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Viral Resistance in Hepatitis C Virus Genotype 1-Infected Patients
Receiving the NS3 Protease Inhibitor Faldaprevir (BI 201335) in a
Phase 1b Multiple-Rising-Dose Study
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Faldaprevir (BI 201335) is a selective NS3/4A protease inhibitor under development for the treatment of chronic hepatitis C vi-
rus (HCV) infection. NS3/4A genotyping and NS3 protease phenotyping analyses were performed to monitor the emergence of
resistance in patients with HCV genotype 1 infection receiving faldaprevir alone or combined with pegylated interferon alfa 2a
and ribavirin (PegIFN-RBV) during a phase 1b study. Among all baseline variants, a maximum 7-fold reduction in in vitro sensi-
tivity to faldaprevir was observed for a rare NS3 (V/I)170T polymorphism. During faldaprevir monotherapy in treatment-naive
patients, virologic breakthrough was common (77%, 20/26) and was associated with the emergence of resistance mutations pre-
dominantly carrying NS3 substitutions R155K in GT1a and D168V in GT1b. D168V conferred a greater reduction in faldaprevir
sensitivity (1,800-fold) than R155K (330-fold); however, D168V was generally less fit than R155K in the absence of selective drug
pressure. Treatment-experienced patients treated with faldaprevir-PegIFN-RBV triple therapy showed higher viral load reduc-

tions, lower rates of breakthrough (8%, 5/62), and less frequent emergence of resistance-associated variants compared with
faldaprevir monotherapy. (This study has been registered at ClinicalTrials.gov under registration no. NCT00793793.)

Worldwide prevalence of hepatitis C virus (HCV) infection is
approximately 170 million, and since 2007, HCV has sur-
passed HIV as a cause of death in the United States (1). Chroni-
cally infected individuals with liver disease require effective, well-
tolerated therapies that offer an improvement over the previous
standard of care of pegylated interferon alfa (PegIFN) and ribavi-
rin (RBV). The HCV-carried nonstructural NS3/4A protease is
essential for viral replication and was one of the first clinically
validated drug targets (2—4). The current NS3/4A inhibitors used
in clinical practice are telaprevir and boceprevir, which form a
reversible covalent bond with NS3 (5-8). Combined with PegIFN-
RBYV, telaprevir or boceprevir significantly increase sustained vi-
rologic response rates compared with those of PegIFN-RBV ther-
apy alone in patients with chronic HCV genotype 1 (GT1)
infection. These triple-drug combination regimens are now con-
sidered the current standard of care (9, 10).

HCV has a high replication rate and a high mutation frequency
during viral RNA replication (11), leading to the evolution of mul-
tiple subpopulations, some of which have amino acid substitu-
tions in the NS3/4A protein that may confer resistance to protease
inhibitors. During antiviral therapy with NS3/4A protease inhib-
itors, treatment failure has been associated with the emergence of
resistant variants (12—14). Compounds that are distinct from tel-
aprevir and boceprevir and that inhibit NS3/4A solely through
noncovalent interactions with the catalytic site are in advanced
clinical trials. These include faldaprevir (BI 201335), a selective
linear tripeptide (15) that inhibits HCV RNA replication in vitro
with 50% effective concentrations (ECgys) of 6.5 and 3.1 nM
against HCV GT1la and GT1b, respectively (16). In vitro studies
with faldaprevir showed that NS3 R155K was the predominant
resistant variant selected in GT1a, whereas substitutions at D168
were observed mostly in GT1b (17). The NS3 R155K variant is
common to all classes of NS3/4A protease inhibitors (12-14, 17,
18). By contrast, changes at V36 and T54, which confer resistance
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to telaprevir and boceprevir, were not associated with resistance to
faldaprevir in vitro (17). The NS3 D168V variant confers resis-
tance to the macrocyclic peptidomimetic class of NS3/4A protease
inhibitors, such as simeprevir, and to faldaprevir (12, 13, 17, 18).
Faldaprevir antiviral activity was first evaluated in a phase 1b clin-
ical trial (trial identifier NCT00793793) (19), and we report here
the results of NS3/4A genotyping and NS3 phenotyping analyses
to monitor the emergence of resistance during treatment with
faldaprevir. Furthermore, we also describe the on-treatment viro-
logic response to faldaprevir in additional cohorts of the phase 1b
study that have not previously been reported.

MATERIALS AND METHODS

Patients. The 1220.2 phase 1b study (trial identifier NCT00793793) was a
randomized, multicenter, multiple-rising-dose trial of faldaprevir in
treatment-naive (TN) or treatment-experienced (TE) patients chronically
infected with HCV GT1. Patient inclusion and exclusion criteria have
been described previously (19), and following a protocol amendment,
additional cohorts of TE patients with or without compensated liver cir-
rhosis (Child-Pugh A) were included in the study.

The trial protocol and supporting documentation were submitted to
the independent ethics committee responsible for the trial center of the
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FIG 1 Trial design. PegIFN-RBV, pegylated interferon a-2a and ribavirin;
SVR, sustained virologic response; TE, treatment experienced; TN, treatment
naive.

coordinating investigator. The trial was performed in compliance with the
protocol, the Declaration of Helsinki (1996 version), the International
Committee on Harmonization (ICH) Harmonized Tripartite Guideline
for Good Clinical Practice (GCP), and applicable regulatory require-
ments. Prior to participation in the trial, written informed consent was
obtained from each patient according to the ICH-GCP.

Study treatments. TN patients without cirrhosis were randomized to
receive, in successive cohorts, faldaprevir monotherapy (20, 48, 120, and
240 mg once daily [QD]) for 14 days as a powder-in-bottle (PiB) oral
solution or placebo (Fig. 1). In patients with an HCV RNA decrease of =1
log,, from baseline (on day 10), faldaprevir was combined with PegIFN-
a-2a (180 pg/week) and weight-based RBV (1,000 or 1,200 mg/day) from
days 14 to 28. TE patients without cirrhosis received faldaprevir PiB oral
solution, at 48, 120, or 240 mg QD, and PegIFN-RBYV for 28 days (Fig. 1).
The additional cohorts of TE patients with or without cirrhosis that were
added after a protocol amendment received 240 mg faldaprevir QD or
twice daily (BID) as a soft gel capsule (SGC) and PegIFN-RBV for 28 days.
All patients were invited to extend PegIlFN-RBV to week 48, with an ad-
ditional 24 weeks of follow-up at the discretion of the investigator. Initial
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efficacy, tolerability, and pharmacokinetic results for faldaprevir PiB oral
solution with and without PegIFN-RBV have been reported previously
(19).

Viral RNA extraction and PCR amplification. Viral RNA was isolated
from patient plasma samples at baseline, at indicated time points during
treatment, and during follow-up using the QIAamp viral RNA extraction
kit (Qiagen). A DNA amplicon of 2.4-kbp containing the complete
NS3/4A region was synthesized using the Superscript III one-step reverse
transcription-PCR (RT-PCR) system (Invitrogen). After purification of
the first RT-PCR product, a 2.3-kbp product spanning the entire NS3/4A
domain or a 0.7-kbp product containing only the NS3 protease domain
was generated using KOD Hot Start DNA polymerase (Novagen). The
analysis was restricted to samples with viral loads (VLs) of >1,000 [U/ml,
which was the lower limit of amplification (LLOA) for the RT-PCR am-
plification method (data not shown) and is similar to the limit established
by other methods (20).

Sequence and phylogenetic analyses. Population and clonal sequenc-
ing of virus isolates was performed at baseline (day 1) for all patients and
on days 14 and 28 for TN and TE patients, respectively, if VL was above the
LLOA. If VL was below the LLOA at day 14 or 28, sequence analysis was
performed ifa VL increase was detected posttreatment. Clonal sequencing
was performed at additional on-treatment and follow-up time points, to
monitor the longitudinal evolution of resistant variants.

The NS3/4A amplicon (2.3 kbp) was used for population-based se-
quencing of the NS3/4A region using BigDye Terminator version 3.1 (Ap-
plied Biosystems) and an ABI Prism 3130XL Genetic Analyzer (Applied
Biosystems). The resulting nucleotide sequences were analyzed with
SeqScape version 2.5 (Applied Biosystems). The 0.7-kbp DNA fragment
was used to generate the clone-based (ZeroBlunt TOPO cloning kit; In-
vitrogen) sequences of the 181 amino acids of the NS3 protease domain.
For each sample, 96 clones were picked and sequenced using universal
primers with ABI Prism BigDye Terminator cycle PCR sequencing (Ap-
plied Biosystems). Two single-pass sequences were generated for each
NS3/4A or NS3 nucleotide region, resulting in 90 to 100% double-strand
coverage analyzed with Mutation Surveyor version 3.0 (SoftGenetics).

HCYV subtypes were determined by alignment of baseline NS3/4A se-
quences to reference sequences (NCBI GenBank accession number
AF009606 for GT1a and AJ39799 for GT1b). All amino acid changes in

TABLE 1 Virologic response during faldaprevir treatment by dose group and HCV subtype?

No. of patients with a faldaprevir on-treatment virologic

response”
Patient No. of yjﬁiﬁzﬁ;ﬁlange Breakthrough Plateau Decline
type patients Dose Dosage method (log,o IU/ml)" GTla GT1b GTla GT1b GTla GT1b
N 8 Placebo PiB —0.06" 4/4 4/4
6 20 mg QD PiB —3.0° 3/3 2/3 1/3
7 48 mg QD PiB -3.6" 1/2 4/5 1/2 1/5
7 120 mg QD PiB -3.7" 1/3 4/4 2/3
6 240 mg QD PiB —4.4° 3/3 2/3 1/3
TE 6 48 mg QD PiB —5.0° 1/3 1/3 2/3 2/3
7 120 mg QD PiB —5.2° 1/4 1/4 2/4 3/3
6 240 mg QD PiB —5.3% 4/4 2/2
15 240 mg BID SGC —53 2/10 8/10 5/5
15 240 mg QD SGC —5.2 2/9 719 6/6
TE-Cirr 6 240 mg QD SGC —4.8 1/2 1/2 4/4
7 240 mg BID SGC —-5.5 5/5° 2/2

“ Median VL change from baseline and virologic responses were evaluated during 14-day faldaprevir monotherapy for TN patients and 28-day faldaprevir-PegIFN-RBV therapy for
TE patients. Virologic responses include breakthrough (VL increase of >0.8 log,, above nadir), plateau (=0.8 log,, VL increase above nadir), and continuous decline (profiles not

consistent with breakthrough or plateau).
b Previously published results (19).
¢ One GT1a patient terminated treatment early at day 4 and showed virologic decline.

4 BID, twice daily; Cirr, patients with cirrhosis; GT, genotype; PiB; powder-in-bottle oral solution; QD, once daily; SGC, soft gel capsule; TE, treatment experienced; TN, treatment

naive; VL, viral load.
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FIG 2 Frequency of baseline polymorphisms detected among key amino acids in the NS3 protease domain. (A) Population sequence analysis of 96 baseline
samples at clinically relevant NS3 amino acid positions (21). Prevalence of population-based baseline sequences that do not carry the wild type with respect to the
subtype reference sequence are shown (GT1a, AF009606; GT1b, AJ238799). (B) Prevalence of NS3 amino acids at three polymorphic residues from panel A,
detected by population sequencing. (C) Baseline samples in which clonal sequencing detected an amino acid change at NS3 R155 or NS3 D168 (average of 83

clones sequenced per baseline).

baseline and postbaseline sequences were determined with respect to the
reference. Postbaseline amino acid changes were compared with the re-
spective baseline to identify the emergence of amino acid substitutions.

Drug sensitivity assay. A bicistronic HCV replicon shuttle vector
(pIT2) comprising a luciferase reporter gene and an adapted Con-1 NS3/
NS5B region was modified to create two unique restriction sites (Mlul and
Spel) at NS3 codons 11 and 225, which enabled the insertion of compat-
ible NS3 amplicons from patient plasma samples. The first-step RT-PCR
product (2.4 kbp of NS3/4A) was synthesized as described above and was
used to amplify a 0.65-kbp DNA fragment with primer pairs encoding the
Mlul and Spel restriction sites to facilitate unidirectional insertion into
the shuttle vector. Amplicons were ligated in the shuttle vector, and re-
constituted plasmid DNA was used to generate HCV subgenomic repli-
con RNA transcripts (T7 Ribomax kit; Promega, Mannheim, Germany).
The in vitro-transcribed RNA was electroporated into Huh-7.5 cells which
were cultured in 96-well plates, and after 24 h, serial dilutions of faldapre-
vir or IFN-a were added. HCV RNA replication was quantified by lucif-
erase assays at 4 and 96 h postelectroporation. The EC;, for inhibition of
HCV RNA replication was determined for all baseline samples and from
faldaprevir on-treatment and posttreatment samples, including follow-
up. For individual patient samples, EC;, values were determined from
three or more independent experiments.

Statistical analyses. The relationship between NS3 baseline polymor-
phisms and baseline susceptibility to faldaprevir was investigated using a
Wilcoxon rank-sum test comparing ECs, values of baselines carrying a
specific NS3 variant with those lacking the NS3 variant.
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RESULTS

Viral load response. Virologic breakthrough, plateau, and con-
tinuous VL decline responses during 14-day faldaprevir mono-
therapy in TN patients and during 28-day triple faldaprevir-
PegIFN-RBV therapy were evaluated in a post hoc analysis (Table
1). The median reduction in VL during 14-day faldaprevir mono-
therapy ranged from 3.0 to 4.4 log,, depending on the dose of
faldaprevir, and the rates of breakthrough, plateau, and continu-
ous decline were 77% (20/26), 15% (4/26), and 7.7% (2/26), re-
spectively. All TN patients given placebo experienced a negligible
reduction in VL.

In TE patients without liver cirrhosis who were treated with
faldaprevir plus PegIFN-RBV, the median reduction in VL ranged
from 5.0 to 5.3 log,,, with no clear relationship to the dose of
faldaprevir. The rates of continuous decline, breakthrough, and
plateau were 83.7% (41/49), 10.2% (5/49), and 6.1% (3/49), re-
spectively. All 13 TE patients with cirrhosis received 240 mg
faldaprevir and PegIFN-RBV. The median reduction in VL was
4.8 log,, in the QD group and 5.5 log,, in the BID group. The
overall rates of continuous decline, breakthrough, and plateau in
patients with cirrhosis were 92.3% (12/13), 0%, and 7.7% (1/13),
respectively. Given the small sample sizes in each dose group, dif-
ferences in breakthrough frequency between GT1aand GT1b dur-
ing faldaprevir treatment were not evaluated statistically.

Antimicrobial Agents and Chemotherapy
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FIG 3 Baseline susceptibility of NS3 protease domains isolated from patients infected with GT1a or GT1b. EC,, values for faldaprevir (A) and for IFN-a (B) for
each baseline sample are shown. Each point represents =3 independent in vitro phenotyping experiments. (C) Fold changes of individual EC, values were
calculated relative to an EC, reference value for wild-type replicons treated with faldaprevir (12 = 4 nM). Wilcoxon P values are shown. Horizontal lines
represent the means. One of 96 patient-derived NS3 chimeric replicons did not replicate in vitro and could not be phenotyped.

Baseline genotyping. Phylogenetic analysis based on the
NS3/4A nucleotide sequence showed that 52 patients were in-
fected with GT1a and 44 with GT1b. Among amino acids within
the NS3 protease domain that have been reported to be associated
with resistance to any HCV protease inhibitors (21), the greatest
baseline sequence diversity was observed at amino acid 80 in GT1a
and amino acids 132 and 170 in GT1b (Fig. 2A). NS3 Q80K was
detected by population sequencing in 29% (15/52) of GT1a base-
lines and in none of the GT1b isolates. (I/V)132 and (I/V)170 were
common polymorphisms, with isoleucine as the predominant
amino acid for GT1a and valine for GT1b. A rare V170T polymor-
phism appeared in only 1 of 44 GT'1b baselines (Fig. 2B).

Clonal sequence analysis (Fig. 2C) detected R155 polymor-
phism G, K, W, or S in 33% (17/52) of GT1a baseline samples
(23%, 6%, 2%, and 2%, respectively) and Q in 2.2% (1/44) of
GT1b baseline samples. D168 polymorphism G, N, or E was ob-
served in 27% (14/52) of GT1a baseline samples (23%, 2%, and
2%, respectively) and G and N in 32% (14/44) of GT1b baselines
(27% and 5%, respectively). The theoretical lower limit of NS3
variant detection is 4% (95% confidence interval) for sequencing
of 80 clones (22). Only two baseline samples contained clones that
carried R155 or D168 substitutions above this limit of detection:
one baseline sample with 5% of clones carrying GT1b D168G (TE,
240-mg QD dose group) and one GT1a baseline sample with 53%
of clones carrying D168E (TN, placebo).

In vitro phenotyping of the baseline NS3 protease domain.
The susceptibilities of baseline NS3 protease to faldaprevir were
similar between GT1la and GT1b. Mean EC, values for GTla
(12 = 8 nM; range, 3 to 42 nM) and GT1b (10 = 9 nM; range, 2 to
63 nM) baseline-derived samples were within the range of the
values obtained with nonchimeric control replicons (12 * 4 nM,
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n = 96) (Fig. 3A). The mean ECs, values for IFN-q, used as a
control for intrinsic assay variability among GT1a and GT1b NS3
protease chimeric replicons, were the same: 0.19 = 0.06 IU/ml
(Fig. 3B).

In a comprehensive analysis of all NS3 protease baseline poly-
morphisms, the only notable changes in faldaprevir in vitro sus-
ceptibility were associated with Q80K or V170T variants. Clinical
isolates with GT1a Q80K (n = 15) were associated with a mean
2.4 = 1.6-fold decrease (P < 0.0001) in faldaprevir susceptibility
relative to isolates without Q80K (Fig. 3C), which is a fold change
consistent with Q80K substitutions generated in standard labora-
tory strains (17). Notably, the baseline Q80K polymorphism did
not have a noticeable impact on the initial VL decline during
faldaprevir therapy (see Fig. S1 in the supplemental material).

The largest fold change in baseline sensitivity to faldaprevir in
GT1b was observed for a TN patient in the 20-mg QD group.
Genotypic information for this sample revealed a V170T amino
acid change, a rare polymorphism, which conferred a 7-fold re-
duction (P = 0.09) in faldaprevir susceptibility relative to that of
isolates without V170T (Fig. 3C). At day 6, the VL decline
achieved by this patient was 1.2 log,, IU/ml, compared to the
3.7-log;, IU/ml decline for patients lacking V170T within the
same dose group (see Fig. S2 in the supplemental material); how-
ever, the patient with V170T still achieved a maximum VL decline
from baseline of 1.5 log,, IU/ml at day 14 (data not shown) and,
per protocol, was eligible for combination therapy of faldaprevir
and PegIFN-RBV from day 15 through day 28.

Emergence of NS3/4A variants. The frequency of emergent
NS3/4A variants detected during faldaprevir monotherapy in TN
patients was higher than the frequency observed in TE patients
who received the combination regimen, and the predominant
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TABLE 2 Emergence of resistance-associated NS3 variants identified during FDV therapy®

No. of samples”

Placebo (TN) FDV monotherapy (TN) FDV-PegIEN-RBV (TE)
Predominant NS3 resistance variant” GTla GT1b GTla GT1b GTla GT1b
Breakthrough
Total NA NA 7 12 4 1
R155K 6 0 2 0
D168V 1 10 1 1
D168E 0 2 0 0
R155(K/R) + D168(D/V/Y/E)" 0 1 0
Plateau
Total 4 4 2 <LLOA 2 <LLOA
R155K 0 0 2 2
No RAV detected 4 4 0 0
Decline
Total NA NA NA 1 1 <LLOA
R155K 0 1
No RAV detected 1
RAVs detected in =4% of clones®
Total 4 4 9 13 5 1
R155K only 0 0 6 0 5 0
R155K > R155S 0 0 1 0 0 0
R155K > R155W > R155G 0 0 1 0 0 0
D168V only 0 0 0 4 0 0
D168V > R155K 0 0 0 1 0 0
D168V > D168A 0 0 1 2 0 0
D168V > D168T 0 0 0 1 0 1
D168V > D168H > D168Y 0 0 0 1 0 0
D168V > A156V 0 0 0 1 0 0
D168E > D168G 0 0 0 1 0 0
D168E > D168V > R155W > D168A 0 0 0 1 0 0
No RAV detected 4 4 0 1 0 0

@ Predominant emerging NS3 variants were detected by population sequencing and confirmed by clonal sequencing during 14-day faldaprevir monotherapy in TN patients and

28-day faldaprevir-PegIFN-RBV therapy in TE patients.
b Clonal sequencing not available for confirmation of predominant RAV.

¢ Threshold was based on theoretical limit of 4% for 80 clonal sequences per sample (95% confidence interval) (22). > indicates relative frequency.
4 A156V was detected in 6% of clones; A156T was detected in 3% of clones; A156(T/A) was detected by population sequencing.
¢ <LLOA, VL was below the lower limit of sequence amplification (<1,000 IU/ml); LLOA, lower limit of amplification; NA, not applicable; TE, treatment experienced; TN,

treatment naive; RAV, resistance-associated variant; VL, viral load.

£ All TE patients with cirrhosis received FDV-PegIFN-RBV and were <LLOA during treatment; therefore, no sequence data were available.

amino acid substitutions were NS3 R155K in GTla and NS3
D168V in GT1b (Table 2). GT1b D168E emerged in two TN pa-
tients treated with a 20-mg or 120-mg dose of faldaprevir.

Samples from patients with cirrhosis were below the lower
limit of sequence amplification at the end of faldaprevir therapy,
and therefore no sequence data were available (Table 2). However,
after faldaprevir treatment, six of the 13 patients with cirrhosis
experienced virologic rebound and had available sequences; the
results were as follows. One GT1a patient in the 240-mg QD, SGC
group, who had experienced an on-treatment virologic plateau,
carried NS3 R155K variants in posttreatment sequences. Three
GTla patients with virologic decline during treatment carried
R155K variants posttreatment. One GT1b and one GT1a patient
(both with on-treatment VL decline) had available posttreatment
sequences but lacked detectable resistance-associated variants.

Emerging variants detected at low frequency during faldapre-
vir treatment at NS3 positions other than 155 and 168 included
GT1b A156V detected in 6% of clones from one sample that also
carried the predominant D168V substitution (Table 2).

No emerging NS3/4A-resistant variants were detected in the
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placebo group. Amino acids spanning the NS3/4A cleavage site
were also monitored; however, no emerging variants were de-
tected.

In vitro phenotyping of treatment-emergent NS3 variants.
Phenotypic analyses of patient-derived NS3 protease domains
evaluated in transient replicon assays (Table 3) showed a reduc-
tion in sensitivity to faldaprevir inhibition that ranged from 130-
to 520-fold for the NS3 R155K variant. The D168 variants con-
ferred a broader range of reduced susceptibility to faldaprevir.
NS3 proteases that predominantly carried the D168V substitu-
tion conferred larger decreases in faldaprevir susceptibility
(1,100- to 2,800-fold changes) than D168E and D168T (respec-
tively, 180- and 690-fold changes). Amino acid changes at 155
and 168 did not substantially impact sensitivity to IFN-a. The
lack of emergent resistance-associated variants in TN patients
from the placebo group was reflected by an unchanged suscep-
tibility to faldaprevir.

NS3/4A-resistant variant dynamics and persistence. Clonal
sequence analysis revealed that NS3 D168 substitutions that
emerged during faldaprevir therapy were more diverse than R155

Antimicrobial Agents and Chemotherapy
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TABLE 3 Susceptibility to faldaprevir and IFN-a of plasma sample-derived NS3 protease with treatment-emergent variants in chimeric replicons

Faldaprevir EC5, fold change
relative to baseline

IFN-a ECs, fold change
relative to baseline

Placebo or NS3 No. of

Genotype variant” samples Mean Range Mean Range

GTla Placebo 4 1.8 0.8-3.8 1.1 0.8-1.7
R155K 27 330 130-520 1.3 0.5-3.1
D168V* 1 1800 13

GT1b Placebo 4 1.2 1.0-1.3 1.0 0.6-1.9
R155K 1 130 1.3
D168V 11 1700 1,100-2,800 1.6 0.7-3.6
D168E 180 140-210 1.3 0.5-2.1
D168T 1 690 3.9

@ NS3 proteases from on-treatment or post-faldaprevir treatment samples. Changes in susceptibility for the placebo group were determined at day 14 relative to the baseline.
® GT1a D168V emerged in a TN patient who had an R155 codon nucleotide sequence, CGG, similar to subtype 1b.

substitutions (Table 2 and Fig. 4). In a GT1b-infected TN patient
(20-mg dose group), a mixture of D168 substitutions (V, H, Y,
and A) emerged by day 14 (Fig. 4), but only D168V was detected at
the following time point, day 56. Although D168V was the major
variant that emerged during faldaprevir monotherapy in this pa-
tient, the incidence of R155K increased to 14% in post-faldaprevir
treatment clonal sequence analysis. In certain cases, specific D168
and R155 substitutions were linked at a low frequency, such as the
GT1b NS3 R155Q-D168N combination (see Fig. S3B in the sup-
plemental material).

The persistence of NS3 R155K and D168V resistance variants
in patients who experienced virologic breakthrough and had
clonal sequence data available during the post-faldaprevir treat-
ment phase was evaluated. Four GTla-infected patients had
breakthrough virus containing 72 to 100% R155K substitutions
by day 28, and in another GT1a patient, virus with 99% R155K
substitution was first detected at day 57 (Fig. 5A). R155K was the
predominant variant detected in all four of the patients with avail-
able sequences during the dual PegIFN-RBV treatment phase (93
to 100% of clones). Furthermore, in three patients with available
sequences during posttreatment follow-up (in one case up to day
506), R155K persisted in 72 to 100% of clones. Outgrowth of virus
predominantly carrying wild-type R155 was not observed in these
five patients up to day 506. In a representative GTla-infected pa-

HCV RNA (log,, IU/mL) —e—

tient, viral breakthrough at day 14 was associated with emergence
of NS3 R155K, which persisted to day 338 in 72% of clones (Fig.
5A; see also Fig. S3A in the supplemental material).

Five GT1Db patients with breakthrough viruses that had 85 to
100% D168V variants by day 28 were evaluated (Fig. 5B). Com-
plete outgrowth of wild-type D168 virus and a lack of detectable
D168V variants occurred in 2/3 and 4/4 patients with available
sequences, respectively, during the PegIFN-RBV dual-therapy
phase and during follow-up. In a representative GT1b-infected
patient, D168V was detected in 100% of clones during viral break-
through with faldaprevir-PegIFN-RBV therapy, but D168V was
no longer detected after day 85 due to outgrowth of wild-type
D168 (Fig. 5B; see also Fig. S3B in the supplemental material).
Thus, D168V variants did not persist as long as R155K variants.

DISCUSSION

The first evaluation of faldaprevir in a phase 1b clinical trial in
HCV-infected patients was conducted to evaluate antiviral po-
tency and safety (19). Virology samples from this early trial were
used in a post hoc analysis to comprehensively assess the baseline
NS3/4A genotype and NS3 phenotype, as well as to monitor the
emergence of resistance-associated variants during treatment
with faldaprevir.

All patient baseline samples were genotyped, and among all

Day 56
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FIG 4 NS3/4A-resistant variant dynamics. Viral load profile of virologic breakthrough and percentage of clones carrying NS3 R155 and/or D168 substitutions
over time for a TN GT1b-infected patient from the 20-mg dose group. WT, wild type.
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FIG 5 Longitudinal clonal sequence analysis. Detection of NS3 R155K (A) or NS3 D168V (B) by clonal sequencing in patients with virologic breakthrough and
post-faldaprevir treatment sequences. Each row represents one patient. Wild-type (WT) sequence represents a lack of detectable R155K or D168V substitutions.
FDV, faldaprevir; P/R, PeglFN-ribavirin; TE, treatment experienced; TN, treatment naive.

NS3 protease polymorphisms detected by population sequencing
from the 96 samples, only Q80K and (V/1)170T conferred notable
changes in in vitro sensitivity to faldaprevir in replicon phenotyp-
ing experiments. However, Q80K was associated with only a small
reduction (mean change, 2.4 = 1.6-fold) in sensitivity to faldapre-
vir and did not affect VL decline at any dose. Q80K has been
shown to alter sensitivity to the macrocyclic protease inhibitor
simeprevir (TMC-435) by 7.7- or 14-fold in transient GT1b rep-
licon assays (17, 23). The greatest fold shift in sensitivity to
faldaprevir of a baseline NS3 isolate—a 7-fold shift associated with
(V/T)170T detected in one patient relative to isolates without this
substitution—did not preclude a continuous VL decline during
faldaprevir monotherapy, even with the suboptimal 20-mg dose.
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This rare NS3 polymorphism occurs at a residue that has been
shown to alter sensitivity to boceprevir (24). The current observa-
tions are based on a small sample size and a limited duration of
faldaprevir treatment but may indicate that the presence of Q80
polymorphisms will not prevent reduction of VL by faldaprevir at
the doses currently being investigated in larger clinical trials. The
significance of (V/I)170T and Q80K to treatment response is be-
ing explored in ongoing studies.

One of three predominant NS3 substitutions—R155K,
D168V, or D168E—was associated with all virologic break-
through during faldaprevir therapy observed in this study. The
fold shifts associated with these NS3 substitutions (330-, 1,700-, or
180-fold, respectively) are consistent with single-amino-acid site-
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directed mutant replicon resistance studies (17). The divergence
in nucleotide sequence at codon 155 between GTla and GT1b
may explain the higher prevalence of the R155K variant in GT1a.
Asnoted previously (13), this substitution requires a single-nucle-
otide transition in GT1a but two in GT1b. Notably, this study
enrolled a rare GT1a patient with a 155 codon that would have
required a two-nucleotide transition to yield R155K and thus fa-
vored the emergence of D168V in this GT1a patient.

NS3 protease single-amino-acid substitutions that reduced
sensitivity to faldaprevir, in addition to R155 and D168,
emerged at position A156 in cell culture during in vitro selec-
tion experiments (17). A GT1b NS3 protease variant carrying
A156V was detected at low prevalence by clonal sequencing
[and A156(T/A) was detected by population sequencing] in
only one patient (TN, 120 mg faldaprevir). The predominant
NS3 variant that emerged in this patient was D168V, and this
suggests that emergence of NS3 A156 variants is rare in patients
treated with faldaprevir.

Virologic breakthrough and the emergence of resistance vari-
ants in NS3/4A were more common with faldaprevir mono-
therapy than when faldaprevir was combined from day 1 with
PegIEN-RBV. Virologic response during the PegIFN-RBV add-on
period suggests that viruses carrying key NS3 resistance-associ-
ated variants remained sensitive to PegIFN-RBV therapy and
could be cleared since IFN acts on host immune responses rather
than the HCV replication cycle (25-27). Faldaprevir with PegIFN-
RBV reduced VL and suppressed breakthrough more potently
than faldaprevir monotherapy, notably in TE patients despite
their previous failed treatment with PegIFN-based regimens lack-
ing an HCV protease inhibitor.

Longitudinal analysis during the follow-up period revealed the
gradual outgrowth of the wild-type virus with concomitant loss of
NS3 D168V in GT1b-infected patients and suggests this variant
may have a low replicative fitness. Other studies have also shown
that NS3/4A protease inhibitor-resistant variants, particularly
those associated with GT1b, are generally less fit than the wild type
(12,13, 18, 28). The NS3 R155K variants persisted during follow-
up, indicating high replicative fitness of this variant. The implica-
tions of this observation are unclear in view of the small size of this
study and the limited number of NS3 variants available for fol-
low-up but suggest that NS3 R155K variants can persist longer in
the absence of drug pressure than the D168V variants.

In conclusion, the major HCV NS3 variants that emerged with
faldaprevir treatment were R155K in GT1la and D168V in GT1b.
These substitutions do not alter the sensitivity to PegIFN-RBV,
and the majority of treatment-naive patients with resistant virus
subsequently displayed antiviral responses during combination
therapy. Combination of faldaprevir with PegIFN-RBV from day
1 of treatment suppresses the emergence of resistance-associated
variants, reduces breakthrough, and increases VL reduction. The
significance of baseline polymorphisms such as Q80K and (V/
1)170T to treatment response, and of the persistence of R155K and
D168V in posttreatment follow-up, is being examined in larger
phase 2 and phase 3 studies with faldaprevir-PegIFN-RBV.
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