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Analysis of Naturally Occurring Resistance-Associated Variants
to NS3/4A Protein Inhibitors, NSSA Protein Inhibitors,
and NS5B Polymerase Inhibitors in Patients With Chronic Hepatitis C
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The first NS3/4A hepatitis C virus (HCV) protease inhibitors telaprevir and boceprevir were approved in 2011,
and both NS5A and NS5B polymerase inhibitors were launched. Recently, direct-acting antivirals (DAAs)
have had a major impact on patients infected with HCV. HCV DAAs are highly effective antivirals with fewer
side effects. DAAs have been developed for the treatment of HCV infection in combination with PEG-IFN-o/
RBYV as well as in IFN-free regimens. However, some drug resistance mutations occur when a single oral DAA
is used for treatment, which indicates that there is a low-frequency drug resistance mutation in HCV patients
before the application of antiviral drugs. Our research showed that natural resistance to HCV DAAs was found
in treatment-naive CHC patients and that the drug resistance mutation rates differ in various HCV genotypes.
Many challenges posed by natural resistance should be considered in the context of DAA therapies.
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INTRODUCTION

Hepeatitis C virus (HCV) infection is a frequent cause
of progressive liver damage' and can lead to cirrhosis
and hepatocellular carcinoma’. It is estimated that there
are 170-200 million people with chronic HCV infection
worldwide. The HCV genome is a 9.6-kb, positive-sense,
single-stranded genome that includes three structural
proteins (core, E1, and E2), the ion channel protein p7,
and six nonstructural (NS) proteins (NS2, NS3, NS4A,
NS4B, NS5A, and NS5B)’. It possesses a high genetic
diversity, and the differences in the nucleotide sequence
are 30%—-35% among different genotypes but are approx-
imately 20%—-20% among diverse subtypes. According
to the methods of Simmonds and colleagues, HCV can
be divided into 7 genotypes, and 67 subtypes have been
characterized to date; however, in China, priority is given
to genotypes 1b and 2a*’. Pegylated interferon-o. and
ribavirin are approved as standard-of-care treatments, but
only 50%—-60% of patients achieve a sustained virologic
response’.

Direct-acting antivirals (DAAs) that can block viral
production by directly inhibiting one or more steps of the
HCYV replication cycle are in various stages of clinical

development. Three targets for DAAs (i.e., HCV NS3
protease, NS5B polymerase, and NS5A protein) are
essential for virus replication’. However, HCV mutations
that confer resistance to DAAs play an important role in
treatment. Previous clinical trials have confirmed that the
antiviral efficacies of DAAs are closely related to the
genotype and subtype of HCV. Currently, direct sequenc-
ing is commonly used, which can detect drug-resistant
mutation sites, based on the premise that quasi-species
must be greater than 25%. To date, most of the drug resis-
tance sites have been identified in vitro in phase I and
phase II clinical trials. Guidelines suggest that the evalu-
ation sequence of the NS5A resistance site is from 24 to
93, which can be used to guide the treatment, and they
emphasize that this site contains more than 15% genera-
tion sequences before resistance mutations are consid-
ered. According to GenBank data, the global prevalence
of DAA resistant-associated variants (RAVs) includes
strains with at least one resistance mutation, and the
highest RAV frequency occurred in Asia (74.1%), fol-
lowed by Africa (71.9%), America (53.5%), and Europe
(51.4%). The highest incidence of drug resistance is
reported for genotype 6 (99%), followed by GT2 (87.9%),
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GT4 (85.5%), GTla (56%), GT3 (50.0%), and GT1b
(34.3%). The overall prevalence of RAVs to NS3 pro-
tease inhibitors is high and is followed by the prevalence
of RAVs to NS5A inhibitors. The lowest prevalence of
RAVs is associated with NS5B polymerase inhibitors. In
our study, protease inhibitor-associated resistance muta-
tion sites were detected in 38.20% of the patients with
genotype 1b and in 100% of patients with genotype 2a.
The variation of related resistance loci will directly affect
the antiviral efficacy of DAAs. We showed that the rate
of RAVs to NS5A protein inhibitor was 22.41% in GT1b,
100% in GTla, and 5.12% in GT2a. In this study, 24 cases
(23.08%) of HCV strains with wild-type NS5B sequences
were observed, but a significantly higher number of vari-
ant strains (80 cases; 76.92%) was identified. The preva-
lence of wild-type strains with the NS5B sequence was
significantly greater in GT2a than in GT1. Thus, different
genotypes have different mutation incidences.

The aims of this study were to evaluate whether patients
with chronic hepatitis C (CHC) infection who did not
receive antiviral treatment in our country have naturally
occurring DAA resistance and to assess the distribution
of related mutation sites. A comparison of the clinical
features of DA A-infected patients between those who do
or do not have anti-HCV can lay a foundation for using
DAAs to treat CHC domestically.

MATERIALS AND METHODS

Overall, 594 serum samples were obtained from DAA-
naive patients with chronic HCV infection. These patients
were treatment naive and were not infected with hepatitis
B virus (HBV) or human immunodeficiency virus (HIV).
Our experiment was divided into three parts. In total, 170
of the 314 samples were used for HCV NS3 sequencing,
104 of the 144 samples for NS5A, and 104 of the 136
samples for NS5B sequencing. This study was carried
out in accordance with the management guidelines for
CHC established by the Hepatology Association of the
Chinese Medical Association and was approved by our
local ethics committee.

Viral RNA was extracted from serum using a TIANamp
Virus DNA/RNA Kit (TTANGEN Biotech, Beijing, P.R.
China), and the viral RNA was then transcribed to cDNA.
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HCV NS3, NS5A, and NS5B sequences were amplified
using nested RT-PCR.

Direct sequencing of PCR products was performed
using an automatic sequencer (ABI PRISM 3100 genetic
analyzer DNA Sequencer; Applied Biosystems, Foster
City, CA, USA). Nucleotide sequences were analyzed
using the Bioedit software. The GenBank accession num-
bers were used for reference.

Sequences used to determine the HCV genotypes were
as follows: NC_004102 (subtype 1a), D90208 (subtype
1b), AB047639 (subtype 2a), HQ639936 (subtype 6a),
AB520610.1 (subtype 1a), HC J4-D10750 (subtype 1b),
EU857431.1 (subtype 1b), HC J6-D00944 (subtype 2a),
and KF676352.1 (subtype 2a).

Statistical Methods

Data were recorded in Excel, and the SPSS-17.0
software was used for statistical analysis. Statistical
description was obtained using the frequency, and count
data were evaluated using the chi-square test. Quantita-
tive data are presented as the mean*standard deviation.
Student's #-test was used to compare parameters between
two groups, and an ANOVA was used to analyze the
parameters. The p values were calculated with two-tailed
statistical analysis, and a value of p<0.05 was consid-
ered statistically significant.

RESULTS

The NS3A region was successfully amplified in 148
of 170 samples (87.06%). Among the 148 NS3A sequen-
ces obtained, 2 sequences were genotype la, 89 were
genotype 1b, 55 were genotype 2a, and 2 were genotype
6a. The baseline characteristics of these patients are pro-
vided in Table 1.

Mutations V36L/M, Q41R, T54S, V55F, Q80L/R/G/K,
A1568S, and V1701 were detected in the HCV NS3 serine
protease region. The rate of resistance-associated muta-
tions was different in various genotypes. The total rate
of resistance-associated mutations in the NS3A region
was 33.71% (30/89) for genotype 1b and 100% for geno-
type 2a; the differences between 1b and 2a were statisti-
cally significant (p<0.001). In the genotype 1b-infected
population, 2.25% of the patients expressed substitution

Table 1. Baseline Characteristics of Patients With Genotypes 1b and 2a in

the NS3 Region

Baseline Characteristics 1b (n=89) 2a (n=55) p Value
Age (years) 45.89+15.51 45.31x16.61 0.505
Sex (male/female) 50/39 30/25 0.848
AST (U/L) 54.34+£55.96 53.55+44.02 0.774
ALT (U/L) 71.02+£97.84 72.11+£82.27 0.965
TBIL (umol/L) 18.45+8.97 19.73+17.78 0.166
HCV RNA (log,, copies/ml) 5.99+0.91 6.02+0.96 0.654
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Table 2. Amino Acid Substitutions Conferring Resistance to HCV NS3

Protease Inhibitors

NS3 Protease HCV Genotypes

Positions la(n=2) 1b (n=89) 2a (n=55) 6a (n=2)
V36 - V36L(2) V36M(1) -
F43 - - - -
T54 - T54S(2) - -
V55 - - - -
Q80 - QB80L/R(3/1) - Q80K (2)
R155 - - - -
Al56 - - A156S(2) -
V158 - - - -
D168 - D168A(1) - -
V170 - - - -
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V36L, and 98.18% of the genotype 2a-infected patients
had V36L. All of the patients with genotype 2a dis-
played Q80G substitutions, and Q80L/R/K mutations
were detected in other genotypes. There was no statistical
significance between HCV wild-type and mutant strains
compared to baseline level. The amino acid substitutions
conferring resistance to HCV NS3/4A protein inhibitors
that were identified across the samples sequenced are
summarized in Table 2.

The NS5A region was successfully amplified in 104
of the 144 samples by real-time PCR. Among the 104
sequences, 7 were genotype la, 58 were genotype 1b,
and 39 were genotype 2a. Similarly, the NS5A region
was successfully amplified by this method in 104 of the
136 samples, including 11 genotype la, 50 genotype 1b,
and 43 genotype 2a. The baseline characteristics of these
patients are shown in Tables 3 and 4. The total frequency
of resistance mutations in genotypes la and 1b was sig-
nificantly higher than that in genotype 2a.

We found that the mutation rate of NS5A protein
inhibitor in genotype 1b was 22.41%, that in genotype
la was 100%, and that in genotype 2a was 5.12%. These
differences were statistically significant (p <0.05). There
were 24 cases (23.08%) of wild-type strains with the
NS5B region of HCV and 80 cases (76.92%) of variant
strains, which was significantly higher; however, wild-
type strains were significantly higher in genotype 2a than

in genotype 1. In genotype la, amino acid substitutions
conferring resistance to NS5A inhibitors (M28L) were
detected in 4/7 (57.1%). However, upon analyzing the
HCV NS5A sequences, this same site was found in 1/39
(2.56%) in genotype 2a patients. We found other resis-
tance mutations in the genotype 1a nucleotide sequences:
Q30R, H54Q (n=5; 71.4%) and Q30L (n=1; 14.3%). In
genotype 1b, the resistance mutations P58S (3/58), A92T
(1/58), and Y93H (9/58) were observed in the NS5A
region. Thus, it is not difficult to suggest that Y93H
(n=9; 15.5%) predominated over P58S (n=3;5.2%) and
A92T (n=1; 1.7%). The amino acid substitutions con-
ferring resistance to HCV NSS5A inhibitors and NS5B
polymerase inhibitors are shown in Tables 5 and 6.
Among the 104 cases of amplified patients infected
with the HCV virus, 19 (18.2%) had a mixture of virus
variants carrying multiple NS5A resistance mutations,
whereas 23 (22.1%) exhibited a mixture of strains with
various NS5B resistance mutations. In detail, in the NS5A
region of 13 patients carrying genotype 1b, four different
mixtures were observed (Y54Q+Y93H, Y54Q+A92T,
Y54Q+P58S, and Y54L+P58S). One patient with geno-
type 2a had F28L+Y93M mutations in the NS5A region.
However, the NS5A nucleotide sequence within geno-
type la viruses had the most complex mutations; three
different mixtures were observed (Q30R +H54Q, 0.98%;
Q30L+H54Q, 0.96%; and M28L+Q30R +H54Q, 2.88%).

Table 3. Baseline Characteristics of Patients With Genotypes 1a, 1b, and 2a in the NS5A Region

Baseline Characteristics 1b (n=58) 2a (n=39) la(n=7) p Value
Age (years) 44.05+16.03 48.23+15.79 32.00+£16.79 0.27
Sex (male/female) 32/26 20/19 52 0.61
AST (U/L) 55.87+37.26 58.18+35.79 39.5+23.79 0.52
ALT (U/L) 67.79+18.34 59.27+37.29 39.57+17.81 0.79
ALB (g/L) 43.71£6.91 40.51+£5.39 40.94+£13.91 0.12
TBIL (umol/L) 15.26+10.48 16.96+7.66 26.52 £ 17.02 0.68
HCV RNA (IU/ml) 9.88E+06 3.26E+06 1.42E+06 0.59




66

SUN ET AL.

Table 4. Baseline Characteristics of Patients With Genotypes 1a, 1b, and 2a in the NS5B Region

Baseline Characteristics 1b (n=50) 2a (n=43) la(n=11) p Value
Age (years) 46.08+16.32 47.03+£16.49 43.45+17.55 0.80
Sex (male/female) 30/20 28/15 714 0.88
AST (U/L) 49.89+£32.22 51.72+45.76 36.56+12.74 0.48
ALT (U/L) 58.37+46.75 52.90+0.62 42.36+21.49 0.57
ALB (g/L) 43.72+4.66 4329+5.11 41.69+4.92 0.46
TBIL (umol/L) 13.73+6.66 17.34+£9.22 17.32+£9.04 0.08
HCV RNA (IU/ml) 3.55E+06 3.45E+06 2.07E+06 0.83

The multiple drug resistance sites of NS5A protein are
shown in Table 7.

In the NS5B region of eight patients with genotype
1b, seven different virus variant mixtures were observed
(S282C+C316N, S282R+C316N, C316N+ V321G,
C316N+A421V, M414L+C316N, C289W +C316N, and
C316N+L392I). In five patients with genotype 2a, two
different mixtures were detected (L392I+V421A and
Q414M+V421A+C316N+M289C). Among 10 patients
carrying genotype 1b, 2 mixtures were detected (C316N+
V421A and C316N+L392F+V421A). The highest inci-
dence of NS5B resistance mutations occurred for C316N+
A421V in HCV genotype 1a. In addition, combinations of
multiple resistance variants in both the NS5A and NS5B
genes of the same HCV strain were observed in 1/32
(3.1%) patients with HCV genotype la and 8/30 (26.6%)
patients with HCV genotype 1b. Multiple drug resistance
sites of NS5B polymerase are shown in Table 8.

DISCUSSION

In the past, the standard anti-HCV treatment has been
pegylated interferon and ribavirin, but its sustained viro-
logic response is low. With the development of DAAsS,
treatments for HCV infection are evolving rapidly.
Telaprevir and boceprevir (N3/4A protease inhibitors)
are the earliest DAAs to be used in combination with
pegylated interferon-o. and ribavirin for the treatment of
chronic HCV genotype 1 infection. Simeprevir has been
used in combination with pegylated interferon-o and rib-
avirin or in combination with sofosbuvir for genotypes
1 and 4. In our study, protease inhibitor-associated resis-
tance mutation sites were detected in 38.20% of patients
with genotype 1b and in 100% (n=55) of patients with
genotype 2a. V36L was present in 2.25% of patients with
genotype 1b and 98.18% with genotype 2a. The substitu-
tion V36L confers decreased sensitivity to telaprevir®’.
Of note, mutation Q80K was observed in two cases of
patients with genotype 6a and is known to confer resis-
tance to simeprevir. Additional studies have shown a high
rate of Q80K mutation in patients with genotype 6a, so
these patients were not suitable candidates for treatment
with second-generation protease inhibitors. The substitu-
tions R155 and A156 are known to confer a high level of

resistance to all protease inhibitors''>. However, we only
observed substitution A156S, which can lead to resistance
to telaprevir and boceprevir, in two individuals with gen-
otype 2a. However, boceprevir and telaprevir have been
reported to have several drug—drug interactions and are
not approved for use together as combination therapy for
HCV.

Some studies have described that the majority of
resistance mutations are at positions M28T/V, Q30H/
E/R/K, L31M/V, P32L, and Y93C/H/N, which act as
primary resistance variations. For genotype 1b, variants
L31F/M/V, P32L, and Y93C/H/N act as primary resis-
tance substitutions, and L23F, R30Q, and P58S act as
secondary resistance mutations'>'°. The sites M28T,
Q30E/H/R, and L31M/V conferred high levels of resis-
tance, and these mutations are in the NS5A region associ-
ated with resistance to daclatasvir'’. In patients infected
with genotype la, we found M28L (57.1%) substitu-
tions that confer very low-level resistance to daclatasvir,
ledipasvir, and ombitasvir. The Q30R/L variation is an
additional substitution associated with resistance to
daclatasvir, ledipasvir, and ombitasvir. We also found
two species of the Q30 mutation, and the incidence of
Q30L was higher than Q30R, which was similar to a pre-
vious report. In addition, we found that at the baseline
level, the prevalence of NS5A resistance mutations was
higher in patients infected with genotype la than with
genotype 1b.

Table 5. Amino Acid Substitutions Conferring Resistance to
HCYV NS5A Inhibitors in Direct-Acting Antiviral (DAA)-Naive
Patients Infected With HCV Genotypes la, 2a, and 1b

Genotypes

NS5A Residues la(n=17) 1b (n=58) 2a (n=39)
M28 M28L(4) - -

F28 - - F28L(1)
Q30R Q30R/L (5/1) - -
P58 - P58S(3) -
E62D E62Q (5) - -
A92 - A92T(1) -
Y93 - Y93H(9) -
L31V/M+Y93H - - -
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Table 6. Amino Acid Substitutions Conferring Resistance
to HCV NS5B Polymerase Inhibitors in DAA-Naive Patients
Infected With HCV Genotypes la, 1b, and 2a

NS5B Genotypes

Residues la(n=11) 1b (n=50) 2a (n=43)
L159

S282T S282R/C(1/1)

M2891/L C289W(1) M289K/C(1/2)
C316 C316N(11) C316N (49) C316Q/N(1/2)
1320

V321 V321G(1)

L392 L392F(1) L392I(1) L392I(16)
N411 441(deficiency 1)

M414 M414L(1) Q414M(2)
A421 V421A(9) A421V(2) V421A(6)

The Y93H mutation was observed in NS5A geno-
type 1b strains, which confers high-level resistance to
daclatasvir, ledipasvir, and samatasvir. In our research,
Y93N/C was not observed, although Y93H was detected
in nine patients and was mainly concentrated in geno-
type 1b. Additionally, we detected the mutations YO3M
and Y93T in one patient each. Moreover, the same site is
mutated into other amino acids that have not been proven
to confer resistance. At present, researchers have reported
the prevalence of natural mutations conferring resistance
to NS5A inhibitors. In Italy, Paolucci et al. showed that
the incidence was 12.5% and 53.3% in patients infected
with genotype 1a and genotype 1b, respectively'’. Suzuki
et al.'"” have already demonstrated that the rate of muta-
tions L31M/V and Y93H conferring resistance to NSS5A
inhibitors reached 11.2% in treatment-naive individuals
infected with HCV genotype 1b in Japan. In summary,
we found that the total frequency of the Y93H mutation
was 8.65%, of which the genotype 1b mutation rate was
15.51%, and the mutation rates in genotype la and geno-
type 2a were low. The rate of the Y93H mutation in geno-
type 1b has previously been reported at 4%—8%, with the
incidence of the mutation in genotype la reported to be
higher than that of genotype 1b. In the present research,

Table 7. Multiple Drug Resistance Sites of NS5A Protein
Inhibitor

NSS5A Residues No.  Genotype Incidence
F28L+Y93M 1 2a 0.96%
Y54Q+Y93H 9 1b 8.65%
Y54Q+A92T 1 1b 0.96%
Y54Q+P58S 2 1b 1.92%
Y54L+P58S 1 1b 0.96%
Q30R+H54Q 1 la 0.96%
Q30L+H54Q 1 la 0.96%
M28L+Q30R +H54Q 3 la 2.88%

67

Table 8. Multiple Drug Resistance Sites of NS5B Polymerase
Inhibitors

NS5B Residues

No. Genotype Incidence

S282C+C316N 1 1b 0.96%
S282R+C316N 1 1b 0.96%
C316N +V321G 1 1b 0.96%
C316N+A421V 2 1b 1.92%
C316N+V421A 9 la 8.65%
M414L+C316N 1 1b 0.96%
C289W +C316N 1 1b 0.96%
L3921 +V421A 3 2a 2.88%
C316N+L3921 1 1b 0.96%
C316N+L392F+V421A 1 la 0.96%
Q414M +V421A+C316N+M289C 2 2a 1.92%

we found substitutions involved in the resistance to
HCV NS5A inhibitors for genotype 1b, and our results
were similar to those previously reported.

The higher prevalence of mutations in genotype 1b is
due to the presence of C316N, which confers low-level
resistance to tegobuvir and HCV-796 in most genotype 1b
strains'®. In previous studies, the C316N site was found at
baseline in individuals infected with HCV GT1b whose
treatment failed and was observed in patients who were
infected with GTla and experienced relapse. However,
more research needs to be done to reduce susceptibility
to sofosbuvir. We found that a single C316N mutation
emerged in 98% of subjects in genotype 1b and that it
existed at 100% in genotype la. In contrast, this varia-
tion was present at a much lower rate of 4.65% in geno-
type 2a. The overall variation in genotypes 1b and 1a was
significantly higher than in genotype 2a. Previous stud-
ies have confirmed the high prevalence of C316N in the
NS5B region using direct sequencing and deep sequenc-
ing'’. Our results were identical to previous reports. The
Los Alamos database on Asian populations showed that
the frequency of C316N reached 91.6%, which is more
than the global mutation rate®. This may that suggest
the prevalence of the mutation in a population is closely
related to ethnicity. Our experiment is consistent with this
conclusion. In vitro studies demonstrated that S282T is
the signature resistance-associated mutation to sofosbu-
vir’' . However, it is rarely identified in patients treated
with NS5B NIs in clinical trials. In our study, S282T was
not observed in any patient. In addition to the drug resis-
tance mutations above, M414T is associated with reduced
susceptibility to NS5B nonnucleoside polymerase inhibi-
tors*. The M414T mutation was not detected in this
study; however, M414L/M mutations were detected in
three patients™.

Combinations of mutations in the NS5A sequences
were rare. It should be stressed that the Q54H+Y93H com-
bination has already been reported to have direct resistance
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to daclatasvir®?%; the other combinations have not been

investigated. In this study, we found 19 cases (18.3%) of
multiple resistance variants in the NS5A protein region.
The highest incidence of Y54Q+Y93H was 8.65% in
the HCV genotype 1b-infected patients. The frequency
of multiple variant combinations in NS5B sequences was
21.15%, and the C316N+A421V combination was most
frequent. Moreover, in our experiment, the frequency of
multiple variant combinations in patients infected with
HCV genotype 1b was lower in NS5A than in NS5B.

In conclusion, our comprehensive analysis of naturally
occurring RAVs to DAAs indicates that RAVs are rela-
tively common in treatment-naive patients. The variation
of the related drug resistance sites will directly reduce the
antiviral effect of DAAs. We not only found single drug
resistance sites for different regions but also multiple
drug resistance sites. It is necessary to detect baseline-
level resistance before antiviral treatment, especially for
patients who did not achieve SVR on a DAA-based
therapy. Therefore, it is suggested that it is necessary to
conduct gene sequencing before applying DAAs thera-
peutically. Furthermore, the European Society for the
Study of the Liver (EASL 2017) emphasizes evaluating
RAS at the baseline level can help optimize the treatment
regimen, although it is not recommended for systemic
drug resistance testing. Therefore, detecting the drug
resistance loci is particularly important for optimizing
individualized antiviral therapy.

ACKNOWLEDGMENTS: This project was supported by the
National Natural Science Foundation of China (Grant No.
81371867), Jiangsu Provincial Special Program of Medical

Science (BL2014033), and Education to promote the health
project of the key personnel of Jiangsu Province (RC2011117).

REFERENCES

1. Mohd Hanafiah K, Groeger J, Flaxman AD, Wiersma ST.
Global epidemiology of hepatitis C virus infection: New
estimates of age-specific antibody to HCV seroprevalence.
Hepatology 2013;57(4):1333-42.

2. Moradpour D, Penin F. Hepatitis C virus proteins: From
structure to function. In: Bartenschlager R, editor. Hepatitis
C virus: From molecular virology to antiviral therapy
(Current Topics in Microbiology and Immunology, vol.
369). Berlin (Germany): Springer; 2013. p. 113-42.

3. Simmonds P, Holmes EC, Cha TA, Chan SW, McOmish
F, Irvine B, Beall E, Yap PL, Kolberg J, Urdea MS.
Classification of hepatitis C virus into six major genotypes
and a series of subtypes by phylogenetic analysis of the
NS-5 region. J Gen Virol. 1993;74(Part 11):2391-9.

4. Smith DB, Bukh J, Kuiken C, Muerhoff AS, Rice CM,
Stapleton JT, Simmonds P. Expanded classification of hep-
atitis C virus into 7 genotypes and 67 subtypes: Updated
criteria and genotype assignment web resource. Hepatology
2014;59:318-27. doi:10.1002/hep.26744.

5. Simmonds P, Bukh J, Combet C, Deléage G, Enomoto N,
Feinstone S, Halfon P, Inchauspé G, Kuiken C, Maertens
G, Mizokami M, Murphy DG, Okamoto H, Pawlotsky JM,

14.

16.

17.

SUN ET AL.

Penin F, Sablon E, Shin-I T, Stuyver LJ, Thiel HJ, Viazov
S, Weiner AJ, Widell A. Consensus proposals for a unified
system of nomenclature of hepatitis C virus genotypes.
Hepatology 2005;42(4):962-73.

European Association for the Study of the Liver. EASL
clinical practice guidelines: Management of hepatitis C
virus infection. J Hepatol. 2011;55(2):245-64.

Soriano V, Vispo E, Poveda E, Labarga P, Martin-Carbonero
L, Fernandez-Montero JV, Barreiro P. Directly acting anti-
virals against hepatitis C virus. J Antimicrob Chemother.
2011;66(8):1673-86.

Zhou Y, Bartels DJ, Hanzelka BL, Miih U, Wei Y, Chu HM,
Tigges AM, Brennan DL, Rao BG, Swenson L, Kwong
AD, Lin C. Phenotypic characterization of resistant Val36
variants of hepatitis C virus NS3-4A serine protease.
Antimicrob Agents Chemother. 2008;52:110-20.

Lenz O, Verbinnen T, Lin TI, Vijgen L, Cummings MD,
Lindberg J, Berke JM, Dehertogh P, Fransen E, Scholliers
A, Vermeiren K, Ivens T, Raboisson P, Edlund M, Storm S,
Vrang L, de Kock H, Fanning GC, Simmen KA. In vitro
resistance profile of the hepatitis C virus NS3/4A protease
inhibitor TMC435. Antimicrob Agents Chemother. 2010;
54(5):1878-87.

Tanwar S, Trembling PM, Dusheiko GM. TMC435 for
the treatment of chronic hepatitis C. Expert Opin Investig
Drugs 2012;21(8):1193-209.

. Aerssens J, Fanning F, Scholliers A, Lenz O, Peeters M,

De Srnedt G, Fried M. Impact of IL23B genotype and
pretreatment serum IP-10 in treatment-naive genotype-1
HCV patients treated with TMC435 in combination
with peginterferon a-2A and ribavirin in PILLAR study.
J Hepatol. 2011;54(Suppl 1):S5-6.

Krishnan P, Beyer J, Mistry N, Koev G, Reisch T, DeGoey
D, Kati W, Campbell A, Williams L, Xie W, Setze C, Molla
A, Collins C, Pilot-Matias T. In vitro and in vivo antiviral
activity and resistance profile of ombitasvir, an inhibitor
of hepatitis C virus NS5A. Antimicrob Agents Chemother.
2015:;59:979-87.

. Paolucci S, Floria L, Mariana 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;10:355.

Fridell RA, Qiu D, Wang C, Valera L, Gao M. Resistance
analysis of the HCV NS5A inhibitors BMS-790052, in the
in vitro replicon system. Antimicrob Agents Chemother.
2010;54:3641-50.

. Fridell RA, Wang C, Sun JH, O’Boyle DR, II, Nower P,

Valera L, Qiu D, Roberts S, Hung X, Kienzle B, Bifano
M, Nettles RE, Gao M. Genotypic and phenotypic analy-
sis of variants resistant to hepatitis C virus nonstructural
protein NS5A replication complex inhibitor BMS-790052
in humans: In vitro and in vivo correlations. Hepatology
2011;54:1924-35.

Zeuzem S, Berg T, Gane E, Ferenci P, Foster GR, Fried
MW, Hezode C, Hirschfield G, Jacobson I, Nikitin I,
Pockros P, Poordad F, Lenz O, Peeters M, Sekar V, De
Smedt G, Beumont-Mauviel M. TMC435 in HCV genotype
1 patients who have failed previous pegylated interferon/
ribavirin treatment: Final SVR24 results of the ASPIRE
trial. J Hepatol. 2012;56(Suppl 2):S1-2.

Suzuki F, Sezaki H, Akuta N, Suzuki Y, Seko Y, Kawamura
Y, Hosaka T, Kobayashi M, Saito S, Arase Y, lkeda K,
Kobayashi M, Mineta R, Watahiki S, Miyakawa Y, Kumada



NATURALLY OCCURRING RESISTANCE TO DAA

18.

19.

20.

21.

22.

H. Prevalence of hepatitis C virus variants resistant to NS3
protease inhibitors or the NS5A inhibitor (BMS-790052)
in hepatitis patients with genotype 1b. J Clin Virol.
2012;54(4):352-54.

Sarrazin C. The importance of resistance to direct antivi-
ral drugs in HCV infection in clinical practice. J Hepatol.
2016;64(2):486-504.

Ji H, Kozak RA, Biondi MJ, Pilon R, Vallee D, Liang BB,
La D, Kim J, Van Domselaar G, Leonard L, Sandstrom P,
Brooks J. Next generation sequencing of the hepatitis C
virus NS5B gene reveals potential novel S282 drug resis-
tance mutations. Virology 2015;477:1-9.

Donaldson EF, Harrington PR, O’Rear JJ, et al. Clinical
evidence and bioinformatics characterization of poten-
tial hepatitis C virus resistance pathways for sofosbuvir.
Hepatology 2015;61(1):56-65.

Ji H, Kozak RA, Biondi MJ, Pilon R, Vallee D, Liang BB,
La D, Kim J, Van Domselaar G, Leonard L, Sandstrom P,
Brooks J. Next generation sequencing of the hepatitis C
virus NS5B gene reveals potential novel S282 drug resis-
tance mutations. Virology 2015;477:1-9.

Lam AM, Espiritu C, Bansal S, Micolochick Steuer HM,
Niu C, Zennou V, Keilman M, Zhu Y, Lan S, Otto MJ,

23.

24.

25.

26.

69

Furman PA. Genotype and subtype profiling of PSI-7977
as a nucleotide inhibitor of hepatitis C virus. Antimicrob
Agents Chemother. 2012;10:3359-68.

Membreno FE, Lawitz EJ. The HCV NS5B nucleoside
and non-nucleoside inhibitors. Clin Liver Dis. 2011;10:
611-26.

Thompson PA, Patel R, Showalter RE, Li C, Appleman JR,
Steffy K. In vitro studies demonstrate that combinations
of antiviral agents that include HCV polymerase inhibitor
ANAS598 have the potential to overcome viral resistance.
Hepatology 2008;48(Suppl):1164A.

Karino Y, Toyota J, Ikeda K, Suzuki F, Chayama K,
Kawakami Y, Ishikawa H, Watanabe H, Hernandez D, Yu
F, McPhee F, Kumada H. Characterization of virologic
escape in hepatitis C virus genotype 1b patients treated
with the direct-acting antivirals daclatasvir and asunapre-
vir. J Hepatol. 2013;58(4):646-54.

Bartels DJ, Sullivan JC, Zhang EZ, Tigges AM, Dorrian JL,
De Meyer S, Takemoto D, Dondero E, Kwong AD, Picchio
G, Kieffer TL. Hepatitis C virus variants with decreased
sensitivity to direct-acting antivirals (DAAs) were rarely
observed in DAA-naive patients prior to treatment. J Virol.
2013;10:1544-53.





