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for the proteolytic cleavage at four junctions of the HCV
polyprotein precursor: NS3/4A (self cleavage), NS4A/4B,
NS4B/5A, and NS5A/5B (1, 2, 6, 11–13, 15, 21, 22, 39, 40).
The success of human immunodeficiency virus (HIV) protease inhibitors in treating HIV-infected patients has raised
the hope that inhibitors of HCV NS3-4A serine protease could
also become effective therapy options for hepatitis C patients.
Indeed, significant progress has been made in recent years (for
a review, see reference 5), and clinical proof of concept for this
class of inhibitors has been demonstrated with three HCV
NS3-4A protease inhibitors, BILN 2061 (14, 17), VX-950 (35,
36), and SCH 503034 (47). The average reduction in plasma
viral load after a 2-day dosing for genotype 1 HCV-infected
patients was ⬃2.5 to 3.0 log10 for 500 mg twice daily (1,000
mg/day) BILN 2061 (14, 17), or ⬃3.0 log10 for 750 mg every 8
h (2,250 mg/day) VX-950 (35, 36). The average maximal reduction in plasma viral load during a 14-day dosing was 4.65
log10 for 750 mg every 8 h VX-950 (35, 36), or 2.06 log10 for
400 mg thrice daily (1,200 mg/day) SCH 503034 (47). For some
patients dosed with VX-950, the HCV plasma viral load
dropped by more than 4 log10 to below the limit of detection
(⬍10 IU/ml) during the 14 days of dosing (35, 36).
VX-950, a highly selective, potent inhibitor of HCV NS3-4A
protease, was derived from the viral NS5A/5B substrate of the
protease using structure-based drug design techniques. Unlike
BILN 2061 (a noncovalent inhibitor), VX-950 is a covalent,
reversible inhibitor of the NS3-4A protease with a slow-binding
and slow-dissociation mechanism. As such, VX-950 exhibits
significantly different kinetics in enzyme inhibition, which is
most clearly exemplified by a very long half-life (58 min) of the
bound enzyme-inhibitor complex (32, 33). The steady-state
inhibitory constant (Ki*) of VX-950 was 7 nM against a genotype 1 (H strain) NS3 protease domain plus a NS4A cofactor
peptide (32, 33). Here we demonstrate that VX-950 has excel-

The hepatitis C virus (HCV) epidemic continues to present
a serious health challenge affecting 170 million people worldwide (28, 37). The current standard of care (SOC) for chronic
hepatitis C is a combination of pegylated alpha interferon
(IFN-␣) and ribavirin (for a review, see references 30 and 38
and references therein), which can induce sustained viral response in less than half of genotype 1 patients, who account for
the majority of the HCV-infected population in developed
countries. Moreover, IFN-␣ is associated with serious adverse
effects including leucopenia, thrombocytopenia, neutropenia,
depression, fatigue, and “flu-like” symptoms. The addition of
ribavirin, while enhancing the sustained viral response, is also
associated with a serious side effect, hemolytic anemia. These
side effects are sometimes dose limiting and may lead to discontinuation of treatment. Novel, safer and more effective
drugs are urgently needed for the treatment of hepatitis C.
HCV, a member of the Flaviviridae family of viruses, has a
9.6-kb plus-strand RNA genome that encodes a polyprotein
precursor of about 3,000 amino acids. This polyprotein precursor is processed proteolytically upon translation by both cellular and viral proteases to 10 individual proteins, including four
structural proteins (C, E1, E2, and p7) and six nonstructural
proteins (NS2, NS3, NS4A, NS4B, NS5A, and NS5B) [for a
review, see reference 25). Among the nonstructural proteins,
NS5B RNA-dependent RNA polymerase and NS3, which consists of an N-terminal serine protease domain and a C-terminal
helicase domain, are essential for viral replication (16) and
thus are considered attractive targets for antiviral drugs (for a
review, see reference 5). The serine protease activity of NS3, in
a noncovalent complex with the NS4A cofactor, is responsible
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The NS3-4A serine protease of hepatitis C virus (HCV) is essential for viral replication and therefore has
been one of the most attractive targets for developing specific antiviral agents against HCV. VX-950, a highly
selective, reversible, and potent peptidomimetic inhibitor of the HCV NS3-4A protease, is currently in clinical
development for the treatment of hepatitis C. In this report, we describe the in vitro characterization of
anti-HCV activities of VX-950 in subgenomic HCV replicon cells. Incubation with VX-950 resulted in a timeand dose-dependent reduction of HCV RNA and proteins in replicon cells. Moreover, following a 2-week
incubation with VX-950, a reduction in HCV RNA levels of 4.7 log10 was observed, and this reduction resulted
in elimination of HCV RNA from replicon cells, since there was no rebound in replicon RNA after withdrawal
of the inhibitor. The combination of VX-950 and alpha interferon was additive to moderately synergistic in
reducing HCV RNA in replicon cells with no significant increase in cytotoxicity. The benefit of the combination
was sustained over time: a 4-log10 reduction in HCV RNA level was achieved following a 9-day incubation with
VX-950 and alpha interferon at lower concentrations than when either VX-950 or alpha interferon was used
alone. The combination of VX-950 and alpha interferon also suppressed the emergence of in vitro resistance
mutations against VX-950 in replicon cells.
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lent anti-HCV activities in vitro in HCV replicon cells. In
addition, VX-950 is additive to moderately synergistic with
IFN-␣ in inhibiting HCV replication and in suppressing the
emergence of resistance in replicon cells.
MATERIALS AND METHODS

replenished every 3 days. The number of cells in each well was determined by the
tetrazolium (MTS)-based cell viability assay with an established standard curve.
The level of HCV RNA remaining in the cells was determined by the QRT-PCR
assay. The copy number of HCV replicon RNA per cell was calculated and
normalized to that of no-compound control cells incubated with 0.2% DMSO for
the same duration. Each datum point represents the average of five replicates in
cell culture.
HCV replicon rebound study. The HCV replicon rebound experiment was
carried out as described previously (23). HCV replicon cells were plated in a
six-well plate at a density of 2 ⫻ 105 cells per well. The cells were incubated for
13 days with no-compound control (0.2% DMSO) or antiviral agents (serially
diluted in DMEM containing 10% FBS and 0.2% DMSO). The replicon cells
were split every 3 to 4 days, the media and inhibitors were replenished, and a
sample of cells was harvested. After 13 days of incubation, the cells were split and
plated into fresh DMEM containing 10% FBS and 0.25 mg/ml G418 in the
absence of antiviral agents. The culture was followed for three more weeks in the
presence of G418, and cells were split or fresh medium was added every 3 to 4
days. During the 3 weeks, a cell sample was taken whenever the cells reached
about 80% confluence and were split. For all the samples taken, the number of
viable cells in each sample was determined using a ViaCount assay (Guava
Technologies, Hayward, CA) according to the manufacturer’s instruction. The
level of HCV RNA in the cells was determined by the QRT-PCR assay, and then
the copy number of HCV replicon RNA per viable cell in each sample was
calculated.
Synergy and antagonism analysis of combination. To quantitatively evaluate
whether the effect of drug-drug combination was synergistic, additive, or antagonistic, HCV replicon cells were incubated with VX-950 or IFN-␣ at various
concentrations either alone or in combination for 48 h. The experimental data
were analyzed using CalcuSyn (Biosoft, Ferguson, MO), a computer program
based on the method of Chou and Talalay (4). In this model, the dose-effect
curves for each drug or drug combination were converted to median-effect plots
with the program. Then the effect of combination was compared to that of a
single agent. A combination index (CI) value for each experimental combination
was calculated on the basis of the following equation: [(D)1/(Dx)1] ⫹ [(D)2/(Dx)2] ⫹
[(D)1(D)2/(Dx)1(Dx)2], where (Dx)1 and (Dx)2 are the doses of drug 1 and drug 2
that have x effect when each drug is used alone, respectively, and (D)1 and (D)2
are the doses of drug 1 and drug 2 that have the same x effect when used in
combination. CI values of ⬍1 indicate synergy, values of 1 indicate an additive
effect, and values of ⬎1 indicate antagonism.
Generation of resistance in replicon cells. To evaluate generation of viral
resistance against specific inhibitors, wild-type HCV replicon cells were plated in
six-well plates at a density of 2 ⫻ 105 cells per well and serially passed in the
presence of 0.25 mg/ml G418 and various concentrations of anti-HCV compounds. Fresh media and compounds were added to the monolayer every 3 to 4
days. Cells were split whenever they reached 70 to 80% confluence. For nocompound control cells or cells incubated with relatively low concentrations of
the inhibitors, little cell death was observed, and a monolayer of the cells was
maintained throughout the culture. For cells incubated with relatively high concentrations of inhibitors, most cells died after 2 to 3 weeks, while small colonies
(in the order of 10 to 20 cells) started to appear, which were expanded for
another 2 weeks and were analyzed for the presence of specific resistant mutations in the HCV NS3 protease domain.

RESULTS
VX-950 reduced HCV RNA levels in replicon cells in a timeand dose-dependent manner. The anti-HCV activity of VX950 (Fig. 1) was examined in Con1 (genotype 1b) subgenomic
HCV replicon cells. In this system, inhibition of HCV NS3-4A
protease by VX-950 was expected to block viral polyprotein
processing and subsequently decrease viral RNA replication
and total HCV RNA levels in the replicon cells. As shown in
Fig. 2, VX-950 reduced HCV RNA levels in a time- and dosedependent manner. The IC50s following a 24-, 48-, 72-, and
120-h incubation with VX-950 were determined to be 0.574,
0.488, 0.210, and 0.139 M, respectively, indicating an increase
in inhibitory effects with time. These results show that the IC50
declined as the culture time increased. Following three independent experiments using the 48-h incubation in the presence
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Materials. VX-950 was prepared at Vertex Pharmaceuticals, Incorporated using
a method described previously (46). BILN 2061 was discovered at Boehringer
Ingelheim, and its synthesis has been described (7). Human recombinant IFN-␣
was purchased from Calbiochem (La Jolla, CA). Human serum was prepared
from whole-blood donations and had tested negative for HCV (Bioreclamation,
Hicksville, NY).
Cells. Parental Huh-7 and HepG2 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% heat-inactivated fetal bovine serum
(FBS), 2 mM L-glutamine, and nonessential amino acids. Stable Huh-7 cells
containing the self-replicating, subgenomic HCV replicon, which was identical in
sequence to the I377neo/NS3-3⬘/wt replicon described by Lohmann et al. (26),
were selected and maintained in the presence of 0.25 mg/ml G418 (Invitrogen,
Carlsbad, CA) and were used for anti-HCV assays. Peripheral blood mononuclear cells (PBMC) were isolated from fresh donor blood and cultured in RPMI1640 medium (JRH Biosciences).
Determination of anti-HCV activity and cytotoxicity. Determination of 50%
inhibitory concentration (IC50), 90% inhibitory concentration (IC90), and 50%
cytotoxic concentration (CC50) of VX-950 or IFN-␣ in HCV replicon cells was
performed as described previously (23, 32). Briefly, 1 ⫻ 104 replicon cells per
well were plated in 96-well plates. On the following day, replicon cells was
incubated at 37°C for the indicated period of time with antiviral agents serially
diluted in DMEM plus 2% FBS and 0.5% dimethyl sulfoxide (DMSO). Total
cellular RNA was extracted using an RNeasy-96 kit (QIAGEN, Valencia, CA),
and the copy number of HCV RNA was determined using a quantitative RTPCR (QRT-PCR) assay (23). Each datum point represents the average of five
replicates in cell culture. The cytotoxicity of VX-950 was measured under the
same experimental settings using a tetrazolium (MTS)-based cell viability assay
(Promega, Madison, WI). For the cytotoxicity assay with human hepatocyte cell
lines, 1 ⫻ 104 parental Huh-7 cells per well or 4 ⫻ 104 HepG2 cells per well were
used. To determine cytotoxicity of VX-950 against resting PBMC, 1 ⫻ 105 cells
per well were incubated with VX-950 in RPMI-1640 medium (no serum) for
48 h, and the cell viability was determined by the MTS-based assay. To determine
cytotoxicity of VX-950 against proliferating PBMC, 1⫻ 105 cells per well in
RPMI-1640 medium were added to a 96-well plate, which was precoated with
anti-human CD3 antibody (Accurate Chemical & Scientific Corporation, Westbury, NY). The cells were incubated with VX-950 and anti-human CD28 antibody (Pharmingen/BD Biosciences, San Jose, CA) for 72 h at 37°C, and the cell
growth was determined by [3H]thymidine update between the 48th and 72nd h.
Western blot analysis and immunofluorescence staining. For Western blot
analysis, cells were lysed after incubation with anti-HCV compounds. The concentration of total protein of cell lysates was determined using a BCA protein
assay (Pierce, Rockford, IL). Equal amounts of protein were loaded on gels for
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The
presence of HCV NS3 and NS5A proteins in the replicon cells were detected by
monoclonal antibodies specifically directed against NS3 (ViroStat, Portland,
ME) or NS5A (BioDesign, Saco, ME). Purified NS3 antigen and NS5A antigen
(ViroStat) were used as positive controls. An antibody directed against ␤-actin
(Sigma, St. Louis, MO) was used to confirm equal loading of protein. For
immunofluorescence staining, cells were fixed with methanol and an HCV NS3specific monoclonal antibody (ViroStat) was used for detection of NS3 protein in
the replicon cells.
Protein binding of VX-950 to human, dog, or rat plasma. VX-950 was added
to rat, dog, or human plasma to a final concentration of 5 or 50 M in the
presence of 0.2% DMSO and incubated for 15 min at 37°C. Atropine and
propranolol were used as controls. The plasma protein-bound and protein-free
fractions of VX-950 were separated by ultrafiltration. One quarter of the incubation was added to Amicon Centrifree Micropartition devices (n ⫽ 3) (Millipore, Billerica, MA). The devices were centrifuged, and the protein-bound and
protein-free fractions of VX-950 were analyzed by high-pressure liquid chromatography.
Nine-day HCV replicon clearance assay. The 9-day HCV replicon clearance
assay was carried out in the absence of selection pressure from G418 as described
previously (23). HCV replicon cells were plated at a density of 500 cells per well
in a 96-well plate and incubated with antiviral agents (serially diluted in DMEM
containing 10% FBS and 0.2% DMSO). The media and antiviral agents were
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FIG. 1. Chemical structure of VX-950.
FIG. 2. Time- and dose-dependent reduction of HCV RNA in the
replicon cells by VX-950. The replicon cells were incubated with various concentrations of VX-950 for 24, 48, 72, or 120 h. At the end of
each incubation period, total RNA was extracted by RNeasy-96, and
the levels of HCV RNA remaining were determined by the QRT-PCR
assay and are shown as a percentage relative to the levels of HCV
RNA in cells incubated with 0.5% DMSO (no-compound control).
Each data point represents the average and SD for five cell culture
replicates.

Amicon Centrifree Micropartition devices. At 5 M, the fraction of plasma protein-bound VX-950 was 87%, 95%, or
⬎99% for human, dog, or rat plasma, respectively. At 50 M,
the fraction of VX-950 bound to plasma protein was lower,
with 71%, 66%, or 99% bound to human, dog, or rat plasma,
respectively. Because the 48-h HCV replicon assay is performed in the presence of 2% FBS, we used higher concentrations of human serum to evaluate the effect of serum protein
binding on antiviral activity. For these experiments, human
serum was prepared from freshly donated blood that was HCV
negative. HCV replicon cells were incubated for 48 h with
0.5% DMSO control or with 0.03, 0.1, 0.3, 1, 3, or 10 M of
VX-950 in the presence of 0%, 10%, 20%, or 40% (vol/vol)
human serum. Anti-HCV activity was evaluated by determining reductions in HCV RNA levels, and cytotoxicity was evaluated in the MTS-based cell viability assay. The cytotoxicity of
VX-950 was not significantly affected by the addition of human
serum (Table 1), and the incubation of HCV replicon cells with
up to 40% human serum had little, if any, effect on HCV RNA
levels (data not shown). As the percentage of human serum
increased, the 48-h IC50s and IC90s of VX-950 gradually increased (Table 1). At the highest percentage of human serum
tested (40%), the IC50 of VX-950 was increased by 10.4-fold
and the IC90 of VX-950 increased by 6.0-fold, compared with
data obtained in the absence of human serum.
The lack of cytotoxicity of VX-950 in PBMC. The effect of
VX-950 on nonproliferating cells was also examined in a standard in vitro cytotoxicity assay using resting PBMC. The cells
were isolated from fresh blood donated by healthy volunteers
and were incubated with various concentrations of VX-950 in
the absence of serum so that the cells were not proliferating.
The effect of VX-950 on cell viability rather than cell proliferation was determined after 48 h of incubation in an MTS-based
assay. There was no reduction in cell viability in the presence
of 3, 10, or 30 M VX-950 in two independent experiments. In
addition, VX-950 was incubated with proliferating PBMC for
72 h, which were preincubated and stimulated with anti-CD3
and anti-CD28 antibodies. Again, there was no reduction in

Downloaded from http://aac.asm.org/ on November 9, 2017 by guest

of 2% FBS, the average (⫾standard deviation [SD]) IC50 of
VX-950 was determined to be 0.354 ⫾ 0.035 M, and the
average (⫾SD) IC90 was 0.830 ⫾ 0.190 M. After a 48-h
incubation with VX-950, no significant cytotoxicity, as evaluated in an MTS-based cell viability assay, was observed in the
replicon cells. The average CC50 (⫾SD) of VX-950 in HCV
replicon cells was 83 ⫾ 27 M, which resulted in a selective
index, i.e., the n-fold value of CC50 over IC50, of 230 ⫾ 59. In
both parental Huh-7 and HepG2 cell lines, no significant cytotoxicity was observed after a 48-h incubation with up to 30
M VX-950 in the presence of DMEM plus 2% FBS.
VX-950 reduced HCV protein levels in replicon cells. The
anti-HCV activity of VX-950 in HCV replicon cells was also
examined at the protein level using both Western blot analysis
and immunofluorescence staining. The specificity of the antibodies against the HCV NS3 or NS5A protein was first confirmed using Western blot analysis, which showed that the
HCV proteins were present in the replicon cells but not in the
parental Huh-7 cells (Fig. 3A). To determine the effect of
inhibitors on HCV proteins, replicon cells were incubated with
0.5% DMSO, 5 kU/ml IFN-␣, or 10 M VX-950 for 24, 48, 72,
or 96 h. Equal amounts of proteins from the cell lysates were
subjected to SDS-PAGE and Western blot analysis using specific antibodies against NS3, NS5A, or ␤-actin. As shown in
Fig. 3B, the level of HCV proteins was relatively stable over
96 h in DMSO mock-incubated cells. In contrast, in cells incubated with VX-950 or IFN-␣, there was a time-dependent
decrease of HCV NS3 and NS5A proteins, while the level of
␤-actin remained constant. The HCV proteins became undetectable after a 96-h incubation of the replicon cells with the
inhibitors. The reduction of HCV proteins was also demonstrated by immunofluorescence staining of the replicon cells
using an NS3-specific antibody (Fig. 3C). The HCV NS3 protein was not present in the parental Huh-7 cells and was localized mostly on the endoplasmic reticulum membrane in the
cytoplasm of replicon cells, which is consistent with what has
been previously reported (10). After a 72-h incubation with 5
kU/ml IFN-␣ or 10 M VX-950, there was little, if any, staining
for the HCV NS3 protein.
Effect of human serum on anti-HCV activity of VX-950.
Human serum contains relatively high amounts of protein,
which could reduce the in vivo activity of drugs with high
protein-binding properties by lowering the concentration of
the free drug. To determine the degrees of binding to serum
protein, VX-950 was incubated with rat, dog, or human plasma
for 15 min at 37°C. The plasma protein-bound and protein-free
fractions of VX-950 were separated by ultrafiltration using
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TABLE 1. Effect of human serum on the 48-h IC50s and IC90s
of VX-950a
Concn of human
serum (%)

IC50 (M)

IC90 (M)

CC50 (M)

0
10
20
40

0.33
0.88
1.40
3.45

0.79
1.37
2.52
4.76

⬎30
⬎30
⬎30
⬎100

a
Human serum was added to cell culture medium for a final concentration of
0%, 10%, 20%, or 40% (vol/vol), along with 0.03, 0.1, 0.3, 1, 3, or 10 M VX-950
or 0.5% DMSO (no-compound control). The IC50s, IC90s, and CC50s were
determined after a 48-h incubation.

0.2% DMSO (no-compound control), 5 kU/ml IFN-␣, or 10 M VX950 for 72 h and then subjected to regular microscopy (top) or to
immunofluorescence staining using an anti-NS3 antibody (bottom).
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FIG. 3. Reduction of HCV proteins in the replicon cells by VX950. (A) Specificity of the antibodies against HCV NS3 and NS5A
proteins in Western blot analysis. Cell lysates from the parental Huh-7
(Huh7) or HCV replicon (Replicon) cells were analyzed by SDSPAGE, transferred, and probed with specific antibody against NS3
(left) or NS5A (right) antigens. The molecular weight markers are
indicated at the right. (B) Reduction of HCV proteins in a Western
blot. Replicon cells were incubated with 0.2% DMSO (no-compound
control) (lane 1), 5 kU/ml IFN-␣ (lane 2), or 10 M VX-950 (lane 3)
for 24, 48, 72, or 96 h. Equal amounts of protein from each cell extract
were subjected to SDS-PAGE and subsequent Western blot analysis
with specific antibodies against NS3 (top), NS5A (middle), or ␤-actin
(bottom). The molecular weight markers (MW), shown in the left lane
of the 72 h subpanel, are the same as those used in panel A. (C) Reduction of HCV proteins in immunofluorescence staining. The parental Huh-7 cells (left) or HCV replicon cells were either incubated with

cell viability in the presence of up to 30 M VX-950 in two
independent experiments.
VX-950 induced a multilog reduction of HCV RNA levels in
replicon cells. To investigate whether VX-950 or BILN 2061 is
able to completely block HCV RNA replication and result in a
multilog reduction in HCV replicon RNA levels, we tested
these two protease inhibitors in a 9-day assay that we developed and described previously (23). In this case, replicon cells
were incubated with various concentrations of VX-950 or
BILN 2061 for three, six, or nine consecutive days. To preclude
potential cytotoxic or cytostatic effects of these inhibitors, the
HCV RNA levels in the cells were normalized by the number
of viable cells. As shown in Fig. 4A, VX-950 reduced HCV
RNA copies per cell in a time- and concentration-dependent
manner. For example, a 3.3-log10 drop in HCV RNA levels was
achieved after a 9-day incubation with 3.5 M VX-950, which
is 10 times the VX-950 IC50 in our 48-h replicon assay. With
higher concentrations of VX-950, such as 7.0 or 17.5 M, an
approximately 4-log10 reduction in HCV RNA levels was observed after 9 days. BILN 2061 has an IC50 of 4 nM (20) in the
48-h HCV replicon assay. In our 9-day assay, BILN 2061 also
reduced HCV RNA in a time- and concentration-dependent
manner (Fig. 4B). However, a 3-log10 reduction in HCV RNA
was not achieved after a 9-day incubation with concentrations
of BILN 2061 up to 0.2 M, which is 50 times its IC50 in the
48-h assay. A 3.6-log10 decrease in HCV RNA was achieved
with 0.7 M BILN 2061 after 9 days. These results suggest that
although there is ⬃90-fold difference in IC50s between VX-950
and BILN 2061 in the 48-h assay, there is only ⬃5-fold or less
difference in anti-HCV potency (multilog reduction of HCV
RNA) in the 9-day replicon clearance assay.
VX-950 prevents rebound of HCV replicon RNA after withdrawal of the inhibitor. The goal of anti-HCV therapy is to
completely eradicate the virus and to prevent a rebound after
the end of drug treatment, also known as a sustained viral
response. Previously, we developed a model system using replicon cells to determine the ability of antiviral compounds to
completely eradicate HCV RNA from replicon cells and subsequently prevent rebound after the antiviral compounds were
withdrawn (23). In this model system, HCV replicon cells were
plated at a higher density in six-well culture plates than in the
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FIG. 4. Nine-day HCV replicon clearance assay. HCV replicon
cells were incubated with various concentrations of VX-950 (A) or
BILN 2061 (B) for 3, 6, or 9 days. Fresh protease inhibitors were added
to the medium every 3 days. At the end of each incubation period, cell
numbers were determined by the tetrazolium (MTS)-based cell viability assay with an established standard curve, and the level of HCV
RNA in the cells was determined by the QRT-PCR assay. The HCV
RNA copy number per cell in each sample is plotted as an n-fold value
(on a log10 scale) of the copy number in replicon cells incubated with
0.2% DMSO (no-compound control) for the same period of time.
Each datum point represents the average and SD for five cell culture
replicates.

9-day experiments described above, which used 96-well plates.
Accordingly, in the rebound experiment, cells were split every
3 to 4 days as they grew to confluence. In the first part of the
rebound experiment, HCV replicon cells were incubated with
various concentrations of VX-950 for 13 days in the absence of
G418, during which VX-950 was replenished whenever the
cells were split. Again, to preclude potential cytotoxic or cytostatic effects, the HCV RNA levels in the cells were normalized
by the number of viable cells. As shown in Fig. 5, the level of
HCV RNA copies per cell remained stable in 0.2% DMSO
mock-incubated cells. In contrast, there was a concentrationand time-dependent reduction of HCV RNA in VX-950-incubated cells. Incubation of replicon cells for 9 days with 3.5 or
17.5 M VX-950 resulted in reduction in HCV RNA of 3.4- or
4.7-log10, respectively. After a 13-day incubation with 17.5 M
VX-950, the HCV RNA was not detectable by the QRT-PCR
assay (Fig. 5). Since a 4.7-log10 reduction was at the detection
limit of our QRT-PCR assay, the HCV replicon RNA may
have been cleared from these cells.
To confirm this finding, VX-950 was withdrawn after the

13-day incubation to allow rebound of any remaining HCV
replicon RNA. The HCV replicon is a stable cell line maintained under G418 selection, which enriches the population of
replicon-positive cells over that of replicon-negative cells.
Therefore, to selectively expand any cell from which viable
HCV replicon RNA had not been completely cleared, 0.25
mg/ml G418 was added to the medium upon withdrawal of
VX-950. The cells were cultured for three additional weeks in
the presence of G418, during which time the cells were split
whenever they reached 80% confluence, and a cell sample was
taken at the same time. Cells that had completely lost the HCV
replicon died between 10 and 14 days in the presence of 0.25
mg/ml G418, just like their parental Huh-7 cells. Within 2
weeks after the withdrawal of VX-950, the level of HCV replicon RNA in cells that had been incubated with 1.0 or 3.5 M
VX-950 rebounded to the same level as that in no-compound
control cells. In contrast, in cells incubated with 17.5 M VX950, no HCV replicon-positive cells were recovered, indicating
that the HCV replicon RNA may have been effectively eliminated from these cells.
Combination of VX-950 with IFN-␣ is additive to moderately synergistic in replicon cells. The current standard of care
for the treatment of chronic hepatitis C is the combination of
pegylated IFN-␣ and ribavirin. Since IFN-␣, but not ribavirin,
exhibits strong antiviral activities in replicon cells and in patients, we evaluated the effect of the combination of VX-950
and IFN-␣ in vitro using the replicon system. Replicon cells
were incubated with various concentrations of VX-950, IFN-␣,
or combinations of both for 48 h, and the anti-HCV activity
and cytotoxicity were examined. As shown in Fig. 6, the combination of VX-950 with IFN-␣ always resulted in a reduction
in the level of HCV RNA greater than that achieved by each
agent alone. There was no significant increase in cytotoxicity
when VX-950 and IFN-␣ were used together. In fact, none of
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FIG. 5. VX-950 prevents rebound of HCV replicon upon withdrawal of inhibitor. HCV replicon cells were incubated with various
concentrations of VX-950 in the absence of G418. Cells were split
every 3 to 4 days, and fresh medium containing VX-950 was added at
every split. After 13 days of incubation, VX-950 was withdrawn and
0.25 mg/ml G418 was added to enrich the remaining HCV repliconpositive cells that are capable of growing in the presence of G418
(rebound). The cultures were monitored for another 21 days in the
presence of 0.25 mg/ml G418, and cell samples were collected whenever the cell monolayer reached confluence. The number of viable cells
was determined by the ViaCount assay, and the level of HCV RNA in
the cells was determined by the QRT-PCR assay. The absolute numbers of HCV replicon RNA copies per viable cell are shown. The
dashed line indicates the detection limit of our QRT-PCR assay.
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the incubations reduced cell viability by more than 5% (data
not shown).
Next, we examined whether the effect of the combination
was additive or synergistic. The data shown in Fig. 6 were
analyzed using CalcuSyn, a computer program based on the
mathematic model of Chou and Talalay (4). In this analysis,
the anti-HCV effects produced by the combination of VX-950
and IFN-␣ at various ratios of concentrations were compared
to those produced by either agent alone. A CI was calculated
for each experimental combination using the equation described in Materials and Methods. A CI value of 1 indicates
additive effect; a CI value of less than 1 indicates synergy; and
a CI value of greater than 1 indicates antagonism. As shown in
Table 2, most CI values were significantly less than 1 when the
combinations of VX-950 and IFN-␣ at four different ratios
were analyzed using this method. These results indicate that
the combination of VX-950 and IFN-␣ has an additive to
moderate synergistic effect on inhibition of HCV RNA replication in the replicon cells. The experimental data were also
analyzed using a second mathematical model, MacSynergy
(34), which also indicated an additive to moderate synergistic
effect (data not shown).

TABLE 2. CalcuSyn analysis of VX-950 and IFN-␣ combination
Ratio
(VX-950:IFN-␣)a

1:100
3:100
9:100
27:100

Combination indexb:
At IC50

At IC75

At IC90

1.24
0.74
0.77
0.67

0.73
0.53
0.58
0.61

0.56
0.53
0.61
0.68

a
In each ratio, three to four different combinations of VX-950 and IFN-␣
were included. For example, the 1:100 ratio includes VX-950 plus IFN-␣ at 0.037
M plus 3.7 U/ml, 0.11 M plus 11.1 U/ml, 0.33 M plus 33.3 U/ml, and 1.0 M
plus 100 U/ml.
b
IC50s, IC75s, or IC90s are concentrations of the compounds that achieve 50%,
75%, or 90% inhibition, respectively. The values of the combination index at
various percentages of inhibition were calculated using the CalcuSyn program as
described in Materials and Methods.

FIG. 7. Combination of VX-950 and IFN-␣ in the 9-day HCV
replicon clearance assay. The cells were incubated with various concentrations of VX-950 alone, various concentrations of IFN-␣ alone,
or the two in combination for 3, 6, or 9 days. At the end of each
incubation period, cell numbers were determined by the tetrazolium
(MTS)-based cell viability assay with an established standard curve,
and the level of HCV RNA in the cells was determined by the QRTPCR assay. The HCV RNA copy number per cell in each sample is
plotted as an n-fold value (on a log10 scale) of the copy number per cell
in replicon cells incubated with 0.2% DMSO (no-compound control)
for the same period of time. Each datum point represents the average
and SD for five cell culture replicates.

Enhancement of anti-HCV activity of VX-950 by the addition of IFN-␣ was sustained over time. To investigate whether
the enhancement of anti-HCV effect of VX-950 by IFN-␣ or
vice versa can be sustained over time, we incubated the cells
with VX-950, IFN-␣, or combinations of both agents for three,
six, or nine consecutive days and measured the amount of
HCV replicon RNA remaining in the cells. Again, to preclude
potential cytotoxic or cytostatic effects, HCV RNA levels in the
cells were normalized by the number of viable cells. As shown
in Fig. 7, there was a time-dependent decrease in the level of
HCV RNA in replicon cells incubated with the anti-HCV
compound regimens. After 9 days of incubation, 1.0 M VX950 reduced the level of HCV RNA by 0.7 log10, and 10 U/ml
IFN-␣ reduced HCV RNA levels by 0.6-log10, whereas the
combination of the two agents resulted in a slightly greater
reduction (1.5 log10). Indeed, a combination of 1.0 M VX-950
with 10 U/ml IFN-␣ achieved a degree of HCV RNA reduction
that was comparable to that observed with a higher concentration of IFN-␣ (50 U/ml) at day 9 (1.4 log10). The combination
of a slightly higher concentration of VX-950 (2.0 M) with 10
U/ml IFN-␣ resulted in a 3.5-log10 reduction in HCV RNA at
day 9, which is much more than the sum of either agent alone
(2.1 log10 for 2.0 M VX-950 alone and 0.6 log10 for 10 U/ml
IFN-␣ alone). In fact, the HCV RNA reduction observed in
the latter combination was comparable to that achieved at a
much higher concentration of either agent alone (3.8 log10 with
10 M VX-950 or 3.0 log10 with 250 U/ml IFN-␣).
Combination with IFN-␣ suppressed the emergence of VX950-resistant variants in replicon cells. In previous studies, we
selected VX-950-resistant replicon cells using a stepwise, doseescalating method (19, 20). The wild-type HCV replicon cells
were serially passed in the presence of 0.25 mg/ml G418 and
slowly increasing concentrations of VX-950. The dominant in
vitro resistance variation against VX-950 was identified to be a
substitution of Ala156 with Ser (A156S) in the protease domain
(20). Two other variations at residue 156, A156T and A156V,
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FIG. 6. Combination of VX-950 with IFN-␣ in the 48-h HCV replicon cell assay. HCV replicon cells were incubated with various concentrations of VX-950 (indicated on the x axis) in combination with
various concentration of IFN-␣ (indicated at the top) for 48 h. The
level of HCV RNA remaining in replicon cells incubated with VX-950
and IFN-␣ in combination was determined by the QRT-PCR assay and
is shown as a percentage of the levels in cells incubated with 0.5%
DMSO (no-compound control). Each bar represents the average and
SD for six cell culture replicates.
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DISCUSSION
In this report, we describe the in vitro anti-HCV activity of
VX-950, a potent and specific inhibitor of the HCV NS3-4A

serine protease, in subgenomic, genotype 1b HCV (Con1) replicon cells. VX-950 had an average IC50 of 0.354 M in reducing
HCV RNA in the genotype 1b (Con1) replicon cells following a
48-h incubation. No significant cytotoxicity was observed at a
concentration up to 30 M VX-950. Similarly, no cytotoxicity was
observed against two human hepatocyte cell lines (Huh-7 and
HepG2) and proliferating or resting PBMC at 30 M VX-950.
These data suggest that there could be an excellent therapeutic
window for VX-950.
VX-950 is also an excellent inhibitor of genotype 2a HCV
NS3 protease in the presence of a corresponding genotype
2a KK4A peptide (32). In another study using the NS4A
cofactor peptide fused to the N terminus of the NS3 protease domain, VX-950 was shown to have equal potency
against genotype 2 or 3 HCV protease as it does against
genotype 1 enzyme (42). Although the potency of VX-950 in
the recently developed HCV infectious cell culture using genotype 2 infectious cDNA clones (24, 44, 49) remains to be
determined, PI-1, an ␣-ketoamide inhibitor that is related to
VX-950, displayed potent antiviral activity in one of these
infectious cell culture systems (24).
Most if not all drugs bind to human plasma proteins to a
certain extent. It has been suggested that high protein binding
could potentially limit the availability of free drug in blood and
therefore its efficacy in vivo where high concentration of serum
proteins are present in the circulation. Here we show that
VX-950 had a 10-fold increase in the 48-h IC50 and 6-fold
increase in the 48-h IC90 in the presence of 40% human serum,
which is consistent with the fact that VX-950 was largely serum
protein bound (87% bound to human serum at 5 M). This
serum effect was similar to that of another HCV protease
inhibitor, BILN 2061, which also had a 10-fold increase in the
48-h IC50 in the presence of 40% human serum (data not
shown). By analogy, HIV protease inhibitors are lipophilic
organic bases and thus more than 90% protein bound, predominantly to ␣1-acid glycoprotein, except for indinavir (for a
review, see reference 3). The IC50s of four other HIV protease
inhibitors were reduced by 7- to 37-fold in the presence of 50%
human serum compared to that in the absence of human serum. But the impact of protein binding on in vivo exposure of
HIV protease inhibitors is complicated by many other factors,
such as volume of distribution and metabolism. Since HCV
replication occurs predominantly in infected liver and there is
limited evidence of extrahepatic manifestation, the liver exposure of direct anti-HCV agents is likely much more important
than that in blood. Therefore, binding to plasma proteins may
have much less impact on HCV protease inhibitors than on
HIV protease inhibitors.
One interesting observation is discrepancy in the comparison of potencies of VX-950 and BILN 2061 in the 48-h replicon cell assay versus the 9-day replicon cell assay. In the 48-h
assay, VX-950 has an average IC50 of 0.354 M, which is ⬃90
times higher than that of BILN 2061 (IC50 ⫽ 4 nM). However,
in the 9-day assay, a 3-log10 or more reduction in HCV RNA
level was achieved with 3.5 M VX-950 or 0.7 M BILN 2061,
only a fivefold difference. It is possible that the discrepancy of
anti-HCV activities of these two inhibitors in the 48-h IC50 and
9-day clearance assays could be due, at least in part, to the
difference in the mechanism of binding of the inhibitors to the
HCV NS3-4A protease (32, 33). In our enzymatic assays, VX-
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were found to be cross-resistant to both VX-950 and BILN
2061 in replicon cells (19). Here, we investigated whether incubation of the wild-type HCV replicon with a combination of
VX-950 and IFN-␣ would help suppress the emergence of
these in vitro resistance variations against VX-950. Wild-type
HCV replicon cells were plated in six-well plates and serially
passed in the presence of 0.25 mg/ml G418 and various concentrations of VX-950, ranging from 0.35 M to 7 M. For
each concentration, a duplicate set of cell culture in six-well
plates was passed in parallel. Cells were split every 3 to 4 days
upon reaching 70 to 80% confluence, and fresh compounds
were added. After three passages, there was a dose-dependent
decline in cell growth in the presence of VX-950. The higher
the VX-950 concentration, the slower the cell growth was,
presumably due to the inhibition of HCV RNA replication by
VX-950 and the subsequent decrease in the expression of neomycin phosphotransferase protein. If cells did not reach 70 to
80% confluence, fresh media and compounds were added to
the cell monolayer. After 18 days, small colonies (10 to 20 cells
in size) were observed in the presence of 3.5 or 7.0 M VX950, whereas a monolayer of cells was recovered from incubation with 0, 0.35, 0.7, or 1.4 M VX-950. In the latter case, the
number of cells recovered inversely correlated with the concentrations of VX-950. In the presence of 3.5 M VX-950, a
total of 59 or 60 large colonies (with 50 to 100 cells per colony)
were recovered in two separate wells at day 25. The few small
colonies that were initially observed in the presence of 7.0 M
VX-950 at day 18 did not grow further and died by day 31. For
cells recovered in the presence of antiviral agents, the nucleotide sequences of the HCV NS3 serine protease domain
cDNA were determined after RNA extraction and RT-PCR, as
described in Materials and Methods. VX-950 resistance mutations at Ala156 were observed in the large colonies recovered
after incubation with 3.5 M VX-950. At lower concentrations
of VX-950, either 0.7 or 1.4 M, a mixture of wild-type Ala and
resistance mutations was seen at residue 156. No resistance
mutations were found at residue 156 in the presence of 0.35
M VX-950.
A parallel experiment was carried out as described above
with the addition of 50 U/ml IFN-␣ to all the culture wells.
IFN-␣ is expected to have a dual role in suppression of VX950-resistant HCV replicons. First, IFN-␣ provides additional
inhibitory pressure on HCV RNA replication and therefore
decreases the probability of generation of resistance mutations. Second, the resistance mutants remain as sensitive to
IFN-␣ as the wild-type replicon. A monolayer of cells was
recovered in the presence of 50 U/ml IFN-␣ with or without
0.35 M VX-950, and at residue 156, the wild-type Ala but not
the resistance mutation was found. However, no HCV replicon
cells were recovered by day 21 for 3.5 or 7.0 M VX-950 plus
50 U/ml IFN-␣, by day 27 for 1.4 M VX-950 plus 50 U/ml
IFN-␣, or by day 31 for 0.7 M VX-950 plus 50 U/ml IFN-␣.
These results demonstrated that the addition of IFN-␣ suppressed the emergence of in vitro resistance against VX-950 in
cell culture.
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of HCV NS3-4A protease inhibitors. It was recently reported
that, in 14-day dosing trials, combination of SCH 503034 (48)
or VX-950 with pegylated IFN-␣ resulted in a greater reduction of the plasma viral load for genotype 1 HCV-infected
patients than that for patients dosed with either the pegylated
IFN alone or the HCV protease inhibitor (SCH 503034 or
VX-950) alone.
The additivity to moderate synergy we observed between
HCV protease inhibitors and IFN-␣ (this report and reference
23) is consistent with several recent studies suggesting that the
HCV NS3-4A protease could be one of the mechanisms that
HCV uses to break down the host antiviral response. It was
reported that HCV NS3-4A protease decreases phosphorylation of IFN regulatory factor 3 (IRF-3), thereby blocking translocation of IRF-3 into the nucleus, where it functions as a
transcription activator (9). One of the HCV NS3-4A protease
substrates in the IRF-3 signaling pathway was found to be
Toll-IL-1 receptor domain-containing adaptor inducing IFN-␤
(TRIF or TICAM-1). TRIF, an adaptor protein, is a critical
component in the signal transduction cascade from toll-like
receptor 3 (TLR-3) to the kinases responsible for activation of
IRF-3 and NF-B, two transcription activators that are essential for antiviral immune responses (18). TLR-3 is located on
the cell surface and recognizes one of the pathogen-associated
molecular patterns, double-stranded RNA, a replication intermediate of many RNA viruses. Double-stranded RNA is also
recognized by intracellular DExD/H box RNA helicases, retinoic acid-inducible gene 1 (RIG-I) or Helicard (Mda5). The
RIG-I signaling pathway, a TLR-3-independent pathway, is
also disrupted by HCV NS3-4A protease (8). Recently it was
shown that HCV NS3-4A protease cleaves Cardif, a new
CARD domain-containing adaptor protein that interacts with
RIG-I and recruits kinases to activate IRF-3 and NF-B (29).
These studies suggest that HCV NS3-4A protease inhibitors
could have a dual anti-HCV function, blocking the HCV RNA
replication and restoring the host antiviral response.
In conclusion, the data presented in this study demonstrate
the excellent anti-HCV activities of VX-950. In the replicon
cells, VX-950 is able to clear HCV RNA and prevent the
rebound of viral RNA. In addition, our results indicate that the
in vitro combination of VX-950 and IFN-␣ leads to a much
stronger antiviral response than that seen with either agent
alone. Finally, the in vitro combination of VX-950 and IFN-␣
suppresses the emergence of resistance variants against VX950 in cell culture. Excellent antiviral activity observed in the
recently completed phase 1b trial of VX-950 with chronic genotype 1 HCV-infected patients (35) suggests that VX-950 has
the potential to become a novel therapeutic option for hepatitis C, and further evaluation as either a monotherapy or in
combination is warranted.
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950 inhibits HCV NS3-4A protease with a potency that is
similar to that of BILN 2061, as evidenced by the similar
steady-state constant for VX-950 (Ki* ⫽ 7 nM) (32) and BILN
2061 (Ki ⫽ 10 nM). BILN 2061 is a noncovalent and reversible
inhibitor, for which the enzyme-inhibitor complex forms and
dissociates quickly, presumably on the order of seconds. In
contrast, formation and dissociation of the covalent complex
between VX-950 and the HCV NS3-4A serine protease is a
slow process (slow binding and slow dissociation). It has been
determined that the half-life of the covalent complex is about
1 h (32, 33).
In addition, we demonstrated that incubation of HCV replicon cells with VX-950 for 2 weeks resulted in elimination of
HCV RNA from the cells, as evidenced by the lack of rebound
in HCV replicon RNA after the protease inhibitor was withdrawn. It is possible that cells containing a very small amount
of HCV replicon RNA may not survive the selection pressure
of G418 (although low at 0.25 mg/ml) and die during the
3-week selection period (in the absence of VX-950). Subculture during the 2-week VX-950 incubation period may also
play a minor role in decline of number of cells containing HCV
replicon RNA.
HCV has a very high replication rate in vivo, with an estimated daily production of 1012 virions in HCV-infected patients (31). Given the error-prone replication by the viral
RNA-dependent RNA polymerase, preexisting variants that
are resistant to specific anti-HCV drugs, such as HCV protease
inhibitors, could get selected over wild-type HCV during therapy. In fact, such resistant variations have been selected in
vitro and confirmed against several HCV NS3-4A protease
inhibitors, including VX-950 (19, 20), BILN 2061 (19, 20, 27),
SCH 503034 (41), SCH6 (45), and another inhibitor (43).
Therefore, despite the potent anti-HCV activity of VX-950
demonstrated in the replicon cells, the optimal therapy could
still involve the combination of VX-950 with other antiviral
agents. This has been best illustrated with the treatment for
HIV, where the combination of three or more drugs of various
mechanisms is absolutely necessary to continuously suppress
viral replication and the emergence of resistance. In this study,
we demonstrated that the in vitro combination of IFN-␣ with
VX-950 appeared to suppress the emergence of resistance
variants against VX-950 in cell culture.
IFN-␣ is the main antiviral agent of current SOC for hepatitis C. The other component of the SOC therapy, ribavirin,
increases the sustained antiviral response to IFN-␣ but does
not exhibit a strong a direct antiviral activity by itself. In this
study, we evaluated whether a combination with IFN-␣ will
enhance the anti-HCV activity of VX-950 in replicon cells.
First, the effect of the combination was quantitatively analyzed
in a 48-h assay using mathematical analysis, which indicated an
additive to moderate synergistic effect between the two antiviral agents. Importantly, there was no significant increase of
cytotoxicity associated with the combination. Second, the enhanced antiviral activity was further demonstrated in the 9-day
clearance assay, in which multilog reduction of viral RNA was
achieved with the combination of the two antiviral agents at
lower concentrations than those required for either single
agent. These results for the combination of VX-950 and IFN-␣
in replicon cells suggest that the combination therapy should
be an important strategy to explore in the clinical development
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