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GS-5885 is a novel hepatitis C virus (HCV) NS5A inhibitor. In a 3-day monotherapy study in treatment-naive genotype 1a
(GT1a) and GT1b HCV-infected subjects, median viral load reductions ranged from 2.3 to 3.3 log10 HCV RNA IU/ml across dos-
ing cohorts (1, 3, 10, 30, or 90 mg once daily). Here, we report viral sequencing and phenotypic analysis of clinical isolates from
this study. Detection of baseline NS5A amino acid substitutions at positions 28, 30, 31, or 93 in GT1a was associated with a re-
duced treatment response. In the GT1b cohort, Y93H was detected in 100% of subjects at day 4 or 14. In the Gt1a cohort, popula-
tion sequencing detected NS5A resistance-associated mutations at day 4 or 14 for 3/10 subjects at the 1-mg dose and for all sub-
jects dosed at >3 mg. A subset of mutants that confer a low level of reduced susceptibility to GS-5885 was not detected by
population sequencing at the 30- and 90-mg doses. Subject-derived M28T, Q30R, L31M, and Y93C mutations all conferred >30-
fold reductions in GS-5885 and daclatasvir susceptibilities in vitro. Site-directed NS5A mutants also showed reduced susceptibil-
ity to GS-5885. However, all NS5A mutants tested remained fully susceptible to other classes of direct-acting antivirals (DAAs),
interferon alpha, and ribavirin. Importantly, the nonoverlapping resistance profile and high potency of GS-5885 support its fur-
ther development with other direct-acting antivirals for the treatment of chronic HCV. (This study has been registered at Clini-
calTrials.gov under registration number NCT01193478.)

Hepatitis C virus (HCV) infection is a global health issue, with
approximately 170 million people infected worldwide (1).

The standard of care (SOC) has been pegylated alpha interferon
and ribavirin until the more recent approval of two NS3 protease
inhibitors, telaprevir and boceprevir, for use in conjunction with
pegylated alpha interferon and ribavirin (1–3). The last several
years have seen a great expansion of new direct-acting antivirals
(DAAs) in clinical development to augment or supplant treatment
with pegylated alpha interferon and ribavirin. HCV nonstructural
protein 5A (NS5A) has emerged as a viable and attractive viral
target for small-molecule inhibition. Although there is no known
enzymatic activity for NS5A, it is essential for viral replication (4).
The first NS5A replication complex inhibitor to show efficacy in
the clinic was daclatasvir (BMS-790052) (5). This compound elic-
ited rapid and profound reductions in HCV RNA and validated
NS5A as a clinical target. Sequence analysis of clinical isolates fol-
lowing daclatasvir monotherapy identified the main resistance-
associated mutations (RAMs) at NS5A amino acid positions 28,
30, 31, and 93 (6).

In addition to daclatasvir, several other NS5A replication com-
plex inhibitors have entered the clinic, including GS-5885, PPI-
461, ABT-267, and GSK2336805 (7–10). In addition, preclinical
data have recently been described for several other NS5A replica-
tion complex inhibitors, including EDP-239, IDX719, MK-4882,
ITMN-9959, and ACH-3102 (11–15), highlighting the increased
focus on this class of HCV DAAs.

GS-5885 is a novel NS5A replication complex inhibitor with
50% effective concentrations (EC50s) of 4 and 34 pM against ge-
notype 1b (GT1b) and GT1a replicons, respectively (7). Through
in vitro resistance selection experiments, GS-5885 selected NS5A
Q30E and Y93H substitutions in GT1a and Y93H in GT1b; these
mutations conferred high levels of reduced susceptibility to GS-
5885 (16). A multiple-ascending-dose study was conducted in

which GT1a HCV chronically infected, treatment-naive subjects
were treated with GS-5885 for 3 days with 1, 3, 10, 30, or 90 mg
once a day. An additional cohort of GT1b HCV-infected subjects
treated with 10 mg of GS-5885 once a day was also assessed. In
these subjects GS-5885 treatment resulted in median maximal re-
ductions in HCV RNA ranging from 2.3 to 3.3 log10 IU/ml. This
study describes the emergence of NS5A RAMs following 3-day
GS-5885 monotherapy and the impact of baseline resistance vari-
ants, detected by population or deep sequencing of NS5A, on the
clinical response. Our results support the further development of
GS-5885 in combination with other DAAs with distinct mecha-
nisms of action for the treatment of GT1 chronic HCV infection.

MATERIALS AND METHODS
Compounds. The structures of the HCV NS5A inhibitor GS-5885 (John
O. Link, James G. Taylor, Lianhong Xu, Michael Mitchell, Hongyan Guo,
Hongtao Liu, Darryl Kato, Thorsten Kirschberg, Jianyu Sun, Neil Squires,
Jay Parrish, Terry Keller, Zheng-Yu Yang, Chris Yang, Mike Matles, Yujin
Wang, Kelly Wang, Guofeng Cheng, Yang Tian, Erik Mogalian, Elsa Mon-
dou, Melanie Cornpropst, Jason Perry, and Manoj C. Desai, submitted for
publication), sofosbuvir (GS-7977) (18), GS-9451 (19), GS-9256 (20),
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tegobuvir (GS-9190) (21), and daclatasvir (BMS-790052) (5) have been
previously described. All compounds were synthesized at Gilead Sciences,
Inc.

Study design. Samples from this study were collected from a phase 1,
multicenter, randomized, double-blind, placebo-controlled, dose-escala-
tion study that included six cohorts: five cohorts included only subjects
with GT1a HCV infection, and one cohort included subjects with only
GT1b HCV infection (the study was registered at ClinicalTrials.gov under
registration number NCT01193478). Doses of GS-5885 in individual co-
horts were as follows: 1 mg, 3 mg, 10 mg (two cohorts, GT1a and -1b), 30
mg, and 90 mg. Each cohort had 12 subjects, 10 randomly assigned to
active drug and 2 assigned to placebo. Because GS-5885 has a slightly more
favorable in vitro resistance profile and potency in GT1b than in GT1a,
this dose escalation study has focused on GT1a with only a 10-mg dose of
GS-5885 to confirm the GT1b activity. The study protocol was approved
by the institutional review boards or independent ethics committees at the
participating sites prior to study initiation and was performed in accor-
dance with Good Clinical Practice guidelines outlined by the Interna-
tional Conference on Harmonization. A more detailed description of the
clinical study was previously described (7).

Viral sequencing. Population sequencing of the HCV NS5A coding
region was performed for all subjects at baseline (day 1 prior to dosing),
on day 4, and on day 14, provided the HCV RNA level was greater than
1,000 IU/ml. All RNA isolations, amplifications by reverse transcription-
PCR (RT-PCR), population sequencing, and deep sequencing were per-
formed at Virco DBA (Virco, Belgium). Up to 1 ml of subject plasma
sample was processed to isolate RNA. The full-length NS5A coding region
was amplified in a nested PCR using genotype-specific primers. The pools
of the PCR products were population sequenced using standard fluores-
cent dideoxy nucleotide sequencing methodology.

Deep sequencing was performed at baseline for the five subjects dosed
at �3 mg of GS-5885 with less than a maximal 2.5-log10 reduction in HCV
RNA IU/ml. The full-length NS5A coding region was amplified in a nested
PCR using the same primers as for population sequencing. To maximize
the number of input templates and to minimize variation due to PCR
drift, each subject RNA sample was divided into seven aliquots, and seven
parallel RT-PCRs were performed. The pool of PCR products was frag-
mented into smaller fragments (150 to 550 bp in length) that were pooled
as equimolar concentrations and sequenced on a GS-FLX instrument ac-
cording to the manufacturer’s sequencing protocol (454 Life Sciences,
Branford, CT).

For clonal sequencing of GT1a subjects dosed at �3 mg of GS-5885,
day 4 amplicons from the population sequencing reactions were used as
templates in amplification reaction mixtures with primers designed to
amplify the first 444 bp of NS5A to ensure sufficient cloning efficiency and
the maximal coverage of the diversity. The amplicons were cloned into the
pCR4-TOPO vector (Invitrogen, Carlsbad, CA) according to the manu-
facturer’s protocol and transformed into Escherichia coli, and individual
clones were sequenced using T7 and T3 primers flanking the insertion site
via a standard fluorescent dideoxy nucleotide sequencing methodology.

NS5A population sequences were aligned against respective subtype
references (GT1a strain H77 [1a-H77], AF009606; GT1b strain Con1 [1b-
Con1], AJ238799) to identify differences between subject and reference
amino acid sequences. Analyses of the emerging amino acid changes at
day 4 and day 14 compared to day 1 (baseline) were conducted and re-
ported.

To analyze deep-sequencing data generated using the 454/Roche se-
quencing technology, a database-driven software package called DB454
was developed. The DB454 software was built using the Perl programming
language and an Oracle 10g database and interfaced with the PyroMap
sequence alignment tool (http://hivdb.stanford.edu/pages/resources
.html). To eliminate the errors produced by the 454/Roche sequencing
technology, algorithms were employed to exclude sequence reads with
low-quality scores, homopolymer-related errors, or characteristics of
primer-dimer formation. Sequence reads containing an ambiguous base

call (N), any base with a quality score of �10, an average quality score of
�25 across all bases, or a sequence length of �150 bp were excluded from
the analysis. Sequence reads for HCV GT1a and GT1b plasmid controls
were aligned to strain H77 (AF009606) and strain Con1 (AJ238799), re-
spectively. For clinical samples, all sequence reads were aligned to the
sample’s baseline pretreatment sequence generated using standard popu-
lation-based sequencing methods. After alignment, sequence positions
with coverage of �100 reads were considered for mutation analysis. Any
amino acid changes present in clinical samples in more than two reads
were included in the results.

In vitro phenotypic and cross-resistance analysis. An NS5A shuttle
vector was created to phenotype clinical isolates of NS5A (see Fig. S1 in the
supplemental material). To facilitate cloning of the NS5A gene from sub-
ject isolates, a silent AseI site was introduced 9 amino acids upstream from
the start of the NS5A coding region. This was accomplished using site-
directed mutagenesis wherein one nucleic acid base at the third position
was altered but the coding amino acid was not changed. AseI was used as
a 5= cloning site for NS5A in the 1b-PI-RLuc replicon. A unique BclI site
located 11 amino acids into the NS5B coding region was used as a 3=
cloning site. To generate a replication-defective parental vector, an EcoRI
site was introduced 1,122 bp upstream from the 3= end of the NS5A coding
region. An endogenous EcoRI site is located in NS5A 441 bp downstream
from the 5= start of the NS5A coding region. The fragment between the
two EcoRI sites was then excised, and the vector was religated to create a
deletion within NS5A which rendered the replicon replication defective.
Fragments containing NS5A coding amino acids at position �9 to �11
from each end of the NS5A coding regions were amplified from subject
plasma samples using primers containing an AseI or BclI site. The subject
isolate amplicons were digested with AseI and BclI and cloned in frame
into the similarly digested NS5A shuttle vector. Successful cloning of a
subject isolate restored replication competency to the NS5A shuttle vec-
tor. PCR products generated for NS5A sequencing by Janssen Diagnostics
BVBA were used as templates in nested PCRs to generate gene cassettes
encoding cloning sites at both ends. For HCV GT1a samples, the NS5A
coding region was amplified using the forward primer 1a-5A-SV-F (5=-
CAT TGG ATT AAT TCG GAG TGT ACC-3=) and the reverse primer
1a-5A-SV-R (5=-CAC GGG GTG ATC AGT GCG CCT GT-3=). For HCV
GT1b samples, the forward primer 1b-5A-SV-F (5=-CCA GTG GAT TAA
TGA GGA CTG CTC CA-3=) and the reverse primer 1b-5A-SV-R (5=-
ATG GCG TGA TCA GGG CGC CTG TCC AT-3=) were used. Replicon
RNA was transfected into Huh7-lunet cells according to previously de-
scribed methods (22). Cell suspensions were seeded in 96-well plates at
10,000 cells/well and allowed to attach overnight. For EC50 determina-
tions, compounds were serially diluted in 100% dimethyl sulfoxide
(DMSO) and then added to the cells at a 1:200 dilution, achieving final
concentrations of 0.5% DMSO and total volumes of 200 �l. Cells were
cultured for 3 days at 37°C, after which Renilla luciferase activity was
measured using a Renilla luciferase assay system (Promega, Madison, WI)
with a Victor Luminometer (PerkinElmer, Waltham, MA).

NS5A resistance-associated mutants are defined as having amino acid
substitutions at specific residues in the NS5A coding region that are dif-
ferent from those of the comparator 1a-H77 or 1b-Con1 reference se-
quences at specific residues. These residues are at amino acid positions 24,
30, 31, 58, 62, and 93 of the NS5A coding region. Site-directed mutants
were created by gene synthesis (Genscript, Piscataway, NJ), followed by
subcloning the mutant cassettes into the 1a-H77 replicon with flanking
restriction sites.

RESULTS
Clinical response and detection of resistance mutants. Three-
day monotherapy with GS-5885 produced rapid declines in HCV
RNA levels with median maximal reductions of �3 log10 IU/ml
for all dosing cohorts except those receiving 1 mg of GS-5885 (Fig.
1) (7). In the absence of a baseline RAM, emergence of a resistance
mutation was detected in all subjects dosed at �1 mg of GS-5885
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with successful day 4 NS5A sequence data. Individual HCV RNA
levels over time are depicted in Fig. S2 in the supplemental mate-
rial for each subject.

Characterization of NS5A sequence at baseline. Viral popu-
lation sequencing was performed on all baseline subject samples
(day 1 prior to dosing). Subjects in the 3-, 10-, 30-, or 90-mg
cohort were examined for the presence of NS5A amino acid
changes previously identified as being associated with reduced
susceptibility to GS-5885 (Table 1). Eight of 62 subjects random-
ized to receive 3, 10, 30, or 90 mg of GS-5885 or placebo had NS5A
RAMs at baseline, as detected by population or deep sequencing
(Table 1 and Fig. 1). The L31M variant was the most prevalent,
observed in 4/8 subjects (two GT 1a and two GT 1b) with RAMs
detected at baseline. Of the other four subjects with baseline
RAMs, one had a Q30E/Q mixture (GT1a) by population se-
quencing, another had a mixture of K24K/R by population se-
quencing, and the other two had either 12% Y93C (GT1a) or 1.3%
Y93H (GT1b) detected by deep sequencing. Among these eight
subjects, six (four GT1a and two GT1b) received GS-5885, and
two received placebo. All six subjects that received GS-5885

monotherapy had smaller decreases in viral load than the rest of
the cohort, but two GT1b subjects with the L31M variant or 1.3%
Y93H still demonstrated �2-log10 decreases in HCV RNA levels
after receiving 10 mg of GS-5885 (Table 1 and Fig. 1).

Population sequencing of NS5A following 3 days of GS-5885
monotherapy. Population sequencing of the NS5A coding region
in GT1a-infected subjects at days 4 (approximately 24 h after the
last dose of GS-5885) and 14 revealed complex mixtures of treat-
ment-emergent NS5A RAMs (Table 2; see also Table S1 in the
supplemental material). Three of 10 subjects dosed with 1 mg of
GS-5885 had detectable RAMs at position 30 or 31 at day 4 or 14.
One subject in the 1-mg cohort showed a loss of A25A/T from the
day 4 to day 14 time point. One other subject in this cohort with-
out a RAM detected at day 4 developed a Q30Q/R mutant mixture
at day 14. No change was detected for the remaining seven subjects
at day 4 or 14.

In contrast, emergent RAMs were detected in 100% of subjects
dosed with �3 mg of GS-5885 with available day 4 population
sequencing (Table 2). HCV variant A25T, M28T, or Q30H was
not detected in any GT1a subject receiving the highest doses of
GS-5885 (30 or 90 mg). The most common mutation detected at
day 4 was Q30R (57.9%), followed by L31M (34.2%).

The major RAM detected at day 4 in subjects infected with
GT1b HCV was Y93H. At day 4, 6/10 subjects receiving active
drug were successfully sequenced, and all six of these subjects har-
bored the Y93H mutation. All 10 subjects infected with GT1b
HCV, who received 10 mg of GS-5885, harbored Y93H following
treatment (Table 2), consistent with Y93H being the primary GS-
5885 resistance mutation selected in the GT1b replicon (data not
shown).

Clonal sequencing of day 4 GT1a NS5A clinical isolates. Pop-
ulation sequencing of NS5A following GS-5885 monotherapy of-
ten showed multiple mutations in a subject plasma sample (Table
2), yet their relative frequency with one another and their presence
on the same genome of viral RNA cannot be resolved by this se-
quencing method. To determine the frequency of individual mu-
tants and to assess the linkage of these mutations in a given sam-
ple, the day 4 samples with population sequence data were also
analyzed by clonal sequencing for GT1a subjects dosed at �3 mg
of GS-5885. Approximately 30 clones per sample were sequenced
for every subject with available amplicons from the population-
sequencing reactions. Subjects with RAMs identified by popula-

FIG 1 Maximal reduction in HCV RNA log10 IU/ml by cohort. The maximal
change from baseline in HCV RNA is plotted for each individual subject re-
ceiving active GS-5885 in study GS-US-256-0102 (median indicated). NS5A
was population sequenced for all subjects at baseline. Resistance-associated
mutations detected at baseline by population sequencing are labeled and en-
closed by a square. Circled subjects had resistance-associated mutations de-
tected as minority variants by deep sequencing at baseline but not detected by
population sequencing. The percentage of resistance variants present at base-
line is indicated for the circled patients.

TABLE 1 Drug resistance mutations detected at baseline by population sequencing

Subject GT Dose (mg)a Sequencing method Baseline RAM(s)b

Max VL reduction
(log10 HCV RNA IU/ml)
in:c

Subject Cohort

AS 1b 10 Population L31M 2.09 3.31
X 1a 30 Population K24K/R 2.64 3.01
AC 1a 30 Population Q30E/Q 0.88 3.01
BM 1a 90 Population L31M 0.16 3.01
Q 1a 10 454 Y93C (12%) 1.60 3.09
AU 1b 10 454 Y93H (1.3%) 2.28 3.31
AZ 1a PBO Population L31L/M 0.25 0.03
BH 1b PBO Population L31M 0.15 0.03
a PBO, placebo.
b Resistance-associated mutations (RAMs) are defined as any substitution occurring at NS5A amino acid positions 24, 25, 28, 30, 31, 58, 62, and 93.
c Max, maximum; VL, viral load.
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tion sequencing at baseline were excluded from this analysis since
the RAM frequencies following therapy were reflective of the com-
bination of the preexisting and newly selected RAMs. Conse-
quently, 35 subjects remained for determination of day 4 clonal
mutant frequencies, for a total of 1,053 clones analyzed. The per-
centage of wild-type variants, defined as having no substitutions at
NS5A positions 24, 25, 28, 30, 31, 58, 62, and 93 compared to the
1a-H77 NS5A sequence, declined as the dose increased. A similar
trend was observed for variants having either a K24E, -G, -N, or -R
substitution, as well as the M28T and L31M mutations. The fre-
quency of Q30H mutations in clonal sequencing analysis rose
slightly when doses increased from 3 to 10 mg but declined at the
30- and 90-mg doses (Fig. 2).

The Q30R variant was the most frequent GT1a RAM detected
by clonal sequencing. Its frequency increased over the 3- to 30-mg
dosing cohorts, peaking at 89% of clones sequenced from the
30-mg cohort, and declined slightly to 75% of clones sequenced
from the 90-mg cohort. In contrast, the Y93C variant was present
at lower overall frequencies, ranging from 0.9% to 3.4% over the

3-, 10-, and 30-mg cohorts, and increased to 6.8% of clones in
subjects dosed at 90 mg.

Linkage of RAMs was also determined at day 4 by clonal se-
quencing. The double mutants were observed in only 13 out of 35
subjects. Among the 13 subjects with double mutants, the fre-
quencies of double mutants were lower than those of single mu-
tants in every subject and ranged from 3% to 13% of clones (one to
four clones). The identities of these double mutations were vari-
able, but among them, the most frequent double mutant detected
was the combination of Q30R and Y93C detected at 1.8% (18/
1,053).

Phenotypic analysis of clinical isolates. To assess the impact
of the identified RAMs on GS-5885 susceptibility, phenotypic
analysis of clinical isolates was performed by cloning pools of full-
length NS5A baseline and day 4 amplicons into an NS5A shuttle
vector (see Fig. S1 in the supplemental material), transfecting into
Huh7-lunet cells, and determining the GS-5885 EC50. Approxi-
mately 85% of the recombinant replicons replicated in vitro at
levels sufficient for phenotypic analysis. Table 3 shows the baseline

TABLE 2 Frequency and spectrum of resistance-associated mutations in all subjects receiving active drug at day 4

NS5A mutation(s)

No. of subjects with GS-5885 RAMs at day 4 by cohort and dosea

GT1a

GT1b (10 mg [n � 6])1 mg (n � 10) 3 mg (n � 10) 10 mg (n � 8) 30 mg (n � 8) 90 mg (n � 9)

K24E/K 1 (�2.6)
A25A/T 1 (�0.7)
M28M/T 1 (�3.4)
Q30Q/R 1 (�3.2) 1 (�2.9) 1 (�3.6) 2 (�3.7, �2.7)
Q30H/Q/R 3 (�3.1 to �3.3) 1 (�3.2)
E/Q30E 1 (�0.9)c

L31M 2 (�1.5, �3.0)b

L31L/M 1 (�3.2) 1 (�2.2)
Y93C 1 (�1.6)
Y93H 2 (�2.3, �3.2)
Y93H/Y 1 (�3.1) 1 (�3.5)
K24K/N, Q30H/Q/R 1 (�3.0)
K24K/R, Q30Q/R 1 (�3.7)
K/R24R, L31L/M 1 (�2.6)
M28M/T, Q30Q/R 1 (�3.0)
Q30Q/R, L31L/M 1 (�3.1)
Q30H/Q, A92A/V 1 (�3.7)
Q30Q/R, H58D/H 1 (�3.6)
Q30Q/R, Y93C/Y 1 (�3.3) 2 (�3.6, �3.0)
Q30K/Q/R, Y93C/H/R/Y 1 (�3.6)
Q30E/G/Q/R, L31L/M 1 (�3.3)
L31M, Y93H 1 (�2.4)
L31L/M, H58H/P 1 (�2.8)
L31L/M, Y93C/Y 1 (�3.3)
L31L/M, Y93H/Y 1 (�2.7)
P/S58P, Y93H 1 (�4.1)
E/Q62E, Y93H 1 (�3.8)
M28M/T, Q30Q/R, L31L/M 1 (�3.2)
M28M/V, Q30Q/R, Y93C/Y 1 (�2.9)
L31M, H/P58P, D/E62D 1 (�2.4)
Q30Q/R, L31L/M, Y93C/Y 1 (�3.7)
Total (% of group) 3 (30) 10 (100) 8 (100) 8 (100) 9 (100) 6 (100)
a Change from baseline as determined by population sequencing. For each cohort, n is the number of subjects with available sequence data at day 4. The absence of data indicates
that the mutation(s) was not detected. Except as noted, values in parentheses represent the maximum log10 change in HCV RNA.
b One of these two subjects harbored L31M at baseline and on day 4.
c Harbored Q30E/Q at baseline.
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and day 4 EC50s for a group of subject isolates with RAMs identi-
fied at day 4. The day 4 resistance mutations and their frequencies
detected by clonal analysis are listed to more accurately describe
the composition of mutant pools being tested for each sample.
Even with a variety of RAM patterns, all of the day 4 samples
showed reduced susceptibility to GS-5885 compared to the pre-
treatment baseline sample. The fold change in day 4 GS-5885

EC50s from baseline varied from 20.4-fold to �12,500-fold (Table
3) among these subjects.

In GT1b subjects, the Y93H mutation was detected in all sub-
jects following 3-day 10-mg GS-5885 monotherapy. Several sub-
ject samples were unable to be analyzed by population sequencing
at day 4 due to low viral loads but were successful at day 14. Phe-
notyping of day 4 or 14 Y93H samples from three GT1b subjects

FIG 2 Clonal frequency of single-substitution resistance-associated mutations in genotype 1a-infected patients at day 4 dosed at �3 mg of GS-5885. TOPO TA
cloning and subsequent sequencing of inserts were performed from amplicons used in population-sequencing reactions. “Wildtype” indicates no mutations at
NS5A positions 24, 25, 28, 30, 31, 58, 62, and 93 compared to the 1a-H77 reference strain. K24E, K24N, and K24R mutations were combined into one category.
For all graphs, n � number of patients in the dosing cohort from which clonal sequences were derived.

TABLE 3 Phenotypic analysis of subject isolates

GT and
subject

Baseline
RAM Clonal NS5A variant(s) at day 4 (frequency)a

GS-5885 EC50 (nM)b Daclatasvir EC50 (nM)b

Baseline Day 4
Fold
change Baseline Day 4

Fold
change

1a
O WT (10%), M28T (3%), Q30H (23%), Q30R (53%),

L31M (3%), Y93C (7%)
0.002 0.071 35.5 0.008 �1.5 �196

I WT (44%), Q30R (31%), L31M (25%) 0.005 0.403 88 0.007 2.07 292
BJ Q30H (3%), Q30R (67%), Q30E (3%), H58D (3%),

Y93C (7%), Y93H (7%), Q30R�Y93C (10%)
0.017 4.3 355.6 0.003 0.8 267

L WT (13%), M28T (7%), Q30H (7%), Q30R (7%),
L31M (33%), Y93C (3%), Q30R�Y93C (10%)

0.004 �1.5 �375 0.005 �1.5 �288

BR Q30R (86%), L31M (4%), H58D (11%) 0.009 3.5 389 0.007 2.1 300
T WT (3%), Q30R (40%), L31M (3%), H58D (47%),

Q30R�H58D (7%)
0.006 0.52 87 0.003 0.49 163

BI Q30R (87%), Q30E (3%), K24R�Q30R (10%) 0.006 �50 �8,333 0.006 22.2 3700
BK Q30K (7%), Q30R (66%), Y93C (14%), Y93H (7%),

Q30R�Y93H (3%), Q30R�Y93C (3%)
0.004 �50 �12,500 0.004 �50 �12,500

Q 12% Y93C M28T (3%), Q30R (26%), L31M (7%), Y93C (52%),
M28V�Q30R (3%), M28T�Y93C (7%),
Q30R�Y93C (3%)

0.014 0.285 20.4 0.057 0.487 8.5

1b
AR Y93Hc 0.001 0.994 994 0.013 0.12 9.6

a Clonal variants were determined by deep sequencing.
b Fold change in the EC50 was calculated by dividing the day 4 EC50 by the baseline EC50.
c Genotype 1b sample, day 14 population sequencing EC50.
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showed shifts in the EC50s of �990-fold compared to baseline or,
in cases of unsuccessful baseline phenotyping, compared to wild-
type 1b-Con1 EC50s (Table 3). All successfully cloned subject
baseline EC50s (n � 2) were �2-fold different from the 1b-Con1
reference EC50.

Cross-resistance analysis of mutants versus other HCV in-
hibitors. To determine if NS5A mutations detected at day 4 con-
ferred reduced susceptibility to other HCV inhibitors, the EC50

was determined for baseline and day 4 subject isolates. Results are
shown in Table 3 indicating that emergent RAMs detected after
treatment with GS-5885 are cross-resistant to the NS5A inhibitor
daclatasvir (BMS-790052). However, no cross-resistance was ob-
served with these mutants when assayed against other classes of
DAAs such as protease inhibitors (PIs), nonnucleoside inhibitors
(NNIs), nucleoside inhibitors (NIs), interferon alpha, or ribavirin
(data not shown).

Phenotypic analysis of subject isolates in a replicon-based assay
has limitations due to the various contributions to the average
EC50 value when mixtures of mutants and/or wild-type species are
analyzed. To better assess the magnitude of reduced susceptibility
of specific GT1a mutations, a series of NS5A site-directed mutants
was created on the 1a-H77 replicon for phenotypic and cross-
resistance analyses (Table 4). These NS5A mutations were identi-
fied from the population sequencing of clinical samples and were
assessed for in vitro susceptibility to GS-5885, daclatasvir (Table
4), and other classes of antivirals (data not shown). With the ex-
ception of M28V, the EC50s for these mutants showed reduced
susceptibilities to GS-5885 and daclatasvir. No reduced suscepti-
bility to GS-7977 (NI), GS-9451 (PI), GS-9256 (PI), GS-910
(NNI), or ribavirin was detected with this panel of NS5A mutants
(data not shown).

DISCUSSION

These analyses were performed to identify HCV NS5A mutations
potentially associated with resistance to GS-5885 from a 3-day
monotherapy study and to correlate the effects of these mutations
with the antiviral response to GS-5885. This monotherapy clinical
trial provided a unique opportunity to examine GS-5885 resis-
tance mutations and clinical response without the confounding
effects of other antiviral agents.

In general, the majority of subjects from this study dosed at 3

mg or higher responded with �2.5-log10 reductions in their HCV
RNA levels. Retrospective sequencing identified baseline RAMs by
either population or deep sequencing in several subjects dosed
with �10 mg of GS-5885. This is a potential explanation for the
relatively low variability in maximal HCV RNA reduction ob-
served in subjects in the 3-mg cohort (Fig. 1). For the other co-
horts, subjects with the lower HCV RNA reductions harbored
baseline RAMs, with one exception. Among the subjects with
baseline RAMs, two subjects, one GT1a (subject Q) and one GT1b
(subject AU), harbored RAMs detected only by deep sequencing
and had maximal viral load drops of 1.9 log10 (12% Y93C variants
at baseline) and 2.3 log10 (1.3% Y93H) (see Fig. S2 in the supple-
mental material). Our data indicate that even a minority popula-
tion of resistance mutations present at 1.3% of the viral quasispe-
cies can result in a suboptimal clinical response in a monotherapy
study, provided that the resistance mutant has a high degree of
reduced susceptibility.

In contrast, one subject had a 2.2-log10 HCV RNA viral load
drop without a RAM detected at baseline. Drug exposure for this
subject was comparable to that of others in the dosing cohort (data
not shown); therefore, it is possible that this subject had baseline
RAMs below 1% of the deep-sequencing cutoff but slightly higher
than those of other subjects in the same cohort. Nevertheless, our
data indicate that the presence of baseline RAMs correlates with a
suboptimal response over a 3-day monotherapy study. Further
studies are needed to determine the impact of the NS5A baseline
RAMs on the treatment outcome in clinical trials investigating
combination therapies of GS-5885 with other classes of DAAs.
Whether there is a need for resistance testing (probably sequenc-
ing) in subjects being considered for therapy with an NS5A inhib-
itor would be dependent on the treatment outcome of the combi-
nation regimes in subjects with NS5A baseline RAMs.

Population sequencing of all GT1a subjects in this study at days
4 and 14 revealed that the mutation with the broadest representa-
tion across subjects and dosing cohorts is Q30R (7) (see Table S1
in the supplemental material) and was often detected with other
RAMs. The resolution of population sequencing does not allow
one to quantify the relative percentage of a particular mutation
with respect to others in a pool of sequences, nor does it provide
linkage information for mutations detected in the same sample.
To address this in GT1a, clonal sequencing of the first 444 bp of

TABLE 4 GS-5885 and daclatasvir EC50s and fold shifts to NS5A resistance-associated mutations

NS5A strain or
mutant

GS-5885 Daclatasvir

Mean EC50 � SD (nM)a EC50 fold changeb Mean EC50 � SD (nM)a EC50 fold changeb

1a-H77 0.051 � 0.044 1.0 0.023 � 0.017 1.0
M28V 0.078 � 0.011 0.6 � 0.08 0.02 � 0.001 1.1 � 0.13
M28T 1.801 � 0.77 61 � 8.2 8.85 � 2.0 390 � 125
Q30H 5.301 � 2.55 183 � 51 7.03 � 0.5 309 � 32.8
Q30R 12.42 � 10.44 632 � 176 5.73 � 0.2 252 � 15.1
Q30E 44.05 � 14.71 5,458 � 1,166 85.53 � 16.8 3,764 � 1,045
L31M 14.61 � 3.97 554 � 65 5.81 � 1.5 197 � 25
H58D 32.73 � 8.63 1,127 � 101 2.68 � 0.01 118 � 0.6
Y93C 48.72 � 10.22 1,602 � 372 12.28 � 2.4 540 � 149
Y93H 86.43 � 21.69 1,677 � 603 73.94 � 28.6 2,082 � 121
Y93N �500 �14,706 �500 �32,000
Q30R�Y93C 56.45 � 5.55 1,046 � 391 229.14 � 222.7 4,213 � 646
a The EC50 values and standard deviations (SD; n � 2) for site-directed mutants in a 1a-H77 replicon were determined for GS-5885 and daclatasvir.
b Fold change in EC50 is calculated relative to the baseline EC50.
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NS5A at day 4 was performed and showed that the single Q30R
mutation was the most frequent mutation, reaching a peak of
89.2% of clones sequenced at day 4 for the 30-mg dosing cohort.
This percentage dropped to 75.4% in the 90-mg cohort and likely
reflects increased drug pressure selecting for mutants with greater
reduced susceptibility. This is indeed what we observed as single
Y93C and Y93H mutant clones were detected at the highest fre-
quencies in the 90-mg cohort even though these frequencies were
still low (6.8% and 3.4%, respectively) compared to the frequency
of the Q30R mutant.

Clonal analysis of day 4 samples revealed an inverse relation-
ship of detection of substitutions at K24, M28T, Q30H, and L31M
with increasing GS-5885 dose (Fig. 2). In contrast, the Q30R and
Y93C/H clonal frequencies trended higher as the dose increased.
In general, mutations with lower fold shifts in EC50s were detected
more frequently at the lower doses while higher GS-5885 doses
increased the frequency of higher EC50 fold shift mutations such as
Y93 substitutions. Twenty-four hours after the third and final
dose (day 4, 72 h) the vast majority of sequences detected by clonal
analysis were single Q30R variants. Since Q30R is a common
emergent mutant following treatment with GS-5885 and daclatas-
vir, it would be desirable to identify new NS5A inhibitors which
are active against Q30R and other common RAMs.

Genetically linked double resistance mutations were detected
by clonal sequencing in 13/35 subjects. This frequency of double
mutants is much lower than for single mutants for every subject
(Table 5). Among the linked double mutants detected at day 4,
40.9% (18/44) of them were Q30R Y93C double mutants. The
observation of a much lower frequency of double mutants than
single mutants is consistent with the lower probability of two nu-
cleotide changes for double mutants than a single nucleotide
change for the single mutants. It is widely accepted that the two
required nucleotide changes pose a higher genetic barrier.

Phenotypic analysis of clinical isolates from this study showed
reduced susceptibility to GS-5885 following 3-day monotherapy.
In HCV GT1a, these samples generally consisted of mixtures of
resistance mutations at multiple sites as well as some remaining
wild-type variants, particularly for the subjects treated with �3
mg of GS-5885. In GT1b, phenotypic analysis showed reduced
susceptibility of clinical isolates containing the Y93H mutation,
consistent with an EC50 of 5.3 nM (1,319-fold shift in EC50 versus
1b-Con1) for a site-directed Y93H mutant (7). The magnitude of
reduced susceptibility among GT1b Y93H mutants likely varies in
the context of the clinical isolate sequence as well as the presence
of a mixture of quasispecies in the analysis. However, the extent to
which Y93H would be suppressed at 30 or 90 mg of GS-5885 is yet
to be determined in GT1b HCV infections because GS-5885 was
tested only at 10 mg in this subject population.

Evaluation of clinical isolates with RAMs showed cross-resis-
tance to the NS5A replication complex inhibitor daclatasvir.
These data are consistent with the resistance profile previously
reported for daclatasvir (5, 23). However, no cross-resistance was
observed when the same isolates were assayed against DAAs tar-
geting the NS3 protease or NS5B polymerase. Furthermore, these
isolates remained sensitive to alpha interferon and ribavirin.

Cross-resistance analysis with clinical isolates and site-directed
mutant replicons showed that none of the NS5A mutants con-
ferred resistance to sofosbuvir (formerly GS-7977), GS-9451,
ribavirin, or interferon alpha and ribavirin, suggesting that GS-

5885 would be a suitable candidate for combination therapy with
these DAAs as well as alpha interferon and ribavirin.

Combination therapy with these other classes of HCV in-
hibitors would raise the resistance barrier over treating subjects
with GS-5885 alone. For example, treatment with a potent NI
in combination with GS-5885 could suppress the NS5A muta-
tions driven by GS-5885 pressure. Conversely, GS-5885 would
suppress the NI resistance-associated HCV variants. Clinically
relevant resistance would likely be genetically linked RAMs in
both NS5B and NS5A in order for the virus to overcome the
drug pressure. Finally, the fitness of a dual-class mutation may

TABLE 5 Distribution of mutations in genotype 1a patients at day 4
treated with GS-5885

Cohort (dose)
and patienta

No. of clones (%) with:b

Wild type
Single
mutation

Double
mutation

3 mg
A 17 (53) 15 (47)
B 3 (10) 24 (77) 4 (13)
C 30 (100)
D 7 (26) 19 (70) 1 (4)
E 13 (43) 16 (54) 1 (3)
F 5 (26) 14 (74)
G 5 (31) 11 (69)
H 9 (29) 22 (71)
I 14 (44) 18 (56)
J 4 (20) 16 (80)

10 mg
K 31 (100)
L 4 (13) 23 (77) 3 (10)
M 32 (100)
N 3 (10) 26 (90)
O 3 (10) 27 (90)
P 5 (17) 22 (73) 3 (10)
R 1 (3) 30 (97)
S 27 (90) 3 (10)
T 1 (3) 27 (90) 2 (7)

30 mg
U 29 (100)
V 25 (89) 3 (11)
X 32 (100)
Y 1 (3) 29 (97)
Z 31 (100)
AA 32 (100)
AC 31 (97) 1 (3)

90 mg
BI 31 (100)
BJ 27 (90) 3 (10)
BK 27 (93) 2 (7)
BL 30 (97) 1 (3)
BN 29 (100)
BO 32 (100)
BP 1 (3.5) 26 (93) 1 (3.5)
BQ 28 (100)
BR 28 (100)

a Patients with resistance-associate mutations detected at baseline by population
sequencing were excluded from analysis.
b No triple mutations were detected.

Characterization of GS-5885 Resistance

December 2013 Volume 57 Number 12 aac.asm.org 6339

http://aac.asm.org


be reduced, thus lowering the frequency of viral rebound dur-
ing combination therapy. With high potency and the potential
for combination therapy against GT1 HCV infection, GS-5885
is currently in multiple phase 2 clinical studies in combination
with DAAs with distinct mechanisms of action with or without
alpha interferon and ribavirin.
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