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Baseline Polymorphisms and Emergence of Drug Resistance in the
NS3/4A Protease of Hepatitis C Virus Genotype 1 following
Treatment with Faldaprevir and Pegylated Interferon Alpha
2a/Ribavirin in Phase 2 and Phase 3 Studies
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Analysis of data pooled from multiple phase 2 (SILEN-CI1 to 3) and phase 3 studies (STARTVersol to 4) of the hepatitis C virus
(HCV) nonstructural protein 3/4A (NS3/4A) protease inhibitor faldaprevir plus pegylated interferon alpha/ribavirin (PR) pro-
vides a comprehensive evaluation of baseline and treatment-emergent NS3/4A amino acid variants among HCV genotype-1 (GT-
1)-infected patients. Pooled analyses of GT-1a and GT-1b NS3 population-based pretreatment sequences (n = 3,124) showed
that faldaprevir resistance-associated variants (RAVs) at NS3 R155 and D168 were rare (<1%). No single, noncanonical NS3
protease or NS4A cofactor baseline polymorphism was associated with a reduced sustained virologic response (SVR) to faldapre-
vir plus PR, including Q80K. The GT-1b NS3 helicase polymorphism T344I was associated with reduced SVR to faldaprevir plus
PR (P < 0.0001) but was not faldaprevir specific, as reduced SVR was also observed with placebo plus PR. Among patients who
did not achieve SVR and had available NS3 population sequences (n = 507 GT-1a; n = 349 GT-1b), 94% of GT-1a and 83% of
GT-1b encoded faldaprevir treatment-emergent RAVs. The predominant GT-1a RAV was R155K (88%), whereas GT-1b encoded
D168 substitutions (78%) in which D168V was predominant (67%). The novel GT-1b NS3 S61L substitution emerged in 7% of
virologic failures as a covariant with D168V, most often among the faldaprevir breakthroughs; S61L in combination with D168V
had a minimal impact on faldaprevir susceptibility compared with that for D168V alone (1.5-fold difference in vitro). The me-
dian time to loss of D168 RAVs among GT-1b-infected patients who did not have a sustained virologic response at 12 weeks post-
treatment (non-SVR12) after virologic failure was 5 months, which was shorter than the 14 months for R155 RAVs among GT-
la-infected non-SVR12 patients, suggesting that D168V is less fit than R155K in the absence of faldaprevir selective pressure.

he treatment of chronic hepatitis C infection has changed con-

siderably over the past 10 years, shifting from intravenously
administered pegylated interferon plus oral ribavirin (PR) to
combinations of direct-acting antivirals (DAAs) with PR and,
more recently, all-oral, interferon-free combinations of DAAs
with or without ribavirin (RBV) (1, 2). The hepatitis C virus
(HCV) nonstructural protein 3/4A (NS3/4A) protease inhibitors
(PIs) telaprevir and boceprevir represented the first significant
advance in the treatment of HCV (3-6); however, these drugs are
associated with limitations, including potentially serious side ef-
fects, inconvenient dosing, and extensive drug-drug interactions
(7, 8). More recently, the PIs simeprevir and faldaprevir have
demonstrated better efficacy and tolerability in combination with
PR than telaprevir and boceprevir (9-13).

Faldaprevir is a reversible, noncovalently binding, linear HCV
NS3/4A PI with a pharmacokinetic profile conducive to once-
daily (QD) dosing (14). Faldaprevir has been investigated in phase
1b, phase 2, and phase 3 clinical studies for the treatment of pa-
tients chronically infected with HCV genotype-1 (GT-1) (10-14).
In a phase 2 study in treatment-naive patients infected with HCV
GT-1, sustained virologic response (SVR) rates of up to 84%
were achieved with faldaprevir plus PR (10). In a phase 3 study
in treatment-naive patients, a large proportion (88%) of pa-
tients who received faldaprevir plus PR were able to stop all
treatment at week 24; 88% of these achieved SVR at 12 weeks
posttreatment (SVR12) (13).

The HCV RNA polymerase has low fidelity, and this, coupled
with a high viral replication rate, results in the generation of highly
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variable viral populations within HCV-infected individuals (15).
Among the viral quasispecies that make up these populations,
there are likely to be variants with some degree of reduced suscep-
tibility to antiviral agents. Under the selective pressure of antiviral
treatment, these variants can rapidly become the majority popu-
lation and lead to virologic failure (16, 17). HCV variants with
reduced susceptibility to antiviral agents typically also have a
lower replicative capacity, or “fitness,” than wild-type virus and
are rapidly lost once antiviral therapy is stopped and the selective
pressure is thus removed (16, 18-20). For any new antiviral agent,
it is important to identify which mutations in the viral genome
may emerge in the case of virologic failure and to understand the
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dynamics of their selection during treatment and potential dese-
lection once treatment is stopped. This knowledge can help to
select the optimal treatment combinations to avoid the emergence
of resistance during treatment and to effectively treat patients who
have failed to respond to first-line therapy.

The comprehensive analysis of resistance data provided here
from phase 2 and phase 3 studies of faldaprevir in combination
with PR includes an evaluation of the impact of baseline NS3/4A
polymorphisms on treatment response, identification, and char-
acterization of treatment-emergent resistance-associated variants
(RAVs) among virologic failures and assessment of the persistence
of RAVs during posttreatment follow-up.

MATERIALS AND METHODS

Study design and patient virology samples. The analyses were performed
on plasma samples derived from patients infected with HCV GT-1 and
treated with faldaprevir plus PR or placebo plus PR in three phase 2 clin-
ical studies and four phase 3 clinical studies (see Table S1 in the supple-
mental material), all of which have been described in detail elsewhere
(10-13, 21-24).

In the SILEN-CI1 (ClinicalTrials registration no. NCT00774397) phase
2 study, 429 treatment-naive patients received faldaprevir (120 mg or 240
mg QD) and PR or placebo plus PR for 24 weeks (10). In the SILEN-C3
(NCT00984620) phase 2 study, 159 treatment-naive patients received
faldaprevir (120 mg QD) and PR for 12 or 24 weeks (21). In the SILEN-C2
(NCT00774397) phase 2 study, 288 treatment-experienced patients received
faldaprevir (240 mg QD or twice daily [BID]) and PR for 24 weeks (11). Phase
3 studies with resistance data included STARTVersol (NCT01343888),
STARTVerso2 (NCT01297270), STARTVerso3 (NCT01358864), and
STARTVerso4 (NCT01399619). These were multicenter, randomized,
double-blind, placebo-controlled, parallel-group studies. STARTVersol
(652 patients) and STARTVerso2 (657 patients) included treatment-na-
ive patients who received 120 mg faldaprevir QD (12 or 24 weeks) or 240
mg faldaprevir QD (12 weeks), all with PR (24 to 48 weeks), or placebo
plus PR for 24 weeks followed by PR alone up to 48 weeks (13, 24).
STARTVerso3 enrolled 677 treatment-experienced patients (prior PR
therapy null responders, partial responders, or relapsers); treatment was
with 240 mg faldaprevir QD for 12 or 24 weeks with PR (24 to 48 weeks) or
placebo plus PR (partial responders or relapsers) for 24 weeks followed by
PR alone up to 48 weeks (22). In STARTVerso4, 308 patients coinfected
with HIV-1 and HCV GT-1 (treatment-naive or prior PR relapsers) re-
ceived 120 mg or 240 mg faldaprevir and PR (12). The total treatment
duration of PR was 24 or 48 weeks in all of these phase 2 and phase 3
studies.

The documentation for each study, including protocol amendments,
was approved by the appropriate institutional review board, and the stud-
ies were carried out in accordance with the Declaration of Helsinki and the
International Conference on Harmonisation guidelines. All patients pro-
vided written informed consent before enrollment.

Efficacy and virologic responses. HCV RNA in plasma samples was
quantified using the Cobas TagMan HCV/high pure system (HPS) test
v2.0 (Roche). The primary efficacy endpoint of phase 2 studies was
SVR24, defined as HCV RNA of <25IU/ml 24 weeks after the last planned
dose of study drug. The primary efficacy endpoint of phase 3 studies was
SVR12, defined as HCV RNA of <251U/ml 12 weeks after the last planned
dose of study drug. Patients who did not achieve SVR were classified by the
type of treatment failure and categorized as faldaprevir breakthrough, PR
breakthrough, relapse, or other reasons. Faldaprevir breakthrough was
defined as virologic rebound (=1-log,, increase in HCV RNA from the
nadir) during faldaprevir treatment, while PR breakthrough was defined
as virologic rebound during PR treatment alone after completion of
faldaprevir treatment. Relapse occurred when HCV RNA was undetected
at the end of treatment, and virologic rebound occurred after completion
of planned treatment with all study medications. Other reasons for not
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achieving SVR included a loss to follow-up or premature discontinuation
(in phase 2 and phase 3 studies), an SVR viral load assessment not at <25
IU/ml (phase 2), a null response (phase 3: failure to achieve a 2-log,
reduction in HCV RNA from baseline by week 12), a partial response
(phase 3: completed 24 weeks of treatment without achieving HCV RNA
of <25 IU/ml), or other reasons not falling into one of the previous cat-
egories.

NS3/4A population sequencing. Population-based sequencing was
performed on all baseline virology samples. Postbaseline sequencing was
performed on the first virologic rebound sample with HCV RNA
of =1,000 IU/ml, which was the lower limit for the population sequencing
assessment, or on samples in which the HCV RNA plateaued above the
lower limit of quantification. For patients with a first viral load rebound
sample or virologic plateau sample with detectable RAVs, subsequent
plasma samples during the posttreatment follow-up period were se-
quenced to assess the persistence of resistance mutations during the out-
growth of wild-type virus.

NS3/4A population sequencing for phase 2 studies was performed by
Boehringer Ingelheim (Canada) Ltd./Ltée, R&D (Laval, QC, Canada) as
previously described (23). NS3/4A population sequencing for phase 3
studies was performed by Janssen Diagnostics (Beerse, Belgium) using
subtype-specific amplification and sequencing primers; if the full NS3/4A
sequence could not be obtained, sequencing of the NS3 protease (amino
acids 1 to 181) was attempted. The NS3/4A nucleotide and amino acid
changes were identified by comparison with GT-1 subtype-specific refer-
ence sequences (GenBank accession no.: AF009606 for GT-la and
AJ238799 for GT-1b). For subtype assignment in phase 2 studies, full-
length NS3/4A population sequences were aligned with the subtype la
and subtype 1b references in the AlignX module of Vector NTI Advance
10 software (Invitrogen), and the HCV subtype was assigned using the
guide tree of the alignment. For phase 3 studies, NS3/4A (2,055 nucleo-
tides) or NS3 (543 nucleotides) population sequences were assessed using
the Oxford HCV Subtyping Tool version 2.0 (25, 26). The subtype pro-
vided by the tool was compared with those obtained with Versant HCV
Genotype 2.0 assay (LiPA) and Abbott RealTime HCV Genotyping II
assay reflex testing performed at the central laboratory. If results were
discordant, the sequence alignment was performed as described above for
the sequences processed in phase 2 studies. The rare non-GT-1a/-1b pa-
tients identified are not described here and were not included in this
analysis.

NS3 protease phenotyping. In vitro transient HCV RNA replication
assays with a GT-1b bicistronic HCV subgenomic replicon phenotyping
vector generated by Boehringer Ingelheim (Canada) Ltd./Ltée, R&D were
used to evaluate the impact of NS3 protease mutations on drug suscepti-
bility. Assessment of NS3 proteases in laboratory strains in vitro may re-
flect the reduced susceptibility of DAA treatment-emergent HCV pro-
tease mutants in patients, relative to their pretreatment virus. The
phenotyping construct and drug susceptibility assay were performed as
previously described (16) with the modifications below. The phenotyping
vector with wild-type GT-1b NS3 (control) and the GT-1b NS3 D168V
site-directed mutant were provided by Boehringer Ingelheim. DDL Diag-
nostic Laboratory (Rijswijk, The Netherlands) generated the GT-1b NS3
S61L and GT-1b dual NS3 S61L plus D168V site-directed mutants within
the same phenotyping vector and performed in vitro drug susceptibility
assays with all the constructs using a panel of HCV NS3/4A protease
inhibitors. In vitro transcribed HCV RNAs were generated from linearized
DNA plasmids (T7 RiboMAX kit; Promega, WI, USA) and electroporated
into Huh-7.5 cells using 4-mm cuvettes and a Gene Pulser (Bio-Rad).
Cells were seeded at a density of 3,100 cells per well of a 96-well plate.
Luciferase activity (Luciferase 1000 assay system; Promega) was measured
96 h posttransfection as a marker for HCV RNA replication and normal-
ized to a 4-hour measurement. Serial dilutions of inhibitors were added to
the cells 24 h postelectroporation. PIs for use in these assays were synthe-
sized by Boehringer Ingelheim (Canada) Ltd., R&D. Inhibitor stocks were
dissolved in 100% dimethyl sulfoxide (DMSO), and final dilutions on
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cells contained 0.5% DMSO, 10% fetal bovine serum, and 1% nonessen-
tial amino acids in Dulbecco’s modified Eagle’s medium (Invitrogen). The
concentration giving 50% inhibition of HCV RNA replication (EC5,) was
determined based on a four-parameter logistic nonlinear regression
model (Hill equation).

Analyses. Baseline polymorphisms were identified relative to HCV
subtype-specific reference sequences. Comparisons of the percentages of
patients who achieved a virologic response with and without a specific
baseline amino acid variant, an amino acid mixture, or “any” variant
other than wild-type reference at a particular amino acid position were
carried out using a 2-sided Fisher’s exact test. For many amino acid posi-
tions, there were small numbers of patients with baseline amino acid
substitutions detected, which reduced the power of the 2-sided Fisher’s
exact test.

RAVs that emerged during treatment were characterized using pooled
data from all faldaprevir treatment groups (combining results for 120-mg
and 240-mg doses). Data from patients who did not achieve SVR were
pooled from phase 2 (non-SVR24 patients) and phase 3 (non-SVR12
patients) studies. Amino acid changes were identified relative to each
patient’s respective baseline NS3/4A sequence. Non-SVR12 patients with
postbaseline sequences but missing matching baseline data were excluded
from analyses of treatment-emergent amino acid substitutions.

The long-term persistence and median time to loss of faldaprevir
RAVs among a pooled population of all non-SVR12 patients were esti-
mated using the Kaplan-Meier method. The detection of RAVs (any vari-
ant) at individual amino acid sites (NS3 R155 or D168) was evaluated
separately, and wild type was defined as loss of RAVs at the single amino
acid site of interest (e.g., NS3 S61 was not assessed in the outgrowth of wild
type at NS3 D168). The time of origin was the date of virologic failure. If
a variant was detected after the first date of virologic failure, the variants
were imputed back to the failure date. If two consecutive visits had detect-
able RAVs, the RAVs were imputed for the entire time interval. An “event”
was flagged at visits when RAVs were no longer detected due to outgrowth
of the wild type. If a RAV was detected at the last visit and no subsequent
visits with sequence data were available, then the patient was censored,
and the RAV was not imputed or carried forward.

Nucleotide sequence accession numbers. The baseline sequences
from phase 2 and phase 3 study samples were submitted to GenBank
under accession numbers KT232441 to KT235564 (see Table S2 in the
supplemental material).

RESULTS
HCV-infected patients and virology sequence data. The num-
bers of patients with HCV NS3 protease (amino acids 1 to 181)
and NS3 helicase/NS4A (NS3 amino acids 182 to 631 + NS4A
amino acids 1 to 54) sequences are summarized in Tables S3 and
S4 in the supplemental material. Among 1,568 patients with HCV
GT-1a infection, baseline NS3 protease sequences from virologic
samples were available for 1,549 (99%) patients, and baseline NS3
helicase/NS4A sequences were available for 1,203 (77%). Of the
1,583 patients with HCV GT-1b infection, baseline NS3 protease
sequences were available for 1,575 (99%) patients, and baseline
NS3 helicase/NS4A sequences were available for 1,415 (89%).
Among HCV GT-1a-infected patients who did not achieve SVR,
matched baseline and postbaseline NS3 protease sequence(s) were
available for 507 patients, and NS3 helicase/NS4A sequences were
available for 376 patients. For HCV GT-1b-infected patients who
did not achieve SVR, matched baseline and postbaseline NS3 pro-
tease sequences were available for 349 patients, and NS3 helicase/
NS4A sequences were available for 307 patients.

Frequency of baseline polymorphisms. The frequencies of
baseline polymorphisms detected at NS3 amino acid positions 61,
80, 155, 156, 168, and 344 are shown in Table 1. NS3 Q80K was a
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common polymorphism among GT-1a baseline sequences, de-
tected (alone or in a mixture with other variants) in 28.8% of
samples. Wild-type amino acid at position 61 was less conserved
among GT-1b sequences (86% S61) than among GT-1a sequences
(93.5% T61), and the T/S61L substitution was not observed in any
baseline sample across all the phase 2 and phase 3 studies. R155,
A156, and D168 polymorphisms were rare, occurring in <1% of
baseline samples.

In the NS3 helicase region, threonine (T) was highly conserved
at amino acid 344 among GT-1a sequences (98.5%); the corre-
sponding T344I polymorphism, commonly detected in around
21% of GT-1b samples overall, was prevalent in only <1% of
GT-1asequences (Table 1). Furthermore, this polymorphism was
more frequent among GT-1b samples from PR treatment-experi-
enced patients (24.1%) than among samples from treatment-na-
ive patients (15%) (see Table S5 in the supplemental material).

Baseline polymorphisms and faldaprevir efficacy. In a com-
prehensive analysis of all baseline NS3/4A polymorphisms, the
NS3 helicase polymorphism T344I detected in HCV GT-1b se-
quences was the only noncanonical variant associated with re-
duced SVR to faldaprevir plus PR treatment that was significant
(P < 0.0001) in both pooled phase 3 analysis (64/134 [47.8%]
compared with 491/652 [75.3%] patients without the T3441 vari-
ant) (Fig. 1) and pooled phase 2 analysis (see Table S6 in the
supplemental material). However, this observation was not asso-
ciated with faldaprevir treatment only. Notably, the SVR12 rate
following treatment with placebo plus PR in phase 3 studies was
also lower among treatment-naive patients in whom the HCV
GT-1b T3441 variant was detected at baseline (7/18 [39%] com-
pared with 60/101 [60%] patients without the T344I variant; P =
0.1263).

Pooled phase 3 analysis of treatment-naive and treatment-ex-
perienced patients infected with HCV GT-1a showed that SVR12
rates were comparable among patients with and without the Q80K
polymorphism detected at baseline (180/296 [60.8%] and 417/705
[59.1%] patients, respectively) (Fig. 1). Similarly, there was no
significant impact of the Q80K substitution on the rates of SVR24
among treatment-naive or treatment-experienced patients in-
fected with HCV GT-1a across the three phase 2 studies (23).

Treatment-emergent NS3/4A variants in patients without
SVR.RAVsat NS3 155 and/or 168 were detected in the majority of
patients who did not achieve SVR following treatment with
faldaprevir plus PR; R155 RAVs were most frequently detected in
HCV GT-1a and D168 RAVs were most frequently detected in
HCV GT-1b (Table 2 and Fig. 2). The predominant NS3 variant
that emerged in GT-1a was R155K (88% [446/507]) and, to a
lesser extent, D168V (10.3% [52/507]). D168V was the predomi-
nant amino acid substitution in GT-1b (67.3% [235/349]), and in
GT-1b the R155Q and R155K variants were detected in fewer cases
(14.6% [51/349] and 8.6% [30/349], respectively). NS3 T/S61L
was a novel variant that was not detected among any baseline
isolates, but S61L emerged at a low frequency (6.9% [24/349]) in
HCV GT-1b consistently with amino acid substitutions that in-
cluded the predominant D168V variant.

All patients who experienced virologic breakthrough during
faldaprevir plus PR treatment and had NS3 protease sequences
available had faldaprevir RAVs detected at amino acid position
155 or 168, or, less frequently, both (Fig. 2). The combination of
GT-1b NS3 S61L and D168 amino acid substitutions (with or
without R155 RAVs) was more commonly detected among pa-
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TABLE 1 Baseline frequency of HCV NS3 polymorphisms”

Genotype-1la

Genotype-1b

Enzyme Amino acid position Amino acid(s) % Amino acid(s) %
NS3 protease® 614
=1% variant T 93.8 S 86.0
S, SIT 4.1 T, SIT 7.9
A, A/IT 1.7 A, A/S, AIV 39
P, P/S 1.7
<1% variant G, P,N/T, A/V <1 N, C, G, N/S/T/Y <1
80
=1% variant Q 68.9 Q 94.3
K, K/Q, K/R 28.8 L, L/Q 4.8
L L/Q 1.3
<1% variant R, Q/R, N <1 K,K/QR,Q/R,G,H,N <1
156
=1% variant A 100 A 99.9
<1% variant None NA° A/T <1
155
=1% variant R 99.5 R 100.0
<1% variant K, K/R <1
168
=1% variant D 99.6 D 99.2
<1% variant E, D/E <1 E, D/E, D/N <1
NS3 helicase® 344
=1% variant T 98.5 T 69.1
LT 20.9
\Y% 52
M, M/T 1.1
<1% variant A, A/T, S, N, <1 D, D/V, IV, 1/S, S, SIT, A, AIT, A/T/T/V, <1
N/T, A/V, /M, I/M/T, I/M/V, N, N/T, Q
I/T,D

@ Data were pooled from phase 2 (SILEN-C1 to -3) and phase 3 (STARTVersol to -4) studies.
b For NS3 protease, 1,549 patients with genotype-1a infection and 1,575 patients with genotype-1b infection.
¢ For NS3 helicase, 1,203 patients with genotype-1a infection and 1,415 patients with genotype-1b infection.

4NS3 T/S61L was not detected in any baseline samples.
¢ NA, not applicable.

tients with virologic breakthroughs during faldaprevir plus PR
treatment (18.6% [16/86]). Some patients with breakthroughs
during PR treatment, some who relapsed, or some who experi-
enced virologic failure for other reasons had no detectable treat-
ment-emergent RAVs at positions 155 or 168: a lack of RAVs
overall was more common among non-SVR patients infected with
GT-1b (17.5% [61/349]) than among those infected with GT-1a
(5.5% [28/507]) (Fig. 2). Among relapsers specifically, a lack of
NS3 R155 and D168 RAVs was observed in 18.1% (25/138) of
GT-1b-infected patients, which was less than that in GT-1a-in-
fected patients (4.1% [7/172]).

NS3 A156 variants, which conferred reduced susceptibility
to faldaprevir in preclinical studies (27), were rarely detected in
faldaprevir plus PR-treated patients (<1% [3/349 GT-1b and
1/507 GT-1a]) and only as mixed amino acid substitutions with
the wild type (A/T or A/G). GT-1b A156A/G emerged tran-
siently with the D168V RAV in only one case during faldaprevir
plus PR treatment (phase 3) and, in the remaining three cases,
only in posttreatment plasma samples from virologic failures
with predominant R155K and/or D168V/E RAVs (data not
shown).
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M % SVR12 with variant
W % SVR12 without variant

p=0.672

60.8 591

p<0.0001
—
80 75.3
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60 -
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40 -
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0

47.8

% SVR12

GT-1a NS3 Q80K GT-1b NS3 T344I

FIG 1 Impact of baseline NS3 polymorphisms on response to faldaprevir plus
PR in phase 3 studies. Data pooled from phase 3 studies (STARTVersol to -4)
including faldaprevir plus PR-treated patients with SVR12 and those without
SVR12 for any reason (breakthrough during faldaprevir plus PR treatment or
PR only or relapse or experiencing virologic failure for other reasons). “With
variant” includes only the single amino acid variant of interest and does not
include the wild type, other variants, or mixtures of the variant of interest with
wild-type or other amino acids. “Without variant” includes the wild type and
all other amino acid variants or mixtures detected. P values were determined
using Fisher’s exact test. GT, genotype; PR, pegylated interferon/ribavirin;
SVR12, sustained virologic response at 12 weeks posttreatment.
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TABLE 2 Treatment-emergent NS3 substitutions in patients who did
not achieve SVR in phase 2 and phase 3 studies®

Amino acid variant (%) after treatment with FDV
Frequency of NS3

. : . plus PR®
amino acid variants
in non-SVR HCV GT-1a HCV GT-1b
patientsl’ (507 patients) (349 patients)
=10% R155K (88.0) D168V (67.3)
D168V (10.3) R155Q% (14.6)
1% to <10% DI168E (3.4) R155K (8.6)
D168A/T (7.4)
DI168N°(7.2)
S61L/ (6.9)
D168I (5.7)
DI168E (4.9)
D168H (2.6)
D168Y (1.4)
<1% D168A/N¢/Y/I8/T
R155T/S R155C/R" or G/R"
D168 ambiguous D168 ambiguous mixtures
mixtures with F with L/F/K or P

“ Pooled data for the SVR24 endpoint were from phase 2 studies (SILEN-C1 to -3) and
those for the SVR12 endpoint were from phase 3 studies (STARTVersol to -4). SVR,
sustained virologic response.

¥ Amino acids reported are those at positions associated with resistance to faldaprevir
(NS3 155 or 168), detected alone or in combination with other substitutions (includes
mixtures) among any post-baseline virology sample that was sequenced per patient
including, but not limited to, the first virologic failure sample. Substitutions are listed
in the order of their prevalence.

“FDV, faldaprevir; PR, pegylated interferon/ribavirin; GT, genotype.

4 R155Q was detected only as a predominant variant with D168V/N/T/I substitutions
and otherwise detected in R155K/Q/R or Q/R mixtures.

¢ D168N was detected only as a predominant variant with R155Q and otherwise in
D168D/N or complex D168 mixtures.

£ Only detected as a mixture with D168V variants.

£ Only detected in complex mixtures of D/I/N/V or A/I/T/V.

" Only detected as a mixture with wild-type amino acid in one patient.

Persistence of NS3 variants in posttreatment follow-up. The
persistence of NS3 variants (by population-based sequencing)
during posttreatment follow-up was evaluated in the phase 3 stud-
ies, using Kaplan-Meier analysis, among patients with virologic
failure (breakthrough on faldaprevir or PR, relapse, or other rea-
sons) and at least one postbaseline NS3 sequence and included 353
GT-1la-infected patients and 228 GT-1b-infected patients. The
number of non-SVR12 patients who had additional follow-up vi-
rology sequences after the first virologic failure sequence (i.e., >1
postbaseline sequence) included 92% (326/353) of GT-1a patients
and 86% (197/228) of GT-1b patients. The number of postbase-
line sequences per non-SVR12 patient in the persistence analysis
ranged from 1 to 8 sequences (median, 3 per patient). The median
follow-up time after the day of virologic failure to the last NS3
sequence available for GT-1a patients with >1 postbaseline se-
quence was 373 days (range, 1 to 826 days) and for GT-1b patients
was 256 days (range, 8 to 791 days).

Among the 351 GT-1a-infected patients with virologic failure
(two patients with baseline R155K variants were excluded), the
assessed duration was 428 days (approximately 14 months) from
the first day of virologic failure to the point when 50% of patients
had HCV that encoded wild-type NS3 R155 and concomitant
loss of R155 RAVs (any variant) (Fig. 3). The elapsed time to
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when 50% of the 228 GT-1b non-SVR12 patients encoded
wild-type HCV NS3 D168 with concomitantloss of D168 RAV's
(any variant) was 147 days (approximately 5 months) after
virologic failure.

Genotype-1b

23 47

Genotype-1a

FDV
Breakthrough

PR
Breakthrough

N=88

Relapse

N=138

Other

N=111

[ Wild-type R155+D168 without S61L [ D168 RAVs with S61L

B R155 RAVs [0 R155+D168 RAVs

M D168 RAVs 2 R155+D168 RAVs with S61L

FIG 2 Emergence of resistance-associated variants at one or multiple NS3
codons in faldaprevir plus PR-treated patients who did not achieve SVR in
phase 2 and phase 3 studies. Data were pooled for the SVR24 endpoint from
phase 2 studies (SILEN-C1 to -3) and for the SVR12 endpoint from phase 3
studies (STARTVersol to -4). Numbers on the figures represent the percent-
ages of patients in whom the amino acid substitutions were detected. Per
patient analyses, data from all emerging variants detected among all postbase-
line virology samples that were sequenced, including but not limited to the first
virologic failure sample, were pooled; thus, dual RAVs in this figure represent
variants detected together from the same sample or each detected individually
from temporally different samples. The denominator (N) is the number of
patients for whom matched baseline and virologic failure NS3 sequence data
were available. FDV, faldaprevir; PR, pegylated interferon/ribavirin; RAV, re-
sistance-associated variant; SVR, sustained virologic response.
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x GT-1a patients without SVR12 (N=351) — HCV NS3 R155 RAVs
+ GT-1b patients without SVR12 (N=288) — HCV NS3 D168 RAVs

1001

detected (%)

Probability of mutant

Days after virologic failure

FIG 3 Persistence of NS3 R155 and D168 amino acid substitutions after viro-
logic failure in pooled phase 3 studies. Kaplan-Meier estimations of the time to
loss of RAVs (population-based sequencing) after the time of virologic failure
(plot origin) among all non-SVR12 patients treated with faldaprevir plus PR in
phase 3 studies (STARTVersol to -4). Analysis included 351 GT-1a- and 228
GT-1b-infected patients without SVR12 for whom baseline and at least one or
more postbaseline sequences were available (with or without RAVs) and ex-
cluded patients with RAVs detected at baseline. Symbols (X and +) represent
time points where patient(s) were censored, i.e., RAVs were detected but a
subsequent follow-up sequence was not available. GT, genotype; PR, pegylated
interferon/ribavirin; RAV, resistance-associated variant; SVR12, sustained vi-
rologic response 12 weeks posttreatment.

Characterization of the NS3 S61L site-directed mutant. The
impact of the newly identified NS3 S61L treatment-emergent sub-
stitution on in vitro susceptibility to HCV PIs was assessed using
site-directed mutagenesis that introduced S61L, D168V, or the
combination S61L plus D168V into an HCV GT-1b subgenomic
replicon used in phenotyping assays. The replication capacity of
the NS3 S61L variant (25.9%) was lower than that of GT-1b wild-
type NS3 but greater than that of the NS3 D168V variant (6.9%)
(Table 3). The replication capacity of the NS3 S61L plus D168V
dual variant (9.0%) was not substantially different from that of
D168V alone. S61L alone conferred only a 2-fold reduction in
susceptibility to faldaprevir and simeprevir and did not have any
measurable effect on susceptibility to telaprevir. The fold changes
in faldaprevir EC5, were 1,159-fold with D168V and 1,737-fold
with the dual S61L plus D168V mutant relative to those for the
wild type and were not substantially different (approximately 1.5-
fold difference) (Table 3).

Characterization of novel NS3 R155 and D168 mutants from
patient isolates. In vitro phenotypic characterization of NS3 pro-
teases derived from patient isolates from earlier studies encoding
the single NS3 mutants R155K or D168V in GT-1laand GT-1band
D168T or DI168E in GT-1b has been previously described (16).
The previous report showed that the faldaprevir EC, fold change
relative to baseline for GT-1b NS3 D168V chimeric replicons is
1,700-fold and GT-la NS3 R155K provides a 330-fold change
(16). Phenotypic analyses of single or dual R155 and D168 vari-
ants from patient-derived NS3 proteases from the clinical trials

TABLE 4 Characterization of novel NS3 R155 and D168 variants
derived from isolates from patients in phase 2 studies

No. of Mean (range) faldaprevir ECs,”

GT* NS3 variant samples fold change relative to baseline
la R155K + D168E 3 623 (588-680)

D168E 1 24

D168A 1 360

R155S 1 131
1b R155Q + D168N 1 162

R155Q + D168V 1 38

D168Y 1 1,261

“ GT, genotype.
b ECs¢, 50% effective concentration.

described in this report and not previously characterized in earlier
studies were performed. The NS3 proteases derived from patient
virology samples included single R155S, D168A, D168E, and
D168Y substitutions and dual R155K plus D168E, R155Q plus
D168N, and R155Q plus D168V variants. These variants reduced
susceptibility to faldaprevir by 24- to 1,260-fold relative to base-
line (Table 4).

DISCUSSION

The baseline frequency of polymorphisms identified in this anal-
ysis of NS3/4A protease sequences from phase 2 and 3 studies of
faldaprevir plus PR was generally consistent with the reported
results from other studies assessing the frequency of polymor-
phisms in this region of the HCV genome, confirming that the
prevalence of faldaprevir RAVs in patients naive to HCV Plsis rare
(16, 23, 28). Several baseline and host factors may confound the
interpretation of whether an HCV amino acid polymorphism has
any impact on virologic response, for example, small sample sizes
for particular variants, baseline IL28B genotype, innate immune
responses, and the degree ofliver cirrhosis. Nevertheless, common
viral polymorphisms that reduce response to HCV antiviral agents
have been identified. One example is the reduced susceptibility
and reduced virologic response to simeprevir plus PR therapy in
patients infected with GT-1a virus encoding the NS3 Q80K poly-
morphism (9). In phase 2 and phase 3 studies of faldaprevir plus
PR, a comprehensive analysis of common baseline NS3 polymor-
phisms in HCV GT-1a or GT-1b showed that no single NS3 pro-
tease polymorphism reduced SVR rates in patients treated with
faldaprevir plus PR. This result was confirmed among treatment-
naive patients infected with HCV GT-1a in an analysis of pooled
data from STARTVersol and STARTVerso2 published elsewhere
(D. M. Jensen, T. Asselah, D. Dieterich, G. R. Foster, M. S.
Sulkowski, S. Zeuzem, P. Mantry, E. M. Yoshida, C. Moreno, D.
Ouzan, M. Wright, L. E. Morano, R. Buynak, M. Bourliére, T.

TABLE 3 In vitro characterization of the impact of NS3 S61L site-directed mutants on HCV GT-1b drug susceptibility”

HCV GT-1b NS3 Mean replication

Mean EC,,” fold change = SD (n)

site-directed mutant capacity = SD (n) Faldaprevir Simeprevir Telaprevir
S61L 25.9 £ 5.7 (4) 1.8 £0.5(4) 23£04(4) 1.0 = 0.2 (3)
D168V 6.9+ 1.7 (4) 1,159 + 148 (4) 1,694 + 317 (4) 0.4 * 0.05 (4)
S61L+D168V 9.0 = 2.6(3) 1,737 = 316 (3) 1,243 = 135 (3) 0.5+ 0.1(3)

% Means were calculated from interexperimental values. GT, genotype.

P ECqys (50% effective concentrations) are given in Table S7 in the supplemental material.
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Hassanein, S. Nishiguchi, J.-H. Kao, M. Omata, S. W. Paik, D. K.
Wong, E. Tam, K. Kaita, S. V. Feinman, J. O. Stern, J. Scherer,
A.-M. Quinson, F. Voss, J.-P. Gallivan, W. O. Bécher, and P. Fe-
renci, submitted for publication). The rates of SVR12 with and
without Q80K were 65% and 64%, respectively, and in both cases
were higher than the response rate achieved with placebo plus PR
in the same subgroups.

The NS3 Q80K polymorphism was more prevalent among
HCV GT-1a sequences (31.1% [362/1,164]) than among GT-1b
sequences (0.5% [5/1,098]). Phylogenetic analyses of GT-1a iso-
lates show their separation into two distinct clades, each with a
different prevalence among geographical regions (29, 30). GT-1a
clade 1 is more prevalent among North American isolates, and
clade 2 is more prevalent among isolates from Europe (31). The
Q80K polymorphism has been suggested to exist almost exclu-
sively within GT-1a clade 1 and rarely within clade 2 (31).

The NS3 helicase polymorphism T344I was associated with
reduced SVR in GT-1b-infected patients regardless of treatment
(faldaprevir plus PR or placebo plus PR). T344I has also been
reported to reduce response rates to simeprevir plus PR or placebo
plus PR (32). Furthermore, assessment of the frequency of T344I
in faldaprevir studies suggests that this polymorphism may be
more frequent among patients previously treated with PR, sug-
gesting potential enrichment of this variant during PR treatment.
However, T3441 did not emerge as a predominant variant during
treatment with faldaprevir plus PR (data not shown). The impact
of NS3 T3441I during HCV infection remains unclear, and its as-
sociation with reduced responses to antiviral therapy may not be
DAA treatment specific.

The predominant RAVs that emerged in patients not achieving
SVR following treatment with faldaprevir plus PR in phase 2 and
phase 3 were detected at HCV NS3 codons 155 and/or 168.
Faldaprevir RAVs at these positions emerged at a high frequency
in non-SVR patients, with 89% (452/507) of GT-1a with R155
substitutions and 78% (273/349) of GT-1b with D168 variants
(Fig. 2). Very few non-SVR patients lacked R155 or D168 RAVs
and encoded wild type: 5.5% of GT-1a and 17.5% of GT-1b. NS3
R155K and NS3 D168V were the most frequently detected RAV's
in non-SVR GT-1a and GT-1b patients, respectively. Other vari-
ants that emerged in >10% of non-SVR GT-1b patients included
R155K and R155Q; D168V was detected in 10.3% of GT-1a non-
SVR patients. D168 variants were more heterogeneous (V/A/T/N/
I/E/H/Y) than R155 substitutions (K/Q/T/S), and in a small num-
ber of patients, dual R155 plus D168 RAVs emerged (R155Q plus
D168V/N in GT-1b or R155K plus D168E in GT-1a) in the same
clinical isolate. D168 variants typically conferred larger reductions
in faldaprevir susceptibility than R155 variants in in vitro pheno-
typing assays (27).

The NS3 amino acid substitutions A156V and A156T emerged
in GT-1b under faldaprevir selective pressure in preclinical in vitro
resistance studies but were only selected with the lower faldaprevir
concentration tested (0.4 wM) and were not detected with a 10-
fold higher faldaprevir concentration (27). Although A156 vari-
ants have been shown to reduce faldaprevir susceptibility in vitro
(up to 270-fold with A156T), A156 variants did not emerge as the
predominant RAVs among virologic failures and were only de-
tected as rare amino acid mixtures with the wild type (A/T or A/G)
in phase 2 and phase 3 studies. A156 amino acid changes have been
detected in posttreatment virology samples after the emergence of
other variants such as R155K or D168V/E; in one case, A156A/G
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was detected together with the predominant D168V RAV in a
faldaprevir breakthrough sample.

Although GT-1b NS3 S61L was a novel low-frequency variant
that emerged only in combination with D168V and most often
among faldaprevir breakthroughs, in vitro phenotyping assays
showed that the S61L single mutant only modestly reduced sus-
ceptibility to faldaprevir (2-fold). Even in combination with
D168V, S61L did not substantially affect the faldaprevir ECs,
compared with D168V alone (only an ~1.5-fold difference in the
faldaprevir EC;, was observed). However, in HCV-infected pa-
tients, it is possible that the dual NS3 S61L plus D168V mutant
replicates modestly better and confers a selective advantage in the
presence of faldaprevir compared with that of D168V alone. This
possibility may not have been adequately evaluated in vitro be-
cause the EC;,, change conferred by D168V alone approaches the
upper limit of the in vitro phenotyping assay.

The phenotypic analysis of previously uncharacterized patient-
derived NS3 proteases from faldaprevir studies included the single
amino acid substitutions D168E, D168A, R155S, and D168Y,
which conferred faldaprevir ECs, fold changes ranging from 24-
to 1,260-fold relative to baseline. These levels of resistance are
similar to the levels observed with other single amino acid substi-
tutions at positions 155 and 168 during in vitro studies (16, 27).
Among these variants, the lowest fold change was observed for the
single GT-1a D168E mutant (24-fold). However, this substitution
resulted in a greater reduction in susceptibility to faldaprevir in a
GT-1b background (180-fold) (16). The 1,260-fold change in
faldaprevir EC5, observed with a single D168Y substitution in a
GT-1b isolate indicates a high level of resistance that is also similar
to that of previously profiled D168V in both GT-1a (1,800-fold)
and GT-1b (1,700-fold) isolates (16). The three double variants
tested (R155K plus D168E in GT-1a and R155Q plus D158N and
R155Q plus D168V in GT-1b) all showed lower levels of reduced
susceptibility to faldaprevir (38-fold to 623-fold) than a single
D168V substitution (1,700-fold) as previously described (16).
However, the dual GT-1a R155K plus D168E mutant reduced
susceptibility to faldaprevir by more than each of the single mu-
tants (623-fold compared with 24-fold for GT-1a D168E alone
and 330-fold for R155K alone) as previously described (16). Sim-
ilarly, addition of GT-1b D168N to R155Q resulted in a greater
reduction in faldaprevir susceptibility (162-fold) than that with
R155Q alone (60-fold) (16, 27). In contrast, mutants encoding
both D168V and R155 RAVs had faldaprevir EC5,s more similar
to those of R155 single RAVs. In these cases, D168V did not fur-
ther reduce susceptibility in combination with R155 RAVs. These
trends of faldaprevir susceptibility comparing single and dual mu-
tants from patient isolates were consistent with site-directed NS3
R155 and D168 mutants (data not shown and our unpublished
data); in general, comparisons of relative faldaprevir susceptibility
between different NS3 mutants in patient-derived chimeric repli-
cons are similar among NS3 site-directed mutants (16, 27). Con-
sidering that X-ray crystallographic studies show structural com-
pensation occurring between NS3 R155 and D168 amino acid
residues (33), it is possible that faldaprevir binding to NS3 pro-
tease with R155 RAVs in combination with D168V, but not with
D168E, reflects aspects of this compensation.

Analysis of the persistence of NS3 R155 and D168 RAVs by
clonal sequencing in phase 1b studies, while only based on a small
sample size, initially indicated longer persistence of R155K vari-
ants compared with that for D168V (16). Based on Kaplan-Meier
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analyses of phase 3 data used to evaluate RAVs and outgrowth of
wild-type amino acid at individual NS3 codons, the median time
to loss of GT-1a R155 RAVs (approximately 14 months) was lon-
ger than the median time to loss of GT-1b D168 RAVs (approxi-
mately 5 months). These findings from faldaprevir clinical studies
are supportive of eventual wild-type virus outgrowth reported
from non-SVR patients in boceprevir clinical trials in whom T54S
and R155K variants were found in a minority (25%) of patients
after 2.5 years of follow-up (7). Similarly, some telaprevir treat-
ment failures had detectable R155K variants (>25% of viral pop-
ulation) at 25 months, but only 3% of patient isolates still had
R155K variants at 36 months (6); the median time to loss of this
variant following discontinuation of telaprevir treatment was re-
ported to be 9.8 months based on Kaplan-Meier parameters that
differ from those used in this report (34). The lower genetic bar-
rier for emergence of R155K in GT-1a (i.e., single nucleotide tran-
sition under drug-selective pressure in GT-1a versus two in GT-1b
as previously described [35]), the higher replicative capacity of
R155K relative to that of D168V observed in vitro, and the appar-
ent fitness of R155K in vitro compared to that of the wild type (36)
all contribute to the higher prevalence of R155K and long-term
persistence of faldaprevir resistance in GT-1a.

The pooled analysis of resistance data from phase 2 and phase
3 studies of faldaprevir shows that faldaprevir RAVs were rare at
baseline but that R155 variants (in GT-1a) and D168 variants (in
GT-1b) were detected in the majority of patients who experience
virologic failure. These studies provide valuable information
about HCV NS3 PI therapy that may be relevant to the use of other
DAAs with overlapping resistance profiles.
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