
Top Med Chem (2019) 32: 133–156
DOI: 10.1007/7355_2018_50
© Springer Nature Switzerland AG 2019
Published online: 27 August 2019

HCV NS5A as an Antiviral Therapeutic
Target: From Validation to the Discovery
and Development of Ombitasvir
and Pibrentasvir as Components
of IFN-Sparing HCV Curative Treatments

Rolf Wagner, David A. DeGoey, John T. Randolph, Allan C. Krueger,
Mark A. Matulenko, and Warren M. Kati

Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
2 Discovery of AbbVie’s First-Generation HCV NS5A Inhibitors . . . . . . . . . . . . . . . . . . . . . . . . . . 135

2.1 Screening Hit and the Establishment of NS5A Inhibitors as a Viable HCV Drug
Discovery Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

2.2 Identification of the E-Ring Pharmacophore and the Move to C-2 Symmetrical
Compounds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

2.3 N-Phenylpyrrolidine Series Discovery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
2.4 Phenyl-Amino Pyrrolidine Series . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
2.5 Phenyl Imidazole Pyrrolidine Series . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
2.6 Phenyl Imidazole Pyrrole Series . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
2.7 Advanced Characterization and Selection of Ombitasvir (ABT-267) . . . . . . . . . . . . . . . 141

3 Discovery of a Next-Generation NS5A Inhibitor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144
4 Clinical Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

Abstract While IFN-based hepatitis C virus (HCV) treatment regimens required
long treatment duration, they only achieved a limited cure rate in HCV-infected
patients and were accompanied by significant therapy-based side effects. The first
curative IFN-sparing therapies revolutionized HCV treatment by utilizing a cocktail
of mechanistically orthogonal direct-acting antiviral (DAA) agents to achieve much
higher cure rates in a shorter period of time and with fewer side effects. One of the
drug targets that these therapies usually engaged was the HCV NS5A protein. This
chapter reviews the Abbott/AbbVie HCV NS5A program, which discovered
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inhibitors of this protein using an in vitro phenotypic screen, validated the mecha-
nism in vivo, and ultimately discovered two FDA-approved NS5A inhibitors
ombitasvir (OMB) and pibrentasvir (PIB). OMB, a first-generation NS5A inhibitor,
is a component of two FDA-approved IFN-sparing DAA therapies (Viekira Pak™
and Technivie™) with approval to treat genotypes 1 and 4, respectively. PIB, a next-
generation NS5A inhibitor included in AbbVie’s next-generation therapyMavyret™
(or Maviret™), prevents replication of HCV genotypes 1–6 and exhibits an
improved resistance profile relative to other FDA-approved first-generation NS5A
inhibitors.

Keywords Abbott, AbbVie, ABT-267, ABT-530, DAA, HCV, Hepatitis C,
IFN-sparing, Maviret, Mavyret, NS5A, Ombitasvir, Pibrentasvir, Technivie,
Viekira Pak

1 Introduction

Abbott Laboratories was one of the first companies to commercialize a blood
screening test for hepatitis C virus (HCV) in 1990 and has maintained a continuous
flow of improvements and new platform technologies through the present day. This
early and sustained commitment to HCV by our colleagues in Abbott’s Diagnostic
Division, combined with the growing awareness of the significant medical need for
well-tolerated and effective treatments for HCV infections, piqued the interest of the
antiviral drug discovery team within the Pharmaceutical Products Division. (Note:
The Pharmaceutical Products Division was spun off from Abbott as a separate
company in 2013 and is now known as AbbVie). Although the antiviral drug
discovery team was heavily involved in HIV research in the 1990s, work that
would lead to the discovery of the marketed HIV protease inhibitors ritonavir and
lopinavir, a small exploratory effort was initiated in the HCV space. Several
biochemical screens were conducted to identify inhibitors of the NS3/4A protease
and the NS5B RNA-dependent RNA polymerase. Whereas the protease inhibitor
screen yielded very little that was ultimately useful, among the polymerase inhibitor
screening hits was a fragment with weak binding affinity [1]. Elaboration of this
fragment resulted in the discovery of dasabuvir, a nonnucleoside RNA polymerase
inhibitor that is a component of the marketed drug for HCV genotype 1 infections
known as Viekira Pak™ [2]. Beyond biochemical screens, the availability of
subgenomic HCV replicons afforded the opportunity to conduct a cell-based pheno-
typic screen to identify inhibitors of HCV replication. The following sections in this
chapter provide some detail with regard to how a compound identified in the replicon
inhibition screen ultimately gave rise to ombitasvir and pibrentasvir, NS5A inhi-
bitors that are components of the marketed HCV drug treatments Viekira Pak™ and
Mavyret™, respectively.
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2 Discovery of AbbVie’s First-Generation HCV NS5A
Inhibitors

2.1 Screening Hit and the Establishment of NS5A Inhibitors
as a Viable HCV Drug Discovery Approach

A phenotypic screen was initiated in our laboratories to identify compounds that
inhibited replication of the HCV genotype 1b subgenomic replicon. Naphthyridine
1 (see Fig. 1) emerged as an interesting hit from this screen, inhibiting replication of
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the genotype 1b replicon with an EC50 ¼ 20 nM, whereas cellular toxicity only
occurred at concentrations that were>400-fold higher. The mechanism of action for
1 was initially elusive as it showed no inhibition in HCV NS3 protease, NS3
helicase, NS5B polymerase, HCV IRES, or EMCV IRES assays. However, treating
genotype 1b replicon cells with 1 under conditions where replication of the HCV
subgenome is essential for cell viability led to the selection of subgenomic variants
with mutations in the NS5A gene, corresponding to amino acid substitutions at
position 31 (L31F or V) or 93 (Y93C or H). Replicon cells containing the NS5A
L31V or Y93C variants conferred 45–150-fold resistance toward 1, whereas no
resistance was conferred upon HCV protease or polymerase inhibitors, strongly
suggesting that the mechanism of action for 1 was mediated, in some way, through
the NS5A protein. Additional in vitro studies showed that the combination of 1 with
HCV polymerase inhibitors could inhibit HCV subgenomic 1b replication much
more effectively than when either compound was used alone, establishing 1 and its
putative NS5A mechanism of action as a new class of HCV inhibitors that are
synergistic when combined with the more mainstream polymerase (or protease)
inhibitors.

Although these in vitro results were compelling, there was considerable uncer-
tainty with regard to whether they would translate into robust antiviral efficacy in the
in vivo setting. This uncertainty arose from the presence of adaptive mutations in the
NS5A gene of the subgenomic replicon that are not present in fully genomic,
infectious virus, thereby raising the possibility that the replicon inhibitory effects
by NS5A inhibitors such as 1 might be an artifact of the subgenomic replicon
system. Therefore, an in vivo proof-of-concept study in the HCV genotype 1b
infected chimpanzee model was conducted in collaboration with the Southwest
Foundation for Biomedical Research. Pyrido-pyrimidine compound 2, with a geno-
type 1b replicon EC50 ¼ 80 nM measured in the presence of 40% human plasma,
elicited a 1.65 log10 decline in viral load in this model when IV dosed at 2.5 mg/kg
q8h� 5 [6]. This clear viral load decline, coupled with the in vivo selection of NS5A
L28M and Y93H resistant variants (which were also selected in in vitro experi-
ments), validated this chemical series and replicon NS5A inhibitors in general, as a
viable approach for achieving viral load declines in the in vivo setting.

2.2 Identification of the E-Ring Pharmacophore
and the Move to C-2 Symmetrical Compounds

One of the challenges for the program was achieving potent inhibition in genotype
1a replicons. A breakthrough occurred with compound 3 which demonstrated
inhibition of genotype 1a and 1b replicons with EC50 values in the 20–45 nM
range. Notably, the close analog 4 exhibited no activity in the genotype 1a replicon
at 50 μM, suggesting that the benzylic “E-ring” contributed at least 1,000-fold
toward the activity of 3 in the genotype 1a replicon. Given that uniform activity in
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genotypes 1a and 1b was a goal for the program, this important E-ring
pharmacophore was retained throughout the duration of the project.

In a quest for identifying strategies that might lead to further potency improve-
ments, the team was aware of the published X-ray crystal structure for the domain I
form of HCV NS5A which established that this part of the HCV NS5A protein exists
as a C-2 symmetrical dimer [3]. Exploiting this C-2 symmetry in some way had
appeal to the team, based on its previous success in creating C-2 symmetrical
inhibitors of HIV protease, likewise a C-2 symmetrical protein dimer [4]. This
background, combined with emerging reports that others were having success in
deriving highly potent NS5A inhibitors using a C-2 symmetric strategy stimulated
an exploratory effort to create C-2 symmetrical dimeric molecules from our pyrido-
pyrimidine series [5]. Compound 5 is an example from this series whose EC50 values
of 4.9 and 0.05 nM in the genotype 1a and 1b replicons, respectively, represented at
least a 9–400-fold improvement over the “monomeric” pyrido-pyrimidines such as
3 and 4, thereby validating the C-2 symmetric approach for improving potency.

2.3 N-Phenylpyrrolidine Series Discovery

However, drug discovery challenges remained for the C-2 symmetric pyrido-
pyrimidine series, especially with regard to achieving microsomal stability, oral
bioavailability, and uniform genotype 1a/1b potency. Several strategies were inves-
tigated to address these concerns, but the most successful one involved keeping the
central core with the E-ring and incorporating more drug-like ends. Compound
6 exhibited replicon potencies (EC50 ¼ 7.2 and 0.1 nM toward genotype 1a and
1b replicons, respectively; see Table 1) that were comparable to 5 but had the added
benefit of being at least 28% orally bioavailable as evaluated in an 8-h rat pharmaco-
kinetic study. Attempts to improve potency and microsomal stability via conforma-
tional constraint resulted in the discovery of the N-phenylpyrrolidine series.
2,5-disubstituted N-phenyl pyrrolidine inhibitor 7 is an early compound from this
series and demonstrated 23% oral bioavailability and an IV half-life in rat that was
too long to be accurately measured in a 24 h pharmacokinetics study (Table 2).
Compound 7 also exhibited replicon EC50 values that were 16–27-fold more potent
than the acyclic comparator 6. The large potency improvement for the pyrrolidine
inhibitor is likely due to stabilization of an active conformation provided by the rigid
heterocyclic core. The team was sufficiently encouraged by the long plasma half-life
and sub-nanomolar replicon potencies to mount an extensive SAR campaign on the
N-phenylpyrrolidine series.
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2.4 Phenyl-Amino Pyrrolidine Series

The objective for the team was to identify a compound for clinical development that
possessed sub-nanomolar potency in both genotype 1a and 1b replicon assays, as
well as cross-species pharmacokinetics that would be consistent with once-daily
dosing in humans. Replicon activity was determined with and without the addition of
40% human plasma in order to assess the effect that binding to plasma proteins could
have on potency of the inhibitors, in vivo. Further potency improvement was
obtained with alkyl substituents in the para-position of the N-phenyl group, such
that increasing the size of the 4-alkyl substituent provided better replicon activity,
particularly in genotype 1a. Thus, 4-methyl-substituted analog 8 was 12-fold less
active than 4-trifluoromethyl analog 9 and 20-fold less active than 4-isopropyl
analog 10 in the 1a replicon assay (Table 1). Potency differences were more modest
in the 1b replicon. Importantly, both 9 and 10 provided sub-nanomolar acti-
vity against both 1a and 1b replicons in the presence of 40% human plasma.

Table 1 In vitro activity against HCV GT1a and GT1b in the replicon assay and ADME data

Compd

Replicon potency (nM)a ADME

0% human plasma 40% human plasma Solubilityb % Remainingc

GT1a GT1b GT1a GT1b pH 7.2 HLM RLM

6 7.2 0.100 69 0.685 2.6 29 57

7 0.263 0.006 15.5 0.528 4.4 52 56

8 0.720 0.040 4.36 0.204 9.9 42 44

9 0.057 0.007 0.650 0.072 3.4 58 68

10 0.033 0.008 0.706 0.086 1.9 65 67

11 0.014 0.005 0.186 0.056 2.7 60 73

12 0.138 0.088 0.986 0.090 1.8 n/ad 65

14 0.009 0.008 0.358 0.255 1.1 37 45

15 0.029 0.009 0.714 0.297 1.2 49 48

16 0.012 0.007 0.310 0.130 4.0 36 63

17 0.005 0.008 0.094 0.094 1.3 34 68

18 0.004 0.003 0.129 0.082 1.4 73 68

19 0.003 0.004 0.061 0.078 2.9 77 70

20 0.018 0.013 0.504 0.562 <0.7 67 79

21 0.018 0.010 0.284 0.148 1.4 66 75

22 0.011 0.007 0.293 0.251 10.5 93 100

23 0.045 0.010 0.667 0.290 1.1 54 65

24 <0.1 0.010 0.249 0.159 3.7 48 82

25 0.047 0.020 0.876 0.526 2.0 29 41

26 0.008 0.008 0.178 0.144 1.6 53 61
aGT1a-H77 and GT1b-Con1 replicon inhibitory effects were determined as described previously
bKinetic solubility (μM) determined by chemiluminescent nitrogen detection (CLND) in 10 mM
phosphate buffer (pH 7.2)
cPercentage of parent compound remaining after 30-min incubation
dNot available
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The 4-tert-butylphenyl analog 11 provided 1a and 1b replicon EC50 values of
0.014 nM and 0.005 nM, respectively. The 40% human plasma attenuating effect
on potency was just over tenfold for both genotypes. The threefold 1a/1b potency
difference for 11 is in stark contrast to the >72-fold difference seen with 6, which
clearly illustrates the benefit of the pyrrolidine core for this inhibitor series. The
pyrrolidine stereochemistry in 11 is important to potency, as this 2S,5S-trans isomer
is tenfold more active in the 1a replicon assay when compared to the 2R,5R-trans
isomer 12. The activity difference in the 1b replicon assay was on the order of
twofold, once again favoring the S,S-trans isomer 11. While proper orientation of the
substituents at positions 2 and 5 on the pyrrolidine ring is important for inhibitory
effect as evidenced by the activity differences for 11 and 12, the t-butylphenyl
substituent on the pyrrolidine nitrogen plays an equally critical role for potency of
these inhibitors. An analog that lacks this substituent (13) was 10,000-fold less

Table 2 Pharmacokinetic parameters for selected compoundsa

Compd Species

IVb Oralb

t1/2 Vss Cl t1/2 Tmax Cmax AUC F

7 Rat NCc NCc <0.39 NCc 3.0 0.11 1.85 23

9 Rat 6.0 8.9 1.2 12.1 2.2 0.03 0.50 16

Dog 6.0 1.3 0.16 5.8 4.7 0.07 0.85 5.5

11 Rat 9.9 5.9 0.65 15.9 3.7 0.01 0.29 6.2

Mouse 11.0 1.7 0.11 11.1 6.0 0.38 7.65 29

Dog 7.9 1.8 0.18 7.3 3.3 0.64 8.00 57

Monkey 4.4 1.5 0.38 5.0 3.3 0.29 2.40 35

12 Rat 5.5 2.2 0.43 8.6 4.7 0.02 0.22 3.1

14 Rat 4.2 3.2 0.72 6.7 2.0 0.04 0.43 9.5

15 Rat 3.6 1.2 0.25 3.9 2.2 0.19 1.52 12

16d Rat 5.8 3.4 0.54 7.3 3.7 0.09 1.20 19

18 Rat 6.6 2.3 0.33 11.6 2.0 0.03 0.36 3.7

19 Rat 6.1 1.5 0.34 7.2 1.5 0.02 0.17 2.0

Mouse NCc NCc 0.09 NCc 10.0 0.14 2.23 3.9

Dog 8.8 0.9 0.07 8.9 3.3 0.32 4.32 12

Monkey 6.2 1.2 0.16 7.6 4.3 0.26 3.35 20

20 Rat 6.0 2.3 0.41 7.8 2.8 0.07 0.82 11

21 Rat 6.9 1.9 0.32 5.9 4.5 0.02 0.30 3.2

22 Rat 12.7 1.7 0.10 4.3 3.5 0.05 0.43 1.5

23 Rat 3.5 2.4 0.57 6.9 7.0 0.08 1.06 20

26 Rat 4.2 1.2 0.27 3.9 10.0 0.29 3.85 35

Mouse NCd NCd <0.025 NCd 11.0 0.85 14.4 13

Dog 5.0 0.7 0.11 3.7 3.3 1.08 13.2 57

Monkey 2.7 0.8 0.24 2.7 4.0 0.14 0.81 8.0
aUnits: t1/2 (h); Cl (L/h/kg); Cmax (μg/mL); AUC0–24 h (μg h/mL); F (%)
bDoses: 3 mg/kg IV and oral for rat and mouse, 1 mg/kg IV and 2.5 mg/kg oral for dog and monkey
cNC not calculated
dDosed as a mixture of A-1246114.0 and A-1246108.0
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active than 11 in the 1a replicon assay (EC50 ¼ 2 μM in both 1a and 1b replicon in
the presence of 40% human plasma).

Pharmacokinetic profiling of promising compound 11 was conducted across
species (Table 2). The pharmacokinetic profile in rat, monkey, and dog was
characterized by low plasma clearance values in rat (0.46 L/h kg) and monkey
(0.38 L/h kg), with even lower values in dog (0.18 L/h kg) and mouse
(0.11 L/h kg). The compound was characterized by moderate to high volumes of
distribution in all species (Vss), with values of 1.5–1.8 L/kg for mouse, dog, and
monkey but higher values for rat (4.8 L/kg). The apparent elimination half-life
ranged from 4.4 h in monkey to 11.4 h in rat. Oral bioavailability values ranged
from 24.8% in rat to 57.3% in dog. The bioavailability in dog for this sparingly
soluble compound was markedly affected by formulation, with slow absorption
(Tmax 12.6 h) and low bioavailability (10%) obtained from an aqueous suspension;
more rapid absorption was noted with a lipid-based solution formulation (Tmax

1.8 h), with a fourfold increase in bioavailability (F 41%). Compound 11 concen-
trations in the liver exceeded levels in the plasma by 10–12-fold at the 24-h
timepoint in mice administered single doses at 1, 3, 10, or 30 mpk.

2.5 Phenyl Imidazole Pyrrolidine Series

In an effort to explore the effect of changes to the bis-phenyl amide linker groups in
analogs such as 11, we made some chemical modifications. One of the changes
investigated was replacement of the bis-phenyl amide units with slightly longer and
more acidic bis-phenyl imidazole linker units. Six of these analogs are shown in
Fig. 1 (14–19). Within this set, compounds with different stereochemical configu-
rations around the central pyrrolidine core (2S,5S and 2R,5R) in conjunction with
three different “E-ring” para-phenyl substituents (fluoro, cyclopropyl, and tert-butyl)
are represented. In general, the stereochemistry around the pyrrolidine core (2S,5S or
2R,5R) did not lead to significant replicon potency differences in the matched
analogs (14 and 15, 16 and 17, 18 and 19). The most potent bis-phenyl imidazole
analog made was 19, which displays GT1a replicon potency in 40% human plasma
of 0.061 nM and the corresponding GT1b replicon potency of 0.078 nM (Table 1).
This analog displays roughly threefold better potency in GT1a and nearly equivalent
GT1b potency when compared to the best bis-phenyl amide analog, 11. It should
also be noted that these two analogs surprisingly differ in their stereochemistry
around the central pyrrolidine ring (2R,5R for 19 and 2S,5S for 11). Analog 19
had similar solubility and ADME parameters when compared with 11. The
pharmacokinetic parameters of some of the bis-phenyl imidazole analogs are shown
in Table 2. In general, the bis-phenyl imidazole series compounds showed lower oral
bioavailability than the bis-phenyl amide analogs, with the most potent analog 19
displaying a good IV half-life and clearance in rat but with low plasma AUC and
bioavailability values upon oral administration. Clearance in mouse and dog were
also low with long half-life in mouse that could not be calculated from a 24 h study,
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although oral bioavailability was also low in these species. In monkey, 19 also
demonstrated a long IV plasma half-life with low clearance; however, the oral
AUC and bioavailability values were found to be higher than in the other species.

2.6 Phenyl Imidazole Pyrrole Series

While the introduction of the pyrrolidine group resulted in improved potency and
pharmacokinetics compared to the acyclic analogs, additional SAR was conducted
with the goal of improving potency and PK. One approach was to design new cores
that might be more synthetically accessible than the pyrrolidine core to enable more
diverse E-ring SAR exploration. One such modification was to replace the
pyrrolidine ring with a pyrrole, a transformation which removed two stereocenters.
Initially, the pyrrole equivalent to 11 was synthesized (not pictured) and found to be
about 100–300-fold less potent in both genotypes 1a and 1b. While several addi-
tional modifications to the E-ring and substitution on the pyrrole ring were
attempted, we were unable to break into the sub-nanomolar potencies enjoyed by
the pyrrolidine series. Incorporating the pyrrole core with the bis-phenyl imidazole
series generated 20 (Fig. 1). Biochemical evaluation of this molecule found it to be
the first in the pyrrole series to possess sub-nanomolar potency in the presence of
40% HP (1a/1b; 0.50 nM/0.56 nM). In rat PK studies, it demonstrated oral bioavail-
ability comparable to 11 (see Tables 1 and 2).

Further SAR on the E-ring pocket of the pyrrole series demonstrated that simi-
larly sized and larger substituents were tolerated without significant decreases in
potency, such as cyclohexyl (21), adamantyl (22), morpholino (23), and piperidinyl
(24). We found that while there was no significant change in potency, in most cases
oral bioavailability was negatively impacted. One exception was N-morpholino
compound 23 which demonstrated 20% oral bioavailability in rat. Previous experi-
ence on earlier, internal projects had shown that 2-aminopyridines sometimes had
positive effects in rat oral bioavailability [7]. Thus, we synthesized and evaluated the
2-aminopyridine analogs, 25 and 26. The more potent piperidinyl analog (26)
showed comparable GT1a potency to 11 and improved oral bioavailability in rat
PK (F ¼ 35%). The compound demonstrated a long half-life and low clearance in
mouse. In dog, the compound demonstrated low clearance and high oral bioavail-
ability (57%), although it demonstrated a short half-life and lower oral bioavail-
ability in monkey.

2.7 Advanced Characterization and Selection of Ombitasvir
(ABT-267)

Several compounds were selected for advanced characterization for potential selec-
tion as a clinical candidate. From a virological perspective, high potency against
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HCV GT1a and GT1b was viewed as a necessary requirement. Based on their high
potencies against GT1a and GT1b in the presence of 40% HP, 11, 19, and 26
underwent additional characterization. As shown in Table 3, potencies across the
other genotypes were also evaluated where compound 11 showed a potential
advantage over the other two compounds. Compound 11 demonstrated relatively
uniform potency across the genotypes 1 through 5, with lower potency observed at
GT6a. This is in contrast to compound 19 which showed lower potency at GT2a and
GT3a and compound 26 which showed lower potency at GT2a, GT2b, GT3a, GT5a,
and GT6a. Activity against commonly selected GT1-resistant variants in the replicon
assay against NS5A inhibitors is shown in Table 4. In general, high levels of
resistance were observed for several variants for all three compounds. HCV GT1a
variants at M28, Q30, and Y93 conferred high resistance against compound 11.
Overall, these same variants conferred a lower level of resistance against compound
19 when compared with analog 11. Phenyl imidazole pyrrole analog 26 demon-
strated a comparable profile to 11, although the HCV GT1b Y93H variant demon-
strated higher resistance against 26 relative to 11.

Compounds 11, 19, and 26 exhibited good in vitro microsomal stabilities in
human and rat liver microsomes (Table 1), and metabolic stability in hepatocytes
suggests low clearance across species (data not shown). The compounds showed low
solubility in their amorphous forms at pH 7.2 (Table 1), while higher solubility was
observed in fed and fasted simulated intestinal fluids (FeSSIF and FaSSIF). No
inhibition of CYP1A2, 2C9, 2C19, 2D6, and 3A4 (IC50> 30 μM) and no significant
CYP3A4 or CYP1A2 mRNA induction in human hepatocytes was observed with

Table 3 Potency across genotypes in the stable replicon assay

Compd

Replicon EC50 pM (fold)a

GT1a GT2a GT2b GT3a GT4a GT5a GT6a

11 14 12 (0.9) 4.3 (0.3) 19 (1.4) 1.7 (0.1) 3.2 (0.2) 366 (30)

19 3 159 (53) 21 (7) 578 (192) 1.9 (0.6) n.t.b n.t.b

26 8 62 (7.7) 1,033 (129) 4,818 (602) 3.6 (0.4) 1,820 (228) 1,536 (192)
aFold loss in activity is relative to GT1a-H77
bn.t. not tested

Table 4 HCV Genotype 1a transient replicon EC50s (fold resistance) for variants selected against
GT1a and GT1b in vitro

Compd

GT1a EC50 nM (fold)a
GT1b EC50 nM
(fold)a

WT M28T M28V Q30R Y93C Y93H WT Y93H

11 0.0027 24.5
(9,065)

0.159
(58)

2.18
(800)

4.6
(1,675)

113
(41,383)

0.0008 0.06
(77)

19 0.0004 0.063
(146)

0.003
(6)

0.026
(61)

0.044
(102)

0.322
(742)

0.001 0.015
(15)

26 0.0023 0.473
(208)

0.006
(3)

1.27
(559)

0.674
(297)

5.8
(2,555)

0.002 1.07
(535)

aFold loss in activity relative to wt
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any of the three advanced analogs. Human, rat, dog, and monkey plasma protein
binding was determined to be high (>99%). Observed PAMPA permeability was
low for the compounds, while results from the Caco-2 model suggested that 26 has
low-to-moderate permeability and were unclear for 11 and 19 due to low recovery
and non-specific binding. While 11 and 19were generally stable compounds, 26was
unstable to UV light (320–395 nm) in pH 7.4 solution. Although this sensitivity
could be circumvented by proper light protection, radiolabeled tissue distribution
studies in rats indicated that 26 distributed to skin (pigmented/nonpigmented) and
eyes and that photo-safety testing should be conducted.

Compounds 11, 19, and 26 were well tolerated at the maximum oral exposures in
14-day mouse toxicology studies. In addition, they were predicted to have human
half-lives consistent with QD dosing (�12 h). Ultimately, 11was selected as the first
clinical candidate, being renamed as ABT-267, and ombitasvir in later clinical
testing [8, 9]. The pharmacokinetics, safety, and tolerability were evaluated in a
phase I study in healthy volunteers following single doses of 5–350 mg and multiple
doses of 5–200 mg, where the half-life ranged from 18 to 26 h and 25 to 34 h,
respectively [10, 11]. ABT-267 was safe and well tolerated across all dose groups.
The antiviral activity of ABT-267 was initially evaluated during 3-day monotherapy
in HCV GT1-infected treatment-naïve subjects at doses ranging from 5 to 200 mg
[12]. On day 3, dose-normalized Cmax and AUC values were similar across doses.
ABT-267 demonstrated Cmax values ranging from 5.7 to 442 ng/mL and a half-life
ranging from 25 to 32 h across the dose groups. As shown in Fig. 2, ABT-267
decreased HCV RNA up to 3.10 log10 IU/mL during 3-day monotherapy with a
nearly 3 log reduction observed in all dose groups. The drug candidate was generally
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Fig. 2 Mean decreases in HCV RNA from baseline during 3-day monotherapy with ABT-267
(ombitasvir) in HCV GT1-infected treatment-naïve subjects

HCV NS5A as an Antiviral Therapeutic Target: From Validation to the. . . 143



well tolerated at all doses, and there were no serious or severe adverse events, no
clinically significant laboratory abnormalities, and no subjects discontinued. Most
adverse events were mild and were not dose related. These findings supported
continued development of ABT-267 as a once-daily NS5A inhibitor, and subsequent
clinical trials were conducted in combination with NS5B polymerase inhibitor
dasabuvir and NS3/4A protease inhibitor paritaprevir/ritonavir with or without
ribavirin. Efficacy and safety data from phase III clinical trials supported the
regulatory filing and marketing approval of ombitasvir (ABT-267), as part of Viekira
Pak™ for the treatment of GT1 HCV in December of 2014.

3 Discovery of a Next-Generation NS5A Inhibitor [13]

While the medicinal chemistry strategy for the discovery of a next-generation NS5A
inhibitor was to retain the potent antiviral properties of ombitasvir, additional
improvements to genotype coverage and the resistance profile were mandatory.
Furthermore, development of a compound with an improved resistance profile
could potentially translate into requiring fewer DAAs in the curative combination,
as well as possibly shorten the 12-week treatment duration, which, with very limited
exceptions, was the most common treatment time course in first-generation
peg-IFN/RBV-sparing DAA-based therapies. As shown above, AbbVie’s first-
generation NS5A inhibitor, ombitasvir, exhibited potent EC50s (ranging
0.82–19.3 pM) against HCV genotypes 1–5 and an EC50 of 366 pM against
genotype 6a in the replicon assays. In vitro resistance selection experiments in
genotype 1–6 replicons selected variants which demonstrated reduced susceptibility
to the actions of ombitasvir, by factors often greater than 1,000-fold [8]. Variants of
NS5A amino acid positions 28, 30, and 93 were most commonly detected in patients
experiencing virologic failure with the first-generation NS5A inhibitors ombitasvir,
daclatasvir, and ledipasvir. We therefore examined the resistance profiles of the
newly synthesized compounds against representative amino acid substitutions,
M28T, Q30E, Q30R, Y93C, Y93H, and Y93N in genotype 1a and Y93H and
Y93N in genotype 1b replicons.

An alternative inhibitor scaffold (Fig. 3 and Table 5) investigated the impact of
the “linker”moiety, as well as the absolute stereochemistry at carbons 2 and 5. While
the phenyl amide linker pair, present in ombitasvir and 12 (see Fig. 1), presented the
desired broad genotype coverage with the chirality at carbons 2 and 5 being S,S (vide
supra), the 2S,5S-benzimidazole analog 27 was weakened in genotype 1a in the
presence of 40% human plasma, despite being an isosteric replacement for the linker
found in ombitasvir (see Fig. 3). Surprisingly, the 2R,5R isomer (28) provided
reasonably potent activity against most of the genotypes tested. Coupled with the
reduced potency fold loss of first-generation resistant variants relative to WT
genotypes 1a and 1b (see Table 7), when compared to ombitasvir, the properties
of 28 indicated that this compound could serve as a promising lead for next-
generation HCV NS5A inhibitor discovery.
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Our first objective was to establish the structural changes required of 28’s
progeny to achieve high potencies across genotypes 1–6 and then leverage those
discoveries toward compounds with significantly improved resistance profiles to
maintain effectiveness against first-generation NS5A inhibitor-resistant variants.
Extensive modifications of the central N-phenylpyrrolidine core unveiled a number
of interesting observations (see Table 5). The relatively weak activity of fluorinated
derivative 29 in comparison to t-butyl analog 28 and cyclohexyl-substituted com-
pound 30 demonstrated the importance of substitution at the para-phenyl position.
Replacement of the cyclohexyl substituent to yield the more polar morpholino
derivative 31 revealed that increased hydrophilicity was not well tolerated. Although
replacement of the morpholino group with the more lipophilic 4-phenyl piperidine
32 did not improve the antiviral activity across genotypes, attenuating the basicity of
the piperidine ring through the introduction of fluorine at positions X and Y (33) did
achieve that objective across genotypes 1–6. Having reached the important goal of
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pan-genotype activity in replicon assays, we turned our attention to a problem that
was identified with the original lead bis-benzimidazole inhibitor, 28. Pharmaco-
kinetic properties (Table 6) for this compound were poor across preclinical species in
comparison to the bis-anilide inhibitor ombitasvir, particularly in rodent, where it

Table 5 Antiviral activity (EC50, pM) of benzimidazole linker NS5A inhibitors in HCV stable
replicons

Compd

Inhibition of HCV stable replicons containing NS5A from genotypes 1–6 EC50 (pM)

1a 1b

40% H. plasma

2a 2b 3a 4a 5a 6a1a 1b

27 71 13 1,980 354 NT NT NT NT NT NT

28 9 13 148 268 152 10 6 6 NT NT

29 38 25 490 427 28 21 31 14 NT 14

30 4 9 107 178 10 7 8 9 NT NT

31 379 382 902 2,070 598 960 1,200 316 NT NT

32 324 325 1,510 1,510 468 452 481 243 NT 402

33 2 6 76 183 8 6 6 4 3 8

34 3 8 78 126 20 13 13 9 NT 21

36 2 6 58 135 8 3 4 4 2 9

37 1 3 70 172 3 2 1 1 1 3

Table 6 Pharmacokinetic parameters for selected benzimidazole-linked NS5A inhibitorsa

Compd Species

IV Oral

t1/2 Vss Cl t1/2 Tmax Cmax AUClast F

28 Mouseb 2.0 0.6 0.38 2.6 1.7 0.27 1.36 11

33 Mouse 12.9 0.34 0.02 cNC 16 0.44 6.83 cNC

34 Mouse dNT dNT dNT cNC 13 0.27 4.59 cNC

35 Mouse dNT dNT dNT 4.39 7.0 0.63 5.51 cNC

36 Mouse dNT dNT dNT cNC 15 0.99 14.0 cNC

37 Mouse dNT dNT dNT cNC 24 1.85 26.1 cNC

38 Mouse cNC 0.1e <0.004 cNC 7.0 0.96 13.8 cNC

Rat 6.5 0.1e 0.10 6.4 3.7 0.12 1.2 5.1

Dog 4.0 0.1e 0.13 3.4 4.0 0.41 4.7 24.2

Monkey 5.4 0.1e 0.11 7.5 2.7 0.19 1.6 8.1

PIB Mouse 2 0.09e <0.003 cNC 11 1.27 20.0 cNC

Rat 6.2 dNT 0.07 7.0 5.3 0.28 3.6 9.9

Dog 7.1 0.1e 0.097 8.3 3.67 0.63 6.67 29.8

Monkey 8.3 0.07e 0.15 5.69 4.0 0.29 2.25 14.1
aUnits: t1/2 (h); Cl (L/h/kg); Cmax (μg/mL); AUC0–24 h (μg h/mL); F (%). Routine doses: 3 mg/kg IV
and oral for rat mouse, 1 mg/kg IV and 2.5 mg/kg oral for dog and monkey
b5 mg/kg IV and oral mouse
cNC not calculated
dNT not tested
eVC (L/kg)
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was found that very low plasma levels were obtained with oral dosing. Unexpect-
edly, it was found that larger and more lipophilic E-rings provided higher circulating
plasma levels upon oral exposure, e.g., compounds 33 and 34. An exploratory effort
modifying the benzimidazole linker identified symmetrically substituted
5-fluorobenzimidazole analog 35 as an analog with plasma exposures that were
several fold higher than that achieved with 28 upon oral administration of a similar
dose in mouse [14]. Introducing the fluorine substituent into the benzimidazole
groups of pan-genotype inhibitors 33 and 34 gave 36 and 37, respectively, which
provided plasma levels with oral dosing in mouse that were improved several fold in
both cases. A notable feature of these compounds is the long Tmax and significant
plasma concentrations of drug at 24 h, which prevent half-life calculations but result
in significant enhancement of AUClast. Replicon inhibition across genotypes for 37
ranged from 1 to 3 picomolar, a potency range far better than had been achieved in
any inhibitor series before, including the bis-benzimidazole series prior to fluori-
nation of the heterocyclic groups.

Further characterization of many of these analogs also showed that progress was
being made against HCV 1a and 1b NS5A first-generation inhibitor-resistant vari-
ants. Compounds were evaluated in a transient replicon assay, and fold losses in
EC50 potencies relative to 1a and 1b NS5A “wild-type” replicons are shown in
Table 7. This table illustrates the SAR of a variety of substituent patterns that, while
found to show promise across wild-type genotypes 1–6, resulted in significant
variation in their ability to suppress the replication of clinically relevant
ombitasvir-resistant variants. Examination of the data reveals that the greatest
resistance emerged with the Q30E, Y93H, and Y93N variants in genotype 1a. Y93
variants of genotype 1b, where tested, were susceptible to all analogs shown in
Table 7. There appears to be a general trend that increased size at position “R”
(Fig. 3) correlates with an improved ability to suppress replication with lower
multiples of the wild-type EC50. One particular exception to this trend is found for

Table 7 SAR of NS5A inhibitors – fold resistance of HCV genotype 1a/1b NS5A transient
replicon variants vs. wild type

Cmpd

HCV genotype 1a/1b NS5A variants vs. wild type (fold resistance)

1aa 1b

M28T Q30E Q30R Y93C Y93H Y93N Y93H Y93N

28 4 61 14 7 216 510 2 NT

30 >17 >90 >20 >30 >577 NT 1 NT

31 2 6 7 5 87 NT 1 NT

32 2 4 3 2 4 5 1 1

33 3 69 7 6 72 145 1 1

34 2 20 3 3 20 25 2 NT

36 1 12 2 6 49 50 1 1

38 1 2 1 1 6 5 1 0.3

PIB 2.1 2.4 1.7 1.7 6.7 6.7 0.6 0.6
aObserved as resistant variants in ombitasvir single-agent clinical studies
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30, where the wild-type EC50 was more potent than the lowest concentration tested.
Although the fold resistance pattern for 32 is superior to any other compound in
Table 7, it should be noted that Table 5 shows the pan-genotype replicon potencies
for this compound to be much weaker than 33, 34, and 36. Indeed these three
compounds come close to fulfilling the virology profile requirements for a next-
generation analog and deliver a profound improvement in performance against
resistant variants when compared to the first-generation NS5A inhibitor ombitasvir
or 28, while demonstrating good PK in mouse (Table 6).

The beneficial effects observed by introduction of fluorine atoms at several key
positions in our developing chemical matter were sufficiently noteworthy to the team
so that we favored late-stage research activities to include these structural modifica-
tions. As the majority of the early and intermediate medicinal chemistry activities
focused on the central and linker regions of the lead structures in both the first-
generation and next-generation efforts, it was observed that substitution of the
Moc-Val capping groups also affected the virological properties. In particular,
efforts in the first-generation medicinal chemistry studies showed that oxygen-
containing amino acids could beneficially affect the resistance profile of the resulting
analogs (data not shown). The intriguing possibility of importing those observations
into the next-generation medicinal chemistry effort resulted in the synthesis of the
Moc-methyl-threonine-capped compounds shown in Table 8. Analogs 38 and PIB
(pibrentasvir, ABT-530) demonstrated potent inhibition of the HCV replicon across
genotypes 1–6. However, just as gratifying were the very low fold losses measured
against the first-generation NS5A inhibitor-resistant variants, thus achieving two
critical project objectives (Table 7) [15]. Upon oral administration in mouse, the
plasma exposures of both compounds compare favorably to prior compounds in
Table 6. Interestingly, both compounds show much lower exposures in rat than in
mouse, with plasma exposure in dog showing better performance than either monkey
or rat. While the virology of both compounds are similar, PIB’s PK properties do
seem to show a slight advantage, and it was therefore elevated to clinical status.

Pibrentasvir was further characterized to determine how frequently resistant
colonies would emerge from replicons containing NS5A genes from genotypes 1a,
1b, 2a, 2b, 3a, 4a, 5a, and 6a at both 10� and 100� of the WT EC50s (Table 9)
[15]. After determining the resistant NS5A gene sequences that conferred resistance,
mean EC50s of PIB against these variants (and therefore fold resistance vs. WT in
transient replicons containing these single or double point mutations) were mea-
sured, as well as replication efficiency to estimate the mutant’s “fitness.” No
surviving colonies were detected when HCV 1b, 2b, 4a, 5a, and 6a NS5A-containing
replicons were incubated in the presence of 10� or 100� of PIB’s EC50. Upon
incubation with PIB at 10� EC50, genotypes 1a, 2a, and 3a showed colony survival
of 0.0065%, 0.00015%, and 0.0003%, respectively. At 100� EC50, only genotype
1a NS5A containing replicons survived the incubation with a frequency of 0.0002%.
At 10� EC50, replicons of genotype 1a and 3a display the Y93H resistant variant as
either the most frequently prevalent or only surviving colony detected, and genotype
2a displays only two colonies both of which possess amino acid changes at two
locations (F28S/M21I or P29S/K30G). At 100� EC50, only genotype 1a NS5A
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replicons show survival, with only four colonies detected starting from 2� 106 input
cells. The genotype 1a NS5A mutants with the highest fold resistance are the Q30
deletion and H58D + Y93H variants with a fold change in EC50 of 3,549-fold and
2,238-fold vs. WT, respectively. However, the replication efficiency of replicons
containing these changes is significantly lower at 0.5% and 13% of WT. The Q30D
mutation shows the highest replication efficiency at 50%, conferring a 94-fold
change in EC50 relative to WT.

4 Clinical Studies

PIB in combination with glecaprevir (GLE, ABT-493) has been the subject of
multiple clinical studies, having successfully completed phase I–III studies in the
USA and abroad. The combination GLE/PIB (trade name Mavyret in the USA and
Maviret in Europe) was approved in the USA and Europe in August 2017. A partial
summary of some of these clinical studies is shown below.

SURVEYOR-1 (genotypes 1, 4, 5, and 6) and SURVEYOR-2 (genotypes
2 and 3) were phase II, open-label, multicenter dose-ranging trials in non-cirrhotic
patients with chronic HCV genotype 1–6 infection who were either previously
untreated or only treated with pegylated interferon plus ribavirin (Table 10)
[16]. Doses of GLE and PIB were varied, with or without ribavirin (RBV, total
daily dose 1,000 mg for patients <75 kg or 1,200 mg for patients �75 kg) for 8 or
12 weeks. Primary efficacy endpoints were the percentage of patients that achieved a
sustained virologic response 12 weeks after completing treatment (SVR12).

Across all studies 319/449 (70%) patients experienced adverse events, with the
majority reported as mild in severity. The most common (�10%) adverse events in
RBV-free treatment were fatigue, headache, and nausea, with a greater frequency of
these events occurring in RBV-treated patients. Three patients discontinued treat-
ment prematurely due to adverse events. Serious adverse events were reported in
seven patients, none of which were considered to be related to the study drugs.
Table 10 shows that the most difficult to treat patients were infected with
genotype 3, with the higher dose combination of 300 mg GLE and 120 mg PIB
demonstrating superior efficacy than the lower dose combinations. Based on this
observation, combined with the desire to maintain a consistent dosing paradigm
across patients in genotypes 1–6, this particular dose combination was chosen for
further studies. For treatment-naïve or PEG-IFN/RBV-treated HCV genotype 1, 2,
4–6 patients, SVR12 was achieved at between 96 and 100% of the patient groups
tested, with no significant differences detected between 8- and 12-week treatment
durations in genotype 2 patients. In genotype 3, for the treatment arm containing
both treatment-naïve and PEG-IFN/RBV-treated individuals, 12 weeks of treatment
at 300 mg GLE and 120 mg PIB resulted in 28/30 (93%) patients achieving SVR.
Two separate treatment arms receiving the same doses had the treatment-naïve
patients achieving 28/29 (97%) SVR12 after 8 weeks of treatment and the
PEG-IFN/RBV-treated individuals achieving 22/24 (92%) SVR12 after 12 weeks
of treatment.
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On- or post treatment virologic failure occurred in 10/449 (2%) of the treated
patients. One genotype 1a patient who received the lowest GLE/PIB dose combi-
nation experienced relapse post treatment at week 4. The remaining nine patients
with virologic failure were infected with genotype 3a with 6/9 receiving doses lower
than the most effective GLE/PIB combination which was discovered during this
dose-ranging study.

ENDURANCE-1 and ENDURANCE-3 were two phase III randomized, open-
label, multicenter trials treating a total of 1,208 non-cirrhotic patients infected with
either HCV genotype 1a/b or 3, which compared the outcomes of treating patients
with 300 mg GLE and 120 mg PIB QD for either 8 or 12 weeks (Table 11) [17]. In
the genotype 3 patient cohort, 1/3 of the patients enrolled were dosed with
sofosbuvir-daclatasvir for 12 weeks in order to compare this patient outcome to
the 8- and 12-week GLE/PIB HCV genotype 3 patient arms. Non-cirrhotic patients
who presented positive for HCV genotype 1 infection could also be coinfected with
HIV-1 and could either not have received treatment for HCV or have received an
IFN-containing regimen with or without ribavirin or treatment with sofosbuvir with
or without PEG-IFN. Genotype 3 patients needed to be treatment naïve. The safety
profile of GLE/PIB in all patients was similar with the most common adverse effects
(�10%) being headache and fatigue. Serious adverse events were reported in 1–2%
of treated patients with none deemed to be related to the trial drugs. The results of
these trials are summarized in Table 11. The results show that a high rate of HCV
genotype 1- and 3-infected patients achieved SVR12 in both 8- and 12-week
treatment times.

At baseline, the characteristics of patients were generally similar, but there were
some notable differences. Among genotype 3-infected patients, prevalence of stage
F3 fibrosis was higher in the 8-week GLE/PIB group (17%, as compared with
8–9%). The baseline HCV RNA levels in genotype 3 patients were 6 million IU/mL
or higher in the 12-week GLE/PIB arm than in the SOF/DAC arm (28% vs. 12%).
In this study, genotype 1 patients experienced the highest level of SVR12 upon
treatment with GLE/PIB with the 8-week arm statistically demonstrating
non-inferiority to the 12-week arm (348/351 patients and 351/352 patients, respec-
tively). Genotype 3 patients treated for 12 weeks with GLE/PIB achieved SVR12 at
a slightly lower rate in 222 out of 233 patients, whereas the 8-week arm achieved
SVR12 rate of 149 out of 157 patients. Statistical analysis of these genotype 3 results
showed non-inferiority of the 8-week regimen when compared to the 12-week
treatment. Interestingly, the genotype 3 patients receiving 12 weeks of SOF/DAC
achieved an SVR12 in 111 out of 115 patients. A statistical comparison showing
superiority of 12 weeks of treatment of GLE/PIB was not attempted because of a
statistical procedure which required both non-inferiority criteria to be met for the
comparison between the 8-week and 12-week GLE/PIB treatment arms in order to
proceed to testing the next ordered comparison.

As a result of these and other studies, the USA FDA approved Mavyret in August
2017 for the treatment of chronic hepatitis C viral infections of genotypes 1–6.
Treatment duration is dependent on prior patient treatment experience, genotype,
and whether or not the individual is non-cirrhotic or presents with compensated
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cirrhosis (Child-Pugh A). The shortest treatment period is 8 weeks for non-cirrhotic
treatment-naïve individuals with HCV genotypes 1–6. Treatment of patients with no
prior HCV treatment that present with compensated cirrhosis (Child-Pugh A)
requires 12 weeks of therapy. Those that have received prior treatment are catego-
rized according to genotype, treatment type, and cirrhotic state (no cirrhosis or
compensated cirrhosis (Child-PughA)). Depending on category, treatment can be
as short as 8 weeks or as long as 16 weeks.

From first-generation NS5A inhibitors, such as daclatasvir, ledipasvir, elbasvir,
and ombitasvir, to the next-generation inhibitors such as velpatasvir and
pibrentasvir, all have had a profound and powerful impact on the IFN-sparing
treatment of HCV infection. These inhibitors, in combination with orthogonally
mechanistic inhibitors, have allowed regimens that are better tolerated than
IFN-based treatment and which have therefore unsurprisingly encouraged higher
patient compliance. In combination, all this has resulted in higher cure rates, shorter
treatment periods, improved convenience, fewer side effects, and ultimately lower
costs for a cure. Moreover, it is expected that curing hepatitis C will not only reduce
the burden on the healthcare system by reducing the rates of cirrhosis and hepatic
carcinoma, but reduce the additional emotional and economic costs that HCV
morbidity brings to patients’ lives and their families.
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