AAC

Journals.ASM.org

Preclinical Characterization of GS-9669, a Thumb Site II Inhibitor of
the Hepatitis C Virus NS5B Polymerase
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GS-9669 is a highly optimized thumb site II nonnucleoside inhibitor of the hepatitis C virus (HCV) RNA polymerase, with a
binding affinity of 1.35 nM for the genotype (GT) 1b protein. It is a selective inhibitor of HCV RNA replication, with a mean 50%
effective concentration (EC;,) of =11 nM in genotype 1 and 5 replicon assays, but lacks useful activity against genotypes 2 to 4.
The M423T mutation is readily generated clinically upon monotherapy with the thumb site II inhibitors filibuvir and lomibuvir,
and it is notable that GS-9669 exhibited only a 3-fold loss in potency against this variant in the genotype 1b replicon. Rather than

M423T, resistance predominantly tracks to residues R422K and L419M and residue 1482L in GT 1b and 1a replicons, respec-
tively. GS-9669 exhibited at least additive activity in combination with agents encompassing four other direct modes of action
(NS3 protease, NS5A, NS5B via an alternative allosteric binding site, and NS5B nucleotide) as well as with alpha interferon or
ribavirin in replicon assays. It exhibited high metabolic stability in in vitro human liver microsomal assays, which, in combina-
tion with its pharmacokinetic profiles in rat, dog, and two monkey species, is predictive of good human pharmacokinetics. GS-
9669 is well suited for combination with other orally active, direct-acting antiviral agents in the treatment of genotype 1 chronic
HCV infection. (This study has been registered at ClinicalTrials.gov under registration number NCT01431898.)

hronic hepatitis C virus (HCV) infection is a global health

problem with an estimated prevalence of 2.2 to 3.3% world-
wide (1). In up to 30% of those infected, the disease progresses
over the course of 10 to 20 years to liver fibrosis, cirrhosis, and,
ultimately, hepatocellular carcinoma (2). In the United States,
where genotype (GT) 1 HCV predominates, HCV infection is the
leading cause of liver transplants, and mortality rates associated
with HCV overtook HIV mortality rates in 2007 (3). Treatment
with pegylated alpha interferon (IFN-a) and ribavirin (RBV) is
poorly tolerated and of limited efficacy in patients infected with
GT 1 (4).

HCV is a small, single-stranded RNA virus whose genome en-
codes a single polyprotein that is processed by host and viral pro-
teases to generate four structural proteins and six nonstructural
proteins. Of the latter, NS3-NS4A (the viral protease), NS5A (an
essential component of the cellular replicase complex, although its
precise function is unknown), and NS5B (the viral RNA-depen-
dent RNA polymerase) have proven particularly fruitful as targets
for the discovery of direct-acting anti-HCV agents. Two protease
inhibitors (boceprevir and telaprevir) received regulatory ap-
proval in 2011, and a burgeoning group of potential drugs acting
via all three viral targets are currently in clinical development.
Because of the genetic diversity of HCV due to the high rate and
error-prone nature of viral replication, it is anticipated that a com-
bination of agents may be necessary to provide effective eradica-
tion in patients (4).

Like several other polymerases, NS5B adopts a topology similar
to that of a right hand, with “palm,” “fingers,” and “thumb” sub-
domains. Inhibitors may be divided into two classes: nucleos(t)ide
analogs that serve as false substrates for the enzyme and result in a
defective elongation of the nascent RNA chain and nonnucleoside
analogs that inhibit the initiation or elongation phases of replica-
tion, depending upon the allosteric site to which they bind (5).
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The nucleotide analog sofosbuvir (GS-7977) (6) is currently in
phase 3 clinical studies. Examples of nonnucleoside inhibitors
(NNIs) currently in phase 2 clinical studies include BI-207127 and
BMS-791325 (binding to thumb site I); filibuvir and lomibuvir
(binding to thumb site IT) (Fig. 1); setrobuvir, ABT-072, and ABT-
333 (binding to palm site I); and tegobuvir (also binding in the
palm). While the nucleos(t)ide sofosbuvir exhibits activity against
all GTs of the virus, the NNIs mentioned above are active only
against GT 1 (7).

Among the nonnucleoside inhibitors of NS5B, clinical efficacy
following 3 to 7 days of monotherapy varies from 1.5 to 3.7 log;,
declines in viral RNA levels in serum, with the greatest reduction
being achieved by lomibuvir (previously known as VX-222 and
VCH-222) (7). This encouraging level of clinical validation led to
a program in our laboratories directed at the inhibition of NS5B
via binding to thumb site II, culminating in the identification of
(GS-9669, whose preclinical profile is described here.

MATERIALS AND METHODS

Inhibitors. GS-9669, lomibuvir, filibuvir, the benzimidazole thumb site I
inhibitor JT-16 [1H-benzimidazole-5-carboxylic acid, 2-(4-{[4-
(acetylamino)-4'-chloro(1,1"-biphenyl)2-yl]methoxy}phenyl)-1-
cyclohexyl-], GS-9256, GS-9451, GS-5885, GS-6620, tegobuvir, and da-
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FIG 1 Structures of NS5B thumb site II inhibitors.

clatasvir were synthesized at Gilead Sciences according to procedures
reported previously (8-12; E. Canales, M. O. H. Clarke, S. E. Lazerwith,
W. Lew, P. A. Morganelli, and W. J. Watkins, 14 January 2011, Interna-
tional patent application WO 2011088345; C. C. Kong, S. D. Kumar, C.
Poisson, C. G. Yannopoulos, G. Falardeau, L. Vaillancourt, and R. Denis,
15 November 2007, International patent application WO 2008058393; A.
Cho, C. U. Kim, A. S. Ray, and L. Zhang, 26 May 2011, International
patent application WO 2011150288; C. Bachand, M. Belema, D. H. Deon,
A. C. Good, J. Goodrich, C. A. James, R. Lavoie, O. D. Lopez, A. Martel,
N. A. Meanwell, V. N. Nguyen, J. L. Romine, E. H. Ruediger, L. B. Snyder,
D. R. St. Laurent, F. Yang, D. R. Langley, G. Wang, and L. G. Hamann, 9
August 2007, International patent application WO 2008021927). The NS3
protease inhibitor BILN-2061 {14-cyclopentyloxycarbonylamino-18(2-
(2-isopropylaminothiazol-4-yl)-7-methoxy-quniolin-4-yloxy]-2,15-
dioxo-3,16-diaza-tricyclo(14.3.0.0)nonadec-7-ene-4-carboxylic  acid}
and the nucleoside 2'-C-methyl adenosine (2'-C-Me-A) [2-(6-amino-
purin-9-yl)-5-hydroxymethyl-3-methyl-tetrahydro-furan-3,4-diol| were
purchased from Acme Bioscience (Palo Alto, CA). The benzothiadiazine
palm site I inhibitor 2-{3-[1-(cyclopropylmethyl-amino)-4-hydroxy-2-
oxo-1,2-dihydro-quinolin-3-yl]-1,1-dioxo-1,4-dihydro-1\°-
benzo(1,2,4)thiadiazin-7-yloxy}-acetamide was purchased from ChemA-
Long Laboratories (Lemont, IL). IFN-a and ribavirin were purchased
from Sigma-Aldrich. The compounds were dissolved in dimethyl sul-
foxide (DMSOQ) at a final concentration of 10 mM and stored at —80°C
before use.

NS5B protein. NS5BA21 GT1b, con-1 was expressed in Escherichia
coli and purified to homogeneity as described previously (13).

Surface plasmon resonance assay. All experiments were performed
with a Biacore T200 instrument (GE Healthcare, Piscataway, NJ), using
CMS5 sensor chips. Binding studies employed the C-terminally truncated
soluble form of the NS5B protein (amino acids 1 to 570; GT 1b; A21).
Standard amine coupling was used to immobilize the protein to the sur-
faces of preconditioned sensor chips. An immobilization density of 4,000
to 5,000 response units was achieved with a coupling buffer containing 10
mM sodium acetate at pH 5.5. Experiments were run at 25°C in buffer
containing 50 mM HEPES (pH 7.5), 5 mM MgCl,, 10 mM KCl, 1 mM
EDTA, 1 mM tris(2-carboxyethyl)phosphine, 0.01% Tween 20, and 5%
dimethyl sulfoxide. Compounds were tested in a 3-fold concentration
dilution series at 6 concentrations (0.823 nM to 200 nM) at a flow rate of
100 pl/min. At the end of each binding cycle, a 5-s injection of a buffer
containing 10 mM disodium tetraborate and 1 M NaCl (pH 8.5) at 50
pl/min was used as a regeneration step to remove any remaining com-
pounds bound to the NS5B surfaces. Response data were double refer-
enced using Scrubber 2.0c software and fitted with the 1:1 binding model
accounting for mass transport.

Biochemical assay. RNA-dependent HCV NS5B polymerase activity
was determined by the incorporation of nucleotides into secondary-struc-
ture-free heteropolymorphic RNA (sshRNA), as described previously
(14). The polymerase assay reaction mixture contained 50 mM Tris-HCIl
(pH 7.5), 5 mM MgCl,, 10 mM KCl, 1 mM dithiothreitol, I mM EDTA,
and 0.2 U/l of RNasin (Promega, Madison, WI). Compounds were se-
rially diluted in 100% (vol/vol) DMSO at a ratio of 1:3, and 10 of these
dilutions starting from 25.0 pM to 1.2 nM were further diluted in the
polymerase assay reaction mixture at a final DMSO concentration of
0.25%. Compound dilutions were preincubated with 4 ng/pul sshRNA
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template and 25 nM purified NS5BA21 enzyme for 15 min at room tem-
perature. The reaction was started by the addition of 0.2 wM CTP and 250
uM the remaining nucleoside triphosphates, followed by 0.005 pwM
[**P]CTP (3,300 Ci/mmol) (PerkinElmer, Waltham, MA). Following in-
cubation for 60 min at 30°C, the assay mixtures were transferred into
96-well DE81 filter plates (PerkinElmer, Waltham, MA). Plates were then
washed three times with 125 mM Na,HPO,, once with water, and once
with 100% ethanol and dried. Microscint-20 (PerkinElmer, Waltham,
MA) scintillation cocktail was added, and radioactivity was measured in a
TopCount microscintillation reader (PerkinElmer, Waltham, MA). To
determine 50% inhibitory concentrations (IC5,s), a nonlinear regression
sigmoidal dose-response model equation, fit = A + ([B — A]/{1 + [(C/
x)"D]}), where A is the lowest percent activity (set at 0), B is the highest
percent activity (setat 100), Cis the IC,,, and D is the Hill slope, was used.
Ten-point dose-response curves were generated in XLFit (IDBS, Guild-
ford, Surrey, United Kingdom), using model 205.

Cell culture assays. Huh7 and Huh7-Lunet cells were obtained from
ReBLikon GmbH (Mainz, Germany) (15). Stable replicon cell lines for
HCV GTs 1a-H77, 1b-con-1, and 2a-JFH-1 were described previously
(16, 17). All Huh7-Lunet cells and derived replicon cell lines were
propagated in Dulbecco’s modified Eagle’s medium (DMEM) with
GlutaMAX-I (Invitrogen, Carlsbad, CA) supplemented with 10% fetal
bovine serum (HyClone, Logan, UT), 1 unit/ml penicillin, 1 pwg/ml strep-
tomycin (Invitrogen), and 0.1 mM nonessential amino acids (Invitrogen).
Replicon cell lines were selected and maintained in 0.5 mg/ml G418 (In-
vitrogen). MT-4 cells, obtained from the AIDS Research and Reference
Reagent program, were maintained in RPMI 1640 medium (Irvine Scien-
tific, Santa Ana, CA) supplemented with 10% fetal bovine serum
(HyClone, Logan, UT), 1 unit/ml penicillin, 1 pg/ml streptomycin (Invit-
rogen), and 0.1 mM HEPES (Invitrogen).

Replicon assays. HCV GT la-H77, 1b-con-1, and 2a-JFH-1 replicon
cells were seeded into 96-well plates at a density of 5,000 cells/well in 100
wl of DMEM culture medium without G418. Compounds were serially
diluted 1:3 in 100% DMSO and added to cells at a 1:200 dilution, for a final
concentration of 0.5% DMSO. Alternately, in a 384-well plate, replicon
cells were seeded at 2,000 cells/well. Similarly, compounds were serially
diluted 1:3 in 100% DMSO but were added to cells at a 1:225 dilution, for
a final concentration of 0.44% DMSO. Assay plates were incubated for 72
hat37°Cinan incubator with 5% CO, and 85% humidity, after which cell
culture medium was removed and cells were assayed for luciferase activity
as markers for replicon levels. Luciferase activity was quantified by using a
commercial kit (Promega). For the HCV NS5B chimeric replicons, con-
sensus sequence chimeras for GT's 2b, 3a, 4a, and 5a were described pre-
viously (18, 19). For the HCV GT 1b NS3/4A, NS5A, and NS5B mutant
replicons, mutations were introduced into the GT 1b wild-type replicon
by using a QuikChange IT XL mutagenesis kit (Stratagene, La Jolla, CA)
according to the manufacturer’s instructions. After confirming the muta-
tions by DNA sequencing, replicon RNA was transcribed in vitro from
replicon-encoding plasmids using a MEGAscript kit (Ambion, Austin,
TX). RNA for the GT 1b mutants, as well as the HCV NS5B chimeric
replicons, was transfected into Huh7-Lunet cells as previously described
(17). Briefly, Huh7-Lunet cells were trypsinized and washed twice with
phosphate-buffered saline (PBS). A suspension of 4 X 10° cells in 400 .l
of PBS was mixed with 10 ug RNA and electroporated (960 wF and 270 V).
Cells were transferred into prewarmed cell culture medium at a density of
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2 X 10° cells/ml, and 100-pl aliquots were then seeded into 96-well plates.
Compound dilution and assay methods were performed as described
above. The 50% effective concentration (EC5,) was defined as the concen-
tration at which luciferase activity was decreased by 50%. Data were ana-
lyzed using GraphPad Prism 5.0 (GraphPad, La Jolla, CA). EC5,s were
calculated by nonlinear regression analysis using a sigmoidal dose-re-
sponse (variable-slope) equation (four-parameter logistic equation), Y =
bottom + (top — bottom)/{1 + 10"[(log CCs, — X) X Hill slope]}, where
the bottom and top values were fixed at 0 and 100.

Cell toxicity assays. For Huh7 and MT-4 cell cytotoxicity assays, com-
pound serial dilutions were performed in 100% DMSO in a 384-well plate
for 10 cycles of 3-fold dilution using a Biomek FX workstation (Beckman
Coulter, Brea, CA). DMSO-treated wells were used as the no-compound
cytotoxicity control, and 40 wM puromycin-treated (catalog number
P9620; Sigma, St. Louis, MO) Huh7 cells or 10 uM puromycin-treated
MT-4 cells were used as the 100% cytotoxicity control. Two thousand
cells/well were added into a 384-well plate with a Biotek pFlow worksta-
tion (Biotek, Winooski, VT). A volume of 0.4 p.l of the compound solu-
tion was transferred from the serial dilution plate to the cell culture plate
on a Biomek FX workstation. The final DMSO concentrations in the assay
mixtures were 0.44% for Huh7 cells and 0.5% for MT-4 cells. The plates
were incubated for 3 days for Huh7 cells or 5 days for MT-4 cells at 37°C
in an incubator with 5% CO, and 85% humidity. For Huh7 cell viability
determinations, the medium in the 384-well cell culture plate was first
aspirated, and the plate was then washed with four cycles of 100 ul PBS per
well using a Biotek EL405 plate washer. A volume of 50 .l of a solution
containing 400 nM calcein-AM (catalog number 25200-056; Anaspec,
Fremont, CA) in PBS was added to each well of the plate with a Biotek
pFlow workstation. The plate was incubated for 30 min at room temper-
ature before the fluorescence signal (emission at 490 nm and excitation at
520 nm) was quantified with a PerkinElmer Envision plate reader. The
percent cell viability was measured by calcein-AM conversion to a fluo-
rescent product. For MT-4 cell viability determinations, 22 I Cell Titer
Glo (catalog number G7573; Promega, Madison, WI) was added to the
assay plates with a Biotek pFlow workstation. Plates were subsequently
placed onto a PerkinElmer Envision plate reader for 5 min before the
luminescence signal was read. CC, values were calculated from the com-
pound concentration that caused a 50% decrease in signal, a measure of
toxicity, and calculated by nonlinear regression using Pipeline Pilot soft-
ware (Accelrys, San Diego, CA).

In vitro combination experiments. For combination studies, one
compound was serially diluted in nine steps of 1:2 dilutions toward the
horizontal direction, with the other compound serially diluted in seven
steps of 1:2 dilutions toward the vertical direction. This achieved a defined
set of different drug concentrations and ratios. For each individual drug,
the EC,,, was selected as the midpoint for the concentration range tested.
To each well of a black polystyrene 384-well plate (cell culture treated)
(catalog number 781086; Greiner Bio-one, Monroe, NC), 90 wl of cell
culture medium (without G418) containing 2,000 suspended HCV repli-
con cells was added with a Biotek pFlow workstation. For compound
transfer into cell culture plates, 0.4 pl of compound solution from the
combined serial dilution plate was transferred to the cell culture plate on
a Biomek FX workstation. The DMSO concentration in the final assay
wells was 0.44%. The plates were incubated for 3 days at 37°C with 5%
CO, and 85% humidity. The antiviral activity of the combined drugs was
tested as described above for replicon assays. Combination data were an-
alyzed based on the Bliss independence model using MacSynergy II soft-
ware (version 1.0; University of Michigan, Ann Arbor, MI). Results of the
combination assays were expressed as mean synergy and antagonism vol-
umes (nM?) calculated at 95% confidence from two independent experi-
ments performed in four replicates. Combination effects are defined (20)
as follows:

e Strong synergy if volumes are >100 nM?; this amount of synergy is
probably important in vivo.
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e Moderate synergy if volumes are >50 and =100 nM?; this amount
of synergy may be important in vivo.

e Minor synergy if volumes are >25 and <50 nM?.
e Additivity if volumes are >—25 and =25 nM?.
e Minor antagonism if volumes are <—25 and >—50 nM?.

e Moderate antagonism if volumes are >—100 nM?and =—50 nM?;
this amount of antagonism may be important in vivo.

e Strong antagonism if volumes are =—100 nM?; this amount of
antagonism is probably important in vivo.

Protein binding. The unbound fraction in human plasma and cell
culture medium (CCM) was determined by equilibrium dialysis against
isotonic phosphate buffer (pH 7.4) in an HTDialysis HTD96b unit. The
membrane had a nominal cutoff of 10 kDa and was pretreated in accor-
dance with the manufacturer’s instructions. The final concentration of
test compound added to the protein-containing matrix was 2 WM. Dial-
ysis was done at 37°C overnight with gentle agitation. Samples were then
treated by the addition of equal volumes of either buffer (to the protein-
containing samples) or drug-free plasma or CCM (to the buffer samples),
followed by protein precipitation with an organic solvent containing the
internal standard (IS) for liquid chromatography-tandem quadrupole
mass spectrometry (LC-MS/MS) and centrifugation. Supernatants were
analyzed on a Waters Micromass Quattro Premier XE MS/MS instrument
coupled to an Agilent 1200 series liquid chromatograph through an elec-
trospray interface. Quantification was done through analyte/IS peak area
ratios.

Pharmacokinetics. Studies were performed with male Sprague-Daw-
ley rats, beagle dogs, cynomolgus monkeys, and rhesus monkeys (3 ani-
mals per dosing route) and complied fully with all federal and Institu-
tional Animal Care and Use Committee (IACUC) guidelines. Intravenous
administration was performed at a dose of 0.5 mg/kg of body weight by
infusion over 30 min, formulated as a solution in a 1:1:18 (vol/vol/vol)
mixture of ethanol, polyethylene glycol 400, and 5% (wt/vol) aqueous
dextrose, adjusted to pH 7. Oral dosing was done by gavage at a dose of 2
mg/kg in solution in a 1:11:8 (vol/vol/vol) mixture of ethanol, polyethyl-
ene glycol 400, and water, adjusted to pH 7. Blood samples were collected
through a jugular vein catheter, and plasma was prepared by centrifuga-
tion. After precipitation of plasma proteins, concentrations of analyte
were determined by using a Thermo-Finnigan TSQ Quantum Ultra
MS/MS coupled to an Agilent 1200 series LC instrument. The limit of
quantification was 2 nM. Pharmacokinetic parameters were determined
by noncompartmental analysis.

Metabolic stability. Stability was determined with pooled hepatic mi-
crosomal fractions (final protein concentration, 1 mg/ml; BD Biosciences,
Woburn, MA) at a substrate concentration of 3 wM. Microsomal mem-
branes were permeabilized by the addition of alamethicin, and cofactors
for oxidation (NADPH regenerating system) and glucuronidation (UDP-
glucuronic acid) were supplied (21). Reactions were performed for 1 h at
37°C, and after deproteination of the samples, quantification of analytes
was performed as described above for protein binding. Hepatic intrinsic
clearance was calculated as described previously by Obach (22), and the
predicted clearance was calculated using the well-stirred liver model with-
out protein restriction.

RESULTS

NS5B binding and polymerase assays. Direct binding of GS-9669
to NS5b polymerase was established through surface plasmon res-
onance (SPR) studies with the A21 C-terminally truncated pro-
tein (Table 1). Direct measurement of binding affinity is informa-
tive in assessing potency and comparing compounds because the
format of the biochemical assay necessitates use of the protein at
25 nM; as a result, potent compounds such as GS-9669 and lo-
mibuvir yield IC54s close to this value, and their relative potency is
not well discriminated. Furthermore, in cells, the enzyme func-
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TABLE 1 Binding to and inhibition of HCV NS5B GT 1b-con-1
polymerase by GS-9669 and other reference NNIs

Preclinical Characterization of GS-9669

TABLE 3 Susceptibility of wild-type and NS5b site Il mutant HCV GT
1b replicons to GS-9669 and other reference NS5B inhibitors

Avg wild-type M423T K;,  Mean wild-type M423T IC,,
Compound K, (nM) = SD*  fold shift” IC,, (nM) = SD°  fold shift?
GS-9669 1.35 £ 0.49 10.5 40 =17 4
Lomibuvir 2.21 = 0.66 10.3 55 *17 4
Filibuvir 315+ 144 950 73+ 4 >94

“ Average kinetic parameters across three surfaces extracted by using a global fit of a 1:1
binding model.

b Ratio of mutant K}, (equilibrium dissociation constant) over wild-type K, values.

¢ Arithmetic mean of data from at least two experiments.

4 Ratio of mutant ICs, over wild-type IC5, values.

tions as part of a multimolecular replicase complex; kinetic and
inhibitory studies with the isolated enzyme are therefore of lim-
ited utility. Nonetheless, the loss in binding affinity conferred by
the clinically relevant M423T mutation is reflected in the bio-
chemical assay and is consistent with data from other studies (23,
24); it is apparent that the impact of the mutation in these assays
on the potency of GS-9669 and lomibuvir is less than for filibuvir.

Activity in cellular assays. Activity in cell lines, in conjunction
with assessment of free-drug levels, has proven a useful predictor
of clinical efficacy (25). The activities of GS-9669 and relevant
reference inhibitors were compared across HCV GTs, using 3-day
assays against subgenomic replicons encoding luciferase genes
(for GTs 1a, 1b, and 2a), and against chimeric replicons (for GTs
2b, 3a, 4a, and 5a) in which the relevant NS5B genes, using se-
quences derived from patient-derived isolates (18, 19), were syn-
thesized and cloned into GT 1b Rluc-neo replicons (thereby re-
placing the parent NS5B gene) (26). The cytotoxicity of the
compounds in the replicon cell line and in MT4 cells was also
assessed (Table 2).

Collectively, these cell-based data indicate that GS-9669 is ac-
tive against HCV GT 1la, GT 1b, and GT 5a (ECsos of =15nM) but,
like other thumb site IT inhibitors, lacks potency against other GT's
(GTs 2a, 2b, 3a, and 4a). No cytotoxicity was observed at the
highest concentration tested.

Resistance profile of NS5B thumb site II resistance muta-
tions. M423T, M4231, M423V, 1482L, R422K, and L419M muta-
tions have all been generated in replicon-based resistance selec-
tion experiments with thumb site II inhibitors (23, 26-28). The
binding of both GS-9669 and lomibuvir to the NS5B M423T mu-
tant was reduced 10-fold compared to the wild-type, and for fili-
buvir, the reduction in binding affinity was much greater (Table
1). Similarly, the inhibitory potency of GS-9669 and lomibuvir in
the M423T biochemical assay was reduced by 4-fold, with no ac-
tivity detectable for filibuvir. Results of transient-transfection rep-
licon assays revealed that GS-9669 is more active against the

Mean EC;, Fold resistance’ against NS5B mutant

(nM) for WT
Compound (GT 1b) = SD* M423T M4231 M423V 1482L R422K L419M
GS-9669 11*£19 3.4 7.2 12 38 36 19
Lomibuvir 11 * 3.0 81 40 33 105 105 24
Filibuvir 80 * 28 37 31 37 17 NT NT
2'-C-Me-A 206 * 86 0.8 0.7 0.4 0.6 0.7 1.2

@ Arithmetic means of data from at least two experiments Values were generated in a
96-well assay manual format. WT, wild type.

¥ Fold resistance is calculated as the ratio of mutant ECs, to wild-type ECs, values. NT,
not tested.

M423T and M4231 mutants than lomibuvir (Table 3). The fold
resistance of the 1482L and R422K mutants against GS-9669 is
higher than that of M423 mutants, although, even against these
mutations, GS-9669 remains more potent than lomibuvir. In vitro
resistance selection with GS-9669 was reported previously (29): at
10X to 20X the ECs, the dominant mutations were R422K and
L419M, and 1482L, in GT 1b and 1a replicons, respectively. These
data provide strong evidence for the inhibitory effect in the repli-
con arising from binding to NS5B thumb site II.
Cross-resistance to non-thumb site II NS5B polymerase,
NS3, and NS5A resistance mutations. The phenotype of drug-
resistant NS5B mutants is associated with the binding sites of dif-
ferent inhibitory classes (7). S282T is a resistance mutation in the
active site that is selected by 2'-C-methyl-modified ribonucleo-
sides (30). The P495L mutation is in the thumb domain at the site
of interaction with the loops extending from the finger domain
(thumb siteI), selected by a series of benzimidazoles (9). M414T is
a mutation selected in the palm region (palm site I) by a series of
allosteric benzothiadiazine inhibitors (7). The double mutation of
Y448H and Y452H has been selected by and confers resistance to
tegobuvir (31, 32). Results of previously reported transient-repli-
con-transfection assays (19) indicated that GS-9669 and lomibu-
vir retain full activity against these resistance mutations, in con-
trast to the relevant controls (see Table S1 in the supplemental
material). Similarly, the activity against the major NS3 protease
inhibitor (R155K and D168V) (33) and NS5A (Y93H) (34) resis-
tance-associated mutations was assessed. As expected, GS-9669
and the other NS5B inhibitors retained full activity against these
resistance mutations (see Table S2 in the supplemental material).
In vitro combination studies. The activity of GS-9669 was
tested in the GT 1b replicon in combination with tegobuvir, GS-
9256, and GS-9451 (NS3 protease inhibitors); GS-5885 (NS5A
inhibitor); GS-6620 (nucleoside NS5B inhibitor); IFN-a; and
RBV (Table 4). The combination of the allosteric NS5B inhibitors

TABLE 2 Activities of GS-9669 and other reference NS5B inhibitors across GTs and in cytotoxicity assays

Mean CCs, (nM) = SD for

Mean ECs, (nM) = SD for GT** cell line”
Inhibitor la 1b 2a 2b 3a 4a 5a Huh7 MT4
GS-9669 11 +2.2 2.8 0.8 79,102 = 906 30,000 = 8,042 >50,000 348 = 124 8.8 1.0 >44,000 42,829 * 9,065
Lomibuvir 13 = 3.8 6.0 £ 1.7 13,906 *= 2,146  >50,000 >50,000 2,275 * 727 13*+19 >44,000 23,108 * 3,822
Filibuvir 447 = 155 170 = 27 16,083 = 3,627 15,323 = 4,814 8,007 = 5,935 2,461 *= 1,250 9,128 = 4,964 >44,000 58,972 * 6,181
2'-C-Me-A 625 +290 561 =197 672 *= 185 350 £ 71 192 = 11 240 = 57 95+ 7.1 >44,000 NT

@ GT la, 1b, and 2a subgenomic replicons; GT 2b, 3a, 4a, and 5a NS5B chimeric replicons.
b Arithmetic mean of data from at least two experiments. NT, not tested.
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TABLE 4 Antiviral effects of GS-9669 in combination with other anti-HCV drugs in GT 1b replicon cells

Drug combined

Mean synergy volume

Mean antagonism volume

with GS-9669 Antiviral mechanism (nM?) = SD? (nM?) = SD* Interaction
GS-5885 NS5A 34 £ 19 0*0 Minor synergy
GS-9451 NS3 protease 19 £ 13 —2=*2 Additive
GS-9256 NS3 protease 22*12 -7x7 Additive
Tegobuvir NS5B NNI 70 = 26 0*0 Moderate synergy
GS-6620 NS5B nucleotide 26 = 28 -1%x3 Minor synergy
IFN-o 31 £23 —2*4 Minor synergy
RBV 12£8 —12*9 Additive

“ Values represent the means * standard deviations of data from two independent experiments performed in triplicate.

tegobuvir and GS-9669 resulted in moderate synergy in the repli-
con assay. Studies with other HCV inhibitors, including IFN-a
and RBV, revealed additive to minor synergistic interactions.

Plasma and CCM binding. Antiviral effects in vivo and in vitro
are dependent upon unbound drug concentrations. Equilibrium
dialysis studies were undertaken to assess the impact of binding in
cell culture medium (CCM) (containing 10% fetal bovine serum)
in replicon assays and to take into account plasma binding for
pharmacokinetic-pharmacodynamic (PK-PD) predictions in pa-
tients. While the degree of binding in CCM is similar for the three
compounds listed in Table 5, the plasma binding differs, with
filibuvir less bound than lomibuvir and GS-9669 intermediate be-
tween them. When these levels and observed potencies in the rep-
licon (Table 2) are taken into account, a 2- to 4-fold-lower total
plasma concentration is predicted to be necessary for GS-9669 to
produce an antiviral effect equivalent to that of lomibuvir in pa-
tients with wild-type GT 1 infection, and this was corroborated by
direct equilibrium dialysis of CCM versus plasma (data not
shown).

In vitro metabolism and pharmacokinetics in nonclinical
species. Metabolic stability in vitro was determined using micro-
somal fractions with mixed cofactors (NADPH for oxidation and
UDP-glucuronic acid for conjugation) and in primary hepato-
cytes, for which the results were very similar (data not shown).
The microsomal stability of GS-9669 is compared with that of
lomibuvir, and also with observed clearance values in vivo, in Ta-
ble 6. There was excellent prediction of clearance in the dog from
hepatic microsomal data. GS-9669 is stable in rat hepatic micro-
somal fractions, and this represents a correct characterization of
the compound, as low clearance was observed for this species (in
vivo hepatic extraction ratio of ca. 4%). Similarly, microsomal
stability studies correctly characterized GS-9669 as having mod-
erate to high clearance in both cynomolgus and rhesus monkeys.

Other pharmacokinetic parameters for GS-9669 following

dosing intravenously and as an oral solution are summarized in
Table 7, with rat results depicted graphically in Fig. 2.

Across species, steady-state volumes of distribution are typical
of an acidic drug and approximate extracellular fluid. The com-
pound was rapidly absorbed, and bioavailability was good.

DISCUSSION

Paradigms for the treatment of chronic HCV infection are chang-
ing rapidly. The introduction of direct-acting antiviral agents
brings with it the prospect of oral, IFN-free regimens of a greatly
shortened duration, which will enable viral eradication in a greater
proportion of patients and alleviate the significant societal burden
of the sequelae of infection (3). Clinical data, however, clearly
demonstrate the need for complementary combinations of agents
in order to suppress the emergence of resistant virus and ensure
maximal sustained virologic response (SVR) (4), and a need re-
mains for the identification of compounds with potency, selectiv-
ity, pharmacokinetic profile, and physical properties suitable for
convenient administration with other drugs, ideally as part of a
single-tablet regimen.

GS-9669 is an inhibitor of HCV replication with low-nanomo-
lar antiviral potency in GT la and 1b replicon assays and a selec-
tivity index of >4,400-fold with respect to cytotoxicity. The com-
pound also displays very low potential for cytotoxicity in MT-4
cells as well as in a further panel of diverse immortalized cell lines
(data not shown). GS-9669 inhibits NS5B polymerase activity by
binding to the thumb site IT pocket, as determined by its profile
against known resistance mutations. Structure-activity relation-
ships in conjunction with X-ray crystallographic studies adding
further insight into the determinants for binding have been pre-
sented (W. ]. Watkins, presented at the 244th ACS National Meet-
ing, Philadelphia, PA, 19 to 23 August 2012). The M423T muta-
tion is readily generated clinically upon monotherapy with either
filibuvir (23) or lomibuvir (M. Jiang, A. Ardzinski, M. Nelson, C.

TABLE 5 Binding to human plasma and cell culture medium and calculated EC5s

Calculated unbound

Calculated plasma-

E M)? j E M)
Mean % unbound in cell Cso (nM) Mean % unbound in adjusted ECy, (nM)
Compound culture medium * SD? GT la GT 1b plasma = SD GT la GT 1b
GS-9669 26.5 0.7 2.9 0.7 1.50 = 0.08 194 50
Lomibuvir 22.0*7.6 2.9 1.3 0.64 = 0.22 447 206
Filibuvir 30.3 £ 0.5 136 52 2.12 £0.59 6,395 2,432

“ By equilibrium dialysis versus phosphate buffer.
b Unbound drug concentration at the observed ECs.
¢ Total plasma concentration at the unbound ECs,,.
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TABLE 6 Predicted and observed clearance across species

Clearance rate (liters/h/kg)

Predicted from Observed in

Species Compound  microsomal assays  vivo
Rat GS-9669 <0.20 0.15

Lomibuvir 0.26 0.23
Dog GS-9669 0.34 0.46

Lomibuvir 0.63 0.63
Cynomolgus monkey  GS-9669 0.24 0.93

Lomibuvir 0.12 1.06
Rhesus monkey GS-9669 0.20 1.09

Lomibuvir 0.10 1.12
Human GS-9669 <0.09

Lomibuvir 0.12

Lin, O. Nicolas, J. Spanks, D. Bartels, E. Zhang, A. Tiggers, J. Sul-
livan, J. Dorrian, J. Bedard, A. Kwong, and T. Kieffer, presented at
the 17th International Meeting on Hepatitis C Virus and Related
Viruses, Yokohama, Japan, 10 to 14 September 2010), and it is
notable that GS-9669 exhibits only a 3-fold loss in potency against
this variant in the GT 1b replicon.

Consistent with the profile of other NS5B thumb site II inhib-
itors, decreased potency was observed for GS-9669 against repli-
cons containing NS5B from GTs 2a, 2b, 3a, and 4a, but the com-
pound retains activity against GT 5a. The reduced potency in GT's
2 to 4 is attributable to changes in the shape of the binding site as
a result of the complementary amino acid residue changes 1482L
and L4191

The activity of GS-9669 against diverse resistance mutations
beyond NS5B thumb site I in GT 1 HCV makes it a promising
candidate for use in combination with other agents. No significant
loss of activity was observed against three mutants indicative of
other known NNI binding sites or against the S282T mutant,
which can be observed in vitro upon selection against nucleoside
inhibitors. Full activity is also retained against two major NS3
protease resistance-associated mutations, R155K and D168V, as
well as the NS5A Y93H mutant. No antagonism has been observed

TABLE 7 Pharmacokinetic parameters for GS-9669 across species

Mean value = SD for species

Dosage route and ~ Sprague- Cynomolgus Rhesus
parameter® Dawley rat  Beagle dog ~ monkey monkey
Intravenous”

V., (liters/kg) 0.31 £0.09 0.68 *0.48 0.58 £0.10 0.70 £ 0.52

CL (liters/h/kg)  0.15 = 0.11 0.46 = 0.10 0.93 = 0.04 1.09 + 0.43

ty), (h) 333053 235*1.13 233 *£0.28 246 * 1.60
Oral”

T, (h) 0.83 029 0.5 * 0.0

t,, (h) 269 +079 451+ 141

F (%) 34 +3) 49 + 15

“ Infusion of 0.5 mg/kg.

b Oral gavage of a solution of 2 mg/kg.

¢V, volume of distribution at steady state; CL, clearance; t,,, half-life; T,,,,,, time to
maximum concentration of drug in serum.
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FIG 2 Rat pharmacokinetic profile of GS-9669. Values are means and stan-
dard deviations of data for samples from three animals, analyzed separately.

in combination studies with prototypical compounds encompass-
ing four other direct modes of action or with IFN-a or RBV.

For the treatment of chronic hepatitis C infection, the un-
bound drug concentration in the liver is of primary importance.
However, determination of unbound concentration in the liver is
difficult, and measurement of total concentrations can be mis-
leading. We therefore adopted the conservative approach of opti-
mizing unbound plasma concentrations, recognizing that any fa-
cilitated uptake into hepatocytes would further enhance potency.
The plasma binding of GS-9669 (98.5%) is typical of a moderately
lipophilic carboxylic acid, and when this and the extent of binding
in CCM are accounted for, the predicted EC5 versus wild-type GT
1 HCV in human plasma is <200 nM, 2- to 4-fold lower than that
of lomibuvir.

From in vitro studies, the metabolic stability of GS-9669 in
humans is predicted to be high, suggesting that the predominant
determinants of plasma exposure following oral dosing will be
absorption, distribution, and excretion. The bioavailability of GS-
9669 following oral gavage dosing in rat and dog is good. Across
nonclinical species, there was good agreement in general between
predicted and observed clearance, and steady-state volumes of
distribution approximated extracellular fluid; together, these
findings suggest that the half-life in human will be suitable for oral
dosing no more frequently than twice daily.

GS-9669 is a selective inhibitor of GT 1 and GT 5 HCV with
low-nanomolar potency and with an unusually low-potency shift
against NS5B M423 mutants. It retains full activity against resis-
tance mutations associated with other mechanisms for inhibition
of replication. Its preclinical pharmacokinetic profile suggests that
it is well suited for use in combination with other oral agents in
IFN-free regimens. Exploratory clinical studies are under way
(ClinicalTrials.gov registration number NCT01431898).
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