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Hepatitis C virus (HCV) genotype 4 (GT4) is genetically diverse, with 17 confirmed subtypes, and comprises approximately 13%
of infections worldwide. In this study, we identified GT4 subtypes by phylogenetic analysis, assessed differences in patient demo-
graphics across GT4 subtypes, examined baseline sequence variability among subtypes and the potential impact on treatment
outcome, and analyzed the development of viral resistance in patients who received a regimen of ombitasvir (nonstructural pro-
tein 5A [NS5A] inhibitor) plus ritonavir-boosted paritaprevir (NS3/4A inhibitor) with or without ribavirin (RBV) for the treat-
ment of HCV GT4 infection. Phylogenetic analysis of HCV NS3/4A, NS5A, and NS5B nucleotide sequences identified 7 subtypes
(4a, 4b, 4c, 4d, 4f, 4g/4k, and 4o) among 132 patient samples. Subtype prevalence varied by country, and the distributions of pa-
tient birth cohort and race were significantly different across GT4 subtypes 4a, 4d, and non-4a/4d. Baseline amino acid variabil-
ity was detected in NS5A across GT4 subtypes but had no impact on treatment outcome. Three patients experienced virologic
failure and were infected with subtype 4d, and the predominant resistance-associated variants at the time of failure were D168V
in NS3 and L28V in NS5A. Overall, high response rates were observed among patients infected with 7 HCV GT4 subtypes, with
no impact of baseline variants on treatment outcome. GT4 subtype distribution in this study differed based on patient demo-
graphics and geography.

Hepatitis C virus (HCV) infection is a major public health con-
cern and a leading cause of chronic liver disease and hepato-

cellular carcinoma (1). Globally, 130 to 150 million people are
chronically infected with HCV (2), which is genetically diverse
and classified into 7 genotypes and 67 subtypes (3). HCV genotype
4 (GT4) encompasses 17 confirmed subtypes (3) and comprises
approximately 13% of infections worldwide, with prevalence
varying by geographic region (4). HCV GT4 is the most prevalent
genotype in North Africa, the Middle East, and central and eastern
sub-Saharan Africa, and its prevalence has been increasing in Eu-
rope (4–6). In Egypt, GT4 accounts for approximately 90% of
infections, with subtype 4a predominating (5). Other geographic
regions with high GT4 prevalence, such as Saudi Arabia and west-
ern Europe, have a higher incidence of subtypes 4c and 4d, or 4a
and 4d, respectively (5–7).

Advancements have recently been made in the treatment of
HCV infection through the use of interferon (IFN)-free regimens
that combine direct-acting antiviral (DAA) agents, resulting in
high efficacy rates with better safety and tolerability profiles than
those of IFN-containing regimens (8–15). Ombitasvir (formerly
ABT-267) is a nonstructural protein 5A (NS5A) inhibitor (16),
and paritaprevir (formerly ABT-450) is an NS3/4A inhibitor that
is coadministered with the pharmacokinetic enhancer ritonavir
(paritaprevir/r) to increase the plasma concentration and half-life
of paritaprevir (17). Ombitasvir demonstrated in vitro pangeno-
typic antiviral activity, with 50% effective concentration (EC50)
values ranging from 0.82 to 19.3 pM against HCV GT1 to 5 and
366 pM against GT6, with an EC50 of 1.7 pM against GT4a (18).
Paritaprevir demonstrated in vitro antiviral activity against HCV
GT1 to -4 and GT6 (EC50 range, 0.09 to 19 nM), with an EC50 of
0.09 nM against GT4a (19). Based on the comparable in vitro
potencies of ombitasvir and paritaprevir for GT1 and GT4a, this

2-DAA combination was evaluated in HCV GT4-infected pa-
tients.

The phase 2b PEARL-I study reported high sustained virologic
response rates 12 weeks after the last dose of study drug (SVR12,
90.9 to 100%) in treatment-naive and treatment-experienced
HCV GT4-infected patients without cirrhosis treated with ombi-
tasvir plus paritaprevir/r with and without RBV (20). The present
study was designed as a comprehensive clinical virology analysis to
examine the frequency of GT4 subtypes among the PEARL-I study
participants using phylogenetic analysis, demographic differences
among patient populations infected with distinct GT4 subtypes,
the impact of subtype and genetic variability at resistance-associ-
ated amino acid positions in NS3/4A and NS5A on SVR12rates,
and the development and persistence of viral resistance muta-
tions.
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MATERIALS AND METHODS
Ethics statement. The PEARL-I study was conducted in accordance with
guidelines of the International Conference of Harmonisation, applicable
regulations and guidelines governing clinical study conduct, and ethics
principles expressed in the Declaration of Helsinki. The study protocol
was approved by the relevant institutional review boards and regulatory
agencies, and all patients provided written informed consent.

Study design and participants. The PEARL-I study (ClinicalTrials-
.gov identifier NCT01685203) was a randomized, international, open-
label, phase 2b study that evaluated the safety and efficacy of ombitasvir
and paritaprevir/r with and without RBV in patients with HCV GT1b or
GT4 infection. The study design, safety, and efficacy results through
SVR12 from patients with HCV GT4 infection were previously reported
(20). The GT4-infected patient population included noncirrhotic treat-
ment-naive and pegylated-interferon (pegIFN)-RBV treatment-experi-
enced patients in the United States and Europe (France, Italy, Poland, and
Spain). The treatment duration was 12 weeks, followed by a 48-week
posttreatment period when patients were monitored for durability of
SVR. Virologic failure (VF) was defined as either on-treatment virologic
failure (defined as a failure to achieve HCV RNA level of �25 IU/ml after
6 weeks of treatment, or two consecutive HCV RNA measurements of
�25 IU/ml at any time point after achieving HCV RNA levels of �25
IU/ml) or posttreatment relapse (HCV RNA levels of �25 IU/ml between
the end of treatment and posttreatment week 12 in patients who com-
pleted treatment with HCV RNA levels of �25 IU/ml).

Compounds. Paritaprevir (2R ,6S ,12Z ,13aS ,14aR ,16aS)-N-
(cyclopropylsulfonyl)-6-{[(5-methylpyrazin-2-yl)carbonyl]amino}-
5,16-dioxo-2-(phenanthridin-6-yloxy)-1 ,2 ,3 ,6 ,7 ,8 ,9 ,10,11,
13a,14,15,16,16a-tetradecahydrocyclopropa[e]pyrrolo[1,2-
a][1,4]diazacyclopentadecine-14a(5H)-carboxamidehydrate and
ombitasvir, dimethyl ([(2S,5S)-1-(4-tert-butylphenyl)pyrrolidine-2,5-
d i y l ] b i s { b e n z e n e - 4 , 1 - d i y l c a r b a m o y l ( 2 S ) p y r r o l i d i n e - 2 , 1 -
diyl[(2S)-3-methyl-1-oxobutane-1,2-diyl]})biscarbamate hydrate were syn-
thesized by AbbVie (16, 18, 19).

HCV genotype and subtype determination. The Versant HCV Geno-
type Inno-LiPA assay version 2.0 (LiPA 2.0) was used to determine the
HCV genotype for enrollment of patients with chronic HCV GT4 infec-
tion, but this assay was unable to identify the viral subtype for the majority
of GT4-infected patients. Therefore, viral subtype was determined by phy-
logenetic analysis of a 329-nucleotide region of NS5B that was PCR am-
plified from baseline samples from HCV GT4-infected patients (21). The
results from this analysis were used to assign a preliminary subtype to each
GT4-infected patient sample, which then determined the subtype and
gene-specific reverse transcriptase PCR (RT-PCR) and nested-PCR
primer sets for the amplification of NS3/4A and NS5A genes from baseline
samples. Phylogenetic analyses were subsequently conducted using full-
length HCV NS3/4A and NS5A nucleotide sequences. The final HCV GT4
subtype assignment was determined by consensus between the NS3/4A,
NS5A, and NS5B results.

Phylogenetic analysis. The nucleotide sequences for NS3/4A, NS5A,
and NS5B were aligned using the MAFFT sequence alignment method
(22). Phylogenetic trees were constructed using the neighbor-joining tree-
building method (23, 24) with the HKY85 nucleotide substitution model
(25). Reliability of the tree topology was examined using bootstrap anal-
ysis, and 1,000 bootstrapping replicates were utilized to generate a con-
sensus tree with a 50% threshold cutoff for each phylogenetic analysis.
Nucleotide alignments and phylogenetic trees were generated using the
Geneious (26) and MEGA5 (27) software packages.

Sequence analysis of patient samples. Viral RNA isolation, RT-PCR,
and nested-PCR were conducted on samples with HCV RNA levels of
�1,000 IU/ml, as previously described (18, 19). Population nucleotide
sequencing was conducted on full-length HCV NS3/4A and NS5A genes
amplified from all available baseline samples (pretreatment) from pa-
tients with HCV GT4 infection. The baseline sequences were compared to
HCV reference sequence 4a-ED43 (GenBank accession no. GU814265)

for all GT4a and non-4a/4d sequences, and reference 4d-QC382
(GenBank accession no. FJ462437) was used for the GT4d sequences.

In patients who experienced VF, population nucleotide sequencing
was conducted for the regions encoding full-length NS3/4A (amino acids
1 to 685) and NS5A (amino acids 1 to 444) at the time of failure, at
posttreatment week 24, and at posttreatment week 48. Clonal sequencing
was conducted on samples if only wild-type virus was detected by popu-
lation sequencing. For clonal sequencing, the nested gel-purified NS3 or
NS5A PCR products were inserted into pJET1.2/blunt cloning vector us-
ing the CloneJET PCR cloning kit (Thermo Scientific, Pittsburgh, PA),
and �80 individual colonies were sequenced for each sample for the re-
gions encoding NS3 amino acids 1 to 181 or NS5A amino acids 1 to 215.
Treatment-emergent resistance-associated amino acid variants (RAVs)
were identified by comparing translated postbaseline sequences to the
respective baseline sequence. The following positions are considered to be
signature resistance-associated amino acid positions in HCV GT4: 56,
155, 156, and 168 in NS3 for paritaprevir, and 28, 30, 31, 32, 58, and 93 in
NS5A for ombitasvir.

HCV subgenomic replicons. The generation and sequence of HCV
GT1b strain Con1 (GenBank accession no. AJ238799) subgenomic chi-
meric transient replicons for NS3 genotypes 1, 3, 4, and 6 (19) and NS5A
genotypes 1 to 6 (18) were previously described. The GT4a and 4d chime-
ric NS3 replicons were generated by insertion of the region encoding the
first 251 amino acids of NS3 from a GT4a or GT4d clinical isolate. The
GT4a chimeric NS5A replicon was generated by insertion of the region
encoding the first 214 amino acids of NS5A from a GT4a clinical isolate.
For NS5A GT4d, the chimeric replicon contained the region encoding the
first 214 amino acids of an NS5A sequence that was generated as a syn-
thetic consensus gene (IDT, Coralville, IA) from a GT4d clinical isolate.
The wild-type GT4a or 4d chimeric replicon sequence for NS3 or NS5A
matched the 4a-ED43 or 4d-QC382 reference amino acid sequence at
resistance-associated positions.

HCV NS3 or NS5A variants identified either during in vitro selection
experiments in cell culture, or in patients who experienced virologic fail-
ure in the PEARL-I study, were introduced into the wild-type NS3 or
NS5A GT4a or 4d replicon constructs using the Change-IT multiple mu-
tation site-directed mutagenesis kit (Affymetrix, Santa Clara, CA). For the
transient replicon assay, subgenomic replicon RNA was generated by plas-
mid DNA linearization, followed by in vitro RNA transcription. The chi-
meric replicon RNA was transfected via electroporation into a Huh-7-
derived cell line, and luciferase expression was measured 4 days
posttransfection to determine the inhibitory effect of ombitasvir or pari-
taprevir on HCV chimeric replicon replication (28). The EC50 was calcu-
lated using a nonlinear regression curve fitting to the 4-parameter logistic
equation in the Prism 4/5 software (GraphPad Software, Inc., La Jolla,
CA). The mean EC50 and standard deviation were calculated from �3
independent experiments that were conducted in duplicate.

Statistical analysis. Fisher’s exact test with a two-sided significance
level of 0.05 was used to compare the number and percentage of patients
achieving SVR12 with or without an NS5A variant at baseline, as well as the
distribution of patient demographics (birth cohort, race, and sex) across
GT4 subtypes (4a, 4d, and non-4a/4d).

RESULTS
Determination of HCV GT4 subtype using phylogenetic analy-
sis. Phylogenetic analyses were conducted to ensure proper as-
signment of HCV GT4 subtype using NS5B (a 329-nucleotide
region [21]) and full-length NS3/4A and NS5A gene sequences
from the baseline samples of HCV GT4-infected patients. A total
of 135 GT4-infected patients were enrolled in the PEARL-I study,
and baseline samples from 132 patients were available for analysis.
The NS5B phylogenetic analysis (Fig. 1A) identified 8 GT4 sub-
types (4a, 4b, 4c, 4d, 4f, 4g, 4m/4p, and 4o) among the 132 pa-
tients. The preliminary subtype results were used to determine the
gene-specific primer sets for subsequent amplification of the
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FIG 1 Phylogenetic analysis of HCV GT4 baseline sequences. Neighbor-joining phylogenetic trees displayed in circular format for NS5B (A), NS3/4A (B), and
NS5A (C). HCV patient isolates are represented by colored circles or triangles indicating the subtype of the sequence. Reference sequences are labeled by subtype
and GenBank accession number (A), or by subtype (B and C). Bootstrap values of �70 are listed at key nodes, and bootstrap values of �50 are indicated with an
asterisk. The genetic distance scale bar indicates the number of nucleotide substitutions per site. (D) Subtype assignment for virus from HCV GT4-infected
patients was determined by phylogenetic analysis.

November 2015 Volume 59 Number 11 aac.asm.org 6809Antimicrobial Agents and Chemotherapy

http://aac.asm.org


NS3/4A and NS5A genes from baseline samples; therefore, ambig-
uous subtypes were identified by the closest evolutionary taxa in
the NS5B phylogenetic tree. Subsequent NS3/4A and NS5A phy-
logenetic analyses (Fig. 1B and C) identified 7 subtypes among 131
patient samples (4a, 4b, 4c, 4d, 4f, 4g/4k, and 4o) and 1 sample for
which the GT4 subtype could not be determined.

Overall, there was high subtype concordance between the three
target sequences, with most patients infected with subtype 4a or
4d (Fig. 1D). Among the 135 patients, 37.0% were infected with
GT4a, 2.2% were infected with GT4b, 50.4% were infected with
GT4d, and 5.2% were infected with GT4f. Subtypes 4c, 4g/4k, and
4o were each identified in one patient (0.7%), while the subtype
was not determined for four patients (3.0%) by either phyloge-
netic analysis or the LiPA 2.0 assay. NS3/4A could not be amplified
from one sample identified as GT4b, and NS5B could not be am-
plified from 2 samples that were subsequently identified as GT4f.

Discrepancies in the phylogenetic subtype assignment between
targets occurred for two patient samples. The NS5B sequence
from one patient sample sorted as GT4g but could not be distin-
guished between subtypes 4g or 4k by NS3/4A and NS5A phylo-
genetic analyses, so the final consensus subtype was labeled 4g/4k.
For a second patient sample, the NS5B sequence sorted ambigu-
ously and was assigned a preliminary subtype of 4m/4p, but fur-
ther analysis of NS3/4A and NS5A did not confirm a specific GT4
subtype. A comparison between the phylogenetic and LiPA 2.0
subtyping results (Table 1) revealed that while the phylogenetic
analysis was able to assign a subtype to 131 out of 132 patient
samples, the LiPA 2.0 assay was unable to subtype 47 samples and
classified 79 samples as subtype 4a/c/d, but it was able to correctly
identify 6 out of 7 subtype 4f samples.

Prevalence of HCV GT4 subtype and birth cohort distribu-
tion by geographic region. Since HCV subtype prevalence varies
by geographic region, an assessment of HCV subtype by the coun-
try of enrollment was conducted (Table 2). HCV subtype 4a was
predominant in patients enrolled in the United States, while sub-
types 4a and 4d were both common in patients enrolled in Europe.
Subtype 4d was predominant in patients from Italy, Poland, and
Spain, while both GT4a and 4d infections were observed in
France. The majority of HCV non-4a/4d subtypes were observed
in patients enrolled in France (4b, 4f, 4g/4k, 4o, 4 [unidentified
non-4a/4d subtype]). Birth cohort distribution by country (Table
2) revealed that the majority (74 to 89%) of GT4-infected patients
from France, Italy, Spain, and the United States were born prior to

1970. The opposite was true for patients enrolled in Poland, where
only 31% of the GT4-infected patient population was born prior
to 1970, and 50% of the patients were born after 1980. All seven of
the patients born during or after 1990 were from Poland.

HCV GT4-infected patient demographic characteristics by
subtype. Patient demographic characteristics, including birth co-
hort, race, and sex, were compared across GT4 subtypes (Table 3).
The GT4 subtypes were divided into three categories for this anal-
ysis: 4a, 4d, and non-4a/4d (4b, 4c, 4f, 4g/4k, 4o, and 4). The
distributions of patient birth cohort and race were significantly
different across GT4 subtypes (P, 0.012 and �0.001, respectively).
The percentages of patients born prior to 1960 were different
across the subtypes and encompassed 42%, 24%, and 71% of the
4a, 4d, and non-4a/4d-infected populations, respectively. Simi-
larly, the proportions of patients born after 1980 were different
across subtypes and included 6%, 16%, and 7% of the 4a, 4d, and
non-4a/4d-infected populations, respectively. The distribution of
patient race was also significantly different across GT4 subtypes,
with those of white race comprising 92%, 100%, and 29% and
those of black race comprising 4%, 0%, and 71% of the 4a, 4d, and
non-4a/4d-infected populations, respectively. Notably, 10 out of
the 12 patients of black race enrolled in the study were determined
to be infected with an HCV non-4a/4d subtype. Of these 10 pa-
tients, 8 were from France (subtypes 4b, 4f, 4g/4k, 4o, and 4), 1 was
from Spain (subtype 4f), and 1 was from the United States (sub-
type 4c). Patient sex distribution was similar across GT4 subtypes
(P � 0.809). However, an analysis of the 17 patients born during
or after 1980 across all subtypes revealed a higher male-to-female
ratio of approximately 5:1 compared to a 2:1 ratio in the overall
study population, with male sex representing 65% (88/135) of the
total patient population and 82% (14/17) of the patients in the
1980-and-after birth cohorts.

SVR12 rates by subtype for GT4-infected patients. In this
analysis, the SVR12 rates were examined by treatment regimen and

TABLE 1 HCV GT4 subtype comparison between the LiPA 2.0 assay
and phylogenetic analysis

Phylogenetic analysis
subtype

No. of samples by LiPA 2.0 subtype

4 4a/c/d 4e 4f 4h

4a 26 22 2
4b 3
4c 1
4d 13 55
4f 1 6
4g/4k 1
4o 1
4a 1
No sampleb 1 2
a Subtype not determined; non-4a/4d sample.
b A baseline plasma sample was not available for sequencing and phylogenetic analysis.

TABLE 2 HCV GT4 subtype and birth cohort distribution by country

Characteristic

No. of patients by country

France Italy Poland Spain USA

Total 54 16 16 30 19

Subtypea

4a 26 1 7 16
4b 3
4c 1
4d 16 15 16 20 1
4f 6 1
4g/4k 1
4o 1
4b 1
No samplec 2 1

Birth cohort
Pre-1960 24 4 2 7 10
1960–1969 24 9 3 15 4
1970–1979 5 1 3 6 1
1980–1989 1 2 1 2 4
1990 and after 0 0 7 0 0

a Determined by phylogenetic analysis.
b Subtype not determined; non-4a/4d sample.
c A baseline plasma sample was not available for sequencing and phylogenetic analysis.
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viral subtype using the subtype assignment determined by phylo-
genetic analysis (Table 4). The GT4 subtypes were divided into
three categories for the determination of SVR12 rates: 4a, 4d, and
non-4a/4d (4b, 4c, 4f, 4g/4k, 4o, and 4). HCV GT4-infected pa-
tients with an undetermined subtype were grouped in the non-
4a/4d category, including three patients who did not have an
available baseline sample for phylogenetic analysis. All HCV
GT4a- and non-4a/4d-infected patients achieved SVR12 regardless
of treatment regimen, with the exception of 1 GT4b-infected
treatment-naive patient who prematurely discontinued treat-
ment for nonvirologic reasons. The SVR12 rate for GT4d-in-
fected patients was 81.3% (13/16) for treatment-naive patients
receiving ombitasvir plus paritaprevir/r without RBV and
100% for treatment-naive (22/22) and treatment-experienced
(30/30) patients receiving ombitasvir plus paritaprevir/r with
RBV.

Variability at signature amino acid positions in NS3/4A and
NS5A across HCV GT4 subtypes. The prevalence of baseline
polymorphisms at resistance-associated amino acid positions in
NS3/4A and NS5A was determined using sequences from 132/135
HCV GT4-infected patients with available baseline samples. The

amino acids Y56, R155, A156, and D168 in NS3/4A were 100%
conserved across all of the HCV GT4 isolates. Baseline polymor-
phisms at signature resistance-associated amino acid positions
(28, 30, 31, 32, 58, and 93) in NS5A were present in 57.6% (76/
132) of the GT4 samples relative to the respective prototypic ref-
erence sequences (Fig. 2A). The majority of these polymorphisms
occurred at position 58 in NS5A GT4d sequences, and the T58P
polymorphism was the most prevalent, being present in 70.6%
(48/68) of the GT4d samples. In the GT4d chimeric replicon,
NS5A variants A58, P58, S58, and T58 do not confer resistance to
ombitasvir (Table 5). Variability at NS5A amino acid positions 28,
30, 31, 32, and 93 was detected in 1.5 to 12% of the samples.
Overall, the SVR12 rates were 96.1% and 98.2% for HCV GT4-
infected patients with or without an NS5A variant at baseline,
respectively (Fig. 2B) (P � 0.64, two-sided Fisher’s exact test).
Overall, the variability of amino acid polymorphisms at signature
resistance-associated positions in NS5A had no apparent impact
on treatment outcome.

Resistance-associated variants in patients not achieving
SVR12. The three patients who experienced VF in this study were
infected with HCV GT4d, the most prevalent subtype among trial

TABLE 3 HCV GT4-infected patient demographic characteristics by subtype

Characteristic

No. (% of subtype) of patients by subtypea

P valueb4a 4d Non-4a/4d No samplec Total

Patients 50 68 14 3 135

Birth cohort 0.012
Pre-1960 21 (42) 16 (24) 10 (71) 0 47
1960–1969 19 (38) 33 (49) 2 (14) 1 (33) 55
1970–1979 7 (14) 8 (12) 1 (7) 0 16
1980–1989 3 (6) 4 (6) 1 (7) 2 (67) 10
1990 and after 0 7 (10) 0 0 7

Race �0.001
White 46 (92) 68 (100) 4 (29) 2 (67) 120
Black 2 (4) 0 10 (71)d 0 12
Egyptian 2 (4) 0 0 1 (33) 3

Sex 0.809
Male 32 (64) 45 (66) 8 (57) 3 (100) 88
Female 18 (36) 23 (34) 6 (43) 0 47

a Subtype determined by phylogenetic analysis.
b P value from the comparison of proportions across subtypes (4a, 4d, and non-4a/4d) using Fisher’s exact test.
c A baseline plasma sample was not available for sequencing and phylogenetic analysis. Patients with no sample were not included in the statistical analysis.
d Of these 10 patients, 8 were from France, 1 was from Spain, and 1 was from the United States.

TABLE 4 SVR12 rates by treatment regimen and viral subtype

GT4 subtype

SVR12 rates (% [n/N]) in HCV GT4-infected patientsa

Treatment naive Treatment experienced

Ombitasvir � paritaprevir/r
regimen (N � 44)

Ombitasvir � paritaprevir/r �
RBV regimen (N � 42)

Ombitasvir � paritaprevir/r �
RBV regimen (N � 49)

All GT4 90.9 100 100
4a 100 (21/21) 100 (13/13) 100 (16/16)
4d 81.3 (13/16) 100 (22/22) 100 (30/30)
4b, 4c, 4f, 4g/4k, 4o, 4b 85.7 (6/7)c 100 (7/7) 100 (3/3)
a n/N � (number of SVR12-achieving patients)/(total number of treated patients).
b 4 � GT4 subtype could not be determined by phylogenetic analysis or the LiPA 2.0 assay.
c One GT 4b-infected treatment-naive patient prematurely discontinued treatment.
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participants. All three were treatment-naive patients who received
ombitasvir plus paritaprevir/r without RBV, including one patient
who experienced on-treatment virologic failure at treatment week
8 and two patients who experienced virologic relapse before post-

treatment week 12 (Table 6). Resistance-associated variants were
not present in NS3 or NS5A at baseline prior to treatment. The
predominant resistance-associated treatment-emergent variants
at the time of VF were D168V in NS3 and L28V in NS5A. In NS3,
D168V confers 313-fold resistance to paritaprevir in GT4 subtype
4a or 4d, and the double mutant Y56H�D168V, which was ob-
served in 1 of the 3 patients who experienced VF, confers 12,533-
fold resistance to paritaprevir in GT4d (Table 5). The NS3 D168V
variant persisted in 2 of the 3 patients at posttreatment week 24
but was not detectable by clonal sequencing at posttreatment week
48. The NS5A variant L28V confers 23-fold resistance to ombitas-
vir in GT4a and 310-fold resistance in GT4d. The L28V�T58S
double variant in GT4d confers 760-fold resistance to ombitasvir
(Table 5). The EC50 for the L28S variant in GT4d NS5A could not
be determined due to the poor replication capacity of the chimeric
replicon containing this variant. Treatment-emergent NS5A vari-
ants at resistance-associated amino acid positions persisted to
posttreatment week 48 in 2 of the 3 patients.

DISCUSSION

The consensus classification and nomenclature system for HCV
genotype and subtype assignment was established using phyloge-
netic analysis (3). In the current study, GT4 subtype classification
was determined by phylogenetic analysis for HCV GT4-infected
patients, which identified 7 GT4 subtypes among 132 patient sam-
ples (4a, 4b, 4c, 4d, 4f, 4g/4k, and 4o). The LiPA 2.0 assay is a
commercially available HCV genotyping assay that is based on
reverse hybridization of the 5=-nontranslated region (NTR) and
core regions of the HCV genome to immobilized oligonucleotide
probes (29). Although it is widely used as a diagnostic HCV geno-
typing assay, several studies have reported HCV subtype misclas-
sification using the LiPA method (30–32). In the current study, a
comparison between the two subtyping methods revealed that the
LiPA 2.0 HCV genotyping assay was not able to accurately identify
GT4 subtypes, while the sequence-based phylogenetic method
demonstrated high concordance among the three targets ana-
lyzed. These data suggest that a phylogenetic methodology en-
compassing a small region of NS5B is sufficient to accurately de-
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FIG 2 Variability at signature NS5A amino acid positions across HCV GT4 subtypes. (A) Baseline prevalence of NS5A polymorphisms at signature resistance-
associated amino acid positions. NS5A sequences were divided into subtypes 4a, 4d, and non-4a/4d for analysis. Baseline sequences were compared to reference
sequence 4a-ED43 for all GT4a and non-4a/4d sequences, and reference 4d-QC382 was used for the GT4d sequences. (B) Lack of impact of NS5A baseline
variants on SVR12 rates by treatment regimen. P values were calculated using a two-sided Fisher’s exact test.

TABLE 5 Activity of paritaprevir or ombitasvir against chimeric GT4
transient subgenomic replicons containing amino acid variants in NS3
or NS5A

HCV GT4 replicon
subtype by targeta Varianta

EC50 (mean � SD)
(nM)b

Fold
resistancec

NS3
4a Wild typed 0.048 � 0.0066

D168V 15 � 1.6 313
4d Wild type 0.015 � 0.001

Y56H 0.12 � 0.028 8.0
D168V 4.7 � 0.9 313
Y56H�D168V 188 � 50 12,533

NS5A
4a Wild type 0.00035 � 0.00007

L28V 0.008 � 0.0028 23
4d Wild type 0.00038 � 0.00006

L28S NDe

L28V 0.118 � 0.016 310
M31I 0.00096 � 0.00012 2.5
M31L 0.00039 � 0.00008 1.0
T58A 0.00053 � 0.00002 1.4
T58P 0.00042 � 0.00004 1.1
T58S 0.00052 � 0.00009 1.4
L28S�M31I ND
L28V�T58S 0.289 � 0.029 760

a Chimeric replicons containing the NS3 or NS5A gene cloned from a GT4a or GT4d
treatment-naive clinical isolate.
b The mean � SD EC50 values were derived from the results from at least three
independent experiments.
c Calculated as variant EC50/wild-type EC50.
d Wild type indicates that amino acids at resistance-associated positions match those of
reference sequence 4a-ED43 or 4d-QC382.
e ND, EC50 could not be determined due to the poor replication capacity of the
chimeric replicon.

Schnell et al.

6812 aac.asm.org November 2015 Volume 59 Number 11Antimicrobial Agents and Chemotherapy

http://aac.asm.org


termine GT4 subtypes and should be used in future clinical trials
that aim to subtype HCV GT4-infected patients.

Substantial variation exists in the predominant circulating
subtypes of HCV GT4 in northern and sub-Saharan Africa, the
Middle East, and Europe. Our analysis of GT4 subtype prevalence
by geographic region revealed differences in the circulating GT4
subtypes in France, Italy, Spain, Poland, and the United States.
The most common subtypes identified were 4a and 4d, represent-
ing 37.0% and 50.4% of the study population, respectively. The
HCV isolates from Italy, Spain, and Poland were predominantly
subtype 4d, while the most subtype diversity was seen in France
(4a, 4b, 4d, 4f, 4g/4k, and 4o). These observations are consistent
with previous reports of higher GT4a and 4d prevalence in France,
Italy, and Spain (4–7). Epidemiological studies of HCV GT4 in
France have identified the emergence of GT4a and 4d infections
associated with blood transfusion or intravenous drug use, while
infection with more heterogeneous GT4 subtypes was identified in
patients of African origin with undetermined risk factors (33). In
this study, we identified a high proportion (83%) of patients of
black race who were infected with an HCV non-4a/4d subtype.
Although the sample size is small, eight of the 10 patients of black
race and a heterogeneous HCV subtype were from France (sub-
types 4b, 4f, 4g/4k, 4o, and 4).

In the analysis of birth cohort distribution by country, we
found that 82% of the HCV-infected patients from France, Italy,
Spain, and the United States were �45 years of age, while 44% of
the patients enrolled in Poland were �25 years of age. The prev-
alence of HCV GT4 infection in Poland varies by province and is
higher in patients �20 years of age and in HIV-coinfected patient
populations (34). Additional risk factors associated with HCV in-
fection in Poland include male sex, blood transfusions before
1992, and intravenous drug use (35). Notably, all patients from
Poland were infected with GT4d, the spread of which has been
associated with intravenous drug use in other European countries
(33, 36). In addition, 75% of the 8 Polish patients born after 1980
were male, perhaps indicating a population of young males at a
higher risk of acquiring HCV GT4 infection in Poland. In general,
we found a higher male-to-female ratio of approximately 5:1 in
the younger patient population (born during or after 1980) across
all GT4 subtypes and countries, although due to the small sample
size, it is difficult to draw conclusions regarding overall HCV GT4
infection risk in young males. Across Europe, intravenous drug
users are at the highest risk of HCV GT4 infection, particularly for
subtypes 4a and 4d (5, 6, 33, 35, 36). Given the recent approval of
treatment regimens for HCV GT4 infection containing sofosbuvir

(14, 37, 38), daclatasvir (13, 39), or ombitasvir plus paritaprevir/r
(20), it will be important to identify patients at a high risk for
potential HCV reinfection in order to apply targeted prevention
and patient education programs and ultimately reduce the occur-
rence and spread of drug-resistant HCV.

HCV reinfection did not occur in GT4-infected patients
through posttreatment week 48 in this study. SVR12 rates of 100%
were observed among GT4-infected treatment-naive and treat-
ment-experienced patients receiving ombitasvir plus paritapre-
vir/r with RBV. None of the GT4a- or non-4a/4d-infected patients
receiving the regimen without RBV experienced virologic failure.
Three out of 135 patients (2%) experienced virologic failure; all
three were treatment naive, received ombitasvir plus paritapre-
vir/r without RBV, and were infected with HCV GT4d. The pre-
dominant resistance-associated variants at the time of VF were
D168V in NS3, which conferred 313-fold resistance to paritapre-
vir, and L28V in NS5A, which conferred 310-fold resistance to
ombitasvir in a GT4d chimeric replicon. The degree of resistance
conferred by D168V in NS3 was similar between the 4a and 4d
subtypes, whereas in NS5A, the L28V variant conferred approxi-
mately 15-fold higher resistance to ombitasvir in an NS5A subtype
4d background compared to that in subtype 4a. This finding may
partially explain the lower SVR12 rates in GT4d-infected patients
who received an RBV-free regimen.

Genetic variability between and among HCV GT4 subtypes, as
measured by nucleotide pairwise distance, ranges between 12.7
and 15.3%, which is similar to the variability of 12.9 to 17.0% seen
in GT1 (3). In this study, an assessment of amino acid variability in
NS3 and NS5A at baseline revealed that amino acids at signature
resistance-associated positions in NS3 were conserved across GT4
subtypes. Although substantial amino acid variability (57.6%) was
observed at signature resistance-associated amino acid positions
in NS5A across GT4 subtypes, most variants remained susceptible
to ombitasvir, indicating that genetic variability between GT4
subtypes did not impact treatment outcome.

Molecular and phylogenetic analyses in this study revealed that
regardless of the identified GT4 subtype or the presence of NS5A
baseline polymorphisms at resistance-associated amino acid po-
sitions, HCV GT4-infected patients who received a regimen con-
taining ombitasvir plus paritaprevir/r achieved high SVR12 rates.
The regimen of ombitasvir plus paritaprevir/r with RBV was re-
cently approved in the United States and Europe for the treatment
of HCV GT4 infection, which expands treatment options for GT4-
infected patients. Finally, GT4 subtype distribution in this study

TABLE 6 Variants in NS3/4A and NS5A at resistance-associated amino acid positions in patients experiencing virologic failure

Patienta Failure typeb

NS3/4A NS5A

Baseline
Virologic
failure PTW24 PTW48 Baseline

Virologic
failure PTW24 PTW48

1 OTVF at wk 8 Nonec Y56H� D168V Noned NDe None L28V L28V/L Noned

2 Relapse at PTW4 None D168V D168Vd Noned T58P L28S, M31I/M,
T58P

L28S�M31I�T58P L28S/L, M31I/M,
T58P

3 Relapse at PTW8 None D168V D168V Noned T58T/S L28V�T58S L28V, T58T/S L28V�T58S
a All three patients were infected with HCV genotype 4d.
b OTVF, on-treatment virologic failure; PTW, posttreatment week.
c None, variants at resistance-associated amino acid positions were not detected.
d Determined by clonal sequencing analysis; includes variants detected in �2 clones.
e ND, sequence not determined because resistance-associated variants were not detected at the previous time point.
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varied by geography and patient demographics of birth cohort
and race.
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