
Hepatitis C Viral Entry Inhibitors Prolong Viral
Suppression by Replication Inhibitors in Persistently-
Infected Huh7 Cultures
Caroline O. Bush, Andrew E. Greenstein, William E. Delaney IV, Rudolf K. F. Beran*

Gilead Sciences, Inc., Biology Department, Foster City, California, United States of America

Abstract

Efforts to treat HCV patients are focused on developing antiviral combinations that lead to the eradication of infection. Thus,
it is important to identify optimal combinations from the various viral inhibitor classes. Based on viral dynamic models, HCV
entry inhibitors are predicted to reduce viral load in a monophasic manner reflecting the slow death rate of infected
hepatocytes (t1/2 = 2–70 days) and the protection of naı̈ve, un-infected cells from HCV infection. In contrast, replication
inhibitors are predicted to reduce viral load in a biphasic manner. The initial rapid reduction phase is due to the inhibition of
virus production and elimination of plasma virus (t1/2,3 hours). The second, slower reduction phase results from the
elimination of infected hepatocytes. Here we sought to compare the ability of HCV entry and replication inhibitors as well as
combinations thereof to reduce HCV infection in persistently-infected Huh7 cells. Treatment with 56EC50 of entry inhibitors
anti-CD81 Ab or EI-1 resulted in modest (#1 log10 RNA copies/ml), monophasic declines in viral levels during 3 weeks of
treatment. In contrast, treatment with 56EC50 of the replication inhibitors BILN-2016 or BMS-790052 reduced extracellular
virus levels more potently (,2 log10 RNA copies/ml) over time in a biphasic manner. However, this was followed by a slow
rise to steady-state virus levels due to the emergence of resistance mutations. Combining an entry inhibitor with a
replication inhibitor did not substantially enhance the rate of virus reduction. However, entry/replication inhibitor and
replication/replication inhibitor combinations reduced viral levels further than monotherapies (up to 3 log10 RNA copies/ml)
and prolonged this reduction relative to monotherapies. Our results demonstrated that HCV entry inhibitors combined with
replication inhibitors can prolong antiviral suppression, likely due to the delay of viral resistance emergence.
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Introduction

Researchers are actively working to develop inhibitors of several

stages of the hepatitis C viral (HCV) lifecycle including entry,

replication, and assembly [1–5]. A curative antiviral therapy for

HCV-infected patients will likely be comprised of a combination of

two or more distinct viral inhibitors. An optimal HCV inhibitor

combination will prevent the virus from acquiring resistance

mutations and lead to eradication of the virus from the patient.

In recent years, significant progress has been made toward

understanding HCV entry [6,7] and developing inhibitors of this

process [2,7–11]. HCV entry is initiated by the attachment of viral

envelope proteins (E1 and E2) to glycosaminoglycans [12]

followed by a post-attachment stage which includes specific

binding to cellular receptors and subsequent uptake into the cell.

The five cellular receptors known to be utilized by HCV are the

tetraspanin protein CD81 [13], scavenger receptor class B

member 1 [14], the Niemann-Pick C1-like 1 cholesterol absorp-

tion receptor [7], claudin 1 [15], and occludin [16,17]. In

addition, the tyrosine kinases epidermal growth factor receptor

and ephrin receptor A2 are thought to act as HCV entry co-factors

by modulating the interaction between CD81 and claudin 1 [18].

After receptor binding, HCV undergoes clathrin-mediated endo-

cytosis and fusion between the virion envelope and the endosomal

membrane [17,19]. Anti-CD81 antibody (Ab) has been used to

successfully block HCV binding of the CD81 receptor and viral

uptake into the cell [20,21]. In addition, Entry Inhibitor-1 (EI-1) is

a small molecule that inhibits HCV genotype 1a and 1b entry

during the post-attachment phase, likely during the fusion step [2].

Though there has been progress in understanding HCV entry

and developing entry inhibitors, HCV viral dynamic models

predict that entry inhibitors will have a slow and modest antiviral

activity as monotherapies in chronically-infected patients [22].

These models predict that entry inhibitors would reduce viral load

in a monophasic manner reflecting the slow death rate of infected

hepatocytes in vivo (t1/2 = 2–70 days) and the protection of naı̈ve

uninfected cells from HCV infection. In contrast, replication

inhibitors are predicted to reduce viral load in a biphasic manner.

The initial rapid reduction phase is due to the inhibition of virus

production and elimination of plasma virus (t1/2 ,3 hours). The

second, slower reduction phase results from the elimination of

infected hepatocytes [22]. However, for many classes of replication

inhibitors, monotherapy leads to the rapid emergence of viral

resistance mutations [23–25]. Combining two replication inhibi-
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tors with different targets or a replication inhibitor with an entry

inhibitor would theoretically impact the emergence of resistance

by increasing the number of viral mutations required to break

through therapy. Because some mutations are less likely to emerge

than others [24] and because some mutations reduce viral fitness

[23,25], an optimal combination of inhibitors must be investigated

experimentally.

Here we sought to determine if HCV entry inhibitors alone can

reduce viral levels in persistently-infected Huh7 cultures. Also we

sought to determine if HCV entry inhibitors combined with HCV

replication inhibitors can provide a greater reduction in viral levels

than either monotherapy in persistently-infected cultures. Finally,

we wanted to determine if an entry/replication inhibitor

combination could prolong reductions in viral levels relative to

replication inhibitor monotherapy. To enable these studies, we

first demonstrated that persistently-infected Huh7 cell cultures can

be established using tissue-culture adapted HCV and used as a

model system to monitor extracellular virus levels during antiviral

treatment. Using these persistently-infected cell cultures, we

observed that entry and replication inhibitor monotherapies fit

the model previously proposed for viral load reduction during

short-term treatment. Entry inhibitor monotherapy caused a slow,

monophasic reduction in viral levels, while replication inhibitor

monotherapy caused a rapid, biphasic reduction. This suggests

that entry inhibitors will only have a modest impact on serum

HCV RNA levels in chronically-infected patients who have

minimal viral spreading. However, our results also demonstrated

that the combination of an entry plus replication inhibitor can

prolong antiviral suppression, likely due to the delay of viral

resistance emergence.

Materials and Methods

Cell Culture
Huh7-Lunet-CD81 [26] cells were propagated in Dulbecco’s

Modified Eagle Medium (D-MEM) with GlutaMAXTM-I (Invitro-

gen, Carlsbad, CA) supplemented with 10% FBS (HyClone,

Loglan, UT), 0.1 mM non-essential amino acids (Invitrogen). Cells

were maintained in humidified incubators at 37uC and 5% CO2.

Antiviral Compounds and Antibodies
The HCV NS3–4A protease inhibitor BILN-2061 was

purchased from Acme Biosciences (Belmont, CA). The HCV

NS5A inhibitor BMS-790052 was purchased from Selleck

Chemicals (Houston, TX). The mouse monoclonal anti-human

CD81 antibody JS-81 was purchased from BD Biosciences (San

Jose, CA). The HCV entry inhibitor-1 (EI-1) was purchased from

ChemBridge Corporation (San Diego, CA).

Antiviral and Cytotoxicity Assays
Huh7-Lunet-CD81 cells [26] were seeded in white clear bottom

96 well plates at a density of 5000 cells per well. After overnight

incubation, three-fold serial compound dilutions were prepared in

DMSO, diluted 250-fold into a DMEM viral stock, and added to

the cells in 96-well plates in a final volume of 100 ml. Final

compound concentrations typically ranged from 2.5 to 50,000 nM

and the MOI was 0.3 or greater. Anti-CD81-monoclonal antibody

was serially diluted in DMEM yielding final concentrations from

0.25 ng/ml to 5000 ng/ml. Following 3 days of incubation, NS3–

4A protease activity was used to quantify intracellular HCV

replication levels as described below. The resulting data was fit to

the Hill equation using SigmaPlot (Systat) to calculate EC50 values.

For cytotoxicity assays, cells were incubated with compounds as

described for antiviral assays, with the exception that no virus was

added. Following 3 days of incubation, intracellular ATP levels

were measured using a Cell-Titer Glo kit according to the

manufacturer’s instructions (Promega, Madison, WI). The result-

ing data was fit to the Hill equation using SigmaPlot to calculate

CC50 values.

Intracellular NS3–4A Protease Activity
NS3–4A protease activity was used to monitor intracellular

HCV replication levels and was measured using a europium

labeled NS3–4A protease substrate as described previously [27]

with slight modifications. In brief, media was removed from virus-

infected cells and replaced with 50 ml of a lysis/NS3–4A substrate

solution containing 16 lysis buffer (Promega, Madison, WI);

150 mM NaCl, and 150 nM NS3–4A europium substrate

(AnaSpec, Freemont, CA) in deionized water. Time-resolved

fluorescence was measured for 10 cycles using a VICTOR3TM V

Multilabel Counter (Perkin Elmer, Waltham, MA).

Indirect Immunofluorescence of HCV Infected Cells
Infected cells were grown in 96-well plates and fixed with 50 ml/

well glacial methanol-acetone (1:1) at room temperature for 20

minutes. Cells were then washed three times with phosphate-

buffered saline (PBS). Immunostaining of NS5A was performed by

using a mouse monoclonal antibody (9E10; Apath, Brooklyn, NY)

at a dilution of 1:4000 in PBS with 3% bovine serum albumin

(BSA) for 1 hour at room temperature. After two washes with PBS,

bound primary antibodies were detected by using a mouse

antibody conjugated to Alexa-Fluor 555 (Life Technologies, Foster

City, CA) at a dilution of 1:3,000 in PBS containing 3% BSA for

20 minutes in the dark at 4uC. DNA was stained with 4,6-

diamidino-2-phenylindole dihydrochloride (Molecular Probes,

Madison, WI) for 10 minutes at 4uC in the dark. Finally, cells

were washed three times with PBS and imaged by using a Zeiss

microscope with fluorescence capabilities (Thornwood, NY). To

guide infected vs. non-infected cell scoring, the percentage of

infected cells was quantified using an ImageXpress Micro

(Molecular Devices) (Sunnyvale, CA) where feasible. After images

were acquired with a 106 objective, automated infectivity

determination was conducted by first identifying each cell nucleus

and then determining if the Alexa-Fluor 555 coincident with that

nucleus was above (infected) or below (uninfected) a heuristically-

determined threshold.

HCV Persistently-infected Cultures
HCV persistently-infected cultures were established using

methods adapted from Sainz and Chisari (2006) [28] and Beran

et al., (2012) [29]. Briefly, Huh7-Lunet-CD81 cells [26] were

seeded in 12-well plates at a density of 50,000 cells/well. The

plates were incubated over-night at 37uC and subsequently

DMSO was added to 1% final concentration. After 3 days, the

cell cultures became confluent and infectious HCV was added to

each well. Infectious HCV(2a) with three adaptive mutations (the

Min3 virus previously described) [30] or HCV(1b/2a) (a chimeric

virus expressing the genotype 1b structural genes and the genotype

2a non-structural genes and 6 adaptive mutations as previously

described [26]) was then added to each well at an MOI of 5.

Infection was permitted to spread for seven days until the cultures

were ,95% infected (determined by NS5A immunofluorescence

[30] quantified on an ImageXpress Micro system (Molecular

Devices, Sunnyvale, CA)). Subsequently, compounds of interest

were added at concentrations equal to 56EC50. 500 ml aliquots of

the extracellular medium were saved at various days after drug

addition and stored at 280uC for future analyses (see below).

Media containing compounds were refreshed after taking each
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time point. Typically, media samples were collected and

compound media were refreshed on days 0, 1, 2, 4, 7, 10, 14,

18, and 21. On the final day of the time courses, the cell cultures

were fixed with ice-cold methanol for 15 minutes for subsequent

indirect immunofluorescence as described above. The percentage

of HCV-infected cells in each culture were estimated by viewing

them under a fluorescence microscope as described above.

Additionally, the percentage of infected cells in the cultures after

3 weeks of inhibitor treatment was quantified using the ImageX-

press Micro. Because the inhibitor-treated confluent cultures had

cells growing on top of cells, absolute accuracy of the automated

infectivity quantification was limited. Thus, we presented estimat-

ed differences in the percentage of infected cells using a series of

pluses to show relative differences in the percentages of infected

cells. Examples of the difference in the number of infected cells for

‘‘++++’’, ‘‘+++’’, ‘‘++’’, and ‘‘+’’ cultures are shown in figure 1A.

These scores were guided both by automated infectivity quanti-

fication and manual observation with a fluorescence microscope.

Quantifying Viable Cells in the HCV Persistently-infected
Cultures

Cell cultures were stained with calcein to recognize living cells

and with propidium iodide to recognize dead cells according to the

manufacturer’s protocol in a Cellomics Cell Viability HCS

Reagent Kit (Thermo Scientific, Rockford, IL). An ImageXpress

Micro system was used to quantify the number of living and dead

cells. Alternatively, a Cell Titer Glo Kit (Promega, Madison, WI)

was used to measure ATP levels in cellular lysates as a means to

quantify cellular viability.

RNA Purification and Quantification
Stored aliquots of media collected from infected cells were

thawed and extracellular viral RNA was isolated. Extracellular

viral RNA isolation was performed using a QIAamp Viral RNA

Mini Kit (Qiagen, Valencia, CA) according to the manufacturer’s

protocol. A QuantiFast Probe RT-PCR Kit (Qiagen) was used

according to the manufacturer’s protocol to quantify the RNA

levels in a 96-well format on an Applied Biosystems 7300 Real

Time PCR System (Carlsbad, CA). The DNA primers used were

synthesized by Integrated DNA Technologies (Coralville, IA).

These primers amplified the HCV(2a) NS3 gene and were

designated NS3 2a+ (59 cgg tcc gag tac atc tgc gtg ac (FAM) g

39) and NS3 2a- (59cac gga gct ggc aac aag act 39). The detection

limit with this assay was observed to be 1e3 RNA copies/ml. Also,

it should be noted that the media was changed after each time

point was collected. Thus, the extracellular HCV RNA measured

each time represented de novo HCV RNA that had been released

since the previous time points.

Clonal Sequencing
Clonal sequencing was performed to identify resistance muta-

tions at the end of the HCV persistently-infected time-course

experiments. Briefly, extracellular viral RNA were isolated from

samples collected on the final day of the time courses as described

above. Viral RNA were reverse transcribed using Superscript III

(Life Technologies, Carlsbad, CA) according to the manufacturer’s

protocol. Resulting cDNAs were amplified by PCR using primers

specific to the E2(1b), E2(2a), NS3(2a), or NS5A(2a) genes. The

DNA primers used were E2-1b start (59 gga acc tat gtg aca ggg 39),

E2-1b end (59 ctc agc ttg agc tat cag cag 39), E2-2a start (59 cgc acc

cat act gtt ggg ggt 39), E2-2a end (59 ttc ggc ctc gcc caa caa gat 39),

NS3-2a start (59 ctc gct ccc atc act gct tat 39), NS3-2a end (59 cat

gac ctc aag gtc agc ttg 39), NS5A-2a start (59 tgc tcc gga tcc tgg ctc

c 39), and NS5A-2a end (59 gca cac ggt ggt atc gtc ctc 39). PCR

reactions were performed using ExTaq polymerase (Thermo

Fisher Scientific, Waltham, MA). PCR products were purified

using a Qiagen PCR Clean-Up Kit (Qiagen, Valencia, CA), and

were subsequently ligated into a TOPO TA pCR4 cloning vector

(Life Technologies) according to the manufacturers’ protocols.

Ligation products were transformed into TOP10 frozen compe-

tent cells (Life Technologies) and clones were selected on LB-

carbenicillin plates according to the manufacturer’s protocol.

Plasmid DNA was prepared from the selected clones using a

Qiagen MiniPrep Kit according to the manufacturer’s protocol

and DNA sequencing was performed by Elim BioPharm

(Hayward, CA).

Results

Long-term HCV Persistently-infected Cultures can be
Established

To determine whether HCV entry inhibitors are able to reduce

extracellular viral levels in persistently-infected cells, we first

needed to establish long-term HCV persistently-infected cell

cultures. Initial attempts to establish long-term HCV persistent-

ly-infected cell cultures failed because the majority of the infected

cells died after reaching confluence (data not shown). Thus, based

on previously described methods [28,29,31], we added DMSO to

1% final concentration to Huh7-Lunet CD81 cells growing on 12-

well plates. Within 3–4 days, a confluent cellular layer formed in

each well and we infected the cultures using high-titer genotype 2a

HCV or genotype 1b/2a HCV stocks. Infections were allowed to

spread throughout the cultures for 7 days until approximately

95% of cells were infected as determined by NS5A staining (Fig. 1A

‘‘no inhibitor treatment case’’ and 1B) (see Materials and

Methods). We demonstrated that these cultures contained

primarily live cells even after 25 days of incubation by staining

these cultures with calcein and propidium iodide (Fig. 1C) (see

Materials and Methods). Uninfected cell cultures treated with 1%

DMSO exhibited a similar ratio of live vs. dead cells over the same

time frame (data not shown). The level of HCV infection in the

cultures remained relatively stable during an 18-day time course

initiated 7 days post-infection as observed through following viral

RNA levels in the extracellular media (RNA copies/ml) (Fig. 1D).

It should be noted that after extracellular media was collected at

each time point, the media was refreshed. Thus, the HCV RNA

levels measured represented de novo release of HCV RNA from the

cells since the previous time point. Also, the DMSO-treated

cultures remained highly infected at the end of the time course as

observed through NS5A staining. However, because cells contin-

ued to slowly grow on top of cells over time based upon

microscopy and intracellular ATP measurements (see Materials

and Methods) (data not shown), it was not possible to accurately

quantify the percentage of infected cells after 3 weeks of

incubation. Rather, relative quantifications of the percentage of

infected cells are presented throughout this work using a series of

pluses (see Materials and Methods and Fig. 1A). Based upon the

above results, HCV persistently-infected cultures can be estab-

lished and remain stable for several weeks.

HCV Entry Inhibitor Monotherapy Slowly Reduced Viral
Levels Over Time in Persistently-infected Cultures

We sought to determine whether HCV entry inhibitor

monotherapy could significantly reduce extracellular viral levels

over time in HCV persistently-infected cultures. We first

established stable persistently-infected cultures and then treated

with either anti-CD81 antibody or Entry Inhibitor 1 (EI-1).These
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inhibitors were added to the cultures at 56EC50 (‘‘16EC50’’ is

defined as the concentration where the activity of the inhibitor is

half maximal) (the 56EC50 concentrations used were 2.5 mg/ml

for anti-CD81 Ab and 170 nM for EI-1, see Table 1). During this

treatment, the entry inhibitors anti-CD81 Ab and EI-1 slowly and

very modestly reduced extracellular viral levels over time relative

to DMSO-treated controls (Fig. 2, 3, and 4). With both anti-CD81

Ab and EI-1, we observed a ,1 log10 RNA copies/ml reduction in

extracellular viral RNA levels (HCV(1b/2a) and (2a)) over a

3 week time course. Importantly, neither anti-CD81 Ab, nor EI-1

exhibited cytotoxic effects at 56EC50 concentrations. Anti-CD81

Ab and EI-1 exhibited CC50 values .5 mg/ml and .50 mM

respectively in Huh7-Lunet-CD81 cells (Table 1). However, we

observed through anti-NS5A staining after 3 weeks of entry

inhibitor treatment a small reduction in the percentage of infected

cells (Tables 2, 3, 4). It is likely that during entry inhibitor

monotherapy extracellular HCV levels decreased very slowly over

time because infected cells were slowly dying off. As we did not

observe significant differences in the total number of cells in each

well, a small fraction of uninfected cells that were protected from

infection by the entry inhibitors likely proliferated to replace the

lost cells.

HCV Replication Inhibitor Monotherapy Reduced Viral
Levels in a Biphasic Manner Over Time in Persistently-
infected Cultures

We also investigated whether HCV replication inhibitor

monotherapy reduced extracellular viral levels over time in these

cultures. We treated HCV persistently-infected cultures with

56EC50 concentrations (see Table 1) of the NS3-4A protease

inhibitor BILN-2061 or with the NS5A inhibitor BMS-790052.

Figure 1. Characterization of HCV persistently-infected cultures. (A) Examples of the level of HCV(1b/2a)-infected cells vs. uninfected cells
after 21 days with or without replication inhibitor/entry inhibitor combination therapy. The yellow cells are infected (i.e. stained with anti-NS5A Ab as
described in the Materials and Methods) and the blue cells are uninfected. The pluses signify relative quantifications of the percentage of infected
cells in each culture (see Materials and Methods). (B) Bar graph depicting quantification of infected vs. uninfected cells in the untreated HCV
persistently-infected culture shown in Figure. 1A (see Materials and Methods). (C) Viability of HCV persistently-infected cells after 25 days of
incubation (see Materials and Methods). (D) Extracellular HCV levels (log10 RNA copies/ml) during an 18-day time course initiated 7 days post
infection (average of 3 assays) (HCV(2a) levels (solid circles), HCV(1b/2a) levels (solid squares, dashed line)).
doi:10.1371/journal.pone.0065273.g001
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We observed that both the NS3-4A protease inhibitor and the

NS5A inhibitor reduced HCV(1b/2a) (Fig. 2 and 3) and HCV(2a)

(Fig. 4) extracellular levels (1–2 log10 RNA copies/ml) in a rapid,

biphasic manner during the initial 7 to 10 days of treatment. After

this initial reduction, in all cases, extracellular viral levels started

rising again. This rise in the extracellular viral levels can be

attributed to the appearance of resistance mutations. Through

clonal sequencing, we found that the previously reported

resistance mutations to each inhibitor appeared by the end of

each time course (Table 5). D168N in NS3 was observed after

protease inhibitor BILN-2061 treatment and NS5A Y93H was

observed after NS5A inhibitor BMS-790052 treatment. These

Figure 2. Reduction of HCV(1b/2a) levels by anti-CD81 Ab alone and in combination with BILN-2061 or BMS-790052. HCV(1b/2a)
persistently-infected cell cultures were treated with 56EC50 concentrations of the indicated HCV inhibitors for 21 days (see Table 1 and Materials and
Methods). HCV levels were normalized relative to the level of the DMSO control at each time point. This data is the average of 3 assays. Error bars
represent standard deviation. Asterisks indicate statistically significant differences at day 21 from the DMSO day 21 time point (t test P#0.05). (A)
DMSO (solid circles and solid line), anti-CD81 Ab (pierced circles and dashed line), BILN-2061 (solid squares and dashed line), BMS-790052 (pierced
squares and solid line), BILN-2061/anti-CD81 Ab (solid diamonds and solid line), BMS-790052/anti-CD81 Ab (solid hexagons and solid line), and BILN
2061/BMS-790052 (pierced diamonds and dashed line).
doi:10.1371/journal.pone.0065273.g002

Figure 3. Reduction of HCV(1b/2a) levels by EI-1 alone and in combination with BILN-2061 or BMS-790052. HCV(1b/2a) persistently-
infected cell cultures were treated with 56EC50 concentrations of the indicated HCV inhibitors for 20 days (see Table 1 and Materials and Methods).
HCV levels were normalized relative to the level of the DMSO control at each time point. This data is the average of 3 assays. Error bars represent
standard deviation. Asterisks indicate statistically significant differences at day 20 from the DMSO day 20 time point (t test P#0.05). DMSO (solid
circles and solid line), EI-1 (pierced diamonds and dashed line), BILN-2061 (solid squares and dashed line), BMS-790052 (pierced squares and solid
line), BILN-2061/EI-1 (diamonds and solid line),BMS-790052/EI-1 (solid hexagons and solid line), and BILN 2061/BMS-790052 (pierced diamonds and
dotted line).
doi:10.1371/journal.pone.0065273.g003
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resistance mutations have been previously reported using these

inhibitors [4,32,33]. This observed rapid, biphasic reduction in

viral levels caused by replication inhibitor montherapy was

predicted by viral dynamic modelling [22] and has been observed

in clinical trials [34]. Furthermore, our clonal sequencing results

suggested that resistance mutations against the replication

inhibitors were acquired over time by members of the viral

population.

Besides measuring a reduction in extracellular HCV RNA levels

as a measure of viral inhibition, we also measured the percentage

of infected cells after inhibitor treatments. We observed that at the

end of each time course the relative differences in the percentages

of infected cells per well corresponded roughly with the HCV

RNA levels. Specifically, we observed only a slight decrease in the

percentage of infected cells after 3 weeks of treatment with the

replication inhibitors relative to the DMSO control (Tables 2, 3,

4). This corresponded with the rebound in extracellular HCV

RNA levels also observed after 3 weeks (Fig. 2, 3, and 4).

Combination Therapy with an HCV Entry Inhibitor and an
HCV Replication Inhibitor Promoted a Greater and More
Prolonged Viral Reduction than Monotherapy

Because HCV entry and replication inhibitors hinder different

aspects of the viral lifecycle, we asked if combining an entry

inhibitor with a replication inhibitor would reduce viral levels to a

greater extent than treatment with either inhibitor alone. We

observed that the combination of the entry inhibitor anti-CD81

Ab with the NS3-4A protease inhibitor BILN-2061 or with NS5A

inhibitor BMS-790052 led to greater reductions in HCV(1b/2a)

levels over time compared to monotherapy treatment in all cases

(Fig. 2). Replication inhibitor monotherapy and replication

inhibitor/anti-CD81 Ab combination therapies both reduced

extracellular HCV(1b/2a) levels 1–2 log10 RNA copies/ml after

7–10 days of treatment (Fig. 2). However, extracellular HCV(1b/

2a) levels were maintained at low levels on day 21 for the

replication inhibitor/anti-CD81 Ab combinations, whereas all

replication inhibitor monotherapy resulted in increases in extra-

cellular viral levels (compared to nadirs) at this time (Fig. 2). For

the replication inhibitor/anti-CD81 Ab combinations in

HCV(1b/2a), there was still a 1–2 log10 RNA copies/ml reduction

at 21 days (Fig. 2). In terms of fold reduction for RNA levels, the

BMS-790052/anti-CD81 Ab and BILN-2061/anti-CD81 Ab

combinations reduced HCV(1b/2a) RNA levels 14-fold and

554-fold respectively relative to the DMSO control at day 21

(Table 2). Thus, the BILN-2061/anti-CD81 Ab combination was

clearly the most potent replication inhibitor/entry inhibitor

combination for maintaining low HCV RNA levels over an

extended period of time. This conclusion was further supported by

the percentage of infected cells at day 21 for these combinations

(Table 2 and Fig. 1A).

Besides testing the entry inhibitor anti-CD81 Ab in combination

with replication inhibitors in HCV(1b/2a), we also tested EI-1 in

combination with replication inhibitors. When we treated the

Figure 4. Reduction of HCV(2a) levels by anti-CD81 Ab alone and in combination with BILN-2061 or BMS-790052. HCV(2a)
persistently-infected cell cultures were treated with 56EC50 concentrations of the indicated HCV inhibitors for 21 days (see Table 1 and Materials and
Methods). HCV levels were normalized relative to the level of the DMSO control at each time point. This data is the average of 3 assays. Error bars
represent standard deviation. Asterisks indicate statistically significant differences at day 21 from the DMSO day 21 time point (t test P#0.05). (A)
DMSO (solid circles and solid line), anti-CD81 Ab (pierced circles and dashed line), BILN-2061 (solid squares and dashed-dot line), BMS-790052 (pierced
squares and solid line), BILN-2061/anti-CD81 Ab (solid diamonds and solid line), BMS-790052/anti-CD81 Ab (solid hexagons and solid line), and BILN-
2061/BMS-790052 (pierced diamonds and dashed line).
doi:10.1371/journal.pone.0065273.g004

Table 1. Summary of Antiviral Assay Results for the HCV
Inhibitors Used in this Work.

Compound
EC50(nM)a

HCV(2a)
EC50(nM)
HCV(1b/2a)b CC50(nM)

EI-1 N.D.c 34 .50,000

Anti-CD81 Ab 0.5 mg/ml 0.5 mg/ml .5 mg/ml

BILN-2061 106 74 .24,000

BMS-790052 0.02 0.01 16,635

aAll values are reported in nM unless otherwise indicated.
bThe HCV(1b/2a) chimeric virus expresses HCV(1b) envelope proteins and
HCV(2a) replicative proteins [26].
cNot determined.
doi:10.1371/journal.pone.0065273.t001
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HCV(1b/2a) cultures with the protease inhibitor BILN-2061 or

NS5A inhibitor BMS-790052 combined with EI-1, we observed

that viral levels were reduced up to 2.5 log10 RNA copies/mls over

14 days compared to a 1–2 log10 RNA copies/ml reduction during

replication inhibitor monotherapy (Fig. 3). A much slower viral

rebound was observed in the HCV(1b/2a) case for the replication

inhibitor/EI-1 combinations compared to replication inhibitor

monotherapy (Fig. 3). At day 20, the BMS-790052/EI-1

combination maintained RNA levels that were 45-fold lower than

the DMSO-treated control and the BILN-2061/EI-1 combination

maintained RNA levels that were 26 fold lower than the DMSO-

treated control (Table 3). The relative differences in the

percentage of infected cells reflected these results when compared

to the DMSO-treated control in each case (Table 3). Together,

these data suggested that both the BMS-790052/EI-1 and BILN-

2061/EI-1 combinations maintained a strong reduction in HCV

levels and reduced the percentage of infected cells after 20 days of

treatment relative to the DMSO-treated control. Based upon the

day 20 HCV RNA levels and the estimated percentage of infected

cells in each case at that time, the BMS-790052/EI-1 and BILN-

2061/EI-1 combinations were roughly equipotent over an

extended time period.

In addition to studying replication/entry inhibitor combinations

in HCV(1b/2a), we performed a similar set of experiments with

HCV(2a). As with HCV(1b/2a), we observed that monotherapy

with the protease inhibitor BILN-2061 and the NS5A inhibitor

BMS-790052 led to a 1–2 log10 RNA copies/ml reduction during

the first 7 days or so followed by a rebound in extracellular RNA

levels (Fig. 4). In the cases where the replication inhibitors were

combined with the entry inhibitor anti-CD81 Ab, we observed a 2

log10 RNA copies/ml reduction. Similarly to the HCV(1b/2a)

experiments, the reduction in extracellular HCV(2a) RNA levels

was prolonged for the duration of the time course when entry and

replication inhibitors were combined (Fig. 4). BMS-790052/anti-

CD81 Ab and BILN-2061/anti-CD81 Ab combinations caused a

35-fold and 21-fold reduction respectively in RNA levels at day 21

relative to the DMSO-treated control (Table 4). These results were

also reflected by the differences in the relative percentages of

infected cells at day 21 (Table 4). These data suggested that both of

these replication inhibitor/anti-CD81 Ab combinations were

similarly potent at maintaining low HCV levels over a 3-week

time course.

Besides measuring extracellular viral reductions resulting from

combination treatment with an entry and replication inhibitors,

we also investigated whether the combination of two replication

inhibitors targeting different aspects of HCV replication could

comparably reduce viral levels. Thus, we combined the NS3–4A

protease inhibitor BILN-2061 with the NS5A inhibitor BMS-

790052 and quantified viral levels over time. In HCV(1b/2a)-

infected cells, we observed that the replication inhibitor combi-

nation of BILN-2061/BMS-790052 caused a faster reduction in

viral levels over 14 days (3 log10 RNA copies/ml) than the

replication/entry inhibitor combinations (2 log10 RNA copies/ml)

(Fig. 2 and Fig. 3). The combination of these two replication

inhibitors yielded a 512-fold and 445-fold reduction in RNA levels

at the final time point relative to the DMSO control (Tables 2 and

3). Furthermore, the combination of the two replication inhibitors

yielded the lowest levels of infected cells after extended treatment

out of all of the inhibitor treatments studied here, except for the

BILN-2061/anti-CD81 Ab case (Tables 2 and 3). Only the

combination of BILN-2061/anti-CD81 Ab yielded similar results

with regard to RNA levels and percentage of infected cells at day

Table 2. Summary of HCV(1b/2a) Levels After 21 Days of Treatment +/2 Anti-CD81 Ab.

Inhibitor(s) Fold Extracellular RNA Suppression at Day 21 Estimated Percentage of Infected Cells at Day 21a

DMSO 1.0 ++++

Anti-CD81 Ab 1.4 +++

BMS-790052 1.2 +++

BILN-2061 1.2 +++

BMS-790052/Anti-CD81 Ab 14 ++

BILN-2061/Anti-CD81 Ab 554 +

BILN-2061/BMS-790052 512 +

aThe percentage of infected cells was estimated after anti-NS5A Ab staining (see Materials and Methods).
doi:10.1371/journal.pone.0065273.t002

Table 3. Summary of HCV(1b/2a) Levels After 20 Days of Treatment +/2 EI-1.

Inhibitor(s) Fold Extracellular RNA Suppression at Day 21 Estimated Percentage of Infected Cells at Day 20a

DMSO 1.0 ++++

EI-1 3.1 +++

BMS-790052 1.2 +++

BILN-2061 1.2 +++

BMS-790052/EI-1 45 ++

BILN-2061/EI-1 26 ++

BILN-2061/BMS-790052 445 +

aThe percentage of infected cells was estimated after anti-NS5A Ab staining (see Materials and Methods).
doi:10.1371/journal.pone.0065273.t003
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21, though notably the rate of reduction was slower than with

BILN-2061/BMS-790052 (Fig. 2 and Table 2). In the HCV(2a)

case, the BILN-2061/BMS-790052 combination caused viral

levels to be reduced 3 log10 RNA copies/ml over time before

plateauing at day 14 (Fig. 4). This result was in contrast to the

combination therapy with replication/entry inhibitors which

caused HCV(2a) levels to only be reduced 2 log10 RNA copies/

mls over 21 days (Fig. 4). In addition, the combination of the two

replication inhibitors maintained the lowest percentage of

HCV(2a) infected cells at day 21 (Table 4). Together, these results

suggested that the BILN-2061/BMS-790052 replication inhibitor

combination exhibited greater and more prolonged antiviral

effects than EI-1 plus either replication inhibitor in HCV(1b/2a)

or than anti-CD81 Ab plus either replication inhibitor in

HCV(2a). However, BILN-2061/anti-CD81 Ab treatment pro-

moted similar HCV(1b/2a) levels as BILN-2061/BMS-790052

after 3 weeks of treatment, though BILN-2061/anti-CD81 Ab

reduced the viral levels more slowly than BILN-2061/BMS-

790052.

For most of the treatment cases studied, we checked if resistance

mutations had arisen by day 21 using clonal sequencing (Table 5).

When anti-CD81 Ab was used alone or in combination with

replication inhibitors, we identified the E2 domain Ia mutations

N430A/E, D431K, S432L, I438V, A439C/T, and S440Q among

others (Table 5) similar to those previously reported [11]. For EI-1

alone or in combination with replication inhibitors, the E2

transmembrane domain mutations V719G/L were observed as

have been reported by others [2] (Table 5). Also, in cases where

entry inhibitors and replication inhibitors were combined, we

found NS3 D168N after treating with BILN-2061 [4] and NS5A

Y93H [33] after treating with BMS-790052 (Table 5). Interest-

ingly, none of these mutations were observed using population

sequencing, suggesting that only a subset of each viral population

had acquired the resistance mutations at the time of sampling.

Discussion

Here we showed that HCV entry inhibitor monotherapy only

slowly reduced extracellular viral levels in persistently-infected cell

cultures where most of the cells are infected. These results suggest

that entry inhibitor monotherapies will only have a modest impact

on serum HCV RNA in patients who have only minimal viral

spreading at the time of treatment. Moreover, these findings are in

agreement with recent reports that HCV entry inhibitor mono-

therapy with JTK-652 [35], and ITX-5061 [36] had no effect on

patient serum HCV RNA. Nevertheless, our model system is

unlikely to closely mimic the dynamics of HCV infection in the

liver. For example, the results generated with our persistently-

infected cell culture model do not serve as a model for HCV

patients whose infection is rapidly spreading. Entry inhibitor

monotherapy would likely potently inhibit serum HCV RNA in

patients whose infection is rapidly spreading. In our assays, entry

inhibitor treatments likely produced a slow decline in viral levels

because HCV-infected cells continually turn over due to apoptotic

mechanisms [37]. In addition, multiple rounds of infection of

naı̈ve cells appear to be required to sustain HCV infection in cell

culture and presumably in vivo [38]. Consistent with these findings,

we observed a small decrease in the percentage of infected cells as

well as in extracellular HCV RNA levels during entry inhibitor

monotherapy.

In addition to showing that HCV entry inhibitors only provided

a slow reduction of viral levels in persistently-infected cell cultures

with little viral spreading, we demonstrated that replication

inhibitors provided a rapid reduction in viral levels in this model

system followed by rebound. Moreover, entry/replication inhib-

Table 4. Summary of HCV(2a) Levels After 21 Days of Treatment +/2 Anti-CD81 Ab.

Inhibitor(s) Fold Extracellular RNA Suppression at Day 21 Estimated Percentage of Infected Cells at Day 21a

DMSO 1.0 ++++

Anti-CD81 Ab 2.4 +++

BMS-790052 1.5 +++

BILN-2061 1.8 +++

BMS-790052/Anti-CD81 Ab 35 ++

BILN-2061/Anti-CD81 Ab 21 ++

BILN-2061/BMS-790052 363 +

aThe percentage of infected cells was estimated after anti-NS5A Ab staining (see Materials and Methods).
doi:10.1371/journal.pone.0065273.t004

Table 5. Summary of the Resistance Mutations Observed After 3 weeks of HCV Inhibitor Treatment.

Compound HCV(2a)a HCV(1b/2a)a,b

EI-1 N.D.c E2 V719G/L

Anti-CD81 Ab E2 N430A/E, D431K, S432L, I438V, A439C/T, S440Q E2 C429I/Q, N430P/S, A439E

BILN-2061 NS3 D168N NS3 D168N

BMS-790052 NS5A Y93H NS5A Y93H

aThese resistance mutations were observed in 1/5 sequenced clones.
bThe HCV(1b/2a) chimeric virus expresses HCV(1b) envelope proteins and HCV(2a) replicative proteins [26].
cNot determined.
doi:10.1371/journal.pone.0065273.t005
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itor treatment prolonged lower viral levels after 3 weeks than

either monotherapy. These results were most likely due to a delay

in the emergence of resistance to one or both of the inhibitors.

Differences in genetic resistance barriers and viral fitness likely

explain why specific combinations of entry and replication

inhibitors proved to be more potent than others. We observed

that in the HCV(1b/2a) case the BILN-2061/anti-CD81 Ab

combination exhibited a more potent antiviral response than

BMS-790052/anti-CD81 Ab or BILN-2061/EI-1 (Fig. 2 and 3).

These results suggest that there is a higher genetic resistance

barrier for the BILN-2061/anti-CD81 Ab combination in

HCV(1b/2a) than for the other cases. This is likely the case for

two reasons. First, multiple mutations in E2 domain Ia are

required to confer resistance to anti-CD81 Ab [11], while a single

E2 transmembrane domain mutation can grant resistance against

EI-1 [2]. Second, the combination of E2(1b)/NS3(2a) mutations

needed to exhibit resistance against anti-CD81 Ab/BILN-2061

may be less fit than the combination of required resistance

mutations in E2(1b)/NS5A(2a) needed to exhibit resistance against

anti-CD81 Ab/BMS-790052.

Notably, BILN-2061/anti-CD81 Ab treatment in the HCV(2a)

case was not as potent as in HCV(1b/2a) (Fig. 4 and Fig. 2).

Rather BILN-2061/anti-CD81 Ab treatment in HCV(2a) was

more similar to BMS-790052/anti-CD81 Ab treatment in

HCV(2a). It is likely that the resistance mutations in E2(2a)/

NS3(2a) and in E2(2a)/NS5A(2a) were more readily acquired and

reduced viral fitness less than in the E2(1b)/NS3(2a) case.

Interestingly the combination of two replication inhibitors

strongly and rapidly decreased viral levels over time for both

HCV(2a) and HCV(1b/2a) (Fig. 2–4). The fact that the two

inhibitors that were combined (BILN-2061 and BMS-790052)

target different HCV proteins (NS3–4A and NS5A respectively),

meant that a higher resistance barrier was established when

combined. Because RNA replication was being inhibited by two

different mechanisms, the acquisition of resistance mutations was

severely slowed. The BILN-2061/BMS-790052 combination

therapy promoted the greatest reduction in HCV(2a) levels after

3 weeks out of the tested combinations (Fig. 4) and one of the

greatest reductions in HCV(1b/2a) levels after 3 weeks along with

the BILN-2061/anti-CD81 Ab combination (Fig. 2). Thus, BILN-

2061/BMS-790052 in HCV(2a) along with BILN-2061/anti-

CD81 Ab in HCV(1b/2a) likely provided the greatest resistance

barriers relative to the other combinations tested. However, the

BILN-2061/anti-CD81 Ab combination did not reduce the viral

RNA levels as rapidly as the BILN-2061/BMS-790052 combina-

tion. With the BILN-2061/anti-CD81 Ab combination, anti-

CD81 Ab could prevent re-infection of cells cured by BILN-2061,

but could not accelerate the reduction in viral RNA levels.

Overall, our results suggest that the right combination of entry/

replication inhibitor could provide a powerful addition to an HCV

treatment regimen, but that the best combinations may differ

depending upon the HCV genotype. Ideally, regimens will be

identified that provide robust efficacy against all genotypes in

order to simplify the treatment of chronic HCV.
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