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VX-222, a thiophene-2-carboxylic acid derivative, is a selective nonnucleoside inhibitor of the hepatitis C virus (HCV) NS5B
RNA-dependent RNA polymerase. In phase 1 and 2 clinical studies, VX-222 demonstrated effective antiviral efficacy, with sub-
stantial reductions in plasma HCV RNA in patients chronically infected with genotype 1 HCV. To characterize the potential for
selection of VX-222-resistant variants in HCV-infected patients, the HCV NS5B gene was sequenced at baseline and during and
after 3 days of VX-222 dosing (monotherapy) in a phase 1 study. Variants with the substitutions L419C/I/M/P/S/V, R422K,
M4231/T/V, 1482L/N/T, A486S/T/V, and V494A were selected during VX-222 dosing, and their levels declined over time after the
end of dosing. Phenotypic analysis of these variants was conducted using HCV replicons carrying site-directed mutations. Of the
17 variants, 14 showed reduced susceptibility to VX-222 compared with the wild type, with the L419C/S and R422K variants hav-
ing higher levels of resistance (>200-fold) than the rest of the variants (6.8- to 76-fold). The M4231 and A486S variants remained
susceptible to VX-222. The 50% effective concentration (ECs,) for the L419P variant could not be obtained due to the poor repli-
cation of this replicon. The majority of the variants (15/17) were less fit than the wild type. A subset of the variants, predomi-
nately the L419S and R422K variants, were observed when the efficacy and safety of VX-222- and telaprevir-based regimens given
for 12 weeks were investigated in genotype 1 HCV-infected patients in a phase 2 study. The NS3 and NS5B variants selected dur-

ing the dual combination therapy showed reduced susceptibility to both telaprevir and VX-222 and had a lower replication ca-
pacity than the wild type. The phase 1b study has the ClinicalTrials.gov identifier NCT00911963, and the phase 2a study has

ClinicalTrials.gov identifier NCT01080222.

pproximately 170 million people worldwide are chronically

infected with hepatitis C virus (HCV), which may lead to
severe liver diseases, including fibrosis, cirrhosis, and hepatocel-
lular carcinoma (1, 2). Treatment with peginterferon and ribavi-
rin has a low success rate in patients infected with genotype 1 HCV
and is associated with substantial adverse events (3, 4). In the last
decade, the development of new classes of HCV therapy, the di-
rect-acting antivirals (DAA), has been a major focus of drug dis-
covery efforts.

Multiple DAAs are currently being marketed or in develop-
ment, including inhibitors of the HCV NS3 protease, NS5A pro-
tein, and NS5B RNA-dependent RNA polymerase (5, 6). Two pro-
tease inhibitors, boceprevir and telaprevir, were the first to receive
regulatory approval for use in combination with peginterferon
and ribavirin, which marked the beginning of a new era in HCV
therapy for genotype 1 HCV-infected patients. In phase 3 clinical
studies, both boceprevir- and telaprevir-based therapies signifi-
cantly improved sustained virologic response (SVR) rates for
treatment-naive and previously treated patients compared with
peginterferon plus ribavirin alone (7). However, adverse events,
including severe rash and anemia, may occur in some patients
receiving boceprevir or telaprevir treatment (7). Additionally,
drug-resistant viral populations have been shown to emerge in
patients who do not achieve an SVR with boceprevir or telaprevir
treatment (8). Newer DAAs, simeprevir (a protease inhibitor) and
sofosbuvir (a nucleoside NS5B polymerase inhibitor), showed im-
proved tolerability and efficacy and were recently approved for
registration (9—-11). Future therapies for HCV infection will ide-
ally be regimens that consist of combinations of DAAs and do not
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include peginterferon or even ribavirin, and the development of
novel investigational DAAs for combinations is of great interest.
VX-222 (previously known as VCH-222), a thiophene-2-car-
boxylic acid derivative (Fig. 1A), is a selective nonnucleoside in-
hibitor (NNI) of the HCV NS5B polymerase that binds to an al-
losteric site located in the thumb domain (12-14). VX-222 is
active against a purified NS5B polymerase with 50% inhibitory
concentrations (ICs,s) of 0.94 and 1.2 uM for genotypes la and
1b, respectively (15). It exhibits antiviral activity against genotypes
1a, 1b, and 2a in the HCV replicon, with 50% effective concentra-
tions (ECss) ranging from 4.6 to 22.3 nM (15). In a phase 1
clinical study, a reduction of more than 3 logs in HCV RNA was
observed after 3 days of VX-222 monotherapy with a dose of 250,
500, or 750 mg twice daily or 1,500 mg once daily in treatment-
naive patients infected with genotype 1 HCV (16). The combina-
tion of VX-222 and telaprevir in a phase 2 study resulted in a rapid
initial decline in HCV RNA, with 23% of the patients having HCV
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HCV Variants Observed in VX-222 Clinical Studies

FIG 1 Structures of VX-222 and NS5B polymerase. (A) Chemical structure of VX-222 (full name: 5-(3,3-dimethylbut-1-ynyl)-3-[(4-hydroxycyclohexyl)-(4-
methylcyclohexanecarbonyl)amino]thiophene-2-carboxylic acid). (B) Cocrystal structure of VX-222 and NS5B polymerase. The protein is in light magenta. The
residues in Table 1 are labeled and highlighted in green; the side chains of these residues are shown by sticks. The key helices and loops are indicated. VX-222 is
shown in stick representation, with carbon, nitrogen, oxygen, and sulfur atoms in cyan, blue, red, and yellow, respectively. The hydrogen bonds are shown by
dashed lines, and the bond distances are indicated. (C) Position of exploratory variants in NS5B polymerase relative to VX-222. The protein is in cyan. The side
chains of the residues with substitutions identified in the exploratory genotypic analysis are labeled and shown by orange sticks. VX-222 is shown in stick
representation and in light purple. The distances between the positions of exploratory variants and VX-222 are indicated with black lines.

RNA levels below the lower limit of quantitation (LLOQ) at week
2 and 43% achieving undetectable HCV RNA levels at week 4 of
treatment. However, this regimen was discontinued due to high
viral breakthrough rates prior to week 12 (17). The combination
of VX-222 and telaprevir with ribavirin (a triple regimen) or with
peginterferon and ribavirin (a quadruple regimen) led to signifi-
cantly improved SVR rates of 67 to 90% (17).

Resistance to thumb-binding NNIs has been previously re-
ported. Substitutions at L419, M423, 1482, and V494 in NS5B have
been shown to affect the susceptibility to VCH-759, another thio-
phene-2-carboxylic acid derivative that also binds to the thumb
domain of NS5B (18). In addition, NS5B substitutions at R422,
M423, M426, 1482, and V494 have been shown to be associated
with resistance to a second class of thumb-binding NNIs (dihy-
dropyrone class) in vitro or in patients (19-21). More recently,
GS-9669, a thumb-binding NNI currently in clinical study in
combination with sofosbuvir (22), has been shown to exhibit a
decrease in potency against NS5B L419M, R422K, M4231/T/V,
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and 1482L variants (23). VX-222 also selected for NS5B L419M/S,
M4231/T/V, 1482L, A486V, and V494A variants in replicon cells
(our unpublished data). In this study, we report the sequence
analysis of viral variants before, during, and after dosing with VX-
222 for 3 days in a phase 1 study of treatment-naive patients in-
fected with genotype 1 HCV (16). The phenotypic susceptibilities
of these variants to VX-222 and other HCV inhibitors, as well as
the replication capacity, are presented. Additionally, we report the
phenotypic characteristics of the NS3 and NS5B variants observed
in the 12-week dual combination study of VX-222 and telaprevir
(17).

MATERIALS AND METHODS

Patient population and study design. In the phase 1b study (Clinical-
Trials.gov identifier NCT00911963), VX-222 was administered as a
monotherapy for 3 days in treatment-naive patients who had chronic
genotype 1 HCV infection. This study contained 4 treatment cohorts,
where 32 patients were randomized to receive VX-222 at doses of 250, 500,
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and 750 mg twice daily or 1,500 mg once daily, or else placebo, for 3
consecutive days with a treatment: placebo ratio of 6:2 in each dose group
(8 patients/cohort). At the end of 3 days, patients were offered peginter-
feron and ribavirin for 48 weeks.

The phase 2a study (ClinicalTrials.gov identifier NCT01080222) in-
vestigated the safety, tolerability, and antiviral activity of VX-222 at 100
mg or 400 mg twice daily, combined with various telaprevir-containing
regimens in chronically genotype 1 HCV-infected patients. The treat-
ment-naive patients received VX-222 and telaprevir only (dual regimen;
n = 47) or with ribavirin (triple regimen; n = 46) or peginterferon and
ribavirin (quadruple regimen; n = 59) for 12 weeks. Patients with detect-
able HCV RNA at weeks 2 and/or 8 received peginterferon and ribavirin
for an additional 24 (dual and triple regimens) or 12 (quadruple regimen)
weeks (17).

The studies were conducted in full compliance with the guidelines of
Good Clinical Practice and of the World Medical Assembly Declaration of
Helsinki. The study protocols and informed consent forms were approved
by the institutional review boards at each site. All patients provided writ-
ten informed consent before participating in any study-related activities.

Measurement of viral load. Plasma HCV RNA levels in phase 1b and
2a studies were assessed using Roche COBAS AmpliPrep/COBAS Tag-
Man HCV real-time PCR (v2.1; LLOQ = 43 IU/ml; limit of detection
[LOD] = 15 IU/ml) and Roche COBAS TagMan HCV/HPS assay (v2.0;
LLOQ = 25 IU/ml; LOD = 15 IU/ml), respectively.

Amplification and sequencing of HCV from plasma. For VX-222
3-day monotherapy, amplification and population sequencing of the
NS5B polymerase were performed on samples that had been collected at
baseline (predose), during dosing (day 3 and day 4, which was the end of
dosing), and at follow-up (days 5, 10, and 20, and long-term up to 6
months). For combination therapy with VX-222 and telaprevir, amplifi-
cation and population sequencing of the NS3 protease and NS5B poly-
merase domains were performed at baseline, viral breakthrough, and fol-
low-up time points (17).

A 3-ml blood sample was drawn, and approximately 1.5 ml of plasma
was collected for viral sequencing. Viral RNA was extracted from plasma
and amplified through the nested reverse transcription-PCR (RT-PCR)
described previously (24). Purified PCR products were sequenced using
Big-Dye terminator sequencing methods (Beckman-Coulter, Danvers,
MA). The lower limit of detection (LLOD) of RT-PCR amplification is
1,000 IU/ml HCV RNA (24).

In a subset of patients (n = 7) in VX-222 3-day monotherapy, clonal
sequence analysis was performed to determine the linkage of amino acid
substitutions. RT-PCR products of plasma HCV RNA were cloned into
pCR-XL-TOPO vector (Invitrogen, Carlsbad, CA) and transformed into
Top-10 electrocompetent One Shot Escherichia coli cells (Invitrogen,
Carlsbad, CA). Plasmid DNA was prepared and sequenced (Sanger se-
quencing at Beckman-Coulter, Danvers, MA) from 96 E. coli colonies per
patient per time point.

Sequence alignment and analysis. Sequence traces encompassing the
first 1,665 nucleotides (555 amino acids) of the NS5B polymerase (for
VX-222 3-day monotherapy and dual therapy with VX-222 and telapre-
vir) and 2,085 nucleotides (695 amino acids) of the NS3 protease (for dual
therapy) were analyzed using the software Mutation Surveyor (Soft-
Genetics, State College, PA). Genotype-specific references for genotype la
(H77; GenBank accession no. AF009606) and genotype 1b (Conl; Gen-
Bank accession no. AJ238799) were used to align traces for the baseline of
each patient. Amino acid substitutions from postbaseline samples were
detected by comparing sequences to the patient-specific baseline se-
quence.

Due to the small number of patients in VX-222 3-day monotherapy,
the use of a statistical analysis to identify variants that were enriched from
VX-222 treatment was not possible. Therefore, the frequency of NS5B
substitutions at positions 419, 422, 423, 482, 486, and 494 that were pre-
viously identified as being associated with resistance to VX-222 (our un-
published in vitro selection data) or other thumb-binding NNIs (18-21,
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23) was assessed. Additionally, an independent exploratory genotypic
analysis was conducted to identify other variants that were observed in
more than 1 patient.

Variants with substitutions in both NS3 and NS5B regions were as-
sessed in the dual combination therapy of VX-222 and telaprevir as de-
scribed previously (17).

Compounds. The nonnucleoside NS5B polymerase inhibitors VX-
222, filibuvir (20, 25), HCV-796 (26), and CMPD 55 (27), the NS3-4A
protease inhibitor telaprevir (28, 29), and the NS5A inhibitor daclatasvir
(30) were synthesized at Vertex Pharmaceuticals Incorporated (Boston,
MA, USA). The nucleoside polymerase inhibitor mericitabine (31) was
obtained from SAI Advantium (Hyderabad, India). All compounds were
dissolved in dimethyl sulfoxide (DMSO) to a final concentration of 10 or
20 mM and stored at —20°C. Human recombinant interferon-alfa
(IFN-a) (Calbiochem, La Jolla, CA) and ribavirin (Sigma-Aldrich, St.
Louis, MO) were reconstituted in water and stored at —80°C and —20°C,
respectively.

Construction of variant replicons. Mutations were introduced into
the genotype 1b subgenomic replicon plasmid pFK I, PiLuc/NS3-3'/ET,
which was kindly provided by R. Bartenschlager (adapted from the work
of Lohmann et al. [32]) or the genotype la subgenomic replicon plasmid
la-PiLuci-1a6* (33), using PCR-based site-directed mutagenesis and
standard recombinant DNA technologies. The integrity of all variant con-
structs was confirmed by DNA sequencing.

EC,, determination for variant replicons. The EC,s of variant rep-
licons were determined in Huh-7-ET-cured cells that were established by
curing Huh-7-ET cells containing the subgenomic replicon pFK I5g5luc-
ubi-neo/NS3-3'/5.1 (34) as described previously (33). Briefly, full-length
HCV subgenomic replicon RNA was generated from linearized DNA
templates using the Megascript T7 kit (Life Technologies, Grand Island,
NY). The resulting RNA was transfected into 4 X 10° Huh-7-ET-cured
cells resuspended in Ingenio (Mirus Bio LLC, Madison, WI) using a Bio-
Rad Gene Pulser II electroporator. Transfected cells were resuspended in
cell culture medium and plated in 96-well, tissue-culture-treated plates at
1 X 10* cells in 100 pl. After incubation at 37°C for 24 h, the cultured cells
were mixed with 100 pl of medium containing serially diluted com-
pounds and allowed to grow for 3 days. The cells were lysed with lysis
buffer (Promega, Madison, WI), and luciferase activity was measured
using a luciferase assay system (Promega, Madison, WI). The ECg,s were
calculated from dose-response curves using a 4-parameter curve-fitting
method in the Softmax Pro program (Molecular Devices Corp., Sunny-
vale, CA). Multiple independent assays were conducted for each viral
replicon, and the means and standard deviations (SD) of the replicon
EC,,s were calculated. The change (fold) in sensitivity to HCV inhibitors
was calculated by dividing the mean EC,, for each variant by the mean
EC;,, for the wild-type replicon. Variants were considered to have reduced
susceptibility to the inhibitors if the increase in the ECy, compared with
that of the wild type was >3-fold, because the variation of the EC5,s in the
assay was =3-fold.

Replication capacity of variant replicons. The replication capacity of
variant replicons was determined as previously described (33). Briefly,
replicon RNA was in vitro transcribed and transfected into Huh-7-ET-
cured cells. Transfected cells were plated into duplicated 96-well plates
and cultured at 37°C for 2.5 h for the first set of plates and 96 h for the
second set of plates. The cells were lysed and kept frozen at —80°C until
assayed for luciferase activity. For any given variant replicon, a normalized
luciferase signal was calculated by dividing the luciferase signal at 96 h
postelectroporation with that of the same variant replicon at 2.5 h post-
electroporation. The relative replication capacity of the variant is ex-
pressed as the percentage of the normalized luciferase signal of the variant
replicon compared with that of the wild-type replicon (as 100%) and that
of a HCV polymerase-defective replicon containing AAG or GND for
genotype la or 1b, respectively, at the GDD active site (as 0%).
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TABLE 1 Phenotypic characterization of NS5B variants observed in VX-222 3-day monotherapy”

VX-222 Filibuvir .
Replication

Variant ECso (LM) FC ECso (WM) FC capacity (%)
WT 0.0037 = 0.0008 1.0 = 0.2 0.029 = 0.009 1.0 £ 0.3 100 £ 0
L419C 0.87 = 0.03 234*9 0.016 = 0.003 0.6 = 0.1 42*3
L4191 0.048 £ 0.023 136 0.020 £ 0.002 0.7 £ 0.1 65+9
L419M 0.19 £0.03 50 *£7 0.045 = 0.018 1.6 £ 0.6 98 =7
L4198 2504 683 * 102 0.045 £ 0.001 1.6 = 0.03 5*1
L419V 0.13 £0.02 35+ 4 0.022 £ 0.007 0.8 £0.2 64 £5
R422K 1.8 £ 0.5 472 £ 131 6.9 £2.2 239 £ 76 47 £ 14
M4231 0.0071 = 0.0018 1.9 £ 0.5 12x2 425 £ 81 68 = 14
M423T 0.045 £ 0.011 12*3 >25 >867 56 £7
M423V 0.025 £ 0.006 6.8 £ 1.5 >25 >867 22*6
1482L 0.27 = 0.04 72 =12 0.12 = 0.03 42 *0.9 106 *= 25
1482N 0.28 £ 0.05 76 £ 13 1.1 £0.2 40 £7 44 * 4
1482T 0.028 £ 0.010 7427 0.19 = 0.02 6.7 + 0.6 381
A486S 0.0029 = 0.0001 0.8 = 0.02 0.012 = 0.003 0.4 =£0.1 74 £ 12
A486T 0.090 £ 0.022 24*6 0.051 £ 0.006 1.8 £0.2 77 £3
A486V 0.25 = 0.09 67 £ 24 0.073 £ 0.013 25*+04 77 £ 4
V494A 0.029 = 0.010 7.9 £2.7 0.15 * 0.02 51%*0.8 68 =9

@ Data were obtained from the genotype 1b replicon. All values are means = SD. The ECs,s were derived from 12 to 14 and 3 to 6 individual experiments for the wild-type (WT)
and variant replicons, respectively. The mean fold change (FC) values were determined by dividing the mean ECs, of a given variant replicon by that of the WT replicon. The SD of
the fold change were determined by dividing the SD of the ECs, of a given variant replicon by the mean EC, of the WT replicon. The mean replication capacity and SD was derived
from 3 individual experiments. The “>” symbol denotes that the value is greater than the value presented; the actual value could not be determined, since no significant reduction
of HCV RNA level was observed at the maximum concentration of VX-222 or filibuvir used (25 pM). Data for the L419P variant were not available due to the replicon’s inability to

replicate.

RESULTS

Genotypic analysis of HCV NS5B polymerase was performed at
baseline and during and after dosing for all patients receiving VX-
222 3-day monotherapy in the phase 1b study. Considering the
small number of patients in the study and the limited time points
during the critical time window through day 4 of VX-222 dosing,
population sequencing was conducted for all samples collected,
including those with HCV RNA below the LLOD of RT-PCR am-
plification. NS5B variants with substitutions at positions 419, 422,
423, 482, 486, or 494 that were previously identified as being as-
sociated with resistance to VX-222 (our unpublished in vitro se-
lection data) or other thumb-binding NNIs (18-21, 23) were as-
sessed. Variants with substitutions identified at these positions are
shown in Table 1. The profile of resistance against VX-222 and
other HCV inhibitors as well as the replication capacity of these
variants was evaluated in transient replicon systems (Tables 1 and
2). Variants identified from individual patients on VX-222 treat-
ment are summarized in Table 3. Clonal sequence analysis was
performed for a subset of patients to determine the genomic link-

age of multiple variants observed at different resistance positions
by population sequence analysis (Table 4). To identify other po-
tential NS5B variants that may be associated with resistance to
VX-222, besides those with substitutions at L419, R422, M423,
1482, A486, or V494, an additional independent exploratory ge-
notypic analysis for substitutions occurring in more than 1 patient
was performed. Four additional variants (T130A, Q309R, E440G,
and K510R variants) were identified from this analysis.

Variants with substitutions in both the NS3 and NS5B regions
were observed in patients receiving the combination of VX-222
and telaprevir in a phase 2a study (17). The susceptibility to tel-
aprevir and VX-222 as well as the replication capacity of these
variants was evaluated in transient replicon systems (Table 5).

Phenotypic susceptibility of VX-222-resistant variants ob-
served in VX-222 3-day monotherapy. The EC;s of the NS5B
variants that were observed in VX-222 3-day monotherapy
(L419C/TI/M/P/SIV, R422K, M4231/T/V, 1482L/N/T, A486S/T/V,
and V494A variants) were determined in genotype 1b replicons
(Table 1). Of these 17 variants, 14 showed reduced susceptibility

TABLE 2 Cross-resistance profile of VX-222-resistant variants to IFN-q, ribavirin, and other HCV inhibitors®

IFN-« Ribavirin Telaprevir Daclatasvir HCV-796 CMPD 55 Mericitabine
Variant ECs, (U/ml) FC ECyo(pM) FC  ECy  (pM) FC  ECs (pM)  FC  ECsy (WM)  FC  ECso (WM)  FC  ECso (WM)  FC
WT 1.4 1.0 24 1.0 0.27 1.0 4.5 1.0 0.0072 1.0 0.086 1.0 0.87 1.0
L419M 1.2 09 25 1.0 0.15 0.6 4.2 0.9  0.0086 1.2 0.089 1.0 0.44 0.5
R422K 1.2 0.8 22 09 0.15 0.5 3.6 0.8  0.0049 0.7  0.068 0.8 045 0.5
M423T 1.5 1.1 29 1.2 0.25 09 3.8 0.8 0.0043 0.6  0.060 0.7 0.89 1.0
1482L 1.5 1.0 23 09 0.22 0.8 6.0 1.3 0.0072 1.0 0.19 2.3 044 0.5
A486V 1.2 0.8 27 1.1  0.36 1.3 3.1 0.7  0.0031 0.4 0.10 1.2 0.75 0.9
V494A 1.3 09 24 1.0 0.16 06 39 0.9 0.0028 04 0.29 3.3 0.58 0.7

@ The ECss are the means of the results of 3 individual experiments for the wild-type (WT) and variant replicons. The fold change (FC) was determined by dividing the mean ECs,

of a given variant replicon by that of the WT replicon.
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TABLE 3 Population sequence analysis at baseline and during and after VX-222 dosing in VX-222 3-day monotherapy

HCV RNA  VX-222-resistant variant®
reduction at

At follow-up?

Treatment day 4 (log,,
group” Patient” Genotype [U/ml) Atbaseline During treatment (by day4)  Day 5 Day 10 Day 20
250 mg bid 1 1b —2.8 A486S° R422R/K, A486S M423M/T, A486S, TI30A  A486S A486S
2 la —3.4 - L419L/S, A486A/V A486A/V - -
3 la -3.7 - R422R/K M423M/T, A486A/V M423M/1# -
4 la —=2.0 - L419M R422R/K, A486A/V - NA
5 la —-2.9 - R422R/K, M423M/V - - -
6 la -39 - L419C - - -
500 mg bid 7 1b —3.2 - 14821/N, A486A/V, T130A, 14821/T, A486A/T - -
E440G
8 la —3.2 - A486A/V, V494V/A, Q309R Q309R Q309R -
9 la —=3.7 - R422R/K, 14821 A486A/V - ND
10 1b —3.6 - A486V NA K510R NA
11 la —3.2 - NA R422R/K - NA
12 la —3.6 - R422R/K, A486A/V - - -
750 mg bid 13 la —3.8 - L419L/P, R422R/K L419L/P, R422R/K - -
14 la —=3.5 - L419L/S, R422R/K L419L/V, A486A/V - NA
15 la =35 = L419L/S, R422R/K L419L/S, A486A/V M423M/T, K510R NA
16 1b —3.3 - R422R/K, A486A/T M423M/T, V494V/A A486A/V A486A/V
17 1b —2.6 - L419L/1, M423M/V, V494V/A  — - —
18 la —2.3 = R422R/K, M423M/T, 14821/L, 1482I/N, A486A/V - -
A486A/V
1,500 mgqd 19 la —3.5 - NA NA NA NA
20 1b —3.1 - NA R422R/K, 14821/L L419M Q309R
21 la -39 - R422K NA - NA
22 la —3.2 - R422R/K, A486A/V A486A/V - -
23 1b —3.2 - NA NA NA NA
24 1b —3.6 - R422K, M423T R422R/K, A486A/V - E440G

“ bid, twice daily; qd, once daily.

b Data for patients on VX-222 treatment (1 = 24) are presented. Patients on placebo (1 = 8) are not included; no VX-222 resistance-associated variants were observed in these
patients throughout the study.

¢ All variants with the substitutions at the VX-222 resistance-associated positions 419, 422, 423, 482, 486, or 494 and variants observed in exploratory analysis (in italics) are shown.
—, no substitutions at these positions were observed, and no variants were observed in exploratory analysis. NA, not available because the HCV RNA level was below the LLOD of
RT-PCR amplification (1,000 [U/ml); ND, not determined due to the lack of sample.

“ Data for follow-up beyond day 20 are not shown.

¢ The A486S variant, which is not a resistant variant, was present in a significant proportion of the viral population at baseline and throughout the duration of the study in patient 1.
fThe day 3 value is shown.

£ The M423I variant is not a resistant variant.

to VX-222 compared with the wild type in HCV replicon cells,
with the L419C/S and R422K variants showing higher levels of
resistance (>200-fold) than the rest of the variants (6.8- to 76-
fold). The M4231 and A486S variants remained susceptible to VX-

222, with changes in ECs, of 1.9- and 0.8-fold compared with
wild-type replicon, respectively. The ECs, for the L419P variant
could not be obtained due to the poor replication of the replicon.

The susceptibility to VX-222 was also determined for the

TABLE 4 Clonal sequence analysis for potential linkage of VX-222-resistant variants observed in VX-222 3-day monotherapy

2nd most prevalent

Most prevalent substitution substitution Combination of substitutions
No. of % of % of % of
Patient Time point clones Substitution clones Substitution clones Combination clones
2 Day 4 75 L419S 30.7 A486V 21.3 L419S+A486V 1.3
3 Day 5 58 A486V 27.6 M423T 24.1 None NA“
4 Day 5 75 R422K 53.3 A486V 46.7 R422K+A486V 1.3
5 Day 4 76 M423V 79.0 R422K 15.8 None NA
14 Day 3 78 R422K 41.0 1L419S 359 None NA
15 Day 3 79 L419S 38.0 R422K 38.0 None NA
18 Day 3 65 A486V 49.2 M423T 32.3 None NA

“NA, not available.
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TABLE 5 Resistance profile of NS3 and NS5B variants observed in the dual combination therapy of VX-222 and telaprevir®

Variant ECs, (kM) Fold change Replication
Replicon NS3 NS5B Telaprevir VX-222 Telaprevir VX-222 capacity (%)
Genotype 1b WT WT 0.261 * 0.078 0.0035 *+ 0.0009 1.0 0.3 1.0 £ 0.2 100 =0

V36A R422K 1.73 £ 0.28 2.8+ 0.7 6.7 £ 1.1 822 * 210 187

V36A — 1.12 = 0.54 0.0020 * 0.0009 43+21 0.6 0.2 206

— R422K 0.147 £ 0.031 1.8 £ 0.5 0.6 = 0.1 506 * 143 47 £ 14

V36A+R155K L4198 10.5 * 2.7 4.1 0.5 40 = 10 1,179 £ 133 102

V36A+R155K — 6.61 = 2.48 0.0026 * 0.0005 25*9 0.7 0.1 14 +2

— L419S 0.164 = 0.030 25+03 0.6 £0.1 737 + 89 4*1

A156T R422K >25 2.8+ 0.6 >96 810 = 166 61

A156T — >25 0.0018 * 0.0005 >96 0.5+ 0.2 6+1

— R422K 0.147 £ 0.031 1.8 £ 0.5 0.6 = 0.1 506 * 143 47 £ 14
Genotype la WT WT 0.805 * 0.210 0.0028 *+ 0.0013 1.0 0.3 1.0 £ 0.5 100 = 0

V36M+R155K R422K >25 0.93 £ 0.34 >31 329 + 121 0.6 £ 0.1

V36M+R155K — >25 0.0042 = 0.0010 >31 1.5*0.3 202

— R422K 1.15 £ 0.19 0.94 £0.10 1402 335 =35 1£0.6

V36L+A156S R422K >25 0.97 = 0.26 >31 345 + 94 0.6 £ 0.2

V36L+A156S — >25 0.0039 = 0.0016 >31 1.4 * 0.6 11*+1

— R422K 1.15 £ 0.19 0.94 £0.10 1402 335 =35 1£0.6

@ All values are means * SD. The EC5,, was derived from 10 to 25 and 3 to 4 individual experiments for the wild-type (WT) and variant replicons, respectively. The fold change was
determined by dividing the mean ECj, of a given variant replicon by that of the WT replicon. The SD of the fold change was determined by dividing the SD of the EC5, of a given
variant replicon by the mean ECs, of the WT replicon. The mean replication capacity and SD were derived from 3 to 6 individual experiments. The “>” symbol denotes that the
value is greater than the value presented; the actual value could not be determined, since no significant reduction of HCV RNA level was observed at the maximum concentration of

telaprevir used (25 wM). —, WT sequence.

T130A variant, one of the 4 NS5B variants that were identified in
the exploratory genotypic analysis; this variant was fully sensitive
to VX-222, with a change in ECs, of 0.5-fold compared with the
wild-type replicon (data not shown in Table 1).

Susceptibility of VX-222-resistant variants to filibuvir and
other classes of HCV inhibitors. Filibuvir (PF-00868554) is a di-
hydropyranone derivative nonnucleoside polymerase inhibitor
that, like VX-222, also binds to the thumb domain of NS5B (20,
25). Most of the NS5B variants identified in patients receiving
VX-222 showed a different profile of resistance to filibuvir in the
replicon system (Table 1). The L419C/I/M/S/V and A486T/V vari-
ants showed reduced susceptibility to VX-222 but remained sen-
sitive to filibuvir. The I482L variant showed a lower level of resis-
tance to filibuvir than to VX-222, whereas the M4231/T/V variants
showed much higher levels of resistance to filibuvir than to VX-
222. The R422K, I482N/T, and V494A variants showed similar
levels of resistance to both filibuvir and VX-222.

One variant for each of the VX-222 resistance-associated posi-
tions 419, 422, 423, 482, 486, and 494 was evaluated for cross-
resistance to IFN-a, ribavirin, and other classes of HCV inhibi-
tors. The L419M, R422K, M423T, [482L, and A486V variants that
exhibited reduced susceptibility to VX-222 remained sensitive to
IFN-q, ribavirin, an NS3 protease inhibitor (telaprevir [28, 29]),
an NS5A inhibitor (daclatasvir [30]), NS5B polymerase NNIs
binding to the palm domain (HCV-796 [26]) or to the finger loop
domain (CMPD 55 [27]), and an NS5B polymerase nucleoside
inhibitor (mericitabine [31]) (Table 2). The V494A variant
showed a 3.3-fold increase in EC5, against CMPD 55 but remained
susceptible to IFN-q, ribavirin, and other DAAs (Table 2).

In vitro replication capacity of VX-222-resistant variants. Of
the 17 NS5B variants identified in VX-222 3-day monotherapy,
15 had a lower replication capacity than that of the wild type
(Table 1). A reduced replication capacity ranging from 5 to 77%
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of that of the wild type (100%) was observed for 14 variants. The
L419C/S,R422K, M423V, and I482N/T variants showed the great-
est reduction in replication capacity (<50%) compared with the
wild type. The replication capacity of the L419P variant was ex-
tremely low; therefore, no accurate data could be obtained. The
L419M and 1482L variants had replication capacities of 98% and
106%, respectively, similar to that of wild-type replicon.

Genotypic analysis of baseline samples in VX-222 3-day
monotherapy. No amino acid substitutions were observed at
L1419, R422, M423,1482, A486, and V494 for any patients (n = 32)
at baseline from population sequence analysis of the NS5B poly-
merase (GenBank accession numbers KC123434 to KC127656)
(Table 3). This result is consistent with the high conservation of
the consensus amino acid at these positions (>98.7% of patients)
and the low prevalence of the variants (<1% of patients) in a large
DAA-naive sequence data set of genotype 1 HCV (35). A variant
with the A486S substitution, which had not been previously iden-
tified as a drug-resistant variant, was observed in patient 1 (Table
3) at baseline and throughout the duration of the study. This vari-
ant was susceptible to VX-222 in the replicon system (0.8-fold
change in ECs,,) (Table 1). Additionally, the presence of this vari-
ant prior to treatment did not significantly alter the response of
the patient to VX-222, with a 2.8-log;, HCV RNA decline being
achieved by the end of dosing on day 4 (Table 3).

Genotypic analysis during dosing in VX-222 3-day mono-
therapy. Population sequence of the NS5B region was obtained
for 20 of 24 patients during (day 3) and at the end of dosing (day
4); the remaining 4 patients (patients 11, 19, 20, and 23) had HCV
RNA levels below the LLOD of RT-PCR amplification, and the
sequence could not be obtained (Table 3). Variants with substitu-
tions at one or more of positions 419, 422, 423, 482, 486, and 494
were detected in all 20 patients for whom sequence data were
available, with substitutions at each of these 6 positions being
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observed: L419, 35% (7/20); R422, 65% (13/20); M423, 20% (4/
20); 1482, 15% (3/20); A486, 40% (8/20; A486S excluded); and
V494, 10% (2/20). The most commonly observed variants were
R422K (65%), A486V (35%), and L419S (15%). All other variants
(L419C/1/M/P, M423T/V, 1482L/N, A486T, and V494A variants)
were seen in 10% of patients or less. A similar resistance pattern
was observed for the 4 treatment cohorts with different doses of
VX-222: the R422K variant, a higher-level resistant variant (472-
fold increase in ECg), and the A486V variant, a variant with a
relatively high level of resistance (67-fold increase in ECs), were
observed in all treatment cohorts, while the other variants with a
range of sensitivity to VX-222 (6.8- to 683-fold increase in ECs)
were observed sporadically. In addition, no obvious difference in
variant pattern was observed between genotypes la and 1b.

Some patients had multiple variants observed as a minor spe-
cies at different resistance positions. For instance, minority pop-
ulations of L419S and A486V variants were observed for patient 2
at day 4, and minority populations of M423T and A486V variants
were observed for patient 3 at day 5 (Table 3). To determine if
these multiple variants were linked on a single viral genome,
clonal sequence analysis was performed on a representative subset
of 7 patients (Table 4). In 2 patients (patients 2 and 4), 1 of 75
clones analyzed indicated linkage of these variants, suggesting that
a viral species with double substitutions may exist but was ob-
served in only a small proportion (1%) of the viral populations.
No linkage between the variants was observed in the remaining 5
patients.

Genotypic analysis after dosing in VX-222 3-day mono-
therapy. NS5B variants with substitutions at positions 419, 422,
423, 482, 486, and 494 were analyzed at days 5, 10, and 20 and 6
months, after the end of VX-222 dosing (Table 3). Six of 24 pa-
tients had HCV RNA below the LLOD of RT-PCR amplification
during treatment (by day 4) or at day 5, and the change of viral
populations could not be assessed. There were 18 patients that had
sequence data available during treatment and at day 5 postdosing.
Of these, only 1 patient (patient 13) had the same viral population
(L419L/P and R422R/K) at day 5 that was present during treat-
ment. Seventeen patients had different viral populations after
treatment at day 5 compared to the end of treatment. The majority
of the 17 patients had variants replaced by those with lower levels
of resistance (n = 10) or had no variants with substitutions at
L419,R422,M423,1482, A486,0r V494 (n = 5). By day 10, 22 of 24
patients had sequence data available, and among these 22, the
wild-type NS5B sequence was observed for 19, including 1 patient
(patient 3) with the M423I variant, which was shown to be sus-
ceptible to VX-222 in vitro (Table 1). Three of the 22 patients
(patients 15, 16, and 20) had one of the L419M, M423T, or A486V
variants. Of these 3 patients, 2 had sequence data available at day
20: patient 20 had the wild-type NS5B sequence, and for patient
16, the A486V variant was still the predominant variant. The
A486V variant observed in patient 16 was the only variant that was
detected from the 15 patients for whom sequence data were avail-
able at day 20; a wild-type sequence was observed for the remain-
ing 14 patients. No variants were observed beyond day 20, and all
variants returned to wild type by the last follow-up time point
(data not shown in Table 3).

Exploratory genotypic analysis of NS5B variants observed in
VX-222 3-day monotherapy. To identify other potential NS5B
variants that may be associated with resistance to VX-222, an ad-
ditional independent analysis for substitutions occurring in more
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than 1 patient in the 3-day monotherapy was performed. Four
additional variants, the T130A, Q309R, E440G, and K510R vari-
ants, were identified from this analysis. Each of these variants was
observed in 2 patients by day 10 or later, and none of the variants
were observed in multiple patients during the dosing period where
the highest selective pressure for potential VX-222-resistant vari-
ants occurs. The natural prevalence of these variants was exam-
ined in a large data set of DAA treatment-naive HCV sequences
(35). The T130A variant had the lowest prevalence and was ob-
served in only <1% of the population. Similarly, the E440G vari-
ant was also not commonly observed (2%). On the other hand, the
Q309R and K510R variants were more predominant, being ob-
served in 25% and 40% of the population, respectively.

Phenotypic characteristics of NS3 and NS5B variants ob-
served in combination therapy with VX-222 and telaprevir. In
the study of the combination of telaprevir and VX-222, variants
resistant to both telaprevir and VX-222 were identified by popu-
lation sequence analysis. These variants had the V36A, R155I/T,
A156T/V,V36A/M~+R155K, or V36L+ A156S substitutions in the
NS3 protease domain, which were associated with resistance to
telaprevir, and also had the L419S or R422K substitution in the
NS5B polymerase domain, which was associated with resistance to
VX-222 (17). The majority of the mutations in NS3 and NS5B
regions were predominant in the population sequence analysis,
indicating that these mutations are linked and present in a single
viral genome. This was further confirmed in clonal sequence anal-
ysis of a subset of the samples (data not shown).

To phenotypically characterize the NS3 and NS5B variants,
double-mutant replicons were generated (Table 5). A genotype 1b
replicon was constructed for variant NS3-V36A +NS5B-R422K,
since this variant was observed in a patient infected with genotype
1b HCV. Although all other NS3 and NS5B variants were observed
in patients infected with genotype la HCV, only 2 genotype la
variant replicons (NS3-V36M +R155K+NS5B-R422K and NS3—
V36L+A1565+NS5B-R422K) could be obtained with replicative
capability. For the rest of the variants, only genotype 1b replicons
could be generated (NS3-V36A+R155K+NS5B-L419S and NS3—
A156T+NS5B-R422K), or no replicons with measurable replica-
tive capability could be obtained (variants containing R155I/T or
A156V).

The NS3 and NS5B variants showed reduced susceptibility to
both telaprevir and VX-222 in HCV replicons (Table 5). The re-
sistance to telaprevir conferred by these NS3 and NS5B variants
was comparable to that of the single NS3 variants, of which the
V36A variant had lower-level resistance, with a 4.3-fold increase in
EC;, compared with that of the wild-type replicon, and the
A156T, V36A/M+R155K, and V36L+A156S variants had higher-
level resistance, with EC5,s increased 25-fold or higher. Similarly,
the reduced susceptibility to VX-222 conferred by the NS3 and
NS5B variants was comparable to that of the NS5B variants with
the single substitutions L419S and R422K, which conferred 335-
to 737-fold resistance in genotype la or 1b replicons.

The NS3 and NS5B variants had a lower replication capacity
than the wild type but were able to replicate at a level comparable
to that of the single variant with the lower replication capacity
(Table 5). For instance, the variant NS3—-V36A+NS5B-R422K
had a replication capacity of 18%, which was closer to the 20% for
the V36A variant than the 47% for the R422K variant. Similarly,
the replication capacity of the NS3—V36A+R155K+NS5B-L419S
variant (1%) was comparable to that of the L419S variant (4%)
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rather than that of the V36A+R155K variant, which had a higher
replication capacity (14%). Therefore, no apparent replication
benefits or disadvantages were observed for variants with resis-
tance-associated substitutions in both regions. In general, variants
replicated less efficiently in genotype 1a than genotype 1b repli-
cons. NS5B variant R422K had replication capacities of 1% and
47% in genotype la and genotype 1b replicons, respectively.
Similarly, the NS3 variant V36M +R155K had a lower replica-
tion capacity in the genotype la replicon (20%) than that pre-
viously obtained in the genotype 1b replicon (42%) (33). Fur-
thermore, the replication capacity of the NS3 V36A, A156T,
and V36A+R155K variants obtained in genotype 1b (6% to
20%) was lower than that previously determined in a different
genotype 1b replicon (16% to 104%) (33).

DISCUSSION

An understanding of drug resistance is important in optimizing
DAA treatment regimens to increase success rate and minimize
the clinical impact of resistance. The HCV genome exhibits signif-
icant genetic heterogeneity, with high sequence diversity both be-
tween and within the various genotypes and subtypes (36, 37). The
low fidelity of the HCV polymerase, high viral replication rate, and
strong selective pressure on the virus result in a unique and diverse
viral quasispecies in each patient (38). New HCV populations with
every potential substitution are likely generated many times each
day, some of which convey various degrees of resistance to DAAs
(37, 39, 40). Thus, it is likely that all patients have some DAA-
resistant variants prior to treatment. Along with the availability of
replication space, the prevalence of a resistant variant in a patient’s
viral quasispecies is generally determined by its replicative fitness
and selective advantage compared with the rest of the viral popu-
lation in the presence of drug-selective pressure (39). Minor pop-
ulations of preexisting resistant variants are usually present at lev-
els below the detection limits of current sequencing techniques, as
they are less fit than wild-type virus but have a fitness advantage
over wild-type virus in the presence of a drug and become the
dominant viral species (39, 40).

Substitutions at 1419, R422, M423, 1482, A486, and V494 in
NS5B polymerase were previously identified as being associated
with resistance to thumb-binding NNTs. Our cocrystal structure
analysis showed that VX-222 binds to NS5B polymerase at the
predominantly hydrophobic pocket in the thumb domain that has
been described as a common binding site for thiophene-based
NNIs (13). Among the residues that line the binding pocket (L419,
R422, M423, 1474, H475, S476, Y477, 1482, A486, 1489, 1497,
R501, and W528 [13]), L419, R422, M423, 1482, and A486 are in
direct contact with VX-222 (Fig. 1B), and substitutions of these
residues can affect the hydrophobic or hydrogen bond interac-
tions between NS5B polymerase and VX-222 to various extents,
resulting in decrease in binding affinity. V494 is part of loop 2,
which connects the T helix with the surface helix; it has no direct
contact with VX-222 (Fig. 1B). However, substitutions of V494
can influence the orientation of the T helix and impact the inhib-
itor binding in an indirect manner. In addition, the carboxylate
group of VX-222 makes hydrogen bonds to the main chain of S476
(2.8 A)and Y477 (2.7 A) of loop 1 on the flexible side of the pocket
(Fig. 1B).

In a phase 1b study of VX-222, no amino acid substitutions
were detected at positions 419, 422, 423, 482, 486, and 494 at
baseline. However, a variety of substitutions were observed in pa-
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tients during dosing: L419C/I/M/P/S, R422K, M423T/V, 1482L/N,
A486T/V, and V494A, with R422K, A486V, and L419S being the
most commonly observed variants. Both the R422K and L419S
variants showed higher levels of resistance (472- to 683-fold in-
crease in ECs,), and the A486V variant showed a relatively high
level of resistance (67-fold increase in ECs,, but with a higher
replication capacity than the R422K and L419S variants) to VX-
222 in vitro. Thus, these variants were most likely to be selected
during VX-222 dosing. In addition, the R422K and A486V vari-
ants were observed in all treatment cohorts, while the 1L419S vari-
ant and other variants were observed sporadically in some treat-
ment cohorts, indicating a similar resistance profile for all dose
cohorts and a lack of correlation between the level of resistance
and the dose of VX-222. The majority of variants observed re-
quired a single nucleotide change from the consensus codon, with
minimal differences between genotypes la and 1b; therefore, no
obvious difference in variant selection pattern was observed be-
tween these two subtypes. The postdosing time points allowed
evaluation of the evolution and fitness of the viral population
containing VX-222-resistant variants in patients. At day 5 post-
dosing, VX-222-resistant variants were replaced by wild-type vi-
rus (n = 5) or variants with lower levels of resistance (n = 10) in
most of the patients (83% [15/18]). By day 10 and day 20 after the
end of dosing, the majority of patients (86% [19/22] for day 10
and 93% [14/15] for day 20) had wild-type NS5B sequences. All
patients (10/10) showed wild-type virus at the last follow-up at 6
months. Clearly, the levels of VX-222-resistant variants that were
selected during dosing declined over time after treatment. The
replication capacity of the variants was evaluated with site-di-
rected mutants, which may have limited relevance for the fitness
for some of the viruses harboring the same mutations in the native
context. However, most of the VX-222-resistant variants showed
reduced replication capacity compared with the wild type, provid-
ing a mechanism by which variants are replaced by wild-type virus
over time in the absence of drug-selective pressure in patients.

VX-222-resistant variants were susceptible to IFN-a, ribavirin,
an NS3 protease inhibitor (telaprevir), an NS5A inhibitor (dacla-
tasvir), NS5B polymerase NNIs that bind to the palm domain
(HCV-796) or the finger loop domain (CMPD 55), and an NS5B
polymerase nucleoside inhibitor (mericitabine), demonstrating
that VX-222 has the potential for combination treatment consist-
ing of DAAs with different mechanisms of actions. However, it has
been reported that residue V494 is involved in the interaction of
NS5B polymerase with finger loop-binding inhibitors, including
CMPD 55 (41). In this study, the V494A variant showed a 3.3-fold
increase in ECs, against CMPD 55, slightly higher than the cutoff
set for reduced susceptibility (3-fold). In addition, most of the
VX-222-resistant variants showed a different profile of resistance
to filibuvir, a dihydropyranone derivative nonnucleoside poly-
merase inhibitor that also binds to the thumb domain. Substitu-
tions at M423 were reported as the predominant amino acid
changes for filibuvir, arising in 46% of filibuvir-treated patients in
monotherapy studies (42). Previously published results showed
that these variants conferred 706 to >2,202-fold resistance to fili-
buvir in replicon cells (20), which is consistent with the data re-
ported here. In a different study, it was shown that M423T was at
least 100-fold more resistant to filibuvir than to VX-222, and this
resistance was the result of a 250-fold loss in the binding affinity of
the mutated enzyme to filibuvir (43).

In addition to the analysis of NS5B variants with the substitu-
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tions at the positions that were previously identified as being as-
sociated with resistance to VX-222 and other thumb-binding
NNIs, 4 novel variants (T130A, Q309R, E440G, and K510R vari-
ants) were observed in VX-222 3-day monotherapy. Each of these
4 variants was observed in only 2 patients, and none was observed
in multiple patients during the dosing period. Thus, it is unlikely
that these variants confer resistance to VX-222, considering that
the highest selective pressure for potential VX-222-resistant vari-
ants occurs during the dosing period. Additionally, the Q309R
and K510R variants are commonly observed at these positions,
and therefore, the observation of these variants after the end of
dosing is likely unrelated to VX-222. Although the T130A variant
had a low prevalence before treatment (<1%)), it did not confer a
decrease in susceptibility to VX-222 in the replicon system. Fur-
thermore, the structural analysis shows that all 4 variants are lo-
cated >17 A from the VX-222 binding region (Fig. 1C) and are
not likely to have direct interactions with VX-222. Substitutions of
these residues are not predicted to have any impact on VX-222
binding. While the data do not support a role for any of the ex-
ploratory variants in VX-222 resistance, larger data sets in future
clinical studies will allow a better understanding of the clinical
relevance of these variants.

Variant populations resistant to both telaprevir and VX-222
emerged under the selection of these two drugs in the dual-com-
bination study. The resistance level to telaprevir or VX-222 con-
ferred by NS3 and NS5B variants was comparable to that con-
ferred by the single NS3 or NS5B variants, indicating that the
linkage of the substitutions in NS3 and NS5B did not increase
the resistance of the single variants to either telaprevir or VX-222.
The NS3 and NS5B variants had a lower replication capacity than
the wild type but were able to replicate at a level comparable to that
of the single variant with the lower replication capacity. Variants
replicated less efficiently in genotype 1a than genotype 1b repli-
cons, probably due to the impact of the genetic background of the
replicons. Likely for the same reason, the replication capacity of
some of the variants obtained from assays with different genotype
1b replicons also showed a difference.

In summary, NS5B variants with a wide range of decreased
sensitivity to VX-222 were selected during 3 days of dosing, but
their levels declined over time after treatment due to the lower
fitness compared with the wild type. NS3 and NS5B variants se-
lected as a result of the combination of VX-222 and telaprevir
showed reduced susceptibility to both drugs and had lower repli-
cation capacity than the wild type.
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