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Various protease inhibitors (PIs) currently are becoming available for treatment of hepatitis C virus (HCV). For genotype 1, sub-
stitutions at NS3 protease positions 155, 156, and 168 are the main determinants of PI resistance. For other genotypes, similar
substitutions were selected during PI treatment but were not characterized systematically. To elucidate the impact of key PI re-
sistance substitutions on genotypes 2 to 6, we engineered the substitutions R155A/E/G/H/K/Q/T, A156G/S/T/V, and D/Q168A/E/
G/H/N/V into HCV recombinants expressing genotype 2 to 6 proteases. We evaluated viral fitness and sensitivity to nine PIs (tela-
previr, boceprevir, simeprevir, asunaprevir, vaniprevir, faldaprevir, paritaprevir, deldeprevir, and grazoprevir) in Huh7.5 cells.
We found that most variants showed decreased fitness compared to that of the original viruses. Overall, R155K, A156G/S, and
D/Q168A/E/H/N/V variants showed the highest fitness; however, genotype 4 position 168 variants showed strong fitness impair-
ment. Most variants tested were resistant to several PIs. Resistance levels varied significantly depending on the specific substitu-
tion, genotype, and PI. For telaprevir and boceprevir, specific 155 and 156, but not 168, variants proved resistant. For the re-
maining PIs, most genotype 2, 4, 5, and 6, but not genotype 3, variants showed various resistance levels. Overall, grazoprevir
(MK-5172) had the highest efficacy against original viruses and variants. This is the first comprehensive study revealing the im-
pact of described key PI resistance substitutions on fitness and PI resistance of HCV genotypes 2 to 6. In conclusion, the studied
substitutions induced resistance to a panel of clinically relevant PIs, including the newer PIs paritaprevir, deldeprevir, and gra-
zoprevir. We discovered complex patterns of resistance, with the impact of substitutions varying from increased sensitivity to
high resistance.

Hepatitis C virus (HCV) chronically infects �150 million peo-
ple worldwide. Interferon-free treatment regimens based on

direct-acting antivirals (DAAs) are currently being defined (1).
Despite their high efficacy, DAA-resistant variants are expected to
develop in 5 to 15% of treated patients and might be spreading in
populations (1, 2). The HCV NS3 protease (NS3P) is, in associa-
tion with cofactor NS4A, essential for HCV replication; further-
more, it inactivates cellular proteins mediating innate antiviral
responses (3). NS3P inhibitors (PIs) are expected to be an impor-
tant component of interferon-free treatment regimens (1). Tel-
aprevir, boceprevir, simeprevir, and paritaprevir have been li-
censed, while several additional PIs are in the final stages of clinical
development (1). For HCV, six epidemiologically important ge-
notypes have been described, differing in �30% of their sequence
and in their sensitivity to antivirals (1, 4–7). In Europe and the
Americas, genotype 1 is most common, followed by genotypes 2
and 3. However, worldwide, genotypes 4, 5, and 6 cause �20% of
all infections and are spreading beyond their primary geographi-
cal localizations in Africa and Asia (8).

Initial studies of DAAs have focused on genotype 1. For this
genotype, substitutions at NS3P amino acid (aa) positions 155,
156, and 168 are selected during PI treatment in the clinic and in in
vitro studies and have been demonstrated to confer high-level PI
resistance in vitro (9, 10). The likelihood with which a resistant
variant is selected during treatment and persists following the end
of treatment is determined by the degree of resistance and by the
fitness of the specific variant (9). Recent reports suggest that ge-
notypes 2 to 6 also acquire substitutions at NS3P positions 155,
156, and 168 during PI treatment; however, their impact on resis-

tance to different PIs and on viral fitness has not been character-
ized systematically (11–26). In addition, substitutions at these po-
sitions are found at low frequency in treatment-naive HCV-
infected patients (9, 10, 20, 27–29). Thus, substitutions at NS3P aa
155, 156, and 168 appear to be key determinants of PI resistance.

Using cell culture infectious HCV recombinants with genotype
2 to 6-specific NS3P and NS4A (5, 7, 30, 31), we have characterized
the impact of 17 previously described PI resistance substitutions at
NS3P positions 155, 156, and 168 on viral fitness and resistance to
nine clinically relevant PIs, including PIs developed for improved
efficacy against various genotypes and resistant variants, such as
paritaprevir, deldeprevir, and grazoprevir. While most variants
showed decreased fitness and resistance to several PIs, this com-
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prehensive study revealed complex patterns depending on the
specific substitution, the genotype, and the PI.

MATERIALS AND METHODS
HCV recombinants. Molecular clones with NS3P/NS4A specific for
genotype(isolate) 1a(TN) (31, 32), 2a(J6) (5, 33), 2a(JFH1) (30, 34),
3a(452) (5, 35), 3a(S52) (5, 36), 4a(ED43) (7, 36), 5a(SA13) (5), and
6a(HK6a) (5) were previously developed (see Fig. S1 in the supplemental
material). Variants with nucleotide changes specified in Table S1, encod-
ing amino acid substitutions at NS3P position 155, 156, or 168 (relative
H77 [GenBank accession number AF009606] amino acid reference num-
bers are used throughout) were generated using restriction enzyme-based
cloning of PCR amplicons (Pfu DNA polymerase; Stratagene) or of chem-
ically synthesized DNA fragments (GenScript). HCV sequences of final
DNA preparations were confirmed (Macrogen).

Transfection, viral passage, and evaluation of Huh7.5 cell cultures.
Huh7.5 cells were transfected with HCV RNA transcripts using Lipo-
fectamine and a standardized protocol (37); in each experiment tran-
scripts from control viruses were included to ensure interassay reproduc-
ibility. For viral passage, naive cells were infected with culture supernatant
(37). Cells were split three times weekly; HCV-specific immunostaining
was done using primary antibody anti-NS5A-9E10 for 2a(JFH1), 2a(J6),
3a(S52), 3a(452), 5a(SA13), and 6a(HK6a) recombinants (5) or a combi-
nation of anti-NS5A-9E10 and anti-Core-C7-50 (Enzo Life Sciences) for
1a(TN) and 4a(ED43) recombinants (7, 31); the percentage of HCV an-
tigen-positive cells was estimated by fluorescence microscopy (37). Cul-
ture supernatant infectivity titers were determined as focus-forming units
(FFU) per milliliter following the infection of triplicate cultures on poly-
D-lysine-coated 96-well plates (Nunc) with serially diluted supernatants,
immunostaining with the primary antibodies indicated above, and auto-
mated FFU counting (5, 6, 36).

Direct sequence analysis of NS3P/NS4A of cell culture-produced
HCV. Methods for RNA extraction from culture supernatant, reverse
transcription-PCR, and direct sequence analysis have been described (37).
The complete NS3P/NS4A sequence was analyzed (5). Primers are speci-
fied in prior publications for 1a(TN) (31); 2a(J6) (5); 2a(JFH1) (37);
3a(452), 3a(S52), 5a(SA13), and 6a(HK6a) (5); and 4a(ED43) (7).

HCV concentration-response assays and statistical analysis. Over-
all, experiments were conducted as described previously (5). Briefly,
5 � 103 cells per well, plated the previous day on poly-D-lysine-coated
96-well plates (Nunc), were infected with supernatants from first- or
second-viral-passage cultures; low-titer supernatants were concen-
trated using Amicon Ultra-15 centrifugal filter units (Millipore). The
PIs used, telaprevir (VX-950), boceprevir (SCH 503034), simeprevir
(TMC435350), asunaprevir (BMS-650032), vaniprevir (MK-7009),
faldaprevir (BI 201335), paritaprevir (ABT-450), deldeprevir (ACH-
2684), and grazoprevir (MK-5172), all were purchased from Acme
Bioscience and were dissolved in dimethyl sulfoxide. Cells were treated
24 h postinfection with a dilution series of each of these inhibitors; in
general, each concentration was tested in triplicate. Seventy-two hours
postinfection, immunostaining was conducted as described for infec-
tivity titration (5). Single HCV antigen-positive cells were counted
automatically, counts from treated wells were related to means of
counts from infected, nontreated wells, and sigmoidal concentration-
response curves were fitted [Y � Top/(1 � 10[log10(EC50) � X] � Hill slope)]
to obtained data following transformation of X values. Log10 median ef-
fective concentration (EC50) and standard errors (SE) of log10(EC50)
from replicate experiments were used to calculate inverse-variance
weighted means of log10(EC50) with SE and 95% confidence intervals
(CI). Mean differences between log10(EC50) of variants versus original
recombinants with SE and 95% CI were calculated from the inverse-
variance weighted-mean log10(EC50) values. Inverse logarithmic
transformation rendered median EC50 with 95% CI and median fold
differences with 95% CI. P values were determined by Z test. Cell

viability was monitored using the CellTiter 96 AQueous one solution
cell proliferation assay (Promega) (5).

RESULTS

We engineered the PI resistance-associated substitutions R155A/
E/G/H/K/Q/T, A156G/S/T/V, and D/Q168A/E/G/H/N/V (9–26)
into HCV recombinants with genotype(isolate) 2a(JFH1)-,
3a(S52)-, 4a(ED43)-, 5a(SA13)-, and 6a(HK6a)-specific NS3P/
NS4A (see Fig. S1 and Table S1 in the supplemental material) (5, 7,
30). To evaluate whether in vitro assays reflected findings previ-
ously reported for genotype 1, we also engineered six selected sub-
stitutions into a 1a(TN) recombinant (31): R155K/Q, A156G/S,
and D168A/H. After transfection of Huh7.5 hepatoma cells with
RNA transcripts of a total of 91 variants, we evaluated viral fitness
compared to that of the original recombinants by (i) determina-
tion of peak supernatant infectivity titers, defined as the highest
representative titer at the peak of infection; (ii) evaluation of viral
spread kinetics by determination of comparative infectivity titers,
defined as the titer of the NS3P variant on the day at which the
original recombinant achieved peak titer; (iii) evaluation of viral
spread kinetics by determination of the percentage of HCV anti-
gen-expressing cells; and (iv) evaluation of genetic stability of the
developed recombinants by direct sequence analysis of NS3P/
NS4A of viruses passaged to naive cells (Fig. 1 ; also see Fig. S2 and
Table S1). For viruses that had maintained the engineered amino
acid substitution, concentration-response profiles and median
EC50s were determined for nine PIs (see Table 2; also see Fig. S3 to
Fig. S8).

Effect of NS3P substitutions previously described to confer
genotype 1 PI resistance on fitness and resistance of the 1a(TN)
recombinant. Of the two recombinants with substitutions at po-
sition 155 (R155K and R155Q), 1a(TN)R155K showed high fit-
ness with relatively fast viral spread kinetics, resulting in infection
of most culture cells on day 15 posttransfection (Fig. 1; also see
Fig. S2 and Table S1 in the supplemental material). Further,
1a(TN)R155K yielded a high comparative and peak infectivity
titer. Finally, 1a(TN)R155K was genetically stable, meaning that
it maintained the engineered substitution without the acquisition
of additional substitutions in NS3P/NS4A following viral pas-
sage to naive cells. In contrast, 1a(TN)R155Q showed delayed
spread kinetics. While the peak infectivity titer was similar to that
of 1a(TN), passaged 1a(TN)R155Q had acquired an additional
substitution in NS4A (see Table S1). 1a(TN)A156G and
1a(TN)A156S showed relatively high fitness and were genetically
stable. In contrast, 1a(TN)D168A and 1a(TN)D168H showed de-
layed spread kinetics. Following viral passage, 1a(TN)D168A ac-
quired an additional substitution in NS3P, while D168H reverted
to the original amino acid but not to the original nucleotide se-
quence.

In accordance with previous data (7, 31), the tested PIs showed
differential efficacy against the original 1a(TN). Telaprevir and
boceprevir were least efficient. Increased efficacy was found for
asunaprevir, simeprevir, faldaprevir, and especially for vaniprevir
(Table 1 ; also see Fig. S3 in the supplemental material). Grazo-
previr showed exceptional efficacy. We also tested paritaprevir
and deldeprevir for the first time in our infectious systems, which
proved as efficient as vaniprevir and nearly as efficient as grazo-
previr against 1a(TN).

For 1a(TN), 155 and 156 variants showed low-to-intermediate
resistance to telaprevir and boceprevir, while D168A did not con-
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FIG 1 Fitness characteristics of HCV genotype 1 to 6 recombinants with substitutions at NS3P positions 155, 156, or 168. For HCV recombinants with
NS3P/NS4A of genotype(isolate) 1a(TN) (A), 2a(JFH1) (B), 3a(S52) (C), 4a(ED43) (D), 5a(SA13) (E), and 6a(HK6a) (F), HCV RNA transcripts of original
recombinants and variants with the indicated substitutions were transfected into Huh7.5 cells. Numbers above bars indicate the day posttransfection at which
HCV infection had spread to �80% of culture cells, as estimated by immunostaining. Titers are means from triplicates � standard errors of the means (SEM)
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fer resistance to these PIs (Table 2 ; also see Fig. S3 in the supple-
mental material). For simeprevir, R155K, A156G, and D168A
caused intermediate resistance, whereas R155Q caused low resis-
tance and A156S caused increased sensitivity. For asunaprevir,
D168A caused high resistance, while the other tested substitutions
caused low-to-intermediate resistance. For vaniprevir, R155K,
R155Q, A156G, and D168A caused high resistance, while A156S
conferred intermediate resistance. Also for faldaprevir, very high
resistance was observed for the R155K and D168A variants, which
were not inhibited by noncytotoxic faldaprevir concentrations.
Conversely, R155Q and A156G conferred only intermediate resis-
tance, while A156S did not confer resistance. For paritaprevir,
R155K and R155Q caused intermediate resistance, while A156G
and A156S caused low resistance; in contrast, D168A caused high
resistance. For deldeprevir, R155K, R155Q, and D168A conferred
high resistance, while A156G and A156S conferred low resistance.
Finally, for grazoprevir, D168A conferred high resistance, while
R155Q conferred intermediate resistance and R155K, A156G, and
A156S caused low resistance.

In conclusion, previously described clinically relevant geno-
type 1 PI resistance substitutions at NS3P positions 155, 156, and
168 had differential effects on the viral fitness of the 1a(TN) virus.
Further, the nine PIs investigated in this study showed differential
efficacy against the original 1a(TN) virus. Finally, the tested sub-
stitutions conferred various levels of resistance to nine PIs. Of
note, in our 1a(TN) infectious system, substitutions identified in
genotype 1-infected patients following treatment with specific PIs
conferred relatively high resistance to these PIs, confirming the
clinical relevance of our in vitro findings (38).

Effect of putative resistance substitutions on the fitness of
genotype 2 to 6 recombinants. Most substitutions at position 155
were not tolerated in genotype 2 to 6 recombinants. Thus, recom-
binants with R155E/G/H/Q were either nonviable, as defined by
the absence of HCV antigen-positive cells during 3 weeks follow-
ing transfection, or the introduced substitution had reverted or
changed following viral passage (Fig. 1; also see Fig. S2 and Table
S1 in the supplemental material). Among R155A/T variants, only
2a(JFH1) and 6a(HK6a) variants spread in transfection cultures,
but they showed decreased fitness. These four variants spread fol-
lowing viral passage and maintained the introduced substitutions.
While 2a(JFH1)R155A was genetically stable, 6a(HK6a)R155A,
2a(JFH1)R155T, and 6a(HK6a)R155T acquired the additional
NS3P substitution D168A (Fig. 1; also see Table S1). In reverse

genetic experiments we showed that D168A compensated for fitness
impairment induced by R155T (Fig. 2 ). Thus, following transfection,
2a(JFH1)R155T,D168A and 6a(HK6a)R155T,D168A were compa-
rable to the respective original viruses regarding spread kinetics and
infectivity titers. Further, passaged R155T,D168A variants were ge-
netically stable. In contrast to most other 155 variants, all R155K
variants spread in transfection cultures, showing various fitness lev-
els. With the exception of 4a(ED43)R155K, these variants were genet-
ically stable.

All variants with A156G and A156S were viable. Except for
3a(S52)A156S, these variants spread in transfection cultures,
mostly showing minor fitness impairment, and were genetically
stable. In contrast, A156T and A156V were not tolerated in any of
the developed recombinants; all A156T/V variants reverted fol-
lowing passage.

Substitutions at position 168 had differential effects on the
fitness of variants of different genotypes. For 2a(JFH1), most 168
variants showed relatively high fitness, and all were genetically
stable. 3a(S52), 5a(SA13), and 6a(HK6a) 168 variants were viable
but showed various degrees of fitness impairment; of the 18 vari-
ants, only 5a(SA13)D168E and 6a(HK6a)D168E/H showed spread
kinetics comparable to those of the respective original recombinants.
We were able to generate first-passage virus stocks for 17 of
these variants, while 3a(S52)Q168G infected few cells in trans-
fection cultures and could not be passaged. 3a(S52)Q168E/H/
N/V, 5a(SA13)D168H/N, and 6a(HK6a)D168E/H were genetically
stable. In contrast, 5a(SA13)D168G reverted and 5a(SA13)D168A/E/V
acquired additional substitutions (see Table S1 in the supplemental
material). 3a(S52)Q168A and 6a(HK6a)D168A/G/N/V all acquired
the additional NS3P substitution K62R. For 6a(HK6a), using reverse
genetic studies, we showed that K62R compensated for fitness im-
pairment induced by D168A/G/N/V (Fig. 2). For 4a(ED43), none of
the substitutions at position 168 were tolerated. Of the six developed
variants, only 4a(ED43)D168E/H/N/V were viable, showing im-
paired fitness. Of these, only 4a(ED43)D168E could be passaged, but
it had reverted following passage.

In conclusion, the engineered substitutions had differential
impacts on the fitness of genotype 2 to 6 recombinants. Thus,
most substitutions at position 155 were not tolerated and only
R155K variants showed relatively high fitness for most genotypes.
Substitutions at position 156 induced minor (A156G/S) versus
major (A156T/V) fitness impairment. Most substitutions at posi-
tion 168 did not induce major fitness impairment for genotypes 2,

and were calculated as described in Materials and Methods; the lower cutoff, indicated by the y axis break, was up to 2.2 log10 FFU/ml. Peak supernatant infectivity
titers were defined as the highest representative titer at the peak of infection. Comparative infectivity titers were defined as the titer of the variant on the day at
which the original recombinant achieved peak titer. In the few instances where the variant achieved a peak infectivity titer prior to the original recombinant, the
peak infectivity titer of the variant is given. Transfections for recombinants in each panel were not necessarily done in the same experiment. However, in each
transfection experiment the original virus was included and showed similar spread kinetics. Comparative titers of variants were always obtained on the day at
which the original recombinant in the respective transfection experiment reached peak titer. #, Comparative titer was not determined; na, not applicable; nv,
nonviable (recombinants for which transfection cultures did not show any HCV antigen-positive cells during at least 3 weeks of follow-up were defined as
nonviable, and no titer was determined); ns, no viral spread despite the presence of HCV antigen-positive cells (virus did not infect �80% of culture cells); the
peak infectivity titer was not determined. Supernatants derived from transfection cultures at the peak of infection were used to inoculate first viral passage
cultures. The results of the direct sequencing of NS3P/NS4A, indicated by color shading, revealed whether (i) substitutions were genetically stable, meaning that
the engineered NS3P substitution was maintained and no additional substitutions were acquired in NS3P/NS4A (green shading), (ii) the engineered NS3P
substitution was maintained, but one or more additional substitutions were found in NS3P/NS4A (for details, see Table S1 in the supplemental material) (yellow
shading), or (iii) the engineered NS3P substitution had reverted to the original amino acid but not to the original nucleotide sequence or had changed to another
residue than the original amino acid or the engineered substitution (orange shading); in some instances additional substitutions were acquired. No shading
indicates that recombinants with the respective substitutions were nonviable or viral spread was not observed, resulting in first viral passage attempts remaining
unsuccessful. Footnote a, data on genetic stability were obtained from the first passage of replicate transfections, which showed similar kinetics as the transfec-
tions shown; footnote b, in a replicate experiment, 6a(HK6a)R155G maintained the engineered substitution and acquired the additional NS3P substitution
D168V. In addition to variants described in Results, we studied the impact of R155K/T and A156S/T on 2a(J6) and 3a(452) (see Table S1).
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3, 5, and 6; however, none of these substitutions were tolerated for
genotype 4. In addition, we found that D168A compensated for
fitness impairment induced by R155T and that K62R compen-
sated for fitness impairment induced by D168A/G/N/V for certain
recombinants. Overall, we were able to generate virus stocks of 40
genotype 2 to 6 NS3P variants for use in PI treatment studies
(Table 2).

Effect of putative resistance substitutions on PI sensitivity of
genotypes 2 to 6. All of the 40 NS3P variants showed resistance to
at least a subset of the PIs tested and had different levels of resis-
tance depending on the PI, the genotype, and the specific substi-
tution. An exception was genotype 3, for which substitutions at
position 168 had a limited effect on PI sensitivity. While results
and representative examples are shown in Table 2 and Fig. S4 to
S10 in the supplemental material, observed patterns are high-
lighted below.

(i) Level of PI sensitivity and resistance of original and vari-
ant genotype 2 to 6 recombinants depended on the PI. In accor-
dance with previous studies (5, 7), PIs had differential efficacy
against the original genotype 2 to 6 recombinants. As observed for
genotype 1, overall, telaprevir and boceprevir showed the lowest
efficacy, being least efficient against genotypes 3 and 4 (Table 1).
However, most of the developed genotype 2 to 6 NS3P variants
showed only low to no resistance to these PIs (Table 2). Simeprevir
and asunaprevir were more efficacious than telaprevir and boce-
previr against original recombinants of genotypes 2, 5, and 6 and
had greatly improved efficacy against genotype 4. Variants mainly
showed low to intermediate resistance to these PIs, but instances
of increased sensitivity also were observed. Compared to that of
simeprevir and asunaprevir, vaniprevir and faldaprevir showed
increased efficacy against original recombinants of most geno-
types; however, several variants showed high resistance to these
two compounds. Paritaprevir and deldeprevir showed further in-
creased efficacy against original recombinants of most genotypes.
Many variants showed low or no resistance to paritaprevir, but
there were also instances of intermediate to high resistance. Com-
pared to paritaprevir, more variants showed high resistance to
deldeprevir. Overall, grazoprevir showed the highest efficacy
against original recombinants and variants. Thus, none of the 40
genotype 2 to 6 variants showed high resistance and only 6 showed
intermediate resistance to grazoprevir.

(ii) Level of PI resistance depended on the NS3P substitution.
R155K, which was tolerated in all genotypes, and A156S were the
main determinants of resistance to telaprevir and boceprevir
(Table 2). In addition, for genotypes 2, 4, 5, and 6, R155K caused
intermediate to high resistance to simeprevir, asunaprevir, va-
niprevir, faldaprevir, and deldeprevir. Paritaprevir showed in-
creased efficacy against specific R155K variants, while grazoprevir
showed high efficacy against most R155K variants. R155A, tested
for 2a(JFH1), did not confer resistance to telaprevir, boceprevir,
simeprevir, paritaprevir, or grazoprevir but conferred low to
intermediate resistance to remaining PIs. 2a(JFH1)R155T and
6a(HK6a)R155T were sensitive or showed only low resistance
to telaprevir, boceprevir, paritaprevir, and grazoprevir, but they
showed mostly intermediate resistance to the remaining PIs.

At NS3P position 156, A156G and A156S could be tested for
representative isolates of all genotypes. A156G did not confer re-
sistance to telaprevir and boceprevir, except for 3a(S52)A156G,
which showed low resistance to boceprevir. A156G caused mostly
low to intermediate resistance to simeprevir, asunaprevir, vani-T
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previr, faldaprevir, and deldeprevir; however, 3a(S52)A156G was
not inhibited by the highest applied concentration of vaniprevir
and deldeprevir. The A156G variants showed no resistance to
paritaprevir and low to no resistance to grazoprevir. In contrast to
A156G, for genotypes 2 to 6, A156S conferred mostly low resis-
tance to telaprevir and boceprevir. Also, A156S conferred mostly
low resistance to vaniprevir, deldeprevir, and grazoprevir. A156S
variants showed no, low, or intermediate resistance to asunapre-
vir. The majority of A156S variants showed no resistance to
faldaprevir and pariteprevir, while low resistance was observed for
the remainder of these variants. Interestingly, for all genotypes,
A156S either had no effect or caused increased sensitivity to
simeprevir.

Most substitutions at position 168 were tolerated in genotypes
2, 3, 5, and 6. Except for 6a(HK6a)D168E and 3a(S52)Q168N,
none of the resulting variants showed �2-fold resistance to tel-
aprevir or boceprevir. NS3P variants showed variable sensitivity to
the remaining PIs, with the level of resistance depending on
the specific substitution. Thus, for genotypes 2, 5, and 6, tested
D168A/G/H/V variants mostly caused intermediate to high resis-
tance; D168E/N mostly caused low to intermediate resistance
for these genotypes. For genotype 3, NS3P 168 variants mostly
showed increased sensitivity or low to no resistance.

(iii) Level of PI sensitivity and resistance depended on geno-
type. As previously observed, PI efficacy was influenced by the
genotype (Table 1) (5, 7). Thus, all PIs showed comparatively low
efficacy against original genotype 3 recombinants. While most
substitutions at position 168 did not confer additional resistance
to genotype 3, most substitutions at positions 155 and 156 con-
ferred resistance to several PIs, albeit to lower levels than to
other genotypes. For telaprevir and boceprevir, however, substi-
tutions at positions 155 and 156 conferred levels of resistance to
genotype 3 similar to those for other genotypes (Table 2). Geno-
type 4 also showed natural resistance to telaprevir and boceprevir,
which was further increased by R155K and A156S. The remaining
PIs, especially faldaprevir, paritaprevir, deldeprevir, and grazo-
previr, had high efficacy against genotype 4. Of these PIs, grazo-
previr showed the highest efficacy against the three genotype 4
variants that could be tested. Finally, in most instances, substitu-
tions at position 168 conferred greater resistance to genotypes 5
and 6 than to genotype 2 for most PIs except telaprevir and boce-
previr.

DISCUSSION

We systematically studied the impact of previously described key
PI resistance substitutions at NS3P positions 155, 156, and 168 on
viral fitness and PI resistance for HCV genotypes 2 to 6. While
most substitutions decreased viral fitness, the level of fitness im-
pairment depended on the specific substitution and genotype. For
genotypes 2 and 6, we identified NS3P substitutions compensat-
ing for fitness impairment induced by specific resistance substitu-
tions at positions 155 and 168. While most substitutions conferred
resistance to several PIs, including newer PIs developed for in-
creased efficacy against resistant variants, their impact varied from
increased sensitivity to high resistance. Thus, we identified com-
plex patterns of resistance, determined by the specific PI, the sub-
stitution, and the genotype.

Clinical trials allow for the identification of putative PI resis-
tance substitutions (9, 10). However, characterization of their im-
pact on viral fitness and resistance requires in vitro studies. Enzy-

matic assays and replicon systems only allow studying NS3P
activity and viral replication (39). In contrast, HCV infectious
culture systems allow studies in the context of the complete viral
life cycle. Results in these systems reflect in vivo findings regarding
PI sensitivity and resistance (Table 2; also see Fig. S3 in the sup-
plemental material) (5–7, 31). Nevertheless, it should be noted
that results obtained in these systems might be influenced by the
presence of cell culture-adaptive substitutions. In general, except
for certain JFH1-based chimeric genotype 2a or 2b recombinants
(5, 17, 30, 35, 40–42), HCV infectious culture systems depend on
cell culture-adaptive substitutions (39). Such adaptive substitu-
tions might facilitate the interaction of HCV proteins with host
factors or of HCV proteins of different genotypes in the case of
chimeric recombinants. It might be preferable to carry out studies
in full-length recombinants (43). However, efficient full-length
recombinants currently are only available for genotypes 1a, 2a,
and 2b (31, 44–49). Recent reports indicate that HCV genotypes 2
to 6 acquire substitutions examined in this study de novo when
subjected to PI treatment in vivo and in vitro (11–26). However,
only a few studies have investigated the impact of such substitu-
tions on PI resistance. In line with our findings, in an enzymatic
assay, R155K and A156S conferred telaprevir resistance for geno-
type 2 and R155K conferred resistance for genotype 3 (16). Fur-
ther, certain substitutions of position 168 conferred ciluprevir
and/or danoprevir resistance to Jc-1-based constructs with geno-
type 1 to 6-specific NS3P/NS4A (11, 15). In addition, A156T/V
mediated ciluprevir resistance for genotype 4a (15). Finally, in a
cell culture-infectious genotype 2a recombinant, A156S conferred
resistance to telaprevir, and A156G and D168A/V conferred resis-
tance to ciluprevir; cross-resistance was not observed (13). Com-
pared to previous studies, we used a broad and systematic ap-
proach for a head-to-head comparison of the effect of various key
resistance substitutions at NS3P positions 155, 156, and 168 on
fitness and resistance of HCV genotypes 2 to 6 in the context of the
full viral life cycle. Further, our study is unique, since a broad
panel of PIs, including newly developed PIs, was studied. In future
studies it might be of interest to refine the resistance profiles of
individual PIs by inducing viral escape under treatment. Such
studies might reveal which substitutions engineered in the present
study are preferably selected under treatment. Further, they might
reveal additional resistance substitutions and the major determi-
nants of resistance for different genotypes and PIs.

Previous studies suggested that most PI resistance substitu-
tions resulted in fitness impairment and that variants with low
fitness were unlikely to persist long term in vivo; however, im-
paired fitness could be rescued by the acquisition of compensating
substitutions (9, 10). In this study, the developed variants showed
great variation of fitness depending on the specific substitution
and the genotype. Certain variants acquired additional substitu-
tions in NS3P or NS4A, possibly compensating for fitness impair-
ment induced by the engineered resistance substitution. For other
variants, the engineered substitution reverted to the original
amino acid but not to the original nucleotide sequence or had
changed to another residue than the original amino acid or the
engineered substitution. These substitutions might have been
maintained under treatment pressure, driving coselection of com-
pensating substitutions. Compared to genotype 3, 4, and 5 vari-
ants, more genotype 2 and 6 variants were viable and were able to
spread in cell culture following transfection (Fig. 1). However,
several of these variants were not genetically stable, especially for
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genotype 6. Compared to JFH1-based recombinants with geno-
type-specific NS3P/NS4A, the original 2a(JFH1) virus is charac-
terized by favorable replication/growth characteristics, which
might facilitate reversion of the introduced substitution or selec-
tion of compensating substitutions (5, 7). In addition, the genetic
context is likely to influence the effect of the introduced resistance
substitutions on viral fitness.

Most substitutions of the highly conserved R155 resulted in
strong fitness impairment and many R155 variants reverted, pos-
sibly due to the fact that arginine is encoded by six different
codons. An exception was the R155K variants, which showed rel-
atively high fitness, possibly due to similar physicochemical prop-
erties of lysine and arginine. Certain substitutions at position 155
apparently were permissible given that an additional substitution
at position 168 was acquired (Fig. 1; also see Table S1 in the sup-
plemental material). In reverse genetic studies we showed that
R155T was permissible in 2a(JFH1) and 6a(HK6a) when com-
bined with D168A (Fig. 2), possibly restoring the described inter-
actions of position 155 and 168 (50, 51). In line with our findings,
a previous study suggested relatively high fitness of genotype 1a
R155K/T versus R155G/Q variants in vitro (52). In addition, the
fact that R155K was frequently found in genotype 1 and, more
recently, also in genotype 2, 3, and 5 PI-treated patients indicates
a relatively high fitness (9, 10, 14, 16, 18, 21, 26, 53). Among
substitutions at the highly conserved A156, A156G/S generally
resulted in minor fitness impairment, whereas A156T/V resulted
in strong fitness impairment. This is in line with previous studies,
suggesting relatively high fitness of genotype 1a, 2a, and 6 A156S
versus A156T/V variants in vitro and in vivo (13, 52–54), and the
fact that A156G/S variants were frequently found in genotype 1
and, more recently, also in genotype 2 and 3 PI-treated patients (9,
10, 14, 16, 21, 26). Changes at position 168, harboring a highly
conserved glutamine in genotype 3 and aspartic acid in other ge-
notypes, did not result in major fitness impairment for most ge-
notypes, as was previously suggested for genotype 1 (52). How-
ever, all genotype 4 168 variants showed strongly impaired fitness.
Further, 3a(S52)Q168A and 6a(HK6a)D168A/G/N/V acquired
the additional NS3P substitution K62R, which restored the fitness
of the 6a(HK6a) variants (Fig. 2).

In future studies it might be of interest to investigate if specific
substitutions have a similar effect on the fitness of different iso-
lates of the same genotype. In an initial approach, we engineered
R155K/T and A156S/T into 2a(J6) and 3a(452) recombinants (5).
Fitness characteristics of the resulting variants were relatively
different from those observed for the respective 2a(JFH1) and

3a(S52) variants (see Table S1 in the supplemental material). In
general, 2a(JFH1) variants had greater fitness than 2a(J6) variants,
suggesting a positive correlation between the fitness of the original
recombinant and fitness of derived variants (5).

We confirmed previously observed differences in the potency
of the tested PIs against genotypes 1 to 6 (Table 1) (5, 7). Grazo-
previr showed exceptional in vitro potency, followed by deldepre-
vir and paritaprevir, which we tested here for the first time in our
infectious cell culture systems. Compared to other original re-
combinants, 1a(TN) showed high sensitivity to all PIs and
4a(ED43) showed high sensitivity to all PIs except telaprevir and
boceprevir. This lack of sensitivity to telaprevir and boceprevir
might be explained by V170, found for the majority of genotype 4a
isolates and associated with PI resistance (alignment of 17 geno-
type 4a NS3P sequences deposited in the European HCV database,
generated July 2015 [55], and the 2008 Web alignment from the
Los Alamos HCV database [56]) (5, 9). The comparatively low
sensitivity of original genotype 3a recombinants to all PIs might be
explained by Q168, conserved for genotype 3a, and V170, found in
3a(S52) (alignment of 28 genotype 3a NS3P sequences deposited
in the European HCV database, generated July 2015 [55], and the
2008 Web alignment from the Los Alamos HCV database [56]) (5,
9, 10). The testing of additional genotype 2a and 3a isolates sug-
gested that there were no major EC50 differences for different iso-
lates of the same genotype (Table 1; also see Fig. S4, S5, S9, and S10
in the supplemental material) (5, 7). Given the limited efficacy of
PIs as well as of some NS5A- and nonnucleotidic polymerase in-
hibitors against genotype 3, this epidemiologically important ge-
notype might emerge as relatively difficult to treat with interferon-
free DAA-based combination treatment regimens (1, 57). For
genotype 3, future treatment regimens might be based on nucleo-
tidic polymerase inhibitors with high efficacy against different ge-
notypes. Combinations with newer PIs, such as grazoprevir and
NS5A inhibitors, showing improved efficacy are being evaluated
(ClinicalTrials.gov NCT02133131 and NCT02332720).

We found that most described PI resistance substitutions at
NS3P positions 155, 156, and 168 were able to confer resistance
to simeprevir, asunaprevir, vaniprevir, faldaprevir, paritapre-
vir, deldeprevir, and grazoprevir for genotypes 2, 4, 5, and 6; nat-
ural resistance of genotype 3 was further increased by selected
substitutions. An exception was the relatively high sensitivity of
most R155K, R155T, and A156G variants to grazoprevir; the high
efficacy of this PI against genotype 1 R155K variants in enzymatic
assays and replicons has been reported previously (58). Further
exceptions were the relatively high sensitivity of most R155T,

TABLE 2 (continued)
a Viruses were from passage experiments; the NS3P/NS4A sequence was confirmed by direct sequencing.
b Original recombinants and variants with indicated NS3P substitutions were tested in concentration-response assays against the indicated PIs; representative experiments are
shown in Fig. S3 to S10 in the supplemental material. Mean EC50s and median fold EC50 differences for variants versus original recombinants were calculated as described in
Materials and Methods. Shown are fold difference values. Color shadings indicate different levels of sensitivity/resistance. Differences were statistically significant (P 	 0.05) unless
indicated by a diamond (}). Statistical analysis is not included for treatments of variants with comparable sensitivity to original viruses and of variants for which 50% inhibition
was not achieved.
c NI, not inhibited; for these variants, 50% inhibition was not achieved by the highest applied concentration of vaniprevir (15,000 nM), faldaprevir (5,000 nM), or deldeprevir
(5,000 nM). For faldaprevir and deldeprevir, cytotoxicity was clearly observed at 15,000 nM.
d For the following variants, additional substitution(s) had been acquired in NS3P/NS4A of first- or second-passage virus stocks used for treatment: 4a(ED43)R155K, 113V/i in
NS3P; 1a(TN)R155Q, V6A in NS4A; 2a(JFH1)R155T, D168D/A in NS3P; 6a(HK6a)R155T, D168A in NS3P; 2a(J6)A156S, T72T/a and P86L in NS3P; 6a(HK6a)A156S stock used
for asunaprevir treatment only, C72S in NS3P; 1a(TN)D168A, Y134C in NS3P; 3a(S52)Q168A, K62R in NS3P; 5a(SA13)D168A, L25V in NS4A; 6a(HK6a)D168A, K62R in NS3P;
5a(SA13)D168E, V6V/L in NS4A; 6a(HK6a)D168G, K62R in NS3P; 6a(HK6a)D168N, K62R in NS3P; 5a(SA13)D168V, I17 M in NS3P; 6a(HK6a)D168V, K62R in NS3P. For
6a(HK6a)R155K, direct sequencing indicated that a minor virus population had reverted to the original amino acid.
e In addition to variants described in Results, we tested 2a(J6)A156S and 3a(452)A156S (see Table S1 in the supplemental material).

HCV Genotype 2 to 6 Protease Inhibitor Resistance

December 2015 Volume 59 Number 12 aac.asm.org 7433Antimicrobial Agents and Chemotherapy

http://aac.asm.org


A156G, and A156S variants to paritaprevir and of most A156S
variants to faldaprevir; A156S variants were highly sensitive to
simeprevir. As reported for genotype 1, substitutions at position
168 did not confer resistance to telaprevir and boceprevir (9, 10,
50), revealing a pangenotypic pattern. R155K and A156S mainly
conferred resistance of genotypes 2 to 6 to telaprevir and bocepre-
vir. Thus, we observed complex resistance patterns with levels of
resistance depending on the specific PI, the substitution, and the
genotype.

NS3P resistance substitutions are thought to influence PI bind-
ing. A given substitution might have a differential effect on PI
binding for different genotypes. Further, the structure of a given
PI might affect its ability to bind despite the presence of a substi-
tution. In future studies, molecular modeling might be used to
explain differences in resistance levels observed for different PIs
(50). Testing an additional genotype 2a isolate, we found that
A156S conferred similar levels of resistance to most PIs for
2a(JFH1) and 2a(J6) (Table 2; also see Fig. S4 and S9 in the sup-
plemental material). It is possible that NS3P substitutions acquired
in first-passage viruses in addition to the engineered substitution in-
fluenced PI sensitivity (45). In contrast, it is less likely that additional
substitutions in NS4A influenced PI sensitivity (42).

Relatively low levels of in vitro resistance can translate into
reduced clinical response rates. For instance, Q80K, reported to
induce low-level (�5- to 10-fold) resistance in vitro, can result in
significantly reduced response rates to simeprevir-based regimens
in the clinic (1, 10). In addition, EC50 values of many resistant

variants obtained in this study exceeded reported PI minimum
plasma concentrations. Thus, variants showing resistance in this
study might confer PI resistance in vivo.

In conclusion, this study systematically characterizes the im-
pact of a great number of key PI resistance substitutions at NS3P
positions 155, 156, and 168 on fitness and resistance of HCV ge-
notypes 2 to 6. The impact on viral fitness depended on the specific
substitution and the genotype, with most variants showing vari-
ous levels of fitness impairment. The impact on resistance to nine
clinically relevant PIs depended on the specific substitution, the
genotype, and the PI, with most variants showing various levels of
resistance to several PIs; however, increased sensitivity also was
observed. This study significantly increases the knowledge on de-
terminants of genotype 2 to 6 resistance to a large panel of clini-
cally relevant PIs.
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