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Abstract The advent of direct-acting antiviral agents (DAAs) has revolutionized
the treatment and cure of chronic hepatitis C virus (HCV) infection. Herein is
described the discovery of ledipasvir (LDV), an orally available HCV nonstructural
protein 5A inhibitor with picomolar antiviral potency and a long pharmacokinetic
half-life. The combination of LDV with the nonstructural protein 5B inhibitor
sofosbuvir (SOF) is Harvoni® and represents the first approved single-tablet regimen
for the treatment of HCV infection. This safe simple and efficacious regimen affords
clinical trial cure rates over 95% and comparable effectiveness in real-world studies
and has treatment durations as short as 8 weeks. The approval of Harvoni® heralded
a new era for the treatment of HCV infection.
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1 Introduction

Prior to the direct-acting antiviral (DAA) era, the standard of care for HCV-infected
individuals included toxic, poorly tolerated regimens based on ribavirin (RBV) and
some form of interferon (IFN) and resulted in low SVR (cure) rates. Among the six
major HCV genotypes, IFN-based regimens unfortunately resulted in the lowest cure
rates for genotype 1 (GT1) patients, the most prevalent genotype worldwide (Fig. 1,
US Veterans Administration) [1].

The complexity, poor response rates, and toxicity of IFN-based regimens are
underrepresented by the SVR rates reported from clinical studies and the common
description that these regimens engender “flu-like” symptoms. Real-world results
present a more accurate picture of the patient’s experience. The real-world efficacy
of interferon regimens (cure rates outside of clinical trials) is vastly lower than even
the ~30–50% SVR results reported from controlled clinical trials. Real-world effi-
cacy late in the IFN era produced SVR as low as 3% in a report of 13,000 patients in
25 real-world studies across the United States (Fig. 2) [2]. This exceedingly low cure
rate is a consequence of many factors, including a large number of exclusion criteria
and significant toxicity and complexity of the regimen that precipitates patient
discontinuation, hesitance to start therapy, and viral breakthrough and relapse [2].

Based on the poor results observed from the IFN-based standard of care, many
patients deferred therapy in hope of newer treatment approaches while their liver
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Fig. 1 SVR rates are the lowest for GT1 patients with IFN-based regimens
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disease progressed to advanced stages of fibrosis or cirrhosis (Fig. 3) [1]. In 2013 as
a consequence of the aging HCV-infected patient population progressing to liver
cirrhosis, fibrosis, and hepatocellular carcinoma, the Center for Disease Control
disclosed that deaths arising from HCV infection in the United States had surpassed
those of all other notifiable infections combined in the United States (including
human immunodeficiency virus [HIV], tuberculosis, and influenza) [3]. There was a
critical need for improved therapies.

The advent of DAA therapies marked a revolution in the treatment and cure of
HCV infection. The rapid uptake of DAA therapy underscores the high unmet need
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Fig. 2 Real-world IFN regimen results. 25 studies (2002–2012) show much lower SVR rates than
those reported from clinical trials
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Fig. 3 Treatment rates increase sharply with the introduction of DAAs, particularly the STR
LDV/SOF. Interferon beta-interferon, PEG pegylated interferon, PrOD paritaprevir, ritonavir,
ombitasvir, dasabuvir
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that existed in HCV therapy, with telaprevir (2011) and then sofosbuvir (2013)1,2 [4]
and finally the combination drug ledipasvir/sofosbuvir (2014)3 [5] each becoming
the largest drug launches in history [6–9]. The benefit to patients in this progression
of DAAs can be seen in Figs. 3 and 4 which show treatment rates and cure rates in
the US Veterans Administration progressing from the IFN era to the approval and
uptake of LDV/SOF [1].

With the high level of unmet need for HCV patients in the IFN era as a backdrop,
we pursued multiple viral and host targets for the treatment of HCV infection. At the
time of initiating our efforts to discover an HCV nonstructural protein 5a (NS5A)
inhibitor, we had over 20 HCV research programs ongoing, and several compounds
undergoing, or selected to enter clinical trials. The more advanced agents, GS-9190
(NS5B non-nucleotide polymerase inhibitor), GS-9256, and GS-9451 (NS3/4a pro-
tease inhibitors), were directed at inhibiting GT1HCV [10–12]. As a result of both the
lower response rates to IFN therapy and high prevalence (with GT1 infection
estimated to be as high as 60% of HCV-infected individuals worldwide [13]), there
was a dominant unmet need for improved treatment of GT1 HCV infection. Based on
this epidemiological and therapeutic landscape, we initiated our NS5A inhibitor
program with primary potency assays directed toward GT1 HCV antiviral activity.
This chapter details the discovery and early development of the potent HCV NS5A
inhibitor ledipasvir (1, GS-5885, Table 1) and its clinical combination with
sofosbuvir [14]. The discovery program toward the pan-genotypic NS5A inhibitor
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Fig. 4 The low SVR rates from the IFN era (compare to Fig. 3) are transformed during the DAA
era. Interferon beta-interferon, PEG pegylated interferon, PrOD paritaprevir, ritonavir, ombitasvir,
dasabuvir

1https://www.accessdata.fda.gov/drugsatfda_docs/label/2015/204671s002lbl.pdf. Accessed 4 Dec
2018.
2Volume I, HCV: The Journey from Discovery to a Cure.
3https://www.accessdata.fda.gov/drugsatfda_docs/label/2015/205834s001lbl.pdf. Accessed 10
June 2018.
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velpatasvir initiated immediately following our ledipasvir discovery work. The
discovery of our pan-genotypic NS5A inhibitor velpatasvir (VEL, GS-5816) is
described in Volume II, HCV: The Journey from Discovery to a Cure and the
following references: [15–17]. The discovery of our pan-genotypic NS3/4a protease
inhibitor voxilaprevir (VOX, GS-9857) and its combination with SOF and VEL as
Vosevi® is described in Volume I, HCV: The Journey from Discovery to a Cure and
the following references: [18]. (https://www.accessdata.fda.gov/drugsatfda_docs/
label/2017/209195s000lbl.pdf. Accessed 10 June 2018).

We targeted our NS5A inhibitor to possess properties appropriate for incorpora-
tion with one or more other HCV antiviral agents in a single-tablet regimen (STR).
Single-tablet regimens have proven beneficial for patient compliance and efficacy in
the chronic treatment of HIV infection [19, 20]. We saw a similar utility for an STR
in the treatment of HCV infection. Thus the attributes of our NS5A inhibitor required
sufficient potency and metabolic stability to achieve a low dose, a long pharmaco-
kinetic half-life compatible with once-daily dosing, and a drug interaction profile
suitable for combination with other HCV antivirals of complementary mechanism.
The research program focused on these principles to guide the optimization of
potency and pharmacokinetic (PK) parameters in the discovery of LDV. LDV is
combined with SOF as Harvoni®, and LDV was the first US Food and Drug
Administration (FDA) approved NS5A inhibitor (October 10, 2014). Harvoni® was
approved for the treatment and cure of GT1 HCV-infected individuals in as short as

Table 1 Potency of ledipasvir (1) against GT1–6 replicons and subtypes
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GS-5885, ledipasvir (LDV)

HCV GT EC50 (pM)a

1ab 1bc 2ad 2aJ6e 2bf 3ag 4ah 5ai 6aj 6ek

LDV 31 4 21,000 249,000 530,000 168,000 390 150 1,100 264,000
aCheng G et al. J. Hepatol. 2013;58(suppl):S484. http://www.natap.org/2013/EASL/EASL_34.htm.
Last accessed June 10, 2018
bGT1a (strain H77)
cGT1b Con-1
dGT2a JFH-1
eGT2a J6
fGT2b MD2b-1 NS5A
gGT3a S52 transiently transfected subgenomic HCV replicon
hGT4a ED43
iGT5a SA13 NS5A (9-184) transient chimeric replicons based on GT1b Rluc backbone
jGT6a HK6 stable subgenomic HCV replicon
kGT6e D88 NS5A (9-184) transient chimeric replicons based on GT1b Rluc backbone. In these
replicons a–c, f, and g are stable subgenomic replicon cells; d and e are NS5A transient chimeric
replicons based on GT2a JFH-1 Rluc backbone
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8 weeks of therapy and was the first approved HCV STR. Based on the potent
antiviral activity of LDV against GT4, GT5, and GT6 HCV (Table 1), and the
concomitant high SVR rates for LDV/SOF in GT4–6 patients, Harvoni® was addi-
tionally approved for treatment of GT4–6 patients (https://www.accessdata.fda.gov/
drugsatfda_docs/label/2015/205834s001lbl.pdf. Accessed 10 June 2018) [5].

2 Discovery Work Leading to Ledipasvir

We focused on discovering an NS5A inhibitor that could be utilized in a single-tablet
regimen in combination with other HCV agents. Further, we sought high antiviral
potency and a long PK half-life to reduce the potential for emergence of viral
breakthrough or resistance during treatment [14]. A large number of diverse cores
were designed and synthesized in the discovery of LDV [21]. In early studies we
investigated symmetric core inhibitors (where the core is the portion of the inhibitor
structure that spans from between the C2 positions of each [modified] pyrrolidine –
as colored in blue in Table 2). Potency proved challenging to attain against the
genotype 1a subtype (GT1a) replicon but was more readily attained against the
genotype 1b subtype (GT1b). Thus potency discussions herein most typically refer
to GT1a potency, with GT1b potency provided in tables for reference. Throughout
this manuscript, potency values represent effective concentration to reduce replica-
tion by 50% (EC50) in cell lines with engineered replicons.

Table 2 outlines potency optimization for structural variation within the core
between two benzimidazoles. With directly linked benzimidazoles, compound 2 does
not achieve an EC50 against GT1a at the top concentration of 44,000 pM. Alkyne 3 is
138 pM against GT1b, but again is not active against GT1a. Bis-alkyne 4 improves
GT1a potency to 11,000 pM. Incorporation of ring systems further improves potency.
Thiophene- and phenyl-based cores improve potency from 1,700 to 500 pM, respec-
tively. Biphenyl (6) loses activity relative to phenyl (5), while fused-ring systems
provide highly potent inhibitors with naphthyl (7) and benzodithiophene (8) achieving
110 pM and 200 pM GT1a inhibition, respectively.

The inhibitors in Table 3 represent a shift in our thinking and provide the
initiation of a fruitful path that we investigated throughout our NS5A inhibitor
program. The inhibitors in Table 3 have unsymmetric cores, where one end of the
core is a benzimidazole and the other end an imidazole. The use of unsymmetric
cores has implications that will be discussed further (vide infra). Our unsymmetric
approach afforded intriguing structural variation and properties to our inhibitors and
afforded striking divergences from the results for the bis-benzimidazole cores in
Table 2. In the imidazole/benzimidazole series, interestingly the phenyl-based core
inhibitor 9 does not achieve 50% inhibition at the highest assay concentration and is
>88-fold weaker in activity than in the bis-benzimidazole example (5). Most striking
is that replacement of phenyl (9) by naphthyl (10) in this series affords an increase in
potency by 620-fold. Despite significant divergence in potency for the phenyl
inhibitors between these series, in both series the naphthyl-based core provides the
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most potent inhibitor against GT1a observed within each table of inhibitors (com-
pounds 7 and 10). It is also notable the unsymmetric core inhibitor 10 at 71 pM in
GT1a is more potent than the symmetric inhibitor 7. Phenyl-alkynyl inhibitors 11
and 12 reveal another important facet of these unsymmetric cores. With the core
possessing unsymmetric ends (imidazole/benzimidazole), and with the presence of
unsymmetric central “-X-” groups, there is a matched and mismatched combination
within the core. The core with the phenyl attached to the imidazole (inhibitor 12,
380 pM versus GT1a) affords 6.6-fold more potency than the core with the alkynyl
attachment to the imidazole. Finally, replacement of the alkyne with an aryl group
provides potent biaryl inhibitors. The biphenyl inhibitor 14 is 22-fold more potent at
170 pM in GT1a than the corresponding inhibitor in the bis-benzimidazole series.

Fused-ring cores in Tables 2 and 3 afforded three out of the top four most potent
inhibitors (7, 8, and 10, ranging from 70 to 110 pM versus GT1a). The biphenyl-
based inhibitor 14 was the only non-fused-ring core that attained high potency
(170 pM) comparable to the fused-ring cores. Importantly inhibitor 14 was stable
at the lower measured limit of our routine human liver microsomes (HLM) stability

Table 2 GT1a and 1b replicon potency studies in symmetric core (core portion in blue) inhibitors
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Compound X

EC50 (pM)

GT1aa GT1bb

2 Bond >44,000c 35,400

3 >44,000c 138

4 11,000 26

4 S 1,700 10

5 500 9

6 3,700 44

7 110 4

8

S

S 200 16

aGT1a (strain H77)
bGT1b Con-1; in this manuscript, these are the replicon strains for GT1a and GT1b
cA value of “>44,000 pM” means that the EC50 was not achieved at this top well concentration
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assay (predicted clearance <0.16 L/h/kg), whereas the naphthyl inhibitor 10 dem-
onstrated less metabolic stability in microsomes. The favorable potency and meta-
bolic stability of the biaryl inhibitor 14, along with our observation that fused-ring
systems provide high potency, prompted us to combine these concepts through
constraint of the biphenyl to afford a tricyclic fused-ring inhibitor series.

These tricycle-based core inhibitors (Fig. 5) were synthesized in a symmetric
bis-imidazole core series allowing for an easier synthetic path than the unsymmetric
series and a more rapid assessment of the tricyclic systems. Fluorene 15 showed
good potency but was unstable even to air oxidation. The oxidation product,
fluorenone 16, was less potent, and dimethyl substitution to block the system from
oxidation lost over 13-fold in potency. The exo-dimethylmethylene was synthesized

Table 3 GT1a and 1b replicon potency studies in unsymmetric core (portion in blue) inhibitors

Compound X

EC50 (pM)

GT1a GT1b

9 >44,000a 300

10 71 7

11 2,500 16

12 380 11

13 200 3

14 170 7

aA value of “>44,000 pM” means that the EC50 was not achieved at this top well concentration

15 16 17 18

GT1a EC50 (pM) 94 300 1200 7000

GT1b EC50 (pM) 13 18 14 14
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Fig. 5 Fused tricyclic core-based inhibitor potency
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to avoid the out-of-plane bulk of 17 and the dipole of 16 but suffered a 78-fold
potency loss relative to fluorene 15. (It is intriguing that GT1b activity tightly ranges
from 13 to 18 pM over this series.)

We sought to synthesize the difluorofluorene to block the fluorene methylene
oxidation with a relatively small group – installation of two fluorines on the
methylene proved challenging, and we incorporated them in the high value
unsymmetric series (Fig. 6). The unsymmetric difluorofluorene-based core afforded
inhibitor 19 with the highest potency in this series at 40 pM in GT1a and 3 pM in
GT1b and was stable under the conditions of the HLM assay.

Unsymmetric biphenyl (14) and difluorofluorene (19) inhibitors were progressed
into rat and dog PK (Table 4). Both inhibitors displayed good pharmacokinetic
properties with moderate steady-state volumes of distribution (Vss) higher than total
body water. Difluorofluorene 19 had superior and low clearance in both rat and dog,
longer half-lives, and greater bioavailability in rat than biphenyl inhibitor 14 (36.7%
versus 11.5%). Thus difluorofluorene 19 showed improvements in potency and
pharmacokinetic properties over biphenyl 14.

Next a number of terminal heterocycle modifications were undertaken, again in a
symmetric series for simplification of chemical synthesis. The azabicyclo[2.2.1]
inhibitor 21 was more potent than piperidine 20 (Table 5). Although not as potent
as the more advanced inhibitors such as 19, azabicyclic inhibitor 21 displayed

EC50 (pM)
HLM Pred CL 

(L/h/kg)GT1a GT1b

40 3 < 0.16 19

NHCO2Me

NHCO2Me

O

N
N

N
H

F F
H H
N

N
N

O

Fig. 6 Difluorofluorene 14 affords improved potency and oxidative stability and has good PK half-
lives

Table 4 Rat and dog pharmacokineticsa

Compound Spec CL (L/h/kg) Vss (L/kg) t1/2 (h) MRTa (h) %F

14 Rat 1.04 � 0.17 1.76 � 0.17 1.57 � 0.19 1.71 � 0.16 11.5 � 8.7

Dog 0.78 � 0.29 2.31 � 0.37 2.30 � 0.28 3.00 � 0.27 n.d.c

19 Rat 0.42 � 0.04 0.93 � 0.04 1.83 � 0.22 2.21 � 0.21 36.7 � 3.2

Dog 0.53 � 0.04 1.96 � 0.03 2.63 � 0.18 3.69 � 0.29 n.d.c

21 Rat 0.70 � 0.02 0.98 � 0.08 1.49 � 0.02 1.40 � 0.07 35.2 � 10

Dog 0.05 � 0.007 0.31 � 0.007 5.29 � 0.60 6.60 � 1.10 n.d.c

22 Rat 0.75 � 0.04 1.81 � 0.26 2.07 � 0.19 2.42 � 0.22 26.3 � 9.0

Dog 0.40 � 0.26 2.03 � 0.92 4.01 � 0.82 5.47 � 1.01 n.d.c

All parameters except %F are from intravenous dosing
aMean residence time
bn.d. not determined
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favorable PK properties in dog as well as a very low clearance, a 5.29 h half-life and
35% oral bioavailability in rat (Table 4).

We sought to incorporate this pharmacokinetic enhancing azabicyclo[2.2.1] ring
system into our unsymmetric imidazole/benzimidazole series. In this process we
discovered a further important facet of structure-activity relationships in the
unsymmetric core series. Earlier we found that the directionality of the central
portion of the core (phenyl-alkyne) relative to the unsymmetric imidazole/benzimid-
azole groups produced a matched and mismatched pairing (compounds 11 and 12).
This core directionality again provided a matched and mismatched pairing but this
time with positioning of the terminal azabicyclo[2.2.1] ring system relative to the
unsymmetric core (i.e., positioning of the azabicyclo[2.2.1] system on either end of
the core). When the bicyclic ring system is proximal to the benzimidazole (22), the
inhibitor is more potent than when the bicyclic ring system is proximal to the
imidazole (23) (Fig. 7). Further, the matched case inhibitor is more potent (22,
GT1a ¼ 160 pM) than the azabicyclic symmetric inhibitor (21, GT1a ¼ 210 pM,
Table 5), while the mismatched case inhibitor 23 is less potent (GT1a ¼ 660 pM)
than the symmetric case 21. These results highlight a critical discovery; unsymmetric
cores allow for diversification of structure that can provide beneficial properties
(matched cases, with beneficial properties such as enhanced potency and/or phar-
macokinetics) over the more limited symmetric cases. Finally, we had sought to
determine if the beneficial PK properties imparted by the azabicyclo[2.2.1] ring in
symmetric inhibitor 21 might translate in the unsymmetric series. Indeed, the half-
lives in rat and dog are improved in azabicyclo[2.2.1] inhibitor 22 (unsymmetric
“matched case”) over the corresponding pyrrolidine 14 (Table 4).

Having improved the PK half-life with azabicyclic inhibitor 22, we sought to
enhance its potency. As demonstrated earlier, fused-ring systems within the inhib-
itor’s core can provide potency enhancements. Accordingly, incorporation of the

Table 5 Potency of piperidine and 2.2.1 azabicyclic inhibitors

20 21

GT1a EC50 (pM) 450 210

GT1b EC50 (pM) 5 9
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difluorofluorene ring system in inhibitor 24 (Fig. 8) afforded a GT1a potency of
56 pM, which is an ~3fold improvement over the biaryl core inhibitor 22.

The inhibitors described herein are highly protein bound, even in the replicon
cellular assay which includes 10% fetal bovine serum (FBS). We utilize a dialysis
methodology to assess relative inhibitor free fraction based on plasma protein
binding and then generate a value for the protein-binding-adjusted potency. In this
method, the inhibitor of interest is dialyzed between 100% human plasma in one well
and replicon cell culture medium (including 10% FBS) in a second well [22]. The
measured concentration ratio between wells can be multiplied by the replicon
potency to “cancel” the cell culture medium binding and provide a human plasma
protein-binding-adjusted potency (PA EC50). This methodology affords a GT1a PA
EC50 for inhibitor 24 of 784 pM. We sought to improve upon this protein-binding-
adjusted potency.

3 Ledipasvir (1, LDV, GS-5885)

During our final phase of discovery, one of the directions we undertook was
modification of the pyrrolidine of inhibitor 24. Incorporation of a spirocyclopropyl
ring provided the most potent inhibitor (compound 1) in the series with improve-
ments in both the replicon potency and the plasma protein-binding-adjusted potency
(GT1a EC50 ¼ 31 pM, PA EC50 ¼ 208 pM, Fig. 9) over inhibitor 24; interestingly,
the PA EC50 of 1 versus 24 was differentially improved (3.6-fold, 208 versus
740 pM) relative to the EC50 (1.8-fold, 31 versus 56 pM). The protein-binding
ratio of human plasma versus cell culture medium of 6.7-fold for inhibitor 1 as
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Fig. 7 Differential end-substitution with an unsymmetric core leads to divergence in potency.
Bridged azabicyclic ring system is more potent on benzimidazole side of the core
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Fig. 8 Difluorofluorene core improves potency in combination with azabicyclic pyrrolidine
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measured by dialysis was the lowest for any advanced inhibitor we had assessed.
Compound 1 is highly protein bound, with only 1% free drug even in the replicon
cell culture medium (containing 10% fetal bovine serum). Accounting for free drug,
the intrinsic replicon GT1a and GT1b EC50 values for compound 1 are
310 femtomolar (fM) and 40 fM, respectively (Fig. 9).

Pharmacokinetic curves and PK parameters for inhibitor 1 are found in Fig. 10
and Table 6. Compound 1 has the longest half-lives (from 4.7 to 10.3 h in rat, dog,
and monkey) among the compounds described herein and has high metabolic
stability across preclinical species. Based on its exceptional replicon and PA
potency, excellent pharmacokinetic half-lives, bioavailability, and low predicted
clearance, compound 1 was selected for development and is now known as
ledipasvir (LDV, GS-5885).

A synthesis of LDV is depicted in Scheme 1. The azabicyclo[2.2.1] ester 1a [23]
is debenzylated with palladium hydroxide and hydrogen, Boc protected, and the
ester hydrolyzed to form bicyclic acid 1b. Coupling of 1b with 4-bromo-1,2-
diaminobenzene and heating in ethanol affords benzimidazole 1c, which is borylated
to form pinacol boronate ester 1d. Bromo-iodofluorene 1e is difluorinated in a mild
and novel “one-pot” procedure by treatment with N-fluorobenzenesulfonimide
followed by KHDMS in THF (1f). The Grignard of 1f is selectively formed and
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reacted with 2-chloro-N-methoxy-N-methylacetamide to generate the chloroketone
1g which is alkylated with the potassium salt of spirocyclic acid 1h. Heating of the
resulting keto-ester with ammonium acetate in toluene affords cyclization to
difluorofluorene-imidazole 1i. Coupling of pinacol boronate 1dwith bromo-fluorene
1i completes the core of ledipasvir 1j. Double Boc deprotection of 1j and HATU-
mediated coupling with Moc-valine (1k) affords ledipasvir, 1 [14].

Further data supporting the decision to undertake the clinical development of
ledipasvir follows. LDV showed no measurable instability at the lower limit of
detection in our in vitro liver microsome assays in preclinical species and human
(human predicted CL <0.16 L/h/kg). Therefore 3H-LDV was incubated in hepato-
cytes to measure low-level metabolites for calculation of the predicted CL. This
approach afforded an exceptionally low predicted human metabolic clearance of
0.012 L/h/kg (Table 6). In bile duct-cannulated dogs, LDV was slowly excreted, and
over 24 h 65% of the dose was recovered as parent drug in bile consistent with the
low hepatic oxidative metabolism measured across species in microsomes and
human hepatocytes. (Less than 1% of LDV was recovered in urine.)

Despite its high protein binding, LDV displays moderate volumes of distribu-
tion (Vss). It is interesting to note that although high serum protein binding often
leads to a low volume of distribution [24], the Vss of LDV in preclinical species
(1.2–2.7 L/h/kg) is significantly higher than the plasma volume. The moderate Vss

of LDV in concert with its high metabolic stability contributes to its long PK half-
life. As a consequence of its low oxidative metabolism in human hepatocytes,
moderate Vss in rat, dog, and monkey, and slow biliary excretion in dog, LDV was
predicted to have a long human half-life. Based on its PK and potency, LDV was
predicted to have a sufficiently low once-daily dose that would be compatible with
dosing in a single-tablet regimen. As a result, LDV was progressed into clinical
development. In our discovery of LDV, we targeted a long human half-life to

Table 6 In vitro and in vivo PK parameters for ledipasvir in preclinical species and humans

Species
Dose
(route)

In vitro In vivo

Percent
free in
plasma
(%)

Pred CL
microsomes
(L/h/kg) t1/2 (h)

a
CL
(L h�1 kg�1)a

Vss

(L kg�1)a MRTb (h) %F

SD rat 1 mpkc

(IV)
0.19 <0.34 4.67 � 0.56 0.43 � 0.04 2.66 � 0.13 6.19 � 0.28 32.5 � 6.7

Beagle
dog

0.2
mpkc

(IV)

0.06 <0.18 7.41 � 0.80 0.13 � 0.02 1.19 � 0.13 9.20 � 1.35 53.0 � 12.4

Cyno
monkey

0.5
mpkc

(IV)

3.85 <0.17 10.3 � 1.2 0.17 � 0.00 2.15 � 0.42 12.9 � 2.1 41.1 � 3.6

Human 90 mg
(PO)d

0.68 0.012e 49.7d – – – ~50%d,f

aCL, Vss, MRT, and t1/2 are from IV dosing
bMean residence time
cmpk ¼ milligrams per kilogram
dData in HCV-infected patients at approved dose in Harvoni®; see Tables 8 and 9 for results from other doses in humans
eMeasured in human hepatocytes using 3H-ledipasvir
fHuman bioavailability estimated from CL/F from HCV-infected patients and CL predicted from preclinical studies
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enable once-daily dosing in an STR and to ensure that drug trough concentrations
would remain sufficiently high to suppress viral breakthrough and the emergence
of resistance potentially even in the event of patient non-compliance.

As described herein, multiple unique motifs make up the complex structure of
ledipasvir and contribute to its picomolar cellular and PA potency, high metabolic
stability, and excellent pharmacokinetic properties. The structure of LDV has cap-
tured the interest of a number of authors and has been cited in a range of publications
focusing on some of the intriguing structural elements now becoming utilized in
medicinal chemistry, including benzimidazoles [25]; spirocyclic ring systems [26];
cyclopropanes [27], bridged heterocyclic ring systems [28]; incorporation of
stereocenters (LDV has six) [29]; and the use of fluorine in drug discovery (whereas
most fluorinated drugs include aryl or heteroaryl fluorides, few bear aliphatic
fluorine substitution as in LDV) [30]. With these and other elements taken together,
the unique structure of ledipasvir is highly complex within known drug space. In a
recent publication detailing a computational algorithm that defines structural com-
plexity in drugs, ledipasvir is the most structurally complex orally bioavailable drug
among the examples discussed [31]. The chemical complexity of ledipasvir based on
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ring structure and calculated properties defines it as a “rulebreaker” drug by multiple
metrics. LDV has been discussed in drugs “beyond the rule of 5” (bRo5) [32, 33],
bRo5 “chameleonic” drugs [34] that display differential lipophilicity based on their
conformational state, and has been provided as an example of the importance of
organic synthesis in drug discovery [35].

Our discovery and implementation of the structural motifs incorporated in LDV
followed a data-driven path that sought improvement of measured properties such as
antiviral activity and in vitro and in vivo pharmacokinetic attributes and disregarded
rule-based metrics. Indeed ledipasvir is a “rulebreaker” compound that defies much
of the dogma dominating contemporary medicinal chemistry design that attempts to
define “drug likeness” and potential for bioavailability. Rule limit values for molec-
ular weight, calculated logP, the number of H-bond donors and acceptors [36], the
number of rotatable bonds and polar surface area [37], the number of ring structures
[38], and the number of aromatic rings [39] are provided in Table 7, along with the
corresponding values for LDV. These rule-based metrics are provided here for
reference and were not utilized in any way during the discovery of LDV. LDV lies
outside most of these metric-based rules. Ledipasvir has proven to be a bioavailable,
efficacious, safe, and well-tolerated drug.

4 Translation of Ledipasvir’s Preclinical Potency and PK
Properties in Phase 1 Clinical Trials

The preclinical pharmacokinetic optimization efforts in the discovery of LDV
proved fruitful. In human healthy volunteers the exposure of a single dose of LDV
increases dose proportionally from 3 to 100 mg, and gratifyingly the half-lives are
typically over 40 h (Fig. 11 and Table 8) [14]. The LDV 24 h trough drug
concentration is well over the PA EC50 at all doses (depicted with the red dotted
line, Fig. 11), ranging from 12-fold at the 3 mg dose to 470-fold at the 100 mg dose.

Table 7 Ledipasvir is not compliant with most contemporary medicinal chemistry rule-based
bioavailability and “drug-likeness” metrics

Rule set Parameter Rule limit value LDV value

Lipinski rule of 5 [36] Molecular weight �500 889

Lipinski rule of 5 CLogPa �5 6.71

Lipinski rule of 5 H-bond donors �5 4

Lipinski rule of 5 H-bond acceptorsb �10 14

Veber [37] Rotatable bondsc �10 12

Veber Polar surface areac <140 Å2 174 Å2

Ring rule [38] # of rings �5 is 95th percentile 10

Aromatic ring rule [39] # Aromatic rings �3 5
aChemBioDraw 14.0, CambridgeSoft Corporation
bSum of N’s and O’s as defined by Lipinski et al. [36]
cPipeline pilot
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For the 10–100 mg doses, the trough concentrations remain well over the PA EC50

even at 96 h post-dose.
The PK curves and PK parameters post the third-daily dose of LDV administered

to GT1 HCV-infected individuals are depicted in Fig. 12 and Table 9, respectively
[40]. Here the exposures are approximately dose proportional over five dose levels
from 1 to 90 mg, and the half-life for the 90 mg dose of LDV (the dose utilized in the
LDV/SOF STR Harvoni®) is 49.7 h. Although not yet at steady state 24 h post the
third dose, the drug concentration is 610-fold over the GT1a PA EC50 and 4,730-fold
over the GT1b PA EC50. The 24 h drug concentration is above the GT1a PA EC50

even for the lowest total dose of 1 mg.
Accordingly, all monotherapy doses of LDV from 1 to 90 mgs displayed potent

and rapid viral load reductions (VLR) in GT1-infected individuals (Fig. 13)
[40]. Doses 3 mg and higher rapidly achieved VLR ~3 log10 within 24 h post the
first dose and exceeded 3 log10 mean maximal viral load reductions during the
dosing interval. Even the 1 mg total dose afforded a mean maximal VLR of 2.3
log10. The 30 and 90 mg doses maintained >2 log10 viral suppression at 144 h
(4 days post the third and final dose), while the 10 mg dose in GT1b-infected
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Fig. 11 LDV single oral dose pharmacokinetics in healthy volunteers

Table 8 LDV PK parameters after single oral dose administration, eight healthy volunteers per
cohort

Mean parameter
(%CV)

LDV oral dose

3 mg 10 mg 30 mg 60 mg 100 mg

t1/2 (h) 45.2 (51) 42.4 (29) 37.2 (32) 44.2 (22) 39.5 (23)

Cmax (nM) 6.75 (37) 21.3 (36) 82.2 (51) 133 (50) 242 (35)

AUCinf (nM h) 245 (60.6) 695 (32.3) 2,717 (60.3) 5,299 (58.2) 8,658 (34.3)

C24hr (nM) 2.45 (37) 7.94 (34) 31.4 (60) 56.4 (57) 98.8 (35)
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individuals afforded a mean maximal VLR of 3.3 log10 and maintained ~2.5 log10
viral suppression 4 days post the final dose.

The NS5B polymerase is highly error-prone. Based on the polymerase error rate,
the HCV replication rate in vivo (1012 viral particles per day per patient), and the size
of the HCV genome, it is estimated that every single, double, and some triple viral
mutants are produced every day in a single patient [41]. In the NS5A gene sequence,
variants present at gene positions 28, 30, 31, and 93 have shown reduced suscepti-
bility to inhibitors [42]. Substitutions in the NS5A sequence are termed resistance-
associated substitutions (RAS, plural RASs) and noted with the amino acid in the
wild-type (WT) sequence first, the position next, and substituted amino acid last;

GT1a PA EC50=0.190 ng mL-1
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Fig. 12 LDV PK in patients post the third and final dose. Depicted as mean with standard
deviation. Day 3 dose administered at time zero

Table 9 LDV pharmacokinetic parameters post third dose in HCV GT1-infected patients

LDV oral dose

1 mg 3 mg 10 mg 30 mg 90 mg

t1/2 (h) 13.0
(7.7, 17.8)

22.8
(13.1, 36.8)

39.9
(28.5, 47.2)

41.7
(25.8, 53.4)

49.7
(37.8, 54.3)

Cmax (ng mL�1) 2.2
(39.7)

6.1
(56.6)

25.3
(40.0)

103.3
(57.5)

247.7
(45.4)

Ctau (ng mL�1) 0.3
(161.0)

2.4
(73.6)

9.7
(41.5)

46.5
(62.7)

115.9
(42.6)

AUCtau (ng h mL�1) 34.0
(29.8)

89.7
(54.6)

368.8
(39.0)

1,592.4
(59.5)

3,815.5
(42.1)

Data are presented as mean values (coefficient of variability %); t1/2 are median (quartile 1, quartile
3); Tau values are at 24 h post-dose; 10 mg cohort (n ¼ 19) includes GT1a,b patients, others are
GT1a (n ¼ 10)
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e.g., Y93H denotes the RAS where a histidine is substituted for the WT tyrosine at
position 93. Figure 14 and Table 10 depict the potency of LDV for a range of GT1a
and GT1b RASs [43]. These RASs are present at low levels in most patients prior to
treatment, but in some cases one or more RASs may be present at higher levels or
may even represent dominant virus. The mean maximal viral load reduction for a
given patient in monotherapy is defined by the titer of viruses with these RASs along
with the inhibitor activity against these RASs.
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It is interesting to note that there does not appear to be a dose-response for LDV in
monotherapy for doses from 3 to 90 mg in the Phase 1b monotherapy study shown in
Fig. 13 (VLR ranges from 3.1 to 3.3 log10 over this dose range) [40]. Assessment of
baseline RASs helps to understand the apparent absence of dose-response. By
chance, RASs were not present (at detectible levels) in any patient at baseline in
the 1 and 3 mg GT1a cohorts (Fig. 15, baseline RAS assessments were determined
post cohort randomization) [42]. Thus the patients in the 1 and 3 mg dosing cohorts
had a disproportionately strong mean responses relative to the 30 and 90 mg cohorts
which had relatively weaker responses in two patients showing high levels of the
RAS Q30E/Q (30 mg cohort) or L31M (90 mg cohort). The weaker response of
LDV against these RASs in vivo is consistent with the reduced susceptibility of the
L31M and Q30E replicons to LDV in vitro (Table 10, Fig. 14). In our work to

Table 10 GT1 resistance profile of ledipasvir against clinically relevant resistance-associated
substitutions (RAS)

GT1a EC50 (nM) GT1b EC50 (nM)

WT M28T Q30H Q30R L31M Y93C Q30E Y93H WT Y93H

LDV 0.031 1.9 5.7 19.6 17 49.6 169 52.0 0.004 7.2

All RASs are transiently transfected GT1a or GT1b subgenomic HCV replicons
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Fig. 15 LDV clinical VLR by individual patient. Clinical RASs found at baseline are noted. RASs
are measured by two methods, either by population sequencing (detectable as >25% of total viral
population which are labeled and outlined in blue) or by deep sequencing (limit of detection ~1% of
total population are labeled and outlined in black). The percentage of the resistant population is
noted for RAS detected by deep sequencing. The horizontal lines represent the mean viral load
reduction
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discover a pan-genotypic NS5A inhibitor, we improved activity across genotypes
along with improved potency against NS5A RASs. The culmination of those efforts
resulted in the discovery of velpatasvir [15–17], a potent pan-genotypic NS5A
inhibitor with a high barrier to resistance that is combined with sofosbuvir in the
first pan-genotypic STR Epclusa® and with sofosbuvir and voxilaprevir in the
pan-genotypic STR Vosevi®. For both Harvoni® and Epclusa®, the presence of
RASs detected in patients at baseline does not diminish the SVR relative to the SVR
in patients with no detectible RASs [16, 44–48].

5 LDV/SOF Approval and Real-World Data

In October of 2014 LDV (90 mg) combined with sofosbuvir (400 mg) was
approved under the name Harvoni®, for the treatment of GT1 HCV-infected
non-cirrhotic and compensated cirrhotic patients based on the ION 1–4 Phase
3 clinical trials [44–47]. Administration of a single pill, once-daily for 8 or
12 weeks affords cure rates from 94 to 97%. In subsequent studies, Harvoni® was
shown to afford high SVR rates in genotype 4, 5, and 6 patients (LDV displays
potent GT4a–6a replicon potency, Table 1), and the prescribing label was accord-
ingly expanded for treatment of these patients (https://www.accessdata.fda.gov/
drugsatfda_docs/label/2015/205834s001lbl.pdf. Accessed 10 June 2018) [5].

A measure of the practicality of a treatment regimen can be assessed by studies
outside of the controlled environment of clinical trials in “real-world” “effective-
ness” studies. There is no more extreme disparity between efficacy (risk-benefit in a
clinical setting) in Phase 3 trials and real-world effectiveness (risk-benefit in real-
world healthcare practice) than has been observed for SVR rates for IFN-based
regimens. The poor tolerability, high complexity, and low efficacy of IFN-based
therapy all conspire to afford real-world SVR rates that are dramatically lower than
the ~60% [49, 50] achieved in later Phase 3 clinical studies. Strikingly, the real-
world SVR in the US Veterans Administration (VA) is as low as 3.5%, with only
35.9% of the 99,156 HCV-infected veterans having no contraindications to this
poorly tolerated regimen [51]. The attrition leading to this low SVR rate is outlined
in Fig. 16 and includes patients unable or unwilling to undergo treatment, patients
unable to complete treatment, and a high failure rate for those completing treatment.
In contrast, a recent study of Harvoni® in this US VA HCV-infected patient
population showed that 90% of patients had no contraindications, and of those
patients initiating therapy the real-world SVR was 92–94% (4,365 patients, 8- and
12-week regimens, respectively). The high SVR of SOF/LDV in this population is
even more notable since the authors of the study posited that advanced age, higher
body mass index, ethnicity, and the prevalence of advanced liver disease (fibrosis
and cirrhosis, including decompensated cirrhosis) are all factors defining this VA
population as more difficult to treat than a typical cohort of HCV-infected individ-
uals [51]. Accordingly, elimination of HCV within the 200,000 US VA
HCV-infected individuals is projected for the end of the year 2018 [52].
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Additionally, two large real-world cohorts showed comparable results to those of
the LDV/SOF Phase 3 ION-1 and ION-3 clinical trials as depicted in Fig. 17 ranging
from 94 to 97% SVR. The Hepatitis C Therapeutic Registry and Research Network
(HCV-TARGET) is a study comprised of North American and European academic
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and community medical centers. Trio Health Innervation Platform (TRIO) is a
disease management cloud-based platform with data collection from specialty phar-
macies [53]. It is probable that the simplicity, safety, and potency of the SOF/LDV
single-tablet regimen are important attributes leading to this high level of translation
from clinical trials to the real world [54].

6 Conclusion

Ledipasvir is a highly potent NS5A (GT1a and GT1b EC50 values are 31 and 4 pM,
respectively) inhibitor with a long pharmacokinetic half-life of 49.7 h in
HCV-infected individuals. These attributes were critical aspects of the discovery
LDV, making it a drug favorable for combination in a single-tablet regimen.
Ledipasvir is the first FDA-approved NS5A inhibitor (October 10, 2014). LDV
combined with sofosbuvir as Harvoni® is the first STR for the treatment and cure
of HCV infection and the first HCV therapy to provide cure rates of 94–97% in as
little as 8 weeks of treatment. Subsequent to approval for GT1 HCV infection, the
label of Harvoni®was expanded to include treatment of GT4–6-infected individuals.
The real-world effectiveness of Harvoni® is comparable to that achieved in con-
trolled clinical trials, making it a valuable regimen for application in resource-limited
settings and an important drug for HCV eradication programs [51, 52].
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