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In vitro, telaprevir selects subtype-specific resistance pathways for hepatitis C virus GT-1a and GT-1b, as
described to have occurred in patients. In GT-1a, the HCV-796 resistance mutation C316Y has low replication
capacity (7%) that can be compensated for by the emergence of the mutation L392F or M414T, resulting in an
increase in replication levels of >10-fold.

The current standard of care for hepatitis C virus (HCV)-
infected patients involves a treatment regimen of pegylated
alpha interferon in combination with ribavirin, which results
in a sustained viral response of approximately 50% for ge-
notype 1 (GT-1)-infected patients (1, 11). There is a clear
medical need for more efficacious therapies, and to this
effect, a number of novel specific antiviral compounds are
currently in preclinical and clinical development. A majority
of these compounds inhibit the enzymatic activity of either
the NS3/4A serine protease or the NS5B RNA-dependent
RNA polymerase.

One factor that may limit the clinical efficacy of specific
HCV antiviral drugs is the development of resistance. HCV
presents a number of features that make drug resistance likely
to occur upon treatment, such as the following: (i) the NS5B
polymerase lacks proofreading activity, which results in the
introduction of random mutations during the replication of the
genomic RNA; (ii) HCV replicates as a genetic population
known as a quasispecies that allows quick adaptation of the
viral population upon changes in the environment (12); (iii)
HCV produces a large number of infectious particles (up to
1012) per day, which means that each genetic variant made
during RNA replication may be packaged into an infectious
viral particle and can quickly spread (15); and (iv) the short
half-life of the HCV genome, as estimated for the circulating
virus (14) and calculated for the HCV replicon (3), is such that
a variant present at low prevalence within the quasispecies can
quickly become the dominant sequence if it offers a selective
advantage. Resistance to specific HCV inhibitors in vitro has
been well characterized through the use of the HCV GT-1b
replicon system, and these studies have been predictive of the
amino acid substitution(s) selected in HCV-infected patients
upon drug treatment (4, 7–10, 13). For example, for the
NS3/4A protease inhibitor telaprevir and the nonnucleoside
polymerase inhibitor HCV-796, the resistance mutations iden-
tified in vitro (NS3 substitutions at residues T54 and A156 for
telaprevir and an NS5B substitution at residue C316 for HCV-
796) were also identified in GT-1b-treated patients (4, 5, 16).

One limitation of the majority of the replicon resistance
studies reported to date is that only a single HCV subtype,
GT-1b, has been used. HCV subtypes can vary by up to 25% at
the nucleotide level, and this variability may lead to subtype-
specific differences in the resistance profiles. In fact, subtype-
specific resistance profiles for HCV-infected patients treated
with telaprevir have been described previously. Substitutions at
NS3 residues V36 and R155 were identified only in GT-1a-
infected patients treated with telaprevir and not in GT-1b-
infected patients (5, 16). As a result, the findings of the in vitro
replicon resistance studies of telaprevir, which used a GT-1b
replicon, were predictive for the GT-1b-infected patients but
did not identify the emergence of substitutions at V36 or R155.
Therefore, in this study, we determined if the HCV replicon
system could be used to identify subtype-specific resistance
mutations. For these experiments, we treated both a GT-1b
replicon and a GT-1a replicon with either the protease inhib-
itor telaprevir (synthesized at Acme Bioscience, Inc.) or the
nonnucleoside polymerase inhibitor HCV-796 (synthesized at
Roche Palo Alto) at 15 times the 50% effective concentration
(EC50), which for both compounds approximates the EC99,
and monitored the emergence of resistance mutations in the
NS3 protease or NS5B polymerase gene, respectively. Four
independent selection experiments were performed for GT-1b,
and two were performed for GT-1a. The GT-1b and GT-1a
replicons are both bicistronic replicons in which the first open
reading frame (driven by the HCV internal ribosome entry
site) contains the Renilla luciferase gene fused with the neo-
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TABLE 1. Inhibitory activity and cytotoxicity against stable HCV
GT-1b and GT-1a replicon cells

Compound
EC50 (�M)a for cells bearing: CC50 (�M)b for cells

bearing:

GT-1b GT-1a GT-1b GT-1a

Telaprevir 0.56 � 0.11 0.50 � 0.18 26.7 � 3.1 31.6 � 2.9
HCV-796 0.017 � 0.005 0.033 � 0.007 �100 �100

a The inhibition of HCV replicon-encoded Renilla luciferase reporter activity
after 3 days of incubation is presented as the mean � the standard deviation of
results from at least four independent experiments.

b CC50, 50% cytotoxicity concentration. Cell viability was determined using a
water-soluble tetrazolium salt assay (WST-1; Roche Applied Science, Indianap-
olis, IN) and is presented as the mean � the standard deviation of results from
at least four independent experiments.
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mycin phosphotransferase II gene and the second open read-
ing frame (driven by the encephalomyocarditis virus internal
ribosome entry site) contains the HCV nonstructural genes
with engineered cell culture-adaptive mutations (2, 6). We
monitored the kinetics of the development of telaprevir resis-
tance in both GT-1b (n � 4) and GT-1a (n � 2) replicon-
bearing cells and characterized the telaprevir resistance pro-
files to determine if the differences in resistance profiles
identified in patients infected with either GT-1a or GT-1b
HCV would also be observed in the replicon system. The stably
transfected replicon cells bearing either a GT-1b or GT-1a
replicon (GT-1a replicon encodes 75 amino acid residues of
NS3 protease from the GT-1b Con 1 strain, as described by Gu
et al. [2]) were incubated for a maximum of 21 days with 15
times the EC50 of telaprevir (Table 1) as described previously
(13), with the exception that sampling was performed on days
3, 6, 9, 13, 16, and 21. Consistent with the data in previous
reports (9, 10, 13), the incubation of GT-1b replicon cells with
telaprevir resulted in the emergence of an amino acid substi-
tution at NS3 position 156, and this substitution was identified
as early as 3 days after the beginning of treatment (Table 2) by
comparing the NS3 protease sequence from the untreated rep-
licon cells with that from replicon cells taken at the specified
treatment time points. The incubation of GT-1a replicon cells
with telaprevir resulted in the selection of a mixture of se-
quences with wild-type (WT) and mutant R155R/K residues on
day 3, with additional substitutions present at positions 156
(day 6) and 54 (day 9) (Table 2). The selection of R155K in
GT-1a replicon cells, but not in GT-1b replicon cells, is con-
sistent with the resistance profile described for treated pa-
tients. We were unable to detect the emergence of a resistance
amino acid substitution at NS3 position 36 given the GT-1a/1b
chimeric nature of the NS3 protease region used in this study,

reinforcing the observation that V36M occurs only in GT-1a
HCV.

To monitor the kinetics of resistance development for the
nonnucleoside polymerase inhibitor HCV-796 and to investi-
gate whether this compound also demonstrates a subtype-spe-
cific resistance profile, GT-1b (n � 4) and GT-1a (n � 2)
replicon cells were incubated for up to 21 days with 15 times
the EC50 of HCV-796 (Table 1). The incubation of GT-1b and
GT-1a replicon cells with HCV-796 resulted in the selection of
a substitution in NS5B (C316Y) after 3 days (Table 3), as
determined by comparing the NS5B sequence from the un-
treated replicon cells with that from replicon cells taken at the
specified treatment time points. In the GT-1b replicon cells
selected with HCV-796, the tyrosine substitution at NS5B po-
sition 316 was the only change observed and tyrosine com-
pletely replaced the WT cysteine by day 21 (Fig. 1). However,
selective pressure from HCV-796 on a GT-1a replicon ren-
dered a mixture of sequences with the WT cysteine and the
mutant tyrosine at all time points, with the WT population
being predominant over the 316Y mutant population. This
mixture of sequences with different residues at position 316
was always present alongside mixtures of sequences with amino
acid substitutions at L392 and M414 (Table 3). This finding
suggests that the C316Y substitution may have a lower selec-
tive advantage in the genetic context of the GT-1a replicon
than in that of the GT-1b replicon and may require compen-
satory mutations. To investigate whether this is the case, tran-
sient GT-1b and GT-1a replicons encoding the C316Y substi-
tution were generated. The C316Y substitution in both the
GT-1a and GT-1b replicons conferred high-level resistance,
approximately 400- and 100-fold reductions in sensitivity, re-
spectively; however, the replication capacity for the C316Y
mutant in the GT-1a genetic context was 7% compared to that

TABLE 2. Genotypic characterization of the NS3 protease from GT-1b and GT-1a replicons after telaprevir treatment

Replicon
(no. of expts)a

Residue(s) at position(s) with substitution(s) in NS3 proteaseb on telaprevir treatment day:

3 6 9 13 16 21

GT-1b (4) A156A/S A156A/S/T A156A/S/T A156A/S/T/V A156A/S/T/V A156A/S/T/V
GT-1a (2) R155R/K R155R/K, A156A/T T54T/A, R155R/K, T54T/A, R155R/K,

A156A/T
R155R/K, A156A/T R155R/K, A156A/T

a Stable GT-1b and GT-1a replicon cell lines were treated with 15 times the EC50 of telaprevir.
b Results were obtained from direct sequencing of PCR products representing the major population. Only amino acid substitutions known to confer resistance and/or

substitutions identified consistently in the independent experiments and not observed in untreated controls are reported. Data were derived from at least two
independent cell culture selection experiments.

TABLE 3. Sequence analysis of NS5B from GT-1b and GT-1a replicons after HCV-796 treatment

Replicona
Residue(s) at position(s) with substitution(s) in NS5Bb on HCV-796 treatment day:

3 6 9 13 16 21

GT-1b C316C/Y C316C/Y C316C/Y C316C/Y C316C/Y C316Y

GT-1a C316C/Y C316C/Y C316C/Y C316C/Y C316C/Y C316C/Y
L392L/F L392L/F L392L/F L392L/F L392L/F L392L/F
M414M/V/T M414M/V/T M414M/V/T M414M/T M414M/V/T M414M/T

a Stable GT-1b (n � 4) and GT-1a (n � 2) replicon cell lines were treated with 15 times the EC50 of HCV-796.
b Results were obtained from direct sequencing of PCR products representing the major population. Only amino acid substitutions known to confer resistance and/or

substitutions identified consistently in the independent experiments and not observed in untreated controls are reported. Data were derived from at least two
independent cell culture selection experiments.
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for the WT, approximately 10-fold lower than the 60% ob-
served for the C316Y mutant in the GT-1b genetic context
(Table 4) (13). To assess whether double mutants involving
C316Y, L392F, or M414T existed in the population, clonal
analyses of amino acid positions 220 to 430 of the NS5B region
in the population at day 21 were performed and confirmed the
population sequence findings, with substitutions C316Y,
L392F, or M414T observed either alone or in combination.
Given that the double mutations C316Y/L392F, C316Y/

M414T, and L392F/M414T were identified, these amino acid
substitutions were introduced into the transient GT-1a repli-
con and their effects on the sensitivity to HCV-796 and the
replication capacities of the mutants were determined. As de-
scribed above, the C316Y substitution resulted in an approxi-
mately 400-fold reduction in the sensitivity to HCV-796, while
the substitutions L392F and M414T individually had no effect
on the sensitivity to the compound (Table 4). The sensitivity to
NNI-1, a thiophene-2-carboxylic acid (8) which binds to the
thumb II site, was assessed as a control and found to be unaf-
fected by these NS5B substitutions (Table 4). Double mutation
L392F/M414T conferred a low level of resistance (5.5-fold
reduction in sensitivity to HCV-796 compared to that of the
WT). Interestingly, the double mutation C316Y/L392F or
C316Y/M414T did not have an effect on the sensitivity to
HCV-796 compared to that seen with the C316Y single sub-
stitution, but the double mutants showed significantly in-
creased replication capacities compared to that of the C316Y
single mutant, suggesting that the changes at positions 392 and
414 have a compensatory effect in the GT-1a genetic context
(Table 4).

This study provides evidence that in vitro HCV replicon
resistance experiments performed with HCV GT-1a and
GT-1b subtype replicons can provide important data to predict
compounds’ resistance profiles. For telaprevir, the previously
reported replicon resistance studies were performed using
GT-1b replicon cells and did not identify substitutions that
emerged in GT-1a-treated patients. By performing selection of
GT-1a replicon cells with telaprevir, we were able to confirm
the different resistance pathway in GT-1a HCV, through the
R155K substitution in NS3, as observed in HCV-infected pa-
tients. The R155K substitution does not emerge in GT-1b
strains likely because of a codon usage bias (16). In GT-1b

FIG. 1. GT-1b and GT-1a replicon cells treated with HCV-796 select for the C316Y substitution in NS5B. Huh7 cells that stably maintain either
a GT-1b or GT-1a subgenomic replicon carrying the neomycin phosphotransferase II gene were incubated with HCV-796 at 15 times the EC50 in
the presence of G418. Results for both selections derive from four independent experiments for GT-1b and from two independent experiments
for GT-1a. At the indicated times, the cellular RNA was extracted and the NS5B gene was amplified and then sequenced. The sequencing
chromatograms obtained from each time point are shown for NS5B position 316. The codon utilized for cysteine 316 is UGC (i.e., TGC in the
sequencing chromatogram) in GT-1b and UGU in GT-1a. After incubation with HCV-796, tyrosine emerges and the codon is UAC in GT-1b and
UAU in GT-1a.

TABLE 4. Phenotypic characterization of HCV-796-resistant
variants of GT-1b or GT-1a

Replicon background
and NS5B phenotype

or mutation(s)

Replication
capacitya

EC50 (�M � SD)b of:

HCV-796 NNI-1
(thumb II inhibitor)

GT-1b background
WT 1 0.006 � 0.002 0.16 � 0.03
C316Y 0.6 � 0.2 0.56 � 0.1 0.20 � 0.04

GT-1a background
WT 1 0.004 � 0.001 0.63 � 0.12
L392F 2.1 � 0.5 0.008 � 0.001 0.58 � 0.11
M414T 2.2 � 1.1 0.007 � 0.0004 0.53 � 0.17
C316Y 0.07 � 0.03 1.7 � 0.5 0.39 � 0.10
C316Y/L392F 0.71 � 0.12 3.2 � 0.8 0.34 � 0.13
C316Y/M414T 1.2 � 0.4 2.8 � 1.1 0.30 � 0.07
L392F/M414T 0.9 � 0.5 0.022 � 0.009 0.39 � 0.1

a The replication capacities were determined as the ratio of the firefly lucif-
erase signal at 4 days postelectroporation to the luciferase signal at 4 h postelec-
troporation. The replication capacities of the mutants were expressed as their
normalized replication efficiencies compared to that of the WT, set at a value of
1. The values are presented as means � standard deviations of results from at
least three independent experiments.

b EC50 values are presented as means � standard deviations of results from at
least four independent experiments.
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strains, the arginine codon requires two nucleotide changes in
order for lysine to be encoded, while a different arginine codon
that requires only a single nucleotide change to encode lysine
is utilized in GT-1a strains.

Importantly, similarly to that from telaprevir, selective pres-
sure from HCV-796 on GT-1b and GT-1a replicon cells iden-
tified subtype-specific resistance profiles for this nonnucleoside
polymerase inhibitor. In the GT-1b replicon system, the C316Y
NS5B substitution was identified as the primary HCV-796 re-
sistance substitution, which confers a high level of resistance
and produces a mutant with a good replication capacity of 60%
that of the WT (4, 13). However, in the GT-1a replicon system,
the C316Y substitution, which also confers a high level of
resistance, results in a �10-fold reduction in the replication
capacity (to 7% that of the WT). This reduction in replication
capacity most likely limits the emergence of the C316Y sub-
stitution in the GT-1a genetic backbone compared to the com-
plete emergence of C316Y in the GT-1b replicon system.
C316Y is the main HCV-796 resistance mutation (4), and
therefore, the selection of compensatory substitutions L392F
and/or M414T that restore the replication capacity seems to be
required in GT-1a. This finding would suggest a higher genetic
barrier to the development of resistance to HCV-796 in HCV
GT-1a-infected patients than in GT-1b-infected patients. It
would be interesting to know if compensatory mutations were
also identified in patients infected with a GT-1a subtype that
were treated with HCV-796. In conclusion, these results pro-
vide evidence that in vitro replicon selection experiments can
identify subtype-specific resistance profiles in vitro that can be
predictive of the amino acid substitutions identified in treated
patients.
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