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Abstract The fixed-dose combination tablet of ledipasvir (LDV), an HCV NS5A
inhibitor, and sofosbuvir (SOF), an HCV nucleotide analog NS5B polymerase
inhibitor, was the first all-oral (one-pill once daily), interferon-free and ribavirin-
free regimen approved for the treatment of patients with chronic hepatitis C. With
over 5,900 HCV-infected patients enrolled in LDV/SOF clinical trials through late
2017, the accelerated clinical development program was able to generate safety and
efficacy data across a broad range of patient populations. The initial registration trials
demonstrated that 12 weeks of treatment with LDV/SOF resulted in high cure rates
of over 95% in HCV genotype 1 patients regardless of historical negative treatment
predictors including cirrhosis or prior treatment history. The program subsequently
expanded to include other HCV genotypes and special populations with significant
unmet medical need including but not limited to decompensated liver disease,
HIV/HCV coinfection, posttransplantation, and children. With favorable pharma-
cokinetic properties, good safety profile, and high efficacy rates, the approval of
LDV/SOF (Harvoni®) ushered in a new era of treatment and management for the
millions of HCV-infected patients globally.

Keywords Direct-acting antivirals, HCV genotype 1 infection, Hepatitis C virus,
NS5A inhibitors, NS5B nucleotide inhibitors

Abbreviations

DAAs Direct-acting antivirals
FDC Fixed-dose combination
HCV Hepatitis C virus
HIV-1 Human immunodeficiency virus type 1
IFN Interferon
LDV Ledipasvir
Peg-IFN Pegylated interferon
RBV Ribavirin
SOF Sofosbuvir
SVR Sustained virologic response

1 Introduction

Globally, chronic hepatitis C virus (HCV) infection remains a significant public
health challenge, with over 80 million persons infected [1]. In 2011, the first class of
direct-acting antivirals (DAAs), namely, HCV nonstructural protein (NS) 3/4A
protease inhibitors, was approved [2] . While these treatments were successful in
up to 75% in specific populations such as treatment-naive patients, these regimens
were less effective in treatment-experienced patients, especially in those with
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advanced liver disease [3]. In addition, these treatments were given in combination
with pegylated interferon (Peg-IFN) and ribavirin (RBV) for up to 48 weeks and
were associated with additional serious side effects including anemia, rash, serious
infection, decompensation, high discontinuation rates, and complicated response-
guided therapy algorithms with high pill burdens. It was estimated that up to 50% of
patients with HCV infection were not eligible for these treatments due to relative or
absolute contraindications to Peg-IFN [4].

There remained a significant unmet medical need for simplified treatment regi-
mens that were more effective with improved safety and tolerability profiles. As
such, the goal of the LDV/SOF clinical development program was to develop an
IFN-free, RBV-free all-oral regimen for the treatment of chronic HCV infection by
combining two potent DAAs, ledipasvir (LDV), an NS5A inhibitor, and sofosbuvir
(SOF), a pangenotypic nucleotide NS5B polymerase inhibitor, into a fixed-dose
combination (FDC) tablet. This regimen would obviate toxicity, tolerability, as well
as contraindications, associated with Peg-IFN and/or RBV which were components
of approved therapy.

The clinical development program was initially focused on genotype 1 HCV
infection which represents the majority of all cases of chronic HCV infection in the
United States and Europe [5]; however, the program was expanded rapidly to
include all HCV genotypes and distinct patient populations across the globe with a
significant unmet medical need.

2 Clinical Pharmacology of Sofosbuvir, Ledipasvir,
and Ledipasvir/Sofosbuvir

Clinical pharmacology studies were conducted with either LDV/SOF or the compo-
nents, SOF and LDV, as individual agents, alone or in combination, including
coadministration with other DAAs. The SOF and LDV clinical development pro-
grams run in parallel with the development of the LDV/SOF fixed-dose combination
(FDC) tablet prior to initiation of the LDV/SOF phase 3 clinical studies.

2.1 Clinical Pharmacology of Sofosbuvir

The pharmacokinetic (PK) properties of sofosbuvir (SOF) were evaluated exten-
sively in healthy adult subjects and in patients with chronic hepatitis C infection
[6, 7]. Following oral administration, SOF is absorbed quickly, and peak plasma
concentration is observed ~0.5–2 h post-dose, regardless of dose level. SOF is
extensively metabolized in the liver to form the pharmacologically active nucleoside
analog triphosphate GS-461203 which undergoes subsequent dephosphorylation to
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yield GS-331007, the pharmacologically inactive, primary circulating nucleoside
metabolite responsible for over 85% of systemic drug exposure. Peak plasma
concentration of GS-331007 is observed between 2 and 4 h post-dose. The terminal
half-life is 0.4 h for SOF and 27 h for GS-331007 which supports once-daily dosing.
Consumption of a moderate- or high-fat meal increases SOF AUC by 2-fold and
Cmax by 1.3-fold, while the exposure of GS-331007 is not altered. These observed
increases in SOF levels are not considered clinically meaningful, and SOF can be
administered without regard to food [8]. Sofosbuvir is approximately 61–65% bound
to human plasma proteins, while GS-331007 has minimal binding.

Population pharmacokinetic analysis in HCV-infected patients demonstrated that
race, gender, age, and baseline body mass index (BMI) had no clinically relevant
effect on the exposure of SOF or GS-331007. Due to the hepatic metabolism of SOF
and concerns around the use of DAAs with hepatic impairment, a PK study was
conducted in HCV-infected patients with hepatic impairment. This study showed
Cmax and AUC values of SOF were ~80% and 130% higher in cirrhotic compared to
non-cirrhotic patients; however, these differences were not considered clinically
significant. As such, no dose adjustment of sofosbuvir is recommended for patients
with mild, moderate, and severe hepatic impairment [9]. Renal clearance is the major
elimination pathway for GS-331007, and a PK study was conducted in
HCV-negative subjects with renal impairment. This study showed that the AUC of
GS-331007 was increased 55%, 88%, and 451% in subjects with mild, moderate,
and severe renal impairment, respectively. Based on these findings, dose adjustment
for patients with mild or moderate renal impairment is not required; however,
sofosbuvir is currently not approved for use in patients with severe renal impairment
[10, 11]. There are ongoing studies evaluating the safety and efficacy of LDV/SOF
in HCV-infected patients with end-stage renal disease on dialysis.

SOF has limited clinically relevant drug-drug interactions as both SOF and
GS-331007 are not substrates, inducers, or inhibitors of drug-metabolizing enzymes
such as cytochrome P450 (CYP) or UDP-glucuronosyltransferase (UGT) A1
enzymes. In PK studies, coadministration of SOF with several drugs that impact
CYP enzymes such as contraceptives, methadone, immunosuppressants, and anti-
retrovirals have not been shown to have clinically relevant effects on PK parameters.
However, SOF is a substrate of drug transporters P-glycoprotein (P-gp) and breast
cancer resistance protein (BCRP), while GS-331007 is not; therefore, inhibitors or
inducers of these transporters may alter plasma concentrations of SOF. For example,
coadministration with P-gp inducers such as rifampin and St John’s wort can
decrease SOF concentration affecting efficacy and should be avoided [12, 13].

2.2 Clinical Pharmacology of Ledipasvir/Sofosbuvir

2.2.1 Clinical Pharmacology of LDV/SOF in Adults

Pharmacokinetic properties of ledipasvir, sofosbuvir in combination, and
GS-331007 were studied in healthy adult subjects and patients with chronic hepatitis
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C infection [14]. While AUC and Cmax of SOF and GS-331007 were similar in
healthy subjects and those with chronic HCV infection, AUC and Cmax of LDV were
24% and 32% lower, respectively, in HCV-infected patients. Following oral admin-
istration of LDV/SOF, median peak concentration is observed 4–4.5 h post-dose.
LDV concentrations are not affected by food supporting the recommendation that
LDV/SOF can be administered without regard to food. Ledipasvir is minimally
metabolized by the liver, highly protein-bound (more than 99%), and is primarily
eliminated in the feces as an unchanged drug through biliary excretion. Studies
conducted in subjects with renal insufficiency or hepatic impairment demonstrated
that no dose adjustment is required in patients with end-stage renal disease or those
with severe hepatic impairment. Population pharmacokinetic analysis in
HCV-infected patients indicated that race, gender, and age had no clinically relevant
effect on the exposure of LDV, similar to observations with SOF.

Ledipasvir is not a substrate, inducers, or inhibitors of traditional drug-
metabolizing enzymes, e.g., CYP- or UGT1A1-mediated drug-drug interactions.
In vitro, LDV is a substrate and an inhibitor of P-glycoprotein (P-gp) and breast
cancer resistance protein (BCRP) and as such may alter the absorption of substrates
of these transporters. Several drug interaction studies were conducted with
LDV/SOF to assess for clinically meaningful drug interactions. Potent inducers of
P-gp such as rifampin, St. John’s wort, and carbamazepine will reduce plasma
concentrations of SOF and/or LDV and should be avoided. Immunosuppressants
such as cyclosporine and tacrolimus, opiate substitution therapy, and oral
contraceptives can be safely coadministered with LDV/SOF. Tipranavir, an antire-
troviral can lead to reduced SOF and LDV levels and should be avoided with
LDV/SOF coadministration. Rosuvastatin exposure can increase with LDV/SOF
coadministration, potentially increasing the risk of rhabdomyolysis, and is
contraindicated [14].

Ledipasvir solubility decreases as pH increases; therefore, medications that
increase gastric pH may result in a decreased concentration of LDV. This effect
can be managed with specific dosing instructions: antacid dosing should be sepa-
rated by at least 4 h from LDV/SOF; H2-receptor antagonists should be given
simultaneously or staggered apart from LDV/SOF at a dose no higher than
famotidine 40 mg twice daily or equivalent; and proton-pump inhibitors at doses
comparable to omeprazole 20 mg or lower can be administered simultaneously.

2.2.2 Clinical Pharmacology of LDV/SOF in Adolescent Patients

The pharmacokinetic properties of SOF, GS-331007, and LDV were evaluated in
adolescent patients (12 to <18 years of age) in study GS-US-337-1116 (Group 1),
who received the adult dose of LDV/SOF (90/400 mg) [15]. No clinically relevant
differences in the exposure of SOF, GS-331007, and LDV were observed in the
adolescent population compared with adult patients in the phase 2 and 3 studies,
confirming the appropriateness of LDV/SOF (90/400 mg) for use in adolescents
ages 12 to <18 years.
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3 Dose Selection of Sofosbuvir, Ledipasvir, and
Ledipasvir/Sofosbuvir

3.1 Dose Selection of Sofosbuvir

Data from dose-ranging phase 1b and phase 2 studies of SOF conducted within the
SOF development program as either monotherapy or combination therapy with
Peg-IFN and RBV revealed exposure-response relationships that supported the
dose selection of SOF 400 mg for the treatment of HCV infection. The phase 1b
study P7851-1102 assessed once-daily doses GS-9851 from 50 to 400 mg (also
known as PSI-7851) 50:50 diasteromeric mixture of SOF and GS-491241 (also
known as PSI-7976) (an HCV RNA NS5B inhibitor) administered for 3 consecutive
days to treatment-naive patients with chronic genotype 1 HCV infection. When
GS-9851 enters into the liver cell, both GS-491241 and SOF molecules rapidly get
converted into the same active triphosphate. Mean maximal decreases from baseline
in HCV RNA were 0.09, 0.49, 0.56, 1.15, and 1.95 log10 IU/mL for placebo and
GS-9851 50, 100, 200, and 400 mg doses, respectively [13]. The GS-9851 400 mg
dose had the earliest and most potent antiviral effect in the greatest percentage of
patients, with the majority having a continued reduction in HCV RNA (�1.0 log10)
2 days after the last dose of GS-9851 (Fig. 1).

Subsequent data from two phase 2 dose-finding studies P7977-0221 and
P7977-0422 (PROTON) confirmed the selection of the SOF 400 mg dose. In study
P7977-0221, a total of 64 treatment-naive patients with genotype 1 HCV infection
were randomized to receive SOF doses of 100, 200, or 400 mg or matching placebo
for 27 days in combination with Peg-IFN + RBV for 48 weeks [16]. From days 0 to
27 (SOF/placebo treatment period), mean HCV RNA levels rapidly declined with all
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isomers (GS-491241 (also known as PSI-7976) and SOF)
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doses of SOF with Peg-IFN + RBV compared with placebo given with
Peg-IFN + RBV. The sustained virologic response 12 weeks after treatment com-
pletion (SVR12) rates were higher in the SOF 200 mg and 400 mg groups (72% and
80%, respectively) compared to the SOF 100 mg and placebo groups (56% and 50%,
respectively). Based on the lower rates of virologic failure, SOF 200 and 400 mg
were the therapeutic doses selected for further evaluation in the phase 2 study
P7977-0422 (PROTON).

In study P7977-0422, 122 treatment-naive patients with genotype 1 HCV infec-
tion were randomized to receive SOF 200 mg, SOF 400 mg, or matching placebo
once daily with Peg-IFN + RBV for 12 weeks [17]. In addition, 25 treatment-naive
genotype 2 or 3 HCV-infected patients received open-label SOF 400 mg once daily
in combination with Peg-IFN + RBV for 12 weeks. Sofosbuvir 200 and 400 mg in
combination with Peg-IFN + RBV for 12 weeks led to high SVR12 rates of 90–92%
in patients with genotype 1, 2, or 3 HCV infection. On-treatment failures occurred in
the SOF 200 mg group but not in the SOF 400 mg group.

In both phase 2 studies, all doses of SOF were well tolerated. The adverse event
and laboratory profiles were similar for Peg-IFN + RBV, SOF 200 mg with
Peg-IFN + RBV, and SOF 400 mg with Peg-IFN + RBV, consistent with the
expected safety profile of Peg-IFN and RBV. There were no new adverse events
or laboratory abnormalities attributable to SOF. Based on the totality of the safety,
pharmacokinetic, and antiviral activity, the SOF 400 mg dose was selected to move
forward for phase 3 evaluation in the SOF clinical development program and in
combination with LDV in phase 2 trials in the LDV clinical development program.

3.2 LDV/SOF Dose Selection

The phase 1 study GS-US-256-0102 assessed once-daily doses of LDV from 1 to
90 mg administered for 3 consecutive days in treatment-naive patients with chronic
genotype 1 HCV infection [18]. A dose-dependent response was observed for LDV
doses of 3 mg through 30 mg. Ledipasvir resulted in rapid reductions in plasma HCV
RNA of �2 log10 IU/mL as early as 8 h and reductions >3 log10 IU/mL on day
2 (36 h) following administration of 3 through 90 mg (Fig. 2). Similar and maximal
antiviral responses (median approximately 3 log reduction) were observed following
LDV doses of 10, 30, or 90 mg. Maximum effect (Emax) modeling indicated that
exposures achieved following administration of LDV doses �30 mg provided
>95% of maximal antiviral responses in genotype 1a HCV-infected patients.
There was no evidence of additional antiviral activity at the 90 mg dose based on
median reductions in HCV RNA; however, HCV RNA suppression was sustained
for a longer period compared with the 30 mg dose. Based on these data, LDV 30 mg
and 90 mg once-daily doses were selected for clinical evaluation in phase 2 trials.

Study GS-US-248-0120 was a phase 2, dose-finding trial that evaluated the
safety, tolerability, and antiviral efficacy of LDV 30 mg or 90 mg, administered in
combination with the NS3 protease inhibitor vedoprevir, non-nucleoside NS5B
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inhibitor tegobuvir, and RBV in 234 treatment-naive patients with chronic
genotype 1 HCV infection. Treatment with LDV 90 mg in combination with other
DAAs and RBV for 12 or 24 weeks resulted in higher SVR24 rates compared to
LDV 30 mg in combination with DAAs and RBV (58.5% vs 47.8%). In addition, the
incidence of virologic breakthrough was lower in the LDV 90 mg group compared to
the LDV 30 mg group (10.6% vs 19.6%, respectively).

Treatment with LDV in combination with other DAAs and RBV was generally
well tolerated, and increasing the LDV dose did not alter the safety profile of the
regimens in terms of overall frequency or severity of AEs or laboratory abnormal-
ities. Based on efficacy and the favorable safety and tolerability profile, the 90 mg
dose of LDV was selected for coformulation in the LDV/SOF fixed-dose
combination.

4 Safety and Efficacy of Ledipasvir/Sofosbuvir
in Phase 2 Trials

The LDV/SOF clinical development program was initiated once phase 2 clinical data
became available showing that SOF in combination with RBV � Peg-IFN resulted
in high efficacy across all HCV genotypes and were well tolerated as compared to
available standard of care [17, 19, 20] (Table 1). The goal of the phase 2 trials in the
LDV/SOF clinical development program was to evaluate the combination of SOF

Fig. 2 Median log 10 HCV RNA change from baseline following administration of LDV (phase
1 study GS-US-256-0102). Patients received LDV or placebo once daily for 3 days. Arrows indicate
time of dosing
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400 mg with LDV 90 mg or LDV/SOF (90 mg/400 mg) FDC with or without RBV
in a broad population of HCV patients irrespective of treatment history and fibrosis
status. Safety, efficacy, and pharmacokinetic data generated from these studies are
described below.

Table 1 Key phase 2 trials in the sofosbuvir clinical development program

Trial
Population (with
genotype)

Number of
patients Regimen

Duration
(weeks)

SVR12
(%)

PROTON HCV 1, treatment
naive◊

48 SOF + Peg-IFN
+ RBV

12a 90

HCV 1, treatment
naive

47 SOF + Peg-IFN
+ RBV

12a 91

HCV 1, treatment
naive

26 Placebo +
Peg-IFN + RBV

48 58

HCV 2 or 3,
treatment naive

25 SOF + Peg-IFN
+ RBV

12 92

ATOMIC HCV 1, treatment
naive

52 SOF + Peg-IFN
+ RBV

12 90

HCV 1, treatment
naive

125 SOF + Peg-IFN
+ RBV

24 93

HCV 1, 4, or 6,
treatment naive

155 SOF + Peg-IFN
+ RBV

12b 91

ELECTRON

Part 1
(randomized)

HCV 2 or 3 treatment
naive

10 SOF + RBV 12 100

HCV 2 or 3 treatment
naive

9 SOF + Peg-IFNc

+ RBV
12 100

HCV 2 or 3 treatment
naive

10 SOF + Peg-IFNd

+ RBV
12 100

HCV 2 or 3 treatment
naive

11 SOF + Peg-IFN
+ RBV

12 100

Part 2 HCV 2 or 3 treatment
naive

10 SOF 12 60

HCV 2 or 3 treatment
naive

11 SOF + Peg-IFN
+ RBV

8 100

HCV 1 treatment
experienced

10 SOF + RBV 12 10

Part 3 HCV 1, treatment
naive

25 SOF + RBV 12 84

HCV 2 or 3 treatment
experienced

25 SOF + RBV 12 68

◊SOF 200 mg
aSOF in combination with Peg-IFN and RBV was followed by an additional course of Peg-IFN and
RBV for 12 or 36 weeks according to the virological response on treatment
bThe patients in this arm were further randomized to receive an additional course of SOF alone or
SOF plus RBV for 12 weeks
cPeg-IFN was administered just for 4 weeks
dPeg-IFN was administered just for 8 weeks
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4.1 Study P7977-0523 (ELECTRON)

Study P7977-0523 (ELECTRON) was a phase 2 multicenter, open-label trial to
evaluate the safety, tolerability, and antiviral efficacy of SOF-containing treatment
regimens in HCV patients [21, 22]. This study had multiple arms and was the first to
evaluate the use of sofosbuvir in combination with ledipasvir. The latter arms of the
study utilized the fixed-dose combination tablet of LDV/SOF. The study was
conducted at two sites in New Zealand and commenced enrollment of patients in
June 2012; only results relevant to the combination of SOF and LDV or LDV/SOF
are described below (Table 2).

Part 4 (Groups 12 and 13) of the study enrolled nine patients with genotype 1
HCV infection who had documented null response following previous treatment
with Peg-IFN and RBV for �12 weeks and 25 treatment-naive patients with
genotype 1 HCV infection who received SOF 400 mg once daily + LDV 90 mg
once daily and weight-based RBV (1,000–1,200 mg/day divided twice daily) for
12 weeks. The latter arms of the study included Part 6 (Groups 16 and 17) which
randomized 19 patients with genotype 1 HCV infection who were prior null
responders to Peg-IFN therapy with cirrhosis to receive either LDV/SOF (90 mg/
400 mg) once daily or LDV/SOF once daily in combination with weight-based RBV
for 12 weeks; Part 16 (Group 18) enrolled ten non-cirrhotic treatment-naive patients
with genotype 2 or 3 HCV infection to receive LDV/SOF once daily for 12 weeks;
Group 20 enrolled 14 patients with genotype 1 HCV infection and hemophilia to
receive LDV/SOF once daily in combination with weight-based RBV for 12 weeks,
while Group 21 enrolled 25 treatment-naive patients with genotype 1 HCV infection
to receive LDV/SOF once daily in combination with weight-based RBV for 6 weeks.

This study showed that in treatment-naive and null-responder patients with
genotype 1 HCV infection, treatment with SOF (400 mg) with LDV (90 mg) and
RBV for 12 weeks provided a high virologic response rate with an SVR12 rate of
100% compared with patients who received only SOF + RBV, where 84% and 10%
of treatment-naive and null-responder patients, respectively, achieved SVR12. In
patients who were null responders with genotype 1 HCV infection and cirrhosis,
treatment with LDV/SOF or LDV/SOF + RBV for 12 weeks led to high virologic
responses with SVR12 rates of 70% and 100%, respectively. Patients with multiple
negative predictors of response such as prior null response and cirrhosis achieved
high SVR rates with LDV/SOF with or without RBV. Treatment-naive patients with
genotype 1 HCV infection who received LDV/SOF with RBV for 6 weeks had a
lower SVR12 rate of 68% compared with 100% in those who received 12 weeks of
LDV/SOF with RBV, indicating that 6 weeks of LDV/SOF with RBV was likely to
be too short a duration of treatment to achieve an optimal response rate.

The most common reported adverse events were headache, fatigue, and nausea.
Most of the adverse events were mild in severity. Overall, five patients experienced
severe adverse events; of these, the only severe event considered related to treatment
was grade 3 hemolytic anemia, a known side effect of RBV. One patient
discontinued treatment after 7 weeks due to an adverse event (spontaneous
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perforation of a colonic diverticulum, assessed as not related to treatment); this
patient went on to achieve SVR. The RBV-free groups had lower rates of adverse
events and laboratory abnormalities compared to the RBV-containing groups.

4.2 Study GS-US-337-0118 (LONESTAR)

Study GS-US-337-0118 (LONESTAR) was a phase 2, randomized open-label trial
to evaluate LDV/SOF with or without RBV in patients with HCV genotype 1 infec-
tion [23]. The study was conducted at a single center in the United States and
enrolled patients from Nov 2012 to Dec 2012 (Table 3).

In Cohort A, 60 non-cirrhotic, treatment-naive patients were randomly assigned
(1:1:1; stratified by HCV genotype [1a vs 1b]) to receive LDV/SOF once daily for
8 weeks (Group 1), LDV/SOF and weight-based ribavirin for 8 weeks (Group 2), or
LDV/SOF for 12 weeks (Group 3). In Cohort B, 40 patients with a history of
virological failure after receiving a protease inhibitor regimen were randomly allo-
cated (1:1; stratified by genotype and presence or absence of cirrhosis) to receive
LDV/SOF for 12 weeks (Group 4) or LDV/SOF and weight-based ribavirin for
12 weeks (Group 5).

This study showed that 8 or 12 weeks of LDV/SOF with or without RBV in
patients with genotype 1 HCV infection (including approximately 50% with com-
pensated cirrhosis) resulted in an overall SVR12 rate of 97%. The SVR12 rate was
100% in treatment-naive patients who received LDV/SOF + RBV for 8 weeks and
95% in patients who received LDV/SOF for 8 or 12 weeks. In treatment-experienced
patients, SVR12 was achieved by 100% and 95% of patients who received
LDV/SOF with or without RBV for 12 weeks, respectively.

Patients who were receiving LDV/SOF + RBV had the higher rates of adverse
events compared to those receiving LDV/SOF. The most common adverse events
were nausea, anemia, upper respiratory tract infection, and headache, with most of
these events assessed as mild in severity. Anemia was noted only in patients
receiving RBV with eight patients requiring RBV dose reductions to manage
anemia; all eight achieved SVR12. No patient discontinued treatment because of
an adverse event. Four patients had serious adverse events, of which anemia was
the only serious adverse event considered related to study treatment. The only

Table 3 Efficacy rates of LDV/SOF in study GS-US-337-0118 (LONESTAR)

GT-1 treatment naive GT-1 treatment experienced

LDV/SOF
8 weeks
(N ¼ 20)

LDV/SOF +
RBV 8 weeks
(N ¼ 21)

LDV/SOF
12 weeks
(N ¼ 19)

LDV/SOF
12 weeks
(N ¼ 19)

LDV/SOF + RBV
12 weeks (N ¼ 21)

SVR12 (n/N) 19/20 (95.0%) 21/21 (100.0%) 18/19 (94.7%) 18/19 (94.7%) 21/21 (100.0%)

95% CI (%) 75.1–99.9 83.9–100.0 74.0–99.9 74.0–99.9 83.9–100.0
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grade 3 or 4 hematological abnormality that occurred during treatment was
decreased hemoglobin in four patients, all of whom had received RBV.

4.3 Study GS-US-337-012 (ELECTRON-2)

Study GS-US-337-0122 was a phase 2 multicenter, open-label trial to evaluate the
efficacy and safety of sofosbuvir-containing regimens for the treatment of chronic
HCV infection [24]. This multi-cohort study was the first to evaluate the use of
LDV/SOF in non-genotype 1 HCV infection (Table 4).

In Cohort 2 (Groups 3 and 4), 51 treatment-naive, HCV genotype 3 patients were
randomly assigned to receive either LDV/SOF once daily for 12 weeks (Group 3) or
LDV/SOF and weight-based ribavirin for 12 weeks (Group 4). Cohort 2 (Group 5)
evaluated the safety and efficacy of LDV/SOF in 25 patients with genotype 6 HCV
infection. Additional details in patients with HCV genotype 3 and 6 infection are
presented in Sects. 6.2.2 and 6.2.5 respectively.

4.4 Safety of Ledipasvir/Sofosbuvir in Phase 2 Trials

Across the phase 2 clinical trials, treatment with LDV/SOF with or without RBV
was safe and well tolerated. Importantly, a higher proportion of patients in the
RBV-containing treatment groups had adverse events, treatment-related adverse
events, or adverse events leading to dose modification or interruption of any study
drug than patients in the RBV-free treatment groups. The groups receiving RBV also
had a higher incidence of laboratory abnormalities that were consistent with the
expected toxicity profile of ribavirin, namely, decreases in hemoglobin and lympho-
cytes and increases in total bilirubin.

Table 4 Efficacy rates of LDV/SOF in study GS-US-337-0122 (ELECTRON-2)

GT-3 treatment naive
GT-3 treatment
experienced

LDV/SOF 12 weeks
(N ¼ 25)

LDV/SOF + RBV
12 weeks (N ¼ 26)

LDV/SOF + RBV
12 weeks (N ¼ 50)

SVR12 (n/N) 16/25 (64.0%) 26/26 (100.0%) 26/26 (100.0%)

95% CI (%) 42.5–82.0 86.8–100.0 86.8–100.0
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5 Safety and Efficacy of Ledipasvir/Sofosbuvir in Phase
3 Registrational Trials

The LDV/SOF phase 3 clinical development program was designed to further
evaluate the safety and efficacy of LDV/SOF in a diverse population of patients
with HCV genotype 1 infection irrespective of baseline and demographic character-
istics. In late 2012, there were several ongoing phase 3 studies in the SOF clinical
development program; however, the standard of care in patients with HCV
genotype 1 infection was still an HCV protease inhibitor (boceprevir or telaprevir)
combined with Peg-IFN and RBV for 24–48 weeks [2, 3]. Based on the existing
medical need and the safety data generated from over 1,000 patients treated with
LDV in combination with other DAAs, the LDV/SOF phase 3 program was initi-
ated. The phase 3 registrational trials had innovative study designs that helped to
significantly accelerate the clinical development program. In the LDV/SOF phase
3 program supporting initial registration, three large multicenter studies (two in
treatment naive and one in treatment experienced) were conducted and are described
below.

5.1 Efficacy of Ledipasvir/Sofosbuvir in Treatment-Naive
Genotype 1 Patients

5.1.1 ION-1 (Study GS-US-337-0102)

The ION-1 trial was designed to assess the efficacy and safety of 12 or 24 weeks of
the fixed-dose combination of LDV/SOF with or without RBV in previously
untreated patients with chronic HCV genotype 1 infection, including those with
compensated cirrhosis [25].

This was a multicenter, randomized, open-label trial that enrolled patients at
99 sites in the United States and Europe from October 17, 2012, to May 17, 2013.
Eligible patients had chronic HCV genotype 1 infection and had not received
treatment for HCV infection previously. All patients received LDV/SOF. Ribavirin
was administered orally twice daily, with the dose determined according to body
weight (1,000 mg daily in patients with a body weight<75 kg and 1,200 mg daily in
patients with a body weight �75 kg). Patients were randomly assigned in a 1:1:1:1
ratio to one of four treatment groups: LDV/SOF for 12 weeks, LDV/SOF plus RBV
for 12 weeks, LDV/SOF for 24 weeks, or LDV/SOF plus RBV for 24 weeks.
Randomization was stratified according to HCV genotype 1 subtype (1a or 1b)
and the presence or absence of cirrhosis.

Subject enrollment occurred in two parts. Part A enrolled and randomized
approximately 200 patients (50 per treatment group), and enrollment was halted in
all four treatment groups once Part A was fully enrolled. After patients in 12-week
treatment groups reached posttreatment Week 4, the data monitoring committee
(DMC) reviewed safety and SVR4 efficacy data from the first 12 weeks of dosing for
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all patients in the 12-week treatment group. Futility in the 12-week treatment groups
was assessed using an interim futility stopping procedure that utilized a conditional
power approach under the observed trend. Stopping for futility was triggered when
the conditional power was less than 5% (which was equivalent to an observed
response rate of 60% or less). If the predefined interim futility criteria were met,
the 12-week treatment groups were to be discontinued. As futility criteria were not
met, the study was continued as planned. Part B commenced enrollment after this
interim futility analysis was complete. Approximately 600 additional patients
(approximately 150 per group) were enrolled in Part B.

In the final analysis, a total of 870 patients were randomized, of which
865 received at least 1 dose of study drug. Of the 865 randomized and treated
patients, 27 (3.1%) prematurely discontinued study treatment. In general, patients
were representative of a treatment-naive population, and demographics and baseline
characteristics were generally balanced across the four treatment groups. Overall,
67% of the patients had HCV genotype 1a infection, 12% were black, 70% had the
non-CC IL28B genotype, and 16% had cirrhosis.

The SVR12 rates observed in all four treatment groups were superior to the
historical rate of 60% (P < 0.001 for all comparisons) (Table 5). The SVR12
rates were high across all treatment groups (LDV/SOF 12-week group, 99%;
LDV/SOF + RBV 12-week group, 97%; LDV/SOF 24-week group, 98%; and
LDV/SOF + RBV 24-week group, 99%). Of the 865 patients who were treated,
only 3 had virologic failure (1 virologic breakthrough and 2 relapses). The addition
of RBV or extending the treatment duration of LDV/SOF from 12 to 24 weeks did
not significantly improve the SVR12 rates. High response rates were observed in all
patient subgroups, including patients with characteristics historically associated with
a poor response to treatment including older age, cirrhosis, high BMI, high HCV
RNA levels, and IL-28B non-CC genotype.

Population and deep sequencing of the HCV NS5A and NS5B genes were
performed from pretreatment samples and from posttreatment samples from all
patients with virologic failure. The prevalence of pretreatment NS5A resistance-
associated variants (RAVs) detected with a 1% cutoff was 16% (140/861) overall, of
which 135 (96%) achieved SVR12, suggesting that the presence of NS5A RAVs did

Table 5 Virologic outcomes in ION-1 (study GS-US-337-0102)

LDV/SOF
12 weeks
(N ¼ 214)

LDV/SOF + RBV
12 weeks
(N ¼ 217)

LDV/SOF
24 weeks
(N ¼ 217)

LDV/SOF + RBV
24 weeks
(N ¼ 217)

SVR12 211 (99) 211 (97) 212 (98) 215 (99)

Virologic failure

Relapse 1 (<1) 0 1 (<1) 0

On-treatment
virologic failure

0 0 1 (<1) 0

Other 4 (2) 6 (3) 3 (1) 2 (1)

Other lost to follow up, withdrew consent
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not impact treatment outcome. The two patients that relapsed had preexisting NS5A
RAVs at baseline.

The innovative study design and built-in futility analysis of the ION-1 study were
crucial in saving considerable amounts of time in the development program and
bringing the drug to the market at a much earlier date than initially envisioned.

5.1.2 ION-3 (Study GS-US-337-0109)

The ION-3 trial was conducted primarily to explore the feasibility of shortening
treatment duration in previously untreated patients with HCV genotype 1 infection
without cirrhosis [26].

This was a multicenter, randomized, open-label trial that enrolled patients at
58 sites in the United States from May 20, 2013, to June 19, 2013. Eligible patients
had chronic HCV genotype 1 infection without cirrhosis and had not received
treatment for HCV infection previously. All patients received LDV/SOF with or
without weight-based RBV (1,000 or 1,200 mg divided twice daily). Patients were
randomly assigned in a 1:1:1 ratio to one of three treatment groups: LDV/SOF for
8 weeks, LDV/SOF plus RBV for 8 weeks or LDV/SOF for 12 weeks. Randomiza-
tion was stratified according to HCV genotype (1a or 1b).

A total of 677 patients were randomized or which 8 (1.3%) prematurely
discontinued study treatment. The population was representative of the population
of patients with HCV infection in the United States. Demographic and baseline
characteristics were generally balanced across the three treatment groups. Overall,
80% had HCV genotype 1a infection, 19% were black, 6% were Hispanic, and 74%
had a non-CC IL28B genotype.

The SVR12 rates observed in all three treatment groups were superior to the
adjusted historical rate of 60% (P < 0.001 for all comparisons) (Table 6). The
SVR12 rate was 94% with 8 weeks of LDV/SOF, 93% with 8 weeks of
LDV/SOF + RBV, and 95% with 12 weeks of LDV/SOF. Importantly, the SVR12
rate in patients who received 8 weeks of LDV/SOF without ribavirin was noninferior
to the response rates in the other two treatment groups. This showed that the addition
of RBV to the 8-week regimen of LDV/SOF or extending the treatment duration to

Table 6 Virologic outcomes in ION-3 (study GS-US-337-0108)

LDV/SOF 8 weeks
(N ¼ 215)

LDV/SOF + RBV
8 weeks (N ¼ 216)

LDV/SOF 12 weeks
(N ¼ 216)

SVR12 202 (94) 201 (93) 206 (95)

Virologic failure

Relapse 11 (5) 9 (4) 3 (1)

On-treatment
virologic failure

0 0 0

Other 2 (1) 6 (3) 7 (3)

Other lost to follow up, withdrew consent

252 A. Osinusi and J. G. McHutchison



12 weeks in genotype 1, non-cirrhotic patients did not result in improved SVR rates.
Furthermore, once again the SVR rates did not vary significantly according to
patients’ demographic or clinical characteristics, including those historically associ-
ated with a poor response to IFN-based treatment.

Population and deep sequencing of the HCV NS5A and NS5B genes were
performed from pretreatment samples and from posttreatment samples from all
patients with virologic failure.

Overall, 116 of 647 (17.9%) patients were identified as having at least one
baseline NS5A RAV with a 1% assay cutoff. Of these, 104 (89.7%) patients with
baseline NS5A RAVs achieved SVR12 following treatment. Importantly of the
116 patients with baseline NS5A RAVs, 80 (69%) patients had at least 1 NS5A
RAV conferring >100-fold reduced susceptibility to LDV in vitro. Despite the
presence of these NS5A RAVs, 69 of these 80 (86.3%) patients achieved SVR12.

5.2 Efficacy of Ledipasvir/Sofosbuvir
in Treatment-Experienced Genotype 1 Patients

5.2.1 ION-2 (Study GS-US-337-0108)

The ION-2 trial was designed to assess the efficacy and safety of 12 or 24 weeks of
LDV/SOF with or without RBV in patients with chronic HCV genotype 1 infection
who had been previously treated, including those with compensated cirrhosis [27].

This was a multicenter, randomized, open-label trial that enrolled patients at
64 sites in the United States from January 3, 2013, to February 26, 2013. Eligible
patients had chronic HCV genotype 1 infection and had failed prior treatment with
either Peg-IFN and RBV or an NS3/4A protease inhibitor combined with Peg-IFN
and RBV. All patients received LDV/SOF with or without weight-based RBV
(1,000 or 1,200 mg divided twice daily).

Patients were randomly assigned in a 1:1:1:1 ratio to one of four treatment
groups: LDV/SOF for 12 weeks, LDV/SOF plus RBV for 12 weeks, LDV/SOF
for 24 weeks, or LDV/SOF plus RBV for 24 weeks. Randomization was stratified
according to genotype (1a vs 1b), presence or absence of cirrhosis, and response to
prior therapy (relapse or virologic breakthrough vs no response.

A total of 441 patients were randomized, of which 440 received at least 1 dose of
study drug. In general, patients were representative of a treatment-experienced
population: 88% had the non-CC IL28B genotype, 52% had received prior treatment
with a protease inhibitor regimen, and 20% had cirrhosis. Demographic and baseline
characteristics were generally well balanced across the four treatment groups.

The SVR12 rates observed in all four treatment groups were superior to the
adjusted historical rate of 25% (P < 0.001 for all comparisons) (Table 7). The
SVR12 rates were high across all treatment groups (LDV/SOF 12-week group,
93.6%; LDV/SOF + RBV 12-week group, 96.4%; LDV/SOF 24-week group,
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99.1%; and LDV/SOF + RBV 24-week group, 99.1%). The addition of RBV to or
extending the treatment duration of LDV/SOF from 12 to 24 weeks did not appre-
ciably enhance the observed SVR12 rates. High response rates were observed in all
patient subgroups, including patients with characteristics historically associated with
a poor response to treatment including older age, cirrhosis, high BMI, high HCV
RNA levels, and IL-28B non-CC genotype.

A total of 62 of 439 (14.1%) patients with successful NS5A sequencing were
identified as having baseline NS5A RAVs. Of these, 54 (87.1%) patients with
baseline NS5A RAVs achieved SVR12. Variants associated with resistance to
NS3/4A protease inhibitors were detected at baseline in 163 of the 228 patients
(71%) who underwent successful sequencing and had received prior treatment with a
protease inhibitor regimen. Of these 159 (98%) patients with baseline NS3/4A
RAVs achieved SVR12.

5.3 Safety of Ledipasvir/Sofosbuvir in Phase 3 Registrational
Trials

Treatment with LDV/SOF with or without RBV was safe and well tolerated across
the phase 3 program [25–27]. There were no placebo-controlled regimens; however,
the safety profile observed was generally similar to that observed in the placebo
group of a prior trial with SOF and RBV in HCV-infected patients [28].

The integrated phase 3 safety population of 1,952 patients provided a large safety
dataset to support the safety of LDV/SOF (Table 8). The most frequently reported
adverse events were fatigue (29.3%), headache (23.1%), and nausea (13.5%), which
were all reported more commonly in the patients receiving RBV-containing regi-
mens. The majority of adverse events were mild, with <5% (91 patients) experienc-
ing a grade 3 or 4 adverse event.

Thirteen (0.7%) patients receiving LDV/SOF with or without RBV had an
adverse event leading to discontinuation of LDV/SOF. A total of 51 (2.6%) patients
had at least 1 serious adverse event (SAE), with only 5 (0.3%) patients experiencing

Table 7 Virologic outcomes in ION-2 (study GS-US-337-0109)

LDV/SOF
12 weeks
(N ¼ 109)

LDV/SOF
12 weeks
(N ¼ 111)

LDV/SOF
24 weeks
(N ¼ 109)

LDV/SOF
24 weeks
(N ¼ 111)

SVR12 102 (94) 107 (96) 108 (99) 110 (99)

Virologic failure

Relapse 7 (6) 4 (4) 0 0

On-treatment
virologic failure

0 0 0 1 (1)

Other 0 0 1 (1) 0

Other lost to follow up, withdrew consent
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a treatment-related serious adverse event (anemia, factor VIII inhibition, mesenteric
vein thrombosis, salpingitis, and headache). One patient died of liver failure
secondary to HCV infection and alcohol use 121 days after treatment completion.

Importantly, the difference in the adverse event profile of RBV-free (LDV/SOF)
and RBV-containing (LDV/SOF + RBV) treatment groups was also evaluated. The
addition of RBV to the treatment regimen was associated with an increase in the total
incidence of adverse events, treatment-related adverse events, and serious adverse
events compared to patients receiving RBV-free regimens for all treatment dura-
tions. Consistent with the frequent need for RBV dose modification, a higher
proportion of patients in the RBV-containing (LDV/SOF + RBV) treatment groups
(13.5%) had AEs leading to dose modification or interruption of any study drug than
patients in the RBV-free (LDV/SOF) treatment groups (0.6%).

In the integrated phase 3 safety population, approximately 75% of patients had at
least one laboratory abnormality with the majority (66.8%) being only grade 1 or
2 laboratory abnormalities. The percentage of patients receiving LDV/SOF + RBV
who had a grade 3 laboratory abnormality (11.4%) was approximately twofold
higher than patients receiving LDV/SOF (5.4%). Few patients had grade 4 laboratory
abnormalities. The groups receiving RBV had a higher incidence of laboratory
abnormalities that are consistent with the expected toxicity profile of ribavirin,
namely, decreases in hemoglobin and lymphocytes and increases in total bilirubin.

5.4 Summary of Phase 3 Data Supporting Initial Registration
of Ledipasvir/Sofosbuvir

LDV/SOF (Harvoni®) was the first all-oral, single-tablet, IFN-free and RBV-free
treatment approved for the vast majority of patients infected with HCV. Across the
phase 3 registrational trials, treatment with LDV/SOF offered a short, simple, well-
tolerated regimen with significantly shorter treatment durations without the need for
response-guided treatment algorithms compared with up to 48 weeks of standard of
care treatment algorithms.

The phase 3 program showed that 12 weeks of LDV/SOF was a highly effective
treatment for patients with HCV genotype 1 infection across a broad range of
demographic and baseline characteristics. LDV/SOF was the first Peg-IFN-free,
RBV-free treatment to demonstrate SVR rates >90% in genotype 1 HCV-infected
patients who had failed the current standard of care. In addition, factors that had been
traditionally associated with relapse (e.g., age�65 years, black or African-American
race, Hispanic or Latino ethnicity, high BMI, genotype 1a, high viral load, non-CC
IL28B allele) had no notable impact on SVR12 rates nor did the presence of baseline
LDV-associated NS5A RAVs in a subset of patients.

No additional benefit appeared to be associated with the addition of ribavirin or
with extension of the duration of treatment to 24 weeks. In addition, the 8-week
regimen of LDV/SOF was highly efficacious among non-cirrhotic genotype 1
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patients who had not been treated previously. At the time of approval, emerging data
indicated that in patients who experience relapse with SOF treatment, retreatment
with LDV/SOF would be a viable option.

Treatment with LDV/SOF with or without RBV was generally well tolerated,
with no treatment-emergent deaths and few permanent discontinuations of study
drug due to AEs, SAEs, grade 3 or 4 AEs, or grade 3 or 4 laboratory abnormalities.
Importantly, the exclusion of RBV significantly reduces the incidence of AEs and
clinically significant laboratory abnormalities experienced by patients. It was
observed that increasing treatment duration from 8 to 12 weeks resulted in small
but consistent increases in the incidence of AEs but did not change the observed AE
profile.

These data and others presented in Sect. 6 supported the approval of LDV/SOF
(Harvoni®) in the United States on October 10, 2014, as the first all-oral, single-
tablet, IFN-free and RBV-free treatment for HCV genotype 1, 4, 5, and 6 infection in
patients with or without cirrhosis. By the end of 2017, Harvoni had been approved in
over 80 countries in North and South America, Europe, Asia, Africa, and Australia.

6 Safety and Efficacy of Ledipasvir/Sofosbuvir in Other
Patient Populations

The LDV/SOF clinical development program included additional pivotal phase
2 and 3 trials that were designed to assess the efficacy and safety of LDV/SOF in
key patient populations with an unmet medical need. These included but were not
limited to populations with non-genotype 1 HCV infection, HCV/HIV coinfection,
decompensated liver disease, post-liver and kidney transplantation, and children.

6.1 LDV/SOF in Patients with Compensated Cirrhosis Who
Failed Prior IFN-Based Treatment

Based on the data from the ION-2 study, a 24-week regimen of LDV/SOF was
approved for the treatment of genotype 1 subjects with compensated cirrhosis who
had failed prior IFN-based therapy [27]. In that study, 24 weeks of treatment with
LDV/SOF � RBV resulted in a numerically higher SVR rate (100%, 44/44) than
12 weeks of treatment with LDV/SOF � RBV (84%, 37/44); although it was
acknowledged that this difference in SVR was based on a small number of subjects,
in the absence of additional data, a conservative duration of 24 weeks was
recommended in the initial approval of LDV/SOF. The SIRIUS (GS-US-337-
0121) study was conducted to evaluate the potential of shortening treatment duration
in this population.
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6.1.1 GS-US-337-0121 (SIRIUS)

GS-US-337-0121 was a double-blind, placebo-controlled trial conducted in France,
in which 155 cirrhotic subjects were randomized 1:1 to one of two groups: Group
1 (n ¼ 77), LDV/SOF once daily for 24 weeks + matched RBV placebo, or Group
2 (n ¼ 78), deferred treatment group, matched LDV/SOF placebo once daily and
matched RBV placebo (divided dose) for 12 weeks followed by LDV/SOF once
daily and RBV for 12 weeks [29]. Randomization was stratified by HCV genotype
and response to prior HCV therapy.

In this study, all subjects had prior virologic failure despite prior treatment, with
Peg-IFN + RBV, or Peg-IFN + RBV and a protease inhibitor regimen. All subjects
had cirrhosis with the exception of one subject randomized to the LDV/SOF + RBV
12-week group. The majority of subjects were male (73.5%) and white (97.4%) with
non-CC IL28B alleles (93.5%).

Out of the 155 subjects randomized in this study, 1 subject discontinued treatment
due to an AE while taking placebo. Of the remaining 154 subjects, a total of
149 achieved SVR12 across both treatment groups; 97.4% of subjects in the
LDV/SOF 24-week group and 96.1% of subjects in the LDV/SOF + RBV
12-week group achieved SVR12 (Table 9). All five subjects who did not achieve
SVR12 relapsed, and no subjects experienced on-treatment virologic failure.

Among the 30 subjects with NS5A RAVs at baseline, all 15 subjects (100%)
treated with LDV/SOF + RBV achieved SVR12, while 13 of 15 subjects (86.7%) in
the LDV/SOF 24-week group achieved SVR12. Both relapse subjects treated with
LDV/SOF for 24 weeks had pretreatment NS5A RAVs that were maintained or
enriched posttreatment.

LDV/SOF for 24 weeks and LDV/SOF + RBV for 12 weeks were both well
tolerated with no subjects discontinuing treatment due to AEs. Comparing these two
regimens overall, a higher frequency of AEs and treatment-related AEs were
observed with LDV/SOF + RBV for 12 weeks compared with LDV/SOF for
24 weeks. This difference was attributable to a higher incidence in
RBV-associated AEs such as pruritus and dyspnea. Importantly, when comparing
the three 12-week treatment periods, similar percentages of subjects with any AE
were observed during treatment with LDV/SOF (84.6%), placebo (81.8%), and
LDV/SOF + RBV (86.8%) suggesting that there is a high background rate of
symptoms in HCV-infected patients. Specifically, the only AEs reported more
commonly (with an increase in frequency >10%) than placebo were headache and
fatigue for LDV/SOF 12 week.

Table 9 Efficacy of LDV/SOF in patients with compensated cirrhosis who have failed on
Peg-IFN � ribavirin � protease inhibitor

LDV/SOF + RBV 12 weeks (N ¼ 77) LDV/SOF 24 weeks (N ¼ 78)

SVR12 74/77 (96%) 76/78 (97%)

95% CI (%) 88–99 91–100
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The comparable efficacy of LDV/SOF + RBV for 12 weeks and LDV/SOF for
24 weeks showed that a shorter course of LDV/SOF, when given with RBV, does
not compromise the ability of treatment-experienced patients with cirrhosis to
achieve SVR. This data led to the approval of LDV/SOF+ RBV for 12 weeks in
previously treated adults with compensated cirrhosis who have failed on
Peg-IFN � ribavirin � protease inhibitor on November 12, 2015.

6.2 LDV/SOF in Patients with Non-genotype 1 Infection

The most common HCV genotype in the United States and in Europe is
genotype 1, while genotypes 2 and 3 HCV infection represent the majority of the
remaining cases of chronic HCV infection in United States and in Europe. Genotype
4, 5, and 6 HCV infections are most prevalent in the Middle East, South Africa, and
Southeast Asia, respectively [5, 30–32].

At initiation of many of the trials described in Sect. 6.1, there was no approved
all-oral, IFN-free, RBV-free therapy for non-genotype 1 HCV infection. The only
approved regimen for the treatment of non-genotype 1 HCV infection was
SOF + RBV with or without Peg-IFN for 12–24 weeks [21, 31, 33]. While this
combination resulted in high SVR rates >90%, there remained a need for simpler,
better-tolerated RBV-free regimens given the significant toxicity, tolerability, and
adherence issues associated with Peg-IFN and RBV. In patients in whom RBV was
relatively or absolutely contraindicated (e.g., cardiac disease, sickle cell disease,
thalassemia), there was a critical medical need for a RBV-free regimen. Furthermore,
the in vitro activity of LDV across multiple genotypes provided the opportunity to
conduct these studies.

6.2.1 Efficacy of LDV/SOF in Patients with Genotype 2 HCV Infection

The efficacy and safety of LDV/SOF in patients with HCV genotype 2 infection was
evaluated in two pivotal studies, namely, GS-US-337-1468 and GS-US-337-1903.

GS-US-337-1468 (LEPTON)

Study GS-US-337-1468 was a phase 2 multicenter, open-label trial to evaluate the
efficacy and safety of oral regimens for the treatment of HCV infection [34]. Patients
were enrolled and treated at two sites in New Zealand from August 2014 through
April 2015. In Cohort 2, Group 1, 26 patients with genotype 2 HCV infection
received LDV/SOF (90/400 mg) once daily for 12 weeks.
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Overall 68% of patients were male, 85% were white, and 77% were HCV
treatment naive. Two patients had cirrhosis. A total of 25 patients (96.2%) achieved
SVR12 (Table 10). No patients experienced on-treatment virologic failure or viro-
logic relapse. The only patient who did not achieve SVR12 withdrew consent and
prematurely discontinued from the study after receiving a single dose of LDV/SOF.

Pretreatment NS5A were detected in 16 patients (64%) using a 15% assay cutoff,
with L31 M present in 13 of 16 patients. All patients with pretreatment NS5A RAVs
achieved SVR12. The NS5B RAV M289I was detected in two genotype 2b patients
using a 15% assay cutoff, and both patients achieved SVR12.

GS-US-337-1903

Study GS-US-337-1903 was a phase 3, randomized, multicenter, open-label trial
conducted at 40 sites in Japan [35]. This was important in the context of
genotype 2 infections accounting for 25–30% of HCV infections in Japan. A total
of 239 patients were randomized 1:1 to receive either LDV/SOF 12 weeks or

Table 10 Efficacy of LDV/SOF in patients with HCV non-genotype 1 infection

Number of patients
LDV/SOF
12 weeks

LDV/SOF + RBV
12 weeks

Genotype 2

GS-US-337-1468
(LEPTON)

26 25/26 (96.2%)
80.4–99.9%

N/A

GS-US-337-1903 106 102/106 (96.2%)
90.6–99.0%

N/A

25 (IFN ineligible/
intolerant)

24/25 (96.0%)
79.6–99.9%

N/A

Genotype 3

GS-US-337-0122
(ELECTRON-2)

50 (treatment naive) 16/25 (64%)
43–82%

25/25 (100%)
87–100%

50 (treatment
experienced)

N/A 41/50 (82%)
69–91%

GS-US-337-1701 111 N/A 99/111 (89.2%)
82–94%

Genotype 4

SYNERGY study 21 20/21 (95.2%)
76–100%

N/A

GS-US-337-1119 44 41/44 (93.2%)
81–99%

N/A

Genotype 5

GS-US-337-1119 41 39/41 (92.7%)
83–99%

N/A

Genotype 6

GS-US-337-0122
(ELECTRON-2)

25 24/25 (96%)
80–100%

N/A
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SOF + RBV 12 weeks (Cohort 1). Twenty-five patients who were ineligible for or
intolerant of RBV therapy were treated with LDV/SOF for 12 weeks (Cohort 2).

The median age for the study population was 63 years (range 20–82), although in
Cohort 2 the median age was 77 years with a range of 59–82 years. Overall, 34% of
patients were treatment experienced, 21% had a non-CC IL28B genotype, and 14%
had cirrhosis. In Cohort 1, SVR12 rates were 96% with LDV/SOF and 95% with
SOF + RBV, thus achieving non-inferiority (Table 10). Among RBV intolerant/
ineligible patients in Cohort 2, SVR12 was 96%.

Overall, 92% (118 of 129) of patients treated with LDV/SOF had pretreatment
NS5A RAVs using a 15% assay cutoff. SVR12 was achieved in 114/118 (97%) of
these patients. A total of six patients (5%) had baseline NS5B NI RAVs, of which
one patient relapsed following 12 weeks treatment with LDV/SOF. The high rates of
SVR12 in patients with pretreatment NS5A RAVs or NS5B NI RAVs suggest there
is little utility of pretreatment resistance testing for patients with genotype 2 HCV
infection.

6.2.2 LDV/SOF in Patients with Genotype 3 HCV Infection

Genotype 3 HCV infections account for approximately 20% of all HCV infections
globally and 40% of infections in Asia [1, 32]. More recently, genotype 3 HCV
infection has been associated with greater risk of steatosis, fibrosis progression,
hepatocellular carcinoma, and all-cause mortality [36, 37]. The efficacy of
LDV/SOF in patients with HCV genotype 3 infection was evaluated in two pivotal
studies, namely, GS-US-337-0122 and GS-US-337-1701.

Study GS-US-337-0122 (ELECTRON-2)

The use of LDV/SOF in genotype 3 HCV infection was evaluated in ELECTRON-2,
a phase 2 multicenter, open-label trial to evaluate the safety, tolerability, and
antiviral efficacy of SOF-containing treatment regimens in HCV patients. In this
study, Cohort 2 (Groups 3 and 4), 51 treatment-naive genotype 3 patients were
enrolled to receive LDV/SOF once daily with or without weight-based RBV for
12 weeks; and 50 treatment-experienced patients received LDV/SOF for
12 weeks [24].

Overall, 84% of patients were white and 63% were male. The presence of
cirrhosis was more common among treatment-experienced (44%) than treatment-
naive (20%) patients. Among treatment-naive patients, the SVR12 results were
higher in the LDV/SOF + RBV 12-week treatment group (100%; 26 of 26 patients)
compared with the LDV/SOF 12-week treatment group (64%; 16 of 25 patients)
(Table 10). Of the nine treatment-naive patients (36%) who did not achieve SVR12
in the LDV/SOF treatment group, eight relapsed and one patient discontinued study
treatment. Of the 50 treatment-experienced patients with genotype 3 HCV receiving
LDV/SOF + RBV, 41 (82%) achieved SVR12. In those with and without cirrhosis,
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the SVR12 was 73% and 89%, respectively. Of the nine treatment-experienced
patients who did not achieve SVR12, one experienced virologic breakthrough and
eight had virologic relapse.

Common NS5A RAVs detected at baseline included 30A/V/S/R/T. The RAVs
L31M and Y93H were observed in only 1 (1%) and 8 (8%) of baseline samples,
respectively. Of these only one patient with Y93H RAV at baseline experienced
relapse.

Study GS-US-337-1701

Study GS-US-337-1701 was a phase 2 open-label trial of LDV/SOF with RBV in
patients with genotype 3 HCV infection [38]. This study was conducted in Canada at
15 sites. A total of 111 patients received LDV/SOF + RBV for 12 weeks, of which
35.1% of patients had cirrhosis at screening.

The majority of patients had genotype 3a HCV infection (94.6%) and non-CC
(CT or TT) IL28B alleles (62.2%), and 35.1% had cirrhosis. The study showed that
LDV/SOF + RBV in treatment-naive patients with genotype 3 HCV infection
resulted in 89.2% of patients achieving SVR12 (Table 10). Overall, 12 patients
(10.8%) did not achieve SVR12. Of these, 8 patients (7.2%) relapsed, 3 patients
(2.7%) were lost to follow-up, and 1 patient (0.9%) died. No patients had
on-treatment virologic failure (i.e., breakthrough, rebound, or nonresponse).
Among patients with cirrhosis, the SVR12 rates were lower (79.5%) compared
with patients without cirrhosis (94.3%).

Baseline NS5A RAVs were detected in 15 of 106 patients (14.2%), of these
13 patients (86.7%) with baseline NS5A RAVs achieved SVR12. NS5B NI RAVs
were detected in 10 of 104 patients (9.6%) with successful NS5B deep sequencing.
All patients with baseline NS5B NI RAVs achieved SVR. A total of eight patients
experienced viral relapse, of which two had Y93H at baseline (1.0% and 18% of
viral population). Y93H was no longer detectable at virologic failure in both
patients. Three other patients with Y93H at baseline achieved SVR12. No other
NS5A RAVs or NS5B NI RAVs were detected in patients with relapse at baseline or
virologic failure. A high percentage of patients achieved SVR12 regardless of the
presence of NS5A RAVs at baseline, suggesting a minor impact of these on the
treatment outcome. Furthermore, all patients with baseline NS5B NI RAVs achieved
SVR12. This suggests that there is little utility of pretreatment resistance testing for
patients with genotype 3 HCV infection considering LDV/SOF therapy.

6.2.3 LDV/SOF in Patients with Genotype 4 HCV Infection

Genotype 4 hepatitis C virus (HCV) accounts for an estimated 13% of patients with
HCV globally. In several countries in sub-Saharan Africa and the Middle East,
genotype 4 accounts for more than half of HCV infections [1, 39]. Historically,
genotype 4 HCV has been considered difficult to treat because of its low rate of
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response to Peg-IFN and RBV [40]. At initiation of these trials, SOF and the protease
inhibitor simeprevir in combination with Peg-IFN and RBV for 12 weeks were
approved and had been shown to substantially improve SVR rates in patients with
HCV genotype 4 [33]; however, due to the safety profile of Peg-IFN and RBV, there
remained a need for IFN- and RBV-free therapy. The efficacy of LDV/SOF in
patients with HCV genotype 4 infection was evaluated in two pivotal studies,
namely, SYNERGY and GS-US-337-1119.

SYNERGY Trial

The SYNERGY trial (NCT01805882) was a single-center, open-label cohort,
nonrandomized phase 2a trial in HCV-infected patients conducted in the United
States [41]. In this study, 21 HCV genotype 4 patients were enrolled to receive
LDV/SOF once daily for 12 weeks.

Overall 60% were treatment naive and 43% had advanced fibrosis. One patient
took the first dose and then withdrew consent. Among the 20 patients who completed
treatment, all achieved SVR12 (Table 10).

Study GS-US-337-1119

Study GS-US-337-1119 was a phase 2 multicenter, open-label trial to evaluate the
efficacy and safety of LDV/SOF in patients with HCV genotype 4 or 5 infection
conducted in France [42]. A total of 44 genotype 4 patients were enrolled to receive
LDV/SOF once daily for 12 weeks.

The majority of patients were white (82%) or male (64%). Among treatment-
experienced patients, 41% had cirrhosis, while only 5% of treatment-naive patients
had cirrhosis. The SVR12 rate was 93.2% (41 of 44) for genotype 4 patients
(Table 10). For genotype 4 patients, 21 (95.5%) treatment-naive and 20 (90.9%)
treatment-experienced patients achieved SVR12. No patients had on-treatment viro-
logic failure. Each of the three genotype 4 patients who did not achieve SVR12
relapsed.

Pretreatment NS5A RAVs were detected in all 44 patients (100%) with
genotype 4 HCV infection. Of the 44 patients with genotype 4 HCV infection and
NS5A RAVs, 41 (93%) achieved SVR12. Three of ten patients with genotype 4
HCV infection with triple NS5A RAVs pretreatment had virologic relapse, while all
patients with genotype 4 HCV infection with double or single NS5A RAVs
pretreatment achieved SVR12. A global prevalence study of NS5A RAVs across
454 patients with genotype 4 HCV infection showed that these specific triple RAVs
associated with reduced susceptibility to LDV are found in less than 2.7% (12 of
454) of patients with genotype 4 HCV infection.
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6.2.4 LDV/SOF in Genotype 5 HCV Infection

At initiation of study GS-US-337-1119, there was also no approved all-oral,
IFN-free, RBV-free therapy for patients with genotype 5 HCV infection. For patients
with genotype 5 HCV infection, the only treatment option approved was SOF + Peg-
IFN + RBV for 12 weeks or SOF + RBV for 24 weeks in patients ineligible or
intolerant to Peg-IFN [33]. Thus, there was an unmet medical need for IFN- and
RBV-free treatment regimens, given the significant toxicity, tolerability, and adher-
ence issues associated with these compounds.

Study GS-US-337-1119

The use of LDV/SOF in genotype 5 HCV infection was evaluated in study GS-US-
337-1119, a phase 2 multicenter, open-label trial to evaluate the efficacy and safety
of LDV/SOF in patients with HCV genotype 4 or 5 infection [43]. A total of
41 genotype 5 patients were enrolled to receive LDV/SOF once daily for 12 weeks.

All patients were white and 51% were male. Among treatment-experienced
patients, 30% had cirrhosis, while only 13% of treatment-naive patients had cirrho-
sis. The SVR12 rate was 92.7% in genotype 5 patients (Table 10). Overall,
19 (90.5%) treatment-naive and 19 (95%) treatment-experienced patients achieved
SVR12. No patients had on-treatment virologic failure. Two genotype 5 patients
relapsed. One genotype 5 patient who did not achieve SVR12 had HCV
RNA < LLOQ at their last on-treatment visit.

Baseline NS5A sequencing was successful and analyzed in 39 of 41 patients.
Baseline NS5A RASs were observed in 4 of these 39 patients (10.3%). Following
treatment with LDV/SOF for 12 weeks, SVR12 was achieved in three of four
patients with baseline NS5A RASs.

6.2.5 LDV/SOF in Genotype 6 HCV Infection

Genotype 6 HCV constitutes about 1% of HCV infections globally and is found
mainly in Southeast Asia and Southern China [1]. Genotype 6 HCV is genetically
diverse, with 23 subtypes, many of which have not been cloned, limiting in vitro
testing of antiviral agents. Due to its genetic diversity and relatively low prevalence,
genotype 6 HCV infection was not as well characterized as the other genotypes, but
long-term infection appears to be associated with the similar risk of cirrhosis and
hepatocellular carcinoma as genotype 1 HCV infection.
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GS-US-337-0122 (ELECTRON-2)

The use of LDV/SOF in genotype 6 HCV infection was evaluated in ELECTRON-2
(GS-US-337-0122), a phase 2 multicenter, open-label trial to evaluate the safety,
tolerability, and antiviral efficacy of SOF-containing treatment regimens in HCV
patients [24]. In this study, Cohort 2 (Group 5) evaluated the safety and efficacy
of LDV/SOF in treatment-naive or treatment-experienced patients with
genotype 6 HCV infection. A total of 25 patients were enrolled to receive LDV/SOF
once daily for 12 weeks [24].

Overall, 84% of patients were Asian and 64% were male. Among treatment-naive
and treatment-experienced patients with genotype 6 HCV infection, 24 patients
(96%) achieved SVR12 (Table 10). One patient (4.0%), who had discontinued
treatment after 8 weeks, relapsed and discontinued the study due to withdrawal of
consent.

Importantly, baseline NS5A RAVs were observed in 23 (92%) patients with
genotype 6 HCV infection. Following treatment with LDV/SOF for 12 weeks,
SVR12 was achieved in 22 of 23 patients with NS5A RAVs. The one patient with
NS5A RAVs who did not achieve SVR discontinued treatment early at 8 weeks.

6.2.6 Safety of LDV/SOF in Patients with Non-genotype 1 Infection

Treatment with LDV/SOF was generally safe and well tolerated, and the adverse
event profile was similar across the different HCV genotypes. The safety profile
associated with the use of LDV/SOF � RBV in non-genotype 1 HCV infection did
not differ, as expected, from the safety profile observed in patients with
genotype 1 HCV infection with no new safety signal observed.

These studies supported the use of LDV/SOF (Harvoni®) for the treatment of
patients with genotype 4, 5, or 6 HCV infection which was first approved in the
United States on November 12, 2015. In addition, LDV/SOF has been approved for
the treatment of genotype 2 or 3 HCV infection in certain regions including Canada
and the European Union.

6.3 LDV/SOF in Patients with HCV/HIV Coinfection

Globally, it is estimated that 4 to 5 million persons are chronically infected with both
human immunodeficiency virus type 1 (HIV-1) and HCV [44]. It has been shown
that patients with HCV/HIV coinfection have higher rates of cirrhosis, hepatocellular
carcinoma, and hepatic decompensation than patients with HCV monoinfection
[45, 46]. However, uptake of HCV treatment in the IFN era was lower in the
HCV-/HIV-coinfected population owing to historically lower SVR rates, patient
comorbidities, patient and practitioner perceptions, high rates of treatment-related
cytopenias, and complex interactions with concomitant antiretroviral drugs [47]. The
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first DAAs approved, namely, the NS3/4A protease inhibitors boceprevir and
telaprevir, were not approved by the Food and Drug Administration for patients
with HCV/HIV coinfection. The efficacy of LDV/SOF in patients with
HCV/HIV coinfection was evaluated in two studies, namely, ERADICATE and
GS-US-337-0115.

6.3.1 Study CO-US-337-0115 (ERADICATE)

The ERADICATE trial (NCT01878799) was a single-center, open-label cohort,
phase 2b pilot study of previously untreated, non-cirrhotic patients with HCV
genotype 1 and HIV coinfection conducted from June 2013 to September 2014
[48]. Eligible patients included those with HCV genotype 1 infection receiving
antiretroviral therapy (ART) with HIV RNA values of 50 copies/mL or fewer and
a CD4 T-lymphocyte count of �100 cells/mL or patients with untreated HIV
infection with a CD4 T-lymphocyte count of �500 cells/mL.

Fifty patients with HCV/HIV coinfection were enrolled and received LDV/SOF
once daily for 12 weeks. Of the 50 enrolled, 37 were receiving ART, and 13 were not
receiving antiretroviral treatment. Patients were predominantly African-American
(84%), men (74%), IL28B non-CC genotype (84%), and with genotype 1a infection
(74%). Median baseline CD4 count was 576 cells/mm3 for patients receiving ART
and 687 cells/mm3 for patients not receiving antiretroviral treatment.

Forty-nine of 50 participants (98%) achieved SVR12 and 1 patient experienced
relapse (Table 11). Deep sequencing was carried out on one patient who experienced
relapse, which showed enrichment of the Y93H mutation (NS5A RAV) that was
present at baseline.

6.3.2 Study GS-US-337-0115 (ION-4)

Study GS-US-337-0115 (ION-4) was a phase 3, open-label, multicenter trial that
assessed the antiviral efficacy, safety, and tolerability of LDV/SOF administered for
12 weeks in HCV treatment-naive and treatment-experienced (including treatment
intolerant) patients with chronic genotype 1 or 4 HCV infection who were coinfected
with HIV-1 [49].

This was a multicenter, randomized, open-label trial that enrolled patients
between March 2014 and June 2014 and was conducted at 60 sites in the United
States, Puerto Rico, Canada, and New Zealand. Eligible patients had chronic HCV

Table 11 Efficacy of LDV/SOF in patients with HIV/HCV coinfection

ERADICATE GS-US-337-0115

LDV/SOF 12 weeks (N ¼ 50) LDV/SOF 12 weeks (N ¼ 335)

SVR12 49/50 (98%) 321/335 (95.8%)

95% CI (%) 89–100 93.1–97.7
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genotype 1 or 4 and HIV-1 coinfection including those with compensated cirrhosis
and/or prior treatment failure. On the basis of drug-interaction data in healthy
volunteers that was available at study initiation, the antiretroviral drugs allowed in
the study included emtricitabine and tenofovir disoproxil fumarate plus efavirenz,
raltegravir, or rilpivirine. All patients received LDV/SOF for 12 weeks.

A total of 335 patients were enrolled and received at least 1 dose of study drug. In
general, patients were representative of the HIV-infected population. Overall, 75%
of the patients had HCV genotype 1a infection, 34%were black, 55% were treatment
experienced, and 20% had cirrhosis.

Overall, 322 patients (96%) achieved SVR12 (Table 11). Of the 13 patients who
did not achieve SVR, 10 patients relapsed, and 2 patients had on-treatment virologic
failure (both in the setting of noncompliance). High SVR12 rates were observed in
most subgroups, including patients who were treatment-experienced with cirrhosis
(97.9%). High and similar SVR12 rates were also observed irrespective of ARV
regimen. In this study, there were 13 treatment-experienced patients enrolled who
had failed a SOF + RBV regimen. All 13 of these patients achieved SVR12 and are
further described in Sect. 6.5.

Pretreatment NS5A and NS5B deep sequencing data was obtained for all
335 patients enrolled in study GS-US-337-0115 (ION-4). Baseline analyses of
NS5A RAVs and NS5B NI RAVs were conducted with a 15% cutoff.

Of 325 patients, 34 (10.5%) had pretreatment NS5A RAVs, of which 31 (91.2%)
achieved SVR12. The two patients who experienced on-treatment virologic failure
had no NS5A RAVs at baseline and developed NS5A RAVs at the time of virologic
failure. Four of the ten patients who experienced virologic relapse had pretreatment
NS5A RAVs, and eight of the ten patients who relapsed had posttreatment
NS5A RAVs.

6.3.3 Safety of LDV/SOF in Patients with HIV/HCV Coinfection

The use of LDV/SOF in HCV-/HIV-coinfected patients was safe and well tolerated
with no discontinuations due to adverse events. The adverse event profile was
similar to that observed in HCV-monoinfected patients. There were no clinically
significant changes in CD4 cell counts or HIV RNA levels observed. In addition, no
renal adverse event signal or trends suggestive of renal toxicity regardless of ARV
regimen were identified with intensive renal laboratory monitoring. However, due to
the elevated levels of TFV with TDF-containing regimens in the presence of
LDV/SOF in patients who have preexisting renal disease, it is recommended that
such patients are monitored according to TDF prescribing information.

These studies supported the supplemental indication in the United States for
LDV/SOF (Harvoni®) for the treatment of coinfected patients, granted on November
12, 2015.
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6.4 LDV/SOF in Patients Who Are Posttransplant
or with Decompensated Liver Disease

Prior to 2012, for posttransplantation patients with compensated liver disease,
recurrence of HCV infection following transplantation was essentially universal
and was associated with poorer graft and patient survival compared with patients
undergoing liver transplantation for other causes [50–53].

In patients with decompensated liver disease, the 1-year mortality for patients
with Child-Pugh-Turcotte (CPT) B decompensated cirrhosis was approximately
20%, while the 1-year mortality for patients with CPT C decompensated cirrhosis
was >50% [54].

When studies in these populations were initiated, there were no approved thera-
pies for the treatment of HCV patients with decompensated liver disease. The poor
adverse event profile of IFN-based regimens had limited their use in this sick patient
population to specialized centers and clinical trials [52]. Instead, the mainstay of
treatment in the United States for patients with decompensated liver disease due to
HCV had been liver transplantation. Unfortunately, less than 5% of patients with
decompensated liver disease due to HCV in the United States were listed in a given
year for transplantation, and <2% received liver transplantations annually [55]. As
such, posttransplantation patients with compensated liver disease as well as patients
with decompensated liver disease regardless of transplantation status remained
populations with a high unmet medical need for treatment. Two studies, namely,
GS-US-337-0123 (SOLAR-1) and GS-US-337-0124 (SOLAR-2), were designed to
determine the efficacy and safety of LDV/SOF in combination with ribavirin in
patients with advanced liver disease including patients who have undergone liver
transplantation.

6.4.1 Studies GS-US-337-0123 (SOLAR-1) and GS-US-337-0124
(SOLAR-2)

GS-US-337-0123 and GS-US-337-0124 were phase 2, multicenter, randomized,
open-label trials that were conducted at 63 sites in the United States, Europe,
Canada, Australia, and New Zealand with patients enrolled between September
2013 and August 2014 [56, 57].

These two studies were identical in study design, including eligibility criteria. A
total of 670 patients were enrolled in two cohorts. Cohort A consisted of two groups
of patients with advanced cirrhosis Child-Pugh class B and C who had not under-
gone liver transplantation (Groups 1 and 2, respectively). Cohort B consisted of five
groups of patients, all of whom had undergone liver transplantation previously
(Group 3, non-cirrhotic; Group 4, compensated cirrhosis (CPT-1); Group 5, Child-
Pugh class B; Group 6, Child-Pugh class C; and Group 7, fibrosing cholestatic
hepatitis). Patients in each of the seven groups were randomized in a 1:1 ratio to
receive either 12 or 24 weeks of LDV/SOF once daily plus RBV. Groups 3, 4, and
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7 received weight-based RBV (1,000 mg/day in patients with a body weight of
<75 kg and 1,200 mg/day in patients with a body weight �75 kg), while in groups
1, 2, 5, and 6, RBV was administered at a starting dose of 600 mg in a divided daily
dose and titrated upward as tolerated.

A total of 455 of 670 patients (67.9%) were posttransplantation, while
329 patients (49.1%) had decompensated cirrhosis, regardless of transplantation
status. Of these, 78 patients (23.7%) had a MELD score >15. Across all groups,
the majority of patients were male (76.9%) and white (91.5%) with a mean age of
58 years (range, 21–81) and a mean (SD) BMI of 27.9 (4.96) kg/m2.

The SVR12 and relapse rates presented below (Table 12) are from pooled
analysis of both studies. Overall, 92.7% (569 of 614) patients with
genotype 1 HCV infection and 82.5% (33 of 40) patients with genotype 4 HCV
infection achieved SVR12. There were 13 patients (12 genotype 1 HCV infection
and 1 genotype 4 HCV infection) who were transplanted prior to their posttreatment
Week 12 visit and were excluded from the analysis. Overall, a small number of
patients relapsed: 20 of 589 patients (3.4%) with genotype 1 HCV infection and 3 of
36 patients (8.3%) with genotype 4 HCV infection relapsed. In decompensated
patients with genotype 1 HCV infection, irrespective of transplantation status, the
relapse rates were 8.1% and 4.3% in patients who received LDV/SOF + RBV for
12 or 24 weeks, respectively, resulting in a numerical difference in relapse rates of
3.8% which was not clinically significant (95% CI, �2.1 to 10.2%).

Pretreatment resistance analysis was performed for 622 patients who received
LDV/SOF + RBV with NS5A sequencing (587 patients with genotype 1 infection
and 35 patients with genotype 4 infection) and for 619 patients with NS5B sequences

Table 12 Efficacy of LDV/SOF in patients who are posttransplant or with decompensated liver
disease

Liver disease status
(group)

Duration of
treatment
(weeks) SVR12 (n/N) Relapse (n/N)

Pretransplantation CPT B cirrhosis
(Group 1)

12 48/56 (85.7%) 7/55 (12.7%)

24 48/52 (92.3%) 2/50 (4.0%)

CPT C cirrhosis
(Group 2)

12 36/43 (83.7%) 3/39 (7.7%)

24 39/48 (81.3%) 3/42 (7.1%)

Posttransplantation Stage F0–F3 fibrosis
(Group 3)

12 102/107 (95.3%) 3/105 (2.9%)

24 104/105 (99.0%) 0/104

CPT A cirrhosis
(Group 4)

12 58/60 (96.7%) 0/58

24 56/58 (96.6%) 0/56

CPT B cirrhosis
(Group 5)

12 43/48 (89.6%) 1/44 (2.3%)

24 46/49 (93.9%) 0/46

CPT C cirrhosis
(Group 6)

12 4/8 (50.0%) 3/7 (42.9%)

24 7/9 (77.8%) 1/8 (12.5%)

Fibrosing chole-
static hepatitis
(Group 7)

12 7/7 (100.0%) 0/7

24 4/4 (100.0%) 0/4
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(586 patients with genotype 1 infection and 33 patients with genotype 4 infection).
For patients with genotype 1 infection treated for 12 weeks, the SVR rates were
89.4% versus 96.4% in patients with or without NS5A RAVs (1% cutoff), respec-
tively. Among post-liver transplantation patients with compensated liver disease
(Groups 3, 4, and 7), the presence of pretreatment NS5A RAVs had minimal, if any,
impact on relapse. Among 586 patients with genotype 1 and full-length NS5B
sequence, 28 had NS5B NI RAVs (4.8%), of which 27 achieved SVR12 (96.4%;
27 of 28). The lack of significant associations between the presence of either NS5A
or NS5B pretreatment RAVs with SVR rates in patients with genotype 1 HCV
infection who are posttransplant or have decompensated cirrhosis is consistent with
the results of virologic analyses for patients with genotype 1 HCV infection and
compensated disease. For genotype 4 patients, there were no patients without RAVs
at 1% cutoff.

In this population, it was important to also understand the effects of successful
treatment on hepatic outcomes such as CPT and MELD scores. Among the patients
who had CPT C at baseline, 61.3% improved to CPT B at posttreatment Week
12, and of the patients who had CPT B at baseline, 33.1% improved to CPT A by
posttreatment Week 12. These improvements in CPT score were driven largely by
improvements in albumin and bilirubin (64% and 43.6%). Among patients with
MELD scores �15 at baseline, 63.2% had a MELD score <15 at posttreatment
Week 12. Conversely, among patients with MELD scores<15 at baseline, 5.8% had
a MELD score �15 at posttreatment Week 12. Overall improvements in CPT and
MELD scores were observed in the majority of patients who achieved SVR12
(66.9% and 59.8%, respectively) suggesting short-term clinical improvements with
HCV eradication.

6.4.2 Safety of LDV/SOF in Patients Who Are Posttransplant
or with Decompensated Liver Disease

As expected in a patient population with decompensated liver disease and/or patients
who were post-liver transplantation, high percentages of patients experienced AEs,
Grade 3 or 4 AEs, and serious adverse events were observed. However, few patients
(3.0%) experienced treatment-related SAEs or adverse events that led to discontin-
uation of LDV/SOF. Twenty treatment-emergent deaths were reported; none
were considered related to LDV/SOF. The most commonly reported AEs were
fatigue (42.5%), anemia (33.6%), and headache (27.3%). Longer treatment with
LDV/SOF + RBV for 24 weeks compared with 12 weeks was not associated with an
increased safety burden. Additional analyses demonstrated a similar AE profile
among patients with decompensated cirrhosis, regardless of transplantation status.

For posttransplantation patients with compensated liver disease, treatment with
LDV/SOF + RBV was safe and well tolerated. None of the four treatment-emergent
deaths (multifocal leukoencephalitis, myocardial infarction, infection [food poison-
ing/pneumonia], and graft rejection) were considered related to LDV/SOF. The most
clinically relevant safety finding was anemia, a known effect of RBV therapy which
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was likely exacerbated by preexisting disease. Hemoglobin reductions were appro-
priately addressed through monitoring and toxicity management. Furthermore, the
decreased hemoglobin levels observed during LDV/SOF + RBV treatment resolved
in nearly all patients by posttreatment Week 4, demonstrating the reversibility of the
anemia following RBV discontinuation. Despite the lack of drug-drug interactions
between LDV/SOF + RBV and common immunosuppressants, it was observed that
a common reason for adjustment in the dose or frequency of administration of
immunosuppressive agents was improved hepatic function, likely as the result of
the suppression of HCV viremia.

For patients with decompensated liver disease, regardless of transplantation
status, treatment with LDV/SOF + RBV was also safe and tolerable. All 16
treatment-emergent deaths that occurred were associated with the clinical progres-
sion of end-stage liver disease, in some cases potentially exacerbated by immuno-
suppression (i.e., sepsis, septic shock, multi-organ failure); none were considered to
be drug related. Similar to posttransplantation patients with compensated liver
disease, anemia was the most clinically relevant safety finding.

The data above led to the approval of LDV/SOF in patients who are
posttransplant or with decompensated liver disease on February 12, 2016.

6.5 LDV/SOF in Adolescent Patients

The prevalence of HCV in children varies globally, with estimates of 0.05–0.36% in
the United States and Europe and up to 5.8% in regions of Africa [58, 59]. Despite
the overall more favorable prognosis compared to adults, approximately 4–6% of
children with chronic HCV infection have evidence of advanced fibrosis or cirrhosis,
and some children eventually require liver transplantation for end-stage liver disease
as a consequence of HCV infection [60, 61].

While there was a transformation in the treatment of HCV infection with the
development of DAAs in adults, the standard of care in adolescent patients (12 to
<18 years old) was IFN or Peg-IFN with weight-based RBV. Patient acceptance was
very low given the requirement for subcutaneous injections for Peg-IFN and the
substantial adverse events associated with therapy, including concerns for growth
and development in this age group [62]. As such there was a need to address this
unmet medical need in the pediatric population.

6.5.1 Study GS-US-337-1116

Study GS-US-337-1116 was a phase 2, multicenter, open-label trial conducted at
24 sites in Europe and the United States, United Kingdom, and Australia from
November 2014 to October 2015 [15]. Eligible patients were 12 to <18 years old
and had chronic infection with HCV genotype 1.
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A total of 100 patients were enrolled and received LDV/SOF once daily for
12 weeks. The median age of patients was 15 years, and the majority were HCV
treatment naive (80%); 84% were infected through perinatal transmission. In this
study, 63% of patients were female, 90% were white, 76% had a non-CC IL-28B
genotype, and 81% had HCV genotype 1a infection. Treatment with LDV/SOF for
12 weeks resulted in a high SVR12 rate of 97% (Table 13). This rate was similar to
the SVR12 rates observed in adult patients treated with LDV/SOF in other clinical
studies. Of note, the only patient with known cirrhosis achieved SVR12. A total of
three patients (3.0%) did not achieve SVR12 and had “other” virologic outcome (due
to reasons such as lost to follow-up). No patients experienced virologic failure.

Virologic analyses were performed for the 97 patients who had a posttreatment
virologic outcome. NS5A RAVs were detected at baseline in 8.2% and 5.2% of
patients with a 1% and 15% detection assay cutoff, respectively. The presence of
NS5A and NS5B RAVs did not impact treatment outcome; all patients with RAVs
achieved SVR12.

6.5.2 Safety of LDV/SOF in Adolescent Patients

Treatment with LDV/SOF was safe and well tolerated in HCV-infected adolescents,
and no new safety signal was detected. The most commonly reported adverse events
were headache (27% of patients), diarrhea (14%), and fatigue (13%). No patient
experienced serious adverse events or discontinued treatment because of an adverse
event. All adverse events were mild or moderate in intensity; no patient experienced
grade 3 or 4 adverse events. Most laboratory abnormalities were mild in severity.

In addition, effects on short-term development and growth were evaluated. No
clinically relevant effects on development as assessed by changes from baseline in
Tanner pubertal stages or growth as assessed by changes from baseline in body
height, body height percentiles, body weight, or body weight percentiles to
posttreatment were observed. In addition, no clinically relevant changes from base-
line in BMI or BMI percentiles were observed.

Treatment with LDV/SOF demonstrated a favorable safety profile, comparable
PK exposure, and high efficacy in adolescent patients 12 to <18 years of age. The
safety profile of LDV/SOF in adolescents was consistent with that observed for
adults treated with LDV/SOF in previous studies in adults �18 years of age. The
data above led to the approval of LDV/SOF in adolescents 12 to<18 years of age on
April 7, 2017.

Table 13 Efficacy of LDV/SOF in adolescents

Genotype 1 LDV/SOF 12 weeks

Treatment naive, with or
without cirrhosis (N ¼ 80)

Treatment experienced,
without cirrhosis (N ¼ 20) Total (N ¼ 100)

SVR12 77/80 (96.3%) 20/20 (100.0%) 97/100 (97.0%)

95% CI (%) 89.4–99.2 83.2–100.0 91.5–99.4
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6.6 LDV/SOF in Retreatment of Patients Who Failed Prior
SOF Regimens

At the time these studies were developed, there was no approved therapy for patients
with HCV infection who had failed a SOF + RBV � Peg-IFN regimen. This was a
growing problem due to the extensive number of patients being treated with these
regimens at that time. The available evidence suggested that the primary mode of
resistance to SOF is the development of the S282 T mutation. This mutation
develops rarely and is rapidly overgrown by wild-type virus, suggesting that patients
who have failed SOF can be retreated with a SOF-containing regimen.

Overall, 90 patients who had previously failed on a SOF-based treatment regimen
received at least 1 dose of LDV/SOF in the clinical studies described in Table 14
[49, 63, 64]. Among the patients, with or without cirrhosis, who had previously
failed a SOF-containing regimen and were treated with LDV/SOF with or without
RBV for 12 weeks across these four clinical studies, 56 had failed SOF + RBV,
25 had failed SOF + Peg-IFN + RBV, 8 had failed a prior LDV/SOF + RBV 6-week
regimen, and 1 had failed a prior SOF + GS-9669 + RBV 12-week regimen. SVR12

Table 14 Clinical studies and SVR12 rates that support the efficacy of LDV/SOF for retreatment
of patients who failed prior SOF regimen

Study number Study description

SVR12 (n/N)

Overall
Patients with
cirrhosis

Prior SOF treatment failures (N ¼ 90)

GS-US-337-1118
(Group 1)

Treatment-experienced patients with
genotype 1 HCV infection, with or
without cirrhosis, who had failed a
prior SOF + RBV � Peg-IFN regimen
were retreated with LDV/SOF + RBV
for 12 weeks

50/51 (98%) 14/14 (100%)

GS-US-337-0122
(ELECTRON-2;
Cohort 1, Group 1)

Treatment-experienced patients with
genotype 1 HCV infection, with or
without cirrhosis, who had failed a
prior SOF-containing regimen were
retreated with LDV/SOF + RBV for
12 weeks

19/19 (100%) 1/1 (100%)

GS-US-337-0115
(ION-4; prior SOF
failures subset)

Treatment-experienced patients with
genotype 1 HCV infection, with or
without cirrhosis, who were coinfected
with HIV-1 and had failed a prior
SOF + RBV regimen were retreated
with LDV/SOF for 12 weeks

13/13 (100%) 1/1 (100%)

CO-US-337-0117
(SYNERGY;
Group D)

Treatment-experienced patients with
genotype 1 HCV infection, with or
without cirrhosis, who had failed a
prior SOF + RBV regimen were
retreated with LDV/SOF for 12 weeks

14/14 (100%) –

The Clinical Development of Ledipasvir/Sofosbuvir (LDV/SOF, Harvoni®) 273



was achieved in all (100%) patients, irrespective of whether these treatment-
experienced patients received 12 weeks of LDV/SOF or LDV/SOF + RBV. This
rate was comparable with the rates observed in prior Peg-IFN + RBV� PI failures in
the ION studies, where 100% of patients achieved SVR12.

The presence of pretreatment NS3 RAVs, NS5A RAVs, or NS5B NI RAVs had
no clinical impact on whether a patient with genotype 1 infection achieved SVR12 as
all patients achieved SVR12. The single patient who relapsed was shown to have
genotype 3a infection. The safety profile for patients who had previously failed on a
SOF-based treatment was consistent with the expected safety profile of LDV/SOF in
the previous phase 3 studies. This data led to the approval of LDV/SOF in previously
treated adults who have failed on sofosbuvir + ribavirin � Peg-IFN on
April 23, 2017.

6.7 LDV/SOF in Other Key Populations

The clinical development program of LDV/SOF has generated safety and efficacy
data in over 5,900 HCV-infected patients from phase 2 and 3 trials through late
2017. This comprehensive program has included studies in special patient
populations [22, 65–71] as well as global, regional, and local studies to support
the registration of LDV/SOF worldwide [72–77]. Additional trials in key
populations are summarized in Table 15.

7 Conclusion

The development of LDV/SOF (Harvoni®) revolutionized the treatment and man-
agement of HCV-infected patients globally. The once-daily, single-tablet regimen of
LDV/SOF has been shown to be a highly effective, safe, and tolerable treatment
option for patients with chronic HCV across a broad range of characterictics and
situations. The pace of the initial clinical development program was unprecedented
in its speed due to the widespread recognition from patients, providers, and regula-
tors of the unmet medical need for a safe, simple, and effective all-oral treatment for
HCV. In addition a significant number of clinical trials have been conducted in the
development program since the first approval of LDV/SOF, with consistent results
showing that LDV/SOF is safe and effective across unique populations. This has set
a new standard for inclusion of vulnerable groups and special populations in clinical
trials in a more timely and comprehensive fashion.
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Table 15 Clinical studies that support the efficacy of LDV/SOF in other populations

Population Study description SVR12 (n/N)

Bleeding disorders Treatment-naive and treatment-experienced
patients with genotype 1 HCV infection and
inherited bleeding disorders, with or without
cirrhosis, were treated with LDV/SOF for
12 weeks

14/14 (100%)

Sickle cell disease Treatment-naive and treatment-experienced
patients with genotype 1 or 4 HCV infection
and sickle cell disease without cirrhosis were
treated with LDV/SOF for 12 weeks
(24 weeks for cirrhosis)

9/10 (90%)

Kidney transplant Treatment-naive and treatment-experienced
patients with genotype 1 or 4 HCV infection
with or without cirrhosis and post-kidney
transplant with eGFR �40 mL were treated
with LDV/SOF for 12 or 24 weeks

114/114 (100%)

Peritransplant Waitlisted patients who were undergoing a
first liver transplantation from an
HCV-negative donor were treated with
LDV/SOF for 4 weeks postoperatively

15/16 (94%)

Hepatitis B coinfection Treatment-naive and treatment-experienced
patients with genotype 1 HCV infection and
active HBV infection with or without cirrho-
sis were treated with LDV/SOF for 12 weeks

111/111 (100%)

Acute HCV infection Adults with acute HCV infection were
treated with LDV/SOF for 6 weeks

20/20 (100%)

Acute HCV infection
in HIV-1-coinfected
patients

HIV-1-infected patients with acute HCV
infection were treated with LDV/SOF for
6 weeks

20/26 (77%)

Severe renal
impairment

Treatment-naive and treatment-experienced
patients with genotype 1 HCV infection with
or without cirrhosis and severe renal impair-
ment with eGFR �30 mL were treated with
LDV/SOF for 12 weeks

18/18 (100%)

Global studies

Japan Treatment-naive and treatment-experienced
Japanese patients with genotype 1 HCV
infection, with or without cirrhosis, were
treated with LDV/SOF with or without RBV
for 12 weeks

LDV/SOF: 171/171
(100%)
LDV/SOF + RBV:
167/170 (98%)

Korea Treatment-naive and treatment-experienced
Korean patients with genotype 1 HCV
infection, with or without cirrhosis, were
treated with LDV/SOF for 12 weeks

92/93 (99%)

Taiwan Treatment-naive and treatment-experienced
Taiwanese patients with genotype 1 HCV
infection, with or without cirrhosis, were
treated with LDV/SOF for 12 weeks

83/85 (98%)

(continued)
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