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Newly licensed direct acting antivirals for hepatitis C virus HCV are able to cure up to 75% of patients chronically infected with
genotype-1 infection, which is the predominant HCV strain in Europe and North America. Emerging antiviral therapies promise further
increases in virological response, as well as improved tolerability, reduced duration of therapy, and will potentially eliminate the need
for interferon use. This review highlights the main therapeutic agents used in current standard of care, including telaprevir and
boceprevir. It goes on to evaluate the mechanisms of emerging drugs, their stage of development and response rates seen in research
to date. Finally, it projects into the not too distant future to consider treatment strategies involving combinations of agents and
interferon-free therapies, and in which patients they might prove most successful.

Introduction

Approximately 170 million people are infected with hepa-
titis C virus (HCV) and it is the leading cause of liver trans-
plantation and second most common cause of liver cancer
globally [1-3]. Despite receiving less attention than other
blood borne viruses, HCV recently surpassed HIV in terms
of attributable deaths in the United States [4].The sequelae
of chronic hepatitis C (CHC) infection are preventable by
viral eradication. Peginterferon-alpha (PEG-IFN) and ribavi-
rin (RBV) have been standard of care therapy for the past
decade. Unfortunately, PEG-IFN and RBV will cure only at
best 50% of patients infected with genotype-1 HCV, the
predominant HCV strain in Europe and North America. Use
is also limited by significant toxicities, including psychiatric
morbidity, influenza-like symptoms and cytopenias, man-
dating careful patient selection and monitoring [5-8].
Newly licensed directly acting agents (DAA) for HCV, tel-
aprevir and boceprevir, both used in combination with
PEG-IFN and RBV, dramatically improve effectiveness and
can cure up to 75% of patients chronically infected with
genotype-1 HCV. Emerging antiviral therapies promise
further improvements in virological response, improved

tolerability, reduced duration of therapy, and may poten-
tially eliminate the need for IFN use.

This review highlights the main therapeutic agents
used in current standard of care and their limitations, and
includes the two newly available DAAs, telaprevir and
boceprevir. It evaluates the mechanisms of emerging
drugs with the greatest promise, including the next wave
of HCV protease inhibitors, as well as the HCV polymerase
inhibitors, NS5A inhibitors and cyclophilin inhibitors, out-
lining their stage of development and response rates seen
in clinical trials to date. Finally, it projects into the not too
distant future to consider individualized treatment strate-
gies involving combinations of agents and interferon-free
therapies, and for which patients they might prove most
appropriate.

The current backbone of HCV
therapy: peginterferon-alpha and
ribavirin

PEG-IFN and RBV were the standard of care treatment for
chronic HCV infection until 2011 and remain so for non-
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Table 1

Currently licensed therapies for chronic HCV

Sustained virological response

Mechanism Treatment naive Re-treatment Main limitations
Pegylated interferon  Non-specific 45% genotype-1 and -4 Relapsers: Injectable agent
alpha-2a/b antiviral agent  65-80% genotype-2 and 3 20-29% genotype-1 (Bacon et al. 2011 [39], Psychiatric side effects
(EASL 2011 [21]) Zeuzem et al. 2011 [42]) 24-48 weeks for standard therapy
40% genotypes-2 and -3 Ghany et al. 2009 [84]
Ribavirin Non-specific Non-responders: Anaemia
antiviral agent 5-7% genotype-1 (Bacon et al. 2011 [39], Zeuzem
etal. 2011 [42])
15-20% genotypes-2 and -3 (Ghany et al. 2009
[84])
Boceprevir NS3 protease 67-68% genotype-1 Null responders: 23-30% Anaemia, dysgeusia
inhibitor with PEG/RBV vs. 40% PEG/RBV alone  Partial responders: 40-52% Only active in HCV genotype-1
(non-Black patients) (Poordad et al. Relapsers: 69-75% Requires PEG/RBV backbone
2011 [35]) (Bacon etal. 2011 [39])
Telaprevir NS3 protease 69-75% genotype-1 with PEG/RBV Null-responders: 29-33% Rash, anaemia, gastrointestinal
inhibitor vs. 44% PEG/RBV alone Partial responders: 54-59% side effects
(non-Black patients) Relapsers: 83-88% Only active in HCV genotype-1
(Jacobson et al. 2011 [43]) (Zeuzem et al. 2011 [42] Requires PEG/RBV backbone

PEG, Pegylated interferon alpha-2a/b; RBV, ribravirin.

genotype-1 HCV.In treatment naive individuals it results in
a sustained viral response (SVR) around 45% in HCV
genotype-1 infection, compared with 75% in genotypes-2
and -3 infection (Table 1) [9]. With the introduction of tel-
aprevir and boceprevir therapy, SVR rates up to 75% can
also be achieved in genotype-1, but PEG-INF/RBV continue
to play an important role to prevent the emergence of
resistance-associated HCV variants. Treatment response
rates in acute HCV infection are very high, with SVR rates
70-90% using PEG-IFN monotherapy. Unfortunately acute
HCV infection is normally asymptomatic,and the diagnosis
is not made until chronicity is established. In the minority
of patients diagnosed acutely, IFN-based therapy is often
contra-indicated by comorbidities. Treatment of acute HCV
inection has recently been reviewed in detail elsewhere
[10,11].

IFN has both direct and indirect antiviral effects. Direct
effects are mediated through the induction of interferon
stimulated genes which code for effector proteins and
cytokines that inhibit virus replication and generate an
antiviral state. Indirect effects are mediated through
up-regulation of major histocompatibility complex class 1
genes in antigen presenting cells, which leads to cytotoxic
T-cell clearance of HCV infected cells [7]. Polyethylene
glycol (PEG) polymer chains covalently attached to IFN
reduce renal and hepatic clearance, allow for weekly
administration and superior SVR over standard interferon
[12,13].

The mechanism of action of ribavirin in HCV treatment
is not completely understood. There are multiple hypoth-
eses. Viral kinetic studies suggest that HCV mutagenesis
leading to error catastrophe and consequent lowering of
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HCV fitness is an important mechanism of action [8, 14].
RBV is also a guanosine analogue, and may act as a chain
terminator through incorporation of ribavirin into the HCV
genome during viral replication [8]. Ribavirin may also
modulate host T-cell immunity as viral infection.

Side effects of PEG-IFN/RBV are common and are a
major limitation of current therapy.Important PEG-IFN side
effects include influenza-type symptoms and fatigue, psy-
chiatric morbidity and bone marrow suppression [6, 7]. Psy-
chiatric side effects, including depression or aggression,
mandate careful patient selection and monitoring, and
may preclude some patients from accessing current PEG-
IFN based therapies. Ribavirin causes haemolysis and
anaemia [8], and on-treatment cytopaenias due to both
agents are more common in the setting of cirrhosis. Devel-
oping HCV treatment regimens with less toxicity is clini-
cally important, and should expand the number of people
appropriate for treatment and successfully completing
therapy.

Factors predicting IFN-based
treatment response

Host genetics are highly predictive of PEG-IFN/RBV treat-
ment outcome. Genome-wide studies have confirmed an
association between a polymorphism in the region of the
IL-28B gene and response to HCV treatment [15, 16]. Indi-
viduals who carry a favourable IL-28B genotype have a two
to three times increase in response to PEG-IFN/RBV [17,18].
Other important predictors of PEG-IFN response include



pre-treatment viral load, liver fibrosis state and insulin
resistance [19].

On-treatment virological response is the most accurate
predictor of SVR, and time to viral clearance has been
adopted as a guide to treatment duration (response-
guided therapy, RGT) or futility. A rapid virological
response (RVR, undetectable HCV RNA at week 4) is
86-100% predictive of SVR [20], regardless of HCV geno-
type, and is achieved in approximately 10-27% of
genotype-1 and 64-76% of genotype-2/-3 infections [21].
Patients with a low baseline viral load who achieve an RVR
can be considered for short duration therapy. Genotype-1
patients with complete early virological response (EVR,
undetectable HCV RVA at week 12) have a 68-84% rate of
SVR [20]. Patients with a slow but persistent virological
decline may be considered for extended therapy with PEG-
IFN/RBV. Week 12 and 24 HCV RNA measurements are
important for predicting treatment failure. Treatment
should be abandoned if HCV RNA has declined by
<2logio IU ml™ at week 12, or is still detectable at week 24,
given an expected SVR of 1-3% [22, 23].

The success rate of re-treatment with PEG-IFN/RBV
after failing initial therapy has been disappointing, esti-
mated at a pooled SVR of 16% in a meta-analysis [24]. Prior
‘relapsers’ (individuals who achieved an undetectable HCV
RNA at the end of treatment, but did not achieve an SVR)
with genotype-1 infection have a 15-25% SVR rate with
re-treatment. Previous ‘null-responders’ (defined as
<2logiplUml™" decline in HCV RNA viral load after
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12 weeks of therapy) with genotype-1 infection have a
4-14% SVR on re-treatment [25, 26].

The presence of HIV co-infection marginally reduces
the effectiveness of PEG-IFN/RBV treatment: the APRICOT
study reported an SVR of 29% among genotype-1 infec-
tion and 62% among genotype-2/-3 infection [27].In con-
trast, active injecting drug use does not affect treatment
response. In a systematic review of chronic HCV treatment
with PEG-IFN/RBV, median SVR among people who inject
drugs was 54% (range 18%-94%), compared with 54%-
63% among non-injectors [28]. Acute HCV treatment is also
effective among people who inject drugs [29].

The moderate effectiveness of PEG-IFN/RBV for chronic
HCV treatment, and the poorer SVR in populations with
advanced liver disease, who previously failed therapy and
HIV co-infection, demonstrates the need forimprovements
in treatment efficacy.

New and emerging direct acting
antiviral therapy

Improved understanding of HCV replication has allowed
for the development of a plethora of new therapeutic
agents that target enzymes directly (Figure 1). HCV is a
flavivirus with an RNA genome encoding a polyprote
in [30]. After HCV enters hepatocytes, translation takes
place to produce the structural polyprotein which must
then be cleaved into functional proteins [31]. Several

(+) RNA
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HCV viral life cycle and therapeutic targets for new drug classes (A) HCV virus binding and entry via receptor-mediated endocytosis (targeted by entry
inhibitors); (B) RNA release into the cytoplasm; (C) Translation into a polypeptide on the ribosome, and processing into viral proteins that form structural
components of the virus (targeted by protease inhibitors); (D) RNA replication in the endoplasmic reticulum (targeted by protease, polymerase, NS5A and
cyclophilin inhibitors, and antagomirs); (E) RNA packaging and assembly (targeted by NS5A inhibitors); and (F) virion maturation and release (targeted by
glycosylation inhibitors). (Figure reproduced with permission from Nature Publishing Group, Moradpour et al. 2007 [31], copyright)

Br ] Clin Pharmacol / 75:4 / 933



BJCP J.S.Doyle et al.

non-structural proteins (NS2-NS5) mediate these intracel-
lular functions and have proven promising therapeutic
targets for DAAs [32, 33]. Host target inhibitors include the
cyclophilin inihibitors, a host enzyme intimately involved
in HCV replication, and the antagomir targeting miR-122.
Novel immunomodulators, new interferons or ribavirin
analgoues are not HCV specific but generate an anti-viral
state. A recent systematic review found more than 50 mol-
ecules currently in development to treat chronic HCV,
divided across various therapeutic classes [34]. In light of
the rapidly evolving literature, we have selected the more
promising agents from each major class as illustrations of
drugs in development (Table 2). It is worth noting that
most of these drugs are in the early stages of development,
have been studied in small cohorts, and have been pre-
sented in conference form only. Therefore their results
need to be considered with some caution.

Current HCV protease inhibitors

Two HCV protease inhibitors (Pls), boceprevir and telapre-
vir, are now licensed for chronic HCV treatment. The HCV
non-structural (NS)-3/4A HCV protease is responsible for
cleaving the HCV viral polyprotein into mature proteins.
Both drugs bind reversibly to the NS3 active site, blocking
polyprotein cleavage and preventing HCV replication [35].
In addition to this direct antiviral action, inhibition of NS3
protease may also act to restore the hepatocyte interferon-
signalling pathways [36]. Both drugs were designed using
genotype-1 HCV-specific in vitro systems, and have limited
activity against other HCV genotypes.When used as mono-
therapy, virological resistance develops rapidly to bocepre-
vir and telaprevir [37, 38], necessitating combination with
PEG-IFN/RBV.

The pivotal trials of boceprevir or telaprevir triple
therapy demonstrated significantly increased rates of SVR
compared with PEG-IFN/RBV in both treatment-naive and
treatment experienced HCV genotype-1 infected patients.

Boceprevir Boceprevir treatment consists of 800mg
(4 x 200 mg capsules) administered orally, every 8 h,and is
introduced after a 4 week lead-in of standard PEG-IFN/RBV
therapy in patients with genotype-1 HCV infection. Treat-
ment naive patients receive boceprevir for a further
24 weeks (if HCV RNA was undetectable from week 8) or
44 weeks (if HCV RNA was detectable at week 8), accompa-
nied by PEG-IFN/RBV [35]. Treatment experienced patients
receive the same dose for 44 weeks after the 4-week PEG-
IFN/RBV lead-in [39].The rationale for a lead-in period was
to lower HCV RNA levels prior to boceprevir treatment,
thereby reducing the risk of viral breakthrough or resist-
ance [40].The lead-in allows assessment of IFN responsive-
ness — if HCV RNA decreases <1 logi IlU mI™" by week 4,
predicted SVR with PEG-IFN/RBV alone is 5% vs. 29-39%
with the addition of boceprevir.

Among treatment naive patients, SVR improved when
boceprevir was added to PEG-IFN/RBV from 40% to
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67-68% in non-Black patients, and from 23% to 42-53% in
Black patients (Table 1) and 44% of patients were eligibile
for short duration therapy using RGT. Anaemia occurred
nearly twice as often in boceprevir patients as in controls
(49% vs.29%), but there was no significant difference in the
frequency of treatment discontinuation due to adverse
events [35]. Erythropoietin use to treat anaemia was more
frequent among patients on boceprevir (43% vs.24%).Dys-
geusia also occurred more than twice as often in bocepre-
vir patients than controls (37% vs. 18%). Among patients
who had previously failed PEG-IFN/RBV, boceprevir
improved SVR from 29% to 75% among previous relapsers,
and improved SVR from 7% to 52% among partial
responders [39]. Prior null responders had an SVR rate of
38% with boceprevir therapy [41].

The registration studies for both boceprevir [35,39] and
telaprevir [42, 43] were well designed and powered rand-
omized control trials. Their main limitations stem from gen-
eralizability from the trial to clinical settings. Firstly,
boceprevir's 4 week lead-in period in their study design
offers advantages in predicting overall outcome based on
week 4 RVR. However the lead-in contributes to treatment
complexity in practice. Secondly, the high treatment com-
pletion rates and corresponding high SVR rates for both Pls
may also have been augmented by erythropoietin admin-
istration used to manage anaemia during the ftrials in
>40% of participants which may not be available outside
of a research setting. Finally, recent data from a French
observational cohort on the use of HCV Pls in clinical prac-
tice found high rates of serious adverse events (38-49%)
compared with the boceprevir and telaprevir clinical trials
(9-14%) [44]. However, there are no data available yet on
whether the SVR observed in trials will differ in practice.

Telaprevir The telaprevir treatment paradigm involves
750 mg (2x375mg capsules) administered orally for
12 weeks, concurrently with PEG-IFN for 24 weeks (with
RVR and EVR) or 48 weeks (for patients who do not achieve
EVR) in treatment naive patients. In the registration trial,
telaprevir treatment for 8 or 12 weeks in addition to PEG-
IFN/RBV for 24-48 weeks improved SVR from 44% to
69-75% in previously untreated patients [43]. Rash and
anaemia were higher in the groups that received telapre-
vir, and discontinuation of treatment was more frequent
(7-11% telaprevir group vs.3% control group).Rashes were
primarily eczematous and reversed on discontinuation of
telaprevir. However one rare case of Stevens-Johnson syn-
drome and DRESS syndrome have been reported. Erythro-
poietin use was not permitted. Gastrointestinal side effects
(nausea, diarrhoea, anorectal pain and haemorrhoids) were
also more common with telaprevir compared wiht controls
(40-43% vs.31%).

Telaprevir also improves SVR rates in HCV genotype-1
patients who have previously failed PEG-IFN/RBV. Telapre-
vir used for 12 weeks with 48 weeks of PEG-IFN/RBV, with
or without a 4 week lead-in phase,improved SVR from 24%



Current and emerging hepatitis C therapies BJCP

‘Adesayi-ysod

S9aM 7z asuodsal [ea160jouIn pauleisns ‘YAS ‘Adesayi-1sod syaam g| asuodsal [ed160]0lIA pauleIsns ‘Z LYAS Adelayl-uo syeam z| asuodsai edibojouin Alies “YA3 ‘adAiousb ADH 1D ‘ulinequ ‘Agy ‘q/ez-eyd|e uoiapaiul parejAbad ‘N4I-D3d

[7£] 0107 ‘e 1o uosgoder

[€£] 010T '[e 33 UOSIYINHIN
[2£] 0102 ‘[e 12 sa1iol-zanbLpoy
[LZ] 1102 Je 12 uuewbiag

[69] 0107 ‘/e 12 |oubissoy
[5/] LLOZ ‘fe 12 waznaz
[8£] 01L0Z /e 38 ul|d.IeN
[££] 600 '[e 19 nowieyuag
[89] 1107 ‘e 1o uassuer
[S9] LLOT [ 19

[85] Z10T /e 12 YO
[55] 0107 /e 39 due
[SS] 0L0T ‘[e 12 auen
[68] L 10T ‘e 12 Asue

[85] ¢L0Z /e 18 307

[88] L10Z ‘/e 18 1ypImouolg
[£8] 110T ‘e 19 waznaz
[8v] LL0Z paiy

[98] 1 10T /e 12 421504

[S8] L10Z '[e 12 zumeT
[SS] 0107 /e 19 suen

[5Gl 0107 ‘fe 1o auen

[#S] 1 10T /e 33 sonpod
[€G] L10T ‘[ 12 ZUmeT

[LG] L10Z e 1o auen

[85] zL0T /e 13 301
[6G] L10Z /819 |od

ESTEYEIEN]

%8G ¥AS ‘AGY/NAI-D3d+

SaUP01Ad ‘0L -d| "eyd|e-N4| Wnias paseaiu)

L-lw N 0460 €71 aulPpsp peoj [edia skep Q| :AdeisylouoN
%6, YAS ‘AGY/N4I-53d+

%19 ¥AS N4I-D3d+

% L L=0F YAF ‘AQy+

(AgY O} 10L13}UI) %8E YAS N4I-DId+
LW NI 0L6O| £'Z BUIP3P YNY ADH SH99M 0L AGY/NAIFDId+
Adeiayy piepuess %G 0} paiedwod %9/ YAS AGY/NAI-DId+

%06 YAS

-lw N1 °t60| 6 peoj [ediA 71 Aeq ioliqiyul asesswAjod+
\-|w N °t60| |'G— peoj [ediA ¢ Aeq :JoNqiyul asesawA|od+
%1209 4AS AGY/NHI-DId+

%06 ¥AS AGY/N4I-D3d + 10HqIyu! dseiawAjod+

%9€E YAS :10}qIyul asesswAjod+

%001~€8 YAF ‘AGY/N4I-D3d+

% | 6—¢8 9suodsal JUsWeal} 17 oaM\ AGY/NA-DId+

% L6-68 YAS ‘AGY/N4I-D3d+

%76 YAT AGY/N4I-D3d + JoHqiyul aseajold+

%£9 ¥AI ‘AGY/NHI-D3d+

\-lw N1 0460 6 dulPap peo| [ediA 7| Aeq :iolqiyul asesloid+
LW N1 0tBo] |°g dulpap peoj [eJiA 7L Aeq ioqiyul asealoid+
%9L TLYAS ‘ANGY/NHI-93d+

%E6 VTINS ‘%1688 TLYAS ‘%001 Y13 AGY/NHI-DId+
%001 YAS ‘Agd+

%001 ¥AS ‘AGY/N4I-D3d+

%06 YAS ‘AGY/NHI-D3d + 10%qIyul seajoud+

%9€ YAS oNqIyul aseajoid+

%T6—€8 CLYAS ‘AGY/N4I-D3d+

asuodsau |ed1bojoain ‘quiod puz

aAleU ‘| -adAlousn
Japuodsal ||nu ‘| -adAlousn
aAleU ‘| -9dAlousn

SAlBU ‘p- pue z- ‘|-sadAjousn
—|-sadAiousn

sadAjousb ||
aAleU ‘| -adAlouan)
dAleU ‘| -9dAjousn

slapuodsai-uou
‘padusliadxs ‘| -adAlousn
pasusLadxa ‘|-adifousn

aAleu ‘| -ad1fousn

posusladxe ‘| -adifousn
aAleu ‘| -ad1kousny
podusladxe ‘| -adAjousn
aAleu ‘| -adAousn

aAleu ‘| -ad1fousny
siapuodsaiulnu ‘| -adifous
aAleu ‘| -ad1kousn
9AleU ‘| -9d1fousn
aAleU ‘| -adAlousn

aAleU ‘g- pue z-adAjousn

sispuodsai [|nu ‘| -adifousD
anleu ‘| -ad1kousny

sjuaned aseyd |elip

500519
SCLZ-ONI
EELYNV

apipexozeyN
equie-N4I-53d

(suIplwelip) ulineqLe|
UasIInIIN
(5200192Q) JAuOds!|y

Jinaideunse+

JInseyeep+
AGY/N4I-93d

(£2zL9Y) 41naidoueq

(2€0059-SNg) Jinvideunsy

SEVONL

(0616-59) JIAnqobaL

(8Z1£DY) "duigeipud

LL61-SD

(25006£-SINg) iAselepeq

JusW3eaI} ADH dluoiyd 1oj JuawdolaAsp ul syuabe Buipes| sse|d

Z dlqeL

uofeuddeA dixnadesay |
1siuobe g-101daday ai|-||0L
1siuobe /-101dsday a31|-||oL

apIpexozeliN
epque| UOIBH3IUI-DId

sanbojeue uLineqry

Jiwobejue (zz1-giw) YNY-0DIN
Jouquyur urjiydodjA>

Jonqyur SN+

VSSN+

uuinequ+

UoJapa1u|

Jougiyul viz/eSN

9PISOdPNU-UON

Joyqiyul gGSN

JouqIyul VGSN

wssiueydapy

sio}e[npowouUNWW|
SUOIa4IRIU|

sanbojeue uuineqly
siwobejuy
syuabe pajabiel-1soH

Adeiayy ajdnipend

si0}qIyul
95e2101d ey/ESN

slouqiyul
asesswA|od

Joyqiyul vSSN

4 / 935

/ 75

Br ] Clin Pharmacol



BJCP J.S.Doyle et al.

to 83-88% among prior relapsers, from 15% to 54-59% in
partial responders, and from 5% to 29-33% among null
responders [42].

Patients with cirrhosis had much improved SVR when
treated with either telaprevir (62% vs 33%) or boceprevir
(50% vs. 39%, non-Black cohort) combination therapy but
treatment toxicities were more challenging with higher
discontinuation rates (15% vs. 11% among non-cirrhotics)
[45]. In a sub-analysis of the telaprevir registration study,
rash, pruritus and anaemia were more frequent in patients
with cirrhosis (43%, 55% and 44%, respectively) than in
those who received PEG-IFN/RBV (27%, 35% and 27%,
respectively).

Protease inhibitor drug interations Drug interactions
between HCV Pls and other medications introduce extra
treatment complexity. HCV Pls seem to exert strong, revers-
ible inhibition of CYP34A.However other data indicate that
another non-CYP34A pathway is involved in boceprevir
metabolism and excretion [46]. Pl concentrations can vary
with co-administration of other cytochrome P450 metabo-
lized drugs including HIV combination antiretroviral
therapy, with implications most important for HIV/HCV
co-infected patients [47].

Novel HCV protease inhibitors

Beyond telaprevir and boceprevir, a number of new NS3A
Pls are being developed in phase II/Ill trials. The next Pl to
market will likely be TMC-435, which is dosed once daily,
offering a benefit over current generation NS3/4A Pls. A
phase Il trial of treatment naive, genotype-1 individuals
used TMC-435 with PEG-IFN/RBV for 24 of 48 weeks total
therapy, guided by HCV RNA at weeks 4 to 20. 68-76% of
patients achieved RVR, of whom 88-95% achieved SVR
[48]. 79-86% of patients were eligible for short duration
(24 weeks) therapy.The control group in this study also had
a high SVR response, so the overall virological response in
this cohort may have been over-estimated. It had a favour-
able side effect profile, with similar rates of rash and
anaemia compared with the control group.

MK-5712 is a potent second generation NS3 Pl in early
stage development. It requires once daily dosing, and has
efficacy against HCV genotypes 1-6 in vitro [49]. MK-5172
also has activity against a number of variants that are
resistant to other protease inhibitors in development.
There are several other Pls in development (Table 2).These
new Pls will likely replace the first generation Pls due to
their improved side effect profile and simplified use,
regardless of any additional improvement in SVR.

HCV NS5B polymerase inhibitors

NS5B polymerase inhibitors can be classified as nucleoside
inhibitors (NI) or non-nucleoside inhibitors (NNIs). Nls are
potent and are active against all HCV genotypes, as the
HCV catalytic site is conserved across genotypes.They have
a good resistance profile and Nl-resistant HCV variants
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have displayed very poor fitness to date [50]. The most
promising NI at present is GS-7977 which has entered
phase lll development for genotype-1 HCV in combination
with PEG-IFN/RBV [51-53].GS-7977 has also entered phase
[l development as IFN-free treatment for genotype-2/-3
HCV (see below). Mericitabine is a second NI in advanced
clinical development. In one study, HCV treatment naive
patients infected with HCV genotypes-1/-4 received
response guided mericitabine plus PEG-IFN/RBV or PEG-
IFN/RBV alone for at least 24 weeks. Virological response
12 weeks post-therapy (SVR12) was 76% in the interven-
tion group, compared with 56% in the standard therapy
group [54]. Its antiviral potency (91% RVR) has been con-
firmed in other phase Il studies [55].

NNIs bind to allosteric sites around the active site of the
NS5B enzyme, induce conformational changes and down-
regulate the polymerase’s activity. There are multiple NNIs
that have entered clinical development, including tegobu-
vir in phase Il development, and others in earlier stages
including filibuvir [56] and silibinin [57]. The class-wide
limitations of NNIs to date include their relatively weak
potency and rapid emergence of resistance.They may have
a role in combination DAA regimens.

HCV NS5A inhibitors

NS5A replication complex inhibitors are potent, pan-
genotypic antivirals. Daclatsavir is a potent NS5A inhibitor
with efficacy in HCV genotype-1 treatment naive and
experienced patients [58, 59]. In a phase Il study of treat-
ment naive patients, daclatasvir given in combination with
PEG-IFN/RBV vs.standard therapy had an SVR12 of 83-92%
vs. 25%, respectively [59]. Natural polymorphisms at the
HCV NS5A gene conferring daclatasvir resistance have
been identified from gene bank studies and have been
shown to be clinically relevant in vivo [60]. Further study is
underway to determine how these primary resistance
mutations might affect the NS5A class.

HCV resistance associated with DAA therapy
The high replication rate and error-prone HCV polymerase
give rise to naturally occurring resistance-associated vari-
ants (RAVs) [50]. In the setting of Pl monotherapy, RAVs are
selected within days, leading to virological breakthrough
[61]. Single nucleotide substitutions have been identified
that are associated with resistance to all Pls in develop-
ment, and the R155/A156 substitutions are cross-resistant
for all Pls. Combination with PEG-IFN/RBV can prevent
mutants from emerging [62, 63] Hence current Pl trials
underway in phase lll are using triple therapy with PEG-
IFN/ RBV.

Host target inhibitors

Cyclophilin inhibitors
Cyclophilin A is required for HCV replication and this has
led to the development of several cyclophilin inhibitors



[54]. Alisporivir (Debio025) is a representative, non-
immunosuppressive ciclosporin analogue that inhibits
HCV assembly and replication by binding to the host
protein, cyclophilin A [64]. In a phase Il trial of HCV
genotype-1 treatment naive patients, those receiving alis-
porivirand PEG-IFN/RBV had superior SVR (76%) compared
with PEG-IFN/RBV alone (55%) [65]. Alisporivir is now in
phase lll development for HCV genotype-1. Alisporivir also
has activity against HCV genotypes-2/-3 and IFN-free regi-
mens are currently being evaluated. Resistance to cyclo-
philin inhibitors has been described, although is thought
to be rare in vivo [66].

Antagomirs

The liver-expressed microRNA-122 (miR-122) is essential
for HCV accumulation in hepatocytes [67]. In animal
models, an oligonucleotide complementary to miR-122 (a
so called ‘antagomir’) led to prolonged suppression of HCV
viraemia. In an early phase Il trial, miravirsen (an miR-122
antagomir) was given in weekly subcutaneous weight-
based injections to individuals with HCV genotype-1 for
1 month, followed by standard therapy [68]. A continuous
and prolonged anti-viral activity was observed beyond the
end of active therapy with minimal side effects.

Immunomodulators

Immunomodulatory agents improve innate immune
responses indirectly promoting HCV elimination. Nitazoxa-
nide is an anti-parasitic agent that improves SVR in combi-
nation with standard therapy, and is thought to act by
improving interferon signalling [69]. In a phase Il study of
treatment naive, predominantly HCV genotype-4 patients,
nitazoxanide was used as a 4 week lead-in, then continued
with PEG-IFN for 36 weeks, with or without ribavirin. The
SVR was 79% vs. 61%, with or without ribavirin, respec-
tively. but side effects were more frequent among those
receiving nitazoxanide [69].

Anti-HCV activity can be induced by toll-like receptor
(TLR)-7 and TLR-9 stimulation by mediating endogenous
interferon and cytokine release [70]. A small molecule
inducer of the TLR-7 pathway is in phase Il development
indicating anti-viral activity of —1.3 log IlU mI™" from base-
line, compared with —0.3 log:o IU ml™" in the placebo group
[71]. ATLR-9 agonist has also completed phase-1 develop-
ment [72]. Therapeutic vaccination targets are also in early
development. One vaccine agent (GI-5005) expresses a
protein encompassing HCV NS3 and core protein
sequences, and demonstrated antiviral activity in phase Il
studies of genotype-1, treatment naive patients,improving
SVR from 48% to 58% when added to PEG-IFN/RBV [73,74].

Other therapeutic approaches

There are a number of novel indirectly acting antivirals in
various stages of development. Their main advantage is
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that by acting non-specifically, they do not engender viral
resistance, but they add to treatment complexity if used
additively.

Interferon analogues

Alternative interferon agents have been studied to
improve tolerability and efficacy. PEG-IFN-lambda is active
against all HCV genotypes and binds a more hepatocyte-
specific receptor, thus reducing haematological side
effects. A phase Il study demonstrated fewer dose inter-
feron reductions, less marrow toxicity and flu-like symp-
toms, and generally improved rapid virological response
(between 40-71% dependent on HCV genotype) [75]. Albi-
nterferon is a fortnightly preparation of PEG-IFN-alpha
bound to albumin to prolong its half-life, with conse-
quently reduce side effects. Although the SVR was 51% in
non-responders with genotypes 1-3, development has
been discontinued [76].

Ribavirin analogues

Ribavirin analogues have been studied in place of ribavirin
primarily as a means of reducing ribavirin-associated
anaemia [77]. Taribavirin is a prodrug, which preferentially
targets the liver,and accumulates less in red blood cells. A
phase lll study of PEG-IFN with taribavirin demonstrated
significantly less anaemia compared with PEG-IFN/RBV, but
inferior SVR in the taribavirin group (38% vs. 52%) [78].

The promise of new combinations:
with and without interferon

The challenge of new therapeutic agents and combina-
tions is to improve virological response, shorten the length
of therapy and offer treatment free of interferon. New
treatments will need to be evaluated by several markers:
first, in terms of their improvements in efficacy beyond the
new standard of PI/PEG-IFN/RBV response; second, their
reductions in side effects; third, improved treatment sim-
plicity and pill burden; and finally cost for the individual
and society. There is the real potential to have interferon
free regimes available within several years with the conse-
quent reduction in side effects and availability of treat-
ment for IFN-intolerant individuals (Table 3). However,
there may remain a selective role for IFN since quadruple
therapy with two DAAs plus PEG-IFN/RBV has been shown
to improve outcomes for patients with multiple poor treat-
ment response predictors (such as previous treatment
non-response, cirrhosis, genotype-1 infection and high
HCV viral load). In these difficult to treat individuals, the
increase in efficacy may outweigh increases in complexity
and toxicity. Another area whether combination therapy is
likely to improve in the next few years will be incremental
changes in the current triple therapy PI/PEG-IFN/RBV as
newer once daily protease inhibitors replace boceprevir
and telaprevir.
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Table 3

Interferon free combination strategies in development

Mechanism

Nucleoside polymerase
+NS3 protease inhibitor

+NS3 protease inhibitor

Drugs

Daclatasvir
+asunaprevir

+danoprevir

Trial phase

Patients

Genotype-1, null responders,
USA

Genotype-1b, null reponders,

Genotype-2 and -3, naive

Genotype-1, null responders
Genotype -1, naive

Genotype-1, naive

Japan
Nucleoside polymerase GS-7977 Il
inhibitor + RBV +RBV
Il
Nucleoside polymerase BI201335 Il
+NS3 protease inhibitor +BI207127
+Ribavirin +RBV
Nucleoside polymerase Tegobuvir I
+NS3 protease inhibitor +GS-9256
Nucleoside polymerase Mericitabine Il

Genotype-1, experienced,
non-responders
Genotype-1, naive

Virological response, end point

RVR 64%, SVR 36% (n = 11)

SVR24 100% (n = 10)

RVR 100%, SVR 100% (n = 10)

SVR4 10% (n = 10)
RVR 100% (n = 17)

EVR 80% (n = 15)
+RBV: EVR 100%) (n = 13)
Day14 viral load

—4.9 logio IU mI~!
Day14 viral load

References

Lok et al. 2012 [58]
Chayama et al. 2012 [79]
Gane etal. 2011 [51]
Gane etal. 2012 [52]
Zeuzem et al. 2011 [90]
Foster etal. 2011 [86]
Gane et al. 2010 [55]

Gane et al. 2010 [55]

-5.1 logio IU ml~!

PEG-IFN, pegylated interferon alpha-2a/b; RBY, ribavirin; RVR, rapid virological response with HCV RNA undetectable at week 4; EVR, early virological response with HCV RNA

undetectable at week 12.

Interferon-free therapy

Several studies have explored IFN-free therapy combina-
tions in different groups (Table 3). Two agents, GS-7977
and daclatasvir, are likely to be included in the first IFN-free
regimens. A study of an NS5B polymerase (GS-7977) with
ribavirin among treatment naive, genotype-2/-3 patients
treated 40 participants for 12 weeks, randomly assigned
PEG-IFN for different durations or not at all [51]. All partici-
pants achieved an RVR and SVR, regardless of PEG-IFN
administration. Viral kinetics were no different in the IFN-
free arm, and there were no cases of viral breakthrough,
suggesting that the combination has a high barrier to
resistance. GS-7977 monotherapy for 12 weeks among 10
genotype-2/-3 patients resulted in an end-of-treatment
response for all patients. However four relapsed within
4 weeks of stopping therapy, consistent with a need for
RBV in IFN-free regimens [51]. Among harder to treat,
genotype-1 null responders, GS-7977 plus RBV for
12 weeks demonstrated a 100% end-of-treatment
response (n = 10). However nine out of 10 relapsed within
4 weeks of stopping treatment [52]. Previous null respond-
ers may require longer DAA therapy, the addition of other
DAA agents, or might require PEG-IFN.

Another phase Il trial of treatment experienced,
genotype-1, non-responders without cirrhosis studied
daclatasvir,an NS5A polymerase inhibitor,and asunaprevir,
an NS3 protease inhibitor, randomized to receive PEG-IFN/
RBV vs. no PEG-IFN/RBV [58]. Amongst the IFN-free group
(n=11),4/11 of their non-responder population achieved
an SVR, 1/11 relapsed after an undetectable HCV RNA at
the end of treatment, while 6/11 had viral breakthrough on
therapy. When examining genotype-1 subtype, both
genotype-1b infected patients achieved an SVR (n = 2),
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while only 2/9 genotype-la patients achieved an SVR.
Resistance mutations to both NS5A and NS3 agents
occurred in patients with virological failure. It is unclear
whether those mutations will affect subsequent therapy.
The same IFN-free drug combination was used for
24 weeks in a small Japanese cohort (n = 10) of HCV
genotype-1b,|L28B favourable, treatment experienced null
responders and was demonstrated to have a 100% SVR
[79]. These early studies suggest that differences in
genotype-1 subtype will have implications for IFN-free
treatment success.

Quadruple therapy

In a phase Il study of PEG-IFN and RBV in combination with
daclatasvir and asunaprevir, very high SVR rates were
achieved in a null responder population [58]. Ten treat-
ment experienced, genotype-1, non-responders without
cirrhosis had undetectable HCV RNA on treatment. SVR
response measured at 12,24 and 48 weeks was 10/10,9/10
and 9/10 respectively. These results suggest that quadru-
ple therapy may achieve very high SVR rates in patients
who respond poorly to IFN, a dramatic improvement on
standard therapy which would have predicted less than
10% SVR.

Conclusions

2011 was a watershed year for HCV treatments, heralding
the licensing of the first DAA for HCV, as well as proof-of-
concept that HCV could be cured without IFN therapy [1].
Challenges still remain to develop effective, durable, IFN-
free regimens without promoting HCV resistance, and in



turn improve treatment side effects allowing those with
significant psychological co-morbidities to access treat-
ment for the first time. Few people who inject drugs, the
group most at risk of HCV infection, receive HCV treatment
currently [80, 81]. Improved regimens of shorter duration
with fewer side effects may increase the number of
patients on treatment overall,and people who inject drugs
in particular. Current HCV practice is evolving rapidly and
newer agents and classes of drug will add to treatment
complexity in the short term. In addition to the individual
benefits from curing HCV, increasing treatment uptake
among people who inject drugs has the potential to
reduce HCV prevalence in this high risk population [82,83].
The rapid improvements, successes to date and the
number of HCV agents in development should give hope
to millions of patients living with HCV infection.
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