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Abstract: Sustained virological response (SVR) rates have increased dramatically following
the approval of direct acting antiviral (DAA) therapies. While individual DAAs have a
low barrier to resistance, most patients can be successfully treated using DAA combination
therapy. However, DAAs are vulnerable to drug resistance, and resistance-associated variants
(RAVs) may occur naturally prior to DAA therapy or may emerge following drug exposure.
While most RAVs are quickly lost in the absence of DAAs, compensatory mutations may
reinforce fitness. However, the presence of RAVs does not necessarily preclude successful treatment.
Although developments in hepatitis C virus (HCV) therapy in Asia have largely paralleled
those in the United States, Japan’s July 2014 approval of asunaprevir plus daclatasvir
combination therapy as the first all-oral interferon-free therapy was not repeated in the United
States. Instead, two different combination therapies were approved: sofosbuvir/ledipasvir and
paritaprevir/ritonavir/ombitasvir/dasabuvir. This divergence in treatment approaches may lead
to differences in resistance challenges faced by Japan and the US. However, the recent approval
of sofosbuvir plus ledipasvir in Japan and the recent submissions of petitions for approval of
paritaprevir/ritonavir plus ombitasvir suggest a trend towards a new consensus on emerging
DAA regimens.
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1. Introduction

1.1. Hepatitis C Virus

Hepatitis C virus (HCV) is an enveloped virus in the hepacivirus genus of the Flaviviridae
family. The 9.6 kb positive-sense, single-stranded RNA genome encodes a 3000 nucleotide single
polyprotein that is cleaved into three structural proteins and six non-structural proteins. In spite of
recent advances in antiviral therapy, hepatitis C virus (HCV) remains a major public health challenge.
At least 185 million people throughout the world are chronically infected [1,2], and in Japan the
rate of chronic HCV infection is estimated to be up to 2% of the population. Compared to Western
countries, Japanese patients are more likely to be older and female and are more likely to be
treatment-experienced with more advanced liver disease [3].
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1.2. HCV Variability

The NS5B RNA-dependent RNA polymerase is highly error prone and leads to frequent
substitutions, resulting in high intra-patient variability (1%–5%) represented in the form of
quasispecies [4,5]. Inter-patient variability is also high, with six recognized genotypes varying by up
to 30%–50% of the sequence and multiple sub-genotypes varying from 15% to 30% [6]. HCV genotype
frequencies vary geographically, with genotype 1 being the most common worldwide, followed by
genotypes 3, 2, and 4. Genotypes 1 and 4 are considered the most difficult to treat, although the focus
of current drug development efforts on genotype 1 has result in high success rates for patients with
this genotype. Genotypes 2 and 3 have typically been considered more responsive to treatment and
have required shorter durations of interferon therapy, but interferon-free approaches have revealed
greater differences between the genotypes, and effective DAA therapy for genotype 3 is currently a
major treatment goal.

1.3. HCV Treatment

HCV infection is often asymptomatic, but patients with chronic HCV are at greater long-term risk
of cirrhosis, liver failure, and hepatocellular carcinoma (HCC). Even patients who have successfully
cleared the virus are still at greater risk of developing HCV when liver damage is extensive.
However, normalization of serum alfa-protein levels in patients who achieve SVR suggests that
effective treatment may reduce the risk of HCC [7]. Therefore, patients with chronic HCV should
be identified and treated at an early stage if possible. Until recently, however, the efficacy of the
standard of care treatment for genotype 1 remained below 50%, and non-responders had few other
treatment options. Treatment success is defined in terms of sustained virological response (SVR) in
which the virus remains undetectable 24 weeks after the end of therapy. Interferon-based therapies
typically ranged from 24 to 48 weeks depending on the viral genotype, with extension to 72 weeks
in some slow-response patients [8]. Some patients showed a transient response to interferon but
relapsed during follow-up, whereas other patients showed no change in HCV RNA levels in response
to interferon therapy. There are currently four main classes of DAAs: NS3/4A inhibitors, NS5A
inhibitors, and both nucleos(t)ide as well as nonnucleoside analogs targeting the NS5B polymerase.

1.4. Direct Acting Antiviral Agents

Because HCV does not integrate into the human genome and must replicate continuously to
maintain infection, it should be possible to eradicate the virus by blocking replication at one or more
stages of the life cycle. This approach to treating HCV was implemented in the form of direct acting
antiviral (DAA) therapy, in which high-throughput methods are used to screen drugs that directly
target HCV proteins (Table 1 and Figure 1). The introduction of DAA agents has improved SVR rates
and shortened treatment duration. DAAs also help to overcome interferon non-responsiveness [9].
DAAs were initially used in addition to peg-interferon plus ribavirin, which improved SVR rates
but at the expense of further restricting patient eligibility and increasing the range of side effects.
The recent goal of developing interferon-free DAA combination therapies in which two or more DAA
classes are co-administered aims to reduce side effects and extend patient eligibility.
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Table 1. Characteristics and resistance profiles of selected direct acting antiviral agents in the United
States and Japan.

Class Drug Manufacturer Approved for gt 1

NS3/4A Protease Inhibitors

First-Generation, First-Wave

Boceprevir (SCH503034) Merck US (2011)
Telaprevir (VX-950) Janssen US (2011); Japan (2011)

First-Generation, Second-Wave

Simeprevir (TMC-435) Tibotec US (2013); Japan (2013)
Faldaprevir (BI-201335) BI withdrawn (2014)

Asunaprevir (BMS-650032) BMS Japan (2014)
Paritaprevir (ABT-450/r) AbbVie US (2014)

Danoprevir (ITMN-191, RG 7227) Roche
Sovaprevir (ACH-1625) Achillion
Vedroprevir (GS-9451) Gilead
Vaniprevir (MK-7009) Merck

Second Generation

Grazoprevir (MK-5172) Merck
ACH-2684 Achillion

NS5B Polymerase Inhibitors

Nucleoside Inhibitors

Sofosbuvir (GS-7977) Gilead US (2014); Japan (2015)
Mericitabine (RG-7218) Roche

Non-Nucleoside Inhibitors

Thumb II Inhibitors
GS-9669 Gilead
VX-222 Vertex

BMS-791325 BMS
Palm I Inhibitors

Dasabuvir (ABT-333) AbbVie US (2014)
ABT-072 AbbVie

Setrobuvir (ANA-598) Roche

NS5A Inhibitors

First Generation

Daclatasvir (BMS-790052) BMS Japan (2014)
Ledipasvir (GS-5885) Gilead US (2014); Japan (2015)
Ombitasvir (ABT-267) AbbVie US (2014)

PPI-668 Presidio
PPI-461 Presidio

ACH-2928 Achillion
GSK-2336805 GlaxoSmithKline
BMS-824393 BMS

Samatasvir (IDX719) Idenix

Second Generation

Elbasavir (MK-8742) Merck
ACH-3102 Achillion

GS-5816 Gilead

BMS: Bristol-Myers Squibb; BI: Boehringer Ingelheim.
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Figure 2. Position of frequently reported resistance mutations for selected DAAs [12]. 

Figure 1. HCV genome architecture and DAA targets. The HCV RNA genome is initially translated as
a polyprotein which is initially cleaved by host proteases after which the NS3/NS4A protease cleaves
itself and the remaining nonstructural proteins. Direct acting antivirals have been developed against
the NS3 protease, the NS5A replication complex, and the NS5B polymerase.

1.5. DAA Resistance

Although DAA therapies hold great promise as a potential treatment for nearly all patients with
chronic HCV, the high specificity of DAAs against their viral targets makes them sensitive to small
changes in the sequence of viral peptides, resulting in emergence of antiviral resistance and treatment
failure in some patients. Each drug family has a specific resistance profile that influences the barrier to
resistance and may vary among genotypes or sub-genotypes (Figure 2). As raw material for selection,
the low-fidelity HCV polymerase routinely generates all possible single and double mutations, and
the high replication rate of HCV allows minor variants to increase rapidly in frequency in response
to drug pressure. Resistance-associated mutants may arise at any time prior to or during therapy.
Most variants have lower fitness relative to wild type and are quickly lost, but in the worst case,
secondary mutations may compensate for fitness loss and allow the variant to remain even in the
absence of the drug. Cross-resistance among DAAs is high, with resistance to one drug often
conferring at least partial resistance to other drugs in the same class. Some resistance-associated
variants detected in treatment-naive patients appear to be associated with the patient’s IFNL3
genotype, which might indicate selection due to innate immune responses in these patients [10,11].
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1.6. Resistance Testing

Although methods for detecting resistance-associated variants (RAVs) have been described [13,14]
and commercial assays are available for certain variants (e.g., NS3 Q80K), there is as yet no standard
way to evaluate patients for the presence of RAVs in clinical practice and few guidelines on their
effective use. Direct sequencing is an efficient way to characterize dominant variants but lacks the
sensitivity to detect minor variants. While ultra-deep sequencing may be used to characterize novel
RAVs, the method is expensive and unsuitable for routine clinical use, and the background error
rate of the current methods makes it difficult to discriminate rare variants from sequencing errors.
Assay systems designed to detect specific variants (e.g., NS5A Y93) are more practical but are limited
due to the high degree of HCV variability. Uchida et al. described an assay system to detect NS5A
Y93H variants using real-time PCR with primers spanning a 186 nucleotide region of NS5A and
four types of oligonucleotides representing the two codons each for tyrosine (Y) and histidine (H) at
Y93 [14]. However, this method may fail to detect strains with unanticipated sequence variants at
Y93 or in the primer region. Yoshimi et al. reported a more robust approach using nested real-time
PCR using degenerate probes followed by the Invader reaction [13]. The method was superior to
direct sequencing in detecting low-frequency Y93H variants, and Y93H frequencies correlated well
with results using deep sequencing. However, the outer primers were ineffective in amplifying
cDNA in 9% of patients in spite of relatively high conservation in this region, and long-distance PCR
probes using a more conserved region were used instead. Amplification failures in other patients
required use of direct sequencing data to in order to select the most appropriate alternative cycling
probes. While most patients could be successfully tested after these manual steps, the high variability
of the HCV genome makes automation and routine use of such tests more difficult. However, assay
systems should become more accurate and sensitive as additional sequence variability data becomes
available. Unlike current Japanese guidelines that recommend pre-treatment RAV testing, current
EASL and AASLD treatment guidelines do not recommend pre-treatment resistance testing in
treatment-naive patients except in the case of NS3 Q80K variants in simeprevir-based therapy [15,16].
However, future guidelines may expand recommendations on the role of pre-treatment resistance
testing and consideration of prior DAA treatment history in guiding treatment decisions.

2. NS3/4A Protease Inhibitors

2.1. NS3/4A Protease

After translation of the viral genome, the 3000 amino acid polyprotein must be cleaved into three
structural proteins and six non-structural proteins. The structural proteins are cleaved by cellular
proteases, but the non-structural region encodes a protease, which cleaves first itself and then the
remaining non-structural proteins. The NS4A protease and its cofactor NS3 form a heterodimer
localized to the endoplasmic reticulum. Aside from its essential role in viral infection, the protease
also plays a role in immune suppression by cleaving two key interferon signaling molecules [17–19].

2.2. Telaprevir and Boceprevir

In July 2011, the FDA approved two NS3/4 serine protease inhibitors (PIs), telaprevir and
boceprevir. These α-ketoamide electrophilic trap-containing inhibitors mimic the carboxy-terminal
region of the HCV NS3/4 serine protease and reversibly target S139 of the active site [20,21].
Telaprevir monotherapy is impractical due to rapid emergence of resistance variants [22,23], but
telaprevir greatly increased SVR rates when used in combination with peg-interferon plus ribavirin.
However, this demanding therapy further restricted patient eligibility, and patients undergoing the
therapy often experienced adverse events.
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2.3. Telaprevir Resistance

The NS3 domain is highly divergent among HCV genotypes, but first generation PIs are highly
specific to genotype 1, which not only limits their use against other HCV genotypes but also results in
a relatively low barrier to resistance [24]. Even within genotype 1, resistance occurs more frequently
in genotype 1a than 1b due to a synonymous codon at R155 that reduces the number of nucleotide
changes required to cause an amino acid substitution [25]. While these mutations tend to have lower
fitness than wild type and cannot compete in the absence of the drug, compensatory mutations such
as V36M restore viral fitness, allowing the virus to compete in the absence of the drug and increasing
the risk of persistence [26]. Discontinuation of telaprevir or boceprevir therapy is recommended
in the event of viral breakthrough, but resistant strains are also highly cross-resistant to other PIs
in the same class, potentially confounding future treatment efforts. The shallow orientation of the
NS3 catalytic site prevents tight binding of inhibitors and PIs rely on interaction with several key
residues [27]. Although resistance profiles differ slightly among current PIs, most first generation PIs
are vulnerable to R155 and D168 substitutions. First generation PIs are ineffective against genotype 3
because most strains are fixed for the D168Q substitution.

2.4. Telaprevir Triple Therapy in Japan

Telaprevir, although not boceprevir, was approved in Japan in September 2011. Telaprevir triple
therapy entered widespread clinical use and resulted in improved rates of SVR. However, the therapy
was poorly tolerated, and many patients experienced adverse effects including rash and anemia.
Ribavirin dosage is determined by body weight, and in the case of anemia, the dosage may be reduced
without compromising safety, whereas telaprevir dosage is fixed. While initial dose-determining
studies were performed mainly in Europe and North America, Japanese patients tend to have lower
average body weight, which may have contributed to the high incidence of adverse events.

2.5. Second Wave Protease Inhibitors

While the second generation of PIs to overcome these obstacles is under development,
incremental improvements to increase the barrier to resistance and extend coverage to other
genotypes has led to a second wave of improved first generation PIs. Major goals in the design of these
drugs included improved safety and tolerability profiles and improved patient compliance through
a reduced pill burden [28]. In a sign of the rapid pace of DAA development, Vertex Pharmaceuticals
discontinued sales of telaprevir in October 2014, and Merck has announced that it will discontinue
sales of boceprevir by December 2015, due mainly to reduced demand for the drugs following the
approval of alternative DAAs.

2.6. Simeprevir

In November 2013, the FDA approved simeprevir (TMC-435), a macrocyclic PI with a once
per day dosing regimen and antiviral activity against genotypes 1, 2, 4, 5, and 6 [29]. A 150 mg
dose was approved in the US, but a lower 100 mg dose was approved in Japan. Like telaprevir,
simeprevir was approved for use in combination with peg-interferon and ribavirin, but SVR rates
were higher and incidence of adverse events was lower than in telaprevir triple therapy, although rash
and photosensitivity are more common than with peg-interferon and ribavirin alone. Simeprevir also
has the advantage of once-daily dosing, compared to telaprevir’s twice or three times daily dosing,
and unlike telaprevir, it is not required to be ingested with a high-fat meal. Inhibition of the bilirubin
transporter organic anion transporter protein B1 (OATP1B1) leads to elevation of serum bilirubin
in some patients, but simeprevir is 1000 times less active against 20 human proteases than against
the viral protease [21,30]. Simeprevir can also be given to liver transplant recipients without dose
adjustments for cyclosporine or tacrolimus. In spite of these improvements, simeprevir is vulnerable
to antiviral resistance (Q80, S122, R155, and D168) and should not be used in patients who failed to
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respond to prior PI therapy due to cross-resistance. SVR was also significantly reduced in genotype 1a
patients in whom Q80K variants were present at baseline.

2.7. Asunaprevir (BMS-650032)

In July 2014, Japan approved asunaprevir for use in combination with the NS5A inhibitor
daclatasvir, making it the first approved all-oral, interferon/ribavirin-free DAA therapy [31].
Another of the first generation second-wave PIs, asunaprevir has improved safety with once or twice
daily oral administration and antiviral activity against genotypes 1, 4, 5, and 6. Although the barrier
to resistance is higher than in first wave PIs, asunaprevir resistance has been reported for several
variants: F43S, S122G/N/R, R155K, D168A/E/G/V/Y, and V170T. Although asunaprevir is being
used successfully in Japan, due to differences in genotype frequencies between the two populations
and faced with increasing competition from Gilead (Foster City, CA, US) and AbbVie (North Chicago,
IL, US), Bristol-Myers Squibb (New York, NY, US) has withdrawn its application for asunaprevir in
the US.

2.8. ABT-450/r (Paritaprevir with Ritonovir)

While asunaprevir will not appear in the US market, another second wave PI, ABT-450, was
approved by the FDA in December 2014. Because ABT-450 is a substrate of cytochrome P450, it
is co-administered with the cytochrome P450 inhibitor ritonavir, which increases the half-life and
permits once daily dosing [32]. Ritonavir interacts with the HIV protease, complicating the drug’s
use in HIV-positive patients and requiring full suppression of HIV RNA prior to therapy. High doses
of the drug help to suppress development of resistance, but the risk of resistance is higher in genotype
1a compared to 1b. In a phase III clinical trial of 473 patients, NS3 D168V variants were detected in
seven out of the eight patients who experienced virologic failure or relapse [33].

2.9. Second Generation PIs

Although second wave drugs incorporate numerous improvements over the first wave PIs, they
remain cross-resistant and share a low barrier to resistance. The term second generation is reserved
for PIs that are unaffected by resistance variants affecting first generation PIs, and have pan-genotypic
activity against a range of HCV genotypes, including genotype 3. While several drugs, such as
MK-5172 and ACH-2684, are undergoing clinical trials, no second generation PIs have yet been
approved in the US or Japan.

3. NS5B Polymerase Inhibitors

3.1. NS5B RNA-Dependent RNA Polymerase

While PIs act at an early stage of the HCV life cycle by interfering with cleavage of the
polyprotein, other DAAs target different stages of the life cycle. Polymerase inhibitors target the HCV
NS5B RNA-dependent RNA polymerase (RdRp/NS5B). This low-fidelity polymerase synthesizes a
negative strand RNA, which is then used to produce multiple positive strand copies of the HCV
genome for replication and translation [34]. Two different types of polymerase inhibitors, nucleoside
inhibitors (NIs) and non-nucleoside inhibitors (NNIs) have been developed. A number of NI and NNI
candidates have reached advanced clinical trials in humans but were later withdrawn, including the
NIs IDX-184, INX-189, and GS-6620 and the NNIs deleobuvir, tegobuvir, and filibuvir [16].

3.2. Nucleoside Inhibitors

NIs are similar to naturally occurring nucleotides, but they inhibit the RdRp active site and cause
chain termination when they are incorporated into the elongating RNA sequence [35,36]. NIs are
administered as a prodrug that must be phosphorylated to become an active nucleoside triphosphate.
In principle, NIs have a low barrier to resistance because single amino substitutions are able to confer
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resistance, but in practice, the barrier to resistance is relatively high because the active site is strongly
conserved among all HCV genotypes and resistance variants tend to have poor fitness [35]. In fact,
NIs have the highest barrier to resistance among the DAAs available so far [28]. However, NS5B
resistance mutations have been observed in DAA-naive patients. In a direct sequencing study of
DAA treatment-naive HCV patients, V321I, M426L, Y448H, Y452H were detected in 13% of genotype
1a patients and L159F, V321I, C316N, M426L, Y452H, R465G and V499A mutations were detected in
90% of genotype 1b patients [37]. While many of these mutations confer only a low level of resistance,
they highlight the extreme variability of the HCV genome and suggest a deep bench of potential DAA
resistance variants.

3.3. Sofosbuvir (GS-7977)

One of the most important new DAAs, the NI polymerase inhibitor sofosbuvir was approved in
the US in December 2013 under its breakthrough therapy designation based on results from multiple
clinical trials, including FISSION, NEUTRINO, POSITRON, and FUSION [38–40]. The sofosbuvir
prodrug is converted into GS-331007, which is then taken up by hepatocytes and converted by
cellular kinases to the active form, GS-461203 [41]. The FDA approved a 12 week course of once daily
400 mg sofosbuvir in combination with peg-interferon and ribavirin for treatment of genotypes 1 and
4 or with ribavirin alone for the treatment of genotypes 2 (12 weeks) and 3 (24 weeks). SVR rates
greater than 90% have been reported with adverse events such as fatigue and headache on par with
peg-interferon and ribavirin alone [39]. Although HCV genotyping has long been performed to guide
therapy decisions, discordances in genotyping methods in sofosbuvir clinical trials have revealed a
higher than expected incidence of HCV recombinant strains, particularly RF1_2k/1b, in which the
response to therapy was more similar to genotype 1 than genotype 2 due to the presence of genotype 1
NS5B [42,43]. Given the genotype-specific differences in the content and duration of therapy, HCV
genotyping might require greater scrutiny prior to DAA therapy. Although co-administration of the
drug with amiodarone and another DAA, such as ledipasvir or simeprevir, has led to rapid-onset
brachycardia in a small number of patients, sofosbuvir is well tolerated and has been successfully
used to treat patients with HCV/HIV co-infection. No dose reduction is necessary for elderly
patients, but Gilead suggests that 24 weeks of therapy with sofosbuvir and ribavirin could be used to
treat interferon-ineligible patients with genotype 1, and up to 48 weeks of sofosbuvir plus ribavirin
therapy could be used to reduce the risk of post-transplant re-infection in patients awaiting liver
transplantation. Ribavirin dose modifications in response to hemoglobin abnormalities are common,
but dose reduction of sofosbuvir is not recommended, and sofosbuvir should be discontinued in
the event that other ribavirin and other agents are discontinued. Sofosbuvir therapy is also not
recommended in patients with severe renal impairment or end stage renal disease due to twenty-fold
greater exposure of the metabolite. Conversely, intestinal exposure to P-gp inducer drugs such as
rifampin and St. John’s wort decreases the plasma concentration of sofosbuvir and may compromise
the effectiveness of therapy. In November 2014 the FDA approved sofosbuvir plus simeprevir as an
interferon-free dual DAA therapy for genotype 1, and in July 2015, sofosbuvir was approved in Japan
in combination with ledipasvir for treatment of genotype 1 and in combination with ribavirin for
treatment of genotype 2.

Although cost has long been a concern in HCV therapy, sofosbuvir pricing in particular has
attracted controversy. The US $84,000 cost of a 12 week course of treatment, averaging $1,000 per
400 mg pill, has raised concern about the drug’s cost effectiveness. The World Health Organization
recently added sofosbuvir to its list of essential medicines and urged lower prices. While the drug
is available at lower cost in Europe and is offered in generic form or at steeply discounted rates in
91 developing countries, as low as 1% of the US price, the drug nonetheless remains out of reach
for 59 million people around the world. While Gilead holds a patent on sofosbuvir in China, India
rejected Gilead’s patent claim for Sovaldi, and China recently rejected Gilead’s patent application
for the prodrug, opening the door to further patient challenges and generics. Medical tourism may
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be an unintended consequence of this pricing differential, as demand for the drug has encouraged
patients to seek more affordable treatment overseas. After failing to negotiate a sufficient discount,
the largest US pharmacy benefit manager discontinued coverage of the drug, opting for AbbVie’s
paritaprevir/ritonavir/ombitasvir/dasabuvir Viekira Pak instead. However, the cost to develop a
new DAA is high, and in the pace of rapid development, the effective life span of a new DAA may be
limited. Therefore, at this stage in DAA development, restricting the availability of effective treatment
options based on pricing considerations alone may be shortsighted. Given the drug’s efficacy and the
low occurrence of resistance, sofosbuvir is poised to play a key role in managing resistance in the near
future, especially when additional combination therapies with other DAAs are approved.

3.4. Non-Nucleoside Inhibitors

While NIs act by directly interfering with the RdRp active site, NNIs suppress RdRp activity
indirectly by binding to one of several known allosteric sites located away from the active site [44].
NNIs are currently only effective against genotype 1 and have lower antiviral potency and a lower
barrier to resistance than NIs, especially in genotype 1a in which the drug dissociates faster than
in 1b [45]. Resistance mutations also do not necessarily compromise viral fitness, making it easier
for the variant to persist in competition with the wild-type strain. However, NS5B contains at least
five druggable targets, and several NNIs under investigation, including the thumb I/II and palm I/II
inhibitors, may provide complementary protection by targeting different regions of the molecule [45].

3.5. ABT-333 (Dasabuvir)

The NNI dasabuvir was approved by the FDA in December 2014 for use in combination with
paritaprevir/ritonavir (PI) and ombitasvir (NS5A inhibitor) with or without ribavirin for treatment
of adults with genotype 1, including patients with compensated cirrhosis. The twice daily dosing
regimen is higher than some other combinations but is simplified using the Viekira Pak, which
contains one tablet of dasabuvir and one tablet co-formulated with ombitasvir, paritaprevir, and
ritonavir. Ribavirin is not required but is recommended for all patients except non-cirrhotic patients
with genotype 1b. SVR rates between 91% and 100% were achieved in clinical trials involving
2308 patients [46]. The cost of a 12-week Viekira Pak is $83,319. Except for ritonavir, which had
been previously approved as an HIV protease inhibitor, none of the drugs in the Viekira Pak have
been approved for standalone use. In a phase III trial involving 473 patients, NS5B-S556G resistance
variants were detected in four patients who failed to achieve SVR [33].

4. NS5A Inhibitors

4.1. NS5A

NS5A inhibitors form a cornerstone of most DAA combination therapies. Non-structural
protein 5 (NS5A) is a 447 amino acid viral phosphoprotein. Even though it has no known enzymatic
activity, making it an unusual drug target, NS5A plays a critical role in viral replication [47].
The NS5A dimer forms an essential component of the replication complex but is also
thought to contribute to immune evasion and interferon resistance by interfering with signal
transduction. Therefore, targeting the multifunctional NS5A should not only disrupt viral replication
but may also strengthen the cell’s innate immune response against the virus.

4.2. Daclatasvir

To identify potential drug candidates using an unbiased chemical genetics approach,
Bristol-Myers Squibb used a high-throughput replicon system to screen over a million small
molecules for antiviral activity against HCV [47,48]. Candidate compound BMS-858 was found
to weakly inhibit replication of HCV Con-1 genotype 1b in Huh-7 liver cells. The compound
was extensively refined to improve potency, availability, and genotypic coverage, resulting in
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the development of daclatasvir (BMS-790052). Daclatasvir showed potent antiviral activity and
reduced serum HCV RNA by 3.3 log10 IU/mL within 24 h of administration of a single dose.
EC50 was only 0.009 nM for genotype 1b but somewhat higher at 0.050 nM for genotype 1a [49].
While efficacy of most first generation drugs is limited to genotype 1, daclatasvir showed potent
antiviral effects against genotypes 1–6 in vitro [47,48]. Although the drug is relatively large
(>700 g/mol), it is delivered efficiently to the liver and is well tolerated at doses up to 100 mg,
permitting once daily dosing [49–51]. Daclatasvir is thought to target a region in the first 100 amino
acids of NS5A, perhaps disrupting protein function by interfering with dimer association [47].

Daclatasvir was developed as part of an interferon/ribavirin-free dual therapy in combination
with asunaprevir (PI) [52,53]. In an open-label phase III clinical trial in Japan, 222 genotype 1
patients were treated with asunaprevir plus daclatasvir for 24 weeks [54]. All patients were either
prior null responders or were ineligible for interferon therapy. SVR rates ranged from 81% in
prior non-responders to 91% in cirrhotic patients. The therapy was approved in July 2014 in
Japan. Given its effectiveness and low incidence of adverse events, the therapy has become widely
used in Japan, and about 40,000 patients have been treated so far. However, about 10% of those
treated have developed resistance. Daclatasvir resistance mutations corresponded to those previously
characterized in vitro, including L31 and Y93 (genotype 1a and 1b) and M28 and Q30 (genotype 1a).
Both daclatasvir and asunaprevir-resistant substitutions were detected by direct sequencing in
patients with treatment failure [55]. While asunaprevir-resistant variants were no longer detectable
48 weeks after the end of treatment, daclatasvir-resistant variants remained. Although NS5A-resistant
mutations can emerge after exposure to the drug, they are also often naturally present, at least at
low frequency, in DAA-naive patients [37]. Paolucci et al. observed M28V, L31M, and H58P in
13% of DAA-naive genotype 1a patients and L28V, L31M, Q54H, Y93H, and I280V in genotype 1b
patients [37]. The frequency of NS5A inhibitor-resistant variants in DAA-naive patients is about 4%
worldwide but about 11%–23% in Japan’s genotype 1b patient population [56]. In a study examining
the emergence of daclatasvir RAVs using ultra-deep sequencing, 31 patients were treated with
daclatasvir plus asunaprevir for 24 weeks [7]. Two patients experienced viral breakthrough and two
patients relapsed. While no NS3-D168 RAVs were detected prior to treatment, NS5A L31M or Y93F/H
RAVs were detected in 30% of the patients prior to therapy, of whom only 5 out of the 9 achieved SVR.
NS3-168 RAVs were rapidly lost after discontinuation of therapy, but NS5A variants remained at high
frequency. Patients with pre-existing NS5A mutations or who experienced on-treatment emergence
of NS3 and/or NS5A variants were more likely to experience treatment failure. Persistence of NS5A
variants may complicate retreatment efforts in these patients, although in vitro studies suggest a
number of all-oral treatment options for patients who fail to achieve SVR under daclatasvir plus
asunaprevir therapy [57]. The presence of NS5A variants does not necessarily ensure treatment
failure, although the high pre-treatment frequency of NS5A RAVs in Japanese patients suggests that
patients should be screened prior to NS5A treatment.

4.3. Ledipasvir (GS-5885)

Several other NS5A inhibitors have undergone clinical trials in Japan. A recent multi-centre,
open-label, randomized phase III clinical trial (NCT01975675) evaluated the effect of 12 weeks of
Gilead’s NS5A inhibitor ledipasvir and sofosbuvir (NS5B inhibitor) with or without ribavirin in
341 Japanese patients with chronic genotype 1 infection [58]. All patients who received ledipasvir and
sofosbuvir achieved SVR12, and 98% of patients who received ledipasvir, sofosbuvir, and ribavirin
achieved SVR12. NS5A Y93H resistance variants were detected in 76 patients prior to therapy,
although all but one achieved SVR12. In July 2015, Japan’s Ministry of Health, Labour, and Welfare
approved Harvoni, which combines sofosbuvir and ledipasvir in a once-daily single tablet, for
treatment of patients with genotype 1.
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4.4. Ombitasvir (ABT-267)

Co-formulated as a single tablet with the PI paritaprevir/retonavir and administered along with
ribavirin and the NNI dasabuvir, ombitasvir is an NS5A inhibitor with picomolar, pan-genotypic
efficacy. In a phase III study of 473 patients treat with this combination therapy, one patient had
virologic failure and seven patients relapsed [33]. In each case, RAVs against at least one of DAA were
detected, including NS5A-M28T (two patients) and Q30R (three patients) in patients with genotype
1a and L31M and Y93H in the patient with genotype 1b.

4.5. Ombitasvir and Paritaprevir/Ritonavir

A recent open-label, phase II, randomized clinical trial was conducted in Japan to evaluate
dual therapy with 12 or 24 weeks of ombitasvir (NS5A inhibitor) and paritaprevir/ritonavir (PI)
in 101 patients with genotype 1b or 2 who failed to respond to prior peg-interferon plus ribavirin
combination therapy [59]. Because of the high frequency of genotype 1b in Japan, ribavirin was
not included. SVR rates ranged from 89% to 100% in genotype 1 patients depending on dosage
and treatment duration, and slightly lower SVR rates at 58% and 72% in genotype 2 patients.
However, SVR rates were 90% in genotype 2a patients compared to 27% in genotype 2b patients.
The one genotype 1b patient who relapsed had NS3 D168V and NS5A Y93H RAVs at the time of
failure but not prior to treatment. Although NS5A Y93H was present at baseline in four genotype 1b
patients, all nonetheless achieved SVR. RAVs including NS3 D168V/Y and NS5A L28F were detected
in all genotype 2 patients who experienced virologic failure, but the presence of baseline RAVs did
not influence treatment outcome. Ombitasvir and paritaprevir/ritonavir dual therapy was submitted
for marketing approval in Japan in February 2015 and upgraded to priority review in April 2015.

5. Conclusions

The large number of DAAs approved or pending approval signals a clear trend away from
interferon as a first line therapy in the treatment of HCV. Interferon lambda might have played a
larger role in treatment of HCV were it not for the timely introduction of DAAs, but interferons
may continue to play a useful role in treating or conditioning patients with DAA resistance, as
interferon’s broad antiviral activity may help to clear resistant strains, improving the chance of
successful re-treatment with DAA therapy. Treatment guidelines for patients with emergent RAVs
have not been fully established, although DAA therapy should be discontinued in such patients.
The most recent Japanese guidelines recommend pre-treatment analysis of NS5A L31/Y93 RAVs
prior to daclatasvir plus asunaprevir therapy, while current EASL and AASLD treatment guidelines
do not recommend pre-treatment resistance testing except in the case of NS3 Q80K variants in
simeprevir-based therapy. However, AASLD guidelines suggest that treatment resistance testing
should be performed prior to re-treatment in patients for whom prior NS5A therapy had failed,
although no specific recommendations are provided [14,15]. Perhaps such patients could be treated
with peg-interferon plus ribavirin therapy as a lead-in therapy to restore wild type frequencies
prior to attempting further DAA therapy. New DAA therapies will likely include at least two of
the four current classes of DAAs. Except for the Viekira Pak, current therapies typically include
an NS5A inhibitor and either an NS5B inhibitor (USA) or a PI (Japan), but future therapies seem
likely to include sofosbuvir. The continuing role of ribavirin in the DAA era is not clear, and
results from a number of clinical trials have failed to show that addition of ribavirin significantly
improves SVR rates. The FDA continues to require ribavirin in several therapies, whereas ribavirin
use in Japan appears to be decreasing due its toxicity and the efficacy of ribavirin-free therapies in
Japan’s predominantly genotype 1b patient population. The large number of approved and pending
DAAs in each country makes for a confusing treatment landscape, but several drugs, including
sofosbuvir, ledipasvir, ombitasvir, and paritaprevir, appear poised to play leading roles in emerging
HCV treatments in both countries, as well as in Europe. However, antiviral resistance, costs, and
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competition from other drug makers are likely to maintain the current dynamic state of HCV therapy
for several years to come.

Acknowledgments: This work was supported by Grants-in-Aid for scientific research and development from
the Ministry of Health, Labor and Welfare and Ministry of Education Culture Sports Science and Technology,
Government of Japan.

Author Contributions: Kazuaki Chayama and C. Nelson Hayes wrote the manuscript.

Conflicts of Interest: C. Nelson Hayes declares no conflict of interest. Kazuaki Chayama has consulted for
AbbVie Inc, Bristol-Myers Squibb, and Eisai and received research funding form Bristol-Myers Squibb,
Dainippon Sumitomo Pharma, Mitsubishi Tanabe Pharma Corporation, Chugai Pharmaceutical Co.,
Toray Industries, Inc, Takeda Pharmaceutical Company, Ajinomoto, Astellas, AstraZeneca, Eisai, GlaxoSmithKline,
Janssen, Kowa, Kyorin, MSD, Nippon Kayaku, Nippon Seiyaku, Nippon Shinyaku, Roche, Teijin, Torii, Tsumura,
Zeria, Daiichi Sankyo; and received payment for lectures from Mitsubishi Tanabe Pharma Corporation, MSD,
Ajinomoto, Astellas, AstraZeneca, Bayer, Daiichi Sankyo, Dainippon Sumitomo Pharma, Bristol-Myers Squibb,
GlaxoSmithKline KK, Chugai Pharmaceutical Co., Ltd, Eisai, Janssen, Kyorin, Meiji Seika, Toray Industries, Inc,
Takeda Pharmaceutical Company, Torii, Zeria and Otsuka Pharmaceutical Co., Ltd.

References

1. Mohd Hanafiah, K.; Groeger, J.; Flaxman, A.D.; Wiersma, S.T. Global epidemiology of hepatitis C virus
infection: New estimates of age-specific antibody to HCV seroprevalence. Hepatology 2013, 57, 1333–1342.
[CrossRef] [PubMed]

2. Lavanchy, D. The global burden of hepatitis C. Liver Int. 2009, 29, S74–S81. [CrossRef] [PubMed]
3. Chayama, K.; Hayes, C.N.; Yoshioka, K.; Moriwaki, H.; Okanoue, T.; Sakisaka, S.; Takehara, T.; Oketani, M.;

Toyota, J.; Izumi, N.; et al. Accumulation of refractory factors for pegylated interferon plus ribavirin therapy
in older female patients with chronic hepatitis C. Hepatol. Res. 2010, 40, 1155–1167. [CrossRef] [PubMed]

4. Kuntzen, T.; Timm, J.; Berical, A.; Lennon, N.; Berlin, A.M.; Young, S.K.; Lee, B.; Heckerman, D.; Carlson, J.;
Reyor, L.L.; et al. Naturally occurring dominant resistance mutations to hepatitis C virus protease and
polymerase inhibitors in treatment-naive patients. Hepatology 2008, 48, 1769–1778. [CrossRef] [PubMed]

5. Lu, L.; Mo, H.; Pilot-Matias, T.J.; Molla, A. Evolution of resistant M414T mutants among hepatitis C
virus replicon cells treated with polymerase inhibitor A-782759. Antimicrob. Agents Chemother. 2007, 51,
1889–1896. [CrossRef] [PubMed]

6. Chayama, K.; Hayes, C.N. Hepatitis C virus: How genetic variability affects pathobiology of disease.
J. Gastroenterol. Hepatol. 2011, 26, 83–95. [CrossRef] [PubMed]

7. Yoshimi, S.; Imamura, M.; Murakami, E.; Hiraga, N.; Tsuge, M.; Kawakami, Y.; Aikata, H.; Abe, H.;
Hayes, C.N.; Sasaki, T.; et al. Long term persistence of NS5A inhibitor-resistant hepatitis C virus in patients
who failed daclatasvir and asunaprevir therapy. J. Med. Virol. 2015, 87, 1913–1920. [CrossRef] [PubMed]

8. Chayama, K.; Hayes, C.N.; Yoshioka, K.; Moriwaki, H.; Okanoue, T.; Sakisaka, S.; Takehara, T.; Oketani, M.;
Toyota, J.; Izumi, N.; et al. Factors predictive of sustained virological response following 72 weeks of
combination therapy for genotype 1b hepatitis C. J. Gastroenterol. 2011, 46, 545–555. [CrossRef] [PubMed]

9. Soriano, V.; Gallego, L. Viral hepatitis: Treating hepatitis C in injection drug users. Nat. Rev.
Gastroenterol. Hepatol. 2013, 10, 568–569. [CrossRef] [PubMed]

10. Akamatsu, S.; Nelson Hayes, C.; Ochi, H.; Uchida, T.; Kan, H.; Murakami, E.; Abe, H.; Tsuge, M.; Miki, D.;
Akiyama, R.; et al. Association between variants in the interferon lambda 4 locus and substitutions in
the hepatitis C virus non-structural protein 5A (130 out of 130 characters). J. Hepatol. 2015, 63, 554–563.
[CrossRef] [PubMed]

11. Itakura, J.; Kurosaki, M.; Takada, H.; Nakakuki, N.; Matsuda, S.; Gondou, K.; Asano, Y.; Hattori, N.;
Itakura, Y.; Tamaki, N.; et al. Naturally occurring, resistance-associated hepatitis C virus NS5A variants
are linked to IL28B genotype and are sensitive to interferon-based therapy. Hepatol. Res. 2015. [CrossRef]
[PubMed]

12. Poveda, E.; Wyles, D.L.; Mena, A.; Pedreira, J.D.; Castro-Iglesias, A.; Cachay, E. Update on hepatitis C virus
resistance to direct-acting antiviral agents. Antivir. Res. 2014, 108, 181–191. [CrossRef] [PubMed]

13. Yoshimi, S.; Ochi, H.; Murakami, E.; Uchida, T.; Kan, H.; Akamatsu, S.; Hayes, C.N.; Abe, H.; Miki, D.;
Hiraga, N.; et al. Rapid, sensitive, and accurate evaluation of drug resistant mutant (NS5A-Y93H) strain
frequency in genotype 1b HCV by invader assay. PLoS ONE 2015, 10, e0130022. [CrossRef] [PubMed]

5339

http://dx.doi.org/10.1002/hep.26141
http://www.ncbi.nlm.nih.gov/pubmed/23172780
http://dx.doi.org/10.1111/j.1478-3231.2008.01934.x
http://www.ncbi.nlm.nih.gov/pubmed/19207969
http://dx.doi.org/10.1111/j.1872-034X.2010.00726.x
http://www.ncbi.nlm.nih.gov/pubmed/21040273
http://dx.doi.org/10.1002/hep.22549
http://www.ncbi.nlm.nih.gov/pubmed/19026009
http://dx.doi.org/10.1128/AAC.01004-06
http://www.ncbi.nlm.nih.gov/pubmed/17371824
http://dx.doi.org/10.1111/j.1440-1746.2010.06550.x
http://www.ncbi.nlm.nih.gov/pubmed/21199518
http://dx.doi.org/10.1002/jmv.24255
http://www.ncbi.nlm.nih.gov/pubmed/25954851
http://dx.doi.org/10.1007/s00535-010-0358-6
http://www.ncbi.nlm.nih.gov/pubmed/21246384
http://dx.doi.org/10.1038/nrgastro.2013.165
http://www.ncbi.nlm.nih.gov/pubmed/23999322
http://dx.doi.org/10.1016/j.jhep.2015.03.033
http://www.ncbi.nlm.nih.gov/pubmed/25849245
http://dx.doi.org/10.1111/hepr.12474
http://www.ncbi.nlm.nih.gov/pubmed/25564756
http://dx.doi.org/10.1016/j.antiviral.2014.05.015
http://www.ncbi.nlm.nih.gov/pubmed/24911972
http://dx.doi.org/10.1371/journal.pone.0130022
http://www.ncbi.nlm.nih.gov/pubmed/26083687


Viruses 2015, 7, 5328–5342

14. Uchida, Y.; Kouyama, J.; Naiki, K.; Mochida, S. A novel simple assay system to quantify the percent
HCV-RNA levels of NS5A Y93H mutant strains and Y93 wild-type strains relative to the total HCV-RNA
levels to determine the indication for antiviral therapy with NS5A inhibitors. PLoS ONE 2014, 9, e112647.
[CrossRef] [PubMed]

15. Panel, A.I.H.G. Hepatitis C guidance: AASLD-IDSA recommendations for testing, managing, and treating
adults infected with hepatitis C virus. Hepatology 2015, 62, 932–954.

16. European Association for Study of the Liver. EASL clinical practice guidelines: Management of hepatitis C
virus infection. J. Hepatol. 2014, 60, 392–420.

17. Foy, E.; Li, K.; Wang, C.; Sumpter, R., Jr.; Ikeda, M.; Lemon, S.M.; Gale, M., Jr. Regulation of interferon
regulatory factor-3 by the hepatitis C virus serine protease. Science 2003, 300, 1145–1148. [CrossRef]
[PubMed]

18. Reesink, H.W.; Zeuzem, S.; Weegink, C.J.; Forestier, N.; van Vliet, A.; van de Wetering de Rooij, J.;
McNair, L.; Purdy, S.; Kauffman, R.; Alam, J.; et al. Rapid decline of viral RNA in hepatitis C patients treated
with VX-950: A phase Ib, placebo-controlled, randomized study. Gastroenterology 2006, 131, 997–1002.
[CrossRef] [PubMed]

19. Sarrazin, C.; Kieffer, T.L.; Bartels, D.; Hanzelka, B.; Muh, U.; Welker, M.; Wincheringer, D.; Zhou, Y.;
Chu, H.M.; Lin, C.; et al. Dynamic hepatitis C virus genotypic and phenotypic changes in patients treated
with the protease inhibitor telaprevir. Gastroenterology 2007, 132, 1767–1777. [CrossRef] [PubMed]

20. Perni, R.B.; Almquist, S.J.; Byrn, R.A.; Chandorkar, G.; Chaturvedi, P.R.; Courtney, L.F.; Decker, C.J.;
Dinehart, K.; Gates, C.A.; Harbeson, S.L.; et al. Preclinical profile of VX-950, a potent, selective, and orally
bioavailable inhibitor of hepatitis C virus NS3–4A serine protease. Antimicrob. Agents Chemother. 2006, 50,
899–909. [CrossRef] [PubMed]

21. Izquierdo, L.; Helle, F.; Francois, C.; Castelain, S.; Duverlie, G.; Brochot, E. Simeprevir for the treatment of
hepatitis C virus infection. Pharmgenomics Pers. Med. 2014, 7, 241–249. [PubMed]

22. Hiraga, N.; Imamura, M.; Abe, H.; Hayes, C.N.; Kono, T.; Onishi, M.; Tsuge, M.; Takahashi, S.; Ochi, H.;
Iwao, E.; et al. Rapid emergence of telaprevir resistant hepatitis C virus strain from wildtype clone in vivo.
Hepatology 2011, 54, 781–788. [CrossRef] [PubMed]

23. Ozeki, I.; Akaike, J.; Karino, Y.; Arakawa, T.; Kuwata, Y.; Ohmura, T.; Sato, T.; Kamiya, N.; Yamada, I.;
Chayama, K.; et al. Antiviral effects of peginterferon alpha-2b and ribavirin following 24-week monotherapy
of telaprevir in Japanese hepatitis C patients. J. Gastroenterol. 2011, 46, 929–937. [CrossRef] [PubMed]

24. Halfon, P.; Locarnini, S. Hepatitis C virus resistance to protease inhibitors. J. Hepatol. 2011, 55, 192–206.
[CrossRef] [PubMed]

25. Lok, A.S.; Gardiner, D.F.; Lawitz, E.; Martorell, C.; Everson, G.T.; Ghalib, R.; Reindollar, R.; Rustgi, V.;
McPhee, F.; Wind-Rotolo, M.; et al. Preliminary study of two antiviral agents for hepatitis C genotype 1.
N. Engl. J. Med. 2012, 366, 216–224. [CrossRef] [PubMed]

26. Wyles, D.L. Beyond telaprevir and boceprevir: Resistance and new agents for hepatitis C virus infection.
Top. Antivir. Med. 2012, 20, 139–145. [PubMed]

27. Sarrazin, C.; Zeuzem, S. Resistance to direct antiviral agents in patients with hepatitis C virus infection.
Gastroenterology 2010, 138, 447–462. [CrossRef] [PubMed]

28. Wendt, A.; Adhoute, X.; Castellani, P.; Oules, V.; Ansaldi, C.; Benali, S.; Bourliere, M. Chronic hepatitis C:
Future treatment. Clin. Pharmacol. Adv. Appl. 2014, 6, 1–17.

29. Talwani, R.; Heil, E.L.; Gilliam, B.L.; Temesgen, Z. Simeprevir: A macrocyclic HCV protease inhibitor.
Drugs Today 2013, 49, 769–779. [CrossRef] [PubMed]

30. Tanwar, S.; Trembling, P.M.; Dusheiko, G.M. TMC435 for the treatment of chronic hepatitis C. Expert Opin.
Investig. Drugs 2012, 21, 1193–1209. [CrossRef] [PubMed]

31. Poole, R.M. Daclatasvir + asunaprevir: First global approval. Drugs 2014, 74, 1559–1571. [CrossRef]
[PubMed]

32. Gentile, I.; Borgia, F.; Buonomo, A.R.; Zappulo, E.; Castaldo, G.; Borgia, G. ABT-450: A novel protease
inhibitor for the treatment of hepatitis C virus infection. Curr. Med. Chem. 2014, 21, 3261–3270. [CrossRef]
[PubMed]

33. Feld, J.J.; Kowdley, K.V.; Coakley, E.; Sigal, S.; Nelson, D.R.; Crawford, D.; Weiland, O.; Aguilar, H.; Xiong, J.;
Pilot-Matias, T.; et al. Treatment of HCV with ABT-450/r-ombitasvir and dasabuvir with ribavirin. N. Engl.
J. Med. 2014, 370, 1594–1603. [CrossRef] [PubMed]

5340

http://dx.doi.org/10.1371/journal.pone.0112647
http://www.ncbi.nlm.nih.gov/pubmed/25397971
http://dx.doi.org/10.1126/science.1082604
http://www.ncbi.nlm.nih.gov/pubmed/12702807
http://dx.doi.org/10.1053/j.gastro.2006.07.013
http://www.ncbi.nlm.nih.gov/pubmed/17030169
http://dx.doi.org/10.1053/j.gastro.2007.02.037
http://www.ncbi.nlm.nih.gov/pubmed/17484874
http://dx.doi.org/10.1128/AAC.50.3.899-909.2006
http://www.ncbi.nlm.nih.gov/pubmed/16495249
http://www.ncbi.nlm.nih.gov/pubmed/25206310
http://dx.doi.org/10.1002/hep.24460
http://www.ncbi.nlm.nih.gov/pubmed/21626527
http://dx.doi.org/10.1007/s00535-011-0411-0
http://www.ncbi.nlm.nih.gov/pubmed/21556829
http://dx.doi.org/10.1016/j.jhep.2011.01.011
http://www.ncbi.nlm.nih.gov/pubmed/21284949
http://dx.doi.org/10.1056/NEJMoa1104430
http://www.ncbi.nlm.nih.gov/pubmed/22256805
http://www.ncbi.nlm.nih.gov/pubmed/23154254
http://dx.doi.org/10.1053/j.gastro.2009.11.055
http://www.ncbi.nlm.nih.gov/pubmed/20006612
http://dx.doi.org/10.1358/dot.2013.49.12.2067249
http://www.ncbi.nlm.nih.gov/pubmed/24524095
http://dx.doi.org/10.1517/13543784.2012.690392
http://www.ncbi.nlm.nih.gov/pubmed/22616626
http://dx.doi.org/10.1007/s40265-014-0279-4
http://www.ncbi.nlm.nih.gov/pubmed/25117197
http://dx.doi.org/10.2174/0929867321666140706125950
http://www.ncbi.nlm.nih.gov/pubmed/25005190
http://dx.doi.org/10.1056/NEJMoa1315722
http://www.ncbi.nlm.nih.gov/pubmed/24720703


Viruses 2015, 7, 5328–5342

34. Lesburg, C.A.; Cable, M.B.; Ferrari, E.; Hong, Z.; Mannarino, A.F.; Weber, P.C. Crystal structure
of the RNA-dependent RNA polymerase from hepatitis C virus reveals a fully encircled active site.
Nat. Struct. Biol. 1999, 6, 937–943. [PubMed]

35. Gerber, L.; Welzel, T.M.; Zeuzem, S. New therapeutic strategies in HCV: Polymerase inhibitors. Liver int.
2013, 33, S85–S92. [CrossRef] [PubMed]

36. Fung, A.; Jin, Z.; Dyatkina, N.; Wang, G.; Beigelman, L.; Deval, J. Efficiency of incorporation and chain
termination determines the inhibition potency of 21-modified nucleotide analogs against hepatitis C virus
polymerase. Antimicrob. Agents Chemother. 2014, 58, 3636–3645. [CrossRef] [PubMed]

37. Paolucci, S.; Fiorina, L.; Mariani, B.; Gulminetti, R.; Novati, S.; Barbarini, G.; Bruno, R.; Baldanti, F.
Naturally occurring resistance mutations to inhibitors of HCV NS5A region and NS5B polymerase in DAA
treatment-naive patients. Virol. J. 2013, 10. [CrossRef] [PubMed]

38. Jacobson, I.M.; Gordon, S.C.; Kowdley, K.V.; Yoshida, E.M.; Rodriguez-Torres, M.; Sulkowski, M.S.;
Shiffman, M.L.; Lawitz, E.; Everson, G.; Bennett, M.; et al. Sofosbuvir for hepatitis C genotype 2 or 3 in
patients without treatment options. N. Engl. J. Med. 2013, 368, 1867–1877. [CrossRef] [PubMed]

39. Lawitz, E.; Lalezari, J.P.; Hassanein, T.; Kowdley, K.V.; Poordad, F.F.; Sheikh, A.M.; Afdhal, N.H.;
Bernstein, D.E.; Dejesus, E.; Freilich, B.; et al. Sofosbuvir in combination with peginterferon alfa-2a and
ribavirin for non-cirrhotic, treatment-naive patients with genotypes 1, 2, and 3 hepatitis C infection:
A randomised, double-blind, phase 2 trial. Lancet Infect. Dis. 2013, 13, 401–408. [CrossRef]

40. Lawitz, E.; Mangia, A.; Wyles, D.; Rodriguez-Torres, M.; Hassanein, T.; Gordon, S.C.; Schultz, M.;
Davis, M.N.; Kayali, Z.; Reddy, K.R.; et al. Sofosbuvir for previously untreated chronic hepatitis C infection.
N. Engl. J. Med. 2013, 368, 1878–1887. [CrossRef] [PubMed]

41. Noell, B.C.; Besur, S.V.; deLemos, A.S. Changing the face of hepatitis c management—The design and
development of sofosbuvir. Drug Des. Dev. Ther. 2015, 9, 2367–2374.

42. Hedskog, C.; Doehle, B.; Chodavarapu, K.; Gontcharova, V.; Crespo Garcia, J.; de Knegt, R.; Drenth, J.P.;
McHutchison, J.G.; Brainard, D.; Stamm, L.M.; et al. Characterization of hepatitis C virus intergenotypic
recombinant strains and associated virological response to sofosbuvir/ribavirin. Hepatology 2015, 61,
471–480. [CrossRef] [PubMed]

43. Kalinina, O.; Norder, H.; Mukomolov, S.; Magnius, L.O. A natural intergenotypic recombinant of hepatitis
C virus identified in St. Petersburg. J. Virol. 2002, 76, 4034–4043. [CrossRef] [PubMed]

44. Beaulieu, P.L. Non-nucleoside inhibitors of the HCV NS5B polymerase: Progress in the discovery and
development of novel agents for the treatment of HCV infections. Curr. Opin. Investig. Drugs 2007, 8,
614–634. [PubMed]

45. Nyanguile, O.; Devogelaere, B.; Vijgen, L.; van den Broeck, W.; Pauwels, F.; Cummings, M.D.;
de Bondt, H.L.; Vos, A.M.; Berke, J.M.; Lenz, O.; et al. 1a/1b Subtype profiling of nonnucleoside polymerase
inhibitors of hepatitis C virus. J. Virol. 2010, 84, 2923–2934. [CrossRef] [PubMed]

46. Gentile, I.; Buonomo, A.R.; Borgia, G. Dasabuvir: A non-nucleoside inhibitor of NS5B for the treatment of
hepatitis C virus infection. Rev. Recent Clin. Trials 2014, 9, 115–123. [CrossRef] [PubMed]

47. Gao, M.; Nettles, R.E.; Belema, M.; Snyder, L.B.; Nguyen, V.N.; Fridell, R.A.; Serrano-Wu, M.H.;
Langley, D.R.; Sun, J.H.; O’Boyle, D.R., 2nd; et al. Chemical genetics strategy identifies an HCV NS5A
inhibitor with a potent clinical effect. Nature 2010, 465, 96–100. [CrossRef] [PubMed]

48. St Laurent, D.R.; Belema, M.; Gao, M.; Goodrich, J.; Kakarla, R.; Knipe, J.O.; Lemm, J.A.; Liu, M.;
Lopez, O.D.; Nguyen, V.N.; et al. HCV NS5A replication complex inhibitors. Part 2: Investigation of stilbene
prolinamides. Bioorganic Med. Chem. Lett. 2012, 22, 6063–6066. [CrossRef] [PubMed]

49. Bell, T.W. Drugs for hepatitis C: Unlocking a new mechanism of action. ChemMedChem 2010, 5, 1663–1665.
[CrossRef] [PubMed]

50. Nettles, R.E.; Gao, M.; Bifano, M.; Chung, E.; Persson, A.; Marbury, T.C.; Goldwater, R.; DeMicco, M.P.;
Rodriguez-Torres, M.; Vutikullird, A.; et al. Multiple ascending dose study of BMS-790052, a nonstructural
protein 5A replication complex inhibitor, in patients infected with hepatitis C virus genotype 1. Hepatology
2011, 54, 1956–1965. [CrossRef] [PubMed]

51. Pol, S.; Ghalib, R.H.; Rustgi, V.K.; Martorell, C.; Everson, G.T.; Tatum, H.A.; Hezode, C.; Lim, J.K.;
Bronowicki, J.P.; Abrams, G.A.; et al. Daclatasvir for previously untreated chronic hepatitis C genotype-1
infection: A randomised, parallel-group, double-blind, placebo-controlled, dose-finding, phase 2a trial.
Lancet Infect. Dis. 2012, 12, 671–677. [CrossRef]

5341

http://www.ncbi.nlm.nih.gov/pubmed/10504728
http://dx.doi.org/10.1111/liv.12068
http://www.ncbi.nlm.nih.gov/pubmed/23286851
http://dx.doi.org/10.1128/AAC.02666-14
http://www.ncbi.nlm.nih.gov/pubmed/24733478
http://dx.doi.org/10.1186/1743-422X-10-355
http://www.ncbi.nlm.nih.gov/pubmed/24341898
http://dx.doi.org/10.1056/NEJMoa1214854
http://www.ncbi.nlm.nih.gov/pubmed/23607593
http://dx.doi.org/10.1016/S1473-3099(13)70033-1
http://dx.doi.org/10.1056/NEJMoa1214853
http://www.ncbi.nlm.nih.gov/pubmed/23607594
http://dx.doi.org/10.1002/hep.27361
http://www.ncbi.nlm.nih.gov/pubmed/25099344
http://dx.doi.org/10.1128/JVI.76.8.4034-4043.2002
http://www.ncbi.nlm.nih.gov/pubmed/11907242
http://www.ncbi.nlm.nih.gov/pubmed/17668364
http://dx.doi.org/10.1128/JVI.01980-09
http://www.ncbi.nlm.nih.gov/pubmed/20071590
http://dx.doi.org/10.2174/1574887109666140529222602
http://www.ncbi.nlm.nih.gov/pubmed/24882169
http://dx.doi.org/10.1038/nature08960
http://www.ncbi.nlm.nih.gov/pubmed/20410884
http://dx.doi.org/10.1016/j.bmcl.2012.08.049
http://www.ncbi.nlm.nih.gov/pubmed/22959243
http://dx.doi.org/10.1002/cmdc.201000334
http://www.ncbi.nlm.nih.gov/pubmed/20821796
http://dx.doi.org/10.1002/hep.24609
http://www.ncbi.nlm.nih.gov/pubmed/21837752
http://dx.doi.org/10.1016/S1473-3099(12)70138-X


Viruses 2015, 7, 5328–5342

52. Chayama, K.; Takahashi, S.; Toyota, J.; Karino, Y.; Ikeda, K.; Ishikawa, H.; Watanabe, H.; McPhee, F.;
Hughes, E.; Kumada, H. Dual therapy with the nonstructural protein 5A inhibitor, daclatasvir, and the
nonstructural protein 3 protease inhibitor, asunaprevir, in hepatitis C virus genotype 1b-infected null
responders. Hepatology 2012, 55, 742–748. [CrossRef] [PubMed]

53. Suzuki, Y.; Ikeda, K.; Suzuki, F.; Toyota, J.; Karino, Y.; Chayama, K.; Kawakami, Y.; Ishikawa, H.;
Watanabe, H.; Hu, W.; et al. Dual oral therapy with daclatasvir and asunaprevir for patients with HCV
genotype 1b infection and limited treatment options. J. Hepatol. 2013, 58, 655–662. [CrossRef] [PubMed]

54. Kumada, H.; Suzuki, Y.; Ikeda, K.; Toyota, J.; Karino, Y.; Chayama, K.; Kawakami, Y.; Ido, A.; Yamamoto, K.;
Takaguchi, K.; et al. Daclatasvir plus asunaprevir for chronic HCV genotype 1b infection. Hepatology 2014,
59, 2083–2089. [CrossRef] [PubMed]

55. Karino, Y.; Toyota, J.; Ikeda, K.; Suzuki, F.; Chayama, K.; Kawakami, Y.; Ishikawa, H.; Watanabe, H.;
Hernandez, D.; Yu, F.; et al. Characterization of virologic escape in hepatitis C virus genotype 1b patients
treated with the direct-acting antivirals daclatasvir and asunaprevir. J. Hepatol. 2013, 58, 646–654. [CrossRef]
[PubMed]

56. Kuiken, C.; Yusim, K.; Boykin, L.; Richardson, R. The Los Alamos hepatitis C sequence database.
Bioinformatics 2005, 21, 379–384. [CrossRef] [PubMed]

57. Friborg, J.; Levine, S.; Chen, C.; Sheaffer, A.K.; Chaniewski, S.; Voss, S.; Lemm, J.A.; McPhee, F.
Combinations of lambda interferon with direct-acting antiviral agents are highly efficient in suppressing
hepatitis C virus replication. Antimicrob. Agents Chemother. 2013, 57, 1312–1322. [CrossRef] [PubMed]

58. Mizokami, M.; Yokosuka, O.; Takehara, T.; Sakamoto, N.; Korenaga, M.; Mochizuki, H.; Nakane, K.;
Enomoto, H.; Ikeda, F.; Yanase, M.; et al. Ledipasvir and sofosbuvir fixed-dose combination with and
without ribavirin for 12 weeks in treatment-naive and previously treated Japanese patients with genotype
1 hepatitis C: An open-label, randomised, phase 3 trial. Lancet Infect. Dis. 2015, 15, 645–653. [CrossRef]

59. Chayama, K.; Notsumata, K.; Kurosaki, M.; Sato, K.; Rodrigues, L., Jr.; Setze, C.; Badri, P.;
Pilot-Matias, T.; Vilchez, R.A.; Kumada, H. Randomized trial of interferon- and ribavirin-free
ombitasvir/paritaprevir/ritonavir in treatment-experienced hepatitis C virus-infected patients. Hepatology
2015, 61, 1523–1532. [CrossRef] [PubMed]

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open
access article distributed under the terms and conditions of the Creative Commons by
Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

5342

http://dx.doi.org/10.1002/hep.24724
http://www.ncbi.nlm.nih.gov/pubmed/21987462
http://dx.doi.org/10.1016/j.jhep.2012.09.037
http://www.ncbi.nlm.nih.gov/pubmed/23183526
http://dx.doi.org/10.1002/hep.27113
http://www.ncbi.nlm.nih.gov/pubmed/24604476
http://dx.doi.org/10.1016/j.jhep.2012.11.012
http://www.ncbi.nlm.nih.gov/pubmed/23178977
http://dx.doi.org/10.1093/bioinformatics/bth485
http://www.ncbi.nlm.nih.gov/pubmed/15377502
http://dx.doi.org/10.1128/AAC.02239-12
http://www.ncbi.nlm.nih.gov/pubmed/23274666
http://dx.doi.org/10.1016/S1473-3099(15)70099-X
http://dx.doi.org/10.1002/hep.27705
http://www.ncbi.nlm.nih.gov/pubmed/25644279

	Introduction 
	Hepatitis C Virus 
	HCV Variability 
	HCV Treatment 
	Direct Acting Antiviral Agents 
	DAA Resistance 
	Resistance Testing 

	NS3/4A Protease Inhibitors 
	NS3/4A Protease 
	Telaprevir and Boceprevir 
	Telaprevir Resistance 
	Telaprevir Triple Therapy in Japan 
	Second Wave Protease Inhibitors 
	Simeprevir 
	Asunaprevir (BMS-650032) 
	ABT-450/r (Paritaprevir with Ritonovir) 
	Second Generation PIs 

	NS5B Polymerase Inhibitors 
	NS5B RNA-Dependent RNA Polymerase 
	Nucleoside Inhibitors 
	Sofosbuvir (GS-7977) 
	Non-Nucleoside Inhibitors 
	ABT-333 (Dasabuvir) 

	NS5A Inhibitors 
	NS5A 
	Daclatasvir 
	Ledipasvir (GS-5885) 
	Ombitasvir (ABT-267) 
	Ombitasvir and Paritaprevir/Ritonavir 

	Conclusions 

