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Ombitasvir (ABT-267) is a hepatitis C virus (HCV) NS5A inhibitor with picomolar potency, pan-genotypic activity, and 50%
effective concentrations (EC50s) of 0.82 to 19.3 pM against HCV genotypes 1 to 5 and 366 pM against genotype 6a. Ombitasvir
retained these levels of potency against a panel of 69 genotype 1 to 6 chimeric replicons containing the NS5A gene derived from
HCV-infected patients, despite the existence of natural sequence diversity within NS5A. In vitro resistance selection identified
variants that conferred resistance to ombitasvir in the HCV NS5A gene at amino acid positions 28, 30, 31, 58, and 93 in genotypes
1 to 6. Ombitasvir was evaluated in vivo in a 3-day monotherapy study in 12 HCV genotype 1-infected patients at 5, 25, 50, or 200
mg dosed once daily. All patients in the study were HCV genotype 1a infected and were without preexisting resistant variants at
baseline as determined by clonal sequencing. Decreases in HCV RNA up to 3.1 log10 IU/ml were observed. Resistance-associated
variants at position 28, 30, or 93 in NS5A were detected in patient samples 48 hours after the first dose. Clonal sequencing analy-
sis indicated that wild-type virus was largely suppressed by ombitasvir during 3-day monotherapy, and at doses higher than 5
mg, resistant variant M28V was also suppressed. Ombitasvir was well tolerated at all doses, and there were no serious or severe
adverse events. These data support clinical development of ombitasvir in combination with inhibitors targeting HCV NS3/4A
protease (ABT-450 with ritonavir) and HCV NS5B polymerase (ABT-333, dasabuvir) for the treatment of chronic HCV genotype
1 infection. (Study M12-116 is registered at ClinicalTrials.gov under registration no. NCT01181427.)

Hepatitis C virus (HCV) is an enveloped, single-stranded, pos-
itive-sense RNA virus in the Flaviviridae family that infects

approximately 170 to 200 million people worldwide (1, 2). Seven
distinct HCV genotypes and 67 subtypes with significant variabil-
ity in their geographic distribution have been characterized (3).
HCV genotype 1, predominant in North America, Europe, and
Japan, accounts for 60% of the global infections (4–6). Genotype 2
infections are most prevalent in North America, Europe, and Ja-
pan, while genotype 3, 6, and 7 infections are predominant within
various parts of Southeast Asia (3, 7–9). In Egypt, HCV infections
are almost exclusively genotype 4, while genotype 5 is common in
South Africa (10, 11). The levels of nucleotide sequence diversity
between genotypes and between subtypes are 30 to 35% and 20 to
25%, respectively (12). The viral dynamics are rapid for HCV,
with 1012 virions being produced daily with a half-life of 45 min
(13). Moreover, the RNA-dependent RNA polymerase of HCV is
intrinsically error prone, and its lack of a proofreading function
allows for introduction of approximately one nucleotide change
per genome per replication cycle, which under drug pressure re-
sults in the expansion of preexisting drug resistant variants (13).
These factors have created challenges in developing pan-geno-
typic HCV inhibitors with high genetic barriers to the develop-
ment of resistance.

HCV replication can be inhibited at various points in the rep-
lication cycle by targeting viral or host cell functions (14, 15). For
the treatment of HCV genotype 1, three HCV NS3/4A protease
inhibitors (telaprevir, boceprevir, and simeprevir) and one nucle-
oside NS5B polymerase inhibitor (sofosbuvir), each in combina-
tion with pegylated interferon (pegIFN) and ribavirin (RBV),
have received marketing approval in the United States and Eu-
rope. The sustained virologic response (SVR) rate increased from
40 to 52% with pegIFN and RBV regimens to 67 to 75% when
telaprevir and boceprevir were used in combination with pegIFN

and RBV (16, 17). The NS3/4A protease inhibitor simeprevir in
combination with pegIFN and RBV improved the SVR rate to
80%, but in genotype 1a-infected patients with a Q80K polymor-
phism in the HCV NS3 protein, the SVR rate was reduced to 58%
(18, 19). Sofosbuvir in combination with pegIFN and RBV yielded
an SVR rate of 89% in genotype 1-infected patients; however,
there were differences in SVR rate among genotype 1a (92%) and
genotype 1b (82%) infected subjects (20). All direct-acting antivi-
ral (DAA) regimens currently approved for treatment of HCV
genotype 1- or genotype 4-infected patients must be coadminis-
tered with pegIFN and RBV, drugs that are associated with con-
siderable, often treatment-limiting toxicities. Although there is a
greater need for interferon-free regimens for the treatment of ge-
notype 1 infection, the epidemiology of the numerous HCV geno-
types and subtypes highlights the importance of developing pan-
genotypic DAAs.

HCV NS5A has no known enzymatic function; however, it
appears to play a critical role in the HCV replication cycle, both
directly in viral RNA production and indirectly by modulating the
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host cell environment to favor viral replication (21–23). Studies
have also suggested that NS5A plays a critical role in the assembly
of viral particles into fully formed, infectious virions (24). The
development of the in vitro HCV replicon system has aided in the
discovery and optimization of NS5A inhibitors for the treatment
of HCV (25). Several NS5A inhibitors, including daclatasvir, le-
dipasvir, samatasvir, GS5816, GSK-2336805, PPI461, PPI668,
ACH-2928, ACH-3102, and MK-8742, are currently in various
stages of clinical development (25). Our efforts to identify inhib-
itors of HCV replication led to identification of naphthyridine
compounds that lacked activity against the HCV NS3/4A protease
and NS5B polymerase enzymes (26, 27). Based on the selection
pattern of resistance variants, the naphthyridine inhibitors were
shown to target HCV NS5A in the HCV cell-based replicon sys-
tem. A subsequent proof-of-concept study with a naphthyridine
analog in a chimpanzee resulted in a robust HCV RNA viral load
decline, and resistance analysis confirmed NS5A as the drug target
(27). Structure-activity relationship studies and optimization of
N-phenylpyrrolidine-based inhibitors led to the discovery of
ABT-267, now known as ombitasvir (Fig. 1) (28).

Ombitasvir is being developed for use in combination with
ABT-450, a macrocyclic noncovalent peptidomimetic inhibitor of
HCV NS3/4A protease (described in an accompanying article
[29]), and the nonnucleoside NS5B polymerase inhibitor dasabu-
vir (ABT-333), with or without RBV, for the treatment of HCV
(30–34). The pan-genotypic activity and the in vitro resistance
profile of ombitasvir are described in this report. In addition, we
report the viral load declines observed in patients infected with
genotype 1 HCV who were treated for 3 days with ombitasvir (5,
25, 50, or 200 mg once daily), along with the resistance-associated
variants that were present in virus isolated from these patients
during the 3-day dosing period.

MATERIALS AND METHODS
Compound. Ombitasvir, dimethyl([(2S,5S)-1-(4-tert-butylphenyl)pyr-
rolidine-2,5-diyl]bis{benzene-4,1-diylcarbamoyl(2S)pyrrolidine-2,1-diyl-
[(2S)-3-methyl-1-oxobutane-1,2-diyl]})biscarbamate hydrate, was syn-
thesized at AbbVie (28).

Replicon cell lines and measurement of in vitro activity. The geno-
type 1a replicon construct contained the 5= nontranslated region (NTR)
from HCV strain 1a-H77 (GenBank accession number NC_004102) fol-
lowed by a firefly luciferase reporter gene and the neomycin phospho-
transferase (Neo) gene, which together comprised the first cistron of the
bicistronic replicon construct. This was followed by the encephalomyo-
carditis virus (EMCV) internal ribosome entry site (IRES) and the second
cistron containing the 1a-H77 NS3-NS5B-coding region with adaptive
mutations encoding E1202G, K1691R, K2040R and S2204I and finally by
the 1a-H77 3=NTR. The genotype 1b-Con1 replicon construct contained
the 5= NTR from HCV strain 1b-Con1 (GenBank accession number
AJ238799) followed by a firefly luciferase reporter gene and the Neo gene,
which together comprised the first cistron of the bicistronic replicon con-

struct. This was followed by the EMCV IRES and the second cistron con-
taining the 1b-Con1 NS3-NS5B-coding region with adaptive mutations
encoding K1609E, K1846T, and Y3005C and finally by the 1b-Con1 3=
NTR. In addition, the 1b-Con1 replicon construct contained a poliovirus
IRES between the HCV 5=NTR and the firefly luciferase gene. In order to
assess the ability of compounds to inhibit NS5A from non-genotype 1
HCV, a 1b-Con1 replicon shuttle vector containing the Neo gene and
luciferase reporter was constructed, which contained restriction site NotI,
90 nucleotides upstream of NS5A in the 3= end of NS4B, and a BlpI site just
after the NS5A amino acid 214 codon. Six chimeric subgenomic replicon
cell lines were generated for evaluation of the activity of compounds. The
NS5A regions for generation of chimeric replicons were amplified from
the sera of patients infected with HCV genotype 2a, 2b, 3a, 4a, 5a, or 6a.
Viral RNA was isolated from 140 to 280 �l of sera from HCV-infected
patients using the QIAamp viral RNA isolation kit (Qiagen, Valencia,
CA), according to the supplier’s instructions. Reverse transcription-PCR
(RT-PCR) using SuperScript III and Platinum Taq DNA polymerase (In-
vitrogen, Carlsbad, CA) and gene-specific primers was conducted on the
RNA to generate a DNA fragment carrying the NS5A gene with NotI- and
BlpI-compatible ends. This fragment was ligated into the replicon shuttle
vector plasmid and transformed into competent Escherichia coli cells. Af-
ter overnight growth in liquid culture, the plasmid DNA from the entire
population was isolated, purified, and then linearized by restriction en-
zyme digestion. The TranscriptAid T7 high-yield transcription kit (Fer-
mentas, Glen Burnie, MD) was used to transcribe HCV subgenomic RNA.
This RNA was introduced into the human hepatoma cell line Huh-7 by
electroporation to create a stable replicon cell line. All replicon cell lines
were maintained in Dulbecco’s modified Eagle medium (DMEM) con-
taining 100 IU/ml penicillin, 100 �g/ml streptomycin, and 200 �g/ml
G418 (all from Invitrogen, Carlsbad, CA) with 10% (vol/vol) fetal bovine
serum (FBS) (Atlanta Biologicals, Flowery Branch, GA). The inhibitory
effect of ombitasvir on HCV replication was determined in DMEM con-
taining 5% FBS with or without 40% human plasma (Bioreclamation,
Westbury, NY) by measuring the activity of the luciferase reporter gene.
The cells were incubated for 3 days in the presence of ombitasvir and were
subsequently lysed and processed according to the manufacturer’s in-
structions (Promega, Madison, WI). The luciferase activity in the cells was
measured using a Victor II luminometer (Perkin-Elmer, Waltham, MA).
The 50% effective concentration (EC50) was calculated using nonlinear
regression curve fitting to the 4-parameter logistic equation and Graph-
Pad Prism 4 software. The cytotoxicity of ombitasvir was determined by
the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (5
mg/ml) (Sigma-Aldrich, St. Louis, MO) colorimetric assay (35). The 50%
cytotoxicity concentration (CC50) was calculated from the optical density
data using nonlinear regression curve fitting to the 4-parameter logistic
equation and GraphPad Prism 4 software. Activity of ombitasvir against
genotype 2a JFH-1 (GenBank accession number AB047639) was evalu-
ated by Southern Research Institute, using a subgenomic replicon that did
not contain a luciferase reporter, using a quantitative RT-PCR (qRT-
PCR) assay (36, 37).

Phenotype against NS5A gene from clinical isolates. A genotype 1b-
Con1 HCV replicon-based shuttle vector cassette with the luciferase re-
porter but without the Neo gene was constructed for assessing the pheno-
types of NS5A genes derived from individuals infected with HCV
genotypes 1 to 6. A NotI restriction site was cloned into the 1b-Con1
subgenomic replicon vector 90 nucleotides upstream of NS5A in the 3=
end of NS4B, and a ClaI site was cloned after the NS5A amino acid 413
codon. The NS5A region from genotype 1-infected patients was inserted
between the NotI and ClaI restriction sites. The 1b-Con1 shuttle vector
with NotI and BlpI restriction sites (described in the previous section) was
used to evaluate the ability of ombitasvir to inhibit the NS5A region en-
compassing amino acids 1 to 214 from non-genotype 1 HCV. The NS5A
gene from clinical samples was amplified and ligated into the shuttle vec-
tor. In a transient assay, the HCV subgenomic replicon RNA containing
the NS5A gene from each clinical sample was transfected via electropora-

FIG 1 Structure of ombitasvir.

Krishnan et al.

980 aac.asm.org February 2015 Volume 59 Number 2Antimicrobial Agents and Chemotherapy

http://dx.doi.org/10.1128/AAC.04227-14
http://www.ncbi.nlm.nih.gov/nuccore?term=NC_004102
http://www.ncbi.nlm.nih.gov/nuccore?term=AJ238799
http://www.ncbi.nlm.nih.gov/nuccore?term=AB047639
http://aac.asm.org


tion into a Huh-7 derived cell line (38). The cells were incubated in the
presence of ombitasvir for 4 days. The luciferase activity in the cells was
measured, and the EC50 was calculated as described above.

In vitro resistance analysis. In order to characterize replicon variants
with reduced susceptibility to ombitasvir, resistance selection was con-
ducted in the chimeric genotype 1 to 6 HCV replicon-containing stable
cell lines described above. Replicon cells (5 � 104 to 1 � 106) were plated
in 150-mm cell culture plates and grown in the presence of G418 (400
�g/ml) and ombitasvir at a concentration that was 10-fold, 50-fold, 100-
fold, or 1,000-fold above the EC50 for the respective cell line. After 3 weeks
of treatment, the majority of replicon cells were cleared of replicon RNA
and were therefore unable to survive in the G418-containing medium.
The cells containing resistant replicon variants survived and formed col-
onies, and each of these colonies was picked and further expanded. In
order to characterize the genotype of the resistant replicon variants, the
expanded colonies were lysed in CellsDirect resuspension and lysis buffer
(Invitrogen, Carlsbad, CA) to yield total RNA. The NS5A-coding region
was amplified by RT-PCR, and the amplified samples were sequenced
using the ABI Prism dye terminator cycle sequencing ready-reaction kit
and were analyzed on an Applied Biosystems 3100 genetic analyzer.

Antiviral activity against a panel of resistant variants. The methods
used for measurement of the effects of individual amino acid variants on
the activity of an inhibitor in HCV replicon cell culture assays were de-
scribed previously (39). Briefly, the resistance-associated variants in NS5A
were each introduced into the genotype 1a-H77 or 1b-Con1 or one of the
chimeric genotype 2 to 6 replicons using the Change-IT multiple-muta-
tion site-directed mutagenesis kit (Affymetrix, Santa Clara, CA). After the
presence of the variant was confirmed by sequence analysis, the plasmid
was linearized and the TranscriptAid T7 high-yield transcription kit (Fer-
mentas, Glen Burnie, MD) was used to transcribe the HCV subgenomic
RNA from the plasmid. In a transient assay, the replicon RNA containing
the variant was transfected via electroporation into a Huh-7 cell line (38).
The EC50s were calculated as described in the previous sections.

Clinical study design. Study M12-116 (ClinicalTrials.gov registration
no. NCT01181427) was the first study to evaluate the pharmacokinetics,
safety, tolerability, antiviral activity, and resistance of ombitasvir in HCV-
infected treatment-naive adults. All of the patients provided written in-
formed consent. The study was performed in accordance with Good Clin-
ical Practice guidelines and the principles of the Declaration of Helsinki,
and the study protocol was approved by the relevant institutional review
boards and regulatory agencies. Inclusion criteria included chronic HCV
genotype 1 infection for at least 6 months prior to study enrollment,
plasma HCV RNA level of �100,000 IU/ml at screening, and a liver biopsy
within the past 3 years with histology consistent with HCV-related inflam-
mation and fibrosis but no evidence of cirrhosis. Exclusion criteria in-
cluded positive antibodies for hepatitis A or B virus or human immuno-
deficiency virus type 1 (HIV-1) or a history of clinically significant
comorbidities. The primary endpoint was the maximum change from
baseline in HCV RNA. The patients in the ombitasvir dose groups were
enrolled sequentially, and within each group, patients were randomized
(2:1) to either ombitasvir or placebo and treated under nonfasting condi-
tions for 3 days while confined to the study site. The 200-mg dose group
received a different formulation with higher bioavailability. Patients who
received at least one dose of ombitasvir or placebo were provided the
option to receive treatment with pegIFN/RBV for approximately 48 weeks
once treatment with ombitasvir was completed. HCV RNA was measured
using the Roche COBAS TaqMan HCV Test v2.0 real-time reverse trans-
criptase PCR assay (with a lower limit of quantification of 25 IU/ml and a
lower limit of detection of 10 IU/ml). The virologic response was assessed
as HCV RNA decrease from baseline in log10 IU/ml (40).

Resistance analysis of patient samples. Resistance analysis was con-
ducted on samples with �1,000 IU/ml HCV RNA at baseline (day 1),
prior to dosing on day 3, and 72 h after dosing on day 3 (day 6). Viral RNA
was isolated from plasma samples from HCV-infected patients by an au-
tomated method using the Abbott m2000 instrument (Abbott Molecular,

Des Plaines, IL). RT-PCR using the Superscript III one-step RT-PCR sys-
tem with Platinum Taq High Fidelity (Invitrogen, Carlsbad, CA) was per-
formed using sense and antisense primers located outside the NS5A gene.
Nested PCR was performed with Platinum Pfx DNA polymerase (Invit-
rogen, Carlsbad, CA) using sense and antisense primers specific for the
NS5A gene. The NS5A PCR fragment was inserted into pJET1.2 vector
(Fermentas, Glen Burnie, MD), plasmid DNA was isolated from individ-
ual colonies, and the NS5A region from the plasmid DNA was sequenced.
Seventy-six clones, on average, were sequenced from each sample. Phe-
notypic analysis of clinical samples was conducted as described in the
previous sections.

RESULTS
Activity in HCV replicons. The activity of ombitasvir was previ-
ously presented by DeGoey et al. (28). Ombitasvir had EC50s of
14.1 and 5.0 pM against genotype 1a-H77 and 1b-Con1 sub-
genomic replicons, respectively. The antiviral activity of ombitas-
vir was attenuated 11- to 13-fold in the presence of 40% human
plasma through sequestration of compound due to plasma pro-
tein binding. The CC50 of ombitasvir was greater than 32 �M,
resulting in an in vitro therapeutic index that exceeded two mil-
lionfold. Ombitasvir demonstrated broad genotypic activity, with
EC50s of 0.82 to 19.3 pM against genotype 2a, 2b, 3a, 4a, and 5a
replicons and 366 pM against a genotype 6a replicon (Table 1).

Selection of variants resistant to ombitasvir in genotype 1a,
1b, 2a, 2b, 3a, 4a, 5a, and 6a replicons. The amino acid variants
selected by ombitasvir across genotypes 1 to 6 are listed in Tables
2 and 3. The resistance profile of ombitasvir in genotype 1 was
previously presented briefly by DeGoey et al. (28). In genotype 1a,
the predominant variants selected by ombitasvir at 10-, 100-, or
100-fold over the EC50 were M28T, M28V, Q30R, Y93C, and
Y93H. In the genotype 1a-H77 background, M28V conferred 58-
fold resistance, while the M28T, Q30R, Y93C, and Y93H variants
each conferred greater than 800-fold levels of resistance. The pre-
dominant variant selected by ombitasvir in genotype 1b was
Y93H, which conferred 77-fold resistance to ombitasvir. In con-
trast to the observations for genotype 1a, single substitutions at
amino acid position 28, 30, and 31 in genotype 1b conferred �10-
fold resistance. At 100-fold or 1,000-fold over EC50 of ombitasvir,
a number of clones contained double amino acid substitutions,
primarily Y93H along with an additional substitution in the N-
terminal region of NS5A, and the double variants conferred more
than 400-fold resistance to ombitasvir.

TABLE 1 Ombitasvir EC50s against stable subgenomic replicon cell lines

HCV replicon subtype

Mean EC50 (pM) � SD with human
plasma ata:

0% 40%

1a-H77 14 � 6.8 186 � 63
1b-Con1 5.0 � 1.9 56 � 15
2a 12 � 2.7 NDb

2a JFH-1c 0.82 � 0.18 ND
2b 4.3 � 1.2 ND
3a 19 � 5.8 ND
4a 1.7 � 0.88 ND
5a 3.2 � 1.6 ND
6a 366 � 125 ND
a Both the 0% and 40% human plasma assays also contain 5% fetal bovine serum.
b ND, not determined.
c Studies conducted at Southern Research Institute using qRT-PCR assay.
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Resistance selection was conducted at 50-fold above the EC50

in genotypes 2 to 5 and at 10-fold above the ombitasvir EC50 in the
genotype 6a cell line, as at concentrations above these values, rep-
licon cells did not survive in the presence of G418, indicating that
the cells had been cleared of replicons.

In genotype 2a, the predominant variants selected were
T24A and F28S, and in genotype 2b, the predominant variants
selected were L31V and Y93H, while the L28F variant was ob-
served in only one out of the 24 clones. In the European HCV
database (41), amino acid position 31 in genotypes 2a and 2b is
polymorphic with a prevalence of both methionine and leu-
cine. Therefore, some of the resistant variants were constructed
in the background of M31 as well as L31. In genotype 2a, both
T24A (plus M31) and T24A (plus L31) were found to confer
similar levels of resistance to ombitasvir. The genotype 2b L28F
(plus L31) and L31V variants conferred 47-fold and 511-fold
resistance, respectively; however, variant L28F in an M31 back-
ground was found to confer 248-fold resistance to ombitasvir.
The predominant resistance-associated variant detected in ge-
notype 3a was Y93H, which conferred 6728-fold resistance to

ombitasvir. In genotype 4a, the only variant selected was L28V,
and it conferred 23-fold resistance to ombitasvir. In genotype
5a, variants L28I, L31F, and L31V were observed, of which L28I
conferred 79-fold resistance to ombitasvir, while both the L31F
and L31V variants conferred over 240-fold resistance. In geno-
type 6a, L31V and several variants at T58 were selected, and
these conferred 18- to 101-fold resistance to ombitasvir.

In summary, the key resistance-associated amino acid posi-
tions observed across genotypes 1 to 6 were 28, 30, 31, 58, and 93
in NS5A; however, the resistance conferred by variants at these
amino acid positions to ombitasvir varied by genotype. Figure 2
shows an alignment of amino acids 1 to 100 of NS5A in the wild-
type genotype 1 to 6 replicons, highlighting the signature resis-
tance-associated amino acid positions in each genotype.

Activity of ombitasvir against a panel of HCV genotype 1 to 6
isolates. Given the genetic diversity of HCV and the degree of
amino acid polymorphisms within the N-terminal region of
NS5A, the activity of ombitasvir was evaluated against a panel
of treatment-naive genotype 1 to 6 isolates in order to characterize
its breadth of coverage (Table 4). The variability at signature re-

TABLE 2 Selection of resistant variants in NS5A by ombitasvir in genotype 1 replicon cell lines and resistance in transient assays

Genotype Variant

Prevalence in replicon assaysa

Mean EC50 (pM) � SDb

Fold
resistance

Replication
efficiency (%)10� 100� 1,000�

1a Wild type 2.7 � 0.8 100
M28T 1/23 4/21 4/24 24,475 � 5,710 8,965 100
M28V 10/23 159 � 10 58 87
Q30R 4/23 4/21 8/24 2,184 � 687 800 60
H58D 1/21 664 � 222 243 66
Y93C 4/23 5/21 3/24 4,573 � 2,362 1,675 24
Y93H 4/23 5/21 9/24 112,975 � 47,977 41,383 18
Y93N 1/21 182,200 � 7,212 66,740 25
Y93S 1/21 1,013c

Q30H 7.7 � 3.9 3 64
L31M 4.8 � 2.1 2 141
Q30L � Y93H 1,137 � 100 416 30
Q30L � Y93S 596 � 81 218 1

1b Wild type 0.79 � 0.25 100
L28T 2/8d 522 � 279 661 17
L31F 4/23 7.6 � 3.8 10 127
L31V 2/23 2/23 6.6 � 1.2 8 86
Y93H 12/23 9/23 1/8 60 � 22 77 73
L28M � L31F 1/23 1/8 569c

L28V � L31F 1/8 2,170c

L31F � P58L 1/23 78c

L31F � P58S 1/23 NDe ND ND
L28M � Y93N 1/23 ND ND ND
L28M � Y93H 2/23 328 � 231 415 104
R30Q � Y93H 1/23 7/23 224 � 51 284 60
L31F � Y93H 2/8 8,115 � 2,070 10,272 35
L31V � Y93H 1/8 9,739 � 1,122 12,328 24
P58A � Y93H 2/23 967 � 230 1,226 11
P58L � Y93H 1/23 107 � 69 135 8
L28M 1.3 � 0.1 2 114
R30Q 0.31 � 0.23 0.4 60
L31M 0.7 � 0.3 0.9 119

a Number of times that this variant was found/ total number of colonies analyzed.
b EC50 of ombitasvir in replicon containing the variant in NS5A determined using transient luciferase assay.
c Fold resistance was evaluated in a stable chimeric replicon cell line harboring the amino acid substitution; therefore, the EC50 in transient assay is not shown.
d Only 8 colonies (out of 1 � 106 cells) survived exposure to 1,000-fold the EC50 of ombitasvir.
e ND, not determined.
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sistance-associated amino acid positions relative to the consensus
in the European HCV database was also analyzed by population
sequencing (41), and the polymorphisms observed in the isolates
are shown in Table 4. A total of 69 genotype 1 to 6 isolates were
included in the panel. The EC50 of ombitasvir ranged from 0.1 to
15.1 pM against NS5A from 66 genotype 1 to 5 isolates. Polymor-
phisms at amino acid position 31 in NS5A in genotypes 2a and 2b
or at amino acid position 28 in genotype 4a had no impact on
activity of ombitasvir. In addition, ombitasvir was active against

the genotype 2a JFH-1 replicon, with an EC50 of 0.82 pM. The
EC50 of ombitasvir was higher against one genotype 2b sample
with L28F plus M31 and one genotype 3a sample with the A30K
variant. Only one genotype 6a sample, containing L28, was avail-
able for analysis. In order to better represent polymorphisms in
genotype 6a isolates, L28F was introduced into the available geno-
type 6a replicon. The EC50s of ombitasvir were 42 pM and 68 pM
against the L28 and F28 variants of this genotype 6a replicon,
respectively.

Three-day monotherapy pharmacokinetics and antiviral ef-
ficacy. In study M12-116, six treatment-naive patients infected
with HCV genotype 1 were in each dose group (5, 50 or 200 mg
once daily [QD]), with 4 patients administered active drug and 2
patients receiving a matched placebo for 3 days. Sixteen of the 18
patients enrolled in this study were infected with HCV genotype
1a, while 2 patients were infected with HCV genotype 1b, both of
whom were randomized to the placebo group. Two of the patients
randomized to the 50-mg group actually received 25 mg during
monotherapy due to a dosing error. At baseline, the mean HCV
RNA in the 18 patients was 6.32 log10 IU/ml. On day 3, ombitasvir
dose-normalized maximum concentration (Cmax) and area under
the concentration-time curve (AUC) values were similar across all
doses. The Cmax ranged from 5.7 to 442 ng/ml, and the half-life
ranged from 25.5 to 32.0 h (40). Figure 3 shows the individual
HCV RNA viral load declines for the 12 HCV-infected patients
who were administered ombitasvir. Similar robust antiviral re-
sponses were observed across all doses studied, with mean maxi-
mum decreases in HCV RNA of up to 3.10 log10 IU/ml observed

TABLE 3 Selection of resistant variants in NS5A by ombitasvir in
genotype 2 to 6 subgenomic chimeric replicon cell lines

Genotype Variant

Prevalence in
replicon
assaysa

Mean EC50

(pM) � SDb

Fold
resistance

2ac Wild type 1.3 � 0.1
T24A 8/15 50 � 6.9 38
T24A (L31) 20 � 0.37 15
F28S 4/15 4,710d

2bc Wild type 0.71 � 0.37
L28F 1/24 33 � 6.1 47
L28F (M31) 176 � 30 247
L31V 8/24 361 � 70 511
Y93H 13/24 NA

3a wt 4.4 � 2.4
M28T 3/24 2,934 � 1,618 659
L31F 3/24 28d

Y93H 14/24 29,940 � 368 6,728

4a Wild type 0.35 � 0.07
L28V 21/21 8.0 � 2.8 23

5a Wild type 0.91 � 0.34
L28I 6/23 72 � 25 79
L31V 12/23 220 � 105 243
L31F 6/23 263 � 117 289

6a Wild type 82 � 58
L31V 4/24 5,572 � 734 68
T58N 4/24 8,354 � 1,248 101
T58A 8/24 1,452 � 599 18
T58S 6/24 1,504 � 319 18

a Number of times this variant was found/total number of colonies analyzed.
b EC50 of ombitasvir in replicon containing the variant in NS5A determined using
transient luciferase assay. NA, not available due to low replication efficiency of the
variant.
c The genotype 2a replicon cell line contains Met at position 31; the genotype 2b
replicon cell line contains Leu at position 31.
d F28S in GT 2a and L31F in GT 3a replicated poorly in a transient assay; therefore, the
EC50 and fold resistance were evaluated in a stable chimeric replicon cell line.

FIG 2 Alignment of amino acids 1 to 100 of NS5A in the replicon cell lines. Amino acid changes relative to the 1b-Con1 sequence are indicated. Amino acids
within each genotype where variants resistant to ombitasvir were selected are highlighted in gray.

TABLE 4 Antiviral activity of ombitasvir in transient assays with HCV
replicons containing NS5A genes from treatment-naive HCV-infected
patients

Genotype No. isolates

EC50 (pM)

Range Mean � SDa

1a 11 0.35–0.88 0.66 � 0.14
1b 11 0.74–1.5 1.0 � 0.23
2ab 9 0.87–11 3.9 � 3.0
2bc 14 0.54–45 1.1 � 1.2
3a 13 0.90–55 4.5 � 4.3
4ad 9 0.10–0.36 0.24 � 0.08
5a 1 0.67
6ae 2 42–68 55 � 18
a Outliers due to presence of known resistance-associated variants were excluded when
calculating the mean EC50s.
b All the genotype 2a isolates had M31.
c Of the genotype 2b isolates, 8 had L31 and 6 had M31.
d Two of the genotype 4a isolates had M28 and 7 had L28.
e Only 1 genotype 6a isolate was available. L28F, a common polymorphism, was
introduced into this isolate.

Activity and Resistance Profile of Ombitasvir

February 2015 Volume 59 Number 2 aac.asm.org 983Antimicrobial Agents and Chemotherapy

http://aac.asm.org


during the 3-day monotherapy, while the mean decrease in HCV
RNA was 0.15 log10 IU/ml in the placebo arm of the study. In
general, ombitasvir was well tolerated across all doses adminis-
tered. Most adverse events were mild, self-limiting, and of short
duration and were considered not related or probably not related
to ombitasvir. There was no dose-responsive pattern to the ad-
verse events. No deaths or serious adverse events were reported
(40).

Evaluation of in vivo resistance development. Clonal se-
quencing and phenotypic analysis of the NS5A-coding region were
performed on all patients who received ombitasvir in this study for
whom the viral titer at baseline, day 3, and/or day 6 was �1,000 IU/ml
(Fig. 3 and Table 5). All 12 patients given ombitasvir in the 3 dose
groups were infected with genotype 1a virus, and variants at resis-
tance-associated amino acid position 28, 30, 31, 58, or 93 were not
detected at baseline in any patient by clonal sequence analysis.

FIG 3 HCV RNA viral load during 3-day monotherapy with ombitasvir in HCV genotype 1-infected treatment-naive patients. Samples with HCV RNA levels
of �1,000 IU/ml (amplification limit) at day 3 and day 6 were sequenced. Patients with available postbaseline sequencing data are indicated.

TABLE 5 Phenotypic analysis and prevalence of signature NS5A resistance-conferring amino acid variants relative to baseline by clonal sequencing

Dose QD (mg)
and patient

Visit
day EC50 (pM)

Fold
resistancea

Treatment-emergent variants at signature resistance-conferring amino acid positions
in NS5A (% frequency)b

Multiple
variants

M28 Q30 Y93

T V E R C H N S

5
1 3 19.4 41 100

6 46.2 98 26 31 30
2 3 1.7 2.7 21 8

6 2.3 3.7 15 6

25
3 3 12.2 18 16 24 37 15

6 24.5 36 16 52 14

50
4 3 75.8 105 46 22 5 16

6 254 353 49 13 25 5
5 3 180 219 62c 10 22

6 333 406 44c 11 39

200
6 6 1,477 2,238 65 22 8
7 3 103 198 18 21 17 19

6 482 927 40 35 6 6
8 3 963 2,006 34 55 5

6 892 1,858 40 50 5
a Fold change in EC50 of ombitasvir in samples from day 3 or day 6 relative to the EC50 in the respective baseline sample.
b Variants observed in �5% of the clones are shown.
c Q30L � Y93H was the major double variant, and Q30L � Y93S was the minor variant.
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In the 5-mg QD dose group, 2 of the 4 patients had HCV RNA
viral loads of �1,000 IU/ml at both day 3 and day 6. Patient 1 had
predominantly M28V at day 3 but had a mixture of M28T, M28V,
and Q30R at day 6. Patient 2 had predominantly wild-type virus
with M28V and Q30R as minor variants at both day 3 and day 6.
Of the 2 patients who received the 25-mg dose, one (patient 3) had
HCV RNA viral loads of �1,000 IU/ml at day 3 and day 6. In the
sample from this patient, M28T, M28V, Q30R, and Y93C were
observed on day 3; however, the M28V variant was no longer
detected on day 6. Consistent with these sequencing observations,
day 6 samples from patients 1, 2, and 3 conferred 98-, 4-, and
36-fold resistance to ombitasvir, respectively, in the phenotypic
assay.

Of the 2 patients receiving the 50-mg dose of ombitasvir, M28T
was the predominant variant in patient 4 at both days 3 and 6,
although M28V, Q30E, Q30R, and Y93C were also detected. Pa-
tient 5 in the 50-mg dose group had an HCV RNA viral load nadir
at 36 h after initiation of ombitasvir dosing, which was only a 1.52
log10 IU/ml decrease from the baseline value. Although preexist-
ing resistance-associated variants were not detected at baseline,
patient 5 had a complex mixture of variants at day 3 and day 6.
Y93S and Q30L plus Y93H were the predominant variants, while
Y93H and Q30L plus Y93S were also detected as minor variants. In
vitro analysis of these variants in the HCV genotype 1a-H77 rep-
licon (Table 2) indicated that resistance conferred by Q30L plus
Y93H (416-fold) or Q30L plus Y93S (218-fold) was lower that that
conferred by Y93H or Y93S alone. Consistent with the presence of
resistant variants, day 6 samples from patients 4 and 5 conferred
353- and 406-fold resistance to ombitasvir, respectively, in the
phenotypic assay.

In the 200-mg dose group, 3 of the 4 patients dosed with
active drug had viral loads of �1,000 IU/ml HCV RNA at day 3
and/or day 6. M28T and Q30R were the predominant variants
in all 3 patients at both day 3 and day 6, while Y93C and Y93H
were observed as minor variants. Consistent with the presence
of resistant variants, day 6 samples from patients 6, 7, and 8
conferred 927- to 2,238-fold resistance to ombitasvir in the
phenotypic assay.

The clinical samples at days 3 or 6 usually contained a mixture
of NS5A variants (including the wild type). Each of these variants
may have differing replication fitness and variable susceptibility to
ombitasvir, and the EC50 against clinical isolates is therefore a
reflection of the multiple variants present in the quasispecies. The
EC50s from reference replicons harboring single or multiple de-
fined resistant variants are, in many cases, different from those for
the clinical isolates.

DISCUSSION

Ombitasvir is an NS5A inhibitor with picomolar potency against
genotype 1 to 6 replicons. In addition, ombitasvir retained pico-
molar levels of potency against a panel of 69 HCV genotype 1 to 6
clinical isolates, indicating that genetic diversity in the wild-type
virus did not affect susceptibility to ombitasvir. Amino acid posi-
tion 31 is known to be polymorphic in genotype 2, with both
methionine and leucine prevalent in the HCV sequence database
(41). While the presence of M31 in NS5A in genotype 2 is known
to confer reduced susceptibility to NS5A inhibitors such as dacla-
tasvir (�100-fold loss) and samatasvir (75-fold loss) (42, 43), om-
bitasvir retained activity against genotype 2 clinical isolates har-
boring either L31 or M31 in NS5A. The activity of ombitasvir

against genotype 6a was attenuated 114-fold relative to the activity
against genotype 5a. Both genotypes 5a and 6a have threonine at
position 93 in NS5A rather than tyrosine; however, as genotype 6a
also has threonine at position 58 versus proline in genotype 5a, it
is possible that the T58 alone, or T58 in combination with T93,
results in the reduced activity of ombitasvir against genotype 6a.

In the in vitro replicon system, the resistance-conferring vari-
ants selected by ombitasvir in genotype 1a were M28T, M28V,
Q30R, Y93C, and Y93H. Of these, M28V conferred 58-fold resis-
tance, whereas the other variants conferred greater than 800-fold
resistance to ombitasvir. Consistent with this observation, M28V
was not selected by exposure to 100-fold the EC50 of ombitasvir. In
genotype 1b, Y93H, which conferred 77-fold resistance to ombi-
tasvir, was the predominant variant. At exposures greater than
100-fold the EC50 of ombitasvir, resistant colonies with double
variants, most commonly Y93H in combination with variants at
amino acid position 28, 30, or 31, were selected. Overall, the most
prevalent resistance-associated variants resulting from replicon
assays with ombitasvir across all genotypes included variants at
positions 28, 30, 31, 58, and 93. Variants Q30H (genotype 1a) and
L31M (genotype 1a and 1b), which are known to confer resistance
to daclatasvir and ledipasvir (43–45), remained susceptible to om-
bitasvir, as shown in Table 2. In the European HCV database, the
preexisting prevalence of Q30H and L31M in genotype 1 ranges
between 2.5 and 6%; the preexisting prevalence of the M28V vari-
ant in genotype 1a is around 6%, whereas the prevalence of M28T,
Q30R, Y93C, and Y93H is each less than 1% (41). The preexisting
prevalence of the Y93H variant in genotype 1b is approximately
5% (41). Thus, it would be expected that the most prevalent pre-
existing variants in genotype 1a (M28V) and genotype 1b (Y93H)
would be suppressed in vivo with an ombitasvir drug level of 60- to
80-fold over the protein-adjusted wild-type EC50, which would be
equivalent to 10 to 13 ng/ml.

Ombitasvir was evaluated in the dose-ranging clinical study
M12-116, in which the maximum change from baseline in HCV
RNA was evaluated along with a thorough resistance analysis of
samples obtained within the first few days after initiation of om-
bitasvir dosing. In M12-116, 12 treatment-naive patients infected
with HCV genotype 1 were administered 5, 25, 50, or 200 mg once
daily of ombitasvir for 3 days, followed by an optional regimen of
pegIFN and RBV for 48 weeks. All ombitasvir-treated patients
were genotype 1a infected, and the mean maximum declines in
HCV RNA observed across the doses studied were up to 3.10 log10

IU/ml during the 3-day monotherapy. None of the patients had
preexisting resistance-conferring variants at signature amino acid
position 28, 30, 31, 58, or 93 in NS5A detectable by clonal se-
quencing. Postbaseline samples from 8 patients were available for
resistance analyses. Variants M28T, M28V, and Q30R in NS5A
were the predominant treatment-emergent variants, while Y93C
and Y93H were detected as minor variants. On day 3 of treatment
or day 6 (48 h posttreatment), greater than 90% of the clones from
each of the patient samples contained variants at signature resis-
tance-conferring amino acid positions, indicating that in most
patients, the wild-type virus had been suppressed. At the 5-mg
dose, M28V was detected in two patients at day 3 and day 6; how-
ever, at higher doses where the Cmax values also increased, M28T
or Q30R was the predominant variant. This is consistent with the
observation in vitro that the M28V variant, which confers 58-fold
resistance to ombitasvir, can be suppressed at higher doses of om-
bitasvir. In line with the genotypic observations, phenotypic anal-
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ysis indicated that samples from patients in the 5-mg and 25-mg
dose groups conferred 1- to �100-fold resistance to ombitasvir,
while most samples from patients receiving 50 or 200 mg of om-
bitasvir conferred �500-fold resistance to ombitasvir. Although
ombitasvir demonstrated similarly robust antiviral responses
across all doses studied, the in vivo resistance profile suggest a
benefit of using a dose higher than 5 mg of ombitasvir in order to
suppress prevalent preexisting variants such as M28V in genotype
1a or Y93H in genotype 1b.

The in vitro profile of ombitasvir and the results in the 3-day
monotherapy study M12-116 provided the basis for investigat-
ing the combination of ombitasvir with the NS3/4A protease
inhibitor ABT-450 and nonnucleoside NS5B polymerase in-
hibitor dasabuvir (ABT-333) in treatment of chronic genotype
1 HCV infection. The combination of these 3 DAAs provides a
barrier to resistance in patients, as evidenced by the high SVR
rate in the six phase 3 clinical trials using an interferon-free
combination of ombitasvir/ABT-450/ritonavir and dasabuvir
with or without ribavirin (30–34).
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