
In Vitro Characterization of GSK2485852, a Novel Hepatitis C Virus
Polymerase Inhibitor

Christian Voitenleitner,a* Renae Crosby,a Jill Walker,a Katja Remlinger,a Jessica Vamathevan,b Amy Wang,a Shihyun You,a

John Johnson III,a Ermias Woldu,a Stephanie Van Horn,c Joseph Horton,a Katrina Creech,a J. Brad Shotwell,a Zhi Hong,a

Robert Hamatakea

GlaxoSmithKline, Research Triangle Park, North Carolina, USAa; GlaxoSmithKline, Stevenage, United Kingdomb; GlaxoSmithKline, Collegeville, Pennsylvania, USAc

GSK2485852 (referred to here as GSK5852) is a hepatitis C virus (HCV) NS5B polymerase inhibitor with 50% effective concen-
trations (EC50s) in the low nanomolar range in the genotype 1 and 2 subgenomic replicon system as well as the infectious HCV
cell culture system. We have characterized the antiviral activity of GSK5852 using chimeric replicon systems with NS5B genes
from additional genotypes as well as NS5B sequences from clinical isolates of patients infected with HCV of genotypes 1a and 1b.
The inhibitory activity of GSK5852 remained unchanged in these intergenotypic and intragenotypic replicon systems. GSK5852
furthermore displays an excellent resistance profile and shows a <5-fold potency loss across the clinically important NS5B resis-
tance mutations P495L, M423T, C316Y, and Y448H. Testing of a diverse mutant panel also revealed a lack of cross-resistance
against known resistance mutations in other viral proteins. Data from both the newer 454 sequencing method and traditional
population sequencing showed a pattern of mutations arising in the NS5B RNA-dependent RNA polymerase in replicon cells
exposed to GSK5852. GSK5852 was more potent than HCV-796, an earlier inhibitor in this class, and showed greater reductions
in HCV RNA during long-term treatment of replicons. GSK5852 is similar to HCV-796 in its activity against multiple genotypes,
but its superior resistance profile suggests that it could be an attractive component of an all-oral regimen for treating HCV.

Infection with hepatitis C virus (HCV) often leads to chronic
infection, resulting in an estimated 160 million people infected

worldwide (1). HCV is the leading cause of death from liver dis-
ease and the leading indication for liver transplantation in the
United States (2). Recently, 2 protease inhibitors, boceprevir and
telaprevir, were approved for the treatment of HCV when used in
combination with pegylated alpha interferon (IFN-�) and ribavi-
rin (3). Although the addition of these direct-acting antivirals
(DAAs) to IFN-� and ribavirin has resulted in a substantial in-
crease in the sustained viral response (SVR) rate and in some cases
a shortening of the duration of IFN-� and ribavirin treatment
from 48 weeks to 28 or 24 weeks, there is still a need for newer
therapies because of the side effects associated with the currently
approved regimens. IFN-� therapy is associated with fatigue,
headache, myalgia, fever, and nausea (4–6), while ribavirin can
cause hemolytic anemia (7, 8). Patients taking telaprevir had in-
creased incidences of rash and anemia (9, 10), while boceprevir
usage was associated with anemia and dysgeusia (11, 12) when
used in combination with IFN-� and ribavirin. Additional DAAs
are being combined in clinical trials to explore treatment regimens
that no longer require IFN-� or ribavirin (13, 14).

HCV was first identified as the major etiological agent of par-
enteral non-A, non-B hepatitis in 1989 (15). The HCV genome is
a single-stranded, positive-sense RNA encoding a single polypro-
tein precursor (16, 17) that is processed by host and viral proteases
into structural and nonstructural proteins responsible for viral
RNA replication and assembly into viral particles (for a review, see
reference 18). The NS5B protein is an RNA-dependent RNA poly-
merase (RDRP) that is responsible for replicating the viral ge-
nome. The high nucleotide misincorporation rate of NS5B (19)
has led to the genetic diversity seen in HCV. A phylogenetic anal-
ysis of these diverse HCV sequences resulted in their classification
into 6 major genotypes that differ by 30 to 40% at the nucleotide
level (20). The response to therapies or their ability to be used at all

may depend upon the HCV genotype that is infecting the patient.
Pegylated IFN-� and ribavirin treatment can achieve SVR rates of
70 to 80% in genotype 2- or 3-infected patients, but the SVR rate
is less than 50% for genotype 1- or 4-infected patients (4, 5). Tel-
aprevir is not active against genotypes 3 and 4 of HCV (21, 22) and
is approved only for treatment of genotype 1-infected patients.
There is a clear need for agents with pangenotypic activity due to
the diversity of HCV genotypes and their differential responses to
current therapies.

NS5B is the HCV RDRP and is a clinically validated target for
therapeutic intervention, with many compounds in development
(23, 24). These agents can be broadly classified into nucleoside and
nonnucleoside inhibitors (NIs and NNIs). NIs are an attractive
class because they are active against all of the HCV genotypes and
appear to have a high genetic barrier to resistance, although sev-
eral have failed in the clinic due to adverse events (25). NNIs are
classified by their binding to one of 4 allosteric sites on NS5B
identified through structural studies and associated with distinc-
tive but sometimes overlapping resistance mutations (24, 26).
NNIs are generally regarded as having a low genetic barrier to
resistance because single nucleotide changes can result in viable
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resistant variants that emerge rapidly during monotherapy. They
are also at a disadvantage compared to NIs because most NNIs do
not inhibit all HCV genotypes. However, due to the conservation
of the binding site residues across HCV genotypes, NNI palm site
2 inhibitors have the best potential to have pangenotypic activity
among the NNIs, as was demonstrated in the clinic by HCV-796
(Fig. 1) (27). Unfortunately, safety issues resulted in the termina-
tion of its development (28). Substantial decreases in potency
were also observed for amino acid variants at position 316 (29).
We have developed NNI palm site 2 inhibitors with improvements
in activity against HCV-796-resistant mutations (30). We de-
scribe here the characterization of GSK2485852 (referred to here
as GSK5852) as an NNI palm site 2 inhibitor that has a high ge-
netic barrier to resistance and has the potential to be a pangeno-
typic HCV inhibitor.

MATERIALS AND METHODS
Cell lines. Stable cell lines carrying a bicistronic genotype 1a (H77), ge-
notype 1b (Con1), or genotype 2a (JFH-1) replicon were created in-
house, licensed from ReBLikon GmbH (Mainz, Germany), or created
in-house, respectively (31–33). All three replicons express luciferase, neo-
mycin phosphotransferase, and HCV NS3-5B. The cysteine at position
316 of NS5B in Con1 was changed to asparagine by site-directed mutagen-
esis for generating the stable cell line genotype 1b (C316N). Cells were
maintained subconfluent and were split 1:4 to 1:6 twice a week in Dulbec-
co’s modified Eagle medium (DMEM) containing 10% fetal bovine serum
(FBS), GlutaMAX-1, nonessential amino acids, and 500 �g/ml Geneticin.
ET cured cells are a derivative of Con1 cells generated by treating Con1
cells with IFN-� for several passages until HCV RNA levels are undetect-
able. Huh-7 Lunet cells were licensed from ReBLikon GmbH (Mainz,
Germany). Huh7.5 cells were licensed from Apath LLC (Brooklyn, NY).
Non-replicon-containing cell lines were maintained as subconfluent
monolayers, split 1:4 to 1:6 twice a week, in DMEM supplemented with
10% FBS, nonessential amino acids, glutamine, and penicillin-streptomy-
cin (complete media). MT-4 cells were from B. Larder. HepG2 and Vero
cell lines were obtained from ATCC.

Preparation of replicon mutants. A modified genotype 1a replicon,
referred to as the 1a fit replicon (34), and the Con1 replicon were mu-
tagenized by site-directed mutagenesis. Single-point mutations were gen-
erated by using the QuikChange mutagenesis kit (Stratagene) according
to the manufacturer’s instructions or by GenScript USA Inc. (Piscataway,
NJ), an external contract organization, using standard molecular biology
techniques. Plasmid isolation was performed using mini- or maxiprep kits
(Qiagen, Valencia, CA) according to the manufacturer’s instructions.

The replication capacity was determined by transient transfection of
NS5B mutant replicons and by measuring the replication level as the ratio
of the firefly luciferase signal at 96 h posttransfection to the firefly lucifer-
ase signal at 4 h posttransfection normalized to the replication levels of the
corresponding genotype 1a or 1b reference replicons.

Cloning of NS5B sequences for chimeras containing sequences from
genotypes 1 to 6. The identification of NS5B sequences for making chi-
meric replicons is described in the supplemental material. GenBank ac-

cession numbers for the patient sequences used are included in Table S1 in
the supplemental material.

Full-length NS5B patient or consensus sequences were synthesized
and used to replace the NS5B sequence of a plasmid containing the bicis-
tronic genotype 1b Con1 NS3-5B subgenomic replicon by an external
contractor (GenScript) using standard DNA synthesis and cloning tech-
niques. All constructs were sequence verified.

Replicon activity assays. Stable replicon cell lines were seeded at a
density of 2 � 104 cells per well in a final volume of 200 �l of assay
medium (DMEM supplemented with 5% FBS, penicillin-streptomycin,
and nonessential amino acids) in 96-well assay plates containing com-
pounds or dimethyl sulfoxide (DMSO). Alternatively, stable replicon cell
lines were seeded at a density of 5 � 103 cells per well in a final volume of
50 �l of assay medium (DMEM supplemented with 5% FBS, penicillin-
streptomycin, and nonessential amino acids) in 384-well assay plates con-
taining compounds or DMSO. Cells were then incubated at 37°C and 5%
CO2 for 48 h. HCV replication was monitored by determining firefly
luciferase activity using Steady-Glo (Promega) and measurement of lumi-
nescence in an EnVision 2103 Multilabel Reader (PerkinElmer) or
ViewLux (PerkinElmer). Cytotoxicity was measured on parallel plates us-
ing CellTiter-Glo (Promega). Replicon 50% effective concentrations
(EC50s) and CC50s (the concentration of compound required to inhibit
50% of the assay response), were calculated by curve fitting data to the Hill
equation, using XLFit for the 96-well assays. ActivityBase (IDBS Software)
with XE Runner for curve fitting was used to plot the curve of percentage
of inhibition against compound concentration and derive the 50% effec-
tive concentration (EC50) for the compounds assayed in the 384-well for-
mat. Cytotoxicity in HepG2, MT4, or Vero cells was also measured using
CellTiter-Glo after 4 to 5 days of compound treatment.

Transient-transfection assays used plasmid constructs containing
wild-type, mutant, or chimeric replicons as the templates for in vitro tran-
scription reactions using the T7 Express kit (Promega). The in vitro tran-
scripts were aliquoted and stored at �80°C before use. For genotype 1a
constructs, 15 �g of RNA was electroporated into 5 � 106 Huh7 Lunet
cells in Cytomix supplemented with 2 mM ATP and 5 mM glutathione
(35). Electroporation was in 0.4-cm cuvettes using a Bio-Rad Gene Pulser
II at 270 V, 950 �F, and infinite resistance. Transient transfections with
genotype 1b constructs were performed similarly, except that 5 �g of RNA
was electroporated into 5 � 106 ET cured cells in phosphate-buffered
saline (PBS). Electroporated cells were resuspended in growth medium,
and 2 � 104 cells were transferred to wells of a 96-well plate containing
compounds or DMSO. Cells were incubated at 37°C and 5% CO2 for 3
days, and inhibition of HCV replication was measured as for the stable
replicon cells.

HCVcc assay. HCVcc was constructed from a plasmid licensed from
Apath, LLC (Brooklyn, NY). HCVcc, also known as Jc1p7Fluc2a, is a
genotype 2a/2a chimera consisting of J6CF- and JFH-1-derived sequences
fused at a junction after the first transmembrane domain in NS2. The
licensed plasmid was modified such that the Gaussia luciferase gene was
replaced with a DNA cassette encoding the firefly luciferase gene in tan-
dem with the foot-and-mouth disease virus (FMDV) 2a peptide using
standard cloning techniques (36). RNA transcripts were prepared using
standard techniques, and 10 �g was used to transfect 1 � 107 Huh7.5 cells.
Supernatant from the transfected cells was collected every 12 h for 5 days
and pooled, and the titers were determined. Huh7.5 cells (1 � 104 cells)
and Jc1p7Fluc2a virus (multiplicity of infection [MOI], 0.05) were mixed
in assay medium (total volume, 200 �l) and added to the 96-well assay
plates containing compound. Cells were incubated at 37°C and 5% CO2

for 4 days. HCV replication was monitored by measuring firefly luciferase
activity using SteadyGlo (Promega) and measuring luminescence in an
EnVision 2103 Multilabel Reader (PerkinElmer).

Antiviral assays. The antiviral activity of GSK5852 against a panel of
RNA and DNA viruses was determined by Southern Research Institute
(Birmingham, AL). The cytoprotective effect of GSK5852 was determined
at a single concentration of 10 �M.

FIG 1 Structures of GSK5852 and HCV-796.
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Resistance screens. Genotype 1a and 1b replicon cells were plated in
T150 flasks with the appropriate amount of compound in complete me-
dium plus 1 mg/ml Geneticin. The cells were incubated at 37°C and 5%
CO2 with medium changes every 3 to 4 days. If the cells reached conflu-
ence within the first week of selection, they were split 1:3 into the same
medium plus compound. Generally, we observed a few days of growth
after addition of compound and Geneticin, followed by an extended pe-
riod of cell death. Following this period, the surviving cells proliferated
and repopulated the flasks, generally taking 3 to 4 weeks from beginning
to end of selection. After sufficient cells were present, the cells were
trypsinized and RNA was isolated from the pooled cells using TRIzol
(Invitrogen) according to the manufacturer’s instructions.

Sequence analysis of resistant mutants. Standard methods for isolat-
ing HCV RNA and sequencing by population sequencing or 454 sequenc-
ing were used to determine nucleotide changes. Detailed information is
provided in the supplemental material.

Combination studies. Compounds used in the combination studies
were commercially available or were synthesized within GlaxoSmith-
Kline. The NS3 protease inhibitor is BILN-2061 (37), the NS4B inhibitor
is GSK5337 (compound �(�)28a in reference 38), the NS5A inhibitor is
GSK6805 (39), the NS5B nucleoside inhibitor is 2=-C-methylcytidine
(40), NS5B NNI thumb pocket 1 is a Merck NNI (compound A in refer-
ence 41), NS5B NNI thumb pocket 2 is filibuvir (42), and the NS5B NNI
palm site 1 is SB-711845 (compound 2 in reference 43). The starting
concentration for each compound was �4 times (4�) the EC50 for the
genotype 1b replicon. Separate compound dilution plates were prepared
to create a matrix of both compounds at concentrations comprising
2-fold serial dilutions from the starting concentration. Genotype 1b rep-
licon cells were maintained subconfluent prior to the assay. Cells were
trypsinized and resuspended in assay medium to 2 � 105 cells/ml. A 92-�l
volume of resuspended cells was added to all wells of triplicate 96-well
assay plates, and 4 �l from each compound plate was added. Assay plates
were incubated at 37°C and 5% CO2 for 48 h before measuring inhibition
of HCV replication. The data were analyzed by the dose-wise additivity
model (44), which requires estimation of the EC50s for each compound in
combination or alone to calculate the combination index (CI). At 50%
inhibition, it is calculated as follows: CI � (dA/EC50A) � (dB/EC50B),
where EC50A and EC50B are the concentrations of compounds A and B that
result in 50% inhibition for each respective compound alone, and dA and
dB are the concentrations of each compound in the mixture that yield 50%
inhibition. CI measures the type and amount of interaction between two
compounds, A and B. A CI value of �1 implies dose-wise synergism
between compounds A and B, a CI value of 1 implies dose-wise additivity,
and a CI value of �1 implies dose-wise antagonism between compounds
A and B. For each fixed concentration of compound A in the plate layout,
we calculate the concentration of compound B required to give 50% in-
hibition and calculate the combination index for these component con-
centrations. A similar calculation is repeated for each fixed concentration
of compound B. The CI value that is being reported here is the average
across all individual CIs.

Twenty-day HCV RNA reduction assay. HCV RNA reduction assays
were run using target concentrations 3� and 10� the EC90 values for
GSK5852 and 10� the EC90 value of HCV-796 in the absence of Geneti-
cin. A total of 1.25 � 106 genotype 1a or 1b replicon cells were added to
T75 flasks, supplemented with medium containing the target concentra-
tion of compound, and then incubated at 37°C in 5% CO2. On days 5, 10,
15, and 20, the cells were trypsinized, resuspended, and reseeded with
1.25 �106 cells/flask in medium containing the target concentration of
compound. Media were replaced on days 3, 7, 12, and 17. A volume of 0.5
ml to 1.5 ml of resuspended cells was collected for analysis each time the
cells were split.

RNA was isolated from cell pellets using an RNeasy kit (Qiagen) ac-
cording to the manufacturer’s instructions and adjusted to a concentra-
tion of 40 ng/�l in water. cDNA was prepared from RNA using the High
Capacity cDNA reverse transcription (RT) kit (Applied Biosystems) in

MicroAmp 96-well reaction plates. The RT reaction was run as follows in
a GeneAmp PCR System 9700: 25°C for 10 min, 37°C for 30 min, followed
by 85°C for 1 min. Following this sequence, the block was cooled to 4°C.
The TaqMan master mix was prepared as follows: for each reaction mix-
ture, 2 �l of water was mixed with 10 �l of TaqMan fast universal PCR
master mix (2�; Applied Biosystems), 3 �l neomycin primer probe mix,
and 1 �l GAPDH primer probe mix (Applied Biosystems). The neomycin
primer probe mix contains 200 �l 100 �M neomycin gene forward primer
(5=-TGGATTGCACGCAGGTTCT-3=), 200 �l 100 �M neomycin reverse
primer (5=-GTGCCCAGTCATAGCCGAAT-3=), 55 �l 100 �M neomy-
cin TaqMan probe (5=-(FAM)-CGGCCGCTTGGGTGGAGAGG-(TAM
RA)-3=; Biosearch Technologies), and 2,245 �l of RNase-free water. The
neomycin primer probe mix was aliquoted and stored at �20°C. To set
up the quantitative PCRs, 16 �l of TaqMan master mix and 4 �l cDNA
were added to each well of a MicroAmp Fast Optical 96-well reaction
plate. The TaqMan reaction was carried out in a 7900HT Sequence
Detection System in Fast Real Time mode. The reduction in HCV RNA
was determined by relative quantitation of HCV RNA levels (neomy-
cin is assayed as a proxy for HCV) compared to cellular GAPDH (glyc-
eraldehyde-3-phosphate dehydrogenase) RNA levels using calcula-
tions adapted from an Applied Biosystems tutorial (Guide to
performing relative quantitation of gene expression using real-time
quantitative PCR,” part number 4371095, rev. B).

Statistical analysis. The mean and 95% confidence intervals of EC50

and CC50 values were determined using log-transformed data. When the
number of replicates was less than four, then the range rather than the
95% confidence interval was shown.

RESULTS
In vitro antiviral activity and cytotoxicity of GSK5852. Com-
pounds with a benzofuran core structure have been shown to be
potent and selective inhibitors of allosteric palm site 2 of NS5B.
Chemical optimization of this class of molecules led to unique
structure activity relationships between a boronic acid moiety and
potent inhibition of subgenomic replicons and resulted in the dis-
covery of GSK5852, a molecule with a benzofuran core and a
benzyl boronic acid (Fig. 1). The mechanism of action was con-
firmed to be inhibition of NS5B by inhibition of its enzymatic
activity and cocrystallization with NS5B (30). The antiviral activ-
ity of GSK5852 was evaluated on subgenomic replicons derived
from the genotype 1a H77, genotype 1b Con1, and genotype 2a
JFH-1 strains in replicon assays using the luciferase reporter as a
readout as well as the genotype 2a chimeric virus. The compound
exhibited low nanomolar activity against all of the replicons as
well as the chimeric virus (Table 1). These potencies were about
10-fold higher than those of HCV-796. The antiviral activity of
GSK5852 was further tested on the clinically relevant polymorphic
variant containing asparagine at amino acid 316 in the genotype
1b NS5B polymerase, representing 35% of the sequences in the
European HCV database. The C316N polymorph resulted in loss
of potency to HCV-796, confirming previously published reports
(29), while GSK5852 showed no loss of potency (Table 1). The
cellular cytotoxicities (CC50) of GSK5852 in the genotype 1b rep-
licon, HepG2, MT-4, and Vero cells were �50 �M, �50 �M, �17
�M, and 8.1 �M, respectively, which led to a selectivity index
of �1,100 for GSK5852.

The specificity of GSK5852 for HCV was determined by testing
for antiviral activity against a panel of RNA and DNA viruses (see
Table S2 in the supplemental material). Minimal inhibition was
seen at a concentration of 10 �M against adenovirus (types 1, 3,
and 40), bovine viral diarrhea virus (BVDV), coxsackie virus
(groups A7 and B4), dengue virus (strains 1, 2, 3, and 4), entero-
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virus, herpes simplex virus 1 (HSV-1), HSV-2, influenza virus (A
and B), measles virus, parainfluenza virus, poliovirus, respiratory
syncytial virus (RSV), rhinovirus, rotavirus, and yellow fever vi-
rus.

To determine the effect of protein binding on the in vitro anti-
viral activity of GSK5852, the genotype 1b replicon assay was per-
formed with cell culture medium supplemented with 40 mg/ml
human serum albumin and the fold shift in EC50s was determined.
There was an average fold shift of 17 	 3 in the presence of human
serum albumin (n � 5). For HCV-796, the fold shift was 1.5 	 0.3
(n � 19) (data not shown).

Resistance profiling of GSK5852 on genotype 1a and 1b rep-
licon cells revealed a resistance pattern in allosteric palm site 2
of NS5B. Two independent resistance screens were run for
GSK5852 using both genotype 1a and 1b replicon cells. In each
experiment, selection was performed at compound concentra-
tions equivalent to 5� and 20� EC50s. RNA isolated from resis-
tant cells was sequenced by 454 and/or population sequencing.
When both sequencing methods were used, concordant results
were obtained for mutations present in �20% of the RNA popu-
lation. As expected, the 454 technology identified several mutants
present in �20% of the population.

Previously reported resistance selection with HCV-796 utilized
only genotype 1b replicon cells and identified mutations confer-
ring a �5-fold loss of potency at amino acid positions 316, 365,
414, and 445 (29, 45). Changes at these amino acid positions were
also found in our resistance selection with GSK5852 in genotypes

1a and 1b, with additional changes detected at low frequency by
454 sequencing (Table 2).

For genotype 1a, population sequencing detected a C316Y
change in the 5� EC50 selected replicon cells, an S365L change in
both the 5� and 20� EC50 selected replicon cells, and an S368F
change in the 20� EC50 selected replicon cells. A second resistance
screen also detected the C316Y and S365L change in the 5� EC50

selected replicon cells and the S368F change in the 20� EC50 se-
lected replicon cells. A fourth amino acid change was detected in
the samples at position 392 in the 5� EC50 selection. The L392F
change was also detected by 454 sequencing from the first resis-
tance screen. Sequencing of samples from the first resistance
screen by the 454 method also detected a C316F change and an
S368Y change not detected by population sequencing. There were
also changes at other positions detected at low frequencies. The
frequencies of the changes in the first genotype 1a resistance
screen are presented in Table 2.

To determine the impact of these changes, single point muta-
tions were made in genotype 1a replicon plasmids and then tested
in transient-transfection assays (Table 3). Two substitutions were
tested at amino acid position 316, resulting in moderate shifts in
potency for GSK5852. The wild-type EC50 of 0.73 nM shifted to
3.25 nM and 16.4 nM when the cysteine at position 316 was
changed to a tyrosine and a phenylalanine, respectively. Mutation
S365L resulted in a 310-fold shift in potency to 226 nM, while
EC50s for replicons containing S368F or S368Y increased to 670
nM or 278 nM, respectively. The L392F mutation detected in both

TABLE 1 Comparison of GSK5852 and HCV-796 in stable replicon and HCVcc assays

Assay system

GSK5852 HCV-796

EC50

(nM)
95% confidence
interval (nM) n

EC50
(nM)

95% confidence
interval (nM) n

Genotype 1a replicon (H77) 3.0 2.8–3.3 82 26.1 24.2–28.3 139
Genotype 1b replicon (Con1) 1.6 1.5–1.8 125 16.9 16.0–17.7 581
Genotype 1b replicon (C316N) 1.9 1.6–2.2 26 257 242–274 241
Genotype 2a replicon (JFH1) 7.6 6.4–8.9 16 92.6 80.7–106 10
HCVcc virus (Jc1p7Fluc2a) 47 34–61a 2 95 93–98a 2
a Range for values with n of �4.

TABLE 2 Frequency of amino acid changes detected by 454 sequencing during selection with GSK5852 in genotype 1a and 1b replicon cells

Genotype 1a Genotype 1b

Substitution (codon change)

Frequency (%)

Substitution (codon change)

Frequency (%)

5� EC50 20� EC50 5� EC50 20� EC50

I23V (ATC¡GTC) 8 L127Q (CTG¡CAG) 3
V131A (GTA¡GCA) 3 Q309K (CAG¡AAG) 11
N273S (AAC¡AGC) 4 C316F (TGC¡TTC) 1
C316F (TGT¡TTT) 7 C316Y (TGC¡TAC) 39 90
C316Y (TGT¡TAT) 62 S365L (TCA¡TTA) 12 6
S365L (TCA¡TTA) 24 79 S365T (TCA¡ACA) 3
S368F (TCC¡TTC) 2 17 A395G (GCT¡GGT) 2
S368Y (TCC¡TAC) 2 3 M414I (ATG¡ATA) 1
A377T (GCT¡ACT) 4 M414L (ATG¡TTG) 1
L392F (CTC¡TTC) 2 M414V (ATG¡GTG) 3
N411Y (AAC¡TAC) 1 C445F (TGT¡TTT) 38 62
N411S (AAC¡AGC) 1 W574R (TGG¡CGG) 4
M414I (ATG¡ATA) 3 I585T (ATC¡ACC) 1
M414V (ATG¡GTG) 1 I585V (ATC¡GTC) 4
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resistance screens resulted in only a modest shift in potency. The
effect of these mutations on the activity of HCV-796 was also
tested. Table 3 shows that HCV-796 is more sensitive to these
changes than GSK5852. Changes in NS5B of I23V, V131A, N273S,
A377T, N411Y, and M414I/V were detected at low frequencies by
454 sequencing, but replicons containing these changes had no
shifts in GSK5852 potency (data not shown).

For genotype 1b selected replicon cells, two independent resis-
tance selections with GSK5852 were performed. Population se-
quencing from the first resistance screen detected C316Y and
C445F in samples from both the 5� and 20� EC50 selected repli-
con cells. The C316F mutation was also detected by 454 sequenc-
ing, as were the S365L and S365T mutations. The frequencies of
these changes from the first resistance screen determined by 454
sequencing, as well as changes in other amino acids, are presented
in Table 2. The second resistance screen had similar findings. The
454 sequencing method was applied on a smaller region of NS5B
that spanned positions 269 to 449 for the second resistance screen.
In addition to residue changes found in the first resistance screen,
an S365F change (codon change, TCA¡TTT) was detected in 9%
of the RNA populations selected at 20� EC50. The 454 sequencing
also showed that C316Y was linked to C445F in 29% of the 5�
EC50 selected sequences.

Single-point mutations were made in genotype 1b replicon
plasmids, and the GSK5852 EC50s are shown in Table 3. The cys-
teine at position 316 of NS5B was mutated to either phenylalanine
or tyrosine, resulting in minimal loss of potency compared to the
wild type. The wild-type EC50 was 0.83 nM in the transient-trans-
fection assay, and the C316F and C316Y mutants were 3.78 nM
and 1.4 nM, respectively. In addition to the three mutations at
amino acid position 365 detected in the GSK5852 resistance
screen, a fourth mutation of S365A identified previously for HCV-
796 (29) was also made. The S365F mutant showed a substantial
loss of potency with an EC50 of 28.3 �M. The mutations S365A,
S365L, and S365T had EC50s of 0.31 nM, 110 nM, and 4.2 nM,

respectively. The M414I/V, L127Q, Q309K, A395G, W574R, and
I585T/V mutations had no shifts in GSK5852 potency (data not
shown). The C445F mutation did not result in a large change in
potency; however, the EC50 for the C316Y/C445F double mutant
was shifted to 22.4 nM. The impact of these mutations was greater
for HCV-796 than for GSK5852.

Cross-resistance profiling of GSK5852. Single amino acid
substitutions associated with resistance to other DAAs were engi-
neered into the genotype 1b replicon. The EC50s were determined
and used to calculate the fold change in comparison to the wild-
type EC50s for GSK5852 and HCV-796 (Fig. 2). GSK5852 showed
no cross-resistance to mutations in NS5B that result in resistance
to nonnucleoside inhibitors targeting the thumb pocket 1, thumb
pocket 2, palm site 1, nucleoside inhibitors, or the nonnucleoside
inhibitor GS-9190 (Fig. 2). The activity of GSK5852 is also not

TABLE 3 Activity of GSK5852 and HCV-796 against genotype 1a and 1b NS5B variants

Genotype and amino
acid change

Mean replication
capacity 	 SD (n)

GSK5852 EC50 (95% confidence
interval) (nM) n

HCV-796 EC50

(95% confidence interval) (nM) n

Genotype 1a
None 100% 0.73 (0.65–0.82) 13 11.9 (10.0–14.0) 126
C316F NDb 16.4 (14.6–18.6) 8 8,035 (7,080–9,120)a 2
C316Y 7% 	 3% (3) 3.25 (2.61–4.04) 8 1,900 (1,300–2,800) 38
S365L 2% 	 1% (3) 226 (193–266) 4 400 (2.4–66,000) 4
S368F 1% 	 1% (3) 670 (557–806) 8 9,000 (7,400–11,000)a 2
S368Y 3% 	 3% (3) 278 (260–299) 4 310 (23–4,100) 6
L392F 180% 	 10% (3) 1.83 (1.47–2.27) 4 10.8 (9.0–13.0) 4

Genotype 1b
None 100% 0.83 (0.76–0.90) 47 7.1 (6.6–7.6) 69
C316F 7% 	 2% (3) 3.78 (1.64–8.73) 4 2,460 (2,000–3,030) 8
C316Y 7% 	 8% (3) 1.4 (0.81–2.40) 8 400 (320–510) 16
S365A 72% 	 32% (3) 0.31 (0.25–0.38)a 2 440 (340–560) 10
S365F 14% 	 10% (3) 28,300 (12,000–66,700) 4 ND 0
S365L 6% 	 2% (3) 110 (97.1–126) 8 �5,000 1
S365T 9% 	 4% (3) 4.2 (2.91–6.19) 8 1,100 (420–2,900) 11
C445F 171% 	 123% (3) 1.85 (1.07–3.19) 4 43 (34–54) 10
C316Y/C445F ND 22.4 (19.4–25.8) 4 1,600 (590–4,200) 6

a Range is for values with n of �4.
b ND, not determined.

FIG 2 Cross-resistance profiling of GSK5852 or HCV-796 on HCV mutants.
Genotype 1b replicons containing the indicated amino acid changes in NS3,
NS4B, NS5A, and NS5B were constructed by site-directed mutagenesis. The
mean EC50s for GSK5852 or HCV-796 were determined by transient-transfec-
tion assays (n � 4) and compared to the Con1 EC50 to calculate fold changes.
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affected by resistance mutations to HCV NS3 protease, NS4B, or
NS5A inhibitors. These results are consistent with GSK5852 being
an NS5B palm site 2 inhibitor and highlight its potential to be used
in combination with other agents for treating HCV infection.

In vitro antiviral activity of GSK5852 against chimeric repli-
cons containing genotype 1a,1b, and non-genotype 1 NS5B se-
quences. To evaluate the activity of GSK5852 against a panel of
different HCV strains within genotype 1, chimeric replicons con-
taining NS5B sequences from clinical isolates were constructed.
To efficiently cover the breadth of diversity within the genotype,
we identified clinical isolates as representatives for genotype 1a
and 1b (see Fig. S1 and S2 in the supplemental material). The
potencies were not shifted from the genotype 1a or 1b reference
strains for any of the chimeric replicons (Fig. 3). Similarly, the
potencies for HCV-796 did not shift drastically for the chimeric
replicons, except for a genotype 1b clinical isolate that had an EC50

of 1665 nM due to an asparagine at position 316 of NS5B (acces-
sion number EU256088). As expected, all of the chimeric repli-
cons showed similar susceptibilities to the control compound, an
NS5A inhibitor (data not shown).

HCV isolates exhibit substantial diversity leading to classifica-
tion of an isolate into one of six genotypes. To ascertain the spec-
trum of HCV activity, we constructed stable chimeric replicon cell
lines that reflected the genotypic diversity of NS5B and deter-
mined their susceptibility to GSK5852. Full-length NS5B se-
quences for the genotype 2a, 2b, 3a, 4a, 5a, and 6 consensus and
the patient sequence closest to the consensus were assembled and
cloned into the genotype 1b replicon. Only genotype 2a consen-
sus, 3a consensus, 4a patient, and 5a patient chimeric replicons
yielded stable cell lines, which were then used to determine the
antiviral activity of GSK5852 (Fig. 3). The potency of GSK5852
remained in the single-digit nanomolar range on all chimeric rep-
licons, with EC50s ranging from 0.83 nM to 6.4 nM. HCV-796 also
showed activity that was not affected by genotype.

Combination studies with GSK5852 and representative in-
hibitors of various classes. In order to assess the ability of
GSK5852 to work in combination with other inhibitors of HCV

replication, we used the genotype 1b replicon system. GSK5852
was tested in combination with representative NS3 protease,
NS4B, NS5B, and NS5A inhibitors as well as cyclosporine, IFN-�,
and ribavirin. The compound was also tested in combination with
itself.

Analysis using the dose-wise additivity model (44) to deter-
mine the combination index showed that GSK5852 is nearly ad-
ditive or slightly synergistic when combined with ribavirin,
IFN-�, cyclosporine, an NS3 protease inhibitor (BILN-2061), an
NS4B inhibitor (GSK5337), an NS5A inhibitor (GSK6805), an
NS5B nucleoside inhibitor (2=-C-methylcytidine), and inhibitors
targeting the allosteric site 1 (Merck NNI), site 2 (filibuvir), or site
3 (SB-711845) of the NS5B polymerase, as well as with itself (see
Table S3 in the supplemental material). These data support the use
of GSK5852 in combination with other DAAs for the treatment of
HCV infection.

Twenty-day HCV RNA reduction assay of GSK5852 on geno-
type 1a and 1b replicons. HCV RNA reduction assays were per-
formed to investigate the reduction in HCV RNA levels resulting
from GSK5852 inhibition of NS5B. In this assay, cells were cul-
tured in the presence of compound for 20 days in the absence of
Geneticin, and HCV RNA levels were determined at 5-day inter-
vals. Declines in this assay may be limited due to the emergence of
resistance in NS5B resulting in a plateau level or a rebound of
HCV RNA. Exposure of genotype 1a replicon cells to 3� and 10�
EC90 concentrations of GSK5852 led to reductions in HCV RNA
levels that ranged between 3 and 4 log (Fig. 4A). When genotype
1b replicon cells were treated, we observed a decline between 4.5
and 5 log for both 3� and 10� EC90 concentrations of GSK5852
(Fig. 4B). No colonies were recovered when the cells were cultured
in medium containing Geneticin but no GSK5852 after the 20-day
treatment period, suggesting that the cells had been cured of rep-
licon RNA. In both replicon systems, the 3� and the 10� EC90

concentrations of GSK5852 resulted in a 1-log-greater reduction
of HCV RNA levels than the 10� EC90 concentration of HCV-
796.

FIG 3 Inter- and intragenotypic activity of GSK5852. The mean EC50s for genotype 1a, 1b, 4a, and 5a patient sequence replicons and genotype 2a, 2b, and 3a
consensus sequence replicons are represented by open circles (Œ), and the Con1 replicon is represented by the filled circles (�). EC50s were determined by
transient transfection for genotype 1a and 1b and with stable cell lines for the non-genotype 1 chimeric replicons (n � 4).
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DISCUSSION

The treatment paradigm for chronic HCV infections is changing
from IFN-�-based regimens to orally bioavailable DAAs that will
have more convenient dosing, shorter treatment duration, and
reduced side effects resulting in greater access to treatment. How-
ever, most DAAs in clinical development are active only against
genotype 1 HCV, so non-genotype-1-infected patients will have
limited access to all DAA regimens. NNIs that bind to palm site 2
of NS5B have the potential to inhibit all 6 genotypes of HCV, and
their development with other pangenotypic inhibitors would ex-
tend the availability of interferon-free regimens to all HCV-in-
fected patients.

GSK5852 inhibits HCV replication by targeting the RDRP ac-
tivity of NS5B (30). It binds to the NNI allosteric palm site 2 of
NS5B as shown by single amino acid changes at positions 316, 365,
and 368 of NS5B identified during selection of resistance to
GSK5852. The C316Y mutation was the major resistance muta-
tion to emerge during monotherapy treatment with HCV-796
(46). In contrast to HCV-796, GSK5852 is still active against
C316Y replicons as well as several other mutations that severely
impacted HCV-796 activity (Table 3). GSK5852 was found to
form a direct hydrogen bond between the boronic acid residue
and the tyrosine hydroxyl group in genotype 1b crystal structures,
potentially accounting for the retention of activity against C316Y
(30). For genotype 1b, most of the single amino acid changes did
not result in significant loss of potency except for some changes at
position 365. However, the S365F change requires 2 nucleotide
changes, as does the C316Y/C445F double mutation, which results
in a substantial shift in potency. The requirement for multiple
mutations for high levels of resistance suggests that GSK5852 has
a higher genetic barrier to resistance than HCV-796. The higher
genetic barrier to resistance may explain the larger reduction in
HCV RNA achieved by GSK5852 at 3� EC90 compared to HCV-
796 at 10� EC90 in both genotype 1a and 1b replicons (Fig. 4).

Preexisting variants that are resistant to NNIs have been de-
tected in clinical isolates from untreated HCV-infected patients

(47, 48). If the variants are a minor proportion of the quasispecies
present in a patient, then treatment with a combination of DAAs
may still be efficacious. However, if the resistant variant is the
dominant strain, then the decrease in the number of active com-
ponents in the regimen makes treatment failure due to viral break-
throughs more likely. The resistance mutations selected by
GSK5852 at amino acid positions 316, 365, and 368 of NS5B are
not present as polymorphs in the sequences for genotypes 1 to 6
available in the European HCV database. The activity of GSK5852
was determined on a representative panel of chimeric replicons
containing NS5B from 9 genotype 1a- and 9 genotype 1b-infected
patients in order to ensure that polymorphisms occurring outside
NNI palm site 2 would not result in resistance. The EC50s for these
genotype 1a and genotype 1b chimeric replicons were all very close
to those of the reference strains, suggesting that preexisting resis-
tance-associated variants were not present in these patient se-
quences and that GSK5852 will be broadly active in patients in-
fected with genotype 1 HCV.

The pangenotypic activity of GSK5852 was determined using
chimeric replicons containing NS5B sequences from other geno-
types. Viable chimeric replicons were obtained from NS5B se-
quences derived from the consensus of all available genotype 2a
and 3a sequences and the patient sequence closest to the consen-
sus sequences for genotypes 4a and 5a. The genotype 3a, 4a, and 5a
chimeric replicons had EC50s very close to that of the genotype 1b
replicon. The activity of GSK5852 against the consensus genotype
2a chimeric replicon was similar to the JFH1 replicon in being
slightly shifted relative to the genotype 1b replicon, but the EC50

was still in the single-digit nanomolar range. The genotype 6 chi-
meric replicons that were constructed were not viable. However,
GSK5852 inhibited genotype 6a NS5B in an enzymatic assay with
a 50% inhibitory concentration (IC50) very close to that for geno-
type 1b NS5B (data not shown). GSK5852 therefore has the po-
tential to be equally active against HCV of all genotypes. This
pangenotypic activity is highly specific for HCV because of its lack
of cytotoxicity and lack of antiviral activity against a large panel of
RNA and DNA viruses.

In summary, the characterization of GSK5852 presented here
demonstrates that it is a highly selective inhibitor of HCV that
targets NNI palm site 2 of NS5B. It has a high genetic barrier to
resistance and an improved resistance profile to HCV-796, an ear-
lier NNI palm site 2 inhibitor that showed antiviral activity in the
clinic. Profiling against a panel of chimeric replicons containing
NS5B patient or consensus sequences suggests that GSK5852 will
be an attractive candidate for inclusion in oral interferon-free reg-
imens because of its ability to inhibit all HCV genotypes.
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