (B) Mx1; (C) ISG15; (D) SOCS1.

6.4.4 Analysis of On-Treatment Peripheral ISG Expression According to
Treatment Outcome (SVR12 vs non-SVR12) and IFNL4 Genotype

No effect was seen when on-treatment changes in ISG expression were analysed

according to treatment outcome (Figure 6.5). Given previous interest in IFNL4, we also

analysed the data according to IFNL4 genotype, but did not see an IFNL4 effect (Figure
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6.6). However, only 4 of 16 subjects received IFN-free DAA therapy, and 3 of 12 who

received IFN-based therapy carried the favourable IFNL4 genotype.
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Figure 6.5 On-treatment changes in ISG expression are not associated with treatment
outcome.
(A) OAS; (B) Mx1; (C) ISG15; (D) SOCS1.
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Figure 6.6 On-treatment changes in ISG expression are not associated with IFNL4
genotype.
(A) OAS; (B) Mx1; (C) ISG15; (D) SOCS1.

6.4.5 Levels of Plasma Chemokine / Cytokine Expression Fall On-
Treatment with IFN-Free DAA Therapy

We determined the expression profiles for a panel of biologically relevant
chemokines(IP-10, IL-8, MCP-1 and CXCL9), previously reported to be important in

HCV127.128133-135 [y testing both serum protein levels and PBMC mRNA expression.
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Again, direct comparison was made between patients treated with IFN-free DAA
therapy and IFN-based therapy. Levels of plasma IP-10, IL-8, MCP-1 and CXCL9
decreased rapidly within the first month of IFN-free DAA therapy. Reductions in levels
of IP-10 were detectable at day-1 post treatment; reductions of all chemokines /
cytokines was present at day-14 and 28 (Figure 6.7). Analysis of mRNA levels in PBMCs
demonstrated a similar pattern, with rapid and sustained down-regulation of IP-10,
MCP-1, and CXCL9 (Figure 6.8). No change was seen in IL-8 mRNA levels. Reduction in
plasma levels and PBMC mRNA expression of the immuno-modulatory cytokine IL-10
were detectable by day-14 and day-28, respectively. We also tested for the pro-
inflammatory cytokines IL-6, TNF-a and IL-1b; all were undetectable in plasma, despite
the use of an enhanced sensitivity cytometric bead array. We proceeded to measure
IL-6 mRNA levels in PBMCs, as a representative of the pro-inflammatory cytokines,
known to act in concert with other pro-inflammatory cytokines, such as TNF-a. IL-6
MRNA levels in PBMCs significantly decreased in the first month of IFN free therapy, as

early as day-1.

In contrast, patients treated with telaprevir plus PR therapy experienced a rapid
and marked induction in plasma levels of chemokines IP-10, MCP-1, CXCL9 and
immunomodulatory cytokine IL-10. A similar pattern was observed with PBMC mRNA
expression of IP-10, MCP-1, IL-10 and IL-6. No change was seen in levels of plasma IL-8
or mRNA expression. There was no consistent pattern observed in the levels of
chemokines / cytokines in both plasma and mRNA during the remaining month of
treatment, likely reflecting the complexity of the innate immune response to
exogenous IFN-a. mRNA levels did not always reflect the patterns observed in plasma.
MCP-1 was the only chemokine to remain persistently elevated in both plasma and
mRNA. After induction, plasma IP-10 levels dropped below baseline after day-14, but
MRNA expression remained high. Plasma IL-10 levels also dropped to baseline by day-
14, however IL-10 mRNA expression remained high. IL-6 mRNA expression remained
elevated after induction. Plasma CXCL9 levels returned to baseline by day-14, whereas
no day-1 change in CXCL9 mRNA expression was seen, with a reduction from day-14.

Expression patterns observed at day-28 in patients treated with PR alone were similar.
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On-treatment chemokine / cytokine expression was analysed according to
treatment response and IFNL4 genotype, with no effect seen, although our numbers
were small (IFN free, C/C n=4, IFN-based C/C n=3) limiting this analysis (see Chapter
Appendices 6.8 - Figure 6.16; Figure 6.17).
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Figure 6.7 On-treatment viral suppression during IFN-free DAA therapy is
associated with down-regulation of circulating plasma chemokine / cytokine levels
— changes relative to baseline.

(A) IP-10; (B) IL-8; (C) MCP-1; (D) CXCL9; (E) IL-10.
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Figure 6.8 On-treatment viral suppression during DAA therapy is associated with
down-regulation of chemokine/cytokine mRNA expression in PBMCs - changes
relative to baseline.

(A) IP-10; (B) IL-8; (C) MCP-1; (D) CXCL9; (E) IL-10; (F) IL-6.
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6.4.6 Baseline Plasma Cytokine / Chemokine Levels did not Predict
SVR12 with Antiviral Therapy for Genotype 1 Chronic HCV
infection

Pre-treatment levels of cytokines / chemokines in plasma were then analysed
according to treatment response. No differences were seen within each treatment
regimen (Figure 6.9), or when the entire CHC cohort was combined (Figure 6.9). A
trend to lower pre-treatment IP-10 and IL-10 levels was seen in those who attained
SVR12. Pre-treatment levels of IL-8, MCP-1 or CXCL9 did not differ according to
treatment response. The type-1 inflammatory cytokines IL-6, IL-1b, TNF-a, and IFN-y

were not detectable in plasma.
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Figure 6.9 Pre-treatment levels of chemokines / cytokines in plasma according to

treatment response.

A trend to lower pre-treatment IP-10 and IL-10 levels was seen in those who
attained SVR. (A) IP-10; (B) IL-8; (C) MCP-1; (D) CXCL9; (E) IL-10.
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IL-6 mRNA expression was detectable in PBMCs, with lower IL-6 mRNA
expression associated with SVR12 with IFN-based therapy (Figure 6.10). When the
entire cohort was combined, lower pre-treatment IL-6 and higher pre-treatment CXCL9
MRNA expression was associated with SVR12. No differences were seen when

measuring mRNA expression of IP-10, IL-8, MCP-1 or IL-10 in PBMCs.
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Figure 6.10 Pre-treatment mRNA levels of chemokines / cytokines according to
treatment response.

Lower pre-treatment IL-6 mRNA expression was associated with SVR with IFN-based
therapy. Lower pre-treatment IL-6 and higher pre-treatment CXCL9 mRNA expression
was associated with SVR when analysed in the entire CHC cohort. (A) IP-10; (B) IL-8;
(C) MCP-1; (D) CXCL9; (E) IL-10; (F) IL-6.
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A trend to lower pre-treatment IP-10 plasma levels and IP-10 mRNA expression
was seen with the favourable IFNL4 CC genotype (see Chapter Appendices 6.8 - Figure
6.18, Figure 6.19). Higher pre-treatment CXCL9 levels was associated with the IFNL4 CC
genotype in those who received IFN-based therapy. A trend to higher pre-treatment
MCP-1 mRNA expression was seen when the entire cohort was combined. No other
differences in plasma levels of cytokines / chemokines or mRNA in PBMCS, were seen
within each treatment group or as a whole cohort, when analysed according to IFNL4

genotype.

6.4.7 IFN-free DAA Treatment was Associated with a Rapid Reduction in
Expression of TRAIL and CD122 on NK Cells During Treatment

In order to more comprehensively examine the role of innate immunity in
DAA-mediated clearance, we analysed peripheral NK cells, which represent the
primary IFN-sensitive innate immune effector cell type, as biomarkers of peripheral IFN
responses. Finally, we also wished to assess if IFN-free DAA therapy was associated
with modulation of NK cell activation. We tested for NK cell expression levels of the
activation markers TRAIL and CD-122 using flow cytometry. In the first month of
treatment, we saw that the viral clearance induced by the DAAs led to a lowering of
the activation state of peripheral blood NK cells, as reflected by reduced levels of TRAIL
and CD122. Differences were seen with IFN-based therapy. Treatment with T/PR and
PR saw an increase in NK cell expression of TRAIL, most pronounced on the dim NK cell
subset, with no change seen on the bright NK cell subset. CD122 expression
momentarily dropped at day-14 with T/PR on NK cells and its dim NK cell subset. A
reduction also occurred within the dim NK subset with PR. No differences were seen

according to treatment response (Figure 6.12) or IFNL4 genotype (data not shown).

There was no change in the NK expression of activation markers NKp30, NKp46,
HLA-DR or NKG2D in response to IFN-free therapy (see Chapter Appendices 6.8 - Figure
6.20). Furthermore, only a momentary drop in expression of inhibitory receptors,
NKG2A and TIM3 was seen at day-14. Differences were seen with IFN-based therapy,
in which a clear IFN-effect was mostly notable on day-1 of treatment. Data on the
inhibitory receptor CD85j was incomplete due to issues with the reagent at the time of

the experiment.
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Figure 6.11 Reduced NK TRAIL and CD122 expression with DAA treatment.

An increase in NK TRAIL expression was observed with IFN-based therapy. A drop
in NK CD122 expression was observed at day 14. TRAIL expression on (A) NK cells;
(B) Bright NK cells; and (C) Dim NK cells. CD122 expression on (C) NK cells; (D)
Bright NK cells; and (E) Dim NK cells.
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Figure 6.12 On-treatment NK TRAIL and CD122 expression according to SVR vs. non

SVR.

No differences in NK TRAIL and CD122 expression were observed according to
treatment response. NK TRAIL expression on (A) NK cells; (B) Bright NK cells; and (C)
Dim NK cells. CD122 expression on (C) NK cells; (D) Bright NK cells; and (E) Dim NK

cells.
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6.4.8 Pre-Treatment NK Phenotype was not Associated with Treatment
Outcome in Genotype 1 Chronic HCV infection

Next we tested for an association between pre-treatment NK phenotype and
treatment response. No difference in pre-treatment NK receptor expression and
treatment response was found (Figure 6.13). Similarly, no differences according to

IFNL4 genotype were evident.
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Figure 6.13 Pre-treatment NK TRAIL and CD122 expression was not associated with

treatment response.
NK TRAIL expression on (A) NK cells; (B) Bright NK cells; and (C) Dim NK cells. CD122

expression on (C) NK cells; (D) Bright NK cells; and (E) Dim NK cells.
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6.4.9 IFN-Free Therapy does not alter the Frequency of NK Cells and its
Subsets During the First Month of Antiviral Therapy

We then assessed if the frequency of NK cells and its subtypes were modulated
with IFN-free therapy, which may account for the reduction in TRAIL / CD122
expression. However, no change was observed with IFN-free DAA therapy (Figure
6.14). With T/PR there appeared to be a trend to an increase in frequency of the bright
NK subset, with a corresponding decrease in the dim NK subset. Subjects receiving PR

appeared to follow this pattern, although the numbers are small.
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Figure 6.14 Anti-viral therapy does not alter the frequency of NK cells.
(A) NK cells; (B) Bright NK cells; and (C) Dim NK cells.
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6.4.10 Early NK cell Cytokine Production is not altered with IFN-Free
Therapy During the First Month of Treatment

To assess whether NK cell cytokine production contributes to viral clearance, this
was assessed longitudinally during the first month of treatment. NK cytokine
production (IFN-y and TNF-a) production is impaired in CHC, but during the first month
of IFN-free DAA therapy there was no corresponding improvement in IFN-y or TNF-a

production (Figure 6.15).
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Figure 6.15 Early NK Cell cytokine production is not altered with IFN free therapy.
Bright NK cell (A) IFN-y production; and (B) TNF-a production.

6.5 Discussion

The innate immune system has been shown to play an important role in the host
response to HCV, as well as the response to interferon-based treatment for HCV
infection,118:120.135,221,222 preyijous studies have demonstrated an association between
baseline and on-treatment expression of intrahepatic ISG, circulating chemokines /
cytokines and as well as NK cell activity.118120,122,135147,222 |ntrghepatic and peripheral
ISG expression, as well as circulating IP-10 levels and IFNL4 genotype have also been
shown to be associated with the outcome of IFN-based treatment,18120,122,135,147,222
The role of the innate immune system in the setting of DAA therapy has not been well

defined. Data in Chapter 5 suggested that TLR signaling is important in the host
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response to HCV infection, and that baseline TLR signaling may be associated with the
response to DAA therapy. In this series of experiments we studied baseline and on-
treatment expression of intrahepatic ISG, circulating chemokines / cytokines and as
well as NK cell activity, comparing a well characterized cohort of DAA treated patient

to a control cohort treated with interferon-based triple therapy.

We confirmed previous descriptions that IFN-based treatment is associated with
rapid induction of monocyte ISG expression, monocyte chemokine expression as well
as circulating plasma chemokine levels, and NK cell activity (TRAIL/CD122+ NK cells)
(Table 6.4). This phenomenon was clearly detectable at 24 hours following the first
injection of IFN. Indeed, these changes were most prominent at 24 hours, but
remained higher than baseline on-treatment to day-28. At day-28, there was no
difference between patients treated with a protease inhibitor plus IFN/RBV compared
to patients treated with IFN/RBV alone, suggesting that this effect is due to IFN/RBV. In
this cohort, there was no difference in the on-treatment expression of these innate
immune markers according to IFNL4 genotype or whether patients went on to achieve
SVR. Pre-treatment levels of cytokines / chemokine in plasma were not associated with
IFNL4 genotype or SVR. But in PBMCs, lower pre-treatment IL-6 mRNA expression
predicted SVR, and higher pre-treatment CXCL9 mRNA expression was associated with
IFNL4 CC genotype, consistent with recent data. In vitro studies have previously shown
that the HCV NS3/4a protease inhibits RIG-I signaling via cleavage of IPS-1, blocking
downstream IRF3 activation and IFN-f production.® In a cell culture model, protease
inhibitors have been shown to restore IRF3 signaling, but at much higher
concentrations than can be achieved in vivo.??® Our data showed no difference in the

induction of ISGs when comparing T/PR with PR.

In contrast, induction of these immune markers was not observed in the setting
of DAA therapy. DAA therapy was associated with a rapid and progressive reduction in
monocyte ISG expression, monocyte chemokine expression as well as circulating
plasma chemokine levels, and NK cell activity (TRAIL/CD122+ NK cells) (Table 6.4).
Again, these changes were detectable as early as 24-hours after DAA therapy was
started. This was seen in all individuals and correlated with virological suppression. No

difference in expression of these innate immune markers according to IFNL4 genotype
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or whether patients went on to achieve SVR, either at baseline or on-treatment. The
data suggest strongly that these pathways are involved in the host response to HCV
replication, but that signaling activity reverts to baseline with potent HCV inhibition in

the setting of DAA therapy.

On-treatment DAA IFN-based treatment
Monocyte ISG NE T

expression* (OAS1, MX1,

ISG15, SOCS15)

Plasma chemokine* (IP- | {, ™

10, IL-8, MCP-1, CXCL9,

IL-10)

Monocyte chemokine NE T

expression (IP-10, IL-8,
MCP-1, CXCL9, IL-10, IL-
6)

NK activity* NE T
(TRAIL/CD122
expression)

* No difference in baseline or on-treatment expression according to SVR or
IFNL4 genotype

Table 6.4 Summary of markers of innate immune response to antiviral therapy in
chronic HCV infection

A number of recent studies have evaluated ISG expression and related
chemokines / cytokines in patients being treated with DAA therapy.12>12¢ Similar to our
findings, they demonstrate on-treatment reduction in ISG / chemokine expression with
DAA therapy. One study did identify higher end of treatment Type 1 IFN hepatic ISG
expression was associated with SVR in 12 subjects treated with sofosbuvir / ribavirin,
(SVR, n=7 vs. non SVR, n=5).12°> The other study observed higher pre-treatment hepatic
ISG expression correlated with SVR in 13 subjects treated with asunaprevir /
daclatasvir (SVR, n=9 vs. non SVR, n=4).12% Notably, these studies utilised DAA regimens
associated with suboptimal SVR rates, suggesting a possible role for innate immunity in
the context of less potent DAA regimens. Our cohort was not powered to detect such
differences with PrOD associated with cure rates > 95%. Although PrOD is no longer

used first-line, this is due to poor tolerability associated with ribavirin, required as a
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backbone for HCV-1a infection, as well as the fact that it is a genotype specific
regimen. Elevated post-treatment peripheral ISG expression and lower serum IFN-a
expression has recently been associated with virological relapse, but in subjects with
acute HCV and HIV co-infection.?'® We did not collect samples post-treatment in this
study. In contrast to the suboptimal DAA regimens used in the previous studies, we are

the first to investigate peripheral ISG changes with a highly effective DAA regimen.

We were also interested to look at the effect of IFN-free DAA therapy on NK
phenotype / function and whether HCV-induced NK dysfunction would be reversed.
On-treatment reduction in the activation state of peripheral blood NK cells was
observed, evidenced by reduced NK TRAIL and CD122 expression. However, this did
not correlate with treatment response or IFNL4 genotype. Similarly, no differences in
pre-treatment NK TRAIL / CD122 expression were seen according to these variables.
Our results are consistent with recent data. Two small studies (n=13, n=12) similarly
showed a reduction in peripheral and intra-hepatic NK TRAIL-expression with
daclatasvir/asunaprevir, but with no stratification according to treatment
response.#21> |n contrast, a rapid induction of NK TRAIL / CD122 expression was

observed in our telaprevir / PR cohort, consistent with previous literature.}4*

Despite our data suggesting there is lowering of peripheral NK activation state
with DAA therapy, we observed no change in NK cell cytokine production. We
hypothesised that that this may improve with the DAAs, and somewhat contrasts with
previous descriptions in the literature. Serti et al. showed restored IFN-y production
after 8-weeks of treatment. We cannot exclude late changes in NK cytokine production
in our cohort, with data up to 4-weeks, but our results suggest that NK cell activity
does not play a critical role in viral clearance during potent DAA therapy, even in

patients with hard to cure characteristics.

DAA-mediated viral suppression was associated with a lowering in the circulating
levels of IP-10, IL-8, MCP-1, CXCL9, IL-10 and IL-6 in plasma, as well as PBMC mRNA
expression, consistent with recent data.l?>146215 Again, no differences were seen
according to treatment response or IFNL4 genotype. A comparative analysis in our

telaprevir / PR patients saw the early induction of IP-10, CXCL9, IL-10, MCP-1 and IL-6,
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even in the presence of telaprevir, a potent DAA, illustrating clear differences in the

innate immunological response between antiviral therapies.

6.6 Limitations

The main limitation to this analysis was the small cohort size, particularly when
stratifying according to treatment response and IFNL4 genotype. The very high
virological response rate further limited analyses of biomarkers for treatment
response. Our data was based on the analysis of the peripheral innate immune
response and whether this reflects the intra-hepatic innate immune response, should
ideally be confirmed with intra-hepatic data. In an era where liver biopsy is not
routinely requested, this could be investigated further in a representative animal or

cell-culture model.

6.7 Conclusion

In a group of CHC subjects with ‘hard-to-cure’ characteristics, our data suggest
that disappearance of the HCV virus correlates with changes in ISG expression, levels of
chemokines, and phenotypic changes in the NK cell population. This is a very rapid
process, occurring as early as day-1 post commencement of a potent set of DAAs. In
particular, the rapid kinetics are consistent with previous suggestions that HCV
replication is directly responsible for the high levels of ISG expression, high levels of
chemokines/cytokines, and NK cell dysfunction reported in patients with chronic HCV.
Our data supports a model whereby HCV stimulates the innate immune system, and
with removal of the virus, the system reverts to baseline. In Chapter 5, a trend to
higher TLR signaling was observed in those who achieved SVR. In the panel of innate
immune markers investigated in this chapter, no baseline or on-treatment biomarkers
predicted SVR, but with such a potent DAA regimen, our cohort was underpowered to
detect this. Treatment with telaprevir / PR led to early induction of peripheral innate
immune markers. Here we have shown clear on-treatment differences according to
mode of antiviral therapy, broadening our current understanding of the role of
peripheral ISG expression, NK cells and cytokines / chemokines in the pathogenesis of

CHC.
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Figure 6.16 No on-treatment differences in circulating plasma chemokine /
cytokine levels according to SVR vs. non-SVR.
(A) IP-10; (B) IL-8; (C) MCP-1; (D) CXCLS; (E) IL-10.
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Figure 6.17 No on-treatment differences in circulating plasma chemokine /
cytokine levels according to IFNL4 genotype.
(A) IP-10; (B) IL-8; (C) MCP-1; (D) CXCLS; (E) IL-10.
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Figure 6.18 Pre-treatment levels of chemokines / cytokines in plasma according
to IFNL4 genotype.

A trend to lower pre-treatment IP-10 plasma levels was seen with the favourable
IFNL4 CC genotype with DAA therapy. No other differences in plasma levels of
cytokines / chemokines were seen within each treatment group or as a whole
cohort, according to IFNL4 genotype. (A) IP-10; (B) IL-8; (C) MCP-1; (D) CXCL9; (E)
IL-10.
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Figure 6.19 Pre-treatment mRNA levels of chemokines / cytokines according to
IFNL4 genotype.

A trend to lower pre-treatment IP-10 mRNA expression was seen with the IFNL4 CC
genotype with DAA therapy. Higher pre-treatment CXCL9 levels was associated
with the IFNL4 CC genotype in those who received IFN-based therapy. A trend to
higher pre-treatment MCP-1 mRNA expression was seen with the iFNL4 CC
genotype when the entire CHC cohort was combined. (A) IP-10; (B) IL-8; (C) MCP-
1; (D) CXCL9; (E) IL-10; (F) IL-6.
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Figure 6.20 On-treatment changes in NK phenotype with antiviral therapy.

No change in NK expression of activation markers NKp30, NKp46, HLA-DR or NKG2D
were observed with IFN-free therapy. Differences were seen with IFN-based therapy,
as early as day-1 of treatment. (A) NKp30; (B) NKp46; (C) HLA-DR; (D) NKG2D; (E)
NKG2A; and (F) TIM3 expression on NK cells, Bright NK cells and Dim NK cells.
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7 Summary and Future Directions

7.1 Background

Chronic hepatitis C infection is associated with significant morbidity and
mortality. It is @ major public health concern with up to 71 million people chronically
infected worldwide.! In the last decade we have witnessed the tremendous
development of anti-viral therapy for HCV, with cure rates following DAA therapy
approaching 100% and without the associated morbidity seen with IFN-based therapy.
Despite these advances, there are important issues that remain controversial,
including i) whether viral eradication is associated with long-term clinical benefits; and
ii) what key biological mechanism is responsible for driving viral clearance in the
context of viral suppression. In this thesis we set out to explore the long-term clinical
impact of viral eradication, as well as the innate immunological host response to viral

eradication, in people living with hepatitis C infection.

7.2 Natural History

Natural history studies in CHC have suggested that approximately 20% of
subjects will develop cirrhosis after 20-30 years, with an annual risk of hepatic
decompensation and hepatocellular carcinoma estimated at 4% and 1.5% respectively
thereafter. Whilst we assume that viral eradication will prevent such complications
and improve long-term outcomes, good long-term data confirming this are lacking.
Clinical trials evaluating anti-viral therapy for HCV used SVR or histological response at
12-24 months as a surrogate for clinical benefit, but did not evaluate long-term
outcomes. In selected high-risk populations of subjects with advanced fibrosis or
cirrhosis, SVR has been associated with improved overall and liver-related survival, as
well as reduced rates of hepatic decompensation and hepatocellular carcinoma, with
follow up periods of up to 3 to 8-years. However, there have been limited data
demonstrating a clinical benefit from SVR in people with less advanced disease. In fact,
a recent controversial Cochrane review concluded that there was no evidence

supporting that DAAs reduce HCV-related morbidity or all-cause mortality.>>
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We have contributed to this debate by reporting on the long-term outcomes of a
well-characterised cohort of CHC subjects, in whom paired liver fibrosis assessments
were performed more than 10-years apart. At baseline assessment, the majority of our
cohort had mild-moderate liver fibrosis (79%, n=109/131) with a significant proportion
progressing to advanced fibrosis (21%, n= 27) after 10-years of infection. We were able
to demonstrate that curative HCV therapy was associated with lower rates of fibrosis
progression. Both virological cure and a shorter duration of infection prior to antiviral
therapy were independent predictors of protection against liver fibrosis progression.
Since the publication of our data a number of other large datasets have reported

similar benefits to curative therapy.22422

Our data support the early treatment of all people with CHC regardless of liver
fibrosis stage, to prevent cirrhosis. Prevention of cirrhosis is important because people
with cirrhosis retain a risk of HCC following viral eradication and require long term
surveillance. The data are particularly relevant to jurisdictions where DAA treatment is
restricted to people with advanced fibrosis or cirrhosis. Other important arguments to
treat people with minimal liver disease include reducing transmission of hepatitis C
among people who inject drugs, as well as reducing stigma and improved quality of life
in these patients.???2” Indeed, the elimination of hepatitis C as a public health threat
by 2030, in line with the WHO targets??8, will require active targeting of high risks

populations to interrupt transmission.

7.3 Immunopathogenesis Of HCV Infection

In the remaining chapters of my thesis, | then planned a series of experiments to
explore the underlying immunopathogenesis of HCV by looking at the host response to
viral eradication, in both acute (spontaneous clearance) and chronic (antiviral therapy)
HCV infection. We were particularly interested in the role of TLR signaling in viral
eradication. HCV replicative intermediates have been shown to be sensed by
cytoplasmic RIG-I and endosomal TLR3 in vitro, leading to stimulation of the interferon
signaling pathway and downstream interferon stimulated gene (ISG) expression.882° In
vitro studies have also identified components of the HCV polyprotein that interact with

the TLRs leading to induction of a pro-inflammatory response, specifically the HCV core
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and NS3 protein stimulating TLR2 and the HCV NS5A protein stimulates TLR4.9%93
Previous work in our laboratory has shown that patients with chronic hepatitis C
display higher levels of TLR2/4 protein expression and signaling on peripheral blood
monocytes, higher TLR2/4 gene expression in liver compared to healthy controls, and

higher circulating levels of pro inflammatory cytokines.%”-%

7.3.1 Immunopathogenesis of Acute HCV Infection

We first investigated markers of innate immunity in a well-characterised
prospective cohort of subjects with acute / subacute HCV infection, and found that
persistence of HCV infection was associated with high level reactivity of TLR4 and
TLR7/8 signaling pathways in response to toll ligand-specific stimulation, as well as
with higher levels of TLR4 expression on monocytes and NK cells. The data suggest that
persistent HCV infection is associated with higher levels of TLR4/7 signaling and
implicate TLR4/7 in the biological response to CHC. Further work will be necessary to
determine whether this represents a direct antiviral response, or whether this reflects
upregulation of TLR 4/7 secondary to intrahepatic inflammation. Regardless, TLR 4/7
signaling may represent therapeutic targets. Indeed, TLR7 agonists have previously
been evaluated as a candidate for the treatment of HCV infection in clinical trials. It is
unlikely given the current treatment landscape that this would be pursued, but TLR
agonists may be relevant to other viral infections, including HBV. TLR8 agonists are
now in phase 2 development for the treatment of chronic HBV infection. The data also
presents TLR4 as a potential biomarker for predicting acute clearance of HCV. This
would require further validation in a large, prospective longitudinal cohort study and
clinically translate into individuals presenting with acute / subacute HCV infection

being able to defer drug therapy, and its associated morbidity and cost.

7.3.2 Immunopathogenesis of Chronic HCV Infection

We then hypothesised that TLR signaling and expression may contribute to
antiviral efficacy in the setting of potent interferon-free DAA therapy. To date, there
are little data exploring the role of TLR signaling / expression in chronic HCV infection
with the new DAAs, nor whether endogenous TLR signaling pathways are associated

with the outcome of antiviral therapy.
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In a cohort of CHC subjects with ‘hard-to-cure’ characteristics, we observed rapid
down-regulation of peripheral monocyte TLR4, TLR2, TLR7 and TLR9 signaling activity,
PBMC ISG expression, NK cell expression of the activation markers TRAIL and CD122, as
well as circulating plasma chemokine / cytokine levels, with DAA-mediated viral
suppression (Chapter 6). We tested for an association between innate immune activity
at baseline and response to DAA therapy, and found a strong trend for PBMC TLR2,
TLR4 and TLR7 signaling to be higher in patients who went on to achieve SVR following
DAA treatment. The data implicates innate immunity as playing a key role in viral

clearance in the setting of DAA therapy (Figure 7.1).

This higher level of TLR signaling was not explained by higher serum ALT levels,
suggesting that this observation is not simply a reflection of intrahepatic inflammation
associated with HCV infection. In contrast to the rapid down-regulation of peripheral
innate immune markers seen with the DAAs, IFN-based therapy led to the early
induction of peripheral TLR signaling, PBMC ISG expression, cytokine/chemokine
expression and NK cell activation markers. Despite this induction of the innate immune

response, HCV clearance rates are suboptimal with IFN-based therapy.

The data show that potent suppression of HCV replication reduces intrahepatic
inflammation with reduction of markers of innate immune activity. This is the first
detailed description of TLR signaling and innate immune activity in the setting of HCV
infection. The data clearly implicate innate immunity in the chronic inflammatory

response to HCV and raises a number of key questions:

i) Does this observation reflect a specific interaction between HCV and TLR
signaling pathways, or rather a secondary bystander inflammation driven

by an alternate inflammatory pathway?

ii) Is the TLR signaling pathway associated with direct anti-HCV activity and

does TLR signaling directly promote viral clearance?

iii) Why is the innate immune activity observed not sufficient to clear HCV?
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Figure 7.1 Proposed model implicating the role of innate immunity in viral clearance
in the setting of DAA therapy

We acknowledge that over the course of this thesis, the treatment of HCV has
advanced rapidly from IFN-based therapy being the backbone of treatment associated
with suboptimal response, to highly effective DAA regimens with cure rates of >95% in
adherent patients becoming standard of care. Despite this, the data support further
evaluation of the role of TLR signaling and innate immunity in hard-to-cure populations
receiving the DAAs, including subjects with Gt 3 HCV and DAA non-responders; or as
adjuvant treatment to shorten overall treatment duration. TLR agonists have been
investigated in HCV. As noted above, a small molecule TLR7 agonist was shown in
humans to have an IFN-dependent anti-viral effect against HCV.2% This candidate was
stopped due to toxicity in the face of the rapid developments in efficacy with DAA

therapy.

The data here may also be potentially relevant to improved vaccine design.
Moving forward, the field is now focused on elimination of HCV in line with the targets
set by WHO, with particular emphasis on harm reduction and development of new
models of care for the treatment of people who inject drugs. Prevention of HCV
remains an ongoing challenge, with little progress made in the last few decades,

particularly in contrast to the progress made with DAA therapy. Vaccine development
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has been challenged by the HCV error prone replication cycle rapidly evades humoral
and T-cell immune responses, limited funding where the industry has prioritized DAA
therapy, and difficulties associated with designing a clinical trial to demonstrate
vaccine efficacy funding and clinical challenges. An NIH-funded study in the US
investigating a HCV vaccine, recently found that it was ineffective in preventing chronic
HCV.22° TLR agonists have been used as vaccine adjuvants, and our data suggest this
approach may be particularly relevant to HCV vaccine candidates. This warrants

further evaluation.

Finally, the data in this thesis reinforce the relevance of TLR signaling to the
immunopathogenesis of chronic viral infections. TLR signaling has been linked to the
pathogenesis of HIV, HBV, RSV and numerous other viruses.208230.231.225 Ag an integral
part of the antiviral response to viruses, engagement of the TLR pathway through the
development of therapeutic agents. HCV has previously been identified to target
innate immune pathways as an immune evasion strategy in vitro.??! The data in this
thesis support that TLR signaling is relevant to the HCV life cycle and host-virus
interaction. A deeper mechanistic understanding of how the innate immune system
targets viral pathogens, including how the relationship to induction of adaptive

immunity, may inform future therapeutic strategies for fighting viral infections.
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Appendices

Appendix A - ABBREVIATIONS

CBA Cytometric bead array

cDNA Complimentary DNA

CLDN Claudin

CHC Chronic HCV infection

DAA Direct-acting antivirals

DMSO Dimethyl sulfoxide

dsRNA Double-stranded RNA

ELISA Enzyme-linked immunosorbent assay
EOT End of treatment

FACS Fluorescence-activated cell sorting for flow cytometry
FCS Fetal calf serum

HBsAg Hepatitis B surface antigen
HBV Hepatitis B infection

HCC Hepatocellular carcinoma

HCV Hepatitis C virus

HCV-1 Hepatitis C virus Genotype 1
HCV-2 Hepatitis C virus Genotype 2
HCV-3 Hepatitis C virus Genotype 3
HCV-4 Hepatitis C virus Genotype 4
HCV-6 Hepatitis C virus Genotype 6
HIV Human immunodeficiency virus
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HLA-DR

IFNL3

IFLN4

IFN

IFNRF

IL-2

IL-6

IL-8

IL-10

IL-12

IP-10

IRES

ISG

JAK

KIR

kPa

LDL

LOWESS

LSM

MAVS

MCP-1

mRNA

NF-kB

NI

NK

Human Leukocyte Antigen — DR isotype
Interferon-A-3

Interferon-A-4

Interferon

Interferon regulatory factor
Interleukin-2

Interleukin-6

Interleukin-8

Interleukin-10

Interleukin-12

Interferon-y-induced protein 10
Internal ribosomal entry site

Interferon stimulated gene

Janus kinase

Killer immunoglobulin-like receptor
Kilopascals

Low density lipoprotein

Locally weighted scatterplot smoothing
Liver stiffness measurement
mitochondrial antiviral signaling protein
Monocyte chemo-attractant protein-1
Messenger RNA

Nuclear factor kB

Nucleoside/nucleotide analogue inhibitors

Natural Killer
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NNI Non-nucleoside analogue inhibitors

OAS Oligoadenylate synthetase

PAMP Pattern- associated molecular patterns

PBS Phosphate buffered saline

pDCs Plasmacytoid dendritic cell

PegIFN Pegylated interferon-a

PCR Polymerase chain reaction

PBMCs Peripheral blood mononuclear cells

PKR Protein kinase R

PR Pegylated interferon-a + Ribavirin

PRoD Ombitsavir, ritonavir boosted paritaprevir, dasabuvir (250mg)
PRR Pattern Recognition Receptors

RIG-I Retinoic acid induced gene-|

RBV Ribavirin

SC-B1 Scavenger receptor class B1

SNPs Single nucleotide polypmorphisms

SOCs1 Suppressor of cytokine signaling-1

STAT Signal transducers and activators of transcription
SVR Sustained virological response

Thl T helper 1

Th2 T helper 2

TiM3 T cell immunoglobulin mucin 3

TLR Toll-like receptor

TNF-a Tissue necrosis factor-alpha

T/PR Telaprevir / Pegylated interferon-a + Ribavirin
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TRAIL TNF-related apoptosis-inducing ligand

UTR Untranslated region
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