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ABSTRACT Voxilaprevir is a direct-acting antiviral agent (DAA) that targets the
NS3/4A protease of hepatitis C virus (HCV). High sequence diversity of HCV and in-
adequate drug exposure during unsuccessful treatment may lead to the accumula-
tion of variants with reduced susceptibility to DAAs, including NS3/4A protease in-
hibitors such as voxilaprevir. The voxilaprevir susceptibility of clinical and laboratory
strains of HCV was assessed. The NS3 protease regions of viruses belonging to 6
genotypes and 29 subtypes from 345 DAA-naive or -experienced (including pro-
tease inhibitor) patients and 344 genotype 1 to 6 replicons bearing engineered NS3
resistance-associated substitutions (RASs) were tested in transient-transfection assays.
The median voxilaprevir 50% effective concentration against NS3 from protease
inhibitor-naive patient samples ranged from 0.38 nM for genotype 1 to 5.8 nM for
genotype 3. Voxilaprevir susceptibilities of HCV replicons with NS3 RASs were de-
pendent on subtype background and the type and number of substitutions intro-
duced. The majority of RASs known to confer resistance to other protease inhibitors
had little to no impact on voxilaprevir susceptibility, except A156L, T, or V in geno-
type 1 to 4 which conferred �100-fold reductions but exhibited low replication ca-
pacity in most genotypes. These data support the use of voxilaprevir in combination
with other DAAs in DAA-naive and DAA-experienced patients infected with any sub-
type of HCV.
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Chronic hepatitis C virus (HCV) infection is a worldwide health problem causing
significant death and morbidity (1); the global prevalence of HCV was estimated to

be 1% in 2015, corresponding to 71.1 million individuals with chronic HCV infection (2,
3). In recent years, tremendous resources have been directed toward discovery and
development of novel direct-acting antiviral agents (DAAs) to treat HCV infection,
including inhibitors of the NS3/4A protease. Seven protease inhibitors (PIs) have been
approved in the United States and Europe for HCV treatment, namely, telaprevir (TPR)
(4, 5), boceprevir (BOC) (6, 7), simeprevir (SIM) (8, 9), paritaprevir/r (10), grazoprevir
(GZR) (11), voxilaprevir (VOX) (12, 13), and glecaprevir (GLE) (14). Voxilaprevir (15) and
GLE (16) are the most recently approved, pangenotypic PIs with improved potency and
a high barrier to resistance in combination with other DAAs.

Similar to other RNA-dependent RNA polymerases, the HCV NS5B polymerase has
low fidelity, which, combined with the high replication rate of the virus, results in high
genetic variability and adaptability (17). Naturally occurring variants of HCV with
reduced susceptibility to inhibitors of NS3/4A protease, the NS5A protein, and the NS5B
polymerase have been described (18, 19) and may affect treatment outcome (20). For
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example, the presence of the NS3 Q80K polymorphism at baseline is associated with
reduced sustained viral response (SVR) rates in some patients treated with regimens,
including SIM (8, 9, 21). Additionally, inadequate drug exposure during unsuccessful
treatment may lead to the selection of viral variants with resistance-associated substi-
tutions (RASs) with reduced susceptibility to DAAs.

Specific substitutions in NS3 have been associated with resistance to NS3/4A PIs.
Mutations at position 156 confer reduced susceptibility to all known PIs, due to
disruption of the drug binding site. However, the viral fitness of A156 variants is
significantly lower than that of other resistant variants, and thus, they are not fre-
quently observed in HCV-infected patients (22). RASs in NS3 at positions 155 and 156
were initially described as signature mutations for TPR and BOC (23, 24). More-recently
approved PIs, including the macrocyclic drugs SIM and asunaprevir (ASU), have resis-
tance profiles that are similar to TPR and BOC and additionally select for mutations at
position 168 (25, 26). The macrocyclic PI GZR has decreased interactions with arginine
155, leading to lower impact on susceptibility of R155K (27, 28).

Voxilaprevir is a potent pangenotypic HCV NS3/4A PI with in vitro 50% effective
concentration (EC50) values ranging from 0.33 nM to 6.1 nM in cells stably transfected
with HCV replicons of genotypes (GT) 1 through 6, including subtypes 1a, 1b, 2a, 2b, 3a,
4a, 5a, 6a, and 6e (15). VOX susceptibility is reduced by less than 5-fold by nearly all
RASs tested at several amino acid positions in GT 1 to 4, except R155W and A156V or
T, which conferred a �38-fold reduction in VOX susceptibility (15). In a phase 1 clinical
study of VOX monotherapy, A156T and V emerged in 5 patients with GT 1 (subtypes 1a
and 1b) but not other GTs (15).

In this study, we characterized the resistance profile of VOX using three sets of HCV
replicons, constructed using (i) 345 patient-derived NS3 protease regions from patients
enrolled in the sofosbuvir/velpatasvir/VOX clinical development program, (ii) 49 syn-
thesized NS3 protease regions containing RASs observed at low frequencies in clinical
isolates, and (iii) 344 mutant replicons with RASs introduced by site-directed mutagen-
esis. The relationship between the presence of RASs and in vitro susceptibility to VOX
and other antivirals in HCV from clinical isolates was investigated.

MATERIALS AND METHODS
Clinical specimens. Plasma specimens were collected from 345 patients before initiation of treat-

ment in the following clinical studies: GS-US-338-1121 (15, 29), GS-US-337-1468 (30, 31), GS-US-367-1168
(32), GS-US-367-1169 (33), GS-US-367-1871 (34), GS-US-342-1138 (35), GS-US-367-1170 (14), GS-US-367-
1171 (14), GS-US-367-1172 (36), and GS-US-367-1173 (36). These patients were infected with HCV
encompassing 6 GTs and 29 subtypes. In several of these clinical studies, prior exposure to DAAs
(including PIs other than VOX) was permitted.

All studies were conducted in accordance with the Declaration of Helsinki, Good Clinical Practice
guidelines, and local regulatory requirements. All patients provided written informed consent.

Compounds. VOX (GS-9857), velpatasvir (VEL; GS-5816), ledipasvir (LDV; GS-5885), and sofosbuvir
(SOF; GS-7977) were synthesized by Gilead Sciences, Inc. (Foster City, CA, USA).

Sequence analysis. Deep sequencing was performed by DDL Diagnostic Laboratory (Rijswijk, The
Netherlands) using the MiSeq platform (Illumina, San Diego, CA). Internally developed software (Gilead
Sciences) was used to process and align sequencing data. The presence of RASs was established by
comparison with the following wild-type reference sequences: H77 (GenBank accession number
AF009606) for subtype 1a (37), Con1 (GenBank accession number AJ238799) for 1b (38), JFH1 (GenBank
accession number AB047639) for 2a and other genotype 2 subtypes other than 2b (39), MD2b10
(GenBank accession number AY232748) for 2b (40), S52 (GenBank accession number GU814263) (subtype
3a) for GT 3 (40), ED43 (GenBank accession number GU814265) (subtype 4a) for GT 4 (40), SA13 (GenBank
accession number AF064490) for 5a (41), and EUHK2 (GenBank accession number Y12083) (subtype 6a)
for GT 6 (42).

HCV GT and subtype were determined by an analysis of NS3, NS5A, and NS5B sequences with the
Basic Local Alignment Search Tool (BLAST) against a panel of standard subtype reference sequences
recommended by the U.S. FDA.

NS3 RASs were defined as substitutions previously shown to confer reduced susceptibility (�2.5-fold
change in EC50 compared with a GT specific reference) to any approved PI in a replicon model or that
emerged in patients with virologic failure at the time of relapse. RASs include the following substitutions
(using the Con1 subtype 1b as the reference amino acid): V36A/G/M/L/M, Q41R, F43L/S, T54A/C/G/S,
V55A/I, Q80K/R/L, S122R, R155C/G/K/M/T/Q/S/W, A156F/G/N/P/T/V/S, D168A/E/F/G/H/I/N/K/L/P/V/T/Y,
and V170A/T/L/F/V.
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Generation of subtype 1b, 2a, 2b, and 6a NS3 replicon vectors. Replicons derived from subtype
1b (Con1, GenBank accession number AJ238799) (38), 2a (JFH1, GenBank accession number AB047639)
(43), 2b (J8, GenBank accession number D10988), and 6a (GSI6a-1, GenBank accession number
MF683840) (44) were designed and used as backbones for inserting amplified patient-derived sequences
corresponding to the NS3 protease region (for a detailed description see Supplemental Material). The
subtype 1b NS3 replicon vector that was described previously (45) was modified by the addition of two
restriction enzyme sites, namely, ClaI (position 2856) and AscI (position 3159) (Fig. 1). A frameshift was
introduced by deleting 1 nucleotide in NS3 between the ClaI and AscI sites. This frameshift disrupts the
replication of the vector, unless a desired NS3 fragment is inserted in-frame. The subtype 2a (JFH-1
strain), 2b (J8), and 6a (GSI6a-1) NS3 replicon vectors were generated similarly using various restriction
enzyme sites designed for patient sequence transfer (Fig. 1). The replicon vectors were completely
sequenced to confirm the presence of the desired mutations and absence of any unintended mutations.
Mutations introduced to create the restriction sites and frameshifts were reverted back to wild-type
sequence during the patient sequence transfer process (see below).

Construction of chimeric replicons carrying NS3 protease regions from lab strains. The PCR-
amplified NS3 protease regions from lab strains representing GT 1 to 6 were inserted into replicon
vectors of various subtypes using the In-Fusion HD EcoDry cloning kit (Clontech, Mountain View, CA)
according to the supplier’s instructions. As part of the In-Fusion procedure, the primers were designed
to revert mutations that created the vector restriction sites and frameshifts. A single clone for each
subtype was selected and sequenced to verify that it matched the original cDNA.

Construction of chimeric replicons carrying NS3 protease regions from clinical isolates. Total
RNA isolation from patient plasma samples, NS3 cDNA synthesis, and PCR amplification were performed
by DDL Diagnostic Laboratory (Rijswijk, The Netherlands). A second PCR amplification of the first 181
amino acids of NS3 protease region was carried out using semisubtype-specific PCR primers (see
Supplemental Material) and the high fidelity PCR master kit (Roche Diagnostics, Dallas, USA). PCR
products were purified, and 50 ng of insert DNA was recombined with 200 ng of vector DNA (of a
compatible subtype, see Results) using the In-Fusion HD EcoDry cloning kit (Clontech, Mountain View,
CA) according to the supplier’s instructions. The plasmid DNA was isolated using midi kits (Qiagen,
Germantown, MD).

RASs that were detected at low frequency (1% to 10%) in clinical isolates by deep sequencing but not
already represented in the panel of 347 site-directed mutants (see below) were introduced into replicons
using either a cDNA derived from the same clinical isolate or the subtype-specific reference sequence as
the backbone. Forty-nine such mutants were constructed by short fragment gene synthesis (see Table S1
in the supplemental material). The NS3 region of each newly generated chimeric replicon was sequenced
to confirm that no unintended mutations were introduced.

Generation of NS3 chimeric replicons with single and multiple mutations. A panel of 344 single
and multiple RASs was created by site-directed mutagenesis of subtype 1a, 1b, 2a, 2b, 3a, 4a, or 6a
nonchimeric replicons or the 5a/1b NS3 chimera. RASs were selected for inclusion in the panel based on
(i) prior demonstration of impact on susceptibility to one or more HCV PIs, (ii) observed in PI-naive

FIG 1 NS3 replicon vectors for susceptibility testing of GT 1 through 6 patient samples. Restriction sites used for
transfer of the NS3 protease region from patient-derived viruses are indicated by arrows. UTR, untranslated region;
Pi-Rluc, poliovirus internal ribosome entry site (IRES)-Renilla luciferase; Rluc-Neo, Renilla luciferase-aminoglycoside
phosphotransferase (neomycin resistance) fusion protein; EMCV IRES, internal ribosome entry site from encepha-
lomyocarditis virus.
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patients at known resistance-associated variant positions in the Gilead database, (iii) observed in patients
who failed prior PI treatment to any HCV PI, or (iv) single or multiple substitutions that were observed
in in vitro resistance selection studies to VOX.

Phenotypic susceptibility testing. Transient transfections were performed as previously described
(15, 46, 47). Briefly, RNA was synthesized from the linearized DNA using the Promega T7 RiboMAX express
large scale RNA production system (Madison, WI) according to the supplier’s instructions. Replicon RNA
was transfected into “cured” Huh-7 cells following the method of Lohmann et al. (38) in the presence of
a range in drug concentration. Luciferase activity in the absence of drug was measured 96 hours after
transfection and was used as an indicator of replication capacity. EC50 values were calculated using Prism
version 6 (GraphPad, La Jolla, CA) by nonlinear regression analysis. The mean EC50 was calculated from
at least 2 experiments. The fold change in EC50 for site-directed mutants was calculated as the ratio to
the corresponding subtype parental replicon EC50.

RESULTS
Compatibility of NS3 protease regions from clinical isolates from GT 1 through

6 with subtype 1b, 2a, 2b, and 6a replicon vectors. The replication of chimeric
replicons containing NS3 protease regions from various subtypes of GT 1 through 6, as
measured by the levels of luciferase activity in the absence of inhibitors, was tested to
confirm the compatibility between the NS3 protease region and replicon vector of
different subtypes (Fig. 2). The replication of subtype 1b-based chimeric replicons was
sufficient to enable phenotypic testing of a sampling of patient-derived NS3 protease
regions from subtypes 1a, 1b, 3a, 5a, and multiple subtypes of GT 4 and 6 (Fig. 2A).
However, replicons containing the NS3 protease region from subtypes 2a, 2b, and 6a
did not replicate in the subtype 1b backbone (Fig. 2A); therefore, new replicon vectors
derived from subtypes 2a, 2b, and 6a were generated (see Materials and Methods and
Fig. 1). High replication was observed for chimeric replicons containing NS3 protease
regions from both lab strains and patient isolates using subtype-matched replicon
vectors (Fig. 2B). Based on these results, the subtype 1b-based replicon vector was used
for all subsequent testing of NS3 from subtypes other than 2a, 2b, or 6a, for which the
subtype-matched vector was used.

Subgenomic, chimeric replicon constructs containing NS3 from subtypes 1a (H77),
3a (S52), and 4a (ED43) in the subtype 1b (Con1) backbone had similar VOX EC50 (1.8,
6.4, and 0.82 nM, respectively) compared with the native (nonchimeric) NS3 to NS5B
replicons for the corresponding subtype (1.8, 4.2, and 1.1 nM, respectively). This result
indicates that a mismatch between the subtype of the NS3 region and the replicon
vector does not impact VOX susceptibility.

VOX susceptibility of GT 1 through 6 HCV clinical isolates from PI-naive
patients. The NS3 protease regions (amino acid 1 to 181) from 345 clinical isolates were
transferred to replicon vectors and tested in the transient-transfection system. Among
those, luciferase activity from 332 replicons was sufficient for VOX susceptibility deter-
mination, including NS3 from 6 GTs (for details, see Table S2 in the supplemental
material), and 81 DAA-experienced (but PI-naive) patients.

The median VOX EC50 values for the 274 clinical isolates belonging to PI-naive
patients infected with GT 1, GT 2, GT 3, GT 4, GT 5, and GT 6 were 0.38, 2.7, 5.8, 0.57,
1.8, and 0.52 nM, respectively (Fig. 3; see Table S3 in the supplemental material). For
comparison, the VOX EC50 of replicon constructs with lab strain NS3 from subtypes 1a,
1b, 2a, 2b, 3a, 4a, 5a, and 6a were 3.9 nM, 3.3 nM, 3.7 nM, 6.6 nM, 6.1 nM, 2.9 nM, 1.9
nM, and 3.0 nM, respectively. The ratio between the 95th and 5th percentiles of VOX
EC50 values among GT 1 to 5 ranged from 2.9- to 7-fold, compared with 31.6-fold
for GT 6.

VOX EC50 values grouped by subtype are shown in Fig. 4 for each subtype with at
least 2 patients. Median VOX EC50 ranged from 0.2 nM (subtype 6e, n � 12) to 6.1 nM
(subtype 3a). The maximum VOX EC50 observed was 9.8 nM.

It is possible that associations between elevated VOX EC50 and the presence of RASs
might be obscured because the prevalence of RASs is low within a particular sample.
However, we used deep sequencing mutation prevalence data to focus on the 15
samples from PI-naive patients that contained a substitution at position 155, 156, or 168
in at least 50% of sequencing reads. The median VOX EC50 for these samples was 2.1
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nM, ranging from 0.38 (a subtype 1a sample with Q80K and R155K) to 8.8 nM (a subtype
3a sample with Q168K).

VOX susceptibility of GT 1 through 6 HCV clinical isolates from PI-experienced
patients. VOX EC50 was determined from 58 replicons containing the NS3 protease
region from PI-experienced patients. The median VOX EC50 values for these samples,
grouped by genotype (for groups with more than 2 results each), were 0.75, 0.44, and
0.60 nM for GT 1, 4 and 6, respectively (Fig. 3; Table S3). Three samples had EC50 over
10 nM, namely, a subtype 1a sample with changes at positions 155 and 156 (T54S/
V55I/R155K/A156G; EC50, 19 nM), a subtype 1a sample with D168A (V36L/Q80K/D168A;
EC50, 11 nM), and a subtype 3a sample with Q80K as the only RAS (EC50, 22 nM) (Fig.
3; Table S2). Since HCV containing NS3 RASs often has impaired fitness (48–50) and the
timing of sampling in PI-experienced patients with respect to when they stopped their
prior therapy was variable, many NS3 protease regions from PI-experienced patients
did not contain detectable RASs at conserved sites. In total, 23 clinical isolates from

FIG 2 Luciferase activity of replicon constructs containing lab strain (hatched fill) or patient-derived (solid fill) NS3 protease regions. (A) Genotype 1b (Con1)
vector backbone. (B) Genotype 2a, 2b, and 6a backbones. The background luciferase activity of the NS3 frameshift (inactive) vector is shown in a gray bar.
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PI-experienced patients had NS3 with one or more NS3 RAS at positions 155, 156, or
168 in at least 50% of sequencing reads, including R155K, A156G, or D168A, E or V in
various combinations with each other, or other NS3 RASs. VOX EC50 among these
samples ranged from 0.3 to 19 nM. Other than the 2 subtype 1a outliers described
above, the next highest EC50 was 5.2 nM (Table 1).

VOX susceptibility in a panel of gene-synthesized NS3 constructs containing
multiple mutations observed in VOX clinical studies. The NS3 protease region from

FIG 3 VOX susceptibility (EC50, nM) of replicons containing GT 1 to 6 patient NS3 protease regions. Samples are
grouped by genotype and whether or not the patient had previously been treated with PIs (squares) or not (circles).
Median EC50 for each group is shown by the horizontal bars. There were no subtype 5a, PI-experienced patients.
The RASs present in 3 samples with EC50 of �10 nM are indicated (all RASs present in �90% of sequence reads).

FIG 4 VOX susceptibility (EC50, nM) of replicons containing GT 1 to 6 patient NS3 protease regions from PI-naive
patients. Median EC50 for each group is shown by the horizontal bars. Samples are grouped by subtype. Results are
shown for subtypes with at least 2 data points.
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several patient samples (both PI-naive and PI-experienced) contained one or more RAS
in a low proportion of sequence reads. Phenotypic assays may underestimate the
impact of RASs if their prevalence in the pool of replicon constructs derived from that
sample is low; the threshold is thought to be variable depending on the magnitude of
the effect and the fitness of the mutant compared with drug-susceptible variants (51).
To evaluate the VOX susceptibility of the RASs present at low frequency in clinical
isolates, 49 NS3 genes containing different patterns of RASs were synthesized and
cloned into the replicon vectors of the appropriate subtype (Table S1). Thirty-six of the
49 replicon constructs replicated well enough to enable VOX EC50 determination in the
transient-transfection susceptibility assay (Table 2). The fold change in EC50 (FC) was
calculated by comparison to the corresponding parental replicon containing the lab
strain NS3 protease region of the same subtype or a clone from the same patient.

The median FC values among the synthetic NS3 constructs with 2 (n � 15), 3 (n �

14), 4 (n � 5), or �4 (n � 2) RASs were 1.2-, 2.6-, 5.9-, and 2.4-fold, respectively. Eighteen
of them had an FC of �2.5 and only 2 had an FC of �20; all constructs with these
elevated FC belonged to subtype 1a. One of them had Q80K and D168Y (117-fold),
while the second had Q41H/F43L/Q80K/D168Y (233-fold) (Table 2). Four other con-
structs also had D168Y but had an FC of �1.0 (Y56F/D168Y in subtype 1b, L36M/F43L/
G80W/R122L/R155M/D168Y/L175I in 2b, and F43S/Q80K/D168Y in 4a, lab strain or
patient clone).

VOX susceptibility of a panel of replicons with engineered NS3 RASs. A panel
of 344 NS3 mutants, including 233 single, 86 double, and 25 triple mutants was
generated by site-directed mutagenesis in replicons derived from GT 1 to 6. Of the 344
mutants, 284 mutants replicated well enough to enable susceptibility determination,
including 189 single, 73 double, and 22 triple mutants. Most (172 of 189, 91.0%) of the
single mutants demonstrated �2.5-fold (133 of 189, 70.4%) or 2.5- to 20-fold (39 of 189,
20.6%) reductions in VOX susceptibility (Table 3). Patterns of RASs that conferred 20- to
100-fold reduction in EC50 included R155W, D168K, L, or R in GT 1 and some combi-
nations of 2 RASs, including D168A, E, or H in subtypes 5a and 6a (Table 3). Combina-
tions of RASs that conferred a �100-fold reduction in EC50 included A156L, T, or V in
multiple subtypes or Y56H/Q168R in subtype 3a (see Table S5 and S6 in the supple-
mental material).

TABLE 1 Patient-derived NS3 samples with RAS at positions 155, 156, or 168

Subtype RAS(s) (%)
Additional resistance-associated
polymorphisms (%)

VOX EC50 (nM)
(mean � SD)

1a V36L (�99), R155K (99.0) Q80N (�99) 3.3 � 1.1
1a Q80K (�99), R155K (�99) 2.0 � 0.03
1a V36M (�99), R155K (�99), I170V (57.9) 4.1 � 0.95
1a D168A (95.5), I170T (1.1), I170V (3.7) 2.7 � 0.94
1a Q80K (�99), R155K (84.4) 1.8 � 0.51
1a V36M (�99), R155K (�99) 5.2 � 0.10
1a R155K (�99) 0.30 � 0.08
1a Q80K (�99), D168E (�99) 0.71 � 0.25
1a T54S (�99), V55I (16.2), R155K (81.3) S122G (1.1) 0.60a

1a T54S (�99), V55I (94.4), R155K (98.1), A156G (�99) 19 � 0.66
1a Q80L (�99), D168E (57.4) 0.80 � 0.25
1a V55A (�99), Q80R (92.8), D168E (98.4), I170V (98.3) 1.4 � 0.15
1a Q80K (�99), D168E (51.4), I170V (�99) 4.1 � 0.84
1a S122R (�99), R155N (11.2), D168E (�99) 0.47 � 0.04
1a Q80K (�99), D168E (�99) 1.0 � 0.04
1a V36L (�99), Q80K (�99), D168A (�99) 11 � 0.63
1a V36L (�99), R155K (�99), I170V (�99) 0.67 � 0.13
1b Q80L (�99), D168V (�99) 0.45 � 0.19
1b Q80R (94.4), D168E (�99) 2.9 � 1.3
1b D168E (�99) V170I (�99) 1.0 � 0.04
1b F43L (1.3), Q80R (31.6), R155L (1.0), D168E (98.3) 1.4 � 0.26
4d R155Q (1.4), D168V (91.9) 0.58 � 0.19
6a Y56H (10.7), L80K (98.2), D168E (�99) 2.7 � 0.53
aEC50 value derived from a single experiment.

Voxilaprevir Susceptibility in GT 1– 6 HCV Journal of Clinical Microbiology

April 2019 Volume 57 Issue 4 e01844-18 jcm.asm.org 7

https://jcm.asm.org


The following substitutions, when introduced on their own, did not result in
significant reductions in VOX susceptibility (�2.5-fold change) in any subtype: 54A/C/
G/S, 55A/I/S, 56F, 80E/L/M/N/Q/R/T, 107I, 122A/C/F/G/I/N/P/S/T/V/Y, 132V, 155A/C/K/T,
156G, 158A/I, 166S, 168G/S, and 170F/I/L/T/V. Substitutions at positions 36 (A/D/G/I/L/
M), 41 (H/K/L/R/V), 43 (L/S/V), 56 (H), 80 (K), 155 (G/W), 122 (D), 156 (S), 168 (A/H/I/T/
V/Y), 170 (A), and 175 (M) conferred �20-fold reduced susceptibility to VOX. Substitu-

TABLE 2 Synthetic constructs with NS3 RAS observed in patient samples

Subtype Backbone RAS(s) detected by deep sequencing (%) NS3 SDM in construct
VOX EC50-fold change
(mean � SD)

1a H77 R155K (65.7), I170V (�99) R155K/I170V 1.2 � 0.3
1a H77 Q41K (1.5), Q80K (�99) Q41K/Q80K 2.8 � 1.2
1a H77 F43L (1.1), Q80K (�99) F43L/Q80K 3.4 � 0.62
1a H77 S122G (�99), R155K (3.0) S122G/R155K 6.2 � 0.95
1a H77 Q80L (�99), D168E (57.4) Q80L/D168E 11 � 2.2
1a H77 Q80K (98.7), D168Y (1.3) Q80K/D168Y 117 � 13
1a H77 V55A (�99), D168E (3.6), I170V (1.5) V55A/D168E/I170V 1.5 � 0.25
1a H77 Q41H (1.2), Q80K (�99), S122N (13.%) Q41H/Q80K/S122N 1.9 � 0.33
1a H77 Q41H (10.1), Q80K (�99), S122G (4.9) Q41H/Q80K/S122G 2.0 � 0.78
1a H77 V36M (�99), R155K (�99), I170V (57.9) V36M/R155K/I170V 3.6 � 0.53
1a H77 S122G (3.0), R155K (29.2), I170V (65.6) S122G/R155K/I170V 5.2 � 0.94
1a H77 T54S (86.8), V55I (87.3), Q80L (85.8) T54S/V55I/Q80L 7.0 � 1.5
1a H77 Q80K (�99), D168E (51.4), I170V (�99) Q80K/D168E/I170V 8.0 � 3.4
1a H77 S122R (�99), R155N (11.2), D168E (�99) S122R/R155N/D168E 11 � 0.09
1a H77 T54S (�99), Y56H (1.6), I170V (�99) T54S/Y56H/I170V 11 � 2.2
1a H77 T54S (29.5), V55A (3.6), Q80R (2.0), I170V (1.2) T54S/V55A/Q80R/I170V 1.3 � 0.04
1a H77 V55A (�99), Q80R (92.8), D168E (98.4), I170V (98.3) V55A/Q80R/D168E/I170V 4.9 � 0.06
1a H77 T54S (�99), V55I (16.2), S122G (1.1), R155K (81.3) T54S/V55I/S122G/R155K 5.9 � 0.45
1a H77 T54S (�99), S122G (1.3), R155K (�99), I170V (1.1) T54S/S122G/R155K/I170V 9.2 � 3.2
1a H77 Q41K (2.5), F43L (1.3), Q80K (98.9), D168Y (1.7) Q41K/F43L/Q80K/D168Y 233 � 66
1a H77 T54S (�99), V55I (64.0), S122G (3.2), R155K (37.6), I170V (7.3) T54S/V55I/S122G/R155K/I170V 4.1 � 0.95
1b Con1 D168N (1.0), V170I (�99) D168N/V170I 0.7 � 0.01
1b Con1 Y56F (�99), D168Y (1.2) Y56F/D168Y 0.8 � 0.03
1b Con1 Y56F (�99), Q80R (87.9) Y56F/Q80R 1.1 � 0.41
1b Con1 Y56F (�99), V170I (95.9), V170T (2.1) Y56F/V170T 1.1 � 0.09
1b Con1 Y56F (�99), V170I (95.9), V170T (2.1) Y56F/V170I 1.6 � 0.48
1b Con1 Y56F (�99), S122N (1.0) Y56F/S122N 3.4 � 0.62
1b Con1 Y56F (98.9), S122N (71.1), S122T (28.1), V170I (�99) Y56F/S122T/V170I 1.7 � 0.02
1b Con1 Y56F (98.9), S122N (71.1), S122T (28.1), V170I (�99) Y56F/S122N/V170I 3.3 � 0.36
2b MD2b-1 Y56F (�99), R122G (1.4) Y56F/R122G 0.9 � 0.41
2b MD2b-1 L36M (1.6), F43L (3.1), G80V (1.9), G80W (2.1), R122L (1.5),

R155M (2.3), R155S (2.1), D168Y (7.4), L175I (2.4)
L36M/F43L/G80W/R122L/R155M/

D168Y/L175I
0.8 � 0.07

4a Patient F43S (1.7), Q80K (1.0), D168Y (1.1) F43S/Q80K/D168Y 1.0 � 0.06
4d Patient R155Q (1.4), D168V (91.9) R155Q/D168V 1.0 � 0.38
6a Patient L80K (98.2), D168E (�99) L80K/D168E 1.1a

6a Patient V55A (1.1), L80K (�99), S122N (98.5) V55A/L80K/S122N 2.0 � 0.04
aEC50 value derived from a single experiment.

TABLE 3 Levels of resistance conferred by GT 1 NS3 single mutants

Subtype Mutant by fold-change category:

<2.5 2.5–20 20–100 >100

1a V36A/I/L/M, Q41H/K/L, F43L, T54A/C/G/S, V55A/I, Y56F/H, Q80K/L/M/N/R,
V107I, S122A/C/G/N/P/R/T/V, I132V, R155A/K/T, A156G/S,
V158A/I, A166S, D168E/G/H/N/S/Y, I170F/T/V, L175M

V36G, Q41R, F43S, R155G,
D168A/F/I/T/V

R155W, D168K/L/R A156L/T

1b V36I/A/S, V55A, Y56F, Q80K/L/M/R, V107I, S122G/N/T, R155K, V158I, A166S,
D168A/E/G, V170I/T, M175L

V36A/M, S122D, A156S,
D168V/Y, V170A

R155W A156T/V

2a L36M, Q41V, V55S, Y56F, G80E/T, K122I/R/T, A156G, A166S, D168E/K/S/V F43V A156T A156L/V
2b V55I, Y56F, A166S, D168Y None None None
3a K26R, Q41R, T54A, Q80R, S122A/C/F/T/Y, R155K, Q168H/K/R, V170I Q41K, Q80K, L175M None A156T/V
4a Q41H, T54S, T122A/N/S/V, R155C/K, A166S, D168K, V170I/L Q41R, D168E/T/V None A156L/T/V
5a T122A/G/V, A166S, D168E/V, I170V D168A/H/K/R/Y None None
6a V36A, V55A, L80K/L/Q/R, S122A/D/G/N/T, D168E/V/Y, I170V Q41K, Q41R, Y56H,

D168A, D168H
None None

Han et al. Journal of Clinical Microbiology

April 2019 Volume 57 Issue 4 e01844-18 jcm.asm.org 8

https://jcm.asm.org


tions at positions 155 (W), 156 (T), and 168 (K/L/R) conferred 20- to 100-fold reduced
susceptibility to VOX in some subtype backbones. Lastly, variants with RASs at position
156 (A156L/T/V) demonstrated �100-fold reduced susceptibility to VOX (Table 3). Of
the 13 mutants with �100-fold reductions in susceptibility, 12 contained A156L, T, or
V in subtypes 1a, 1b, 2a, 3a, or 4a; the remaining one had Y56H/Q168R in subtype 3a.
These replicons had replication capacity ranging from 0.4% to 53% in genotypes 1, 2,
and 3 (Table S5).

Susceptibility of replicons with NS3 RASs to other classes of DAA. Subtype 1a
and 1b replicons bearing NS3 RASs at positions 36, 43, 54, 55, 80, 122, 155, 156, or 168
were tested for cross-resistance to the nucleoside NS5B inhibitor SOF and the NS5A
inhibitors LDV and VEL. Nine of the 38 RASs tested had VOX EC50 FC of �2.5 and 3 had
VOX EC50 FC of �10. No cross-resistance (FC, �1.5) was observed for SOF, LDV, or VEL
(see Table S7 in the supplemental material).

DISCUSSION

This study describes the in vitro VOX susceptibility of replicons successfully con-
structed from NS3 protease regions from 332 patients and 284 engineered mutant
replicons as measured in transient-transfection assays. Samples tested covered 6 GTs
and 29 subtypes of HCV and over 50 RASs in various combinations. To test all these
samples, four replicon vectors were engineered. NS3 protease regions derived from
clinical isolates with subtype 1a, 1b, 3a, 3b, 5a, and multiple subtypes of GT 4 and 6
(other than 6a) were compatible with the GT 1b replicon, while NS3 protease regions
derived from clinical samples with subtype 2a, 2b, and 6a required the use of subtype-
matched replicon vectors. VOX demonstrated potent (EC50, �10 nM) antiviral activity
across a diverse range of NS3 RAS and HCV clinical isolates, including those with
multiple RASs and patients previously treated with a PI.

Susceptibility of replicons containing NS3 from three PI-experienced patients (two
with subtype 1a, 1 with subtype 3a) demonstrated relatively high VOX EC50 (�10 nM).
In addition, synthetic constructs based on RASs observed in two other subtype 1a
patients at low frequency also had elevated VOX EC50. Each NS3 protease region had
a different complement of RASs, and only Q80K and D168Y were represented more
than once. One sequence had both R155K and A156G, both of which are at positions
that can have strong effects on susceptibility to other PIs. However, neither RAS, when
introduced in isolation in a subtype 1a replicon, caused significant reduction in VOX
susceptibility (FC, �1.5). Similarly, D168A or Y imparted no to small effects (FC, �4)
except in a subtype 5a backbone (8.1- to 13.5-fold). The subtype 3a sample from a
PI-experienced patient with an isolated Q80K had a relatively elevated EC50 (21.5 nM).
The analogous substitution L80K was present in all subtype 6a samples, most of which
had VOX EC50 values in the 1 to 10 nM range. The site-directed mutant containing this
RAS in the subtype 6a replicon did not display reduced VOX susceptibility compared
with the parental replicon (fold change, 0.5). When present as the only RAS in GT 1
patient samples or site-directed mutant replicons, Q80K was not associated with
elevated EC50 (�1 nM; FC, �1.0). The Q80K RAS in subtype 3a had a modest (3.5-fold)
impact on VOX susceptibility. Taken together, these results indicate a high context-
dependence (i.e., influenced strongly by both subtype and presence of other RASs) of
the effect of particular RAS on VOX susceptibility. This conclusion is consistent with
previous studies of the effect of various RASs on in vitro susceptibility to VOX (15) and
other DAAs (52, 53).

Phase 3 clinical trials of coformulated SOF-VEL-VOX demonstrated high rates of SVR
(96% to 98%) among patients who were previously treated with DAA regimens,
including PIs (14, 36). Among the small number of patients who failed treatment,
emergence of resistance was uncommon and none of the virologic failures had
emergent NS3 RASs, including the substitutions at position 156 shown here to have
large effects on VOX susceptibility. No RAS or combination of RASs present before
treatment was associated with reduced SVR rates, nor was the detection of RASs known
to confer up to 100-fold resistance in vitro (54). As expected, we found no impact of NS3
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RASs, including several with detectable impact on NS3 susceptibility to VOX, on
susceptibility to SOF, VEL, or LDV.

In summary, our studies demonstrate potent antiviral activity of VOX in a collection
of 332 HCV GT 1 through 6 clinical samples from DAA-naive and -experienced patients
treated in the SOF-VEL-VOX phase 3 program, 36 synthesized NS3 genes, and 284
RAS-containing replicons, many of which are known to display large reductions in
susceptibility to other PIs. VOX susceptibility among PI-experienced patient isolates was
only 5-fold higher on average than that of PI-naive patient isolates. No cross-resistance
of NS3 RASs to LDV, VEL, or SOF was observed. The results of this study are consistent
with the resistance analyses of the SOF-VEL-VOX phase 3 clinical program, which
demonstrated that the regimen has a high barrier to development of DAA resistance
and good efficacy without regard to the presence of NS3 RAS (54, 55).
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