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We characterized a novel substitution conferring moderate resistance to telaprevir, a peptidomimetic
inhibitor of hepatitis C virus protease. V36C conferred a 4.0-fold increase in the telaprevir 50% inhibitory
concentration in an enzyme assay and a 9.5-fold increase in the replicon model. The replication capacity of a
replicon harboring V36C was close to that of the wild-type protease. This case emphasizes the complexity of
hepatitis C virus resistance to protease inhibitors.

Advances in virology have led to the development of novel
therapeutics specifically targeting hepatitis C virus (HCV) (4).
Telaprevir (VX-950; Vertex Pharmaceuticals Incorporated,
Cambridge, MA) is a novel, highly selective, potent peptido-
mimetic inhibitor of the HCV nonstructural protein 3/4A
(NS3/4A) protease (1, 3) which has reached phase III clinical
development in combination with pegylated alpha interferon
(IFN-�) and ribavirin. Amino acid substitutions conferring
telaprevir resistance have been reported at positions Val 36,
Thr 54, Arg 155, and Ala 156 of the NS3 protease (2, 5). In
patients treated with telaprevir and pegylated IFN-� with and
without ribavirin, breakthroughs during treatment and relapses
after treatment are characterized by the recurrence of telapre-
vir-resistant HCV variant replication (1).

Here, we characterized a novel, so far unknown, telaprevir
resistance substitution at position Val 36 in a 38-year-old treat-
ment-naïve woman with chronic hepatitis C due to HCV ge-
notype 1b infection. The patient was enrolled in PROVE2, a
phase II randomized clinical trial assessing the efficacy and
safety of telaprevir in combination with pegylated IFN-�2a
with or without ribavirin (1). The patient was treated with
telaprevir at 750 mg/8 h, pegylated IFN-�2a at 180 �g/week,
and ribavirin at 1.0 g/day. HCV RNA became undetectable
(�10 IU/ml) on therapy, but after 43 days of treatment, the
patient withdrew consent and stopped therapy. She continued
to be followed up after treatment withdrawal.

Figure 1 shows the kinetics of HCV RNA levels in the

patient during the 43 days of therapy. HCV RNA was detected
8 weeks after treatment withdrawal, and HCV RNA levels
returned to nearly baseline levels. Twenty to 24 full-length NS3
protease clones were sequenced at each HCV RNA-positive
time point. The patient was infected with a wild-type, telapre-
vir sensitive viral population at the baseline (Fig. 1). At the
time of posttreatment relapse, the HCV variants all bore a
Val-to-Cys substitution at position 36 (V36C). The V36C sub-
stitution remained dominant throughout posttreatment follow-
up, up to day 512 after the start of therapy (Fig. 1). This
substitution was associated with a Leu-to-Phe substitution at
position 14 of the protease (L14F). L14F is present in approx-
imately 6% of all HCV sequences and 8.5% of HCV subtype
1b sequences available in the European HCV database (http:
//euhcvdb.ibcp.fr/euHCVdb/). Based on molecular modeling, it
is predicted to be located at more than 20 Å of the telaprevir
binding site and is therefore unlikely to alter telaprevir-NS3
protease interaction.

The V36C substitution was further characterized and com-
pared to other substitutions at NS3 protease position 36 ob-
served in dominant populations in the PROVE2 trial (Table
1). The methods are described in the supplemental material.
As shown in Table 1, the V36C substitution conferred a 4.0-
fold increase in the telaprevir 50% inhibitory concentration
(IC50) in our NS3/4A protease enzyme assay. This moderate
increase in the IC50 was on the same order as that conferred by
V36M and slightly greater than that conferred by V36L. The
Km and Vmax values of the NS3 protease-catalyzed enzymatic
reaction were on the same order for the V36C variant and the
other V36 variants and close to that of the wild-type protease
(Table 1).

In the subgenomic Con1-mADE replicon model, the V36C
substitution conferred a 9.5-fold increase in the telaprevir 50%
effective concentration (EC50), a level of resistance on the
same order as those reported for other substitutions at position
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94010 Créteil, France. Phone: 33-1-4981-2827. Fax: 33-1-4981-4831.
E-mail: jean-michel.pawlotsky@hmn.aphp.fr.

‡ Contributed equally to this article.
† Supplemental material for this article may be found at http://aac

.asm.org/.
� Published ahead of print on 5 April 2010.

2681



36 (6). The replication capacity of a transiently transfected cell
system expressing a luciferase replicon harboring V36C was on
the same order as that of the wild-type virus (Table 1). As
already reported (6), V36A and V36M did not substantially
alter the replication capacity of HCV replicons.

The previously described modeled complex of the NS3 pro-
tease with telaprevir (6) was used to generate a model of the
V36C NS3 protease variant (Fig. 2). Like other substitutions at
position V36, V36C was predicted to affect inhibitor binding
for the following two reasons. (i) The loss of contact with Phe
at NS3 position 43 may result in increased flexibility of the
latter, subsequently leading to weaker contact with the prime-
side part of telaprevir. (ii) The increased flexibility of Phe at
position 43 may affect the hydrogen bond between active Ser
139 main-chain carbonyl and the main-chain NH of Leu 44,

thus affecting the covalent interaction of Ser 139 with the
ketoamide moiety of telaprevir. The V36C amino acid substi-
tution leaves a void near the Phe 43 side chain and lowers
binding via the above-mentioned mechanisms. The Cys 36 vari-
ants were predicted to fit comfortably in the mainly hydropho-
bic enzymatic pocket, and the telaprevir binding loss was pre-
dicted to be of a magnitude similar to that observed for the
V36A and V36M substitutions, a result in keeping with the
results of resistance testing in the enzyme assay and the repli-
con system.

We describe here a novel amino acid substitution at position
Val 36 of the NS3 protease, V36C, which confers reduced in
vitro susceptibility to telaprevir. Its characteristics were close to
those of the other substitutions at the same position associated
with HCV resistance to telaprevir. Computational modeling
suggested that V36C affects telaprevir binding to the protease
catalytic pocket through weaker contact with the prime-side
part of telaprevir and alteration of the covalent interaction of
Ser 139 with the ketoamide moiety of telaprevir.

The rarity of V36C compared to other substitutions at po-

FIG. 2. Computationally predicted three-dimensional models of
the V36 (wild-type, left) and V36C (resistant, right) NS3 protease
variants complexed with telaprevir. The wild-type Val side chain is
purple, whereas the Cys substitution is green. The four side chains
located around Val at position 36 that make contact with Phe at
position 43 are white, as the active-site Ser at position 139 and His at
position 57. Telaprevir carbon atoms are light blue.

FIG. 1. (Top) HCV RNA kinetics in a patient who selected a V36C
amino acid substitution on triple therapy with pegylated IFN-�2a,
ribavirin, and telaprevir. The HCV RNA levels are expressed in log10
IU/ml. LLD, lower limit of detection. The circled dots represent the
four time points at which quasispecies sequence analysis was per-
formed. (Bottom) Dynamics of NS3 quasispecies populations after
treatment withdrawal relative to the baseline.

TABLE 1. V36 substitutions observed in patients included in the PROVE2 clinical trial

V36
variant

No. (%) of V36 variants in
PROVE 2 trial NS3/4A protease enzyme assaya HCV replicon assaya

Variant found
as dominant
(100%) viral
population at

baseline
(n � 241)

Variant found
as dominant
(100%) viral
population at
the time of

breakthrough
or relapse
(n � 64)

Mean IC50
(�M) � SD

Mean fold
change in IC50
relative to wild

type � SD

Mean Km
(�M) � SD

Mean Vmax
(�M/�g/s) � SD

Mean EC50
(�M) � SDc

Mean fold
change in EC50
relative to wild

type � SD

Mean relative
replication

capacity � SDd

V36 (wild
type)

227 (94) 40 (62.5) 0.6 � 0.2 1.0 � 0.5 10.1 � 6.1 0.0026 � 0.0007 0.4 � 0.1 1.0 100

V36M 2 (0.8) 18 (28.1) 3.0 � 0.8 5.0 � 1.8 5.1 � 1.3 0.0018 � 0.0002 3.4 � 0.8b 7.0 � 1.6b 77 � 12b

V36A 0 (0) 4 (6.3) NAe NA NA NA 3.6 � 1.1b 7.4 � 2.2b 104 � 26b

V36L 10 (4.1) 6 (9.4) 1.3 � 0.1 2.2 � 0.6 4.6 � 1.0 0.0022 � 0.0002 1.1 � 0.2b 2.2 � 0.4b NTf

V36C 0 (0) 1 (1.6) 2.4 � 1.3 4.0 � 1.3 6.4 � 2.6 0.0023 � 0.0004 3.8 � 0.5 9.5 � 0.9 98 � 9

a Results were calculated based on three independent experiments.
b Data from Zhou et al. (6); fold change calculated with respect to their wild-type sequence.
c Data generated with a stable replicon.
d Data generated with a transient replicon.
e NA, no soluble protein obtained.
f NT, not tested.
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sition Val 36 could be explained by the genetic barrier to the
emergence of this variant. Indeed, Val is the most frequent
amino acid at position 36 of the NS3 protease in both HCV
genotype 1a (GUG)- and 1b (GU[U/C])-infected patients.
While substitutions such as V36M, V36A, or V36L generally
require a single nucleotide substitution to occur, making the
preexistence of such variants as minor less fit populations at
the baseline likely in most infected patients, V36C requires 3
and 2 nucleotide substitutions in HCV genotypes 1a and 1b,
respectively. Therefore, the V36C variant is less likely to be
generated during replication, as it needs a two- or three-step
process, and is thus less likely to preexist at the baseline in a
majority of patients.

Interestingly, the virological relapse occurred 8 weeks after
treatment withdrawal and the full population bore the V36C
substitution at this time. This finding is in keeping with the
low-level resistance to telaprevir conferred by this amino acid
substitution. During the short treatment period, the fully sen-
sitive wild-type viral population was fully controlled. It may
have been eradicated rapidly, as this population never reap-
peared over several months of posttreatment follow-up. Given
the EC50s, the V36C viral population is likely to have been only
partially inhibited by telaprevir. It is possible that the low-
replication V36C viral population could have been eradicated,
although less rapidly than the wild-type variant, if therapy with
pegylated IFN-� and ribavirin had been continued. The fact
that this patient withdrew consent and stopped therapy after
only 43 days may have been a unique opportunity for this rare,
most likely preexisting, relatively poor fitness V36 variant to
emerge and grow as a dominant viral variant in vivo.

In conclusion, we reported the characteristics of a previously
unreported variant with a V36C substitution conferring mod-
erate resistance to telaprevir. This case emphasizes the com-
plexity of HCV resistance to NS3/4A protease inhibitors in the
context of pegylated IFN-�-based therapy.
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