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ABSTRACT The introduction of highly efficient therapies with direct-acting antivi-
rals (DAA) for patients with chronic hepatitis C virus (HCV) infection offers excep-
tional opportunities to globally control this deadly disease. For achieving this ambi-
tious goal, it is essential to prevent antiviral resistance against the most optimal
first-line and retreatment DAA choices. We performed independent comparisons of
the efficacy and barrier to resistance of pangenotypic DAA regimens for HCV geno-
type 2 infections, using previously and newly developed efficient cell culture-
adapted strains of subtypes 2a, 2b, and 2c. With the applied experimental cell
culture conditions, combination treatment with the sofosbuvir-velpatasvir or glecaprevir-
pibrentasvir DAA regimen was efficient in eradicating HCV infections; in contrast,
single-drug treatments frequently led to viral escape. Sequence analysis of drug tar-
gets from recovered viruses revealed known resistance-associated substitutions (RAS)
emerging in the NS3 protease or NS5A after treatment failure. These RAS were ge-
netically stable after viral passage, and viruses with these RAS exhibited significant
phenotypic resistance. After sofosbuvir treatment failure, only a genotype 2a virus
harbored NS5B RAS S282T and thus had decreased susceptibility to nucleotide ana-
logs (nucs). However, in most cases, viral escape from sofosbuvir led to other NS5B
substitutions but drug susceptibility was maintained, and in one case, no changes
in NS5B were detected. For a genotype 2b virus, after treatment failure with
sofosbuvir-velpatasvir, the efficacy of retreatment with glecaprevir-pibrentasvir was
maintained due to the high barrier to resistance and low cross-resistance of pibren-
tasvir. Our findings suggest the slight superiority of glecaprevir-pibrentasvir against
genotype 2b in culture, which could have potential therapeutic interest meriting
more definitive investigations in the clinic.

KEYWORDS DAA, HCVcc, NS5A inhibitor, RAS, genotype 2, nucleotide analog,
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hronic hepatitis C virus (HCV) infection is highly prevalent worldwide, with at least

71 million people being affected (1). The World Health Organization (WHO) has
declared a very ambitious goal of globally eliminating HCV as a major public health
threat by 2030, which can rely only on the use of direct-acting antivirals (DAA), since no
vaccine is available for HCV (2, 3).

DAA are potent antiviral molecules targeting HCV nonstructural (NS) proteins, which
have essential functions in the virus life cycle (2, 3). The most broadly effective
DAA regimens are the combinations of NS5A inhibitors with a protease inhibitor
(pibrentasvir-glecaprevir) or with a nucleotide analog (velpatasvir-sofosbuvir), which
are also defined as pangenotypic, since they are recommended for the treatment of
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chronic hepatitis C in patients with HCV genotype 1 to 6 infections (2). Exceptionally
high cure rates of over 90%, depending on the patient population, have been reported
after treatment with these two regimens (4).

In this study, we focused on genotype 2 of HCV, which is highly prevalent world-
wide, with an estimated 16.5 million people being infected with this genotype (5).
Genotype 2 can be divided into numerous subtypes, which are designated a to u and
which differ in at least 15% of their sequence (6); the most prevalent subtypes are a, b,
and c. Genotype 2c is prevalent in Europe, in particular, in the south; a very high
prevalence was reported in the region of Calabria, Italy (7-9). Genotype 2c has been
linked to an increased risk for hepatitis reactivation in comparison with the risk
associated with genotype 1b (10).

HCV cell culture systems (HCVcc) that recapitulate the entire viral cycle of HCV are
key tools to study drug treatment regimens in an independent and high-throughput
manner (11). However, historically, the availability of these systems has been limited
due to the poor viability of patient isolates in cell culture (3, 11). Genotype 2 isolates
appear to be easier to adapt to growth in hepatoma cell lines, and we and others have
succeeded in growing various full-length infectious HCV clones of genotypes 2a and 2b
(12-17). The genotype 2 panels with genetically diverse isolates growing in cell culture
are unique, and such panels are not available for other genotypes (11). Thus, they
represent the best available systems to study the effect of subtype and strain genetic
heterogeneity on the efficacy and barrier to resistance of clinically relevant DAA
regimens in cell culture.

Even though treatment with either sofosbuvir-velpatasvir or glecaprevir-pibrentasvir
has been highly successful for HCV genotype 2-infected patients (2, 18), there is a lack
of clinical studies on the comparative effectiveness and barrier to resistance of these
pangenotypic regimens. We hypothesize that subtle currently unrecognized differences
in efficacy between these two regimens could have important effects from the per-
spective of elimination programs on a global scale. In the study described here, we
attempted to gain preclinical knowledge about the comparative efficacy of these
regimens in cell culture, which could contribute to the design of clinical studies aimed
at investigating these putative differences in HCV-infected patients treated with DAA.

Systematic studies comparing the most efficacious drug regimens available for the
treatment of HCV infections could help minimize treatment failure, which is frequently
associated with antiviral resistance (19, 20). The spread of antiviral resistance could
hamper the efficacy of the pangenotypic regimens, all of which are based on the use
of NS5A inhibitors, the drug family to which resistance is the most prevalent. Moreover,
extensive cross-resistance within this essential family of inhibitors has been described
in cell culture (21), yet the influence of this type of cross-resistance in the context of the
current pangenotypic regimens that combine different DAA classes merits further
investigation.

In this study, we aimed to further expand the panel of culture-efficient infectious
full-length HCV genotype 2 strains, including the first full-length culture system for
genotype 2c. Using genetically diverse genotype 2a, 2b, and 2c cell culture-adapted
viruses, we aimed at providing an industry-independent head-to-head comparison of
the efficacy and barrier to resistance, including the emergence of resistance-associated
substitutions (RAS), of the pangenotypic DAA regimens sofosbuvir-velpatasvir and
glecaprevir-pibrentasvir. We further examined the retreatment outcome after first-line
treatment failures with these inhibitors in cell culture.

RESULTS

Molecular clones of HCV genotype 2a (T9) and 2c (S83) strains can be adapted
to replicate and propagate in cell culture. To expand the panel of efficient culture-
viable genotype 2 strains, we performed culture adaptation of HCV full-length clones
representing strains T9 (genotype 2a) [T9(2a)] and S83 (genotype 2c) [S83(2¢)] (22, 23).
The molecular clones generated contained the T9 or S83 strain-specific open reading
frame (ORF), the 5’ untranslated region (UTR) from J6/JFH1 (13), and the 3’ UTR of cell
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TABLE 1 Characteristics of T9(2a) HCV cell culture-adapted recombinant viruses in transfection and passage in
Huh7.5 cells?

HCVgene NS2 NS3 NS3 NS4A NS4B NS5B NS5B NS5B

Transfection Passage nt#(T9) 2832 4742 5318 5366 6132 7941 9162 9342
Max Titer Max Titer T ¢ - A G A c ¢ A
log1oFFU/ML(day) logsFFU/mL(day) con
To_LSTG 3.7 (69) 4.4 8y T © . T © T T G
T9¢c 4.5(14) 46 (9)P° T © Aftc T G T i G
To_LST/I 3.3(15) 48 (6)° T c c 7 @ T

aat# (T9) 831 1468 1660 1676 1931 2534 2941 3001
aa# (H77C) 827 1464 1656 1672 1927 2512 2919 2979

aa change T- F-L M-L A-S N-T T- A-V D-G

aMax Titer, the highest infectivity titer observed (at the time points given in parentheses); @, passage 3; P, passage 2. Letters indicate
dominant coding nucleotide changes. A single capital letter indicates that the nucleotide was the only one observed in the sequence.
Coding changes as quasispecies (accounting for 50% of the base call) were found only in T9_LSTG and included T2973T/C (amino acids
I-I/T), T6812T/C (amino acids F-F/L), T7394T/G (amino acids F-F/V), and C8370C/T (amino acids T-T/I). Two noncoding dominant changes
were observed in T9_LSTG: A3730G and T9229C. No noncoding changes were observed in T9cc or T9_LSTG/Il. The gray shading indicates
the mutations that were engineered in the specific recombinant, which were maintained in the viruses in all cases. T9con indicates the
nucleotides found in the consensus ORF sequence (nonadapted) of strain T9. nt# (T9) and aa# (T9) indicate the nucleotide and amino acid
numbers, respectively, according to the molecular clone of T9 (see Materials and Methods). aa# (H77C) indicates the amino acid number
according to the polyprotein of reference strain H77C (GenBank accession number AF011751). aa change indicates the amino acid
changes in the polyprotein of the T9 consensus sequence induced by the nucleotide changes depicted in the body of the table.

culture-adapted strain J6 (J6cc) (14), as described in Materials and Methods. The T9
clone encoded a consensus polyprotein of 3,033 amino acids (aa), differing from
reference genotype 2a strain JFH1 (GenBank accession number AB237837.1) (12, 24)
and strain J6CF (GenBank accession number AF177036) (25) by 9.6% and 6.7% of their
amino acid sequences, respectively. The clone of S83 encoded a polyprotein of 3,033
amino acids, differing by 5.9% from the polyprotein of reference genotype 2c strain
BEBE1 (GenBank accession number D50409) (6, 26) and by 5.5 to 6.6% from the
polyproteins of 5 other published genotype 2c strains (27, 28).

RNA transcripts of the T9 and S83 clones with the consensus ORF sequence were
transfected into Huh7.5 cells, but no HCV antigen-positive cells were observed at any
time point within 2 weeks. Thus, the consensus sequences of these clones were
nonviable in cell culture, and we therefore applied previously developed strategies of
culture adaptation (11).

We found that the previously identified genotype 2 cell culture-adaptive substitu-
tions F1468L/A16765/D3001G (or LSG substitutions) (14, 17) could not initiate replica-
tion of T9 (T9_LSG) or S83 (S83_LSG), but addition of N1931T (NS4B) (11) led to a few
HCV antigen-positive cells following transfection of Huh7.5 cells with RNA transcripts.

For T9(2a), T9_LSTG viral spread was observed at day 65 posttransfection, with
maximum infectivity titers of 3.7 log,, focus-forming units (FFU) per milliliter being
seen at day 69 (Table 1). Viruses recovered from the supernatant infected and efficiently
propagated in naive Huh7.5 cells. Viral sequences from the third such passage exhibited
three complete substitutions (as single peaks in the chromatogram), which were
introduced into T9_LSTG. This recombinant cell culture-adapted T9 strain (T9cc), which
had a total of 7 substitutions, showed spread at day 7 posttransfection and a maximum
infectivity titer of 4.5 log,, FFU/ml at day 14. This virus could rapidly propagate after
passage in naive cells, without the emergence of additional dominant ORF changes
(Table 1).

We attempted the generation of a T9 cell culture-infectious clone harboring minimal
adaptive mutations, and for that we investigated the viability of a recombinant without
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TABLE 2 Characteristics of $83(2¢c) HCV cell culture-adapted recombinant viruses in transfection and passage in
Huh7.5 cells?

HCVgene E1 E2 NS2 NS3 NS3 NS4A NS4B NS4B NS5A NS5B

Transfection Passage nt#(S83) 1383 1940 2987 3870 4742 5366 6050 6132 7656 9342

Max Titer Max Titer

logioFFUIML(day) logioFFUML(day) ~ 0o¢° A A G r 6 ©6 .4 T A

S83_LSTG 3.7 (135) 4.2 (6)° C G G A C T A C C G

$83cc 44 (10) 43 (16)° © G G A © T A G (& G

aa#(S83) 348 534 883 1177 1468 1676 1904 1931 2439 3001

aa#(H77C) 348 532 879 1173 1464 1672 1900 1927 2417 2979

aachange V-A N-D M-V RK FL AS AT N-T VA DG

aSee footnote a of Table 1 for details. Engineered mutations (gray shading) were maintained in all viruses. S83cc showed the following
coding changes as quasispecies: T5397T/C (amino acids I-I/T) and A7574A/C (amino acids N-N/H). S83_LSTG contained the following
dominant noncoding changes: C1858T, T6568C, C7705T, A8347G, and T8413C. S83cc did not present dominant noncoding changes.

NS5B substitutions A2941V (aa 499) and D3001G (aa 559). These substitutions were
chosen since they had been previously associated with escape from polymerase
inhibitors (29, 30) and we evaluated NS5B inhibitors in this study. This recombinant
(T9_LST/Il) was slightly attenuated in comparison with T9cc, acquiring an additional
substitution (M1660L) in the helicase domain of NS3 after viral passage (Table 1);
however, infection with this virus was robust enough for downstream applications.

For $83(2c), S83_LSTG resulted in viral spread, with maximum infectivity titers being
seen at day 135 (Table 2). Based on the viral sequences obtained at passage 3, we
generated recombinant cell culture-adapted S83 (S83cc) with 10 substitutions, which
spread at day 3 posttransfection, reaching titers of 4.4 log,, FFU/ml at day 10. This virus
efficiently propagated after passage without the emergence of dominant substitutions
(Table 2).

Differential efficacy of individual DAA against HCVcc genotypes 2a, 2b, and 2c.
Using the unique panel of genetically diverse cell culture-adapted HCV genotype 2
strains available after culture adaptation of the additional genotype 2a and 2c strains,
we determined individual drug potencies (defined by the 50% effective concentration
[EC5,] values) using short-term concentration-response treatment assays (Table 3). The
investigated viruses were T9 [T9_LST/II(2a); Table 1], S83 [S83cc(2c); Table 2], JFH1
[J6/JFH1(2a) (13), abbreviated JFH1 for the origin of DAA targets], J8 [J8_LSG/STAT(2b)
(17)], and DH8 [DH8cc(2b) (17)].

The NS5A inhibitor pibrentasvir, the nucleotide analogs (nucs) sofosbuvir and
uprifosbuvir, and the protease inhibitor glecaprevir exhibited minor differences in
potency across isolates, with a maximum difference between the least and most
susceptible isolates of 2.8-fold the EC,, (Table 3). For the NS5A inhibitors velpatasvir
and elbasvir, the largest differences were 6.4- and 997-fold the ECs,, respectively
(Table 3).

Differential efficacy and barrier to resistance of pangenotypic DAA regimens
against HCVcc genotypes 2a, 2b, and 2c in cell culture. To compare the efficacies of
the pangenotypic DAA regimens sofosbuvir-velpatasvir and glecaprevir-pibrentasvir,
we performed long-term treatment (30 days) assays as described in Materials and
Methods. In these experiments, we monitored the kinetics of the infection by deter-
mination of viral antigens using immunofluorescence during treatment and after drug
withdrawal (Fig. 1). In addition to the pangenotypic regimens recommended in treat-
ment guidelines, we were interested in investigating regimens containing the nuc
uprifosbuvir, which had shown higher potency than sofosbuvir in cell culture (30, 31).
In a recent study, a combination of uprifosbuvir and the NS5A inhibitor ruzasvir was
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TABLE 3 DAA susceptibility of genotype 2 HCVcc at baseline and after treatment failure (escape)®

Virus at baseline Escape virus
Virus: Strain 5 Treatment Fold change in EC5q
(Genotype) ECe0 (SSHCH N Regimen SOF VEL GLE PB__UPR__ELB
SOF 302 (273-331) SOF 2 - - - 1 -
VEL 0.037 (0.028-0.047) VEL - 357 - 2 - 22235
SOF/VEL - - - - - -
GLE 5 (4-7) GLE - ) 469 - -
JFH1 (2a) PIB 0.014 (0.012-0.016) PIB - 1 - 1 - 1
GLE/PIB - - - - - -
UPR 158 (117-198) UPR 2 - - - 2 -
ELB 0.021 (0.018-0.024) ELB - 305 - 1 - 12197
UPR/ELB 1 422 - 1 2 30281
SOF 209 (179-242) SOF 7 - - - 3 -
VEL 0.140 (0.125-0.158) VEL - 8650 - 3 - 434
SOF/VEL - - - - - -
T9 (2a) GLE 12 (9-15) GLE - 402 - -
PIB 0.012 (0.010-0.015) PIB - 1512 - 18 - 215
GLE/PIB - - - - - -
UPR 109 (88-131) UPR 2 - - - 1 -
ELB 3.803 (3.004-4.795) ELB - 4561 - 1 - 266
UPR/ELB - - - - - -
SOF 335 (292-381) SOF 1 - - - 2 -
VEL 0.022 (0.019-0.026) VEL - - - - -
SOF/VEL - - - - - -
GLE 9 (7-12) GLE - - ) - ) -
BFE (26) PIB 0.006 (0.005-0.008) PIB - - - - - -
GLE/PIB - - - - - -
UPR 214 (192-237) UPR 1 - - - 2 -
ELB 0.004 (0.003-0.005) ELB - 27 - 1 - 14049
UPR/ELB - - - - - -
SOF 279 (224-341) SOF 2 - - - 1 -
VEL 0.054 (0.041-0.072) VEL - 1749 - 3 - 171
SOF/VEL 1 1895 - 3 1 182
GLE 13 (9-18) GLE - - - - - -
J8 (2b) PIB 0.005 (0.004 to 0.006) PIB - 13254 - 10 - 171
GLE/PIB - - - - - -
UPR 261 (187-348) UPR 1 - - - 1 -
ELB 3.989 (3.455-4.591) ELB - 1583 - 2 - 121
UPR/ELB 2 2011 - 2 3 157
SOF 160 (137-183) SOF - - - - - -
VEL 0.079 (0.068-0.091) VEL - - - - - -
SOF/VEL - - - - - -
GLE 8 (6-10) GLE - - - - - -
=03 (26) PIB 0.009 (0.007-0.010) PIB - - - - - -
GLE/PIB - - - - - -
UPR 128 (100-155) UPR - - - - - -
ELB 0.005 (0.004-0.006) ELB - 17 - 2 - 27929
UPR/ELB - - - - - -

aVirus at baseline refers to the virus before DAA treatments; drug susceptibility is represented by the ECs, value, with

the 95% confidence interval (Cl) being given in parentheses. Escape virus refers to the virus harvested after treatment

failure and passaged once in naive Huh7.5 cells. SOF, sofosbuvir; VEL, velpatasvir; GLE, glecaprevir; PIB, pibrentasvir;

UPR, uprifosbuvir; ELB, elbasvir.

found to be highly effective, but only for certain genotypes (32). Unfortunately, at the
onset of this study, we did not have access to ruzasvir, so we instead tested the
combination of uprifosbuvir with the NS5A inhibitor elbasvir. Of note, the combination
uprifosbuvir, elbasvir, and the protease inhibitor grazoprevir was part of a clinical trial
(ClinicalTrials.gov identifier NCT02332707), but the use of sofosbuvir-elbasvir was not
investigated. Besides defining the outcome of combination and single-drug treatments,
we performed phenotypic and genotypic analysis of escape viruses in order to deter-
mine which treatment failures were associated with resistance, a key aspect to defining
the barrier to resistance of these regimens.

Comparative efficacy of DAA treatments in HCV cell culture. HCVcc genotype 2
viruses were frequently able to escape single-drug treatments (Fig. 1). However, the
DH8(2b) and S83(2c) viruses (Fig. 1C and E) were exceptionally susceptible to the NS5A
inhibitors velpatasvir and pibrentasvir, which cleared the infection, but not to elbasvir
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FIG 1 Efficacy of combination treatment against HCVcc genotypes 2a, 2b, and 2c. Huh7.5 cells were infected with J6/JFH1(2a) (13),
T9_LST/II(2a), DH8cc(2b) (17), J8_LSG/STAT(2b) (17), and S83cc(2¢c) and treated with 570 nM uprifosbuvir (UPR) and/or 11 nM elbasvir (ELB),
570 nM sofosbuvir (SOF) and/or 11 nM velpatasvir (VEL), and 422 nM glecaprevir (GLE) and/or 0.05 nM pibrentasvir (PIB). The graphs show the
percentage of HCV antigen-positive cells (y axis) at the different time points posttreatment (x axis). (A) JFH1(2a); (B) T9(2a); (C) DH8(2b); (D)
J8(2b); (E) S83(2c). The cultures were treated for 30 days, as indicated, and thereafter were kept without drugs (see Materials and Methods).
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FIG 2 Reproducibility of sofosbuvir-velpatasvir-escape experiments. Huh7.5 cells were infected with
J6/JFH1(2a) (13) (A) or J8_LSG/STAT(2b) (17) (B) and treated with 570 nM sofosbuvir (SOF) and/or 11 nM
velpatasvir (VEL). The graphs show the percentage of HCV antigen-positive cells (y axis) at the different
time points posttreatment (x axis). Cultures were treated for 30 days and thereafter were kept without
drugs.

treatment, which led to viral escape in all cases. Genotype 2b strains J8 and DHS8, as well
as S83(2c¢), were exceptionally susceptible to glecaprevir, which cleared these infections
(Fig. 1C to E). Monotherapy with nucs led to escape in all cases, except for the S83(2¢)
virus (Fig. 1E). Sofosbuvir exhibited efficacy in controlling viral infections superior to
that of uprifosbuvir, despite being slightly less potent in short-term assays (Table 3).

None of the viruses escaped glecaprevir-pibrentasvir combination treatment (Fig. 1),
whereas the J8(2b) virus showed decreased susceptibility to nuc-NS5A inhibitor
regimens, leading to breakthrough and relapse after treatment with uprifosbuvir-
elbasvir and sofosbuvir-velpatasvir, respectively (Fig. 1D). JFH1(2a) also relapsed
after uprifosbuvir-elbasvir treatment (Fig. 1A).

The reproducibility of the escape experiments was remarkable, as shown in Fig. 2A
and B, where the results of independent treatments of JFH1(2a) and J8(2b), respectively,
with sofosbuvir-velpatasvir mimicked the results shown in Fig. 1A and D, respectively.

The exceptional efficacy of combination treatment reported for patients (18) was
also observed in the present cell culture study. However, in cell culture we found a
reproducible superior performance of glecaprevir-pibrentasvir for HCV genotype 2b. To
further investigate the apparent overall superiority of glecaprevir-pibrentasvir and the
superiority of sofosbuvir-velpatasvir over uprifosbuvir-elbasvir, we examined the ex-
perimental conditions that could have influenced the treatment outcome. The factors
investigated included the ratio of the fixed drug concentration used relative to the
virus-specific EC5, value and the viral infectious titer at treatment initiation (day 0)
(Table 4).
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TABLE 4 Experimental conditions of DAA combination treatments performed in genotype 2 HCVcc?

SOF/VEL combination UPR/ELB combination GLE/PIB combination
SOF VEL Titer at day 0 UPRI ELB Titer at day O GLE PB Titer at day 0
(gesnt;f;’;e) Fold-ECs FOId-ECs, Mean  SEM FOld-ECs, FOId-ECs, Mean  SEM Fold-ECs FOId-ECs, Mean  SEM
Exp.1 44 0.008
JFH1 (23) Exp.1 4 524 45 0021 Expd 0.011
Exp.2 32 0.025
T9(2a)  Exp.1 49 0043 Expt 49 0043 Expd 0.083
DH8 (2b)  Exp.1 4.1 0020  Expt 41 0020  Expt 0.043
Exp.1 2 204 47 0.036 Exp.1 0.025
J8 (2b) Exp.1 2 3 48 0.051
Exp.2 2 204 4.1 0.031 Exp.2 0.052
$83(2c)  Exp.t 36 0048 Expd _ 36 0048 Expd -

aFor each treatment, the drug fold ECs, values refer to the ratio between the fixed drug concentration used in the experiment (Exp.) and the virus-specific ECs, value.
For strains JFH1(2a) and J8(2b), two independent experiments were performed under identical conditions to assess the reproducibility of the sofosbuvir-velpatasvir
treatment (Fig. 1A and D and 2A and B). In addition, for the J8(2b) strain, two experiments with different drug concentrations of glecaprevir-pibrentasvir were
performed to assess their influence on the outcome (Fig. 1D and 3A). Infectivity titers, given as the log,, number of FFU per milliliter (mean and standard error of
the mean [SEM] from 3 replicates) at day 0 of treatment initiation (baseline), are also shown; 2.1 corresponds to the limit of detection. Shading indicates the
treatment outcome: light gray for escape and dark gray for cure. SOF, sofosbuvir; VEL, velpatasvir; UPRI, uprifosbuvir; ELB, elbasvir; GLE, glecaprevir; PIB, pibrentasvir.

In the two independent sofosbuvir-velpatasvir treatments of JFH1(2a) (experiments
1 [Fig. 1A] and 2 [Fig. 2A]), an ~1-log,, difference in the baseline viral infectivity titer
(4.1 versus 3.2 log,, FFU/mI) did not influence the treatment outcome. When compar-
ing the treatment outcome with the two regimens based on nucs and NS5A inhibitors,
JFH1(2a) escaped uprifosbuvir-elbasvir, despite the use of higher absolute effective
DAA concentrations and similar viral infectivity titers at the baseline (<0.5 log,,
difference when comparing both experiments 1 [Fig. 1A]).

When analyzing the different outcomes for the J8(2b) virus treated with the two
pangenotypic regimens sofosbuvir-velpatasvir and glecaprevir-pibrentasvir in experi-
ment 1 (Fig. 1D), the effective concentrations of the DAA glecaprevir were higher than
those of sofosbuvir, whereas a lower effective concentration of pibrentasvir than of
velpatasvir was used. Since the genotype 2b viruses were exceptionally susceptible to
glecaprevir, we decided to perform a second experiment with J8(2b) and glecaprevir-
pibrentasvir (experiment 2; Fig. 3A), using effective drug concentrations equivalent to
those used in sofosbuvir-velpatasvir experiment 1 (Fig. 1D). We also had a higher viral
infectivity titer at the baseline. The outcomes of both experiments with glecaprevir-
pibrentasvir were identical; thus, neither the DAA concentrations nor the viral titer at
the baseline seemed to play a significant role in the superior performance of the
glecaprevir-pibrentasvir regimen for the treatment of the J8(2b) virus in cell culture.

Retreatment of J8(2b)sor yeL escape iN cell culture. The J8(2b) virus was notably
resistant to nuc-NS5A inhibitor regimens and escaped treatment with the efficient
sofosbuvir-velpatasvir combination (Fig. 1D). We therefore investigated the suscepti-
bility of the J8(2b) sofosbuvir-velpatasvir-escape virus [J8(2b)sor.yer escapel tO Subse-
quent treatments with DAA (Fig. 3). Retreatment with sofosbuvir-velpatasvir under
similar first-line experimental conditions resulted in rapid viral breakthrough and
complete viral spread upon drug withdrawal (Fig. 3B). Compared to the findings for the
first-line treatment (Fig. 1D), the velpatasvir single-drug retreatment could not control
the virus at any time point, whereas sofosbuvir exerted some but limited control of the
virus infection. Therefore, the treatment failure observed with this drug combination
was due to both the lack of activity of velpatasvir and decreased susceptibility to
sofosbuvir. In contrast, treatment with glecaprevir-pibrentasvir remained highly effi-
cient, as demonstrated in two independent experiments performed with different drug
concentrations (Fig. 3A and C), leading to viral clearance. Our cell culture results
indicate that the glecaprevir-pibrentasvir regimen should be investigated as a valuable
option for the retreatment of sofosbuvir-velpatasvir-escape viruses in the clinic.
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FIG 3 Efficacy of retreatment strategies after viral escape from sofosbuvir-velpatasvir treatment. Huh7.5
cells were infected with J8_LSG/STAT(2b) (17) or J8(2b)sor ver escape @Nd treated with the indicated
regimens. (A) J8_LSG/STAT(2b) and J8(2b)sor ver escape treated with a combination of 26 nM glecaprevir
(GLE) and 1.0 nM pibrentasvir (PIB); (B) J8(2b)sor.ver_escape treated with 570 nM sofosbuvir (SOF) and/or
11 nM velpatasvir (VEL); (C) J8(2b)sor.veL escape treated with 422 nM glecaprevir and/or 0.05 nM pibren-
tasvir. The graphs show the percentage of HCV antigen-positive cells (y axis) at the different time points
posttreatment (x axis). Cultures were treated for 30 days and thereafter were kept without drugs.

Evaluation of drug susceptibility after treatment failure (escape) in cell culture.
To investigate if changes in drug susceptibility (resistance) after viral escape had
occurred, we compared the EC;, values for each drug and virus before and after the
treatments (Table 3).

Minimal changes (<3-fold the EC,,) in susceptibility were observed after escape
from nucs. The exception was the T9(2a) sofosbuvir-escape virus [T9(2a)sor escapels
which exhibited 7-fold- and 3-fold decreases in sofosbuvir and uprifosbuvir suscepti-
bility (ECs,), respectively. Escape from glecaprevir resulted in the emergence of high
resistance levels for the only two viruses in which escape was observed [402- and
469-fold increases in the EC,,s for the T9(2a) and JFH1(2a) viruses, respectively]. Escape
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TABLE 5 Substitutions found in DAA targets of escape viruses after treatment failure®

JFH1 (2a) T9 (2a) DH8 (2b) J8 (2b) S83 (2¢)
GLE A156V A156V - - -
VEL P29s Y93H - C92R, H124R** -
PIB P29S, Y93H Y93H - YO3H, R92H*** -
ELB F28S F28S L28C C92R F28S
SOF M289L, 1162F S282T S156P, A499V M29$25\;3|i1A*, =
UPR M289L M289L S156P none -

aNumbers correspond to the protein-specific positions in NS3, NS5A, and NS5B. RAS in the NS3 protease (GLE,

glecaprevir) and NS5A domain | (VEL, velpatasvir; PIB, pibrentasvir; ELB, elbasvir) and all substitutions in NS5B (SOF,
sofosbuvir; UPR, uprifosbuvir) are indicated. —. not done (as no escape viruses were available for these drugs); *,
appeared in NS5B of J8(2b)sor vl escape retreated with sofosbuvir (Fig. 3B); **, appeared in NS5A of J8(2b)sor.vel escape
, appeared as quasispecies
(R92R/H) in NS5A of J8(2b)sor.ver escape €xhibiting CI2R at the baseline and retreated with pibrentasvir (Fig. 3C). All
substitutions found in the sequences of the entire NS3, NS5A, and NS5B regions of these viruses can be found in
Table 6. When escape viruses were subjected to passage in naive Huh7.5 cells for resistance phenotyping (Table 3),

ek

exhibiting C92R at the baseline and retreated with sofosbuvir-velpatasvir (Fig. 3B);

their sequences exhibited the same RAS, with the only exception being JFH1(2a)p|g_escapes in Which the viral
population with NS5A P29S and Y93H was replaced by the wild-type virus.

from NS5A inhibitors led to variable degrees of resistance, with large differences being
seen among viruses and drugs (Table 3). Velpatasvir- and elbasvir-escape viruses
presented large increases in ECgos (17- to 13,254-fold for velpatasvir and 121- to
30,281-fold for elbasvir) and cross-resistance between these two inhibitors (Table 3). On
the contrary, pibrentasvir resistance after pibrentasvir escape was less pronounced (10-
to 18-fold increases in the ECs,), even if the pibrentasvir-escape viruses generally
exhibited cross-resistance to velpatasvir and elbasvir (Table 3). Importantly, pibrentasvir
maintained its potency (it had similar EC,, values before and after treatment) against
all viruses that escaped velpatasvir and elbasvir. An interesting observation was that the
JFH1(2a) pibrentasvir-escape virus [JFH1(2a)pg escapel did not exhibit resistance to any
NS5A inhibitor, which was correlated with the loss of RAS during passage (see below).

Compared to escape from single treatments, escape from the corresponding com-
bination treatment in the few available cases led to higher increases in the NS5A
inhibitor EC,,, but to a similar nuc ECs, (Table 3).

In summary, based on the data obtained from the concentration-response assays,
the HCVcc genotype 2 viruses escaping treatments with sofosbuvir, uprifosbuvir, and
pibrentasvir remained susceptible to these drugs. In contrast, escape from glecaprevir,
velpatasvir, and elbasvir resulted in large decreases in drug susceptibility, suggesting
the emergence of antiviral resistance.

Analysis of HCV drug target sequences after treatment failure (escape) in cell
culture. To define the genetic determinants associated with viral escape, we compared
the sequences that were found in escape viruses to those that were present at the
baseline (Tables 5 and 6).

Overall, the RAS that developed after treatment with sofosbuvir and uprifosbuvir
overlapped (Table 5); however, different viruses acquired mutations at specific posi-
tions. The known NS5B RAS S282T appeared only in T9(2a)sor escaper Which was the
virus exhibiting a resistance phenotype (Table 3). Most other viruses acquired substi-
tutions at NS5B position 156, 162, 289, 293, 321, 452, or 499, and in those viruses,
changes in the sofosbuvir or uprifosbuvir EC5, were not observed. Surprisingly, the
J8(2b) uprifosbuvir-escape virus [J8(2b)ypr escapels 18(2b) uprifosbuvir-elbasvir-escape
virus [J8(2b)ypr ep escapels aNd J8(2D)sor vl escape did Not show any changes in NS5B
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TABLE 6 Substitutions found in full-length NS3, NS5A, and NS5B of escape viruses after treatment failure?

Virus HCVgene  NS3P NS3P NS3P NS3H NS3H NS3H NS3H NS5A NSSA NS5A NS5A NS5A NS5A NS5A NS5A NS5A NS5A NS5A NS5A NSSA NS5A NS5A NS5A NS5A NS5A NS5A NS5A NS5A NS5B NS5B NS5B NSSB NS5B NS5B NS5B NS5B NSSB

(genotype)  Aa number
(protein sp)

BASELINE v E A R G T MoV N 7 P c i Q S N & T s s M s Q A s s w cC P Q s M 1 N g v v

71 79 156 352 383 450 630 & 21 28 29 92 93 123 128 137 179 245 288 203 299 303 331 G372 381 388 453 465 156 272 282 289 293 442 452 499 581

SOF day36 . ~ _ : B : : - - c : B : B 5 5 P - - - : : - : - B 5 5 5 - - om
VEL day 36 > B R - - - . - - . s . . R - - - 5 - o K - o e . . L
GLE day 31 5 © v ORK - o 5 s 5 c c 5 c 5 5 5 5 5 5 5 e

JFH1 (22)
PIB day43 A o o 5 5 ° 5 5 s c s 5 H 5 5 5 5 5 5 o K c - T
UPRIday 42 . B R : : : : . o o o o o o 5 > o 5 5 5 0 5 0 o o o o a 5 . 5 .
ELB day 33 - - - s s 5 - . . . . . H . . 5 5 5 5 s

ELB/UPRIday42 - - - - - - - g o S 2 : : R o o b m G = K = x 2 L . : = oo - J * ND

BASEINE Vv E A R G T M V N F P € Y R S N L S s s M s Q@ A P s W C A Q@ S M I N Y A Vv
SOF day33 - - R : . . B . . . . . . 5 . . 5 5 o o o 5 = o o S -
VEL day 16 - - - - - - - . . . . O

T9(2a)  GLEday36 o v ° ° L o ° ° o © o o 0 ° > 0 o o o o © o o o ° > s ° o g ° * AN VA
PIB day 36 J : £ : a o L e ° o 9 ©H
UPRIday 33 - - - - - - - @ o - . . . . . . . . . - . . . . . © wWR - 5 5 5

ELB day33 - = = - - - A+ s . B - c A B

BASELNE V E A K G T M 1 N L P € Y @ S N L T D S L R E A D S W C S Q S M M N Y A Vv
SOF day42 . B _ . . : : 5 ° c c B c o 5 5 5 5 5 ° ° c e c e o 5 5 P 5 5 o c o - A

DH8 (2b)
UPRIday 33 = - _ _ _ _ _ . - . . . . . . . - . - . o o 5 o 5 o 5 a P

ELB day 33 - - = - - . : - PR

BASELNE Vv E A K G | ™M 1 N L P € Y @ s N L T D S L R E A D S W C P Q@ S M M N Y A V
SOF day s . - R . B : . 5 - 5 5 5 5 5 B B 5 B 5 o 5 5 5 5 5 o B 5 B 5 - S
VEL day26 . R R . B . : s . R - " B B - - - - . 6
VEL/SOF day61 - - B - = & 5 T - R - . . . - 2 5 o o @
J8 (2b)
PIB day 43 s g o R S S 5 o 5 5 s o o 5 B 5 5 5 5 5 5 5 0 5 B 5 5 5 5 5 5 o o
UPRIday 33 . R R . . . : . . - - - B B B - B - - -
ELB day 33 - - = = s g 5 . - R - . . . . 5 - 8 fo@

ELB/UPRIday33 - B R R R R R B T c - R - B B B B B B o o G

BASELNE VvV E A K G T M VvV N F P € Y @ A N L T D S L S Q@ A P S W C A Q@ S M L N Y A Vv
83 (2¢)
ELB day 28 - - B - - . . - Y

aThe amino acid (aa) changes observed in the sequences of HCVcc from Huh.7.5 cell cultures after treatment failure with DAA (escape, Fig. 1) are represented.
Sequences obtained at a specific day after treatment initiation were compared with the sequences obtained at day 0 of treatment (baseline). Analyses were done by
Sanger sequencing. The analyzed genomic regions are colored in 3 shades of gray (for NS3, for NS5A, and for NS5B), and the protein-specific residue number for
each amino acid change is shown at the top. NS3P, protease domain of NS3; NS3H, helicase domain of NS3. For each virus, JFH1, T9, DH8, J8, and S83, the wild-type,
baseline residue at the protein-specific (protein sp) position is shown in bold, and below that are given the sequences of the escape viruses. Identical residues are
represented by a bold dot, and changes in the viral population (quasispecies) are represented by letters: mixed quasispecies are shown as letters separated by a
forward slash, in which the capital letter represented the dominant amino acid and the lowercase letter represented the minor quasispecies. Escape viruses were
subjected to viral passage in order to determine their resistance phenotype (Table 3) and, furthermore, were sequenced. Their sequences after passage were identical
to those shown in this table, except for JFH1 escaping pibrentasvir, in which viral populations harboring P29S and Y93H were replaced by the wild-type virus as early
as 6 days after passage. —, not done (treatment did not target this protein). SOF, sofosbuvir; VEL, velpatasvir; GLE, glecaprevir; PIB, pibrentasvir; UPRI, uprifosbuvir;
ELB, elbasvir.

after treatment with nuc-containing regimens. The J8(2b) sofosbuvir-escape virus
[J8(2b)sor escapel had only a minor population harboring M293L (Table 6).

A good correlation in the emergence of mutations was observed for the J8(2b) virus
escaping nuc monotherapy or nuc-containing regimens. However, the JFH1(2a) virus
escaping uprifosbuvir exhibited a set of mutations different from that found in the
virus escaping uprifosbuvir-elbasvir, suggesting differential selective pressure during
single or combination treatments for this virus.

Escape from glecaprevir and from NS5A inhibitors induced the emergence of known
RAS in all cases (Table 5). For glecaprevir, the NS3 protease substitution A156V was the
only observed RAS, leading to significant resistance both in T9(2a) and in JFH1(2a). For
NS5A inhibitors, known RAS at NS5A positions 28, 29, and 93 were predominant in
genotype 2a, while substitutions at positions 28, 92, and 93 emerged in genotype 2b.
In genotype 2¢, only F28S was observed. These substitutions conferred different levels
of resistance, depending on the inhibitor (Table 3), and were stable after drug-free
passage. However, for JFH1(2a), the pibrentasvir-escape viral population with NS5A
P29S and Y93H RAS was replaced by the wild type after passage, which had not been
eliminated during treatment.

Retreatment of J8(2b)sorver escape With sofosbuvir, velpatasvir, and sofosbuvir-
velpatasvir led to rapid escape without the emergence of additional known NS5A RAS
(the virus already exhibited C92R at the baseline) but with the emergence of NS5A
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H124R and of NS5B V321A and Y452H (Table 5). Surprisingly, the RAS NS5B S282T did
not emerge after retreatment and, thus, was not needed for prompt sofosbuvir escape.

Overall, the rapid selection of RAS occurred in all cases during treatment failure with
glecaprevir, velpatasvir, and elbasvir, and these RAS were maintained without drug
pressure. Pibrentasvir and nucs exhibited the highest barrier to resistance both at the
phenotypic level and at the genetic level. Nuc treatment selected viral populations with
previously observed and undescribed sofosbuvir treatment-associated substitutions,
but only RAS S282T conferred significant phenotypic resistance. However, escape from
nucs could occur in the absence of NS5B substitutions, as observed in the J8(2b) virus.

DISCUSSION

In this study, we developed novel culture systems for HCV genotype 2a (T9cc) and
2c (S83cq) strains that efficiently replicate and propagate in Huh7.5 cells, one of the
gold standard cell lines used for cell culture studies of HCV (11). S83cc is the first
infectious culture system that expresses the entire 2c polyprotein, allowing simultane-
ous studies of all DAA targets in the context of the entire viral life cycle. With a panel
of diverse genotype 2 HCVcc, we showed that HCVcc are a useful tool to study clinically
relevant DAA regimens in cell culture. In cell culture, we could reproduce the high
efficacy of treatment with pangenotypic DAA regimens that has been observed in
patients. In our experimental setting in cell culture permitting head-to-head compari-
sons of the most relevant and efficacious DAA regimens, we found the overall superi-
ority of glecaprevir-pibrentasvir. Importantly, we showed that a virus escaping
sofosbuvir-velpatasvir first-line treatment could be efficiently eliminated using the
glecaprevir-pibrentasvir regimen.

Besides the exceptional spontaneously replicating JFH1 strain, there are few HCV
clones capable of efficiently producing infectious viruses (11). In the latter, cell culture
viability is achieved by using adaptive mutations. Finding novel mutations conferring
cell culture growth is cumbersome (11), but here we demonstrate that a set of 4
substitutions in NS3, NS4A, NS4B, and NS5B (14, 17) and the use of available heterol-
ogous genotype 2a UTRs (13, 14) can promote the adaptation of genotype 2 strains.
The use of cell culture-adaptive mutations is imperative to study HCV in culture, even
with replicons, since they also depend on replication-enhancing mutations (33-37).
Replicons with cell culture-adaptive mutations were extensively used in the preclinical
development and resistance testing of all DAA, proving to be excellent tools to predict
the efficacy and the barrier to resistance of these drugs (38-40). In this study, our HCVcc
panel contained the J6/JFH1 virus, which does not require mutations to efficiently
replicate and propagate in cell culture (11, 13), and this virus did not seem to be
different from the ones harboring culture-adaptive mutations in terms of drug suscep-
tibility. Thus, the differences observed within the panel most likely reflect virus strain
variability. The drug concentrations or EC;, equivalents used in this study are within the
range of those used in previous culture studies, including the studies performed by
the drug industry (30, 31, 38-41). The culture concentrations (C_) were lower than the
maximum plasma concentrations (C,,,,,) reported for these DAA (42). The C,,,,,/C_ ratios
for the different drugs were 1.9 to 2.9 for sofosbuvir, 1.7 for glecaprevir, and 27 to 1,980
for NS5A inhibitors. Thus, the DAA concentrations used in this cell culture study can be
achieved in the clinic.

A potential limitation of this study is the use of a panel of HCV strains of a limited
size and thus of a limited genetic variability, whereas the genetic variability of the HCV
strains seen in patients is significant. However, since the development of novel strains
of HCV viable in culture remains challenging, as observed for two strains here, studies
using multiple full-length isolates infectious in culture have been limited (11).

In the clinic, high rates of sustained virological response are observed in genotype
2-infected patients treated with the pangenotypic regimens sofosbuvir-velpatasvir and
glecaprevir-pibrentasvir (2). In our cell culture controlled experimental settings, we also
observed high rates of viral clearance with DAA combinations, even if single-drug
treatments frequently led to viral escape, due to the outstanding synergy between
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different DAA (43, 44). However, mechanisms mediating the clearance of viral infection
in cell culture might differ from those eliminating the infection in patients.

The superiority of glecaprevir-pibrentasvir over sofosbuvir-velpatasvir against geno-
type 2 viruses observed in the present cell culture study has not been previously
described in patients, since clinical studies have not provided head-to-head compari-
sons between these pangenotypic regimens. Thus, the importance of this observation
in clinical practice remains to be determined with the appropriate studies in hepatitis
C virus-infected patients.

In this study, we observed, furthermore, the superiority of sofosbuvir-velpatasvir
over uprifosbuvir-elbasvir, which related to the better viral suppression exerted by
both sofosbuvir and velpatasvir under the experimental conditions applied. The
uprifosbuvir-elbasvir regimen, even if it is not clinically relevant, permitted us to detect
that, while being completely susceptible to glecaprevir-pibrentasvir, the J8(2b) virus
was inherently resistant to regimens based on a nuc-NS5A inhibitor, which could
indicate that some genotype 2b strains would respond better to a protease inhibitor-
NS5A regimen. Although the superiority of velpatasvir over elbasvir was already
described in previous studies, its impact on the outcome of combination treatment in
cell culture was not evaluated (21, 31).

Single treatment with NS3 protease and NS5A inhibitors led to the emergence of
RAS involving known positions and residues previously found to cause resistance (21,
41). However, the RAS pattern observed here was similar to but not identical to that
observed in previous work investigating the RAS emerging after treatment with the
NS5A inhibitor daclatasvir (21), due to a differential selection of specific mutants by
velpatasvir, elbasvir, and pibrentasvir. In most cases, escape from nuc treatment in cell
culture was not associated with the NS5B RAS S282T. A similar pattern is observed in
the clinic, where detection of S282T after treatment failure is rare (29, 45, 46). A lack of
detection of S282T could be due to a transient presence in the viral population while
viral replication is being highly suppressed. Since T282 is associated with poor viral
fitness in cell culture (38), reversion to $282 might quickly follow drug withdrawal. In
some patients with transient S282T, footprint codons of reversion can be tracked after
treatment (47, 48); however, such codons were not detected in this study. Besides
S282T, it has been difficult to associate other sofosbuvir treatment-escape substitutions
with a significant decrease in drug susceptibility (38, 46). Thus, the role in viral escape
of substitutions at NS5B positions 289, 293, 321, and 499 observed in this study and in
others (30, 38, 46, 49) remains unclear. Replicon studies showed that resistance
phenotypes were observed only when these substitutions were combined with S282T,
thus indicating coselection, possibly as fitness-enhancing substitutions (38, 48, 49).
However, coselection was not observed in the present study. Recently, patient-
associated NS5B polymorphisms A150V and K206E were associated with decreased
sofosbuvir susceptibility (50). In our panel, polymorphisms were present at these
positions in some viruses; however, they did not seem to correlate with treatment
outcome. Since there is much to learn about these and other polymorphisms, future
detailed reverse genetic studies with HCVcc strains can help clarify their role in viral
escape from nuc-based therapy.

The evaluation of multiple strains of HCV, including those from rare subtypes, which
can potentially carry multiple nonbeneficial natural polymorphisms less responsive to
DAA, is relevant to fully understand the scope of HCV antiviral resistance (51, 52).
Genotype 2 has been defined to be easy to treat; however, in Africa, where an extensive
pool of highly genetically diverse strains has been observed (53, 54), susceptibility to
DAA is largely unknown. Moreover, genotype 2 represents a likely genotype to emerge
worldwide in the future due to the increased immigration from African countries (55).
In our genotype 2 panel, we could detect strain-related variability in the response to
DAA and polymorphisms known to influence susceptibility to NS5A inhibitors, such as
the L31M substitution in NS5A (21, 56) found in the T9(2a) and J8(2b) strains. However,
methionine at NS5A position 31 was not sufficient to predict the outcome of combi-
nation treatments, which was different for these two viruses. Moreover, in this study,
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the T9(2a) strain harbored the double F28/M31 polymorphism at the baseline. This
combined polymorphism has been shown to confer a significant reduction in the
susceptibility to elbasvir in the replicon system (57); however, this combined polymor-
phism did not decrease the efficacy of the sofosbuvir-velpatasvir or uprifosbuvir-
elbasvir regimen in cell culture. Thus, virological determinants of the response to DAA
combinations appear to be rather complex and might depend on multiple combina-
tions of polymorphisms across drug targets.

Although we consistently observed a higher susceptibility of genotype 2c to inhib-
itors included in pangenotypic regimens in cell culture, this observation could not be
compared to the outcomes for genotype 2c-infected patients, since available clinical
studies and guidelines consider subtyping only of genotype 1 (2, 58).

No treatment failures were observed here with glecaprevir-pibrentasvir combination
treatment, which showed a remarkable high barrier to resistance in genotype 2 in cell
culture. This could be explained by a better independent performance of pibrentasvir
over velpatasvir. Comparatively, pibrentasvir maintained a higher barrier to resistance
than velpatasvir against NS5A inhibitor-escape viruses, in agreement with the findings
of cell culture studies reported previously (40). Additionally, an exceptional suscepti-
bility to the protease inhibitor glecaprevir was observed in genotype 2b, in line with the
findings of a recent study on the protease inhibitor grazoprevir (41). However, the
higher efficacy of glecaprevir-pibrentasvir than of sofosbuvir-velpatasvir against HCVcc
genotype 2 observed in this study might not apply to other genotypes, such as
genotype 3, which has been found to more rapidly escape protease inhibitors in cell
culture (41).

The J8(2b) virus recovered after sofosbuvir-velpatasvir treatment failure escaped
retreatment with sofosbuvir-velpatasvir very rapidly, while it was fully susceptible to
glecaprevir-pibrentasvir. Whether this virus could also be successfully treated with the
salvage regimen sofosbuvir-velpatasvir-voxilaprevir was not evaluated. Indeed, a phase
Il study found no impact of RAS (mostly in NS5A) on the efficacy of sofosbuvir-
velpatasvir-voxilaprevir as a retreatment in patients (59).

In summary, we developed novel robust culture systems for genotype 2a and 2c
strains. Our study benefits from being an independent evaluation of drug regimens for
genotypes 2a, 2b, and 2c in a highly controlled experimental setting in cell culture,
where viral determinants of antiviral treatment failure in the context of the entire HCV
viral cycle can be assessed. This permitted us to find differences in the efficacy of the
pangenotypic sofosbuvir-velpatasvir and glecaprevir-pibrentasvir regimens, which
were overall highly efficient, with glecaprevir-pibrentasvir showing a performance
superior to that of sofosbuvir-velpatasvir against genotype 2b in cell culture. These data
could potentially be of clinical and therapeutic importance; however, they need to be
confirmed in HCV-infected patients. Thus, based on our findings, it would be relevant
to set up head-to-head clinical studies comparing the two regimens, since even a
slightly enhanced performance of a specific regimen against a concrete genotype or
subtype could benefit implementation of HCV elimination programs at a global scale.

MATERIALS AND METHODS

Analysis of consensus genomes from HCV genotype 2a (T9) and 2c (S83) strains. To generate
novel cell culture-viable HCV clones from genotypes 2a and 2¢, we determined the ORF sequences of the
patient-derived T9(2a) and S83(2b) strains (22, 23). Their core-NS2 sequences had been determined
previously (9, 22, 23), but the NS3-NS5B sequences were obtained here by Sanger sequencing of
overlapping nested amplicons (T9) or on the basis of the clonal sequences of a single amplicon (583) (see
details on the primers used in Table 7). T9 sequence ambiguities were resolved by using genotype 2a
sequences from the Los Alamos HCV database (60).

Novel HCV plasmids. DNA sequences containing the T9 and S83 ORFs were cloned into FL-
T9Core-NS2/JFHT and FL-S83Cere-Ns2/JFH1 (9), respectively, and the JFH1 3’ UTR was replaced with the 3’
UTR of J6cc (14), using standard cloning techniques. Adaptive mutations were introduced by PCR
mutagenesis (with a QuikChange site-directed mutagenesis kit; Stratagene, USA) or by cloning of
chemically synthesized DNA fragments (GenScript, USA). Plasmid preparations were obtained with
Qiagen (Netherlands) and Sigma-Aldrich (USA) midi/maxiprep kits, followed by HCV sequence confir-
mation (Macrogen, Netherlands). Unless otherwise stated, specific recombinant T9cc (GenBank
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TABLE 7 Primers used for determination of HCV genotype 2 sequences?
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T9 strain: consensus determination on original serum sample

Sequence 5'-3'

Nucleotide postion

For amplicons 1-3 RT GCTATGGAGTGTASCTARTGTGTG -9471

For amplicon 1 PCR Forward-product 1  ACTGTCTTCACGCAGAAAGCGTCTAGCCAT 56-5784
PCR Reverse-product 1 ATGTTRAGAAGGATAGTGGTGCT

For nested products from amplicon 1 Nested PCR Forward ~ CACCGYATGGCATGGGACATGATG 1286-2123
Nested PCR Reverse  CAGGATGCTTCCTAAAACAGTC
Nested PCRForward  TGTACTGTTTCACYCCCAGCCC 1863-3026
Nested PCR Reverse GCCAYTTGGTTATGTCAAACACY
Nested PCR Forward  TGCCCCAACAGGCTTATGCYTATG 2760-4559
Nested PCRReverse ~ GCTCGTCACACTITITCTTTGAR

For amplicon 2 PCR Forward-product2  GGGCCAAACACATGTGGAAYTTC 5634-9465
PCR Reverse-product2  GAGTGTASCTARTGTGTGCCGCT

For nested products from amplicon2 Nested PCR Forward ~ GGCACTGGYATCATGACCACACG 6413-7535
Nested PCRReverse  GCTCCCCCTCGAGRGGGGG

For amplicon 3 PCR Forward-product 3 TGCCCCAACAGGCTTATGCYTATG 2760-9465
PCR Reverse-product 3 GAGTGTASCTARTGTGTGCCGCT

For nested products from amplicon3 Nested PCR Forward ~ GGCCCAGCTGATGGCTAYAC 3389-4559
Nested PCR Reverse  GCTCGTCACACTTTTTCTTTGAR
Nested PCR Forward  GCGCCTAYGACATCATCATATG 42755057
Nested PCR Reverse CTATGTGTGTGAGGCCGGTGAA
Nested PCR Forward  GAGCCTCAGGAATGTTTGACAG 4872-5784
Nested PCR Reverse  ATGTTRAGAAGGATAGTGGTGCT
Nested PCRForward ~ GGGCCAAACACATGTGGAAYTTC 5634-6614
Nested PCR Reverse AGGCCGCCACYCTCCAGAT
Nested PCRForward  ATGAYGTGGACATGGTGGATGC 7017-8042
Nested PCRReverse  GGTCCTTCCACACGGACTTG
Nested PCRForward  GGGCTAAAAAGGTAACTTTTG 7809-9147
Nested PCR Reverse GCCCCAAGTTTTCTGAGGG
Nested PCR Forward ATGCTGGTATGCGGCGAYGAC 8603-9444
Nested PCRReverse  CTCTAYCGAGCGGGGAGTA

S83 strain: consensus determination on original serum sample

RT
PCR Forward
PCR Reverse

Sequence 5'-3'
GCTATGGAGTGTAGCTAAATGTGC
GGCTGTGACTATGTTCTACCCG
GTGTAGCTAAATGTGCCGCTC

Nucleotide postion
-9471

2977-9463

T9 strain: ORF determination on cell culture viruses

RT
PCR Forward
PCR Reverse

Sequence 5'-3'
TGGAGTGTAGCTAATGTGTGC
ATAGGGTGCTTGCGAGTGCC
AGTGTAGCTAATGTGTGCCGCT

Nucleotide postion
-9467

295-9464

J6/JFH1 strain: ORF determination on cell culture viruses

RT
PCR Forward
PCR Reverse

Sequence 5'-3'
CTATGGAGTGTACCTAGTGTGTGC

GCGAGTGCCCCGGGAGGTCTCGTAG
TGGAGTGTACCTAGTGTGTGCCGCTC

Nucleotide postion
-9470

306-9467

J8 and DHS8 strains: ORF determination on cell culture viruses

RT
PCR Forward
PCR Reverse

Sequence 5'-3'
CTATGGAGTGTAGCTAGGGTTTGC
TGCCCCGGGAGGTCTCGTAGACC
GTAGCTAGGGTTTGCCGCTC

Nucleotide postion
-9472

312-9463

$83 strain: ORF determination on cell culture viruses

RT
PCR Forward
PCR Reverse

Sequence 5'-3'
TGGAGTGTAGCTAATGTGTGC
ATAGGGTGCTTGCGAGTGCC
AGTGTAGCTAATGTGTGCCGCT

Nucleotide postion
-9467

295-9464

9Nucleotide positions refer to those of specific T9cc-, S83cc-, J6/JFH1-, J8-LSG/STAT-, or DH8cc-based recombinants.
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accession number MN712203) or S83cc (GenBank accession number MN712204) nucleotide and amino
acid numbering were used.

Cell culture. Experiments were performed in Huh7.5 cells (13), with subculturing every 2 to 3 days.
Transfections with HCV RNA transcripts were performed as described previously (14), and naive cell
infections were performed by inoculating 1 ml of virus-containing supernatant overnight. Viral spread
was defined by =80% HCV antigen-positive cells, determined by immunofluorescence with anti-NS5A
antibody 9E10 (13) alone or combined with anti-core antibody C7-50 (Abcam, UK) and secondary
antibody Alexa Fluor 488 or Alexa Fluor 594 (Invitrogen, USA). Virus titers were determined with a
previously described focus-forming unit (FFU) assay with minor modifications (14) and are expressed as
the log,, number of FFU per milliliter. Sequences from HCVcc were analyzed by Sanger sequencing of
reverse transcription-PCR amplicons, produced as previously described (17, 61) with the primers shown
in Table 7.

Treatments with DAA. DAA obtained from Acme Bioscience (USA) were previously tested in HCVcc
(30, 31, 62). Potency (EC,) was determined in concentration-response assays (short-term assays) in
Huh7.5 cells, as previously described (43). The efficacy and the barrier to resistance of the treatments
were evaluated using long-term assays (30). In brief, Huh7.5 cells were infected with HCVcc, and
treatments were initiated upon viral spread. Cells were split every 2 to 3 days and treated, and viral spread
was determined by immunofluorescence. Treatment lasted 30 days, and cultures without viral spread were
kept without drugs for at least 2 weeks. If no HCV-positive cells were observed during posttreatment
follow-up, the infection was considered eradicated. The presence of HCV-infected cells during treatment or
after drug withdrawal led to viral escape: viral spread occurring during treatment was indicated as viral
breakthrough, and viral spread occurring after drug withdrawal was indicated as viral relapse.

Differences in the EC,, before (baseline) and after (escape) treatment were expressed as the fold
change and were calculated as follows: the EC,, for the escape virus divided by the EC,, for the baseline
virus. Escape viruses were subjected to Sanger sequencing, in which the corresponding drug targets
(NS3, NS5A, and/or NS5B region) were analyzed (genotypic analysis). Sequences were visually inspected
using the Sequencher (version 5.1) program (Gene Codes, USA). Furthermore, escape viruses were
passaged in naive cells, sequenced, and used for analysis of drug susceptibility (phenotypic analysis).

The original combination treatments shown in Fig. 1 were performed with drug concentrations that
exhibited significantly increased viral control when combined in comparison with the control achieved
when the drugs were used as monotherapy. Depending on the virus, 570 nM nuc was equivalent to 2-
to 4-fold the EC,, of sofosbuvir and 2- to 5-fold the EC,, of uprifosbuvir, 422 nM glecaprevir was
equivalent to 33- to 84-fold the EC,, of glecaprevir, 11 nM NS5A inhibitor was equivalent to 3- to
2,750-fold the EC,, of elbasvir and to 79- to 500-fold the EC,, of velpatasvir, and 0.05 nM pibrentasvir was
equivalent to 4- to 10-fold the EC,, of pibrentasvir. Specific fold EC,, values for each virus and experiment
can be found in Table 4.

Data availability. Sequences for recombinant T9cc and S83cc have been deposited in GenBank
under accession no. MN712203 and MN712204, respectively.
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