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Abstract

Advances in virology of the hepatitis C virus (HCV) have enabled rapid progress
in developing direct-acting antivirals (DAAs) that directly target viral proteins.
The use of these drugs has considerably improved treatment outcomes. However,
the effects of these inhibitors are weakened by the presence of resistance-
associated variants (RAVs). In addition, it is becoming clear that DA A-resistant
variants exist in a certain proportion of cases that are naive to DAAs. Genotype
1b variants that are resistant to NS3 protease inhibitors exist naturally, although
they are uncommon. Variants resistant to nucleotide NS5B inhibitors are almost
never observed in treatment-naive patients. Conversely, the genotype 1b NS5A
YO3H variant and the genotype la NS3 Q80K variant, which are resistant to
NS5A or NS3/4 inhibitors, respectively, reportedly exist at relatively high fre-
quency; hence, more care needs to be taken when administering DAA
treatment.
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6.1 Introduction

Hepeatitis C virus (HCV) infects 170 million people worldwide and is a major patho-
gen causing liver cirrhosis and hepatocellular carcinoma [1, 2]. In Japan, there are
over 1.5 million patients with chronic hepatitis C, many of whom are elderly and
have increased risk of liver cancer. Because chronic hepatitis C is the primary cause
of chronic liver disease and liver cancer, effective antiviral therapies are needed to
reduce cancer-related deaths. For a number of years, combination therapy with
interferon and ribavirin remained the standard of care therapy for chronic hepatitis
C. However, the sustained virological response rate associated with this therapy in
patients with HCV genotype 1 infection is insufficient at around 50 % [3]. In addi-
tion, the need for interferon-free therapies has become dire owing to the discovery
of cases that are nonresponsive to interferon therapy, including those with an unfa-
vorable SNP genotype in the IFNL3 locus [4].

In 1999, Lohmann et al. developed a way to culture HCV strains in vitro [5].
Along with advancements in the structural analyses of HCV proteins, this innova-
tion led to rapid progress in developing direct-acting antivirals (DAAs), which
directly target viral proteins. DAAs are broadly divided into three classes: those that
inhibit the HCV NS3 protease, those that inhibit the HCV NS5A protein, and those
that inhibit the NS5B polymerase. Combination therapies with these DAAs have
reportedly achieved positive therapeutic effects in patients with an unfavorable
(non-TT) genotype IFNL3 as well as in patients with liver cirrhosis and elderly
patients, for whom interferon therapy is poorly tolerated [6, 7]. However, these
inhibitors are reported to be less effective in the presence of resistance-associated
variants (RAVs).

While these DAAs have extremely high antiviral activities, RAVs are known to
appear at high frequencies when administered alone. As stated above, the therapeu-
tic effects can decrease considerably when RAVs are present. In addition, it is
becoming clear that DA A-resistant variants exist naturally in a certain proportion of
cases that are naive to DAAs. The NS5A Y93H and L31M/V variants, which are
resistant to NS5A inhibitors, are reported to exist at relatively high frequencies in
genotype 1b HCV cases. Similarly, naturally occurring DA A-resistant variants such
as NS3 Q80K, which is known to attenuate the effects of simeprevir, exist at rela-
tively high frequencies in patients with genotype 1a. In this chapter, we describe the
frequency and resistance profiles of naturally occurring HCV variants and outline
their viral characteristics.

6.2  Naturally Occurring Protease Inhibitor-Resistant
Variants

DAAs that inhibit HCV protease were developed first, due to the early determina-
tion of the structure of the HCV protease. The HCV NS3/4A protein is known to
function as a protease that enables HCV proteins to function by cleaving the non-
structural proteins from the translated HCV polyprotein. Therefore, inhibiting the
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Table 6.1 Incidence of Position | Substitutions | Prevalence (%)
var%ants in the NS3 protease V36 V36A/M 03
region

T54 T54A/S 2.8-33

Q80 Q8OK/L/R 0.7-2.2
R155 RI55K/T/Q |0
A156 A156S/T/V 0.2
D168 DI168A/E/V | 0.7-1.2

Based on data from Refs. [8, 9]

activity of HCV protease can suppress viral replication. HCV protease inhibitors are
divided into two groups based on their structure. One group is the first-generation
protease inhibitors, which include telaprevir and boceprevir, which have a linear
molecular structure with no branches. Succeeding these drugs were the second
wave and second-generation drugs, such as simeprevir and vaniprevir, which have
circular (macrocyclic) or branched molecular structures. There are RAVs with pro-
files unique to both first-generation and second-generation protease inhibitors.

Variants resistant to the first-generation protease inhibitor telaprevir include the
V36, T54,R155, A156, and V170 variants. In a Japanese study using direct sequenc-
ing by Suzuki et al., V36A and T54S variants were detected in 0.3 % (1/307) and
3.3 % (10/307) of DAA-naive cases, respectively [8]. An investigation of 493 cases
by Itakura et al. found T54S and A156S in 2.8 % (14/493) and 0.2 % (1/493) of
cases, respectively [9] (Table 6.1).

Known RAVs affecting the second-generation protease inhibitors simeprevir,
vaniprevir, and asunaprevir include the Q80K/R, R155K, A156S/T, and D168V/A/
E/T variants. Q80K is observed more frequently before treatment in genotype la
cases. In a population sequencing study, these RAVs were found in about 20 % of
genotype la cases, although they were relatively rare in genotype 1b cases, which
are common in Japan [10]. In the Japanese study by Suzuki et al., Q80R was found
in 0.7 % (2/307) of cases, no instances of R155K were found, and D168V/A/E/T
was found in 0.7 % (2/307) of cases [8]. The investigation of 493 cases by Itakura
et al. found Q80K in 2.2 % (11/493) and D168V/A/E/T in 1.2 % (12/493) of cases,
indicating that these variants are relatively rare [9] (Table 6.1).

6.3  Naturally Occurring NS5A Inhibitor-Resistant Variants

The HCV NSS5A protein is a phosphorylated protein formed from 450 amino acids.
Its functions have not been fully clarified, but it is known that NS5A exists as a
dimer, possesses an RNA-binding domain, and binds with HCV RNA. As it is a part
of the HCV replication complex, it is known to be involved in viral replication,
although it also has important functions in particle formation and virus release.
NSS5A inhibitors are thought to bind with NS5A domain 1. Since this is a relatively
well-preserved structure even between genotypes, picomolar quantities of NS5A
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Table 6.2 Incidence of Position | Substitutions | Prevalence (%)
variants in the NS5A region L31 L3IM 2997
L31V 0
Y93 Y93H 8.2-19

Based on data from Refs. [8, 9]

inhibitors successfully exert their effects against the HCV replicons of several geno-
types. NS5A inhibitors include daclatasvir, which in Japan is approved for use in
combination with the protease inhibitor asunaprevir; the recently approved ledipas-
vir, which is combined with the NS5B inhibitor sofosbuvir; and ombitasvir, which
is expected to be approved for use in combination with protease inhibitors.

NS5A inhibitors, while having strong antiviral activity as described above, are
problematic because of the high proportion of naturally occurring NS5A inhibitor-
resistant variants. In a phase III trial for daclatasvir/asunaprevir combination ther-
apy in Japan, NS5A variants conferring resistance (Y93H, L31M/V) were found in
31 out of 222 cases. The SVR rate of these 31 cases was poor, at 45 % (14/31) [6].

The existence of NS5A inhibitor-resistant variants in patients who have never
been exposed to NSSA inhibitors has also been reported in Japan. In a direct
sequencing study, Suzuki et al. observed Y93H variants in 8.2 % (24/294) and
L31M in 2.7 % (8/294) of 294 cases. Furthermore, they observed the Y93H/L31
double mutant, which is known to be strongly resistant, in 0.3 % (1/294) of cases
(Table 6.2). Itakura et al. reported Y93H in 19 % (78/410) and L31M in 2.2 %
(9/410) of 410 cases. Miura et al. used next-generation sequencing to track NS5A
inhibitor-resistant variants. They found Y93H in 30.9 % (34/110) and L31M/V/T in
11.8 % (13/110) of cases [11].

Surprisingly, the NS5A Y93H variant has also been reported to be associated
with clinical factors. Miura et al. reported that YO3H was significantly more com-
mon in patients with the major IFNL3 SNP genotype. Itakura et al. also reported
that YO3H was significantly more common when the IFNL3 SNP was the major
type, as well as when platelet levels were low and the HCV viral load was high.

6.4  Naturally Occurring NS5B Inhibitor-Resistant Variants

The HCV NS5B protein functions as an RNA-dependent RNA polymerase and is
essential for the replication of viral RNA. There are two classes of HCV NS5B
inhibitors: nucleotide and non-nucleotide HCV NS5B inhibitors. Non-nucleotide
inhibitors bind with NS5B catalyst domains to inhibit polymerase activity. Broadly,
there are four types of non-nucleotide polymerase inhibitors that target different
epitopes of the NS5B polymerase, and specific RAVs exist for each of them [12].
Nucleotide inhibitors inhibit replication of the viral genome when they are incor-
porated in the growing strand by the NS5B polymerase during viral RNA synthesis,
causing chain termination. Thus, RAVs are less likely to arise for nucleotide
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Table 6.3 Incidence of
sofosbuvir-resistant variants
in the NS5B region

Position | Substitutions | Prevalence (%)
S282 S282T 0-0.2
Based on data from Refs. [7, 14, 15]

polymerase inhibitors than for other DAAs, and these drugs possess antiviral activi-
ties against several HCV genotypes. Sofosbuvir is a nucleotide polymerase inhibitor
that is currently being introduced in first-line therapies. In Japan it is being intro-
duced clinically in combination with RBV to treat genotype 2 cases and is covered
by health insurance to treat genotype l-infected patients in combination with the
NS5A inhibitor ledipasvir. A well-known sofosbuvir-resistant variant is S282T
[13]. However, while this variant has been shown to dramatically decrease efficacy
of the drug in vitro, it is reported to be very uncommon in nature. In a phase III trial
for sofosbuvir as well as in database analysis, the S282T variant was not observed
in a single case at baseline and is thought to be almost nonexistent in the natural
environment [7, 14, 15] (Table 6.3). Thus, naturally occurring NS5B S282T variants
are not expected to be a significant problem clinically.

6.5 Conclusion

As described above, drug-resistance variants are found to a certain extent in the
natural environment. Depending on the treatment protocol, these RAVs can dra-
matically reduce the effectiveness of therapy. As such, the presence of RAVs before
treatment should be investigated, and appropriate therapies should be selected.
Further, it is becoming clear that RAVs appear at a high frequency in cases in which
DAA therapy fails. Furthermore, new treatments designed to overcome RAVs that
appear in the case of DAA treatment failure need to be investigated.
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