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H

epatitis C virus (HCV) is a member of the Flaviviridae family
with a positive-sense, single-strand RNA genome of approximately 9.6 kb in length. The HCV genome encodes a polyprotein
that is processed into 10 different proteins: core, E1, E2, p7, NS2,
NS3, NS4A, NS4B, NS5A, and NS5B (1). The nonstructural proteins NS3 to NS5B are involved in replication of the viral genome,
whereas the structural proteins (core, E1, and E2) are components
of the viral particle (2, 3). HCV is classified into 6 major genotypes
(GTs) with nucleotide sequence divergence of as much as 35%,
each with multiple subtypes. Substantial regional differences exist
in the global distribution of HCV genotypes. GT1a and -1b, which
share approximately 88% genetic similarity (4, 5), are the predominant subtypes in the United States and Europe. In Japan,
subtype 1b is responsible for up to 73% of cases of HCV infection
(6). HCV subtypes 2a and 2b are relatively common in North
America, Europe, and Japan, while HCV GT3a is particularly
prevalent in intravenous drug abusers in Europe and the United
States (7). GT4 to -6 are distributed less widely than GT1 to -3,
with GT4 found mainly in Egypt and Africa, GT5 in South Africa,
and GT6 in southeastern Asia (8).
Approximately 170 million people worldwide are infected with
HCV, and persistent infection may lead to chronic hepatitis, cirrhosis, or hepatocellular carcinoma (9, 10). Treatment for HCVinfected patients often consists of a combination of pegylated alpha interferon (Peg-IFN-␣) and ribavirin (RBV), which produces
serious side effects and incomplete antiviral efficacy in many patients. Only ⬃50% of the patients infected with HCV GT1 achieve
a sustained viral response (SVR) upon treatment, although higher
rates (⬃80%) have been reported for patients infected with GT2
and GT3 (11–13). The new direct-acting antiviral agents (DAAs)
telaprevir and boceprevir are NS3 protease inhibitors being used
in combination with Peg-IFN-␣ and RBV that increase SVR rates
and shorten the treatment duration for patients infected with GT1
only (14). The recently approved nucleoside inhibitor sofosbuvir,
although it has pan-genotype coverage and can be used with RBV
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alone for some patients, should combine with RBV and PegIFN-␣ for GT1 and GT4 patients. The newly approved NS3 protease inhibitor simeprevir was prescribed in combination with
Peg-IFN-␣ and RBV to treat GT1 patients, including those with
liver disease (15). However, some participants experienced severe
photosensitivity and had to be hospitalized (16). Thus, there is still
an unmet medical need for more effective and broad-spectrum
HCV therapies with good safety profiles.
The HCV RNA-dependent RNA polymerase (RdRp) is essential for viral replication and is an attractive target for the development of anti-HCV therapies. The structure of NS5B polymerase
resembles a characteristic “right-hand” motif fold with finger,
palm, and thumb domains (17). Two classes of NS5B polymerase
inhibitors can be distinguished: nucleoside and nonnucleoside
analogue inhibitors that bind to different allosteric sites. There are
at least 4 distinct allosteric binding sites (thumb1, thumb2, palm1,
and palm2) on the HCV polymerase which show no cross-resistance. BMS-791325 is a site I inhibitor binding to the thumb1
domain of NS5B polymerase. The error-prone nature of the RdRp
contributes to the production of viral quasispecies, a population
of highly genetically heterogeneous variants (18, 19). Since the
high rate of viral replication and high mutation rate of the NS5B
polymerase lead to rapid generation of drug-resistant mutants,
emergence of resistant viruses is a major challenge in the development of successful antiviral therapies and combination therapy
will be required.
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BMS-791325 is a hepatitis C virus (HCV) inhibitor binding to the thumb domain of the NS5B RNA-dependent RNA polymerase. BMS791325 is well characterized in genotype 1 (GT1) and exhibits good inhibitory activity (50% effective concentration [EC50], <10 nM)
against hybrid replicons containing patient NS5B sequences from GT3a, -4a, and -5a while potency against GT2 is significantly reduced
(J. A. Lemm et al., Antimicrob. Agents Chemother. 58:3485–3495, 2014, doi:http://dx.doi.org/10.1128/AAC.02495-13). BMS-791325
potency against GT6a hybrid replicons is more variable, with two of three hybrid clones having EC50s similar to that for GT1 while a
third patient clone was ⬃10 times less susceptible to BMS-791325. To characterize the resistance profile of BMS-791325 beyond GT1,
curing studies were performed across GT1a and -3a to -6a and demonstrated that GT1a has the highest resistance barrier versus BMS791325 while GT6a has the lowest. Selection of GT3 to -6 NS5B chimeric replicon cells at different concentrations of BMS-791325 revealed substitutions in the thumb domain of NS5B at residues 494 and 495 that conferred different levels of resistance to BMS-791325
but remained susceptible to NS5A or NS3 protease inhibitors. In addition, we demonstrate that the reduced potency of BMS-791325
against one GT6a patient is due to an A494 polymorphism present in ⬃21% of sequences in the European HCV database. The results
from this report suggest that BMS-791325 is a candidate for combination treatment of HCV GT3 to -6 chronic infections, and the resistance profiles identified will provide useful information for future clinical development.

Resistance Analysis of BMS-791325

MATERIALS AND METHODS
Cell lines and HCV inhibitors. Human hepatoma cells (Huh-7) were
propagated in Dulbecco modified Eagle medium (DMEM) (Invitrogen)
supplemented with 10% fetal bovine serum (HyClone) and 100 IU/ml
penicillin and 100 g/ml streptomycin (Invitrogen). Stable replicon cell
lines were cultured using the same medium supplemented with 0.5 mg/ml
G418 (Geneticin; Invitrogen). Genotype 1a (H77c) and 1b (Con1) replicon cells used in this study have been described previously (27, 29). BMS791325 was synthesized at Bristol-Myers Squibb. Daclatasvir (DCV; NS5A
replication complex inhibitor) and asunaprevir (ASV; NS3 protease inhibitor) were previously described (27–39).
Construction of HCV genotype 2 to 6 NS5B chimeric replicons.
HCV chimeric replicon clones which replaced the Con1 or H77c NS5B
gene with clinical isolate sequences from GT2 to -6 were constructed.
GT1a or -1b shuttle replicons were prepared by introducing unique SpeIClaI or SpeI-SnaB1 sites flanking the GT1a or -1b NS5B genes by sitedirected mutagenesis using the QuikChange mutagenesis protocol (Stratagene). Restriction sites generated in the shuttle replicons have no effect
on replication efficiency or compound susceptibility. The GT1 shuttle
replicons contain amino acid substitutions E1202G in NS3 and S2204I in
NS5A as shown in Fig. 1. Plasma samples of HCV patients infected with
GT2b, -3a, -4a, and -5a were purchased from Boca Biolistics (Coconut
Creek, FL, USA), while GT6 patient sera were obtained from SeraCare Life
Science (Milford, MA, USA) or provided by Huy Trinh. RNA was isolated
from HCV-infected patient sera using the QIAamp MinElute virus vacuum system according to the manufacturer’s instructions. First-strand
cDNA synthesis was performed with random hexamers using a Superscript III first-strand cDNA synthesis kit (Invitrogen Corporation, Carlsbad, CA). Patient-derived NS5Bs were amplified by nested PCR with Platinum Taq high-fidelity DNA polymerase (Invitrogen). Amplicons were
subjected directly to sequence analysis and cloned into the GT1a shuttle
replicon for GT3a and the GT1b shuttle replicon for GT2b to -6 using the
in-fusion HD EcoDry cloning kit (Clontech, Mountain View, CA, USA).
In addition, for HCV GT2b, -4a, and -5a, a patient-derived NS5B sequence known to generate a viable chimeric replicon (26) was synthesized
by DNA 2.0 and cloned into the GT1b shuttle replicon.
Resistance selection. HCV replicon cells were seeded in 10-cm tissue
culture dishes (⬃5 ⫻ 106 cells), allowed to attach overnight, and then
maintained in tissue culture medium with 0.5 mg/ml G418 and the desired concentration of BMS-791325 in dimethyl sulfoxide (DMSO). Con-

December 2014 Volume 58 Number 12

FIG 1 Construction of HCV GT2 to -6 NS5B chimeric replicons. (A) Schematic diagram of 1b-Con1 or 1a-H77c replicons with Renilla luciferase and
neomycin resistance genes. GT2 to -6 chimeric replicons were constructed by
replacing the entire NS5B coding region of the parent replicon with patientderived NS5Bs from GT3a for the 1a-H77c backbone and GT2b, -4a, -5a, or
-6a for the 1b-Con1 backbone. Each of the replicons contained engineered
adaptive mutations of E1202G in NS3 and S2204I in NS5A. All NS5B chimeric
replicon cell lines exhibited luciferase activities comparable to those of the
GT1a/1b parent cell lines. (B) Percent NS5B amino acid identity of HCV GT2
to -6 patient samples to 1b-Con1.

trol cells were maintained with an equivalent percent volume of DMSO
(0.1%). Cells were split or fed with fresh medium containing inhibitor
twice a week for up to 4 to 5 weeks. Surviving colonies were expanded for
resistance testing and sequence analysis.
Generation of chimeric replicons with selected mutants. Total RNA
was isolated from populations of resistant cells using either TRIzol or an
RNeasy minikit (Qiagen, Valencia, CA) in accordance with the manufacturer’s directions. First-strand cDNA synthesis was performed using 0.5
to 1 g of total RNA and Superscript III reverse transcriptase with random
hexamers. NS5B PCR products were generated, purified, and cloned using
a TOPO TA cloning kit (Invitrogen). DNA was sequenced from ⬃50
clones to establish the frequency and coincidence of mutations in a population. Sequence analysis and alignments were performed in Sequencher
4.6 software.
Mutations in the NS5B coding region were introduced into GT2 to -6
chimeric replicon clones using a QuikChange II XL site-directed mutagenesis kit (Stratagene, La Jolla, CA) according to the manufacturer’s
instructions. Desired changes were confirmed by sequence analysis.
Transient replication assays. Genotype 1a/1b replicons and GT2b,
-4a, -5a, and -6a NS5B chimeric replicon clones were linearized by ScaI
digestion; GT2a JFH1 or GT3a NS5B chimeric replicons were linearized
with XbaI or HpaI digestion, respectively, and transcribed in vitro with a
T7 RiboMAX Express large-scale RNA production system (Promega,
Madison, WI) according to the manufacturer’s directions. For transient
replication assays, 5 to 10 g of RNA was transfected into cured Huh-7
cells (⬃2 ⫻ 106 cells/60-mm dish) with DMRIE-C reagent (Invitrogen).
After 4 to 5 h, transfected cells were trypsinized and transferred into 96well plates (104/well), dilutions of inhibitors in DMSO were added, and
plates were incubated at 37°C for 72 h. Plates were washed with phosphate-buffered saline (PBS) and assayed with a Renilla luciferase assay
system (Promega) according to the manufacturer’s directions.
Generation of stable cell lines. To generate stable replicon cell lines,
transfected cells were switched to 0.3 mg/ml G418 medium 24 h after
transfection and cultured continually in G418 medium. Colonies were
picked after ⬃3 weeks of selection and expanded. Luciferase activity was
measured, and the cell line with the highest activity was used for antiviral
assays.
HCV replicon luciferase assay. To evaluate compound efficacy, HCV
replicon cell lines were trypsinized and seeded into 96-well plates at 104
cells/well. Compounds serially diluted in DMSO or DMSO alone was
added to individual wells to a final DMSO concentration of 0.5%. Cell
plates were incubated at 37°C for 3 days, and Renilla luciferase activity was

aac.asm.org 7417

Downloaded from http://aac.asm.org/ on August 16, 2019 by guest

Development of the replicon system was a significant breakthrough in HCV drug discovery and has been invaluable for the in
vitro study of HCV replication (20). Since then, subgenomic replicons of several GTs (e.g., GT1a, -2a, -3a, -4a, and -6a) have been
developed (21–26). In order to determine the antiviral activity of
HCV polymerase inhibitors against various GTs, we have generated GT1a-H77c and 1b-Con1 shuttle replicons with unique restriction sites for cloning of patient-derived NS5Bs from other
GTs (27). Using this tool, we have created a panel of replicationcompetent chimeric replicon cell lines with NS5B sequences derived from GT2 to -6 clinical samples for the evaluation of the
antiviral spectrum of NS5B polymerase inhibitors.
In this study, we evaluated the resistance barrier and also selected and analyzed the in vitro resistance profile of BMS-791325
in the major HCV genotypes using the NS5B chimeric replicon
system. The correlation between replicon and clinical resistance
development in GT1 (27, 28) helps to validate the replicon system
and provide guidance for clinical resistance emerging in other
genotypes. We also show that replicons resistant to BMS-791325
remain fully sensitive to other DAAs, such as NS3 protease or
NS5A replication complex inhibitors, further supporting the use
of BMS-791325 in combination therapy.
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TABLE 1 BMS-791325 activity against HCV genotype 1 to 6 chimeric
replicons
NS5B genotype of
chimeric replicon

No. of
isolates

1a
1b
2a
2b
3a
4a
5a
6a

4
2
2
2
6
3
4
3

a
b

EC50 (nM)a
Avg

Range

5
7
NAb
925
4
6
3
30

2.1 to 7
4.5 to 9
76 to ⬎500
450 to 1,400
1 to 5.6
2 to 9.3
0.5 to 5.5
9 to 71

then assayed with EnduRen cell substrate (Promega) according to the
manufacturer’s directions. Plates were read on a TopCount NXT microplate scintillation and luminescence counter (Packard Instrument Company, Meriden, CT). The 50% effective concentration (EC50) was calculated as previously described (39).
Efficiency of replicon clearance from cultured cells. HCV replicon
cells (24,000 per 100-mm dish) were treated with BMS-791325 at a 300
nM concentration in cell growth medium for up to 10 days. Medium
containing inhibitors was removed at different time points, and cells were
maintained in growth medium containing 0.5 mg/ml G418. Medium was
changed twice weekly for a period of ⬃4 weeks, and then plates were
washed and colonies were stained with 0.2% crystal violet.

RESULTS

In vitro antiviral activity of BMS-791325 against GT1 to -6 NS5B
chimeric replicons. BMS-791325 exhibits low-nanomolar potency against GT1a H77c and -1b Con1 strains, as well as chimeric
replicons with NS5B sequences derived from GT1 clinical isolates
(27). To evaluate BMS-791325 activity against additional genotypes, replication-competent NS5B chimeric replicons were generated from GT2 to -6 patient isolates (Fig. 1). The level of amino
acid variation between clinical isolates within each GT ranged
between 2 and 5%. In contrast, the divergence of NS5B sequences
between GT1b Con1 and the clinical isolates ranged from 25 to
26% for GT2b, 24 to 25% for GT3a, 21 to 22% for GT4a and -5a,
and 20 to 21% for GT6a as shown in Fig. 1. The antiviral activity of
BMS-791325 against GT2 to -6 was evaluated using stable cell lines
containing chimeric replicons with NS5B derived from various
patient isolates (Table 1). As previously reported (27), significantly reduced susceptibility to BMS-791325 was observed for
GT2a and -2b chimeric replicons (Table 1). In contrast, BMS791325 exhibited nanomolar potency against GT3a, -4a, and -5a
chimeric replicons generated from multiple patient isolates for
each GT with EC50s ranging from 0.5 to 9.3 nM. BMS-791325 is
highly active against GT6a chimeric replicons generated from two
patient isolates (TT-003 and 752) that have a valine at residue 494
in NS5B with EC50s less than 10 nM, but an approximately 10-fold
loss of potency (EC50, 72 nM) was observed from a 6a isolate
(HN001) with a naturally occurring alanine at residue 494 in
NS5B. This is consistent with the fact that a V494A substitution in
GT1a confers low-level (⬃2-fold) resistance to BMS-791325 (data
not shown). To confirm that the alanine at position 494 was responsible for the reduced efficacy of BMS-791325, residue 494 was
changed to a valine in GT6a isolate HN001 and this clone (6aHN001-A494V) was evaluated for susceptibility to BMS-791325.
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FIG 2 Phenotypic analysis of the NS5B A494V and V494A HCV GT6a replicons. Replicons containing substitutions of A494V in 6a-HN001 and V494A in
6a-752 were generated by site-directed mutagenesis. Stable cell lines were selected and tested for susceptibility to BMS-791325 in a 3-day replicon assay.
Results are reported as average EC50 ⫾ standard deviation from at least two
independent experiments.
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EC50s are generated from at least two independent experiments for all cell lines.
NA, not available.

Conversely, the valine at residue 494 of GT6a isolate 752 was
changed to alanine to generate 6a-752-V494A and the effect of this
change on BMS-791325 efficacy was determined. As shown in Fig.
2, the 6a-HN001-A494V replicon showed dramatically increased
susceptibility to BMS-791325 (EC50, 7.3 nM) compared to the
6a-HN001-A494 clone with an EC50 of 72 nM. Likewise, BMS791325 showed reduced potency on the 6a-752-V494A clone
(EC50, 81 nM) compared to parent clone 6a-752-V494 (EC50, 9
nM). These data confirm that the alanine substitution at residue
494 of NS5B reduces susceptibility to BMS-791325 in GT6.
Clearance of HCV replicons by BMS-791325 treatment. Although BMS-791325 exhibited efficacy against GT3 to -6, the resistance barrier of this compound against non-GT1 replicons was
unknown. To evaluate the ability of the compound to eradicate
HCV RNA from GT3 to -6 chimeric replicon cells, replicon clearance studies were performed using BMS-791325 at a 300 nM concentration for up to 10 days. Since BMS-791325 has demonstrated
substantial antiviral effect against GT1 patients in the clinic (28),
GT1a replicon cells were used as a control, and a 300 nM concentration was chosen as it is the average minimum concentration of
drug (Cmin) observed at 24 h after a single 100-mg dose of BMS791325 which resulted in a mean HCV RNA decline of approximately 1.3 log10 copies/ml in HCV GT1-infected patients (28).
Consistent with the EC50 results, replicon clearance occurred efficiently in GT3a, -4a, and -5a chimeric replicons, similar to that
observed in the GT1a replicon (Fig. 3A). Significant colony reduction occurred by day 5 for GT1a, -3a, -4a, and -5a, with continued
reduction observed out to day 10. HCV RNA was not eliminated
efficiently from GT2a and -2b replicon cells, consistent with the
reduced potency of BMS-791325 against GT2. The GT6a-752 isolate showed susceptibility to BMS-791325 (EC50, ⬃10 nM) similar
to that of GT1, yet eradication of HCV RNA was less efficient
against this hybrid, suggesting that resistance may be more easily
generated in this clone.
Curing efficiencies of the GT6a isolates with different susceptibilities to BMS-791325 were also evaluated. Replicon clearance
in the GT6a isolate HN001, with a naturally occurring alanine at
residue 494 in NS5B, was much less efficient than that in GT6a

Resistance Analysis of BMS-791325

replicons (B) using BMS-791325 monotherapy. NS5B chimeric replicon cells were treated with BMS-791325 (300 nM) for up to 10 days. Colonies were stained
with crystal violet. Data shown are representative of results from two independent experiments.

isolate 752, which has a valine at the 494 position (Fig. 3B). This is
consistent with the fact that BMS-791325 was ⬃10-fold less potent on the GT6a-HN001 isolate than on the 752 isolate. Colony
elimination was much more efficient against the 6a-HN001A494V cell line, which contains valine at residue 494 and shows
susceptibility to BMS-791325 similar to that of the 6a-752 clone
(Fig. 3B). Likewise, the V494A substitution in the 6a-752 clone
(6a-752-V494A) significantly reduced the ability of BMS-791325
to eradicate HCV RNA from this cell line, further highlighting the
importance of this residue for BMS-791325 activity against GT6a.
The A494 polymorphism observed in the GT6a-HN001 isolate is
present in ⬃21% of GT6a sequences in the European HCV database, with V494 conserved in the remaining 79%. Although a

lower resistance barrier was observed with this A494 variant in
colony elimination studies with BMS-791325, DAAs will not be
used as monotherapy in the clinic but rather will be part of a
combination regimen which may be able to overcome the lower
HCV clearance efficiency resulting from this polymorphism.
Resistance selection with BMS-791325 across genotypes 3 to
6. In order to characterize the resistance profile of BMS-791325 in
GT3 to -6, NS5B chimeric replicon cells were selected with inhibitor at concentrations of 10⫻ and 30⫻ EC50s for up to 5 weeks
until a resistant population emerged. GT1 subgenomic replicon
cells were selected in parallel as a control. Selection at 30⫻ EC50s
in GT1a or -1b replicon cells yielded replicons with EC50s 37- to
42-fold higher than that of DMSO-treated cells (Table 2). Under

TABLE 2 BMS-791325 resistance selection on HCV GT1 and GT3 to -6 NS5B replicon cells
NS5B GT panel

Mean EC50 (nM) of
parental cells ⫾ SD

BMS-791325 selection
concn (nM)

Mean EC50 (nM) of selected
cells ⫾ SD

Fold resistancea

NS5B amino acid
substitution(s)

1a-H77c

3⫾1

0b
90

3⫾1
110 ⫾ 30

37

P495A/S/L/T

0b
180

5⫾1
210 ⫾ 70

42

P495A/S/L, V499A

0b
270

8⫾1
370 ⫾ 71

46

C494S, P495S

0b
60

4⫾1
95 ⫾ 30

24

V494A, P495A/L

0b
120

5⫾1
455 ⫾ 49

91

V494A, P495S/L/H

0b
270

12 ⫾ 2
259 ⫾ 23

22

V494A

1b-Con1

3a-Inx

4a-h2

5a-h3

6a-752

6⫾1
9⫾2
6⫾4
4⫾1
9⫾3

Fold resistance ⫽ EC50 of BMS-791325-selected cells/EC50 of DMSO-selected cells of the same GT.
b
DMSO-treated cells.
a
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FIG 3 Resistance barrier of BMS-791325 on HCV GT1 to -6. Colony elimination studies were performed on GT1 to -6 wild-type replicons (A) or GT6a mutant

Liu et al.

(DCV) inhibitors on BMS-791325-resistant replicon cell lines. GT1 and GT3
to -6 NS5B wild-type (WT) and BMS-791325 resistant (R) replicon cell lines
were tested for sensitivity to HCV inhibitors BMS-791325, ASV, and DCV.
EC50s are the averages from at least 2 independent experiments, and error bars
represent standard deviations.

the same selective pressure, resistance of GT3a or -6a selected cells
was 46- or 22-fold higher, respectively, relative to wild-type (WT)
EC50s. Higher levels of resistance were detected in GT5a selected
cells, where a 91-fold increase in EC50 was observed. For GT4a, on
the other hand, replicon cells survived only the 10⫻ EC50 selection, yielding a 24-fold increase in BMS-791325 EC50 versus
DMSO-treated cells. Multiple attempts to isolate GT4a cell lines
using 30⫻ selection were unsuccessful, even when increasing the
concentration from 10⫻ to 30⫻ EC50 on the 10⫻ selected cells.
While the potency of BMS-791325 was decreased in the inhibitorselected cells (EC50s, 129 to 342 nM) versus the DMSO-treated
control cells (EC50s, 2 to 9 nM), no change in potency of DCV
(EC50s, 0.006 to 0.018 nM for wild type and 0.005 to 0.028 nM for
resistant replicons) or ASV (EC50s, 3 to 10 nM for WT and 3 to 22
nM for resistant replicons) was observed (Fig. 4), suggesting that
these inhibitors display no cross-resistance with BMS-791325.
Genotypic and phenotypic analysis of BMS-791325-selected
variants. To identify the resistant variants selected with BMS791325, RNA was isolated from resistant and DMSO-treated cells
and used to generate NS5B cDNA by reverse transcription-PCR
(RT-PCR). Sequence analysis of NS5B revealed variations at residues 494, 495, and 499 in cDNA clones from BMS-791325-treated
GT1 and -3 to -6 NS5B chimeric replicon cells. Similar to previous
reports (27, 39), the major resistant substitutions selected in GT1
were at the P495 site: P495A, -S, -L, or -T for GT1a and P495A, -S,
or -L for GT1b (Table 2). A V499A mutant was also selected in
GT1b at a lower frequency (5%). Amino acid substitutions identified in GT3 to -6 NS5Bs are as follows: GT3a-C494S or -P495S;
GT4a-V494A or -P495A or -L; GT5a-V494A, -P495S, -L, or -H;
and GT6a-V494A (Table 2). In order to characterize the variants
identified in BMS-791325-resistant cells, selected mutants were
engineered into the wild-type replicons by site-directed mutagenesis and tested in transient replication assays. In order to assess the
impact on BMS-791325 potency, replicon stable cell lines were
established for some mutants that showed poor replication in a
transient assay. Mutants with mutations at the P495 position in
GT1 conferred 15- to 64-fold resistance to BMS-791325 with the
following rank in order of resistance: P495S ⬎ P495T ⬎ P495L ⬎
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TABLE 3 Resistance profile of BMS-791325 in genotypes 1a, 1b, 3a, 4a,
5a, and 6a

NS5B genotype

Variant

Mean BMS791325 EC50
(nM) ⫾ SD

1a-H77c

WT
P495A
P495S
P495L
P495T

4 ⫾ 1.1
58 ⫾ 5
253 ⫾ 36
133 ⫾ 24
142 ⫾ 34

15
64
32
36

1
0.6–0.8
0.16–0.18
0.25–0.3
0.07–0.14

WT
P495A
P495S
P495L
V499A

7 ⫾ 1.4
144 ⫾ 33
378 ⫾ 58
368 ⫾ 111
11.5 ⫾ 0.7

20
54
53
1.6

1
0.38–0.45
0.06–0.07
0.08–0.14
0.42–0.55

WT
C494S
P495S

5⫾1
170 ⫾ 14
NDd

34

WT
V494A
P495A
P495L

4.5 ⫾ 2.1
15.5 ⫾ 3.5
111 ⫾ 41
ND

3.4
25

WT
V494A
P495H
P495L
P495S

4⫾1
ND
670 ⫾ 30
ND
ND

167

WT
V494A

10.6 ⫾ 3.5
179 ⫾ 9.5

1b-Con1

3a-Inx

4a-h2

5a-h3

6a-752

Fold
resistancea

Replication
efficiencyb

17

Cell linec
No replication
1
0.33–0.46
0.3–0.34
No replication

No replication
Cell linec
No replication
No replication

Cell linec

a

Against WT.
b
Replication efficiency relative to wild type in a transient replication assay.
c
Stable cell lines selected.
d
ND, not determined.
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FIG 4 Potency of HCV NS3 protease (ASV) and NS5A replication complex

P495A in GT1a and P495S/L ⬎ P495A in GT1b (Table 3). Mutants
that conferred a higher level of resistance had poor replication
fitness. The V499A substitution in GT1b gave only a negligible
shift in potency (1.6-fold) but reduced replication efficiency approximately 50% compared to the WT replicon (Table 3). In
GT3a, NS5B residue 494 is cysteine rather than valine, which is
present in the other genotypes. C494S was the predominant substitution identified in GT3a selected cells (present at 76%), but
replicons with this change did not replicate in transient assays;
however, a stable cell line which conferred 34-fold resistance to
BMS-791325 was selected (Table 3). A P495S substitution was also
observed in GT3a selected cells, although at a lower frequency
(24%). Replication of the P495S mutant could not be detected in
transient replication assays, and several attempts to isolate stable
cell lines of this mutant were unsuccessful. For GT4a, P495A and
V494A mutants were analyzed in transient replication assays (Table 3). P495A conferred modest levels of resistance to BMS791325 with an increase in EC50 25-fold above the wild-type control level while the V494A mutation had only a slight impact on
BMS-791325 potency (3-fold). Reduced replication fitness was
observed for both mutants, ⬃30 to 46% relative to WT in transient assays. The GT4a-P495L mutant did not replicate in transient assays, and a stable cell line could not be selected for evalua-
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TABLE 4 Prevalence of polymorphisms at NS5B positions important
for BMS-791325 resistance

Genotype
(no.)a

Residue(s)/polymorphism(s) at NS5B position (% of
sequences):
494

495

499

1a (384)
1b (763)

V (99.7), A (0.3)
V (100)

P (100)
P (100)

2a (31)
2b (27)
3a (44)
4a (25)
5a (4)
6a (22)

A (100)
A (96.3), V (3.7)
C (100)
V (100)
V (100)
V (72.7), A (27.3)

P (100)
P (100)
P (100)
P (100)
P (100)
P (95.5), L (4.5)

A (97.1), T (2.3), V (0.5)
V (85.7), A (11), T (3),
I (0.3)
A (61.3), V (29), T (9.7)
A (100)
A (100)
A (100)
A (100)
A (100)

a
Numbers in parentheses are the numbers of GT1 to -6 NS5B sequences in the
European HCV database with the indicated amino acid.

DISCUSSION

BMS-791325 is a HCV polymerase inhibitor that showed substantial antiviral activity in a single ascending dose (SAD) study in
GT1-infected patients (28) and is currently in phase 3 studies. To
gain insight into GT coverage, we utilized NS5B chimeric replicons to assess the efficacy and resistance profile of BMS-791325 in
non-GT1 subtypes. A chimeric replicon approach was successfully
employed to analyze NS5B GT2 to -6 subtypes in the absence of
full-length replicons with several tactics attempted to generate
replication-competent GT2 to -6 NS5B chimeric replicon cell
lines. The first approach used a 2a-JFH1 backbone to generate
chimeras since efficient replication of this replicon did not require
adaptive mutations. However, we were able only to select an active
2a-J6 NS5B chimeric replicon cell line with no replication observed for other genotypes. We then employed both GT1a and -1b
backbones and were able to successfully select active stable cell
lines for GT2b, -4a, -5a, and -6a NS5B chimeric replicons by using
the 1b-Con1 backbone and for GT3a NS5B chimeric replicons
using the 1a-H77c backbone.
We evaluated the efficacy of BMS-791325 in nongenotype1
replicons by determining the EC50s against GT2b, -3a, -4a, -5a,
and -6a NS5B chimeras from multiple clinical isolates for each
genotype. The fold shift in antiviral potency in GT2b versus GT1aH77c ranged from 150- to greater than 350-fold increases in EC50.
Lack of BMS-791325 susceptibility in GT2b could possibly be attributed to the I392 and A494 polymorphisms, residues that interact with the inhibitor. L392I and V494A variants in GT1b conferred low-level resistance to BMS-791325 with 7-fold-reduced
potency for L392I (27) and ⬃2- to 3-fold-reduced potency observed for the V494A replicon (data not shown). Structural analysis suggests that genotype variants result in a different shape of
the inhibitor binding site that is responsible for the resistance of
GT2b polymerase to site 1 inhibitors (40). Antiviral activity was
achieved for BMS-791325 in GT3a, -4a, -5a, and -6a isolates with
a valine at residue 494, with EC50s of less than 10 nM. However,
reduced potency was observed for BMS-791325 on a GT6a isolate
(HN001) with a naturally occurring A494 variant in NS5B, which
represents about 21% of patients infected with GT6a HCV, according to the European HCV database (Table 4). Susceptibility to
BMS-791325 was significantly improved (⬃10-fold-lower EC50)
with an A494V site-directed mutant in this 6a isolate. As expected,
the 6a-752 V494A site-directed mutant, which changed valine to
alanine, showed reduced susceptibility to BMS-791325 with an
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EC50 increase of 9-fold (Fig. 2). These data suggest that residue 494
plays an important role in determining BMS-791325 susceptibility in GT6a. Evaluation of BMS-791325 GT coverage by colony
elimination assays showed good agreement with the in vitro replicon assay with efficient HCV clearance observed in the GT6a-752
variant compared to 6a isolate HN001 with the A494 polymorphism. Combination therapy with other DAAs will be needed to
overcome the reduced clearance efficiency in the A494-containing
GT6a isolates.
Due to the high mutation rate during HCV replication and
error-prone nature of the NS5B RdRp, the rapid selection of drugresistant variants upon treatment with antivirals is to be expected.
The emergence of DAA drug resistance is one of the major challenges in the future of antiviral treatment regimens. P495 is the
major resistance site identified from BMS-791325 selection in
GT1 replicons. A good correlation was observed for BMS-791325resistant mutants that were identified in vitro in a GT1a replicon
and in clinical samples from the SAD study where P495S or -L was
found in one patient at a single time point (T24) following a 3.5log10 drop in viral RNA at a 900-mg dose of BMS-791325 (28). A
V494A-P495S double mutant was also identified in 2 out of 150
clones during clonal analysis of this patient sample. Phenotypic
analysis of the V494A-P495S-linked mutant was performed in a
GT1a replicon, and although the replicon harboring the V494AP495S double mutant is not viable in a transient replication assay,
an active stable replicon cell line was selected with additional mutations F574S/A in NS5B identified from sequence analysis of the
cell line. The F574S/A site-directed mutants did not confer resistance to BMS-791325 but significantly improved replication fitness compared to a WT GT1a replicon in a transient replication
assay and appear to function as “compensatory” mutations that
allow the replicon with the V494A-P495S double mutant to actively replicate in a transient replication assay (data not shown).
The V494A-P495S-linked double mutant conferred a higher level
of resistance (⬎100-fold) to BMS-791325 in the replicon than did
P495S (64-fold) or V494A (⬃2-fold) single mutants. Similar to
GT1, resistance mutations selected with BMS-791325 were identified mainly at residue 494 or 495 for GT3 to -6 NS5B chimeric
replicons. In GT3a selected cells, C494S and P495S mutants were
identified in separate cDNA clones. V494A and P495A, -S, -L, or
-H variants were selected in GT5a chimeric cell lines with BMS791325, and again, the mutants were not linked based on clonal
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tion. Amino acid substitutions selected in GT5a replicon cells
were mainly detected at residue 495, with P495S, -L, and -H variants observed (9/23/6 clones out of 39 cDNA clones, respectively).
A V494A substitution was also identified in 1 out of 39 clones
which was not linked with substitution at the P495 site. The GT5a
selected variants were not active in transient replication assays,
and we were not able to select stable cell lines for the P495S/L or
V494A variants. However, the P495H mutant replicon cells survived and conferred a high level of resistance to BMS-791325, with
a 167-fold increase in EC50 over that of the wild type. V494A was
the only variant selected in GT6a replicon cells. Although the
GT6a V494A mutant was not active in a transient assay, a stable
cell line was successfully isolated, and it conferred 17-fold resistance to BMS-791325. Interestingly, this is the same substitution
observed in the GT6a isolate HN001, which was ⬃10-fold less
susceptible to BMS-791325.
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BMS-791325 achieved high rates of SVR12 in patients with HCV
GT1 infection (45). Data from this study suggest that BMS791325 could be a component of a combination therapy approach
in HCV GT3- to -6-infected patients, and results from the resistance analysis reported here provide guidance for resistance monitoring in future clinical trials.
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analysis. In GT4a, although the majority of V494A and P495A
substitutions were present individually based on clonal analysis,
there was a single linked double mutant found in one cDNA clone;
however, we failed to select an active cell line with this clone.
Interestingly, V494A was the only resistant mutant identified in
the GT6a selection that resulted in substantial resistance to BMS791325 in GT6a but very little resistance (2- to 3-fold) in GT1 or
GT4a, possibly due to differences in the amino acid composition
and the shape of the inhibitor binding pocket among NS5Bs across
genotypes. The strong similarity in emerging resistant variants in
GT1 between replicon in vitro studies and the recently reported
SAD study from HCV-infected subjects validates the replicon system and helps to guide the clinical development of BMS-791325 in
other genotypes.
Across HCV genotypes, the variation at NS5B residues that are
important for BMS-791325 resistance development (residues 494,
495, and 499) was examined in sequences deposited in the European HCV database (Table 4). P495 is highly conserved (⬎95%
conservation in sequence) across all genotypes, while residues 494
and 499 are less conserved. For the majority of sequences in the
European HCV database, residue 494 is a valine for GT1 and GT4
to -6, a cysteine for GT3a, and an alanine for GT2. Although residue 494A in GT2 is likely to play a role in the resistance to BMS791325, 494C found in GT3a did not change the inhibitor susceptibility. For residue 499, the majority of the sequences in the
database are an alanine, except that it is a valine in GT1b. The
V499A mutant in GT1b has only minimal impact on BMS-791325
potency (⬃2-fold). Mutation of P495, a residue that locates on the
thumb domain away from the active site, to A, L, or S confers
resistance to BMS-791325, and the observation that replicons carrying P495 substitutions do not replicate efficiently suggests that
this region of the molecule might play a key function during viral
replication. The P495 site has been identified by X-ray crystallography as one of the key residues involved in the interaction with a
noncatalytic GTP molecule on the NS5B surface (41). The binding
sites for GTP and for the indole-based inhibitors are close in space
but clearly distinct (42). Moreover, GTP binding is not associated
with any protein conformational change (41), whereas the crystal
structure NS5B-1b apoenzyme shows that allosteric inhibitors defined by P495 resistance binding require a displacement of the ⌬1
finger loop from a thumb binding pocket. GTP stabilizes the
thumb-finger interaction, while the inhibitor binding displaces
the finger-tip domains and locks the enzyme in an inactive,
“open” conformation. The polymerase ⌬1 loop regulates the coordinated movement of the fingers and thumb during the polymerase reaction cycle (42). The movement of the ⌬1 loop in the
presence of P495-site inhibitors is also linked with trypsin hypersensitivity, and this is evidenced by the detection of trypsin cleavage products with changes in NS5B polymerase structure (43).
Given that HCV replicates at extremely high rates in humans
(44) and given the error-prone nature of the RdRp, there is an
increased potential for the selection of drug-induced resistance
variants. Combination therapy that inhibits multiple targets will
be required to achieve a sustained viral response. Replicon cell
lines with NS5B variants exhibiting a high level of resistance to
BMS-791325 remained fully sensitive to HCV NS5A and protease
inhibitors, suggesting that the combination of the three could efficiently suppress the emergence of resistant replicons. This is in
agreement with results from clinical studies where the all-oral,
interferon-free, and ribavirin-free regimen of DCV, ASV, and
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