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Simeprevir (TMC435) is a once-daily, single-pill, oral hepatitis C virus (HCV) NS3 protease inhibitor approved for the treatment
of chronic HCV infection. Phenotypic characterization of baseline isolates and isolates from HCV genotype 1-infected patients
failing with a simeprevir-based regimen was performed using chimeric replicons carrying patient-derived NS3 protease se-
quences. Cutoff values differentiating between full susceptibility to simeprevir (<2.0-fold reduction in simeprevir activity) and
low-level versus high-level resistance (>50-fold reduction in simeprevir activity) were determined. The median simeprevir fold
change in the 50% effective concentration (FC) of pretreatment genotype 1a isolates, with and without Q80K, and genotype 1b
isolates was 11, 0.9, and 0.4, respectively. Naturally occurring NS3 polymorphisms that reduced simeprevir activity, other than
Q80K, were uncommon in the simeprevir studies and generally conferred low-level resistance in vitro. Although the proportion
of patients with failure differed by HCV geno/subtype and/or presence of baseline Q80K, the level of simeprevir resistance ob-
served at failure was similarly high irrespective of type of failure, HCV genotype 1 subtype, and presence or absence of baseline
Q80K. At the end of the study, simeprevir activity against isolates that lost the emerging amino acid substitution returned to pre-
treatment values. Activity of simeprevir against clinical isolates and site-directed mutant replicons harboring the corresponding
single or double amino acid substitutions correlated well, showing that simeprevir resistance can be attributed to these substitu-
tions. In conclusion, pretreatment NS3 isolates were generally fully susceptible (FC, <2.0) or conferred low-level resistance to
simeprevir in vitro (FC, >2.0 and <50). Treatment failure with a simeprevir-based regimen was associated with emergence of
high-level-resistance variants (FC, >50).

Currently, multiple direct-acting antiviral agents (DAAs) with
different mechanisms of action are approved, and this has

revolutionized the treatment of chronic hepatitis C virus (HCV)
infection (1). Simeprevir (TMC435) is a one-pill, once-daily, oral
HCV NS3/4A protease inhibitor approved for the treatment of
chronic hepatitis C infection. In clinical studies, simeprevir 150
mg in combination with peginterferon and ribavirin (PegIFN/
RBV) significantly improved sustained virologic response (SVR)
rates in treatment-naive and treatment-experienced patients with
chronic HCV genotype 1 infection versus PegIFN/RBV alone and
enabled a shorter, 24-week overall treatment duration in treat-
ment-naive patients and prior relapsers (2–4). Simeprevir in com-
bination with sofosbuvir given for 12 or 24 weeks with or without
RBV resulted in high SVR rates in traditionally difficult-to-cure
HCV genotype 1-infected patients (5).

The HCV NS5B polymerase has low fidelity, which, combined
with the high replication rate of the virus, results in high genetic
variability (6). Naturally occurring variants with DAA-resistant
amino acid substitutions have been described for NS3 protease,
NS5A protein, and the NS5B polymerase region and may affect
treatment outcome (7, 8). During DAA treatment, resistant mu-
tations can emerge in the gene encoding the protein targeted by
the drug in patients not achieving SVR. For simeprevir, the amino
acid substitutions identified in patients failing treatment with
simeprevir plus PegIFN/RBV were mainly located at NS3 posi-
tions 80, 122, 155, and/or 168 (9). These emerging substitutions
were no longer detected in a substantial proportion of patients
after treatment was stopped, suggesting that the substitutions re-
duce the fitness of the virus in the absence of drug pressure (9).

Viral resistance analysis is commonly used during develop-

ment programs of antivirals to characterize the resistance profile
of the drug. Resistance analysis includes sequencing of the viral
target gene and phenotypic assessment of drug susceptibility,
which together provide complementary information on the pres-
ence or emergence of amino acid substitutions affecting the activ-
ity of the antiviral. For the treatment of viral infections such as
human immunodeficiency virus (HIV) infection and, to some
extent, influenza and hepatitis B virus infections, drug-resistance
testing has proved to be a useful tool in the management of pa-
tients (10–12).

In this study, the activity of simeprevir against chimeric repli-
cons carrying NS3 sequences derived from clinical isolates of HCV
genotype 1-infected patients enrolled in phase 1 to phase 3 clinical
studies is described. The relationship between the presence of
amino acid substitutions in clinical isolates and the in vitro sus-
ceptibility of the isolates to simeprevir was investigated, and cutoff
values were determined to differentiate clinical isolates fully sus-
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ceptible to simeprevir from isolates with low-level or high-level
resistance to simeprevir.

MATERIALS AND METHODS
Sample selection. Isolates collected pretreatment, at the time of failure, at
the end of the study, and/or at other time points during the study of HCV
genotype 1-infected patients naive to HCV NS3/4A protease inhibitors
who received simeprevir alone (clinical studies TMC435-C101 [13] and
-C201 [14]) or who were treated with simeprevir in combination with
PegIFN/RBV (clinical studies TMC-C201, -C205 [15], -C206 [16], -C208
[3], -C216 [2], and HPC3007 [4]) were selected for phenotypic analysis.
In addition, 4 pretreatment isolates from 4 patients enrolled in the placebo
arm of clinical study TMC435-C201 were analyzed.

Results were available for a total of 522 clinical isolates, and results
from 465 clinical isolates from 241 prior protease inhibitor treatment-
naive HCV genotype 1-infected patients (142 genotype 1a, 97 genotype
1b, and 2 genotype 1/other) were included in this analyses (Table 1). Of
the 465 clinical isolates, 224 were obtained at baseline and/or screening
(i.e., pretreatment).

All studies were conducted in full compliance with the Declaration of
Helsinki and Good Clinical Practice guidelines. All patients provided
written informed consent before participating in any study-related
activity.

HCV NS3 sequence analysis. The NS3 protease domain was se-
quenced using standard Sanger population sequencing (17). Briefly, viral
RNA was isolated from plasma and the HCV NS3/4A protease region was
amplified using a nested reverse-transcription PCR assay. The resulting
DNA was purified and sequenced directly using Sanger population se-
quencing.

Phenotypic characterization using transient replicon assay. The 2
transient replicon assay approaches used in this study were described ear-
lier (18, 19). In brief, for analysis of the individual effect of NS3 amino acid
substitutions on simeprevir activity in vitro, the NS3 mutations of interest
were engineered in a genotype 1a or genotype 1b replicon backbone via
site-directed mutagenesis (19). For analysis of patient-derived NS3 pro-
tease sequences, sequences from the NS3 protease domain (amino acid 7
to 192) derived from patient isolates were amplified and inserted into a
replication-deficient HCV genotype 1b replicon backbone generating chi-
meric replicons (18). The NS3 region of each newly generated chimeric
replicon was sequenced. For each site-directed mutant (SDM) and chi-

meric replicon, the in vitro susceptibility to simeprevir was determined in
a transient replicon assay and expressed as the 50% effective concentra-
tion (EC50). Results from the chimeric replicons were excluded from the
analyses when the EC90/EC50 ratio was �5. This ratio was used to exclude
isolates with biphasic dose-response curves to avoid misinterpretation of
the EC50 value due to the presence of minor variants (20–22). The
simeprevir EC50 values for the SDMs and chimeric replicons were com-
pared with the wild-type HCV genotype 1b EC50 value, and the ratios
between both EC50 values were expressed as the fold change in the EC50

(FC) values. FC values for SDMs and individual clinical isolates were
calculated as median values across experimental replicates. For analyses in
which results from individual isolates were grouped, the median of the FC
values for the individual isolates was used.

Statistical correlation analysis of isolates and SDMs. The activity of
simeprevir against clinical isolates and SDMs carrying corresponding
amino acid substitutions at NS3 positions 43, 80, 122, 155, 156, 168,
and/or I/V170T was compared. The intraclass correlation coefficient
(ICC) between the SDM and patient isolate FC values is quantified using
a linear mixed-effects model on the log-transformed FC values, with the
three-way interaction among genotype 1a and 1b, source indicator (SDM
versus isolate), and amino acid substitution type as covariates, and the
HCV geno/subtype included as a clustering factor. Subsequently, the ICC
is obtained as the ratio of the between-cluster variance and the total vari-
ance. The uncertainty on the ICC is quantified using the delta approach
for the standard error and Fisher’s variance-stabilizing transformation,
from which the 95% confidence intervals can readily be obtained. For
more detail, see Vangeneugden et al. (23).

RESULTS
Biological cutoff. To differentiate isolates susceptible to simepre-
vir from those with reduced simeprevir susceptibility, a biological
cutoff FC value was determined. This cutoff FC value was based on
the natural distribution of the simeprevir FC values for chimeric
replicons containing NS3 sequences from clinical isolates ob-
tained pretreatment with no amino acid substitution at NS3 po-
sitions 43, 80, 122, 155, 156, and/or 168. Amino acid substitutions
at these positions are known to reduce simeprevir activity in vitro
and were found to emerge during in vitro selection experiments
(19). Forty-four of 134 genotype 1a, 58 of 88 genotype 1b, and 1 of 2

TABLE 1 Overview of clinical isolates derived from HCV genotype 1-infected patients analyzed in the chimeric replicon assaya

Parameter PBO

Simeprevir
monotherapy Simeprevir plus PegIFN/RBV

TotalC101b C201b,c,d,e C201b,c,d,e,f C205d,e C206e,f C208e C216e HPC3007e

ITT (n) 6 28 60 309 396 264 257 260 1,580

Patients with phenotyping data (n) 4 6 13 33 61 34 34 28 28 241
Genotype 1a 3 4 4 17 38 18 23 13 22 142
Genotype 1b 1 2 8 16 23 15 11 15 6 97
Genotype 1/otherg 1 1 2

Total clinical isolates analyzed 4 18 24 57 109 73 63 59 58 465
Pretreatmenth 4 5 12 29 59 30 32 26 27 224
Postbaseline 13 12 28 50 43 31 33 31 241

a HCV, hepatitis C virus; ITT, intent-to-treat population (patients who received at least 1 dose of simeprevir); PBO, placebo; PegIFN, peginterferon; RBV, ribavirin. C101, C201,
etc., refer to the clinical trials described in Materials and Methods.
b Simeprevir 200 mg.
c Simeprevir 25 mg.
d Simeprevir 75 mg.
e Simeprevir 150 mg.
f Simeprevir 100 mg.
g Includes 1 patient with genotype 1e and 1i, respectively.
h If no baseline sample was available for analysis, the screening sample was used.
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genotype 1/other pretreatment clinical isolates had no baseline poly-
morphism at any of the aforementioned positions (Fig. 1). The me-
dian simeprevir FC values against these genotype1a, 1b, and 1/other
clinical isolates were 0.9 (range, 0.4 to 2.0), 0.4 (range, 0.1 to 1.5), and
1.3 (not applicable), respectively (Table 2). Because the highest ob-
served FC value was 2.0, this was considered the biological cutoff.
Hence, FC values of �2.0 were considered indicative of reduced ac-
tivity of simeprevir in vitro. Analysis of simeprevir activity against
wild-type genotype 1a replicons and genotype 1b replicons carrying
amino acid substitutions in the NS5A or NS5B region, which were
not expected to affect simeprevir activity (NS5A positions 28, 30, 31,
and 93 [n � 6] and NS5B positions 96, 142, 282, 316, 414, 415, 423,
448, 495, 496, and 559 [n � 20]), showed FC values of �2.1, support-
ing this biological cutoff value (see Table S1 in the supplemental ma-
terial).

Activity of simeprevir against clinical isolates obtained pre-
treatment. The activity of simeprevir against chimeric replicons
carrying NS3 sequences obtained pretreatment was analyzed (Fig.
1; Table 2).

The median simeprevir FC value for genotype 1a isolates was
5.9 and for genotype 1b isolates was 0.4. The median simeprevir
FC was 11 for the genotype 1a isolates with Q80K and 0.9 for
genotype 1a isolates without Q80K. Similar median simeprevir FC

values were obtained for genotype 1a isolates with Q80K polymor-
phism from North America (FC, 11), Europe (FC, 12), and Aus-
tralia/New Zealand (FC, 7.2) (see Table S2 in the supplemental
material).

Pretreatment isolates carrying polymorphisms at NS3 posi-
tions 43, 80, 122, 155, 156, and/or 168 with reduced susceptibility
to simeprevir, other than Q80K, included isolates with NS3 poly-
morphisms Q80R (median FC, 8.3 [genotype 1a; n � 4] and 13
[genotype 1b; n � 3]), R155K (FC, 95 [genotype 1a; n � 3]),
S122G plus R155K (FC, 26 [genotype 1a; n � 1]), and D168E (FC,
49 [genotype 1a; n � 1] and 15 [genotype 1b; n � 2]). No reduc-
tion in simeprevir activity (FC, �2.0) was observed for pretreat-
ment genotype 1a and 1b isolates that carried polymorphisms
Q80L and S122G or N. Simeprevir remained fully active against 6
of 7 isolates carrying S122T pretreatment (FC, �2.0); the reason
for the higher FC value (FC, 26) of the 1 remaining isolate is not
understood, since no additional amino acid substitutions were
identified by population sequencing. Of note, subsequent deep
sequencing analyses of another pretreatment isolate from this pa-
tient did not identify additional amino acid substitutions. Three
pretreatment genotype 1b isolates with Q80K were tested; 1 had a
single Q80K, which was associated with a 15-fold reduction in
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FIG 1 Activity of simeprevir against chimeric replicons carrying NS3 sequences derived from pretreatment isolates of hepatitis C virus (HCV) genotype (GT)
1-infected patients by baseline polymorphism (NS3 positions 43, 80, 122, 155, 156, and/or 168). Each data point represents the median simeprevir fold-change
(FC) value in 50% effective concentration (EC50) calculated from 1 to 5 repeat transient chimeric replicon experiments of the same clinical isolate (the majority
[168 of 224] of clinical isolates depicted in this graph were tested �3 times).
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simeprevir activity, while the other 2 isolates carrying Q80K and
S122G did not impact simeprevir activity (FC, �2.0).

Two pretreatment isolates with a genotype 1 subtype other
than 1a or 1b were analyzed in the chimeric replicon assay (Table
2). The isolate from a genotype 1e-infected patient (NS3 amino
acid substitutions V36L, T54S, S122N, I132V, and I170V, when
considering an extended list of amino acid positions) resulted in a
7.8-fold reduction in simeprevir activity, while the genotype 1i
isolate (no baseline polymorphisms) displayed no reduction (FC,
�2.0). With the exception of I132V, which reduced simeprevir
activity 2.3-fold when tested as an SDM in a genotype 1a replicon
backbone, none of the other polymorphisms in the genotype 1e
isolate reduced simeprevir activity in vitro.

Cutoff FC value differentiating low-level and high-level re-
sistance to simeprevir. To determine an FC cutoff value for dif-
ferentiating amino acid substitutions with low-level resistance to
simeprevir from those with high-level resistance, the clinical iso-
lates obtained at the time of failure (i.e., on-treatment failure or
viral relapse) in the 150 mg simeprevir dosing groups of clinical
studies TMC435-C205, -C206, -C208, -C216, and HPC3007 were
tested in the chimeric replicon assay. In addition, the emerging
amino acid substitutions observed in patients who failed simepre-
vir treatment were tested as SDMs in a genotype 1a or 1b replicon
background. The threshold for high-level resistance was defined
as the lowest simeprevir FC value observed with SDMs or clinical
isolates carrying amino acid substitutions commonly observed at
time of failure.

The lowest simeprevir FC values in this analysis were observed
for genotype 1a patients without baseline Q80K and a single
emerging R155K, with a median simeprevir FC value of 73 (n �
11; range, 54 to 222). The amino acid substitution R155K resulted
in a median FC value of 88 (range, 60 to 116) when tested as an
SDM in a genotype 1a replicon backbone (see Table S3 in the
supplemental material). Given the lower end of the range (54) for
the FC against the clinical isolates, a simeprevir FC value of 50 was
selected to differentiate isolates or SDMs with low-level resistance
from those with high-level resistance to simeprevir.

Activity of simeprevir against isolates obtained at time of
failure and end of study. The activity of simeprevir was assessed
against NS3 isolates obtained pretreatment, at the time of failure,
and at the end of the study from patients with treatment failure
(i.e., on-treatment failure or viral relapse) who were enrolled in
the 150 mg simeprevir plus PegIFN/RBV groups of clinical studies
TMC435-C205, -C206, -C208, -C216, and HPC3007 (Fig. 2; see
also Table S4 in the supplemental material).

Phenotypic data at the time of failure were available for 60 of
182 150-mg-simeprevir-treated patients with treatment failure
and emerging amino acid substitutions at NS3 positions 80, 122,
155, 168, and/or I/V170T and for 7 of 17 patients with failure
without any emerging amino acid substitution at these positions
(9). An increase in simeprevir FC values at the time of failure
compared with pretreatment was observed in most patients with
treatment failure, consistent with sequencing results showing
emerging amino acid substitutions in these patients. Overall, me-
dian simeprevir FC values increased from 1.0 (pretreatment) to
437 (on-treatment failure) and 359 (viral relapse). The median
simeprevir FC of genotype 1a isolates with Q80K increased from
12 (pretreatment) to 499 (on-treatment failure) and 411 (viral
relapse), while for genotype 1a isolates without Q80K, the median
FC value increased from 1.0 (pretreatment) to 449 (on-treatment
failure) and 441 (viral relapse). For genotype 1b isolates, median
simeprevir FC values increased from 0.3 at pretreatment to 274
(on-treatment failure) and 321 (viral relapse).

Isolates were obtained at the time of failure from 3 genotype
1a- and 4 genotype 1b-infected patients with treatment failure
and no emerging amino acid substitutions at the time of fail-
ure. The 3 genotype 1a isolates carried pretreatment polymor-
phisms known to reduce simeprevir activity in vitro: R155K (1
isolate) and Q80K (2 isolates). The 4 genotype 1b isolates did
not have baseline polymorphisms known to reduce simeprevir
susceptibility in vitro. Consistent with the absence of emerging
amino acid substitutions at the time of failure in these patients,
no increase in simeprevir FC values between the baseline and
time-of-failure isolates was noted.

TABLE 2 Activity of simeprevir against chimeric replicons carrying NS3 sequences derived from pretreatment isolates of HCV genotype 1-infected
patientsa

Genotype N

Simeprevir FC in EC50
b

Median Q1–Q3 Range (min. to max.)

Genotype 1a 134 5.9 0.9–12 0.3–100
With Q80K 67 11 7.6–14 3.6–27
Without Q80K 67 0.9 0.7–1.2 0.3–100

No polymorphisms at any of NS3 positions
43, 80, 122, 155, 156, 168

44 0.9 0.7–1.1 0.4–2.0

Genotype 1b 88 0.4 0.3–0.7 0.1–26
No polymorphisms at any of NS3 positions

43, 80, 122, 155, 156, 168
58 0.4 0.3–0.5 0.1–1.5

Genotype 1/otherc 2 4.6 NA 1.3–7.8
No polymorphisms at any of NS3 positions

43, 80, 122, 155, 156, 168
1 1.3 NA NA

a EC50, 50% effective concentration; FC, fold change; HCV, hepatitis C virus; N, number of isolates analyzed; NA, not applicable; Q1–Q3, range of values between quartiles 1 and 3
(only provided if N � 3).
b Compared with reference genotype 1b wild-type replicon.
c One was infected with genotype 1e and one with genotype 1i.
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Evaluation of the evolution of viral variants after treatment
failure until the last available time point of the study (end of
study) showed that NS3 sequences returned to the pretreat-
ment sequences in the majority of patients with emerging
amino acid substitutions at the time of failure (9). Paired pre-
treatment and end-of-study phenotype data were available for
36 patients with failure for whom the NS3 sequence returned
to the pretreatment sequence at the end of the study. The
simeprevir FC values returned to pretreatment levels in all of
these isolates consistent with the loss of the emerging amino

acid substitution (Fig. 2; see Table S4 in the supplemental ma-
terial). Data pairing time-of-failure to end-of-study FC values
were available for 6 patients who changed to a different muta-
tion profile at the end of study and showed a 66-fold decrease in
median simeprevir FC values from 839 at the time of failure. All
6 patients had double (n � 5) or triple (n � 1) mutant variants
emerging at the time of failure but “lost” one of the amino acid
substitutions at the end of the study, resulting in a decreased
simeprevir FC value. Similar simeprevir FC values were ob-
served in patients with an unchanged mutation profile at the

FIG 2 Activity of simeprevir against chimeric replicons carrying NS3 sequences derived from isolates obtained pretreatment, at the time of failure (i.e.,
on-treatment failure and viral relapse), and at the end of the study from HCV genotype 1-infected patients treated with simeprevir 150 mg plus PegIFN/RBV who
did not achieve sustained virologic response, by HCV geno/subtype. Gray circles, on-treatment failure, i.e., patients with confirmed detectable HCV RNA at the
end of treatment; black squares, viral relapse, i.e., patients with undetectable HCV RNA at the end of treatment and last HCV RNA measurement during
follow-up of �25 IU/ml; filled and open symbols, patients with and without emerging amino acid substitutions at the time of failure; end of study, last available
time point with phenotype data available during follow-up. Gray lines connect pretreatment, time of failure, and/or end of study phenotype data obtained from
individual patients. Each data point represents the median simeprevir FC in EC50 calculated from 1 to 6 repeat transient chimeric replicon experiments of the
same clinical isolate (the majority [180 of 221] of clinical isolates shown in this graph were tested �3 times). EC50, 50% effective concentration; FC, fold change;
HCV, hepatitis C virus.
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end of the study compared with the profile at the time of failure
(n � 9; median FC values 222 versus 221, respectively).

Activity of simeprevir against clinical isolates and their cor-
responding SDMs. To assess if the simeprevir FC values against
clinical isolates were attributable to the effect of the amino acid
substitutions present in these isolates, HCV genotype 1 clinical
isolates carrying the same substitutions at NS3 positions 43, 80,
122, 155, 156, and/or 168 were grouped. The simeprevir FC value
of each isolate of the group was compared with the values for the
SDMs carrying the corresponding amino acid substitutions. In
addition, clinical isolates and SDMs carrying I/V170T were ana-
lyzed, as it emerged in a few subjects (as a single substitution in 2
genotype 1a patients with Q80K and in combination with R155K
in 3 genotype 1a patients without Q80K) at the time of failure
during clinical studies with simeprevir (9). For 13 of the 23 iden-
tified groups of genotype 1a isolates, the corresponding SDM data
in a genotype 1a replicon backbone were available. SDM data in a
genotype 1b backbone were available for all 18 identified genotype
1b groups of isolates and for the 10 genotype 1a groups for which
no corresponding genotype 1a SDM data were available. For 7
mutation profiles, only 1 individual clinical isolate was available
(see Table S5 in the supplemental material).

An overall correlation between the simeprevir FC values for the
groups of isolates by genotype 1a and 1b and the simeprevir FC
values for the corresponding SDMs in a genotype 1a backbone (if
available for comparison with genotype 1a isolates) or genotype
1b backbone was observed, with an intraclass correlation coeffi-

cient (ICC) of 0.699 (95% confidence interval, 0.659 to 0.736)
(Fig. 3). Correlation analysis of only those genotype 1a and 1b
isolates for which a corresponding SDM in the genotype 1a or 1b
backbone was available showed ICC values of 0.704 and 0.705,
respectively (data not shown).

Consistent with the overall correlation, the range of simeprevir FC
values for the genotype 1a and 1b isolates corresponded well with the
range of simeprevir FC values obtained with the genotype 1a and 1b
SDMs carrying the corresponding amino acid substitutions (Fig. 4).

Simeprevir FC values observed for clinical isolates with single
substitutions Q80L, S122G, S122N, or S122T were �2.0, indicat-
ing that these isolates remained fully susceptible to simeprevir.
Isolates and SDMs with NS3 substitutions Q80K, Q80R, S122R, or
D168E conferred low-level resistance to simeprevir (FC, �2.0 and
�50), whereas clinical isolates and SDMs with NS3 substitutions
R155K (genotype 1a), A156V, D168A, D168H, D168T, or D168V
conferred high-level resistance (FC, �50) (Fig. 4A). The highest
simeprevir FC values for clinical isolates and SDMs carrying single
NS3 substitutions were observed for genotype 1a and 1b clinical
isolates carrying a single D168V (median FC values, 2,605 and
1,865, respectively). None of the isolates carried a single I/V170T;
however, when analyzed as an SDM in genotype 1a and 1b back-
bones, I/V170T reduced simeprevir in vitro activity, with FC val-
ues of 13 and 4.7, respectively.

Most isolates with double and triple amino acid substitutions
at NS3 positions 80, 122, 155, 168, and/or 170 conferred high-level
resistance to simeprevir (FC, �50), in line with the simeprevir FC

FIG 3 Correlation of the median simeprevir FC values for HCV genotype 1a and genotype 1b isolates carrying amino acid substitutions at NS3 positions 80, 122,
155, 156, 168, and/or I/V170T, with the median simeprevir FC values for the corresponding SDMs in a genotype 1a or genotype 1b replicon backbone. Black/gray
and white symbols, genotype 1a and genotype 1b isolates/SDMs, respectively. Simeprevir FC values for individual clinical isolates were calculated as median
values across 1 to 7 replicates (the majority [341 of 435] of isolates were tested �3 times). Clinical isolates containing the same single, double, triple, or no amino
acid substitutions at NS3 positions 43, 80, 122, 155, 156, 168, and/or 170 were grouped, and the median FC value for each group was determined (each group
contained 1 to 95 individual isolates; for details, see Table S5 in the supplemental material). Simeprevir FC values for SDMs carrying corresponding simeprevir
resistance-associated amino acid substitutions were calculated as median values across 1 to 24 experimental replicates (the majority [38 of 41] of SDMs were
tested �3 times). EC50, 50% effective concentration; GT, genotype; FC, fold change; HCV, hepatitis C virus; SDM-1a or -1b, site-directed mutant assessed in an
HCV genotype 1a or genotype 1b replicon backbone, respectively; SEM, standard error of the mean.
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FIG 4 Activity of simeprevir against HCV genotype 1a and genotype 1b NS3 isolates carrying no, single (A), double, and triple (B) amino acid substitutions at
NS3 positions 80, 122, 155, 156, 168, and/or I/V170T and against corresponding SDMs in genotype 1a and genotype 1b replicon backbones. (C) Data for isolates
and SDMs with differences in simeprevir susceptibility by HCV geno/subtype. Open circles (Œ) and boxes (�), median simeprevir FC values of genotype 1a and
1b isolates, respectively; filled circles (�) and boxes (�), median simeprevir FC values of SDMs in genotype 1a and 1b replicon backbones, respectively. Error bars
represent the range. Simeprevir FC values for individual clinical isolates were calculated as median values across 1 to 7 replicates (the majority of isolates [341 of
435] were tested �3 times). Clinical isolates containing the same single, double, triple, or no amino acid substitutions at NS3 positions 43, 80, 122, 155, 156, 168,
and/or 170 were grouped, and the median FC value for each group was determined (each isolate group contained 1 to 95 individual isolates; for details, see Table
S5 in the supplemental material). Simeprevir FC values for SDMs carrying corresponding simeprevir resistance-associated amino acid substitutions were
calculated as median values across 1 to 24 experimental replicates (the majority of SDMs [38 of 41] were tested �3 times). EC50, 50% effective concentration; FC,
fold change; HCV, hepatitis C virus; SDM, site-directed mutant.
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values observed for the corresponding SDMs (Fig. 4B). Interest-
ingly, the addition of S122G to Q80K or R155K resulted in lower
simeprevir FC values compared with the values observed when
Q80K or R155K was present alone (Fig. 4).

Of note, the simeprevir FC value for clinical isolates carrying
R155K, or combinations of R155K or I/V170T with amino acid
substitutions at NS3 positions 80, 122, and/or 168, differed sub-
stantially when the same substitutions were analyzed as SDMs
in a genotype 1a or 1b replicon backbone. Examples include Q80K
plus R155K and R155K plus I170T, for which the median simepre-
vir FC values for clinical isolates were comparable to the FC value
observed for the corresponding SDM in a genotype 1a replicon
(1,210 versus 1,850 and 125 versus 92, respectively) but higher
than the value observed for the SDM in a genotype 1b replicon
backbone (364 and 7.9 for Q80K plus R155K and R155K plus
I170T, respectively) (Fig. 4C).

DISCUSSION

In this study, the susceptibility to simeprevir of isolates collected
from HCV genotype 1-infected patients naive to HCV NS3/4A
protease inhibitors who were enrolled in phase 1/2a (TMC435-
C101 and -C201), phase 2b (TMC435-C205 and -C206), and
phase 3 (TMC435-C208, -C216, and HPC3007) studies was ana-
lyzed in a transient chimeric replicon phenotyping assay.

To aid the interpretation of HIV phenotyping assays, biological
cutoff values are determined to account for the natural phenotypic
variability among isolates from treatment-naive individuals (24).
Here, the in vitro biological cutoff for simeprevir was based on the
natural distribution of the simeprevir FC values for clinical iso-
lates derived from patients naive to HCV NS3/4A protease inhib-
itors with no amino acid substitution at NS3 positions 43, 80, 122,
155, 156, and/or 168 (19). Below the biological cutoff (FC, �2.0),
simeprevir was considered fully active against the clinical isolate
or SDM in vitro. The second cutoff value established marked the
border between low-level and high-level resistance to simeprevir
and was set at FC, �50. This value was based on the simeprevir FC
values observed with SDMs and clinical isolates carrying amino
acid substitutions commonly observed at the time of failure from
patients who failed a regimen of 150 mg simeprevir plus PegIFN/
RBV. Although determined differently, mainly through in vitro
selection experiments and early dose-finding clinical trials, also
for other DAAs, such as the NS5A inhibitor daclatasvir and the
NS3 protease inhibitors boceprevir and telaprevir, cutoff values
have been described that separate amino acid substitutions that
confer low-level and high-level resistance (25–30). For example,
the cutoff values determined for telaprevir to separate amino acid
substitutions conferring low-level resistance from substitutions
conferring high-level resistance were FCs of �3 and �25 and of
�25, respectively (27, 29). The FC values obtained in isolates from
patients failing telaprevir-based therapy were generally lower than
the FC values observed in isolates from patients failing simeprevir-
based therapy (29). This difference might be attributable to the
higher ratio of plasma exposure (minimum concentration [Cmin])
to the in vitro EC50 for 150 mg simeprevir once daily (mean Cmin,
1,936 ng/ml [2,581 nM]; in vitro replicon EC50, 9.4 nM [genotype
1b] [31]) compared with 750 mg telaprevir 3 times daily (mean
Cmin, 2,030 ng/ml [2,990 nM]; in vitro replicon EC50, 354 nM
[genotype 1b] [32]), suggesting that viral variants conferring
higher levels of resistance are needed to overcome simeprevir drug
pressure compared with that of telaprevir.

Baseline NS3 polymorphisms that reduced simeprevir activity,
other than Q80K, were uncommon and usually conferred low-
level resistance in vitro (FC, �2.0 and �50). The median FC values
of simeprevir against pretreatment genotype 1a isolates without
Q80K and against genotype 1b isolates were comparable to that of
the wild-type genotype 1b replicon, while the presence of Q80K in
genotype 1a resulted in a median 11-fold reduction in simeprevir
activity. Although the effect of Q80K on simeprevir in vitro activity
is limited, its presence may facilitate the emergence of additional
amino acid substitutions, resulting in a higher failure rate in pa-
tients treated with simeprevir plus PegIFN/RBV (9, 33, 34).

Failure of treatment with simeprevir plus PegIFN/RBV was
associated with high-level resistance to simeprevir (FC, �50),
with a median FC value of �400 due to the emergence of amino
acid substitutions at NS3 positions 80, 122, 155, 168, and/or
I/V170T. In contrast to patients failing with telaprevir- or boce-
previr-based treatments (29, 35), similar FC values were observed
for isolates obtained from patients experiencing on-treatment
failure and patients experiencing viral relapse. Although the pro-
portion of patients with treatment failure differed by HCV geno/
subtype and/or presence of baseline Q80K (2–4, 9), there was no
difference in the median FC values observed at the time of failure
between patients infected with genotype 1a with or without Q80K
and patients infected with genotype 1b. Of note, given the low-
level resistance conferred by baseline polymorphism Q80K, the
emergence of one additional low-level resistance substitution,
such as D168E or I/V170T, was sufficient to result in high-level
resistance. In contrast, the few patients with high-level R155K at
baseline who failed treatment had no emerging amino acid sub-
stitutions at the time of failure. Consistent with sequence data
showing a loss of emerging resistance variants over time, simepre-
vir FC values at the end of the clinical study returned to pretreat-
ment values in all isolates in which the emerging substitutions
became undetectable by population sequencing.

The activity of simeprevir against patient-derived NS3 protease
sequences showed good correlation with the activity against the
SDMs harboring the corresponding single, double, or triple sub-
stitutions (ICC, 0.699), showing that the presence of the amino
acid substitutions identified in the clinical isolates caused the re-
sistance to simeprevir. These data suggest no benefit of phenotyp-
ing using chimeric replicon assays over population sequence-
based methods and SDM analysis for the detection and
measurement of simeprevir resistance. For some isolates and
SDMs, such as those carrying R155K or combinations of R155K or
I/V170T with substitutions at NS3 positions 80, 122, and/or 168,
the simeprevir FC value depended on the replicon backbone used.
Differences in FC values of amino acid substitutions when ana-
lyzed in genotype 1a or 1b backbone have also been observed for
NS5A inhibitors (25).

A potential limitation of this study is that we used population-
based sequencing, which has limited sensitivity. In addition, re-
sults from 57 isolates were not included in this analysis because
their EC90/EC50 ratio was �5. This was done to exclude data from
isolates with biphasic simeprevir dose-response curves, which
may lead to a misinterpretation of EC50 values due to the presence
of minor variants, as described previously (22). A subanalysis of
these 57 isolates showed that the majority carried an amino acid
mixture at the position of interest, i.e., wild-type and resistant
amino acid, detectable by either population sequencing (20 iso-
lates) or deep sequencing (13/20 isolates with no amino acid mix-
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ture identified by population sequencing and deep sequencing
data available), confirming that for these types of isolates, assess-
ment of the EC90 can increase the sensitivity of the phenotyping
assay, as previously reported (20–22). In addition, in isolates with
an EC90/EC50 ratio of �5, only a major variant was generally ob-
served (data not shown). Importantly, however, this subanalysis
confirmed the results from the analyses presented here showing
that the resistant substitutions present (as mixture) at the NS3
position of interest conferred the resistance observed.

In conclusion, a relationship was found between the reduced
susceptibility conferred by NS3 amino acid substitutions detected
by population sequencing and the simeprevir FC value obtained
from NS3 clinical isolates in a transient replicon phenotyping as-
say. At treatment failure, simeprevir in vitro activity was decreased
considerably compared with activity pretreatment, which was
consistent with the emergence of simeprevir-resistant variants at
NS3 positions 80, 122, 155, 168, and/or I/V170T.
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