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With the introduction of direct-acting antivirals (DAAs), treatment
against hepatitis C virus (HCV) has significantly improved. To manage
and control this worldwide infectious disease better, the “best” mul-
tidrug treatment is demanded based on scientific evidence. However,
there is no method available that systematically quantifies and com-
pares the antiviral efficacy and drug-resistance profiles of drug com-
binations. Based on experimental anti-HCV profiles in a cell culture
system, we quantified the instantaneous inhibitory potential (IIP),
which is the logarithm of the reduction in viral replication events,
for both single drugs and multiple-drug combinations. From the calcu-
lated IIP of 15 anti-HCV drugs from different classes [telaprevir,
danoprevir, asunaprevir, simeprevir, sofosbuvir (SOF), VX-222,
dasabuvir, nesbuvir, tegobuvir, daclatasvir, ledipasvir, IFN-α, IFN-λ1,
cyclosporin A, and SCY-635], we found that the nucleoside polymer-
ase inhibitor SOF had one of the largest potentials to inhibit viral
replication events. We also compared intrinsic antiviral activities of a
panel of drug combinations. Our quantification analysis clearly indi-
cated an advantage of triple-DAA treatments over double-DAA treat-
ments, with triple-DAA treatments showing enhanced antiviral
activity and a significantly lower probability for drug resistance to
emerge at clinically relevant drug concentrations. Our framework
provides quantitative information to consider in designing multi-
drug strategies before costly clinical trials.
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Hepatitis C virus (HCV) affects ∼170 million people world-
wide (1–4) and is a major cause of liver cirrhosis and hepa-

tocellular carcinoma. The standard treatment has long been a
combination of IFN, IFN-α or pegylated IFN-α (peg–IFN-α), with
ribavirin (RBV), with a sustained virological response (SVR) rate of
around 50% (5). Improvements in the SVR rate have been made by
using anti-HCV agents that inhibit viral-derived factors or cellular
factors that are essential for viral replication. Agents inhibiting viral
proteins, called direct-acting antivirals (DAAs), typically target
HCV nonstructural (NS)3 protease, NS5A, and NS5B polymerase
(3). Anti-HCV molecules that target cellular factors, so-called host-
targeting antivirals (HTAs), include those HTAs inhibiting cyclo-
philins and microRNA-122, which are required for HCV replication
(3). These agents have been evaluated in clinical trials. In 2011, the
protease inhibitors (PIs) telaprevir (TPV) and boceprevir were
approved by the US Food and Drug Administration for use in
combination with peg-IFN and RBV. These drug combinations
achieved significantly improved clinical outcomes, attaining more
than a 70% SVR rate (5). The second-generation PI simeprevir
(SMV) was approved in 2013 and has been widely used as one of
the first choices of PIs in combinations such as SMV&peg–IFN-
α&RBV and SMV&sofosbuvir (SOF) (4). SOF is a nucleoside
polymerase inhibitor (NI) that was approved in 2013 and is or has

been used in combination with RBV, SMV, and ledipasvir (LDV)
(4). NS5A inhibitors (NS5AIs) that are already approved include
daclatasvir (DCV) and LDV, which can be used in combinations
such as DCV-SOF; DCV-asunaprevir (ASV), a PI; and, most
importantly, SOF-LDV. Other treatment choices include a com-
bination of paritaprevir (PI), ombitasvir (NS5AI), dasabuvir
[DAS; nonnucleoside polymerase inhibitor (NNI)], and ritonavir
(6). Additional drugs have just been approved, and others will
eventually be approved for adding new combination choices (7).
Anti-HCV treatment with triple-DAA regimens has also been in
clinical trials (8–10).
In an era of rapid progress for anti-HCV treatments, patients and

clinicians select one combination treatment from the available ap-
proved choices based on clinical trial results and practical issues,
such as insurance company reimbursement policies. Toward better
management and control of HCV infection, it is important to un-
derstand the intrinsic characteristics of each drug, including its an-
tiviral activity, drug resistance profile, and adverse effects when used
both singly and in combination to determine the “best” available
combination treatment. Although the intrinsic antiviral activity is the
most fundamental factor for treatment, there have been no data
available that systematically evaluate and compare the intrinsic anti-
HCV activity of drugs that are currently available or that will be
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available in the future. Here, by combining experimental and math-
ematical approaches, we evaluated the intrinsic antiviral activity and
the theoretical emergence of drug-resistant viruses upon treatment
with clinically available and developmental-phase anti-HCV agents
for single drugs and double- and triple-drug combinations.

Results and Discussion
Evaluation of Intrinsic Antiviral Activity of Single and Double-
Combination HCV Drugs. We evaluated the intrinsic antiviral ac-
tivity of anti-HCV agents of different classes (Fig. 1A) in a cell
culture model for HCV genotype 1, the most prevalent HCV
genotype worldwide. The replicon system enables one to evaluate
the efficacy of these drugs to inhibit HCV replication in a highly
sensitive and high-throughput manner (11). We treated an HCV
subgenomic replicon (strain-NN) (12) with each drug for 72 h and
measured the HCV replication activity (Fig. 1B, Methods, and SI
Appendix). The antiviral activity of a drug can be expressed as the
instantaneous inhibitory potential (IIP) (13–18):

IIP= log
�
1
fu

�
= log

�
1+

�
D

IC50

�m�
. [1]

Here, fu is the fraction of infection events unaffected by the drug,
D is the drug concentration, IC50 is the drug concentration that

inhibits 50% inhibition of the activity, andm is the slope parameter
reflecting the steepness of the dose–response curve (SI Appendix,
Supplementary Note 1). If a drug reduces HCV replication by 1 log,
then fu = 0.1 and its IIP= 1, whereas if it reduces replication by
2 logs (i.e., 100-fold), its IIP= 2. Note that the IIP incorporates all
three parameters of the dose–response curve: D, IC50 , and m.
Eq. 1 indicates that the higher the m of the drug, the higher is
the IIP at a given D and IC50.
By profiling the anti-HCV activity of 15 clinically available and

currently developmental-phase drugs (PIs [TPV, danoprevir
(DPV), ASV, and SMV], NI [SOF], NNIs [VX-222 (VX), DAS,
nesbuvir (NSV), and tegobuvir (TGV)], NS5AI [DCV and
LDV], IFNs [IFN-α and IFN-λ1], and cyclophilin inhibitors (CIs)
[cyclosporin A (CsA) and SCY-635 (SCY)] (Fig. 1A), we found
that the dose–response curve slope, and thus the IIP value,
varied among drugs (Fig. 2 A and B and SI Appendix, Supple-
mentary Note 1). By extrapolation (Fig. 2C), we also determined
the IIP100, defined as the IIP when D= 100× IC50, to estimate
the effects of high drug concentrations, because clinical doses
can range between 10- and 100-fold above the IC50 (19). We
found that previous or current first-line drugs against HCV in-
fection, such as IFN-α, TPV, SMV, and SOF, as well as CIs, can
inhibit more than 99% of HCV replication in this concentration
range (IIP100 > 2).
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Fig. 1. Schematics of the anti-HCV drug targets and the experimental system. (A) HCV life cycle and drug targets. After entry into the host cell, HCV genomic
RNA is translated into viral precursor polyprotein and processed into functional proteins (C, E1, E2, p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B). HCV RNA
replicates inside the isolated membrane compartments derived from the endoplasmic reticulum (ER), and assembles into viral particles on lipid droplets, which
traffic through the Golgi and are released outside of the cell. PIs (TPV, DPV, ASV, and SMV) inhibit the processing step, and drugs such as NI (SOF), NNIs (VX,
DAS, NSV, and TGV), NS5AIs (DCV and LDV), and CIs (CsA and SCY) target HCV RNA replication. IFNs (IFN-α and IFN-λ1) supposedly inhibit at least the step(s) of
translation and replication. (B) HCV replication activity was evaluated using an HCV subgenomic replicon (genotype 1b, strain NN) carrying a fusion of the
firefly luciferase gene (Luc) with the neomycin phosphotransferase (Neor). The replicon autonomously and persistently replicates in Huh-7 cells. Cells treated
with drugs were incubated for 72 h and then harvested for luciferase assay. Inhibition of HCV replication was measured by the luciferase activity in drug-
treated cells, relative to activity in DMSO-treated cells.
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Although the precise molecular basis for determining IIP
value remains to be understood, IIP is likely to be governed by
the subclass and target of a drug (SI Appendix, Supplementary
Note 1). High IIPs were achieved by agents that included SOF
and also HTAs, implying that these drugs inhibit the largest
number of HCV replication events when administered at doses
above their IC50 (Fig. 2 B and C and SI Appendix, Supplementary
Note 1). This result adds a favorable characteristic to the already-
known advantages of HTAs; pan-genotypic antiviral effect, high
barrier to drug resistance, and relatively low cost (7), although
the antiviral efficacy in patients may be affected by cellular
conditions and other in vivo factors, such as the pharmacody-
namics, local tissue environment, and targeted cellular com-
partment. However, given the current trends in anti-HCV
therapy, the replacement of IFN-α–based regimens by all-oral,
IFN-free therapies, evaluating DAA-only combinations is a
timely issue. Among the DAA double combinations in this study,
SOF combinations yielded desirably high IIP of the combination
(IIPcom) values (Fig. 3A and SI Appendix, Supplementary Notes 2
and 3). SOF is one of the strong candidates for a constituent in
the current standard-of-care multidrug treatment (7). Our IIP
and IIPcom analyses show that even a small increase in the con-
centration of SOF can present a dramatic gain of antiviral effect,
and the potential antiviral effect of SOF combinations is much
higher compared with other drug combinations that show low
IIPcom values.

Profiling of Triple-Combination Anti-HCV Drugs. Triple-DAA IFN-
free combinations are being clinically evaluated to seek more
rapid and efficacious elimination of HCV, including NI&N-
S5AI&PI and NI&NS5AI&NNI (8, 20–22). However, it is not
yet understood how much advantage triple-DAA treatment can
provide over double-DAA treatment, and which triple-DAA
combination will give the best treatment outcome (8, 20–22).
Here, we quantified the anti-HCV activity of eight candidate
combinations of triple-DAA treatment; SOF with NS5AI (DCV,
LDV) plus PI (SMV, ASV) or NNI (VX, DAS) (Fig. 3B and SI
Appendix, Fig. S9 and Table S3). Interestingly, we found that
these triple-DAA combinations greatly enhanced antiviral activity
(i.e., increased the IIPcom by as much as twofold) compared with
double-DAA treatments in Fig. 3B (P< 10−3 by Welch’s t test for all
combinations), and that these drug combinations exhibited an in-
termediate activity compared with Loewe additivity and Bliss in-
dependence (SI Appendix, Fig. S10). Especially among the tested
combinations, SOF&LDV&SMV and SOF&DCV&SMV achieved

the highest IIPcom values (also SI Appendix, Table S3). At its clinical
concentration (23, 24) (SI Appendix, Table S4), adding SMV to
SOF&DCV increased the IIP of the combination, IIPcom, from 5.4
to 9.4 (i.e., it increased the antiviral activity by 4 logs) (Fig. 4 A and
B). A proof-of-concept clinical trial of triple-DAA treatment (10)
also showed that SOF&DCV&SMV can achieve a high SVR rate,
while reducing the treatment period from 12 wk to only 3 wk using a
response-guided protocol. Our analysis clearly supports a clinical
advantage for triple-DAA–based IFN-free treatments as discussed
elsewhere (8, 10, 20–22).

Calculation of Risk for HCV Drug Resistance Emergence. With some
DAA combination treatments, the emergence of drug-resistant
HCV is one of the major causes leading to treatment failure (4,
7, 25). As reported by Rong et al. (26), because the number of
newly produced virions per day is higher than the number of all
possible single and double mutants of a drug-sensitive viral
strain, all possible one-nucleotide and two-nucleotide drug-
resistant mutants are predicted to be produced multiple times
each day and may happen after 1 d of single-drug treatment (Fig.
4 C and D and SI Appendix, Supplementary Note 4). To minimize
the emergence or selection of drug-resistant virus during treat-
ment, multidrug combinations are the key treatment strategy.
Using the mutation-estimating approach developed previously
(26), we calculated the risk of emergent drug resistance against
clinically important multidrug combinations for the drug con-
centrations in clinical use.
Given the clinical concentration of each drug reported (23, 24)

(SI Appendix, Table S4) and applying a drug combination theory,
Bliss independence (27), we estimated the fractions of un-
affected production events (SI Appendix, Fig. S11 and Supple-
mentary Note 4) and the Bliss-estimated IIP of double- and
triple-DAA combinations (IIPBcom), shown in Fig. 4 A and B.
According to our results, most of multidrug combinations show
anti-HCV activity intermediate between Loewe additivity and
Bliss independence (SI Appendix, Figs. S7 and S10 and Tables
S2 and S3). Thus, we here assumed the anti-HCV effects of
drug combinations calculated by Bliss independence to be the
upper limit of their effectiveness. Our analyses indicated that
SOF&DCV&SMV achieved the highest IIPBcom among the
eight triple combinations composed of SOF&NS5AI&PI or
SOF&NS5AI&NNI (Fig. 4B). Based on the estimated antiviral
activity of these multidrug combinations, we calculated the expected
number of newly produced virions carrying one-nucleotide or
two-nucleotide mutations after 1 d of multiple-drug treatment in
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Fig. 4 C and D (also SI Appendix, Supplementary Note 4). In-
terestingly, even with suppression of viral replication events by
most double-DAA combinations, except for DCV&SMV and
SMV&DAS, there is still a chance for all of the possible one-
nucleotide mutants to be generated (Fig. 4C), although many of
those mutants are expected to be lethal (or unable to grow
under double-combination treatment) and have lower fitness
than wild-type virus. In contrast, triple combinations, except for
SOF&LDV&ASV, showed a lower probability for allowing the
emergence all of the possible one-nucleotide mutations. For
example, SOF&LDV&SMV, a clinical choice for triple DAAs,
showed an 11,000-fold lower risk of emergent mutants compared
with SOF&LDV. Thus, our analysis clearly showed an advantage
of triple-DAA combinations over double-DAA combinations,
which greatly reduced the possible emergence of mutant viruses
(Fig. 4 C and D). Our analysis was conservative in that it did not
take into account the possible lower replication fitness of mutant
virus, as seen with SOF resistance mutations (28). Hence our
calculations may underestimate the barrier to resistance.
This high genetic barrier is especially important in cases where

resistance-associated HCV variants preexist in patients before
antiviral treatment, because the acquisition of drug resistance
against double-DAA treatment requires only one additional
nucleotide substitution, which can be easily introduced even

under antiviral treatment, but the acquisition of drug resistance
against triple-DAA treatment needs two additional nucleotide
substitutions, which are much less frequent. It is known that PI-
resistant variants are generally seen with low frequency (0.1–3%)
in untreated patients; however, the Q80K mutation in NS3,
which generates weak resistance to SMV, has been observed in
9–48% of patients infected with HCV genotype 1a, but at a much
lower frequency in patients treated with genotype 1b (29–31).
L31M and Y93H in NS5A, conferring resistance to NS5AIs,
have high frequency in ∼30% of treatment-naive patients in-
fected with HCV genotype 1b (32, 33). Preexistence of these
resistant variants against anti-HCV agents, such as SMV, DCV,
or LDV, limits treatment efficacy (34). Our analysis showed the
advantage of triple-DAA treatments for universal clearance of
HCV independent of individual viral genotypes and quasispecies.
The analysis also suggested that SOF&DCV&SMV would have
the highest barrier to resistance of any combination tested.

Conclusions
Because a series of HCV drugs have recently been or will soon
be approved for clinical use, the clinical outcome of HCV
treatment has been dramatically improved. To achieve better
management and control of HCV infection worldwide, it is es-
sential to understand the characteristics of each drug and to
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choose the optimal drug combination based on scientific evi-
dence. The practical choice of drug depends on many factors:
side effects of the drug, the genotype of HCV, patient charac-
teristics, the presence of resistance-associated variants of HCV
in the patient, and the patient’s treatment history. Among these
factors, the primary and fundamental factors to be considered
for treatment optimization are the magnitude of antiviral activity
and the potential for emergence of drug resistance. Until now,
however, the intrinsic anti-HCV activity achieved by mono-
treatment and combination treatments has not been systemati-
cally quantified, and the difference in the characteristics of each
anti-HCV drug has not been tabulated. In this study, we evalu-
ated the anti-HCV activity in an HCV genotype 1 replicon cell
culture system (Fig. 1B). Although some anti-HCV drugs block
multiple steps, including viral assembly/secretion (35), the pri-
mary target of all of the drugs used in this study is viral repli-
cation, which prompted us to use the replicon system to evaluate
drug effectiveness. This system supports efficient replication of
genotype 1 HCV, and thus enables one to measure the intrinsic
antiviral effects of any drug combination and at any concentration
of the component drugs in a highly sensitive manner and with high
throughput. The experimental data were analyzed by calculating

the IIP, which is the log reduction in HCV replication caused by
drugs singly and in combination at a particular concentration (13–
18). From the calculated IIP of 15 anti-HCV drugs, we found that
IFN-α and the NI SOF had the largest potential to inhibit viral
replication events. Profiling of 52 double-combination treatments
indicated that combinations using a PI, SMV, achieved high IIP.
By taking into account clinical concentrations, different SMV-
based double-DAA combinations under clinical development
showed the most desirable IIP score. Further, quantitative analysis
showed that triple DAA combinations greatly enhanced the an-
tiviral activity and reduced the probability of emergence of drug-
resistant virus compared with double-DAA treatments.
Quantifying antiviral activity based on the IIPs was originally

developed (14, 15, 17, 18) for quantifying the anti-HIV effect of
combination antiretroviral therapy (cART). Interestingly, these
approaches provided a quantitative basis for determining cART
efficacy and for predicting drug resistance in patients (36).
Likewise, our experimental evidence-based mathematical analysis
is useful for optimizing drug use because it computes the antiviral
activity for various combinations and drug concentrations in a
preclinical setting, thereby providing basic information for de-
signing more efficacious and cost-effective drug treatments with a
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Fig. 4. Quantification of the risk of HCV drug resistance. The fraction of unaffected HCV replication events fBcomu of each double-drug (A) and triple-drug
(B) combination at clinical concentrations is shown. The expected number of newly produced mutants with one-nucleotide (blue) and two-nucleotide (red)
substitutions after the first day of double-drug (C) and triple-drug (D) combination treatment is shown. Each number is calculated by multiplying the number
of newly produced mutants per day and the fraction of production events unaffected by a drug combination as follows: 1012 × P1 × fcomu and 1012 × P2 × f comu ,
where P1 and P2 are the probability of one and two mutations occurring in the HCV genome after one replication event. The y axis shows the number of all
possible one-nucleotide and two-nucleotide mutants (2.9×104 and 4.1× 108, respectively). Thus, if the bar faces to the left for a drug combination, it means
that the expected number of newly produced mutants is below the number of all possible mutants under the corresponding treatment, suggesting drug-
resistant mutants are unlikely to occur.
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high barrier to drug resistance. Given that the antiviral efficacy of
most DAAs varies among the HCV genotypes, optimizing drug
combinations that target other genotypes should be possible using
other replicon or infectious virus cell culture systems.

Methods
In this study, HCV replication was evaluated in the HCV replicon system. It
should be noted that the anti-HCV activity (IIP) of drugs, including PIs, NS5AIs,
NIs, and NNIs, based on the replicon assay showed significant correlations
with the anti-HCV activity obtained in the HCV infectious cell culture system,
suggesting that the replicon system can be used to characterize the essential
anti-HCV activity of drugs (SI Appendix, Fig. S12 and Supplementary Note 5).
In addition, a Spearman’s rank-order correlation analysis showed that the
anti-HCV activity was not significantly affected by the adaptive mutations in
our replicon system (SI Appendix, Fig. S13 and Supplementary Note 5). We
used LucNeo#2 cells, which carry an HCV subgenomic replicon that includes
ORFs for a fusion protein of firefly luciferase-neomycin phosphotransferase
and the NS3–NS5B region of an HCV of genotype 1b (strain NN) (12). Luc-
Neo#2 cells were seeded at 7× 103 cells per well, incubated for 24 h, and
treated with each compound at the indicated concentration. After in-
cubation for 72 h, the cells were lysed and their luciferase activity was
measured with a Luciferase Assay System according to the manufacturer’s
protocol (Promega) (12). Simultaneously, cell viability was measured at 72 h
posttreatment with a Cell Proliferation Kit II (XTT), as recommended by the
manufacturer (Roche) (37). This replicon’s advantage for high-throughput
assays enables one to produce the large scale of data that is required for
quantifying the antiviral activity of drugs and drug combinations.

In the monotreatment study, we evaluated the intrinsic anti-HCV activity
of 15 anti-HCV drugs (Fig. 1): DAAs that directly inhibit a viral-derived factor
and HTAs that inhibit HCV replication by targeting cellular factors. The DAAs

included PIs (TPV, DPV, ASV, and SMV), an NI (SOF), NNIs (VX, DAS, NSV, and
TGV), and NS5AIs (DCV and LDV). The HTAs comprised IFNs (IFN-α and IFN-λ1)
and CIs (CsA and SCY). In the cotreatment experiment, we treated cells with
the indicated combinations of drugs and measured their HCV replication
activity as described above. We confirmed that no toxicity was observed in
any of drug combinations. SMV, ASV, DAS, NSV, TGV, and LDV were pur-
chased from MedChem Express. TRV, DPV, SOF, VX, and DCV were from
Selleckchem. IFN-α was obtained from MSD. IFN-λ1 was purchased from R&D
Systems. CsA was purchased from Sigma–Aldrich, and SCY was kindly pro-
vided by Scynexis, Inc.
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