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Abstract

More than two decades of intense research has provided a detailed understanding of hepatitis C
virus (HCV), which chronically infects 2% of the world's population. This effort has paved the
way for the development of antiviral compounds to spare patients from life-threatening liver
disease. An exciting new era in HCV therapy dawned with the recent approval of two viral
protease inhibitors, used in combination with pegylated interferon-a and ribavirin; however, this is
just the beginning. Multiple classes of antivirals with distinct targets promise highly efficient
combinations, and interferon-free regimens with short treatment duration and fewer side effects
are the future of HCV therapy. Ongoing and future trials will determine the best antiviral
combinations and whether the current seemingly rich pipeline is sufficient for successful treatment
of all patients in the face of major challenges, such as HCV diversity, viral resistance, the
influence of host genetics, advanced liver disease and other co-morbidities.

HCV constitutes a significant health burden worldwide, with an estimated 130-170 million
people chronically infected. Severe liver disease, including advanced fibrosis, cirrhosis and
hepatocellular carcinoma, is often a complication of long-term HCV infection, making HCV
the most common indication for liver transplantation in developed countries (discussed by
Thomas in this issuel). The previous standard-of-care HCV therapy consisted of pegylated
interferon-a (peg-1FN-a) and ribavirin for up to 48 weeks, which leads to a virologic cure
for about 50% of adherent patients. IFN-a elicits a general antiviral state in cells, whereas
several mechanisms have been suggested for the activity of ribavirin. These include favoring
of T helper type 1 immune responses, induction of IFN-stimulated genes (ISGs), inhibition
of inosine monophosphate dehydrogenase (leading to GTP depletion), direct inhibition of
the HCV polymerase or mutagenesis of newly synthesized viral RNAZ2. Severe side effects
are one of the most frequent causes of treatment discontinuation, and they include flu-like
and neuropsychiatric symptoms, autoimmune diseases and hemolytic anemia2. Since 2011, a
triple combination adding one of two direct-acting antivirals (DAAS) protease inhibitors has
been approved for HCV genotype 1 infections, increasing cure rates to around 70% (refs.
4,5). However, added severe side effects, resistance and drug-drug interactions are still
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issues®, and the quest for the holy grail of HCV treatment, an all-oral highly effective IFN-
free regimen, continues (Fig. 1). HCV prevention in high-risk groups has seen only limited
improvement, and there is no vaccine available or on the near horizon (discussed by Liang
in this issue’).

HCV was discovered in 1989 (ref. 8) and was found to be the major cause of non-A, non-B
post-transfusion hepatitis®. This breakthrough quickly led to serologic- and nucleic acid—
based diagnostics for blood product screening?. In contrast, it has been a struggle to
establish research tools and cell culture systems for HCV (Fig. 1). The only true HCV
animal model is the chimpanzee, which has been crucial in studies of HCV immunity and
pathogenesis!. Small animals are not naturally infected by HCV, which has encouraged
development of human-liver chimericl2 and genetically modified® HCV-permissive mice.
Establishment of cell culture systems has been a painfully slow process, but these now
include selectable replicon systems!#, retrovirus-based pseudotyped particles'®16 and
complete viral replication systems17~19, which have been essential for dissecting the viral
lifecycle, identifying promising targets and developing antiviral compounds (Box 1).

HCV is a positive-stranded RNA virus in the Flaviviridae family, which also includes
classical flaviviruses such as yellow fever and dengue. Only the enigmatic GB-virus B and
the recently identified nonprimate, rodent and bat hepaciviruses (NPHV20, RHV2! and
BHV22) are grouped with HCV in the Hepacivirus genus. The HCV 9.6-kb genome contains
5" and 3’ untranslated regions (UTRs) flanking a long open reading frame (ORF) that is
translated via an internal ribosome entry site (IRES)23. The resulting polyprotein is
processed to yield structural (core, E1 and E2) and nonstructural (p7, NS2, NS3, NS4A,
NS4B, NS5A and NS5B) proteins (Fig. 2)24. Membrane-associated viral replication takes
place in the cytoplasm, and assembly and release through secretory pathways are coupled to
lipoprotein biogenesis2. Approved DAAs inhibit the cleavage of the polyprotein into
mature nonstructural proteins by the viral NS3-NS4A serine protease, and other antivirals in
development target RNA replication. Progress in understanding HCV biology has been key
for creating a remarkably rich pipeline of antiviral compounds in various stages of
preclinical and clinical development (Table 1).

HCV genotype and host genetics affect antiviral drug response

Genetic heterogeneity looms large for HCV compared to, for example, hepatitis B virus
(HBV) and HIV; HCV isolates have been grouped into seven genotypes (1-7, ~30%
sequence divergence) and a number of subtypes (a, b, and so on, ~20% sequence
divergence)24. Distinct differences are observed in geographic distribution, with genotype 1
dominating in the Americas (70% of cases), Japan (75%) and Europe (50-70%); genotypes
2 and 3 are also prevalent in these regions. Genotypes 3 and 6 are widespread in South and
Southeast Asia, and genotypes 4 and 5 are most common in Africa but spreading to Europe.
Genotype 7 was recently found in a few patients from Central Africa, but thus far it is not of
major clinical importance. Disease association is largely similar across genotypes; however,
a higher risk of hepatic steatosis26 and of progressive liver disease?’ is associated with
genotype 3. For reasons that still remain obscure, IFN-based regimens lead to a sustained
viral response (SVR) of nearly 80% for genotype 2— and genotype 3—infected patients but
only about 50% for genotype 1 and genotype 4 infections?; genotypes 5 and 6 have
intermediate response rates. However, selection of true viral resistance to peg-IFN-a and
ribavirin has not been observed. This genotype variability remains important in the dawning
era of DAAs. The first-generation NS3-NS4A protease inhibitors telaprevir and boceprevir,
owing to genotype-dependent efficacy, were approved for treatment of only genotype 1.
Selective targeting of genotype 1 has been driven by its high prevalence in developed
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countries and the use of genotype 1b replicon systems as the industry standard for drug
development.

Several host factors influence spontaneous clearance of HCV and the outcome of therapy,
including HLA type, ethnicity, gender, age and obesity. Further, high baseline levels of ISGs
predict an unfavorable outcome of HCV therapy?8. Single nucleotide polymorphisms in the
gene encoding IFN-A3 (formerly known as 1L28B) and the recently discovered IFN-A4 have
now become important predictors of treatment outcome (discussed by Horner and Gale in
this issue??, Fig. 1).

The viral life cycle and points of intervention
The HCV particle

Much remains to be understood on the composition and structure of infectious HCV
particles. Enveloped HCV virions are 50-80 nm in diameter, with E1 and E2 glycoprotein
heterodimers embedded in the lipid bilayer surrounding a nucleocapsid composed of core
protein and the single-stranded RNA genome3031 (Fig. 3). HCV virions, existing as
lipoviroparticles (LV/Ps), are not icosahedral, and because of their association with low-
density and very-low-density lipoproteins (LDL and VLDL) in the infected host32:33, they
are pleomorphic with heterogeneous and low buoyant density, which varies depending upon
growth conditions34. This Trojan horse strategy may help shield the virus from
neutralization25. Apolipoprotein E (apoE) and apoC are associated with both in vivo- and
cell culture—derived particles, whereas association with apoB is less pronounced in cell
culture3.

In theory, selective lysis of infectious particles could help prevent the observed universal re-
infection of liver allografts after transplantation or could be used as a supplement to other
antivirals. Peptides exhibiting virocidal activity for HCV and other viruses have been
reported, including a peptide derived from the HCV NS5A protein36. However, issues of in
vivo delivery, efficacy and safety have not been explored. Hence, virocidal compounds have
not emerged as serious antiviral players.

HCV-neutralizing antibodies, an obvious objective for vaccination strategies (see Liang in
this issue’), could also play a part in therapy, for example by passive administration to
prevent re-infection after liver transplantation. However, relative to the recent progress for
HIV37, understanding of HCV neutralization and HCV-neutralizing antibodies is still in its
infancy. Antibodies derived from patients or experimentally infected chimpanzees can
neutralize HCV. But limited cross-genotype neutralization383 and continuous viral
escape?? pose serious challenges. For example, the E2 glycoprotein contains hypervariable
regions containing immunodominant neutralization epitopes thought to function as
immunological decoys to shield more conserved neutralization epitopes, possibly by
facilitating association with host lipids*1:42. ApoE-specific antibodies can neutralize HCV
infection3® and are well tolerated at least in mouse models. However, dosing and safety are
concerns when targeting a protein that is also an abundant host serum component. Few
clinical studies have examined the efficacy of neutralizing antibodies, and the results thus
far have been disappointing#3. However, efforts are under way to identify and characterize
more potent, cross-reactive neutralizing antibodies*#45. Given HCV's diversity and ability to
persist in the face of an evolving neutralizing response, a cocktail of such antibodies is likely
to be required for effective control in the context of established chronic infection or liver
transplantation.
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Entry and uncoating

A growing number of cellular molecules are involved in HCV entry into hepatocytes (Fig.
3). The LDL receptor and glycosaminoglycans are thought to mediate initial low-affinity
cell binding#647, before E1-E2 interaction with the co-receptors SR-BI8 and CD81 (ref.
49). Claudin-1 (CLDN1) and occludin (OCLN) are also required for entry®%>1, New in vitro
systems mimicking the polarized nature of liver cells® are helping to examine migration of
HCV-receptor complexes to tight junctions, where these entry factors are normally found.
CLDNG6 and CLDNS can replace CLDNL1 for HCV entry, but they are expressed only at low
levels in the liver®3. Species differences in CD81 and OCLN, for example, restrict host
tropism®L. The additional factors epidermal growth factor receptor (EGFR) and ephrin
receptor type A2 are required for HCV entry and possibly modulate interactions between
CD81 and CLDNZ1 (ref. 54). Virion-associated cholesterol seems to be involved at a late
stage of HCV entry, at or before fusion, through interaction with the NPC1L1 cholesterol
absorption receptor®, Uptake occurs through clathrin-mediated endocytosis®®, and fusion
requires a low pH compartment, which is probably encountered in endosomes®’*8, HCV E2
is primed by CD81 for activation in acidic environments®. Although its structure has not
been solved, it has been predicted to be a class 11 fusion protein9. However, the structure of
the related pestivirus E2 ectodomain was recently solved, revealing a novel fold and
organization, which led to speculation that E1 may actually be the fusogen®1:62, These entry
processes eventually lead to release of the HCV genome into the cytoplasm, where primary
translation can occur.

In addition to infection with cell-free virus, direct cell-to-cell transmission probably also
occurs in the liver, which may provide a means to avoid neutralization®3. However, most
host entry factors overlap between the two routes, making them potential targets for
intervention. In human-liver chimeric mice, antibodies targeting CD81 or SR-BI protect
mice from infection, and also from viral dissemination in the case of SR-Bl-specific
antibodies®4.65. Small-molecule host-targeting agents (HTASs) are also being investigated©®.
ITX 5061, which inhibits the uptake of high-density lipoprotein (HDL) through SR-BI and
uptake of HCV particles®’, is currently in phase 2 clinical trials (Table 1). Mutations in E2
hypervariable region 1 can confer ITX 5061 resistance, but the trade-off for such variants
may be increased susceptibility to neutralization58. Erlotinib, a clinically approved inhibitor
of EGFR, and the NPC1L1 inhibitor ezetimibe have been shown to impair HCV infection in
human-liver chimeric mice®55, but it is yet unclear whether a sufficient therapeutic window
exists in humans. The late stages of HCV uptake, including fusion with host membranes and
viral uncoating, are poorly understood; however, peptidomimetics inhibiting fusion have
been described®9. Although there are scant clinical data to date and concerns about safety,
targeting host entry factors with antibodies or small-molecule inhibitors could block the
spread of DAA-resistant variants and disturb infection dynamics necessary to maintain
chronic liver infection.

Translation and polyprotein processing

The intracellular replicative phase of the HCV life cycle has provided a wealth of antiviral
targets, including key viral enzymes required for protein production and RNA amplification.
The HCV genome is highly structured with essential RNA elements in the 5" and 3’ UTRs as
well as in the coding region (Fig. 2)24. Endoplasmic reticulum (ER)-associated translation is
initiated by an IRES located in the HCV 5" UTR23. The resulting HCV polyprotein is co-
and post-translationally cleaved by cellular proteases (signalase and signal peptide
peptidase) and the viral NS2-NS3 and NS3-NS4A proteases to release ten HCV proteins

(Fig. 2).
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Interestingly, the NS3-NS4A serine protease also cleaves the MAVS and TRIF adaptor
proteins, blocking IFN synthesis initiated by retinoic acid—inducible gene-I (RIG-1) and
Toll-like receptor 3 (see Horner and Gale in this issue2?). Inhibiting NS3-NS4A thus has an
attractive dual function, making this protease a prime target for antiviral development. The
linear NS3-NS4A protease inhibitors telaprevir and boceprevir were the first DAAs
approved in triple combination with peg-IFN-a and ribavirin for treatment of HCV genotype
1 infection (Fig. 1). In phase 3 studies, adding telaprevir or boceprevir increased SVR rates
from ~50% to ~70% (refs. 4,5). A number of second-wave, primarily macrocyclic, NS3-
NS4A protease inhibitors are in advanced clinical development and show more potent
antiviral activity with superior tolerability and pharmacokinetics (Table 1)8. These include
ongoing phase 3 studies with simeprevir (TMC435), faldaprevir (B1201335), vaniprevir
(MK-7009), asunaprevir (BMS-650032) and ABT-450. In spite of their promise, these first-
generation protease inhibitors still have suboptimal resistance profiles and genotype
coverage® /0. However, true second-generation protease inhibitors with high potency, broad
genotype coverage and superior resistance profiles, such as MK-5172 and neceprevir
(ACH-2684), are already in the clinical development pipeline’?.

Less attention has been given to cellular proteins involved in IRES-mediated translation?3
and the NS2-NS3 protease®. For NS2-NS3, biochemical assays were challenging to
develop, and a crystal structure for the post-cleavage form was not solved until 2006 (ref.
72). However, NS2-NS3 cleavage is essential for formation of the HCV RNA replicase,
with mature NS2 also required for infectious virus production’3:74, Thus NS2, at least in
concept, could make an attractive antiviral target.

HCV RNA replication

RNA replication is believed to take place in association with ER-derived membrane
spherules induced by NS4B and NS5A7°:78 which in aggregate are termed the membranous
web (Fig. 3). The RNA-dependent RNA polymerase, NS5B, is the workhorse of the HCV
replicase complex, with a classical right-hand structure consisting of finger, palm and thumb
domains’’. The NS3 protein contains a superfamily 2 DExH/D-box helicase domain,
capable of nucleic-acid binding and 3’ to 5’ translocation coupled to hydrolysis of ATP8.
Although its exact role is unknown, this activity could be important for separation of nascent
and template RNA strands, unwinding of local RNA secondary structures or displacement of
RNA-binding proteins. The NS5A phosphoprotein consists of three loosely defined
domains’®, with a high-resolution structure available only for domain I, revealing a dimer
with a basic channel possibly involved in RNA binding881, NS5A domains | and Il are
essential for RNA replication’9:82, whereas domain 111 participates in virus assembly83.84,
The phosphorylation state of NS5A regulates the balance between RNA replication and
downstream processes®®.

Owing to its pivotal role in viral RNA synthesis, the NS5B polymerase has been a prime
target for antiviral development. Perhaps the most promising of new inhibitor classes are
nucleoside or nucleotide inhibitors that target the NS5B polymerase active site, acting as
RNA chain terminators. Given the high conservation of the active site, these inhibitors have
pan-genotype coverage. Although these inhibitors have a low genetic barrier to resistance,
requiring only a single amino acid substitution, such resistance mutants have low fitness,
resulting in an overall high barrier to resistance’?. Clinical studies of these drugs in
combination with peg-IFN-a and ribavirin look promising, in particular for sofosbuvir
(GS-7977), which had tolerable safety profiles and ~90% SVR86:87 (Table 1). However,
this class of inhibitors, particularly the purine analogs, has been plagued with severe adverse
events and safety concerns, possibly as a result of mitochondrial toxicity88. Clinical
development of several initially promising compounds, including valopicitabine (NM283),
R1626, BMS-986094, PSI-938 and IDX-184, has been discontinued. Nonetheless, it is
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predicted that this class of compounds will emerge as the cornerstone of all-oral, pan-
genotype combinatorial regimens.

Non-nucleoside inhibitors, which target one of four allosteric sites on NS5B (thumb and
palm domains), typically have narrow genotype coverage and a low barrier to resistance,
owing to the high fitness of escape mutants. However, compounds such as ABT-333,
ABT-072, B1207127, BMS-791325, lumibuvir (VX-222) and setrobuvir (RG7790) may be
useful when combined with other antivirals and are now being evaluated primarily in
combination trials (Table 1)6. As for the nucleosides, several allosteric polymerase inhibitors
have also been halted for safety issues. Although not likely to be a component of pan-
genotype regimens, potent genotype- or even subtype-specific inhibitors of this class may
still prove useful for treating targeted patient populations.

NS5A, because of its lack of enzymatic activity, emerged as a viable target only recently
after the advent of cell-based screening platforms (Fig. 1). Despite its late emergence as a
drug target, NS5A inhibitors are now perhaps the most potent antivirals ever discovered,
with low- or even subpicomolar activity in cell-based assays8%:90. In fact, the extremely
rapid rate of HCV decline in single-dose escalation trials for daclatasvir (BMS-790052)
necessitated revising estimates of the circulating virus half-life from 2.5 h to 45 min (ref.
91). On the basis of the location of resistance mutations, current compounds seem to target
NS5A domain 189:90: however, the exact mechanism of action of these inhibitors is the
subject of ongoing research. Despite their high potency and reasonably broad genotype
coverage, this class of compounds has a relatively low barrier to resistance with high fitness
for escape mutants®°. Daclatasvir, the most advanced compound, is currently in phase 3
studies of patients with genotype 1 HCV, with promising results®2 (Table 1). However, it is
likely that NS5A inhibitors will ultimately be used in combination with other antiviral
classes, and encouraging results have been obtained, for example, with daclatasvir and
sofosbuvir®s,

Although the NS3 helicase activity would seem to be an attractive target, the large number
of cellular ATP-binding motor proteins has posed specificity challenges that have not yet
been overcome. Nonetheless, a better understanding of NS3's role in RNA replication,
snapshots during unwinding steps that reveal unique structural intermediates®* and improved
antiviral screening methods may yet yield effective and specific helicase-targeted drugs®®.
Several classes of inhibitors targeting NS4B have been identified®®, including clemizole, an
approved antihistamine drug, which blocks an RNA-binding activity of NS4B%. None of
the NS4B-targeted compounds have progressed to advanced clinical development. Silibinin,
an approved therapeutic successfully used to prevent re-infection of the allograft after liver
transplantation and for treatment of IFN nonresponders, may target NS4B, given its
resistance profile and ability to interfere with formation of replication sites®’.

Although too numerous to detail here, a number of host factors influencing translation,
replication, assembly and release have been identified using RNAi-screening and mass
spectrometry interactome approaches (Fig. 3 and Table 1, reviewed in ref. 52). The front-
runner is cyclophilin A (CypA), a peptidyl-prolyl cis-trans isomerase required for HCV
replication. This was discovered in a cell-based screen testing approved compounds for anti-
HCV activity?8. Cyclosporin A demonstrated potent antiviral activity, as did
nonimmunosuppressive analogs with even higher antiviral potency such as alisporivir
(DEBIO-025) and SCY-635, both of which then moved quickly into clinical
development®9:100, CypA which binds NS5A, is believed to catalyze conformational
changes necessary for HCV RNA replication101, Resistance to CypA inhibitors maps to
NS5A in a region with overlapping CypA and NS5B binding sites (ref. 102 and references
therein). A recent study suggests that CypA inhibitors may also enhance innate antiviral
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immunity by inducing type 1 and I11 IFNs and 1SGs103, In patients, alisporivir enhances the
efficacy of IFN-based regimens and demonstrates reasonable cross-genotype coverage with
a high barrier to resistancel94. However, owing to several cases of acute pancreatitis among
trial participants, this inhibitor is now on clinical hold. Although this is a setback for this
first-in-class HTA, CypA inhibitors may well re-emerge in the context of IFN-free
regimens.

Another intriguing aspect of HCV biology is its addiction to the abundant liver-specific host
microRNA miR-122 (ref. 105). Near its 5" end, the HCV RNA genome harbors two
conserved miR-122 seed sites, with additional miR-122-HCV genome nonseed interactions
required for efficient HCV replication1 (Fig. 2). miR-122 binding has a stimulatory effect
on translationl9”. More recently, miR-122— argonaute 2 complexes were shown to protect
uncapped HCV RNA from 5’-3’ degradation by exonuclease Xrn1 (ref. 108). It has also
been suggested that miR-122-HCV RNA complexes might shield the 5’ end of the HCV
genome from recognition by innate immunity—inducing pattern recognition receptors, such
as RIG-1199, Studies in chimpanzees provided proof of concept for targeting miR-122, by
sequestering the miRNA using the miR-122 locked nucleic acid (LNA) antagonist
miravirsen (SPC3649)110, a strategy that is effective against all HCV genotypes?1l,
Potential drawbacks are that miravirsen is administered by injection, and miR-122 regulates
hundreds of hepatocyte mRNAs, which might cause unwanted side effects. Treatment with
miravirsen led to transient reduction in serum cholesterol'1, and miR-122-knockout mice
developed hepatitis and hepatocellular carcinomas!12113 which, interestingly, resembled
HCV-related disease in humans. Despite potential drawbacks, a short-term phase 2 study of
miravirsen indicated a tolerable safety profile, significant antiviral activity and a high barrier
to resistancel14.

Studying HCV's intimate association with hepatocytes, membranes and lipid metabolism has
uncovered additional host-targeted therapeutic angles. Cholesterol and fatty acid
biosynthesis as well as geranylgeranylation are important in HCV replication, possibly for
forming membrane-associated RNA replication complexes!®:116, Statins targeting HMG-
CoA reductase inhibit HCV replication in cell culture115.118 although at doses beyond those
used in the clinic to control serum cholesterol. As might be expected from this, statin
monotherapy does not significantly reduce HCV RNA levels but does show a modest
increase in response rates to IFN-based therapy1’. An unexpected hit from several siRNA
screens is the requirement for phosphatidylinositol-4 kinase I11-a (P14KlIlla) in HCV
replication1®. This enzyme is hijacked by HCV NS5A, which stimulates the production of
phosphatidylinositol-4-phosphate!19120, Exactly how this is required for HCV RNA
replication is still under investigation. Interestingly, 4-anilino quinazolines, originally
thought to target NS5A based on mapping resistance mutations, turn out to be inhibitors of
Pl4KIlla (ref. 121). Whether or not PI4Kllla is a viable target is still a matter of debate. In
mice, this enzyme is essential, and even conditional ablation of PI4Klllqa leads to severe
pathology122. However, partial PI4KIlla inhibition, liver targeting or short treatment
duration might still provide a therapeutic window useful for HCV treatment.

Virus assembly and release

Although late stages in the virus life cycle should also provide attractive targets for
intervention, progress is lagging, as experimental systems for studying assembly and release
are recent developments (Fig. 1 and Box 1). Virus assembly and release is a tightly regulated
process coupled to host cell lipid synthesis (Fig. 3)2°. After cleavage, first by signal
peptidase and subsequently by signal peptide peptidase, the mature core protein relocates
from ER membranes to cytoplasmic lipid droplets (cLDs)123:124 assisted by diacylglycerol
acyltransferase-1 (DGAT1)12, The current model for nucleocapsid formation involves
interaction of core with NS5A, either on cLDs, whereto NS5A is also directed by DGAT1
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via its N-terminal amphipathic a-helix, or after translocation from the mobile cLDs to the
ER83.126.127 Delivery of the HCV genome RNA to sites of nucleocapid assembly is still
poorly understood but is probably facilitated by the close juxtaposition of sites of RNA
replication and virion assembly2® and by NS2-coordinated virion assembly through
interactions with the glycoproteins, p7, NS3 and NS5A73:74, A series of signal and stop-
transfer sequences orchestrate ER translocation of the E1 and E2 glycoproteins, which
assume a type | membrane protein topology. After folding, heterodimer formation and
addition of N-linked sugars, the E1-E2 glycans are then trimmed by glycosidases | and |1
(ref. 128).

HCV protein-protein interactions or cellular machinery necessary for these steps could be
potential antiviral targets. Compounds targeting DGAT1 do inhibit HCV125 and are already
in clinical development for obesity-associated disease. In addition, recent evidence suggests
that potent NS5A inhibitors, such as daclatasvir, act by inhibiting both RNA replication and
virion assembly and that this is responsible for the strikingly rapid decline in viral load
observed after administration of a single dose®L. Iminosugar derivatives targeting ER
glycosidases have demonstrated antiviral potential in vitro122.130, The glycosidase | inhibitor
celgosivir (MX-3253) showed a synergistic effect when combined with peg-1FN-a and
ribavirin in phase 2 trials131, but development has subsequently been halted. p7 oligomers
are believed to function as ion channels that prevent acidification of intracellular
compartments and virus inactivation during egress through the secretory pathway32. Given
this functional similarity of p7 to the influenza M2 viroporin, amantadine-like compounds
have been tested for their inhibitory activity. The effects in cell culture are moderate and
isolate dependent129.130.132 "and the clinical benefit of adding amantadine to peg-IFN-a and
ribavirin, if any, is unclear3. Though improved SVR rates were achieved by combining peg-
IFN-a and ribavirin with a new p7 inhibitor, BIT225, in a small clinical study33, larger
studies are needed to evaluate its potential contribution.

During later stages of assembly, HCV co-opts the VLDL pathway134.135 3 strategy that may
enhance hepatotropism and contribute to persistence. At lipid-rich microdomains of the ER,
the nucleocapsid is thought to be transferred to luminal lipid droplets (luLDs), which are
precursors of VLDL particlest36. Nucleocapsid-containing luLDs fuse with apoB-containing
pre-VLDL particles to form LVPs, which also acquire apoE and apoC2°:35.135 and exit
through the Golgil3’. The intraluminal ER microsomal transfer protein (MTP) is responsible
for transfer of triglycerides and phospholipids to nascent luLDs and has been implicated in
HCV assembly13>. However, other cell culture studies found less apparent LVP-apoB
association and MTP dependencel38, possibly as a result of inefficient VLDL production in
cell culture. This correlates with the higher density of cell culture— produced HCV, which is
still infectious but of lower specific infectivity34. MTP inhibitors being evaluated in the
clinic for dyslipidemia possess antiviral activity in vitrol34:135 but their in vivo efficacy
against HCV has yet to be demonstrated.

The future of HCV therapy: high hopes and challenges

Since type | IFN was tested and shown to be effective for treating non-A, non-B hepatitis,
the standard of care steadily improved from single-digit success rates to overall virologic
cure rates of around 50% with peg-IFN-a and ribavirin. These remarkable advances were
achieved empirically, through testing in the clinic, without understanding of how these drugs
exerted their anti-HCV effects. Now, after more than two decades of intense effort in
academia, industry and clinical investigation, a deeper understanding of the HCV lifecycle
has ushered in a new era in HCV treatment, beginning with the approval of the first two
DAAs in 2011 (Fig. 1).
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So where does the field stand in terms of clinical development? Initial strategies have
examined combination of one or more DAAs with peg-1FN-a and ribavirin. This might
include one DAA with a high barrier to resistance or two DAAs with lower resistance
barriers. Benefits include the direct action of a DAA with the proven and probably
independent antiviral activities of peg-1FN-a and ribavirin. This might shorten treatment,
particularly for patients with a favorable IFN-)\ genotypel39. Responses are generally
superior for HCV genotype 1b versus 1a, for the reasons discussed earlier. However, this
strategy also has the potential of increasing the already harsh side effects (as seen for
telaprevir and boceprevir) and, in some regimens, is less effective in previous IFN
nonresponders or unusable in patients with contraindications to IFN. Phase 3 studies
combining the second-wave protease inhibitors simeprevir or faldaprevir with peg-1FN-a
and ribavirin improved SVR rates to ~80% with milder side effects40-142, Even higher
SVR rates of ~90% were achieved for the nucleotide inhibitor sofosbuvir with peg-IFN-a
and ribavirin8. Very high SVR rates were also observed with two DAAs (quadruple
therapy), either protease and NS5A inhibitors (asunaprevir plus daclatasvirl43 or vedroprevir
(GS-9451) plus ledipasvir (GS-5885)144), or protease and nucleoside polymerase inhibitors
(danoprevir plus mericitabine (RG7128)14%). However, multiple-DAA regimens are now
being pursued largely without IFN. Although there is ongoing speculation about the
imminent demise of IFN-a—based therapies, IFN-) is still being evaluated as a replacement
given its similar antiviral properties and more desirable side-effect profile46.

Until recently, it was debated whether the holy grail, an IFN-free DAA and/or HTA
regimen, would be sufficient to achieve a virologic cure. Might the far-reaching, systemic
and antiviral action of IFN be required to eliminate the virus? In cell culture this is not the
case, and in seminal chimpanzeel4” and human-liver chimeric mousel8 experiments,
combining two DAAs led to SVR. In a subsequent phase 2 pilot study, combination
treatment with protease and NS5A inhibitors (asunaprevir and daclatasvir) for the first time
demonstrated IFN-free SVR in HCV genotype 1-infected previous nonresponders49.

The HCV field is now in the midst of an explosion of IFN-free clinical studies combining
one, two or three antiviral agents, with or without ribavirin. Combinations of three DAAs—
protease, NS5A and non-nucleoside polymerase inhibitors with or without ribavirin—
achieved close to 100% SVR in relatively large groups of HCV genotype 1-infected patients
(for example ritonavir-boosted ABT-450, ABT-267 and ABT-333 (ref. 150), which included
previous non-responders, or asunaprevir, daclatasvir and BMS-791325 (ref. 151)). Several
two-DAA combinations with or without ribavirin also showed remarkable results with SVR
rates of at least 90%, for example sofosbuvir in combination with one of the NS5A
inhibitors ledipasvirl® and daclatasvirl®3, a combination also proven to be efficacious for
previous telaprevir or boceprevir failures®3. Similar or slightly lower SVR rates were
achieved by combining a protease inhibitor with a non-nucleotide inhibitor (for example,
ritonavirboosted ABT-450 and ABT-333 (ref. 154), telaprevir and VX-222 (ref. 155) or
faldaprevir and BI1-207127 (ref. 156)), the latter with a stronger bias toward HCV genotype
1b versus 1a. In phase 3 studies with sofosbuvir and ribavirin, impressive SVR rates of 97%
were achieved for genotype 2, but only 56% for genotype 3, and with cirrhosis having more
impact for poor response in genotype 3 (ref. 86). With response rates ranging from 59% to
84% for genotype 1, and even as low as 10% for previous nonresponders®’, longer
treatment duration or combination with additional drugs is likely to be necessary, at least for
patients infected with an HCV genotype other than genotype 2. Ribavirin continues to have
arole in some DAA regimens, for example, eliminating ribavirin from the sofosbuvir
regimen significantly lowered SVR rates!®’. Interestingly, even in the absence of exogenous
IFN, favorable IFN-\ genotype and low I1SG baseline levels still positively correlate with
DAA treatment response, suggesting a continuing role for innate immunity in viral
clearance®®8. However, regimens that combine compounds of sufficient potency and high

Nat Med. Author manuscript; available in PMC 2014 April 12.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Scheel and Rice

Page 10

resistance barrier seem to be able to overcome the influence of the host determinants on
treatment response87:150.153,

Broad genotype coverage is still a challenge, in particular for non-nucleoside polymerase
inhibitors, but also for first-generation NS3-NS4A protease inhibitors, and NS5A inhibitors
(Table 1). Some DAA combinations, anchored by nucleotide polymerase inhibitors given
their cross-genotype efficacy, have been tested in patients with non— genotype 1 HCV. As
mentioned above, sofosbuvir and ribavirin alone gave high SVR rates for genotype 2 but not
genotype 3 patients86:87 and daclatasvir combined with sofosbuvir and ribavirin improved
the already high peg-1FN-a plus ribavirin SVR for genotypes 2 and 3 (ref. 153), although a
small number of failures have been reported for genotype 3 with this regimen and only small
numbers of patients have been studied. Thus, it will be important to continue development
of IFN-free regimens for all HCV genotypes, including genotype 3, which might be more
difficult to treat with certain DAASs. Replicon and infectious cell culture systems for other
genotypes'>9-161 should aid the development of second-generation pan-genotype protease
and NS5A inhibitors to address this need (Table 1).

HCV's intrinsically high error rate churns out an estimated 1012 variants per day in a single
infected individual. The emergence of DAA resistance is an obvious concern, and it has
been seen in cell culture and in patients’?. However, unlike the case with HIV, which
requires life-long antiviral treatment, HCV therapy can result in eradication of detectable
virus; in the vast majority of cases where SVR is achieved, relapse is not observed.
Resistance can be minimized by using compounds with a high resistance barrier, such as
nucleoside or nucleotide polymerase inhibitors, or by combining several classes of DAAS
with nonoverlapping resistance profiles. A relatively high prevalence of pre-existing
resistance mutations to certain protease inhibitors has been observed’%140, and the more fit
resistance variants selected by certain DAAs, such as NS5A inhibitors, persist long after
cessation of treatment62, Monitoring resistance in treatment failures is likely to become an
important consideration for choosing which DAA classes to use for retreatment.

HTAs provide yet another angle, with the possible advantage of limiting virus-acquired
resistance and increasing therapeutic options to avoid drug-drug interactions. Although
development of the CypA inhibitor alisporivir in combination with peg-1FN-a and ribavirin
is currently on clinical hold, combining alisporivir with ribavirin in a recent study of patients
with genotype 2 and genotype 3 HCV gave high SVR rates of ~90% and improved safety
compared to peg-IFN-a and ribavirin163, Thus, alisporivir could well have a part in future
IFN-free regimens. Recent efficacy and safety data for the miR-122 antagonist miravirsen
are encouraging, even when it was administered as a monotherapy14. Although CypA
inhibitors and small-molecule entry inhibitors can be orally formulated, receptor-blocking
antibodies and miravirsen will require injections. However, infrequent administration of
miravirsen, perhaps even once monthly, could make injections less of a problem and perhaps
even favor patient compliance compared to oral DAAs that will require at least daily
dosing14. Toxicity from targeting normal cellular functions is a concern for HTAs but may
be manageable, particularly as treatment regimens shorten110.114,

Where does the field go from here and how close is it to the ‘ideal’ regimen: an all-oral,
IFN-free combination cocktail with pangenotype coverage, minimal side effects and high
virologic cure rates in all patient groups? With dozens of compounds already in clinical
development, and many more at preclinical stages, expectations for achieving this goal for
HCYV are justifiably high. However, this will not happen overnight, and the widespread
excitement associated with initial trials is often tempered after more experience in the clinic.
It is plausible that the most efficient IFN-free future regimens, combining nucleotide
polymerase inhibitors with, for example, ribavirin and NS5A inhibitors, will overcome even
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immunologic limitations imposed by prior IFN nonresponse. In this scenario, IFNL3 and
IFNL4 genotyping might become less relevant for most patient groups. However,
individualized therapy may still be necessary for special patient groups, such as people with
HCV and HIV co-infections, in whom drug-drug interactions can be problematic, and for
patients with advanced fibrosis and cirrhosis. For many DAAs and HTAs, although their
targets are known, how they actually work is still incompletely understood, and this would
be useful knowledge for deciding which combinations might be most effective®L. It is still
not possible to culture and phenotype clinical isolates or predict antiviral resistance and,
until recently, the ability to study HCV biology and assess inhibitor efficacy in primary
human hepatocytes was limited160:161.164 Fortunately, in vitro systems or animal models
can be used in drug combination studies to evaluate synergy and potential complications of
drug-drug interactions. Testing combinations in the clinic presents an exciting opportunity to
evaluate the value of in vitro systems; thus far, predictions of resistance and genotype
coverage have largely held true in patients’0:89.90, However, finding optimal combinations is
not straightforward. Initial clinical studies are driven by corporate market share decisions
rather than finding the best combination from the broader pipeline. The latter often occurs
later, after approval, in an ad hoc manner or in the context of more organized clinical
investigations.

In closing, it is worth remembering that even if SVR rates >90% are reached, the
identification of infected patients, global access to drugs and implementation of therapy will
be major challenges. Assuming it were possible to identify and treat every infected person,
an overall failure rate of even 5% will still leave nearly 10 million people without treatment
options. This is hardly a niche population or an orphan disease scenario. Hence, it is still
important to keep up the momentum and invest in hepatitis C research and clinical
development until options that work are available for all.
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Box 1
HCV model systems

In vivo models

The chimpanzee has been used for some antiviral efficacy studies and is the only model
for studies of adaptive immunity and vaccine responsel:110.147 Current guidelines now
restrict the use of chimpanzees in the United States. In 1997, RNA transcripts from
consensus clones of genotype 1a were shown to initiate infection after intrahepatic
injection into chimpanzees!68.169, thus defining the critical genetic elements of HCV.
Clones of genotypes 1-4 infectious to chimpanzees are currently available70.

Immunodeficient mice engrafted with human hepatocytes provide a complicated but
useful animal model for studies of entry, replication and innate immunity, but not
adaptive immunity12. In alternative approaches, HCV has been adapted to infect mouse
cells’® or mice that have been genetically humanized to allow HCV entryl3; an
approach still limited due to low viral replication and virus production.

In vitro models

The establishment of the prototype genotype 1b replicon system in 1999, allowing
replication in Huh7-derived hepatoma cells under selection4, was a milestone for
understanding and targeting intracellular replication. Curiously, efficient replication
relied on replicon-enhancing mutations'72, some of which proved detrimental for
infection in vivol73. Subsequently, replicons of genotype 1-4, as well as intergenotypic
replicons, have been developed?%®.

Studies of viral entry and neutralizing antibodies were possible in 2003 using HCV
pseudoparticle systems, in which HCV E1-E2 glycoproteins are assembled on lentiviral
particles in producer cells'>18, Packaging of a marker gene enables the detection of
infected target cells.

The genotype 2a isolate JFH1 is unique in that no adaptation was necessary for RNA
replication in Huh7-derived cell culture. Beginning in 2005, this isolate and its chimeric
and adapted variants led to the first robust cell culture virus production systems7-19.174,
JFH1 further allowed establishment of intergenotypic recombinants of the core-NS2,
NS3-NS4 protease and NS5A regions38:90.175.176 Recent developments have led to
establishment of efficient culture-adapted full-length systems for isolates of genotypes
1a, 2a and 2b160.161 |nfectious cell culture systems recapitulate the entire viral life cycle
allowing studies of all DAAs and HTAs77178 Recent improvements in work with

primary cells and polarized cells may address some limitations of established cell
lines®2:164,
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non-A, non-B hepatits

g
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E
g

Blood supply screening implemented
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HCV DAA, protease inhibitor
ciluprevir (BILN-2061)
. Proof of concept for the first
nucleoside polymerase inhibitor
(valopicitabine, NM283)
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non-nucleoside inhibitor (HCV-796)
Proof of concept for
inhibitors (alisporivir)
. 'HCV infection in human-liver chimeric mice meﬁ
Proof of concept for miR-122 antagonist
(miravirsen) in chimpanzees

Figure 1.
Timeline of the milestones in HCV functional and antiviral research. Major developments in

natural history, virology and model systems, direct-acting antivirals (DAA) development,
host-targeting agents (HTA) development and clinical implementations are indicated.
Immediate implications of breakthroughs in basic research for inhibitor development and
patient therapy are indicated with horizontal arrows.
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Figure2.

The HCV genome and polyprotein processing. The HCV RNA genome (top) contains one
long ORF (blue) flanked by 5" and 3" UTRs (red). The binding of two copies of miR-122
(green) to the 5" UTR is highlighted in the inset. IRES-mediated translation of the ORF leads
to a polyprotein (bottom) that is co- and post-translationally processed into ten viral

proteins. The maturation process of the core protein involves a cellular signa peptide
peptidase cleavage of a C-terminal signal peptide (white triangle) and cleavage from E1 by
the cellular signal peptidasel23, which also cleaves E1, E2 and p7 from the polyprotein (gray
triangles). In an autocleavage mechanism requiring two identical molecules to make up the
composite active site, the NS2-NS3 protease cleaves itself (red triangle)’2. The NS3
protease located in the first one-third of NS3 (ref. 165), assisted by its membrane-bound
cofactor, NS4A166, cleaves the remaining proteins NS3, NS4A, NS4B, NS5A and NS5B
(green triangles). Glycosylation of the envelope proteins (black dots) and the functions of
the individual HCV proteins are indicated.
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Points of intervention in the HCV life cycle
(1) The viral particle (neutralizing antibodies, virocidal peptides)

@ Entry and receptor interaction (antibodies and small molecules targeting receptors, kinase inhibitors)

@ Translation and polyprotein processing (NS3-NS4A protease inhibitors)

@ HCV RNA replication (NS5B polymerase and NS5A inhibitors, miR-122 antagonists, cyclophilin inhibitors, statins, PI4K|llo inhibitors)
@ Assembly and virion morphogenesis (NS5A inhibitors, DGAT1 inhibitors, glycosidase inhibitors, MTP inhibitars)

Figure 3.

The HCV life cycle and points of intervention. Points of intervention in the HCV life cycle
are marked with numbered circles, and types of inhibitors of the individual steps are
indicated in the legend. Interaction of extracellular HCV LVPs (1) with cellular surface
receptors initiates the entry process (2), which can also occur from direct cell-to-cell
transmission. After pH-dependent fusion and uncoating, the incoming HCV genome is
translated and the resulting polyprotein processed (bottom inset and Fig. 2, (3)). Replication
takes place in ER-derived membrane spherules (membranous web, bottom right inset, (4)),
the architecture of which remains to be fully defined’®. The spatiotemporal contribution of
miR-122 binding to the HCV genome is not yet fully understood, and miR-122 presence is
indicated with “?°. In the assembly and release process (top right inset, (5)), core protein is
transferred from cLDs to form nucleocapsids that, assisted by NS5A, are loaded with RNA.
Replicase proteins supposedly bind HCV RNA during transfer from replication to
packaging, the intracellular sites of which might converge. It is not clear whether the RNA is
transiently located on the cLD. The p7, NS2 and NS3-NS4A proteins are also involved in
coordination of assembly. HCV virion morphogenesis is coupled to the VLDL pathway, and
particles are produced as LVPs. Particles released from cell culture have less ApoB
association and resemble the ApoB-deficient particle illustrated. LVPs also associate with
ApoC, which for simplicity is not shown here. EphA2, ephrin receptor type A2; GAG,
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glycosaminoglycans; PL, phospholipids; TG, triglycerides. In the translation inset, NS5A is
shown as a dimer, though several other HCV proteins also form homo- or heterodimers or
oligomers. For comprehensive discussion and illustration of HCV assembly and release and
of membrane-associated HCV protein structures, see refs. 25,167, respectively.
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Characteristics of inhibitor classes
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Inhibitor class Resistance

Potency

L ead compounds?

Developmental stage

DAAs
NS3-NS4A protease inhibitors

First generation Low-medium barrier ~ High toward genotype Telaprevir (Incivek, Incivo) Approved
1, lower toward I
genotypes 2 and 3 Boceprevir (Victrelis) Approved
Simeprevir (TMC-435) Phase 3/NDA
Faldaprevir (B1201335) Phase 3
Vaniprevir (MK-7009) Phase 3
Asunaprevir (BMS-650032) Phase 3
ABT-450 Phase 3
Danoprevir (RG7227) Phase 2
Sovaprevir (ACH-1625) Phase 2
Vedroprevir (GS-9451) Phase 2
Second generation Medium barrier High; expected to be MK-5172 Phase 2
pan-genotypic Neceprevir (ACH-2684) Phase 2
NS5A inhibitors? Low-medium barrier ~ Very high Daclatasvir (BMS-790052) Phase 3
Ledipasvir (GS-5885) Phase 3
ABT-267 Phase 3
GSK2336805 Phase 2
ACH-3102 Phase 2
IDX-719 Phase 2
MK-8742 Phase 2
PPI-668 Phase 2
GS-5816 Phase 2
NS5B polymerase inhibitors
Nucleoside/nucleotide analogs ~ Medium-high barrier  High; pan-genotypic Sofosbuvir (GS-7977) Phase 3/NDA
Mericitabine (RG7128) Phase 2
VX-135 Phase 2
Non-nucleoside analogs® Low barrier, escape  Medium-high; highly ABT-333 (Palm-1/C) Phase 3
;?;,‘js“sts have high 2;23,}%5 © o subtype BI207127 (Thumb-I/A) Phase 3
BMS-791325 (Thumb-1/A) Phase 2
Lomibuvir (VX-222) (Thumb-I1/B)  Phase 2
ABT-072 (Palm-1/C) Phase 2
Setrobuvir (RG7790) (Palm-1/C) Phase 2
GS-9669 (Thumb-I11/B) Phase 2
TMC647055 (Thumb-1/A) Phase 2

HTAs

Cyclophilin inhibitors Resistance reported

invitro only

Medium, pan-genotypic

Alisporivir (DEBIO-025)
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Inhibitor class Resistance Potency Lead compounds? Developmental stage
SCY-635 Phase 2
miR-122 antagonists No resistance, High, pan-genotypic Miravirsen (SPC3649) Phase 2
though recombinant
resistance mutants
were reported in
vitro
Entry inhibitors No resistance, Unknown TX-5061 Phase 2

though recombinant
resistance mutants
were reported in
vitro

NDA, new drug application currently under evaluation.

a‘I'his table was assembled from inhibitor classes currently in clinical studies, with the aim of including the most promising compounds (in phases 2
and 3) of each class. Any bias in selection is unintended. Updates to the HCV antiviral pipeline can be found online at websites such as http://

www.pipelinereport.org/, http://www.natap.org/or http://hcvadvocate.blogspot.ca/.

Some genotype limitations for first-generation inhibitors. It is anticipated that second-generation inhibitors will address these concerns

Owing to the low resistance barrier, these will only be useful in combination with other DAAs. The allosteric NS5B target site is noted for the

individual inhibitors.

dCurrently on clinical hold because of cases of pancreatitis when combined with peg-IFN-a and ribavirin. Could hold promise for IFN-free

regimens.
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