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Hepatitis C virus (HCV) NS3 protease inhibitors (PIs) are important components of novel HCV therapy regimens. Studies of PI
resistance initially focused on genotype 1. Therefore, knowledge about the determinants of PI resistance for the highly prevalent
genotypes 2 to 6 remains limited. Using Huh7.5 cell culture-infectious HCV recombinants with genotype 1 to 6 NS3 protease, we
identified protease positions 54, 155, and 156 as hot spots for the selection of resistance substitutions under treatment with the
first licensed PIs, telaprevir and boceprevir. Treatment of a genotype 2 isolate with the newer PIs vaniprevir, faldaprevir,
simeprevir, grazoprevir, paritaprevir, and deldeprevir identified positions 156 and 168 as hot spots for resistance; the Y56H sub-
stitution emerged for three newer PIs. Substitution selection also depended on the specific recombinant. The substitutions iden-
tified conferred cross-resistance to several PIs; however, most substitutions selected under telaprevir or boceprevir treatment
conferred less resistance to certain newer PIs. In a single-cycle production assay, across genotypes, PI treatment primarily de-
creased viral replication, which was rescued by PI resistance substitutions. The substitutions identified resulted in differential
effects on viral fitness, depending on the original recombinant and the substitution. Across genotypes, fitness impairment in-
duced by resistance substitutions was due primarily to decreased replication. Most combinations of substitutions that were iden-
tified increased resistance or fitness. Combinations of resistance substitutions with fitness-compensating substitutions either
rescued replication or compensated for decreased replication by increasing assembly. This comprehensive study provides insight
into the selection patterns and effects of PI resistance substitutions for HCV genotypes 1 to 6 in the context of the infectious viral
life cycle, which is of interest for clinical and virological HCV research.

With more than 100 million chronic infections causing ap-
proximately 500,000 deaths annually, hepatitis C virus

(HCV) is a major global health and economic burden (1, 2). The
six epidemiologically important genotypes differ in �30% of their
sequence and in their sensitivity to antiviral regimens (3–6). In
Europe, the Americas, Asia, and Australasia, genotypes 1, 2, and 3
are most prevalent. While genotypes 4, 5, and 6 are more restricted
to specific geographical regions in Africa and Asia, they account
for 20% of global HCV infections and have spread beyond these
primary geographical locations (1, 2, 7).

The development of directly acting antivirals (DAAs) has rev-
olutionized HCV therapy. The main components of interferon-
free regimens introduced in the clinic are inhibitors of the HCV
nonstructural (NS) proteins NS3 protease (NS3P), NS5A, and
NS5B (4–6, 8, 9). Even though DAA-based therapy regimens
could cure most patients in clinical trials, failure rates of 5 to 10%
are to be expected in real life, due primarily to the development of
DAA resistance (4, 8). Given the large number of HCV-infected
individuals who will be treated, DAA resistant HCV variants will
be common in the future. Treating patients with DAA resistant
variants and avoiding DAA resistance will be aided by understand-
ing the determinants and the molecular virology of resistance. The
selection of specific resistance substitutions is thought to depend
on several factors such as the specific DAA, the level of resistance
conferred by the resistance substitution, the genetic barrier to re-
sistance of the HCV isolate, and the fitness of the resistant variant

(4, 8, 10). Of note, additional substitutions might compensate for
fitness impairment caused by resistance substitutions (10).

Currently, the NS3 protease inhibitors (PIs) telaprevir, boce-
previr, simeprevir, asunaprevir, paritaprevir, vaniprevir, and gra-
zoprevir have been licensed (4–6). The first licensed PIs, telaprevir
and boceprevir, have linear structures and covalently bind the
NS3P active site. Newer PIs have either linear or macrocyclic
structures and do not form covalent bonds (9). However, since all
PIs target the NS3P active site, substitutions conferring cross-re-
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sistance to different PIs have been identified (4, 8, 10). As with
most DAAs, PIs were initially developed to target genotype 1 and
have only recently been used to treat other genotypes. Thus, most
available data relate to genotype 1, while for other genotypes, only
comparatively limited data on the determinants of PI resistance
are available (4, 8).

Together with its cofactor NS4A, NS3P processes the HCV
polyprotein by cleavage of the junctions between NS3, NS4A,
NS4B, NS5A, and NS5B, which is essential for viral replication (9,
11). NS3P also interferes with innate immune responses by cleav-
ing adaptor proteins of cellular pathways necessary for interferon
production (9). However, given the multifunctional nature of the
NS3–NS4A complex, targeting NS3P with PIs or modification of
NS3P by substitutions might influence different steps of the viral
life cycle. NS4A and the NS3 helicase (NS3H) are both thought to
mediate viral replication and assembly (9, 12–15). Changes in the
activity and/or conformation of NS3P might have an impact on
NS3H and NS4A functions (16). Further, NS3P activity has been
shown to influence the phosphorylation state of NS5A (17), which
is thought to regulate the functions of NS5A in viral replication as
well as assembly (12, 18). Lastly, NS3 interacts with other non-
structural proteins, such as NS2, which is important for the coor-
dination of assembly (12).

In this study, we aimed to identify and characterize determi-
nants of PI resistance in the context of the complete viral life cycle
by using infectious HCV recombinants with the NS3P of geno-
types 1 to 6 from prototype strains (19). We aimed to identify
putative resistant variants that emerged under treatment with PIs
and to use reverse genetics to characterize changes in fitness and PI
sensitivity caused by the substitutions identified. Finally, we stud-
ied the effect of PI treatment as well as the effects of resistance
substitutions and of fitness-compensating substitutions on differ-
ent steps of the viral life cycle.

MATERIALS AND METHODS
HCV genotype 1 to 6 recombinants. The genotype 2a J6/JFH1 virus (20)
(referred to below as genotype 2a [isolate JFH1]) and J6/JFH1-based re-
combinants with genotype (isolate) 2a (J6)-, 3a (S52)-, 3a (452)-, 5a
(SA13)-, and 6a (HK6a)-specific NS3P/NS4A have been described else-
where (21). We also used a recombinant with a genotype 4a (isolate
ED43)-specific component (from the 5= untranslated region to NS5A)
and a genotype 2a (isolate JFH1)-specific component (from NS5B to the
3= untranslated region) (22). For genotype 1 escape experiments, we used
a genotype 1a (isolate TN) recombinant available at the study outset (full-
length TN with F1464L, A1672S, D2979G, Y2981F [LSGF], A1226G, and
Q1773H) (23); for single-cycle production assays, we used a further
adapted recombinant (TNcc) (23). For a graphical presentation of the
HCV recombinants, see Fig. S1 in the supplemental material. Virus stocks
were generated from supernatants of infected Huh7.5 cell cultures and
were sequenced as described previously (21–23).

Culturing of Huh7.5 cells, immunostaining, and infectivity titra-
tion. Culturing of Huh7.5 cells (24) has been described elsewhere (25).
Viral spread was monitored by estimating the percentage of HCV antigen-
positive cells, using primary mouse antibody 9E10 against HCV NS5A
(20) and Alexa Fluor 488-conjugated goat anti-mouse IgG (H�L) (Invit-
rogen) as a secondary antibody as described previously (25). HCV infec-
tivity titers were determined as focus-forming units (FFU) per milliliter
after infection of three replicate cultures with serially diluted superna-
tants. Infected cells were stained after 48 h with anti-HCV NS5A antibody
9E10 and with ECL anti-mouse IgG (horseradish peroxidase-conjugated
whole antibody; GE Healthcare Amersham) as a secondary antibody, and
FFU were counted automatically (25–27). For genotype 1a (isolate TN)

and genotype 4a (isolate ED43), a combination of anti-HCV NS5A anti-
body 9E10 and mouse anti-HCV core antibody C7-50 (Abcam) was used
for immunostaining (23).

Induction of viral escape in PI-treated HCV-infected cultures.
Huh7.5 cells (3.5 � 105/well) were plated in a 6-well plate, incubated
overnight, and infected with stocks of HCV genotype 1 to 6 recombinants
for 24 h. PIs purchased from Acme Bioscience were dissolved in dimethyl
sulfoxide (Sigma) (21, 28). Treatment with telaprevir (VX-950) or boce-
previr (SCH 503034) at 0.75, 1, 2, 4, 16, or 64 times the 50% effective
concentration (EC50) was initiated when �10% to 60% of cells were in-
fected, as estimated by immunostaining. Treatment of genotype 2a (iso-
late JFH1) with 4, 16, or 64 times the EC50 of vaniprevir (MK-7009),
simeprevir (TMC435350), or grazoprevir (MK-5172) or with 1, 2, 4, 16, or
64 times the EC50 of faldaprevir (BI 201335), paritaprevir (ABT-450), or
deldeprevir (ACH-2684) was initiated when �1% to 20% cells were in-
fected. Cultures were retreated with the PI upon cell splitting every 2 to 3
days; cells plated on a chamber slide after treatment and incubated over-
night were immunostained as described above in order to evaluate viral
spread. Nontreated control cultures were followed until HCV spread to
�80% of cells. Treated cultures were followed until a peak in the percent-
age of infected cells was observed, potentially representing viral escape, or
until viral suppression, defined as the absence of HCV-positive cells in six
consecutive immunostainings, was observed. Cytotoxic effects were ob-
served when genotype 3a (isolate 452) was treated with telaprevir at 4
times the EC50 (41,572 nM). Therefore, treatment with telaprevir at doses
exceeding this concentration (treatment of genotype 2a [isolate J6], geno-
type 4a [isolate ED43], and genotype 5a [isolate SA13] with 64 times the
EC50 and of genotype 3a [isolate S52] with �16 times the EC50) was not
carried out.

Identification of putative PI resistance substitutions in HCV. The
NS3Ps of genotype 2 to 6 viruses from two time points following escape
from telaprevir or boceprevir were analyzed; for genotype 2a (isolate
JFH1) treated with newer PIs, the NS3P from at least one time point was
analyzed. RNA extraction, reverse transcription, and PCR were carried
out as described elsewhere (25), using the primers and cycling conditions
specified in Table S1 in the supplemental material. Amplicons were se-
quenced (Macrogen) to obtain consensus sequences. In most cases with
potentially combined substitutions, amplicons were TOPO TA cloned
(Invitrogen), and individual clones were sequenced. Analysis was carried
out with Sequencher (Gene Codes) and BioEdit. Numbers in the H77
(GenBank accession no. AF009606) reference sequence were determined
using European and Los Alamos HCV databases (29).

Reverse genetic studies to evaluate the viral fitness and genetic sta-
bility of NS3P variants. The putative resistance substitutions identified
were introduced into the recombinants in which they were selected by
using chemically synthesized DNA fragments (GenScript) and standard
cloning procedures. Substitutions that occurred in nontreated cultures
were not studied. Most recombinants encoding the R155K and A156S
substitutions have been published (28). For final plasmid preparations
(Qiagen Plasmid Maxi kit or Plasmid Midi kit), the complete HCV ge-
nome was sequenced (Macrogen).

For transfections, 3.5 � 105 Huh7.5 cells/well in 6-well plates were
incubated overnight. HCV RNA transcripts generated with T7 polymer-
ase (Promega) (25) were DNase treated for 30 min at 4°C using 1 U of RQ1
DNase (Promega) per �g of template DNA, purified (Qiagen RNeasy
minikit), and quantified using a NanoDrop ND-1000 spectrophotometer
(Thermo Scientific). Eighteen micrograms of RNA transcripts was incu-
bated with 5 �l Lipofectamine 2000 in 500 �l of Opti-MEM (Invitrogen)
for 20 min at room temperature. Cells were incubated overnight with
transfection complexes in Opti-MEM serum-free medium and were split
first on day 1 posttransfection and then every 2 to 3 days.

First-passage virus stocks were generated by inoculating Huh7.5 cells
with 1 ml of the supernatant from the peak of infection in transfection
experiments; 106 Huh7.5 cells were plated in a T25 flask 1 day prior to
inoculation. The cultures were split every 2 to 3 days from day 1 postin-
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fection and were amplified to several triple-layer T175 flasks. To evaluate
genetic stability, the NS3P sequences of variants in culture supernatants
were determined at the peak of infection as described above.

The percentage of HCV-infected Huh7.5 cells and supernatant infec-
tivity titers in transfection/infection experiments were evaluated as de-
scribed above. Peak supernatant infectivity titers were defined as the high-
est representative titers obtained after transfection. In transfection
experiments, the difference between the infectivity titer (expressed in
log10 FFU per milliliter) of each variant and that of the original recombi-
nant was calculated by subtracting the peak infectivity titer of the original
virus from the infectivity titer of the variant on the same day on which the
original virus achieved its peak titer. In cases where the NS3P variant
reached its peak infectivity titer before the original recombinant, the dif-
ference was calculated as follows: (peak infectivity titer of variant) � (titer
of the original virus on the same day). For these comparisons, the original
and variant viruses were always studied in the same transfection experi-
ment.

High-throughput treatment assay for determination of the EC50.
Briefly, Huh7.5 cells were plated in 96-well plates and were infected the
following day with stock viruses of either the original or the mutated
recombinant for 24 h. Infected cells were treated once with serial dilutions
of the PI for 48 h and were then immunostained as described above. Each
concentration was tested in triplicate. For each virus and compound, a
concentration-response curve was generated from which the EC50 was
determined as described previously (21, 27). Fold resistance was calcu-
lated by relating the EC50 obtained for the variant to the EC50 obtained for
the original virus included in the same experiment, as described by us
recently (28).

Single-cycle HCV production assay. Single-cycle HCV production
assays were carried out using CD81-deficient S29 cells (30) in 6-well plates
as described previously (31). For genotype 5a (isolate SA13) recombi-
nants, transfections were scaled up to T25 cell culture flasks, and transfec-
tion reagents were replaced with 3 ml of fresh medium 4 h after transfec-
tion. When specified, cells were kept in a PI-containing medium from 4 h
after transfection until the termination of the assay at 48 h posttransfec-
tion. Intracellular (IC) and extracellular (EC) HCV core protein levels and
infectivity titers were determined as described previously (31). IC infec-
tivity titers were determined as FFU per well (where “well” refers to 1 well
of the 6-well plates of the S29 assay). IC infectivity titration was carried out
using serially diluted cell lysates for infection of two replicate cultures,
which were immunostained followed by automated FFU counting as de-
scribed above. EC infectivity titers were determined as FFU per milliliter
as described above. IC and EC infectivity titers that were below the cutoff
of the automated counting procedure (1.5 log10 FFU/well and 2.3 log10

FFU/ml, respectively) (27) were determined manually. For manual count-
ing, the cutoffs were 0.9 log10 FFU/well and 1.6 log10 FFU/ml for IC and
EC infectivity titers, respectively, based on a limit of detection of 2 FFU per
well in the infectivity titration assay.

RESULTS
NS3P substitutions in escape variants of HCV genotypes 1 to 6
during treatment with PIs in vitro. To identify potential PI resis-
tance substitutions, Huh7.5 cells infected with stock viruses of
HCV recombinants with the NS3P/NS4A of genotype (isolate) 1a
(TN), 2a (JFH1 and J6), 3a (S52 and 452), 4a (ED43), 5a (SA13), or

FIG 1 Substitutions identified in the NS3Ps of HCV genotype 1 to 6 escape viruses during treatment with telaprevir or boceprevir. Huh7.5 cells were infected
with viruses with the NS3P/NS4A of genotype (isolate) 1a (TN), 2a (JFH1 or J6), 3a (S52 or 452), 4a (ED43), 5a (SA13), or 6a (HK6a) (see Fig. S1 in the
supplemental material), treated with telaprevir or boceprevir, and followed as described in Materials and Methods and in Fig. S2 in the supplemental material.
At the time of viral escape, the NS3Ps of viruses recovered at two different time points were amplified using reverse transcription-PCR and were directly
sequenced. NS3P positions at which a substitution for at least one of the viruses treated with telaprevir or boceprevir was identified are shown. Rel. NS3P aa no.,
NS3 protease amino acid number relative to that in the genotype 1a reference strain H77 (GenBank accession no. AF009606); the H77 amino acid residues are
indicated. For each of the viruses studied, a dot indicates that the amino acid residue at the respective position is identical to that in strain H77, and a single letter
neither shaded nor circled indicates the amino acid identity at a nonidentical residue. Substitutions occurring at one or more time points under PI treatment are
indicated by colored filled rectangles for telaprevir and by colored circle outlines for boceprevir. The color of the rectangle or the circle outline indicates the
highest multiple of the EC50 of the PI at which the substitution was identified. The letter to the left of each arrow represents the original amino acid, while the
letter(s) to the right indicates the substitution(s) identified in escape variants. Different substitutions identified at the same position are separated by a slash.
The substitutions estimated to be present in at least 50% of viral genomes are indicated by capital letters, while substitutions estimated to be present in a minor
percentage are indicated by lowercase letters. Substitutions that were also identified in nontreated cultures are not shown. The genotype 6a (isolate HK6a)
recombinant contains the cell culture-adaptive substitution V14L (boxed in red). For further details, see Tables S2 to S17 in the supplemental material.
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6a (HK6a) were treated with different concentrations of telaprevir
or boceprevir (Fig. 1; see also Fig. S1 and S2 in the supplemental
material). Similarly, we induced the escape of genotype 2a (isolate
JFH1) treated with the newer PIs vaniprevir, faldaprevir, simepre-
vir, grazoprevir, paritaprevir, and deldeprevir (Fig. 2; see also Fig.
S3 in the supplemental material). Compared to that for non-
treated control cultures, treatment with lower PI concentrations
typically delayed viral spread, while higher PI concentrations re-
sulted in an initial decrease in the percentage of HCV-positive
culture cells (data not shown). This initial decrease was followed
either by viral spread to �50% of culture cells, suggesting viral
escape, or by a further decrease until no HCV-positive cells were
detected, suggesting viral suppression. The highest telaprevir or
boceprevir concentrations resulted in viral suppression for most
viruses. However, among newer PIs, only treatment with the high-
est concentration of paritaprevir resulted in viral suppression.
Overall, the HCV recombinants were able to escape treatment
with several concentrations of PIs.

We identified NS3P substitutions in viruses recovered during
telaprevir or boceprevir treatment (Fig. 1; see also Tables S2 to S17
in the supplemental material). In genotype 1a (isolate TN), sub-
stitutions associated with in vivo genotype 1 resistance to telapre-
vir or boceprevir, including V36(M/A), T54A, V55A, R155(K/T),
A156T, V36M plus T54A, T54A plus R155K, or V36M plus T54A
plus R155K, were observed (4, 8, 10, 32, 33). Thus, the HCV in
vitro escape assay permitted the selection of clinically relevant PI
resistance substitutions. For genotype 2 to 6 recombinants, NS3P
amino acid positions 54, 155, and 156 were hot spots for the se-
lection of substitutions. The T54A substitution emerged in geno-
type (isolate) 2a (JFH1 and J6), 3a (S52), and 6a (HK6a), and the
T54S substitution in 2a (J6) and 5a (SA13). The R155K substitu-
tion was selected in genotype (isolate) 3a (S52 and 452) and 5a
(SA13), while the R155C substitution emerged in 4a (ED43). Fi-
nally, the A156S substitution emerged in genotype (isolate) 2a
(JFH1 and J6), 3a (452), 4a (ED43), 5a (SA13), and 6a (HK6a),
while the A156V and A156G substitutions emerged in 2a (JFH1)

and 3a (452), respectively. In addition, for genotypes 2 to 6, sub-
stitutions at positions 18, 55, 77, 132, and 170 were acquired by
two recombinants. Substitutions at other NS3P positions were
acquired by a single recombinant. We also identified combina-
tions of substitutions. In most cases, a substitution at position 54
was combined with a substitution at position 155 or 156, or a
substitution at one of these positions was combined with another
substitution.

For genotype 2a (isolate JFH1) treated with newer PIs, NS3P
positions 156 and 168 were substitution hot spots (Fig. 2; see also
Tables S18 to S23 in the supplemental material). The A156V sub-
stitution was selected with all newer PIs except simeprevir. Sub-
stitutions at position 168 emerged for all the newer PIs; changes to
A or V were most frequent, while changes to G, E, or Y were also
observed. Among 13 positions at which genotype 2a (isolate
JFH1) acquired substitutions when treated with newer PIs, 3
(amino acids [aa] 67, 156, and 170) also acquired substitutions
under treatment with telaprevir or boceprevir, and 6 others (aa 43,
72, 76, 79, 168, and 170) showed changes in other recombinants
treated with telaprevir or boceprevir (Fig. 1). Thus, the patterns of
substitutions selected under telaprevir or boceprevir and newer
PIs partially overlapped. The main difference was the almost ex-
clusive selection of substitutions at position 168 with newer PIs,
whereas substitutions at position 54 were selected only with tel-
aprevir or boceprevir. Of note, the Y56H substitution, close to
position 54, was selected under treatment with three newer PIs.

Fitness of genotype 2 to 6 viruses with putative PI resistance
substitutions. We studied the effects of substitutions emerging
under telaprevir or boceprevir treatment (Fig. 1) on the fitness of
the recombinants in which they were identified. We examined 60
recombinants with single NS3P substitutions, including previ-
ously tested R155K and A156S recombinants (28), and 17 recom-
binants encoding combinations of NS3P substitutions (Fig. 3).
Differences in viral spread kinetics were determined by compari-
son of the infectivity titers of variants and original recombinants
after Huh7.5 cell transfections. The genetic stability of NS3P vari-

FIG 2 Substitutions identified in the NS3Ps of HCV genotype 2a escape viruses during treatment with newer PIs. Huh7.5 cells were infected with the genotype
2a (isolate JFH1) virus, treated with vaniprevir, faldaprevir, simeprevir, deldeprevir, paritaprevir, or grazoprevir, and followed as described in Materials and
Methods and in Fig. S3 in the supplemental material. At the time of viral escape, the NS3Ps of viruses were amplified using reverse transcription-PCR and were
directly sequenced. Only NS3P positions at which a substitution was identified for at least one of the PIs are shown. Rel. NS3P aa no., NS3 protease amino acid
number relative to that in the genotype 1a reference strain H77 (GenBank accession no. AF009606). The original genotype 2a (isolate JFH1) virus amino acid
residues are used as references in this alignment. For each of the PIs studied, a dot indicates that the amino acid residue at the respective position did not change.
Substitutions occurring under PI treatment are indicated by colored rectangles. The color of the rectangle indicates the highest multiple of the EC50 of the PI at
which the substitution was identified. The letter(s) in each colored rectangle indicates the substitution(s) identified in escape variants, and different substitutions
identified at the same position are separated by a slash. The substitutions estimated to be present in at least 50% of viral genomes are indicated by capital letters,
while those estimated to be present in a minor percentage of viral genomes are indicated by lowercase letters. Substitutions that were also identified in nontreated
cultures are not shown. For further details, see Tables S18 to S23 in the supplemental material.
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ants was tested by NS3P sequencing following viral passage to
naïve cells (Fig. 3). While all except 3 engineered variants encod-
ing single NS3P substitutions were viable, the substitutions often
had a negative effect on HCV fitness (Fig. 3). Large fitness de-
creases were seen for 13 variants; among these, the substitutions
reverted in 8 variants, while 1 acquired an additional NS3P sub-
stitution. Moderate fitness decreases were found in 15 variants, all
of which maintained the engineered substitutions; 3 acquired
other NS3P substitutions. Twenty-four variants had levels of fit-
ness comparable to those of the original recombinants and main-
tained the engineered substitutions; 1 had an additional NS3P
substitution. Finally, 5 variants had fitness increases and were ge-
netically stable. Genotype 2a (isolate JFH1) recombinants with
substitutions of A, G, E, or V for D168, selected in 2a (JFH1)
treated with newer PIs (Fig. 2), showed different degrees of fitness
impairment but were all genetically stable (28). Overall, viral fit-
ness depended on the NS3P position, the specific substitution, and
the recombinant (Fig. 3).

Most variants with combinations of NS3P substitutions
showed decreased fitness from that of the original recombinants;
one variant was nonviable, and three others did not maintain one
of the substitutions introduced (Fig. 3). Most variants with com-
binations of substitutions did not have greater fitness than vari-
ants with single substitutions. However, for genotype 5a (isolate
SA13), the I18V substitution compensated for the fitness cost of
the R155K substitution, and for genotype 3a (isolate S52), the
A98T substitution compensated for the fitness cost of the T54A
substitution. The I18V and A98T substitutions increased the fit-
ness of the respective recombinants when tested individually. The
fitness of genotype 3a (isolate 452) R155K plus Q168R was un-
changed, while variants with single substitutions showed fitness
impairment. Thus, certain combinations of substitutions appar-
ently had fitness-compensatory functions.

Effects of the substitutions identified on HCV resistance to
telaprevir and boceprevir. Variants that maintained engineered
substitutions following viral passage (Fig. 3) (28) were assayed for
sensitivity to telaprevir or boceprevir (Fig. 4). For each variant,
concentration-response curves were used to determine EC50 val-
ues, and fold resistance was calculated by relating the EC50 values
of variant viruses to those of the corresponding original viruses.
Among 49 recombinants with single substitutions, 27 had �2-

FIG 3 Fitness and genetic stability of HCV genotype 2 to 6 recombinants with
engineered NS3P substitutions identified in escape variants. Huh7.5 cells were
transfected with HCV RNA transcripts of the original and variant recombi-
nants. For each variant, the difference in the infectivity titer (expressed as log10

FFU per milliliter) was calculated as described in Materials and Methods. Titer
differences are color-coded. First-passage experiments were carried out by
infecting naïve Huh7.5 cells with supernatants derived from the peak of infec-
tion in transfection experiments. The genetic stability of the engineered re-
combinants was investigated by direct sequencing of the NS3Ps of viruses in

supernatants obtained from the peak of infection of first-passage cultures. Sub-
stitutions shown in boldface were maintained, while substitutions shown in italics
reverted. a, the means of peak infectivity titers obtained for the original viruses in
transfection experiments are given in log10 FFU per milliliter; the standard error of
the mean ranged from 0.03 to 0.15. b, the numbering for engineered amino acid
substitutions is relative to that for the reference strain H77 (GenBank accession no.
AF009606). c, except for genotype 3a (isolate 452) R155K, the fitness and genetic
stability of variants with single R155K, A156S, and A156V substitutions have also
been reported previously (28). d, the infectivity titer of the variant was �2.3 log10

FFU/ml, the lower cutoff of the assay. e, the NS3P variant reached its peak infec-
tivity titer before the original recombinant. f, recombinants for which no HCV-
specific immunostaining was observed for at least 2 weeks posttransfection were
considered nonviable in vitro. *, the following additional amino acid substitutions,
estimated to be present in at least 50% of viral genomes, were identified in the
NS3P sequences of the indicated viruses derived at the peak of infection in first-
passage experiments: I177V in genotype 2a (isolate J6) T72M, P86L in genotype 2a
(isolate J6) A156S, Q168K in genotype 3a (isolate 452) R155K, N29K and L127M
in genotype 4a (isolate ED43) N77S, I17M in genotype 5a (isolate SA13) E30V and
in genotype 5a (isolate SA13) E30V plus A156S, and A116P in genotype 6a (isolate
HK6a) T54A plus A156S.
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fold resistance to telaprevir and/or boceprevir, while 22 had sus-
ceptibilities similar to those of their respective original recombi-
nants (Fig. 4). Resistant variants were 2.1- to 15.6-fold and 2.0- to
10.6-fold less sensitive to telaprevir and boceprevir, respectively.
Only substitutions at positions 54, 155, and 156 conferred resis-
tance on two or more genotypes; all 16 such variants were resistant
to telaprevir and/or boceprevir. The 13 variants with combined
NS3P substitutions had 2.7- to 66.2-fold and 2.4- to 17.0-fold
decreased sensitivity to telaprevir and boceprevir, respectively
(Fig. 4). The combination of a substitution at position 54 with
changes at position 155, 156, or 158 conferred the highest resis-
tance level relative to that of single substitutions.

The NS3P substitutions identified mediated cross-resis-
tance. We investigated whether substitutions selected under tel-
aprevir or boceprevir treatment conferred cross-resistance to
newer PIs (Fig. 4). Of the 49 recombinants with single substitu-
tions, 26 showed decreased sensitivity to vaniprevir (2.0- to 82.7-
fold) and 22 had decreased sensitivity to grazoprevir (2.0- to 10.4-
fold). Among the subset of 35 recombinants tested, 10 showed

decreased sensitivity to simeprevir (2.1- to 119.4-fold) and 12 had
decreased sensitivity to paritaprevir (2.0- to 45.6-fold). Thus,
while cross-resistance between telaprevir or boceprevir and newer
PIs was observed, there were several notable exceptions. In gen-
eral, substitutions selected at position 155 or 156 conferred the
greatest level of cross-resistance to newer PIs, but with important
differences among the drugs (Fig. 4). For example, genotype 5a
(isolate SA13) R155K had high resistance to vaniprevir, simepre-
vir, and paritaprevir but low resistance to grazoprevir. Also, all
A156S variants displayed no resistance or increased sensitivity to
simeprevir. Substitutions at position 54 conferred limited cross-
resistance to newer PIs. Most other substitutions conferring low to
intermediate boceprevir or telaprevir resistance showed low resis-
tance to certain of the four newer PIs. Conversely, several substitu-
tions that did not confer resistance to telaprevir or boceprevir con-
ferred low resistance to certain newer PIs, especially vaniprevir. Of
note, the D168(A/G/E/V) substitution, selected in genotype 2a (iso-
late JFH1) with newer PIs (Fig. 2), conferred low to high resistance on
2a (JFH1) against these PIs but not against telaprevir or boceprevir

FIG 4 Levels of resistance of HCV genotype 2 to 6 recombinants with engineered NS3P substitutions to telaprevir (TVR), boceprevir (BOC), vaniprevir (VAN),
grazoprevir (GRA), simeprevir (SMV), and paritaprevir (PTV). The level of resistance is expressed as the fold change in the EC50, which was calculated by
comparing the EC50 of a variant to the EC50 of the original virus of the same genotype and isolate, as described in Materials and Methods. Fold resistance values
are color-coded. The substitutions tested were selected under treatment with TVR and/or BOC; a boxed value indicates under which of these two PIs a particular
amino acid substitution was selected. a, the indicated mean EC50 values (expressed as nanomolar concentrations) were determined previously for each original
recombinant (28), and similar EC50 values were obtained for the original viruses in the current study. b, the numbering for engineered amino acid substitutions
is relative to that for the reference strain H77 (GenBank accession no. AF009606). c, except for genotype 3a (isolate 452) R155K, the fold resistance of R155K and
A156S variants has been determined previously (28) and is in agreement with the values obtained in the current study. d, the fold resistance was obtained from
reference 28. e, ND, not determined. Resistance to simeprevir and paritaprevir was determined only for substitutions that either (i) conferred �2-fold resistance
to vaniprevir and/or grazoprevir as single substitutions, (ii) conferred �2-fold resistance to vaniprevir and/or grazoprevir in combination with other NS3P
substitutions, or (iii) were identified at position 54, 155, or 156. f, the indicated variant was �50% inhibited by the highest concentration of vaniprevir applied
(15,000 nM). Asterisks indicate the following additional substitutions in NS3P acquired by the indicated first-passage stocks: I177V in genotype 2a (isolate J6)
T72M, P86L in genotype 2a (isolate J6) A156S, Q168K in genotype 3a (isolate 452) R155K, N29K and L127M in genotype 4a (isolate ED43) N77S, I17M in
genotype 5a (isolate SA13) E30V and in genotype 5a (isolate SA13) E30V plus A156S, and A116P in genotype 6a (isolate HK6a) T54A plus A156S. Similarly, the
genotype 4a (isolate ED43) F14C second-passage stock acquired G90A.
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FIG 5 Fitness impairment and PI resistance associated with key resistance substitutions at NS3P positions 155 and 156 affected viral replication across genotypes.
RNA transcripts from the indicated genotype 1a (isolate TN), 2a (isolates JFH1 and J6), 3a (isolates S52 and 452), 5a (isolate SA13), and 6a (isolate HK6a) HCV
recombinants were transfected into S29 cells. (A and B) For nontreated replicates, IC and EC core concentrations (A) and infectivity titers (B) were determined
as described in Materials and Methods. (C) For the replicates treated 4 h posttransfection with boceprevir at the indicated multiple of the EC50, only the IC core
concentration is shown. The corresponding IC and EC infectivity titers and the EC core concentration obtained under treatment are shown in Fig. S4 in the
supplemental material. The low levels of replication of genotype 4a (isolate ED43) and genotype 5a (isolate SA13) recombinants in S29 cells have prevented or
limited their use in this assay. To account for possible differences in transfection efficiency, IC and EC core concentrations at 48 h were normalized to IC core
concentrations at 4 h (A and C). To determine the effects of the indicated NS3P substitutions on viral fitness, the normalized core values (A) and infectivity titers
(B) of variant recombinants were related to the values for the respective original recombinants (original). In panels A and C, “Control” indicates the replication-
deficient genotype 2a (isolate JFH1) negative-control virus with the mutation of the NS5B RNA polymerase active site (GlyAspAsp to GlyAsnAsp [GND]) (20),
which was included in each transfection experiment. For this control, IC core concentrations at 48 h ranged from 9.4 � 103 to 25.0 � 103 fmol/liter, and EC core
concentrations at 48 h ranged from 17.5 to 131.8 fmol/liter. The values shown for the control were normalized to the IC core concentrations at 4 h. In panel A,
the values were also related to those obtained for the respective original recombinants (original) as was described for the NS3P variants. Transfections of
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(28). Thus, substitutions at positions 155 and 156 conferred the high-
est level of cross-resistance to newer PIs. Substitutions at position 168
conferred resistance to newer PIs, in contrast to substitutions at po-
sition 54, which conferred resistance only to telaprevir or boceprevir.

Most variants with combinations of substitutions showed low
to intermediate resistance to vaniprevir and grazoprevir (Fig. 4).
For simeprevir, increased sensitivity to high resistance was found
in accordance with resistance levels for single substitutions. Four
of the six A156S variants showed increased sensitivity to simepre-
vir, while two showed comparable sensitivity. For paritaprevir,
most variants showed low resistance. Most combinations includ-
ing R155K in genotype 5a (isolate SA13) conferred higher resis-
tance to vaniprevir, simeprevir, and paritaprevir, but lower resis-
tance to grazoprevir, than to telaprevir or boceprevir, as observed
for genotype 5a (isolate SA13) R155K. However, variants with
combinations including A156S and especially those with T54A or
T54S had lower resistance to the newer PIs than to telaprevir or
boceprevir. Thus, several combinations conferred cross-resis-
tance to newer PIs. In general, the level of resistance to newer PIs
was lower than the level of resistance to telaprevir or boceprevir.

Influence of PI-induced substitutions and PI treatment on
the HCV life cycle. We performed single-cycle production assays
in CD81-deficient S29 cells (30), where the intracellular (IC) HCV
core levels indicate the efficacy of viral replication/translation
(summarized as replication), and the IC and extracellular (EC)
infectivity titers allow conclusions on the efficacy of viral assembly
and release.

The fitness costs of key NS3P resistance substitutions were
due primarily to impaired viral replication. We studied the
mechanisms of fitness impairment induced by the R155K and
A156S substitutions across genotypes (Fig. 5A and B). Compared
to those of the original recombinants, most R155K and A156S
variants had decreased IC and EC core levels and infectivity titers,
suggesting impairment of replication. Exceptions were genotype
1a (isolate TN) A156S, genotype 2a (isolate JFH1) R155K, and
genotype 2a (isolate JFH1) A156S, for which the NS3P substitu-
tions might have a positive impact on replication and/or assembly.
Other PI-induced substitutions at position 156 —A156T in geno-
type 1a (isolate TN), A156V in genotype 2a (isolate JFH1), and
A156G in genotype 3a (isolate 452)— had a negative impact on
replication, suggested by decreased IC core levels. For genotype 1a
(isolate TN) A156T and genotype 2a (isolate JFH1) A156V, the
decrease in replication was greater than for 1a (TN) and 2a (JFH1)
R155K and A156S variants, in agreement with studies reporting
high fitness costs of A156(T/V) (Fig. 3) (28, 34–37).

Fitness-compensatory substitutions act at different steps of
the viral life cycle. The fitness cost induced by PI resistance sub-

stitutions could be rescued by compensating NS3P substitutions
(Fig. 3) (10, 28). We selected identified combinations of substitu-
tions to study mechanisms of fitness compensation. In S29 cells,
I18V increased the fitness of genotype 5a (isolate SA13) and of
genotype 5a (isolate SA13) R155K by increasing assembly efficacy,
as suggested by a strong increase in IC infectivity, combined with
a minimal decrease in the IC core level (Fig. 6A). For genotype 1a
(isolate TN), I18T and R155T individually decreased replication,
while combining the substitutions partially rescued replication, as
indicated by an increased IC core level (Fig. 6A). Thus, although
changes at NS3P residue 18 had differential fitness effects, they
compensated for the fitness cost induced by resistance substitu-
tions at position 155 by increasing viral replication or assembly.

For genotype 2a (isolate J6) and genotype 3a (isolate S52),
T98K and A98T, respectively, increased fitness and compensated
for the T54A-induced fitness impairment. The T54A substitution
impaired the replication of both recombinants, as suggested by
decreased IC core levels (Fig. 6B). However, substitutions at posi-
tion 98 increased the fitness of the original viruses and T54A vari-
ants primarily by increasing the efficacy of assembly, as suggested
by increased IC infectivity (Fig. 6B). However, effects on replica-
tion efficiency cannot be excluded.

In Huh7.5 cells, genotype 3a (isolate 452) R155K plus Q168R
had greater fitness than variants with individual substitutions
(Fig. 3 and 6C). Additionally, R155T variants of genotype 2a (iso-
late JFH1) and genotype 6a (isolate HK6a) acquired D168A,
which compensated for the R155T-induced fitness impairment
(28). In S29 cells, the R155T substitution induced large decreases
in replication (Fig. 6C). While Q168K had no effect on replication,
other substitutions at position 168 decreased replication. Variants
with combinations of substitutions at positions 155 and 168 had
higher IC core levels than R155 variants. Therefore, substitutions
at position 168 compensated for the replication cost imposed by
substitutions at position 155.

For genotype 1, V36M was previously suggested to compensate
for the fitness impairment induced by R155K (38). However, for
genotype 1a (isolate TN), V36M alone or in combination with
R155K resulted in decreased fitness in Huh7.5 cells and decreased
replication in S29 cells (see Fig. S5 in the supplemental material).

Key PI resistance substitutions rescued PI inhibition of viral
replication. Following the transfection of S29 cells, the original
genotype 1a, 2a, 3a, and 6a viruses and their R155K and A156S
variants were treated with different concentrations of boceprevir
(Fig. 5C; see also Fig. S4 in the supplemental material). For the
original recombinants, PI treatment resulted in large decreases in
IC and EC core levels and infectivity titers, suggesting that boce-
previr inhibited replication. R155K and A156S variants had less-

recombinants of the same genotype (isolate) shown in the same graph were carried out in the same experiment; each of these experiments included the genotype
2a (isolate JFH1) GND negative-control virus. In panel B, LOC indicates the lower cutoff of the infectivity titration assay. For automated counting of FFU, the
LOCs for IC and EC infectivity titers were 1.5 log10 FFU/well and 2.3 log10 FFU/ml, respectively. In instances where low replication efficiency in S29 cells
precluded automated counting, FFU were counted manually, and the resulting titers are indicated by asterisks. The LOC for infectivity titers derived from
manually counted FFUs was 0.9 log10 FFU/well for IC titers and 1.6 log10 FFU/ml for EC titers. LOC values were related to the values obtained for the respective
original recombinants (original) as described for NS3P variants. The NS3P substitutions in boldface were specifically selected in the indicated virus under PI
treatment in this study (Fig. 1 and 2). For comparison, the difference in the infectivity titer (Inf. titer diff.) observed following transfection of Huh7.5 cells (A) or
the fold resistance to boceprevir (C) is indicated above each variant. Differences in infectivity titers and fold resistance were calculated as described in Materials
and Methods. Values determined in this study (Fig. 3 and 4) are indicated in boldface; other values either were reported previously (28) or were calculated on the
basis of infectivity titers determined in reference 28. The infectivity titer of genotype 1a (isolate TN) A156S was not determined, preventing calculation of the titer
difference in Huh7.5 cells (nd, not determined). Instances in which fold resistance values could not be determined because the specified recombinant could not
be grown in Huh7.5 cells (Fig. 3) (28) are indicated by NA (not applicable).
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FIG 6 Substitutions compensating for fitness impairment acted at different steps of the viral life cycle. The effects of combinations of substitutions at positions
18 and 155 (A), positions 54 and 98 (B), and positions 155 and 168 (C) on the HCV life cycle were studied by transfection of RNA transcripts from the indicated
recombinants into S29 cells, followed by the determination of IC and EC core concentrations and infectivity titers as described in Materials and Methods. To
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pronounced concentration-dependent decreases in IC core levels,
corresponding to the resistance levels in Huh7.5 cells (Fig. 5C).
For genotype 1a (isolate TN) A156T and genotype 2a (isolate
JFH1) A156V, whose effects on resistance could not be deter-
mined in Huh7.5 cells due to genetic instability, IC core levels
remained stable under increasing boceprevir concentrations, in-
dicating high boceprevir resistance (Fig. 5C). This is in agreement
with the findings of previous studies using enzymatic assays and
replicons, which have associated A156T and A156V with high lev-
els of PI resistance (4, 8, 10). The changes observed in IC core
values (Fig. 5C) were reflected by changes in IC and EC infectivity
titers and EC core levels (see Fig. S4 in the supplemental material).
Thus, substitutions conferred boceprevir resistance by rescuing
replication.

We obtained similar results when treating genotype 2a (isolate
JFH1) R155K, A156S, A156V, or D168A variants with grazoprevir
or paritaprevir (Fig. 7; see also Fig. S6 in the supplemental mate-
rial). The A156V substitution was induced under treatment with
both PIs, and the D168A substitution was selected with paritapre-
vir (Fig. 2; see also Tables S22 and S23 in the supplemental mate-
rial). Both PIs inhibited the replication of the original recombi-
nants. However, after treatment with 0.5 times the EC50 of
grazoprevir, an additional effect on assembly was apparent, since
IC core levels were minimally affected, while a pronounced de-
crease in IC infectivity was observed. As with boceprevir, the sub-
stitutions conferred PI resistance by rescuing replication. Most
changes conferred only partial resistance to paritaprevir and gra-
zoprevir. However, the A156V and D168A substitutions conferred
total paritaprevir resistance, with stable IC and EC core levels and
infectivity titers under increasing PI concentrations. In contrast,
IC core levels for A156V or D168A variants were relatively stable
under increasing grazoprevir concentrations, with comparatively
large effects on IC and EC infectivity. Thus, these substitutions
conferred only partial resistance to grazoprevir, probably due to
an effect on assembly. Of the three PIs tested in this assay, grazo-
previr was the most efficient against the highly resistant A156V
variant.

The spread of certain R155 variants required the acquisition of
substitutions at NS3P residue 168. Therefore, the effects of single
substitutions at residue 155 on PI resistance could not be deter-
mined in Huh7.5 cells. The S29 cell assay based on transfection of
HCV transcripts allowed us to determine the effects of single or

combined substitutions at positions 155 and 168 on resistance
(Fig. 8; see also Fig. S7 in the supplemental material). For genotype
2a (isolate JFH1), D168A conferred a higher level of resistance to
paritaprevir than R155T or the combination of R155T and
D168A. For genotype 3a (isolate 452), Q168R and Q168K did not
confer boceprevir resistance, while R155K, R155K plus Q168R,
and R155K plus Q168K conferred similar intermediate resistance
levels. Thus, combinations of substitutions at positions 155 and
168 apparently increased viral fitness but not resistance.

DISCUSSION

We examined viral escape and resistance to PIs for different HCV
genotypes, and we identified NS3P positions 54, 155, 156, and 168
as hot spots for resistance substitutions. In general, substitutions
at positions 155 and 156 selected during telaprevir or boceprevir
treatment conferred cross-resistance to the newer PIs vaniprevir,
grazoprevir, simeprevir, and paritaprevir. However, as reported
previously, simeprevir showed high efficacy against A156S vari-
ants, and grazoprevir showed relatively high efficacy against
R155K variants (28, 39). Simeprevir and paritaprevir had the
highest efficacy against variants with substitutions at position 54,
while grazoprevir showed relatively high efficacy against the oth-
erwise resistant A156V variant of genotype 2a (isolate JFH1). PI
treatment primarily decreased viral replication; for grazoprevir,
an additional effect on assembly appears likely. Resistance substi-
tutions rescued HCV replication under PI treatment and de-
creased viral fitness primarily by reducing viral replication. Fit-
ness-compensating substitutions influenced either replication or
assembly. These findings for HCV genotypes 1 to 6 in the context
of the complete viral life cycle increase insight into various aspects
of PI resistance.

Studies of HCV fitness and PI resistance require suitable in
vitro systems. The development of genotype 1 to 6 replicons has
permitted replication studies (40–46). However, NS3 is also in-
volved in later steps of the viral life cycle (12). Cell culture infec-
tious recombinants allow PI studies of the full viral life cycle (47),
but lack of a strain-matched NS3P and helicase in some recombi-
nants used here could influence functions. Yet similar EC50s were
obtained for recombinants expressing only genotype-specific
NS3P or the entire NS3 protein (21, 22, 48). Using infectious
cultures, we previously demonstrated different PI susceptibilities
of HCV genotypes 1 to 6 (21–23, 48, 49), correlating with clinical

account for possible differences in transfection efficiency, IC and EC core concentrations at 48 h were normalized to IC core concentrations at 4 h. To determine
the effects of the indicated NS3P substitutions on viral fitness, normalized core values and infectivity titers of variant recombinants were related to the values of
the respective original recombinants (original). Transfections of recombinants of the same genotype (isolate) were carried out in the same experiment. “Control”
indicates the replication-deficient genotype 2a (isolate JFH1) GND negative-control virus. For this control, IC core concentrations at 48 h ranged from 9.4 � 103

to 25.0 � 103 fmol/liter, and EC core concentrations at 48 h ranged from 17.5 to 131.8 fmol/liter. The values shown for the control were normalized to the IC core
concentrations at 4 h and were related to the values obtained for the respective original recombinants (original) as described for the NS3P variants. LOC indicates
the lower cutoff of the infectivity titration assay. For automated counting of FFU, the LOCs for IC and EC infectivity titers were 1.5 log10 FFU/well and 2.3 log10

FFU/ml, respectively. In instances where low replication efficiency in S29 cells precluded automated counting, FFU were counted manually, and the resulting
titers are indicated by asterisks. The LOCs for infectivity titers derived from manually counted FFU were 0.9 log10 FFU/well for IC titers and 1.6 log10 FFU/ml for
EC titers. LOC values were related to the values obtained for the respective original recombinants (original) as described for NS3P variants. The NS3P
substitutions in boldface were specifically selected in the indicated virus under PI treatment in the current study (Fig. 1; see also Tables S4, S5, S12, S14, and S16
in the supplemental material). For comparison, titer differences (Inf. titer diff.) observed following transfection of Huh7.5 cells are indicated above each variant.
Titer differences were calculated as described in Materials and Methods. With some exceptions, titer differences were calculated using the titers determined in this
study (Fig. 3) and are indicated in boldface. Titer differences for the genotype 2a (isolate JFH1) and genotype 6a (isolate HK6a) recombinants in panel C were
calculated from infectivity titers determined in reference 28. For the genotype 3a (isolate 452) R155K recombinant, the titer difference was calculated on the basis
of infectivity titers obtained from a transfection other than that for Fig. 3. The higher titer difference observed in this transfection might be due to slower
acquisition of a compensatory NS3P substitution by the genotype 3a (isolate 452) R155K recombinant in this transfection or to reversion of the R155K
substitution, as observed previously (28). The results obtained for genotype 1a (isolate TN) with V36M and R155K, previously suggested as a combination with
compensatory effects, are shown in Fig. S5 in the supplemental material.
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findings, and found that substitutions associated with PI or NS5A
inhibitor resistance in vivo conferred resistance in vitro (21, 27).
Recently, we found that substitutions at NS3P positions 155, 156,
and 168, mediating genotype 1 PI resistance, conferred resistance
on genotypes 2 to 6 (28). However, these studies could not reveal
whether the engineered substitutions would be selected under PI
treatment. This was studied here, and we found that in vivo PI
resistance substitutions were selected in genotype 1 to 6 recombi-
nants.

The selection of PI resistance substitutions depended on the
HCV strain, the specific PI, and its concentration. As in clinical
and culture studies for genotype 1, we identified positions 54, 155,
and 156 as hot spots for the selection of substitutions under tel-
aprevir or boceprevir treatment, whereas positions 155, 156, and
168 are hot spots for newer PIs (4, 8, 10). Although T54(A/S) was
not selected by newer PIs, the emergence of Y56H under simepre-
vir, deldeprevir, or paritaprevir treatment suggests a role for this
region in PI resistance. Although limited data are available for

FIG 7 Key resistance substitutions at NS3P positions 155, 156 and 168 rescued the replication of genotype 2a (isolate JFH1) under treatment with newer PIs.
RNA transcripts from the indicated genotype 2a (isolate JFH1) recombinants were transfected into S29 cells, and 4 h later, cultures were treated with the indicated
concentrations of grazoprevir (MK-5172) (A) or paritaprevir (ABT-450) (B). IC core concentrations and infectivity titers were determined as described in
Materials and Methods. To account for possible differences in transfection efficiency, IC core concentrations at 48 h were normalized to IC core concentrations
at 4 h. The EC core concentrations and infectivity titers determined in these experiments are shown in Fig. S6 in the supplemental material. Transfections of
recombinants treated with paritaprevir were carried out in the same experiment. Transfections of recombinants treated with grazoprevir were carried out in two
different experiments. For each experiment, the original genotype 2a (isolate JFH1) recombinant was included. “Control” indicates the replication-deficient
genotype 2a (isolate JFH1) GND negative-control virus. For this control, IC core concentrations at 48 h ranged from 9.4 � 103 to 25.0 � 103 fmol/liter. The values
shown were normalized to 4-h IC core values as described for the NS3P variants. The break in the y axis indicates the lower cutoff (LOC) of the infectivity titration
assay. For automated counting of FFU, the LOC for IC infectivity titers was 1.5 log10 FFU/well. For genotype 2a (isolate JFH1) A156V treated with grazoprevir,
low replication efficiency in S29 cells precluded automated counting. FFU were counted manually, and the resulting titers are indicated by an asterisk. The LOC
for IC infectivity titers derived from manually counted FFU was 0.9 log10 FFU/well. NS3P substitutions in boldface were specifically selected in the indicated virus
under PI treatment in the current study. �, the substitution was identified in escape variants emerging under treatment with the newer PIs (Fig. 2). For
comparison, the fold resistance to grazoprevir (A) or paritaprevir (B) as determined in Huh7.5 cells (28) is indicated above each variant. Instances in which the
fold resistance values could not be determined because the specified recombinant could not be grown in Huh7.5 cells (Fig. 3) (28) are indicated by NA (not
applicable).
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genotypes 2 to 6 (4, 8), recent clinical and in vitro studies on
selected genotypes and substitutions suggested that these patterns
might be found across genotypes (50–65). Certain substitutions
were preferentially acquired by specific recombinants, depending
on the genetic barrier to resistance, as evidenced by the fact that
the substitutions identified were encoded by a single nucleotide
change. For example, R155K was selected only in genotype 1a, 3a,
and 5a viruses, where R155K requires one mutation. In contrast,
two or three mutations are required for genotype 2a, 4a, and 6a
viruses. This holds true for other published isolates of these sub-
types (66). Such differences likely translate into clinical differ-
ences, and higher treatment failure rates were observed for geno-
type 1a viruses, which require one nucleotide change for R155K,
than for genotype 1b viruses, which require two changes (4).
However, T54(A/S) and A156(S/T/V) substitutions were selected
only in certain recombinants, even though these substitutions re-
quired only one nucleotide change in all strains tested. Therefore,
additional factors determined by the genetic context might influ-

ence the acquisition of resistance substitutions. The fitness of orig-
inal recombinants and resistant variants is thought to influence
how readily specific substitutions are selected (4, 8, 10), and our
data support this notion. For example, of the genotype 2a recom-
binants studied, only the highly efficient genotype 2a (isolate
JFH1) recombinant acquired A156V, and the fitness costs of T54A
and A156S depended on the specific recombinant. We did not
study NS4A, since it does not seem to influence sensitivity to PIs
(67).

Viral fitness influences not only the selection, but also the per-
sistence and spread, of resistant variants (4, 10, 68). We found that
even in variants with decreased fitness, the engineered substitu-
tions persisted. However, several recombinants acquired other
NS3P substitutions, possibly compensating for the loss of fitness
induced by resistance substitutions. Some engineered changes
were not maintained following viral passage and might be less
prone to persist in vivo, as shown for A156V (69). Here the engi-
neered A156V substitution reverted, even when combined with
coselected NS3P substitutions (L67S or I132V) identified in geno-
type 2a (isolate JFH1), suggesting compensating changes outside
NS3P. Such changes could be relevant for other escape variants
and could explain the selection of NS3P substitutions despite their
fitness cost.

Given the multifunctional nature of the NS3/NS4A complex,
NS3P resistance substitutions might influence different steps of
the viral life cycle. However, we found that across genotypes, the
fitness decrease induced by key resistance substitutions was due
primarily to impairment of viral replication. An additional im-
pairment of viral assembly cannot be excluded, since it is not clear
how much the IC infectivity titer decreases in response to a de-
crease in replication. Certain NS3 substitutions with opposite ef-
fects on replication and the production of infectious viruses have
been described (70) which could possibly be explained by NS3
mediating a switch between replication and assembly (12). Simi-
larly, we found that genotype 2a (isolate JFH1) R155K and geno-
type 2a (isolate JFH1) A156S had decreased replication and in-
creased assembly. Shimakami and colleagues, using the infectious
genotype 1a virus H77S.3, reported the effects of a panel of PI
resistance substitutions on replication and virus production (37,
71). In agreement with our results, T54A, R155K, R155T, A156T,
A156V, and D168A resulted in replication decreases; R155T me-
diated an additional decrease in virus production (37). In contrast
to our results, no decrease in replication was found for V36M (37).
For A156S, decreased replication and virus production were re-
ported (37). For genotype 2 to 6 recombinants, A156S also re-
sulted in decreased replication. However, we did not observe
decreased replication or decreased virus production for geno-
type 1a (isolate TN) A156S, and we did not observe decreased
virus production for genotype 2a (isolate JFH1) A156S. Differ-
ences from the prior study (37) might be related to the HCV
strain. Also, H77S.3 contains a reporter between p7 and NS2,
both of which are important for viral assembly (12), and
H77S.3 is not as well adapted to culture as the genotype 2a and
1a recombinants used in this study (20, 23, 71, 72). Our study
shows partial agreement with prior replicon studies, where
A156T and A156V had a strong negative effect, while R155K,
A156S, and T54A had either no effect or a moderate negative
effect, on replication (34–36, 73–76). Differences might be ex-
plained by the subgenomic nature of replicons and/or geno-
type/strain-specific differences. Our study represents the first

FIG 8 Combinations of substitutions at positions 155 and 168 increased viral
fitness but not PI resistance. RNA transcripts from the indicated genotype 2a
(isolate JFH1) and genotype 3a (isolate 452) recombinants were transfected
into S29 cells. Four hours later, cultures were treated with the indicated con-
centrations of paritaprevir (ABT-450) or boceprevir. IC core concentrations
were determined as described in Materials and Methods. To account for pos-
sible differences in transfection efficiency, IC core concentrations at 48 h were
normalized to IC core concentrations at 4 h. The IC and EC infectivity titers
and EC core levels determined in these experiments are shown in Fig. S7 in the
supplemental material. Transfections of recombinants of the same genotype
(isolate) were carried out in the same experiment. “Control” indicates the
replication-deficient genotype 2a (isolate JFH1) GND negative-control vi-
rus. For this control, IC core concentrations at 48 h ranged from 9.4 � 103

to 25.0 � 103 fmol/liter. The values shown were normalized to 4-h IC core
values as described for NS3P variants. The NS3P substitutions in boldface
were specifically selected in the indicated virus under treatment with the
indicated PI. For comparison, the fold resistance to paritaprevir or boce-
previr, as determined in Huh7.5 cells, is indicated above each variant. The
fold resistance values were calculated as described in Materials and Meth-
ods. Values for boceprevir determined in this study (Fig. 4) are indicated in
boldface; values for paritaprevir were reported previously (28). NA (not
applicable) indicates that for single R155T and R155K variants, fold resis-
tance values in Huh7.5 cells could not be determined, because introduction
of these single substitutions led to the acquisition of additional substitu-
tions at position 168 in first-passage virus stocks used for treatment exper-
iments (Fig. 3) (28).
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systematic investigation of the effect of PI resistance substitu-
tions on different steps of the viral life cycle for various HCV
genotypes.

The substitutions rescuing fitness functioned by different
mechanisms. The combination of two substitutions, both de-
creasing replication, improved fitness by rescuing replication, as
observed for the addition of I18T or D168A to R155T and for
R155K with Q168R. In contrast, I18V, T98K, or A98T increased
fitness and, combined with resistance substitutions, rescued fit-
ness primarily by increasing viral assembly. I18 is important for
the formation of the NS3P N-terminal amphipathic �-helix,
which targets NS3P to intracellular membranes (77). Substitu-
tions at position 18 might influence the positioning of the NS3P
active site on the membrane and thus NS3P activity, or they might
induce conformational changes influencing interactions with
NS4A and/or NS3H. Substitutions might increase HCV fitness
across genotypes, since changes at position 18 were observed in
genotype (isolate) 1a (TN), 2a (J6), and 5a (SA13) boceprevir
escape variants, in treatment-naïve HCV genotype 1 or 4 patients
(78), and in HCV genotype 1 patients with linear-PI treatment
failure (38, 79, 80). Further, position 98 is located between two
positions coordinating the zinc ion, and changes might influence
NS3P stability (9, 81, 82). A98T was identified in HCV genotype 3
patients, either treatment naïve or failing telaprevir therapy with-
out apparent resistance (55, 78). Interactions between residues
155 and 168 have been described previously (83, 84), and substi-
tutions at position 168 might compensate for the loss of replica-
tion induced by substitutions at position 155 by restoring such
interactions.

In H77S.3, telaprevir blocked replication and assembly (85).
We showed that boceprevir inhibited replication across geno-
types, and paritaprevir and grazoprevir inhibited genotype 2a
(isolate JFH1) replication. Resistance substitutions primarily res-
cued decreased replication induced by PIs. A156V restored repli-
cation under treatment with boceprevir, paritaprevir, or grazo-
previr. The relatively high efficacy of grazoprevir against genotype
2a (isolate JFH1) A156V might be mediated by an additional effect
on assembly.

A number of substitutions selected under telaprevir or boce-
previr conferred �2-fold resistance. Among these, substitutions
at positions 14, 18, 68, 98, and 132 increased viral fitness. Also,
several such substitutions (A7T, S49T, L67S, I132V, L175F, and
I177V) conferred low resistance to certain newer PIs. The binding
of newer PIs might depend more on interactions with residues at
these positions. Supporting this notion, I132V has been shown to
induce minor reductions in the binding affinity of linear PIs (86).
For genotype 4a (isolate ED43), many substitutions did not confer
resistance. This might be explained by natural telaprevir or boce-
previr resistance (22) or by conformational instability of the cat-
alytic triad of genotype 4 NS3P (87).

Certain newer PIs were efficient against telaprevir or bocepre-
vir resistance substitutions (e.g., R155K or A156S). A156(T/V)
and position 168 substitutions might pose a treatment challenge
for newer PIs. Grazoprevir showed efficacy against genotype 2a
(isolate JFH1) A156V in short-term assays, but A156V was the
main variant selected by grazoprevir, suggesting that it can medi-
ate resistance to efficient newer PIs.

We investigated which NS3P substitutions were preferentially
selected under PI treatment across HCV genotypes 1 to 6 in the
context of the infectious viral life cycle. The selection of substitu-

tions depended on the genetic context of the viruses. Reverse ge-
netic studies identified increased fitness and/or PI resistance as the
requirement for the selection of various substitutions, including
several with unknown clinical significance. Functional studies
suggested that PI treatment resulted in the inhibition of replica-
tion across genotypes and that replication could be rescued by PI
resistance substitutions. This study has important clinical impli-
cations and furthers understanding of the molecular virology of PI
resistance.
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