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Chronic hepatitis C virus (HCV) infection remains a major global health burden while current interferon-based
therapy is suboptimal. Efforts to develop more effective antiviral agents mainly focus on two viral targets: NS3-4A
protease and NS5B polymerase. However, resistant mutants against these viral specific inhibitors emerge quickly
both in vitro and in patients, particularly in the case of monotherapy. An alternative and complementary strategy
is to target host factors such as cyclophilins that are also essential for viral replication. Future HCV therapies will
most likely be combinations of multiple drugs of different mechanisms to maximize antiviral activity and to suppress
the emergence of resistance. Here, the effects of combining a host cyclophilin inhibitor NIM811 with other viral
specific inhibitors were investigated in vitro using HCV replicon. All of the combinations led to more pronounced
antiviral effects than any single agent, with no significant increase of cytotoxicity. Moreover, the combination of
NIM811 with a nucleoside (NM107) or a non-nucleoside (thiophene-2-carboxylic acid) polymerase inhibitor was
synergistic, while the combination with a protease inhibitor (BILN2061) was additive. Resistant clones were selected
in vitro with these inhibitors. Interestingly, it was much more difficult to develop resistance against NIM811 than
viral specific inhibitors. No cross-resistance was observed among these inhibitors. Most notably, NIM811 was highly
effective in blocking the emergence of resistance when used in combination with viral protease or polymerase
inhibitors. Taken together, these results illustrate the significant advantages of combining inhibitors targeting both
viral and host factors as key components of future HCV therapies.

Hepatitis C virus (HCV) infection presents a significant
global health challenge with approximately 170 million people
or 3% of the world population chronically infected and an
additional 3 to 4 million more people infected each year (ac-
cording to World Health Organization estimates). Although
only 25% of new infections are symptomatic, 60 to 80% of
patients develop chronic liver disease, of whom an estimated
20% progress to cirrhosis with a 1 to 4% annual risk of devel-
oping hepatocellular carcinoma (19). Overall, HCV is respon-
sible for 50 to 76% of all liver cancer cases and two-thirds of all
liver transplants in developed countries. Ultimately, 5 to 7% of
infected patients will die from the consequences of HCV in-
fection (according to World Health Organization estimates).

The current standard therapy for HCV infection is pegylated
alpha interferon (IFN-�) in combination with ribavirin. How-
ever, fewer than 50% of patients with genotype 1 virus, the
predominant HCV genotype in developed countries, are suc-
cessfully treated with IFN-based therapies. Moreover, both
IFN and ribavirin induce significant adverse effects, including
flu-like symptoms (fever and fatigue), hematologic complica-
tions (leukopenia, thrombocytopenia), and neuropsychiatric
issues (depression, insomnia) associated with IFN and signifi-
cant hemolytic anemia associated with ribavirin. Also, ribavirin
is teratogenic and cannot be given to pregnant women. There-
fore, the majority of HCV patients are not being treated with

the current standard of care. More effective and better toler-
ated therapies are greatly needed.

HCV is a 9.6-kb positive-sense, single-stranded RNA virus.
It encodes a large single open reading frame corresponding to
a polyprotein precursor of about 3,000 amino acids, which is
proteolytically processed by cellular signal peptidases and
HCV-encoded proteases into at least 10 individual proteins, in
the order of C-E1-E2-p7-NS2-NS3-NS4A-NS4B-NS5A-NS5B.
Drug discovery efforts for new antivirals have been mainly
focusing on two viral proteins, the NS3-4A serine protease and
the NS5B RNA-dependent RNA polymerase, both of which
have enzymatic activities essential for viral replication. How-
ever, such approaches may not be sufficient given the high
replication rate and high mutation rate of the virus, which can
frequently produce resistant mutations in viral genomes,
thereby compromising the effectiveness of viral specific inhib-
itors. An alternative and complementary strategy is to target
host factors that are also required for viral replication. Cyclo-
philins, a family of cellular peptidyl-prolyl isomerases required
for HCV replication, represent such an opportunity (6, 16, 25).
Previously, we demonstrated that NIM811, a cyclosporine de-
rivative that binds to cyclophilins with high affinity but lacks
calcineurin-mediated immunosuppressive activity, has potent
anti-HCV activities in vitro (14). This compound is currently in
clinical development for hepatitis C treatment. Another non-
immunosuppressive cyclophilin inhibitor, DEBIO-025, also
showed antiviral activity in vitro (18) and achieved proof-of-
concept efficacy in HCV patients (5).

An often-hypothesized advantage of targeting host factors is
that such inhibitors may be less prone to select for resistant
mutations in the viral genome and may make for effective com-
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binations with specific inhibitors of viral proteins. HCV has a
low-fidelity polymerase that lacks proofreading function. As a
result, there is a huge population of viral quasispecies preexisting
in every infected patient, and mutants that confer resistance to
antiviral agents have a growth advantage and can be rapidly se-
lected and accumulate during antiviral treatment. The use of
multiple antiviral agents in combination may help to suppress the
emergence of resistant virus in two ways. First, combination ther-
apies can result in a greater decrease in the viral load, thereby
limiting the frequency with which mutations (that have a set
probability of occurring) arise in the viral population. Using an-
tiviral agents in combination also creates a higher genetic barrier
to the development of resistance in that resistant viruses to a
combination therapy likely require occurrence of multiple muta-
tions. This is especially true when the combined antiviral agents
have distinct mechanisms of action and thus different resistance
profiles. In general, the suppression of resistance by combination
therapy is of key importance for maintaining the utility of current
effective antiviral agents for future generations. The additive or
synergistic antiviral effects between antiviral agents may also per-
mit a reduction in the dose or dosing frequency of individual
agents, thereby minimizing potential toxicity and adverse effects
associated with high doses of single agents. The success of com-
bination therapy is best exemplified by the treatment of human
immunodeficiency virus (HIV) infection, where cocktails of mul-
tiple drugs including nucleoside and non-nucleoside reverse
transcriptase inhibitors and protease inhibitors are necessary to
maintain the suppression of viral replication and emergence of
resistance.

Considering the significant advantages of combination ther-
apy over monotherapy, it is most likely that future HCV ther-
apy will be a combination of multiple drugs of different mech-
anisms, similar to that of HIV. Since it is not feasible to study
all of the possible combinations in the clinical setting given the
number of investigational drugs being developed for HCV, it is
of great value to examine the effect of potential drug-drug
combinations in vitro. In the present study, we investigated the
combinations of a host factor (cyclophilin) inhibitor, NIM811,
with several other compounds representing the three main
classes of virus specific inhibitors: BILN2061 (ciluprevir), the
first NS3-4A protease inhibitor that showed proof-of-concept
efficacy in HCV patients (8); a non-nucleoside NS5B polymer-
ase inhibitor thiophene-2-carboxylic acid (2); and NM107, the
active moiety of NM283 (valopicitabine), the first nucleoside
NS5B inhibitor that showed clinical efficacy (20). All of the
combinations examined led to substantially more potent anti-
viral effects than any single agent with no significant increase in
cytotoxicity. Interestingly, the combinations of NIM811 with
the nucleoside or non-nucleoside polymerase inhibitor were
synergistic, while the combination with the protease inhibitor
appeared to be additive. Resistant clones were obtained for all
of the inhibitors, although it proved much more difficult to
develop resistance against NIM811. Importantly, there was no
cross-resistance observed among these inhibitors that act by
different mechanisms. The frequency of resistance against
NS3-4A protease or NS5B polymerase inhibitors was dramat-
ically reduced when used in combination with NIM811. These
results clearly highlight the potential value of antiviral agents
targeting host factors such as cyclophilins, particularly in the
context of combination therapies.

MATERIALS AND METHODS

Compounds. NIM811, BILN2061, POL-1, and NM107 were prepared at
Novartis. The compounds were stored at �20°C as 20 mM dimethyl sulfoxide
(DMSO) stock solutions until being used in the assay. IFN-� was purchased from
Calbiochem and stored at �80°C.

Cells. Huh-luc/neo-ET, a subgenomic genotype 1b (Con 1) HCV replicon cell
line containing a luciferase reporter gene, was kindly provided by Ralf Barten-
schlager (11). The cells were cultured in Dulbecco modified Eagle medium,
supplemented with 2 mM L-glutamine, 1� nonessential amino acids, 10% heat-
inactivated fetal bovine serum (�FBS), and 0.25 mg of G418 (Invitrogen, Carls-
bad, CA)/ml. Another subgenomic genotype 1b (Con 1) HCV replicon cell line,
clone A, was provided by Charles Rice and Apath LLC (St. Louis, MO) (1) and
was maintained in the same medium above except for 1 mg of G418/ml. G418
was included in the culture medium to provide the selection pressure for main-
taining the level of HCV replicon in the cells since both HCV replicons encode
neomycin phosphotransferase, which degrades G418.

Luciferase-based HCV replicon assay. The antiviral activity and cytotoxicity of
compounds were determined by using the HCV replicon cell line (Huh-Luc/neo-
ET) that contains a luciferase reporter gene. Since the expression of the lucif-
erase reporter is under the control of HCV RNA replication and the turnover of
luciferase protein is rapid, the luciferase activity is representative of the amount
of HCV RNA present in the cells. Prior to compound treatment, 5,000 replicon
cells were seeded in each well of 96-well tissue culture plates and were allowed
to attach in complete culture medium without G418 overnight. On the next day,
the culture medium was replaced with medium containing serially diluted com-
pounds in the presence of 10% �FBS and 0.5% DMSO. After 48 h of compound
treatment, the remaining luciferase activity in the cells was determined by using
BriteLite reagent (Perkin-Elmer, Wellesley, MA) with an LMaxII plate reader
(Molecular Probes/Invitrogen). The percentage of inhibition was calculated as:
% inhibition � 1 � (average of compound-treated cells)/(average of untreated
control cells). To evaluate the potential cytotoxicity of compounds, the viability
of the replicon cells after 48 h of compound treatment was determined by using
a tetrazolium compound-based assay (CellTiter 96 AQueous One Solution cell
proliferation assay; Promega, Madison, WI). The percentage of cytotoxicity was
calculated as: % cytotoxicity � 1 � (average of compound-treated cells)/(average
of untreated control cells).

Synergy analysis. To determine whether the antiviral effect for the combina-
tion of two compounds was synergistic, additive, or antagonistic, a mathematical
model based on the Bliss Independence theory, MacSynergy (21), was used to
analyze the data obtained from the 48-h luciferase-based HCV replicon assay. In
this model, a theoretical additive effect for any given concentrations of two
compounds is calculated by using the equation: Z � X � Y(1 � X), where X and
Y represent the inhibition produced by either compound alone, respectively, and
Z represents the effect produced by the combination of two compounds if they
were simply additive. For synergy analysis, the theoretical additive effects for
various concentrations of the two compounds were compared to (subtracted
from) the actual experimental effects and were plotted as a three-dimensional
differential surface, which would appear as a horizontal plane at 0% if the
combination were additive. Any peak above this plane (positive values) would
indicate synergy, whereas any depression below it (negative values) would indi-
cate antagonism. The 95% confidence intervals for the experimental dose-re-
sponse values were analyzed to determine statistically significant effects.

Nine-day HCV RNA reduction assay. HCV replicon cells (clone A) were
seeded at a low density of 500 cells per well in 96-well plates such that the cells
would not become overconfluent after nine continuous days in culture. The cells
were treated with compounds serially diluted in Dulbecco modified Eagle me-
dium containing 10% �FBS and 0.2% DMSO but no G418. The culture medium
was replaced every 3 days with fresh medium containing compounds or 0.2%
DMSO control. After the cells were treated for 3, 6, or 9 days, the total RNA was
extracted using an RNeasy 96 kit (Qiagen, Valencia, CA). The level of HCV
RNA was measured by a real-time quantitative reverse transcription-PCR (qRT-
PCR) assay (TaqMan; Applied Biosystems, Foster City, CA) using HCV-specific
primers (5�-TCT TCA CGC AGA AAG CGT CTA-3� and 5�-CTG GCA ATT
CCG GTG TAC T-3�) and probe (5�-6-FAM-TCC TGG AGG CTG CAC GAC
ACT CAT A-TAMRA-3�). The absolute copy numbers of HCV RNA were
determined by using a standard curve that was established with known quantities
of in vitro-transcribed RNA. The level of HCV RNA was normalized for each
sample against the amount of total RNA extracted, which was determined by
using a Quant-iT RNA assay kit (Molecular Probes/Invitrogen). Each data point
represents the average of five replicates in cell culture. The HCV RNA reduction
after each period of treatment was calculated by comparing the remaining level
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of HCV RNA in compound-treated cells to that of control cells treated with
0.2% DMSO for the same duration.

Generation of resistant replicon cell lines. Resistant HCV replicon clones
against the NS3-4A protease inhibitor BILN2061, the non-nucleoside NS5B
polymerase inhibitor POL-1, or the nucleoside NS5B polymerase inhibitor
NM107 were selected by continuously culturing replicon cells (clone A) in the
presence of 1 �M BILN2061, 1 �M POL-1, or 20 �M NM107, respectively, with
1 mg of G418/ml and 0.2% DMSO (to dissolve compounds) over a period of 1
to 2 months. It was much more difficult to develop resistance against NIM811,
which took over 6 months, during which cells were cultured with stepwise in-
creasing concentration of cyclosporine or NIM811. The final NIM811-resistant
clone was selected and maintained in the presence of 5 �M NIM811 with 0.25 mg
of G418/ml and 0.2% DMSO. No single colonies were picked in these selection
processes. Cells were pooled together for each compound treatment every time
during the passage. All resistant cell lines were passaged at least three times prior
to compound susceptibility testing. To determine the fold change in 50% effec-
tive concentration (EC50) for each compound, a separate control (wild-type)
replicon cell line was generated by continuous culture of the clone A cells in the
presence of 0.2% DMSO for the same length of time as required to establish
each of the resistant cell lines. All cultures were split by 1:4 to 1:8 ratios every 3
to 4 days or when the cell monolayer reached 90 to 95% confluence. For
sequence analysis, total RNA was isolated from the selected resistant and control
wild-type clone A cell lines by using an RNeasy minikit (Qiagen), and the HCV
replicon RNA was amplified by using a High Fidelity Two-Step RT-PCR & Go
kit (QBiogene).

qRT-PCR-based HCV replicon assay. The antiviral activities of compounds
against the resistant and control replicon cell lines were determined by a qRT-
PCR-based assay. Briefly, 10,000 cells were seeded in each well of 96-well tissue
culture plates and were allowed to attach in complete culture medium without
G418 overnight. On the next day, the culture medium was replaced with medium
containing serially diluted compounds in the presence of 2% �FBS and 0.5%
DMSO, without G418. After a 48-h compound treatment, total RNA was ex-
tracted, and the level of HCV RNA was measured by real-time qRT-PCR as
described above. Each data point represents the average of six replicates in cell
culture. The magnitude of HCV RNA reduction for each treatment was calcu-
lated as the percentage of inhibition relative to DMSO only-treated control,
where % inhibition � 1 � (average of compound-treated cells)/(average of
control cells). To monitor cytotoxic effect of the compounds, the viability of the
replicon cells following 48 h of compound treatment was determined by using a
tetrazolium compound-based assay (CellTiter 96 AQueous One Solution Cell
Proliferation Assay, Promega). The percentage of cytotoxicity was calculated as:
% cytotoxicity � 1 � (average of compound-treated cells)/(average of control
cells).

Comparison of resistance frequency. HCV replicon cells (clone A) were
seeded at a low density (10% confluence) in six-well plates in complete culture
medium containing 10% �FBS and 1 mg of G418/ml and allowed to attach
overnight. The culture medium was then replaced with medium containing var-
ious concentrations of compounds alone or in combination in the presence of 1
mg of G418/ml, 0.2% DMSO, and 10% �FBS. The medium was changed every
3 days with fresh compounds or 0.2% DMSO (control). After 8 to 10 days in
culture, the cells reached confluence and were split 1:10 once to fresh six-well
plates. The cells were continuously cultured for an additional 3 weeks with
medium refreshed every 3 days but without being split again, until macroscopic
colonies of resistant cells formed. To enhance visualization of colonies, cells were
washed with phosphate-buffered saline and fixed with 70% ethanol and 1%
crystal violet for 30 min at room temperature. The fixative was then aspirated,
and the cells were washed with water until the residual crystal violet was com-
pletely removed. Images of each well were captured by using the ChemiDocXRS
system (Bio-Rad), and colonies were counted by using the Quantity One v4.4
software (Bio-Rad). For sequence analysis, the colonies were pooled together
from each well of the plate, total RNA was isolated by using the RNeasy minikit,
and HCV RNA was amplified by using the High Fidelity Two-Step RT-PCR &
Go kit.

RESULTS

Combination of NIM811 with HCV protease or polymerase
inhibitors resulted in enhanced antiviral activity without sig-
nificant increase of cytotoxicity. The combination of NIM811
with an HCV NS3-4A protease inhibitor BILN2061 (8), with a
non-nucleoside NS5B polymerase inhibitor POL-1 (2), or with

a nucleoside NS5B polymerase inhibitor NM107 (19) was in-
vestigated in the luciferase-based HCV replicon assay. First,
the anti-HCV activity and cytotoxicity of each compound alone
were determined in the assay. As shown in Fig. 1A, treatment
of replicon cells with NIM811 for 48 h resulted in a concen-
tration-dependent inhibition of HCV replication, as indicated
by the reduction of luciferase reporter activity. The average
EC50 of NIM811 from three independent experiments was
determined to be 0.18 �M. No significant cytotoxicity was
observed with NIM811 at concentrations below 30 �M, indi-
cating the inhibition of HCV replicon was specific. Similar
results were obtained for BILN2061 (Fig. 1B, EC50 � 2.2 nM,
50% cytotoxic concentration [CC50] 	 30 �M), POL-1 (Fig.
1C, EC50 � 0.52 �M, CC50 	 100 �M), and NM107 (Fig. 1D,
EC50 � 0.48 �M, CC50 	 100 �M).

To evaluate the effect of various combinations, HCV repli-
con cells (Huh-Luc/neo-ET) were treated with five different
concentrations of NIM811 in the absence or presence of five
different concentrations of BILN2061, POL-1, or NM107 for
48 h. As shown in Fig. 2, there was a concentration-dependent
inhibition of HCV replicon replication with these compounds
either alone or in combination. Importantly, the combination
of two compounds (NIM811 plus BILN2061, NIM811 plus
POL-1, or NIM811 plus NM107) at various concentrations
always resulted in a greater inhibition than either compound
alone at the same concentration. Furthermore, no significant
increase in cytotoxicity was observed for any of the combina-
tions (not shown).

To determine whether the enhanced antiviral effects ob-
served for NIM811 with inhibitors of viral protease or poly-
merase were synergistic, additive, or antagonistic, the data
shown in Fig. 2 were further analyzed by using a mathematic
model, MacSynergy (21), as described in Materials and Meth-
ods. In this model, the effect of combination was characterized
by comparing the actual experimental results to theoretical
additive effects, which were calculated from the dose-response
curves for single compound treatments based on Bliss Inde-
pendence theory. When presented as a three-dimensional dif-
ferential surface plot, synergy would be observed as a convex
surface, antagonism as a concave surface, and additive effect as
a planar surface. Only statistically significant effects based on
the 95% confidence interval were considered at any given
concentrations of the two compounds. As shown in Fig. 3A, the
combination of NIM811 with the HCV protease inhibitor
BILN2061 resulted in antiviral effects that were not signifi-
cantly different from the theoretical additive effects at the
various concentrations of the two compounds tested, i.e., the
effect of this combination was mainly additive. In contrast, as
shown in Fig. 3B and C, the combinations of NIM811 with
either a non-nucleoside (POL-1) or a nucleoside (NM107)
inhibitor of HCV polymerase produced antiviral effects that
were significantly stronger than theoretical additive effects,
suggesting that these combinations were synergistic. The syn-
ergism observed between NIM811 and HCV polymerase in-
hibitors was reproducible in multiple independent experiments
and was also confirmed with several other nucleoside and non-
nucleosides polymerase inhibitors (not shown).

Combination of NIM811 with HCV protease or polymerase
inhibitors facilitated multilog viral RNA reduction in the rep-
licon cells after prolonged treatment. Currently, a successful
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HCV therapy requires treating patients for 6 to 12 months,
during which time the viral load is reduced to an undetectable
level. Therefore, in addition to the standard 48-h assay mea-
suring only 50 to 90% of the inhibitory activity of compounds,
it is highly relevant to evaluate antiviral agents for their abili-
ties to induce multilog viral RNA reduction after prolonged
treatment in vitro. HCV replicon cells (clone A) were treated
with various concentrations of the viral protease or polymerase
inhibitors alone or in combination with 0.5 �M NIM811 for 3,
6, and 9 consecutive days. At the end of each treatment, total
RNA was extracted from cells, and the quantity of HCV RNA
was determined by qRT-PCR and normalized against the
amount of total RNA extracted. The level of remaining HCV
RNA with each compound treatment was then compared to
that of untreated control cells from the same time point to

FIG. 1. Chemical structures of various HCV inhibitors and their
activities in the 48-h replicon assay as single treatment. HCV rep-
licon cells (Huh-luc/neo-ET) were incubated with various concen-
trations of NIM811 (A), an NS3-4A protease inhibitor BILN2061
(B), a non-nucleoside NS5B polymerase inhibitor POL-1 (C), or a
nucleoside HCV NS5B polymerase inhibitor NM107 (D) for 48 h.
To determine antiviral activity (white bars), the remaining lucifer-
ase activities in compound treated cells were measured and nor-
malized against the luciferase activities for untreated controls. To
monitor the cytotoxic effect (u), the viability of the replicon cells
following compound treatment was determined by using a tetrazo-
lium compound-based assay and was compared to that of untreated
control cells. Each data point represents the average of four repli-
cates in cell culture. EC50 and CC50 values were determined by
four-parameter curve fitting and represent the average values from
at least three independent assays.

FIG. 2. Combination of NIM811 with various HCV protease or
polymerase inhibitors in the 48-h HCV replicon assay. HCV replicon
cells (Huh-luc/neo-ET) were treated with various concentrations of
NIM811 in combination with various concentrations of BILN2061 (A),
POL-1 (B), or NM107 (C) for 48 h. Antiviral activities were deter-
mined by measuring the reduction of luciferase activities in the cells.
The average percentages of inhibition for each compound treatment
compared to untreated control are shown. Each data point represents
the average of eight replicates in cell culture.
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determine the log reduction of HCV RNA over time. As
shown in Fig. 4, there was a concentration- and time-depen-
dent reduction of HCV RNA with all of the different
compound treatments. Importantly, the combinations of
NIM811 with protease or polymerase inhibitors resulted in

a greater reduction of HCV RNA compared to any single
agent alone.

In the experiment with the HCV protease inhibitor (Fig.
4A), 10 nM BILN2061 resulted in a 1.9-log reduction in HCV
RNA after treating the replicon cells for 9 days, and 0.5 �M
NIM811 resulted in a 1.2 log reduction. In contrast, the com-
bination of the two led to a significantly greater (2.8-log) re-
duction of HCV RNA. Moreover, 50 nM BILN2061 reduced
HCV RNA by 2.6 log after 9 days, whereas its combination
with 0.5 �M NIM811 resulted in a 3.4 log reduction, which was

FIG. 3. Synergy analysis for the combination of NIM811 with HCV
protease or polymerase inhibitors. The results of combinations shown in
Fig. 2 were analyzed in a mathematical model, MacSynergy, as described
in Materials and Methods. The three-dimensional response surface plot
shown represents the differences between the actual experimental effects
and the theoretical additive effects at various concentrations of the two
compounds. Only statistically significant (95% confidence interval) differ-
ences between the two were considered at any given concentration.
NIM811 in combination with the NS3-4A protease inhibitor BILN2061
produced an antiviral effect that was comparable to the theoretical addi-
tive effect (A), whereas NIM811 in combination with the non-nucleoside
NS5B polymerase inhibitor POL-1 (B) or the nucleoside NS5B polymer-
ase inhibitor NM107 (C) produced synergistic antiviral effects that were
greater than the theoretical additive effects.

FIG. 4. Combination of NIM811 with HCV protease or polymer-
ase inhibitors facilitated multilog HCV RNA reduction after pro-
longed treatment. HCV replicon cells (clone A) were treated with
various concentrations of BILN2061 (A), POL-1 (B), or NM107
(C) alone or in combination with NIM811 for 3, 6, or 9 days. Culture
medium was replaced every 3 days with fresh compounds. At the end
of each treatment, the quantity of HCV RNA was determined by
qRT-PCR and was normalized against the amount of total RNA ex-
tracted from each sample. The level of remaining HCV RNA in com-
pound-treated cells was compared to that of untreated cells at the
same time point to calculate the log reduction of HCV RNA. Each
data point represents the average of five replicates in cell culture.
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almost as potent as a 100-fold-higher concentration (5 �M) of
BILN2061 alone (3.6 log).

In the experiment with the non-nucleoside HCV NS5B poly-
merase inhibitor (Fig. 4B), 0.5 �M POL-1 resulted in a 1.0-log
reduction in HCV RNA after 9 days, 0.5 �M NIM811 resulted
in a 1.1 log reduction, whereas the combination of the two led
to a 2.5-log reduction. Moreover, 2 �M POL-1 reduced HCV
RNA by 2.3 logs after 9 days. Although a fivefold-higher con-
centration (10 �M) of POL-1 alone did not induce much fur-
ther reduction (2.5 log), the combination of 2 �M POL-1 with
0.5 �M NIM811 was much more effective with a 3.2-log viral
RNA reduction after 9 days.

In the experiment with the nucleoside polymerase inhibitor
(Fig. 4C), 2 �M NM107 resulted in only a 0.5-log reduction in
HCV RNA after 9 days, 0.5 �M NIM811 resulted in a 0.8-log
reduction in the same experiment, whereas the combination of
the two led to a 2.1-log reduction. Furthermore, the combina-
tion of 0.5 �M NIM811 and 5 �M NM107 resulted in a 3.1-log
HCV RNA reduction, which was much better than either 5 �M
or 10 �M NM107 alone (1.3 and 2.6 logs, respectively). These
results confirmed that the significant enhancement of antiviral
activity with the combinations of NIM811 and HCV protease
or polymerase inhibitors can be sustained and would lead to
more pronounced antiviral effects over the time.

No cross-resistance was observed between NIM811 and
HCV protease or polymerase inhibitors. One of the key rea-
sons for using antiviral agents in combination is to suppress the
emergence of resistance. If two drugs have the same or similar
resistance profile, it would limit the utility of using them in
combination. Therefore, it is important to characterize the
cross-resistance profile of NIM811 with other HCV inhibitors
before considering them for combination therapy. To accom-
plish this, drug-resistant clones were selected in vitro via con-
tinuous culture of HCV replicon cells in the presence of these
inhibitors. As described in Materials and Methods, G418 was
included in the culture medium to provide the selection pres-
sure: the replication of wild-type HCV replicon was blocked in
the presence of HCV inhibitor, which resulted in a decreased
expression of neomycin phosphotransferase and therefore cell
death in the presence of G418. In contrast, cells containing
resistant mutant replicons capable of replicating in the pres-
ence of inhibitor would maintain the level of neomycin phos-
photransferase sufficient to protect the cells from G418-medi-
ated death. While the selections of resistant cell lines for viral
protease inhibitor BILN2061 or viral polymerase inhibitors
POL-1 or NM107 were relatively rapid and reproducible, a
NIM811-resistant cell line was significantly more difficult to
generate and required a stepwise-selection with increasing
concentrations of compounds over a 	6-month period. These
resistant clones were then subject to testing for drug suscepti-
bility and sequencing for identification of potential resistant
mutations. Specific mutations—D168V in NS3 protease,
M423V in NS5B polymerase, and S282T in NS5B polymer-
ase—were identified in BILN2061, POL-1, and NM107 resis-
tant clones, respectively, which are known to be associated with
resistance against these compounds (9, 10, 12, 13, 15, 23, 24).
Sequence analysis revealed that the NIM811-resistant clone
does not contain these three mutations or any resistant muta-
tions that have been previously reported for viral protease or
polymerase inhibitors. Further characterization of the mecha-

nism of resistance to NIM811 is in progress. As shown in Table
1, each of these cell lines was highly resistant to the inhibitor
used for selecting the clone. Importantly, no significant loss of
activity was observed for the NIM811-resistant clone to viral
protease or polymerase inhibitors. Reciprocally, the HCV rep-
licon clones resistant to BILN2061, POL-1, or NM107 re-
mained fully susceptible to NIM811.

NIM811 suppressed the emergence of resistance against
HCV protease or polymerase inhibitors. The likelihood or the
frequency of resistance development with HCV inhibitors can
be assessed in vitro using the replicon cells. HCV replicon cells
were seeded at a low density and treated with various concen-
trations of inhibitors either alone or in combination. As de-
scribed above, G418 was included to provide the selective
pressure on HCV replicon cells such that cells bearing wild-
type replicon died while cells bearing resistant replicon grew
and formed visible colonies after about 3 weeks of treatment.
The number of colonies reflects the frequency of resistance. As
shown in Fig. 5, there was an inverse correlation between the
number of colonies and the concentration of compounds, i.e.,
the higher the inhibitor concentration the lower the resistance
frequency. Notably, NIM811 was very effective in blocking the
emergence of resistance compared to polymerase or protease
inhibitors with respect to their relative EC50s. Only 11 colonies
(of relatively small size) survived after the treatment with 0.5
�M (2.8� the EC50) NIM811 compared to 42 colonies with 0.5
�M (227� the EC50) BILN2061, 119 colonies with 1.6 �M
(3.1� the EC50) POL-1, and 55 colonies with 10 �M (21� the
EC50) NM107. It should be noted that the observed effect was
not due to the cytotoxicity of the compounds since the con-
centrations used in the study were much lower than their re-
spective CC50 values and the growth of the cells was not sig-
nificantly affected by the compounds when G418 was absent
(data not shown). Two lower concentrations, 0.1 and 0.2 �M,
of NIM811 were selected to investigate the effect of combina-
tions. Although at these low levels NIM811 alone was not able
to sufficiently suppress viral replication and sensitize cells to
G418-mediated death, it efficiently reduced the frequency of
resistant colony formation against viral protease or polymerase
inhibitors when used in combination. For example, while treat-
ment with a 0.5 �M concentration of the protease inhibitor
BILN2061 resulted in 42 resistant HCV replicon cell colonies,
combination with 0.1 �M NIM811 reduced the number of
colonies to 15, and combination with 0.2 �M NIM811 further

TABLE 1. Characterization of cross-resistance between NIM811
and other HCV inhibitors

HCV replicon cell line
Fold change in EC50

NIM811 BILN2061 POL-1 NM107

NIM811-resistant clone 19.7 1.0 2.0 0.8
BILN2061-resistant clone 0.7 484.2 0.3 0.4
POL-1-resistant clone 3.7 0.4 57.0 1.0
NM107-resistant clone 0.6 1.9 1.1 17.7

aHCV replicon clones resistant to various inhibitors were selected in vitro.
Their susceptibilities to different classes of inhibitors were determined and are
reported as the fold change in EC50 compared to those of the wild-type replicon
cell line. The EC50s of NIM811, BILN2061, POL-1, and NM107 in the wild-type
replicon cells (clone A) were 0.30 
 0.27 �M, 1.55 
 0.44 nM, 0.12 
 0.06 �M,
and 1.85 
 0.64 �M, respectively.
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reduced the frequency to just one colony (Fig. 5A). Likewise,
although treatment with 0.8 �M concentrations of the non-
nucleoside polymerase inhibitor POL-1 resulted in approxi-
mately 450 resistant colonies, the addition of 0.1 �M NIM811
reduced this number to 51 colonies, and 0.2 �M NIM811
further reduced it to just five colonies (Fig. 5B). For the nu-
cleoside polymerase inhibitor NM107, the number of resistant
colonies was reduced from near confluence with 5.0 �M
NM107 alone to 213 colonies with the addition of 0.1 �M
NIM811 and only 18 colonies with 0.2 �M NIM811 (Fig. 5C).

To characterize the resistant colonies produced in these
experiments, HCV replicon RNAs were isolated from the cells
pooled together and sequenced to confirm the presence of
specific mutations in NS3 protease or NS5B polymerase that
are known to be associated with resistance against BILN2061,
POL-1, or NM107, respectively. As expected, HCV replicon
colonies produced via treatments with BILN2061 or BILN2061
plus NIM811 only contained the known resistance-associated
mutation D168V in the NS3 coding region (10, 12, 23), those
treated with POL-1 or POL-1 plus NIM811 only contained the
known resistance-associated mutation M423V in the NS5B
coding region (9, 23), whereas those treated with NM107 or
NM107 plus NIM811 only contained the known resistance-
associated mutations S282T in NS5B (13, 15). No additional
mutation was selected with the combination of NIM811 at the
two low concentrations used in these experiments. Overall, the
extent to which NIM811 reduced the frequency of resistance
that emerged against HCV protease or polymerase inhibitors
was considerable and reproducible in independent experi-
ments and provides further rationale for the use of NIM811 in
combination therapy for HCV.

DISCUSSION

The current standard therapy for chronic hepatitis C is the
combination of pegylated IFN-� and ribavirin, which is of
limited efficacy and has significant side effects. Extensive efforts
have been made to develop more potent and specific antiviral
agents. However, given the high replication efficiency and high
mutation rate of the virus, it is almost certain that resistant
viruses will emerge during long-term treatment with specific
antivirals. Therefore, it is anticipated that the future therapy
for HCV, like that of HIV, will be a combination of multiple
drugs of different mechanisms. NIM811, an HCV inhibitor
with a novel mechanism targeting host factor cyclophilins, pre-
sents a unique opportunity for diverse combinations. In the
present study, the combinations of NIM811 with specific in-
hibitors of HCV NS3-4A protease or NS5B polymerase were
evaluated in vitro for their effects on antiviral activity, as well
as toxicity. In the standard 48-h HCV replicon assay, the com-
binations of NIM811 with any of the other HCV inhibitors
produced a greater inhibition of HCV replication than any of
the single agents alone. None of the combinations resulted in
a significant increase of cytotoxicity. Moreover, the effect of
the combinations was determined to be synergistic for NIM811
with a nucleoside or a non-nucleoside viral polymerase inhib-
itor and additive for NIM811 with a viral protease inhibitor
based on mathematical modeling. The synergism observed be-
tween NIM811 and viral polymerase inhibitors appears to be
generalizable since it was also demonstrated with at least three

FIG. 5. Combination of NIM811 with HCV protease or polymer-
ase inhibitors suppressed the emergence of resistance. HCV repli-
con cells (clone A) were seeded at low density and treated with
various concentrations of BILN2061 (A), POL-1 (B), or NM107
(C) alone or in combination with NIM811 in the presence of G418
selection as described in Materials and Methods. As soon as mac-
roscopic colonies were visible and G418-sensitive cells died and
completely detached from well surfaces, the cells were fixed and
stained with crystal violet/ethanol. The numbers of colonies were
counted by using Bio-Rad Quantity One v4.4 software and are
shown in the graph.
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other nucleoside and non-nucleoside polymerase inhibitors
(data not shown). Interestingly, Watashi et al. reported that
cyclophilin B binds to NS5B and enhances its RNA-binding
activity (26). The effect of combination between a cyclophilin
inhibitor and an HCV polymerase inhibitor is consistent with
the notion that synergism is often observed as the result of
interactions between two related targets or pathways.

The HCV titer in chronically infected patients is typically 106

to 107 copies/ml, and the goal of antiviral therapy is to com-
pletely eradicate the virus to an undetectable level, which re-
quires multiple log reduction in viral load following months of
treatment. To model the effect in vitro, we treated HCV rep-
licon cells for a prolonged period and then compared the
activities of combinations to those of single agents. All of the
compound treatments resulted in a concentration- and time-
dependent reduction of HCV RNA. There were about 103

copies of HCV RNA in each untreated replicon cell, or 107

copies in each RNA sample extracted from 104 cells and then
measured by qRT-PCR. Since the lower limit of quantitation
by qRT-PCR was 102 copies per sample, theoretically a 5-log
reduction in HCV RNA can be detected in this assay. How-
ever, the maximum HCV RNA reduction observed after 9 days
appeared to be 3 to 4 logs, which was likely limited by the
half-life or degradation of remaining HCV replicon RNA even
if its replication was 100% blocked. For the viral protease
inhibitor, 5 �M BILN2061 alone resulted in a 	3-log HCV
RNA reduction after 9 days of treatment. In contrast, a 100-
fold-lower concentration (50 nM) of the compound BILN2061
achieved the same effect when used in combination with 0.5
�M NIM811. For the non-nucleoside polymerase inhibitor
POL-1, combination with NIM811 was able to overcome the
apparent concentration-dependent plateau in antiviral activity
observed for POL-1 alone at 2 to 10 �M. For NM107, the
combination with NIM811 was also significantly more potent
than single agents. These results support the rationale for
including NIM811 in combination therapies aimed to maxi-
mize long-lasting antiviral response and potentially reduce dos-
ages of individual drugs.

A key advantage to target host factors is that it may present
a greater genetic barrier to the emergence of viral escape
mutants. It has been demonstrated both in vitro and in patients
that drug-resistant mutants can emerge quickly, even with the
most potent inhibitors of viral protease or polymerase (7). This
has been attributed to two factors: (i) HCV replicates at a high
rate in patients, producing an estimate of 1010 to 1012 virions
per day (17), and (ii) the RNA-dependent RNA polymerase of
the virus lacks proofreading function and has an error rate of
about 10�4 mutations per genome per replication cycle. As a
result, there is an extremely high degree of heterogeneity of
viral population (quasispecies) in each patient. Since virus-
specific inhibitors typically bind to a defined pocket of viral
protein, mutations in viral genomes that disrupt the binding
would reduce the effectiveness of inhibitors and lead to resis-
tance. It is postulated that inhibitors targeting host factors may
offer certain advantages in this regard since the inhibitors do
not bind directly to the viral targets, which have a diverse
genetic background and are easier to mutate. Indeed, we, as
well as others, have observed that it appeared to be much more
difficult to develop resistance against NIM811 or other cyclo-
philin inhibitors in vitro than against direct inhibitors of viral

protease and polymerase (3, 27). When we compared the fre-
quency of resistance in vitro, a much lower concentration of
NIM811 was required to block the emergence of resistance
compared to protease or polymerase inhibitors with regard to
their relative EC50s. This is likely because multiple cyclophilins
are involved in the viral life cycle and multiple mutations need
to be acquired to confer resistance against cyclophilin inhibi-
tors (3, 4, 22, 27). In contrast, a single point mutation is typi-
cally sufficient to confer high level of resistance against viral
protease or polymerase inhibitors. In other words, cyclophilin
inhibitors such as NIM811 may create a higher genetic barrier
than those of viral specific inhibitors. The mechanism of resis-
tance against NIM811 appears to be different from those of
protease or polymerase inhibitors, as suggested by the cross-
resistance study. This is important especially when combina-
tion therapies are being considered: if treatment with one of
the antiviral agents produces virus that is cross-resistant to
other agents in the combination, then that combination ther-
apy will be rendered ineffective. Furthermore, treatment of
patients with a drug that selects for cross-resistant virus could
result in the spread of multiresistant, treatment-intractable
viruses in the population. Importantly, the NIM811-resistant
HCV replicon cell line was fully susceptible to viral protease
and polymerase inhibitors, while HCV replicon cell lines that
were resistant to protease or polymerase inhibitors remained
fully sensitive to NIM811. Therefore, development of cross-
resistance does not appear to be a concern for NIM811.

Given its novel mechanism of action and unique resistance
profile, NIM811 presents a new opportunity for combination
therapy in blocking the emergence of resistance. This was
evaluated in vitro by measuring the frequency of virus-resistant
colonies in the presence of inhibitors. NIM811 substantially
reduced the number of resistant colonies that emerged with
viral protease or polymerase inhibitors when used in combina-
tion. Notably, NIM811 appeared to be even more effective in
blocking the emergence of resistance since relatively low levels
(0.1 to 0.2 �M) of NIM811 was needed in this experiment
compared to those required to significantly reduce HCV RNA
(0.5 to 1 �M). One of the potential challenges for host factor
inhibitors is to identify the therapeutic doses that do not affect
the normal functions of host targets and therefore do not lead
to significant side effects. These results suggest an interesting
strategy and a potential development path of using low doses
of certain inhibitors, even in the absence of significant antiviral
effect on their own, to combine with other inhibitors with the
sole purpose of suppressing the rate of resistance. Whether
and how this can be studied in the clinical setting may require
innovative study design and regulatory approval, but it should
be worthwhile to explore since resistance will likely become
one of the most important factors for the success of future
specifically targeted antiviral therapies.

We have demonstrated here that NIM811, an inhibitor tar-
geting host factor cyclophilins, led to synergistic antiviral ef-
fects when used in combination with HCV polymerase inhib-
itors and additive effects when used in combination with viral
protease inhibitor. Resistance to NIM811 appeared to be dif-
ficult to develop in vitro and remained fully susceptible to viral
specific inhibitors. Furthermore, NIM811 is highly effective in
suppressing the emergence of resistance when used in combi-
nation with viral protease or polymerase inhibitors. These data
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support the two-pronged antiviral strategy of targeting both
host and viral factors. Further investigation of NIM811 in
combination with other HCV inhibitors in chronic hepatitis C
patients is warranted.
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