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Impact of individual and multiple-linked NS5A baseline 
resistance-associated substitutions on SVR12 in GT1a sofosbuvir 
+ NS5A inhibitor failures re-treated with glecaprevir/pibrentasvir
Highlights
of sofosbuvir and an NS5A inhibitor
with a regimen of glecaprevir and
� Primer-ID NGS tracked multiply linked NS5A RASs in GT1 failures re-
treated with G/P.

� Decreasing SVR12 rates with double- or triple-linked NS5A RASs.

� No single GT1a NS5A RAS or NS3 RAS was associated with a reduced
SVR12.

� Among 13 failures, 4 had treatment-emergent NS3 RASs; 10 had
additional NS5A RASs.

� 85% of GT1a with double- or triple-linked NS5A RASs achieved
SVR12 with 16 weeks G/P.
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Linkage of resistance-associated substitutions in GT1 sofosbuvir +
NS5A inhibitor failures treated with glecaprevir/pibrentasvir
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Background & Aims: Retreatment with glecaprevir/pibrentasvir NS5A RASs or their linkage pattern were associated with lower

(G/P) resulted in a rate of sustained virologic response 12 weeks
after treatment completion (SVR12) of >90% in HCV genotype 1
(GT1) patients who previously failed a regimen of sofosbuvir plus
an NS5A inhibitor (NS5Ai). This study investigated the preva-
lence and impact of baseline NS3 and NS5A resistance-associated
substitutions (RASs) on the efficacy of G/P in prior GT1 sofos-
buvir+NS5Ai failures and the persistence of treatment-emergent
RASs.
Methods: Longitudinal samples from 177 patients enrolled in a
phase IIIb, randomized pragmatic clinical trial were analyzed.
Patients without cirrhosis were randomized to 12 or 16 weeks of
G/P, and patients with compensated cirrhosis were randomized
to G/P and ribavirin for 12 weeks or G/P for 16 weeks. Linkage of
RAS was identified using Primer-ID next-generation sequencing
at a 15% cut-off.
Results: Of 177 patients, 169 (95.5%) were PI-naïve. All 33 GT1b-
infected patients achieved SVR12. In GT1a-infected patients,
baseline NS5A RASs were prevalent (74.5%, 105/141) but NS3
RASs were uncommon. Baseline NS3 RASs had no impact on G/P
efficacy and patients with baseline NS5A RASs showed a
numerically but not statistically significantly lower SVR12 rate
compared to those without NS5A RASs (89% vs. 97%). SVR12 was
achieved in 34 of 35 (97%) patients without NS5A baseline sub-
stitution, and 53 of 57 (93%), 35 of 40 (88%), 5 of 8 (63%) with
single, double-linked, and triple-linked NS5A substitutions,
respectively. Among 13 patients with virologic failure, 4 acquired
treatment-emergent NS3 RASs and 10 acquired NS5A RASs.
Conclusion: Baseline NS5A RASs were highly prevalent. The
presence of an increasing number of linked NS5A RASs in GT1a
showed a trend in decreasing SVR12 rates, although no specific
words: Glecaprevir/Pibrentasvir; Hepatitis C therapy; Multiple-linked sub-
tions; Next-generation sequencing; NS5A resistance; Persistence of treatment-
rgent substitutions; Resistance-associated substitutions; Treatment-emergent
s; Treatment failure.
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SVR12 rates.
Lay summary: Direct-acting antivirals have revolutionized the
treatment of chronic hepatitis C infection, but treatment failure
occurs in some patients. Retreatment of patients who previously
failed a regimen consisting of sofosbuvir and an NS5A inhibitor
with a regimen of glecaprevir and pibrentasvir (G/P) is >90%
effective. Herein, we analyzed samples from these patients and
showed that retreatment efficacy with G/P is lower in patients
with double- or triple-linked NS5A resistance mutations than in
patients with single or no NS5A resistance mutations.
Clinical trial number: NCT03092375.
Published by Elsevier B.V. on behalf of European Association for the
Study of the Liver. This is an open access article under the CC BY-NC-
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction
About 1% of the world’s population is infected with HCV, corre-
sponding to approximately 71 million people with HCV viremia
worldwide.1 Chronic HCV infection is the most common cause of
liver disease and is the leading cause of liver transplantation due
to cirrhosis and hepatocellular carcinoma (HCC).2 In the United
States, HCV affects 4-5 million individuals3 and is responsible for
15,000 deaths annually.4 The morbidity and mortality associated
with HCV infection is expected to increase over the next few
decades.5,6

Direct-acting antivirals (DAAs) have revolutionized HCV
treatment. Multiple DAA regimens are approved to treat HCV and
achieve viral cure or sustained virologic response 12 weeks after
treatment completion (SVR12) rates in treatment naïve-in-
dividuals of 95% or higher.7–9 Three HCV non-structural proteins
(NS3, NS5A, and NS5B) are major targets for pharmacotherapy
and almost all DAA regimens utilized today include NS5A in-
hibitors (NS5Ai). Despite high cure rates, some patients fail
treatment with DAA regimens and develop resistance-associated
substitutions (RASs) that decrease retreatment efficacy.10 While
RASs in NS3 typically disappear within the first year after
treatment failure, RASs selected by NS5Ai tend to persist for
several years after failure.11,12 Given the global burden of HCV
and the increased use of DAA regimens, there is a growing need
021 vol. 75 j 820–828
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to expand the retreatment options for patients who have failed
an NS5Ai-containing regimen.

Glecaprevir is an NS3/4A protease inhibitor (PI) and pibren-
tasvir is an NS5Ai with potent pangenotypic activity against
common amino acid substitutions that confer resistance to
approved NS3/4A and NS5A inhibitors.13,14 In NS3, a subset of
single substitutions that included A156T/V in genotype (GT) 1, 2
and 4, A156G in GT3 and D168H in GT6a conferred >100-fold
resistance to glecaprevir.14 In NS5A, the majority of individual
substitutions at positions 24, 28, 30, 31, 58, 92, or 93 in GT1-6 did
not confer resistance to pibrentasvir, while some combinations
of >−2 NS5A substitutions resulted in reduced pibrentasvir sus-
ceptibility.13,15 In a pooled resistance analysis of NS3/4A PI- and
NS5Ai-naive patients who received glecaprevir/pibrentasvir (G/
P) for 8, 12, or 16 weeks in 8 phase II and III clinical studies,
baseline RASs had no impact on treatment outcome in GT1, 2, 4,
5, and 6, while numerically lower SVR12 was observed in GT3
patients with baseline NS5A-A30K who received 8 weeks ther-
apy.10 A recent study examined G/P for 8 weeks in treatment-
naïve patients with chronic HCV GT1-6 and compensated
cirrhosis; this study reported high SVR12 of 99.7% with no
impact of baseline RASs in any population.16

Given the high barrier to resistance, G/P was evaluated for
HCV retreatment for patients who failed an NS5Ai-containing
regimen. In MAGELLAN-1 (part 2), G/P demonstrated SVR12 of
94% (17/18) and 88% (14/16) for NS5Ai-experienced patients who
received 16 or 12 weeks of treatment, respectively.17 Baseline
NS5A substitutions were common and substitutions in NS5A
alone did not impact treatment outcome in patients treated for
16 weeks.17 G/P is currently approved as a once-daily, regimen
for 16 weeks in GT1 NS5Ai-experienced patients with or without
compensated cirrhosis and without prior treatment with an NS3/
4A PI.15 However, the AASLD HCV treatment guidelines currently
recommend this only as an alternative treatment option for
NS5Ai-experienced patients.18 A recent phase IIIb, open-label
study evaluated the efficacy of G/P in 177 HCV GT1 patients
who failed prior treatment with an NS5Ai plus sofosbuvir19 to
provide additional data in this population. Patients without
cirrhosis were randomized to 12 or 16 weeks of G/P, and patients
with compensated cirrhosis were randomized to G/P and
weight-based ribavirin for 12 weeks or G/P for 16 weeks. Results
following 16 weeks of G/P showed SVR12 rates of 97% and 94% in
patients with and without cirrhosis, respectively. The study also
included 8 patients who failed an NS3/4A PI-containing regimen
prior to sofosbuvir+NS5Ai and all of whom achieved SVR12 after
G/P retreatment.19 The objective of the current study is to
describe the prevalence and the impact of baseline substitutions
in NS3 and NS5A on treatment outcome, as well as treatment-
emergent RAS (TE-RAS) at the time of virologic failure, for
these NS5Ai-experienced patients enrolled in the phase IIIb G/P
retreatment study. We employed a Primer-ID barcode approach
with next-generation sequencing of NS3 and NS5A genes to
quantify single or multiple-linked RASs in individual viral ge-
nomes. Additionally, the evolution and persistence of TE-RASs
and their linkage among G/P retreatment failures were
evaluated.

Patients and methods
Patient population and study design
Plasma samples were obtained from all patients enrolled in a
phase IIIb, open-label, randomized, pragmatic, study conducted
Journal of Hepatology 2
in 30 centers in the United States (ClinicalTrials.gov number:
NCT03092375). Patient population, inclusion and exclusion
criteria, and efficacy and safety data have been reported previ-
ously.19 The study protocol was approved by the Institutional
Review Board of all participating centers and all patients pro-
vided written informed consent prior to enrollment. Eligible
non-cirrhotic patients were randomized 2:1 to Arm A: G/P12
weeks and Arm B: G/P16 weeks, and compensated cirrhotic
patients were randomized 1:1 to Arms C: G/P+RBV12 weeks
and Arm D: G/P16 weeks. G/P was dosed once a day and RBV was
administered 1,000 mg daily for weight <75 kg or 1,200 mg daily
for weight >−75 kg.

Sample collection and virologic failure
SVR12 was defined as HCV RNA below the lower limit of quan-
tification (LLOQ) at 12 weeks post treatment (PTWk12). For
12 weeks G/P ± RBV, Arms A and C, samples were collected at
screening, day 1, weeks 4, 8, 12, and PT weeks 4 and 12 (Fig. 1).
For 16 weeks G/P, Arms B and D, samples were also collected at
week 16. For patients who prematurely discontinued treatment,
samples were collected at the time of discontinuation. HCV RNA
was measured at a central laboratory (Cenetron Diagnostics,
Austin, TX) using the AmpliPrep/COBAS® TaqMan® HCV Quan-
titative Test v2.0 (Roche Molecular Systems Inc., Branchburg, NJ)
with both lower limit of detection (LLOD) and LLOQ being 15 IU/
ml. Breakthrough was defined as confirmed HCV RNA >−100 IU/ml
after HCV RNA <LLOQ or confirmed increase in HCV RNA >1 log
IU/ml from nadir at any time point during treatment. Laboratory
assessments were repeated in patients with suspected break-
through, and if confirmed, treatment was stopped, and patients
were followed until PTWk12. Relapse was defined as confirmed
HCV RNA >−LLOQ between end of treatment and PTWk12 in pa-
tients with HCV RNA <LLOQ at the end of treatment.

HCV GT and subtype were determined using Versant® HCV
genotype Inno LiPA assay, v2.0 or higher (LiPA, Siemens
Healthcare Diagnostics, Tarrytown, NY). When GT results from
the central laboratory were indeterminate, historical GT results
at the local site were used for study enrollment. Two patients in
Arm A were missing GT information; therefore, GT and subtype
for both patients were determined by phylogenetic analysis
(Fig. S1).

Resistance analyses
Illumina next-generation sequencing (NGS) was performed on
baseline samples from all patients and post-baseline samples of
patients of failures at Dr. Gary Wang’s laboratory (University of
Florida, Division of Infectious Diseases and Global Medicine,
Gainesville, FL). Primer-ID was used to tag individual HCV RNA
genomes,20–22 utilizing reverse transcription (RT) primers for
complementary DNA (cDNA) synthesis. Each RT primer molecule
includes a random 14-nucleotide sequence constituting a unique
Primer-ID Tag, flanked by a sequence at the 3’ end that anneals to
the RNA template and a sequence at the 5’ end that serves as the
annealing site for PCR primers. Viral RNA serves as the template
for cDNA synthesis using amplicon (NS3 or NS5A)-specific RT
primers that contained the Primer-ID tag. Each reaction con-
tained 102-103-fold molar excess of primers to ensure that each
RNA template was reverse transcribed to generate cDNA labeled
with a unique Primer-ID tag. The resulting cDNA was purified,
then amplified using forward and reverse PCR primers that
included 4-8 variable length nucleotide barcode sequences
021 vol. 75 j 820–828 821
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Samples analysis

Non-cirrhotics
(2:1 arm A:B)

Cirrhotics
(1:1 arm C:D)

Treatment period Post -treatment period
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SVR12

G/P
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G/P

Arm A/C

Arm B/D

0

*Weight-based RBV

Arm D
SVR12

G/P

0 2412 16 28

Arm C
SVR12

G/P + RBV*

4 8 12 16 20 24 28

Fig. 1. Study design and time points of samples (arrows) for resistance analysis.
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specific to each sample. The PCR products were purified and
tailed with index sequences required for Illumina sequencing.
Amplified DNA were combined in equimolar pool, gel purified
and quantified by qPCR (KAPA Library Quantification kit for
Illumina sequencing platforms, Kapa Biosystems), then
sequenced on MiSeq using v3 600 cycle kit and a 20% PhiX spike-
in. The regions sequenced encompassed NS3 amino acids 36-188
in GT1a and 36-201 in GT1b, and NS5A amino acids 13-132 in
GT1a and 16-133 in GT1b. A 15% threshold was used to define
baseline RASs relative to subtype-specific prototypic reference
sequences (H77 for GT1a, accession number NC_004102; Con1
for GT1b, accession number AJ238799). TE-RAS were identified
by comparing sequences in samples collected at failure to
baseline.

Baseline RASs were assessed in NS3 at positions 155, 156, and
168, and in NS5A at positions 24, 28, 30, 31, 58, 92, and 93 for all
patients. These specific NS3 and NS5A positions are known to
confer resistance to at least 1 inhibitor in the protease or NS5A
class. Among the analyzed NS5A positions in GT1a, Y93H/N is the
only NS5A position with an increase of >2.5 fold in EC50 for
pibrentasvir in vitro.13 Polymorphism at the Q80 position in NS3
did not confer in vitro change in the glecaprevir EC50,14 and did
not impact SVR12 in phase II/III resistance analyses that included
DAA treatment-naïve, and GT1-and GT4 DAA treatment-
experienced patients.10,17 Nevertheless, the impact of Q80 poly-
morphism and additional NS3 polymorphisms on SVR12 was
studied in a supplementary analysis (Table S1). Two patients in
Arm A were missing baseline sequencing data for both NS3 and
NS5A. Among failure samples with HCV RNA >−1,000 IU/ml, TE-
RASs at a 15% threshold were assessed in NS3 positions 155,
156, and 168, and in NS5A positions 24, 28, 30, 31, 32, 58, 92, and
93. Phylogenetic analysis was performed to determine HCV re-
infection or HCV subtype. Sequences were aligned to NS3 or
NS5A reference sequences for genotypes 1a and 1b (H77 and
Con1, respectively) using MUSCLE v.3.7.23 Analyses were
822 Journal of Hepatology 2
performed in IQ-TREE v.1.4.124 with 1,000 ultrafast bootstrap
replicates and automated model fitting. A general time reversible
model (GTR+G4) was selected for each phylogeny. NS3 and NS5A
sequences from longitudinal samples were compared to base-
line, as well as the prototypic reference sequence. Persistence of
post-baseline NS3 and NS5A substitutions were compared
through PTWk12.

Results
Prevalence of baseline RASs in NS3 and NS5A
Among 177 patients, 142 (80.2%) patients had GT1a, 34 (19.2%)
GT1b, and 1 (0.6%) GT1 (subtype not determined) infection. The
prevalence of NS3 and NS5A baseline RASs by study Arm is
summarized in Table 1. Baseline RASs in NS3 positions 155, 156,
and 168 were rare, occurring in 1.5% (2/137; both patients had
NS3-R155K) of GT1a- and no (0/34) GT1b-infected patients,
which is consistent with the NS5Ai-experienced population.
Overall, baseline NS5A substitutions at positions 24, 28, 30, 31,
58, and 93 were common (substitutions at position 92 were not
detected), occurring in 74.5% (105/141) of GT1a- and 96.8% (30/
31) of GT1b-infected patients. Baseline RASs in NS5A in GT1a-
infected patients included K24N/Q (2.1%, 3/141), M28A/T/V
(11.3%, 16/141), Q30E/H/K/N/R (39.7%, 56/141), L31M/V (20.6%,
29/141), H58C/D/P (10.6%, 15/141), and Y93H/I/N/S (29.8%, 42/
141). NS5A substitutions L28M (1/31), R30H/Q/L/S (8/31), L31I/
M (14/31), P58A/S (4/31), and Y93H (87.1%, 27/31) were
detected in GT1b-infected patients. Baseline RASs at position
32 in NS5A were not detected in any GT1a- or GT1b-infected
patients. Two GT1a- (1.5%, 2/137) and no GT1b-infected pa-
tients (0/31) had baseline RASs detected in both NS3 and
NS5A. One hundred and sixty-six (93.8%) patients had failed
treatment with ledipasvir/sofosbuvir (132 GT1a and 34 GT1b),
10 (5.6%) patients had failed velpatasvir/sofosbuvir, and 1 pa-
tient had failed daclatasvir/sofosbuvir. For the 166 patients who
failed ledipasvir/sofosbuvir, the prevalence of NS3 and/or NS5A
021 vol. 75 j 820–828



Table 1. Prevalence of baseline NS3 and/or NS5A substitutions.

HCV subtype Target

% (n/N)a

Arm A Arm B Arm C Arm D Overall

GT1a
None 30.4 (17/56) 28.2 (11/39) 18.8 (3/16) 19.2 (5/26) 26.3 (36/137)
NS3 onlyb 0 (0/56) 0 (0/39) 0 (0/16) 0 (0/26) 0 (0/137)
NS5A onlyb 67.9 (38/56) 71.8 (28/39) 81.3 (13/16) 76.9 (20/26) 72.3 (99/137)
NS3 + NS5Ac 1.8 (1/56) 0 (0/39) 0 (0/16) 3.8 (1/26) 1.5 (2/137)
Any NS3d 1.8 (1/56) 0 (0/39) 0 (0/16) 3.8 (1/26) 1.5 (2/137)
Any NS5Ad 71.2 (42/59) 71.8 (28/39) 82.4 (14/17) 80.8 (21/26) 74.5 (105/141)

GT1b
None 5.9 (1/17) 0 (0/9) 0 (0/3) 0 (0/2) 3.2 (1/31)
NS3 onlyb 0 (0/17) 0 (0/9) 0 (0/3) 0 (0/2) 0 (0/31)
NS5A onlyb 94.1 (16/17) 100 (9/9) 100 (3/3) 100 (2/2) 96.8 (30/31)
NS3 + NS5Ac 0 (0/17) 0 (0/9) 0 (0/3) 0 (0/2) 0 (0/31)
Any NS3d 0 (0/17) 0 (0/10) 0 (0/4) 0 (0/3) 0 (0/34)
Any NS5Ad 94.1 (16/17) 100 (9/9) 100 (3/3) 100 (2/2) 96.8 (30/31)

Arm A: G/P for 12 weeks in non-cirrhotics; Arm B: G/P for 16 weeks in non-cirrhotics; Arm C: G/P plus RBV for 12 weeks in cirrhotic; Arm D: G/P for 16 weeks in cirrhotics.
aBaseline substitutions by NGS at 15% threshold are included for NS3 positions 155, 156, and 168, and NS5A positions 24, 28, 30, 31, 58, 92, and 93. n = number of patients with
substitution, N = total number of patients sequenced.
b’Only’ indicates total number of patients with baseline substitution within the indicated target and no substitution in the other target. Patients for whom both NS3 and NS5A
sequences were available are included in the analysis.
c’NS3 + NS5A’ indicates the total number of patients with baseline substitutions in both NS3 and NS5A, and only includes the patients for whom both NS3 and NS5A sequences
were available.
d‘Any’ indicates the total number of patients with any baseline substitution within the indicated target at the amino acid positions analyzed. All patients with available
sequences were included in the analysis. Baseline NS3 data was not available in 6 patients and baseline NS5A data was not available in 5 patients.
baseline RASs was similar to the overall population. Nine out of
10 patients who failed velpatasvir/sofosbuvir (all GT1a) had
sequencing data available, and 8 (88.9%) had baseline RASs in
NS5A (Fig. 2).

Impact of NS3 and NS5A baseline RASs on response to G/P
Except for 8 patients with prior sequential NS3 PI and NS5Ai
experience, 169 patients were PI-naïve (NS5Ai only experienced).
NS3 baseline RASs were rare and those at positions 155, 156, and
168 were limited to R155K, which does not confer resistance to
glecaprevir.14 In the 2 patients with GT1a and R155K, 1 achieved
SVR12 and 1 relapsed. The presence of NS3 polymorphisms at
Q80K/R, T54S, V55I, and Y56F which does not cause glecaprevir
resistance in vitro, had no impact of SVR12 rates (Table S1). Due
to the small number of patients with NS3 baseline RASs, the
impact of pre-existing NS3 substitutions on response to G/P
could not be ascertained.

NS5A baseline RASs were detected in 96.8% (30/31) of GT1b-
infected patients and had no impact on treatment outcome, as no
GT1b-infected patients experienced failure. Overall, SVR12
for GT1a in the presence or absence of NS5A baseline RASs at
positions 24, 28, 30, 31, 58, and 93 was 88.6% (93/105; 95% CI
81%–93%) or 97.1% (34/35; 95% CI 85%–99%), respectively
(Fig. 2A). The SVR12 rate for the 166 patients with ledipasvir/
sofosbuvir failure, with and without NS5A baseline RASs
(Fig. 2B), was similar to the overall population. Among velpa-
tasvir/sofosbuvir failures (all GT1a) with NS5A baseline RASs, 7/8
achieved SVR12 (Fig. 2C). In patients who had both NS3 and
NS5A sequences available, SVR12 in those with NS5A but no NS3
baseline RASs was not significantly different from SVR12 in pa-
tients without NS3 or NS5A substitutions (Table 2).

Impact of individual and multiple NS5A baseline RASs on
response to G/P
Due to numerically lower SVR12 rate of 88.9% (88 of 99) in pa-
tients with GT1a with NS5A baseline RASs only, the impact of
Journal of Hepatology 2
individual and multiple NS5A baseline RASs on outcome was
evaluated utilizing a 15% NGS cut-off. Among 141 GT1a-infected
patients, 1 had re-infection and was excluded from subsequent
analyses. The impact of any single position NS5A polymorphism
on SVR12 is reported by treatment group in Table S1. A com-
parison of SVR12 with and without baseline RASs by position
revealed 4 positions, M28, Q30, L31, and Y93, that had any nu-
merical reduction in SVR12 rates (Fig. 3A). Thus, we focused on
these 4 positions for multiple linkage analyses.

The Primer-ID approach with Illumina sequencing allowed
us to quantify single or multiple-linked RASs in individual viral
genomes. Among the 140 GT1a-infected patients, 35 (25%) had
no NS5A baseline RASs, 57 (41%) had single, 40 (29%) had
double-linked, and 8 (5.7%) had triple-linked substitutions
(Fig. 3B). Considering that 48/105 (46%) patients with NS5A
baseline RASs had multiple-linked substitutions, an assessment
of linked substitutions was necessary. Compared to a SVR12
rate of 93% (95% CI 83%–97%) in patients with single and 97%
(95% CI 85%–99%) in those with no NS5A baseline RASs,
numerically lower SVR12 rates of 88% (95% CI 74%–95%) were
observed in patients with any double-linked baseline RASs, and
63% (95% CI 31%–86%) in patients with any triple-linked base-
line RASs at positions 24, 28, 30, 31, 58, and 93. When exam-
ining specific RAS positions that had numerical reductions in
SVR12 rates (M28, Q30, L31, and Y93), similar reductions in
SVR12 rates were seen with double-linked (82%–88%) and
triple-linked (50%–67%) RASs (Fig. 3B), compared to the SVR12
rates examining all RASs at positions 24, 28, 30, 31, 58, and 93.
These results did not differ when utilizing a lower, 2% NGS cut-
off (data not shown).
Baseline and TE-RAS in patients with virologic failure
Among 177 patients, 15 failed to achieve SVR12, including 13
with GT1a (4 breakthroughs and 9 relapses), 1 with GT1b who
died from HCC prior to assessment of SVR12, and 1 with GT1a
who was re-infected based on phylogenetic analysis (Fig. S2).
021 vol. 75 j 820–828 823
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Fig. 2. Prevalence and impact of baseline NS5A substitutions on SVR12. (A) All patients, (B) ledipasvir/sofosbuvir failures, and (C) velpatasvir/sofosbuvir
failures and includes all subjects for whom NS5A sequences were available. One GT1a subject with HCV re-infection and one GT1b subject who died from HCC
prior to SVR12 were excluded. The number and % of patients include patients with both NS3 and NS5A RASs as well as patients who had no available NS3 data,
and are shown as subgroups within the NS5A RASs. SVR12 for patients with and without NS5A RASs are shown adjacent to the pie charts.
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Substitutions at baseline, virologic failure, and at PTWk12 are
shown in Table 3 for the 13 failures and the patient with re-
infection (No.14).

Among 13 failures, 1 had a NS3 baseline RAS (R155K) which
does not confer resistance to glecaprevir.14 NS3 TE-RASs A156V
(n = 2) or R155W + A156G (n = 2) were observed in 4 patients. In
contrast, 12 of 13 failures had >−1 NS5A baseline RASs M28V/T,
Q30E/H/N/R, L31M/V, H58D, or Y93H/N. Among them, 8 had
multiple-linked baseline RASs. At failure, additional NS5A TE-
RASs were observed at positions 28, 30, 31, 32, and 58 in 10/13
patients, all of which resulted in linked NS5A substitutions. One
patient (No.9) had no baseline or TE-RASs in NS5A at failure and
824 Journal of Hepatology 2
was evaluated for re-infection by phylogenetic analysis. How-
ever, it was determined to be a relapse based on genetic simi-
larity between the baseline and PT sequences.

Persistence of TE-RAS
Persistence of TE-RAS in NS3 and NS5A (15% threshold) was
examined through PTWk12 for 6 patients with TE-RAS and at
least 1 follow-up time point after failure. Among 2 patients with
TE-RASs R155W + A156G in NS3, R155W was no longer detected
(Table 3), while A156G was detected at 30% prevalence in 1/2
patients at PTWk12 (No.1). Treatment-emergent A156V in NS3
was detected in 2 patients at failure, with A156V no longer
021 vol. 75 j 820–828



Table 2. Overall SVR12 rate in patients with and without baseline RASs in
NS3 and/or NS5A.

Target

% SVR12 (n/N)a

GT1a GT1b

NS3 onlyb — —

NS5A onlyb 88.9 (88/99) NS 100 (29/29) NS

NS3 + NS5Ac 50 (1/2) —

None 97.1 (34/35) 100 (1/1)

NS: Comparison of SVR12 between ‘NS5A only’ and ‘none’ by Fisher’s exact test was
not statistically significant.
aBaseline substitutions by NGS at 15% threshold at the following positions were
included: 155, 156, and 168 in NS3, and 24, 28, 30, 31, 58, 92, and 93 in NS5A. n =
number of patients achieving SVR12 with or without baseline substitutions, N = total
number of patients with or without baseline substitutions.
b’Only’ indicates total number of patients with baseline substitutions within the
indicated target, and no substitution in the other target. Analysis only includes pa-
tients for whom both NS3 and NS5A sequences were available.
c’NS3 + NS5A’ indicates the total number of patients with baseline substitutions in
both NS3 and in NS5A. Analysis only includes patients for whom both NS3 and NS5A
sequences were available.
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detectable at PTWk12 in 1 patient (No.4), while the second pa-
tient did not have another PT sample for analysis.

In contrast,NS5Abaseline- andTE-RASsweredetectable through
PTWk12 in all 6 patientswith available persistence data (Table 3 and
Fig. S3). One (No.3) with triple-linked NS5A baseline RASs did not
acquire any TE-RASs, and the baseline RASs persisted through
PTWk12 (Table 3 and Fig. S3A). Among 5 patients with NS5A TE-
RASs, 3 (Nos. 1, 4, and 13) acquired treatment-emergent M28T or
H58D resulting in double- or triple-linked substitutions persisting
through PTWk12. Patient 4 also had M28T and Q30R detectable at
Journal of Hepatology 2
baseline, which increased to 100% prevalence at failure (Table 3 and
Fig. S3A). Two (Nos.10 and11)hadbaselineRASsM28VorM28T that
changed toM28A orM28S at failure, respectively; these TE-RASs, as
well as other NS5A-linked baseline RASs (Q30R and L31V) remained
detectable at PTWk12 (Table 3 and Fig. S3C).

Discussion
In a recent published report,19 G/P was found to be highly effi-
cacious and safe in GT1 NS5Ai+sofosbuvir-experienced patients,
with and without compensated cirrhosis, treated in a real-world
setting. Results of this study added evidence for the retreatment
of GT1 NS5Ai+sofosbuvir ±RBV failures with G/P in a diverse US
population, which included patients with prior treated HCC (n =
17), liver transplantation (n = 15), and HIV/HCV coinfection (n =
9). However, detailed analyses on the prevalence and impact of
baseline RASs on the efficacy of G/P and the evolution of TE-RASs
was not presented. This analysis fills this knowledge gap.

Among the 177 patients in this study, 80.2% of patients were
GT1a, and 19.2% GT1b. Baseline NS3 substitutions were uncom-
mon, which was consistent with this population of NS5Ai-
experienced patients. In contrast, NS5A baseline RASs were found
in 105 of 141 (74.5%) GT1a- and 30 of 31 (96.8%) GT1b-infected
patients. Two GT1a- and no GT1b-infected patients had baseline
RASs detected in both NS3 and NS5A. These data are comparable to
results from Sarrazin et al.,25 where 79% of NS5Ai-experienced
patients had NS5A baseline RASs. Among the 141 GT1a-infected
patients, baseline RASs at NS5A position 30 were the most preva-
lent (40%; 56/141), followed by 93 (30%, 42/141) and 31 (21%, 29/
141). Patients with ledipasvir/sofosbuvir failure comprised the
majority (93.8%, 166 of 177) of patients and the prevalence of
specific NS5A substitutions among this group was similar to the
overall population. Among the 9 GT1a velpatasvir/sofosbuvir fail-
ures with available sequencing data, 5 had single, 2 had dual-
linked, and 1 had triple-linked substitutions. This was compara-
ble to the overall GT1a population for which multiple NS5A sub-
stitutions were detected in 34% (48/140). NS5A substitutions at 30
or 31 were most common among velpatasvir/sofosbuvir failures (4/
9 patients each), and 1/9 patients had Y93H (which was linked to
Q30H). The low prevalence of Y93H among velpatasvir/sofosbuvir
failures was unexpected, as Y93Hwas the most commonly selected
substitution (observed in 3/5) following velpatasvir/sofosbuvir
failure in a pooled analysis of phase III clinical trials.26

Since all GT1b-infected patients (n = 33) achieved SVR12, the
analysis of the impact of NS3 and/or NS5A baseline RASs on
SVR12 was focused on GT1a. NS3 baseline RASs at 155, 156, and
168 were infrequent among GT1a-infected patients, and Q80K
was a highly prevalent polymorphism. None of these NS3 RASs/
polymorphism had an impact on SVR12. Since 46% (48/105) of
GT1a-infected patients with NS5A baseline RASs had multiple-
linked NS5A polymorphisms, we conducted additional linkage
analysis comparing single, double- and triple-linked sub-
stitutions involving any NS5A RASs at positions 24, 28, 30, 31, 58,
and 93, as well as RASs at the 4 specific positions M28, Q30, and
L31, and Y93 that were associated with any reduction in SVR12.
In our analysis of all G/P treatment arms combined, patients
with triple-linked NS5A baseline RASs had numerically lower
SVR12 rates than patients with double-linked substitutions,
which in turn were lower than SVR12 for single or no NS5A
baseline RASs (Fig. 3B). However, we did not identify a NS5A
position that was significantly associated with not achieving
SVR12. While it may be tempting to suggest that baseline RAS
021 vol. 75 j 820–828 825



Table 3. Baseline and treatment-emergent substitutions in patients who experienced virologic failure.

Patient
no. Arma GT

Prior
treatment
regimen Outcome

Amino acid substitution (% prevalence within patient’s viral population)b

NS3 NS5A

BL Time of VF PTW12c BL Time of VF PTW12c

1 A 1A SOF/LDV Breakthrough None R155W
+ A156G (100)

A156G (30) Q30N
+ Y93H (100)

M28T + Q30N
+ Y93H (100)

M28T + Q30N
+ Y93H (98)

2 B 1A SOF/LDV Breakthrough None A156V (100) — Q30R + L31M
+ H58D (100)

Q30R + L31M
+ H58D (100)d

—

3 C 1A SOF/LDV Breakthrough None R155W
+ A156G (100)

None Q30H + L31M
+ Y93H (100)

Q30H + L31M
+ Y93H (100)

Q30H + L31M
+ Y93H (98)

4 C 1A SOF/LDV Breakthrough None A156V (100) None M28T
+ Q30R (28)

M28T + Q30R
+ H58D (100)

M28T + Q30R
+ H58D (100)

5 A 1A SOF/LDV Relapse None None — Q30R
+ L31M (100)

Q30R + L31M
+ H58D (97)

—

6 A 1A SOF/LDV Relapse None — None Y93N (100) — L31M + Y93N
(100)

7 A 1A SOF/VEL Relapse None None — Q30H
+ Y93H (93)

Q30N + Y93H
(40);
Q30H + L31V
+ Y93H (60)

—

8 A 1A SOF/LDV Relapse R155K (100) — R155K (100) Q30E (99) — Q30E
+ H58D (100)

9 A 1A SOF/LDV Relapse None — None None — none
10 B 1A SOF/DCV Relapse None None None M28V + Q30R

+ L31V (100)
M28A + Q30R
+ L31V (100)

M28A + Q30R
+ L31V (100)

11 B 1A SOF/LDV Relapse None None None M28T
+ Q30R (100)

M28S + Q30R
(98)

M28S
+ Q30R (97)

12 C 1A SOF/LDV Relapse None — None L31M (100) — L31M
+ P32-DEL (98)

13 D 1A SOF/LDV Relapse None None None Y93N (100) H58D + Y93N
(100)

H58D
+ Y93N (100)

14 A 1A SOF/LDV Re-infection None None — None None —

BL, baseline; BT, breakthrough; LDV, ledipasvir; PTW, post-treatment week; SOF, sofosbuvir; SVR12, sustained virologic response 12 weeks after treatment completion; VEL,
velpatasvir; VF, virologic failure.
aArm A: G/P for 12 weeks in non-cirrhotics; Arm B: G/P for 16 weeks in non-cirrhotics; Arm C: G/P plus RBV for 12 weeks in cirrhotics; Arm D: G/P for 16 weeks in cirrhotic.
bSubstitutions at 15% threshold at positions 155, 156, and 168 in NS3, and 24, 28, 30, 31, 32, 58, 92, and 93 in NS5A relative to subtype-specific reference sequences are listed. At
time of VF and PTW12, treatment-emergent substitutions and pre-existing baseline substitutions are listed. Linked substitutions detected at 15% threshold are listed.
cPTW12 scheduled visit corresponds to post-treatment nominal day (study drug end day) 84 and time window (study drug end day range) 57 to 126. VFs that occurred during
the SVR12 time window only have post-treatment sequence data reported in the SVR12 column.
dPatient failed treatment at week 8, but sequencing data for NS5A were only available from the week 12 timepoint due to technical difficulties.
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linkage analysis may be of value prior to retreatment with G/P
in GT1a, we caution that these data were based on a small
number of patients with double- and triple-linked substitutions
who were treated with varying durations of G/P with or
without ribavirin. Indeed, a not-recommended 12-week
retreatment duration with G/P for these GT1a sofosbu-
vir±NS5Ai±RBV failures was associated with a lower SVR12 rate
(87%; 67/77) when compared to 16 weeks of G/P (94%; 61/65).19

In addition, linkage testing of RASs is currently not commer-
cially available. Thus, additional studies in a larger cohort of
patients with multiple-linked baseline RASs are needed to
confirm these observations in order to guide clinical practice.
We also note that despite multiple-linked RASs in nearly half of
patients with NS5A baseline RASs, 35/40 patients with double-
linked and 5/8 with triple-linked substitutions achieved SVR12.
Importantly, SVR12 was achieved in all prior sofosbuvir+NS5Ai
failures with GT1b infection treated with G/P.

Thirteen GT1a-infected patients experienced failure,
including 4 breakthroughs and 9 relapses. One patient was found
to be re-infected with GT1a. All 8 patients with prior sequential
failure to a PI/no NS5Ai regimen followed by a NS5Ai/no PI
regimen achieved SVR12. No failures had a NS3 baseline RAS that
826 Journal of Hepatology 2
decreased susceptibility to glecaprevir, and 8 had no baseline- or
TE-RAS in NS3. NS3 TE-RASs A156V (n = 2) or R155W + A156G
(n = 2) were observed in 4 patients at the time of failure. Among
them, R155W was no longer detected at PTWk12 in the 2 pa-
tients, A156G was detected in 1 patient but at lower prevalence
(30%). The rapid disappearance of R155W + A156G and A156V is
consistent with the rapid loss of NS3 RASs selected by other PIs
observed in previous studies,12,27,28 and suggests reduced viral
fitness of treatment-emergent NS3 variants.

As expected in this population of NS5Ai-experienced patients,
12/13 failures had NS5A baseline RASs. Among the 13 failures,
double- or triple-linked RASs were identified in 8 patients at
baseline and in 10 at treatment failure. Of the 10 patients with
TE-RASs, 4 acquired linked H58D, 2 acquired L31M or L31V, 1
acquired M28T, and 1 acquired the rare P32 deletion, all of which
resulted in double- or triple-linked substitutions. For the
remaining 2 patients (Nos. 10 and 11), the TE-RASs involved an
amino acid change in their double- or triple-linked baseline
RASs. All 10 TE-RASs were dominant viral populations (detected
at >97% in 9 patients and 60% in 1 patient). Two patients with
triple-linked baseline RASs (Nos. 2 and 3) did not acquire addi-
tional TE-RASs. One patient (No. 9) had no NS3 or NS5A baseline-
021 vol. 75 j 820–828



or TE-RASs, and phylogenetic analysis was consistent
with relapse. Among the 6 patients with available persistence
data, double- or triple-linked NS5A substitutions persisted
through PTWk12. These results are consistent with the long-
term persistence of NS5A RASs reported in previous
studies.11,12,28

This study had several limitations. The design included 4
different treatment groups with 2 different durations and the
inclusion of ribavirin in 1 treatment group among patients with
compensated cirrhosis. This led to limited power for assessment
of the impact of individual or linked RASs on G/P efficacy when
administered for 12 or 16 weeks, with or without ribavirin. Given
these limitations, we focused this analysis on the combined data
from all treatment arms and examined the impact of NS3 and
NS5A positions known to be commonly associated with resis-
tance to the PI- and NS5A-inhibitor classes. We further deter-
mined the SVR12 rates according to the presence of each of an
extended set of polymorphisms in NS3 and NS5A on SVR12 rates,
without new findings (Table S1). Although it may be of interest
to explore other potential predictors of SVR12, such as fibrosis
stage, HCC, and IL28B status, this was beyond the objective of
this study. Among patients with and without compensated
cirrhosis, SVR12 rates with 16 weeks G/P were similar, 97%, 28/29
and 94%, 46/49, respectively.19 Due to the timeline of the study,
the vast majority of our patients (93.8%) were prior ledipasvir/
sofosbuvir failures, and a limited number (n = 10) of sofosbuvir/
velpatasvir failures were included. As such, future studies are
warranted to determine whether our results can be generalized
to other sofosbuvir+NS5Ai regimen failures, including sofosbu-
vir/velpatasvir.

In summary, our study provided a detailed analysis of NS3 and
NS5A baseline- and TE-RASs in GT1a-infected patients retreated
withG/Pwhohad failed treatmentwith sofosbuvir+NS5Ai.Although
results are presentedwith a 15%NGS threshold, using a 2% threshold
demonstrated similar results (not shown) and did not affect our
conclusions. For the first time, we provide detailed information
on the linkage of NS5A RASs in the setting of DAA-retreatment in
the real world. We found that NS5A baseline RASs, including
multiple-linked RASs, were highly prevalent in this
sofosbuvir+NS5Ai-experienced population with GT1a infection.
SVR12 in patients with baseline double- and triple-linked NS5A
substitutions were numerically lower than in patients with sin-
gle or noNS5A substitutions. However, given the small numberof
patients in different subgroups with specific individual and/or
double- or triple-linked RASs, we could not draw conclusions on
the impact of specific individual RASs and their linkage on the
efficacy of G/P. Nonetheless, despite double- or triple-linked
NS5A baseline RASs in 48 GT1a-infected patients, 40 (83%) ach-
ieved SVR12, which is respectable given that 28/48 (58%)
received a suboptimal G/P treatment duration of 12 weeks, and
the SVR12 rate with the recommended 16-week duration was
85% (17/20). Among GT1a failures, nearly all acquired additional
treatment-emergent NS3 and/or NS5A RASs. In contrast to NS5A
RASs which persisted through PTWk12, NS3 TE-RASs dis-
appeared by PTWk12 in the majority of patients.

Abbreviations
cDNA, complementary DNA; DAA, direct-acting antiviral; G/P,
glecaprevir/pibrentasvir; GT, genotype; HCC, hepatocellular car-
cinoma; LLOD, lower limit of detection; LLOQ, lower limit of
quantification; NS, non-structural; NS5Ai, NS5a inhibitor; PI,
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protease inhibitor; PT, post-treatment; PTWk12, post-treatment
week 12; RAS, resistance-associated substitution; RBV, riba-
virin; RT, reverse transcription; SVR, sustained virologic
response; TE-RAS, treatment-emergent resistance-associated
substitution.
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