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To facilitate studies of hepatitis C virus (HCV) NS4A, we aimed at developing J6/JFH1-based recombinants with genotype 1- to
7-specific NS4A proteins. We developed efficient culture systems expressing NS4A proteins of genotypes (isolates) 1a (H77 and
TN), 1b (J4), 2a (J6), 4a (ED43), 5a (SA13), 6a (HK6a), and 7a (QC69), with peak infectivity titers of �3.5 to 4.5 log10 focus-form-
ing units per ml. Except for genotype 2a (J6), growth depended on adaptive mutations identified in long-term culture. Genotype
1a, 1b, and 4a recombinants were adapted by amino acid substitutions F772S (p7) and V1663A (NS4A), while 5a, 6a, and 7a re-
combinants required additional substitutions in the NS3 protease and/or NS4A. We demonstrated applicability of the developed
recombinants for study of antivirals. Genotype 1 to 7 NS4A recombinants showed similar responses to the protease inhibitors
telaprevir (VX-950), boceprevir (Sch503034), simeprevir (TMC435350), danoprevir (ITMN-191), and vaniprevir (MK-7009), to
alpha interferon 2b, and to the putative NS4A inhibitor ACH-806. The efficacy of ACH-806 was lower than that of protease in-
hibitors and was not influenced by changes at amino acids 1042 and 1065 (in the NS3 protease), which have been suggested to
mediate resistance to ACH-806 in replicons. Genotype 1a, 1b, and 2a recombinants showed viral spread under long-term treat-
ment with ACH-806, without acquisition of resistance mutations in the NS3-NS4A region. Relatively high concentrations of
ACH-806 inhibited viral assembly, but not replication, in a single-cycle production assay. The developed HCV culture systems
will facilitate studies benefitting from expression of genotype-specific NS4A in a constant backbone in the context of the com-
plete viral replication cycle, including functional studies and evaluations of the efficacy of antivirals.

Chronic hepatitis C virus (HCV) infection is a major public
health burden. HCV is an enveloped virus with a positive-

strand RNA genome with 5=- and 3=-untranslated regions (UTRs)
and an open reading frame (ORF) encoding a single polyprotein,
which is cleaved into structural proteins (core, E1, and E2), p7,
and the nonstructural (NS) proteins: NS2, NS3, NS4A, NS4B,
NS5A, and NS5B (1). The NS3 protein consists of a serine protease
(NS3P), responsible for downstream cleavages, and an RNA heli-
case (NS3H) domain. The function of NS3P is dependent on the
NS4A protein. Due to great genetic heterogeneity, HCV was clas-
sified into seven major genotypes, which differ in about 30% of the
sequence (2).

For the last decade, combination therapy with pegylated alpha
interferon 2 (IFN-alpha2) and ribavirin was the standard of care,
but it was characterized by various contraindications and severe
side effects. Efficacy of combination therapy depended on host
factors as well as HCV genotype, with sustained viral response
rates of 40 to 50% for genotype 1 and �80% for genotypes 2 and 3
and intermediate response rates for patients infected with geno-
types 4 to 6 (1, 3). Various genome regions were suspected to
confer resistance to interferon (1). Therefore, development of di-
rectly acting antivirals is a major research focus; the multifunc-
tional NS3P protein and its cofactor, NS4A, are important targets.
NS3P mediates cleavage of NS4A, NS4B, NS5A, and NS5B from
the HCV polyprotein and cleavage of adaptor proteins, leading to
inhibition of innate antiviral responses and IFN induction (1, 4).
NS4A interacts with NS3P and NS3H and modulates replication,
presumably by interaction with other nonstructural proteins

(5–7). Furthermore, NS3 and NS4A apparently play a role in viral
assembly, interacting with p7, NS2, and NS5A (8, 9). In 2011, the
first two directly acting antivirals targeting HCV NS3P, telaprevir
and boceprevir, were licensed for treatment of chronic genotype 1
infection (10). Several other protease inhibitors are advanced in
clinical trials, while inhibitors of HCV NS4A are in preclinical
development (10–13). We and others have reported that HCV
recombinants with genotype-specific NS3P/NS4A show differen-
tial responses to protease inhibitors (14–16).

Identification of new drug candidates with efficacy against all
HCV genotypes and functional studies of HCV proteins in a geno-
type-specific manner are hampered by the limited availability of in
vitro culture systems for the major HCV genotypes. At the outset
of this study, among available culture systems recapitulating the
complete viral replication cycle, genotype 1 full-length systems
showed low infectivity (17, 18), while efficient systems relied on
the genotype 2a isolate JFH1 (19, 20). In this study, by exploiting
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the replication capacity of J6/JFH1 (20), our aim was to develop
culture systems expressing genotype-specific NS4A proteins. We
used the J6/JFH1-based NS4A recombinants to study whether ge-
notype-specific NS4A influenced sensitivity to lead compound
protease inhibitors, IFN-alpha2b, and a putative NS4A inhibitor.

MATERIALS AND METHODS
Plasmids. We replaced NS4A (nucleotides [nt] 5313 to 5474; amino acids
[aa] 1658 to 1711; nt and aa positions are given as absolute H77 [GenBank
accession number AF009606] reference numbers) of pJ6/JFH1 (20) with
the respective sequence of pCV-H77C (AF011751) (21), pHC-TN
(EF621489) (22), pCV-J4L6S (AF054247) (23), pJ6CF (AF177036) (24),
pS52 (GU814264) (25), or pED43 (GU814266) (25). SA13 and HK6a
consensus NS4A sequences were amplified by reverse transcription-PCR
(RT-PCR) from respective plasma pools, followed by analysis of multiple
clones (26). QC69 (accession number EF108306) sequences were synthe-
sized (Genscript). Alignments of NS4A aa sequences used in this study are
shown in Fig. S1 in the supplemental material. Original plasmids and
plasmids with point mutations were constructed using fusion PCR and
restriction enzyme-based cloning. The HCV sequences of final DNA
preparations (Qiagen plasmid maxikit) were confirmed (Macrogen).
Plasmids encoding genotype 1a (isolate TN) and genotype 2a (isolate J6)
full-length recombinants, i.e., TNcc (27) and J6cc (28), were previously
described.

Transfection and viral passage in Huh7.5 cell cultures. Generation of
RNA transcripts, RNA transfection of Huh7.5 cells by use of Lipo-
fectamine, viral passage by infection of naive cells with culture superna-
tant, and culture conditions were described previously (29). Huh7.5 cells
were provided by C. Rice (30). The percentage of HCV NS5A antigen-
positive cells was determined by immunostaining with anti-NS5A 9E10
primary antibody, provided by C. Rice (20), and with an Alexa Fluor 594
goat anti-mouse IgG(H�L) secondary antibody (Invitrogen) (29). Cul-
ture supernatant infectivity titers were determined as numbers of focus-
forming units (FFU)/ml: 6 � 103 cells per well, plated the previous day on
poly-D-lysine-coated 96-well plates (Nunc), were infected with serially
diluted supernatant (lowest dilution, 1:2). Forty-eight hours after infec-
tion, cells were fixed, and HCV NS5A was immunostained with anti-
NS5A 9E10 primary antibody and an enhanced chemiluminescence
(ECL) anti-mouse IgG horseradish peroxidase (HRP)-linked whole anti-
body as the secondary antibody (GE Healthcare Amersham) and visual-
ized with a DAB substrate kit (Dako) (29). FFU were counted with an
ImmunoSpot series 5 UV analyzer (CTL Europe GmbH) (25), unless
otherwise indicated. Means of FFU counts for 6 negative-control wells
(always �15 FFU/well) were subtracted from counts for experimental
wells. Counts above the lower limit of detection (mean for 6 negative-
control wells plus 3 standard deviations plus 3) and below 200 FFU/well
were accepted, as these were in the linear range of test dilution series and
comparable to manual counts. Supernatant HCV RNA titers were mea-
sured by 5=UTR-based quantitative RT-PCR (29).

ORF sequencing of cell culture-produced HCV. Methods for RNA
extraction from culture supernatants, RT-nested PCR, and direct se-
quence analysis were described previously (29). Primers used for NS4A
recombinants were the same as those described for J6/JFH1 (29).

HCV treatment experiments and statistical analysis. A total of 5 �
103 cells per well, plated the previous day on poly-D-lysine-coated 96-well
plates (Nunc), were infected with HCV stocks as specified. Cells were
treated at 24 and 48 h postinfection with dilution series of VX-950,
Sch503034, and IFN-alpha2b. Subsequently, extensive pilot studies re-
vealed that treatment at only 24 h postinfection led to results similar to
those for treatment at 24 and 48 h postinfection for treatments with var-
ious antivirals, including VX-950, Sch503034, TMC435350, ITMN-191,
MK-7009, and ACH-806. Thus, in experiments with TMC435350, ITMN-
191, and MK-7009, antivirals were administered only at 24 h postinfec-
tion. In experiments with ACH-806, the compound was administered as
specified. Directly acting antivirals were purchased from Acme Bioscience

and dissolved in dimethyl sulfoxide (DMSO). IFN-alpha2b was pur-
chased from Schering. Cells were fixed at 72 h postinfection and stained as
described for infectivity titration; for staining of full-length recombinants,
a mixture of monoclonal anti-core antibody C7-50 (Enzo Life Sciences)
and anti-NS5A 9E10 was used as primary antibody (27). Single HCV-
positive cells were counted with an ImmunoSpot series 5 UV analyzer
(CTL Europe GmbH) with customized software. The mean of counts for
12 noninfected, nontreated control wells was subtracted from experimen-
tal counts. Each antiviral concentration was tested in triplicate; counts
from treated wells were related to the mean of counts from 6 infected,
nontreated wells. Sigmoidal concentration-response curves [y � top/(1 �
10[logEC50�x] � Hillslope)] were fitted after logarithmic transformation of x
values in GraphPad Prism. Log 50% effective concentrations (log EC50s)
and standard errors of the means (SEM) for log EC50s from replicate
experiments were used to calculate the inverse variance weighted mean of
log EC50s, with SEM and the 95% confidence interval (CI). Mean differ-
ences between log EC50 values for genotype 2a(JFH1) and other recombi-
nants, with SEM and 95% CI, were calculated from the inverse variance
weighted mean log EC50 values for the compared viruses. Inverse logarith-
mic transformation rendered the median EC50 with 95% CI and the me-
dian fold difference with 95% CI. P values were determined by the Z test,
and P values of �0.0001 were considered significant. Cell viability was
monitored by the CellTiter 96 AQueous One Solution cell proliferation
assay (Promega) (31).

Long-term treatment experiment for induction of HCV escape. A
total of 3.6 � 105 cells per well, plated the previous day in 6-well plates,
were infected at a multiplicity of infection (MOI) of 0.05 with specified
HCV stocks. Cells were treated with 1,000 nM ACH-806 at 24 h postin-
fection. Subsequently, the treatment was added 3 times per week, when
cells were split. Control cultures were maintained without ACH-806.

Single-cycle production assay. A total of 4 � 105 CD81-deficient S29
cells, originally provided by S. Emerson (32), were plated per well of a
6-well plate. After 24 h, cells were transfected with HCV RNA as described
previously (29), except that the growth medium was replaced by Opti-
MEM (Invitrogen) during a 4-h incubation with RNA-Lipofectamine
transfection complexes. After the 4-h transfection period, cells were either
treated with ACH-806 or maintained untreated. To determine intracellu-
lar HCV core levels at 4 and 48 h posttransfection, cells of replicate cul-
tures were trypsinized. At 4 h posttransfection, all cells, and at 48 h post-
transfection, 25% of the cells were centrifuged at 1,000 � g for 5 min at
4°C and washed in cold phosphate-buffered saline (PBS). Cells were lysed
in cold radioimmunoprecipitation assay (RIPA) buffer (Thermo Scien-
tific) supplemented with protease inhibitor cocktail set III (Calbiochem).
Lysates were clarified at 20,000 � g for 15 min at 4°C. HCV core levels in
clarified lysates were determined using the Architect HCV Ag assay (Ab-
bott Diagnostics) according to the manufacturer’s recommendations. For
determination of intracellular infectivity titers, the remaining 75% of cells
harvested at 48 h posttransfection were centrifuged at 1,000 � g for 5 min
at 4°C and resuspended in 100 �l of growth medium. Cells were subjected
to four freeze-thaw cycles, using liquid nitrogen and a 37°C water bath.
Supernatants were clarified by two centrifugations at 1,500 � g for 5 min
at 4°C. For determination of extracellular core levels and infectivity titers,
supernatants were collected 48 h after transfection. No cytotoxicity was
observed in this system at the applied ACH-806 concentrations.

Nucleotide sequence accession numbers. The sequences of NS4A re-
combinants 1a(H77), 1a(TN), 1b(J4), 2a(J6), 4a(ED43), 5a(SA13),
6a(HK6A), and 7a(QC69) were deposited in GenBank under accession
numbers KF693776 to KF693783.

RESULTS

We constructed J6/JFH1-based recombinants with NS4A proteins
of reference isolates of genotypes (isolates) 1a (H77 and TN), 1b
(J4), 2a (J6), 3a (S52), 4a (ED43), 5a (SA13), 6a (HK6a), and 7a
(QC69) (26, 31) (a deduced NS4A aa alignment is shown in Fig. S1
in the supplemental material). In the following, recombinants are
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named according to the genotype(isolate) of the inserted NS4A
sequence, e.g., 1a(H77); for consistency, genotype 2a reference
recombinant J6/JFH1 (20) is designated 2a(JFH1). After transfec-
tion of Huh7.5 cells with RNA transcripts of the various con-
structs, we evaluated viability by determining the percentage of
HCV NS5A-expressing cells and the culture supernatant infectiv-
ity titers. Adaptive mutations were identified by direct sequencing
of the complete ORF of viruses passaged in naive Huh7.5 hepa-
toma cells and by reverse genetic studies.

Viability of genotype 1 to 7 NS4A recombinants. The 1a(H77),
1a(TN), 1b(J4), 2a(JFH1), 2a(J6), 4a(ED43), and 7a(QC69) re-
combinants showed various percentages of HCV NS5A-express-
ing cells during the first 6 days posttransfection (Table 1; Fig. 1). In
contrast, during this period, no apparent replication was observed
for 3a(S52), 5a(SA13), and 6a(HK6a) (Table 1). 2a(J6) spread
comparably to 2a(JFH1), infecting the complete culture on day 3.
Long-term culture (23 to 70 days) led to spread of 1a(H77),
1a(TN), 1b(J4), and 4a(ED43) in 2/2 transfection experiments,
whereas viral spread of 5a(SA13) was observed in only 1/4 trans-
fections (Fig. 1). In contrast, long-term culture did not lead to
spread of 3a(S52) and 6a(HK6a), with no evidence of replication
throughout the experiment, or of 7a(QC69), despite initial evi-
dence of replication, which was lost during follow-up. Passaged
1a(H77), 1a(TN), 1b(J4), 2a(J6), and 4a(ED43) yielded peak in-
fectivity titers of 4.2 to 4.6 log10 FFU/ml and HCV RNA titers of
6.4 to 7.5 log10 IU/ml, while peak titers of 5a(SA13) were 3.6 log10

FFU/ml and 7.5 log10 IU/ml (Table 2).
Development of efficient recombinants with NS4A proteins

of genotypes 1a, 1b, 2a, 4a, 5a, 6a, and 7a. The 2a(J6) recombinant
did not seem to require cell culture-adaptive mutations, because
ORF sequencing of passaged viruses revealed genetic stability in
one experiment and two quasispecies in another experiment (see
Table S1 in the supplemental material). In contrast, passaged

1a(H77), 1a(TN), 1b(J4), 4a(ED43), and 5a(SA13) acquired var-
ious mutations; common mutations were located in p7 (coding
for an F772S substitution) and NS4A (coding for a V1663A sub-
stitution) (see Tables S2 to S6).

(i) Genotype 1a, 1b, and 4a NS4A recombinants were adapted
by mutations in p7 and NS4A (coding for F772S and V1663A
substitutions). F772S and V1663A substitutions led to efficient
cell culture adaptation of 1a(H77), 1a(TN), 1b(J4), and 4a(ED43),
with fast spread kinetics and peak infectivity titers of 3.6 to 4.6
log10 FFU/ml following transfection (Fig. 2A). First-passage vi-
ruses had peak infectivity titers of 3.8 to 4.3 log10 FFU/ml (Table 2)
and were apparently genetically stable (see Tables S2 to S5 in the
supplemental material). When we introduced the F772S substitu-
tion individually into 1a(H77), 1a(TN), 1b(J4), and 4a(ED43),
spread occurred after an eclipse phase (see the legend to Fig. 2A),
and passaged viruses had acquired the V1663A substitution
(see Tables S2 to S5). For 4a(ED43)V1663A, passaged viruses
acquired the F772S substitution (see Table S5). We also tested
4a(ED43)I879T,V1663A with a combination of mutations identi-
fied in a 2nd 4a(ED43) transfection experiment. Transfection re-
sulted in fast spread and peak infectivity titers of �4.3 log10 FFU/
ml; the virus was genetically stable following passage into naive
cells (Fig. 2A; see Table S5). Thus, for 4a(ED43), I879T substitu-
tion in NS2, when combined with V1663A substitution in NS4A,
could substitute for F772S substitution in p7.

(ii) Genotype 5a, 6a, and 7a NS4A recombinants required
amino acid substitutions in NS3P and/or NS4A in addition to
F772S/V1663A substitutions for cell culture adaptation. Pas-
saged 5a(SA13) acquired nt changes coding for F772S and
V1663A substitutions and four additional nt changes, coding
for M405T (E2), K750E (p7), V1683F (NS4A), and I2270M
(NS5A) substitutions (see Table S6 in the supplemental mate-

TABLE 1 Cell culture viability of J6/JFH1-based recombinants with
genotype-specific NS4A, estimated by peak percentages of HCV-positive
cells on days 1 to 6 following transfection of Huh 7.5 cells

NS4A
genotype Isolate

Cell culture
viabilitya

Peak % HCV
NS5A-positive
cells (range)

No. of
replicate
expt

1a H77 ��* 5–20 2
TN ��* 5–20 2

1b J4 �* 1 2

2a JFH1 ���* 90 6
J6 ���* 90 2

3a S52 � 0 2
4a ED43 �/�* 0–1 2
5a SA13 �* 0 4
6a HK6a � 0 4
7a QC69 � 1 2
a Cell culture viability was determined by the % of HCV NS5A-positive Huh7.5 cells
during the first 6 days posttransfection: ���, approximately 90% HCV NS5A-positive
cells detected in all replicate cultures; ��, 5 to 20% HCV NS5A-positive cells detected
in all replicate cultures; �, approximately 1% HCV NS5A-positive cells detected in all
replicate cultures; �, no HCV NS5A-positive cells detected in all replicate cultures;
�/�, in replicate cultures, either a low percentage of (�1%) or no HCV NS5A-positive
cells were detected. *, subsequent viral spread occurred in long-term culture in at least 1
replicate experiment; detailed spread kinetics of these cultures are given in Fig. 1.

FIG 1 Viability of J6/JFH1-based recombinants with genotype-specific NS4A
following transfection of Huh7.5 cells. The percentage of HCV NS5A antigen-
positive cells was determined by immunostaining. T1 and T2, 1st and 2nd
transfection experiments. Data shown are for transfections leading to viral
spread (genotype 1a, 1b, 2a, 4a, and 5a recombinants). An overview of cell
culture viability, evaluated by the range of peak percentages of HCV NS5A-
positive cells in replicate cultures during the first 6 days posttransfection, is
shown in Table 1. Not shown are data for transfections not leading to viral
spread: 2 transfections for 3a(S52), 3 for 5a(SA13), 4 for 6a(HK6a), and 2 for
7a(QC69) (Table 1). For 3a(S52), 5a(SA13), and 6a(HK6a), no replicating cells
were observed during the observation period. 3a(S52) cultures were closed on
days 29 and 34, 5a(SA13) cultures on days 21 to 34, and 6a(HK6a) cultures on
days 21 to 42. For 7a(QC69), no replicating cells were observed following day
6, and cultures were closed on days 28 and 39. ORF sequences of viruses
derived from subsequent viral passage experiments are shown in Tables S1 to
S8 in the supplemental material.

Gottwein et al.

6036 aac.asm.org Antimicrobial Agents and Chemotherapy

http://aac.asm.org


rial). 5a(SA13)F772S,V1663A,V1683F showed fast spread and
reached peak infectivity titers of almost 4.0 log10 FFU/ml in trans-
fection and 1st viral passage experiments (Fig. 2B; Table 2). Pas-
saged virus was genetically stable (see Table S6). We also tested
5a(SA13) with only F772S and V1663A substitutions, and it rep-
licated; however, spread to most culture cells did not occur until
day 18 (see the legend to Fig. 2B).

Introduction of nt changes coding for F772S and V1663A
substitutions conferred replication capacity to 6a(HK6a), re-
sulting in infection of most culture cells on days 22 and 39 in 2
independent transfections (see the legend to Fig. 2B and Table
2). Mutations in NS3P (coding for E1105A substitution) and
NS4A (coding for V1677A substitution), found in 1st-passage
viruses (see Table S7 in the supplemental material), were intro-
duced into 6a(HK6a)F772S,V1663A, individually and in com-
bination. 6a(HK6a)F772S,E1105A,V1663A,V1677A showed
the fastest spread and highest peak infectivity titers (4.0 log10 FFU/
ml) (Fig. 2B); 1st-passage virus was genetically stable, with a peak
infectivity titer of 3.6 log10 FFU/ml (Table 2; see Table S7).

Introduction of nt changes coding for F772S and V1663A substi-
tutions conferred increased replication capacity to 7a(QC69), result-
ing in spread to most cells on day 48 (see the legend to Fig. 2C and
Table 2). We tested additional mutations in NS3P (coding for I1061V
substitution) and NS4A (coding for S1679C substitution) that were

found in 1st-passage viruses (see Table S8 in the supplemental mate-
rial). Only 7a(QC69)F772S,I1061V,V1663A,S1679C produced in-
fectivity titers of 	2.4 log10 FFU/ml, with a peak titer of 3.5 log10

FFU/ml (Fig. 2C); 1st-passage virus was genetically stable, with a
peak infectivity titer of 3.8 log10 FFU/ml (Table 2; see Table S8).

(iii) Adaptation of genotype 3a(S52) NS4A recombinant was
not achieved. We could not confer replication capacity to 3a(S52)
with F772S substitution, F772S and V1663A substitutions, or
addition of the following aa substitutions to F772S and V1663A
substitutions: V1683F (NS4A), found in the 5a(SA13) NS4A
recombinant; I1061V (NS3P), found in the 1a(TN), 4a(ED43),
5a(SA13), and 7a(QC69) NS4A recombinants; or A1042T and
V1065A (both in NS3P), changing residues putatively interacting
with NS4A to 3a(S52)-specific residues. Finally, a 3a(S52) recom-
binant with G868S, L1663A, and E2267G aa changes, adapting a
J6/JFH1-based recombinant with 3a(S52) NS3P/NS4A (14), did
not replicate in 2 independent transfection experiments.

J6/JFH1 was attenuated when alanine at position 6 of NS4A
was changed to a non-genotype 2-specific residue. Given the im-
portance of the V1663A substitution for adaptation of J6/JFH1
recombinants with genotype-specific NS4A, we investigated the
effect of mutating aa 1663 of 2a(JFH1) from A, specific to geno-
type 2a, to V, found in genotype 1a, 1b, 4a, 5a, 6a, and 7a isolates,
or to L, found in genotype 3a isolates (see Fig. S1 in the supple-

TABLE 2 Characteristics of cell culture-derived J6/JFH1 viruses with NS4A proteins of genotype 1a, 1b, 2a, 4a, 5a, 6a, and 7a isolatesa

Genotype Isolate
Engineered adaptive
mutations Locations of mutations

Peak titer

Passage
(day)

Reference to
supplemental
material

Infectivity
(log10 FFU/ml)

RNA
(log10 IU/ml)

Recombinants used for cell
culture adaptation

1a H77 None 4.2 7.0 1st (4) Table S2
1a TN None 4.2 6.8 1st (4) Table S3
1b J4 None 4.3 6.4 1st (3) Table S4
2a J6 None 4.6 7.5 1st (7) Table S1
4a ED43 None 4.6 7.4 1st (10) Table S5
5a SA13 None 3.6 7.5 1st (3) Table S6
6a HK6a F772S, V1663A p7, NS4A 4.0 7.1 1st (3) Table S7
7a QC69 F772S, V1663A p7, NS4A 3.7 6.8 1st (10) Table S8

Most efficient cell culture-
adapted recombinants
with engineered
mutations

1a H77 F772S, V1663A p7, NS4A 3.8 7.1 2nd (7)* Table S2
TN F772S, V1663A p7, NS4A 3.8 6.9 2nd (7)* Table S3

1b J4 F772S, V1663A p7, NS4A 4.3 7.2 2nd (7)* Table S4
4a ED43 F772S, V1663A p7, NS4A 3.9 7.3 1st (6) Table S5

ED43 I879T, V1663A NS2, NS4A 4.3 6.8 1st (9) Table S5
5a SA13 F772S, V1663A, V1683F p7, NS4A, NS4A 3.7 7.0 1st (9) Table S6
6a HK6a F772S, E1105A,

V1663A, V1677A
p7, NS3P, NS4A, NS4A 3.6 7.6 1st (8) Table S7

7a QC69 F772S, I1061V, V1663A,
S1679C

p7, NS3P, NS4A, NS4A 3.8 7.8 1st (13) Table S8

a RNA transcripts were transfected into Huh7.5 cells, and transfection culture supernatants from the peak of infection were used to infect naive cells. HCV infectivity and RNA
titers were determined in supernatants from the 1st or 2nd viral passage as described in Materials and Methods. Infectivity titer, highest representative titer among supernatants
obtained from several passage experiments; RNA titer, determined with the same supernatant for which infectivity titer is shown. Peak titers of all passage experiments in which the
viral ORF was sequenced are shown in Tables S1 to S8. Recombinants used for cell culture adaptation acquired the mutations indicated in Tables S2 to S8; 2a(J6) did not acquire
cell culture-adaptive mutations (see Table S1). Cell culture-adapted recombinants with engineered mutations did not acquire mutations in addition to the inserted mutations (see
Tables S2 to S8). All aa positions are annotated with H77 (GenBank accession number AF009606) absolute reference numbers. *, 2nd-passage virus was derived from the 1st
passage, indicated in the respective supplemental table. Among 2nd-passage viruses, NS3P, NS3H, and NS4A were shown to be genetically stable by direct sequence analysis.
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mental material). After transfection, 2a(JFH1)A1663V was
attenuated, with �1-log10 lower infectivity titers than those of
2a(JFH1) on days 4 and 6 posttransfection. Attenuation of
2a(JFH1)A1663L was more pronounced, with 1.7- and 1.8-log10

lower titers than those of 2a(JFH1) on days 4 and 6, respectively
(see Fig. S2A). However, 1st-passage viruses were genetically sta-
ble, with peak infectivity titers of �3.8 log10 FFU/ml. Attenuation
was confirmed in a 2nd-passage kinetic experiment; differences
were most pronounced on day 5, with an �1.5-log10 lower infec-
tivity titer for 2a(JFH1)A1663V and 2a(JFH1)A1663L than that
for 2a(JFH1) (see Fig. S2B). Sequencing of 2nd-passage viruses
showed that 2a(JFH1)A1663V was genetically stable, while for
2a(JFH1)A1663L, L had reverted to A. Thus, optimal growth char-

acteristics of 2a(JFH1) depended on the genotype 2-specific A at
aa position 1663.

Recombinants with genotype-specific NS4A did not show
major differences in susceptibility to lead compound protease
inhibitors and IFN-alpha. With a 96-well plate-based high-
throughput assay, we determined concentration-response profiles
with EC50s for the developed NS4A recombinants, using protease
inhibitors and IFN-alpha2b. Overall, compared to 2a(JFH1), re-
combinants with genotype-specific NS4A did not show major dif-
ferences in sensitivity to the lead compound protease inhibitors
VX-950, Sch503034, TMC435350, ITMN-191, and MK-7009
(Table 3; Fig. 3) (10). However, for several recombinants and com-
pounds, small but statistically significant differences were found.

FIG 2 Identification of adaptive amino acid substitutions leading to efficient growth of NS4A recombinants. Supernatant infectivity titers are shown for cultures
transfected with RNA transcripts of genotype 1a, 1b, and 4a (A), genotype 5a and 6a (B), and genotype 7a (C) recombinants (data are means for 3 replicates with
SEM; the lower cutoff was 2.4 log10 FFU/ml, as indicated by the column break). }, culture stopped because of cell death due to viral infection (29); �, not done;
#, supernatants from peak infection were used for viral passage. ORF sequences and peak infectivity titers of passaged viruses are shown in Tables S2 to S8 in the
supplemental material. Amino acid positions are annotated with H77 (accession number AF009606) absolute reference numbers. (A) Amino acid substitutions
in p7 and NS4A (F772S and V1663A) were sufficient for adaptation of 1a, 1b, and 4a recombinants. The recombinants shown infected the complete culture at no
later than day 6 posttransfection: 1a(H77)F772S,V1663A, day 4; 1a(TN)F772S,V1663A, day 6; 1b(J4)F772S,V1663A, day 4; 4a(ED43)V1663A, day 6; 4a(ED43)
F772S,V1663A, day 4; and 4a(ED43)I879T,V1663A, day 3. Additional recombinants infected the complete culture after 	6 days: 1a(H77)F772S, 20 days;
1a(TN)F772S, 20 days; 1b(J4)F772S, 13 days; 4a(ED43)F772S, 17 and 23 days (2 replicate experiments); and 4a(ED43)F772S,V1666A, 15 days. (B) 5a and 6a
recombinants required adaptive amino acid substitutions in NS3P and/or NS4A in addition to the F772S and V1663A substitutions. The recombinants shown
infected the complete culture at no later than 8 days posttransfection: 5a(SA13)F772S,V1663A,V1683F, day 4; 6a(HK6a)F772S,V1663A,V1677A, day 8;
6a(HK6a)F772S,E1105A,V1663A, day 6; and 6a(HK6a) F772S,E1105A,V1663A,V1677A, day 3. Two additional recombinants infected the complete culture after
	8 days: 5a(SA13)F772S,V1663A, 18 days; and 6a(HK6a)F772S,V1663A, 39 and 22 days (2 replicate experiments). Finally, cultures of 5a(SA13)F772S and
6a(HK6a)F772S, showing no replicating cells throughout the experiment, were stopped on day 29. (C) 7a recombinants required adaptive aa substitutions in
NS3P and NS4A in addition to the F772S and V1663A substitutions. Shown 7a(QC69) viruses infected the complete culture on day 10 posttransfection. In
addition, the following recombinants were tested: 7a(QC69)F772S,V1663A, 90% infected cells on day 48; and 7a(QC69)F772S,I1061V,V1663A, terminated on
day 16, with 50% infected cells.
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TABLE 3 Efficacies of NS3 protease inhibitors and IFN-alpha 2b against recombinants with genotype-specific NS4A

Drug and genotypea Isolatea

EC50
b

Fold difference from
2a(JFH1)b

P valuecMedian 95% CI Median 95% CI

VX-950 (nM)
2a JFH1 514 474–557 NA NA NA
1a H77 1,060 930–1,207 2.1 1.8–2.4 <0.0001
1a TN 687 601–784 1.3 1.1–1.6 0.0003
1b J4 377 347–410 0.7 0.7–0.8 <0.0001
2a J6 533 460–618 1.0 0.9–1.2 0.6740
4a ED43 535 431–663 1.0 0.8–1.3 0.7337
5a SA13 529 462–606 1.0 0.9–1.2 0.7121
6a HK6a 254 225–286 0.5 0.4–0.6 <0.0001
7a QC69 932 860–1,010 1.8 1.6–2.0 <0.0001

Sch503034 (nM)
2a JFH1 620 568–676 NA NA NA
1a H77 696 560–865 1.1 0.9–1.4 0.3337
1a TN 552 478–637 0.9 0.8–1.1 0.1732
1b J4 317 281–359 0.5 0.4–0.6 <0.0001
2a J6 567 502–642 0.9 0.8–1.1 0.2474
4a ED43 598 533–671 1.0 0.8–1.1 0.6210
5a SA13 377 331–430 0.6 0.5–0.7 <0.0001
6a HK6a 196 167–231 0.3 0.3–0.4 <0.0001
7a QC69 507 444–578 0.8 0.7–1.0 0.0122

TMC 435350 (nM)
2a JFH1 167 131–214 NA NA NA
1a H77 179 155–207 1.1 0.8–1.4 0.6446
1a TN 134 111–160 0.8 0.6–1.1 0.1456
1b J4 119 100–140 0.7 0.5–1.0 0.0220
2a J6 123 98–155 0.7 0.5–1.0 0.0738
4a ED43 218 165–289 1.3 0.9–1.9 0.1624
5a SA13 207 171–252 1.2 0.9–1.7 0.1761
6a HK6a 341 225–518 2.0 1.3–3.3 0.0039
7a QC69 63 56–70 0.4 0.3–0.5 <0.0001

ITMN-191 (nM)
2a JFH1 76 56–105 NA NA NA
1a H77 87 63–120 1.1 0.7–1.8 0.5770
1a TN 71 54–93 0.9 0.6–1.4 0.7233
1b J4 47 37–58 0.6 0.4–0.9 0.0123
2a J6 83 64–107 1.1 0.7–1.6 0.6815
4a ED43 27 15–46 0.3 0.2–0.7 0.0012
5a SA13 44 25–78 0.6 0.3–1.1 0.0986
6a HK6a 17 10–27 0.2 0.1–0.4 <0.0001
7a QC69 33 25–45 0.4 0.3–0.7 0.0002

MK-7009 (nM)
2a JFH1 133 91–195 NA NA NA
1a H77 204 142–294 1.5 0.9–2.6 0.1133
1a TN 56 25–126 0.4 0.2–1.0 0.0577
1b J4 70 52–94 0.5 0.3–0.8 0.0084
2a J6 172 110–268 1.3 0.7–2.3 0.3963
4a ED43 97 69–137 0.7 0.4–1.2 0.2319
5a SA13 84 58–122 0.6 0.4–1.1 0.0912
6a HK6a 90 63–129 0.7 0.4–1.1 0.1431
7a QC69 83 64–107 0.6 0.4–1.0 0.0443

IFN-alpha2b (IU/ml)
2a JFH1 0.8 0.7–1.0 NA NA NA
1a H77 1.0 0.8–1.3 1.2 0.9–1.7 0.2617
1a TN 0.8 0.7–1.1 1.0 0.8–1.4 0.8357

(Continued on following page)
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This was the case for 1b(J4) and 6a(HK6a) treated with the linear
inhibitors VX-950 and Sch503034, as they were up to 3.2-fold
more sensitive than 2a(JFH1) (Fig. 3A and B and Table 3). Fur-
thermore, 1a(H77) was 2.1-fold less sensitive and 7a(QC69) was
1.8-fold less sensitive to VX-950 than 2a(JFH1). 5a(SA13) was
1.6-fold more sensitive to Sch503034 than 2a(JFH1). Under treat-
ment with macrocyclic inhibitors, significant differences were
found only for 7a(QC69) treated with TMC435350, which was
2.7-fold more sensitive than 2a(JFH1), and for 6a(HK6a) treated
with ITMN-191, which was 4.6-fold more sensitive than
2a(JFH1); no significant differences were observed for MK-7009
(Fig. 3C to E and Table 3). Similarly, when treating recombinants
with genotype-specific NS4A with IFN-alpha2b, no major differ-
ences in sensitivity were observed; 7a(QC69) showed an �2-fold-
increased sensitivity compared to the other recombinants (Table 3
and Fig. 3F).

Similar efficacies of a putative NS4A inhibitor against re-
combinants with genotype-specific NS4A. The putative NS4A
inhibitor ACH-806 (11) showed similar efficacies against the de-
veloped NS4A recombinants (Fig. 4A). However, antiviral effects
of treatment with the highest noncytotoxic concentrations of
ACH-806 were less pronounced than antiviral effects of treatment
with relatively high concentrations of protease inhibitors (Fig. 3
and 4A). While a concentration of 10,000 nM ACH-806 caused
only a slight decrease in cellular proliferation (90% cell viability
compared to nontreated controls), we observed cytotoxicity at
30,000 nM (52% cell viability) (see Fig. S3 in the supplemental
material).

The A1065V amino acid change (aa 39 of NS3P) was suggested
to confer resistance of genotype 1b replicons to ACH-806 (11, 13).
To exclude the possibility that the limited efficacy of ACH-806
against the developed J6/JFH1-based NS4A recombinants was
caused by the genotype 2a-specific valine at aa position 1065, we
constructed 2a(JFH1)V1065A. The V1065A amino acid change
was maintained following transfection and 1st passage in Huh7.5
cells. However, compared to 2a(JFH1), ACH-806 did not show
increased efficacy against this mutated recombinant (Fig. 4B). In
addition, ACH-806 showed only limited efficacy against J6/JFH1-
based recombinants with genotype(isolate) 3a(S52)-, 5a(SA13)-,
and 6a(HK6a)-specific NS3P/NS4A (14), which all have alanine at
NS3P position 1065 (Fig. 4B). Because most inhibitors were de-

signed to target genotype 1 and thus to show optimal efficacy
against genotype 1 isolates, we constructed J6/JFH1-based
1a(H77), 1a(TN), and 1b(J4) NS4A recombinants with the
V1065A amino acid change. First-passage 1a(H77) and 1b(J4) vi-
ruses maintained the V1065A substitution, while the introduced
change partially reverted for 1a(TN) (see the legend to Fig. 4 for
details). However, these mutants also showed sensitivities to
ACH-806 similar to those of the original viruses with genotype
1-specific NS4A and of 2a(JFH1) (Fig. 4C).

The C1042S aa change was also suggested to confer resistance of
genotype 1b replicons to ACH-806 (11, 13). J6/JFH1-based NS4A
recombinants (Fig. 4A) have an alanine at aa position 1042, while
J6/JFH1-based NS3P/NS4A recombinants 3a(S52), 5a(SA13), and
6a(HK6a) (Fig. 4B) have threonine, alanine, and threonine, re-
spectively, at aa position 1042. To test the effects of aa changes at
position 1042 on NS4A recombinants, we introduced either the
single substitution A1042S or the A1042C substitution in combi-
nation with the V1065A substitution in 2a(JFH1), 1a(H77),
1a(TN), and 1b(J4) NS4A recombinants. Introduced substitu-
tions were maintained following transfection and 1st and 2nd viral
passages (see the legend to Fig. 5 for details). These changes did,
however, not have a major influence on susceptibility to ACH-806
(Fig. 5). Nevertheless, for A1042C/V1065A mutants, we observed
a trend toward lower EC50s. Thus, EC50 values for the double
mutants were 1.6- to 2.1-fold lower than those of the original
recombinants (P � 0.05 for all tested pairs). In conclusion, valine
at NS3P position 1065 and alanine at NS3P position 1042, with
both positions implicated in resistance to ACH-806, were appar-
ently not the only cause for the relatively limited sensitivities of the
developed NS4A recombinants to ACH-806. In addition, serine at
NS3P position 1042 did not confer ACH-806 resistance to J6/
JFH1-based recombinants with genotype 1a-, 1b-, or 2a-specific
NS4A.

Finally, to investigate if the intergenotypic nature of JFH1-
based NS4A recombinants had an influence on sensitivity to
ACH-806, we carried out treatment experiments with recently
developed full-length recombinants (27, 28). For genotype 1a
(isolate TN) and genotype 2a (isolate J6), NS4A recombinants as
well as full-length recombinants were available. In head-to-head
comparisons, no major difference in sensitivity to ACH-806 was

TABLE 3 (Continued)

Drug and genotypea Isolatea

EC50
b

Fold difference from
2a(JFH1)b

P valuecMedian 95% CI Median 95% CI

1b J4 1.1 0.9–1.4 1.4 1.0–1.9 0.0596
2a J6 0.9 0.6–1.2 1.1 0.7–1.6 0.7540
4a ED43 0.9 0.7–1.2 1.1 0.8–1.5 0.6107
5a SA13 0.9 0.7–1.4 1.1 0.8–1.8 0.5195
6a HK6a 0.8 0.6–0.9 0.9 0.7–1.3 0.6327
7a QC69 0.4 0.3–0.5 0.5 0.4–0.6 <0.0001

a Genotype and isolate of NS4A in J6/JFH1-based recombinants with genotype-specific NS4A. Identities of virus stocks of NS4A recombinants were as follows. The 2a(JFH1)
reference virus was a 2nd-passage virus stock without ORF mutations. The 1a(H77)F772S,V1663A, 1a(TN)F772S,V1663A, 1b(J4)F772S,V1663A, 2a(J6), 4a(ED43)F772S,V1663A,
and 5a(SA13) F772S,V1663A,V1683F viruses were 2nd-passage viruses derived from 1st passages shown in Tables S1 to S6 in the supplemental material. For these stocks, the NS3-
NS4A sequence was determined and found to be unchanged. 6a(HK6a)F772S,E1105A,V1663A was from the 1st passage (day 20) shown in Table S7. 7a(QC69) F772S,V1663A was
from the 1st passage (day 10) shown in Table S8.
b Median EC50s and median fold differences with 95% CI were calculated from replicate experiments as described in Materials and Methods. Representative experiments are shown
in Fig. 3. NA, not applicable.
c P values of �0.0001 are shown in bold.
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recorded for 1a(TN) and 2a(J6) NS4A recombinants versus full-
length recombinants (Fig. 6).

NS4A recombinants spread under ACH-806 treatment pres-
sure without acquisition of resistance mutations in the NS3-
NS4A region. Culture under ACH-806 treatment pressure led to
the identification of genotype 1b replicon resistance mutations
coding for A1065V and C1042S substitutions (11). To further
investigate if the NS3-NS4A region was involved in mediating
resistance to ACH-806, we aimed at inducing viral escape in long-

term cultures treated with ACH-806. We determined that cells
could be cultured for several weeks with 1,000 nM ACH-806,
while concentrations of 2,000 nM and higher led to cytotoxic ef-
fects in this period. ACH-806 at 1,000 nM equals less than 1�
EC50 as estimated for the individual NS4A recombinants (Fig. 4 to
7). Treatment of 2a(JFH1), 1a(H77), 1a(TN), and 1b(J4) NS4A
recombinants with 1,000 nM ACH-806 delayed virus spread to at
least 80% of culture cells by 5 to 11 days (Fig. 7A). By direct
sequence analysis of the NS3-NS4A region, the following coding

FIG 3 HCV NS4A recombinants do not show major differences in sensitivity to protease inhibitors and IFN-alpha2b. Cell cultures in 96-well plates were infected
with recombinants with NS4A proteins of the indicated genotypes (isolates); virus stocks are detailed in Table 3, footnote a. VX-950 (telaprevir) (A), Sch503034
(boceprevir) (B), TMC435350 (simeprevir) (C), ITMN-191 (danoprevir) (D), MK-7009 (vaniprevir) (E), and IFN-alpha2b (F) were administered at the
indicated concentrations; each concentration was tested in triplicate. Cells were immunostained for HCV NS5A, and single positive cells were counted
automatically. Percentages of HCV NS5A-positive cells were calculated by comparison to the mean count for six nontreated cultures. After logarithmic
transformation of x values, a sigmoidal concentration-response curve was fitted as described in Materials and Methods. Error bars indicate SEM for 3 replicates.
No cellular toxicity was observed for the given concentration range. Median EC50 values from these and replicate experiments are shown in Table 3.
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nt changes, all present in an estimated 50% of viral genomes, were
identified: A4275G/A in 1a(H77), encoding aa substitution
I1312V/I (NS3H); A4275G/A and T5386C/T in 1a(TN), encoding
I1312V/I (NS3H) and I1682T/I (NS4A) substitutions, respective-
ly; and G5436A/G in 1b(J4), encoding the E1699K/E substitution
(NS4A). For 2a(JFH1), no coding nt changes were identified. We
constructed 1a(H77)I1312V, 1a(TN)I1312V, 1a(TN)I1682T,
1a(TN)I1312V,I1682T, and 1b(J4)E1699K recombinants. Fol-
lowing transfection and viral passages in Huh7.5 cells, we found
that in 2nd-passage virus stocks, the introduced mutations were
maintained, except for in 1b(J4)E1699K, where the introduced
change reverted. However, neither 1a(H77)I1312V nor the three
1a(TN) mutants showed resistance to ACH-806 (Fig. 7B).

In a single-cycle production assay, ACH-806 inhibited as-
sembly of infectious intracellular viral particles. To investigate
which step of the viral replication cycle was affected by ACH-806,
we carried out studies in S29 cells. These Huh7-derived cells are
deficient in the HCV coreceptor CD81, and thus preclude HCV
entry but permit studies of effects on viral replication, assembly,
and release (32). We first tested NS4A recombinants 1a(TN),
1b(J4), and 2a(J6), as well as 2a(JFH1). For these recombinants,
treatment with 4,000 and 8,000 nM ACH-806 for 44 h did not
result in major changes of intracellular core levels, indicating that
in this system the compound did not affect viral replication/trans-
lation (Fig. 8A). However, at 4,000 and 8,000 nM ACH-806, clear
decreases in intracellular infectivity titers were observed, suggest-
ing inhibition of viral assembly (Fig. 8B). We found a similar effect
on extracellular infectivity titers, not exceeding the effect on intra-
cellular titers, thus suggesting no added effect of ACH-806 on viral
release (Fig. 8B). Finally, extracellular core levels decreased for the
tested recombinants when 4,000 or 8,000 nM ACH-806 was ad-
ministered (Fig. 8A).

To investigate if similar effects were observed at lower ACH-
806 concentrations, we tested the effects of 4 to 4,000 nM ACH-
806 on 2a(JFH1) as well as 1a(TN), 1b(J4), and 2a(J6) NS4A re-
combinants (Fig. 9). For all tested recombinants, a pronounced
inhibition of viral assembly was observed at 4,000 nM ACH-806,
but not at lower concentrations (Fig. 9). Finally, we carried out
S29 treatment experiments with 1a(TN) and 2a(J6) full-length
recombinants (27, 28) (Fig. 10). Also for these recombinants, we
observed a pronounced inhibition of viral assembly at 4,000 nM
ACH-806, with decreased intracellular infectivity titers, while vi-
ral replication was not affected (Fig. 10).

DISCUSSION

We developed efficient J6/JFH1 (2a)-based culture systems ex-
pressing NS4A proteins of other genotype (1a, 1b, 4a, 5a, 6a, and
7a) isolates. Efficient growth depended on adaptive mutations,
with common mutations found in p7 and NS4A. Criteria for effi-
cacy were relatively fast spread, peak infectivity titers of at least 3.5
log10 FFU/ml, and no obvious dependence on mutations in addi-
tion to engineered adaptive mutations. The developed recombi-
nants with NS4A proteins of different genotype isolates did not
show major differences in sensitivity to several lead compound
protease inhibitors, IFN-alpha2b, or the putative NS4A inhibitor
ACH-806. Relatively high doses of ACH-806 were found to inhibit
viral assembly but not replication.

To date, efficient cell culture systems recapitulating the com-
plete viral replication cycle have been published for isolates of
genotype 1a (27) and genotypes 2a and 2b (19, 28, 32–34). Fur-

FIG 4 HCV NS4A and NS3P/NS4A recombinants show similar sensitivities to
a putative NS4A inhibitor. Cell cultures in 96-well plates were infected with
recombinants with NS4A (A and C) or NS3P/NS4A (B) of the indicated geno-
types(isolates) and with the indicated aa substitutions. ACH-806 at the indi-
cated concentrations was administered at 24 and 48 h postinfection; each
concentration was tested in triplicate. Cells were immunostained for HCV
NS5A, and single positive cells were counted automatically. Percentages of
HCV NS5A-positive cells were calculated by comparison to the mean count for
six nontreated cultures. After logarithmic transformation of x values, a sigmoi-
dal concentration-response curve was fitted as described in Materials and
Methods. Error bars indicate SEM for 3 replicates. No significant cellular tox-
icity was observed for the given concentration range; cell viability data are
shown in Fig. S3 in the supplemental material. Virus stocks used for infection
were as follows. For 2a(JFH1) and original NS4A recombinants without the
V1065A substitution, virus stocks are detailed in Table 3, footnote a.
2a(JFH1)V1065A (B), which also had nt change T2656C, coding for the F772S
substitution, was a 1st-passage virus stock without further coding ORF muta-
tions. Virus stocks of NS3P/NS4A recombinants (B) are detailed in Table 2 of
reference 14. 1a(H77), 1a(TN), and 1b(J4) NS4A recombinants with the
V1065A substitution (C) were 1st-passage viruses whose NS3-NS4A sequences
were determined. 1a(H77)V1065A had acquired two complete nt changes,
encoding A1042T (NS3P) and N1544D (NS3H) substitutions. 1a(TN)V1065A
had acquired two nt changes, estimated to be present in 50% of genomes,
coding for reversion of the V1065A substitution and coding for the K1643E
substitution (NS3H). 1b(J4)V1065A did not acquire nt changes in the NS3-
NS4A region.
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thermore, JFH1-based culture-adapted recombinants with vari-
ous genotype-specific regions were developed (14, 15, 20, 29, 31,
35–45). With the developed recombinants, we efficiently ex-
pressed genotype 1a, 1b, 2a, 4a, 5a, 6a, and 7a NS4A in the context
of the complete viral replication cycle, producing �4 log10 FFU/
ml. Expression of genotype 2a, 3a, 5a, and 6a NS4A in the context
of the complete viral replication cycle was achieved previously in
J6/JFH1-based recombinants with genotype-specific NS3P/NS4A
(14, 15). Thus, in comparison to these prior studies (14, 15), ex-
pression of genotype 1a, 1b, 4a, and 7a NS4A in the context of the
complete viral replication cycle is a novel achievement. Further-
more, this report describes for the first time the expression of
genotype 1b, 4a, and 7a NS4A in the context of the complete viral
replication cycle in cell culture. Most importantly, the developed
panel of recombinants expressing genotype-specific NS4A in a
constant backbone will be useful for studies of effects mediated by
NS4A, not being influenced by sequence variation of other HCV
genome elements.

Several aa substitutions adapting NS4A recombinants were
also adaptive for J6/JFH1-based recombinants with genotype-spe-

cific NS3P/NS4A (14) or NS5A (43). The key adaptive substitu-
tion F772S in p7 also adapted 5a(SA13) and 6a(HK6a) NS3P/
NS4A recombinants and was detected during culture adaptation
of the 3a(S52) NS3P/NS4 recombinant (14); the F772S substitu-
tion further adapted 2a(J6) and 4a(ED43) NS5A recombinants
(43) as well as the genotype 2a full-length recombinant J6cc (28).
The key adaptive mutation L/V1663A in NS4A was adaptive for
the 3a(S52) and 6a(HK6a) NS3P/NS4A recombinants (14, 15).
Furthermore, substitution of aa 879 in NS2, adapting the
4a(ED43) NS4A recombinant, was also adaptive for the 3a(S52)
NS3P/NS4A recombinant (14). Lastly, the 5a(SA13) NS3P/NS4A
recombinant was adapted by the F880S substitution in NS2, adja-
cent to aa 879, adapting the 4a(ED43) NS4A recombinant, and the
I1682L substitution, adjacent to aa 1683, adapting the 5a(SA13)
NS4A recombinant (14).

Amino acid positions 772 in p7 and 1663 in NS4A, as well as
879 in NS2, localize to membrane-associated regions of these pro-
teins, possibly indicating the importance of interaction of mem-
brane-associated proteins during the viral replication cycle. F772,
conserved for genotypes 1 to 3, localizes to position 26 of p7 in

FIG 5 Amino acid substitutions implicated in genotype 1b replicon resistance did not change sensitivity of HCV NS4A recombinants to ACH-806. Cell cultures
in 96-well plates were infected with recombinants with NS4A proteins of the indicated genotypes(isolates) and the indicated aa substitutions. ACH-806 at the
indicated concentrations was administered at 24 h postinfection; each concentration was tested in triplicate. Cells were immunostained for HCV NS5A, and
single positive cells were counted automatically. Percentages of HCV NS5A-positive cells were calculated by comparison to the mean count for six nontreated
cultures. After logarithmic transformation of x values, a sigmoidal concentration-response curve was fitted as described in Materials and Methods. Error bars
indicate SEM for 3 replicates. No significant cellular toxicity was observed for the given concentration range. Virus stocks used for infection were as follows. For
2a(JFH1) and original NS4A recombinants, virus stocks are detailed in Table 3, footnote a. Recombinants with A1042S or A1042C and V1065A substitutions
were 2nd-passage viruses whose NS3-NS4A sequences were determined. 1b(J4)A1042S had acquired one additional coding nt change, estimated to be present in
50% of genomes, coding for the I1061V substitution (NS3P). 1a(TN)A1042C,V1065A had acquired one additional complete coding nt change, encoding the
K1398I substitution (NS3H). The other recombinants did not acquire nt changes in the NS3-NS4A region.
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transmembrane domain 1 (TM1), pointing to the outside of the
ion channel pore (46). The I879T substitution in putative TM3 of
NS2 (8) could substitute for the F772S substitution in the
4a(ED43) NS4A recombinant; also, several aa substitutions adapt-
ing NS3P/NS4A recombinants localized to the N-terminal puta-
tive TM region of NS2, which is important for virus assembly (8,
47). The p7 and NS2 proteins are apparently not required for
replication but for assembly, in interactions with various struc-
tural and nonstructural HCV proteins (8, 47–50). Because aa sub-
stitutions at position 772 in p7 and N-terminally in NS2 were
adaptive for recombinants with genotype-specific NS4A, NS3P/
NS4A, and NS5A, these residues might mediate interactions of p7
and NS2 with NS4A and NS5A. However, the fact that amino acid
substitution at position 772 also adapted the genotype 2a full-
length recombinant J6cc might argue for a role in interaction with
cellular factors. Position 1663 is equivalent to position 6 of NS4A
in the N-terminal transmembrane alpha-helix, which is impor-
tant for membrane anchoring, formation of the replication com-
plex, and replication (51). At this position, an alanine is present
for most genotype 2a isolates, a leucine for most 3a isolates, and a
valine for most other genotype isolates. For 2a(JFH1), exchange of
A with V or L led to an �1.0- or 2.0-log10 reduction of infectivity
titers following transfection; in 2nd-passage viruses, L had re-
verted to A, while V was maintained. Because 1663A was adaptive
for all NS4A and most NS3P/NS4A recombinants, genotype-spe-
cific interaction of this residue with other J6 or JFH1 proteins
seems to be required. Alternatively, 1663A might be required for
efficient cleavage at the intergenotypic NS3H-NS4A junction.

Expression of genotype-specific NS4A sequences in a constant

backbone allowed us to address the effect of the NS4A sequence on
responses to protease inhibitors and a putative NS4A inhibitor. In
treating the developed NS4A recombinants with lead compound
protease inhibitors, as previously observed (14), linear inhibitors
VX-950 and Sch503034 had lower potencies than macrocyclic in-
hibitors TMC435350, ITMN-191, and MK-7009 (Fig. 3; Table 3).
HCV recombinants or replicating genomes with NS3P/NS4A of
different genotype isolates showed differential sensitivity to pro-
tease inhibitors (14–16). In contrast, the genotype isolate of the
NS3P cofactor NS4A did not have a major influence on sensitivity
to the tested inhibitors (Fig. 3; Table 3). Thus, the specific NS4A
sequence might not be of major concern for including protease
inhibitors in future treatment regimens. The only consistent pat-

FIG 6 Genotype 1a and 2a HCV NS4A versus full-length recombinants show
similar sensitivities to a putative NS4A inhibitor. Cell cultures in 96-well plates
were infected with J6/JFH1-based recombinants with genotype(isolate)
1a(TN)-, 1b(J4)-, or 2a(J6)-specific NS4A or with genotype(isolate) 1a(TN)
and 2a(J6) full-length recombinants, designated 1a(TN)-FL and 2a(J6)-FL;
2a(JFH1) was included as a control. ACH-806 at the indicated concentrations
was administered at 24 h postinfection; each concentration was tested in trip-
licate. Cells were immunostained for HCV core/NS5A, and single positive cells
were counted automatically. Percentages of HCV core/NS5A-positive cells
were calculated by comparison to the mean count for six nontreated cultures.
After logarithmic transformation of x values, a sigmoidal concentration-re-
sponse curve was fitted as described in Materials and Methods. Error bars
indicate SEM for 3 replicates. No significant cellular toxicity was observed for
the given concentration range; cell viability data are shown in Fig. S3 in the
supplemental material. Virus stocks used for infection were as follows. For
2a(JFH1) and NS4A recombinants, virus stocks are detailed in Table 3, foot-
note a. The 1a(TN)-FL virus stock is described in the legend to Fig. 2 in refer-
ence 27. The 2a(J6)-FL virus stock is described in the legend to Fig. 3 in refer-
ence 28.

FIG 7 Viral spread under ACH-806 treatment occurred without selection of
resistance mutations in the NS3-NS4A region. (A) Cell cultures in 6-well plates
were infected at an MOI of 0.05 with the indicated NS4A recombinants and
maintained without treatment (filled symbols and lines) or with 1,000 nM
ACH-806 (empty symbols and broken lines) until viral spread to the almost-
complete cell cultures occurred. Virus stocks used for infection are detailed in
Table 3 legend. (B) NS4A recombinants with mutations identified by direct
sequencing of the NS3-NS4A region were generated. Second-passage virus
stocks of the indicated recombinants had maintained the introduced muta-
tions, as determined by sequencing of the NS3-NS4A region. 1a(TN)I1682T
had acquired one additional coding nt change, estimated to be present in 50%
of genomes, coding for the T1504P substitution (NS3H). The other recombi-
nants did not acquire nt changes in the NS3-NS4A region. For 2a(JFH1) and
original NS4A recombinants, virus stocks are detailed in Table 3, footnote a.
For treatments, cell cultures in 96-well plates were infected with the indicated
recombinants. ACH-806 at the indicated concentrations was administered at
24 h postinfection; each concentration was tested in triplicate. Cells were im-
munostained for HCV NS5A, and single positive cells were counted automat-
ically. Percentages of HCV NS5A-positive cells were calculated by comparison
to the mean count for six nontreated cultures. After logarithmic transforma-
tion of x values, a sigmoidal concentration-response curve was fitted as de-
scribed in Materials and Methods. Error bars indicate SEM for 3 replicates. No
significant cellular toxicity was observed for the given concentration range.
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tern of statistical significance involved slightly higher sensitivities
of 1b(J4) and 6a(HK6a) NS4A recombinants to both linear inhib-
itors (Fig. 3; Table 3). The small differences in sensitivity observed
might be caused by the nature of interaction of NS3P and NS4A
(51) and/or the nature of interaction of the specific protease in-
hibitor with the target. Apparently, genotype-specific NS4A in the
tested recombinants did not have a major influence on the re-
sponse to IFN-alpha2b in vitro (Fig. 3F; Table 3). Thus, other ge-
nome regions might be main mediators of genotype-specific sensitiv-
ity seen in patients, or factors not present in the applied short-term
assay might influence treatment outcomes.

Clinical development of the putative NS4A inhibitor ACH-806
was halted due to nephrotoxicity (11, 13). However, the current

lead compound ACH NS4A inhibitor was not available for exper-
iments. As previously described, for ACH-806, we found cell cul-
ture toxicity at concentrations above 10,000 nM in short-term
treatment assays and above 1,000 nM in long-term treatment as-
says (see Fig. S3 in the supplemental material) (11). At noncyto-
toxic concentrations, we found similar efficacies against recombi-
nants with NS4A proteins of various genotype isolates, indicating
that antivirals with the same or similar mechanisms of action
might show broad genotypic coverage. In the applied assays,
ACH-806 showed a lower potency than protease inhibitors. Thus,
in contrast to the case with protease inhibitors, after incubation
with the highest permissible ACH-806 concentrations for 48 h,
HCV antigen-positive cells were still observed in most cases (Fig. 3
to 7). Limited efficacy of ACH-806 was also apparent in the escape
experiment, where the highest concentration permissible in long-
term treatments led to only a relatively small delay in virus spread
(Fig. 7). Furthermore, this viral spread apparently did not depend
on resistance mutations in the suggested target regions.

Given the limited efficacy of ACH-806 in the applied assay,
calculation of the EC50 was not possible for all treatments done;
overall determinable EC50s were in the range of 1,000 to 10,000
nM, thus being several orders of magnitude higher than EC50 val-
ues determined in genotype 1 replicon systems (11–13). EC50 val-
ues strongly depend on the assay used. However, in the replicon
system, long-term treatment also appeared to be more effective,
resulting in selection of replicons with aa changes C1042S and
A1065V in NS3P, conferring resistance to ACH-806 (11, 13). It
seems unlikely that aa residues present at these positions were
responsible for the limited efficacy of ACH-806 against NS4A re-
combinants. This is because 2a(JFH1) and the 1a and 1b NS4A
recombinants with V1065A or A1042C/V1065A substitutions
showed sensitivities to ACH-806 similar to those of 2a(JFH1) and
the original NS4A recombinants (Fig. 4C and 5). Also, genotype
3a, 5a, and 6a NS3P/NS4A recombinants with alanine at aa 1065
and alanine or threonine at aa 1042 showed limited sensitivity to
ACH-806 (Fig. 4B). It is notable, however, that the effects of spe-
cific aa substitutions might depend on the sequence context (52)
as well as on the model system used. Thus, the effects of substitu-
tions at aa 1065 and aa 1042 might be specific to the replicon
system. Finally, it needs to be considered that isolated expression
of NS4A outside the authentic sequence context might alter NS4A
function. However, the limited efficacy of ACH-806 was appar-
ently not due to the intergenotypic nature of the NS4A recombi-
nants, because the 1a(TN) and 2a(J6) NS4A recombinants showed
sensitivities to ACH-806 similar to those of full-length recombi-
nants of the same genotype/isolate, in which NS4A was expressed
in the authentic sequence context (Fig. 6).

Escape experiments in genotype 1b replicons led to selection of
resistance mutations in an NS3P region interacting with NS4A
(11). In this study, long-term treatment led to a relatively small
delay in virus spread. While for 1a and 1b recombinants several
quasispecies aa changes were observed in NS3H and NS4A of re-
covered viruses, these changes did not result in detectable ACH-
806 resistance with the applied short-term assay (Fig. 7B). Due to
limited efficacy of ACH-806 in the context of the complete viral
replication cycle, the treated recombinants might have spread
without selection of resistance mutations. We obtained similar
results using protease and NS5A inhibitors, applying drug con-
centrations of �1� EC50 (45; unpublished data). It is less likely,

FIG 8 In a single-cycle production assay, ACH-806 affected assembly of in-
fectious intracellular HCV particles for J6/JFH1 recombinants with genotype
1a-, 1b-, and 2a-specific NS4A. CD81-deficient S29 cell cultures were trans-
fected in replicates with HCV RNA transcripts of J6/JFH1-based recombinants
with genotype(isolate) 1a(TN)-, 1b(J4)-, or 2a(J6)-specific NS4A. 2a(JFH1)
and 2a(JFH1)GND (20) were included as positive and negative controls, re-
spectively. (A) After 4 h, cells of one replicate culture were harvested for
determination of intracellular HCV core levels as described in Materials
and Methods. The other replicate cultures were treated with the indicated
concentrations of ACH-806 or maintained without treatment. At 48 h
posttransfection, supernatants and cells of these replicate cultures were har-
vested; intra- and extracellular core levels were determined and normalized to
the 4-h intracellular core levels to normalize for transfection efficiency. Core
values are based on single determinations. (B) Cells and supernatants har-
vested at 48 h posttransfection were also used for determinations of intra- and
extracellular infectivity titers in Huh7.5 cells. Infectivity titers are means for 3
replicates with SEM; the lower cutoffs for intracellular and extracellular titers
were up to 1.5 log10 FFU/well and 2.1 log10 FFU/ml, respectively, as indicated
by the column break. No significant cellular toxicity was observed for the
ACH-806 concentrations applied.
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but resistance mutations might localize to genome regions outside
NS3-NS4A.

Surprisingly, using a single-cycle production assay (32), we
found that ACH-806 did not inhibit viral replication. However,
relatively high concentrations of ACH-806 (4,000 and 8,000 nM)
showed a clear effect on viral assembly (Fig. 8 to 10); these con-
centrations also had an antiviral effect in high-throughput treat-
ment assays in Huh7.5 cells (Fig. 4 to 7). Thus, the effect of ACH-
806 in Huh7.5 cells might be explained by inhibition of assembly
as observed in S29 cells, which, like Huh7.5 cells, are derived from
Huh7 cells (32). As in Huh7.5 cells (Fig. 6), ACH-806 had similar
effects on 1a(TN) and 2a(J6) full-length versus NS4A recombi-
nants in S29 cells (Fig. 8 to 10). Earlier this year, Yang et al. pro-
vided a detailed study on the potential mechanism of action of
ACH-806 (13). ACH-806 was found to selectively bind to NS4A,

to lead to formation of an NS4A dimer, to reduce NS4A as well as
NS3 stability, and to impair NS3-NS4A interaction. These find-
ings could explain a negative effect on assembly, as NS4A and NS3
are involved in regulation of viral assembly (8, 9). However, it is
difficult to explain why the potent effect of ACH-806 on viral
replication observed in the replicon system, allowing only studies
of viral replication, is not observed in the Huh7.5 cell culture
system, mimicking the complete viral replication cycle, or in the
S29 cell single-cycle production assay, allowing studies of viral
replication, assembly, and release. These findings are most likely
explained by differences between these experimental systems.
Culture systems mimicking the complete viral replication cycle
might more accurately reflect the situation in vivo. In line with
this, using such systems for studies of antivirals, we so far obtained
findings that were in good agreement with clinical observations

FIG 9 Relatively high concentrations of ACH-806 were required for inhibition of viral assembly of genotype 1a, 1b, and 2a recombinants in a single-cycle
production assay. CD81-deficient S29 cell cultures were transfected in replicates with HCV RNA transcripts of J6/JFH1-based recombinants with genotype
(isolate) 1a(TN)-, 1b(J4)-, or 2a(J6)-specific NS4A. 2a(JFH1) and 2a(JFH1)GND (20) were included as positive and negative controls, respectively. (A) After 4
h, cells of one replicate culture were harvested for determination of intracellular HCV core levels as described in Materials and Methods. The other replicate
cultures were treated with the indicated concentrations of ACH-806 or maintained without treatment. At 48 h posttransfection, supernatants and cells of these
replicate cultures were harvested; intra- and extracellular core levels were determined and normalized to the 4-h intracellular core levels to normalize for
transfection efficiency. Core values are based on single determinations. (B) Cells and supernatants harvested at 48 h posttransfection were also used for
determinations of intra- and extracellular infectivity titers in Huh7.5 cells. Infectivity titers are means for 3 replicates with SEM; the lower cutoffs for intracellular
and extracellular titers were up to 1.6 log10 FFU/well and 2.1 log10 FFU/ml, respectively, as indicated by the column break. No significant cellular toxicity was
observed for the ACH-806 concentrations applied.
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(14, 27, 28, 43). Although beyond the scope of this study, it would
be interesting to carry out studies similar to those carried out by
Yang et al. (13) in the context of the complete viral replication
cycle.

In conclusion, we developed efficient adapted culture systems
with NS4A proteins of important HCV genotypes. To show the
applicability of these systems, we studied various antivirals whose
efficacy might be influenced by NS4A. These studies revealed that
the specific NS4A sequence did not have a major influence on the
efficacy of protease inhibitors or IFN-alpha2b in vitro. We also
found that the putative NS4A inhibitor ACH-806 had similar,

though limited, efficacies against the developed panel of NS4A
recombinants. In the context of culture systems allowing the study
of various steps of the viral replication cycle, relatively high con-
centrations of ACH-806 apparently inhibited viral assembly, not
replication. The developed systems could be used to study next-
generation inhibitors with mechanisms of action similar to that of
ACH-806. Inhibitors with greater efficacy in the context of the
complete viral replication cycle might allow identification of re-
sistance mutations and might thus contribute to further elucidat-
ing the mechanism of action of this compound class. The devel-
oped systems could also be used to study the function of NS4A in
a genotype-specific manner.
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