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Hepatitis C Virus infects an estimated 71 million people world wide and accounts for approxi-
mately 399,000 deaths per year from end stage liver failure due to cirrhosis or hepatocellular
carcinoma. The development of direct acting antivirals (DAAs) has led to the elimination of
the HCV infection, known as a sustained viral response (SVR) in >95% of patients who are
treated. However, resistance associated substitutions (RAS) have been described for all DAAs
and the presence of these RAS have been shown by multiple studies to reduce SVR rates.

The aim of this work is to better characterise HCV RAS by studying the natural prevalence
of RAS in a treatment naive cohort, to identify novel RAS and to study the prevalence of RAS
in a cohort of patients who had not been successfully cured using first line DAA therapy and
their effect on subsequent re-treatment.

RAS to NS5A inhibitors in treatment naive genotype 3 (gt3) HCV infected patients are
common with ~12% of patients in a treatment naive cohort having detectable RAS. All gt3b
and gt3g viruses had the A30K + L31M RAS combination, which was shown to dramatically
increase the EC50 of NS5A inhibitors.

Using viral genome wide association studies and whole genome HCV sequences the novel
amino acid substitutions in NS2 1132V, NS2 119A NS3 67V and NS5B A150V were identified
as being associated with sofosbuvir treatment failure in HCV gt3a infection.

SVR rates for the retreatment of patients with prior failure to direct acting antiviral therapy
are high (>89%), despite RAS being present in 71% of patients. However, the SVR rate for
gt3 infected patients is significantly lower only 81%.

This work demonstrates that despite SVR rates of >95% with DAA therapy, both innate
resistance of understudied HCV subtypes and RAS present in treatment naive and experi-
enced patients can effect treatment outcomes and should be viewed with concern particularly

in patients who fail first-line therapy.
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1.1 Hepatitis C Virus as a global health problem

By current World Health Organisation estimates, approximately 71 million people worldwide
are chronically infected with the Hepatitis C Virus (HCV) which is equivalent to a global preva-
lence of 1% in 2015 [1]. The highest prevalence is in the Eastern Mediterranean and European
regions with an estimated 15 and 14 million people with chronic HCV infection. This is equiva-
lent to 2.3% and 1.5% of the population respectively [1]. HCV is responsible for approximately
399,000 deaths a year, through end stage liver failure due to cirrhosis or hepatocellular car-
cinoma (HCC) [1]. These numbers are thought to be an underestimate due to HCV infection
not being recorded on death certificates. HCV infection was the leading cause of end-stage
liver disease related liver transplantation [2]. However, the rate of liver transplantations due
to HCV infection is now reducing [3] due to the high efficacy of Direct Acting Antiviral (DAA)
therapy.

HCV is a blood born pathogen and there is currently no vaccine that can prevent HCV
transmission. Before its discovery in 1989 [4] many people were infected with HCV via blood
or blood product transfusions. The introduction of the heat treatment of blood products to
inactivate viruses in the mid 1980s and the development of blood screening tests in the early
1990s have made this route of transmission rare in the developed world. However, HCV
is still primarily spread via unsafe healthcare procedures in the developing world and in the
developed world people who have injected drugs are at biggest risk of HCV infection. These
routes of infection account for the majority of the estimated 1.75 million new infections in 2015
[1]. Other routes of infection include, vertical transmission from mother to child, piercing and
tattooing. Additionally, Human immunodeficiency virus (HIV) positive men who have sex with
men are at particularly high risk of sexual transmission [5]. The key risk groups in the UK
for HCV infection are; people who have ever injected drugs, people who received a blood
transfusion before 1991, people born or brought up in a country with a high prevalence of
HCYV, babies born to HCV infected mothers, prisoners, homeless people and HIV positive men

who have sex with men [6].

Acute HCV infection is normally asymptomatic, therefore estimating the number of patients

whom spontaneously resolve the infection is difficult. The rate of spontaneous resolution is
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estimated to be between 20%-50%, with factors such as host genetics, race, age and sex
being associated with spontaneous clearance [7, 8]. Individuals who do not spontaneously re-
solve HCV infection become chronically infected with HCV. Chronic HCV infection can remain
asymptomatic for decades, but causes liver fibrosis and inflammation and as a consequence
can cause cirrhosis and HCC [9]. High alcohol use, male sex, age and HIV co-infection all
increase the risk of fibrosis, cirrhosis and HCC. Risk of cirrhosis after twenty years of infection
has been estimated at 7-18% rising to 41% after 30 years [10]. Cirrhosis greatly increases the
risk of developing HCC, but patients can develop HCC without having cirrhosis [9]. However,
this is not a linear progression as fibrosis may accelerate with length of infection and some
patients progress rapidly to HCC or end stage liver failure and some experience very mild

symptoms.

1.2 Structure and life cycle of the Hepatitis C Virus

HCV is a ~9.6kb long positive sense RNA virus. HCV is a member of hepacivirus genus
which is one of four genera in the flaviviridae family the others being flavivirus, pegivirus and
pestivirus [11]. The hepacivirus genus has 13 other species of virus which infect other non-
primate mammals such as horses, dogs, rats and other rodents such as bank voles [11]. Some
of the other hepaciviruses are used in animal models for vaccine challenge experiments [12,
13]. The flavivirus genus includes other human pathogens such as dengue, yellow fever, west
nile and zika viruses [11]. The pegivirus genus includes two pegiviruses viruses that infect
humans but do not appear to cause any disease [14—17], the first human pegivirus discovered
was formally known as Hepatitis G Virus [14] but has since been renamed as it does not
appear to cause disease [15]. The pestivirus genus includes viruses which infect and can

cause severe disease in mammals such as cattle, sheep, goats and pigs [18—20].

The HCV genome codes for a 5" and 3’ untranslated region (UTR) and one open reading
frame and it is transcribed as one long polyprotein, ~3000 amino acids long which is then
cleaved into 10 proteins (figure 1.1). The core protein forms the main structure of the virion
and the E1 and E2 proteins form the viral envelope. The p7 protein is a small viroporin which
together with the nonstructural (NS) 2 protein is involved in viral release. The NS3, NS4A,

NS4B, NS5A and NS5B protein create the viral replication complex. The NS3 and NS4A
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proteins form the HCV protease complex responsible for cleaving the HCV polyprotein post
transcription. The NS5A protein is known to have functions in the replication and assembly
phases of the HCV lifecycle, but it’s exact functions remain unclear [21]. The NS5B protein is

the viral polymerase which creates new viral RNA.

Core E1 E2 p7 NS2 NS3 NS4A NS4B NS5A NS5B

Structural Non Structural

Figure 1.1: Schematic representation of HCV genome. The coloured rectangle represents
the ~3000 amino acid long HCV polyprotein. Each block is a scale representation of the HCV
proteins. Core, E1, E2 and p7 are the structural proteins. NS2, NS3, NS4A, NS4B, NS5A and
NS5B are the non-structural proteins involved in viral replication, assembly and release.

HCV replicates in hepatocytes and circulates in the blood. The cellular life cycle of HCV
is broadly split into seven steps, attachment, entry, uncoating, translation, replication, assem-
bly/maturation and release [22]. HCV virions circulate in the blood co-located with lipoproteins
and together form a structure called the lipoviral particle [23, 24]. HCV enters the cell via
cell membrane junctions and using cell surface markers such as CD81, claudin-1 and SR-B1
[25—-27]. After the virion has entered the cytoplasm, the endosomes become acidified and the
envelope protein conformation is changed which releases the viral RNA [28]. The RNA is then
translated to the HCV polyprotein, via host proteases and the NS2, NS3 and NS4A protease
complexes, the ten viral proteins are cleaved. At the endoplasmic reticulum the NS3, NS4A,
NS4B, NS5A and NS5B proteins form membranous webs which act as an anchor for the HCV
replication complex. The NS3 protein acts as a viral protease cleaving the viral polyprotein
with the NS4A acting as a co-factor. The NS4B protein is an essential component in forming
the membranous webs and in the assembly of new virus particles. The NS5B is a viral RNA
dependent polymerase which creates new viral RNA. The NS5B polymerase does not have
an error checking ability and this means a large portion of new viral RNA is attenuated and
is incapable of further replication [29]. The newly created viral RNA is then packaged into
viral capsids formed from the core, E1 and E2 proteins, these capsids are then released into
the blood as lipoviral particles [30]. HCV can also infect neighbouring cells directly, this is

mediated by the intercellular junction proteins claudin-1 and SR-B1.

21



1.3 Hepatitis C Virus diversity

HCV has a higher amount of genetic diversity compared to other persistent human pathogens
such as HIV-1 [31-33]. HCV genotypes and subtypes are classified by phylogenetic clustering
and a new genotype or subtype must form a new cluster on the tree of reference sequences
maintained by the International Committee on Taxonomy of Viruses (ICTV) (Figure 1.2). In
most cases the nucleotide sequence of a separate genotype diverges from other genotypes
by ~ 30% and a subtype differs by ~15% from other subtypes [34]. The recent proliferation of
high throughput methods for full genome sequencing of HCV [35, 36], has led to an increase
in the amount of reported HCV genotypes and subtypes. Before 2014, HCV was classified
into 6 genotypes and 67 subtypes [37]. In 2014 this was expanded to 7 reported genotypes
and 75 subtypes [34]. In 2018 an additional genotype 8 (gt8) was isolated and described in
Punjab, India [38] and currently HCV is split into 8 genotypes and 87 subtypes (Figure 1.2).
Currently the vast majority of HCV sequences deposited in genbank are from patients in Eu-
rope and North America, so as sequencing technologies get cheaper and more viruses from
Asia, Africa, South America and Australasia are sequenced it is likely that further genotype

and subtypes will be discovered.
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Figure 1.2: Unrooted Maximum likelihood phylogenetic tree of HCV reference se-
quences. Sequences downloaded from International Committee on Taxonomy of Viruses
(ICTV) [39] on 27/06/19, tree estimated using RAXML [40].

gt1 is the most prevalent genotype worldwide with subtypes 1a and 1b being the most
common worldwide [41]. Subtypes 2a and 2b are the most prevalent gt2 subtypes, they are
distributed worldwide but highly prevalent in Western Africa. The second most prevalent gt
is 3 with gt3a being the most prevalent subtype with a high prevalence in South Asia and
Europe. In the Middle East, Northern and Eastern Africa, gt4 is highly prevalent. gt5 is
relatively rare but is circulating in South Africa. The most genetically diverse gt is gt6 with 30
distinct subtype; gt6 has a high prevalence in South East Asia. Recently, gt7 was identified
in Africa [34, 42]. The most recently discovered genotype was gt8 found in India in 2018
[38]. Although recombination is rare the inter-genotypic recombinant virus 1b/2k has infected
multiple patients and is primarily found in Russia and Eastern Europe [43]. The 1a, 1b, 2a, 2D,
and 3a subtypes are considered "epidemic” subtypes as they are found globally with limited
genetic diversity [41]. This suggests that the epidemic subtypes probably spread relativity
recently due to modern efficient methods of transmission such as blood transfusions and

injecting drug use in the 20th century [44, 45]. The other "endemic” subtypes are found in
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localised areas with more viral diversity, examples are the 67 gt6 subtypes found primarily in
in south east asia and non gt-3a gt3 subtypes found in Asia [44, 46]. The increased diversity

found in Asia suggests that the virus may have originated from there [45].

1.4 A history of Hepatitis C Virus treatment

Before the development of direct acting antivirals (DAAs), HCV infection treatment was based
around interferon (IFN«). If HCV RNA remains undetectable after treatment cessation this is
referred to as a sustained viral response (SVR). A patients HCV infection is considered cured
if an SVR is maintained until 12 weeks after treatment has ended. If a patient’s viral load never
becomes undetectable then this is considered a non-response. If the viral load increases after
treatment cessation this is considered a relapse. If the viral load becomes undetectable then

becomes detectable on treatment, this is considered a breakthrough.

12 weeks is the normal period of time after which if HCV RNA remains undetectable after
the end of treatment that an SVR can be said to have taken place. Treatment for Non-A
Non-B hepatitis using IFNa mono-therapy was used even before HCV was isolated [47]; this
treatment was not very effective with SVR rates of 10-25%. The addition of Ribavirin (RBV) to
IFN« therapy increased SVR rates to approximately 40% [48]. RBV is a nucleotide analogue
prodrug, with an antiviral effect against a broad spectrum of RNA viruses. There are several
mechanisms of action proposed for ribavirin, some direct acting against the virus such as
preventing RNA capping, polymerase inhibition and lethal mutagenesis, others indirect such
as immune modulation [49]. Pegylated interferon (PEG-INF) was introduced in 2001 and the
increased half-life and better pharmacokinetics increased SVR rates to approximately 60%
when used with RBV [50]. However, SVR rates were varied with viral load, viral genotype
and host genetics all playing a role in treatment outcomes. IFN based therapies have multiple
effects on the host immune response, but also target the virus directly and is associated with
significant side effects such as asthenia, neutropenia, cytopenias, depression and flu like
symptoms. PEG-INFa-2b + RBV was the standard of care for HCV infection until 2011 when
the first DAAs became available. Even after the introduction of DAAs, PEG-INFa-2b + RBV
remained a key component of HCV treatment until the development of all-oral combinations

of DAA’s such as daclatasvir + sofosbuvir (DCV+SOF) and ledipasvir / sofosbuvir (LDV/SOF)
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in 2014.

For clarity combinations of drugs separated by a + sign are administered as separate drugs
in combination (for example DCV + SOF). However, when separated by a / they are adminis-
tered as a fixed dose combination and are not available for use as individual compounds (for

example LDV/SOF).

1.4.1 The development of direct acting antivirals against the Hepatitis C Virus

The development of DAAs, since 2011 has lead to a revolution in the treatment of HCV in-
fection. Treatment durations have been dramatically reduced from 44 weeks or longer with
PEG-INFa-2b and RBV to only 8 weeks for treatment naive patients without cirrhosis [51].
Current DAA therapies are all IFN free and are commonly RBV free, dramatically reducing
the number of reported side effects since DAA based therapies are very well tolerated. The
main benefit of DAA therapy is the dramatic increase in SVR rates to >95% in most groups of

patients.

There have been a large number of compounds developed with many reaching phase 2
and 3 trials and a relatively small number now approved for clinical use in America and Europe
(table 1.1). All DAAs fall into one of four classes each targeting a different viral protein or
having a distinct mechanism of action. Protease inhibitors target the NS3 protein, binding to its
active site and preventing it from cleaving the viral polyprotein. NS5A inhibitors bind to domain
1 of the NS5A protein and inhibits its action. NS5B inhibitors target the HCV polymerase and
are split into two categories based on the mechanisms of action: Nucleotide analogues of
which sofosbuvir is the primary example work by mimicking a nucleotide and being integrated
into the viral RNA causing termination of the RNA chain; non-nucleotide analogues work by

by binding to one of the palm domains of the NS5B protein and inhibiting its action.

The approved DAA treatments can be broadly categorised into three generations. The first
generation of DAAs were used in combination with PEG-INF and RBYV rather than in combina-
tion with other DAAs and were usually effective against only one or two HCV genotypes. First

generation DAAs are no longer recommended for use by either the European Association for
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the Study of the Liver (EASL) [51] or the American Association for the Study of Liver Diseases

(ASSLD) , [52]. The second generation of DAAs are used in fixed dose combinations with

each compound targeting a different HCV protein. They are INF free, but are still often used

with RBV. Second generation compounds are also genotype specific, but generally cover a

wider spectrum of genotypes than first generation DAAs. Most of the second generation DAAs

are still in use and are highly effective [51, 52]. The third generation of DAA treatments are

pangenotypic meaning this generation of DAAs are active against all HCV genotypes and are

often used without RBV.

Class Name Code Manufacture Development Phase Approval Year
Paritaprevir  ABT-450 Abbvie Approved 2015
Grazoprevir MK-5172 Merck Approved 2016
Simeprevir  TMC-435 Janssen Approved 2013
Voxilaprevir  GS-9857 Gilead Sciences Approved 2017
Glecaprevir  ABT-493 Abbvie Approved 2017
NS3 Protease
) ) Approved
Inhibitors Vaniprevir MK-7009 Merck 2014
(Japan Only)
. . ) Approved
Asunaprevir BMS-650032 Bristol-Myers Squibb (BMS) 2015
(Asia and Middle East Only)
Faldaprevir  BI-201335 Boehringer-Ingelheim Development Stopped NA
Boceprivir  SCH-503034 Merck Discontinued 2011
Telaprivir VX-950 Vertex Discontinued 2011
Sovaprevir  ACH-1625 Janssen and Achillion Development Stopped NA
Ledipasvir  GS-5885 Gilead Sciences Approved 2014
Ombitasvir  ABT-267 Abbvie Approved 2014
Elbasvir MK-8742 Merck Approved 2016
Daclatasvir  BMS-790052 Bristol-Myers Squibb (BMS)  Approved 2015
NS5A Inhibitors Velpatasvir GS-5816 Gilead Sciences Approved 2016
Pibrentasvir ABT-530 Abbvie Approved 2017
Ruszasvir MK-8408 Merck Phase 3 NA
Odalasvir ACH-3102 Janssen and Achillion Phase 2 NA
Ravidasvir  PPI-668 Presidio Phase 2 NA
Sofosbuvir  GS-7977 Gilead Sciences Approved 2013
Nucleotide ACH-3422  ACH-3422 Janssen and Achillion Phase 2 NA
Analogues AL-335 AL-335 Janssen and Achillion Phase 2 NA
Uprifosbuvir MK-3682 Merck Phase 3 NA
Dasabuvir ABT-333 Abbvie Approved 2014
Non-Nucleotide
Delobuvir BI-207127 Boehringer-Ingelheim Development Stopped NA
Analogues
Beclabuvir  BMS-791325 Bristol-Myers Squibb (BMS) Phase 3 NA

Table 1.1: Summary of direct acting antivirals which have reached phase 2 trials since
2011. NA:Non Applicable
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1.4.2 First generation: single drugs combined with pegylated interferon

The first DAAs to be developed and approved for clinical use were the protease inhibitors
telaprivir (TVR) and boceprevir (BOC). These were all used in combination with PEG-INF
and RBV. The phase Ill SPRINT-2 trial [53] tested PEG-INF+RBV + BOC. This study had
3 arms, all started with 4 weeks of PEG-INF+RBV. The control arm continued with PEG-
INF+RBV + placebo until 48 weeks. The second arm used response guided therapy if a
patient had undetectable vial RNA at 8 and 24 weeks therapy was stopped at 28 weeks, if not
they continued with PEG-INF+RBYV until 48 weeks. The third arm used PEG-INF+RBV + BOC
for 44 weeks. The control arm had an SVR rate of 38%. The treatment arms had rates of 63%

and 66% respectively.

The ADVANCE trial [54] was a phase lll trial for TVR. PEG-INF+RBV for 48 weeks was
used for the control arm. Patients received 8 or 12 week of PEG-INF+RBV + TVR followed
by PEG-INF+RBV until 24 weeks if HCV RNA was undetectable or PEG-INF+RBV until 48
weeks if it was. The SVR rates were 44% for the control arm, 69% for the 8 week arm and

75% for the 12 week arm.

In both SPRINT-2 and ADVANCE patients who had an undetectable viral load at 4 weeks
which remained undetectable until the end of the protease inhibitor therapy had the best SVR
rates. This lead to the recommendation of response guided therapy for first generation pro-
tease inhibitors. Whilst first generation protease inhibitors significantly increased SVR rates
and reduced the length of treatment, they were limited to gt1 infected non-decompensated

patients [55], for non-gt1 infected patients PEG-INF+RBV remained the standard of care.

Simeprevir (SMV) was the next protease inhibitor developed again for the treatment of gt1
infection and in combination with PEG-INF and RBV. The QUEST-2 study [56] showed that
simeprevir had a SVR rate of 81% when given for 24 weeks compared to 50% for PEG-INF

plus RBV for 48 weeks, with no difference in side effects between the two groups.

Sofosbuvir (SOF) is a uridine analogue pro-drug which competitively binds with the HCV
NS5B polymerase. It is the only NS5B inhibitor in the nucleotide analogue class which has

been approved for clinical use. It is active against all HCV genotypes and has a high barrier
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to resistance. These attributes have seen it used in all three generations of DAA treatments
combination with PEG-INF and or RBV, or in interferon and or RBV free combinations. The
phase Il NEUTRINO and FISSION studies [57] used SOF + PEG-INF + RBV for 12 weeks.
NEUTRINO was primarily comprised of gt1 and gt4 infected patients, with limited numbers of
gts and gt6 patients. FISSON was a non-inferiority study between SOF + RBV and PEG-INF
+ RBV for 24 weeks, in gt2 and 3 infected patients. The NEUTRINO study showed SVR Rates
of 90%. However, the FISSON study reported no difference in SVR Rates between the two
arms. The BOSON study [58] which tested SOF + PEG-INF + RBV for 12 weeks against, SOF
+ RBV for 16 or 24 weeks, showed that SOF + PEG-INF + RBV to be superior to either of the
non-PEG-INF arms for gt2 and gt3 infected patients.

SOF + SIM was only recommended for use in gtla, gt1ib and gt4 infected patients. The
COSMOS study [59] showed SVR rates >93% after 12 and 24 weeks of treatment with SOF
+ SIM in gt1 infected patients. The PLUTO study [60] showed an SVR rate of 100% in gt4

infected patients.

1.4.3 Second generation: interferon free combinations

Daclatasvir (DCV) was the first NS5A inhibitor approved for clinical use in combination with
SOF. The ALLY-1 trial [61] showed SVR rates of 98% for DCV + SOF for 12 weeks for patients
with gt1 infection and no prior treatment and 92% for patients with prior exposure to first
generation protease inhibitors. gt3 infected patients with no prior exposure to first generation
protease inhibitors faired slightly worse in the ALLY-1 trial with an SVR rate of 89%. The ALLY-
3 [62] trial focused on patients with gt3 infection. The SVR rates for gt3 infected patients were
lower than for gt1 infected patients with treatment naive 90% and treatment experienced 89%.
Despite the reduced efficacy against gt3 infection SOF + DCV remained the only interferon
free combination recommend for gt3 infection until the approval of sofsobuvir/velpatasvir and

glecaprevir/pibrentasvir in 2016.
Ledipasvir (LDV) was the next NS5A inhibitor approved for the treatment of HCV infection,
in a fixed dose combination with sofosbuvir. The use of LDV/SOF for the treatment of gt1

infected patients has been extensively studied in the ION-1,2,3 and 4 trials, as well as large
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real life cohorts, where it shows SVR rates >95% [63—66]. The SYNERGY trial [67] showed
an SVR rate of 95% in 21 patients with gt4 infection. Small numbers of gt2, gt3, gt5 and
gt6 patients have been studied [68]. Therefore, SOF/LDV is recommended for gt5 and gt6
infection if the patient has not received prior therapy. The combination has not been shown
to be effective in gt2 and gt3 based in-vitro assays. Furthermore, in cases were gt3 patients
have been treated such as the Early Access Program [69] in the UK it has been shown not to

be effective, therefore it is not recommend for the treatment of gt2 or gt3 infection.

The combination of the NS3 inhibitor paritaprevir (PTV), NS5A inhibitor ombitasvir (OMB)
and ritonavir (r) has the trade name Viekirax. The same combination with the addition of the
NS5B inhibitor dasabuvir (DAS) has the trade name Viekira Pak. For treatment naive, non
cirrhotic patients, the SHAPHIRE-I [70] and PEARL-IV [71] trials both showed SVR rates of
95% and 97% against gtia infection when used with RBV. The PEARL-III [71] trial showed
SVR rates of 100% against gt1b infection with and without RBV. The PEARL-II [72] and the
SHAPHIRE-II [73] studies also showed similar SVR rates in patients who had previously
had HCV treatment with SVR Rates of 96-100% for both gt1ia and gt1b infected patients.
TURQUOISE-II [74] and TURQUOISE-III [75] showed an SVR rate of 92-100% for patients
with compensated cirrhosis, with gt1b patients generally responding better. The PEARL-I [76]
trial achieved SVR rates of 100% when using OMB/PTVr + RBV for gt4 infected patients with-
out cirrhosis with and without treatment experience [77]. OMB/PTV/r + DAS was approved for

the treatment of gt1a and gt1b infection in 2014 and OMB/PTV/r for gt4 infection in 2015.

The combination of the NS3 inhibitor grazoprevir (GZR) and the NS5A inhibitor elbasvir
(ELB) is known as Zepatier. ELB/GZR currently only recommended by EASL for the treat-
ment of gt1a and gt1b infections with the caveats of viral load being <800,000 IU/ml for gt1a
and therapy being extended for gt1b patients with a fibrosis greater than F2 [51]. This rec-
ommendation is based on the data from the C-EDGE-TN [78], C-EDGE-COINFECTION [79],
C-EDGE-TE [80], STREAGER [81] and C-CORAL [82] studies. Which showed SVR rates
>90% with patients who are treatment experienced, treatment naive, HIV co-infected and/or
have compensated cirrhosis. However, NS5A RAS were shown to have an effect in patients
with a viral load >800,000 IU/ml (data un-published but referenced in EASL guidelines [51]).
This led to the recommendation from EASL that ELB/GZR is only to be used in patients with

a viral load lower than >800,000 IU/ml. AASLD recommends resistance testing before treat-
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ment with ELB/GZR and an extension of therapy from 12 to 16 weeks if the NS5A resistance
substitution Y93H is found. C-EDGE-TN [78] and C-CORAL [82] trials had small numbers of

gt4 and gt6 infected patients and GZR/ELB was effective against these genotypes.

1.4.4 Third generation: pangenotypic, interferon and RBV free

The first pan-genotypic regimen to be approved for use was the once daily fixed dose combi-
nation of sofosbuvir and velpatasvir (SOF/VEL) with the trade name Epclusa. The ASTRAL-1
study [83] showed a SVR rate of 99% against gt1,2,4,5,6 after 12 weeks of therapy, with 19%
of the enrolled patients having compensated cirrhosis. The numbers for gt5 and 6 were com-
paratively low in the study but both groups achieved 100% SVR rates. ASTRAL-3 [58] a study
using SOF/VEL for 12 weeks to treat gt2 and gt3 patients with or without compensated cirrho-
sis. 99% of the gt2 patients achieved a SVR. 95% of gt3 patients achieved a SVR, but previous
treatment and the presence of cirrhosis were associated with reduced SVR rates. Treatment
naive patients without cirrhosis had an SVR rate of 98%, but treatment naive patients with
cirrhosis had an SVR rate of 93%. Treatment experience patients without cirrhosis had a SVR
rate of 91% and those with cirrhosis had an SVR rate of 89%. As a result EASL and AASLD
do not recommend SOF/VEL for the treatment of gt3 infected cirrhotic patients [51].

The NS3 protease inhibitor glecaprevir (GLE) and the NS5A inhibitor pibrentasvir (PIB)
make up the fixed dose combination (GLE/PIB) and have the commercial name MAVYRET.
GLE/PIB is pan-genotypic and both the EASL [51] and AASLD [52] guidelines recommend
8 weeks of treatment for patients without cirrhosis with the exception of gt3 infected pa-
tients, where 12 weeks is recommenced by EASL and 8 weeks is recommend by AASLD.
ENDURANCE-1 [84] showed SVR rates of 99% in non-cirrhotic patients with gt1 infection
when treated for 8 weeks with GLE/PIB and 99.7% for patients treated for 12 weeks. EXPEDITION-
2 [85] also showed SVR rates of 99% in patients with compensated cirrhosis and gt 1,2,4,5
or 6 infection after 12 weeks of therapy. ENDURANCE-3 [84] showed a SVR rate of 95% for
patients with gt3 infection without cirrhosis and SURVERYOR-2 [86] showed that 98% of gt3
infected cirrhotic patients achieved SVR with 12 weeks of GLE/PIB treatment.

The addition of the NS3 protease inhibitor voxilaprevir to SOF/VEL increases its potency
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and makes it an excellent pan-genotypic retreatment regimen. The treatment guidelines from
EASL [51] and ASSLD [52] reflect this where it is only recommended for first line treatment
of gt3 infected cirrhotic patients. Otherwise, it is kept in reserve as a retreatment option for
patients who do not clear HCV after a first-line therapy. The POLARIS-1 [87] study included
patients who had previously received an NS5A inhibitor containing regimen, one arm was
treated with SOF/VEL/VOX, the other was given a placebo. The overall SVR rate was 96%
in the SOF/VEL/VOX arm. The SVR rate for gt1a was 96%, 100% for gt1b, 100% for gt2,
95% for gt3 patients, 91% for gt4 and 100% for gt6. The POLARIS-4 [87] trial compared
SOF/VEL/VOX against SOF/VEL for patients who had received a DAA regimen not including
a NS5A inhibitor. The SVR rate was 98% and 94% respectively for patients without cirrhosis

and 98% to 86% for patients with cirrhosis.

1.4.5 Current guidelines for the treatment of Hepatitis C Virus infection

A summary of the current guidelines for the treatment of HCV from EASL [51] and the AASLD.
[52] can be found in Tables 1.3, 1.4. In these guidelines, treatment-naive patients are defined
as patients who have never been treated for their HCV infection and treatment-experienced
patients defined as patients who were previously treated with pegylated IFN-a and RBV; pe-
gylated IFN-a, RBV and sofosbuvir; or sofosbuvir and RBV. The EASL and AASLD recom-
mendations are broadly similar, recommending the use of pangenotypic regimens such as
GLE/PIB and SOF/VEL as first line treatment for patients with and without cirrhosis. The
AASLD guidelines include more alternative therapies and recommends pre RAS testing for
GZR/EBR based therapies, where as the EASL guidelines choose to implement a viral load

limit of <800,000 IU/ml for a reduced treatment length.
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Genotype Treatment Experience SOF/VEL GLE/PIB SOF/VEL/VOX SOF/LDV GZR/EBR OBV/PTV/r + DSV

Patients without Cirrhosis

1a Treatment-Naive 12wk 8wk 12wk*
Treatment-Experienced = 12wk 8wk 12wk*
1b Treatment-Naive 12wk 8wk Bwk (FO-F2) - 8wk (FO-F2)
12wk (F3) 12wk (F3)
Treatment-Experienced = 12wk 8wk 12wk 12wk
2 Treatment-Naive 12wk 8wk
Treatment-Experienced = 12wk 8wk
3 Treatment-Naive 12wk 8wk
Treatment-Experienced = 12wk 12wk
4 Treatment-Naive 12wk 8wk
Treatment-Experienced = 12wk 8wk
5 Treatment-Naive 12wk 8wk
Treatment-Experienced | 12wk 8wk
6 Treatment-Naive 12wk 8wk
Treatment-Experienced = 12wk 8wk

Patients with Cirrhosis

1a Treatment-Naive 12wk 12wk 12wk*
Treatment-Experienced ' 12wk 12wk 12wk*
1b Treatment-Naive 12wk 12wk 12wk 12wk
Treatment-Experienced | 12wk 12wk 12wk
2 Treatment-Naive 12wk 12wk
Treatment-Experienced = 12wk 12wk
3 Treatment-Naive 12wk
Treatment-Experienced 16wk
4 Treatment-Naive 12wk 12wk 12wk*
Treatment-Experienced = 12wk 12wk
5 Treatment-Naive 12wk 12wk
Treatment-Experienced = 12wk 12wk
6 Treatment-Naive 12wk 12wk
Treatment-Experienced | 12wk 12wk

Table 1.3: European Association for Study of the Liver (EASL) 2018 guidelines for the
treatment of HCV infection. Treatment-naive patients defined as patients who have never
been treated for their HCV infection and treatment-experienced patients defined as patients
who were previously treated with pegylated IFN-a and RBV; pegylated IFN-a, RBV and so-
fosbuvir; or sofosbuvir and RBV. DSV, dasabuvir; EBR, elbasvir; GLE, glecaprevir; GZR, gra-
zoprevir; HCV, hepatitis C virus; HIV, human immunodeficiency virus; LDV, ledipasvir; NR,
Not Recommended ;OBV, ombitasvir; PIB, pibrentasvir; PTV, paritaprevir; r, ritonavir; SOF,
sofosbuvir; VEL, velpatasvir; VOX: voxilaprevir. * Only recommended if HCV RNA <800,000
IU/ml 32



) OBV/PTVIr GZR/EBR
Genotype Treatment Experience ~ SOF/VEL GLE/PIB  SOF/VEL/VOX SOF/LDV GZR/EBR DAC + SOF SIM + SOF

+ DSV + SOF

Patients without Cirrhosis

12wk

Treatment-Naive 12wk 8wk 12wk + RBV*  12wk* 12wk*
1 a 1 swkt*a-t
. 12wk
Treatment-Experienced = 12wk 12wk 12wk 12wk + RBV*  12wk* 12wk*
16wk
Treatment-Naive 12wk 8wk 12wk 12wk + RBV* 12wk*
1b
Treatment-Experienced = 12wk 8wk 12wk + RBV*  12wk*
Treatment-Naive 12wk 8wk 12wk*
2
Treatment-Experienced = 12wk 8wk 12wk*
Treatment-Naive 12wk 8wk 12wk*
3
X 12wk*
Treatment-Experienced = 12wk 16wWk* 12wk*
(if YO3H Present)
Treatment-Naive 12wk 8wk 12wk
4
. 12wk
Treatment-Experienced = 12wk 8wk
16wk +RBV***
Treatment-Naive 12wk 8wk
5
Treatment-Experienced = 12wk 8wk
Treatment-Naive 12wk 8wk
6
Treatment-Experienced = 12wk 8wk

Patients with Cirrhosis

12wk
Treatment-Naive 12wk 12wk
1 a 1 swkq-um
12wk
Treatment-Experienced = 12wk 12wk 12wk + RBV* 12wk*
Treatment-Naive 12wk 12wk 12wks 12wk + RBV*  12wk*
1b
Treatment-Experienced = 12wk 12wk 12wk + RBV* 12wk + RBV*  12wk*
Treatment-Naive 12wk 12wk 16-24wk*
2
Treatment-Experienced = 12wk 12wk 16-24wk*
12wk*
Treatment-Naive 12wk 12wk 24 +/- RBV *
3 (if YO3H Present)
Treatment-Experienced 12wk + RBV*  16wk* 12wk
Treatment-Naive 12wk 12wk 12wk 12wk*
4
12wk
Treatment-Experienced = 12wk 12wk 12wk + RBV* 12wk + RBV*
16wk +RBV***
Treatment-Naive 12wk 12wk 12wk
5
Treatment-Experienced = 12wk 12wk 12wk
Treatment-Naive 12wk 12wk 12wk
6
Treatment-Experienced = 12wk 12wk 12wk

Table 1.4: American Association for the Study of Liver Diseases 2018 guidelines for
the treatment of HCV infection. Treatment-naive patients defined as patients who have
never been treated for their HCV infection and treatment-experienced patients defined as pa-
tients who were previously treated with pegylated IFN-a and RBV; pegylated IFN-a, RBV and
sofosbuvir; or sofosbuvir and RBV. DSV, dasabuvir; EBR, elbasvir; GLE, glecaprevir; GZR,
grazoprevir; HCV, hepatitis C virus; HIV, human immunodeficiency virus; LDV, ledipasvir; NR,
Not Recommended ;OBV, ombitasvir; PIB, pibrentasvir; PTV, paritaprevir; r, ritonavir; SOF,
sofosbuvir; SIM, simeprivir; RBV, ribavrin; VEL, velpatasvir; VOX: voxilaprevir. * Alternative
therapy, **8WKks for patients who are non-black, HIV-uninfected, and whose HCV RNA level is
<6 million IU/mL, **16wk +RBV for those with breakthrough or non-responder. ****16Wks if
NS5A RAS present.
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Retreatment of patients with prior exposure to NS3 Protease inhibitors and/or NS5A

inhibitors

The retreatment of patients who have been failed by a second or third generation DAA regimen
containing an NS5A inhibitor is made difficult by the fact that, NS5A inhibitors have a large
amount of cross resistance between different drugs in the class (Table 1.6). NS5A inhibitor
RAS have also been shown to persist for years after treatment failure [88]. This has lead to the
recommendation of SOF/VEL/VOX as a rescue therapy by both EASL and AASLD, based on
the results of the POLARIS-1 and POLARIS-4 trials previously discussed. However, the use
of GLE/PIB + SOF represents an interesting possibility as pibrentasvir has a high barrier to
resistance compared to other NS5A inhibitors. Furthermore, data from the small MAGELLAN-
3 trial [89] suggests that this combination would be highly effective. However, larger studies
of this combination have not taken place as GLE/PIB and SOF are manufactured and sold by

different companies.

1.5 Resistance to direct acting antivirals

The high replication rate of HCV, estimated at 10'2 virions per day [29], combined with the low
fidelity of the HCV polymerase, (which does not have a proof reading capability and has an
estimated error rate of 10" substitutions per site per replication [90]), means that HCV genetic
mutation is happening at a very high frequency. As a consequence HCV exist more as a cloud
of mutations than as a static genome[91]. These distributions of mutations are known as viral
quasispeices [92]. This gives the HCV the ability to quickly develop mutations which provide
resistance to DAAs. The development of these mutations are dependent on 3 factors: (i)The
strength of the selection pressure, (ii)the genetic barrier to resistance and (iii)the viral fithess
of the mutated variant. (i) The strength of the selection pressure or drug exposure, sub optimal
treatment regimens, doses or treatment duration will all increase the likelihood of resistance
developing. (ii) The genetic barrier to resistance, if only a single nucleotide substitution is
required to develop resistance this is more likely than one which requires several substitutions.
(iii) This is interconnected with the third factor which is the fitness of the resistant variant. If the

mutation dramatically attenuates the viruses ability to replicate then it is less likely to become
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a dominant variant. If the mutations which cause resistance to a drug have a large fitness
cost then the drug can be described as having a “high barrier to resistance”. However, if the
mutations are easily acquired and don’t dramatically attenuate the replicative fithess of the

virus then they have a “low barrier to resistance”

HCV resistance to DAAs is normally the result of an amino acid substitution which is re-
ferred to as a Resistance Associated Substitution (RAS). Amino acid deletions have also been
reported but are far less common. The viral populations carrying RAS are referred to as re-
sistance associated variants (RAV). A RAS is reported with using the single letter amino acid
code of the wild type (WT) amino acid, followed by the position in the protein, followed by the
resistant amino acid, for example the NS5A RAS Y93H shows the amino acid tyrosine at po-
sition 93 in the NS5A protein has been replaced by histidine. In this work where it is not clear

which amino acid is the WT amino acid the first letter will not be included to avoid confusion.

RAS have traditionally been identified by observing the viral amino acid substitutions which
take place after a treatment failure which is known as treatment emergent. Treatment emer-
gent RAS can be persistent or transient in nature. Pre-existing RAS are present before treat-
ment begins and could be persistent treatment emergent RAS from a previous treatment or

naturally occurring RAV.

1.5.1 NS3 protease inhibitor resistance associated substitutions

As previously described in section 1.4.2 protease inhibitors work by binding to and inhibiting
the action of the NS3 protease which is essential for HCV replication. As a consequence
there is a relatively low barrier for resistance as changes to the structure of the catalytic do-
main of the protease can dramatically limit the ability of the drug molecules to bind whilst still
remaining functional. The NS3 inhibitor RAS are all found between positions 36 and 175 of
the NS3 protein and there tends to be cross resistance between compounds (Table 1.5). The
first generation of protease inhibitors such as BOC, TVR, SIM were shown to be sensitive to
substitutions at positions 155, 156, and 168 [93]. However, the second generation protease
inhibitors such as GLE and VOX have greater in-vitro activity against RAS than the preceding

generation [94, 95].
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Following treatment failure with protease inhibitor based therapies, it has been shown that

treatment emergent RAS revert back to the WT relatively quickly compared to NS5A RAS. One

study in Japan of gt1b patients showed that all NS3 D168 variants had reverted by 36 weeks

post relapse where as none of the corresponding NS5A RAS had reverted [88]. Despite the

evidence of the non-persistence of NS3 RAS, the question of whether clinicians should delay

re-treatment with an NS3 inhibitor is still unanswered. Currently both EASL and AASLD do

not recommend NS3 RAS testing [52, 96].

Paritaprevir Grazoprevir Voxilaprevir Glecaprevir
36A/LIM 36A/L/M 36A/G/L 36M
43L 548 41R 56H
80K/L/R 55A/1 43S 156G/T/V
155G/K/Q/S/T/W 56F/H 55A 168A/V
156G/S/T 80K/R 80K/L
168A/E/H/IN/V/IY 1071 155G/W
1a 109K 156L/T
122G/N/R/T 168A/F/I/K/IL/RITIV
155D/I/K/T
156G/L/M/S/T/V
158A
168A/C/E/G/INIVIY
170T/V
56H 36A/L/M 36A/M 156T/V
80R 43S 54A/S 168V
122R 54S 122D
155K 55A 155W
156T 56F/H 156S/T/V
168A/E/H/TIVIY 80R 168V/Y
1 1071 170A
122G
155G/K
156G/M/T/V
168A/E/G/K
170T
2 168V/Y
123Q 43V 156T/V
132V 156L/T/V 168E/V
155K
2a
156G/L/S/IV
168A/E/G/H/N/V
177V
156T/V
2b
168E/V
80K 56H/N
3 156G 80K/R
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Paritaprevir Grazoprevir Voxilaprevir Glecaprevir

156G
168L/R
80K 41K/R 156G
156G/L/S/TIV 80K/R 166S/T
s 166S 156T/V 168L/R
168H/R/V 175M
56H 156G/M/T/V
168H/V 168A/C/E/G/N/N/IY
4 170l
155K 41R 155C
156G/S 156L/T/V 156T/V
4 168V 168E/T/V 168H/V
80R
ad 56H
168V
155K 168A/E/H/K/R/Y 168E/H
5a 1568
168A/E/H/IN/V
36A 41K/R 168A/H/V
43C 56H
6a 155K/T 168A/H
158l
168A/E/G/N/V

Table 1.5: Summary of resistance associated substitutions to NS3 protease inhibitors
broken down by HCV genotype.

1.5.2 NS5A inhibitor resistance associated substitutions

NS5A inhibitors all bind to domain 1 of the NS5A protein. The NS5A protein is involved in
multiple processes in the HCV replication cycle as previously discussed, this means the exact
mechanism of action of NS5A inhibitors is not understood. As a result of this shared target
region NS5A inhibitors have similar RAS profile. The Y93H substitution has been shown to
be associated with treatment failure for all NS5A inhibitors [97]. Y93H has also been shown
to increase the half maximal effective concentration (EC50) of all NS5A inhibitors in in-vitro
assays [98]. Pibrentasvir has been shown to be more effective against RAVs carrying the

Y93H substitution but has been shown to be susceptible to substitutions at positions 30 and
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31 in the NS5A [99]. Unlike treatment emergent NS3 inhibitor RAS treatment emergent NS5A
inhibitor RAS have been shown to persist for at least 48 weeks [88]. This combined with
the cross-resistance between NS5A inhibitors makes retreatment of patients who have been

previously treated with NS5A inhibitors difficult.
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Daclatasvir Elbasvir Ledipasvir Ombitasvir Pibrentasvir Velpatasvir
28A/TIV 28A/G/S/TIV 24G/N/R 28T/V 28G/T 24R
30D/E/G/H/K/L/R  30D/E/G/H/K/L/R  28A/G/I/T 30E/G/H/R 29R 28T
31MNV 31F/MIV 30E/G/H/K/L/RIT/Y  31M 30D/del/E/G/K/R  30E/H/K/R/T
32del/L 32del 31F/IM/PIV 58D 58D 311/MV
1a 58D 58D 32L 93C/H/LIN/S ~ 62A 32del/L
93C/H/N 93C/H/N/S 38F 93H/N 58D
58D 93C/F/H/N/R/S/W
92K/T
93C/F/H/N/S
28I/M/T/V 28M 31F/I/M/V 28M/T 1MV
29del/S 30Q 32del/L 30Q 32del
30E/G/H/L/Q/S/W  31F/IIMIV 58D 31F/M/NV 93H/N
31F/IIMIV 32del 92E/K 58S
32del/L 93H/N 93C/H/N/S 93C/H/S
1® 371/L
54L
58S
92K
93H/N
ic 93H
1h 93H
2 31M 28F
24A/S 28S 24A/S 28S
28C/S 31MNV 28S 31MNV
2a 31M/V 93H 31M 93H
92R/S
93H/N
28L 93H 28F 31M
31M 31V 58S
92R 93H
2b
93H
93H
93H
2j 93H
30S 30K/L 28G 93H
93H 31F 30G/K
3 93H 31F/M
58T
93H
30K 30K 28T 28K 30K
31F/MIV 31F/V 31F 30K 31F/M/IV
% 62L 93H 93H 31F 93H
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Daclatasvir Elbasvir Ledipasvir Ombitasvir Pibrentasvir Velpatasvir

93H 93H
28M/S 30F/S 28M 28V
4 30S 31V 93C/H 93C/H
93C/H 58P
93H
30A/G/H/S 28T 28V 30R
31V 30H 58L 93H/N
4a
58L 58D
93H/R/S/W
28S 28V 93H
4d 58T 311
58P/S
4g 93C
4r 30S
5 31F/V 31F/V 28l 31F
a
56R 31F/V
24H 31M/V 28A/FIM/T/V 28S
28F 311/M/V 1MV
30H 58A/N/S
6a
31M/V 93I/S
32L/S
58A/N/S
30G 31F
7a
31F

Table 1.6: Summary of resistance associated substitutions to NS5A Inhibitors broken
down by HCV genotype.

1.5.3 NS5B polymerase inhibitor resistance associated substitutions

The NS5B polymerase is an enticing target for antivirals as it is both essential for viral repli-
cation and highly conserved. NS5B inhibitors are split into two categories by their mechanism
of action. Nucleotide analogues are molecules which have a structure similar to a nucleotide
molecule, which the NS5B polymerase attempts to incorporate into the new viral RNA which
causes chain termination of the new viral RNA. Non-nucleotide analogues bind to the NS5B
protein and prevent its action, by either preventing it’s interaction with the other proteins which

form the HCV replication complex or by preventing the formation of new viral RNA. Nucleotide
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and non-nucleotide inhibitors have different RAS and different barriers to resistance, because

of the differing mechanisms of action and differing targets on the protein.

Non-nucleotide analogues

The only approved non-nucleotide inhibitor is DAS which is only approved and recommended
for use in patients infected with gt1 HCV in combination with paritaprevir, ombitasvir and riton-
avir (OMB/PTVr + DAS). DAS works by binding to the NS5B protein and inhibiting its action it
is therefore susceptible to changes and differences to the structure of this protein. Hence why
it is only active against gt1 infection, and a large number of RAS have been reported. DAS
RAS are primarily found between position 316 and 585 in the NS5B protein (Table 1.7), this is
the palm 1 region of the protein. The RAS C316Y, M414T, Y448C, Y448H, and S556G have
all been shown in resistance selection studies and in-vitro EC50 assays to increase the EC50
of dasabuvir [100]. M414T and S556G were the most commonly identified RAS in gt1a and

gt1b patients who were failed by dasabuvir based therapy [72, 74].

Nucleotide analogues

SOF is the only approved drug in the nucleotide analogue class. SOF’s mechanism of action
is thought to be the reason for its high barrier to resistance. Any mutation which reduces the
polymerases affinity for SOF will also reduce its affinity for the nucleotide uridine. This means
that RAVs are either incapable of replication or have a dramatically reduced replicative fitness,
making SOF RAS rare. There are reported SOF RAS such as the S282T substitution [101],
however these RAS are normally treatment emergent and have a high chance of reverting
back to WT after treatment cessation. The L159F, L320F and V321A RAS are commonly
reported as treatment emergent RAS in both clinical trials [102] and real life cohorts [103].
However, when tested in-vitro they have only shown small increases in the EC50 of SOF

[104].

Dasabuvir Sofosbuvir
1 159F

316Y 159F

395G 237G
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Dasabuvir Sofosbuvir
4141/T 282T
444K 320F
448C/H 321A
553T
556G/N/R
558R
559G
565F
159F 159F
316N/Y 179A
368T 282T
411S 289L
414T 316H/N
445F 3211
1b
448C/H
4518
495A
553V
556G
585V
2 159F
282T
2a
289L
2b 282T
2d 282T
2j 282T
159F
282T
3
2891
321A
100R
150V
159F
188D
% 206E
244|
282T
321A
4 282T
4a 282T
282T
4r
3211
6a 282T
6l 282T
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Dasabuvir Sofosbuvir

Table 1.7: Summary of resistance associated substitutions to NS5B Inhibitors broken
down by HCV genotype.

1.6 Detection and characterisation of resistance associated

substitutions

1.6.1 Methods for sequencing the Hepatitis C Virus

HCV genotype/subtype and the presence of RAS are both important factors when choosing
the optimal treatment for patients. Accurate genotyping is essential for most treatments as
most are genotype specific. However, this is becoming less important for third-generation pan-
genotyptic treatments. RAS testing before first-line treatment is not recommend by EASL, but
is recommend by AASLD for some treatments such as ELB/GZR where the presence of NS5A
RAS has been shown to affect treatment outcomes. Testing for RAS before re-treatment has

been shown in limited studies to be effective in guiding the choice of therapy [105].

The clinical assessment of viral genotype is primarily done using reverse hybridisation with
genotype-specific oligonucleotide probes which target the highly conserved 5’'UTR, Core and
NS5B regions of the HCV genome. Polymerase Chain Reaction (PCR) based HCV genotyp-
ing kits such as TruGene 5’NC HCV Genotyping kit (Siemens Healthcare Diagnostics Division,
Tarrytown, NY) and Versant™ HCV Genotype Assay LiPA (version |, Siemens Medical Solu-
tions, Diagnostics Division, Fernwald, Germany) and automated systems such as the cobas®
4800 (Roche, USA) are easy and quick to use. Whilst these assays can accurately genotype
viruses, they are not as accurate when calling less common HCV subtypes, mixed infections
and recombinant viruses such as gt2k/1b. These genotyping methods are also unable to

detect the presence of RAS.

Traditional Sanger sequencing uses PCR amplified 5’UTR, Core and NS5B regions to
genotype the virus. If the relevant parts of the NS3, NS5A and NS5B are also sequenced it

can identify RAS in majority variants. However, this method is still reliant on accurate PCR

43



primers design. This is especially important for resistance calling, as the genotype of the virus
is required to correctly select primers. This is complicated by the high genetic diversity of
HCV. The detection of low frequency variants is also not possible unless multiple clones are

sequenced which can be time consuming.

Next generation sequencing (NGS) using platforms like lllumina allows the generation of
whole genome sequences (WGS). It also allows the identification of RAS in minority viral vari-
ants and can be used to accurately call mixed infections. NGS methods such as metagenomic
and probe based enrichment also allows a higher throughput of samples with multiplexing.
Most clinical guidelines state that for a RAS detected by NGS to be clinically relevant it must
be detected in >15% [106] of the sequencing reads. This guideline assumes that adequate
sequence depth has been achieved at that site, where a depth of at least 100 reads is consid-

ered acceptable.

There are a variety of ways NGS can be used to sequence HCV. Metagenomic sequencing
involves the use of NGS with no enrichment or amplification of the HCV RNA in the sample.
Depending on the method used depletion of ribosomal RNA can take place. This results in a
large amount of non-HCV or off target reads, that allows the identification of other pathogens,
but results in less coverage of the HCV genome and lower sequencing depth. It is also more
expensive due to the increased amount of sequencing required, to achieve a useful sequenc-

ing depth and coverage of the HCV genome.

Specific PCR primers can be used to amplify the RNA, this is a similar method to that used
or Sanger sequencing but the use of NGS allows the detection of lower frequency variants and
can also be used to generate whole genome sequences. However, it requires primers which
cover the whole genome and are specific to the genotype being sequenced. This method also
has the disadvantage of being very time consuming and hence is not high throughput. Unlike
metagenomics, the number of HCV reads generated using this method and the amount of
sample RNA does not follow linear relationship [107], meaning that this method may be more

effective for low viral load samples.

Probe based enrichment techniques such as ve-seq [35] use a panel of oligonucleotide

probes that compliment the HCV genome and have been designed to cover all HCV geno-
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types, to capture HCV RNA from a metagenomic library. This method can be used to gener-
ate HCV WGS with a greater read depth than metagenomic sequencing, and so allows the
identification of both low frequency RAS and mixed infections. It also is easy to multiplex sam-
ples which allows a high throughput and a lower cost per sample for sequencing. However,

information about other circulating pathogens is reduced post HCV probe based enrichment.

1.6.2 In-vitro analysis of resistance associated substitutions

The development of DAAs was made possible because of the insights gained into the viral
life-cycle of HCV from in-vitro studies of the virus [108] and RAS can be both identified and
characterised using a variety of in-vitro methods. HCV isolated from patient samples does
not replicate in standard cell culture models, with the exception of the JFH-1 strain. Therefore
it was nearly 10 years after the discovery of HCV that an in-vitro model was developed (the
subgenomic replicon in 1999) [109]. The subgenomic replicon contains the HCV NS3-NS5B
genes and the HCV internal ribosomal entry site (IRES) is also used to initiate translation.
The HCV structural genes are replaced with an encephalomyocarditis virus (EMCV) promoter
gene and in some cases a neomycin resistance gene which can be used to create stable
replicon producing cell lines via antibiotic selection. A luciferase reporter gene can also be
added which allows for direct quantification of HCV replication (figure 1.3). HCV subgenomic
replicons have been created for all major HCV genotypes and provide an excellent model for
the study of the HCV replication cycle. However, several adaptive mutations are required for
replication [109, 110] and cells are transfected with the viral RNA and no infectious particles
are produced. The lack of the structural genes mean attachment, entry, uncoating, assem-
bly/maturation and release aspects of the HCV life cycle can not be studied with subgenomic
replicons. A transient replication assay, based on the transfection of HCV replicon RNA in to
a hepatoma cell line, followed by a short term monitoring of viral replication through the re-
porter gene, is the preferred method for RAS testing. This is because of the reduced chance
of adaptive mutations and a higher throughput than models which utilise stable replicon cell

lines expressing viral RNA or models which utilise infectious systems.
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Luciferase NS3 NS4A NS4B NS5A NS5B

Figure 1.3: Schematic of subgenomic replicon. Not to Scale

The isolation of the JFH-1 gt2a virus in 2005, which can replicate in-vitro unlike any other
naturally occurring strain of HCV [111, 112], allowed for the first time the study of the entire
HCV lifecycle using one in-vitro system. The replacement of the JHF-1 Core-NS2 genes with
the same genes for the J6 gt2a isolate, dramatically increased the replicative fitness of the
model and allowed the creation of other cell culture derived (HCVcc) models. The isolation
of the JFH-1 virus enabled the creation of chimeric viruses where the NS3-NS5A genes from
different genotype are inserted into the JFH-1 viral backbone. This boosted the replicative
fitness and also allowed the study of different HCV genotypes [113]. Full-length non-chimeric
infectious clones have since been developed for gtia [114], gt2b [115, 116] and gt3a [104],
however these infectious clones have several adaptive mutations which allows replication in

hepatoma cell lines such as Huh7 and Huh7.5.

Incubation of replicon expressing cells or cells infected with HCVcc particles with a DAA
can be used to select RAS against a specific DAA. However, the adaptive mutations required
to allow replication and the genetic difference of the cell lines used compared to normal human
liver cells means that these mutations may not be representative of in-vivo mutations and may
not be clinically relevant. Site directed mutagenesis can introduce RAS into a replicon or
HCVcc which contains some sort of reporter gene such as luciferase. The replication of the
virus can be measured with serial dilutions of the compound and a regression analysis used
to calculate an EC50 value, which can be compared to the EC50 of the un-mutated virus. The
EC50 fold change measurement is used to assess the impact of RAS on the activity of DAAs,
an increase in EC50 of greater than a 5 fold increase is considered to be resistant, but RAS

can increase the EC50 of a DAA by more than 10,000 fold.
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1.7 Aims of work

As discussed, the development of DAAs has led to SVR rates routinely exceeding 95%. How-
ever, RAS have been described for all DAAs and the presence of these RAS have been shown
by multiple studies to reduce SVR rates. The aim of this work is to better characterise viral

resistance to HCV DAAs by:

1. Studying the natural prevalence of RAS in a DAA treatment naive population and char-
acterise them using in-vitro assays to:
(a) Establish the natural prevalence of RAS in a gt3 population.
(b) Identity phylogenetic patterns to the prevalence of RAS.
(c) Understand the fitness cost and increase of EC50 of common naturally occurring

RAS.

2. Investigate the viral determinate of failure in a cohort of DAA treatment naive patients
treated with sofosbuvir by:
(a) Establish the prevalence of known SOF RAS.
(b) Identify novel RAS using genome wide association studies.
(c) Asses the effect of RAS on treatment response.
(d) Study the effect of viral diversity on treatment outcome.
3. Study the effect of RAS on retreatment of HCV infected patients with prior failure to DAA
therapy using SOF/VEL/VOX.
(a) Establish the prevalence of RAS is a population of patients failed by DAA therapy.

(b) Identify the factors effect SVR rates for SOF/VEL/VOX retreatment of patients failed
by first-line therapy.
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Chapter 2

Analysis of naturally occurring
resistance associated substitutions in
a population of genotype 3 Hepatitis
C Virus infected direct acting antiviral

treatment naive patients
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A slightly modified version of this work was published in Hepatology in 2018. Smith D, Magri
A, Bonsall D, et al. Resistance analysis of genotype 3 HCV indicates subtypes inherently

resistant to NS5A inhibitors. Hepatology 2018;00:1—12. doi:10.1002/hep.29837

2.1 Abstract

Background and Aims: HCV gt3a is highly prevalent globally, with non-gt3a subtypes com-
mon in Southeast Asia. RAS have been shown to play a role in treatment failure. However,
the role of RAS in gt3 is not well understood. This chapter reports the prevalence of RAS in a
cohort of DAA treatment-naive gt3 infected patients, including those with rarer subtypes and

then evaluates the effect of these RAS on DAAs in-vitro.

Methods: Baseline samples from 496 gt3 infected patients enrolled in the BOSON clinical trial
were analysed by next-generation sequencing after probe-based enrichment for HCV. Whole
viral genomes were analysed for the presence of RAS to approved DAAs. The resistance phe-
notype of RAS in combination to daclatasvir, velpatasvir, pibrentasvir, elbasvir and sofosbuvir

was measured using the S52-AN gt3a replicon model.

Results: The NS5A A30K and Y93H substitutions were the most common at 8.8% (n=44) and
12.2% (n=61) respectively and showed a 10-fold and 11-fold increase in EC50 for daclatasvir
compared to the unmodified replicon. Paired RAS (A30K + L31M and A30K + Y93H) were
identified in 18 patients (9 of each pair); these combinations were shown to be highly resistant
to daclatasvir, velpatasvir, elbasvir and pibrentasvir. The A30K + L31M combination was found

in all gt3b and gt3g samples.

Conclusions: This chapter demonstrates the high frequencies of RAS to NS5A inhibitors in
gt3 HCV. The paired A30K + L31M substitutions occur in all patients with gt3b and gt3g virus.
In-vitro analysis suggests that these subtypes may be inherently resistant to all approved

NS5A Inhibitors for gt3 HCV.
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2.2 Background

The recent development of DAAs for the treatment of HCV infection has led to a dramatic
increase in SVR rates, with many studies reporting >90% SVR rates [61, 83, 117, 118].
Despite this dramatic increase in effectiveness of DAA treatment for chronic HCV infection, the
treatment of gt3 infection has shown lower SVR rates compared to other genotypes, especially
in patients with cirrhosis [62, 119]. This contrasts with the treatment of gt3-infected individuals
with IFN-based therapy in whom SVR rates were consistently higher than in gt1 [120, 121].
More recently, pan-genotypic regimens such as GLE/PIB, SOF/VEL and SOF/VEL/VOX have
been developed that very effectively target HCV gt3 [58, 87, 122—124].

The reasons for the reduced efficacy of some IFN-free DAA therapy against gt3 infection
remain unclear. Host genetics are known to play a factor in HCV treatment outcomes. The C/C
genotype of the IFNL4 SNP rs12979860 (formally referred to as the IL28B) is associated with
better outcomes in HCV treatment [8, 125]. Infection with gt3 HCV has also been associated
with clinical phenotypes that may affect response to DAA therapy, including hepatic steatosis,
increased rates of liver fibrosis [126] and increased chance of progression to hepatocellular
carcinoma [127, 128], each of which has been linked to poor outcomes to DAA therapy [129],
and this may help to explain the reduced efficacy of DAAs in gt3. Presence of RAS in viral se-
quences could be another factor contributing to lower SVR rates in gt3. For instance the YO3H
Substitution has a high prevalence in gt3 sequences and has been shown to be associated

with lower SVR rates especially in patients with cirrhosis [62, 97].

At the time of publication of this work, the treatment recommendations for the treatment of
gt3 infection from EASL 2016 was a combination of one of the NS5A inhibitors, DCV or VEL,
with SOF [96]. AASLD 2017 recommended one of the following combinations depending on
previous treatment experience and the presence or absence of cirrhosis and hepatic decom-
pensation; GLE/PIB, SOF/VEL, SOF/VEL/VOX or EBR/GRZ + SOF [130]. The Asian-Pacific
Association for the Study of the Liver (APASL) recommendations advocated the use of either
SOF + RBV or the combination of DCV+ SOF + RBV depending on treatment experience and

liver disease state [131].
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Viral variants carrying RAS have been reported in clinical trials for all current DAAs [43,
132, 133], many of which have been characterised in vitro using replicon- or virus-based re-
sistance assays. For non-gt2 HCV variants, the role of RAS has been typically evaluated
using sub-genomic replicons where the structural protein region has been replaced with a lu-
ciferase reporter that allows direct quantitation of replication [109]. The transient-replication
assay, based on viral RNA transfection followed by a short term monitoring of viral replication
through the reporter gene, is the preferred method for RAS testing, because of the reduced
chance of adaptive mutations and a higher throughput than models which utilise stable repli-
con cell lines expressing viral RNA [110]. The gt3a replicon S52/SG-Feo, used in a transient
replication assay, was recently improved by removing the neomycin resistance gene (AN)
[110]. For this work the gt3a S52AN replicon with a modified Huh 7.5 cell line expressing a
stable, high level of the SEC14-L2 gene [110] was used, to assess the phenotype of RAS in a
gt3a background in a transient-replication model. The increased expression of the SEC14-L2
has been shown to enhance HCV replication [134], and is essential for the efficient replication

of genotype 3 replicons [110].

2.3 Aims

To investigate the frequencies of potential RAS in a large (n=496) gt3 cohort (prior to SOF
based treatment regimens in the BOSON clinical study) using a probe-based sequence cap-
ture approach for next-generation sequencing to generate full-length HCV genomes [35] and
bioinformatics tools to detect viral variants at frequencies of <1% [135, 136]. The pheno-
typic effect of RAS was evaluated in vitro both individually and in combination using the gt3a

replicon system, and their potential roles in treatment failure were evaluated.
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2.4 Methods

2.4.1 Subjects and samples

The samples used in this work were from the BOSON clinical trial [137]. The BOSON trial
was an open-label, randomised, phase 3 trial to determine the efficacy and safety of SOF and
ribavirin, with and without peginterferon-alfa, in DAA treatment naive gt2 and gt3 patients. 592
patients were enrolled in the BOSON trial, of which the majority (n=544) were infected with gt3
HCV, the remaining 48 patients were infected with gt2 HCV. All the gt2 infected patients had
compensated cirrhosis and had prior treatment experience with an interferon based therapy.
Of the gt3 infected patients 265 were previously treated with interferon based therapies and

158 had compensated cirrhosis.

Plasma samples were obtained from patients before treatment commenced, during treat-
ment and at 12 and 24 weeks post treatment. Theses samples were then sent to Oxford
and the RNA was extracted and sequenced from the viremic samples using the method out-
lined below in section 2.4.2. Plasma samples were obtained from patients before treatment

commencement. All patients have not previously received DAA based therapy.

2.4.2 HCV sequencing

RNA was extracted from 500 yl of plasma using the NucliSENS® easyMAG system (bioMérieux)
into 30 ul of water, of which 5 ul was processed with the NEBNext® Ultra™Directional RNA
Library Prep Kit for lllumina® (New England Biolabs) with previously published modifications
to the manufacturers protocol [138]. A 500 ng aliquot of the pooled library was enriched using
the xGen® Lockdown® protocol from IDT (Rapid Protocol for DNA Probe Hybridisation and
Target Capture Using an lllumina TruSeq® Library (v1.0), Integrated DNA Technologies) with
a comprehensive panel of HCV-specific 120 nt DNA oligonucleotide probes (IDT), designed
using a previously published algorithm [35]. The enriched library was sequenced using -
lumina MiSeq v2 chemistry to produce paired 150 b reads. Reads were demultiplexed and

150 b paired-end reads were trimmed using QUASR v7.01 [139] then adaptor sequences re-
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moved using Cutadapt v1.7.1 [140] reads were discarded if less than 50p long. Reads were
mapped to human reference sequence using Bowtie 2.2.4 [141] and host derived sequences
were removed. The remaining reads were then mapped against a database containing all 165
ICTV (International Committee of the Taxonomy of Viruses) [39] HCV genomes using BWA
mem v0.7.10 [142] and STAMPY v1.0.23 [143]. An appropriate reference sequence is se-
lected from this database and reads which conform to the majority population are then used
fro de novo assembly using Vicuna v1.3 [144] and V-FAT v1.0 [145]. All viral reads are then
mapped back to this assembly using Mosaik v2.2.28 [146] to generate a BAM file containing

viral reads. Further detail of the techniques used can be found in Bonsal et al, 2015 [35].

2.4.3 Resistance associated substitution definitions

At the time of this work DCV + SOF was the only approved INF free treatment for gt3 HCV. A
search through the available literature for gt3 RAS to DCV and SOF revealed five sites in the
NS5A region associated with DCV resistance and three sites in the NS5B region associated
with SOF resistance. Sites 32, 54 and 92 were also included as they have been shown to be
associated to resistance in other genotypes however their effect in gt3 is unclear. The RAS at

these sites are summarised in figure 2.1 [62, 97, 132, 147]

NS5A Domain 1 (213 aa)

Position 28 30 31 58 93
WT Amino Acid M A

-

Daclatasvir

RASs T K

NS5B Polymerase (591 aa)

Position 159 282 321
WT Amino Acid L S v

Sofosbuvir
RASs F T A

Figure 2.1: Summary of daclatasvir and sofosbuvir RAS identified in the literature. Key
genotype 3 RAS positions for daclatasvir and sofosbuvir are shown (not to scale) along the
NS5A Domain 1 and NS5B (Polymerase) protein respectively, labelled according to the H77
gt1 HCV reference protein sequence. The wild-type (WT) amino acid for genotype 3 is shown
above and the relevant RAS are indicated below. Data taken from references [62, 97, 132,
147]
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2.4.4 S52-AN replicon system

The HCV Gt3a replicon S52-AN plasmid contains the HCV IRES driving the translation of the
firefly luciferase gene and the EMCV IRES responsible for the synthesis of the HCV polypro-
tein (NS3-NS5B) (Supplementary Fig 1). This replicon has been recently improved by remov-
ing the neomycin resistance gene [110]. The plasmid DNA was linearised using Xbal (NEB)

and in vitro transcribed (IVT) as previously described [148, 149].

Generation of S52-AN mutant replicons

RAS were introduced into HCV gt3a replicon using QuikChange Il XL Site-Directed Mutage-
nesis Kit (Agilent Technologies). Positions in this paper refer to H77 consensus; for a full list
of positions in S52-AN and H77 see supplementary table 1. All the reactions were trans-
formed into Top10 bacteria (Life Technologies) and for each mutation 3 clones were isolated

and sequenced to confirm the viral sequence.

Cell culture and replicon transfection

Huh7.5 cells over expressing SEC14L2 protein (Huh7.5-SEC14L2), were generated as previ-
ously reported by Witteveldt, et al [110]. In brief, Huh7.5 cells were transduced with a lentiviral
vector to overexpress SEC142 protein. After puromycin selection, single cell clones were iso-
lated and characterised as described [110]. Cells were maintained in DMEM supplemented
with 10% foetal calf serum (FCS), 10 mM HEPES buffer, 2 mM L-glutamine, 100 ng/ml peni-
cillin, 100 pug/ml streptomycin and 0.1 M nonessential amino acids. RNA transfection was
performed by electroporating 4-5x106 cells for each reaction with 2 ;g of RNA as previously

described [110, 148].

54



Evaluation of replicative fithess

To infer the replicative fitness of RAS-containing viruses, cells transfected with each construct
were resuspended in complete medium at the approximate concentration of 3z105cells/ml
and seeded into 96-well plates, then luciferase activity (RLU) was measured after 4, 24, 48
and 72hr using Bright Glo (Promega) on the GloMax® 96 Microplate Luminometer (Promega).

The replication capacity of the variant was calculated using the equation:

Variant 72hr RLU / Variant 4hr RLU
WT 72hr RLU / WT 4hr RLU

Replication Capacity =

The replicative-defective pSGR-JFH1/GND (GND) replicon, containing a self-inactivating

mutation in the NS5B gene, was used as a negative control.

Direct acting antiviral drugs

DCV, VEL and EBV were purchased from MedchemExpress, SOF was purchased Selleckchem
and PIB from MedKoo.

Evaluation of resistance phenotype

Huh7.5-Sec14L2 cells transfected as described above were seeded in the presence of DCV
or SOF over the appropriate concentration range. For the single RAS 3-fold dilutions were pre-
pared starting at 3 uM for SOF and 300 pM for DCV. The susceptibility of multiple NS5A RAS
were evaluated using 10-fold dilutions of DCV, velpatasvir, PIB and EBV starting at 100 uM.
Each experiment included at least 2 replicates and was performed at least twice. EC50 val-
ues were calculated using non-linear regression on Graphpad Prism 7.00 for Mac(GraphPad

Software, La Jolla California USA).
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2.5 Results

2.5.1 Whole-genome sequencing of Hepatitis C Virus to identify resistance

associated substitutions

There was insufficient coverage of the HCV genome to create consensus sequences for 12
of the 530 gt3 infected patients enrolled in the study, these samples were excluded from
further analysis. The assembly lengths of the remaining 518 sequences ranged from 7519-
9861 (mean = 9443) and the average sequence depth across the genomes ranged from 26
to 130236 (mean = 5673). These sequences were analysed for the presence of RAS at the
sites listed in section 2.4.3 and figure 2.1. If there was insufficient sequence depth for variant
calling at any of the listed RAS codons the sequence was discarded. Complete sets of viral
variant data for the 11 RAS sites in the NS3, NS5A and NS5B proteins were obtained for 496

gt3 patients.

2.5.2 Prevalence resistance associated substitutions to daclatasvir and

sofosbuvir

The HCV sequences were analysed for the presence of RAS to DCV and SOF. Five DCV
RAS were detected; M28T, A30K, L31M, Q54H, P58S and Y93H in NS5A gene and three
SOF RAS were observed in the NS5B gene; L159F, S282T and V321A. The most common
DCV RAS were A30K and Y93H, these were detected in 8.9% (n=44) and 12.3% (n=61) of
samples respectively (figure 2.2A). The L31M RAS was present in 1.8% (n=9), P58S in 2.4%
(n=12), M28T in 0.6% (n=3) and Q54H in 0.2% (n=1) of the samples. However, only the A30K,
L31M, P58S, Y93H substitutions were detected as majority variants present in >50% of the
reads, in 28, 9, 7 and 22 samples respectively. The A30K, P58S and Y93H substitutions
were detected as both low frequency and majority variants (figure 2.2B). It is interesting that
the polymorphisms were largely found as either low frequency variants or majority variants.
The M28T RAS was detected in <1% of the sequencing reads, in all the samples within which
those substitutions were detected. The DCV RAS Q54H was only detected as a low frequency

variant present in <15% of viral reads in one sample. RAS to SOF were found far more
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infrequently, with L159F being detected as a majority variant in only one patient. The RAS
S282T and V321A were only found in <1% of reads in two and three patients respectively.
Amino acids substiturions not associated with resistance were detected and their prevalence
can be seen in figure A.2. Of note were the A30S, A30T, Q54T substitutions in the NS5A gene

as these were detected in 13, 23 and 61 patients respectively.
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Figure 2.2: Prevalence of individual resistance associated substitutions to daclatasvir
and sofosbuvir. A) The percentage of the cohort with an individual RAS is shown, with
the bars further broken down by the frequency of the substitution in an individual patients
sequencing reads(n=428). B) Histograms showing the distribution of substitution frequency
in individual patient HCV sequencing reads. Daclatasvir resistance associated substitutions
A30K, P58S and Y93H shown with a bin size of 10%.

2.5.3 Effect of individual substitutions on replicative fithess

All NS5A RAS detected in more than 1% of the samples (A30K, L31M, P58S, Y93H) and all
three detected NS5B RAS (L159F, S282T and V321A) were selected for phenotypic charac-
terisation using the gt3 S52-AN replicon system. The RAS were introduced into the S52-AN
replicon. Initially, individual RAS affect on viral fitness in the absence of DAA was investi-
gated. The unmodified gt3 S52-AN replicon was used as a positive control and the replicative-

defective pSGR-JFH1/GND (GND) replicon was used as a negative control (figure 2.3). All of
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the RAS containing replicons were capable of replicating. However, all the NS5B RAS had a
substantial negative effect on replication capacity of the S52-AN replicon, with L159F showing
a ~7-fold , S282T a ~16-fold and V321A a ~5-fold reduction. Interestingly, compared to WT,
A30K exhibited a ~0.5-fold increase in replication capacity, while P58S and L31M showed
a ~3-fold reduction in replication, Y93H showed the largest reduction in replication capacity

when compared to wild type of all the NS5A substitutions with a ~13-fold reduction.
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Figure 2.3: Replication capacity of S52-AN replicon carrying candidate RAS. Huh7.5
SEC14L2 cells were electroplated the luciferase expressing S52-AN replicon containing the
A30K, L31M, P58S and Y93H NS5A resistance associated substitutions (RAS) and L159F,
S282T and V321A NS5B RAS, the luciferase activity was measured at 4 and 72hrs. The repli-
cation capacity was then calculated using the equation in section 2.4.4 the mean replication
capacity is plotted on the x axis with 95% CI from 3 replicates technical replicates from 3 ex-
periments. The top dashed and bottom dotted lines indicates the replication capacity of the
positive control an unmodified WT S52-AN replicon and negative control replicative-defective
pSGR-JFH1/GND replicon respectively.

2.5.4 Effect of individual substitutions on resistance phenotype

To assess the effect of the RAS on the S52-AN replicons susceptibility to DCV or SOF, the
EC50 of each RAS containing replicon to the relevant drug was measured using a dose-

response scale, the does response curve for each RAS carrying replicon can be seen in
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figure A.3 and figure A.4 in the appendices. The mean fold change in EC50 from the wild type
S52-AN replicon was then calculated. (figure 2.4). For DCV, the NS5A substitutions A30K
and Y93H, showed a ~9-fold and ~11-fold increase in EC50, while the L31M substitution only
showed a ~2-fold increase in EC50 and the P58S substitution showed no significant change
in EC50 when compared to WT. For SOF, the NS5B substitutions S282T and V321A showed
a >5-fold increase in EC50. However the heavily reduced replicative fithess of the replicons
carrying these substitutions meant there was large variations in EC50 between experiments.

The L159F substitution showed a ~2-fold increase of EC50 compared to WT.
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Figure 2.4: Fold-changes in resistance (based on EC50 measurements) for daclatasvir
or sofosbuvir against S52-AN replicons carrying candidate RAS. Huh7.5 SEC14L2 cells
were electroplated the luciferase expressing S52-AN replicon containing the A30K, L31M,
P58S and Y93H NS5A resistance associated substitutions (RAS) and L159F, S282T and
V321A NS5B RAS. The cells were then treated with a 3-fold dilutions of daclatasvir or sofosbu-
vir starting at 300 pM and 3 M respectively, the EC50 was then calculated using regression
analysis for each mutant and the fold change from the WT S52-AN EC50 calculated. The
mean EC50 fold change is plotted for each RAS carrying replicon with 95% ClI calculated from
at least 2 experiments. The dotted line indicates WT susceptibility, the dashed line indicates
a 5-fold increase in EC50 when compared to the WT S52-AN replicon.
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2.5.5 NS5A resistance associated substitution combinations

The sequences were scanned for the presence of combinations of RAS which had a EC50
change of >2-fold to DCV (A30K, L31M and Y93H) and SOF (L159F, S282T and V321A).
A total of 9 patients had the combination of A30K + Y93H variant and 9 patients had the
combination of A30K + L31M in the NS5A protein figure 2.5. No NS5B RAS were detected in
combination. In samples carrying the A30K + L31M combination, both RAS were present as
the majority variant. In all the samples with the A30K + YO93H combinations at least one of the

RAS was detected at a frequency of < 50%.
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Figure 2.5: Prevalence of RAS combinations to daclatasvir. Each column on the x axis
represents a RAS site and each row on the y axis is a patient. The frequency of the substitution
within the HCV sequencing reads is shown in each cell, expressed as a percentage of reads
and coloured from black to blue. Blue meaning the RAS is present in 100% of HCV reads and
Black being 1%. White cells mean the RAS are not present.
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2.5.6 Effect of resistance associated substitution combinations on replicative

fithess

The effect of paired RAS on replication capacity and NS5A inhibitor susceptibility was first
evaluated using DCV in an in-vitro system. A30K + L31M had a replication capacity 3-fold
greater than WT, while the combination A30K + Y93H had 1-fold lower replication capacity
than WT (figure 2.6). The triple-RAS variant of A30K + L31M + Y93H combination of RAS
was also generated. This was not found among the pre-treatment sequences from the cohort,
but may represent possible additional synergistic interactions. A30K + L31M + Y93H showed

a 3-fold increase in replication capacity when compared to WT figure 2.6.
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Figure 2.6: Replication capacity of S52-AN replicon carrying candidate NS5A RAS com-
binations.Huh7.5 SEC14L2 cells were electroplated the luciferase expressing S52-AN repli-
con containing the A30K + L31M, A30K + Y93H and A30K + L31M + Y93H resistance as-
sociated substitutions, the luciferase activity was measured at 4 and 72hrs. The replication
capacity was then calculated using the equation in section 2.4.4 the mean replication ca-
pacity is plotted on the x axis with 95% CI from 3 replicates technical replicates from 3 ex-
periments. The top dashed and bottom dotted lines indicates the replication capacity of the
positive control an unmodified WT S52-AN replicon and negative control replicative-defective
pSGR-JFH1/GND replicon respectively.
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2.5.7 Effect of resistance associated substitution combinations on resistance

phenotype

Both A30K + L31M and A30K + Y93H combinations showed a >10,000-fold increase in EC50
figure 2.7. AS0OK + L31M + Y93H showed a >10,000-fold increase in the EC50 value for DCV
when compared to WT figure 2.7. Due to the large increase in DCV EC50 values for the com-
bined RAS, these RAS combinations were tested against the more modern NS5A inhibitors
velpatasvir, PIB and EBV which were approved for the treatment of gt3 HCV infection [130],
whilst this work was taking place. The double combinations A30K + L31M and A30K + YO3H
and the triple combination A30K + L31M + Y93H, also showed a highly resistant phenotype
to both velpatasvir (>10,000 fold increase in EC50) and EBV (>100,000,000 fold increase in
EC50). Resistance to PIB was also observed, but at lower levels (>20 fold increase in EC50).
The relatively higher fold change in EC50 with EBV may be explained by the increased sus-
ceptibility of the WT replicon to this drug figure A.9.
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Figure 2.7: EC50 fold change for daclatasvir, velpatasvir, elbasvir or pibrentasvir against
S52-AN replicon carrying candidate RAS combinations. Huh7.5 SEC14L2 cells were
electroplated the luciferase expressing S52-AN replicon containing the AS0OK + L31M, A30K
+ Y93H and A30K + L31M + Y93H resistance associated substitutions. The cells were then
treated with 10-fold dilutions of daclatasvir, velpatasvir, elbasvir or pibrentasvir starting at 100
1M, the EC50 was then calculated using regression analysis for each mutant and the fold
change from the WT S52-AN EC50 calculated. The mean EC50 fold change is plotted for
each RAS carrying replicon with 95% ClI calculated from at least 2 experiments. The dotted
line indicates WT susceptibility, the dashed line indicates a 5-fold increase in EC50 when
compared to the WT S52-AN replicon.

2.5.8 Distribution of resistance associated substitutions within genotype 3

subtypes

To better understand the population structure of RAS carrying genotype 3 HCV viruses a
maximum likelihood phylogenetic tree of all 496 consensus HCV sequences was constructed
using RAXML [40] (figure 2.8). The tree breaker software was used to look for phylogenetic
clustering of RAS and identify evolutionary change points. The distribution of RAS conferring
high level resistance to NS5A inhibitors was strongly associated with the genetic background
of the virus figure 2.8. The L31M RAS was only observed in non-gt3a subtypes (gt3b, 5
samples and gt3g, 2 samples). Additionally, all non-gt3a samples carried the A30K RAS
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(ot3b, 5 samples; gt3g, 2 samples; gt3i, 2 samples). Of the seven patients carrying gt3b and
gt3g viruses, six were of Asian origin and one was of unknown origin. No other clusters of
RAS where identified and the Y93H RAS was distributed throughout the phylogeny. To further
evaluate the global distribution of the A30K + L31M combination in the gt3 subtypes, 27 gt3
full genome consensus sequences from the NCBI together with the 9 non-gt3a sequences
from this cohort, were analysed for the presence of the A30K + L31M substitutions figure
2.9. Interestingly the A30K + L31M substitutions were found in all but two gt3b and gt3g
sequences as well as the one gt3d and the two gt3k sequences, suggesting that the A30K +

L31M substitutions are the wildtype amino acids for these subtypes.
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Figure 2.8: Whole-genome phylogeny of 496 gt3 HCV sequences and heat map showing
the presence of NS5A RAS and the HCV genotype of each taxa. A neighbour-joining,
mid-point rooted phylogenetic tree was estimated from the whole genome sequence of all 496
sequences in cohort, using the R package ape [150]. The clades are coloured by the HCV
subtype and the tree is annotated with a heat map showing the presence of the A30K, L31M,
Y93H RAS in each sequence. The A30K + L31M RAS combination is only found in the gt3b

and gt3g sequences.
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Figure 2.9: Whole-genome phylogeny of gt3 subtypes labelled with NS5A position 30
and 31 amino acids. A neighbour-joining, mid-point rooted phylogenetic tree was estimated
using the whole genome sequence of the gt3b, gt3g and gt3i subtypes from this cohort
and gt3a, gt3d, gt3e, gt3k, gt3h, gt3i, gt3g and gt3b sequences downloaded from the NCBI
database, and annotated with the NS5A position 30 and 31 amino acids. The A30K + L31M
RAS are coloured green.

2.5.9 Efficacy of NS5A inhibitor against replicon containing gt3b or gt3g
NS5A gene

To test if the NS5A gene from gt3b and gt3g HCV provides inherent resistance to NS5A
inhibitors. The NS5A gene from a gt3b and gt3g HCV sequence was inserted into the pSGR-
JFH-1 replicon and the efficacy of DCV, velpatasvir, EBV and PIB was measured via a dose
response curve figure 2.10. The 3b-JFH-1 and 3g-JFH-1 chimeric replicons showed similar
resistance to DCV, velpatasvir and EBV to that demonstrated using the S52-AN replicons
carrying the A30K + L31M substitutions, however the EC50 fold change was lower. 3b-JFH-1
showed a modest increase in EC50 when compared to the WT JFH-1 replicon and 3g-JFH-1
showed a similar EC50 compared to JFH-1. However, PIB showed a decrease in EC50 when

the 3b-JFH-1 and 3g-JFH-1 are compared to the S52-AN replicon. This suggests that gt3b
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and gt3g are more susceptible to PIB than other NS5A inhibitors.
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Figure 2.10: Mean EC50 fold change for daclatasvir, velpatasvir, elbasvir or pibrentasvir
against pSGR-JFH-1 replicon carrying NS5A gene from gt3b and gt3g HCV. Huh7.5
SEC14L2 cells were electroplated the luciferase expressing pSGR-JFH-1 replicon contain-
ing the NS5A gene from a gt3b and gt3g segeunce. The luciferase activity was measured at
4 and 72hrs. The replication capacity was then calculated using the equation in section 2.4.4
the mean replication capacity is plotted on the x axis with 95% CI from 3 replicates technical
replicates from 3 experiments. The top dashed and bottom dotted lines indicates the repli-
cation capacity of the positive control an unmodified WT pSGR-JFH-1 replicon and negative
control replicative-defective pSGR-JFH1/GND replicon respectively.

2.6 Discussion

This work reports the prevalence of RAS in a large cohort of DAA treatment-naive gt3 infected
patients using next-generation virus whole-genome sequencing. From these data, a list of

RAS was compiled for further characterisation using the S52 gt3a replicon.

This data show that the frequency of RAS to DCV or SOF in gt3 was 22% and 2% re-

spectively, comparable to those described recently by Chen et al [151] (27.6% and 3.9%) and

Patino-Galindo et al [152], although both studies used consensus sequences obtained from
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publicly available databases. In these studies substitutions representing deviations from the
consensus sequence were considered to be potential RAS and were based on smaller sample
sizes for gt3 (Chen et al had a sample size of 48 and Patino-Galindo et al used sequences
of individual genes with samples sizes of 117 NS3, 226 NS5A and 81 NS5B respectively).

These data highlight a need for more study into gt3 RAS to allow clearer definitions.

Next generation sequencing techniques such as the ve-seq [35] method, used in this work,
allow the detection of very low frequency viral variants 0.5 — 1% [135]; this sensitivity is much
better than Sanger capillary based population sequencing used in the majority of studies of
RAS in which minor variants at a lower frequency than ~20% cannot be resolved unless
individual clones are sequenced which is time consuming and labour intensive [153]. For
example, 40% of the occurrences of gt3 NS5A RAS had variant frequencies of less than 15%

that would have been undetectable by older methodologies.

This work shows that in gt3, the individual RAS A30K and Y93H provide modest resistance
to DCV and that the combinations of AS0K + L31M, A30K + Y93H, A30K + L31M + Y93H
provide a dramatic increase in resistance to velpatasvir, DCV, EBV and PIB. This data agree
with Hernandez et al [154] showing a similar phenotype for both A30K + L31M and A30K
+ Y93H using a JFH1-gt3a NS5A chimera replicon when treated with DCV. Additionally, this
data show, that L31M and P58S show little or no evidence of resistance to DCV in the gt3a
replicon system. There is also, evidence that S282T and V321A substitutions in NS5B provide

small levels of resistance to SOF in this assay.

The relationship between the occurrence of RAS and clinical resistance to treatment is
additionally influenced by the impact on viral fithess of substitutions that depart from the con-
sensus sequence. Clearly, RAS, however effective they may be at reducing viral susceptibility,
may be of no clinical relevance if the mutant viruses are unable to replicate in-vivo. On this
basis, the AS0K + L31M combination of substitutions should be viewed with substantial con-
cern clinically as they have been observed in patients, confer both a large increase in EC50
when compared to WT and substantially enhance viral replication competence, a surrogate

measure of basic fitness, albeit in a cell culture-based replicon format.

Unexpectedly, this combination was only detected in gt3b and gt3g samples and suggests
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that its occurrence in gt3a may therefore be associated with an undocumented fitness cost
or incompatibility not replicated in in vitro assays. The preferential distribution of this RAS
combination in non-gt3a subtypes, typically distributed in South and South East Asia [155]
suggests these gt3 subtypes may be naturally more resistant to NS5A Inhibitors. A clinical
trial of SOF and Velpatasvir based in China, Thailand, Vietnam, Singapore and Malaysia
has shown that the SVR rate of patients infected with gt38b and with cirrhosis was only 50%
compared to 89% in gt3b infected patients without cirrhosis and 97% for the entire cohort
[156]. There is also growing evidence that subtypes which have been under represented
in clinical trials, due to their rarity in western Europe and north America also show reduced
susceptibility to DAA combinations. Da Silva Filpe, et al show in a cohort from the UK that gt1l
and gt4r infected patients failed multiple rounds of therapy and that these subtypes contain
RAS motifs which could cause resistance[69]. The combination of LBV and SOF (Harvoni)
has been shown by Fourati, et al to have dramatically reduced efficacy against gt4r than
gt4a. It has also been shown to develop the S282T substitution, which is associated with
resistance to SOF more readily [157]. This is potentially worrying as these subtypes appear
to be most commonly found in countries with limited resources and where the epidemiology of
HCV infection is not well understood [158]. In the BOSON cohort, all patients were treated by
SOF + ribavirin +/- PEG-interferon and all the non-gt3a-infected patients achieved sustained
viral clearance, except one gt3i infected patient, precluding direct testing of NS5A inhibitor
resistance on re-treatment, in this cohort. The high resistance phenotype was observed when
these RAS combination A30K + L31M were introduced onto the gt3a replicon and may display
a different phenotype when present in their native subtype. The data from the 3b-JFH-1 and
3g-JFH-1 replicons, shows similar levels of resistance to DCV, LBV and EBV when the entire
NS5A gene from gt3b is inserted into a JFH-1 replicon. However, PIB seems to be more
effective against both 3b-JFH-1 and 3g-JFH-1 and the A30K + L31M S52-AN, this suggests
that this drug in combination with the protease inhibitor glecaprevir may be more effective than

other combinations against non-gt3a gt3 subtypes.

The question of at what frequency a RAS becomes clinically relevant remains challeng-
ing. EASL guidelines recommend the use of resistance testing for the NS5A region only for
patients who are to be retreated having failed previous all-oral DAA treatments [51]. When
NGS techniques are used, it is recommended that variants with a frequency of less than 15%

not be considered clinically relevant [51]. Interestingly in all samples in which the AS0K +
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Y93H substitutions were detected, at least one of the two substitutions were detected with a
frequency of less than 15%. Because of the distance between the two sites and the short
fragments used in lllumina sequencing, the linkage of these two RAS cannot be confirmed
using this data. This data also suggests that the A30K + Y93H combination may not be a fit

variant in-vivo as well as in vitro.

Overall, this work shows relatively high frequencies of RAS to the approved NS5A inhibitor
DCV in gt3 HCV. It also shows that the A30K + L31M RAS combination is the WT for gt3b and
gt3g HCV and this combination provides resistance to all NS5A inhibitors approved for the
treatment of gt3 HCV. These findings support the recommendation from AASLD and EASL
[51, 159] and EASL that support the use of NS3 inhibitors in combination with NS5A inhibitors
and especially the use of the GLE/PIB combination as PIB was shown to be the most effective
against these subtypes. Additionally, these findings highlight the need for more study into the

efficacy of DAA therapy in less common gt3 subtypes.

2.7 Summary of key findings

 High frequency of RAS to NS5A inhibitors in treatment naive gt3 infected patients.
* A30K + L31M RAS combination is WT for gt3b and gt3g.

* A30K + L31M and A30K + Y93H RAS combinations dramatically increase the EC50 of

all NS5A inhibitors approved for the treatment of gt3 infection.
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Chapter 3

Viral determinates of outcome in
sofosbuvir based treatment of
genotype 3 Hepatitis C Virus

infection.
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3.1 Abstract

Background and Aims: Sofosbuvir (SOF) is a key component in the treatment of HCV in-
fection, with a higher barrier to resistance. Novel amino acid substitutions associated with
treatment failure identified from a large cohort (n=507) of gt3a infected patients treated with

SOF + RBV +/- PEG-INF are reported in this chapter.

Methods: Next generation whole genome sequencing (WGS) of HCV was performed on all
baseline (BL) and 12 week post-treatment (12WPT) viraemic samples. A viral genome wide
association study (V-GWAS) was undertaken to study the effect of BL consensus polymor-
phisms across the viral polyprotein on treatment outcome. The effect of BL polymorphisms
identified in the V-GWAS on the initial reduction of viral load was investigated. BL and 12WPT

sequences were compared and treatment emergent substitutions investigated.

Results: The V-GWAS identified three novel BL polymorphisms significantly associated with a
negative treatment outcome (at a 25% false discovery rate) 119A and 132V in the NS2 protein
and 67V in the NS3 protein, the presence of these polymorphisms at baseline was associated
with a lower reduction in viral load after 1 week of therapy. Within the NS5B protein the
substitution A150V had strongest association with outcome and was significantly enriched in

the 12WPT samples (p=9x10-4).

Conclusions: This chapter for the first time reports the use of HCV WGS and V-GWAS to

identify novel amino acid substitutions associated with SOF treatment failure in HCV gt3a

infection.
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3.2 Background

SOF was the first non-protease inhibitor DAA approved, and is a nucleotide analogue that
competitively binds to and blocks the HCV polymerase (coded by non-structural 5B (NS5B)
gene) and inhibits viral replication [160]. SOF is a key component in many HCV treatment reg-
imens and is now only recommended for use in combination with other DAAs such as NS5A
inhibitors (ledipasvir, daclatasvir or velpatasvir) and NS3 protease inhibitors such as voxilapre-
vir [51, 52]. Additionally, SOF in combination with velpatasvir and voxilaprevir has become the
backbone of most of the recommended regimens for patients who have been failed by previ-
ous NS5A inhibitor containing therapy because of its pan-genotypic activity and high barrier to
development of resistant virus. Presence of RAS in viral sequences has been shown to be a
factor in treatment failure (10) and viral genetics is still one of the main determinants of treat-
ment responsiveness, particularly virus geno/subtype. Baseline RAS for both NS3 and NS5A
inhibitors are reported to be common in many genotypes [43] and certain subtypes such as
gt3b and gt4r have been shown to be inherently resistant to current NS5A inhibitors and SOF
containing therapies [69, 98, 157]. NS5A RAS cause a large reductions in the activity of NS5A

inhibitors which would make SOF the only active compound in NS5A + SOF treatment.

SOF has a high barrier to resistance and very few RAS have been reported [102, 161]. In
multiple clinical trials using SOF, the treatment emergent NS5B RAS L159F, S282T, C316H/N,
L320F and V321A have been detected in patients whom do not achieve SVR [102]. With
the exception of S282T these substitutions have all showed negligible increases in the EC50
of SOF using in-vitro models [98]. The treatment emergent SOF RAS have been shown to
have a large fitness costs. However, S282T has been shown to persist during viral selection
studies if compensatory mutations are also acquired [103] and certain HCV subtypes such as
genotype 4r have been shown to acquire the S282T substitution more readily [157]. However,
many patients fail treatment without any detectable RAS, and no comprehensive study into
pre existing polymorphisms within a HCV subtype which may impact of the efficacy of SOF
has been performed. A comprehensive understanding of the viral determinants of response
to SOF is crucial to ensure that resistant HCV will not become a significant problem in the
coming years and will help us to stratify patients for more effective treatments, especially in

hard to treat patient groups or patients who have already been failed by DAA treatment.

73



3.3 Aims

This analysis uses full length HCV genomes along side host genotyping and clinical data
from patients infected with gt3a HCV and treated with SOF to identify viral determinants of

resistance to SOF in gt3a HCV infection.

3.4 Methods

3.4.1 Subject and samples

The patients from this work were enrolled in the BOSON Study further details of which can be
found in chapter 2 section 2.4.1. Briefly, 592 gt2 and gt3 infected patients were randomised
into three treatment arms of ()12 weeks SOF + RBV + IFN, (ii) 16 weeks SOF + RBV and
(iii) 24 weeks SOF + RBV. All patients were DAA treatment-naive. Each patient’s HCV viral
load was measured prior to treatment commencing (BL), weeks 1,2,4 and 8. Samples were

obtained from patients at BL and 12 weeks after the end of treatment (12WPT).

3.4.2 Viral sequencing

A detailed description of the how the patient samples were sequenced and the bioinformatic
pipeline used to process the sequencing data can be found in chapter 2. The outputs from the

bioinformatics pipeline were analysed using custom code and the R statistical package.
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3.4.3 Statistical analysis

Identification of viral amino acid substitutions associated with outcome using a viral

genome wide association study

To investigate the effect of individual viral amino acid substitutions on SVR a genome wide
association study (V-GWAS) was performed using a logistic regression model. To ensure
possible confounders were accounted for in the model, a multivariate analysis was performed
using logistic regression to identify non-viral factors, which are associated with SVR. Akaike
Information Criterion was used to choose the set of covariates to include in the model. The
resulting model included, patient’s cirrhosis status, IFNL4 genotype, prior treatment status,
gender and log baseline viral load. To ensure that host-virus population co-structuring had
minimal impact on the analysis, the cohort was limited to patients infected with HCV gt3a.
The first three viral principal components calculated from viral sequences and the first three
host principal components calculated from the host genome-wide genotyping data were also
included as covariates in the model, to further control for both host and virus population struc-

tures.

Phylogenetics and association of a phenotype with tree structure

RAXML [40] was used to build a maximum likelihood phylogenetic tree using the full length
HCV genome sequences. A general time reversible model of nucleotide substitution under
the gamma model of rate heterogeneity was used. The treeBreaker [162] software was then
used to investigate if a phenotype of interest or any novel RAS are associated with specific

clades on the tree.

Covariation and interaction analysis

Logistic regression was used to investigate covariation of any novel RAS identified and other

sites in the viral genome and to test for interaction between covarying sites and its impact on
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SVR.

Enrichment of an amino acid in the post-treatment Hepatitis C Virus sequences

To test for enrichment of an amino acid in the post-treatment samples of patients who did
not achieve SVR, the binomial test was used to detect if the frequency of an amino acid has

increased in the post-treatment samples relative to the baseline samples.

Viral diversity analysis

Using NGS data, within patient diversity of each site in the genome was calculated using
nucleotide pairwise diversity. The relevant values for the gene or region of interest were aver-
aged to get a measure of viral quasispecies per patient per region of interest. As an alternative
measure of within patient diversity, Shannon entropy of each codon in the coding region of the
HCV genome as well as each amino acid site in the polyprotein was calculated and averaged

across the genes and regions of interest.

Response to therapy analysis

Each patient’s response to therapy was estimated by calculating the log10 change in viral load
from BL (prior to therapy) to Wk1 of therapy. The Wilcoxan test was used to test for differences

between patients carrying novel RAS and those not.

Replication cohort

The results were replicated in an independent cohort. Using whole HCV genome sequences
from 144 patients enrolled in the HCV Research UK cohort who were treated with SOF con-
taining regimens. One-sided logistic regression was used to replicate the results from the

BOSON cohort. All the patients were cirrhotic and the host genotyping data was not available
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S0 no co-variables were included.

3.5 Results

3.5.1 Patient demographics and non-viral factors associated with outcome

Baseline whole genome HCV sequences were obtained for 568 patients, 518 of which were
ot3, 49 were gt2 and one was a 1a/2b recombinant virus. HCV is a highly diverse pathogen
and to limit the impact of virus population structure on the analysis, only samples from pa-
tients infected with subtype 3a were included (N=507). In this cohort 82% (416/507) patients
achieved an SVR. To account for non-viral factors associated with SVR, logistic regression
was used to test for association between treatment outcome and patient’s liver cirrhosis status,
gender, baseline viral load, prior IFN-based treatment and IFNL4 SNP rs12979860 genotypes
(CC vs non-CC) in a multivariate model. Liver cirrhosis status was significantly associated
with SVR status (P=1.5x10*), having the largest impact on treatment response (failure rate
in cirrhotic patients 29%=47/163 and in non-cirrhotic patients 13%=44/344). Male gender
and the non-CC genotype of the IFNL4 SNP rs12979860 were also significantly associated
with increase in treatment failure rate (Pgenger=0.016, PiEnLa=6.4x1073). Previous IFN-based
treatment and higher viral load were associated with increase in treatment failure although the
effect was not statistically significant (Figure 3.1). In all subsequent regression-based analysis

these factors were added as covariates to account for possible confounders.
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Covariate P-value

Cirrhosis status: cirrhotic = 0.00015
IFNL4 SNP: non-CC = 0.0064
Gender: male = 0.016
Prior IFN—-treatment: yes = 0.15
log10(VL) —-— 0.11
| | | | |
-1.5 -1 -0.5 0 0.5

log(odds ratio)

Figure 3.1: Non-viral factors impact on SVR using a multivariate logistic regression.
The squares show the estimated effect size (log(OR)) for each covariate and the lines show
its 95% confidence interval, the p value is shown on the right.

3.5.2 Previously reported resistant associated substitutions

Sequences were scanned for the presence of previously reported SOF RAS (NS5B L159F,
S282T, C316H/N L320F and V321A) in the baseline sequences. L159F was detected in one
patient’s sample at the consensus sequence level. No other RAS were detected in patients
viral consensus sequences. However, S282T (n=2), C316N (n=1), L320F(n=2) and V321A

(n=8) were detected in <1% of reads from each individual patient.

3.5.3 Viral population structure and outcome

The viral population structure was analysed for HCV lineages associated with changes in SVR
rate. To do this a maximum likelihood phylogenetic tree from baseline consensus sequences
was constructed using RAXML [40]. The treeBreaker software [162] was used to estimate
the evidence for the association between the HCV phylogenetic tree and the SVR status. No
evidence for any clades having a different SVR rate from the rest of the tree was found (Bayes

factor= 0.969) (figure 3.2).
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Figure 3.2: Association between virus population structure and SVR. A maximum likeli-
hood phylogenetic tree for the hepatitis C virus (HCV) of genotype 3a HCV infected patients
was constructed using. The colour of the tips shows if the patient achieved a sustained viral
response (red) or not (blue). Red lines show change points from which the samples within
that clade are different from the rest of the tree. The phylogenetic tree was constructed using
RAXML [40] and the change point analysis conducted using treeBreaker [162].
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3.5.4 Identification of novel viral polymorphisms associated with sustained

viral response using viral genome wide association study

A major advantage of the whole genome sequencing of HCV is the possibility of testing viral
genetic variants for association with SVR at a genome-wide scale to identify potentially novel
associations between HCV genetic variants and the response to SOF treatment. Logistic
regression was used to test for association between response to SOF treatment and HCV
amino acids, including 3 viral principal components (PCs) and 3 host PCs as covariates to
account for host-virus population co-structuring as well as the possible confounders previously
mentioned. SVR status was used as the response variable and the presence and absence of
each amino acid as the explanatory variable. This resulted in 1010 tests at 484 sites. Ata 15%
false discovery rate (FDR), three viral sites were significantly associated with SVR (Figure 3.3,
Table 3.1 and Supplementary Figure B.6). The most significant association was at site 132
in NS2 protein (P=1.05x10"). At this site the amino acids isoleucine (80%=405/506) and
valine (20%=100/506) were observed and one isolate carried leucine. Valine was associated
with a reduction in treatment response (SVR 66%=66/100) relative to the isoleucine residue
(86%=348/405). The other two sites significantly associated with SVR were in NS3 (site 67,
P=4.71x10") and NS2 (site 119, P=5.18x10*) proteins.

In the NS5B protein, site 150 was the most associated site with SVR (P=4.92x10%) and
the fifth most associated site genome-wide. The most common amino acid residues at this
site were valine (41%=204/501), alanine (38%=191/501), threonine (13%=63/501), isoleucine
(5%=27/501) and a small number of other residues. At site 150, Valine was associated with
the lowest rate of SVR (75%=153/204) vs all other amino acids (86%=257/297). This site has
been previously reported to be associated with host IFNL4 SNP rs12979860 [163] and SVR in
a subset of this cohort [164]. Among CC patients the impact of valine on SVR rate was minimal
(SVRvaline 85%=35/41, SVRnon-valine 87%=129/148) while among non-CC patients valine
reduced SVR rate substantially (SVRvaline 72% = 117/162, SVRnon-valine 85%=127/148,
Fisher's exact test P=0.0036). However, when tested using an interaction term in the model
this was not statistically significant (P=0.36). The amino acid that accounted for the largest
reduction in SVR rate at the three sites significantly associated with SVR (NS2 119A, NS2
132V, NS3 67V) and the top most associated site in the NS5B protein (NS5B 150V) were

taken forward as putative RAS for further investigation (Table 3.2) .
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Figure 3.3: Association between HCV amino acids and sustained virologic response
after sofosbuvir based treatment. (a) Manhattan plot of association tests between HCV
amino acids and SVR. For each site only the most associated p-value is plotted. The dashed
line indicates 15% FDR. For the three sites significantly associated with SVR and the most
associated site in the NS5B protein, the putative resistance associated amino acid and its
position within its respective protein is indicated. (b) Schematic of HCV polyprotein.

Position on
. Position in protein .
polyprotein Protein SVRrate (%) Log odds ratio Standard error P value Q value
and amino acid
relative to H77

941 NS2 132V 66% -1.27 0.29 1.06E-05 9.65E-03
1093 NS3 67V 77% -1.17 0.33 4.71E-04 1.31E-01
928 NS2 119A 59% -1.88 0.54 5.18E-04 1.31E-01
1944 NS4B 233V 58% 1.54 0.50 2.01E-03 2.95E-01
2570 NS5B 150V 75% -0.76 0.27 4.92E-03 6.21E-01

Table 3.1: Top 5 most associated amino acids with SVR in V-GWAS. Only the most asso-
ciated amino acid is reported at each site. At 15% FDR, the first three sites are significantly
associated with SVR.
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Protein Position in Protein Amino Acid Frequency at Baseline % SVR Rate % (n)

| 80.0% 86% (348/405)
NS2 132

Y 19.8% 66% (66/100)

A 53.6% 86% (232/271)
NS3 67

43.9% 77% (171/222)

A 4.4% 59% (13/22)
NS2 119 M 4.2% 81% (17/21)

Y 90.5% 83% (381/457)

A 38.1% 88% (168/191)
NS5B 150 T 12.6% 83% (52/63)

Y 40.7% 75% (153/204)

Table 3.2: Baseline frequency and SVR Rates for amino acids at novel RAS sites. Only
amino acids detected in more than 20 patients are included.

3.5.5 Phylogenetic analysis of Novel RAS

To understand if any particular HCV lineage was associated with any of the sites identified in
the V-GWAS and to further rule out viral population structure confounding, a maximum like-
lihood phylogenetic tree from baseline consensus sequences was used with the treeBreaker
software [162] to detect if the distribution of putative RAS was distinct on any branches of the
tree (Figure 3.4). One lineage was associated with the presence of NS2 132V (Bayes factor
= 13.12, Supplementary Figure B.2) and two lineages were associated with NS3 67V (Bayes
factor = 18180.81, Supplementary Figure B.3), NS2 119V (Bayes factor = 0.96, Supplemen-
tary Figure B.1) and NS5B A150V (Bayes factor = 0.99, Supplementary Figure B.4) were not
associated with any specific lineages. In the case of NS2 132V and NS3 67V the association
with treatment outcome was retested using the previous model with the addition of variable
indicating if the sequence was from a lineage associated with the putative RAS. Both putative
RAS remained significantly associated with treatment outcome (NS2 132V: p=1.2x10° , NS3
67V: p=0.001).
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Figure 3.4: Distribution of treatment outcome (SVR) and putative RAS within HCV phy-
logeny. The phylogenetic tree was constructed using RAXML [40] using whole HCV genome
sequences. Each row in the heat maps is aligned with the corresponding taxa on the phyloge-
netic tree and shows if the patient infected with that virus achieved an SVR and the presence
or absence of the putative RAS in the consensus viral sequence. The clusters of novel RAS
are highlighted in black.
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3.5.6 Interaction and co-variation of novel resistance associated

substitutions

To understand the impact of presence of multiple putative RAS in each sequence on SVR,
patients were stratified based on the number of RAS present in their baseline consensus
sequences (Figure 3.5). The SVR rate for patients whose virus carried no RAS was 95%
(133/140) which reduced to 50% (13/26) for patients with 3 RAS. Only one patient carried all
four putative RAS and this patient achieved SVR. The step-wise reduction in the SVR rate
associated with the increase in the number of RAS present at baseline was highly significant

(logistic regression P=6.6x107"9).

100%

75% -

50% L

SVR Rate (%)

25%

0%+ 133/140 169/205 93/128 13/26

0 1 2 3
Number of RAS

Figure 3.5: SVR rate for patients with different numbers of RAS at baseline.The dots indi-
cate the SVR rate in each group and the lines indicate its 95% confidence intervals calculated
using Clopper-Pearson interval. The numbers in each group are shown at the bottom of the
figure.

To investigate if any specific combination of these putative RAS were driving the drop in
SVR rate, the co-variation between these sites was investigated using logistic regression. The
presence and absence of the putative RAS at each site was tested against the other RAS, the

first 3 viral PCs and host IFNL4 SNP rs12979860 genotypes (CC vs non-CC) were included as
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covariates to account for virus population structure and the impact of IFNL4 on the HCV amino
acids. NS2 119A was excluded from this analysis because of its low frequency (4%=22/505).
Among the six co-variation tests performed, NS5B 150V was significantly associated with NS2
132V (p =0.004) and nominally with NS3 67V (P=0.02). Stratifying the patients into four groups
based on the presence and absence of valine at sites NS2 132 and NS5B 150 (presence and
absence of the putative RAS), patients carrying non-valine residues at both sites had the
highest rate of SVR (91%=228/251). Carrying valine only at NS2 132 was associated with the
lowest SVR rate (63% = 29/46, P = 2.3x10). Carrying a valine only at NS5B 150 was also
associated with a significant reduction in SVR rate but to a smaller degree (77%=117/51, P =
1.0x107%). Carrying valine at both sites results in significant reduction in SVR rate (67%=36/53,
P=1.3x10"). However, the effects are not additive (p-value of interaction term is significant

8.4x1073) and presence of both moderately recovers SVR rate.

Stratifying the patients by presence and absence of valine at the three sites of NS2 132,
NS3 67 and NS5B 150, patients carrying non-valine residues at all three sites had the highest
SVR rate (94%=140/149). Carrying any one of these putative RAS individually reduced SVR
rate significantly (Figure 3.6) as well as any combinations of them. Patients carrying valine

only at NS2 132 and NS3 67 had the lowest SVR rate (50%=7/14).

NS2 132 NS3 67 NS5B 150 P value SVR Rate (n)
non-V non-V non-V - NA 94% (140/149)
\% non-V non-V —_— 4.2e-05 69% (22/32)
non-V \% non-V —_—— 0.0029 86% (88/102)
non-V non-V \% —_—— 0.0046 79% (58/73)
Y, \% non-V —_— 2.4e-06 50% (7/14)
v non-v v — 0.01 79% (22/28)
non-v v \Y% — 1.3e-05 76% (59/78)
v Y Y, —_— 1.6e-06 56% (14/25)

log(odds ratio)

Figure 3.6: Covariation between the 3 putative RAS and their association with outcome.
Combinations tested are listed in the table on the left. The squares show the estimated effect
size (log(ORY)) for each variable and the lines show its 95% confidence interval and the P value
of the association is shown on the right alongside the SVR Rate for patients infected with virus
harbouring these putative RAS combinations.
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3.5.7 Replication cohort

The impact of the putative RAS was tested in a replication cohort of 144 patients infected
with gt3a HCV. All patients had cirrhosis and 75% (107=/144) were treated with SOF and
an additional NS5A inhibitor such as Daclatasvir, ledipasvir or velpatasvir, the remaining 37
patients were either treated with SOF + RBV or SOF + RBV + PEG-IFN. This cohort has a
much smaller sample size and many of the patients had received other DAAs in combination
with SOF (unlike BOSON in which patients received DAA mono-therapy of SOF) which will
reduce the likelihood of replication. Since the direction of the effect tested was known, a one-
sided test was used for this analysis. NS2 119A (P=0.045) and the combination of NS2 119A
and NS5B 150V were nominally associated with SVR (P=0.034) in the replication cohort.
None of the other individual novel RAS or combinations was significantly associated with SVR
in this cohort, however the effect size magnitudes and directions were consistent for three out

of the four sites (Figure 3.7 and Figure 3.8).
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Cohort and RAS P-value SVR Rate (n)
BOSON NS2 119A = : 0.00052 59% (13/22)
Replication NS2 119A 0.045 62% (5/8)
BOSON NS2 132V —e 1.1e-05 66% (66/100)
Replication NS2 132V = 0.075 75% (18/24)
BOSON NS3 67V —.— 0.00047 T7% (171/222)
Replication NS3 67V . 1 859 (34/40)
BOSON NS5B 150V —.— 0.0049 75% (153/204)
Replication NS5B 150V = 0.12 80% (37/46)
[ I I I I
-3 -2 -1 0 1

Figure 3.7: Association between the presence of putative RAS and outcome in BOSON
and replication Cohort. The Cohort and putative RAS is shown on the right. The squares
show the estimated effect size (log(OR)) for each variable and the lines show its 95% confi-
dence interval and the P value of the association is shown on the right alongside the SVR rate

log(odds ratio)

of patients infected with virus harbouring these mutation combinations.
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Cohort NS2 132 NS367 NS5B 150 P value SVR Rate (n)

BOSON  non-V non-V non-V . NA 94% (140/149)

Replication  non-V non-V non-V l NA 91% (41/45)
BOSON \% non-V non-V —a— 4.2e-05 69% (22/32)
Replication \V non-V non-V [ i 0.13 78% (7/9)
BOSON non-V \Y non-V —— 0.0029 86% (88/102)
Replication  non-V \Y non-V [ —= | 1 94% (15/16)
BOSON  non-V  non-V v — . 0.0046 79% (58/73)
Replication  non-V non-V \ —— 0.095 80% (20/25)
BOSON \% \% non-V —_—— 2.4e-06 50% (7/14)
Replication v v, non-v " - — 0.075 71% (5/7)
BOSON v non-v v — 0.01 79% (22/28)
Replication \% non-V \% [ — 0.034 60% (3/5)
BOSON non-V \% \% —— 1.3e-05 76% (59/78)
Replication  non-V Vi Vi S S — 0.25 85% (11/13)
BOSON v v v —_—— 1.6e-06 56% (14/25)
Replication v v Y% . NA 100% (3/3)

[ T T T T |

-6 -4 -2 0 2 4

log(odds ratio)

Figure 3.8: Covariation between the 3 putative RAS combinations and their association
with outcome in both the BOSON and Cirrhosis cohort. Combinations tested are listed in
the table on the left. The squares show the estimated effect size (log(OR)) for each variable
and the lines show its 95% confidence interval and the P value of the association is shown
on the right alongside the SVR rate of patients infected with virus harbouring these mutation
combinations. The combination of NS2 132 V, NS367V and NS5B 150V is not shown for the
cirrhosis cohort as it was not present in any sequences.

3.5.8 Within Host Viral Diversity and its Effect on Outcome

The NGS data for each sample was used to calculate nucleotide diversity for each site across
the whole genome which was then averaged to estimate a single value per genome or gene
of interest. A logistic regression was performed to investigate the effect of diversity across the
genome and of individual genes on treatment outcome, the possible confounders identified
earlier (Figure 3.1) and the host and viral PCs were all included as cofactors. No significant
associations were found between either genome-wide diversity, individual gene diversity or
diversity at putative or previously reported (NS2 119, 132, NS3 67, NS5B 150, 159, 184, 282,
316, 320 and 321) RAS and treatment outcome (Supplementary Table B.1 and Supplementary
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Table B.4).

Shannon entropy was also used to investigate amino acid diversity across the entire poly
protein (Figure 3.9), each protein and at each putative and previously reported RAS site and
their association with SVR using the same logistic regression model. No significant difference
in Shannon entropy was detected at these sites in association with SVR (Supplementary Table

B.2 and Supplementary Table).
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Figure 3.9: Amino acid Shannon Entropy across HCV polyprotein for patients who
achieved and did not achieve SVR. Shannon entropy for each site in the HCV polyprotein
was calculated for each patient and then averaged across for the whole cohort. A generalised
additive model was used to create the smoothed line for each group.

3.5.9 Novel resistance associated substitutions effect on response to therapy

To understand the relevance of these putative RAS on patients response to therapy the impact
of these novel RAS on the viral load reduction during therapy was investigated. The reduction
in viral load was calculated by subtracting the log10 Wk1 VL from the Log10 BL Viral load
and the difference in mean reduction between patients with and without RAS at each site
and in combination was calculated. Differences in means were then tested using a Wilcoxan
test (Figure 3.10A). At all of the sites, the mean reduction in viral load was smaller for RAS

relative to non-RAS residues. The reduction in viral load was nominally significant for patients
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whose virus carried RAS at sites NS2 119 (P=0.013), NS2 132 (P=0.018) or NS3 67 (P=0.029)
relative to those whose virus did not carry the RAS. The NS3 67V also resulted in a smaller
reduction of viral load, however the p value is not significant (P=0.057). NS5B 150V had no
impact on reduction of log10 viral load from BL to Wk1 of therapy (P=0.317). The impact of
the total number of RAS carried by each patient on the viral load reduction was also significant
(linear regression, P=0.006, Figure 3.10B). The presence of valine at the two sites of NS2 132
and NS3 67 and non-valine at NS5B150 resulted in the smallest reduction in viral load during

therapy (P=0.00091, Supplementary Figure 3.10C).

A V-GWAS was performed using a linear regression model with Log10 reduction in VL as
the response variable and the presences or absence of every variable amino acid in the HCV
genome was performed. The same co-variables identified in figure 3.1 were used. There
were no significant associations using a 15% FDR (Table B.6). However, NS2 119A had the
smallest P value and NS2 132V had the fifth smallest. This shows that the RAS associated

with viral outcome also have a effect on the initial response to therapy.
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Figure 3.10: Reduction in log10 viral loads between baseline and week 1 of therapy.
A) Viruses carrying individual novel RAS. B) Viruses carrying increasing numbers of
novel RAS. C) Viruses carrying specific combinations of novel RAS The mean change
in viral load is shown in black for each group of patients with confidence intervals calculated

Reduction in Log10 Viral Load

using bootstrapping. P values for difference in mean calculated using Wilcoxan tests.
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3.5.10 Prevalence and enrichment of resistance associated substitutions in

post treatment sequences

91 patients in this cohort trial did not achieve SVR, from these 73 whole genome consen-
sus sequences from plasma samples taken at 12WPT were assembled. These consensus
sequences where scanned for the presence of previously reported SOF RAS. NS5B 159F
was detected in four sequences. This represents a significant change in the distribution of
this RAS in the post treatment sequences relative to the baseline sequences (binomial test,
P=1.65x10). The NS5B RAS 282T, 316H/N 320F and 321A were not detected in any of the
post treatment consensus sequences. On analysis of the deep sequencing data the 159F
RAS was detected in two additional 12WPT samples as minor variant (<15% of reads). The

321A RAS was detected at very low frequencies (<1% of reads) in two samples.

The distribution of amino acids at the sites identified as putative RAS in this study were
investigated in the 12WPT sequences. A binomial test was performed to identify changes
in the distribution of RAS at these sites between the baseline population and the 12WPT
sequences (Table 3.3). NS2 132V (P=1.94x102), NS3 67V (P=2.33x102) and NS5B 150V
(P=8.77x10%), were significantly enriched in the 12WPT sequences. The majority of these
putative RAS were present at baseline and were carried forward to the post-treatment isolates
suggesting that the increase in prevalence is due to enrichment of pre-existing polymorphisms
rather than substitutions during therapy. However, this was not the case for the previously

reported NS5B 159F, where three of the four RAS had developed during therapy.

To identify any additional treatment emergent RAS, the same binomial test was performed
for every site across the viral genome. Using a 15% FDR no amino acids were significantly
enriched in the 12WPT samples (Table B.5). However, the L159F and the 150V RAS in the

NS5B were the first and third most enriched amino acids across the whole genome.
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Proportion of RAS at 12WPT
Prevalence at BL Prevalence at 12WPT

Protein RAS p value not present at BL

% (n) % (n)

% (n)

NS5B 159F 0% (0/422) 4% (3/67) 5.69x10-4 100% (3/3)
NS5B 150V 42% (176/424) 61% (41/67) 9.08x10-4 7% (3/41)
NS2 132V 19% (81/427) 31% (21/67) 1.05x10-2 0% (0/21)
NS2 119A 4% (18/428) 9% (6/67) 6.31x10-2  16% (1/6)
NS2 1191 1% (4/428) 1% (1/67) 4.68x10-1 0% (0/1)
NS2 119M 4% (18/428) 4% (3/67) 5.41x10-1 6% (1/18)
NS3 67V 39% (170/428) 55% (37/68) 1.04x10-2 0% (0/37)
NS4B 2331 5% (21/428) 10% (7/67) 4.62x10-2  14% (1/7)

Table 3.3: Prevalence of most enriched amino acids between baseline (BL) and 12 weeks
post treatment (12WPT) at existing RAS sites or putative RAS sites.

3.5.11 Patients who experienced an on treatment viral breakthrough

For the majority of patients who did not achieve SVR, the virus reached undetectable levels
during treatment and rebounded post-treatment. However, three patients experienced a viral
breakthrough i.e. viral load did not reach undetectable levels or rebounded to detectable levels
whilst on treatment (Figure 3.11). Two patients withdrew from the trial after viral breakthrough,
therefore post breakthrough samples were not available for these patients. Sequencing was
attempted on all viraemic samples and reads were mapped to the baseline sequence from the
respective patients. Whole genome HCV sequences were retrieved for patient sP126297 at
week one of therapy and for patient sP114734 at Week 12 of therapy, 4, 12 and 24 weeks
post treatment time points and no whole genome sequences were assembled for patient
sP145389. No previously characterised RAS were detected for either patients at any time
points. However, patient sP114734 did have NS2 132V, NS3 67V and NS5B 150V and patient
sP126297 had NS2 119A at all successfully sequenced timepoints.
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Figure 3.11: Viral dynamics of patients who experienced an on treatment viral break-
through. 3 of the 91 patients who where failed by treatment experienced an on-treatment
breakthrough. The Viral load for these patients at each timepoint is shown in IU/ml is shown
on a logarithmic scale

3.6 Discussion

This is the first systematic, hypothesis free and comprehensive investigation of the viral deter-
minants of treatment outcome in a large cohort of HCV gt3a infected patients treated with SOF
DAA mono-therapy. NGS technologies were used to generate whole genome HCV consensus
sequences as well as within-patient viral diversity data before and after treatment. The impact
of previously reported SOF RAS on treatment outcome was investigated and genome wide
association studies were used to test for association between all HCV amino acid sites and
treatment outcome correcting for human and virus population structures by using PCs of the
host and virus genome-wide data. V-GWAS was also used to test for associations between
HCV amino acids and Treatment response and for the enrichment of HCV amino acids after
treatment. This approach identified potential SOF RAS outside the NS5B protein for the first

time and could be applied to other cohorts for other antiviral drugs.
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Traditionally, resistance sites have been identified by comparing baseline sequences to
post treatment failure sequences to identify changes in a specific protein which is believed to
be the target of the drug [101]. These RAS are then tested using in-vitro assays to determine
their impact on viral replication in cell culture. This method has identified SOF RAS such as
NS5B 282T which are treatment emergent and tend to be transient due to their high fitness
cost to the virus [165]. This methodology has two drawbacks. Firstly, it cannot detect wild
type polymorphisms that potentially interact with the drug and contribute to the treatment
response. Secondly, virus replication and production happens due to complex interactions
between viral proteins and polymorphism in other viral protein could impact on the treatment
outcome, which will be ignored if only the target protein is investigated. This genome-wide,
hypothesis free approach has successfully identified common polymorphisms in NS2 and NS3
proteins which are present in wild type HCV and are associated with treatment outcome that
would not normally be identified. It has also successfully identified treatment emergent RAS

such as L159F.

Strong evidence that common polymorphisms in HCV NS2 and NS3 proteins modify SOF
treatment response has been identified for the first time. Given the complex interactions
among the HCV proteins as well as with host proteins, it should not be surprising to see poly-
morphisms in proteins other than NS5B (which is the target of SOF) to impact on treatment
outcome. The identified polymorphisms in NS2 and NS3 proteins could impact SOF treatment
through modifying their interactions with NS5B protein in presence of SOF. The function of the
NS2 protein in the viral lifecycle is not as well understood as other proteins. It's exclusion
from HCV replicons demonstrate it is not required for replication [134] but there is evidence to
suggest it interacts with other viral proteins and has a role in virus assembly [166]. NS2 119,
NS2 132 and NS3 67 are all found in the NS2-3 protease which is responsible for the cleavage
of NS2-3, but they are not found near the active site [167]. At all of the four investigated sites,
valine residue is either the resistant residue or the most common residue and all the residues
found at these sites are small hydrophobic molecules. This combined with the fact they are
all commonly found in gt3a virus suggest the substitutions do not have a large effect on the
structure of these proteins. However, further investigation is required to deduce the mech-
anism of action of these sites and their impact on SOF treatment. All the patients received
ribavirin as well as SOF and another explanation for association os sites in the NS2-3 protase

could be ribavirin resistance. However, none of these sites have been previously identified
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when ribavirin resistant viruses have been selected [168, 169], and ribavirin resistance isn’t

commonly observed in patients.

The impact of the novel RAS was studied in an independent cohort made up of primarily
of patients who are treated with other DAAs such as NS5A inhibitors such as Daclatasvir or
Ledipasvir as well as SOF. The association between treatment outcome and three of the four
putative sites were not statistically significant in the replication cohort, however the direction
and estimated effect sizes were consistent with the BOSON study. It is important to note that
this is not an ideal replication cohort as the BOSON study was a SOF DAA mono-therapy
where as in the replication cohort used other DAAs as part of the treatment regime. These
other DAAs will interfere with other aspects of HCV life cycle and reduce the observed effect of
any SOF RAS. Additionally, the reduced sample size (144 patients) will also reduce the power

for detecting associations.

In studying the impact of the novel RAS on reduction of viral load from baseline to week one
of therapy, it was identified that all four on average resulted in smaller reductions in viral load.
As viral load is a surrogate for viral replication and production, its reduction during therapy is
an independent measure that can inform whether these putative RAS have an impact on SOF

treatment.

In conclusion, this data show that common HCV gt3a polymorphisms are associated with
SOF treatment outcome, which until now has been thought of having high barrier to resis-
tance. Assessing these polymorphisms may be useful in directing therapy duration and type
for difficult to treat patients such as those with advanced cirrhosis or those who have failed
DAA therapy previously. SOF is usually used in combination with NS5A inhibitors and it is
known that RAS to NS5A inhibitors are common in baseline HCV sequences. The addition of
a polymorphism that reduces the impact of SOF especially in difficult to treat groups maybe

important in deciding the duration and the combination of drugs required to achieve a SVR.
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3.7 Summary of key findings

* First comprehensive use of Next Generation Sequencing and Viral Genome Wide Asso-

ciation Studies to identify viral determinants of outcome in HCV infection.

NS5B L159F only treatment emergent RAS identified.

Identification of novel viral substitutions outside the NS5B protein associated with sofos-

buvir treatment outcome and treatment response.

Viral diversity was not associated with treatment outcome.
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Chapter 4

Effect of resistance associated
substitutions on the retreatment of
Hepatitis C Virus infected patients
with prior failure to direct acting
antiviral therapy using sofsobuvir,

velpatasvir and voxilaprevir
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4.1 Abstract

Background and Aims: SVR rates to first-line DAA therapy routinely exceed 95%. However,
a small number of patients require retreatment. Sofosbuvir/Velpatasvir/Voxilaprevir (SOF/VEL/VOX)
is a potent DAA combination primarily used for the retreatment of patients failed by first line
DAA therapies. Previous studies have shown that SOF/VEL/VOX has reduced effectiveness
in gt3 infected individuals. This chapter evaluates virologic outcomes and the effects of RAS

in the largest real-world cohort of gt3 infected patients, retreated with SOF/VEL/VOX to date.

Methods: Whole genome, next-generation sequencing of HCV using target enrichment was
performed on 348 patients following virologic failure with DAA treatment regimens in the UK.
Patients were retreated with 8-24 weeks of SOF/VEL/VOX, GLE/PIB or SOF/VEL + RBV. HCV
subtypes were assigned and RAS relevant to each genotype were identified (15% read cut-off)

using a bespoke pipeline based on HCV-GLUE.

Results: Of the 348 patients prior to retreatment, HCV subtypes 1a (39%, n=136) and 3a
(39%, n=136) were the most common. RAS against NS5A inhibitors were the most frequently
detected RAS (68%, n=147). Treatment outcomes are currently known for 162 patients. 144
of these patients were retreated with SOF/VEL/VOX and for these patients the overall re-
treatment SVR12 rate was 90% (129/144). The SVR rate for non-gt3 infected patients was
96% (79/82) whereas the SVR for gt3 infected patients was significantly lower 81% (50/62)
(p = 0.002). On univariate analysis cirrhosis (p = 0.01) was also significantly associated with
retreatment failure. Patients infected with gt3, cirrhosis and who have been previously treated

with a pangenotypic regimen have a retreatment SVR rate of 67%.

Conclusions: This work shows that retreatment outcomes for patients failed by first-line DAA
therapy is good for non-gt3 patients. For gt3 infected patients particularly ones failed by pan-
genotypic regimens SVR rates were significantly lower and alternative treatment regimens

such as GLE/PIB + SOF should be considered for gt3 infected patients.
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4.2 Background

SVR rates for patients treated with second or third generation generation DAA therapies in
clinical trials and real world cohorts are often >95% [156, 170, 171]. Failure of treatment
is associated with multiple factors including; advanced fibrosis or cirrhosis and the presence
of RAS [62]. The subtype of HCV with which the patient is infected is also known to have
an effect on treatment outcomes; gt4r, gt3b and gt1l all have reduced susceptibility to NS5A
inhibitor containing regimens such as SOF/LED or SOF/VEL [69, 97]. This leaves a small sub-
section of HCV-infected patients who have been failed by first-line therapies and are therefore
by definition "difficult to treat”. Additionally retreatment of the patient population may be more
difficult, as treatment failure commonly leads to the development of treatment emergent RAS
which have been shown to persist for years after treatment failure [88]. For patients who
have been failed by second generation DAA therapies such as SOF/LED, DCV + SOF or
OMB/PTV/r+/-DAS, the option of third generation treatments such as SOF/VEL or GLE/PIB is
available, with the additional options of adding in ribavirin and extending therapy. For those
who have been failed by third generation therapies the options are limited, to SOF/VEL/VOX
which is the currently the only recommended retreatment option for these patients [51, 130].
Retreatment options for patients with decompensated cirrhosis are further limited regardless
of the first-line therapy, as these patients do not tolerate treatment with NS3 protease inhibitors
[51], for these patients SOF/VEL + RBV is the only pangenotypic regimen available and in this

setting treatment extension to 24 weeks should be considered.

Retreatment of patients previously failed by DAA therapy with SOF/VEL/VOX has been
evaluated in both the POLARIS-1 and POLARIS-4 phase-Il and Il studies [87], with SVR rates
in excess of 95%. In these trials 46% of the patients had cirrhosis and 49-83% had detectable
RAS before retreatment. SOF/VEL/VOX showed a very high SVR rate in gt1 infected patients
(97% SVR); however a higher virologic failure rate in gt3 patients was observed (95% SVR).
These trials lead to the recommendation of SOF/VEL/VOX as a retreatment regime by both
EASL and AASLD for patients with compensated cirrhosis. There have been some studies
looking into the observed real-world outcomes of SOF/VEL/VOX retreatment, in both the US
and Europe. The largest cohort (n=573) was from the US and reported by Belperio, et al,

[172]. This showed SVR rates of 90.7% (429/473), 90.0% (18/20), 91.3% (42/46) and 100.0%
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(12/12) for genotypes 1-4, respectively. Degasperi, et al, reported a SVR rate of 96% in a
cohort of 179 ltalian patients, with cirrhosis and HCC being associated with treatment failure
[173]. However, Llaneras, et al, reported a Spanish cohort of 137 patients retreated with
SOF/VEL/VOX. The overall SVR rate was 95%, although SVR12 was lower in patients with
cirrhosis (89%, p = 0.05) and those with gt3 infection (80%, p <0.001) and patients with gt3
infection and cirrhosis had the lowest SVR12 rate (69%) [174].

Despite these studies there is a lack of data from the real world setting on the prevalence
of RAS amongst patients not achieving SVR with first line DAA treatment, in particular follow-
ing unsuccessful therapy with a third generation DAA containing treatment. Additionally the
potential impact of RAS on SOF/VEL/VOX outcomes, has not been explored. These data are

urgently required to inform optimal retreatment strategies.

4.3 Aims

The aim of this work is to investigate the prevalence of RAS in 348 patients who have not
been cured by first line DAA therapy in the UK. Then to investigate the effect of RAS and
other clinical features on the retreatment of 162 patients with GLE/PIB, SOF/VEL + RBV and
SOF/VELVOX.

4.4 Methods

4.4.1 Subjects and samples

Blood samples and clinical data were collected by HCV Research UK on 111 patients who
were treated with first line therapies unsuccessfully and about to undergo retreatment for HCV
infection. 237 samples were submitted to Public Health England (PHE) for resistance testing,
prior to retreatment, this data was collected as part of PHE’s HCV antiviral resistance testing

service.
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Inclusion criteria

« Patient previously failed interferon free DAA treatment and retreated with GLE/PIB, VEL/SOF
+ RBV or SOF/VEL/VOX.

* Plasma sample available from before retreatment.

+ Clinical dataset available for patient.

Exclusion criteria

+ Patients included in both HCVRUK and PHE Cohort and this duplication is unresolvable.

()

Patients with
L sequencing data J

Y Y Y Y
105 215 13 14
Clinical data missin Retreated with Retreated with Retreated with
9 SOF/VEL/VOX SOF/VEL + RBV GLE/PIB
Y
144 8 10
Available outcomes Available outcomes Available outcomes

Figure 4.1: Data availability for each retreatment regimen used in a cohort of 348 pa-
tients failed by first-line DAA therapy.
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4.4.2 HCV sequencing

The viral sequencing of these samples was completed at the Peter Medawar Building and
Wellcome Trust Centre for Human Genetics in Oxford, the Centre for Virus Research in Glas-
gow and P in Colindale, London. Details of how the HCV sequencing was completed in Oxford

can be found in chapter 2 section 2.4.2.

Viral sequencing at Centre for Virus Research in Glasgow

RNA was isolated from 200 pL of plasma using the RNAdvance Blood extraction kit (Beckman
Coulter, Brea, CA, United States) and collected in 27 nL of water. Following conversion of RNA
to double-stranded DNA, libraries were prepared for lllumina sequencing using the KAPA DNA
LTP Library Preparation Kit (Roche, Basel, Switzerland), and NEBNext Multiplex Oligos for
lllumina (New England Biolabs, Ipswich, MA, United States). Libraries were quantified using
Qubit dsDNA HS Assay Kit (Invitrogen, Carlsbad, CA, United States) and size distribution
assessed using Agilent TapeStation with D1K High Sensitivity Kit (Agilent, Santa Clara, CA,
United States); libraries were normalised according to viral load and mass. A 500 ng aliquot
of the pooled library was enriched using SeqCap EZ Developer Probes (Roche), following
the manufacturer’s protocol. Following a 14 cycle post-enrichment PCR, the cleaned pool
was sequenced with 151-base paired-end reads on a NextSeq cartridge (lllumina, San Diego,
CA, United States). Reads were trimmed and filtered using TrimGalore [175] with quality
threshold 30 and minimum read length 75. The most appropriate HCV reference sequence
was identified via a k-mer-based approach, using k-mers unique to each genotype. BAM files

were generated by mapping against the best-matching HCV reference using Tanoti [176].

Viral sequencing at Public Health England in Colindale

The PHE library preparation protocol is the laboratory component of a pipeline aimed at clinical
use; a manuscript describing the full pipeline is in preparation. RNA was extracted from
350 uL of plasma using the NUCLISENS easyMAG system (bioMerieux). Total eluates were
subjected to Turbo DNAse treatment (Thermo Fisher, Waltham, MA, United States) followed by
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library preparation using KAPA RNA HyperPrep kit (Roche). Libraries were pooled based upon
DNA concentration and HCV quantity, assessed using the Quant-iT kit on the Glomax platform
(Promega, Madison, WI, United States) and the Qiagen QuantiTect kit with primers and probes
from Davalieva et al. [177]. Pools were enriched by hybridisation to a biotinylated probe set
(Integrated DNA Technologies, described by Bonsall et al. [35]) followed by further PCR cycles
depending upon HCV quantity. The two pools were pooled, again by concentration and HCV
quantity. The final pool was quantified using the KAPA SYBR FASTA gPCR kit (Roche) on a
PRISM 7500 (Applied BioSystems, Foster City, CA, United States) before being sequenced
on a MiSeq using Reagent kit v2 (lllumina). Human reads were filtered out from trimmed
FASTQ files using SMALT [178], remaining reads were then assembled using VICUNA de
novo assembly [144]. Contigs were matched to HCV reference genomes using BLAST [179]
and gaps filled using LASTZ [180] to generate a draft assembly. Reads were then mapped to
the draft assembly with BWA [142].

4.4.3 HCV sub-typing and resistance associated substitutions calling with
HCV-GLUE

HCV subtypes were assigned and NS3, NS5A and NS5B RAS relevant to each genotype were
identified (15% of reads cut off) using HCV-GLUE and RAS definitions provided by PHE (Ta-
bles 1.5, 1.6 and 1.7). HCV GLUE is a resource created as part of the STOP-HCV consortium
based on the GLUE (Genes Linked by Underlying Evolution) platform [181]. HCV-GLUE uses
the ICCT HCV reference sequences and a database of publicly available HCV sequences, to
construct phylogenies using RAXML to assign sequences to HCV clades, it also contains a
database of HCV RAS created by PHE and this is used to identify RAS relevant to the HCV
genotype and subtype. The web version of HCV-GLUE only accepts consensus HCV se-
quences as an input, however the offline version is capable of accepting BAM files and using

the data to identify low frequency viral variants [176].

104



4.5 Results

4.5.1 HCV genotypes and prevalence of resistance associated substitutions

in patients prior to retreatment

Whole genome HCV sequences were obtained from 348 patients prior to retreatment. HCV
subtypes 1a (39%, n=136) and 3a (39%, n=136) were the most common; the remaining se-
quences included 26 subtypes within gt1, gt2, gt3, gt4 and gt6 (Figure 4.2). Five sequences
gt1, one gt2, one gt3 and one gt4 could not be assigned to subtypes, and potentially represent

novel subtypes.

40% -
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Percent of Cohort

10%-

14 13 9
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HCV Subtype

Figure 4.2: HCV Subtypes of the 348 patients failed by first-line DAA therapy. The per-
centage prevalence of each subtype within the cohort (n=348) of patients failed by first-line
HCV DAA therapy is shown broken down by the HCV genotype. Sequences which could not
be assigned to subtypes have been labelled with the respective genotype. *This sequence
clusters with the unassigned reference sequence 1KJ439779.

RAS relevant to each sequence’s respective genotype were called using HCV-GLUE. 88%
(n = 315) of patients had a detectable (15% of reads cut off) RAS to a DAA. 59% (n = 206),
70% (n = 242) and 38% (n = 132) of patients had NS3, NS5A and NS5B RAS respectively. The
prevalence of individual RAS is shown in Figure 4.3. A total of 822 RAS were detected in the

348 samples. Low frequency RAS were rare, 84% of RAS are found in >95% of sequencing
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reads from the respective samples. Across the whole cohort the most prevalent RAS was
the NS5A RAS Y93H being detected in 23% (n=81) of patients, interestingly it was most
prevalent in the gt3a 41% and gt1b 57% viruses. However, in gt1a infected patients Q30R
was the most prevalent. The HCV subtypes gt3b and gt4r are known to commonly carry the
RAS A30K+L31M and M28V+R30R+L31M respectively, and this is reflected in the high RAS
prevalence numbers in these subtypes. gt3b and gt4r are also the only two subtypes where

the NS5B S282T RAS is detected.
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Figure 4.3: The prevalence of individual resistance associated substitutions in a cohort
(n=348) of patients failed by first-line HCV DAA therapy. The percentage prevalence of
RAS (15% of reads cut off) in each subtype with more than 5 samples available is shown.
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4.5.2 Clinical characteristics of patients prior to retreatment

Retreatment outcomes were available for 162 patients. The majority (n=144) of patients where
retreated with SOF/VEL/VOX, 10 patients where retreated with GLE/PIB and 8 where re-
treated with SOF/VEL + RBV. A breakdown of their clinical characteristics by retreatment
regimen can be found in table 4.1. 45% of patients had liver cirrhosis with 5% having decom-
pensated cirrhosis. 13% had a prior liver transplant and 10% had HCC. A higher proportion
of patients retreated with SOF/VEL + RBV had decompensated cirrhosis (62% vs 5%); this
is to be expected as protease inhibitors are not recommend for patients with decompensated

cirrhosis.

A further breakdown of the clinical characteristics of the patients treated with SOF/VEL/VOX
by genotype, revealed significant differences between the pre retreatment characteristics of
different patients (Table 4.2). The main differences were the previous treatment regimens and
the presence of RAS, this is to be expected though as treatments are guided by the genotype

of HCV the patient is infected with and RAS are often genotype specific.
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GLE/PIB SOF/VEL + RBV SOF/VEL/VOX

Demograhics

Age 58 (23-67) 56 (40-69) 56 (26-81)
Male 9/10 (90) 6/8 (75) 121/144 (84)
Female 1/10 (10) 2/8 (25) 22/144 (15)

Disease State

Cirrhosis 8/10 (80) 8/8 (100) 58/144 (40)
Decompensated cirrhosis  0/8 (0) 5/8 (62) 4/58 (7)
Prior HCC 1/10 (10) 2/8 (25) 14/144 (10)
Prior Liver Transplant 0/10 (0) 1/8 (12) 12/144 (8)

Pretreatment Viral Load  1.72x10° (2.95x105-2.6x108) 2.07x107 (9.48x102-1.6x108) 4.55x105 (2.21x103-8.5x107)

Previous Treatment

SOF/LDV 4/10 (40) 6/8 (75) 35/144 (24)
SOF/VEL - - 17/144 (12)
GLE/PIB - - 19/144 (13)
DCV + SOF - - 19/144 (13)
EBR/GZR - - 12/144 (8)
OBT/PTVr +/- DAS 1/10 (10) - 25/144 (17)
SOF 3/10 (30) 2/8 (25) 8/144 (6)
Unknown - - 9/144 (6)

Presence of RAS

None 4/10 (40) 2/8 (25) 43/144 (30)
NS3 1/10 (10) - 10/144 (7)
NS5A 1/10 (10) 4/8 (50) 30/144 (21)
NS5B - 2/8 (25) 17/144 (12)
NS3 + NS5A 3/10 (30) - 12/144 (8)
NS5A + NS5B 1/10 (10) - 31/144 (22)
NS3 + NS5A + NS5B - - 1/144 (1)
Genotype

gt 1 6/10 (60) 3/8 (38) 66/144 (46)
gt2 - 2/8 (25) 3/144 (2)
gt3 3/10 (30) 3/8 (38) 62/144 (43)
gt4 1/10(10) - 10/144 (7)
gte - - 3/144 (2)

Table 4.1: Clinical characteristics of 162 patients with clinical outcomes prior to re-
treatment with GLE/PIB, SOF/VEL + RBV or SOF/VEL/VOX. *Subtype unknown, Da-
clatasvir (DCV), Sofosbuvir (SOF), Glecaprevir (GLE), Pibrentasvir (PIB), Grazoprevir (GZR),
Elbasvir(EBR), Ledipasvir(LDV), Paritaprevir (PTV), Ombitasvir (OBV) Ritonavir (r), Dasabuvir
(DAS), Velpatasvir (VEL).
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gt1 gt2 gt3 gt4 gté
Demographics
Age 54 (26-80) 64 (49-71) 57 (39-80) 62 (44-81) 27 (27-62)
Male 86% (56/65) 67% (2/3) 85% (53/62) 70% (7/10) 100% (3/3)
Female 14% (9/65) 33% (1/3) 15% (9/62) 30% (3/10) -

Treatment Length

<8 Weeks
8 Weeks

12 Weeks
16 Weeks
24 Weeks

2% (1/66)
15% (10/66)
76% (50/66)
2% (1/66)
6% (4/66)

67% (2/3)

33% (1/3)

2% (1/62)
13% (8/62)
77% (48/62)
3% (2/62)
5% (3/62)

10% (1/10)
90% (9/10)

67% (2/3)

33% (1/3)

Disease State

Cirrhosis
Decomp

HCC

Liver Transplant

Viral Load

24% (16/66)

0% (0/16)

9% (6/66)

3% (2/66)
5.0e+06
(3.6+03-2.7e+07)

67% (2/3)
0% (0/2)

0% (0/3)

33% (1/3)

1.3e+06
(4.2+05-2.1e+06)

60% (37/62)

11% (4/37)

13% (8/62)

15% (9/62)
3.1e+06
(2.26+03-2.9e+07)

30% (3/10)

0% (0/3)

0% (0/10)

0% (0/10)

1.4e+07
(2.1e+04-8.5e+07)

0% (0/3)
0% (0/0)
0% (0/3)
0% (0/3)
1.4e+06
(2.3e+04-2.1e+06)

Previous Treatment

SOF/LDV 38% (25/66) - 10% (6/62) 40% (4/10) -
SOF/VEL 2% (1/66) - 26% (16/62) - -
GLE/PIB 2% (1/66) - 24% (15/62) - 100% (3/3)
DCV + SOF - - 31% (19/62) - -
EBR/GZR 15% (10/66) - - 20% (2/10) -
OBT/PTVr +/- DAS 32% (21/66) - 2% (1/62) 30% (3/10) -
SOF 2% (1/66) 100% (3/3) 6% (4/62) - -
Unkown 11% (7/66) - 2% (1/62) 10% (1/10) -
Presence of RAS
NS3 15% (10/66) - - - -
No RAS 29% (19/66) 33% (1/3) 23% (14/62) 60% (6/10) 100% (3/3)
NS3 + NS5A 17% (11/66) - 2% (1/62) - -
NS5A + NS5B 9% (6/66) - 40% (25/62) - -
NS5A 29% (19/66) 67% (2/3) 11% (7/62) 20% (2/10) -
NS5B 2% (1/66) - 23% (14/62) 20% (2/10) -

NS3 + NS5A + NS5B

2% (1/62)

Table 4.2: Clinical characteristics of 144 patients prior to retreatment with SOF/VEL/VOX
split by genotype. Daclatasvir (DCV), Sofosbuvir (SOF), Glecaprevir (GLE), Pibrentasvir
(PIB), Grazoprevir (GZR), Elbasvir(EBR), Ledipasvir(LDV), Paritaprevir (PTV), Ombitasvir
(OBV) Ritonavir (r), Dasabuvir (DAS), Velpatasvir (VEL).

109



4.5.3 Retreatment outcomes

The SVR rates for patients treated with GLE/PIB and SOF/VEL + RBV were 90% and 88%
respectively with only one failure in each group. Full details of each patient can be found in
Supplementary Table C.1. One patient was infected with gt2b and one gt1a, both patients had

cirrhosis and both experienced a post treatment relapse.

The overall SVR rate for patients retreated with SOF/VEL/VOX was 91%. For gt3 infected
patients the SVR Rate was only 81% compared to 97% for non-gt3 infected patients; this rep-
resents a statistically significant difference (P=0.002). The majority of patients who did not
achieve an SVR experienced a post treatment relapse (n=10). Interestingly, one patient ex-
perienced an on-treatment breakthrough, two more were non-responders and this information

was not recorded for the two other patients.

A breakdown of the clinical factors associated with outcome can be found in Figure 4.4a.
The presence of Cirrhosis (p=0.01) and gt3 (p=0.009) infection were both significantly as-
sociated with outcome in the whole cohort. When a multivariable analysis is performed gt3
infection remains significantly associated with outcome (p=0.03), Cirrhosis is only nominally
associated (p=0.08). Both associations retain their negative direction. Of the 15 patients
who did not achieve a SVR, 12 were infected with gt3. When only gt3 infected patients are
analysed treatment for 24 weeks was the only variable significantly associated with outcome
(p=0.04) but only 3 patients received treatment for this long (Figure 4.4b). However, cirrhosis
still had a negative effect on outcome, 75% SVR rate for patients with cirrhosis vs 88% with-
out. When limited to patients who previously received an approved treatment for gt3 infection
(SOF/VEL, GLE/PIB and SOF +DCV, n=50) this number is even lower 67% vs 86% however
this is not significant(p=0.13). Interestingly, when patients are grouped by their previous regi-
men SOF/VEL, GLE/PIB or SOF + DCV cirrhosis seems to have the largest effect on patients
previously treated with SOF/VEL with only 42% of patients with cirrhosis achieving an SVR vs
100% for patients without cirrhosis (Figure 4.5).
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Figure 4.4: Univariate analysis of clinical factors associated with SVR rates for patients
retreated with SOF/VEL/VOX according to baseline and treatment characteristics. a)
Whole cohort (n=144). b) Genotype 3 infected patients (n=62). The SVR rate for each
variable is shown with the black dot with 95% confidence intervals shown, the SVR rate of the
whole cohort is shown with a dashed line. P values calculated using logistic regression, with
reference value shown for each variable.
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Figure 4.5: SVR rates of gt3 infected patients for patients previously treated with differ-
ent treatment regimes with and without cirrhosis. SVR rate for each group is shown with
95% confidence intervals shown, numbers in each group are shown on the top. Sofosbuvir
(SOF), Glecaprevir (GLE), Pibrentasvir (PIB), Velpatasvir (VEL).

4.5.4 Effect of resistance associated substitutions on SOF/VEL/VOX

retreatment

Among the 144 patients retreated with SOF/VEL/VOX, 70% (101/144) had detectable RAS
prior to retreatment. 16% had NS3 inhibitor RAS, 51% had NS5A inhibitor RAS and 34%
had SOF RAS. Of the 15 patients failed by SOF/VEL/VOX retreatment 12/15 had detectable
RAS prior to retreatment commencing (Supplementary Table C.1). Despite the high preva-
lence of RAS, the presence of a RAS in a particular protein or combination of proteins was
not significantly associated with outcome. When each RAS is looked at independently using
logistic regression the NS5A RAS A30K and Y93H were associated with retreatment failure
in the whole cohort (A30Kp = 0.02, Y93Hp = 0.01) (Table C.2). However, the A30K RAS is
unique to gt3 and the Y93H substitution was much more common in the gt3 patients. When
the analysis is limited to just the gt3 patients, the SVR rates for patients with these RAS were
still reduced A30K 71% and Y93H 78% but no longer significant (A30Kp = 0.2, Y93Hp =0.3).
Whilst individually the A30K and Y93H RAS is common, the combination of A30K + Y93H is
found rarely and is not associated with SVR in this cohort. No other RAS was significantly

associated with outcome in the whole cohort or within a specific genotype of patients.
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4.6 Discussion

This cohort represents both the largest cohort of patients retreated with SOF/VEL/VOX in
the UK and the largest cohort of gt3 infected patients retreated with SOF/VEL/VOX reported.
This work shows that retreatment of patients failed by first-line therapy with SOF/VEL/VOX is
very effective. However, patients with gt3 infection and cirrhosis do not respond as well to

SOF/VEL/VOX retreatment.

At present SOF/VEL/VOX is the only recommended retreatment regimen for patients pre-
viously failed by a NS5A inhibitor containing regimen. This data suggests that whilst this
recommendation is correct for non-gt3 infected patients, there is a need for an alternative
retreatment regimen for gt3 infected patients with cirrhosis and previous exposure to a third
generation DAA regimen. One current alternative to SOF/VEL/VOX for these patients is the off
label use of GLE/PIB + SOF, this combination has been shown to be effective in limited trials
[89] and could represent an effective retreatment option for gt3 patients with prior exposure
to SOF/VEL. Other options, include increasing the SOF/VEL/VOX treatment duration, adding
ribavirin and a controversial option could be the use of INF+RBV+SOF/VEL/VOX for these

patients as gt3 infected patients are known to have good response rates to INF.

The strength of this work is that it has a good representation of the real world patient
population that requires retreatment compared to that of clinical trials. However, this also leads
to a clinically heterogeneous cohort with a varied treatment history. For example, patients with
gt3 infection did not respond as well in this cohort. However, this observation is confounded
by the higher prevalence of cirrhosis, NS5A RAS and an increased likelihood of previous
treatment with a third-generation DAA regimen for patients infected with gt3. Multivariable
analysis using logistic regression, suggests that prior treatment with SOF/VEL or SOF + DCV
is the main explanatory variable, however most of the patients failed by these regimens were
infected with gt3 HCV. Our data showed that gt3 infected patients did not respond well to
SOF/VEL/VOX retreatment, and that if they have cirrhosis and had been previously treated
with SOF/VEL they did dismally with an SVR rate of only 42%. This is in line with the data
from Llaneras et al [174], which also showed a SVR rate of 81% for gt3 infected patients

and 69% for gt3 infected patients with cirrhosis. Other real world trials Belperio, et al, [172]
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and Degasperi, et al [173], showed SVR rates for gt3 infected patients comparable to that
of non-gt3. However, this cohort has a higher proportion of gt3 infected patients previously
treated with SOF/VEL, GLE/PIB or SOF + DCV, which could explain the discrepancies. These
findings are of particular interest in areas where gt3 infection is common, such as the UK and

South Asia [41].

This work shows that whilst retreatment outcomes for patients failed by first-line DAA ther-
apy is good for non-gt3 patients. For gt3 infected patients particularly ones failed by pan-
genotypic regimens SVR rates were significantly lower and alternative treatment regimens

such as GLE/PIB + SOF should be considered for gt3 infected patients.

4.7 Summary of key findings

Patients who have been failed by first line therapies, have a very high prevalence of RAS.

The presence of the NS5A RAS A30K or Y93H both result in reduced SVR rates.

Despite the high prevalence of RAS, retreatment SVR rates are high for non-gt3 with or

without cirrhosis.

Patients infected with gt3, cirrhosis and who have been previously treated with a pangeno-

typic regimen have a retreatment SVR rate of 67%.

ot3 infected patients previously treated with SOF/VEL and with cirrhosis had an SVR

rate of 43% compared to 100% for those who didn’t have cirrhosis.
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Chapter 5

Concluding Remarks
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5.1 Summary of main findings

Chapters 2 and 3 of this work analysed whole-genome HCV sequences generated from the
BOSON clinical trial [137]. This represents one of the largest cohorts of gt3 whole genome
sequences collected to date. Chapter 2 focuses on the use of these sequences to identify the
prevalence of HCV RAS to approved HCV treatments in a DAA treatment naive population.
This work revealed a high prevalence of pre-existing wild type RAS to NS5A inhibitors in the
gt3a sequences and identified a pattern of the AS0K+L31M RAS as being the wild-type in the
gt3b and gt3g sequences. When this pattern of RAS was tested in a gt3 in-vitro assay, the
A30K+I31M RAS combination was shown to infer a dramatic increase in the EC50 of all NS5A
inhibitors approved and recommended for the treatment of gt3 HCV infection. This led to the
hypothesis that gt3b and gt3g infected patients would not respond as well to DAA therapy. A
recent clinical trial of SOF/VEL in China [156], supports this hypothesis. The study reports
SVR rate of only 50% in patients with cirrhosis and gt3b infection vs 97% in patients with gt3a
infection. This data is of particular concern for parts of the world where gt3b is endemic such

as Thailand and Laos [155].

Next, a systematic analysis of the pre treatment sequences from gt3a infected patients was
used to identify viral determinates of treatment outcome with SOF+RBV+/-INF. This analysis
included the first use of a viral genome wide association studies to identify novel pre-existing
RAS to sofosbuvir. Two of these novel RAS were identified in the NS2 protein 119A and
132V, one in the NS3 67V and one in the NS5B 150V. These RAS were then shown to be
significantly enriched in the sequences assembled from post-treatment samples from patients
who did not achieve a SVR. Three of these RAS where also shown to significantly reduce
the initial response to treatment of these patients. The presence of three of these novel RAS
reduced the SVR rate dramatically from 94% to 51%. The NS5B 150V substitution identified
using the V-GWAS had previously been identified as a sofosbuvir RAS using in-vitro assays

[164]. Position 150 in the NS5B protein has also been linked to the host INFL4 genotype [163].
Finally, whole-genome HCV sequences were generated from a cohort of 348 patients

who have been failed by first-line DAA therapy in the UK, prior to retreatment using GLE/PIB,
SOF/VEL + RBV or SOF/VEL/VOX. A very high prevalence of RAS was identified in this cohort
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of patients. Retreatment outcomes were available for 162 of these patients. In the largest real-
world cohort of gt3 infected patients retreated with SOF/VEL/VOX, gt3 infection was found to
reduce the SVR rate of SOF/VEL/VOX treatment dramatically from 97% in non-gt3 infected pa-
tients to 81% in gt3 infected patients. This work along with other data from real-world cohorts
in Europe [174] shows that gt3 infected patients with cirrhosis previously treated with a pan
genotypic regimen, do not respond well to retreatment and additional retreatment regimens

such as GLE/PIB + SOF need to be made available for the retreatment of these patients.

5.2 The identification of novel pre-existing DAA resistance

The work from chapters 2 and 3, identifies pre-existing RAS which have an effect on treatment
outcomes in samples from DAA treatment naive patients. This pre-existing resistance falls
into two categories; the first is a HCV subtype where the RAS is the part of the WT variant.
The second is where the RAS is present within a subtype which does not normally have
the RAS in the WT variant. Both of these categories of RAS have been shown to effect
the treatment outcomes and their presence in treatment naive samples at high frequencies
implies that they have a high viral fitness in-vivo. Traditionally, RAS have been identified by
looking for treatment emergent substitutions and testing them in-vitro. The work from chapter
3, demonstrates the utility of whole genome sequencing and systematic bioinformatics led
approach to identifying RAS which can both identify treatment emergent RAS and preexisting
RAS. The primary limitation of this approach is that it requires both large sample sizes and
a large amount of additional data. However, given the appropriate datasets, this approach
also allows the identification of co-variation of substitutions and interaction. This could prove
useful in the identification of compensatory mutations required to improve viral fitness after a

treatment emergent RAS is acquired.

5.3 HCYV Resistance in the context of HCV elimination

The WHO have set the ambitious goal of eliminating viral hepatitis as a public health problem

by 2030 [1]. It is clear that the main barrier to achieving this goal for HCV is the identification
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of new cases and increasing access to treatment [1]. However, as access to treatment is
scaled up, there will be an increase in the absolute number of patients who have been failed
by first-line DAA therapy. The work from chapter 4 of this thesis and other studies have shown
that these patients virus will likely harbour multiple RAS, of which some are highly fit variants
and have been shown to persist for years [88, 182]. Individual case studies have shown that
HCV RAVs can be transmitted to new hosts [183—185]. More work is needed to confirm that
HCV RAVs aren’t be transmitted from host to host, but if this is the case it is possible that
the SVR rates we see today may decrease. The second danger which DAA resistance may
pose to the HCV elimination goal is that of understudied and undiscovered subtypes which are
circulating in areas such as central Africa and Asia with less developed health care systems
[157, 158]. The data from the chapter 2 of this thesis identified gt3b, gt3g as being inherently
resistance to all NS5A inhibitors. Other work has shown the gt4r and gt1l have reduced SVR
rates when compared to other subtypes within the respective genotypes. With more whole
genome sequencing of HCV taking place and the high genetic diversity of HCV, it is likely
that new HCV subtypes and potentially new genotypes will be identified that are inherently
resistant to DAAs. Further understanding of HCV resistance as well as identifying circulating
resistant subtypes and monitoring the transmission of resistance variants will all be required if

the WHO goals are to be met.
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Appendix A

Position in Position in
Amino Acid Codon Amino Acid Codon
Protein Position H77 S52 Substitution
in H77 in H77 in S52 in S52
Polyprotein Polyprotein
NS5A 30 2002 Q caa 2008 A gca K
NS5A 31 2003 L ctg 2009 L ctc M
NS5A 58 2030 H cac 2036 P cct S
NS5A 93 2065 Y tac 2071 Y tac H
NS5B 159 2579 L cte 2589 L cte F
NS5B 282 2702 S agc 2712 S agt T
NS5B 321 2741 Vv gtg 2751 \ otg A

Table A.1: Positions, amino acids and codons in H77 reference and S52-AN replicon

sequences.
HCV EMCV HCV
IRES IRES 3'UTR
Luciferase NS3 NS4A NS4B NS5A NS5B

Figure A.1: Schematic of S52-AN replicon. Not to Scale
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Figure A.2: Prevalence of substitutions not associated with resistance at resistance
associated substitution sites.
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Figure A.3: Dose-response profiles of individual RAS to sofosbuvir.
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Figure A.7: Dose-response profiles of RAS combinations to elbasvir.
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Figure B.1: A maximum likelihood phylogenetic tree of 507 gt3a HCV sequence with the
presence or absence of the putative RAS NS2 119A shown on the tree tips. The change
point for any clade associated with SVR is coloured red and the thickness pf the line shows
the significance of that association. The phylogenetic tree was constructed using RAXML [40]
and the change point analysis conducted using treeBreaker [162].
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Figure B.2: A maximum likelihood phylogenetic tree of 507 gt3a HCV sequence with the
presence or absence of the putative RAS NS2 132V shown on the tree tips. The change
point for any clade associated with SVR is coloured red and the thickness pf the line shows
the significance of that association. The phylogenetic tree was constructed using RAXML [40]
and the change point analysis conducted using treeBreaker [162].
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Figure B.3: A maximum likelihood phylogenetic tree of 507 gt3a HCV sequence with the
presence or absence of the putative RAS NS3 67V shown on the tree tips. The change
point for any clade associated with SVR is coloured red and the thickness pf the line shows
the significance of that association. The phylogenetic tree was constructed using RAXML [40]
and the change point analysis conducted using treeBreaker [162].
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Figure B.4: A maximum likelihood phylogenetic tree of 507 gt3a HCV sequence with the
presence or absence of the putative RAS NS5B 150V shown on the tree tips. The change
point for any clade associated with SVR is coloured red and the thickness pf the line shows
the significance of that association. The phylogenetic tree was constructed using RAXML [40]
and the change point analysis conducted using treeBreaker [162].
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Figure B.5: A maximum likelihood phylogenetic tree of 507 gt3a HCV sequence with the
IFNL4 C/C or non-C/C status of each infected patient shown. The change point for any
clade associated with SVR is coloured red and the thickness pf the line shows the significance
of that association. The phylogenetic tree was constructed using RAXML [40] and the change
point analysis conducted using treeBreaker [162].
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Figure B.6: Q-Q plot for viral genome wide association study between viral amino acids

and treatment outcome.
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Protein/Region P value Log Odds Ratio Standard Error

Polyprotien 0.594 13.785 25.869
Core 0.922 -2.770 28.337
E1 0.448 11.959 15.756
E2 0.165 16.591 11.953
P7 0.947 0.963 14.416
NS2 0.913 1.897 17.457
NS3 0.940 2.601 34.556
NS4A 0.489 -19.246 27.815
NS4B 0.874 4.660 29.333
NS5A 0.863 3.675 21.344
NS5B 0.699 13.071 33.810
HVR1 0.277 2.950 2.711

HVR2 0.590 2.635 4.887

HVR3 0.862 1.169 6.735

Table B.1: Associations between mean normalised amino acid shannon entropy of the
HCV polyprotein, protein and regions of interest and treatment outcome (SVR12). The
mean normalised Shannon entropy of the HCV polyprotein, protein and regions of interest
was calculated for each patient. Logistic regression was used to test with SVR as the depen-
dent variable and mean normalised Shannon entropy as the explanatory variable and IFNL4
genotype as a cofactor.
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Position in polyprotein relative to H77 Protein Position in Protein Log odds ratio Standard Error P value

Previously characterised RAS sites

2579 NS5B 159 -43.7713 42.6427 0.3047
2702 NS5B 282 236.0770 616.1905 0.7016
2736 NS5B 316 95.3591 105.9016 0.3679
2740 NS5B 320 0.2431 16.3641 0.9881
2741 NS5B 321 21.8900 39.6323 0.5807

Newly Identified RAS Sites

941 NS2 132 -1.2990 1.8853 0.4908
1093 NS3 67 -1.4040 1.0603 0.1854
928 NS2 119 -1.4817 1.3453 0.2707
2570 NS5B 150 -0.8093 1.0997 0.4618

Table B.2: Associations between mean normalised Shannon entropy of the RAS sites
and treatment outcome (SVR12). The normalised Shannon entropy of each RAS site was
calculated for each patient. Logistic regression was used to test with SVR as the dependent
variable and normalised Shannon entropy as the explanatory variable and IFNL4 genotype as
a cofactor to investigate the association.
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Gene/Region P value Log Odds Ratio Standard Error

Genome 0.94 0.87 12.31
UTR.5 0.17 53.87 39.11
C 0.83 3.32 15.10
E1 0.75 3.28 10.30
E2 0.83 1.81 8.66
P7 0.91 -1.03 8.96
NS2 0.76 -3.09 9.92
NS3 0.96 -0.56 12.11
NS4A 0.61 -5.66 11.24
NS4B 1.00 -0.04 11.50
NS5A 0.98 -0.29 10.91
NS5B 0.85 3.04 15.67
UTR.3 0.40 11.66 13.99
HVR1 0.59 1.90 3.53
HVR2 0.49 3.32 4.75
HVR3 0.76 2.21 7.23

Table B.3: Associations between mean pairwise diversity of the HCV genome, genes
and regions of interest and treatment outcome (SVR12). The mean pairwise diversity of
the HCV genome, genes and regions of interest was calculated for each patient. Logistic re-
gression was used to test with SVR as the dependent variable and mean normalised pairwise
diversity as the explanatory variable and IFNL4 genotype, cirrhosis sate, gender, prior treat-
ment and viral and the first 3 principle components of the viral genome and host genotyping
as a cofactors.
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Position in HCV genome relative to H77 Gene Position in gene Log odds ratio Standard Error P value

Previously characterised RAS sites

7737 NS5B 477 -3.55 3.49 0.31
8106 NS5B 846 1.30 9.58 0.89
8208 NS5B 948 1.21 2.03 0.55
8220 NS5B 960 12.68 7.70 0.10
8223 NS5B 963 0.79 5.42 0.88

Newly Identified RAS Sites

2823 NS2 396 -0.45 2.69 0.87
3279 NS3 201 -0.87 3.64 0.81
2784 NS2 357 5.08 3.44 0.14
7710 NS5B 450 -1.62 8.24 0.84

Table B.4: Associations between mean pairwise diversity of the RAS sites and treatment
outcome (SVR12). The mean pairwise diversity of each RAS site was calculated for each
patient. Logistic regression was used to test with SVR as the dependent variable and mean
normalised pairwise diversity as the explanatory variable and IFNL4 genotype, cirrhosis sate,
gender, prior treatment and viral and the first 3 principle components of the viral genome and
host genotyping as a cofactors.

Position in Position and

polyprotien Protien Amino Acidin P Value Q Value
relative to H77 Protien

2579 NS5B 159F 1.47E-05 0.08
583 E2 206A 4.16E-04 1
2570 NS5B 150V 8.77E-04 A1
1637 NS3 611L 1.05E-03 1
774 P7 28T 3.16E-03 1
1975 NS5A 3E 3.32E-03 1
2510 NS5B 90T 8.86E-03 1
978 NS2 169S 9.11E-03 1
2452 NS5B 32K 9.18E-03 1
2797 NS5B 377R 9.27E-03 1

Table B.5: Top 10 results from BL to 1Z2WPT Enrichment GWAS.
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Position and

Position in Polyprotein

Protein Amino Acid Log OR SE P Value Q Value
Relative to H77
in Protein

928 NS2 119A -0.434 0.132 0.001 0.616
2487 NS5B  67A 0.284 0.089 0.001 0.616
1282 NS3 256N -0.375 0.120 0.002 0.616
714 E2 3371 0.338 0.116 0.004 0.637
941 NS2 132V -0.195 0.068 0.004 0.637
2487 NS5B 67V -0.279 0.097 0.004 0.637
2034 NS5A 625 0.169 0.059 0.004 0.637
941 NS2 132l 0.189 0.068 0.005 0.676
49 Core 49T -0.351 0.129 0.007 0.717
182 Core 182L -0.203 0.076 0.008 0.717

Table B.6: Top 10 results from Wk1 Response to Therapy GWAS.
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Protein RAS SVRRate p log Odds Ratio Standard Error

NS3 V55A 100 (4/4) 0.990 14.446 1199.772
NS3 K/Q80K 100 (14/14) 0.992 16.331 1638.472
NS3 K/Q80L 100 (2/2) 0.993 14.430 1696.734
NS3 Q80R 100 (1/1) 0.993 13.422 1455.398
NS3 A156T 100 (1/1) 0.993 13.422 1455.398
NS3 L175M 100 (1/1) 0.993 13.422 1455.398
NS5A M28T 100 (5/5) 0.993 15.454 1769.258
NS5A  A30K 71(10/14) 0.029 -1.465 0.670

NS5A K/R30K 100 (1/1) 0.993 13.422 1455.398
NS5A L/M31M 100 (2/2) 0.993 14.430 1696.734
NS5A L31M 100 (16/16) 0.992 16.373 1543.764
NS5A L31V 100 (3/3) 0.992 14.438 1385.378
NS5A H58D 100 (9/9) 0.990 15.183 1201.731
NS5A  Y93C 100 (4/4) 0.990 14.446 1199.772
NS5A  YO3H 78 (29/37)  0.014 -1.371 0.559

NS5A  Y93N 100 (2/2) 0.993 14.430 1696.734
NS5B  A/T/V150V 93 (26/28) 0.531 0.495 0.791

NS5B F/L159F 67 (2/3) 0.229 -1.512 1.257

NS5B L159F 100 (2/2) 0.993 14.430 1696.734
NS5B E/K206E 80 (16/20) 0.142 -0.943 0.642

NS5B E237G 100 (1/1) 0.993 13.422 1455.398
NS5B D/N244| 100 (1/1) 0.993 13.422 1455.398
NS5B C/N316H 100 (1/1) 0.993 13.422 1455.398
NS5B C/N316N 75 (3/4) 0.355 -1.099 1.189

NS5B I/vV3211 50 (1/2) 0.125 -2.213 1.442

NS5B V3211 100 (1/1) 0.993 13.422 1455.398

Table C.2: SVR rates for 128 patients retreated with SOF/VEL/VOX with RAS. Logistic
regression was used to test RAS association with outcome
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