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SUMMARY

Hepatitis C virus (HCV) infects more than 3% of the world’s population,
leading to an increased risk of cirrhosis and hepatocellular carcinoma.
The current standard of care, a combination of pegylated interferon
alfa and ribavirin, is poorly tolerated and often ineffective against the
most prevalent genotype of the virus, genotype 1. The very recent
approval of boceprevir and telaprevir, two HCV protease inhibitors,
promises to significantly improve treatment options and outcomes. In
addition to the viral protease NS3 and the viral polymerase NS5B,
direct-acting antivirals are now in development against NS5A. A mul-
tifunctional phosphoprotein, NS5A is essential to HCV genome repli-
cation, but has no known enzymatic function. Here we report how the
design of small-molecule inhibitors against NS5A has evolved from
promising monomers to highly potent dimeric compounds effective
against many HCV genotypes. We also highlight recent clinical data
and how the inhibitors may bind to NS5A, itself capable of forming
dimers.

HEPATITIS C VIRUS (HCV): AN INTERNATIONAL HEALTH
CONCERN

Hepatitis C virus (HCV) infects approximately 170 million individuals,
with an estimated 2.3-4.7 million new infections each year (1). The
primary mode of transmission of HCV is via exposure to infected
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blood, including transfusions from infected donors, and through
injection drug use. It is estimated that 15-30% of all HCV infections
will spontaneously clear, but the remaining 70-85% of infections will
develop into chronic hepatitis (2, 3). Chronic infections can subse-
quently lead to steatosis, cirrhosis and hepatocellular carcinoma (4).
Among all recognized positive-strand RNA viruses, the ability to
establish a chronic infection is exclusive to HCV (5), although how
the virus mediates persistence remains unknown.

Current treatment options for HCV are relatively poor. The standard
of care is often a grueling 48-week combination of pegylated inter-
feron alfa (IFN-o) and the nucleoside analogue ribavirin. Effective
clearance of the virus is achieved in less than 50% of genotype 1
infections, the most prevalent strain of HCV worldwide. Moreover,
the regimen often causes significant recurring side effects, including
flu-like symptoms and fatigue. Recent studies suggest that both the
genotype of the virus (3, 6) and individual host polymorphisms (7)
have a significant influence on the success rate of current therapies.
Direct-acting antivirals designed to block specific HCV enzymatic
functions have been intensely studied over the last decade (8), as
have small-molecule inhibitors targeted against host factors utilized
by the virus for replication (9). The heterogeneous nature of HCV
across the infected population has made the development of effec-
tive direct-acting antivirals difficult, and the creation of a universal
vaccine impossible thus far.

MOLECULAR VIROLOGY OF HCV

As a member of the Flaviviridae, the general life cycle of HCV is sim-
ilar to other viruses of this family. The virus attaches to the host
hepatocyte through interactions with a number of cellular recep-
tors. Clathrin-mediated endocytosis of the HCV particles permits
the release of the viral genome into the cytoplasm of the target cell
(10). Mimicking a host mMRNA, the positive-strand genome is trans-
lated by the hijacked cellular machinery through the use of an inter-
nal ribosome entry site (IRES) (11). The polyprotein undergoes sub-
sequent processing by both cellular and viral factors (12, 13). Viral
proteins involved in the replication of the HCV genome assemble
into replicase complexes, where the viral RNA is transcribed (14).
The endoplasmic reticulum (ER) serves as the assembly site for
HCV virions (15), which are likely released from the cell via the
secretory pathway.
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The 9.6-kb, single-strand, positive-strand RNA genome of HCV
includes many features similar to other viruses within the Flaviviridae
family (Fig. 1). Untranslated RNA elements flank a single open read-
ing frame encoding a polyprotein of approximately 3,000 amino
acids. From the amino- to the carboxy-terminus of the polyprotein,
three proteins (core, E1and E2) serve as the major structural compo-
nents of the HCV virion, two proteins (p7 and NS2) are involved in
viral morphogenesis and five proteins (NS3, NS4A, NS4B, NS5A and
NS5B) are required for HCV RNA replication.

NON-STRUCTURAL PROTEIN 5A (NS5A): SWISS ARMY KNIFE
OF HCV

Interacting with a myriad of cellular and viral factors, non-structural
protein 5A (NS5A) is a promiscuous phosphoprotein comprised of
three domains separated by two linker regions (Fig. 2). While the
protein is known to be essential to HCV genome replication, the spe-
cific role of NS5A in this process remains undefined.

Structure

The first 32 amino acids at the amino-terminus of NS5A comprise
the amphipathic o-helix, responsible for anchoring NS5A to the ER
and ER-derived membranes, including lipid droplets (16, 17).
Disruption of the a-helix inhibits HCV genome replication (18).

The only portion of the viral protein to be successfully crystallized,
domain | (residues 33-245), coordinates a single zinc atom via four
cysteines (19) and can homodimerize into at least two unique confor-
mations (19, 20). The first dimer reported forms a groove 33 A long
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and 16 A wide between the two monomers, sufficient to accommo-
date single- and double-strand RNA based on sterics and electro-
static potential (19). This finding validates the NS5A-RNA interac-
tion published prior to the elucidation of the crystal structure (21).

The remainder of NS5A is considered to be intrinsically disordered
(22, 23). Intrinsically disordered proteins are proteins or regions of
proteins that do not adopt a stable secondary or tertiary structure
based on classic biophysical techniques. This flexibility may be con-
ducive to the numerous interactions mapped to this region of NS5A
(Fig. 2), as well as accessibility to putative phosphorylation sites.

Interactions

NS5A interacts with many factors, including viral and host proteins
and RNA, making it one of the most connected of the HCV proteins
(Tables | and II).

Viral proteins

NS5A is involved in the production of virus particles via its interac-
tion with the HCV core nucleocapsid on lipid droplets. Three serine
residues within the carboxy-terminus of domain Il have been report-
ed to be important for NS5A-core interactions (24).

Functioning as an organizer of HCV virion assembly, NS2 partici-
pates in a number of protein—protein interactions, including associ-
ation with NS5A (25). Co-immunoprecipitation and subcellular colo-
calization studies have confirmed the NS2-NS5A interaction on lipid
droplets (26).

5"-ppp

Figure 1. The HCV genome is typical of other positive-strand RNA viruses. The HCV genome contains structural proteins (C, E1, E2), proteins involved in virion
morphogenesis (p7, NS2) and nonstructural proteins responsible for HCV genome replication (NS3, NS4A, NS4B, NS5A and NS5B). NS5A stands out as a

unique feature of HCV compared to other positive-strand RNA viruses.
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Figure 2. NS5A interacts with multiple viral and cellular proteins. HCV proteins (blue) and cellular proteins (black) have been mapped to interact with specif-
ic regions of the three domains of NS5A. Other interactions (grey boxes) remain unmapped to specific regions of NS5A. NS5A also binds to RNA (red) and
interacts with a number of cellular kinases (green box).

Both NS3 and NS5A colocalize at HCV replication complexes and ~ The NS4B-NS5A interaction remains poorly understood. Despite
mediate complex movement via association with microtubules and  colocalizing with NS5A at HCV replication complexes (31), NS4B has
actin filaments (27). Although NS3 and NS5A have been shown to et to be shown to interact with a specific region on NS5A. Domain |
interact in vitro (28), it remains unclear whether NS5A associates
with the protease domain, the helicase domain or both domains of
NS3. Domain | of NS5A contains a five-amino-acid stretch (Pro163-
Pro167) that associates with NS4A (29). Neutralization of acidic
residues in the carboxy-terminus of NS4A allows the non-structural
protein to adopt an o-helical conformation, supporting its interac-  Two discontinuous regions of NS5A located in domain | and domain |l
tion with the basic stretch on NS5A (30). have been identified as independently essential to binding NS5B (33).

of NS5A can dimerize with itself into at least two unique conforma-
tions (19, 20). The function of this interaction appears to promote
RNA binding, as NS5A dimerization is stimulated in the presence of
G/U-rich RNA (32).

Table I. Interactions between NS5A and HCV proteins.

Protein NSS5A interaction residues Functional role Ref.
Core 456, 458, 461 Formation of HCV particles 24
NS2 Production of infectious virus 25
NS3 Modulation of NS5A phosphorylation 28
NS4A 163-167 Modulation of NS5A phosphorylation 29
NS4B 28
NS5A 36-198 Promotion of RNA binding 19, 32
NS5B 105-162, 277-334 Modulation of NS5A phosphorylation 34
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Table Il. Interactions between NS5A and cellular proteins.

D.C. Cordek et al.

Protein NSS5A interaction residues Functional role Ref.
2-5A synthase 1-148 Inhibition of IFN signaling 87
Actin Movement of replication complexes 27
Akt 38
Amphiphysin Il 350-356 Modulation of NS5A phosphorylation 88, 89
Annexin A2 domain 3 Assembly of infectious virus 90
Apo-Al Promotion of HCV-induced steatosis 7
Apo-E 205-280 Assembly of infectious virus 91
BAX 262-277 Inhibition of apoptosis 92
B-Catenin 1-144 Inhibition of apoptosis 93
Myc box-dependent- 348-356 Inhibition of apoptosis 94
interacting protein 1
CDK1 Modulation of cell cycle 95
CKl-o0 Phosphorylation of NS5A 39,49
cK carboxy-terminus Phosphorylation of NS5A 40
Cyclophilin A 304-320 96
Cyclophilin B 310-315 96
FKBP38 148-236 Inhibition of apoptosis 97,98
FKBP8 121 Stimulation of HCV RNA replication 99
Fyn 350-356 HCV replication and pathogenesis 100
GRB2 350-356 Disruption of signal transduction pathway 101
hB-ind1 Stimulation of HCV RNA replication 102
HCK 350-356 HCV replication and pathogenesis 100
HSP 27 1-181 103
Heat shock 70 221-302 Stimulation of HCV RNA replication 104
kDa protein 2

hTAFII32 175-179 105
hVAP-33 Membrane association of replication complexes 106
hVAP-A 213, 215 Stimulation of HCV RNA replication 107
hVAP-B 66-70, 341-344 Stimulation of HCV RNA replication 108
ISG15 379 ISGylation of NS5A 109
Karyopherin -3 1-200 110
La 1-83 m
Lck 350-356 HCV replication and pathogenesis 100
Lyn 343-356 HCV replication and pathogenesis 100
MEK 1 38
MEK 6 38
MyD88 240-280 Modulation of TLR signaling pathway ne
OSBP-related protein 1-147 HCV particle maturation and release 13
p53 1-150 Modulation of cell cycle n4
p70 S6K 38
PI3K 270-300 Inhibition of apoptosis mn5
PIP4KII-o 16
PKA Phosphorylation of NS5A 4
PKR 237-276 Inhibition of IFN signaling mn7
PLK1 Phosphorylation of NS5A 42
PTX1 133-220 Modulation of IFN activity 18
Raf-1 Stimulation of HCV RNA replication 19
SRCAP Modulation of cell cycle 120
STAT1 Inhibition of IFN signaling 121
SYK 1-175, 237-302 Inhibition of tumor suppression 122
TBC1 domain family member 20 1-100 Stimulation of HCV RNA replication 123
TBP 124
TRADD 125
TRAF2 148-301 HCV pathogenesis 126
Tubulin Movement of replication complexes 27
TRR-I 148-238 Modulation of TGF-f signaling 127
694 THOMSON REUTERS - Drugs of the Future 2011, 36(9)
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NS5A modulates the HCV polymerase in vitro, with NS5B RNA-
dependent RNA polymerase (RARP) activity inhibited by NS5A in a
concentration-dependent manner (34).

Cellular proteins

Interactions between NS5A and cellular proteins with a defined
function can be grouped into three main categories: those which
inhibit the host immune response, those which modulate the host
cell cycle and those which stimulate the HCV life cycle. These
interactions are listed in Table II.

RNA

NS5A represents a novel structural class of RNA-binding proteins
(21, 32), with the optimal RNA-binding region mapping to domain |
and the first low-complexity sequence of the viral protein, together
referred to as domain I-plus (32). In stable cell lines expressing the
HCV replicon, NS5A colocalizes with viral RNA (14). G/U-rich RNA,
or G/U-rich elements (GREs), five to six nucleotides in length has
high-affinity binding to NS5A and promotes dimerization of domain
|-plus. This is consistent with the NS5A dimer reported by the Rice
laboratory (19), with the groove of positive electrostatic potential of
sufficient size to bind RNA, containing residues capable of hydrogen
bonding to the keto and imino moieties of guanine and uracil bases.
One putative viral RNA-binding site for NS5A is the poly(rU) tract in
the 3'-UTR of the HCV genome. Insertion of cytidylate or adenylate
residues every four to six nucleotides in this region impairs replica-
tion of HCV RNA, perhaps via disruption of NS5A binding (35). The
role of NS5A binding in this region, however, is unclear. NS5A also
binds to regions of the HCV IRES. Domains Il and IV of the IRES con-
tain GREs and bind tightly to NS5A. In contrast, domain Il of the
IRES does not contain GREs and binds NS5A less tightly, supporting
the GRE-binding preference of NS5A (36). As the HCV IRES regu-
lates interferon-induced, double-stranded RNA-activated protein
kinase (PKR) activity, interactions between NS5A and the IRES may
modulate the function of the viral RNA.

Phosphorylation

NS5A exists in two forms based on electrophoretic mobility, desig-
nated p56 and p58 (37). The p56 form can either be unphosphory-
lated or basally phosphorylated by a number of kinases in different

TARGETING HCV NS5A PROTEIN

regions (38-48). The formation of p58 is thought to arise from
hyperphosphorylation of a phosphorylated p56 form by casein
kinase | isoform alpha (CKl-ar) (39, 49), although the modifications
that ultimately comprise p58 are unclear. It is only through loss of
p58 via adaptive mutations in the replicon that efficient replication
of the HCV subgenomic replicon can occur (50, 51), suggesting that
only p56 is required for HCV genome replication and that phospho-
rylation may toggle NS5A between different functions.

SMALL-MOLECULE NS5A INHIBITORS: FROM MONOMERS TO
DIMERS

NS5A is an essential protein for HCV replication. Although the exact
role(s) it plays during the viral life cycle has yet to be elucidated, the
necessity of NS5A, with its multiple interactions, makes it an attrac-
tive target for direct-acting antivirals (DAAs).

In 2004, Bristol-Myers Squibb (BMS) disclosed substituted
iminothiazolidinone-based HCV inhibitors believed to target
NS5A, as mutations within the protein conferred resistance to
these compounds. Molecules in this class exhibited significant
potency against HCV genotype b in replicon cells, but were essen-
tially inactive against genotype Tla. Further optimization of a
screening hit, BMS-858, resulted in more potent analogues, such
as BMS-824 (Fig. 3) (52, 53).

Early NS5A inhibitors have been reviewed (54). Briefly, Arrow
Therapeutics disclosed patent applications covering 4-aminoquina-
zolines and pyrazolopyrimidines (Fig. 4A) (55, 56). Arrow subse-
quently performed phase | studies with AZD-2836 and AZD-7295.
Presidio Pharmaceuticals and XTL Biopharmaceuticals disclosed a
series of phenyl-acetylene-pyrazoles (Fig. 4B) (57), the current sta-
tus of which is unknown. In a recent publication, Merck scientists
described piperazine-aryl scaffold-based NS5A inhibitors (Fig. 4C)
(58). Mutations that arose to treatment with the most potent
inhibitor in the series, compound 7 (EC., = 160 nM), localized to
NS5A, implicating the viral protein as the macromolecular target.
Interestingly, these mutations mapped to the homodimer interface
in the crystal structure of NS5A, suggesting that the dimerization
may have significant biological consequences. Compound 7 was
also modeled in domain IA of the NS5A homodimer. Two potential
binding modes were possible, but the preferential fit involved 7 bind-
ing across the dimer interface.
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Figure 3. Early NS5A inhibitors from BMS.
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Figure 4. NS5A inhibitors from Arrow Therapeutics (A), Presidio
Pharmaceuticals and XTL Biopharmaceuticals (B), and compound 7 from
Merck (C).

Genelabs and GlaxoSmithKline (GSK) scientists disclosed novel
thiazoles in their NS5A program (Fig. 5), which were potent
against HCV genotype 1b. One of the key structure-activity rela-
tionship (SAR) findings in this series was that replacement of the
carboxybenzyl (Cbz) group in GL-100953 by the morpholino-
phenylglycine moiety in GL-103905 resulted in nearly a 4,000-fold
increase in potency against genotype 1b. The GL-100953 SAR was
also explored in a different fashion, as exemplified by GL-102709.
These and other SAR findings subsequently led to the bis-aryl GL-
104646, which was highly potent not only against genotpye 1b, but
also genotype 1a (59-65).

While evaluating the iminothiazolidinone class, BMS scientists
noticed their chemical instability and the formation of a potent
dimeric byproduct, 48 (EC., = 2 nM), from BMS-824 (Fig. 6).
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Removal of the iminothiazolidinone moiety from 48 paved the way
to the discovery of a very potent trans-stilbene, 55 (EC., = 0.1 nM)
(53). Subsequent optimization of 55 led to BMS-790052, which
entered the clinic in 2008. BMS-790052 exhibited increased poten-
cy against genotype 1a of > 200,000 times compared to 55 (53, 66).

NS5A INHIBITOR CHEMICAL SPACE

The current trend in NS5A inhibitor designs utilizes a dimeric pharma-
cophore, featuring a linear conjugated bis-biaryl core terminated by
peptidic caps. Imidazole-proline coupling is the predominant junction
between the core and caps. The mean length of the core, defined by
the distance between the imidazole junction with proline, is approxi-
mately 16.5 A, with a standard deviation of 1.5 A. Since current NS5A
inhibitors are dimeric by design, their physical properties often exceed
optimal lead-like parameters for small molecules by roughly a factor
of two. The median molecular weight, cLogP and clLogD are approxi-
mately 787 Da, 4.9 and 4.6, respectively, which can present a chal-
lenge for achieving in vivo oral bioavailability. Nonetheless, encourag-
ing clinical results for BMS-790052 have demonstrated the viability of
this pharmacophore for treating HCV and highlight the caveats of
strictly imposing widely accepted, yet crude, cutoff that can negate
potential therapeutics.

Representative dimeric NS5A inhibitors, selected from 35 HCV patents
and 1T companies (2008 to the present), are showcased in Table Il and
Figure 7. Compared to the relatively conserved peptidic caps, the
chemical composition of the core linkers varies widely, although their
lengths tend to be within the range of 15-18 A. There is a preference for
conjugated aryl groups, including alkyne isosteres, to bridge the mid-
section of the cores, although saturated linkers, with and without het-
eroatoms, have been exemplified (e.g., ABT, BMS, ENANTA). Imidazole
is the predominant terminus of the core, while amide coupling to the
caps is a distant minority. There are many examples of alkyl-fused tri-
cyclic ring systems in the mid-section of the core that restrict the biaryl
rotational degrees of freedom (BMS_32, ENANTA 10, GILEAD_2 & 4,
PRESIDIO_1), in addition to a few aryl tricyclic systems (BMS_T).

The most popular caps feature a Pro-Val-carbamate motif (Fig. 7,
blue), followed by a Pro-phenyl-Gly motif (Fig. 7, green). Ether and
alcohol derivatives are also exemplified at the Val and terminal posi-
tions (PRESIDIO_2, TIBOTEC_6 & 8). Although symmetric presenta-
tion of caps on each side of the core is common, asymmetric cap com-
binations are also popular. Proline is by far the most popular peptide
junction to the core, which kinks the caps out of the plane of the core.
In some cases, open-ring proline variants are featured (WO
2008021936, WO 2009102318, WO 2010017401), while in more recent
patents, substitution of the proline ring, including fused-ring and spiro
systems, has evolved (BMS_15 &16, ENANTA_6, GILEAD_3 & 4, GSK_],
VTX_2). Relatively few six-membered proline ring variants have been
exemplified (ENANTA_6, ENANTA_7, PRESIDIO_4). Azo coupling has
also been used to mimic proline (WO 2010117977, BMS_26), as well as
cap termini (ENANTA 3 & 4).

PUTATIVE NS5A INHIBITOR INTERACTIONS

The dimeric symmetry of NS5A inhibitors suggests a corresponding
symmetry in NS5A. Published structures of NS5A (19, 20) reveal the
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Figure 5. GSK & Genelabs NS5A compounds.

formation of a homodimer between the zinc finger (ZnF) domains,
although the relative arrangement of the monomer units is quite dif-
ferent, which has been attributed to multiple protein—protein and
protein-RNA interaction roles for NS5A (20). Resistant mutants of
BMS-790052 arise in the loop region (e.g.,, HCV genotype la
Met28Thr, GIn30His, Leu31Val) that flanks the dimer interface and
connects the NS5A ZnF domain to the amino-terminal amphiphilic
a-helix, including Tyr93Cys at the edge of the ZnF dimer interface
(Fig. 8). The O-0 distance between Tyr93 residues in the monomer
units is about 19 A, which serves as a rough estimate of the width of
the dimer interface. Notably, this distance is also similar to the
length spanned by dimeric inhibitor cores. This suggests that dimer-
ic inhibitors may interact with NS5A by straddling the ZnF dimer
interface, positioning the caps in proximity to either NS5A loop
where mutational resistance is prevalent.

Docking studies using a full-length homology model (67) of NS5A
domain | constructed from 3FQM (20) and 1R7C (68) suggest a
dimeric interaction mode, whereby the core lies in the solvent-
exposed groove of the dimer interface, while the caps make buried
contacts in crevices formed between the loops and ZnF elements
(Fig. 8). In this scenario, the core functions mainly as a spacer,
simultaneously delivering the caps to interact with the loop
regions on either side of the dimer interface. As fragments, if it is
assumed that independently the caps interact only weakly with the
loop region (Kd’mono ~10 uM), then by linking the caps to bind coop-
eratively inhibition grows exponentially (K ~ K

d,dimer d,mono ° Kd,mono
~0.1nM =exp[-AG /RT]~ exp[-2AG___/RT]). This may explain

dimer mono
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the picomolar potency of dimeric NS5A inhibitors and the abrupt
SAR that can be observed as dimeric NS5A inhibitors are truncat-
ed into monomeric analogues.

In the HCV genotype Tb homology model, loop residues LeuZ8,
Arg30 and Leu31 are in close proximity to Tyr93 at the dimer inter-
face. Together, the locus of these residues suggests a “hinge” site
that regulates the orientation and motion of the a-helix relative to
the ZnF domain. The flexibility of the loop can enable a wide range
of helix orientations. By occupying the space between the loop and
dimer interface, the caps can restrict the movement of the helix rel-
ative to the ZnF domain, thereby limiting NS5A function.

Monomeric NS5A inhibitors have been reported to be highly potent
against genotype 1b, but not 1a. However, resistant mutations have
arisen at similar sites as dimeric inhibitors, including Met28, GIln30,
Leu3T and Tyr93, implying similar interaction modes. Docking of
monomeric inhibitors like GL-103905 suggests that monomers can
occupy the same site as the BMS-790052 caps. The putative inter-
action mode of GL-103905 with NS5A genotype 1b (Fig. 8) illustrates
that the ligand clearly cannot span the dimer interface, but GL-
103905 can more fully occupy the loop-hinge crevice. In this man-
ner, GL-103905 could similarly restrict the hinge motion of the loop
region, like BMS-790052. Figure 9 illustrates the overlapping phar-
macophore elements of BMS-790052 and GL-103905. Although
there are residue differences between genotype 1a and 1b at loop
residues 28, 30, 34 and 37 that may contribute to the selectivity of
genotype 1b versus genotype la for GL-103905, modeling is at a loss
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Figure 6. BMS conversion from monomeric to dimeric NS5A inhibitor.

to explain the 100,000-fold divergence in potency, or the hypersen-
sitivity of NS5A dimeric inhibitors to gentoype 1a mutations com-
pared to genotype 1b.

To date, no NS5A inhibitor co-crystal structures, nor photoaffinity
labeling studies, have been published. Thus, the direct binding
modes of NS5A inhibitors, dimeric or monomeric, remain elusive.
Conceivably, the absence of the connecting loop between helix and
ZnF domains, where mutations arise, could preclude the formation
of a co-crystal complex with protein constructs used thus far in
structural biology. Given the multifaceted functionality of NS5A
reported in the literature, multiple inhibitory mechanisms of action
could also be contributing and complicating factors in interpreting
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NS5A inhibitor interactions. Future experimental structure-based
studies, as well as NS5A functional studies, will hopefully shed light
on the intriguing SAR and roles of NS5A.

BMS-790052

Through the use of the cell-based HCV replicon system, compounds
with a thiazolidinone core were high-throughput screened by BMS to
test for inhibition of HCV replication (69). The resulting candidate
compound, the above-mentioned BMS-824 (Fig. 6), effectively inhibit-
ed HCV genotype 1b replication with an EC., of 6 nM, but had no
inhibitory effect against NS3 protease or NS5B polymerase activity.
The nonstructural coding regions from the polyprotein of HCV RNA-
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Table lll. Representative inhibitors from the HCV NS5A patent space. The juxtaposition of these compounds is represented in Figure 7, with corresponding com-
pound labels and company symbols. Chirality is S, except for phenylglycines.
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Table Ill. Cont. Representative inhibitors from the HCV NS5A patent space. The juxtaposition of these compounds is represented in Figure 7, with corresponding
compound labels and company symbols. Chirality is S, except for phenylglycines.
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Table Ill. Cont. Representative inhibitors from the HCV NS5A patent space. The juxtaposition of these compounds is represented in Figure 7, with corresponding
compound labels and company symbols. Chirality is S, except for phenylglycines.
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Table Ill. Cont. Representative inhibitors from the HCV NS5A patent space. The juxtaposition of these compounds is represented in Figure 7, with corresponding

compound labels and company symbols. Chirality is S, except for phenylglycines.
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Table Ill. Cont. Representative inhibitors from the HCV NS5A patent space. The juxtaposition of these compounds is represented in Figure 7, with corresponding
compound labels and company symbols. Chirality is S, except for phenylglycines.
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replicating cell lines resistant to the compound were sequenced to
determine the viral target. An amino acid substitution at Tyr2065 of
the polyprotein, corresponding to Tyr93 of NS5A, to either His or Cys
was found in all resistant cell lines. A Tyr93His NS5A derivative was
engineered into the HCV replicon and verified to be sufficient to con-
fer resistance to the compound. It was also found that BMS-824
inhibited the phosphorylation of NS5A, required for p58 formation,
although it had no effect on p58 that had already been formed. The
Tyr93His-resistant phenotype displayed no inhibition of p58 forma-
tion when treated with the compound. Whether the decrease in
NS5A p58is directly related to the mechanism of action of the com-
pound or is a secondary phenotype has yet to be explored.

Further optimization of BMS-824 led to the discovery of BMS-
790052 (Fig. 6), a molecule currently being tested in clinical trials
for the treatment of chronic HCV infection. The proof-of-concept
study involved administering a single dose of 1-100 mg BMS-
790052 to genotype 1 treatment-naive HCV patients. The level of
HCV RNA was measured for 7 days post-dosing. Patients receiving
doses of 1,10 and 100 mg of BMS-790052 showed a rapid decline in

D.C. Cordek et al.

HCV RNA; 1.8 log,,, 3.2 log,, and 3.3 log,, reductions, respectively, in
HCV RNA levels were observed for doses of 1, 10 and 100 mg (66).
The compound is less potent against genotype 1a than b replicons
(EC., = 50 and 9 pM, respectively), and the study results showed
that genotype Tb patients had an increased reduction in HCV RNA
levels compared to equivalently dosed gentopye la patients. The
genotype Tb patients also showed a more sustained response of 5
days. The compound has since been shown to be inhibitory against
HCV genotypes 1a, 1b, 2a, 3a, 4a and 5a, with EC50 values of 9-146
pM. Although the treatment population is small (N = 16 on active
compound), the data suggest that there is a correlation between in
vitro potency and in vivo effect for inhibitors targeting NS5A.

HCV resistance is an important consideration for any HCV therapy,
as the virus grows to high titers and has a high mutation rate. The
previously described preclinical characterization of BMS-790052
demonstrated that resistance to the compound mapped to the first
100 amino acids of NS5A in both genotype Ta and 1b (66). BMS ana-
lyzed the HCV sequences from the patients treated with BMS-
790052 in this single-dose trial and identified mutations at residues
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near the center of the densest cluster of competitive compounds, also near
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GL-103905
monomeric binding mode

Figure 8. Putative binding modes of NS5A inhibitors with NS5A gt Tb domain I. Monomer units of the NS5A homodimer are color-coded red and cyan. BMS-
790052-resistant mutant sites (gt Ta loop region: Met28, Gln30, Leu31; dimer interface: Tyr93) are color-coded blue. (A) Dimeric interaction mode of BMS-
790052 looking down the C2 symmetry axis of the NS5A homodimer. The bis-biaryl core of BMS-790052 spans the NS5A dimer interface, positioning the
caps at the zinc finger (ZnF) domain and o-helix "hinge" loop interfaces. (B) Monomeric interaction mode of GL-103905 looking down the C2 symmetry axis
of the NS5A homodimer. (C) Same as (A) but rotated 90°, looking down the plane of the dimer interface, and BMS-790052 depicted as CPK spheres. The Pro-
Val-carbamate cap docks between the ZnF domain and the helix loop. (D) Same as (B) but rotated 90° with GL-103905 depicted as CPK spheres. GL-103905

occupies the crevice formed between the ZnF domain and loop interface.

Figure 9. Overlapping pharmacophore elements of BMS-790052 (green car-
bons) and GL-103905 (white carbons), as docked in the NS5A gt To homolo-
gy model of Figure 8.
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known to be important for drug potency in vitro. Further trials are
needed to ascertain if the presence of these mutations confers
resistance in vivo.

BMS also performed a multiple-dose proof-of-concept study in HCV
genotype T-infected patients. Patients were dosed for 14 days with 1,
10, 30, 60 or 100 mg BMS-790052 once a day, or 30 mg twice daily.
Four patients with a mix of genotype Ta and 1o were included in each
active drug cohort, and data from the study are therefore based on a
small number of patients. The maximum decline in HCV RNA levels
for genotype la-infected patients was 3.8 log,, at the dose of 60 mg
once daily and the minimum decline was 2.4 log,, with the dose of 1
mg once daily (70). Twice-daily dosing with 30 mg BMS-790052
gave a maximum reduction in HCV RNA of 5.7 log,,. The maximum
decline for once-daily dosing in genotype Tb patients was 4.3 log,,
and the 10-mg dose gave the lowest decline, 3.3 log,,. Although a
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small population was treated in this study, the data show that geno-
type Tb patients respond better to therapy, as seen by the greater
declines in HCV RNA. The antiviral effect was not sustained for the
entire dosing period, supporting its potential inclusion as part of a
combination therapy, but highlighting its inability to serve as a
monotherapy due to the emergence of resistant viruses.

Further clinical studies have evaluated the impact of BMS-790052
on HCV RNA levels in combination with IFN-ow and ribavirin. This
dose-ranging (3, 10 or 60 mg once daily plus standard of care) phase
lla study in genotype 1-naive patients compared BMS-790052 to
standard of care alone for 48 weeks. Analysis of viral load declines at
week 12 post-treatment showed that the combination of 10 or 60 mg
BMS-790052 with standard of care improved sustained virological
response (SVRWZ) rates when compared to standard of care alone,
where SVR,, is defined as undetectable HCV RNA at week 12 post-
treatment. SVR,, rates for the 10- and 60-mg combinations were
92% and 83%, respectively, versus 25% for standard of care (71). The
3-mg dose of BMS-790052 in combination with standard of care
gave an SVR,, rate of 40%, more than standard of care alone but far
less than that achieved with the higher doses of the inhibitor. There
were two cases of virological breakthrough for the 3-mg dose group
and one case in the 60-mg dose group. Additionally, two patients
experienced a post-treatment relapse in the 3-mg dose group and
one in the 60-mg dose group. The cohort size for this study was 12
patients per group, and thus the data are based on a small number
of patients.

An additional study was performed to determine if two direct-acting
antivirals alone could “cure” HCV infection in infected individuals.
This was a proof-of-concept study, as there is currently no consensus
in the field as to how many direct-acting antivirals would be needed
to eliminate HCV infection. Thus, several companies are studying
different direct-acting antiviral combinations to determine if any
such combinations could be successful. The BMS trial addressing
this point involved combining the NS5A inhibitor BMS-790052 and
the BMS inhibitor targeting the NS3 protease, BMS-650032 (72).
The molecules had non-overlapping resistance patterns and preclin-
ical combination studies suggested that they would not be antago-
nistic. A phase lla study enrolling genotype 1 prior non-responders
for 24 weeks of treatment was completed, examining the combina-
tion of the two direct-acting antivirals alone compared to the two
direct-acting antivirals in combination with standard of care. The
doses of the two direct-acting antivirals chosen were 60 mg once
daily of BMS-790052 and 600 mg twice daily of BMS-650032, and
the data reported were SVR,,, defined as undetectable RNA at 24
weeks post-treatment. When the two direct-acting antivirals were
given to non-responders, only 36% achieved SVR,,. This is com-
pared to 90% who achieved SVR, on quadruple therapy of standard
of care with the two direct-acting antivirals. The study was small, but
the data suggest that the four-regimen therapy was effective at
reducing HCV RNA levels, while the dual therapy only had a similar
impact on a smaller percentage of patients (36% SVR., rate).
Although the SVR,, rate was low, this study did demonstrate that
SVR,, is achievable in a treatment regimen lacking IFN-o and riba-
virin. Follow-up of the patients who had “breakthroughs” in HCV
RNA levels showed that mutations were present that would impact
the potencies of both direct-acting antivirals (73). Patients will be
followed for 48 weeks.
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The resistance profile of BMS-790052 was extended in a later pub-
lication, but the critical residues originally identified, whether alone
or in combination, remained the key sources of resistance (74). Cell
culture experiments with biotinylated analogues from this series
were used to isolate proteins binding to the compound and showed
that NS5A interacted either directly or indirectly with an active com-
pound from the series, while an inactive compound failed to show
binding (66). The binding was visualized by Western blotting with an
NS5A antibody. Further experimentation is needed to identify the
exact mechanism of action for this series, but the resistance pattern
and published cell culture experiments suggest that the compound
works via an NS5A-mediated mechanism, potentially by binding
directly to NS5A.

BMS-790052 has been shown to alter the subcellular localization
and biochemical fractionation of NS5A (75, 76). Upon treatment of
replicon-containing cells with the inhibitor, NS5A cytoplasmic distri-
bution shifted to centralization at lipid droplets. Co-localization of
NS5A and NS5B was also impaired (75).

NS5A INHIBITOR CLINICAL DATA

Gilead Sciences also has an NS5A inhibitor in the clinic. GS-5885 is
a potent inhibitor of HCV genotype 1replicons, with EC., values of 34
and 4 pM, respectively, for genotypes Ta and 1b (77). Recently, the
results of a 3-day dose-ranging study in HCV genotype 1 patients
were reported. HCV patients were dosed once daily for 3 days with 1-
90 mg of GS-5885 and reductions in viral load were measured for 7
days. Most patients enrolled in this study were genotype 1a and thus
discussion will be divided between the responses of the two subtypes.
Median change from baseline in genotype 1a patients was 2.3 log,, for
the 1-mg dose, and between 3.1 and 3.3 log,, for the 3-, 10-, 30- and
90-mg doses, suggesting that the impact of the compound on viral
load had peaked (78). One cohort of 12 genotype 1o patients (10
active, 2 placebo) was dosed once daily for 3 days with 10 mg GS-
5885 and the decline in HCV RNA was also tracked for 7 days.
Median change from baseline in genotype Tb patients was 3.3 log, .
Similar maximum viral load declines were observed for genotype Ta
and Tb, but the genotype 1b patients appeared to have a more sus-
tained response, as they showed a delayed return to baseline. This
could possibly be due to the differences in genotype Ta and 1b poten-
cies and resistance patterns. It is also noteworthy that one patient in
the 90-mg dose group did not respond to therapy. This molecule
continues under development.

Presidio Pharmaceuticals has also advanced a compound into phase
| studies. PPI-461 is a small-molecule inhibitor with picomolar
potency against genotype 1a and Tb replicons. EC, , values were 200
and 10 pM, respectively, against genotype Ta and 1b (79). The mole-
cule is active across multiple genotypes, although potency is sub-
stantially reduced in chimeric replicons containing sequences from
genotypes 3a and 6a. Preclinical profiling of resistance to PPI-461
demonstrated that it is susceptible to mutations in the first 100
amino acids of the NS5A protein, similar to BMS. Presidio reported
single or double mutations that led to a high level of drug resistance,
and these mutations are combinations of single mutations identified
by BMS in their resistance profiling of BMS-790052, suggesting that
both molecules work through a similar mechanism of action.
Presidio also did resistance passaging with PPI-461 on chimeric
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genotype 1b replicons containing NS5A sequences from genotypes
2a-6ba. The resistance mutations identified for each genotype
demonstrate that resistance is limited to residues in the first 100
amino acids of NS5A and include the same critical positions =28, 30,
31 and 93- that are involved in resistance in genotypes 1a and 1b, as
well as identified by BMS as important for BMS-790052 activity.
Presidio has reported the results of the phase 1a trial involving
healthy volunteers and is currently running the phase 1b proof of
concept in HCV patients.

Several other companies have also reported preclinical characteriza-
tion of small-molecule inhibitors that work via an NS5A-mediated
mechanism. GSK has presented preclinical data for GSK2336805
(see GSK_1, Table Ill). The compound has picomolar activity against
genotype 1a, Tb and 2a (JFH-T) replicons, as well as genotype 2a
chimeric replicons containing NS5A sequences from genotypes 4a,
5a and 6ab (63, 80). These chimeric replicons, as well as those
alluded to below, contain NS5A sequences derived from public
databases and represent a consensus of input sequences, or the
closest patient to that consensus. GSK2336805 showed reduced
activity on chimeric replicons containing NS5A patient or consensus
sequences from genotypes 2a, 3a, 6¢g and 6hn. On these replicons,
potency is shifted into the nanomolar range. Resistance profiling of
the compound on genotype 1a and 1b replicons showed that the
compound is sensitive to the same residues reported by BMS and
Presidio -28, 30, 31 and 93—, suggesting that these inhibitors may
share a common mechanism of action. It is noteworthy that this
compound has picomolar activity on the JFH-1 genotype 2a replicon,
but nanomolar activity on chimeric replicons containing genotype 2a
NS5A patient or consensus sequences. Sequence analysis of the
replicons showed that the JFH-1 replicon contains a minority variant
at position 31 of NS5A. Position 31in JFH-Tis Leu, while the majority
residue is Met, present in both the genotype 2a NS5A consensus and
patient sequences in the chimeric replicons. GSK mutated NS5A
position 31 in the JFH-1 replicon to Met and showed that this muta-
tion caused a loss in activity for BMS-790052 and analogues in the
GSK2336805 series. These data were supported from a study by
Scheel et al. (81). This group also demonstrated that BMS-790052
suffers a loss of potency on genotype 2a replicons containing Met at
position 31, supporting the GSK data on BMS-790052 replicons and
further strengthening the theory that these compounds are acting
via a similar mechanism. It also raises the question as to the activity
of the other NS5A inhibitors on the replicons containing the majori-
ty amino acid at position 31. GSK2336805 is currently in phase lla
clinical trials.

Achillion Pharmaceuticals has reported a potent small-molecule
inhibitor targeting NS5A. The EC, value for ACH-2928 for a geno-
type 1a replicon was 46 pM and values for two different genotype 1b
replicons were 2.1-2.8 pM (82). The compound had EC,, values of
<103 pM against genotype 2-6 replicons and maintained activity on
chimeric replicons containing genotype 1a or 1b patient sequences.
The genotype 2a replicon sequence was not specified, but the data
for BMS-790052 reported in parallel suggest it contains the minor-
ity variant at position 31. Resistance profiling of this compound was
not reported. This compound has been selected for clinical develop-
ment.
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Indenix Pharmaceuticals has also reported preclinical data on two
compounds impacting HCV replication via effects on NS5A. Both
IDX-380 and IDX-719 have EC. values of < 50 pM against genotype
1-5 replicons, with CC. values of > 100 uM, yielding a good selectiv-
ity index (83). Both compounds are sensitive to some of the key
residues critical for other compounds targeting NS5A —positions 30,
31 and 93. The compounds were shifted between 310- and 8,601-
fold on Gln30Glu, Leu31Val and Tyr93His mutations in genotype 1Ta
replicons. Similar mutations in the genotype 1b replicon, namely
Leu31Val and Tyr93His, shifted the potency of both compounds
< 100-fold. These genetic data suggest that the molecule may tar-
get a similar mechanism as the inhibitors described above. The com-
pounds are being further evaluated to identify the clinical candidate.

InterMune reported a structure-based approach that identified a
series of compounds targeting NS5A. Data reported on five com-
pounds show that they are active on genotypes 1a and 1b (6-140 pM),
with consistently higher activity on genotype 1o (84). One com-
pound, ITMN-9959, was also tested in a mouse model of HCV repli-
cation. Mice with humanized livers chronically infected with HCV
were treated for 14 days with 30 mg/kg of the compound, resulting
in a 2.2 log,, drop in HCV RNA levels. Resistance profiles were not
reported. The molecules are currently being characterized.

Enanta Pharmaceuticals released data on a small-molecule
inhibitor of HCV that targets NS5A. EDP-239 showed picomolar
activity on genotype 1a and Tb replicons, with EC, values of 31.2 and
7.3 pM, respectively (85). The compound also showed a small shift
(< 4-fold) in the presence of 40% human serum. Resistance profiling
was not reported, nor were there reports of pan-genotype activity. In
vitro safety and in vivo animal pharmacokinetic studies suggest that
the compound may have favorable characteristics for once-daily,
low-dose regimens in humans.

In summary, small molecules targeting NS5A have proven to be
potent inhibitors of HCV replication in vitro and in vivo. The current
clinical compounds share similar profiles of inhibition in terms of
resistance, suggesting similar mechanisms, although further work is
required to define the exact mode(s) of action. It is also worthwhile
to note that, although the current clinical compounds inhibit multi-
ple HCV genotypes, some suffer losses of potency on genotype 2 due
to a variant at residue 31. There is a later report from BMS on anoth-
er series of small-molecule inhibitors targeting NS5A with more
potent activity across all genotypes (including genotype 2) and
improved resistance profiles, suggesting that future generations of
molecules could tackle some of the weaknesses of the current com-
pounds being tested (86).
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