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Treatment of hepatitis C virus (HCV) infection has
progressed considerably with the approval of
interferon-free, direct-acting antiviral (DAA)-based
combination therapies. Although most treated patients
achieve virological cure, HCV resistance to DAAs has an
important role in the failure of interferon-free treat-
ment regimens. The presence of viral variants resistant
to NS5A inhibitors at baseline is associated with lower
rates of virological cure in certain groups of patients,
such as those with genotype 1a or 3 HCV, those with
cirrhosis, and/or prior nonresponders to pegylated
interferon–based regimens. DAA-resistant HCV is
generally dominant at virological failure (most often
relapse). Viruses resistant to NS3-4A protease inhibitors
disappear from peripheral blood in a few weeks to
months, whereas NS5A inhibitor–resistant viruses
persist for years. Re-treatment options are available,
but first-line treatment strategies should be optimized
to efficiently prevent treatment failure due to HCV
resistance.
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Tprogressed considerably since the approval in
2014 of direct-acting antivirals (DAAs) and the subse-
quent availability of interferon (IFN)-free, DAA-based
combination therapies. Despite the high rates of virolog-
ical cure achieved with these treatments, the infection is
not eliminated from a substantial number of patients (1%–
15%, depending on the patient group and regimen).1,2

Factors that influence the ability of infected patients to
be cured include the patients’ metabolism of the DAA
agents, their genetic background (eg, polymorphisms in
the IL28B gene), whether they have extensive fibrosis or
cirrhosis, their adherence to therapy, and resistance of the
HCV to DAAs, which is an important factor in the failure of
IFN-free regimens.

We review the principles of HCV resistance to DAAs, the
role of HCV resistance in IFN-free treatment virological
failures, the dynamics of resistant viruses after treatment
failure, ways to prevent failure due to resistance, re-
treatment options, and the utility of HCV resistance testing
at different time points of therapy.
Principles of HCV Resistance to DAAs
Definition of Viral Resistance and
Resistance-Associated Substitutions

HCV has a quasispecies distribution. Patients are infec-
ted by complex mixtures of genetically distinct but closely
related viral populations of different sizes. Their respective
proportions depend on their replication capacities in their
environment (defined as fitness). HCV populations coexist in
equilibrium at any time point, but any change in the envi-
ronment tips the equilibrium and alters the quasispecies
distribution.3

The viral populations that constitute the quasispecies
differ by amino acid polymorphisms that emerge by muta-
tion during replication and are subsequently selected based
on their effects on viral fitness. Natural polymorphisms that
lie in a viral protein region important for the antiviral effect
of a DAA may confer reduced susceptibility to the DAA or
DAA class. Such polymorphisms can be present in major,
highly fit viral populations. However, they are more often
present in minor viral populations because they generally
reduce fitness compared with wild-type viruses (ie, viruses
without these polymorphisms).

When a DAA is administered, positive selection of viral
variants with reduced susceptibility to this drug defines
viral resistance. Complete inhibition of DAA-sensitive wild-
type viruses opens the replication space, allowing variants
with reduced susceptibility to rapidly outgrow them. Addi-
tional, so-called compensatory or secondary amino acid
substitutions, or fitness-associated substitutions—either
naturally present or acquired by mutation during replica-
tion of the resistant virus on drug administration—may
increase the fitness of resistant variants, leading to their
rapid outgrowth on treatment (breakthrough) or after
treatment (relapse) and influencing their posttreatment
persistence.

http://crossmark.crossref.org/dialog/?doi=10.1053/j.gastro.2016.04.003&domain=pdf
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Figure 1. Definitions in HCV resistance. Viral variants are in-
dividual full-length viruses that constitute the HCV quasis-
pecies in a patient. They are organized as viral populations,
made of identical variants that are different from the variants
in other populations. The sequence of sensitive variant ge-
nomes does not contain amino acids that confer reduced
susceptibility to the antiviral action of an HCV DAA.
Compared with the sequence of sensitive variants, the
sequence of resistant variants contains one or several RASs,
which are single amino acid changes that reduce suscepti-
bility to a DAA or a class of DAAs. The sequence of resistant
variants sometimes also contains one or several fitness-
associated substitution(s), which are single amino acid
changes that do not alter DAA susceptibility but increase the
fitness of the resistant variants, giving them a replication
advantage over other resistant variants. Fitness-associated
substitution(s) can also be present in the sequence of sen-
sitive variants, improving their replication capacity or having
no effect in the absence of the RAS(s). The populations of
viral variants coexist within each patient’s viral quasispecies,
under the pressure of Darwinian selection forces. In the
absence of DAA treatment, sensitive viruses are generally
(but not always) the fittest. When DAAs are administered,
resistant variants (variants carrying RASs) are selected. Their
outgrowth depends on their fitness in the presence of the
drug more than on the level of resistance conferred by the
RASs. When treatment is stopped, the outcome of competi-
tion between the variants also depends on their respective
fitness.
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The term “resistance-associated variant” is often used to
indifferently describe the amino acid substitutions that
reduce the susceptibility of a virus to a drug or drug class or,
alternatively, the viral variants with reduced susceptibility
that carry these substitutions. This term is inaccurate and
should no longer be used. Instead, the amino acid sub-
stitutions that confer resistance must be called “resistance-
associated substitutions” (RASs), and the viral variants that
carry these RASs (and thereby have reduced susceptibility to
the DAA) must be called “resistant variants” (see Figure 1).
This terminology will be used throughout this review article.
Factors That Affect HCV Resistance to DAAs
Resistance of HCV to DAAs is determined by 3 major

factors.4 One is the genetic barrier to resistance, related to
the number and type of nucleotide substitutions required
for emergence of RASs during replication and to the number
and type of RASs required for a viral variant to acquire full
resistance to the drug. The genetic barrier to resistance
varies with drug class, specific drug, and HCV genotype or
subtype. It determines the likelihood that resistant viruses
are generated during replication. Resistance is also deter-
mined by the fitness of resistant virus populations, which is
independent of the level of resistance conferred by the RASs
(the most resistant variants are not necessarily the fittest
and vice versa). Fitness determines the likelihood that
generated resistant viruses persist in minor or major pop-
ulations. Resistance is finally determined by level of drug
exposure compared with the drug’s 50% and 90% inhibi-
tory concentrations in vitro. In vivo exposure affects the
ability of a drug to inhibit replication of resistant variants.
Characteristics of HCV Resistance to DAAs
In patients receiving antiviral treatment, HCV kinetics

are typically biphasic.5 The first-phase HCV RNA decline is
rapid and results from the direct inhibitory effect of the
drug(s) on viral replication. This phase depends on drug
potency, exposure, and virus susceptibility. The second,
slower-phase HCV RNA decline results from the progres-
sive loss of HCV from cells due to degradation of non-
replicating viral RNAs by effectors of the innate immune
system. This second phase is influenced by drug potency,
genetic features of the host, and the severity of liver dis-
ease and can be accelerated by ribavirin through unclear
mechanisms.6

In patients treated with a combination of DAAs, the ab-
solute amount of each viral population present in the qua-
sispecies at baseline evolves following individual kinetics
that depend on the starting amount of the viral population,
its susceptibility to the antiviral action of the drugs, and its
fitness in the presence of the drugs (see Figure 2). Sensitive
viral populations are rapidly eliminated following a typical
biphasic decline if treatment duration is sufficient. In
contrast, resistant variants, which are only partly or not at
all inhibited, slowly decrease, remain at the same level, or
expand. Some are still present in the liver when treatment is
stopped, even though they were undetectable in peripheral
blood during treatment. After treatment is withdrawn, these
resistant variants start replicating again, eventually acquire
mutations that increase their fitness, and propagate in the
liver, ultimately causing virological relapse (Figure 2).

At treatment failure (breakthrough or relapse), if
adherence and treatment duration have been appropriate,
most if not all of the viral variants in the quasispecies are
resistant to one or several of the drugs administered. After
treatment, some variants (such as those resistant to NS3-4A
protease inhibitors) disappear within a few weeks to
months. They are replaced by wild-type, DAA-sensitive
virus. The wild-type virus either persists in the liver—if
therapy is not long enough to clear it—and outgrows them
after treatment withdrawal, or it is generated by sponta-
neous mutation of resistant viruses (reversion to wild-type)
if the original wild-type virus is cleared during therapy.



Figure 2. Schematic representation of the individual kinetics
of different viral variant populations present in the quasispe-
cies of an HCV-infected patient treated with an IFN-free,
DAA-based regimen. In this example, the patient is infected
at baseline with highly fit sensitive (wild-type) viral variants
(green), less fit resistant variants with moderately reduced
susceptibility to the DAA (yellow), and unfit resistant variants
with profoundly reduced susceptibility to the DAA (red).
Treatment administration efficiently blocks the replication of
sensitive variants, inducing their biphasic decay and rapid
clearance. The modest antiviral effect on resistant variants
with moderately reduced susceptibility also induces their
biphasic decay, although with a much slower second-phase
slope, ultimately leading to their elimination because treat-
ment duration is sufficient. In contrast, antiviral treatment has
virtually no effect on the resistant variants with profoundly
reduced susceptibility that keep replicating at the same low
level during the full course of therapy. When treatment is
stopped, their fitness acquisition through mutation causes
the relapse with RAS-carrying resistant variants. If treatment
were shorter, both resistant variants with moderately and
profoundly reduced susceptibility would still replicate in the
liver at withdrawal. The variants would then compete, causing
relapse with the fittest RAS-carrying resistant variants. If
treatment was much shorter, sensitive variants would still be
present in the liver at withdrawal, causing relapse with wild-
type variants. These HCV variant kinetics can be influenced
by pharmacologic parameters that promote drug exposure
and by host factors that modify the second-phase decay
slope. LLOD, lower limit of detection; SVR12, SVR 12 weeks
after treatment.
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Other variants (such as those resistant to NS5A inhibitors)
persist for years after treatment failure, either because they
are naturally more fit or because they are unable to revert
to wild-type virus for genetic reasons.
Resistance to Available DAAs
In 2016, patients with chronic hepatitis C are treated

with a combination of 1 to 3 DAAs from 4 classes, with or
without ribavirin.1,2 Nucleotide analogue inhibitors of the
RNA-dependent RNA polymerase (RdRp) or NS5B protein
have a high barrier to resistance because the variants they
select have modestly reduced susceptibility to these drugs
and low fitness. Thus, breakthrough or relapse is the
exception when these drugs are given as monotherapy. On
the other hand, NS5A inhibitors, NS3-4A protease inhibitors,
and non-nucleoside inhibitors of the RdRp have low barriers
to resistance. When given as monotherapies, they rapidly
select fit resistant variants. Second-generation NS3-4A and
NS5A inhibitors have increased barriers to resistance. They
are substantially more active against many but not all var-
iants resistant to first-generation compounds. Table 1 shows
the HCV DAAs approved, soon to be approved, or in late
clinical developmental stages in early 2016.

Table 2 lists substitutions that reduce the susceptibility
of different HCV genotypes and subtypes to currently
available DAAs (>2-fold increase in the 50% effective con-
centration [EC50] of the drug compared with wild-type virus
in the replicon system in vitro) and those conferring
high-level resistance. High-level resistance is also conferred
in vitro by multiple substitutions at positions Q30, L31,
and/or Y93 in the NS5A protein and at positions Y56, Q80,
R155, and/or D168 in the NS3 protease.7

Prevalence of RASs at
Treatment Baseline

Many studies have reported the proportion of detectable
RASs at treatment baseline in various patient populations.
These reports are generally based on population sequencing
(or direct sequencing) via the Sanger method, which is
available in most virology laboratories.8 The sensitivity of
population sequencing for the detection of viral populations
in a quasispecies mixture is approximately 10% to 25%.
Because population sequencing is not available in a stan-
dardized commercial format, in-house methods are used. As
a result, studies based on population sequencing can hardly
be compared, because their results strongly depend on the
performance of the method used.

More sensitive techniques based on deep sequencing (or
pyrosequencing) are available in some laboratories.8 They
detect viral populations that represent down to approxi-
mately 1% of the quasispecies. Their accuracy in predicting
virological response depends on the cutoff used for analysis.
Resistant variants present in low proportions (1%–15%) at
baseline do not appear to significantly influence the
response. A 15% cutoff, in the order of magnitude of pop-
ulation sequencing, better predicts treatment failure due to
the selection of resistant viruses. Thus, there is consensus
that the 15% cutoff should be used in all clinical trials and
real-life studies and in clinical practice to report the pres-
ence of resistant variants assessed by deep sequencing and
allow for comparison of results generated with different
assays, including those based on population and deep
sequencing.

Information about the prevalence of RASs at baseline is
heterogeneous, partly biased by the technique used (lack of
standardization, dependency on primers, device, reaction
conditions, and so on), and often incomplete due to the
choice to study some RASs but not others. Indeed, some
studies have reported the prevalence of all RASs at positions
possibly associated with resistance to a drug class, likely
diluting the effect of clinically meaningful substitutions,
whereas others have reported the prevalence of RASs
proven to confer in vitro resistance (above a threshold that
may vary from one study to another) to all drugs in the DAA
class or to a specific DAA from the class. In addition, most
studies do not report linkage (ie, whether the observed



Table 1.DAAs Approved for Treatment of HCV Infection or in Development (Beginning of 2016)

Class Generation/wave Compound Manufacturer
Current status or phase
of clinical development

Nucleotide analogues First generation Sofosbuvir Gilead Sciences Approved
MK-3682 Merck Phase 2
AL-335 Janssen Phase 2

NS5A inhibitors First generation First wave Daclatasvir Bristol-Myers Squibb Approved
Ledipasvir Gilead Sciences Approved
Ombitasvir AbbVie Approved

Second wave Elbasvir Merck Approved (United States,
European Union in 2016)

Velpatasvir Gilead Sciences Phase 3 (Approval in 2016)
Odalasvir Janssen Phase 2
Ravidasvir Presidio Phase 2

Second generation ABT-530 AbbVie Phase 3
MK-8408 Merck Phase 2

NS3-4A protease
inhibitors

First generation First wave Telaprevir Janssen, Mitsubishi Approved
Boceprevir Merck Approved

Second wave Simeprevir Janssen Approved
Paritaprevir/r AbbVie Approved
Asunaprevir Bristol-Myers Squibb Approved (Asia, Middle East)
Vaniprevir Merck Approved (Japan)

Second generation Grazoprevir Merck Approved ( United States,
European Union in 2016)

ABT-493 AbbVie Phase 3
GS-9857 Gilead Sciences Phase 3

Nonnucleoside
inhibitors of
HCV RdRp

Palm-1 inhibitors Dasabuvir AbbVie Approved

NOTE. Ledipasvir/sofosbuvir, ombitasvir/paritaprevir/ritonavir, grazoprevir/elbasvir, velpatasvir/sofosbuvir, ABT-530/ABT-493,
and possibly other compounds are or will be available as single-pill, fixed-dose combinations.
/r, ritonavir-boosted.
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RASs are on the same or on different viral variants). Finally,
most of the information has been generated with HCV
genotype 1, whereas few data are available for other
genotypes.
Nucleotide Analogues
Substitutions in NS5B that reduce susceptibility to

nucleotide analogues are rarely detected at baseline. In deep
sequencing analyses with a cutoff of 1%, S282T was not
found in any of 8598 patients included in phase 2 or 3
clinical trials of regimens that included sofosbuvir.9 In a
study in 1645 patients infected with HCV genotypes 1 to 6,
population sequencing found L159F in 11 cases (0.7%),
associated with C316N (a fitness-associated substitution
when combined with L159F) in 9 cases. V321A was never
detected at baseline.10 Deep sequencing with a cutoff of 1%
was performed in 3081 patients included in phase 2 and 3
studies of regimens that included sofosbuvir (1525 with
genotype 1a, 439 with genotype 1b, 410 with genotype 2,
706 with genotype 3, and 1 with genotype 4). L159F was
found at baseline in 33 of these patients (1.1%; 32 patients
with HCV genotype 1b and 1 patient with genotype 1a); 31
of them (93.9%) also had C316N. V321V was not detected in
any of these patients by deep sequencing.11 Data using a
15% cutoff were not provided in this study.
NS5A Inhibitors
NS5A RASs are often detected at baseline in DAA-naïve

patients. Deep sequencing of baseline samples was per-
formed in 5397 patients included in phase 2 and 3 trials.12

Using the 15% clinically relevant cutoff in patients infected
with genotype 1a, at least 1 RAS was found at baseline in
13% of cases in North America, 14% in Europe, 7% in Asia-
Pacific, and 16% in Oceania. Based on the 1% cutoff value,
there were preexisting RASs in 26% (686/2638), 25%
(130/517), 15% (4/27), and 27% (89/328) of patients with
HCV genotype 1a in these regions, respectively. For patients
with HCV genotype 1b, the 15% cutoff showed RASs at
baseline in 16%, 17%, 20%, and 19% of patients in these
regions, respectively. Using the 1% cutoff, baseline RASs
were detected in 23% (184/802), 25% (105/416), 26%
(150/570), and 26% (26/99) of patients in these regions,
respectively.12

When only substitutions conferring a >100-fold increase
in ledipasvir EC50 in vitro were considered with a 1% cutoff,
Q30H/R was present in 5.0% (174/3483), L31M in 4.0%
(140/3483), and Y93H in 2.0% (69/3483), and multiple
substitutions were detected in 5.0% (174/3483) of patients
with genotype 1a infection. In patients with genotype 1b
infection, L31M/I/V was present in 7.5% (142/1887) and
Y93H in 16.1% (304/1887), and multiple substitutions
were detected in 1.4% (27/1887) of cases.12 By



Table 2.List of Known RASs (Amino Acid Substitutions Reported to Reduce Susceptibility of Different HCV Genotypes or
Subtypes to DAAs)

Amino
acid

Genotype or subtype RASs that confer
high-level
resistance

in the
replicon model
(genotype)1a 1b 2 3 4 5 6

Nucleotide analogues (sofosbuvir)
159 L159F L159F L159F L159F
282 S282T/R S282T S282T
320 L320F
321 V321A
NS5A inhibitors (first-generation drugs, including first wave and second wave)
24 K24G/N/R T24A Q24H
26 K26E
28 M28A/G/T/S/V L28M/T L/F28M/V/S M28T L28V L28I M28A/G/T (1a)

L28T (1b)
F28S (2a)
L28F (2b)

29 P29S
30 Q30C/D/E/G/H/I/L/K/R/S/T/Y R30G/H/P/Q L30H/S A30K L30H Q30H/G/R/E/K (1a)
31 L31I/F/M/V L31I/F/M/V L31M/V L31M/V L31V L31V L31M/V (all)
32 P32L/S P32L/S P32L/S P32L/S (1a)
38 S38F
58 H58D/L/R P58D/S T58A/N/S H58D (1a)

P58D (1b)
62 E62D
92 A92K/T A92K
93 Y93C/F/H/L/N/R/S/T/W Y93C/H/N/S Y93H Y93H Y93H/R Y93C/H/N/S (1a)

Y93H (1b)
NS3-4A protease inhibitors (first-generation drugs, including first wave and second wave)
36 V36A/C/G/L/M V36A/C/G/L/M
41 Q41R Q41R
43 F43L F43I/S/V
54 T54A/S T54A/C/G/S
55 V55A/I V55A
56 Y56H Y56H/L Y56H
80 Q80H/K/L/R Q80H/K/L/R
122 S122R S122R
155 R155G/I/K/M/S/T/W R155C/G/I/K/Q/M/S/T/W
156a A156S/T/V A156G/F/S/T/V A156T/V
158 V158I V158I
168a D168A/C/E/G/H/K/N/T/V/Y D168A/C/E/F/G/H/K/N/T/V/Y D168H/T/K/V/Y
170 I/V170F/T/V I/V170A/L/T
175 M175L
Nonnucleoside RdRp palm-1 inhibitors (dasabuvir)
314 L314H L314H
316 C316Y C316H/N/Y/W C316H/Y (1)
368 S368T S368T (1b)
411 N411S
414 M414T/V M414I/T/V
445 C445F/Y
446 E446K/Q
448 Y448C/H Y448C/H Y448C/H (1)
451 C451R
553 A553T A553V A553T (1a)

A553V (1b)
554 G554S G554S G554S (1)
555 Y555H
556 S556G/R S556G S556R (1a)
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Table 2.Continued

Amino
acid

Genotype or subtype RASs that confer
high-level
resistance

in the
replicon model
(genotype)1a 1b 2 3 4 5 6

557 G557R
558 G558R G558R
559 D559G/N D559G/N D559G (1)
561 Y561H/N

NOTE. This table was adapted from 2 review articles and data reported by drug manufacturers.7,10–13,15 Reduced susceptibility
is defined based on >2-fold increase in EC50 compared with wild-type HCV in the replicon system in vitro. The level of
resistance conferred by a given RAS to different compounds from the same class may differ. The empty boxes indicate that no
data are available for the corresponding genotype or subtype at the given amino acid position.
aSubstitutions at positions 156 and 168 also confer resistance to the second-generation NS3-4A protease inhibitor
grazoprevir.
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extrapolation, an approximately 1.5-fold lower prevalence
would be expected with a 15% cutoff, which is an estima-
tion in keeping with previous studies based on population
sequencing.13
NS3-4A Protease Inhibitors
NS3 protease RASs can also be detected at baseline.

Their baseline prevalence was assessed by population
sequencing in 2007 patients with genotype 1 infection.14

The only frequent substitution was Q80K, found in 13.6%
(273/2007) of cases. Q80K was mostly present in patients
with genotype 1a infection (29.5% [269/911] vs 0.5% [5/
1096] in genotype 1b), with geographical differences: 48.1%
(185/385) in North America, 19.4% (73/377) in Europe,
and 9.1% (2/22) in South America. Other NS3 protease
substitutions were more rarely found at baseline: Q80G in
0.05%, Q80L in 1.9%, Q80N in 0.05%, Q80R in 0.6%,
R155K in 0.3%, D168E in 0.4%, and the combination of
Q80K and D168E in 0.05%.14 The highly resistant but
poorly fit A156T substitution was never found at baseline.
These numbers are in keeping with older studies that
were based on population sequencing.13 In a small-scale
study using deep sequencing with a cutoff of 1% in pa-
tients infected with HCV genotype 1a, the prevalence values
were 3.4% (2/59) for V36A/L, 8.5% (5/59) for T54S, 8.5%
(5/59) for V55A/I, 13.6% (8/59) for Q80K/L, 3.4% (2/59)
for R155K, and 1.7% (1/59) for D168E.15
Non-nucleoside RdRp Palm-1 Inhibitors
Substitutions in NS5B that confer resistance to the RdRp

palm-1 site inhibitor dasabuvir are rarely detected at
baseline. Population sequencing found the preexisting
dasabuvir RASs C316Y in 0.2% to 1.2%, M414T in 0.5%,
Y448H in 0.2%, A553I/T/V in 6.0%, S556G in 0.6% to 3.1%,
and S556N/R in 0.6% to 1.2% of patients with HCV geno-
type 1a infection. In patients with HCV genotype 1b infec-
tion, C316N was present in 10.9% to 35.6%, C316H in 1.9%
to 2.1%, M414T in 0.4%, Y448H in 1.3%, and S556G in 7.0%
to 16.0% of cases.13 In an analysis of 332 patients infected
with genotype 1a, dasabuvir RASs were detected at baseline
in 1.5% of cases by deep sequencing, with a cutoff of 15%
(5.9% with a 1% cutoff). In 151 patients infected with ge-
notype 1b, dasabuvir RASs were detected in 29% of cases at
baseline at a 15% cutoff.16

Effects of Baseline RASs on Virological
Outcomes of IFN-Free Treatment

Resistance data have been generated from phase 2 and 3
studies of different IFN-free combinations. Thus far, partial
data presentation, multiple subgroup analyses, and hetero-
geneity of the sequencing methods and reporting make their
interpretation difficult. The data indicate that RASs that
confer medium- to high-level resistance without profoundly
altering fitness present in large proportions (>15% of the
quasispecies) at baseline affect the virological outcome of
DAA-based combination therapies. These effects vary with
the combination regimen used.

Sofosbuvir/Ledipasvir
The presence of NS5A RASs at baseline affects chances

for a sustained virological response (SVR) (see Table 3) to
the fixed-dose combination of sofosbuvir and ledipasvir in a
single pill (sofosbuvir/ledipasvir) in certain groups of pa-
tients. Effects of different baseline RASs on induction of an
SVR in patients with HCV genotype 1 infection, with or
without cirrhosis, have been described in 3 heterogeneous,
partly overlapping post-hoc analyses of pooled data from
phase 2 and 3 studies of sofosbuvir/ledipasvir, with or
without ribavirin.12,17,18 The presence of sofosbuvir or NS3-
4A protease RASs at baseline did not affect patients’ re-
sponses to sofosbuvir/ledipasvir.

The presence of NS5A RASs at baseline had no effect on
SVR of treatment-naïve patients with or without cirrhosis
treated for 12 or 24 weeks with or without ribavirin.12,17 In
contrast, NS5A RASs that conferred a high level of resistance
to ledipasvir (>100-fold increase in EC50) were associated



Table 3.Proportions of Patients With HCV Genotype 1 Infection Who Achieve SVR to Sofosbuvir/Ledipasvir According to the Presence of Baseline NS5A RASs

Pooled data analysis of the ION-1, ION-2, and ION-3 Phase 3 and ELECTRON Phase 2 trials, based on a combination of population sequencing and deep sequencing
with a detection cutoff of 1%17

Cirrhosis status Prior treatment Treatment regimen

Rate of SVR

Patients with NS5A
RASs at baseline

(>100-fold increase in EC50)

Patients with NS5A
RASs at baseline

(<100-fold increase in EC50)
Patients without NS5A

RASs at baseline

No split by
cirrhosis

Treatment naïve Sofosbuvir/ledipasvir þ/� ribavirin for 8 wk 83% (24/29) 100% (12/12) 95% (184/193)
Sofosbuvir/ledipasvir þ/� ribavirin for 12 wk 96% (44/46) 100% (27/27) 97% (362/373)
Sofosbuvir/ledipasvir þ/� ribavirin for 24 wk 92% (24/25) 100% (8/8) 96% (174/183)

Treatment
experienced

Sofosbuvir/ledipasvir þ/� ribavirin for 12 wk 65% (11/17) 100% (5/5) 95% (110/116)
Sofosbuvir/ledipasvir þ/� ribavirin for 24 wk 100% (6/6) 100% (7/7) 99% (95/96)

Pooled data analysis of 513 patients with compensated (Child–Pugh A) cirrhosis, based on deep sequencing with a detection cutoff of 1%18

Cirrhosis status Prior treatment Treatment regimen

Rate of SVR

Patients with NS5A
RASs at baseline

Patients without NS5A
RASs at baseline

Cirrhosis No split by prior treatment Sofosbuvir/ledipasvir for 12 wk 88% (23/26) 95% (86/91)
Sofosbuvir/ledipasvir þ ribavirin for 12 wk 94% (32/34) 97% (164/169)
Sofosbuvir/ledipasvir for 24 wk 85% (17/20) 100% (113/113)
Sofosbuvir/ledipasvir þ ribavirin for 24 wk 100% (14/14) 100% (44/44)

Pooled data analysis of 1566 patients who received the current guideline-recommended sofosbuvir/ledipasvir regimens, based on deep sequencing with a detection
cutoff of 1%12

Cirrhosis status Prior treatment Treatment regimen

Rate of SVR

Patients with NS5A
RASs at baseline

Patients without NS5A
RASs at baseline

No cirrhosis Treatment naïve
<6 million HCV RNA IU/mL

Sofosbuvir/ledipasvir for 8 wk 94% (30/32) 99% (107/108)

Treatment naïve Sofosbuvir/ledipasvir for 12 wk 99% (187/189) 99% (504/509)
Treatment experienced Sofosbuvir/ledipasvir for 12 wk 90% (79/88) 99% (298/300)

Cirrhosis Treatment naïve Sofosbuvir/ledipasvir for 12 wk 96% (26/27) 96% (65/68)
Sofosbuvir/ledipasvir þ ribavirin for 12 wk 100% (10/10) 100% (27/27)
Sofosbuvir/ledipasvir for 24 wk 89% (8/9) 100% (19/19)

Treatment experienced Sofosbuvir/ledipasvir þ ribavirin for 12 wk 89% (59/66) 96% (206/214)
Sofosbuvir/ledipasvir for 24 wk 87% (13/15) 100% (84/84)

NOTE. Patients were included in phase 2 or 3 trials and received sofosbuvir/ledipasvir-based regimens. There is overlap between the 3 post-hoc pooled data analyses.
NS5A RASs were assessed at baseline by population sequencing or deep sequencing with a detection cutoff of 1%.12,17,18
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Table 4.Proportions of Patients With HCV Genotype 1a Infection Who Achieve SVR to Ombitasvir/Paritaprevir/Ritonavir and
Dasabuvir Plus Ribavirin According to the Presence of Baseline RASs

Treatment regimen RAS region Type of RAS at baseline

Rate of SVR

Patients with RASs at
baseline (>15% cutoff)

Patients without
RASs at baseline

Ombitasvir/paritaprevir/ritonavir
and dasabuvir þ ribavirin
(12 wk in patients without
cirrhosis and 24 wk in patients
with cirrhosis [Child–Pugh A])

NS5A NS5A RASs 96% (48/50) 97% (271/280)
Ombitasvir-specific RASs 95% (36/38) 97% (283/292)

NS3 protease Paritaprevir-specific RASs 100% (4/4) 97% (315/326)
Q80K 96% (102/106) 97% (217/224)

NS5B Dasabuvir-specific RASs 80% (4/5) 97% (302/313)

NOTE. Patients received the combination of ombitasvir/paritaprevir/ritonavir and dasabuvir in phase 3 trials. Only patients
treated with guideline-recommended regimens were included in the analysis, including 214 treatment-experienced patients
with HCV genotype 1a infection without cirrhosis treated with ribavirin for 12 weeks and 118 treatment-naïve and -experienced
patients with HCV genotype 1a infection and cirrhosis (Child–Pugh A) treated with ribavirin for 24 weeks. RASs were identified
by deep sequencing, with a detection cutoff of 15%.16
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with a lower rate of SVR in treatment-experienced patients
with or without cirrhosis treated for 12 weeks without
ribavirin (see Table 3). This effect was significant when
RASs were present in large proportions (>15% of the
baseline quasispecies) in patients infected with genotype 1a
but not in those infected with genotype 1b.12,18 Interestingly,
all patients with genotype 1a infection who experienced a
relapse had detectable pretreatment NS5A substitutions that
reduced susceptibility to ledipasvir >1000-fold in vitro
(H58D, Y93H/N/F, or multiple substitutions). The rate of
SVR in patients with HCV genotype 1a infection with these
RASs was only 72%.12 The addition of ribavirin prevented
the effect of preexisting NS5A RASs on SVR; 88% (23/26) of
patients with cirrhosis treated for 12 weeks without riba-
virin achieved an SVR compared with 94% (32/34) of pa-
tients who received ribavirin; these values were 85% (17/
20) versus 100% (14/14) in patients treated for 24 weeks
without and with ribavirin, respectively.18

Together, these data indicate that NS5A RASs that confer
high to very high resistance to NS5A inhibitors, when
they are present in substantial proportions at baseline
(detectable by population sequecing or >15% by deep
sequencing), affect SVR to sofosbuvir/ledipasvir in patients
infected with genotype 1a, especially those with cirrhosis
and/or patients who failed to respond to prior pegylated
IFN–based treatment. Ribavirin appears to reduce the ef-
fects of preexisting NS5A RASs. Limited information is
available for HCV genotypes 4, 5, and 6, which are also in-
dications for sofosbuvir/ledipasvir.
Ombitasvir/Paritaprevir/Ritonavir Plus Dasabuvir
In a phase 2 study, 86% (19/22) of patients infected

with HCV genotype 1a with RASs at baseline achieved an
SVR, compared with 92% (185/201) of patients without
baseline RASs. NS3 protease or NS5B RASs had no effect
on SVR. All patients infected with HCV genotype 1b had
an SVR.19

Researchers recently reported the effects of baseline
RASs in genotype 1 HCV on SVR in patients with or without
cirrhosis who were treated with guideline-recommended
regimens of the one-pill combination of ombitasvir, par-
itaprevir, and ritonavir (ombitasvir/paritaprevir/ritonavir)
plus dasabuvir, with or without ribavirin, for 12 or 24
weeks in 4 phase 3 trials.16 All patients infected with ge-
notype 1b who were treated without ribavirin achieved SVR.
Table 4 shows SVR in patients with genotype 1a infection
according to the presence of RASs in NS3 protease, NS5A, or
NS5B (dasabuvir) at baseline. The presence at baseline of
NS5A-class RASs, ombitasvir-specific RASs, paritaprevir-
specific RASs, the Q80K substitution in the NS3 protease,
or dasabuvir-specific RASs in more than 15% of the qua-
sispecies variants, based on deep sequencing analysis, had
no effect on SVR (Table 4). No data are available on ombi-
tasvir/paritaprevir/ritonavir without dasabuvir in patients
infected with HCV genotype 4.
Sofosbuvir Plus Daclatasvir
Researchers performed an integrated analysis of base-

line NS5A RASs from phase 2 and 3 trials in 228 patients
without cirrhosis infected with HCV genotype 1, including
treatment-naïve and -experienced and human immunodefi-
ciency virus (HIV)-positive and -negative patients, as well as
patients who received liver transplants, treated with
sofosbuvir plus daclatasvir for 12 weeks with or without
ribavirin. All patients with NS5A RASs at baseline achieved
SVR, whereas 2 patients without RASs did not.20 Data
generated with sofosbuvir/ledipasvir on a much larger,
more homogeneous panel of patients with genotype 1
infection can probably be extrapolated to this equivalent
combination. These data indicate that NS5A substitutions
that confer a high to very high level of resistance affect SVR
of patients infected with genotype 1a infection and cirrhosis,
and/or patients who failed to respond to prior pegylated
IFN–based treatment, and that the addition of ribavirin
prevents this effect.

In a phase 3 study of patients infected with HCV geno-
type 3 treated with sofosbuvir plus daclatasvir for 12 weeks
without ribavirin, SVR was achieved by high proportions of
patients without cirrhosis (97% [73/75] and 94% [32/34]
of treatment-naïve and -experienced patients, respectively)
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but in lower proportions of patients with cirrhosis (58%
[11/19] and 69% [9/13], respectively).21 Among the 14
patients with preexisting NS5A RASs at position A30, 9 of 9
without cirrhosis but only 1 of 5 with cirrhosis achieved
SVR; 2 of the 4 patients with cirrhosis who did not achieve
SVR also had Y93H at baseline. Among the 13 patients with
Y93H at baseline, 6 of 9 without cirrhosis but only 1 of 4
with cirrhosis achieved SVR.21 These data indicate that the
presence of NS5A RASs at baseline is associated with
reduced rates of SVR in undertreated (too short duration, no
ribavirin) patients with cirrhosis and genotype 3 infection.
Data from patients receiving an optimal treatment regimen
are awaited.

Sofosbuvir Plus Simeprevir
In a phase 2 study of sofosbuvir plus simeprevir in

patients with genotype 1 infection, the presence of Q80K,
detected by population sequencing at baseline, had a
modest effect on SVR: 95% (35/37) of patients with geno-
type 1b infection, 88% (51/58) of patients with genotype 1a
with Q80K, and 94% (68/72) of patients with genotype 1a
without Q80K achieved SVR.22

In a phase 3 study of noncirrhotic patients with HCV
genotype 1 infection who were treatment-naïve or had been
treated with pegylated IFN–based regimens and received 12
weeks of therapy with sofosbuvir and simeprevir without
ribavirin, SVR was achieved by 97% (38/39) of patients
with genotype 1b infection, 96% (44/46) of those with ge-
notype 1a with Q80K, and 97% (68/70) of those with ge-
notype 1a without Q80K.23 In treatment-naïve and
-experienced patients with compensated cirrhosis (Child–
Pugh A) treated for 12 weeks with sofosbuvir and sime-
previr without ribavirin in another phase 3 study, SVR was
achieved by 84% (26/31) of patients with genotype 1b
infection, 74% (25/34) of those with genotype 1a with
Q80K, and 92% (35/38) of those with genotype 1a without
Q80K. Most treatment failures occurred in treatment-
experienced patients.24 No NS5B substitutions were found
to affect SVR in either study.

Together, these data associate the presence of NS3
protease RAS Q80K with a reduced rate of SVR in patients
with HCV genotype 1a infection and cirrhosis, especially if
they failed to respond to pegylated IFN–based treatment. No
data are available from patients with genotype 4 infection,
the other indication of this combination.

Asunaprevir Plus Daclatasvir
The combination of asunaprevir and daclatasvir is not

approved in the United States or Europe, but it has been
widely used in Japan and other Asian and Middle Eastern
countries in patients infected with HCV genotype 1b (this
combination is not recommended for patients with geno-
type 1a). In a pooled analysis of 6 trials, 979 patients with
genotype 1b infection treated with asunaprevir and
daclatasvir for 24 weeks were studied by population
sequencing.25 When substitutions at positions 31 or 93
were absent, L28M and R30Q did not influence SVR (74%
[29/39] vs 86% [813/940] and 79% [66/84] vs 87%
[776/895] in patients with or without RASs at baseline,
respectively). In contrast, major effects on SVR came from
L31F/I/M/V (42% [18/43] vs 88% [824/936] with or
without these RASs, respectively) and Y93H (37% [38/
103] vs 92% [804/876] with or without this RAS,
respectively).25 RASs in the NS3 protease did not affect
SVR.26 These results indicate that patients with HCV ge-
notype 1b with preexisting NS5A RASs at positions 31 or
93 should not be treated with the combination of asu-
naprevir and daclatasvir.
Grazoprevir/Elbasvir
The combination of the second-generation NS3-4A pro-

tease inhibitor grazoprevir and the NS5A inhibitor elbasvir
into a single pill (grazoprevir/elbasvir) was approved in the
United States in January 2016 and will be approved in the
European Union in the second quarter of 2016. In a phase 3
trial of treatment-naïve patients with and without cirrhosis
infected with HCV genotype 1 and treated for 12 weeks, the
presence at baseline of NS3 protease RASs by population
sequencing did not affect SVR. The presence of NS5A RASs
did not affect SVR in patients with genotype 1b infection
(94% [17/18] vs 100% [112/112] in patients with and
without RASs, respectively). In contrast, in patients with
HCV genotype 1a with NS5A RASs at baseline, 58% (11/19)
achieved an SVR, compared with 99% (133/135) of those
without RASs.27

Population sequencing data from genotype 1a and
1b–infected treatment-naïve and -experienced patients
with or without cirrhosis, with or without HIV coinfection,
from various phase 2 and 3 trials were pooled28 (see
Table 5). NS3 protease RASs had no effect on SVR,
regardless of the treatment group and regimen received.
The presence of NS5A RASs at baseline had no effect on
SVR to 12 weeks of grazoprevir/elbasvir without ribavirin
in treatment-naïve patients or those with prior relapse
infected with genotype 1b. In patients infected with geno-
type 1a treated for 12 weeks without ribavirin, the pres-
ence of NS5A RASs was associated with a 12% reduction of
the rate of SVR. Elbasvir-specific RASs were found in only
5% of patients, but the rate of SVR decreased to 58% when
they were present at baseline versus 98% in patients not
harboring them. In patients infected with genotype 1a or
1b who did not respond to prior treatment with pegylated
IFN and ribavirin, the rates of SVR were substantially lower
in the presence of NS5A RASs in those treated for 12 weeks
without ribavirin, but all patients treated for 16 or 18
weeks with ribavirin achieved SVR (Table 5). The greatest
effects occurred with substitutions at positions 30, 31, and
93, whereas substitutions at positions 24, 28, 58, and 92
had no effect.28

Together, these findings indicate that NS5A RASs have a
substantial effect on the response to 12 weeks of treatment
with grazoprevir/elbasvir without ribavirin in all patients
with genotype 1a infection and in patients with genotype 1b
infection who did not respond to pegylated IFN and riba-
virin. This effect disappears if ribavirin is added and treat-
ment is prolonged to 16 or 18 weeks.



Table 5.Proportions of Patients With HCV Genotype 1 Infection Who Achieve SVR to Grazoprevir/Elbasvir According to the
Presence of Baseline NS5A RASs

Subtype Prior treatment Treatment regimen

Rate of SVR

Patients with any
NS5A RASs

Patients without
NS5A RASs

Patients with
elbasvir RASs

Patients without
elbasvir RASs

Subtype 1a Treatment naïve
and relapsers

Grazoprevir/elbasvir for 12 wk 86% (74/86) 98% (345/352) 58% (14/24) 98% (405/414)

Nonresponders Grazoprevir/elbasvir for 12 wk 64% (9/14) 96% (52/54) 29% (2/7) 97% (59/61)
Grazoprevir/elbasvir þ ribavirin

for 16 or 18 wk
100% (8/8) 100% (44/44) 100% (1/1) 100% (51/51)

Subtype 1b Treatment naïve
and relapsers

Grazoprevir/elbasvir for 12 wk 99% (80/81) 99% (183/184) 98% (44/45) 100% (219/220)

Nonresponders Grazoprevir/elbasvir for 12 wk 83% (10/12) 100% (22/22) 67% (4/6) 100% (28/28)
Grazoprevir/elbasvir þ ribavirin

for 16 or 18 wk
100% (16/16) 100% (22/22) 100% (12/12) 100% (26/26)

NOTE. Substitutions include M28A/G/T, Q30D/E/G/H/K/L/R, L31F/M/V, H58D, and Y93C/H/N/S in patients infected with HCV
subtypes 1a or 1b, with or without cirrhosis, with or without HIV coinfection, included in phase 2 or 3 trials of grazoprevir/
elbasvir, with or without ribavirin, administered for 12, 16, or 18 weeks. NS5A resistance was assessed at baseline by pop-
ulation sequencing.28
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Sofosbuvir/Velpatasvir
The combination of sofosbuvir and velpatasvir in one pill

(sofosbuvir/velpatasvir) is likely to be approved in the
United States and Europe in 2016. Baseline resistance was
assessed by deep sequencing, with a cutoff of 1%, in 3 phase
3 trials that included treatment-naïve and -experienced
patients with or without compensated cirrhosis infected
with HCV genotypes 1 to 6.29,30 The presence of NS5A RASs
at baseline had no effect on SVR in patients infected with
genotypes 1a, 1b, 2, 4, 5, or 6 in whom only 2 virological
failures occurred, both in patients with preexisting RASs in
NS5A.29,30 In contrast, in patients infected with genotype 3
HCV, 88% (38/43) of those with NS5A RASs at baseline
(present in 16% of the population) achieved an SVR,
compared with 97% (225/231) of patients without RASs. In
particular, only 84% (21/25) of patients with Y93H at
baseline achieved SVR.30

In another phase 3 trial, patients infected with genotypes
1 to 6 with decompensated cirrhosis (Child–Pugh B)
received 12 weeks of treatment with sofosbuvir/velpatasvir
with or without ribavirin or 24 weeks of treatment with
sofosbuvir/velpatasvir without ribavirin.31 In patients with
genotype 1 infection, the rates of SVR with and without
baseline NS5A RASs were 80% versus 96% in patients
treated for 12 weeks without ribavirin, 100% versus 98% in
those treated for 12 weeks with ribavirin, and 90% versus
98% in those treated for 24 weeks without ribavirin,
respectively. In patients infected with genotype 3 with
decompensated cirrhosis, SVR was achieved by 50% (7/14)
and 50% (6/12) of patients treated without ribavirin for 12
or 24 weeks, respectively, and 85% (11/13) of patients
treated for 12 weeks with ribavirin.31 Analysis of the role of
preexisting NS5A RASs was not possible in patients with
genotype 3 infection because of the small numbers.

Together, these studies showed that baseline NS5A RASs
do not affect the results of therapy with sofosbuvir/
velpatasvir in patients without cirrhosis or patients with
compensated cirrhosis, with the notable exception of those
infected with genotype 3. NS5A RASs also appear to affect
virological outcomes of patients with decompensated
cirrhosis (Child–Pugh B). The addition of ribavirin reduces
the effects of preexisting NS5A RASs to a greater extent than
prolongation of therapy to 24 weeks without ribavirin.
Selection of Resistant Variants in
Patients Who Do Not Achieve SVR

In adherent patients, virological breakthroughs are
exceptional, whereas most treatment failures are relapses.
At virological failure, a large proportion, if not all, of the
quasispecies variants are resistant to at least one of the
DAAs administered. However, if treatment has been
too short to clear wild-type, DAA-sensitive virus, this virus
may be dominant (Figure 2). RASs found at virological
failure in patients receiving current or soon-to-be-
approved regimens included in clinical trials are shown
in Table 6.
Sofosbuvir/Ledipasvir
In an integrated analysis of phase 2 and 3 trials of

sofosbuvir/ledipasvir, virological failure occurred in 2.4%
(51/2144) of cases.17 At virological failure, NS5A RASs were
present in 74% (38/51) of patients, including 71% (30/42)
with genotype 1a infection and 89% (8/9) with genotype 1b
infection (Table 6). Some patients harbored multiple NS5A
RASs. Three patients, all with genotype 1a, also had sofos-
buvir RASs at treatment failure.17 In another study of 12
weeks of treatment with sofosbuvir/ledipasvir in treatment-
naïve or -experienced patients with or without compensated
cirrhosis, 3 of 44 patients with genotype 4 infection and 2 of
41 patients with genotype 5 infection did not achieve SVR.



Table 6.RASs Present at Virological Failure in Patients Without SVR

IFN-free, DAA-based
regimen Trial(s)

Genotype or
subtype

No. of patients
with virological
failure analyzed

RASs present at virological failure

NS3 protease RASs NS5A RASs NS5B RASs

Sofosbuvir/ledipasvir Integrated analysis
of phase 2 and 3 trials17

1a 42 NA M28A/T, K24R, Q30E/H/K/L/R/Y,
L31M/P, S38F, Y93C/H/N

S282T, L320I/V,
L159F, V321A

1b 9 NA L31I/M/V, Y93H
HCV genotype 4 and 5 trial32 4 1 NA S93C S282T

5 1 NA S282T
Ombitasvir/paritaprevir/ritonavir

plus dasabuvir
Integrated analysis

of phase 2 and 3 trials34
1a 67 R155K, D168A/F/H/I/L/N/T/V/Y M28A/T/V, Q30E/K/R C316Y, M414I/T,

S556G/R
1b 7 D168A/F/H/I/L/N/T/V/Y Y93H C316Y, M414I/T,

S556G/R
Ombitasvir/paritaprevir/ritonavir PEARL-135 4 3 Y56H, D168V L28S/V, M31I/M, T58P/S NA
Sofosbuvir plus daclatasvir ALLY-237 1a 10 NA Q30E/Q/R, Y93N

1b 1 NA
2 1 NA L31M
3 1 NA A30S

ALLY-321 3 16 NA L31I, Y93H
ALLY-3þ38 3 4 NA Y93H

Sofosbuvir plus simeprevir COSMOS22 1a 6 R155K, D168E, I170T NA
OPTIMIST-123 1 31 R155K, D168E, I170T NA
OPTIMIST-224 1 16 R155K, D168E, I170T, N174G NA

Asunaprevir plus daclatasvir International trial39 1b 101 F43S, Y56H/L, Q80K/R,
S122D/G/I/N/T, R155G/K,
D168A/E/F/H/T/V/Y

L28M/T, P29S/X, R30G/H/P/Q/R,
L31F/I/M/V, P32F/L/X, P58S,
Q62D, Y93H/N

NA

Japanese trial40 1b 34 V36G, T54S, N77S, V78A, Q80L,
S122G, R155Q, D168A/E/T/V/Y

L28M, R30H/Q, L31I/M/V,
Q54H/Y, P58S, Y93H/N

NA

Grazoprevir/elbasvir C-WORTHY41 1 25 V36M, Y56H, V170I, A156G/T/V,
D168A/N/V/Y

M28G/T, Q30H/R/Y, L31M/V,
H58D, Y93H/N

NA

C-SALVAGE42 1a 2 V36L, Q80K, R155K/T, A156A/T,
D168N

M28T, Q30H/R, H58D, Y93H NA

1b 1 T54S, A156T L31M, Y93H NA
C-EDGE TN27 1a 10 V36M, Y56H, Q80K, S122G,

D168A/V
M28A/G/V, Q30H/L/R,

L31M/V, Y93H/N,
NA

1b 1 T54S, V170I L31F, Y93H NA
6 2 V36I, Y56H/Y, L80K/Q, S122T,

I132L, D168E/Y, I170V
F28L, L31M NA

C-EDGE COINFECTION43 1a 4 Q80K, D168A Q30K/R/Q, L31M, Y93S NA
4 1 L28S NA

C-SALT44 1a 2 S122G, D168A M28T, Q30R, Y93N NA
C-SWIFT45 3 2 Q168R Y93H NA
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The S93C RAS in NS5A was detected in 1 patient with ge-
notype 4 infection, and S282T in NS5B was detected in 1
patient with genotype 4 infection and 1 patient with geno-
type 5 infection at virological failure.32 NS5B S282T and
L159F were more frequently selected when patients previ-
ously exposed to sofosbuvir/ledipasvir for 8 or 12 weeks
were re-treated with the same regimen for 24 weeks (3 and
2 of 12 virological failures, respectively, in 41 re-treated
patients).33
Ombitasvir/Paritaprevir/Ritonavir
With or Without Dasabuvir

In a pooled analysis of HCV genotype 1 resistance in
2510 participants in phase 2 and 3 trials, 2.9% (74/2510) of
patients did not achieve an SVR (67 with genotype 1a and 7
with genotype 1b infection). If only guideline-recommended
regimens were considered, 1.8% (19/1083) of the patients
did not achieve an SVR.34 At virological failure, 78% (52/67)
of patients with genotype 1a infection had a substitution at
any NS3 protease RAS position, 72% (48/67) at any NS5A
RAS position, and 58% (39/67) at any NS5B RAS position.
In patients infected with genotype 1b, the numbers were
57% (4/7), 29% (2/7), and 29% (2/7), respectively
(Table 6). The presence of RASs in 2 or 3 different regions at
failure was common with this regimen.34 In another trial, 3
of 135 (2.2%) patients infected with genotype 4 treated for
12 weeks with ombitasvir/paritaprevir/ritonavir, without
ribavirin, did not have an SVR. NS3 protease and/or NS5A
RASs were present at virological failure (Table 6).35
Sofosbuvir Plus Daclatasvir
In a phase 3 trial in patients with different genotypes,

the 13 patients who did not achieve an SVR, including 10
with advanced cirrhosis (8 with subtype 1a, 1 with genotype
2, and 1 with genotype 3) and 3 patients who received liver
transplants (1 with HCV subtype 1a, 1 with subtype 1b, and
1 with genotype 3), had NS5A RASs at treatment failure.36 In
HIV-coinfected patients, 13 patients had viral breakthrough
(n ¼ 1) or relapse (n ¼ 12). Five of them had NS5A RASs at
virological failure (Table 6). The remaining 8 patients, all of
whom had received only 8 weeks of treatment, had a
dominant wild-type HCV at relapse.37 In 2 phase 3 trials of
patients with genotype 3 infection, Y93H was the dominant
species at relapse in 19 of the 20 patients with posttreat-
ment relapse (Table 6).21,38
Sofosbuvir Plus Simeprevir
In a phase 2 trial, 5 of the 6 patients who experienced

virological relapse had dominant NS3 protease RASs at the
time of failure (Table 6). None of them selected sofosbuvir-
resistant RASs.22 In a phase 3 trial of patients without
cirrhosis, 17% (27/155) and 3% (4/154) of patients expe-
rienced a relapse in the 8- and 12-week treatment groups,
respectively. Only 2 patients (1 of 25 in the 8-week arm and
1 of 3 in the 12-week arm) had dominant simeprevir RASs
at failure (Table 6).23 Among patients with compensated
cirrhosis treated for 12 weeks without ribavirin, 16% (16/
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103) did not have an SVR, including 3 with viral break-
through and 13 with relapse. Among 14 patients for whom
sequencing data were available, 79% (11/14) had RASs in
the NS3 protease at the time of failure. No sofosbuvir RASs
were detected (Table 6).24

Asunaprevir Plus Daclatasvir
In a pooled analysis of phase 2 and 3 studies, the rate of

virological failure was 14% (63/437) in patients without
cirrhosis and 16% (32/206) in patients with cirrhosis.
Two-thirds of patients experienced on-treatment break-
through or nonvirological response at the end of treatment,
whereas one-third experienced a relapse.26 The most
frequent resistant variants selected at treatment failure had
RASs at position D168 of the NS3 protease and at position
Y93 of the NS5A protein; each was present in approximately
75% of cases in the international trial (Table 6).39 Of the 34
patients with virological failure in a phase 3 trial in Japan,
29 had both daclatasvir RASs (predominantly L31M/V and
Y93H) and asunaprevir RASs (predominantly D168 RASs) at
failure (Table 6).40

Grazoprevir/Elbasvir
In a phase 2 study, virological failure occurred in 5%

(26/514) of patients with HCV genotype 1 infection
(including 32% with cirrhosis) treated with grazoprevir/
elbasvir. Fifty-eight percent (14/24 tested) and 56% (14/
25 tested) had dominant NS3 protease and NS5A RASs at
virological failure, respectively (Table 6).41 Relapse
occurred in 4% (3/79) of treatment-experienced patients
(2 with genotype 1a and 1 with genotype 1b), all previ-
ously exposed to telaprevir or boceprevir, in another trial.
All of them harbored dominant NS3 protease and NS5A
RASs at virological failure (Table 6).42 In a phase 3 study of
treatment-naïve patients with genotype 1, 4, or 6 in-
fections, with or without cirrhosis, virological failure
occurred in 4% (13/316) of cases, including 10 infected
with genotype 1a, 1 with genotype 1b, and 2 with genotype
6.27 Three of these cases had RASs only in the NS3 protease
region, whereas the remaining 10 had RASs in the NS3 and
NS5A regions.27

Relapse occurred in 2.3% (5/218) of HIV-coinfected
patients, including 4 with subtype 1a and 1 with subtype
4 (Table 6).43 Both patients from the decompensated
(Child–Pugh B) cirrhosis study who experienced a relapse
during treatment with grazoprevir/elbasvir harbored RASs
in the 2 target regions (Table 6).44 Finally, in a phase 2 trial
assessing short durations (4, 6, or 8 weeks) of treatment
with grazoprevir/elbasvir and sofosbuvir, NS3 protease and
NS5A RASs were detected in 1 of 30 and 9 of 30 patients
with genotype 1 infection, respectively, who experienced a
relapse. One patient with genotype 3 infection of 2 patients
who experienced a relapse had NS3 protease and NS5A
RASs at virological failure.45

Sofosbuvir/Velpatasvir
In phase 3 trials of sofosbuvir/velpatasvir in patients

with no or compensated cirrhosis, 2 patients of 624 (0.3%)
infected with genotypes 1a, 1b, 4, 5, or 6 experienced a
relapse (1 patient with genotype 1a and 1 patient with ge-
notype 1b), with NS5A substitutions.29 In contrast, 4%
(11/277) of patients with genotype 3 infection did not have
an SVR. One was reinfected. The remaining 10 patients
harbored dominant NS5A RASs at relapse.30 In patients with
decompensated cirrhosis (Child–Pugh B), 2 patients had
virological breakthroughs and 20 experienced a relapse.
Three had wild-type virus at virological failure. The
remaining 19 patients all had RASs in NS5A, whereas RASs
in NS5B were found in 5 cases together with NS5A RASs
(Table 6).31
Evolution of Resistant Variants
After Treatment Failure
Variants Resistant to Sofosbuvir

Because sofosbuvir-resistant variants are poorly fit, they
rapidly disappear after treatment withdrawal in the rare
patients in whom they are selected. Their transient selection
does not affect sofosbuvir-based re-treatment.9,11
Variants Resistant to NS5A Inhibitors
Fifty-eight patients treated with ledipasvir (without

sofosbuvir) who did not have an SVR and had dominant
NS5A inhibitor–resistant variants at treatment failure were
followed up for 96 weeks after treatment. The proportions
of patients with dominant NS5A-resistant variants at follow-
up weeks 12, 24, 48, and 96, based on deep sequencing
analysis (cutoff of 1%), were 98% (42/43), 100% (45/45),
95% (52/55), and 86% (50/58), respectively. These find-
ings indicate that these variants persist for many months
and probably many years.46 These results were confirmed
in 67 patients with genotype 1a infection treated with
ombitasvir/paritaprevir/ritonavir and dasabuvir who did
not have an SVR using population sequencing analysis; 97%
(68/70) and 96% (49/51) of these patients still had domi-
nant NS5A resistant variants at weeks 24 and 48 after
treatment, respectively.34 In patients treated with grazo-
previr/elbasvir, NS5A RASs were still present at follow-up
week 24, based on population sequencing, in the same
proportions as at virological failure.41,42

Together, these results indicate that variants bearing
NS5A RASs selected by IFN-free therapies are long lasting,
present as dominant species for several years (maybe
forever), and likely to affect the results of re-treatment.
Variants Resistant to NS3-4A Protease Inhibitors
In contrast to NS5A RASs, NS3 protease RASs progres-

sively disappear after treatment has been withdrawn. Among
patients treated with telaprevir in combination with pegy-
lated IFN and ribavirin in phase 3 trials, 77% (299/388) of
those who did not achieve an SVR harbored resistant variants
at virological failure. Kaplan–Meier estimates of loss of
telaprevir-resistant variants over time, as assessed by pop-
ulation sequencing, estimated the median time for reversal to
dominant wild-type virus to be 10.6 months for genotype 1a
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and 0.9 months for genotype 1b. All patients had lost
detectable resistant variants by 17 and 13 months after
treatment, respectively.47 In phase 2 and 3 trials of boce-
previr, pegylated IFN, and ribavirin, 69% (314/452) of pa-
tients who did not have an SVR had dominant resistant
variants at the time of treatment failure. Three years after
treatment, 73% of the patients (228/314) had only wild-type
HCV, based on population sequencing analysis. The median
time for return to wild-type was approximately 14 months.48

In 197 patients given simeprevir in combination with pegy-
lated IFN and ribavirin, 91% (n ¼ 180) who did not have an
SVR had resistant variants present as the dominant species at
the time of treatment failure. Kaplan–Meier analysis using
the results of population sequencing showed a median time
to loss of resistant variants of 9 months after treatment for
genotype 1a and 6 months for genotype 1b.14

This was confirmed in patients receiving IFN-free regi-
mens. In 67 patients with genotype 1a infection who did not
have an SVR to the combination of ombitasvir/paritaprevir/
ritonavir and dasabuvir, 46% (31/67) and 9% (5/57) still had
detectableNS3protease-resistant variants at 24 and 48weeks
after treatment, respectively.34 In patients treated with gra-
zoprevir/elbasvir, variants bearing A156G/T/V RASs dis-
appearedwithin 30 to 120 days posttreatment, whereas D168
RASs neededmore time to be replaced bywild-type virus.41,42

Together, these results indicate that variants with RASs
in the NS3 protease selected by IFN-free therapies are no
longer the major populations within a few months after
treatment withdrawal. It is not clear whether treating phy-
sicians should wait until resistant variants are undetectable
before re-treatment if the regimen is to include an NS3-4A
protease inhibitor. Also, it is not clear whether RASs that
were selected and then disappeared affect re-treatment
with NS3-4A protease inhibitor–containing regimens.
Variants Resistant to Dasabuvir
In 67 patients with genotype 1a infection who did not

have an SVR to ombitasvir/paritaprevir/ritonavir and dasa-
buvir, 75% (33/44) and 57% (20/35) had detectable
dasabuvir-resistant variants 24 and 48 weeks after treatment,
associated with RASs in NS5A.34 Little is known about their
effects on re-treatment with dasabuvir-containing regimens.
Re-treatment Strategies After
Failure of IFN-Free Treatment

In patients who did not have an SVR after 8 or 12 weeks
of treatment with sofosbuvir/ledipasvir without ribavirin,
re-treatment with the same regimen for 24 weeks was
disappointing; only 71% of patients (29/41) had an SVR. All
failures occurred in patients with NS5A RASs at re-
treatment baseline.33

Re-treatment strategies based on alternative combina-
tions have been tested in small-scale studies. Fifteen patients
who failed to respond to daclatasvir-based regimens were re-
treated with sofosbuvir and simeprevir without ribavirin for
12 weeks; 87% (13/15) of them achieved SVR, including 8 of
10 with genotype 1a, 3 of 3 with genotype 1b, and 2 of 2 with
genotype 4 infections.49 In another study, 22 patients with
failure to respond to DAA therapy, including 16 who were
exposed to an NS5A inhibitor, were re-treated with sofos-
buvir, ombitasvir/paritaprevir/ritonavir, and dasabuvir, with
or without ribavirin. The proportions of patients with an SVR
were 92% (13/14) after 12 weeks with ribavirin in patients
with genotype 1a without cirrhosis, 100% (6/6) after 24
weeks with ribavirin in patients with genotype 1a with
cirrhosis, and 100% (2/2) after 12 weeks without ribavirin
in patients with genotype 1b.50 Twenty-three patients with
genotype 1 infection who did not have an SVR after a first
course of 4, 6, or 8 weeks of sofosbuvir plus grazoprevir/
elbasvir were re-treated for 12 weeks with the same com-
bination. All of them achieved SVR.51 We re-treated 11 pa-
tients with stage F3 or F4 fibrosis who did not have an SVR
to various IFN-free regimens with a combination of sofos-
buvir, daclatasvir, simeprevir, and ribavirin for 24 weeks; 2
patients had to discontinue therapy due to severe side ef-
fects, 6 patients achieved an SVR, 3 patients experienced a
relapse, and SVR data are pending for the remaining 2 pa-
tients (Hézode et al, unpublished data, April 2016).

Together, these results indicate that re-treatment
strategies can lead to an SVR in large proportions of
patients who did not have an SVR to previous DAA regi-
mens, including those patients with RASs at the time of re-
treatment. The combination of sofosbuvir with 1 to 3 other
DAAs should be considered. The addition of ribavirin and/or
prolongation of treatment duration to 24 weeks are rec-
ommended in patients with factors of poor response.
Careful monitoring is recommended, because the safety of
these multiple combinations is unknown.
Resistance Testing in Clinical Practice
Versus Treatment Optimization to
Prevent Treatment Failure
Tools to Test for HCV Resistance
in Clinical Practice

Tools that can be used to test for resistance of HCV to
different drugs have been recently reviewed.52 In contrast to
HIV resistance tests, no standardized assays are available as
purchasable kits. Resistance testing therefore relies on in-
house techniques based on population or deep sequencing.
A limited number of reference laboratories have made such
tests available in the United States and Europe, and the
performance of these assays has not been externally vali-
dated. In-house assays are also available in some local lab-
oratories, but their performance and reliability vary. Our
experience is that drug resistance testing for HCV is not
trivial. It requires polymerase chain reaction amplification of
large fragments in 3 genes encoding the NS3 protease, NS5A
protein, and NS5B protein. This can be problematic even in
experienced hands, especially for HCV genotypes other than
1 and 4. It is a challenge to interpret results because the
sensitivity of population sequencing varies among labora-
tories, whereas deep sequencing cutoffs are not standard-
ized. Not all RASs are clinically meaningful. Their effects
depend on their proportion in the viral quasispecies and the



84 Jean-Michel Pawlotsky Gastroenterology Vol. 151, No. 1

REVIEW
S
AND

PERSPECTIVES
presence of other RASs in the same or other regions. Overall,
the number of possible resistance patterns at treatment
baseline is almost infinite, and their positive and negative
predictive values on SVR are unknown.
Resistance Testing Before First-Line Therapy
There are many conditions for broad use of HCV resis-

tance tests in clinical practice. First, a standardized assay
should be available as a purchasable kit, externally validated
for its performance, and easy to use routinely in any
virology laboratory with experience in molecular biology.
Whatever the technology used, the assay should reliably
report the presence of RASs with a validated and repeatable
sensitivity of 15%, equivalent to population sequencing.
Second, interpretation and reporting of HCV resistance data
should be homogenized and standardized through recom-
mendations by an international organization. Thirdly, clini-
cally relevant RASs should be clearly identified, and only
these should be reported and used for treatment decisions.
Finally, guidelines should be provided by international so-
cieties for treatment decisions based on results of drug
resistance tests. The guidelines should be based on data
from clinical trials and real-life studies that reported strong
predictive values of the different RAS profiles.

Because none of these conditions have yet been met,
systematic testing for HCV resistance before treatment
should not be recommended. Systematic testing would
seriously limit access to care and lead to erroneous de-
cisions for a number of cases. Instead, treatment can be
optimized for groups of patients known to have specific
RASs in NS5A that reduce response to therapy. In patients
with cirrhosis, guidelines already recommend adding riba-
virin to 12 weeks of treatment with sofosbuvir/ledipasvir,
sofosbuvir plus daclatasvir, or sofosbuvir plus simeprevir or
to prolong therapy to 24 weeks to reduce the rate of fail-
ure.53,54 Resistance data from the integrated analysis of
phase 2 and 3 studies with sofosbuvir/ledipasvir12 indicate
that the same measures would reduce treatment failure in
patients without cirrhosis who are prior nonresponders to
pegylated IFN–based regimens.

On the other hand, the guideline-recommended use of
ribavirin with 12 weeks of treatment with ombitasvir/par-
itaprevir/ritonavir, with or without dasabuvir, in patients
with genotype 1a or 4 infection, as well as prolongation of
treatment to 24 weeks in patients with genotype 1a infec-
tion and cirrhosis (especially those who did not respond to
pegylated IFN–based treatment), reduces the rate of failure
of this regimen. With grazoprevir/elbasvir, patients who do
not respond to treatment with pegylated IFN and ribavirin
(partial and null responders) can be treated for 16 weeks
with ribavirin without a pretreatment resistance test,
making this regimen more widely accessible.28 Finally, pa-
tients with HCV genotype 3 infection (particularly those
with advanced liver disease) need reinforcement of therapy
with sofosbuvir/velpatasvir.30,31 These simple strategies
can be used to optimize conditions for achievement of an
SVR, without the need for resistance testing. This will be
made easier by the rapid diminution of these treatment
groups in areas in which IFN-free treatments are easily
accessible.

Physicians who have easy access to reliable resistance
tests and easy communication with the virologists who
perform the tests can use these results to guide their de-
cisions. Although clear recommendations cannot be made,
detection (by population sequencing or deep sequencing
with a cutoff of 15%) of high-level resistance RASs in NS5A
(see Table 2) indicates that treatment should be reinforced
with ribavirin and/or that therapy should be extended. HCV
resistance testing at baseline (for RASs in NS5A at positions
28, 30, 31, or 93) is recommended only in the US label for
treatment-naïve and pegylated IFN/ribavirin-experienced
patients infected with HCV genotype 1a before treatment
with grazoprevir/elbasvir.55

Resistance Testing at Treatment
Failure (Breakthrough or Relapse)

Patients who experience a relapse after an IFN-free
treatment regimen have large proportions of drug-
resistant viruses, so resistance testing at the time of
relapse does not provide any useful information. Resistance
tests should therefore not be performed for these patients.

Testing for Resistance Before Re-treating
Patients Who Failed to Respond
to DAA-Based Therapy

When the decision is made to re-treat DAA-exposed
patients, resistance tests are not absolutely necessary but
can guide re-treatment decisions. The decision should be
made in a referral center that has access to reliable resis-
tance tests by a multidisciplinary team that includes the
virologists who perform the tests. Several re-treatment op-
tions exist, based on the combination of sofosbuvir with 1, 2,
or 3 other DAAs, with or without ribavirin for 12 to 24
weeks. Too few patients have been included in re-treatment
studies for us to address all of the possible situations and
make strong recommendations, but careful analysis of pa-
tients’ resistance profiles at the time of re-treatment can
help in selection of an option that will provide the best
chance for a cure. This is particularly important for patients
with advanced fibrosis or cirrhosis (compensated or
decompensated) and patients who have received liver
transplants who need rapid cures for their infection.

Conclusions
HCV resistance to DAAs can keep patients from achieving

SVR to IFN-free regimens. The presence of more than 15% of
HCV variantswith resistance to NS5A inhibitors in the patient’s
quasispecies population at baseline affects the chances for an
SVR, especially in specific groups of patients, such as thosewith
genotype 1a or 3 infection and cirrhosis and/or prior non-
responders to pegylated IFN–based treatment. At virological
failure, drug-resistant viruses dominate. Viruses that are
resistant to NS3-4A protease inhibitors disappear from
peripheral blood within a few weeks to months, whereas
NS5A inhibitor–resistant viruses persist for years, potentially
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impairing the results of re-treatment. Re-treatment options
are available based on the combination of multiple DAAs
with or without ribavirin. Treatment strategies should
be optimized according to current international recommenda-
tions to efficiently prevent treatment failure due to HCV resis-
tance without the need for pretreatment resistance testing.
References

1. Pawlotsky JM. New hepatitis C therapies: the toolbox,

strategies, and challenges. Gastroenterology 2014;
146:1176–1192.

2. Pawlotsky JM. Hepatitis C treatment: the data flood goes
on. An update from The Liver Meeting 2014. Gastroen-
terology 2015;148:468–479.

3. Pawlotsky JM. Hepatitis C virus population dynamics
during infection. Curr Top Microbiol Immunol 2006;
299:261–284.

4. Pawlotsky JM. Treatment failure and resistance with
direct-acting antiviral drugs against hepatitis C virus.
Hepatology 2011;53:1742–1751.

5. Neumann AU, Lam NP, Dahari H, et al. Hepatitis C viral
dynamics in vivo and the antiviral efficacy of interferon-
alpha therapy. Science 1998;282:103–107.

6. Pawlotsky JM. New hepatitis C virus (HCV) drugs and the
hope for a cure: concepts in anti-HCV drug development.
Semin Liver Dis 2014;34:22–29.

7. Lontok E, Harrington P, Howe A, et al. Hepatitis C virus
drug resistance-associated substitutions: state-of-the-
art summary. Hepatology 2015;62:1623–1632.

8. Chevaliez S, Rodriguez C, Pawlotsky JM. New virologic
tools for management of chronic hepatitis B and C.
Gastroenterology 2012;142:1303–1313.

9. Gane EJ, Abergel A, Metivier S, et al. The emergence of
NS5B resistant associated variant S282T after
sofosbuvir-based treatment (abstr). Hepatology 2015;
62(suppl 1):322A.

10. Svarovskaia ES, Dvory-Sobol H, Parkin N, et al. Infre-
quent development of resistance in genotype 1-6 hepa-
titis C virus-infected subjects treated with sofosbuvir in
phase 2 and 3 clinical trials. Clin Infect Dis 2014;
59:1666–1674.

11. Svarovskaia ES, Gane E, Dvory-Sobol H, et al. L159F
and V321A sofosbuvir-associated hepatitis C virus NS5B
substitutions. J Infect Dis 2016;213:1240–1247.

12. Zeuzem S, Mizokami M, Pianko S, et al. Prevalence of
pretreatment NS5A resistance associated variants in
genotype 1 patients across different regions using deep
sequencing and effect on treatment outcome with LDV/
SOF (abstr). Hepatology 2015;62(suppl 1):254A.

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

14. Lenz O, Verbinnen T, Fevery B, et al. Virology analyses of
HCV isolates from genotype 1-infected patients treated
with simeprevir plus peginterferon/ribavirin in Phase IIb/III
studies. J Hepatol 2015;62:1008–1014.

15. Gane EJ, Svarovskaia ES, Hyland RH, et al. Resistance
analysis of treatment-naïve and DAA-experienced geno-
type 1 patients with and without cirrhosis who received
short-duration treatment with sofosbuvir/GS-5816 þ GS-
9857 (abstr). Hepatology 2015;62(suppl 1):563A.

16. Sulkowski M, Krishnan P, Tripathi R, et al. Effect of
baseline resistance-associated variants on SVR with the
3D regimen plus RBV. Presented at: Conference on
Retroviruses and Opportunistic Infections (CROI) 2016;
February 22-25, 2016; Boston, MA.

17. Sarrazin C, Dvory-Sobol H, Svarovskaia ES, et al.
Baseline and post-baseline resistance analyses of Phase
2/3 studies of ledipasvir/sofosbuvir þ/- RBV (abstr).
Hepatology 2014;60(suppl):1128A.

18. Sarrazin C, Dvory-Sobol H, Svarovskaia ES, et al. The
prevalence and the effect of HCV NS5A resistance
associated variants in subjects with compensated
cirrhosis treated with ledipasvir/sofosbuvir þ/- RBV
(abstr). J Hepatol 2015;62(suppl 2):S620.

19. Krishnan P, Tripathi R, Schnell G, et al. Resistance
analysis of baseline and treatment-emergent variants in
hepatitis C virus genotype 1 in the AVIATOR study with
paritaprevir-ritonavir, ombitasvir, and dasabuvir. Anti-
microb Agents Chemother 2015;59:5445–5454.

20. McPhee F, Hernandez D, Zhou N, et al. Baseline HCV
NS5A resistance-associated variants do not impact
SVR12 rates in non-cirrhotic and post-liver transplant
patients with genotype 1 infection treated with dacla-
tasvir and sofosbuvir with or without ribavirin for 12
weeks: an integrated analysis (abstr). Hepatology 2015;
62(suppl 1):560A.

21. Nelson DR, Cooper JN, Lalezari JP, et al. All-oral 12-
week treatment with daclatasvir plus sofosbuvir in pa-
tients with hepatitis C virus genotype 3 infection: ALLY-3
phase III study. Hepatology 2015;61:1127–1135.

22. Lawitz E, Sulkowski MS, Ghalib R, et al. Simeprevir plus
sofosbuvir, with or without ribavirin, to treat chronic
infection with hepatitis C virus genotype 1 in non-
responders to pegylated interferon and ribavirin and
treatment-naive patients: the COSMOS randomised
study. Lancet 2014;384:1756–1765.

23. Kwo P, Gitlin N, Nahass N, et al. Simeprevir plus sofosbuvir
(12 and 8 weeks) in HCV genotype 1-infected patients
without cirrhosis: OPTIMIST-1, a Phase 3, randomized
study. Hepatology 2016 Jan 22 [Epub ahead of print].

24. Lawitz E, Matusow G, DeJesus E, et al. Simeprevir plus
sofosbuvir in patients with chronic hepatitis C virus geno-
type1 infection andcirrhosis: aphase3study (OPTIMIST-2).
Hepatology 2015 Dec 24 [Epub ahead of print].

25. McPhee F, Suzuki Y, Toyota J, et al. High sustained
virologic response to daclatasvir plus asunaprevir in
elderly and cirrhotic patients with hepatitis C virus ge-
notype 1b without baseline NS5A polymorphisms. Adv
Ther 2015;32:637–649.

26. Kao JH, Jensen DM, Manns MP, et al. Daclatasvir plus
asunaprevir for HCV genotype 1b infection in patients
with or without compensated cirrhosis: a pooled anal-
ysis. Liver Int 2015 Dec 18 [Epub ahead of print].

27. Zeuzem S, Ghalib R, Reddy KR, et al. Grazoprevir-
elbasvir combination therapy for treatment-naive
cirrhotic and noncirrhotic patients with chronic hepatitis
C virus genotype 1, 4, or 6 infection: a randomized trial.
Ann Intern Med 2015;163:1–13.

http://refhub.elsevier.com/S0016-5085(16)30055-5/sref1
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref1
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref1
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref1
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref2
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref2
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref2
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref2
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref3
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref3
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref3
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref3
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref4
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref4
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref4
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref4
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref5
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref5
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref5
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref5
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref6
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref6
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref6
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref6
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref7
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref7
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref7
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref7
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref8
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref8
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref8
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref8
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref9
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref9
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref9
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref9
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref10
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref10
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref10
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref10
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref10
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref10
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref11
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref11
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref11
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref11
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref12
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref12
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref12
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref12
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref12
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref13
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref13
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref13
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref13
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref14
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref14
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref14
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref14
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref14
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref15
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref15
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref15
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref15
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref15
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref15
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref17
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref17
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref17
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref17
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref17
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref18
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref18
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref18
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref18
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref18
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref18
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref19
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref19
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref19
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref19
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref19
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref19
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref20
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref20
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref20
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref20
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref20
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref20
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref20
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref21
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref21
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref21
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref21
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref21
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref22
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref22
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref22
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref22
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref22
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref22
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref22
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref23
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref23
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref23
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref23
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref24
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref24
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref24
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref24
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref25
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref25
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref25
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref25
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref25
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref25
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref26
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref26
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref26
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref26
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref27
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref27
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref27
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref27
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref27
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref27


86 Jean-Michel Pawlotsky Gastroenterology Vol. 151, No. 1

REVIEW
S
AND

PERSPECTIVES
28. Jacobson I, Asante-Appiah E, Wong P, et al. Prevalence
and impact of baseline NS5A resistance associated
variants (RAVs) on the efficacy of elbasvir/grazoprevir
(EBR/GZR) against GT1a infection (abstr). Hepatology
2015;62(suppl 2):1393A.

29. Feld JJ, Jacobson IM, Hezode C, et al. Sofosbuvir and
velpatasvir for HCV genotype 1, 2, 4, 5, and 6 infection.
N Engl J Med 2015;373:2599–2607.

30. Foster GR, Afdhal N, Roberts SK, et al. Sofosbuvir and
velpatasvir for HCV genotype 2 and 3 infection. N Engl J
Med 2015;373:2608–2617.

31. Curry MP, O’Leary JG, Bzowej N, et al. Sofosbuvir and
velpatasvir for HCV in patients with decompensated
cirrhosis. N Engl J Med 2015;373:2618–2628.

32. Abergel A, Loustaud-Ratti V, Metivier S, et al. Ledipasvir/
sofosbuvir treatment results in high SVR rates in patients
with chronic genotype 4 and 5 HCV infection (abstr).
J Hepatol 2015;62(suppl 2):S219.

33. Lawitz E, Flamm S, Yang JC, et al. Retreatment of pa-
tients who failed 8 or 12 weeks of ledipasvir/sofosbuvir-
based regimens with ledipasvir/sofosbuvir for 24 weeks
(abstr). J Hepatol 2015;62(suppl 1):S192.

34. Krishnan P, Tripathi R, Schnell G, et al. Long-term follow-
up of treatment-emergent resistance-associated variants
in NS3, NS5A and NS5B with paritaprevir/r-, ombitasvir-
and dasabuvir-based regimens (abstr). J Hepatol 2015;
62(suppl 2):S220.

35. Schnell G, Tripathi R, Beyer J, et al. Hepatitis C virus
genotype 4 resistance and subtype demographic char-
acterization of patients treated with ombitasvir plus
paritaprevir/ritonavir. Antimicrob Agents Chemother
2015;59:6807–6815.

36. Poordad F, Schiff ER, Vierling JM, et al. Daclatasvir with
sofosbuvir and ribavirin for HCV infection with advanced
cirrhosis or post-liver transplant recurrence. Hepatology
2016;63:1493–1505.

37. Wyles DL, Ruane PJ, Sulkowski MS, et al. Daclatasvir
plus sofosbuvir for HCV in patients coinfected with HIV-
1. N Engl J Med 2015;373:714–725.

38. Leroy V, Angus PW, Bronowicki JP, et al. Daclatasvir,
sofosbuvir, and ribavirin for hepatitis C virus genotype 3
and advanced liver disease: a randomized Phase III study
(ALLY-3þ). Hepatology 2016;63:1430–1441.

39. Manns M, Pol S, Jacobson IM, et al. All-oral daclatasvir
plus asunaprevir for hepatitis C virus genotype 1b: a
multinational, phase 3, multicohort study. Lancet 2014;
384:1597–1605.

40. Kumada H, Suzuki Y, Ikeda K, et al. Daclatasvir plus
asunaprevir for chronic HCV genotype 1b infection.
Hepatology 2014;59:2083–2091.

41. Black S, Pak I, Ingravallo P, et al. Resistance analysis of
virologic failures in hepatitis C genotype 1 infected pa-
tients treated with grazoprevir/elbasvir þ/- ribavirin: the C-
WORTHY study (abstr). J Hepatol 2015;62(suppl 2):S677.

42. Buti M, Gordon SC, Zuckerman E, et al. Grazoprevir,
elbasvir, and ribavirin for chronic hepatitis C virus genotype
1 infection after failure of pegylated interferon and ribavirin
with an earlier-generation protease inhibitor: final 24-week
results from C-SALVAGE. Clin Infect Dis 2016;62:32–36.
43. Rockstroh JK, Nelson M, Katlama C, et al. Efficacy and
safety of grazoprevir (MK-5172) and elbasvir (MK-8742)
in patients with hepatitis C virus and HIV co-infection (C-
EDGE CO-INFECTION): a non-randomised, open-label
trial. Lancet HIV 2015;2:e319–e327.

44. Jacobson IM, Poordad F, Firpi-Morell R, et al. Efficacy and
safety of grazoprevir and elbasvir in hepatitis C genotype
1-infected patients with Child-Pugh class B cirrhosis (C-
SALT Part A) (abstr). J Hepatol 2015;62(suppl 2):S193.

45. Poordad F, Lawitz E, Gutierrez JA, et al. C-SWIFT:
grazoprevir/elbasvir þ sofosbuvir in cirrhotic and non-
cirrhotic, treatment-naive patients with hepatitis C virus
genotype 1 infection, for durations of 4, 6 or 8 weeks and
genotype 3 infection for durations of 8 and 12 weeks
(abstr). J Hepatol 2015;62(suppl 2):S192.

46. Dvory-Sobol H, Wyles D, Ouyang W, et al. Long-term
persistence of HCV NS5A variants after treatment with
NS5A inhibitor ledipasvir (abstr). J Hepatol 2015;62
(suppl 2):S221.

47. Sullivan JC, De Meyer S, Bartels DJ, et al. Evolution of
treatment-emergent resistant variants in telaprevir phase
3 clinical trials. Clin Infect Dis 2013;57:221–229.

48. Howe AY, Long J, Nickle D, et al. Long-term follow-up of
patients receiving boceprevir for treatment of chronic
hepatitis C. Antiviral Res 2015;113:71–78.

49. Hézode C, Chevaliez S, Scoazec G, et al. Retreatment
with sofosbuvir and simeprevir of patients who previ-
ously failed on an HCV NS5A inhibitor-containing
regimen (abstr). Hepatology 2015;62(suppl 1):763A.

50. Poordad F, Bennett M, Sepe TE, et al. Retreatment of
HCV genotype 1 DAA-failures with ombitasvir/par-
itaprevir/r, dasabuvir, and sofosbuvir (abstr). Hepatology
2015;62(suppl 1):1392A.

51. Lawitz E, Poordad F, Gutierrez JA, et al. C-SWIFT
Retreatment (Part B): 12 weeks of elbasvir/grazoprevir
with sofosbuvir and ribavirin successfully treated GT1-
infected subjects who failed short-duration all-oral ther-
apy (abstr). J Hepatol 2015;62(suppl 2):1386A.

52. Fourati S, Pawlotsky JM. Virologic tools for HCV drug
resistance testing. Viruses 2015;7:6346–6359.

53. European Association for the Study of the Liver. EASL
recommendations on treatment of hepatitis C 2015.
J Hepatol 2015;63:199–236.

54. AASLD-IDSA HCV Guidance panel. Hepatitis C guid-
ance: AASLD-IDSA recommendations for testing, man-
aging, and treating adults infected with hepatitis C virus.
Hepatology 2015;62:932–954.

55. Highlights of prescribing information. http://www.merck.
com/product/usa/pi_circulars/z/zepatier/zepatier_pi.pdf.

Received January 14, 2016. Accepted April 2, 2016.

Reprint requests
Address requests for reprints to: Jean-Michel Pawlotsky, MD, PhD, Department
of Virology, Hôpital Henri Mondor, 51 avenue du Maréchal de Lattre de Tassigny,
94010 Créteil, France. e-mail: jean-michel.pawlotsky@aphp.fr; fax: (33) 1-4981-
4831.

Conflicts of interest
The author discloses the following: He has received research grants from
Gilead Sciences and has served as an advisor for AbbVie, Bristol-Myers
Squibb, Gilead Sciences, Janssen, and Merck.

http://refhub.elsevier.com/S0016-5085(16)30055-5/sref28
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref28
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref28
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref28
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref28
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref29
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref29
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref29
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref29
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref30
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref30
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref30
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref30
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref31
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref31
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref31
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref31
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref32
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref32
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref32
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref32
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref33
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref33
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref33
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref33
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref34
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref34
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref34
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref34
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref34
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref35
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref35
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref35
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref35
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref35
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref35
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref36
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref36
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref36
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref36
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref36
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref37
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref37
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref37
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref37
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref38
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref38
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref38
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref38
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref38
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref38
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref39
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref39
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref39
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref39
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref39
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref40
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref40
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref40
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref40
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref41
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref41
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref41
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref41
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref41
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref42
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref42
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref42
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref42
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref42
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref42
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref43
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref43
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref43
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref43
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref43
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref43
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref44
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref44
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref44
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref44
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref45
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref45
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref45
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref45
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref45
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref45
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref45
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref46
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref46
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref46
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref46
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref47
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref47
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref47
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref47
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref48
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref48
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref48
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref48
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref49
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref49
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref49
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref49
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref50
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref50
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref50
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref50
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref51
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref51
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref51
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref51
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref51
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref52
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref52
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref52
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref53
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref53
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref53
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref53
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref54
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref54
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref54
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref54
http://refhub.elsevier.com/S0016-5085(16)30055-5/sref54
http://www.merck.com/product/usa/pi_circulars/z/zepatier/zepatier_pi.pdf
http://www.merck.com/product/usa/pi_circulars/z/zepatier/zepatier_pi.pdf
mailto:jean-michel.pawlotsky@aphp.fr

	Hepatitis C Virus Resistance to Direct-Acting Antiviral Drugs in Interferon-Free Regimens
	Principles of HCV Resistance to DAAs
	Definition of Viral Resistance and Resistance-Associated Substitutions
	Factors That Affect HCV Resistance to DAAs
	Characteristics of HCV Resistance to DAAs

	Resistance to Available DAAs
	Prevalence of RASs at Treatment Baseline
	Nucleotide Analogues
	NS5A Inhibitors
	NS3-4A Protease Inhibitors
	Non-nucleoside RdRp Palm-1 Inhibitors

	Effects of Baseline RASs on Virological Outcomes of IFN-Free Treatment
	Sofosbuvir/Ledipasvir
	Ombitasvir/Paritaprevir/Ritonavir Plus Dasabuvir
	Sofosbuvir Plus Daclatasvir
	Sofosbuvir Plus Simeprevir
	Asunaprevir Plus Daclatasvir
	Grazoprevir/Elbasvir
	Sofosbuvir/Velpatasvir

	Selection of Resistant Variants in Patients Who Do Not Achieve SVR
	Sofosbuvir/Ledipasvir
	Ombitasvir/Paritaprevir/Ritonavir With or Without Dasabuvir
	Sofosbuvir Plus Daclatasvir
	Sofosbuvir Plus Simeprevir
	Asunaprevir Plus Daclatasvir
	Grazoprevir/Elbasvir
	Sofosbuvir/Velpatasvir

	Evolution of Resistant Variants After Treatment Failure
	Variants Resistant to Sofosbuvir
	Variants Resistant to NS5A Inhibitors
	Variants Resistant to NS3-4A Protease Inhibitors
	Variants Resistant to Dasabuvir

	Re-treatment Strategies After Failure of IFN-Free Treatment
	Resistance Testing in Clinical Practice Versus Treatment Optimization to Prevent Treatment Failure
	Tools to Test for HCV Resistance in Clinical Practice
	Resistance Testing Before First-Line Therapy
	Resistance Testing at Treatment Failure (Breakthrough or Relapse)
	Testing for Resistance Before Re-treating Patients Who Failed to Respond to DAA-Based Therapy

	Conclusions
	References


