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Abbreviations used in this paper: aa, amino acid; DAA, direct-acting
antiviral; EC50, median effective concentration; FFU, focus forming unit;
HCV, hepatitis C virus; RAS, resistance-associated substitution.
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BACKGROUND & AIMS: Inhibitors of the hepatitis C virus
(HCV) NS5A protein are a key component of effective treatment
regimens, but the genetic heterogeneity of HCV has limited the
efficacy of these agents and mutations lead to resistance. We
directly compared the efficacy of all clinically relevant NS5A
inhibitors against HCV genotype 1–7 prototype isolates and
resistant escape variants, and investigated the effects of pre-
existing resistance-associated substitutions (RAS) on HCV
escape from treatment. METHODS: We measured the efficacy
of different concentrations of daclatasvir, ledipasvir, ombi-
tasvir, elbasvir, ruzasvir, velpatasvir, and pibrentasvir in
cultured cells infected with HCV recombinants expressing ge-
notype 1–7 NS5A proteins with or without RAS. We engineered
HCV variants that included RAS identified in escape experi-
ments, using recombinants with or without T/Y93H and
daclatasvir, or that contained RAS previously reported from
patients. RESULTS: NS5A inhibitors had varying levels of effi-
cacy against original and resistant viruses. Only velpatasvir and
pibrentasvir had uniform high activity against all HCV geno-
types tested. RAS hotspots in NS5A were found at amino acids
28, 30, 31, and 93. Engineered escape variants had high levels
of fitness. Pibrentasvir had the highest level of efficacy against
variants; viruses with RAS at amino acids 28, 30, or 31
had no apparent resistance to pibrentasvir, and HCV with
RAS at amino acid 93 had a low level of resistance to this
drug. However, specific combinations of RAS and deletion of
amino acid 32 led to significant resistance to pibrentasvir.
For the remaining NS5A inhibitors tested, RAS at amino
acids 28 and 93 led to high levels of resistance. Among
these inhibitors, velpatasvir was more effective against variants
with RAS at amino acid 30 and some variants with RAS at
amino acid 31 than the other agents. Variants with the pre-
existing RAS T/Y93H acquired additional NS5A changes dur-
ing escape experiments, resulting in HCV variants with specific
combinations of RAS, showing high fitness and high resistance.
CONCLUSIONS: We performed a comprehensive comparison of
the efficacy of the 7 clinically relevant inhibitors of HCV NS5A
and identified variants associated with resistance to each agent.
These findings could improve treatment of patients with HCV
infection.
Keywords: Liver Disease; Direct Acting Antiviral; DAA; Drug
Resistance.

http://crossmark.crossref.org/dialog/?doi=10.1053/j.gastro.2017.12.015&domain=pdf
https://doi.org/10.1053/j.gastro.2017.12.015


EDITOR’S NOTES

BACKGROUND AND CONTEXT

Hepatitis C virus (HCV) NS5A-inhibitors are critical for
regimens used to treat patients with chronic hepatitis C.
An independent comparison of the efficacy of the six
licensed compounds is however not available, and
resistance needs to be better defined for the different
HCV genotypes.

NEW FINDINGS

Pibrentasvir and velpatasvir showed uniformly high
efficacy against HCV genotype 1-7 isolates. Pibrentasvir
had the highest efficacy against daclastasvir escape
variants. Pre-existing Y/T93H facilitated selection of
highly fit and resistant escape variants.

LIMITATIONS

Escape variants were selected under daclatasvir
treatment; similar studies for newer inhibitors remain to
be carried out.

IMPACT

The study provides a direct comparison of the efficacy of
all licensed HCV NS5A-inhibitors against different HCV
variants and highlights the impact of pre-existing
resistance mutations on resistance development.
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lmost all novel combination treatments against
Ahepatitis C virus (HCV) include direct acting antivi-
rals (DAA) targeting domain I of HCV NS5A,1–4 a protein
with an essential role for viral replication and assembly.5–7

Since 2014, six NS5A inhibitors—daclatasvir, ledipasvir,
ombitasvir, elbasvir, velpatasvir, and pibrentasvir—were
approved for clinical use, while ruzasvir has been in
advanced stages of clinical development. While approval
was initially limited to treatment of HCV genotype 1–
infected patients, it was subsequently expanded to
treatment of patients infected with other major HCV gen-
otypes.1–4,8,9 HCV is classified within the Flaviviridae family
and has 7 highly divergent major genotypes, further sub-
divided into subtypes.8–10 Up to 200 million individuals are
estimated to be chronically infected with HCV and have an
increased risk for liver cirrhosis and liver cancer, resulting
in up to 750,000 deaths per year.11

Despite high success rates of DAA-based treatment regi-
mens, a small percentage of patients experience treatment
failure.12,13 HCV resistance is an important cause of treatment
failure and the majority of these patients harbor HCV-
resistant variants with resistance-associated substitutions
(RAS) in the drug protein targets.12 Recent evidence suggests
that NS5A RAS persist long term in patients after treatment
failure,12,14 facilitating spread of resistant variants in pop-
ulations.15 In addition, NS5A RAS are found as naturally
occurring polymorphisms in a relatively high percentage of
treatment-naïve patients.12,14 Clinical studies demonstrated
that for various DAA-based treatment regimens, pre-existing
RAS result in lower cure rates.12,14,16 However, the virologic
correlates of treatment escape of HCV variants with pre-
existing RAS have not been elucidated.
Given their frequency and impact on the success of DAA-
based treatments, it is crucial to identify and characterize
NS5A RAS for the 7 major HCV genotypes and important
subtypes.8,9 In addition, it is essential to compare the effi-
cacy of relevant NS5A inhibitors against isolates of different
genotypes and resistant variants. In vitro studies allow
systematic head-to-head comparisons of DAA efficacy for a
large number of DAA and HCV variants, and are required to
determine the degree of resistance conferred by putative
RAS identified in vitro or in patients. Such studies have
mostly been done for HCV genotype 1, while data for other
genotypes are limited.12,14,17–28 Even though NS5A in-
hibitors were shown to act on different steps of the viral life
cycle, the majority of reported in vitro studies used replicon
systems, only mimicking viral replication.17–26,28–30 In
contrast, infectious culture systems reflect the entire viral
life cycle,31 and data on efficacy of and resistance to NS5A
inhibitors obtained in these systems have proven to be in
agreement with clinical data.20,27,32–39 However, limited
data on NS5A-inhibitor treatment escape have been
obtained in such systems.27,33,38

We aimed at providing an independent head-to-head
comparison of the efficacy of all currently licensed HCV
NS5A inhibitors against the major HCV genotypes and
important subtypes, as well as resistant escape variants, in
infectious culture systems. We first determined the efficacy
of daclatasvir, ledipasvir, ombitasvir, elbasvir, ruzasvir,
velpatasvir, and pibrentasvir against HCV recombinants
with genotype 1–7 specific NS5A. To generate a panel of
relevant resistant variants, we also used these genotype 1–7
recombinants to induce viral escape from treatment with
the first-in-class NS5A inhibitor daclatasvir.20 Engineered
escape variants were characterized regarding fitness and
resistance to NS5A inhibitors. At last, we aimed at investi-
gating the influence of pre-existing RAS at NS5A position 93
on resistance development.
Material and Methods
Hepatitis C Virus Recombinant Viruses

J6/JFH1,40 in this study designated 2a(JFH1), and J6/
JFH1-based recombinants with genotype(isolate) 1a(H77)-,
1a(TN)-, 1a(DH6)-, 1a(HCV1)-, 1a(J1)-, 1b(J4)-, 2a(J6)-, 3a(S52)-,
4a(ED43)-, 5a(SA13)-, 6a(HK6a)-, and 7a(QC69)-specific NS5A
and derived T/Y93H mutants and their respective GenBank
IDs were reported previously.32 3a(S52) was further adapted
by C2419R (amino acid [aa] positions in this paragraph are
absolute H77 [GenBank ID AF009606] reference numbers,
whereas in the following NS5A substitutions are indicated
relative to H77 NS5A).41 For 2b(J8) (GenBank ID MG406988),
the pJ8CF NS5A sequence34 was cloned into J6/JFH1. For
1b(DH1) (GenBank ID MG406987),42 the NS5A consensus
sequence was determined by analysis of clones of reverse
transcription polymerase chain reaction amplicons and cloned
into J6/JFH1 with adaptive substitutions R867H/C1185S,
identified previously for 1b(J4).32 1b(DH1) and 2b(J8) yielded
peak infectivity titers of 3.2–3.9 log10 focus forming units
(FFU)/mL in viral passage cultures. Recombinants with NS5A
mutations were engineered by standard cloning procedures.



Figure 1. Efficacy of NS5A
inhibitors against HCV
genotypes 1–7. Original
HCV recombinants
expressing NS5A of the
indicated genotypes (iso-
lates) were subjected to
treatment assays using
NS5A inhibitors dacla-
tasvir, ledipasvir, ombi-
tasvir, elbasvir, ruzasvir,
velpatasvir, and pibren-
tasvir. Data are from
representative experi-
ments; data points repre-
sent means of triplicates ±
SEM; curves were fitted
as described in Materials
and Methods. For median
EC50 values and 95%
confidence intervals of
replicate experiments see
Supplementary Table 2,
which also includes anal-
ysis of 3 additional geno-
type 1a isolates (DH6,
HCV1, and J1).
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The HCV sequence of final plasmid preparations was
confirmed (Macrogen, Seoul, Korea).

Huh7.5 Cell Culture Experiments
Huh7.5 cells were cultured as described.43 For induction of

viral escape, 3.5 � 105 cells were plated per well of a 6-well
plate. Cultures were infected with HCV containing culture
supernatants. Every 2–3 days, cultures were split, treated with
specified fold median effective concentration (EC50) of dacla-
tasvir (BMS-790052), and immunostaining for HCV antigen was
carried out. Transfections with lipofectamine 2000 (Invitrogen,
Carlsbad, CA) and viral passages to naïve cells for generation of
virus stocks were done as described.44 Percentage of HCV-
antigen–positive culture cells was determined by fluorescence
microscopy after immunostaining with primary anti-core anti-
body B2 (Anogen; Yes Biotech Laboratories, Mississauga, ON,
Canada).43 Culture supernatant infectivity titers were deter-
mined after infection of triplicate cultures with serially diluted
supernatants, staining with a mix of primary anti-Core C7-50
(1:450) (Enzo Life Sciences, Farmingdale, NY and Abcam,
Cambridge, MA) and anti-NS3 H23 (1:1000) antibodies
(Abcam), and automated FFU counting.32,45,46 Viral fitness of
HCV NS5A variants compared to original recombinants of the
same isolate was estimated by calculation of titer differences
(log10 FFU/mL). In most instances where the original virus
yielded peak titers earlier than the variant, the titer differences
were calculated as: infectivity titer of the variant on the same
day as the original virus achieved peak titer minus peak
infectivity titer of the original virus. In instances where the
variant achieved peak titer earlier than the original virus, the
titer differences were calculated as: peak infectivity titer of
variant minus titer of the original virus on the same day.
Recombinants of the original virus and variants were trans-
fected in the same experiment. Supernatants derived at the
peak of infection from transfection cultures were used to
inoculate naïve Huh7.5 cells. For treatment assays, virus stocks
were generated from supernatants collected at the peak of
infection from resulting first viral passage cultures or subse-
quent second viral passage cultures, and evaluated for genetic
stability by sequencing of NS5A domain I.

Direct Sequence Analysis of NS5A of Hepatitis
C Virus From Cell Culture Supernatant

Procedures for RNA extraction from culture supernatant,
reverse transcription polymerase chain reaction, and direct
=
Figure 2. Putative resistance substitutions in NS5A domain I
without (A) and with (B) pre-existing T/Y93H. aShown are aa pos
ID AF009606) NS5A,52 at which substitutions for at least 1 of
centrations of daclatasvir was identified by direct sequence an
specified. cFor each recombinant with genotype (isolate)-speci
position is conserved with H77. Non-conserved aa residues ar
tance substitutions are indicated by the original and the muta
coded in accordance with the highest fold EC50 concentration u
escape cultures but also in non-treated control cultures were no
T93H was included. When direct sequencing indicated tha
only aa substitutions confirmed by subclonal analysis ar
substitutions localizing to NS5A. Orange shading indicates
indicates engineered substitutions that changed under treatmen
Supplementary Tables 3–25.
sequence analysis have been described.43 The complete NS5A
domain I sequence was analyzed. Primers are specified in
Supplementary Table 1. In selected cases with potentially
combined substitutions, amplicons were TOPO TA cloned
(Invitrogen) and individual clones were sequenced. Analysis
was done with Sequencher (GeneCodes, Ann Arbor, MI).

High-Throughput Treatment Assays and
Statistical Analysis

The procedures have been described in detail previ-
ously.32,46 In brief, Huh7.5 cells, plated at 6 � 103 cells per well
on poly-D-lysine–coated 96-well plates (Nunc, Roskilde,
Denmark) the previous day, were infected with supernatants
from viral passage cultures. Twenty-four hours post infection,
cultures were treated with serial dilutions of NS5A inhibitors
daclatasvir (BMS-790052), ledipasvir (GS-5885), ombitasvir
(ABT-267), elbasvir (MK-8742), ruzasvir (MK-8408), velpa-
tasvir (GS-5816), and pibrentasvir (ABT-530) (Acme
Bioscience, Palo Alto, CA), dissolved in dimethyl sulfoxide.
Seventy-two hours post infection, immunostaining was carried
out as for infectivity titration. Cell viability was monitored
using the CellTiter 96 AQueous One Solution Cell Proliferation
Assay (Promega, Madison, WI). Single HCV-antigen–positive
cells were counted automatically. Counts from treated cultures
were related to means of counts from infected, non-treated
cultures. After transformation of X values, sigmoidal
concentration-response curves were fitted [Y ¼ Top / (1 þ
10[log10EC50-X] * HillSlope)] to obtain EC50 values using GraphPad
Prism 6 (GraphPad, La Jolla, CA). For each HCV variant and
inhibitor, at least 2 independent treatment experiments were
carried out. Initial experiments were typically carried out with
1–2 replicates per concentration. However, unless otherwise
indicated, final experiments were carried out with 3 replicates
per concentration; of these final experiments, 1 representative
experiment was used to calculate fold resistance values.

All authors had access to the study data and reviewed and
approved the final manuscript.

Results
Efficacy of NS5A Inhibitors Against the
7 Major Hepatitis C Virus Genotypes and
Important Subtypes

We determined the efficacy of daclatasvir, ledipasvir,
ombitasvir, elbasvir, ruzasvir, velpatasvir, and pibrentasvir
identified for HCV genotype 1–7 daclatasvir escape viruses
itions in NS5A domain I, numbered relative to H77 (GenBank
the recombinants subjected to treatment with different con-
alysis. bBeneath, aa residues for H77 at these positions are
fic NS5A a dot indicates that the aa residue at the specified
e indicated by a single letter without shading. Putative resis-
ted residue with gray shading. The mutated residue is color
nder which it was selected. *Substitutions not only detected in
t included in this Figure; as an exemption, R30H for 6a(HK6a)
t several nucleotides of the same codon had changed,
e shown. Green shading indicates cell culture–adaptive

engineered T/Y93H substitutions. Khaki-brown shading
t. Detailed data sets for individual recombinants are shown in



Figure 3. Fitness of engi-
neered HCV genotype 1–7
NS5A-inhibitor escape
variants. aTiter differences
(log10 FFU/mL) were
calculated by relating su-
pernatant infectivity titers
of cultures transfected
with HCV RNA transcripts
of variants with indicated
substitutions to that of
original recombinants of
the same genotype
(isolate) as described in
Materials and Methods.
Double mutants with
increased fitness, defined
as an at least 0.5 log10 in-
crease in the titer differ-
ence for the recombinant
with combinations of sub-
stitutions as compared to
the least fit of the
recombinants with single
substitutions, are indi-
cated by red type. bDirect
sequence analysis of
virus stocks revealed
that the following variants
had acquired additional
substitutions in NS5A
domain I, estimated to be
present in at least 50% of
viral genomes: 1a(TN)
Q30H: F161L; 1a(TN)
Q30R: F161L/f; 7a(QC69)
L31F: I158M/i; 2a(J6)F28S,
Y93H: T24I. cVariants
were engineered previ-
ously;32 titer differences
are based on experiments
done in the present study.
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against HCV recombinants with NS5A of HCV genotype 1–7
prototype isolates (Figure 1 and Supplementary Table 2).47,48

Compared to daclatasvir, ledipasvir was less efficient against
genotypes 2–7, while ombitasvir was more efficient against
genotypes 2, 3, and 4, but less efficient against genotype 6.
Compared to daclatasvir, elbasvir and ruzasvir showed
improved efficacy against genotype 2b and 3, and velpatasvir
and pibrentasvir showed improved efficacy against genotype
2 and 3. Specific isolates showed differences of up to 5 orders
of magnitude in sensitivity to different inhibitors. The greatest



Figure 4. Efficacy of NS5A-inhibitors against engineered HCV genotype 1–7 escape variants. aFold resistance values were
calculated by relating EC50 of variants with indicated substitutions to that of original viruses for the indicated genotypes
(isolates) for the NS5A inhibitors daclatasvir (D), ledipasvir (L), ombitasvir (O), elbasvir (E), ruzasvir (R), velpatasvir (V), and
pibrentasvir (P) and are shown in Supplementary Figure 2. Values are based on one representative experiment. The following
24 variants with �3-fold resistance to daclatasvir were not included here: 4a(ED43)V8A, 7a(Q69C)K24R, 7a(Q69C)K24T, 2b(J8)
S24F, 2b(J8)S24T, 2a(J6)F28I, 2a(J6)F28L, 2a(J6)N62D, 1a(TN)N69H, 1a(H77)N69T, 1a(TN)N69T, 2a(J6)I74T, 3a(S52)T99A,
2a(J6)P104S, 1a(H77)N105D, 5a(SA13)N105H, 7a(QC69)T116M, 2a(J6)Q123R, 5a(SA13)Y129H, 7a(QC69)Q197L, 2a(J6)
M200V, 2a(J6)M202V, 1b(J4)T204A, and 1a(TN)H208Y. Double mutants with at least 4-fold increased resistance to daclatasvir,
compared to the most resistant of the respective single mutants, are indicated by red type. Cases where the respective re-
combinant was not inhibited by the highest non-cytotoxic inhibitor concentration applied, are indicated by “>.” nd, not done.
bAdditional aa changes, estimated to be present in at least 50% of viral genomes by direct sequence analysis of NS5A domain
I, were recorded in the following virus stocks: 1a(TN)Q30H: F161L; 1a(TN)Q30R: F161L/f; 7a(Q69)L31F: I158M/i; and 2a(J6)
F28S, Y93H: T24I. cPreviously reported data.32
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EC50 differences between the least and most sensitive isolate
were observed for ledipasvir (approximately 6 log), followed
by daclatasvir, ombitasvir, elbasvir, and ruzasvir (3–4 log).
The smallest EC50 differences were observed for velpatasvir
(66-fold) and pibrentasvir (8-fold), thus showing uniform
pangenotypic efficacy.
Universal Escape of Hepatitis C Virus Genotypes
1–7 From Daclatasvir and Identification of NS5A
Resistance-Associated Substitutions

To identify relevant resistant variants, we induced viral
escape from the first approved NS5A-inhibitor, daclatasvir.20

Initiation of treatment with 4- to 256-fold EC50 of daclatasvir
typically led to decreases in the percentages of HCV-antigen–
positive cells. Subsequently, for most cultures an increase in
the number of HCV-antigen–positive cells to at least 80%was
observed. All cultures showed viral escape, except 2b(J8)
treated with 256-fold EC50 (Supplementary Figure 1A).

We determined the consensus sequence of NS5A domain
I of genotype 1–7 viruses recovered at the time of viral
escape to identify putative RAS (Figure 2A, Supplementary
Tables 3–17). Across isolates, substitutions at position 28,
30, 31, and 93 were most frequent, however, with isolate-
specific selection patterns. The complexity of substitution
patterns varied greatly. For certain isolates, single sub-
stitutions were selected, while for other isolates multiple
different substitutions were found.
Fitness of Engineered Hepatitis C Virus
Escape Variants

We engineered 74 genotype 1–7 variants with putative
NS5A RAS, focusing on genotype 2–7, for which the least



Figure 5. Efficacy of NS5A inhibitors against additional HCV variants with clinically relevant RAS. aFold resistance values were
calculated by relating EC50 of variants with indicated substitutions to that of original viruses for the indicated genotypes
(isolates) for the NS5A inhibitors daclatasvir (D), ledipasvir (L), ombitasvir (O), elbasvir (E), ruzasvir (R), velpatasvir (V), and
pibrentasvir (P) and are shown in Supplementary Figure 3. Values are based on 1 representative experiment with 2 replicates
per concentration. Cases where the respective recombinant was not inhibited by the highest non-cytotoxic inhibitor con-
centration applied, are indicated by “>.” bData are reproduced from Figure 4 for comparison. cDirect sequence analysis of
virus stocks revealed that the following variants used for the indicated treatments had acquired additional substitutions in
NS5A domain I: 1a(TN)L31V: Y93C; 1a(TN)D32: R6G, Y93H, T204I; 1b(J4)L31V: C165R; and 1b(J4)D32: K139M.
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data were published. Most variants showed relatively high
fitness, evaluated by comparison of their spread kinetics
and infectivity titers to that of the respective original viruses
after transfection (Figure 3). Certain aa changes, such as
F28S or Y93H, had differential impact on the fitness of
different isolates. All variants except 2a(J6)T94K could be
passaged to naïve cells. For all 73 first-passage viruses, the
engineered substitution(s) persisted, not showing signs of
reversion to the wild-type sequence, and additional sub-
stitutions, suggesting a requirement for compensation of
RAS-induced fitness cost, were only acquired in 4 passaged
viruses (Figure 3). Analyzing 12 double mutants, V8A
compensated for fitness impairment induced by L30H or
P58L in 4a(ED43). S24T increased fitness of 2b(J8)Y93H
and T99A increased fitness of 3a(S52)Y93H (Figure 3).
Resistance of Engineered Hepatitis C Virus
Escape Variants to Daclatasvir

Virus stocks of 73 variants were tested for sensitivity to
daclatasvir (Figure 4 and Supplementary Figure 2). No
resistance (�3-fold change in EC50) was found for 24 vari-
ants, low resistance (4- to 79-fold change in EC50) for 14
variants, intermediate resistance (80- to 999-fold change in
EC50) for 23 variants, and high resistance (�1.000-fold
change in EC50) for 12 variants.

Substitutions at positions 8, 62, 69, and 74, and down-
stream of position 93, did not confer resistance. Position 24
RAS showed no to low resistance. At positions 28 and 30 the
degree of resistance depended greatly on the specific sub-
stitution; thus no to high resistance was found. All position
31 RAS mediated intermediate resistance, while position 58
and 92 RAS mediated low resistance. Position 93 RAS
mediated low to high resistance. Positions 28, 30, 31, and 93
RAS induced intermediate to high resistance for at least 2
viruses, thus representing hotspots for RAS. Eleven of the 12
double mutants tested showed intermediate to high resis-
tance. Compared to the most resistant of the respective
single mutants, 7a(QC69)K24R, S30G, 1b(J4)L28M, Y93N,
2a(J6)F28S, Y93H, and 3a(S52)L31F, Y93H showed
increased resistance.

Resistance of Daclatasvir-Resistant Variants to
Newer NS5A Inhibitors

Variants with at least intermediate resistance to dacla-
tasvir were tested for cross-resistance to ledipasvir, ombi-
tasvir, elbasvir, ruzasvir, velpatasvir, and pibrentasvir
(Figure 4 and Supplementary Figure 2). The 2 genotype 2a
viruses with position 28 RAS showed low to high resistance
to all inhibitors except pibrentasvir, showing high efficacy.
Pibrentasvir showed exceptional efficacy against position 30
and 31 variants with no apparent resistance. Also velpa-
tasvir showed relatively high efficacy against position 30
and 31 variants, with no to low resistance. For the other
inhibitors, Q30K/R conferred low to high resistance, while
L/Q30H and L30S conferred no to intermediate resistance;
position 31 RAS conferred low to high resistance, except
L31M not conferring resistance to ombitasvir. Pibrentasvir
showed the highest efficacy against position 93 variants
with no to low resistance. For velpatasvir no to high resis-
tance and for the other inhibitors low to high resistance was
observed for position 93 variants. While pibrentasvir also
showed the highest efficacy against the 11 tested double
mutants, 2a(J6)F28S, Y93H and 3a(S52)L31F, Y93H showed
intermediate resistance to pibrentasvir.

Resistance of Additional Clinically Relevant
Hepatitis C Virus�Resistant Variants to
NS5A Inhibitors

Several clinically relevant RAS, not commonly selected
during the escape experiments with daclatasvir, including



Figure 6. Fitness of engi-
neered HCV genotype 2–6
NS5A inhibitor escape vari-
ants with pre-existing T/
Y93H. aTiter differences
(log10 FFU/mL) were calcu-
lated by relating supernatant
infectivity titers of cultures
transfected with HCV RNA
transcripts of variants with
indicated substitutions to that
of original recombinants of
the same genotype (isolate)
as described in Materials and
Methods. *Values were also
presented in Figure 3 and are
derived from the same
experiment. Double/triple
mutants with increased
fitness, defined as an at least
0.5 log10 increase in the titer
difference for the recombi-
nant with combinations of
substitutions as compared to
the least fit of the recombi-
nants with single/double
substitutions, are indicated
by red type. bDirect sequence
analysis of NS5A domain I
revealed that 2a(JFH1)P29S
had acquired K26R and
K30G. cVariants were engi-
neered previously32; titer dif-
ferences are based on
experiments done in the pre-
sent study.
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L31V, Y93N, the combination of L31M and Y93H and a
deletion at position 32 (D32), were engineered in relevant
recombinants.14,49 Here we found that the resulting variants
had relatively low fitness requiring long-term adaptation in
transfection and passage culture (data not shown). Against
genotype 1–6 variants with V31, only pibrentasvir showed
high efficacy, while all other inhibitors showed varying ef-
ficacy with no to high resistance (Figure 5 and
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Supplementary Figure 3). In contrast, D32 conferred
high resistance to all inhibitors, including pibrentasvir
(19.000- to 177.000-fold resistance to pibrentasvir).
Pibrentasvir showed comparatively high efficacy against
Y93N and L31MþY93H variants, which conferred high
resistance to most other inhibitors.
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Effect of Pre-Existing T/Y93H Polymorphism on
Resistance Development

H93 is naturally occurring in up to 16% of isolates.12,14

To study the effect of this key RAS on resistance develop-
ment, genotype 1–6 recombinants engineered with H9332

were treated with 4- to 256-fold their EC50 of daclatasvir
(Supplementary Figure 1B). For genotypes 2–6, identified
substitutions selected during viral escape (Figure 2B,
Supplementary Tables 18–25) were evaluated regarding
their fitness (Figure 6) and sensitivity to daclatasvir
(Figure 7).

Distinct selection patterns in T/Y93H escape
variants. With a few exceptions (Figure 2B and
Supplementary Tables 18 and 25) the engineered T/Y93H
was maintained. For most recombinants, hotspots for
acquisition of additional substitutions overlapped those
observed previously, and included positions 30, 31, and 58
(Figure 2B). In contrast to the original recombinants, sub-
stitutions at position 31 were not selected in 2a(JFH1)Y93H
and 6a(HK6a)T93H, and substitutions at position 24 were
not selected in 2a(J6)Y93H (Figure 2). Also, T/Y93H
recombinants selected substitutions at positions not
observed to change for the respective original recombinants.
This included almost all substitutions for 1a(H77) and
1b(J4), P29S for 2a(JFH1)Y93H and 2a(J6)Y93H, and Q30H
and P32L for 5a(SA13)T93H. In several instances, different
substitutions at the same position were selected for specific
recombinants with vs without T/Y93H.

Increased fitness of T/Y93H escape variants. The
23 engineered genotype 2–6 T/Y93H double and triple
mutants were all viable and showed high fitness (Figure 6).
Fitness of the T/Y93H recombinants was improved by
combination with L31V for 3a(S52) and R30H for 6a(HK6a),
possibly explaining the preferential selection of these sub-
stitution in the T/Y93H vs the original recombinants. Also,
fitness of recombinants with F28L, P29S, L30H, or P32L was
increased by combination with T/Y93H. 2a(JFH1)P29S and
5a(SA13)P32L showed large fitness impairment, which
might explain why these variants were not selected in the
original recombinants. When comparing variants with
=
Figure 7. Efficacy of daclatasvir against engineered HCV gen
resistance values (y-axis, logarithmic scale) were calculated by r
indicated substitutions (x-axis) to that of the original viruses w
based on 1 representative experiment. Empty bars indicate tha
cytotoxic concentration of daclatasvir applied; a minimum fol
Double and triple mutants were selected under treatment; sin
analysis of NS5A domain I revealed that 2a(JFH1)P29S had ac
4-fold increased resistance to daclatasvir compared to the mos
fold resistance values are also shown in Figure 4 and are de
daclatasvir against 2a(J6)Y93H, 5a(SA13)T93H, and 6a(HK6a)T9
different substitutions at the same positions selected based
on original vs Y93H recombinants, such as 2a(J6)F28L,
Y93H vs 2a(J6)F28S, Y93H and 3a(S52)L31V, Y93H vs
3a(S52)L31F, Y93H, variants selected based on Y93H
recombinants showed higher fitness. For triple mutants,
V15A increased fitness of 4a(ED43)L30P, Y93H.

Increased resistance of T/Y93H-escape
variants. T/Y93H escape variants showed higher resis-
tance than the original escape variants, determined in proof-
of-concept studies using daclatasvir (Figure 7). All double
mutants had increased resistance compared to the most
resistant of the respective single mutants. Even though
T93H only induced low resistance when tested singly, it
significantly increased resistance of the T93H double
mutants. For triple mutants, L28I increased resistance of
6a(HK6a)R30H, T93H and T58A increased resistance of
6a(HK6a)R30H, T93H.

Impact of Different Substitutions at Position
Y93 on 1a(H77)

To investigate the principal impact of different sub-
stitutions at position 93, we mutated H93 in 1a(H77) to all
possible aa residues (Supplementary Figure 4). Interest-
ingly, most recombinants had fitness comparable to that of
the original 1a(H77). Most viable and genetically stable
recombinants showed high resistance, determined in proof-
of concept studies using daclatasvir. Variants with Y93G/N/R
showed >10,000-fold resistance to daclatasvir. Thus, various
substitutions at position 93 were permissive and resulted in
significant resistance.

Discussion
In this comprehensive study, we provide an unprece-

dented comparison of the efficacy of 7 relevant NS5A in-
hibitors against a wide range of HCV variants using
infectious culture systems. Pibrentasvir and velpatasvir, the
most advanced NS5A inhibitors and recently approved for
treatment of all HCV genotypes, showed uniform pan-
genotypic activity.3,4 To identify NS5A RAS, we induced viral
escape in genotype 1–7 recombinants using daclatasvir.
Engineered escape variants showed high fitness and
persistence of engineered RAS in specific cases, depending
on fitness-compensating substitutions. Resistance testing
revealed NS5A positions 28, 30, 31, and 93 as hotspots for
RAS across genotypes. Pibrentasvir showed the highest ef-
ficacy against engineered resistant variants. At last, we
showed that pre-existing RAS T/Y93H facilitated selection of
otype 2–6 escape variants with pre-existing T/Y93H. Fold
elating EC50 of variants of the indicated genotype (isolate) with
ithout T/Y93H treated in the same experiment for daclatasvir
t the respective variant was not inhibited by the highest non-
d resistance value was calculated using this concentration.
gle mutants are included for comparison. Direct sequence
quired K26R and K30G. *Double/triple mutants with at least
t resistant of the respective single/double mutants. Selected
rived from the same experiment. Fold resistance values for
3H were reported previously.32
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resistant variants with increased fitness and resistance un-
der treatment.

This comprehensive analysis in the context of the com-
plete viral life cycle was facilitated by infectious HCV JFH1-
based cell culture systems with genotype 1–7 specific
NS5A.32 Of note, even though none of the cell culture
adaptive substitutions were localized at positions known to
influence resistance to NS5A inhibitors, an influence on se-
lection of RAS cannot be excluded. Further, compared to
full-length viruses isolated from patients, the chimeric na-
ture of the recombinants might influence the results in this
study. Nevertheless, NS5A-inhibitors showed similar effi-
cacy against more recently developed TNcc (1a), J6cc (2a),
and J8cc (2b) full-length viruses as against the respective
JFH1-based NS5A recombinant.34,35,37,38 Further, results in
infectious culture systems showed good correlation with
clinical data.20,27,32–39,46 Also in vitro results in this study
correlated with findings in clinical trials regarding the effi-
cacy of NS5A inhibitors against different genotypes and
against HCV variants with RAS pre-existing at initiation of
treatment.1–4,12,14

In addition, hotspots for resistance were identified
across genotypes that were similar to those described in
replicons and patients, even though these studies focused
mostly on genotype 1.12,14 Also, RAS selected for 1a(TN),
1a(H77), 2a(JFH1), 2a(J6), and 3a(S52) were similar to
those selected in the few prior escape studies using infec-
tious systems expressing NS5A of the same isolates.27,33

Isolate-specific differences regarding selection of RAS were
associated with presence of naturally occurring poly-
morphisms. A number of isolates had polymorphisms at
position 30, 31, or 93 and did not select RAS at these
positions.

Compared to protease inhibitor–resistant variants, NS5A
inhibitor escape variants selected in this study showed high
fitness and RAS persisted throughout transfection and viral
passage.50,51 Clinical studies suggested short-term vs
long-term persistence of protease inhibitor vs NS5A-
inhibitor–resistant variants.12,14 In future studies, it would
be interesting to study long-term persistence of the selected
RAS throughout additional viral passages in cell culture.
Interestingly, for specific RAS, previous data in genotype 1a/b
replicons suggested a somewhat greater negative effect on
fitness than observed in our infectious systems.17 In infec-
tious systems, minor effects on replication might be
compensated by additional substitutions acting on different
steps of the viral life cycle.51 Alternatively, there could be
isolate-specific differences, with the effect of substitutions
on fitness depending on the genetic context.42 Such de-
pendency might also explain why clinically relevant resis-
tant variants, which were not selected in escape
experiments but engineered here based on prior clinical
findings, showed relatively low fitness.

In comparison to protease inhibitors and sofosbuvir,
NS5A inhibitors showed a very low barrier to resis-
tance.38,51 This finding might be due to the following factors:
(1) high fitness of most resistant variants; (2) low genetic
barrier to resistance because most RAS were induced by
single nucleotide changes; (3) in many instances, a single aa
substitution caused high resistance; (4) a number of posi-
tions localizing to the first 93 aa of domain I of NS5A could
serve as sites for RAS; (5) at many of these positions
different substitutions were able to mediate resistance, as
also observed in patients12,14; and (6) there were many
possibilities for combinations of RAS with secondary resis-
tance substitutions and fitness compensatory substitutions.

Also in patients, combinations of multiple RAS have been
found.12 Given these factors, it appeared that almost any
given HCV variant, even naturally highly resistant 2a(J6) and
2b(J8), as well as recombinants with pre-existing Y93H,
could become more resistant under treatment.

Pre-existing T/Y93H led to the selection of highly
resistant escape variants, which might be due in part to
higher absolute inhibitor concentrations applied in these
experiments. Sequential selection of RAS in T/Y93H viruses
apparently drove the selection of resistant variants with
improved fitness compared to variants selected in escape
experiments with original viruses. Thus, repeated unsuc-
cessful treatment attempts could give rise to highly fit and
resistant variants.

Only pibrentasvir and velpatasvir showed uniform pan-
genotypic efficacy. Several NS5A inhibitors and especially
ledipasvir showed poor efficacy on genotype 2 and 3 iso-
lates. Top resistance levels of NS5A-inhibitor–resistant
variants (up to several million-fold resistance) exceeded
those we previously observed for protease inhibitor–
resistant variants (up to approximately 6000-fold resis-
tance) and for the polymerase inhibitor sofosbuvir
(approximately 10-fold resistance).38,50,51 Even though
pibrentasvir had the highest efficacy against resistant vari-
ants, position 93 RAS, especially in combination with posi-
tion 28 and 31 RAS, and D32 conferred significant
resistance also to this inhibitor. Position 28 and 93 and
selected position 31 RAS conferred significant resistance to
velpatasvir. As different isolates showed great differences in
EC50, resistant variants of different isolates might, despite
similar fold-resistance, show big differences in EC50, of
relevance for treatment responses to a given inhibitor
concentration in patients. However, in addition to the EC50
of the specific NS5A inhibitor, the clinical impact of RAS is
expected to depend on the used DAA combination. While
overall cure rates of DAA combination regimens are high,
even in individuals with detectable RAS, pre-existing NS5A
RAS were shown to decrease cure rates, depending on the
DAA combinations and patient group.12,14,16 Given the large
number of HCV-infected individuals that will be treated with
DAA, even a low percentage of treatment failures might
result in the emergence and spread of HCV-resistant and
multi-resistant variants in populations and over time result
in decreased efficacy of currently highly effective treatment
regimens.
Supplementary Material
Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at https://doi.org/10.1053/
j.gastro.2017.12.015.

http://www.gastrojournal.org
https://doi.org/10.1053/j.gastro.2017.12.015
https://doi.org/10.1053/j.gastro.2017.12.015


April 2018 HCV Genotype 1-7 NS5A Inhibitor Resistance 1447
References
BA
SI
C
AN

D
TR

AN
SL
AT

IO
NA

L
LI
VE

R

1. American Association for the Study of Liver Diseases
HCV Guidance: Recommendations for Testing, Man-
aging, and Treating Hepatitis C. Available at: http://www.
hcvguidelines.org. Accessed November 1, 2017.

2. European Association for the Study of the Liver. EASL
Recommendations on Treatment of Hepatitis C 2016.
J Hepatol 2017;66:153–194.

3. Voaklander R, Jacobson IM. Sofosbuvir, velpatasvir and
voxilaprevir combination for the treatment of hepatitis C.
Expert Rev Gastroenterol Hepatol 2017;11:789–795.

4. Lamb YN. Glecaprevir/pibrentasvir: first global approval.
Drugs 2017;77:1797–1804.

5. Bartenschlager R, Lohmann V, Penin F. The molecular
and structural basis of advanced antiviral therapy for
hepatitis C virus infection. Nat Rev Microbiol 2013;
11:482–496.

6. Gottwein JM, Bukh J. Cutting the gordian knot-
development and biological relevance of hepatitis C
virus cell culture systems. Adv Virus Res 2008;71:51–133.

7. Scheel TK, Prentoe J, Carlsen TH, et al. Analysis of
functional differences between hepatitis C virus NS5A of
genotypes 1–7 in infectious cell culture systems. PLoS
Pathog 2012;8:e1002696.

8. Smith DB, Bukh J, Kuiken C, et al. Expanded classifi-
cation of hepatitis C virus into 7 genotypes and 67
subtypes: updated criteria and genotype assignment
web resource. Hepatology 2014;59:318–327.

9. Bukh J. The history of hepatitis C virus (HCV): basic
research reveals unique features in phylogeny, evolution
and the viral life cycle with new perspectives for epidemic
control. J Hepatol 2016;65:S2–S21.

10. Simmonds P, Becher P, Bukh J, et al. ICTV virus tax-
onomy profile: Flaviviridae. J Gen Virol 2017;98:2–3.

11. Hezode C. Pan-genotypic treatment regimens for hepa-
titis C virus: advantages and disadvantages in high- and
low-income regions. J Viral Hepat 2017;24:92–101.

12. Pawlotsky JM. Hepatitis C virus resistance to direct-
acting antiviral drugs in interferon-free regimens.
Gastroenterology 2016;151:70–86.

13. Zoulim F, Liang TJ, Gerbes AL, et al. Hepatitis C virus
treatment in the real world: optimising treatment and
access to therapies. Gut 2015;64:1824–1833.

14. Sarrazin C. The importance of resistance to direct anti-
viral drugs in HCV infection in clinical practice. J Hepatol
2016;64:486–504.

15. Abravanel F, Metivier S, Chauveau M, et al. Transmission
of HCV NS5A inhibitor-resistant variants among HIV-
infected men who have sex with men. Clin Infect Dis
2016;63:1271–1272.

16. Zeuzem S, Mizokami M, Pianko S, et al. NS5A
resistance-associated substitutions in patients with
genotype 1 hepatitis C virus: prevalence and effect on
treatment outcome. J Hepatol 2017;66:910–918.

17. Fridell RA, Qiu D, Wang C, et al. Resistance analysis of
the hepatitis C virus NS5A inhibitor BMS-790052 in an
in vitro replicon system. Antimicrob Agents Chemother
2010;54:3641–3650.
18. Fridell RA, Wang C, Sun JH, et al. Genotypic and
phenotypic analysis of variants resistant to hepatitis C
virus nonstructural protein 5A replication complex in-
hibitor BMS-790052 in humans: in vitro and in vivo cor-
relations. Hepatology 2011;54:1924–1935.

19. Wong KA, Worth A, Martin R, et al. Characterization of
hepatitis C virus resistance from a multiple-dose clinical
trial of the novel NS5A inhibitor GS-5885. Antimicrob
Agents Chemother 2013;57:6333–6340.

20. Gao M, Nettles RE, Belema M, et al. Chemical genetics
strategy identifies an HCV NS5A inhibitor with a potent
clinical effect. Nature 2010;465:96–100.

21. Krishnan P, Beyer J, Mistry N, et al. In vitro and in vivo
antiviral activity and resistance profile of ombitasvir, an
inhibitor of hepatitis C virus NS5A. Antimicrob Agents
Chemother 2015;59:979–987.

22. Cheng G, Tian Y, Doehle B, et al. In vitro antiviral activity
and resistance profile characterization of the hepatitis C
virus NS5A inhibitor ledipasvir. Antimicrob Agents
Chemother 2016;60:1847–1853.

23. Wang C, Jia L, Huang H, et al. In vitro activity of BMS-
790052 on hepatitis C virus genotype 4 NS5A.
Antimicrob Agents Chemother 2012;56:1588–1590.

24. Zhou N, Hernandez D, Ueland J, et al. NS5A sequence
heterogeneity and mechanisms of daclatasvir resistance
in hepatitis C virus genotype 4 infection. J Infect Dis
2016;213:206–215.

25. Hernandez D, Zhou N, Ueland J, et al. Natural prevalence
of NS5A polymorphisms in subjects infected with hepa-
titis C virus genotype 3 and their effects on the antiviral
activity of NS5A inhibitors. J Clin Virol 2013;57:13–18.

26. Wang C, Jia L, O’Boyle DR, et al. Comparison of dacla-
tasvir resistance barriers on NS5A from hepatitis C virus
genotypes 1 to 6: implications for cross-genotype
activity. Antimicrob Agents Chemother 2014;58:
5155–5163.

27. Fridell RA, Qiu D, Valera L, et al. Distinct functions of
NS5A in hepatitis C virus RNA replication uncovered by
studies with the NS5A inhibitor BMS-790052. J Virol
2011;85:7312–7320.

28. Liu R, Curry S, McMonagle P, et al. Susceptibilities of
genotype 1a, 1b, and 3 hepatitis C virus variants to the
NS5A inhibitor elbasvir. Antimicrob Agents Chemother
2015;59:6922–6929.

29. McGivern DR, Masaki T, Williford S, et al. Kinetic
analyses reveal potent and early blockade of hepatitis C
virus assembly by NS5A inhibitors. Gastroenterology
2014;147:453–462.

30. Saeed M, Scheel TK, Gottwein JM, et al. Efficient repli-
cation of genotype 3a and 4a hepatitis C virus replicons
in human hepatoma cells. Antimicrob Agents Chemother
2012;56:5365–5373.

31. Thomas E, Liang TJ. Experimental models of hepatitis B
and C—new insights and progress. Nat Rev Gastro-
enterol Hepatol 2016;13:362–374.

32. Scheel TK, Gottwein JM, Mikkelsen LS, et al. Recom-
binant HCV variants with NS5A from genotypes 1–7 have
different sensitivities to an NS5A inhibitor but not inter-
feron-alpha. Gastroenterology 2011;140:1032–1042.

http://www.hcvguidelines.org
http://www.hcvguidelines.org
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref2
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref2
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref2
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref2
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref3
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref3
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref3
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref3
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref4
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref4
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref4
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref5
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref5
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref5
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref5
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref5
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref6
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref6
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref6
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref6
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref6
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref7
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref7
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref7
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref7
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref7
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref8
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref8
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref8
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref8
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref8
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref9
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref9
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref9
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref9
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref9
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref10
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref10
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref10
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref11
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref11
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref11
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref11
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref12
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref12
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref12
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref12
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref13
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref13
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref13
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref13
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref14
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref14
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref14
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref14
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref15
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref15
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref15
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref15
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref15
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref16
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref16
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref16
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref16
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref16
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref17
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref17
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref17
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref17
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref17
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref18
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref18
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref18
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref18
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref18
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref18
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref19
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref19
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref19
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref19
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref19
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref20
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref20
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref20
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref20
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref21
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref21
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref21
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref21
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref21
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref22
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref22
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref22
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref22
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref22
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref23
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref23
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref23
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref23
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref24
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref24
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref24
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref24
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref24
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref25
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref25
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref25
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref25
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref25
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref26
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref26
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref26
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref26
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref26
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref26
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref27
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref27
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref27
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref27
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref27
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref28
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref28
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref28
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref28
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref28
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref29
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref29
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref29
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref29
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref29
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref30
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref30
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref30
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref30
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref30
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref31
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref31
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref31
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref31
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref31
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref32
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref32
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref32
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref32
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref32
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref32


1448 Gottwein et al Gastroenterology Vol. 154, No. 5

BASIC
AND

TRANSLATIONAL
LIVER
33. Gottwein JM, Jensen SB, Li YP, et al. Combination
treatment with hepatitis C virus protease and NS5A in-
hibitors is effective against recombinant genotype 1a, 2a,
and 3a viruses. Antimicrob Agents Chemother 2013;
57:1291–1303.

34. Li YP, Ramirez S, Gottwein JM, et al. Robust full-length
hepatitis C virus genotype 2a and 2b infectious cultures
using mutations identified by a systematic approach
applicable to patient strains. Proc Natl Acad Sci U S A
2012;109:E1101–E1110.

35. Li YP, Ramirez S, Jensen SB, et al. Highly efficient full-
length hepatitis C virus genotype 1 (strain TN) infec-
tious culture system. Proc Natl Acad Sci U S A 2012;
109:19757–19762.

36. Li YP, Ramirez S, Humes D, et al. Differential sensitivity
of 50UTR-NS5A recombinants of hepatitis C virus geno-
types 1-6 to protease and NS5A inhibitors. Gastroen-
terology 2014;146:812–821.

37. Ramirez S, Li YP, Jensen SB, et al. Highly efficient in-
fectious cell culture of three hepatitis C virus genotype
2b strains and sensitivity to lead protease, nonstructural
protein 5A, and polymerase inhibitors. Hepatology 2014;
59:395–407.

38. Ramirez S, Mikkelsen LS, Gottwein JM, et al. Robust
HCV genotype 3a infectious cell culture system permits
identification of escape variants with resistance to
sofosbuvir. Gastroenterology 2016;151:973–985.

39. Pham LV, Ramirez S, Carlsen THR, et al. Efficient hep-
atitis C virus genotype 1b core-NS5A recombinants
permit efficacy testing of protease and NS5A inhibitors.
Antimicrob Agents Chemother 2017;61.

40. Lindenbach BD, Evans MJ, Syder AJ, et al. Complete
replication of hepatitis C virus in cell culture. Science
2005;309:623–626.

41. Kuiken C, Combet C, Bukh J, et al. A comprehensive
system for consistent numbering of HCV sequences,
proteins and epitopes. Hepatology 2006;44:1355–1361.

42. Scheel TK, Gottwein JM, Carlsen TH, et al. Efficient
culture adaptation of hepatitis C virus recombinants with
genotype-specific core-NS2 by using previously identi-
fied mutations. J Virol 2011;85:2891–2906.

43. Gottwein JM, Scheel TK, Hoegh AM, et al. Robust hep-
atitis C genotype 3a cell culture releasing adapted
intergenotypic 3a/2a (S52/JFH1) viruses. Gastroenter-
ology 2007;133:1614–1626.

44. Gottwein JM, Jensen TB, Mathiesen CK, et al. Devel-
opment and application of hepatitis C reporter viruses
with genotype 1 to 7 core-nonstructural protein 2 (NS2)
expressing fluorescent proteins or luciferase in modified
JFH1 NS5A. J Virol 2011;85:8913–8928.

45. Gottwein JM, Scheel TK, Callendret B, et al. Novel
infectious cDNA clones of hepatitis C virus genotype 3a
(strain S52) and 4a (strain ED43): genetic analyses
and in vivo pathogenesis studies. J Virol 2010;84:
5277–5293.
46. Gottwein JM, Scheel TK, Jensen TB, et al. Differential
efficacy of protease inhibitors against HCV genotypes
2a, 3a, 5a, and 6a NS3/4A protease recombinant viruses.
Gastroenterology 2011;141:1067–1079.

47. Bukh J, Meuleman P, Tellier R, et al. Challenge pools of
hepatitis C virus genotypes 1–6 prototype strains: repli-
cation fitness and pathogenicity in chimpanzees and
human liver-chimeric mouse models. J Infect Dis 2010;
201:1381–1389.

48. Murphy DG, Sablon E, Chamberland J, et al. Hepatitis C
virus genotype 7, a new genotype originating from cen-
tral Africa. J Clin Microbiol 2015;53:967–972.

49. Younossi ZM, Stepanova M, Feld J, et al. Sofosbuvir/
velpatasvir improves patient-reported outcomes in HCV
patients: results from ASTRAL-1 placebo-controlled trial.
J Hepatol 2016;65:33–39.

50. Jensen SB, Serre SB, Humes DG, et al. Substitutions at
NS3 residue 155, 156, or 168 of hepatitis C virus geno-
types 2 to 6 induce complex patterns of protease inhib-
itor resistance. Antimicrob Agents Chemother 2015;
59:7426–7436.

51. Serre SB, Jensen SB, Ghanem L, et al. Hepatitis C virus
genotype 1 to 6 protease inhibitor escape variants:
in vitro selection, fitness, and resistance patterns in the
context of the infectious viral life cycle. Antimicrob
Agents Chemother 2016;60:3563–3578.

52. Simmonds P, Bukh J, Combet C, et al. Consensus pro-
posals for a unified system of nomenclature of hepatitis
C virus genotypes. Hepatology 2005;42:962–973.
Author names in bold designate shared co-first authorship.

Received February 22, 2017. Accepted December 18, 2017.

Reprint requests
Address requests for reprints to: Judith Gottwein, MD, Department of
Infectious Diseases #144, Hvidovre Hospital, Kettegaard Alle 30, DK-2650
Hvidovre, Denmark. e-mail: jgottwein@sund.ku.dk; fax: +45 38623405. Jens
Bukh, MD, Department of Infectious Diseases #144, Hvidovre Hospital,
Kettegaard Alle 30, DK-2650 Hvidovre, Denmark. e-mail: jbukh@sund.ku.dk;
fax: +45 38623405.

Acknowledgments
The authors thank Anna-Louise Sørensen for laboratory assistance, Steen
Ladelund for statistical advice, Bjarne Ø. Lindhardt, Ove Andersen, and Jens
Ole Nielsen for support (all at Copenhagen University Hospital, Hvidovre),
Carsten Geisler (University of Copenhagen) for support, Charles Rice
(Rockefeller University) for research material, and CTL Europe GmbH for
customized software.
Thomas H. R. Carlsen’s current affiliation is Department of Virology, Novo

Nordisk A/S, Denmark.

Conflicts of interest
The authors disclose no conflicts.

Funding
This work was supported by grants from Region H Foundation (J.M.G., S.R.,
J.B.), The Lundbeck Foundation (J.M.G, S.R., J.B.), The Novo Nordisk
Foundation (J.M.G., J.B.), and The Danish Council for Independent Research
(DFF), Medical Sciences (J.M.G., S.R., T.K.H.S., J.B.). J.B. is the 2014
recipient of an advanced top researcher grant from DFF and the 2015
recipient of the Novo Nordisk Prize.

http://refhub.elsevier.com/S0016-5085(17)36720-3/sref33
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref33
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref33
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref33
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref33
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref33
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref34
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref34
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref34
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref34
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref34
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref34
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref35
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref35
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref35
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref35
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref35
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref36
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref36
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref36
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref36
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref36
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref36
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref37
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref37
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref37
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref37
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref37
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref37
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref38
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref38
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref38
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref38
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref38
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref39
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref39
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref39
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref39
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref40
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref40
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref40
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref40
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref41
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref41
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref41
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref41
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref42
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref42
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref42
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref42
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref42
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref43
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref43
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref43
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref43
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref43
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref44
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref44
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref44
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref44
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref44
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref44
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref45
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref45
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref45
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref45
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref45
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref45
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref45
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref46
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref46
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref46
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref46
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref46
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref47
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref47
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref47
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref47
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref47
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref47
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref47
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref48
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref48
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref48
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref48
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref49
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref49
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref49
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref49
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref49
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref50
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref50
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref50
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref50
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref50
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref50
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref51
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref51
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref51
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref51
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref51
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref51
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref52
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref52
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref52
http://refhub.elsevier.com/S0016-5085(17)36720-3/sref52
mailto:jgottwein@sund.ku.dk
mailto:jbukh@sund.ku.dk

	Efficacy of NS5A Inhibitors Against Hepatitis C Virus Genotypes 1–7 and Escape Variants
	Outline placeholder
	Hepatitis C Virus Recombinant Viruses


	Editor's Notes
	Background and Context
	New Findings
	Limitations
	Impact
	Huh7.5 Cell Culture Experiments
	Direct Sequence Analysis of NS5A of Hepatitis C Virus From Cell Culture Supernatant
	High-Throughput Treatment Assays and Statistical Analysis

	Results
	Efficacy of NS5A Inhibitors Against the 7 Major Hepatitis C Virus Genotypes and Important Subtypes
	Universal Escape of Hepatitis C Virus Genotypes 1–7 From Daclatasvir and Identification of NS5A Resistance-Associated Subst ...
	Fitness of Engineered Hepatitis C Virus Escape Variants
	Resistance of Engineered Hepatitis C Virus Escape Variants to Daclatasvir
	Resistance of Daclatasvir-Resistant Variants to Newer NS5A Inhibitors
	Resistance of Additional Clinically Relevant Hepatitis C Virus−Resistant Variants to NS5A Inhibitors
	Effect of Pre-Existing T/Y93H Polymorphism on Resistance Development
	Distinct selection patterns in T/Y93H escape variants
	Increased fitness of T/Y93H escape variants
	Increased resistance of T/Y93H-escape variants

	Impact of Different Substitutions at Position Y93 on 1a(H77)

	Discussion
	Supplementary Material
	References
	Acknowledgments


