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Abstract Discovery and development of HCV inhibitors is one of the most
successful stories in the history of antiviral research. After more than 30 years of
effort by academic and pharmaceutical researchers, HCV infection is a curable
disease. In fact, HCV is the first chronic infectious disease to be cured with combi-
nations of direct antiviral agents. Among these antiviral agents, NS5A inhibitors are
the most potent. The unprecedented low pM potency, pan-genotype coverage, and
well-tolerated clinical profile have made NS5A inhibitors an essential component of
all interferon-/ribavirin-free regimens in currently approved HCV therapies. Since
NS5A has no known enzymatic activity and is not a traditional antiviral target, this
review focuses on the challenges and concerns that arose during the discovery of this
class of inhibitor, the mode of action/inhibition, and the value of NS5A inhibitors
in the treatment of HCV infection.
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1 General Properties of NSS5A

The nonstructural protein SA (NS5A) is a phosphoprotein required for HCV
RNA replication and virion assembly in vitro and in vivo [1, 2]. NS5A from
genotype 1 (GT1) is comprised of approximately 447 amino acids (aa) that can be
divided into several distinct domains (Fig. 1). The first 33 residues of NS5A are
highly conserved in all genotypes and form an amphipathic alpha helix [3] that is
essential to modulate the association between NS5A and the endoplasmic reti-
culum membrane (ER) for recruitment to lipid droplets [4, 5]. The remaining
NS5A monomer consists of three structural domains (I, II, and III) separated from
each other by two inter-domain regions called low-complexity sequences (LCS)
[6]. NS5A has the ability to bind RNA, preferentially the polypyrimidine tracks of 3’
untranslated regions (UTR) [7]. Although each domain is able to bind independently
to 3’-UTR [6], the distinct genetically defined functions of these domains suggest
that differential binding to other targets may enable NS5A to play diverse roles at
different stages of the HCV life cycle (RNA replication and virion assembly).
Domain I (aa 34-213) is the most conserved region among the different HCV
genotypes, is essential for replication, and has been crystalized as a dimer in different
conformations (Fig. 2) [8—10]. The dimer is oriented to form a groove between
two monomers. The groove has been suggested to be an RNA-binding site [8];
however, NS5A dimerization appears to occur via direct contacts between NS5A
monomers and not via RNA [5]. Mutation analysis showed that the first LCS (Fig. 1)
is important for NS5A dimerization [S]. The various dimeric forms of NS5A
were found using different expression/purification and crystallization conditions
(Fig. 2a—c); however, the differing NS5A crystals indicate the protein monomers
can interact in multiple ways to form dimeric complexes (Fig. 2a—d). Since NS5A
protein performs multiple functions in vivo, different NS5A functions may require
different conformations to accommodate each role: protein-protein interactions
(dimer formation, host protein interactions), protein-membrane interactions (with
NS5SA amphipathic helix), protein-nuclei acid interactions (RNA binding), and
regulatory posttranslational modifications (serine phosphorylation) [5, 11, 12].
Additional NS5A conformational changes may occur prior to the release of the
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Fig. 1 Schematic drawing of HCV and NS5A. Structural and functional domains of NS5A
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Fig. 2 The crystal structures for GT1b and 1a NS5A domain 1 dimers are displayed in ribbon
representation. Tyrosine 93, a major resistant mutation, and Zinc (orange) are displayed as spheres.
The GT1b monomers are blue and green, while the GT1a monomers are teal and red. (a) The first
GT1b dimer structure [8] forms a potential RNA-binding pocket. (b) The 1b monomers in the
second dimer [9] structure are in parallel to form an extensive interface. The first genotype GT1la
NSS5A domain 1 structure [10] contains two dimers. (¢) The A and B monomers share the same
interface as the dimer shown in (b); however, the monomers are antiparallel. (d) Monomers C and D
form an extended N-terminal, head-to-head dimer

NS5A protein from the HCV poly-protein during replication complex formation.
These conformational changes in NSS5A are likely to be essential and represent
multiple drug discovery targets that can be blocked via inhibitor binding.

Domain I also coordinates a single zinc (Zn++) atom per protein molecule. The
coordination of the Zn++ by four NS5A cysteine residues (Cys*, Cys®’, Cys>?,
and Cys®®) [7, 8] suggests this is a structurally important metal ion required for
NSS5A folding and stability. Genetic data demonstrated that Zn++ binding is essen-
tial for multiple NSSA functions [7]. The coordination of Zn++ may also be
important for the formation of higher-order structures such as oligomers/polymers.
Domains II (aa 250-342) and III (aa 355-447) are less conserved among HCV
genotypes than domain I [13] and natively unfolded [14, 15]. Domain II interacts
with cyclophilin A (CypA), a cellular protein that stimulates RNA binding and is
required for HCV replication [16]. This is consistent with the observation that CypA
inhibitors such as cyclosporine (CsA) inhibit HCV replication [17]. Domain III is not
required for HCV RNA replication but is essential for virion assembly [18, 19].
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In addition to these structural domains, four functional domains (A, B, C, and D)
of NS5A were mapped genetically using in vitro intragenic complementation exper-
iments [20]. Domains A, B, and C have distinct roles in HCV RNA replication,
while domain D is associated with virion assembly [18, 19].

NS5A has two phosphorylated forms, p56 and p58, that differ in electro-
phoretic mobility on SDS-PAGE. Basal phosphorylation of NS5A (p56) by host
cellular protein kinases occurs at the center and near the C terminus (LCS II and
domain III), whereas hyperphosphorylation of NS5A (p58) occurs in LCS I within a
stretch of serine residues [21, 22] (Fig. 1). Ross-Thriepland and Harris [23] recently
reviewed the cellular kinases involved in NS5A phosphorylation, the phosphory-
lated residues, and the functions of phosphorylation. The hyperphosphorylation
of NS5A has a negative impact on HCV replicon replication in cell culture
systems [21].

Adaptive mutations that greatly enhance RNA replication of GT1 HCV replicons
[24] in vitro were identified by selection. Many of the mutations impact NS5A
hyperphosphorylation: inhibition of p58 formation is associated with an increase in
HCYV RNA replication [11, 25-27]. The most effective adaptive mutation is S22041,
which impairs NS5A hyperphosphorylation. On the other hand, GT2a JFH-1
replicons replicate very well in cell culture without adaptive mutations [24]. To
determine why adaptive mutations are needed for efficient replicon replication of
genotypes other than GT2aJFH-1, a pooled lentivirus-based human cDNA library
was screened. A single cellular protein, SEC14L2, was identified [25]. SEC14L2
promotes HCV infection by enhancing vitamin E-mediated protection against lipid
peroxidation. It supports HCV replicon and infectious virus replication in cell culture
without adaptive mutations. Observations that hyperphosphorylation is dependent
on the presence of other nonstructural HCV proteins, such as NS4A [26, 28] and
NS2 generated by NS2-3 auto-cleavage [29], or polyprotein consisting of N3-NS5A
with active NS3 protease activity [30, 31] strongly suggest that a conformational
change in NS5A may affect its hyperphosphorylation.

As a nonstructural protein without known enzymatic activity, NS5A relies on
interactions with other viral and cellular proteins to exert multiple functions. These
interactions do not occur simultaneously and must be temporally regulated to exert
different essential roles during different stages of the HCV life cycle.

2 NSS5A as a Target for HCV Drug Discovery

Based on clinical experience with HIV therapy, a combination regimen was
predicted to be the most effective strategy for effective HCV treatments. Early on,
it was noted that NS5A inhibitors possess several characteristics that make them
attractive candidates as a component for combination therapy: (1) exceptional
potency which drives a rapid initial viral RNA decline, (2) broad or pan-genotype
coverage, and (3) mechanistically unique class with no cross resistance with other
direct antiviral agents (DAA).
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Traditional targets for antivirals are enzyme-based viral proteins, such as poly-
merase, protease, integrase, etc. In fact, more than half of the approved antiviral
drugs are active site inhibitors represented by nucleos(t)ide analogs. Discovery of all
new drugs requires the development of numerous in vitro assays (including binding,
enzymatic, and cell-based) as well as co-crystallization with inhibitors and enzymes
to insure the rational design of targeted inhibitors. Also, the data derived from
in vitro assays are used routinely to predict the antiviral effects of inhibitors in the
clinic. Since NS5A is not an enzyme target, development of assays enabling drug
discovery was a challenge. The interactions of NS5A with many viral and cellular
proteins could amplify the toxic effects as well as the antiviral effects. In addition,
the host-cell environment affects the anti-HCV properties of NS5A inhibitors. Since
the NS5A protein is a nontraditional antiviral target, sections that follow discuss the
challenges and concerns that arose during the discovery of the first NSSA inhibitor
daclatasvir (DCV, BMS-790052), the mode of action/inhibition, and the value of
NS5A inhibitors in the treatment of HCV infection.

3 Discovery Challenges

The first NS5A inhibitor, BMS-858, was identified through an HCV replicon-based
high-throughput screen of over 1 million compounds [32-34]. The path from
BMS-858 to the discovery and development of DCV as a clinical candidate was
littered with puzzles and questions. The astonishing in vitro potency of NS5A
inhibitors was a puzzle that demanded focus on its mode of action (MOA). During
the early stages of drug discovery, it was necessary to determine if the target of
NS5A inhibitors was a cellular kinase or NS5A-kinase complex. Inhibition of p58
was associated with the activity of NS5A inhibitors (Fig. 3, left panel with com-
pound BMS-529 [11, 34, 35]). The phenotype appeared to link with MOA since
resistant NS5A lost sensitivity to pS8 inhibition [34]. However, a similar phenotype
was observed for NS3/NS4A protease inhibitors: the inhibition of NS5A p58
was lost with an NS3-resistant variant in the presence of a NS3 protease inhibitor
[34]. These observations suggested that the inhibition of p58 is due to the NS3
protease inhibitor binding to its NS3 protease target and causing a conformational
change of the kinase substrate, NS5A. Resistant variants selected with certain human
kinase inhibitors also mapped to NS5A [36]. The caveat with these results is that
under the selective pressure from a kinase inhibitor, it is easier to select resistance
from a viral protein (the kinase substrate NS5A) than a cellular kinase itself.
DCV-like molecules did not inhibit the activity of multiple kinases in vitro
(Gao M, unpublished data).

The most convincing evidence that the target of DCV-like molecules is NS5A
and not cellular kinase(s) was derived from the results of two experiments: (1) DCV
inhibits p58 production of NS5A and replication of a JFH-1 replicon and virus
without adaptive mutations [37] and (2) inhibition of p5S8 and HCV replicon activity
can be separated (Fig. 3, right panel) [38]. Compound BMS-158 inhibited the HCV
GT1b replicon with a median effective concentration (ECsp) of 0.5 nM; the resistant
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ECy,(nM)
WT Resist (Y93H)
BMS-529 0.04 0.4
BMS-158 0.5 280
BMS-529 BMS-158
1 nM 0 10 MM
p58 —> a r—a
ECyy: WT 0.04 nM 0.5nM
Resist. (Y93H) 0.4 nM 280 nM

Fig. 3 Inhibition of HCV replicon replication and p58 production can be separated. ECsq values of
compounds BMS-529 and BMS-158 were determined in HCV WT and Y93H replicons. Both
compounds inhibited replicon through the same mechanism as shown by Y93H resistance. Western
immunoblotting: GT1b plasmid was expressed in a vaccinia virus transient expression system
treated with either DMSO (no compounds) or BMS-529 or BMS-158. Cell lysates were separated
by SDS-PAGE, and NS5A proteins were identified by using an anti-NS5A antibody

variant NS5A Y93H is inhibited at EC5q of 280 nM. However, when NS5A without
adaptive mutations was expressed from a vaccinia virus expression system com-
pound, BMS-158 did not inhibit p58 (Fig. 3, right panel), in contrast to compound
BMS-529 (left panel). This series of experiments convinced us that DCV did not
inhibit kinase activity and enhanced our confidence that the target of DCV-like
molecules is NS5A.

Drug discovery efforts also focused on whether inhibitors bind directly to NS5A.
A biotinylated DCV-like molecule inhibited wild-type HCV replicon (ECs, of
33 nM) but was inactive toward the variant Y93H replicon (ECso > 10 pM),
whereas its diastereomer, used as a control, was inactive toward WT and Y93H
(ECsp > 10 pM). NS5A was pulled down efficiently with the active inhibitor but not
by the inactive diastereomer, suggesting selective binding to NS5A [35]. A different
group reported a similar result [39]. Since the biotinylated DCV-like molecule binds
WT NSS5A and resistant NSSA with similar affinity, the correlation between specific
inhibitor binding and antiviral activity was not firmly established using this
approach. However, direct binding of NS5A inhibitors DCV and AZD7295 to
bacterially expressed domain I with a Kd in the nM range has been reported
[40]. Decreased binding affinity of these inhibitors to resistant variants L31V and
Y93H confirmed specific binding and established a correlation between specific
binding and anti-HCV effects. Interestingly, binding of these inhibitors does not
affect NS5A dimerization, while RNA binding to NS5A inhibits inhibitor binding,
suggesting that DCV-like molecules favor a dimeric structure of NS5A that does not
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bind RNA [40]. Direct binding of ledipasvir (LDV) to a full-length NS5A containing
a C-terminal His-tag produced from a baculovirus system was also reported [41].
Specificity was validated by (1) diminished binding of the resistant mutant NSSA
(Y93H) to LDV and (2) competition of LDV binding to NS5A by DCV. Interest-
ingly, LDV binding to NS5A was competed by DCV but not by the biotinylated
compound BMS-671 [41], suggesting the binding mode of a monomer-like com-
pound may be different from a dimer. These experiments establish the direct and
specific binding of NS5A inhibitors to NS5A protein.

Phylogenetic analysis of nucleotide sequences identified at least six major geno-
types [1 through 6] and many subtypes of HCV [42]. The highest priority for early
HCV drug discovery was the development of an inhibitor with GTla and 1b
coverage, but the identification of an NS5A inhibitor with broad genotype coverage
was the goal. The identification of NS5A inhibitors with broad genotype coverage
required the development of many new research tools. When the first NS5SA inhibitor
was discovered, a GT1b replicon was the only genotype available. All the early
structure-activity relationships (SAR) were established with the GT1lb replicon
[34, 43]. Although the major resistance residues of NS5A selected in GT1b replicon
(L31 and Y93) are conserved in GT1a, none of the NSS5A inhibitors discovered early
(BMS-858, BMS-824, and BMS-346) were potent inhibitors of the GT1a replicon
[34, 44]. The binding mode (dimeric vs. monomeric) and cap “structures” of the
inhibitors were investigated to improve GT1a inhibition; however, the conservation
of key resistance residues (L31 and Y93) provided the foundation for the design
of potent inhibitors with broad or pan-genotype inhibition. Daclatasvir (DCV,
BMS-790052) [35], a compound that preserves the symmetry present in BMS-
346, inhibits most genotypes, and the second generation of NS5A inhibitors
(velpatasvir (VEL), pibrentasvir (PIB), and elbasvir (ELB)) has significantly
improved inhibition profiles for genotypes and resistance variants (Fig. 4 and
Table 1).

DCV (BMS-790052) Syn-395 LDV (GS-5885) Velpatasvir (GS-5816)

HL
(P :
Elbasvir (MK-8742) Pibrentasvir (ABT-530) Ombitasvir (ABT-267)
I
BMS-529 BMS-158

Fig. 4 Structures of different NS5A inhibitors used in this chapter
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Cytotoxicity, an indicator of off-target activity, is generally easy to monitor and
well separated from antiviral activity for enzyme targets such as polymerase and
protease. For NS5A inhibitors, many different in vitro cell-based counterscreens
(including a panel of DNA and RNA viruses and multiple cell lines derived from a
variety of origins) as well as in vivo preclinical animal toxicity studies were used
to evaluate off-target activity [34, 35]. The unprecedented potency and specificity of
NSS5A inhibitors yielded remarkable in vitro therapeutic indices (CCso/ECso) and
in vivo safety margins. Indeed, clinical data have shown that NS5A inhibitors are
well tolerated with a favorable adverse effect profile and low potential for drug-drug
interactions [55, 56].

4 Anti-HCYV Effects In Vitro and In Vivo

All NS5A inhibitors have been identified and evaluated with in vitro replicon or
infectious virus assays. This class of inhibitors has produced the most potent
antiviral agents reported to date, with ECs, values in the low pM range for all
HCV genotypes (Table 1). DCV, the first NS5A inhibitor to enter the clinic, has
broad genotype coverage with low pM potency in in vitro replicons, except for the
GT2a variant containing the NS5A substitution L31M (ECsy 6.9—-13 nM, Table 1).
Analysis of baseline sequences of GT2a NS5A from >400 clinical specimens
indicated that the most prevalent NS5A polymorphism associated with resistance
is L31M (88%) [57]. Therefore, GT2a NS5A L31M can be considered “wild type
(WT)” for NS5A inhibitor drug discovery. Indeed, the second-generation NS5A
inhibitors, represented by VEL, PIB, and OMB, have true pan-genotype coverage
with ECsy < 0.5 nM against all genotypes including GT2a expressing the NS5A
L31M variant (Table 1). In addition to potency, the kinetics of antiviral suppression
by NSS5A inhibitors was found to vary based on the genotype- or strain-specific
stability or half-life of the functional HCV replicase complex [58, 59]. This also
modulates the effectiveness of NS5A inhibitors.

The in vitro replicon potency of NS5A inhibitors appears to correlate well with
the initial HCV decline observed in infected patients treated with NS5A inhibitors.
From a virology point of view, the antiviral effect of a specific inhibitor is deter-
mined mainly by two factors: intrinsic potency and resistance barrier. Because of
the exceptional potency of NSS5SA inhibitors, patients generally experienced an
initial sharp HCV RNA decline, indicative of the inhibition of wild-type virus. For
example, the ECs, values of DCV for GT1a and GT1b replicons are 0.050 nM and
0.004 nM, respectively. The difference observed in GTla and GTIb replicon
potency was mirrored in a 14-day multiple ascending dose study, where the mean
maximal decline in viral load was 3.6 log;, for GT1a-infected patients and 4.5 log;q
for GT1b-infected patients who received 100 mg DCV once a day (QD) (Table 2).
Rapid and sharp declines in HCV at early treatment time points in patients receiving
NS5A inhibitors is another characteristic of this class of inhibitors. A 2 log;q viral
RNA decline was reached 4 h after the first 60 mg dose of DCV [45]. This marked
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Table 2 HCV RNA decline observed in monotherapies with selected NS5A inhibitors

13

Duration | Max. viral decline

Inhibitor Dose #of patients | (days) GTla |GTlb |GT2 |GT3 |GT4
DCV Mean (log;o)
(BMS-790052)
[45]

60 mg 4 for GTla 14 3.8

QD

100 mg, | 3/1 for 14 3.6 4.5

QD GTla/1b

30 mg, 2/2 for 14 2.6 5.7

BID GTla/lb
LDV Median (log;o)
(GS-5885) [60]

10 mg, 10/10 for 3 32 3.3

QD GTla/1b

90 mg, 10 for GTla 3 3.1

QD
VEL
(GS-5816) [61]

50 mg, 8/4 for GT1a/3 | 3 3.6 2.6

QD

100 mg | 8 for GTla 3 3.6

QD

150 mg, | 7/8/8/6/2 for 3 4.0 4.0 44 |33 |35

QD GTl1a/1b/2/3/4
EBR Mean (log;o)
(MK-8742)
[62]

50 mg 5/5/5 for 5 4.2 5.1 3.1

QD GTla/1b/3

100 mg, |5 for GT3 5 34

QD
FIB (ABT-530) Mean (log;0)
[63]

40 mg, 8 for GT1 3 4.1

QD

120 mg | 8 for GT1 3 4.5

QD
OMB Mean (log;o)
(ABT-267) [64]

5 mg, 4 for GT1 3 2.9

QD

50 mg, 4 for GT1 3 2.8

QD
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Table 3 SVRI12 for FDA approved combination therapies containing selected second-generation
NSS5A inhibitors

Non-NS5A inhibitor in the Duration
Combination combination Usage Genotypes | (weeks)
Harvoni SOF: nucleotide analog 90/400 mg, |1,4-6 8-24
(LDV/SOF) [65, 66] QD
Epclusa (VEL/SOF) 100/400 mg | 1-6 12
[67]
Vosevi VOX: NS3/4A protease 100/400/ 1-6 12
(VEL/SOF/VOX) inhibitor 100 mg
[68]
Zepatier (EIB/GRA) | GRA: NS3/4A protease 50/100 mg 1,4 12-16
[69] inhibitor
Mavyret (PIB/GLE) | GLE: NS3/4A protease 40/100 mg | 1-6 12
[70] inhibitor

and robust antiviral effect suggested the use of NSSA inhibitors could shorten
treatment duration significantly, making therapy more tolerable. The first- and
second-generation NS5A inhibitors (Table 2) have strong antiviral effects in
monotherapy trials in different genotypes tested, confirming that the exceptional
in vitro potency of NS5A inhibitors translated to in vivo efficacy.

NS5A inhibitors are the most potent antiviral agents developed to date and are
components of all interferon/ribavirin-free regimens in currently approved HCV
therapy (Table 3). FDA approved Harvoni (SOF-nucleotide/LDV-NS5A) as a
once-daily single-tablet regimen to treat HCV in adults in 2014 and in children in
2017 [65, 66]. Subsequently, NS5A inhibitors were combined successfully with
other DA As, such as NS3 protease inhibitors. The treatments offer excellent efficacy
and safety profiles, especially treatments containing the second generation of NSSA
inhibitors (Table 3). The FDA approved Epclusa in 2016 and Vosevi and Mavyret
in 2017 as fixed-dose combinations for treatment of HCV GT1-6 [67, 68, 70].
The “one-pill for all” regimen greatly simplified therapy by precluding the need
to screen genotypes prior to treatment. The overall cure rates have reached >92%
with 8-16 weeks of treatment for all genotypes (Table 3). With certain patient
populations, the cure rate is almost 100% [71, 72].

5 Resistance

Infection with HCV results in a highly heterogeneous virus population, a conse-
quence of its rapid replication turnover rate (~10'? virions/day) and the lack of a
proofreading function in the NS5B polymerase. Therefore, mutations at every
position of the HCV genome are possible, and variants resistant to individual
DAAs are predicted to preexist at baseline (BL) in infected subjects.
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In addition to intrinsic potency, the resistance barrier of an inhibitor determines its
antiviral effect. A slow second phase of viral decline or a slight viral rebound was
observed at later time points during the 14-day monotherapy study of DCV [45, 46].
This observation was consistent with an accumulation of resistant variants and
suggested that the adaptation or selection of resistant variants enhanced their fitness.
The emergence of resistance suggests that DCV, like NS3 protease inhibitors and
NSS5B polymerase allosteric inhibitors, may have a low genetic barrier to resistance.
A single-nucleotide change (UAU or UAC to AAU or AAC) at residue 93 (Tyr to
Asn) of GT1a NS5A is sufficient for HCV to acquire clinical resistance to DCV.
Furthermore, the accumulation or acquisition of additional mutations generates
linked substitutions such as Q30D/H/L/R-Y93C/H/N that confer higher levels of
resistance [46, 47, 49, 52, 54].

All amino acid (aa) substitutions associated with resistance to this class of
inhibitors have been mapped to the N-terminal 100 residues for all genotypes
(Table 1). The most prevalent resistant substitutions for GT1-6 are shown in
Fig. 5 [45-54, 60-64, 73-76]. Observation of the same substitutions in vitro and
in vivo confirms the utility of the replicon system for assessing resistance in response
to treatment with NSS5SA inhibitors. In general, GTla variants conferred higher
levels of resistance than GT1b variants, possibly explaining why viral break-
through was more common among patients with GTla. Some single amino acid
substitutions confer low-to-moderate levels of resistance (Q30H: 1,450- and

30
GT1 M28Q L31 HS38 Y93
a 111 | l
1| | I | 100
GTIb 131 Y93
92
GT2a (JFH) F2I8 IL31 “Y93
11 ! | | 100
GT3a A30 131 Y93
128 130
GT4 T Y|93
11 . | 100
GTSa 128 131
1| " | | 100
GT6a L31 P32 T58

Fig. 5 Major NS5A resistance-associated substitutions observed in GT1-6. Most, if not all, sub-
stitutions are mapped to the first 100 aa of NS5A
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2.3-fold; Y93H 5,333- and 607-fold resistance to DCV and VEL, respectively),
but linked substitutions such as Q30H-Y93H confer higher levels of resistance
(92,167- and 2,836-fold resistance to DCV and VEL, respectively; Table 1). How-
ever, the second-generation NS5A inhibitor, pibrentasvir (PIB, ABT-530), has not
only a pan-genotype coverage profile but also a high barrier to resistance in vitro
(Table 1). For example, the GTla Y93N variant has high levels of resistance to
DCV, LDV, OMB, and VEL (ECsq values of 282, >500, 182, and 38.6 nM,
respectively) but is still very sensitive to PIB (ECsy of 0.005 nM). In fact, ECsq
values of PIB for all tested variants from GT1-GT6 are less than 1 nM, including
GT1la Q30R-Y93H variant with linked substitutions (Table 1).

Resistance of variants to different NS5A inhibitors varies significantly, mainly
determined by inhibitory pressure, fitness of the variants, and genetic background of
HCV before treatment. The inhibitory pressure of inhibitors and the fitness of
variants are relatively easy to measure, while monitoring the genetic background
of HCV replicons and patient specimens before treatment, especially minor variants,
can be a challenge. A correlation between the influence of naturally occurring
polymorphisms on DCV activity in vitro and in vivo has been observed [77].
A Q30R variant with a low level of in vitro resistance to DCV (ECso ~7 nM) was
observed at viral breakthrough in a GT1a-infected patient. Because the level of DCV
observed in the plasma of the patient was high (Ctrough >117 nM), a rigorous
investigation was initiated to determine the basis for resistance. A baseline poly-
morphism (E62D) found in this patient did not show resistance to DCV when it was
introduced into a GTla replicon; but the linked variant, Q30R-E62D, conferred
high-level resistance in vitro (ECso = 153 nM) and is likely to be responsible for
viral breakthrough in vivo. These data showed that a BL polymorphism with
minimal impact on the anti-HCV effect of DCV could enhance the emergence of
resistance and significantly affect clinical outcome. Further support was obtained by
evaluating hybrid replicons in which the entire NS5A coding region of GTla was
replaced with the corresponding region of specimens collected from the infected
patient. This work established a clear, systematic approach to monitor resistance to
NS5A inhibitors in the clinic.

Although NS5A inhibitors have a relatively low resistance barrier compared
to sofosbuvir, the resistance barrier becomes less important with combination treat-
ment/therapy. Effective control of HIV infection/resistance using combination
therapies provided a clear path for the development of HCV inhibitors. From the
beginning of HCV drug discovery, development of combination therapies was the
goal for an HCV cure. To be an effective combination therapy, individual inhibitors
should (1) target different viral proteins or different stages of the viral life cycle,
(2) have no detectable overlapping toxicity in preclinical animal studies, and
(3) have minimal or no drug-drug interactions. To identify effective combination
treatments that included DCV, in vitro combination studies were performed. As
shown in Fig. 6, numerous resistant colonies were observed (Fig. 6a, b) when
HCYV replicon cultures were treated with a single agent, DCV, ASV (asunaprevir,
NS3 protease inhibitor), or BCV (beclabuvir, NS5B non-nucleoside polymerase
inhibitor), at a concentration 30-fold above the inhibitor ECsqy [78]. Dual
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Fig. 6 Combination treatment reduces the emergence of resistant colonies. GT1b HCV replicon
cells were incubated for 4 weeks with BMS-790052 (DCV), BMS-791325 (BCV), or BMS-650032
(ASV) as monotherapy and dual therapy (top left and right) and triple therapy (bottom) at 5x, 10,
and 30x ECsq. Colonies were visualized by crystal violet staining. Data shown are representative of
the results of three independent experiments
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combinations, DCV + ASV or DCV + BCV (concentrations 15-fold above each
inhibitor ECsg), reduced the number of resistant colonies compared to the single
agents. A triple combination of DCV + ASV + BCV at concentrations tenfold above
each inhibitor ECs( eliminated HCV replicon (Fig. 6¢). The power of combination
therapy for curing HCV has been confirmed in clinical studies (Table 3).

6 Mode of Action

The mode of action (MOA) of NS5A inhibitors is not fully understood; however,
several models have been proposed based on experimental results and mathematical
modeling. The models provide insights into how these inhibitors affect the biologic
functions of NS5A and HCV.

The pM potency of NS5A inhibitors in vitro translated to remarkable initial viral
decline in vivo, suggesting the MOA of NS5A inhibitors could be related to the roles
of NS5A during the HCV life cycle. Clinical data indicated that the initial viral
decline observed with NS5A inhibitor treatment was faster than any other antiviral
agents reported. This led to mathematical modeling that predicted DCV efficiently
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blocks two distinct stages of the viral life cycle, RNA synthesis and virion assembly/
secretion, with mean effectiveness of 99% and 98%, respectively. The model also
yielded a more precise estimate of 45 min for the HCV serum half-life [79-81].
Experiments done in vitro with infected cells corroborated a prediction based on the
model: intracellular HCV RNA had a similar pattern of decline when cells were
treated with either DCV or an HCV polymerase inhibitor (NM107), but only DCV
treatment yielded a rapid initial decline of extracellular viral titers compared to a
delayed and slow decline with NM 107 [80]. A second in vitro study confirmed these
results [80]. In this study, the kinetics of antiviral suppression by NS5A inhibitors
were compared to protease inhibitors and NS5B polymerase inhibitors. Despite their
potency, NS5A inhibitors were slow to inhibit HCV RNA synthesis, compared to the
protease and polymerase inhibitors. However, NS5A inhibitors rapidly depleted
intracellular infectious virus and RNA-containing HCV particles, indicating the
inhibition of intracellular virion assembly. Inhibition of virion assembly has not
been confirmed by resistance analysis; no NS5A-resistant variants associated with
virion assembly have been reported. In addition, the inhibition of different stages of
the HCV life cycle (RNA replication and virion assembly) does not explain the
potency of NS5A inhibitors since HCV virion assembly is not present in the replicon
system in cell culture.

HCV replication in replicon cells is inhibited by a ratio of DCV to NS5A
estimated to be approximately 1 to 47,000. This ratio suggests that a small number
of inhibitor molecules impact the function of a large number of NS5A protein
molecules, and it may be related to the potency of NSS5A inhibitors [82—85].
Based on the crystal structures of NS5A protein dimers and the structural analysis
of NS5A inhibitor and NS5A protein co-crystals, it has been proposed that NS5A
forms polymers and/or oligomers requiring only small amounts of NS5A inhibitors
to affect the higher-order forms [8, 9, 41].

Biophysical methods were used to observe the intrinsic self-association of NS5A
domain 1 (GT1a and GT1b) which existed as a heterogeneous mixture in solution
and exhibited dynamic equilibria between monomers and higher-order structures
[85]. The formation of large and irreversible protein aggregates was induced
by DCV [85]. NS5A inhibitor binding to a variety of NS5A species inside cells
(monomers, dimers, and multiples of NS5A dimers) was observed using NS5A
compounds containing cross-linking functionalities (azide, bis-azide) [86]. NSSA
inhibitor binding to HCV processing intermediates was observed using elution
studies performed with the biotin affinity compound BMS-671 [86]. Release of
NS5A proteins from BMS-671 required detergent with heating. The harsh elution
conditions suggest BMS-671 is “wrapped up” by the NS5A proteins during the
folding process [10, 86]. Lending support to this hypothesis are (1) the targeted
disruption of only new HCV membranous-web replication centers by NS5A inhib-
itors, with little to no effect on existing replication centers, and (2) the detection of
NS5A inhibitors associated with monomeric NS5A during SDS-PAGE [39, 86].

A series of experiments exploring the possibility that a single inhibitor may
inhibit the function(s) of NS5A oligomers revealed a novel synergy mechanism
between specific pairs of NS5A compounds of similar structure (Fig. 7) [84, 87].
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Fig. 7 Synergistic anti-HCV effect of NS5A compounds. (a) Cartoon representation of the
synergistic effect of a pair of NS5A compounds, DCV and Syn-395. (b) Synergistic effect in a
GT1a Y93N replicon. Left panel, ECs( values of DCV were determined in the absence or presence
of different concentrations of Syn-395; right panel, ECs, values of Syn-395 were determined in the
absence or presence of different concentrations of DCV. (¢) Working model of the synergistic effect
of a pair of NS5A compounds. NS5A molecules form oligomers in the replication complex and
communicate with each other. For WT NS5A, DCV binds to NS5A, affecting multiple NS5As
and disrupting the function(s) of the entire oligomer. Although DCV can bind resistant NS5A, it
does not disrupt NS5SA function(s); however, DCV binding causes a conformational change that
accommodates the binding of the second inhibitor on adjacent NS5A molecules and disrupts
function(s) of the oligomer
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DCV exhibits an EC50 of 0.033 nM against a WT GTla replicon, but it has
no apparent activity against some NS5A-resistant variants such as Y93N
(ECso > 100 nM, Fig. 7b). A structurally related compound, referred to as a
synergist (Syn-395, Fig. 7a), is inactive against both WT and resistant variants
(ECsp > 100 nM). However, the combination of DCV and Syn-395 has remarkably
potent inhibitory activity, with ECs( values in the pM range against DCV-resistant
variants as well as the WT replicon (Fig. 7a). Specifically, the presence of Syn-395
enhances the potency of DCV approximately 2,600-fold against the Y93N variant,
from 339 nM in the absence of Syn-395 to 0.13 nM in the presence of 40 nM
Syn-395 (Fig. 7b, left panel). A similar synergistic effect was observed in a recip-
rocal experiment: Syn-395 is inactive against both WT and resistant variants
(ECs0 > 500 nM). The presence of DCV enhances the potency of Syn-395 against
the YO3N variant from 545 nM in the absence of DCV to 1 nM in the presence of
40 nM DCV (Fig. 7b, right panel). This result illustrates a cooperative interaction
between DCV and Syn-395 inhibiting HCV replication in the presence NS5A
protein carrying a resistance substitution. This synergistic effect of a pair of NS5A
inhibitors observed in the GTla replicon is conserved among different HCV
genotypes [81, 87]. The synergistic inhibitory effect of specific pairs of NS5A
compounds, such as DCV and Syn-395, suggests that the conformational changes
in NS5A protein induced by DCV only accommodate the binding of synergists of
specific structure. The results indicate that Syn-395 binds to both WT- and
DCV-resistant NS5A, but the binding of Syn-395 is not able to inhibit virus
replication. However, Syn-395 binding, either adjacent to or a few NS5A dimers
to either side of DCV, potentiates the effect of DCV by introducing a conformational
change that resensitizes the resistant NSSA toward DCV inhibition (Fig. 7c). These
experiments clearly demonstrated the functional communication between NS5A
molecules during HCV replication.

7 Conclusion

A new class of anti-HCV inhibitor targeting the NS5A protein has become an
essential component of combination therapies for eradicating this chronic viral
disease. Lessons learned during the discovery of the class illustrate the general
challenges of developing drugs for novel targets. Understanding the mode of
inhibition of HCV NSS5A inhibitors may illuminate specific opportunities to discover
drugs with a similar mechanism for diseases other than HCV.
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