@° PLOS | ONE

Check for
updates

G OPENACCESS

Citation: Schnell G, Krishnan P, Tripathi R, Beyer J,

Reisch T, Irvin M, et al. (2018) Hepatitis C virus
genetic diversity by geographic region within
genotype 1-6 subtypes among patients treated
with glecaprevir and pibrentasvir. PLoS ONE 13
(10): €0205186. https:/doi.org/10.1371/journal.
pone.0205186

Editor: Jason Blackard, University of Cincinnati
College of Medicine, UNITED STATES

Received: May 30, 2018
Accepted: September 20, 2018
Published: October 4, 2018

Copyright: © 2018 Schnell et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: Relevant data are
within the paper and its Supporting Information
files; the standard in HCV resistance and baseline
polymorphism analyses is to share data that have
been processed as presented in the manuscript.
Materials and datasets generated from the clinical
trials cannot be submitted to a public repository
due to patient confidentiality and privacy
restrictions, as these include potentially sensitive
information that may reveal the identity or location
of the participants. AbbVie is committed to

Hepatitis C virus genetic diversity by
geographic region within genotype 1-6
subtypes among patients treated with
glecaprevir and pibrentasvir

Gretja Schnell® *, Preethi Krishnan, Rakesh Tripathi, Jill Beyer, Thomas Reisch,
Michelle Irvin, Tatyana Dekhtyar, Liangjun Lu, Teresa I. Ng, Wangang Xie, Tami Pilot-
Matias, Christine Collins

Research & Development, AbbVie Inc., North Chicago, lllinois, United States of America

* gretja.schnell@abbvie.com

Abstract

Hepatitis C virus (HCV) is genetically diverse and includes 7 genotypes and 67 confirmed
subtypes, and the global distribution of each HCV genotype (GT) varies by geographic
region. In this report, we utilized a large dataset of NS3/4A and NS5A sequences isolated
from 2348 HCV GT1-6-infected patients treated with the regimen containing glecaprevir/
pibrentasvir (GLE/PIB) to assess genetic diversity within HCV subtypes by geographic
region using phylogenetic analyses, and evaluated the prevalence of baseline amino acid
polymorphisms in NS3 and NS5A by region/country and phylogenetic cluster. Among 2348
NS3/4A and NS5A sequences, phylogenetic analysis identified 6 genotypes and 44 sub-
types, including 3 GT1,8 GT2,3GT3, 13 GT4, 1 GT5, and 16 GT6 subtypes. Phylogenetic
analysis of HCV subtype 1a confirmed the presence of two clades, which differed by geo-
graphic region distribution and NS3 Q80K prevalence. We detected phylogenetic clustering
by country in HCV subtypes 1a, 1b, 2a, 2b, and 5a, suggesting that genetically distinct virus
lineages are circulating in different countries. In addition, two clades were detected in HCV
GT4a and GT6e, and NS5A amino acid polymorphisms were differentially distributed
between the 2 clades in each subtype. The prevalence of NS3 and NS5A baseline polymor-
phisms varied substantially by genotype and subtype; therefore, we also determined the
activity of GLE or PIB against replicons containing NS3/4A or NS5A from HCV GT1-6 clini-
cal samples representing 6 genotypes and 21 subtypes overall. GLE and PIB retained activ-
ity against the majority of HCV replicons containing NS3/4A or NS5A from HCV GT1-6
clinical samples, with a median EC5, of 0.29 nM for GLE and 1.1 pM for PIB in a transient
replicon assay. The data presented in this report expands the available data on HCV epide-
miology, subtype diversity by geographic region, and NS3 and NS5A baseline polymor-
phism prevalence.
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Introduction

Hepatitis C virus (HCV) infection affects 71 million people worldwide and is associated with
liver disease and hepatocellular carcinoma [1-4]. HCV is genetically diverse and is classified
into 7 genotypes, 67 confirmed subtypes, and 20 provisionally assigned subtypes [5]. The
global distribution and prevalence of each HCV genotype (GT) varies by geographic region.
HCV GT1 is the most prevalent worldwide and has a widespread geographic distribution, rep-
resenting 46% of all HCV infections [1]. HCV GT3 is the second most prevalent genotype and
accounts for 30% of global infections, and is more common in South Asia, Australasia, and
some countries in Europe [1, 6]. HCV genotypes 2 and 4 are the next most common, each rep-
resenting 9-13% of HCV infections with more limited geographic distribution. GT2 preva-
lence is higher in Asia and West Africa, while a high incidence of GT4 infection occurs in
Central and Eastern sub-Saharan Africa, North Africa, and the Middle East [1, 6]. HCV geno-
types 5, 6, and 7 are the most restricted in geographical distribution, with GT5 common in
South Africa and GT6 prevalent in East and Southeast Asia [1], while GT7 infection has been
reported in a small number of individuals from the Democratic Republic of Congo [7].

HCV genotypes and subtypes differ at the nucleotide level by approximately 30% and
15%, respectively, and subtype diversity varies by genotype [5]. HCV genotypes 2, 4, and 6
are the most diverse and include 11, 17, and 24 subtypes, respectively [5]. Subtype prevalence
and diversity has been reported to vary by geographic region and country [6, 8]. In GT1a,
two viral clades differ by geographical distribution and occurrence of nonstructural protein 3
(NS3) protease polymorphisms [9, 10]. Sequence clustering by geographic region has also
been reported for other HCV subtypes based on phylogenetic analysis [8], indicating that
genetically distinct virus lineages are circulating in different countries. Due to the high
genetic diversity across HCV genomes, the efficacy of direct-acting antiviral (DAA) regimens
for the treatment of HCV infection can be impacted by HCV genotype, subtype, and the pres-
ence of baseline amino acid polymorphisms [11]. Depending on the local prevalence of resis-
tance-associated amino acid polymorphisms, the genetic diversity of HCV subtypes in
different parts of the world may impact the treatment options available to HCV-infected
patients.

Interferon-free HCV treatment options with DAAs have expanded from the earlier regi-
mens of sofosbuvir (SOF) plus ribavirin (RBV) [12, 13], SOF plus daclatasvir [14], SOF plus
simeprevir [14, 15], SOF/ledipasvir [16-18], ombitasvir/paritaprevir/ritonavir (OBV/PTV/r)
with or without dasabuvir [19, 20], and elbasvir/grazoprevir [21, 22]. Newer HCV treatment
options include pan-genotypic regimens with shorter treatment duration and indications for
difficult-to-treat patient populations [23], including glecaprevir/pibrentasvir [24-30], SOF/vel-
patasvir (VEL) [31, 32], and SOF/VEL/voxilaprevir [33]. Glecaprevir (GLE) is an NS3/4A pro-
tease inhibitor (identified by AbbVie and Enanta) [34], and pibrentasvir (PIB) is an NS5A
inhibitor [35]. The regimen of GLE/PIB is highly efficacious for the treatment of HCV GT1-6
infection [24-30]. Among 9 phase 2/3/3b studies that evaluated the safety and efficacy of GLE/
PIB (300/120 mg dose) for the treatment of HCV GT1-6 infection, 2440 patients were enrolled
in 27 countries that spanned five geographic regions worldwide, representing a large database
of genetically and geographically diverse HCV GT1-6 patient samples. In this report, we uti-
lized a large dataset of NS3/4A and NS5A sequences isolated from 2348 HCV GT1-6-infected
patients treated with GLE/PIB to assess genetic diversity within HCV subtypes by geographic
region, examine the prevalence of baseline amino acid polymorphisms by region/country and
phylogenetic cluster, and determine the activity of GLE or PIB against subgenomic HCV repli-
cons containing NS3/4A or NS5A from HCV GT1-6 clinical samples.
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Materials and methods
Clinical studies

SURVEYOR-1 (ClinicalTrials.gov identifier NCT02243280) and SURVEYOR-2 (Clinical-
Trials.gov identifier NCT02243293) were open label, dose-ranging, phase 2/3 studies that
evaluated the safety, efficacy, and pharmacokinetics of GLE plus PIB with and without riba-
virin (RBV) for 8, 12, or 16 weeks duration in 868 patients with chronic HCV GT1-6 infec-
tion, with or without compensated cirrhosis [27-29]. The HCV patient sequences analyzed
from the SURVEYOR-1 and SURVEYOR-2 studies were isolated from the baseline samples
of 590 patients who received the study dose of GLE 300 mg plus PIB 120 mg. The ENDUR-
ANCE-1, -2, -3, and -4 studies were phase 3 studies that evaluated the safety and efficacy of
GLE/PIB (300/120 mg) for 8 or 12 weeks duration in 703, 302, 390, and 121 patients with
chronic HCV infection without cirrhosis for GT1 (ENDURANCE-1, ClinicalTrials.gov
identifier NCT02604017), GT2 (ENDURANCE-2, ClinicalTrials.gov identifier
NCT02640482), GT3 (ENDURANCE-3, ClinicalTrials.gov identifier NCT02640157), and
GT4, 5, or 6 (ENDURANCE-4, ClinicalTrials.gov identifier NCT02636595) [24, 30], respec-
tively. ENDURANCE-1 included 670 patients with chronic HCV GT1 mono-infection and
33 patients with HIV-1/HCV GT1 co-infection. ENDURANCE-5/6 was a phase 3b, open-
label study that evaluated the safety and efficacy of GLE/PIB (300/120 mg) for 8 or 12
weeks duration in 84 patients with chronic HCV GT5 or 6 infection, with or without com-
pensated cirrhosis (ClinicalTrials.gov identifier NCT02966795) [36]. EXPEDITION-1 (Clin-
icalTrials.gov identifier NCT02642432) and EXPEDITION-4 (ClinicalTrials.gov identifier
NCTO02651194) were single arm, open-label, phase 3 studies that evaluated the safety and
efficacy of GLE/PIB (300/120 mg) for 12 weeks duration in either 146 patients with chronic
HCV GT 1, 2, 4, 5, or 6 infection and compensated cirrhosis (EXPEDITION-1) [25], or 104
patients with chronic severe renal impairment and chronic HCV GT1-6 infection with or
without compensated cirrhosis (EXPEDITION-4) [26]. Clinical studies SURVEYOR-1, -2,
ENDURANCE-1, -2, -3, -4, -5/6, and EXPEDITION-1, -4 enrolled HCV-infected patients
that were treatment-naive and those treatment-experienced to pegylated-interferon +

RBV =+ SOF.

The current report is a post-hoc analysis of data from previously published multinational
clinical trials SURVEYOR-1, -2, ENDURANCE-1, -2, -3, -4, -5/6, and EXPEDITION-1, -4. All
clinical studies were conducted in accordance with the World Medical Association Declaration
of Helsinki and the guidelines of the International Conference of Harmonization. The study
protocols were approved by the relevant institutional review boards and regulatory agencies at
each individual site, and all patients provided written informed consent. The names of the eth-
ics committees and institutional review boards that approved these studies can be found on
the trial registration at www.clinicaltrials.gov.

Country of enrollment

HCV-infected patients from 27 countries were enrolled in clinical studies SURVEYOR-1, -2,
ENDURANCE-1, -2, -3, -4, -5/6, and EXPEDITION-1, -4. A listing of country of enrollment
by ISO country code is provided in S1 Table. Countries were grouped into the following geo-
graphic regions for analysis: Europe included the countries of AUT, BEL, CHE, DEU, ESP,
FRA, GBR, GRC, HUN, ITA, LTU, POL, PRT, ROU, and SWE; North America included the
countries of USA, CAN, MEX, and PRI; Asia included the countries of KOR, SGP (GT6 only),
and TWN; Oceania included the countries of AUS and NZL; ROW (rest-of-world) included
the countries of CHL (GT1), ISR (GT1), and ZAF (GT5a, GT6a).

PLOS ONE | https://doi.org/10.1371/journal.pone.0205186  October 4, 2018 3/30


http://www.clinicaltrials.gov
https://doi.org/10.1371/journal.pone.0205186

@° PLOS | ONE

HCV genotype 1-6 genetic diversity

Subtype determination

Viral RNA isolation, reverse transcriptase (RT)-PCR, and nested PCR were conducted using
genotype and subtype-specific primers on >2300 available baseline plasma samples, as previ-
ously described in detail for full-length NS3/4A and NS5A genes [34, 35, 37-41]. For each
sample, HCV genotype was identified by the Versant HCV Genotype Inno-LiPA Assay v2.0 at
the time of enrollment in the study, and HCV subtype was subsequently determined by neigh-
bor-joining phylogenetic analysis of full-length NS3/4A and NS5A nucleotide sequences, as
described in detail previously [40, 41]. The subtype for each sample was assigned based on
agreement between NS3/4A and NS5A results when both gene sequences were available, or
was based on data from a single gene target when data was not available from both genes.

Next-generation sequencing

NGS analysis of NS3/4A and NS5A amplicons from 2348 baseline samples was conducted by
DDL Diagnostic Laboratory (Rijswijk, Netherlands) for studies SURVEYOR-1, -2, ENDUR-
ANCE-1, -3, -4, -5/6, and EXPEDITION-1, and by Monogram Biosciences (South San Fran-
cisco, CA, USA) for studies ENDURANCE-2 and EXPEDITION-4, using methods that were
described in detail previously [40]. PCR amplicons were purified and quantified by DDL Diag-
nostic Laboratory using methods previously described [40]. PCR amplicons were purified,
quantified, and normalized by Monogram Biosciences using the AxyPrep Mag PCR Normal-
izer kit (Corning Life Sciences, Corning, NY). PCR amplicons were fragmented and tagged
using the Nextera XT sample preparation and index kits (Illumina, San Diego, CA). Paired-
end sequencing was conducted using the Illumina MiSeq platform, and FASTQ files were
mapped against a subtype-specific reference sequence. Sequences were trimmed to remove
nucleotides with a Q-score <25, and sequence reads less than 50 bases in length were dis-
carded. Amino acid substitutions relative to a subtype-specific HCV reference sequence were
reported by the sequencing vendor using a frequency threshold of >1%.

Phylogenetic analysis

NGS consensus nucleotide sequences for NS3/4A and NS5A were generated with an ambiguity
setting of 0.25 and aligned using MAFFT [42]. NS3/4A and NS5A sequences were grouped by
genotype and subtype, and included in phylogenetic analyses to assess genetic relationships
within each subtype by geographic region and country. Maximum likelihood phylogenetic
trees were constructed using PHYML [43, 44] in Geneious software (Biomatters Ltd., Auck-
land, New Zealand) [45] with the HKY85 nucleotide substitution model [46], 100 bootstrap-
ping replicates, and additional parameters as described in detail previously [40]. Phylogenetic
analysis was conducted for both NS3/4A and NS5A for each subtype, and one target was
selected as the representative tree displayed in figures. Sequence clusters that matched between
the phylogenetic trees of NS3/4A and NS5A with bootstrap support >50 that contained >5
sequences were identified with a number, starting with C1 for the cluster with the greatest
number of sequences.

NS3 and NS5A baseline polymorphism analysis

NS3 amino acid positions 36, 43, 54, 55, 56, 80, 155, 156, 166 (GT3 only), and 168 were consid-
ered signature positions for the NS3/4A protease inhibitor class in GT1-6. Baseline amino acid
polymorphisms were identified by comparing translated baseline sequences to the respective
subtype-specific reference sequence shown in S2 Table. The number of patients with “Any”
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baseline polymorphism in NS3 at signature amino acid positions was also calculated. The prev-
alence of baseline polymorphisms in NS3 at a detection threshold >15% was analyzed by sub-
type, geographic region, and phylogenetic cluster. NS5A amino acid positions 24, 28, 30, 31,
32, 58,92 and 93 were considered signature positions for the NS5A inhibitor class in GT1-6,
and polymorphisms were identified by comparing translated baseline sequences to the respec-
tive subtype-specific reference sequence shown in S3 Table. The number of patients with
“Any” baseline polymorphism in NS5A at signature amino acid positions was also calculated.
The prevalence of baseline polymorphisms in NS5A at a detection threshold >15% was ana-
lyzed by subtype, geographic region, and phylogenetic cluster.

HCYV transient replicons containing NS3 or NS5A from GT1-6 clinical
samples

The generation of HCV replicons containing NS3 or NS3/4A from subtype 1a, 1b, 2a, 2b, 3a,
4a, 4d, and 5a clinical samples for use in a transient transfection assay was previously described
[34, 38]. For HCV subtypes 2c, 2i, 21, 4f, 4g, 4k, 40, and 4r, a consensus sequence for NS3/4A
was derived from an alignment of 75, 7, 5, 3, 3, 8, 4, and 8 patient sequences, respectively. The
NS3 consensus sequence for subtypes 2c, 2i, and 2] encompassed amino acids 1 to 225 of NS3,
and was generated as a synthetic gene (IDT, Coralville, IA) and ligated into an HCV GT2a
JFH1 (GenBank accession number AB047639) subgenomic transient replicon vector contain-
ing a luciferase reporter gene [47], in place of the corresponding region from 2a-JFH1. The
NS3 consensus sequence for subtypes 4f, 4g, 4k, 40, and 4r encompassed amino acids 1 to 251
of NS3, and was generated as a synthetic gene (IDT) and ligated into an HCV GT1b Conl
(GenBank accession number AJ238799) subgenomic transient replicon vector containing a
luciferase reporter gene, in place of the corresponding region from 1b-Conl. For HCV GTé6e,
a consensus sequence for NS3/4A was derived from an alignment of 4 GT6e patient sequences.
The full-length NS3/4A GT6e consensus sequence was generated as a synthetic gene (IDT)
and ligated into the HCV GT1b Conl transient replicon vector, in place of the corresponding
region from 1b-Conl.

The generation of HCV replicons containing NS5A from subtype la, 1b, 2a, 2b, 3a, 4a, 4b,
4d, 4f, 4g, 4k, 4o, 4r, 53, and 6a clinical samples for use in a transient transfection assay was
previously described [37, 40, 41, 47]. For HCV subtypes 2c, 2i, 21, 6e, and 6p, the NS5A gene
encompassing amino acids 1 to 214 was amplified from individual clinical samples using sub-
type-specific PCR primers and ligated into an HCV GT1b Conl subgenomic transient repli-
con vector containing a luciferase reporter gene [37], in place of the corresponding region
from 1b-Conl. For HCV GT3b, a consensus sequence for NS5A was derived from an align-
ment of 10 GT3b patient sequences and the 3b-HCV-Tr sequence (GenBank accession num-
ber D49374). The NS5A GT3b consensus sequence encompassing amino acids 1 to 187 was
generated as a synthetic gene (IDT) and ligated into an HCV GT2a JFH1 subgenomic transient
replicon vector containing a luciferase reporter gene [47], in place of the corresponding region
from 2a-JFH1.

The activity of GLE or PIB against chimeric transient replicons containing NS3, NS3/4A, or
NS5A from GT1-6 clinical samples was assessed using the transient replicon assay as described
in detail previously [34, 35, 37, 38, 40, 47]. The 50% effective concentration value (ECs) of
GLE or PIB was calculated in Prism5 software (GraphPad Software, Inc., La Jolla, CA) using a
nonlinear regression curve fitting to the 4-parameter logistic equation. The average ECs, value
for each clinical sample was calculated from at least 2 independent experiments each con-
ducted in duplicate.
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Statistical analysis

Fisher’s exact test with a two-sided significance level of 0.05 was used to compare sequence dis-
tribution by geographic region and phylogenetic clade or cluster, as well as the prevalence of
baseline polymorphisms in NS3 and NS5A by geographic region and phylogenetic clade or
cluster, without multiplicity adjustment.

Results
HCV GT1-6 subtypes by country of enrollment

Among 2348 baseline samples, 44 HCV subtypes were identified by phylogenetic analysis of
NS3/4A and NS5A sequences, including 3 GT1 (N = 863), 8 GT2 (N = 543), 3 GT3 (N = 635),
13 GT4 (N =171), 1 GT5 (N =53), and 16 GT6 (N = 83) subtypes (Fig 1). No GT7-infected
patients were enrolled among the 9 phase 2/3/3b studies. Subtype diversity was highest in GT2,
GT4, and GT6, and included 37 of the 52 confirmed subtypes among these 3 genotypes [5].
The distribution of countries was the most diverse for subtypes la and 1b, representing
enrollment of patients from 22 and 24 countries, respectively. In subtype la (n = 395), 28.1%
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Fig 1. HCV GT1-6 subtypes by country of enrollment. The total number (N) of sequences and country (%) is listed for each subtype identified from 2348 available
baseline samples. Countries are listed by ISO country code.

https://doi.org/10.1371/journal.pone.0205186.g001
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of patients were from the United States, 11.4% were from Canada, and 8.4% were from Austra-
lia. In subtype 1b (n = 466), the patient distribution was generally evenly divided among 24
countries, including 9.2%, 8.8%, and 7.5% of patients from the United States, Romania, and
Poland, respectively. Six samples subtyped as either GT1a (n = 4) or GT1b (n = 2) by phyloge-
netic analysis of NS3/4A and NS5A sequences were included in subsequent sequence analyses,
and were later determined to be GT2/1 chimeras based on full-genome sequencing; one sub-
type 1b sample from Korea and four subtype 1a samples from the United States were 2b/1 chi-
meras, and one subtype 1b sample from the United States was a 2k/1b chimera.

Among GT2-infected patients, subtypes 2a, 2b and 2c were the most prevalent (92.8%), and
the country distribution varied depending on the subtype (Fig 1). In GT2a (n = 152), the
majority of patients were from Asian countries of South Korea (38.8%) and Taiwan (14.5%),
while in GT2b (n = 272) 79.4% of patients were from the United States. GT2c-infected patients
(n = 80) were mainly from Italy (67.5%) and Belgium (13.8%), while the majority of patients
infected with other GT2 subtypes (n = 39) were from France. The majority of the GT3-infected
patients enrolled had subtype 3a infection (98.7%). Among GT3a-infected patients (n = 627),
the majority were from North America or Oceania, including 38.3% from the United States,
13.7% from Australia, and 11.6% from New Zealand, while patients infected with subtype 3b
(n=6) or 3i (n = 2) were from Australia, Canada, or the United Kingdom. The majority of the
GT4-infected patients had subtype 4a or 4d infection (78.9%, Fig 1). Among 82 GT4a-infected
patients, 48.8% were from the United States, while GT4d-infected patients (n = 53) were pre-
dominantly from Europe, and patients infected with other GT4 subtypes (n = 36) were gener-
ally from Belgium, France, or Canada. In GT5a (n = 53), 30.2% of patients were from South
Africa, 32.1% were from Belgium, and 26.4% were from France. GT6-infected patients were
predominantly from Canada, the United States, France, and Australia (Fig 1).

Two clades in HCV subtype 1a differ by geographic region and NS3 Q80K
prevalence

Phylogenetic analysis of 395 NS3/4A and NS5A GT1la sequences confirmed the presence of 2
clades in HCV subtype 1la [10], and also identified 8 subgroups of sequence clusters in either
clade 1 (C1-C6) or clade 2 (C7 and C8) (Fig 2). An analysis of geographic region based on phy-
logenetic clade classification revealed that the distribution of sequences from North America
and Europe was significantly different between clade 1 and clade 2 (P-value <0.0001). The
geographic region distribution of clade 1 (n = 215) was 56% North America, 32% Europe, 9%
Oceania, and 4% ROW, while the distribution of clade 2 (n = 180) was 30% North America,
55% Europe, 3% Asia, 12% Oceania, and 1% ROW (Table 1).

Further assessment of sequences comprising clade 1 revealed that 62% (42/68) of sequences
from European countries clustered independently from the majority of sequences from North
America (90%; 108/120). In addition, 94.7% (18/19) of the clade 1 sequences from Australia
sorted together in cluster C1. Among the 6 sequence clusters identified in clade 1, cluster C1
was the largest and included 36 sequences, of which 50% were from Australia, 33% were from
Europe, and 14% were from North America (Table 1). Clusters C3, C4, C5, and C7 contained
predominantly sequences from Europe (63-100%; Table 1). All of the GT1a sequences from
Taiwan (5/5) clustered in C8 within clade 2.

The prevalence of baseline polymorphisms in GT1a for NS3 and NS5A was assessed by
geographic region and phylogenetic clade, and is shown in Tables 2 and 3, respectively. Poly-
morphisms at NS3 amino acid position A156 were not detected in GT1-6 sequences. The prev-
alence of polymorphisms at NS3 amino acid positions 36, 54, 55, 56, 155, and 168 was similar
across geographic region and phylogenetic clade (GT1a, Table 2). The prevalence of Q80K/L/
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Fig 2. Two clades in HCV GT1a differ by geographic region distribution. Maximum likelihood phylogenetic tree
displayed in (A) circular or (B) radial format for NS3/4A sequences from GT1a-infected patients. Bootstrap values are
listed for nodes of sequence clustering, and bootstrap values >70 at other nodes in the tree are marked with an asterisk
(*). Sequence clusters by geographic region were numbered starting at C1. The genetic distance scale bar indicates the
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number of nucleotide substitutions per site between sequences. HCV patient isolates are represented by color based on
the country of enrollment.

https://doi.org/10.1371/journal.pone.0205186.9002

M/R in NS3 was 37% overall (145/391) while Q80K alone was 35% (136/391), and the preva-
lence varied significantly depending on the geographic region and phylogenetic clade classifi-
cation (Table 2). Based on geographic region, Q80K prevalence was significantly higher (P-
value <0.0001) in sequences from North America (56%; 96/170) compared to Europe (21%,
35/166) or Oceania (2.5%; 1/40). The prevalence of Q80K was also significantly different
between clade 1 (59%, 127/214) and clade 2 (5.1%, 9/177; P-value <0.0001). In addition,
sequence clusters C1-C6 in clade 1 were generally grouped by the presence or absence of
Q80K in NS3. Of the 84 sequences in clade 1 with Q80 in NS3, 67% (56/84) clustered in Cl,
C3, and C6, while clusters C2 (n = 24) and C4 (n = 8) each contained 100% sequences with
Q80K.

In NS5A, the prevalence of polymorphisms at amino acid positions 24, 30, 31, 92, and 93
was similar across geographic region and phylogenetic clade (GT1a, Table 3). Polymorphisms
at NS5A amino acid position P32 were not detected in GT1-6 sequences. In the Oceania
region, NS5A polymorphisms at position M28 were less prevalent (3%, 1/39), while polymor-
phisms at position H58 were more common (13%, 5/39) compared to other geographic
regions. NS5A polymorphisms at positions important for the inhibitor-class had a similar
prevalence between clade 1 and 2 in subtype 1a.

Phylogenetic clustering by geographic region in HCV subtypes 1b, 2a, 2b,
and 5a

Phylogenetic analysis of 466 GT1b NS3/4A and NS5A sequences identified 9 sequence clusters
with strong branch support, and clustering by country was most notable for sequences from
Poland and Taiwan (Fig 3A). Cluster C1 (n = 13) contained sequences from Korea and Tai-
wan, and included 37% (11/30) of the total GT1b sequences from Taiwan. Among sequences
from Poland, 45.7% (16/35) clustered in subgroups C5 and C6, which were comprised almost
entirely (90-100%) of sequences from Poland (Table 1). Other smaller sequence clusters in
subtype 1b included sequences exclusively from Asia (C8) or Australia (C9).

The prevalence of baseline polymorphisms in NS3 and NS5A was assessed by geographic
region and phylogenetic cluster, and is shown in Tables 2 and 3, respectively. In GT1Db, the
prevalence of NS3 polymorphisms at amino acid positions 36, 54, 55, 155, and 168 was similar
across geographic region and phylogenetic cluster (GT1b, Table 2). The most common poly-
morphism was Y56F, detected at 32% (147/461) prevalence overall. In general, Y56F was
evenly distributed by geographic region, except that it was not detected in sequences from
Oceania (0/10). The highest prevalence of Y56F was detected in sequences from Poland and
Spain, with a prevalence of 51% (18/35) and 53% (18/34), respectively. Although the preva-
lence of Y56F was similar across geographic regions, the frequency of detection ranged from
0-100% in phylogenetic clusters C1-C9. Presence of Y56F was highest in clusters C7 (100%),
C4 (70%) and C5 (60%), and detection was not limited to a specific country in those sequence
clusters. NS3 Q80H/K/L/R polymorphisms were detected at an overall prevalence of 5% (23/
461) in GT1b, but occurred at the highest prevalence in sequences from Asia (17.5%, 11/63).
Polymorphisms at position Q80 were detected in 15-29% of sequences in clusters C1, C4, and
C7.

In GT1b, the prevalence of polymorphisms in NS5A at amino acid positions 24, 28, 30, and
31 was similar across geographic region (GT1b, Table 3). Polymorphisms at positions P58,
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Table 1. Country distribution by phylogenetic clade and cluster.

Subtype, Phylo. Cluster n (%)* N*
North America Europe Asia Oceania ROW
EU-other” BEL FRA LTU POL KOR TWN AUS NZL
GT1a® 174 (44) 124 (31) 22 (6) 15 (4) 1(0.3) 4(1) 0 5(1) 33(8) 7(2) 10 (3) | 395

(Continued)
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Table 1. (Continued)

Subtype, Phylo. Cluster

North America
C1 4(57)
GT6e il 16(64) |
.............................. Cladel] 7(78) 1.
Clade 2 9 (56)

n (%)a N?
Europe Asia Oceania ROW

EU-other” BEL FRA LTU POL KOR TWN AUS NZL

2(8) 2(8) 3(12) 0 0 0 0 2(8) 0 0 25

“n, number of sequences per country; N, total number of available sequences; % = n/N
PEU-other includes the countries of AUT, CHE, DEU, ESP, GBR, GRC, HUN, ITA, PRT, ROU, and SWE.
“In GT1a, C1-C6 are subgroups of Clade 1; C7 and C8 are subgroups of Clade 2.

“In GT6a, the Asia sequence was from SGP.

https://doi.org/10.1371/journal.pone.0205186.t001

A92, and Y93 were detected at frequencies of 19% (12/63), 13% (8/63), and 13% (8/63), respec-
tively, and were most prevalent in sequences from Asia compared to other geographic regions.
Among the clusters containing sequences from Asia, cluster C1 contained 3 NS5A sequences
with Y93H (3/12), and C8 contained 4 sequences with A92T (4/5) in NS5A.

Phylogenetic analysis of 152 GT2a sequences revealed that the majority of sequences from
Europe (96.8%, 30/31) and some sequences from North America (32.4%, 11/34) clustered
independently of sequences from Asia countries Korea and Taiwan (Fig 3B), and this differ-
ence was statistically significant (P-value <0.0001). Among the 4 sequence clusters identified
by phylogenetic analysis, cluster C1 included sequences from Europe (58%) and North Amer-
ica (42%), cluster C2 included sequences from Europe (89%) and North America (11%), clus-
ter C3 contained 7 sequences from Korea, and cluster C4 included 83% (5/6) of the total GT2a
sequences from New Zealand (Table 1). Most of the sequences from France (7/8) were in clus-
ter C1, while all (12/12) of the GT2a sequences from Lithuania sorted to cluster C2. Among
272 GT2b sequences, the majority of sequences from Europe (60%, 6/10), Asia (84%, 21/25),
and New Zealand (100%, 7/7) clustered independently from North America (Fig 3C), and the
difference was statistically significant (P-value <0.0001). Clusters C1, C4, C5, and C6 con-
tained sequences exclusively from North America, while clusters C2 and C3 contained
sequences from Korea and Taiwan, cluster C7 included 100% (7/7) of the GT2b sequences
from New Zealand, and cluster C8 contained sequences from Europe (Table 1).

The most common NS3 polymorphism in GT2 sequences was Y56F, which occurred at a
prevalence of 7% (10/144), 17% (44/254), 100% (71/71), and 65% (11/17) in subtypes 2a, 2b,
2¢, and 2-other, respectively (Table 2). Among GT2a sequences from Asia (n = 75), 6 out of 7
sequences with Y56F in NS3 sorted in cluster C3, which was comprised entirely of sequences
from Korea; similar clustering was not observed in other GT2 subtypes. In NS5A, specific clus-
tering of baseline polymorphisms was not evident. Polymorphisms T24A/S were detected in
10% (15/150) of GT2a sequences, and 67% (4/6) of the sequences from New Zealand contained
the T24A polymorphism and sorted in cluster C4 (Table 3). In NS5A, amino acid position 31
is polymorphic among GT?2 sequences. The majority of GT2a and GT2-other sequences had
M31, whereas most GT2b and GT2c sequences had L31 in NS5A. In GT2b-infected patients,
the distribution of NS5A sequences with the common L/M31 polymorphisms varied by geo-
graphic region, and M31 occurred at a higher frequency in sequences from Asia (46%, 11/24)
and North America (32%, 71/223), while L31 was most prevalent in sequences from Europe
(89%, 8/9) and Oceania (100%, 8/8). In general, phylogenetic clustering in GT2b was differen-
tiated by the presence or absence of 31L in NS5A.
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Table 2. NS3 baseline polymorphism prevalence in GT1-6 by geographic region and phylogenetic cluster.

Subtype, Region, Phylo. Cluster NS3 Amino Acid Polymorphisms, n (%)* N*
36 54 55 56 80 155 168 Any
GTla" V36A/L/M T54S V55A/1/P Y56F Q80K/L/M/R R155K D168E
All 13 (3) 8(2) 19 (5) 1(0.3) 145 (37) 4(1) 4(1) 174 (45) 391
Europe 5(3) 4(2) 5(3) 40 (24) 1(0.6) 3(2) 51 (31) 166
North America 5(3) 3(2) 10 (6) 1(0.6) 100 (59) 1(0.6) 1 (0.6) 110 (65) 170
Asia 1 (20) 1(20) 5
Oceania 1(3) 1(3) 4 (10) 1(3) 1(3) 6 (15) 40
ROW 1(10) 4 (40) 1(10) 5 (50) 10
Clade 1 7(3) 5(2) 13 (6) 1(0.5) 130 (61) 2(1) 1(0.5) 143 (67) 214
Clade 2 6(3) 3(2) 6(3) 15 (8) 2(1) 3(2) 31(18) 177
C1 1(3) 1(3) 5(14) (0) 6(17) 36
C2 2(8) 24 (100) 1(4) 24 (100) 24
C3 1(9) 1(9) 109) 3(27) 11
c4 8 (100) 8 (100) 8
Cs 1(14) 1(14) 1(14) 6 (86) 7 (100) 7
C6 1(17) 1(17) 6
Cc7 3(18) 3(18) 17
C8 1(17) 1(17) 6
GT1b V36lI/L T54S V55A/P Y56F Q80H/K/L/R R155 D168E
All 7(2) 8(2) 3(0.7) 147 (32) 23 (5) 0 1(0.2) 169 (37) 461
Europe 3(1) 3(1) 2(0.8) 95 (36) 5(2) 105 (40) 263
[Poland]® 18 (51) 2 (6) 19 (54) 35
[Spain]© 18 (53) 18 (53) 34
North America 1(1) 1(1) 1(1) 17 (23) 4(6) 21 (29) 73
Asia 3(5) 3(5) 16 (25) 11 (18) 22 (35) 63
Oceania 1(10) 1(10) 10
ROW 1(2) 19 (37) 2 (4) 1(2) 20 (39) 52
Cl 1(8) 2(15) 2(15) 13
Cc2 1(8) 3(23) 1(8) 5(39) 13
c3 1(9) 109) 11
C4 7 (70) 2 (20) 7 (70) 10
C5 6 (60) 6 (60) 10
C6 2(29) 2(29) 7
Cc7 7 (100) 2 (29) 7 (100) 7
C8 0 5
C9 0 5
GT1-other? V36L T54S V55 Y56 Q80 R155 D168
All 1 (50) 1(50) 2 (100) 2
GT2a L36M T54A V55 Y56F G80 R155 D168E
All 3(2) 1(0.7) 0 10 (7) 0 0 3(2) 16 (11) 144
Europe 1(3) 1(3) 1(3) 2(7) 29
North America 2 (6) 2 (6) 1(3) 5(15) 34
Asia 1(1) 7 (9) 1(1) 9 (12) 75
Oceania 0 6
Cl 0 19
C2 1(6) 1(6) 1(6) 16
C3 6 (86) 6 (86) 7
(Continued)
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Table 2. (Continued)

Subtype, Region, Phylo. Cluster NS3 Amino Acid Polymorphisms, n (%)* N*
36 54 55 56 80 155 168 Any
C4 0 6
GT2b L36 T54 V551 Y56F G80 R155 D168V
All 0 0 1(0.4) 44 (17) 0 0 1(0.4) 45 (18) 254
Europe 1(10) 1(10) 10
North America 1(0.5) 37 (18) 1(0.5) 38 (18) 211
Asia 5(21) 5(21) 24
QOceania 1(13) 1(13) 8
C1 1(8) 1(8) 13
Cc2 2 (20) 2 (20) 10
C3 3(30) 3 (30) 10
C4 1(10) 1(10) 10
cs 2(25) 2(25) 8
c6 1(13) 1(13) 8
c7 1(14) 1(14) 7
C8 0 6
GT2c L36 T54 V55 F56 G80 R155 D168 0 71
GT2-other® L36 T54 V55 Y56F G80 R155 D168
All 0 0 0 11 (65) 0 0 0 11 (65) 17
GT3al L36 T54A/S V551 Y56F Q80K R155 Q168K/R
All 0 3(0.5) 2(0.3) 1(0.2) 1(0.2) 0 10 (2) 99f(16) 624
Europe 1(0.5) 1(0.5) 3(2) 34 (18) 185
North America 1(0.4) 1(04) 1(04) 7(3) 417 (15) 281
Oceania 1(0.6) 1(0.6) 245 (15) 158
C1 1f(17) 6
GT3-other® L36 T54 V55 Y56 Q80 R155 Q168 0 8
GT4a L36 T54S V55 Y56 Q80 R155 D168
All 0 4 (5) 0 0 0 0 0 4 (5) 81
Europe 0 31
North America 4(9) 4(9) 47
Oceania 0 3
Clade 1 2 (6) 2 (6) 34
Clade 2 2(4) 2(4) 47
GT4d L36 T54 V55 Y56 Q80K R155 D168E
All 0 0 0 0 1(2) 0 1(2) 2(4) 52
GT4-other® L36 T54 V55 Y56F Q80 R155 D168E
All 0 0 0 1(3) 0 0 2 (6) 3(8) 36
GT5a L36 T54 V551 F56Y K80 R155 D168E
All 0 0 1(2) 1(2) 0 0 25 (47) 26 (49) 53
Europe 1(3) 1(3) 15 (46) 16 (49) 33
North America 1(33) 1(33) 3
Oceania 1 (100) 1 (100) 1
S. Africa 8 (50) 8 (50) 16
Cl1 1(6) 1(6) 7 (44) 8 (50) 16
Cc2 3 (50) 3 (50) 6
C3 3 (60) 3 (60) 5
GTé6a V36 T54 V55 Y56 L80K/R R155 D168E
(Continued)
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Table 2. (Continued)

Subtype, Region, Phylo. Cluster NS3 Amino Acid Polymorphisms, n (%)* N*
36 54 55 56 80 155 168 Any

All 0 0 0 0 30 (100) 0 2(7) 30 (100) 30

Europe 4 (100) 4 (100) 4

North America 19 (100) 2 (11) 19 (100) 19

Asia 1 (100) 1 (100) 1

Oceania 5(100) 5(100) 5

S. Africa 1 (100) 1 (100) 1

Cl1 7 (100) 7 (100) 7

GT6e V36L T54 V55 Y56 Q80 R155 D168

All 2 (8) 0 0 0 0 0 0 2(8) 24

Europe 0 7

North America 1(7) 1(7) 15
Oceania 1 (50) 1 (50) 2

Clade 1 0 8

Clade 2 2(13) 2 (13) 16

GTé6-other' V36I/L T54 V55 Y56F L80Q R155 D168E

All 7 (29) 0 0 5(21) 24 (100) 0 1(4) 24 (100) 24

Europe 2 (50) 1(25) 4(100) 4(100) 4

North America 3 (43) 1(14) 7 (100) 7 (100) 7

Asia 1 (100) 1 (100) 1

QOceania 2(17) 3 (25) 12 (100) 1(8) 12 (100) 12

“n = number of sequences per country; N, total number of available sequences; % = n/N.

°In GT1a, C1-C6 are subgroups of Clade 1; C7 and C8 are subgroups of Clade 2.

“Poland and Spain are included in the numbers for Europe.

4GT1-other included 1 GT1 and 1 GT1g sequence from North America. Polymorphisms were assessed using the 1b-Con1 reference sequence.

°GT2-other included 4 GT2, 6 GT2i, 1 GT2k, 4 GT2l, and 2 GT2t sequences; all sequences were from Europe. Polymorphisms were assessed using the 2b-HC-J8
reference sequence.

‘In GT3a, “Any” count also includes polymorphisms at amino acid positions 43 and 166 in NS3. Polymorphisms A166S/T were detected in 32/185, 33/281, and 21/158
sequences from Europe, North America, and Oceania, respectively. F43L was detected in 1 sequence from Oceania. In phylogenetic cluster C1, A166S/T was detected in
1/6 sequences.

8GT3-other included 2 GT3i and 6 GT3b sequences. Polymorphisms were assessed using the 3a-S52 reference sequence.

"GT4-other included 1 GT4c, 2 GT4f, 3 GT4g, 9 GT4k, 2 GT4m, 1 GT4n, 4 GT4o, 2 GT4q, 7 GT4r, 1 GT4t, and 4 GT4v sequences. Polymorphisms were assessed using
the 4a-ED43 reference sequence. D168E was detected in 1/22 and 1/8 sequences from Europe and North America, respectively. Y56F was detected in 1/8 sequences from
North America.

'GTé6-other included 1 GTé6b/6xd, 1 GT6f, 1 GTéh, 1 GT6j, 2 GT6k, 3 GT6l, 1 GTém, 2 GT6n, 1 GT60, 4 GT6p, 3 GT6q, and 4 GTér sequences. Polymorphisms were
assessed using the 6a-EUHK2 reference sequence.

https://doi.org/10.1371/journal.pone.0205186.t002

In GT5a, phylogenetic analysis of 53 NS3/4A and NS5A sequences identified a large cluster
of sequences from Belgium with strong branch support (Fig 3D). Cluster C1 (n = 16) con-
tained sequences exclusively from Belgium, which included 94.1% (16/17) of the total GT5a
sequences from Belgium. Two smaller clusters contained sequences from South Africa (n = 6)
or France (n = 5). In NS3, D168E was the most common polymorphism, detected in 47% (25/
53) of all GT5a sequences, and occurred at a similar frequency in all 3 sequence clusters
(GT5a, Table 2). In NS5A, the Q30L/R polymorphism was only detected in sequences from
Europe (3/33), while polymorphisms at positions L31, P58, and A92 were detected in
sequences from South Africa (3/16; Table 3).
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Table 3. NS5A baseline polymorphism prevalence in GT1-6 by geographic region and phylogenetic cluster.

Subtype, Region, Phylo. Cluster NS5A Amino Acid Polymorphisms, n (%)* N*
24 28 30 31 58 92 93 Any
GTla" K24Q/R | M28I/L/V/T Q30H/L/R L31M H58D/L/P/Q/R/Y A92P Y93C/H/N
All| 6(2) 33 (9) 7(2) 8(2) 25(7) 1(0.3) 8(2) 78 (20) | 387
Europe | 3 (2) 18 (11) 3(2) 2(1) 12 (8) 1(0.6) 2(1) 35(22) | 161
North America | 1 (0.6) 13 (8) 4(2) 6 (4) 8(5) 6(4) 34(20) | 172
Asia| 1(20) 1(20) 2(40) | 5
Oceania | 1(3) 1(3) 5(13) 7(18) | 39
ROW 0 10
Clade1| 3(1) 19 (9) 2 (1) 6(3) 12 (6) 1(0.5) 5(2) 42 (20) | 212
Clade2| 3(2) 14 (8) 5(3) 2(1) 13 (7) 3(2) 36 (21) | 175
Cl| 1(3) 1(3) 4(11) 6(17) | 35
C2 1(4) 1(4) 2(8) 4(17) | 24
C3| 220 2(20) | 10
C4 0 8
cs 2(29) 2(29)
C6 1(17) 1(17) 6
C7 1(6) 1(6) 16
C8/| 1(17) 1(17) 2(33) 6
GT1b Q24K/R L28M R30K/L/M/Q L31I/M P58A/L/Q/R/S/T | A92E/T/V | Y93F/H/S
All| 5(1) 11 (2) 22 (5) 21 (5) 44 (10) 35(8) 38 (8) 147 (32) | 462
Europe | 2(0.8) 6(2) 12 (5) 12 (5) 23(9) 16 (6) 20 (8) 75(29) | 263
North America | 2(3) 1(1) 4 (5) 3(4) 6(8) 6(8) 4 (5) 21(28) | 74
Asia| 1(2) 2(3) 1(2) 2(3) 12 (19) 8(13) 8(13) 29 (46) | 63
Oceania 1(10) 1(10) 1(10) 3(30) | 10
ROW 2 (4) 5(10) 3 (6) 3 (6) 4(8) 5(10) | 19(37) | 52
Cl1 3(25) 3 (25) 12
2 1(8) 1(8) 2(15) | 13
C3 4(33) 1(8) 5(42) | 12
c4 1(10) 1(10) 1(10) 2(20) | 10
ol 1(10) 1(10) | 10
C6 1(14) 1(14) 7
C7 1(14) 1(14) 2(29) 3(43) 7
C8 4 (80; A92T) 4 (80) 5
C9 1 (20) 1(20) 5
GT1-other® Q24K/R L28 R30Q/T L31M P58 A92 Y93F/H
All | 2(100) 2 (100) 1 (50) 2 (100) 2(100) | 2
GT2a T24A/S F28C/L/V K30R L31M/V P58S CI92N/S Y93
All| 15 (10) 6 (4) 2(1) 141 (94) 4(3) 7(5) 0 141 (94) | 150
Europe | 3 (10) 1(3) 31 (100) 3(10) 31(100) | 31
North America | 3 (9) 1(3) 1(3) 33(97) 1(3) 1(3) 33(97) | 34
Asia | 5(6) 4(5) 71 (90) 3 (4) 3(4) 71(90) | 79
Oceania | 4 (67) 1(17) 6 (100) 6(100) | 6
Cl1 1(5) 19 (100) 3(16) 19 (100) | 19
C2 18 (100) 1(6) 1(6) 18 (100) | 18
C3 5(83) 5(83)
C4| 4(67) 1(17) 6 (100) 6 (100)
GT2b S24 L28F K30R M31I/L/V P58A/S C928 Y93
(Continued)
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Table 3. (Continued)

Subtype, Region, Phylo. Cluster NS5A Amino Acid Polymorphisms, n (%)* N*
24 28 30 31 58 92 93 Any
All 0 8(3) 1(0.4) 182 (69) 12 (5) 3(1) 0 191 (72) | 265
Europe 8 (89) 8(89) 9
North America 6(3) 1527 (68) 10 (5) 2(1) 158 (71) | 223
Asia 2(8) 1(4) 13 (54) 2(8) 1(4) 16 (67) | 24
Oceania 8 (100) 8(100) | 8
C1 1(6) 3 (18; M311/V) 4 (24) 17
C2 1(9) 8(73) 2 (18) 9(82) 11
C3 1(11) 4 (44) 5 (56) 9
C4 6 (60) 6 (60) 10
C5 1(11) 1(11) 1(11) | 9
C6 1(13) 4 (50) 1(13) 5(63) | 8
c7 7 (100) 7(100) | 7
cs 6 (100) 6(100) | 6
GT2c® S24A F28C R30K L31F/M P58A C928/W Y93
All| 1(1) 34 (43) 72 (90) 14 (18) 1(1) 2(3) 0 73(91) | 80
GT2-other’ S$24T L28C/F/M K30R M31L P58S/T C928 Y93
All 1(3) 21 (55) 5(13) 13 (34) 2 (5) 5(13) 0 32(91) | 38
GT3a® S24A M28V A30K/L/M/R/S/T/VE L31 P58A/R/S/T E92D/G Y93H
All| 12(2) 7 (1) 73 (12) 0 22 (4) 2(0.3) 31(5) 132 (21) | 626
Europe | 7 (4) 2(1) 28 (15) 8(4) 7 (4) 48 (26) | 186
North America | 5(2) 3(1) 24 (9) 6(2) 1(0.4) 11 (4) 47 (17) | 281
Oceania 2(1) 21(13) 8 (5) 1(0.6 13 (8) 37 (23) | 159
Cl1 1(17) 1(17) | 6
GT3-other" S24 M28 A30K/M L31M P58 E92 Y93
All| 0 0 8 (100) 6 (75) 0 0 0 8(100) | 8
GT4a K24 L28M L30R M31 P58L/S/T A92 Y93
All 0 9(11) 8 (10) 0 5(6) 0 0 20 (25) | 81
Europe 3(10) 4 (13) 1(3) 8(26) | 31
North America 6 (13) 4(9) 4(9) 12 (26) | 47
Oceania 0 3
Clade 1 3(9) 6 (17) 2 (6) 10 (29) | 35
Clade 2 6(13) 2(4) 3(7) 10 (22) | 46
GT4d' K24 128 R30 M31L/V T58A/L/P A92 Y93
All 0 0 0 2 (4) 43 (83) 0 0 43(83) | 52
GT4-other’ K24 L28I/M/V L30A/C/H/R/SIT M31L P58T A92 Y93H
All 0 11 (33) 33 (100) 18 (55) 2 (6) 0 1(3) 33 (100) | 33
GT5a Q24 L28 Q30L/R L31F P58S A92S T93
All 0 0 3(6) 1(2) 1(2) 1(2) 0 6(11) | 53
Europe 3(9) 3(9) 33
North America 0 3
Oceania 0 1
South Africa 1(6) 1(6) 1(6) 3(19) | 16
C1 0 16
C2 1(17) 1(17) 2(33) 6
C3 1(20) 1(20)
GT6a Q24K/R F28L R30 L31M T58 A92 T93
(Continued)
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Table 3. (Continued)

Subtype, Region, Phylo. Cluster NS5A Amino Acid Polymorphisms, n (%)* N
24 28 30 31 58 92 93 Any

All| 5(16) 22 (71) 0 1(3) 0 0 0 23 (74) | 31

Europe 3(75) 3(75) 4

North America | 4 (20) 13 (65) 1(5) 13 (65) | 20
Asia 1 (100) 1(100) | 1

Oceania | 1(20) 4 (80) 5(100) | 5

South Africa 1 (100) 1(100) | 1

Cl| 1(14) 5(71) 5(71) | 7

GTé6e K24R V28M S30 L31I P58S A92 T93S

All| 5(20) 10 (40) 0 1(4) 3(12) 0 2(8) 13(52) | 25

Europe | 1(14) 2(29) 1(14) 1(14) 3(43) | 7

North America | 4 (25) 8 (50) 1(6) 2 (13) 1(6) 10 (63) | 16

Oceania 0
Clade 1| 5(56) 8(89) 8(89)
Clade 2 2(13) 1(6) 3(19) 2(13) 5(31) | 16
GT6-other" Q24K/R | F28A/LM/T/VIY R30A/S/TIV L31/M T58A/G/P/S A92 T93S
All | 27 (100) 27 (100) 26 (96) 1(4) 24 (90) 0 6(22) |27100)]| 27
Europe | 5 (100) 5 (100) 5 (100) 5 (100) 1(20) | 5(100)

North America | 8 (100) 8 (100) 8 (100) $ (100) 2(25) | 8(100) | 8
Asia | 1(100) 1 (100) 1 (100) 1(100) | 1(100) | 1

Oceania | 13 (100) 13 (100) 12 (92) 1(7) 11 (85) 2 (15) 13 (100) | 13

n = number of sequences per country; N, total number of available sequences; % = n/N.

"In GT1a, C1-C6 are subgroups of Clade 1; C7 and C8 are subgroups of Clade 2.

“GT1-other category included 1 GT1 and 1 GT1g sequence from North America. Polymorphisms were assessed using the 1b-Con]1 reference sequence.

Includes 3 sequences with M311/V and 149 sequences with M31L.

“In GT2c, 73 sequences were from Europe, 6 were from North America, and 1 was from Oceania.

{GT2-other category included 20 GT2, 7 GT2i, 3 GT2k, 5 GT2l, 1 GT2m, and 2 GT2t sequences; 35 sequences were from Europe and 2 sequences were from North
America. Polymorphisms were assessed using the 2b-HC-]8 reference sequence.

8In GT3a, A30K prevalence was 9.7% (18/186) in Europe, 4.6% (13/281) in North America, and 5.0% (8/159) in Oceania. One sequence from Europe had A30K as well
as Y93H in NS5A. One sequence in cluster C1 contained A30K.

hGT3-other category included 2 GT3i and 6 GT3b sequences. Polymorphisms were assessed using the 3a-S52 reference sequence.

'In GT4d, both sequences with the M31L/V polymorphism were from Europe. Polymorphisms at amino acid position 58 were detected in 31/39 (79%), 7/8 (88%), and
5/5 (100%) sequences from Europe, North America, and Oceania, respectively.

JGT4-other category included 1 GT4c, 2 GT4f, 2 GT4g, 8 GT4k, 2 GT4m, 1 GT4n, 3 GT4o, 2 GT4q, 7 GT4r, 1 GT4t, and 4 GT4v sequences. Polymorphisms were
assessed using the 4a-ED43 reference sequence.

XGTé6-other category included 1 GT6b/6xd, 1 GTéc, 1 GT6f, 1 GTéh, 1 GT6j, 2 GT6k, 4 GT6l, 1 GT6ém, 2 GTén, 1 GT60, 4 GT6p, 3 GT6q, 4 GT6r, and 1 GT6t
sequences. Polymorphisms were assessed using the 6a-EUHK?2 reference sequence.

https://doi.org/10.1371/journal.pone.0205186.t003

Sequence clustering by phylogenetic analysis was not detected in GT2c (n = 80; S1A Fig) or
GT4d (n = 53; S1B Fig), and clustering in GT6a (n = 31) was minimal and included 1 cluster of
7 sequences (S1C Fig, Table 1). Minimal clustering was also detected in GT3a (n = 627), and
included 1 cluster of 6 sequences (S2 Fig, Table 1). In NS3, Q168K/R was detected in 2% (10/
624) of GT3a sequences. The F43L polymorphism in NS3 was detected in a single GT3a
sequence; no other polymorphisms were detected at NS3 amino acid position 43. In NS5A,
baseline polymorphisms A30L/M/R/S/T/V in GT3a were more prevalent in sequences from
Oceania (8.2%, 13/159), while A30K prevalence was 2-fold higher in Europe (9.7%, 18/186)
compared to North America (4.6%, 13/281) and Oceania (5.0%, 8/159). Y93H in GT3a was
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Fig 3. Phylogenetic clustering by geographic region in HCV subtypes 1b, 2a, 2b, and 5a. Maximum likelihood phylogenetic trees displayed in circular format for
NS5A sequences from (A) GT1b-infected patients, (B) GT2a-infected patients, (C) GT2b-infected patients, and (D) GT5a-infected patients. Bootstrap values are listed
for nodes of sequence clustering, and bootstrap values >70 at other nodes in the tree are marked with an asterisk (*). Sequence clusters by geographic region were

numbered starting at C1. The genetic distance scale bar indicates the number of nucleotide substitutions per site between sequences. HCV patient isolates are
represented by color based on the country of enrollment.

https://doi.org/10.1371/journal.pone.0205186.g003
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2-fold more prevalent in Oceania than in North America or Europe (Table 3); one sequence
from Europe had A30K as well as Y93H in NS5A.

Two clades identified by phylogenetic analysis in HCV subtypes 4a and 6e

Phylogenetic analysis of 82 HCV GT4a sequences identified 2 clades in subtype 4a (Fig 4A and
4B). The region and country distribution of clade 1 (n = 35) was 40% North America, 51%
Europe, and 9% New Zealand. The distribution of clade 2 (n = 47) was 70% North America
and 30% Europe (Table 1). The prevalence of sequences from North America was significantly

A C

Clade 1

0.05

100

Clade 1
Clade 2
Il USA, CAN

Hl BEL, DEU, ESP, Clade 2
FRA, GBR, GRC,
ITA, PRT

. = AUS
I NZL
[ GenBank Egypt seq.
Il Reference

Clade 1
4d

4 Clade 2
— a
0.05
Clade 2
Clade 1

Fig 4. Two clades identified by phylogenetic analysis in HCV GT4a and GT6e. Maximum likelihood phylogenetic trees displayed for NS5A
sequences from (A, B) GT4a-infected patients and (C, D) GT6e-infected patients. Bootstrap values >70 are marked with an asterisk (*), and values are
listed at the nodes of divergence. The genetic distance scale bar indicates the number of nucleotide substitutions per site between sequences. HCV
patient isolates are represented by color based on the country of enrollment.

https://doi.org/10.1371/journal.pone.0205186.9004
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higher in clade 2 (P-value = 0.008, two-tailed Fisher’s exact test), whereas the distribution of
sequences from Europe was not significantly different between the 2 clades. The prevalence of
baseline polymorphisms in NS3 and NS5A was assessed by geographic region and phyloge-
netic clade, and is shown in Tables 2 and 3, respectively. In NS3, T54S was detected at a preva-
lence of 5% (4/81) overall and was evenly distributed between the 2 phylogenetic clades (GT4a,
Table 2). In NS5A, polymorphisms were detected at amino acid positions L28, L30, and P58
among 81 GT4a sequences (GT4a, Table 3). NS5A polymorphisms L28M and P58L/S/T were
evenly distributed among the 2 clades. The L30R polymorphism was differentially distributed
between clade 1 and clade 2, occurring at a frequency of 17% (6/35) in clade 1 versus 4% (2/46)
in clade 2, although the difference did not reach statistical significance (P-value = 0.07, two-
tailed Fisher’s exact test).

Two clades were also identified in GT6e (Fig 4C and 4D) by phylogenetic analysis of 25
NS3/4A and NS5A sequences. The geographic region distribution was not statistically different
between the 2 clades with relatively small numbers of sequences. In GT6e, the distribution of
clade 1 (n = 9) was 78% North America and 22% Europe, and clade 2 (n = 16) was 56% North
America, 31% Europe, and 13% Australia (Table 1). In NS3, the only polymorphism detected
was V36L at 8% (2/24) overall prevalence; V36L was detected exclusively in clade 2 at 12.5%
(2/16) prevalence (GT6e, Table 2). NS5A baseline polymorphisms K24R, V28M, L311, P58,
and T93S were detected in 52% (13/25) of GT6e sequences, and were each differentially dis-
tributed between clade 1 and clade 2 (GT6e, Table 3). K24R was detected in 56% (5/9) of
sequences in clade 1, but was not detected in any (0/16) sequences in clade 2, and this differ-
ence was statistically significant (P-value = 0.002, two-tailed Fisher’s exact test). In addition,
the distribution of V28M was significantly different between the 2 clades, with 89% (8/9) of
sequences in clade 1 versus 12.5% (2/16) of sequences in clade 2 containing the V28M poly-
morphism (P-value = 0.0003, two-tailed Fisher’s exact test). The polymorphisms L311, P58S,
and T93S were only detected in sequences that sorted to clade 2.

Activity of glecaprevir or pibrentasvir against HCV replicons containing
NS3/4A or NS5A from GT1-6 clinical samples

Antiviral activity of GLE was assessed against a panel of 49 NS3/4A GT1-6 clinical samples,
which included 2 GT1, 5 GT2, 1 GT3,7 GT4, 1 GT5, and 1 GT6 subtypes (Table 4). GLE
retained activity against all NS3/4A isolates tested in the transient replicon assay. The GLE
median ECs, for subtypes 1a, 1b, and 5a was 0.08, 0.29, and 0.12 nM, respectively [34]. In GT2,
GLE had a median ECs, value of 1.6, 2.2, 0.50, 1.7, and 5.1 nM against subtypes 2a, 2b, 2c, 2i,
and 2, respectively. In GT3a, one sample with A166 had a mean ECs, of 3.8 nM, and one sam-
ple with A166S had an EC5, of 0.71 nM. Among 7 GT4 subtypes, the GLE median ECs, ranged
from 0.08 nM to 0.91 nM. GLE was also active against a clone of GT6e with an ECs, of 0.09
nM. The majority of NS3/4A clinical samples did not have polymorphisms at NS3 amino acid
positions 36, 43, 54, 55, 56, 80, 155, 156, or 168.

Antiviral activity of PIB was assessed against a panel of 108 NS5A GT1-6 clinical samples
that included 2 GT1, 5 GT2, 2 GT3, 8 GT4, 1 GT5, and 3 GT6 subtypes (Table 4). PIB retained
activity against the majority of NS5A clinical samples tested in the HCV transient replicon
assay, including isolates which contained polymorphisms in NS5A at positions important for
the inhibitor class (Table 4). The PIB median ECs, was 0.89, 2.7, and 1.1 pM against subtypes
1a, 1b, and 5a, respectively [35]. In GT2, PIB had a median EC5, 0f 0.93, 1.3, 2.7, 0.73, and 0.83
pM against subtypes 2a, 2b, 2c, 2i, and 2, respectively. Among 7 GT2c samples analyzed in the
transient replicon assay, PIB had reduced activity against one GT2c sample with F28C/F and
R30K+L31F in NS5A (ECs = 10.2 pM); this patient achieved SVR12 on a regimen of GLE/PIB
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Table 4. Activity of glecaprevir or pibrentasvir against a panel of transient replicons containing NS3 or NS5A, respectively, from HCV GT1-6 clinical samples.

HCV NS3 Amino Acid NP Glecaprevir Median ECs, NS5A Amino Acid N® | Pibrentasvir Median ECs,
Subtype Polymorphisms® [Reference], nM Polymorphisms® (Range), pM
la None 0.06 [34]° None 11 |0.89 (0.55-1.7)¢
Q80K/N 6 |0.09[34]°
1b None 0.29 [34]° None 7 129(2.1-3.5)
L31M 1 |14
2a None 4 |1.6[34]° None 1 |19
L31M 5 10.91(0.52-1.1)
2b None 4 |2.2[34]° None 2 | 14(1.3-1.5)
M31L 7 | 1.3(1.1-1.5)
M31L/M 2 | 1.6(1.3-1.9)
2¢ None 1 |0.50 None 1 |18
R30K 2 | 3.5(2.5-4.5)
F28C+R30K 1 |27
R30K/R, P58P/A 1 |14
S24A/S, F28C+R30K 1 |58
F28C/F, R30K+L31F 1 [10.2
2i None 1 |17 None 2 |0.67(0.61-0.73)
K30K/R 1 1073
21 None 1 5.1 $92C 1 /083
3a None 1 |38 None 8 |0.66(0.47-1.2)
A166S 1 1071 A30K 3 10.79(0.61-1.1)
A30T 1 [0.74
Y93H 2 | 14(1.1-17)
3b ND® V3IM 1 |15.6
4a None 5 10.39 [34]° None 4 10.50 (0.45-0.59)
T54S 1 | 0.44 [34]° K24R 1 1057
L28M 1 1044
L30R 1 |13
P58T 1 (027
4b ND*¢ T92A 1 |12
S30L+P58S+T92A 1 1.8
S30L+P58T+T92A+H93Y 1 /045
4d None 3 1017 [34]° None 2 | 1.3(1.1-1.5)
T58L 1 1098
T58P 2 | 1.5(1.1-1.8)
T58S 1 |15
M31V+T58P 1 |14
af None 1 |0.12 Q30R 4 12.3(0.97-10.0)
Q30R+M31L 1 [10.3
4g None 1 10.08 L30C+M31L+ H93Y 2 | 0.67(0.59-0.75)
L28M+L30R+ M31L+P58S+ 1 |16
H93Y
4k None 1 024 None 1 |11
M31L 1 |11
40 None 1 |0.16 None 4 10.91(0.72-1.1)
T30A/V 1 1043
(Continued)
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Table 4. (Continued)

HCV NS3 Amino Acid
Subtype Polymorphisms®
4r None

5a None

6a ND¢

6e None

6p ND*®

N Glecaprevir Median ECs, NS5A Amino Acid N® | Pibrentasvir Median ECs,
[Reference], nM Polymorphisms® (Range), pM
0.91 None 2 | 1.3(1.2-1.3)

128V+R30H 1 ]0.71
128V, YO3H/Y 1 1096
128M+L31M+ P58A 1 0.49
0.12 [34]° None 1 |11
None 2 10.49 (0.34-0.63)
F28L 2 10.89 (0.74-1.0)
0.09 K24R+V28M 1 083
P58P/S, T93T/S 1 1.2
None 1 | 0507

*Polymorphisms are listed at signature amino acid positions in NS3 and NS5A. None indicates that there were no polymorphisms relative to the subtype-specific

reference sequence listed in S2 or S3 Tables at any of the specified amino acid positions. HCV patient samples for NS3 and NS5A are distinct and data in each row does

not correspond to the same patient sample.

N, number of patient samples

“Glecaprevir median ECs value and range was published in Ref. [34].

dpibrentasvir median ECs, value and range was published in Ref. [35].

°ND, ECs, was not determined

https://doi.org/10.1371/journal.pone.0205186.t004

for 12 weeks duration. NS5A polymorphisms F28C, R30K, and L31F were detected at a fre-
quency of 43% (34/80), 90% (72/80), and 3.8% (3/80), respectively, among GT2c-infected
patients (Table 3). In GT3a, the median ECs, for PIB was 0.66 pM for clinical samples with no
NS5A polymorphisms, 0.79 pM with A30K in NS5A, and 1.4 pM with Y93H in NS5A. In
GT3b, PIB had a reduction in activity against a replicon containing a GT3b NS5A consensus
sequence with K30 and V31M in NS5A, with an EC5, of 15.6 pM. Compared to GT3a
sequences where A30 and L31 were detected as the predominant amino acids in NS5A

(Table 3), amino acids K30 and M31 were the most prevalent in GT3b sequences (n = 6). A
recent study compared the activity of PIB and other NS5A inhibitors against chimeric HCV
replicons containing NS5A from either GT3a or GT3b, and attributed the differences in NS5A
inhibitor activity between subtypes 3a and 3b to the amino acid differences at positions 30
and/or 31 in NS5A [39]. Among 8 GT4 subtypes, the PIB median EC5, ranged from 0.50 pM
to0 2.9 pM. Two GT4f samples with Q30R or Q30R+L31M in NS5A had reduced susceptibility
to PIB (ECso = 10 pM); both patients were enrolled in a clinical study evaluating the regimen
of ombitasvir/paritaprevir/ritonavir with or without RBV for HCV GT4 infection, and both
patients achieved SVR12 with this regimen. PIB retained activity against subtypes 6a, 6e, and
6p, with median ECs, values of 0.69, 1.0, and 0.50 pM, respectively.

Discussion

In this report, a large dataset of HCV GT1-6 NS3/4A and NS5A sequences was utilized to
assess genetic diversity within HCV subtypes by geographic region. Among NS3/4A and
NS5A sequences isolated from 2348 patient samples, phylogenetic analysis identified 6 geno-
types and 44 subtypes, including 3 GT1, 8 GT2, 3 GT3, 13 GT4, 1 GT5, and 16 GT6 subtypes
(Fig 1). In addition, we analyzed 20 GT2 samples where the subtype could not be determined
by phylogenetic analysis due to lack of homology with the 11 confirmed GT2 subtypes, poten-
tially representing novel GT2 subtypes. Subtype diversity was highest in GT2, GT4, and GTS6,
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which are reported to be the most diverse genotypes and encompass 52 confirmed subtypes
[5]. We detected phylogenetic clustering by country in HCV subtypes 1a, 1b, 2a, 2b, and 5a,
suggesting that genetically distinct virus lineages are circulating in different countries. Since
the prevalence of NS3 and NS5A baseline polymorphisms varied substantially by genotype and
subtype among patients treated with a regimen of GLE/PIB, we also determined the activity of
GLE or PIB against replicons containing NS3/4A or NS5A from HCV GT1-6 clinical samples
representing 6 genotypes and 21 subtypes overall. In the transient HCV replicon assay, GLE
and PIB retained activity against the majority of HCV replicons containing NS3/4A or NS5A
from HCV GT1-6 clinical samples, confirming previous reports describing the pangenotypic
activity of GLE and PIB [34, 35]. A separate publication [39] recently presented the pooled
resistance analysis of HCV GT1-6 infected patients treated with GLE/PIB in 8 registrational
clinical studies, and revealed a lack of impact of genotype, subtype, or baseline polymorphism
prevalence on treatment outcome with the recommended treatment duration [39, 48, 49].

HCV GT1 infection is the most prevalent and geographically disseminated genotype glob-
ally [6]. HCV subtype 1a is more common in North America, Andean Latin America, and
Australia [6, 50], and consists of two distinct phylogenetic clades [9, 10]. Consistent with previ-
ous studies, our phylogenetic analysis of 395 HCV GT1a sequences from 22 countries con-
firmed the presence of 2 clades in subtype 1a, which differed by geographic region and NS3
Q80K prevalence. Similar to published reports [9, 51], we found that the distribution of
sequences from North America and the prevalence of the GT1a NS3 Q80K polymorphism
were significantly higher in clade 1, while sequences from Europe were more common in clade
2 (P-value <0.0001). In our analysis, Q80K prevalence was significantly higher in sequences
from North America (56%) compared to Europe (21%) or Oceania (2.5%; P-value <0.0001).
The origin for this difference has been traced to a single virus lineage with Q80K in NS3 that
occurred in the United States around 1940 [52].

Sub-clustering detected in subtype 1a, clade 1 in our analysis was generally grouped by the
presence or absence of Q80K in NS3. 94.7% of Australian sequences in clade 1 contained Q80
in NS3 and clustered in a strongly supported sub-cluster with other NS3 Q80 sequences, likely
representing previously described sub-clade 1C [51]. Phylogenetic separation has been
reported for subtype la sequences from North America and Australia [53], and Bayesian esti-
mates place the origin of the epidemics for both continents around the early 20" century coin-
ciding with World War I [54]. Geographical separation of the continents likely resulted in
genetically distinct sequences due to a founder effect in the two regions, which may also
explain the relative absence of the NS3 Q80K polymorphism in the Australian sequences.
While NS3 sequences have been analyzed extensively in subtype 1a due to the impact of Q80K
on SVR rates with regimens containing some HCV protease inhibitors [55], corresponding
data for NS5A has not been widely reported. Our analysis of NS5A sequences in subtype 1a
revealed identical phylogenetic separation by clade, and NS5A polymorphisms at positions
important for the inhibitor-class had a similar prevalence between clade 1 and 2.

Phylogenetic clustering by geographic region has been reported for some HCV subtypes
[8].

We detected phylogenetic clustering by country in HCV subtypes 1b, 2a, 2b, and 5a, likely
due to geographical separation resulting in genetically distinct virus lineages. Among 466
GT1b sequences from 24 countries included in our analysis, clustering by country was most
notable for sequences from Poland and Taiwan (Fig 3A), where GT1b comprises 77% [56, 57]
and 46% [58] of HCV infections, respectively. Incidence of HCV infection in Poland and Tai-
wan is higher in the intravenous drug use (IDU) population [59, 60], and phylogenetic cluster-
ing has been reported for networks of people who inject drugs [61]. However, only 1 out of 65
total patients from Poland or Taiwan reported a history of IDU in our GT1b-infected patient
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population, so clustering of sequences from Poland and Taiwan is likely due to geographical
separation rather than independent networks of IDU individuals.

Our analysis of HCV subtypes 2a and 2b detected independent clustering for the majority
of sequences from Europe, New Zealand, Asia, and North America (Fig 3B and 3C). In GT2b-
infected patients, the distribution of NS5A sequences with L/M31 polymorphisms varied by
geographic region and phylogenetic cluster. Due to epidemiological differences among GT2
subtypes and a more limited global distribution for GT2 in general [1], clustering by country
in GT2a and GT2b is likely due to the geographical separation of Europe, New Zealand, Asia,
and North America. Similarly, in our analysis of 53 GT5a sequences, three phylogenetic clus-
ters were detected representing the countries of Belgium, France, and South Africa (Fig 3D).
GT5a is the most prevalent genotype in South Africa [6, 57], but high prevalence of GT5a has
also been reported in limited geographic areas of France [62, 63] and Belgium [64]. Phyloge-
netic clustering has been reported for GT5a sequences originating from Belgium [64], and
Bayesian phylogeny estimated the time to most recent common ancestor for Belgian and
South African isolates to the late 1800s, demonstrating independent populations of GT5a cir-
culating for over 100 years in both Belgium and South Africa [65].

Our analyses of GT2¢, GT3a, GT4d, and GT6a sequences did not detect phylogenetic clus-
tering by geographic region or country (S1 and S2 Figs). Phylogenetic clustering by country
has been reported for GT3a sequences from Pakistan [66], India [8], and Russia [8], where
GT3a occurs at a prevalence of 79% [67], 64% [57], and 36% [57], respectively, among HCV-
infected individuals. While GT?3a is the most prevalent genotype in Pakistan and India, our
clinical studies did not enroll patients from these countries, likely explaining why we failed to
see significant clustering in GT3a.

Two clades were detected in GT4a by phylogenetic analysis in our study, and we found that
the prevalence of sequences from North America was higher in clade 2 based on country of
enrollment. HCV GT4 infection occurs at a low frequency in HCV-infected patients from
North America, and is most prevalent in Central and Eastern sub-Saharan Africa, North
Africa, and the Middle East [1, 6, 68]. Egypt has the highest prevalence of GT4 infection world-
wide [68, 69], predominantly subtype 4a which spread rapidly due to anti-schistosomiasis
campaigns beginning in the 1940s [69-71]. In a previous study that examined NS5A genetic
diversity in HCV GT4-infected patients treated with OBV/PTV/r, subtype 4a sequences from
Europe and the United States clustered independently from 4a sequences from Egypt in a phy-
logenetic analysis, and the L30R/S polymorphism in NS5A was significantly associated with
the Egyptian cluster [40]. Since we did not collect country of origin information from GT4a-
infected patients in our clinical studies, we included 7 GT4a NS3/4A and NS5A sequences
from GenBank that were identified as originating from Egypt in our phylogenetic analyses
(Fig 4A) and found that the Egyptian GT4a sequences all sorted to clade 1. NS5A baseline
polymorphism analysis also revealed that prevalence of L30R was numerically higher in clade
1 (17%) versus clade 2 (4%). Based on these combined observations, we propose that subtype
4a clade 1 may be associated with sequences from Egypt and characterized by the presence of
the NS5A L30R polymorphism; this hypothesis should be investigated in future studies.

In GTé6e, two clades were also identified by phylogenetic analysis of 25 NS3/4A and NS5A
sequences (Fig 4C and 4D), and NS5A amino acid polymorphisms were differentially distrib-
uted between the 2 clades. Based on country of enrollment, the geographic region distribution
was not statistically different between the 2 clades. However, most of the GT6e-infected
patients were enrolled from North America and Europe where GT6 infection is relatively rare,
and the patients’ country of origin is not known. HCV GT6 infection is most prevalent in East
and Southeast Asia [1, 72], and outside of those regions GT6 infection is generally found in
emigrant populations from endemic countries [72, 73]. Subtype 6e occurs at a high frequency
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in Vietnam where GT6 comprises around 54% of HCV infections [74, 75]. Limited data have
been published for subtype 6e describing genetic diversity and prevalence of baseline polymor-
phisms in NS3 and NS5A [8]. Among 25 GT6e-infected patients included in our analysis,
V36L in NS3 was detected in 8% (2/24) of sequences, and was exclusively detected in clade 2.
NS5A baseline polymorphisms K24R, V28M, L311, P58S, and T93S were detected in 52% (13/
25) of GT6e sequences, and were each differentially distributed between clade 1 and clade 2
(Table 3). NS5A polymorphism K24R was exclusively detected in clade 1, while L31I, P58S,
and T93S were only detected in clade 2, and V28M prevalence was significantly higher in clade
1 (89%) versus clade 2 (12%). Our analysis provides additional data illustrating the genetic
diversity of subtype 6e.

In conclusion, this study examined HCV genetic diversity among 6 genotypes and 44 sub-
types identified from 2348 HCV-infected patients treated with a regimen of GLE/PIB who
were enrolled in 27 countries, thus expanding the available data on HCV epidemiology, sub-
type diversity, and NS3/NS5A baseline polymorphism prevalence at amino acid positions
important for the inhibitor class. The efficacy of DAA regimens for the treatment of HCV
infection can vary by HCV genotype, subtype, and the presence of baseline polymorphisms,
although newly approved pangenotypic DAA regimens are less impacted by these variables
[11, 23, 39]. While phylogenetic clustering by country is still detected for some HCV subtypes,
representing genetically distinct virus lineages circulating in specific countries or regions, the
global distribution of subtypes and intra-subtype virus lineages appears to be shifting with
increased immigration patterns. The availability of DAA regimens for HCV treatment varies
by country worldwide [74], and continued effort is required to ensure pangenotypic DAA regi-
mens are available for all HCV-infected patients in order to achieve HCV elimination
worldwide.

Supporting information

§1 Table. Country of enrollment by ISO country code.
(DOCX)

S2 Table. HCV subtype reference sequences for NS3/4A.
(DOCX)

S3 Table. HCV subtype reference sequences for NS5A.
(DOCX)

S1 Fig. Phylogenetic analysis of HCV subtypes 2c, 4d, and 6a. Maximum likelihood phyloge-
netic trees displayed for NS3/4A sequences from (A) GT2c-infected patients, (B) GT4d-
infected patients, and (C) GT6a-infected patients. Bootstrap values are listed for nodes of
sequence clustering, and bootstrap values >70 at other nodes in the tree are marked with an
asterisk (*). Sequence clusters by geographic region were numbered starting at C1. The genetic
distance scale bar indicates the number of nucleotide substitutions per site between sequences.
HCYV patient isolates are represented by color based on the country of enrollment.

(TTF)

S2 Fig. Phylogenetic analysis of HCV GT3a sequences. Maximum likelihood phylogenetic
tree displayed in circular format for NS5A sequences from GT3a-infected patients. Bootstrap
values are listed for nodes of sequence clustering, and bootstrap values >70 at other nodes in
the tree are marked with an asterisk (*). The genetic distance scale bar indicates the number of
nucleotide substitutions per site between sequences.

(TTF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0205186  October 4, 2018 25/30


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205186.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205186.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205186.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205186.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205186.s005
https://doi.org/10.1371/journal.pone.0205186

@° PLOS | ONE

HCV genotype 1-6 genetic diversity

Acknowledgments

The authors acknowledge the clinical providers and patients for their study participation, and
the study coordinators for assistance provided in the preparation and operation of the studies.
We also thank Eric Crown for critical review of the manuscript.

Author Contributions
Conceptualization: Teresa I. Ng, Tami Pilot-Matias, Christine Collins.

Data curation: Gretja Schnell, Preethi Krishnan, Rakesh Tripathi, Jill Beyer, Thomas Reisch,
Michelle Irvin, Teresa I. Ng, Wangang Xie, Tami Pilot-Matias, Christine Collins.

Formal analysis: Gretja Schnell, Preethi Krishnan, Rakesh Tripathi, Wangang Xie.

Investigation: Gretja Schnell, Preethi Krishnan, Rakesh Tripathi, Jill Beyer, Thomas Reisch,
Michelle Irvin, Tatyana Dekhtyar, Liangjun Lu.

Methodology: Gretja Schnell, Tami Pilot-Matias, Christine Collins.
Resources: Jill Beyer, Thomas Reisch.

Supervision: Gretja Schnell, Rakesh Tripathi, Teresa I. Ng, Tami Pilot-Matias, Christine
Collins.

Visualization: Gretja Schnell, Tami Pilot-Matias, Christine Collins.
Writing - original draft: Gretja Schnell.

Writing - review & editing: Gretja Schnell, Preethi Krishnan, Rakesh Tripathi, Jill Beyer,
Thomas Reisch, Michelle Irvin, Tatyana Dekhtyar, Liangjun Lu, Teresa I. Ng, Wangang
Xie, Tami Pilot-Matias, Christine Collins.

References

1. Messina JP, Humphreys |, Flaxman A, Brown A, Cooke GS, Pybus OG, et al. Global distribution and
prevalence of hepatitis C virus genotypes. Hepatology. 2015 Jan; 61(1):77-87. https://doi.org/10.1002/
hep.27259 PMID: 25069599

WHO. Global Hepatitis Report 2017. [Report] Geneva2017 [updated April 2017; cited 2018].

3. Mohd Hanafiah K, Groeger J, Flaxman AD, Wiersma ST. Global epidemiology of hepatitis C virus infec-
tion: new estimates of age-specific antibody to HCV seroprevalence. Hepatology. 2013 Apr; 57(4):1333—
42. https://doi.org/10.1002/hep.26141 PMID: 23172780

4. Thrift AP, EI-Serag HB, Kanwal F. Global epidemiology and burden of HCV infection and HCV-related
disease. Nat Rev Gastroenterol Hepatol. 2017 Feb; 14(2):122-32. https://doi.org/10.1038/nrgastro.
2016.176 PMID: 27924080

5. Smith DB, Bukh J, Kuiken C, Muerhoff AS, Rice CM, Stapleton JT, et al. Expanded classification of hep-
atitis C virus into 7 genotypes and 67 subtypes: updated criteria and genotype assignment web
resource. Hepatology. 2014 Jan; 59(1):318-27. https://doi.org/10.1002/hep.26744 PMID: 24115039

6. GowerE, Estes C, Blach S, Razavi-Shearer K, Razavi H. Global epidemiology and genotype distribu-
tion of the hepatitis C virus infection. J Hepatol. 2014 Nov; 61(1S):S45-S57.

7. Murphy DG, Sablon E, Chamberland J, Fournier E, Dandavino R, Tremblay CL. Hepatitis C virus geno-
type 7, a new genotype originating from central Africa. J Clin Microbiol. 2015 Mar; 53(3):967—-72. https://
doi.org/10.1128/JCM.02831-14 PMID: 25520447

8. Welzel TM, Bhardwaj N, Hedskog C, Chodavarapu K, Camus G, McNally J, et al. Global epidemiology
of HCV subtypes and resistance-associated substitutions evaluated by sequencing-based subtype
analyses. J Hepatol. 2017 Aug; 67(2):224-36. https://doi.org/10.1016/j.jhep.2017.03.014 PMID:
28343981

9. DelucaA, Di Giambenedetto S, Lo Presti A, Sierra S, Prosperi M, Cella E, et al. Two Distinct Hepatitis
C Virus Genotype 1a Clades Have Different Geographical Distribution and Association With Natural
Resistance to NS3 Protease Inhibitors. Open Forum Infect Dis. 2015 Apr; 2(2):0fv043.

PLOS ONE | https://doi.org/10.1371/journal.pone.0205186  October 4, 2018 26/30


https://doi.org/10.1002/hep.27259
https://doi.org/10.1002/hep.27259
http://www.ncbi.nlm.nih.gov/pubmed/25069599
https://doi.org/10.1002/hep.26141
http://www.ncbi.nlm.nih.gov/pubmed/23172780
https://doi.org/10.1038/nrgastro.2016.176
https://doi.org/10.1038/nrgastro.2016.176
http://www.ncbi.nlm.nih.gov/pubmed/27924080
https://doi.org/10.1002/hep.26744
http://www.ncbi.nlm.nih.gov/pubmed/24115039
https://doi.org/10.1128/JCM.02831-14
https://doi.org/10.1128/JCM.02831-14
http://www.ncbi.nlm.nih.gov/pubmed/25520447
https://doi.org/10.1016/j.jhep.2017.03.014
http://www.ncbi.nlm.nih.gov/pubmed/28343981
https://doi.org/10.1371/journal.pone.0205186

@° PLOS | ONE

HCV genotype 1-6 genetic diversity

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Pickett BE, Striker R, Lefkowitz EJ. Evidence for separation of HCV subtype 1a into two distinct clades.
J Viral Hepat. 2011 Sep; 18(9):608-18. https://doi.org/10.1111/j.1365-2893.2010.01342.x PMID:
20565573

Wyles DL. Resistance to DAAs: When to Look and When It Matters. Curr HIV/AIDS Rep. 2017 Dec;
14(6):229-37. https://doi.org/10.1007/s11904-017-0369-5 PMID: 29116550

Lawitz E, Mangia A, Wyles D, Rodriguez-Torres M, Hassanein T, Gordon SC, et al. Sofosbuvir for previ-
ously untreated chronic hepatitis C infection. N Engl J Med. 2013 May 16; 368(20):1878-87. https://doi.
org/10.1056/NEJMoa1214853 PMID: 23607594

Zeuzem S, Dusheiko GM, Salupere R, Mangia A, Flisiak R, Hyland RH, et al. Sofosbuvir and ribavirin in
HCV genotypes 2 and 3. N Engl J Med. 2014 May 22; 370(21):1993-2001. https://doi.org/10.1056/
NEJMoa1316145 PMID: 24795201

Babatin MA, Alghamdi AS, Albenmousa A, Alaseeri A, Aljarodi M, Albiladi H, et al. Efficacy and Safety
of Simeprevir or Daclatasvir in Combination With Sofosbuvir for the Treatment of Hepatitis C Genotype
4 Infection. J Clin Gastroenterol. 2018 Aug 01; 52(5):452-7. https://doi.org/10.1097/MCG.
0000000000000896 PMID: 28767462

Kwo P, Gitlin N, Nahass R, Bernstein D, Etzkorn K, Rojter S, et al. Simeprevir plus sofosbuvir (12 and 8
weeks) in hepatitis C virus genotype 1-infected patients without cirrhosis: OPTIMIST-1, a phase 3, ran-
domized study. Hepatology. 2016 Aug; 64(2):370-80. https://doi.org/10.1002/hep.28467 PMID:
26799692

Afdhal N, Reddy KR, Nelson DR, Lawitz E, Gordon SC, Schiff E, et al. Ledipasvir and sofosbuvir for pre-
viously treated HCV genotype 1 infection. N Engl J Med. 2014 Apr 17; 370(16):1483-93. https://doi.org/
10.1056/NEJMoa1316366 PMID: 24725238

Afdhal N, Zeuzem S, Kwo P, Chojkier M, Gitlin N, Puoti M, et al. Ledipasvir and sofosbuvir for untreated
HCV genotype 1 infection. N Engl J Med. 2014 May 15; 370(20):1889-98. https://doi.org/10.1056/
NEJMoa1402454 PMID: 24725239

Kowdley KV, Gordon SC, Reddy KR, Rossaro L, Bernstein DE, Lawitz E, et al. Ledipasvir and sofosbu-
vir for 8 or 12 weeks for chronic HCV without cirrhosis. N Engl J Med. 2014 May 15; 370(20):1879-88.
https://doi.org/10.1056/NEJMoa1402355 PMID: 24720702

Feld JJ, Kowdley KV, Coakley E, Sigal S, Nelson DR, Crawford D, et al. Treatment of HCV with ABT-
450/r-ombitasvir and dasabuvir with ribavirin. N Engl J Med. 2014 Apr 24; 370(17):1594—6083. https://
doi.org/10.1056/NEJMoa1315722 PMID: 24720703

Zeuzem S, Jacobson IM, Baykal T, Marinho RT, Poordad F, Bourliere M, et al. Retreatment of HCV
with ABT-450/r-ombitasvir and dasabuvir with ribavirin. N Engl J Med. 2014 Apr 24; 370(17):1604—14.
https://doi.org/10.1056/NEJMoa1401561 PMID: 24720679

Brown A, Hezode C, Zuckerman E, Foster GR, Zekry A, Roberts SK, et al. Efficacy and safety of 12
weeks of elbasvir +/- grazoprevir +/- ribavirin in participants with hepatitis C virus genotype 2, 4, 5 or 6
infection: The C-SCAPE study. J Viral Hepat. 2018 Nov 20; 25(5):457—64. https://doi.org/10.1111/jvh.
12801 PMID: 29152828

Zeuzem S, Ghalib R, Reddy KR, Pockros PJ, Ben Ari Z, Zhao Y, et al. Grazoprevir-Elbasvir Combina-
tion Therapy for Treatment-Naive Cirrhotic and Noncirrhotic Patients With Chronic Hepatitis C Virus
Genotype 1, 4, or 6 Infection: A Randomized Trial. Ann Intern Med. 2015 Jul 07; 163(1):1-13. htips:/
doi.org/10.7326/M15-0785 PMID: 25909356

Asselah T, Marcellin P, Schinazi RF. Treatment of hepatitis C virus infection with direct-acting antiviral
agents: 100% cure? Liver Int. 2018 Feb; 38 Suppl 1:7-13.

Asselah T, Kowdley KV, Zadeikis N, Wang S, Hassanein T, Horsmans Y, et al. Efficacy of Glecaprevir/
Pibrentasvir for 8 or 12 Weeks in Patients With Hepatitis C Virus Genotype 2, 4, 5, or 6 Infection Without
Cirrhosis. Clin Gastroenterol Hepatol. 2018 Mar; 16(3):417-26. https://doi.org/10.1016/j.cgh.2017.09.
027 PMID: 28951228

Forns X, Lee SS, Valdes J, Lens S, Ghalib R, Aguilar H, et al. Glecaprevir plus pibrentasvir for chronic

hepatitis C virus genotype 1, 2, 4, 5, or 6 infection in adults with compensated cirrhosis (EXPEDITION-
1): a single-arm, open-label, multicentre phase 3 trial. Lancet Infect Dis. 2017 Aug 14; 17(10):1062-8.

https://doi.org/10.1016/S1473-3099(17)30496-6 PMID: 28818546

Gane E, Lawitz E, Pugatch D, Papatheodoridis G, Brau N, Brown A, et al. Glecaprevir and Pibrentasvir
in Patients with HCV and Severe Renal Impairment. N Engl J Med. 2017 Oct 12; 377(15):1448-55.
https://doi.org/10.1056/NEJMoa1704053 PMID: 29020583

Gane E, Poordad F, Wang S, Asatryan A, Kwo PY, Lalezari J, et al. High Efficacy of ABT-493 and ABT-
530 Treatment in Patients With HCV Genotype 1 or 3 Infection and Compensated Cirrhosis. Gastroen-
terology. 2016 Oct; 151(4):651-9 e1. https://doi.org/10.1053/j.gastro.2016.07.020 PMID: 27456384

PLOS ONE | https://doi.org/10.1371/journal.pone.0205186  October 4, 2018 27/30


https://doi.org/10.1111/j.1365-2893.2010.01342.x
http://www.ncbi.nlm.nih.gov/pubmed/20565573
https://doi.org/10.1007/s11904-017-0369-5
http://www.ncbi.nlm.nih.gov/pubmed/29116550
https://doi.org/10.1056/NEJMoa1214853
https://doi.org/10.1056/NEJMoa1214853
http://www.ncbi.nlm.nih.gov/pubmed/23607594
https://doi.org/10.1056/NEJMoa1316145
https://doi.org/10.1056/NEJMoa1316145
http://www.ncbi.nlm.nih.gov/pubmed/24795201
https://doi.org/10.1097/MCG.0000000000000896
https://doi.org/10.1097/MCG.0000000000000896
http://www.ncbi.nlm.nih.gov/pubmed/28767462
https://doi.org/10.1002/hep.28467
http://www.ncbi.nlm.nih.gov/pubmed/26799692
https://doi.org/10.1056/NEJMoa1316366
https://doi.org/10.1056/NEJMoa1316366
http://www.ncbi.nlm.nih.gov/pubmed/24725238
https://doi.org/10.1056/NEJMoa1402454
https://doi.org/10.1056/NEJMoa1402454
http://www.ncbi.nlm.nih.gov/pubmed/24725239
https://doi.org/10.1056/NEJMoa1402355
http://www.ncbi.nlm.nih.gov/pubmed/24720702
https://doi.org/10.1056/NEJMoa1315722
https://doi.org/10.1056/NEJMoa1315722
http://www.ncbi.nlm.nih.gov/pubmed/24720703
https://doi.org/10.1056/NEJMoa1401561
http://www.ncbi.nlm.nih.gov/pubmed/24720679
https://doi.org/10.1111/jvh.12801
https://doi.org/10.1111/jvh.12801
http://www.ncbi.nlm.nih.gov/pubmed/29152828
https://doi.org/10.7326/M15-0785
https://doi.org/10.7326/M15-0785
http://www.ncbi.nlm.nih.gov/pubmed/25909356
https://doi.org/10.1016/j.cgh.2017.09.027
https://doi.org/10.1016/j.cgh.2017.09.027
http://www.ncbi.nlm.nih.gov/pubmed/28951228
https://doi.org/10.1016/S1473-3099(17)30496-6
http://www.ncbi.nlm.nih.gov/pubmed/28818546
https://doi.org/10.1056/NEJMoa1704053
http://www.ncbi.nlm.nih.gov/pubmed/29020583
https://doi.org/10.1053/j.gastro.2016.07.020
http://www.ncbi.nlm.nih.gov/pubmed/27456384
https://doi.org/10.1371/journal.pone.0205186

@° PLOS | ONE

HCV genotype 1-6 genetic diversity

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

Kwo PY, Poordad F, Asatryan A, Wang S, Wyles DL, Hassanein T, et al. Glecaprevir and pibrentasvir
yield high response rates in patients with HCV genotype 1-6 without cirrhosis. J Hepatol. 2017 Aug;
67(2):263—71. https://doi.org/10.1016/j.jhep.2017.03.039 PMID: 28412293

Wyles D, Poordad F, Wang S, Alric L, Felizarta F, Kwo PY, et al. Glecaprevir/pibrentasvir for hepatitis C
virus genotype 3 patients with cirrhosis and/or prior treatment experience: A partially randomized phase
3 clinical trial. Hepatology. 2017 Sep 19; https://doi.org/10.1002/hep.29541 PMID: 28926120

Zeuzem S, Foster GR, Wang S, Asatryan A, Gane E, Feld JJ, et al. Glecaprevir-Pibrentasvir for 8 or 12
Weeks in HCV Genotype 1 or 3 Infection. N Engl J Med. 2018 Jan 25; 378(4):354—69. https://doi.org/
10.1056/NEJMoa1702417 PMID: 29365309

Feld JJ, Jacobson IM, Hezode C, Asselah T, Ruane PJ, Gruener N, et al. Sofosbuvir and Velpatasvir for
HCV Genotype 1, 2, 4, 5, and 6 Infection. N Engl J Med. 2015 Dec 31; 373(27):2599—-607. https://doi.
org/10.1056/NEJMoa1512610 PMID: 26571066

Foster GR, Afdhal N, Roberts SK, Brau N, Gane EJ, Pianko S, et al. Sofosbuvir and Velpatasvir for
HCV Genotype 2 and 3 Infection. N Engl J Med. 2015 Dec 31; 373(27):2608—17. https://doi.org/10.
1056/NEJMoa1512612 PMID: 26575258

Bourliere M, Gordon SC, Flamm SL, Cooper CL, Ramiji A, Tong M, et al. Sofosbuvir, Velpatasvir, and
Voxilaprevir for Previously Treated HCV Infection. N Engl J Med. 2017 Jun 1; 376(22):2134—46. https://
doi.org/10.1056/NEJMoa1613512 PMID: 28564569

Ng TI, Tripathi R, Reisch T, Lu L, Middleton T, Hopkins TA, et al. In Vitro Antiviral Activity and Resis-
tance Profile of the Next-Generation Hepatitis C Virus NS3/4A Protease Inhibitor Glecaprevir. Antimi-
crob Agents Chemother. 2018 Jan; 62(1):e01620—17. https://doi.org/10.1128/AAC.01620-17 PMID:
29084747

Ng TI, Krishnan P, Pilot-Matias T, Kati W, Schnell G, Beyer J, et al. In Vitro Antiviral Activity and Resis-
tance Profile of the Next-Generation Hepatitis C Virus NS5A Inhibitor Pibrentasvir. Antimicrob Agents
Chemother. 2017 May; 61(5):02558—16. https://doi.org/10.1128/AAC.02558-16 PMID: 28193664

Asselah T, Nguyen T, Yao B, Wong F, Mahomed A, Lim SG, et al. Efficacy and Safety of Glecaprevir/
Pibrentasvir in Patients with HCV Genotype 5 or 6 Infection: The ENDURANCE-5, 6 Study. Journal of
Hepatology. 2018; 68:S39.

Krishnan P, Beyer J, Mistry N, Koev G, Reisch T, DeGoey D, et al. In Vitro and In Vivo Antiviral Activity
and Resistance Profile of Ombitasvir, an Inhibitor of Hepatitis C Virus NS5A. Antimicrob Agents Che-
mother. 2015 Feb; 59(2):979-87. https://doi.org/10.1128/AAC.04226-14 PMID: 25451055

Pilot-Matias T, Tripathi R, Cohen D, Gaultier |, Dekhtyar T, Lu L, et al. In Vitro and In Vivo Antiviral Activ-
ity and Resistance Profile of the Hepatitis C Virus NS3/4A Protease Inhibitor ABT-450. Antimicrob
Agents Chemother. 2015 Feb; 59(2):988-97. https://doi.org/10.1128/AAC.04227-14 PMID: 25451053

Krishnan P, Pilot-Matias T, Schnell G, Tripathi R, Ng T, Reisch T, et al. Pooled Resistance Analysis in
HCV Genotype 1-6 Infected Patients Treated With Glecaprevir/Pibrentasvir in Phase 2 and 3 Clinical
Trials. Antimicrob Agents Chemother. 2018 Jul 30; https://doi.org/10.1128/AAC.01249-18 PMID:
30061289

Schnell G, Tripathi R, Beyer J, Reisch T, Krishnan P, Dekhtyar T, et al. Characterization of Demograph-
ics and NS5A Genetic Diversity for HCV Genotype 4-Infected Patients with or without Cirrhosis Treated
with Ombitasvir/Paritaprevir/Ritonavir. J Viral Hepat. 2018 Apr 6; https://doi.org/10.1111/jvh.12906
PMID: 29624809

Schnell G, Tripathi R, Beyer J, Reisch T, Krishnan P, Lu L, et al. Hepatitis C virus genotype 4 resistance
and subtype demographic characterization of patients treated with ombitasvir plus paritaprevir/ritonavir.
Antimicrob Agents Chemother. 2015 Nov; 59(11):6807—-15. https://doi.org/10.1128/AAC.01229-15
PMID: 26282418

Katoh K, Asimenos G, Toh H. Multiple alignment of DNA sequences with MAFFT. Methods Mol Biol.
2009; 537:39-64. https://doi.org/10.1007/978-1-59745-251-9_3 PMID: 19378139

Guindon S, Gascuel O. A simple, fast, and accurate algorithm to estimate large phylogenies by maxi-
mum likelihood. Syst Biol. 2003 Oct; 52(5):696—704. PMID: 14530136

Guindon S, Dufayard JF, Lefort V, Anisimova M, Hordijk W, Gascuel O. New algorithms and methods to
estimate maximum-likelihood phylogenies: assessing the performance of PhyML 3.0. Syst Biol. 2010
May; 59(3):307-21. https://doi.org/10.1093/sysbio/syq010 PMID: 20525638

Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S, et al. Geneious Basic: an inte-
grated and extendable desktop software platform for the organization and analysis of sequence data.
Bioinformatics. 2012 Jun 15; 28(12):1647-9. https://doi.org/10.1093/bioinformatics/bts199 PMID:
22543367

Hasegawa M, Kishino H, Yano T. Dating of the human-ape splitting by a molecular clock of mitochon-
drial DNA. J Mol Evol. 1985; 22(2):160-74. PMID: 3934395

PLOS ONE | https://doi.org/10.1371/journal.pone.0205186  October 4, 2018 28/30


https://doi.org/10.1016/j.jhep.2017.03.039
http://www.ncbi.nlm.nih.gov/pubmed/28412293
https://doi.org/10.1002/hep.29541
http://www.ncbi.nlm.nih.gov/pubmed/28926120
https://doi.org/10.1056/NEJMoa1702417
https://doi.org/10.1056/NEJMoa1702417
http://www.ncbi.nlm.nih.gov/pubmed/29365309
https://doi.org/10.1056/NEJMoa1512610
https://doi.org/10.1056/NEJMoa1512610
http://www.ncbi.nlm.nih.gov/pubmed/26571066
https://doi.org/10.1056/NEJMoa1512612
https://doi.org/10.1056/NEJMoa1512612
http://www.ncbi.nlm.nih.gov/pubmed/26575258
https://doi.org/10.1056/NEJMoa1613512
https://doi.org/10.1056/NEJMoa1613512
http://www.ncbi.nlm.nih.gov/pubmed/28564569
https://doi.org/10.1128/AAC.01620-17
http://www.ncbi.nlm.nih.gov/pubmed/29084747
https://doi.org/10.1128/AAC.02558-16
http://www.ncbi.nlm.nih.gov/pubmed/28193664
https://doi.org/10.1128/AAC.04226-14
http://www.ncbi.nlm.nih.gov/pubmed/25451055
https://doi.org/10.1128/AAC.04227-14
http://www.ncbi.nlm.nih.gov/pubmed/25451053
https://doi.org/10.1128/AAC.01249-18
http://www.ncbi.nlm.nih.gov/pubmed/30061289
https://doi.org/10.1111/jvh.12906
http://www.ncbi.nlm.nih.gov/pubmed/29624809
https://doi.org/10.1128/AAC.01229-15
http://www.ncbi.nlm.nih.gov/pubmed/26282418
https://doi.org/10.1007/978-1-59745-251-9_3
http://www.ncbi.nlm.nih.gov/pubmed/19378139
http://www.ncbi.nlm.nih.gov/pubmed/14530136
https://doi.org/10.1093/sysbio/syq010
http://www.ncbi.nlm.nih.gov/pubmed/20525638
https://doi.org/10.1093/bioinformatics/bts199
http://www.ncbi.nlm.nih.gov/pubmed/22543367
http://www.ncbi.nlm.nih.gov/pubmed/3934395
https://doi.org/10.1371/journal.pone.0205186

@° PLOS | ONE

HCV genotype 1-6 genetic diversity

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Schnell G, Tripathi R, Krishnan P, Beyer J, Reisch T, Irvin M, et al. Resistance characterization of hepa-
titis C virus genotype 2 from Japanese patients treated with ombitasvir and paritaprevir/ritonavir. J Med
Virol. 2018 Jan; 90(1):109-19. https://doi.org/10.1002/jmv.24923 PMID: 28842997

Mavyret (glecaprevir/pibrentasvir). Prescribing Information. AbbVie, Inc.; 2017.; https://www.
accessdata.fda.gov/drugsatfda_docs/label/’2017/209394s003Ibl.pdf.

Maviret (glecaprevir/pibrentasvir). European Medicines Agency. Maviret: EPAR—Product Information.
AbbVie, Inc.; 2017.; http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Product_
Information/human/004430/WC500233677.pdf.

Bruggmann P, Berg T, Ovrehus AL, Moreno C, Brandao Mello CE, Roudot-Thoraval F, et al. Historical
epidemiology of hepatitis C virus (HCV) in selected countries. J Viral Hepat. 2014 May; 21 Suppl 1:5—
33.

Santos AF, Bello G, Vidal LL, Souza SL, Mir D, Soares MA. In-depth phylogenetic analysis of hepatitis
C virus subtype 1a and occurrence of 80K and associated polymorphisms in the NS3 protease. Sci
Rep. 2016 Aug 17; 6:31780. https://doi.org/10.1038/srep31780 PMID: 27531254

McCloskey RM, Liang RH, Joy JB, Krajden M, Montaner JS, Harrigan PR, et al. Global origin and trans-
mission of hepatitis C virus nonstructural protein 3 Q80K polymorphism. J Infect Dis. 2015 Apr 15; 211
(8):1288-95. https://doi.org/10.1093/infdis/jiu613 PMID: 25389307

Rodrigo C, Eltahla AA, Bull RA, Luciani F, Grebely J, Dore GJ, et al. Phylogenetic analysis of full-length,
early infection, hepatitis C virus genomes among people with intravenous drug use: the InC(3) Study. J
Viral Hepat. 2017 Jan; 24(1):43-52. https://doi.org/10.1111/jvh.12616 PMID: 27808453

Rodrigo C, Eltahla AA, Bull RA, Grebely J, Dore GJ, Applegate T, et al. Historical Trends in the Hepatitis
C Virus Epidemics in North America and Australia. J Infect Dis. 2016 Nov 1; 214(9):1383-9. https://doi.
org/10.1093/infdis/jiw389 PMID: 27571901

Harrington PR, Komatsu TE, Deming DJ, Donaldson EF, O’'Rear JJ, Naeger LK. Impact of Hepatitis C
Virus Polymorphisms on Direct-Acting Antiviral Treatment Efficacy: Regulatory Analyses and Perspec-
tives. Hepatology. 2017 Dec 1; https://doi.org/10.1002/hep.29693 PMID: 29194682

Panasiuk A, Flisiak R, Mozer-Lisewska |, Adamek A, Tyczyno M, Halota W, et al. Distribution of HCV
genotypes in Poland. Przegl Epidemiol. 2013; 67(1):11-6, 99—-103. PMID: 23745369

Saraswat V, Norris S, de Knegt RJ, Sanchez Avila JF, Sonderup M, Zuckerman E, et al. Historical epi-
demiology of hepatitis C virus (HCV) in select countries—volume 2. J Viral Hepat. 2015 Jan; 22 Suppl
1:6-25.

Maaroufi A, Vince A, Himatt SM, Mohamed R, Fung J, Opare-Sem O, et al. Historical epidemiology of
hepatitis C virus in select countries-volume 4. J Viral Hepat. 2017 Oct; 24 Suppl 2:8-24.

Flisiak R, Halota W, Horban A, Juszczyk J, Pawlowska M, Simon K. Prevalence and risk factors of HCV
infection in Poland. Eur J Gastroenterol Hepatol. 2011 Nov; 23(12):1213-7. https://doi.org/10.1097/
MEG.0b013e32834d173c PMID: 22002000

Lee YM, Lin HJ, Chen YJ, Lee CM, Wang SF, Chang KY, et al. Molecular epidemiology of HCV geno-
types among injection drug users in Taiwan: Full-length sequences of two new subtype 6w strains and a
recombinant form_2b6w. J Med Virol. 2010 Jan; 82(1):57-68. https://doi.org/10.1002/jmv.21658 PMID:
19950240

Sacks-Davis R, Daraganova G, Aitken C, Higgs P, Tracy L, Bowden S, et al. Hepatitis C virus phyloge-
netic clustering is associated with the social-injecting network in a cohort of people who inject drugs.
PLoS One. 2012; 7(10):e47335. https://doi.org/10.1371/journal.pone.0047335 PMID: 23110068

Abergel A, Ughetto S, Dubost S, Bonny C, Aublet-Cuvelier B, Delarocque-Astagneau E, et al. The epi-
demiology and virology of hepatitis C virus genotype 5 in central France. Aliment Pharmacol Ther. 2007
Nov 15; 26(10):1437-46. https://doi.org/10.1111/j.1365-2036.2007.03530.x PMID: 17900267

Henquell C, Guglielmini J, Verbeeck J, Mahul A, Thibault V, Lebray P, et al. Evolutionary history of hep-
atitis C virus genotype 5a in France, a multicenter ANRS study. Infect Genet Evol. 2011 Mar; 11
(2):496-508. https://doi.org/10.1016/j.meegid.2010.12.015 PMID: 21251997

Verbeeck J, Kwanten L, D’Heygere F, Beguin A, Michiels S, Desombere |, et al. HCV genotype distribu-
tion in Flanders and Brussels (Belgium): unravelling the spread of an uncommon HCV genotype 5a
cluster. Eur J Clin Microbiol Infect Dis. 2010 Nov; 29(11):1427-34. https://doi.org/10.1007/s10096-010-
1021-0 PMID: 20830499

Verbeeck J, Maes P, Lemey P, Pybus OG, Wollants E, Song E, et al. Investigating the origin and spread
of hepatitis C virus genotype 5a. J Virol. 2006 May; 80(9):4220-6. https://doi.org/10.1128/JV1.80.9.
4220-4226.2006 PMID: 16611881

Rehman IU, Idrees M, Ali M, Ali L, Butt S, Hussain A, et al. Hepatitis C virus genotype 3a with phyloge-
netically distinct origin is circulating in Pakistan. Genet Vaccines Ther. 2011 Jan 6; 9(1):2. https://doi.
org/10.1186/1479-0556-9-2 PMID: 21211024

PLOS ONE | https://doi.org/10.1371/journal.pone.0205186  October 4, 2018 29/30


https://doi.org/10.1002/jmv.24923
http://www.ncbi.nlm.nih.gov/pubmed/28842997
https://www.accessdata.fda.gov/drugsatfda_docs/label/2017/209394s003lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2017/209394s003lbl.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Product_Information/human/004430/WC500233677.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Product_Information/human/004430/WC500233677.pdf
https://doi.org/10.1038/srep31780
http://www.ncbi.nlm.nih.gov/pubmed/27531254
https://doi.org/10.1093/infdis/jiu613
http://www.ncbi.nlm.nih.gov/pubmed/25389307
https://doi.org/10.1111/jvh.12616
http://www.ncbi.nlm.nih.gov/pubmed/27808453
https://doi.org/10.1093/infdis/jiw389
https://doi.org/10.1093/infdis/jiw389
http://www.ncbi.nlm.nih.gov/pubmed/27571901
https://doi.org/10.1002/hep.29693
http://www.ncbi.nlm.nih.gov/pubmed/29194682
http://www.ncbi.nlm.nih.gov/pubmed/23745369
https://doi.org/10.1097/MEG.0b013e32834d173c
https://doi.org/10.1097/MEG.0b013e32834d173c
http://www.ncbi.nlm.nih.gov/pubmed/22002000
https://doi.org/10.1002/jmv.21658
http://www.ncbi.nlm.nih.gov/pubmed/19950240
https://doi.org/10.1371/journal.pone.0047335
http://www.ncbi.nlm.nih.gov/pubmed/23110068
https://doi.org/10.1111/j.1365-2036.2007.03530.x
http://www.ncbi.nlm.nih.gov/pubmed/17900267
https://doi.org/10.1016/j.meegid.2010.12.015
http://www.ncbi.nlm.nih.gov/pubmed/21251997
https://doi.org/10.1007/s10096-010-1021-0
https://doi.org/10.1007/s10096-010-1021-0
http://www.ncbi.nlm.nih.gov/pubmed/20830499
https://doi.org/10.1128/JVI.80.9.4220-4226.2006
https://doi.org/10.1128/JVI.80.9.4220-4226.2006
http://www.ncbi.nlm.nih.gov/pubmed/16611881
https://doi.org/10.1186/1479-0556-9-2
https://doi.org/10.1186/1479-0556-9-2
http://www.ncbi.nlm.nih.gov/pubmed/21211024
https://doi.org/10.1371/journal.pone.0205186

@° PLOS | ONE

HCV genotype 1-6 genetic diversity

67.

68.

69.

70.

71.

72.

73.

74.

75.

Liakina V, Hamid S, Tanaka J, Olafsson S, Sharara Al, Alavian SM, et al. Historical epidemiology of
hepatitis C virus (HCV) in select countries—volume 3. J Viral Hepat. 2015 Dec; 22 Suppl 4:4-20.

Asselah T, Hassanein T, Waked |, Mansouri A, Dusheiko G, Gane E. Eliminating hepatitis C within low-
income countries—The need to cure genotypes 4, 5, 6. J Hepatol. 2017 Dec 8; https://doi.org/10.1016/j.
jhep.2017.11.037 PMID: 29229584

Kamal SM, Nasser |A. Hepatitis C genotype 4: What we know and what we don’t yet know. Hepatology.
2008 Apr; 47(4):1371-83. https://doi.org/10.1002/hep.22127 PMID: 18240152

Frank C, Mohamed MK, Strickland GT, Lavanchy D, Arthur RR, Magder LS, et al. The role of parenteral
antischistosomal therapy in the spread of hepatitis C virus in Egypt. Lancet. 2000 Mar 11; 355(9207):887—
91. PMID: 10752705

Tanaka Y, Agha S, Saudy N, Kurbanov F, Orito E, Kato T, et al. Exponential spread of hepatitis C virus
genotype 4a in Egypt. J Mol Evol. 2004 Feb; 58(2):191-5. https://doi.org/10.1007/s00239-003-2541-3
PMID: 15042339

Pybus OG, Barnes E, Taggart R, Lemey P, Markov PV, Rasachak B, et al. Genetic history of hepatitis C
virus in East Asia. J Virol. 2009 Jan; 83(2):1071-82. https://doi.org/10.1128/JVI.01501-08 PMID:
18971279

Thong VD, Akkarathamrongsin S, Poovorawan K, Tangkijvanich P, Poovorawan Y. Hepatitis C virus
genotype 6: virology, epidemiology, genetic variation and clinical implication. World J Gastroenterol.
2014 Mar 21; 20(11):2927—-40. https://doi.org/10.3748/wjg.v20.i111.2927 PMID: 24659883

Lim SG, Aghemo A, Chen PJ, Dan YY, Gane E, Gani R, et al. Management of hepatitis C virus infection
in the Asia-Pacific region: an update. Lancet Gastroenterol Hepatol. 2017 Jan; 2(1):52—62. https://doi.
org/10.1016/S2468-1253(16)30080-2 PMID: 28404015

Pham VH, Nguyen HD, Ho PT, Banh DV, Pham HL, Pham PH, et al. Very high prevalence of hepatitis C
virus genotype 6 variants in southern Vietnam: large-scale survey based on sequence determination.
Jpn J Infect Dis. 2011; 64(6):537-9. PMID: 22116339

PLOS ONE | https://doi.org/10.1371/journal.pone.0205186  October 4, 2018 30/30


https://doi.org/10.1016/j.jhep.2017.11.037
https://doi.org/10.1016/j.jhep.2017.11.037
http://www.ncbi.nlm.nih.gov/pubmed/29229584
https://doi.org/10.1002/hep.22127
http://www.ncbi.nlm.nih.gov/pubmed/18240152
http://www.ncbi.nlm.nih.gov/pubmed/10752705
https://doi.org/10.1007/s00239-003-2541-3
http://www.ncbi.nlm.nih.gov/pubmed/15042339
https://doi.org/10.1128/JVI.01501-08
http://www.ncbi.nlm.nih.gov/pubmed/18971279
https://doi.org/10.3748/wjg.v20.i11.2927
http://www.ncbi.nlm.nih.gov/pubmed/24659883
https://doi.org/10.1016/S2468-1253(16)30080-2
https://doi.org/10.1016/S2468-1253(16)30080-2
http://www.ncbi.nlm.nih.gov/pubmed/28404015
http://www.ncbi.nlm.nih.gov/pubmed/22116339
https://doi.org/10.1371/journal.pone.0205186

