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Abstract

Hepatitis C virus (HCV) infection affects as many as 185
million people globally, many of whom are chronically infected
and progress over time to cirrhosis, decompensated liver
disease, hepatocellular carcinoma, and eventually death
without a liver transplant. In the United States, HCV genotype
1 constitutes about 75% of all infections. While interferon and
ribavirin therapy was the cornerstone of treatment for many
years, interferon-free treatments have become the standard
of care with the emergence of new direct-acting agents,
resulting in more effective treatment, shorter duration of
therapy, better tolerability, lower pill burden, and ultimately
better adherence. This review will summarize the evidence for
the currently available combination therapies as well as
emerging therapies in phase 3 trials for treatment of HCV
genotype 1.
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Introduction

Hepatitis C virus (HCV) is the most common cause of chronic
hepatitis, which leads to severe complications over time.* In
the mid-1970’s, it was shown that most post-transfusion
cases of hepatitis were neither due to hepatitis A nor B
virus, the only known hepatitis viruses at the time. Hence, it
was referred to as the “non-A non-B hepatitis” until its dis-
covery in 1989.2 Hepatitis C has a great disease burden
and cost in the Western world, as it is the leading cause of
cirrhosis, liver cancer, and a primary indication for liver trans-
plantation.® Over the 27 years since its discovery, many
advancements have been made in understanding the virus
and developing effective and safe treatments.
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It is estimated that 3-4 million individuals are newly
infected with HCV each year.> As many as 185 million
persons worldwide and approximately 3.4-4.4 million individ-
uals in the United States are chronically infected with HCV.3#
These numbers are perhaps an underestimate, since it is dif-
ficult to account for infected individuals who are homeless or
incarcerated. Once exposed to HCV, individuals will develop
acute infection in as early as 2 weeks and as late as 26 weeks
(Fig. 1).>® While spontaneous clearance of HCV is relatively
rare, it can occur in 18%-34% of acutely infected patients.”
The remainder of infected individuals, if left untreated, will
progress to chronic infection over a period of 6 months.
About 25% of chronically infected persons will develop cir-
rhosis. Progression to cirrhosis was thought to be a slow
process, occurring over 25-30 years; but new data suggest
that this progression may occur faster, over 5 to 10 years in
some individuals, especially those over 58 years of age.®
Once cirrhosis is established, progression seems to slow
down, and 25% of patients will develop hepatocellular carci-
noma (HCC) and/or decompensated liver disease (DLD), and
eventually death.® In fact, more than 350,000 people die
annually worldwide from HCV-related complications.®

Virology

HCV is an enveloped positive-sense viral ribonucleic acid (RNA)
that belongs to the Hepacivirus genus of viruses in the Flavi-
viridae family.?2 The viral RNA uses the host’s hepatocyte
ribosomes for translation into a polyprotein that is processed
into 10 polypeptides, each with distinct functions.® The lack of
proofreading in HCV replication machinery results in a great
number of viral mutations, contributing to a high level of
variation.'! Multiple HCV variants in the same infected individ-
ual are referred to as “quasispecies”. These variations differ
greatly based on geographic origin and lead to various HCV
genotypes. There are seven major HCV genotypes, each with
about 30% sequence divergence, whose prevalence varies
geographically (Table 1).312 Each genotype is grouped into a
number of subtypes, each with about 20% sequence diver-
gence, denoted by letters a, b, etc.!** In the United States,
HCV genotype 1 constitutes about 75% of all infections fol-
lowed by HCV genotypes 2 and 3 constituting the remaining
25%.3 Disease association is largely similar across all geno-
types, but treatment response varies.3

Clinical manifestations

Acute hepatitis C is asymptomatic in 70%-85% of infected
individuals.!®> Those infected persons who show signs and
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Exposure to HCV ~ 2~26 weeks Acute Infection

Fig. 1. Progression of hepatitis C.

10~30 yrs
(25%)
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Cirrhosis 25% HCC and/or DLD

Abbreviations: DLD, decompensated liver disease; HCC, hepatocellular carcinoma; HCV, hepatitis C virus.

symptoms are more likely to clear the virus naturally.” These
symptoms can include malaise, jaundice, and influenza-like
symptoms.!® Elevated aminotransferase levels are often
present in the setting of acute infection. Chronic hepatitis C
is also asymptomatic in most individuals. Alanine aminotrans-
ferase (ALT) levels typically fluctuate independent of symp-
toms in the setting of chronic infection.'® Insulin resistance
often occurs in chronically infected persons.!” Steatosis is
usually present in those chronically infected with HCV geno-
type 3.1 In individuals with advanced disease progression,
symptoms of decompensated cirrhosis, such as esophageal
varices, ascites, coagulopathy, encephalopathy, or HCC, can
be present. Some individuals can also display extrahepatic
symptoms, such as cryoglobulinemia, vasculitis, porphyria
cutanea tarda, and membranous glomerulonephritis.*°-2°

Screening and diagnosis

The diagnosis of HCV is based on two broad categories of
serological assays to detect antibodies against hepatitis C and
molecular assays to detect or quantify HCV RNA. For acute
hepatitis C, detectable HCV RNA by polymerase chain reaction
(PCR), even in the setting of negative anti-HCV antibodies, is
considered definitive proof of the infection. It generally takes
about 12 weeks for the anti-HCV antibody to become detect-
able, whereas HCV RNA can be detected in blood as early as
1 week after exposure. Newly detectable HCV RNA and anti-
HCV antibodies with documentation of negative tests within the
prior 6 months are also suggestive of acute HCV infection. It
sometimes becomes difficult to distinguish between acute and
chronic HCV infection if prior documentation of negative tests
are absent. If the antibody is nonreactive, then chronic HCV
infection is unlikely. A positive HCV RNA result is evidence of
HCV infection. Usually, if both HCV RNA and anti-HCV antibody
are detectable, the patient has chronic HCV infection.??

HCV testing is recommended for all adults born from 1945
through 1965. The testing is also recommended for those who

Table 1. Prevalence of hepatitis C virus (HCV) genotypes worldwide

HCV Prevalence

genotype of HCV Geographic Location

1a 36%-55% United States

1b 23%-25% Europe, Japan, and China

2 13%-16% Europe, United States, and
Central Africa

3 8%-13% Southeast Asia

4 1%-2% Middle East and Northern
Africa

5 < 1% South Africa

6 < 1% Southeast Asia

7 < 1% Unknown

inject drugs, have certain medical conditions, including
persons who received clotting factor concentrates produced
before 1987 or who were on hemodialysis long-term, have
HIV, or have persistently abnormal ALT levels. Recipients of
transfusions or organ transplants before July 1992 and those
who were notified that they received blood from a donor who
later tested positive for HCV infection should be screened.
Children born to HCV-positive women and healthcare pro-
viders exposed to needle sticks or HCV positive blood should
be tested for HCV.%?

HCV life cycle

The HCV virions exist as lipoviroparticles, which are able to
enter hepatocytes by endocytosis trapped inside of endo-
somes. The low pH environment of endosomes results in
uncoating of the virion and the release of viral RNA into the
cytoplasm. The viral RNA is readily translated in the rough
endoplasmic reticulum into a polypeptide consisting of 10
structural and nonstructural (NS) proteins. The structural
proteins include the capsid protein C and the envelope
glycoproteins E1 and E2. The nonstructural proteins include
the porin p7, the autoprotease and assembly factor NS2, the
serine protease and RNA helicase NS3, the NS3 protease
cofactor NS4A, the organizer of replication complex and
membranous web NS4B, the regulator of replication and
viral assembly NS5A, and the RNA-dependent RNA polymer-
ase NS5B. The resulting HCV polypeptide is co- and post-
translationally cleaved by cellular proteases and viral NS2/3
and NS3/4A proteases to release the 10 HCV proteins.!?

The next step in the HCV life cycle is the formation of the
replication complex consisting of NS3, NS4A, NS4B, NS5A,
and NS5B proteins. The HCV RNA template binds to NS5A
protein in the replication complex.?? NS5B protein replicates
the template, and NS3 protein separates the nascent and
template RNA strands. Cholesterol and fatty acid biosynthesis
are important to HCV replication by forming membrane-
associated RNA replication complexes. Assembly of HCV
requires lipid droplets.'® NS5A protein is also important in
the assembly of the replication complex.!%23 NS2 protein
coordinates virion assembly through interactions with the
glycoproteins, p7, NS3, and NS5A. Lastly, the mature virus
is released from cells through the Golgi apparatus as lipoviral
particles.?

Pathogenesis

The HCV replication cyclesin the hepatocytes cause cell necrosis
by multiple mechanisms, including immune mediated cytolysis.
The virus can also cause hepatic steatosis (more likely with
HCV genotype 3), oxidative stress, and insulin resistance. This
continuous necroinflammatory response most likely causes
progressive fibrosis and scarring of the liver, which leads to
cirrhosis over time, 1824
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Treatment

The combination of peginterferon and ribavirin was consid-
ered the standard of care for patients with HCV for many
years.2% This combination did not have a high rate of virologic
cure, particularly in patients with HCV genotype 1, and
48 weeks of treatment was typically required.?®2° Poor
response to interferon-based therapy was associated with cir-
rhosis, non-CC interleukin-28B (IL28B) genotype (also
known as IFNL3 gene, encoding interferon lambda-3), black
race, human immunodeficiency virus (HIV) coinfection, stea-
tosis, and insulin resistance.?®3°=3% In addition, severe
adverse effects as well as administration via subcutaneous
injection resulted in poor patient adherence. The introduction
of direct-acting agents (DAAs), boceprevir and telaprevir, in
2011, led to interferon-sparing combinations, resulting in
shorter duration of therapy with a higher rate of virologic
cure (Table 2).3° These first-generation protease inhibitors
were costly, had a pill burden with a thrice-daily schedule,
and added more adverse effects, which made it challenging
for the patients to remain adherent and leading to high rates
of resistance and clinical failure.>® As more classes of DAAs
were introduced, agents from two or more classes could be
combined to eliminate the need for peginterferon, which was
previously needed to reduce the emergence of resistance to
protease inhibitors. These new interferon-free therapies are
better tolerated by patients and are more effective in achiev-
ing a high rate of virologic cure.* The results of clinical trials
have confirmed that non-CC IL28B genotype, which is
associated with poor response to peginterferon-containing
regimens,3” is not associated with poor response to inter-
feron-free treatments.3®4° However, patients with cirrhosis
and/or HCV genotype 1a remain difficult to treat compared to
patients without cirrhosis and those with HCV genotype 1b.
The primary outcome in HCV clinical trials is sustained
virologic response 12 weeks after the end of treatment
(SVR12), defined as undetectable HCV RNA serum levels.
Historically, SVR 24 weeks after the end of treatment (SVR24)
was used for the primary endpoint. However, studies have
shown that SVR12 has a 98% positive predictive value and a
99% negative predictive value compared to SVR24.4142 As a
result, the United States Food and Drug Administration
(FDA) guidance for industry has indicated use of SVR12 as
the primary efficacy end point in clinical trials.*> Patients
who have never received treatment before are considered
treatment-naive. Those patients who received treatment
in the past and failed treatment are considered treatment-
experienced, including null response (a decrease in HCV
RNA level of < 2 log IU/mL while on treatment), partial

Table 2. Efficacy of historic treatments for HCV genotype 1

response (a decrease in HCV RNA level of = 2 log IU/mL
while on treatment but a detectable level at the end of treat-
ment), virologic breakthrough (a detectable HCV RNA level
while on treatment after previously undetectable), and
relapse (an undetectable level of HCV RNA during treatment
but a detectable level after stopping treatment). Analyses of
studies using interferon-based treatment have shown that
SVR is associated with lower all-cause mortality in patients
with HCV infection and advanced hepatic fibrosis and in
patients with HCV-HIV coinfection, including both liver-
related and nonliver-related mortality.**4”

Sofosbuvir and simeprevir

Sofosbuvir (Sovaldi®) is a once-daily, film-coated tablet manu-
factured by Gilead Sciences. It was approved by the FDA on
December 6, 2013. Sofosbuvir is currently indicated for the
treatment of HCV genotypes 1 through 4 as a component of a
combination antiviral treatment regimen.*® It is a phosphora-
midate prodrug and needs to be converted to its active metab-
olite (GS-461203) within hepatocytes.*® The phosphoramidate
moiety of the prodrug improves bioavailability and transport
into hepatocytes. It can be taken with or without food.>° As a
uridine nucleotide analogue, GS-461203 binds to the NS5B
catalytic site, induces chain termination, and increases the
number of errors in the growing RNA chain.*® It has activity
against HCV genotypes 1 through 6 in vitro.>° The pharmacoki-
netic properties of sofosbuvir are shown in Table 3. Because
80% of sofosbuviris eliminated via urine, itis not recommended
for patients with a glomerularfiltration rate (GFR) < 30 mL/min/
1.73 m? or end-stage renal disease (ESRD). Increases of
5-fold or greater in the area under the curve (AUC) of active
metabolite have been observed in these patients in a pharma-
cokinetic study.>! Furthermore, patients with creatinine clear-
ance < 60 mL/min were excluded in clinical trials. However, an
ongoing study is evaluating lower doses of sofosbuvir (such as
100 mg once daily) in patients with severe renal impairment
orESRD (NCT01958281 and NCT02563665). Sofosbuviris gen-
erally well tolerated as part of interferon-free combination
therapies. However, post-marketing surveillance has revealed
a risk of serious and potentially fatal bradycardia when sofosbu-
vir is taken with amiodarone.>?

Simeprevir (Olysio®) is a second-wave, first-generation
NS3/4A serine protease inhibitor manufactured by Janssen.
It was approved by the FDA on November 22, 2013. Sime-
previr is currently indicated for the treatment of HCV geno-
type 1 or 4 as part of a combination antiviral treatment
regimen.®® It reversibly inhibits NS3/4A serine protease
inhibitor by noncovalently binding to the active site, which

Year Trials Regimen SVR24 Relapse Treatment
1991 HIT"2® IFN for 24 weeks 2%-3% ~80% Naive
1991 HIT",2% IHIT %7 IFN for 48 weeks 7%-11% ~46% Naive
1998 HIT",2% IHIT™?7 IFN + RBV for 24 weeks 16%-18% ~42% Naive
1998 HIT",26 IHIT %7 IFN + RBV for 48 weeks 28%-31% ~24% Naive
2001 IHIT 2001*28 PegIFN + RBV for 48 weeks 42% ~18% Naive
2009 IDEAL?® PegIFN + RBV for 48 weeks ~40% 20-31% Naive

* Included genotypes 1 and other genotypes.

Abbreviations: IFN, interferon alpha; PegIFN, pegylated interferon alpha; RBV, ribavirin; SVR, sustained virologic response.
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Agent Sofosbuvir#®:7? Dasabuvir’® Beclabuvir1®
Dosage 400 mg daily 250 mg twice a day with food 75 mg twice a day
Half-life 0.5 h (parent drug), 27 h 5.5-6 h 8 h
(active metabolite)
Protein-binding 60% > 99% Unknown
Elimination Urine (80%), feces (14%) Feces (94%), urine (2%) Feces, urine (< 10%)
Pregnancy Category B Category B Unknown
Substrate P-glycoprotein, BCRP CYP 2C8, P-glycoprotein, BCRP CYP 3A4
Inhibition — UGT 1A1 OATP 1B1, P-glycoprotein

Abbreviations: BCRP, breast cancer resistance protein; CYP, cytochrome P450; UGT, uridine diphosphate glucuronosyltransferase; OATP, organic anion-transporting

polypeptides.

interferes with cleavage of the HCV polyprotein and as a result
prevents viral replication.>* It has activity against HCV geno-
types 1, 2, 4, 5, and 6, with no activity against genotype 3 in
vitro.°®> The pharmacokinetic properties of simeprevir are
shown in Table 4. It should be taken with food to improve
absorption.>* It is mainly metabolized by CYP 3A and excreted
primarily in the feces with less than 1% excreted in the
urine.>® Maximum daily doses of 10 mg of rosuvastatin and
40 mg of atorvastatin are recommended if used concomi-
tantly with simeprevir.>” Common adverse effects of simepre-
vir in clinical trials were fatigue, headache, nausea, insomnia,
pruritus, rash, and photosensitivity. The combination of sime-
previr and sofosbuvir has been evaluated in phase 3 studies.

In OPTIMIST-1,%® an open-label phase 3 trial in the United
States and Canada, 310 patients without cirrhosis were
randomized to receive either 8 or 12 weeks of simeprevir
150 mg once daily plus sofosbuvir 400 mg once daily. The
study included both treatment-naive and -experienced
patients. Patients treated previously with a DAA containing
regimen were excluded. Overall, SVR12 was achieved in 83%
(128/155) of patients who received 8 weeks of treatment
and 97% (150/155) of patients who received 12 weeks of

Table 4. Pharmacokinetics of NS3/4A protease inhibitors

treatment. There was no on-treatment failure. The relapse
rate was significantly higher in the 8-week arm with 17%
(27/155) compared to 3% (4/155) in the 12-week arm.
There was no difference in SVR12 based on genotype 1
subtype, presence of the baseline Q80K resistance mutation,
or whether patients were treatment-naive or —experienced.
A post-hoc analysis showed that an SVR12 rate of 96% is
achieved with 8 weeks of treatment in patients with a baseline
HCV RNA level less than 4 million IU/mL. The most frequent
adverse events were nausea, headache, and fatigue. No
patients discontinued treatment due to an adverse event.

In OPTIMIST-2,%° a single arm, open-label phase 3 trial in
the United States and Canada, 103 patients with compensated
cirrhosis were assigned to receive 12 weeks of simeprevir
150 mg once daily plus sofosbuvir 400 mg once daily. The
study included both treatment-naive and -experienced
patients. Overall, SVR12 was achieved in 83% (86/103) of
patients, including 88% (44/50) of treatment-naive and 79%
(42/53) of treatment-experienced patients. In the absence of
the Q80K mutation, which only occurs in genotype 1a, SVR12
rate was 84% (26/31) in patients with genotype 1a and 92%
(35/38) in patients with genotype 1b. However, lower rates of

Agent Simeprevir#>6 Paritaprevir’® Asunaprevirt©® Grazoprevir®®
Dosage 150 mg daily with food 150 mg daily with 200 mg twice a day 100 mg daily
food
Half-life 10-13 h (healthy adults), 5.5 h 17-23 h 31h
41 h (HCV infected
adults)
Protein-binding > 99% 97%-99% > 99% 99.8%
Elimination Biliary excretion (91%), Feces (88%), urine Feces (84%), Feces (> 90%),
CYP 3A (9%) urine (< 1%) urine (1%)
Pregnancy risk Category B Category B Unknown Unknown
Substrate CYP 3A CYP 3A, P- CYP 3A, P-glycoprotein, CYP 3A, P-glycoprotein,
glycoprotein, BCRP, OATP 1B, OATP 2B BCRP, OATP 1B
OATP 1B
Inhibition CYP 1A2, intestinal CYP BCRP, P-glycoprotein, = CYP 2D6 (moderate), Intestinal BCRP

3A4, OATP 1B and
P-glycoprotein

OATP 1B

P-glycoprotein (weak),
OATP 1B (weak)

Abbreviations: BCRP, breast cancer resistance protein; OATP, organic anion-transporting polypeptides.
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SVR12 were achieved in the presence of the Q80K mutation
(74% (25/34) in patients with genotype 1a). There was no
difference in SVR12 based on genotype 1 subtype. However,
IL28B TT genotype was associated with lower rates of SVR12.
On-treatment failure occurred in 3% (3/103) of patients.
One of these patients discontinued treatment due to an
adverse event. The remaining two patients with viral break-
through had multiple reports of missed doses. The relapse
rate was 13% (13/103), mostly occurring at follow-up week
4, The most common adverse events were headache,
fatigue, and nausea. Serious adverse events, none of which
were considered related to study treatment, occurred in five
patients, and three patients discontinued study treatmentas a
result.

Sofosbuvir has a high barrier to resistance. No resistant
variants have been detected in clinical trials when used as part
of a dual or triple therapy.5%®! In the ELECTRON trial,%?
however, when sofosbuvir was used as monotherapy to treat
HCV genotype 2 or 3, one patient developed S282T resistance
mutation. This mutation has not been isolated in patients
with HCV genotype 1. Simeprevir, on the other hand, seems
to have a lower barrier to resistance. Although the presence of
baseline Q80K polymorphism was originally associated with a
decreased rate of SVR12 when simeprevir was used in combi-
nation with peginterferon and ribavirin,®>®* it was not
observed in the COSMOS phase 2 trial when simeprevir was
used with sofosbuvir.®® Nonetheless, Q80K polymorphism
seemed to result in decreased SVR12 in OPTIMIST-2.5° There-
fore, screening for Q80K polymorphism is recommended
at baseline when using this combination in patients with HCV
genotype 1la. It is not clear if extending treatment to 24 weeks
will increase efficacy in cirrhotic patients with HCV genotype 1a
in the presence of the Q80K mutation. Thus, it may be reason-
able to avoid this combination in patients with the Q80K muta-
tion. Although data are lacking, cross-resistance across the
HCV protease inhibitor class is a concern. Hence, simeprevir-
containing combinations should be avoided in patients who
have failed other first-generation HCV protease inhibitors,
such as boceprevir and telaprevir.®®

Sofosbuvir and ledipasvir

Sofosbuvir-ledipasvir (HarvoniTM) is a once daily, fixed-dose,
film-coated, one-pill combination manufactured by Gilead
Sciences. It was approved by the FDA on October 10, 2014.
It is currently indicated for the treatment of HCV genotype 1,
4, 5, or 6.57 Ledipasvir is a first-generation NS5A inhibitor

Table 5. Pharmacokinetics of first-generation NS5A inhibitors

with a dual mechanism of action and is only available in
combination with sofosbuvir. It binds to domain 1 of the
NS5A protein and blocks its ability to regulate HCV replication
within the replication complex, and it inhibits assembly and
release of viral particles.®® It has activity against HCV geno-
type 1, 4, and 5, with limited activity against genotype 2 and 3
in vitro.®® The pharmacokinetic properties of ledipasvir are
shown in Table 5. It can be taken with or without food.®”
However, the absorption of ledipasvir is pH-dependent, and
administration of antacids within 4 h should be avoided.”®
While both sofosbuvir and ledipasvir are P-glycoprotein sub-
strates, neither of them is a CYP substrate, resulting in
minimal drug interactions. Ledipasvir is also an inhibitor of
P-glycoprotein.”! Common adverse effects of sofosbuvir-
ledipasvir in clinical trials were fatigue and headache, and less
commonly nausea, diarrhea, and insomnia.>®=4° Bilirubin and
lipase elevations were also observed. This combination has
been evaluated in several phase 3 studies.

In ION-1,38 an open-label, phase 3 trial in the United States
and Europe, 865 treatment-naive patients with HCV genotype 1
were randomized to one of the four groups to take sofosbuvir-
ledipasvir 400 mg-90 mg by mouth once daily with or without
ribavirin for either 12 weeks or 24 weeks. A minimum creatinine
clearance of 60 mL/min was required. SVR12 was achieved in
99% (211/214) of patients who received sofosbuvir-ledipasvir
without ribavirin for 12 weeks. Furthermore, SVR12 was
achieved in 97% of patients with cirrhosis, which constituted
16% of the patients in the study. Only two patients in the
study had relapse, and they both had cirrhosis. There was no
relapse in groups that received ribavirin. Overall, 10 patients
discontinued treatment prematurely owing to adverse events
(four received sofosbuvir-ledipasvir for 24 weeks and six
received sofosbuvir-ledipasvir plus ribavirin for 24 weeks),
and all 10 patients achieved SVR. All 10 patients received
at least 8 weeks of therapy before discontinuation. No patient
in the groups receiving 12 weeks of treatment discontinued
therapy prematurely. Of the 33 patients who had a serious
adverse event, only eight were in the 12-week groups, one
who received sofosbuvir-ledipasvir and seven who received
sofosbuvir-ledipasvir plus ribavirin. The most common
adverse events were fatigue, headache, insomnia, and
nausea. Groups that received ribavirin had higher rates of
events associated with ribavirin therapy: fatigue, insomnia,
asthenia, rash, cough, pruritus, and anemia. Laboratory abnor-
malities included changes in hemoglobin level (~-2 g/dL) and
hyperbilirubinemia, both of which are associated with ribavirin
therapy.

Agent Ledipasvir’! Ombitasvir’® Daclatasvir®?

Dosage 90 mg daily 25 mg daily with food 60 mg daily™

Half-life 47 h 21-25h 12-15h

Protein-binding 99.8% 99.9% 99.0%

Elimination Feces (86%), urine (1%) Feces (90%), urine (2%) Feces (88%), urine (7%)
Pregnancy Category B Category B Unknown

Substrate P-glycoprotein, BCRP P-glycoprotein CYP 3A, P-glycoprotein
Inhibition P-glycoprotein, BCRP — P-glycoprotein, OATP 1B, BCRP

* 30 mg daily with 3A inhibitors, 90 mg daily with 3A inducers.
Abbreviations: BCRP, breast cancer resistance protein; OATP, organic anion transporter peptide.
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Similarly, ION-2 was an open-label, phase 3 trial in the
United States that randomized 440 treatment-experienced
patients with HCV genotype 1 to one of four groups.® The
patients were previously treated with peginterferon and
ribavirin, 53% of which had received the treatment with a
first-generation protease inhibitor, mostly telaprevir or boce-
previr. Nonresponders made up 44% of the patients, and the
remainder had either relapse or virologic breakthrough on
their previous therapy. About 20% of the study patients
had cirrhosis. A minimum creatinine clearance of 60 mL/min
was required. While SVR12 was achieved in 94% (102/109)
of all patients who received 12 weeks of treatment with sofos-
buvir-ledipasvir without ribavirin, only 86% of patients with
cirrhosis achieved SVR12 in this group. Adding ribavirin to
the regimen did not improve outcomes in cirrhotic patients.
However, this outcome was improved to 100% with 24 weeks
of treatment. The rate of relapse was 6% with 12 weeks of
treatment, but relapse was reduced to 0% with 24 weeks
of treatment. Overall, 11 patients had a relapse, 10 of which
occurred within 4 weeks after the end of treatment. No patient
had a relapse after 12 weeks post-treatment. None of the
patients discontinued treatment prematurely due to adverse
events. Patients in the groups that received ribavirin had
higher rates of adverse events associated with ribavirin
therapy: fatigue, nausea, insomnia, arthralgia, cough, rash,
irritability, dyspnea, and anemia. The rates of laboratory
abnormalities were similar in all groups with the exception of
hyperbilirubinemia, which developed in more patients who
received sofosbuvir-ledipasvir plus ribavirin than in those who
received only sofosbuvir-ledipasvir. Changes in hemoglobin
level (~—2.5 g/dL) were associated with ribavirin therapy, as
the groups that did not receive ribavirin only experienced non-
significant changes in hemoglobin level (~-0.5 g/dL).

ION-3 was an open-label, phase 3 trial in the United States
that randomized 647 treatment-naive noncirrhotic patients
infected with HCV genotype 1 to one of the three groups to
take sofosbuvir-ledipasvir 400 mg-90 mg by mouth once daily
with or without ribavirin for 8 weeks or without ribavirin for 12
weeks.*° A minimum creatinine clearance of 60 mL/min was
required. SVR12 rate was 94% (202/215) in patients who
received treatment without ribavirin for 8 weeks. However,
11 patients (5%) in this group had a relapse, 10 of whom
were infected with HCV genotype la. Data submitted to the
FDA showed that nine out of 11 patients with relapse in this
group had a viral load of = 6,000,000 IU/mL at baseline. In
the group that also received ribavirin, nine patients (4%) had
a relapse, seven of whom were infected with HCV genotype
la. As a result, the FDA has approved the 8 week regimen
only for treatment-naive noncirrhotic patients who have a
baseline viral load < 6,000,000 IU/mL. Three patients discon-
tinued treatment prematurely due to adverse events, includ-
ing one patient in the group receiving 8 weeks of treatment
with sofosbuvir-ledipasvir plus ribavirin reported to have a
road accident. No single serious adverse event occurred in
more than one patient. The most common adverse events
were fatigue, headache, and nausea. Patients who received
ribavirin experienced greater changes in hemoglobin level
(~—1.9 g/dL) than those who did not receive ribavirin
(~=0.2 g/dL). Only three patients who received 8 weeks of
sofosbuvir-ledipasvir with ribavirin had hyperbilirubinemia.
Otherwise, the rates of laboratory abnormalities were
similar among groups.

ION-4 was a single-group, open-label, phase 3 trial in the
United States, Puerto Rico, Canada, and New Zealand,
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involving 335 patients co-infected with HIV-1 and HCV
genotype 1 or 4.72 All patients were required to receive a
protocol-approved antiretroviral regimen for HIV-1 (emtrici-
tabine/tenofovir disoproxil fumarate plus efavirenze, ralte-
gravir, or rilpivirine) for at least 8 weeks prior to the
screening for the study and to have evidence of HIV-1 viral
suppression (HIV-1 RNA < 50 copies/mL) with a CD4+
count >100 cells/mcL. A minimum creatinine clearance of
60 mL/min was required. Patients received sofosbuvir-
ledipasvir 400 mg-90 mg by mouth once daily for 12 weeks.
Only eight patients (2%) were infected with HCV genotype 4.
Overall, 20% of patients had cirrhosis, 45% were treatment-
naive, and 55% were treatment-experienced (of whom 36%
had failed previous DAAs). SVR12 was achieved in 96% (322/
335) of patients. This rate was 94% among patients with cir-
rhosis and 97% among treatment-experienced patients. All 13
patients who had relapsed previous treatment with sofosbuvir
and ribavirin had SVR. One patient died after 4 weeks of treat-
ment. Two patients had a virologic breakthrough during treat-
ment that was suspected to be due to poor adherence. Ten
patients had a relapse, all of whom were black with seven
patients having the TT allele in the IL28B gene. Exploratory
univariate analysis identified black race and the presence of
the TT allele to be associated significantly with relapse. None
of the patients discontinued treatment prematurely because of
an adverse event. Most adverse events were mild to moderate,
most commonly headache, fatigue, diarrhea, and nausea. Rare
grades 3 and 4 serum laboratory abnormalities were reported,
including elevations in lipase, creatine kinase, and serum
glucose. No significant drug interactions were identified in
this study.

Unlike sofosbuvir, ledipasvir has a low barrier to resist-
ance. NS5B resistance-associated variant (RAV) S285T was
not detected in ION-1, ION-2, ION-3, or ION-4.38-40.72 One
patient with relapse in ION-4 had NS5B RAV L159F, but this
patient also had NS5A RAVs. Among treatment-experienced
patients in ION-4, three patients had the L159F variant at
baseline, but all achieved SVR12. Both patients with relapse
in ION-1 had NS5A-resistant variants at baseline (L31M in
genotype 1a and Y93H in genotype 1b).38 Of the 11 patients
who had a relapse in ION-2, seven patients received 12 weeks
of treatment without ribavirin.3® NS5A-resistant variants
were present at baseline in four of these patients. The remain-
ing four patients with a relapse received 12 weeks of treat-
ment with ribavirin. NS5A-resistant variants were present at
baseline in two of these patients. Nevertheless, all 11 patients
who had a relapse had NS5A-resistant variants at the time of
the relapse. Of the 23 patients who had a relapse in ION-3, 15
patients had NS5A resistant variants at the time of relapse,
nine of whom had the variants at baseline.*® Of the 10
patients who had a relapse in ION-4, four patients had NS5A
resistant variants at baseline and eight patients had them at
the time of relapse. The two patients who had a virologic
breakthrough, possibly due to poor adherence, did not have
resistance-associated NS5A variants at baseline but did have
such emergent variants at the time of failure.

Ombitasvir-paritaprevir-ritonavir and dasabuvir

Ombitasvir-%aritaprevir-ritonavirand dasabuvir, copackaged as
Viekira Pak =~ by Abbvie, are together known as the “3D”
combination since three DAAs are included. The combination
was approved by the FDA on December 19, 2014. Itis currently
indicated for the treatment of HCV genotype 1, including
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patients with compensated cirrhosis.”®> Ombitasvir-paritapre-
vir-ritonavir is a coformulated fixed-dose tablet (12.5 mg/
75 mg/50 mg), and dasabuvir is a separate tablet (250 mg).”*
Ombitasvir is a first-generation NS5A inhibitor with pangeno-
typic antiviral activity.”®> The pharmacokinetic properties of
ombitasvirare shown in Table 5. Itis a P-glycoprotein substrate,
and it is eliminated primarily through the feces with only 2%
eliminated through the urine.”® Paritaprevir is a NS3/4A serine
protease inhibitor. The pharmacokinetic properties of paritapre-
virareshownin Table 4. Itis a substrate of P-glycoprotein as well
as CYP 3A, and itis an inhibitor of P-glycoprotein.”® Itis primarily
eliminated through the feces with only 9% eliminated through
the urine. Ritonavir, which does not have activity against HCV, is
a potent inhibitor of CYP 3A4 enzyme and is used as a pharma-
cokineticbooster to increase paritaprevir plasma levels.”” Dasa-
buvir is a non-nucleoside NS5B inhibitor. The pharmacokinetic
properties of dasabuvir are shown in Table 3. It is a substrate of
P-glycoprotein and CYP 2C8, and it is primarily eliminated
through the feces.”® Since the half-life of dasabuvir is only
about 6 h, it must be taken twice a day. The 3D combination
should always be taken with a meal since food increases the
absorption of the included agents.”® In patients with mild, mod-
erate, or severe renal insufficiency, no dosing adjustment is
required; although this regimen has not been adequately
studied in patients with renal dysfunction since patients with a
creatinine clearance < 60 mL/min were excluded from most
studies. RUBY-I study is an ongoing trial investigating the
safety and efficacy of this regimen in patients with severe
renal impairment or ESRD.”° It is contraindicated in patients
with hepatic decompensation (Child-Pugh B and C), patients
receiving medications highly dependent on CYP 3A metabolism
for which significant increases in plasma levels is dangerous,
patients on moderate or strong inducers of CYP 3A or strong
inducers of CYP 2C8, patients on strong inhibitors of CYP 2C8
(since this may result in increased levels of dasabuvir and QT
prolongation), or known hypersensitivity to ritonavir.®° This
combination was well tolerated in clinical trials. The most
common (greater than 10%) adverse effects have been
fatigue, nausea, pruritus, other skin reactions, insomnia, and
asthenia. Its concomitant use with ethinyl estradiol-containing
medications can lead to significant elevations in hepatic amino-
transferase levels.8!

The addition of ribavirin to the 3D combination is recom-
mended for all patients except those with HCV genotype 1b
without cirrhosis.”® Ribavirin can cause significant adverse
effects, including hemolytic anemia. It is also highly terato-
genic and embryocidal, and extreme care must be given to
avoid pregnancy during therapy and for 6 months after finish-
ing the treatment; this pertains both to treatment of women
receiving ribavirin and women whose male partners are receiv-
ing ribavirin therapy.8? Treatment with ribavirin is contraindi-
cated in pregnant women and men whose female partners are
pregnant, hemoglobinopathies, and co-administration with
didanosine. Furthermore, ribavirin must be dosed carefully
based on body weight, changes in hemoglobin, and renal
function.®?

In PEARL-IL,®® a multicenter, open-label phase 3 trial in
Europe and the United States, 179 patients with HCV genotype
1b, without cirrhosis, who had previously received and failed
treatment with peginterferon and ribavirin were randomized to
receive 3D combination either with ribavirin (group 1) or
without ribavirin (group 2) for 12 weeks. Ribavirin was dosed
based on body weight twice daily: 1,000 mg daily if body
weight < 75 kg or 1,200 mg daily if body weight = 75 kg.

Patients with a creatinine clearance < 60 mL/min were
excluded. SVR12 rate for group 1 was 97% (85/88) and
100% (91/91) for group 2. No patients from either group
experienced on-treatment virologic failure or post-treatment
relapse. Of the three patients who did not achieve SVR12,
two patients discontinued the study drug due to an adverse
event, and one patient was lost to follow-up after 4 weeks.
The most commonly reported adverse events were fatigue,
headache, and nausea, which occurred significantly more fre-
quently in group 1 than in group 2. Patients in group 1 also
experienced significantly more events of insomnia, anemia,
rash, and increased blood bilirubin levels, which are known to
be associated with ribavirin treatment.

In PEARL-III,®* a multicenter, double-blind, placebo-
controlled phase 3 trial in Europe, Russia, and the United
States, 419 treatment-naive patients with HCV genotype 1b
without cirrhosis were randomized in a 1:1 ratio to receive
either ribavirin twice daily according to body weight or match-
ing placebo for 12 weeks. All patients received open-label 3D
combination for 12 weeks. Notably, patients with a creatinine
clearance < 60 mL/min were excluded. SVR was 99.5%
(209/210) in the ribavirin group and 99% (207/209) in
patients who did not receive ribavirin. Only one patient in the
study, who was in the group receiving ribavirin, had virologic
failure during treatment. The two patients in the group not
receiving ribavirin who did not achieve SVR12 were lost to
follow-up at week 12. The most common adverse events
were headache and fatigue. Adverse events were more fre-
quently reported in the group receiving antiviral regimens
that contained ribavirin.

Similar to PEARL-III, PEARL-IV was a multicenter, double-
blind, placebo-controlled phase 3 trial in Canada, the United
States, and the United Kingdom.8* Instead of patients with
HCV genotype 1b, it randomized 305 treatment-naive patients
with HCV genotype 1a without cirrhosis in a 1:2 ratio to receive
either ribavirin twice daily according to body weight or match-
ing placebo for 12 weeks. All patients received open-label 3D
combination for 12 weeks. Again, patients with a creatinine
clearance < 60 mL/min were excluded. The SVR rate was
97% (97/100) in the ribavirin group and 90% (185/205) in
patients who did not receive ribavirin. Logistic-regression anal-
ysis showed that IL28B CC genotype was associated with an
increased rate of SVR12. The most common adverse events
were headache and fatigue. Adverse events were more fre-
quently reported in the group receiving antiviral regimens
that contained ribavirin.

SAPPHIRE-I was a multicenter, double-blind, placebo-
controlled phase 3 trial in North America, Europe, and Aus-
tralia.8> It randomized 631 treatment-naive patients with HCV
genotype 1, no cirrhosis, and a plasma HCV RNA level of at
least 10,000 IU/mL in a 3:1 ratio to receive a 12-week treat-
ment course with 3D regimen plus ribavirin (group A) or a
matching placebo regimen (group B). Patients in group B
were eligible to receive treatment at the end of study. Patients
with a creatinine clearance < 60 mL/min were excluded. About
68% of the patients had HCV genotype 1a, and 31% had IL28B
CC genotype. The overall SVR12 rate was 96.2% (455/473) in
group A, including 95.3% (307/322) among patients with HCV
genotype la and 98% (148/151) among patients with
HCV genotype 1b. The rates were similarly high in all sub-
groups. Furthermore, logistic-regression analysis showed
that patient characteristics, including IL28B genotype, did
not significantly affect the rate of SVR12. The most common
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adverse events were fatigue and headache; the frequency of
which did not differ significantly between the two study groups.

Similar to SAPPHIRE-I, SAPPHIRE-II was a multicenter,
double-blind, placebo-controlled phase 3 trial in North
America, Europe, and Australia.®® Instead of treatment-naive
patients, it randomized 394 patients with HCV genotype 1,
without cirrhosis, a plasma HCV RNA level of at least
10,000 IU/mL who had previously failed treatment with pegin-
terferon and ribavirin in a 3:1 ratio to receive a 12-week treat-
ment course with 3D regimen plus ribavirin (group A) or a
matching placebo regimen (group B). Patients in group B were
eligible to receive treatment at the end of study. Patients that
had received a HCV protease inhibitor, and those with a creati-
nine clearance < 60 mL/min were excluded. About 58% of the
patients had HCV genotype 1aand 11% had IL28B CC genotype.
Theoverall SVR12 rate was 96% (286/297) ingroupA, including
96% (166/173) among patients with HCV genotype 1aand 97%
(119/123) among patients with HCV genotype 1b. The rates
were similarly high in all subgroups, including IL28B genotype,
prior relapsers, prior partial responders, and prior null respond-
ers. The investigators reported adverse events in 91.2% of
patients in the active-regimen group and 82.5% of patients in
the placebo group; severe adverse events occurred in 2% of
patients in the active treatment group and in 1% of the patients
in the placebo group. The two most common adverse events
were headache and fatigue. Pruritus was the only adverse
events that occurred in more than 10% of patients in either
group that had a higher frequency in the active-regimen group
than the placebo group.

In TURQUOISE-II,%” a multicenter, open-label, phase 3
controlled trial, 380 patients with HCV genotype 1, a plasma
HCV RNA level of at least 10,000 IU/mL, and compensated
cirrhosis (Child-Pugh class A) were randomized to receive
either 12 (group A) or 24 weeks (group B) of treatment with
3D regimen plus ribavirin. Patients with prior therapy with
DAAs (e.g., telaprevir and boceprevir) and those with creati-
nine clearance < 60 mL/min were excluded. About 69% of
patients had HCV genotype 1a, 58% were treatment-experi-
enced, and 42% were treatment-naive. For group A, the
overall SVR12 rates were 92% (191/208), 89% (124/140)
among all patients with HCV genotype 1a, 92% (59/64)
among treatment-naive patients with HCV genotype 1a, and
86% (65/76) among treatment-experienced patients with
HCV genotype 1la. For group B, the overall SVR12 rates
were 96% (165/172), 94% (114/121) among all patients
with HCV genotype 1la, 93% (52/56) among treatment-
naive patients with HCV genotype 1a, and 95% (62/65)
among treatment-experienced patients with HCV genotype
la. For patients with HCV genotype 1b, SVR12 rates were
99% (67/68) in group A and 100% (51/51) in group B. No
specific adverse event led to premature discontinuation by
more than one patient, and no pattern in the types of
adverse events leading to discontinuation was observed.

The CORAL-I Study,®® which was a single-arm, phase 2 trial,
enrolled 34 liver transplant recipients (at least 12 months prior
to screening) with recurrent HCV genotype 1 and a plasma HCV
RNA level of at least 10,000 IU/mL to receive 3D regimen plus
ribavirin for 24 weeks. Patients had no evidence of cirrhosis,
and those with a creatinine clearance < 55 mL/min were
excluded. About 85% of the patients had HCV genotype 1a,
24% had IL28B CC genotype, and 71% were previously
treated with peginterferon and ribavirin. The median time
since liver transplantation was 3.3 years, and 85% of patients
were receiving a tacrolimus-based immunosuppressive
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regimen. The overall SVR12 rate was 97% (33/34), including
97% (28/29) among patients with HCV genotype 1aand 100%
(5/5) among patients with HCV genotype 1b. The most
common adverse events were fatigue, headache, and cough.
Only one patient discontinued treatment, which was due to
rash, memory impairment, and anxiety.

The 3D regimen has a low barrier to resistance. Due to
a very low rate of virologic failure, resistance-associated
variants were not observed in PEARL-II and PEARL-III.83:8
In PEARL-IV,34 two of the three patients who received ribavirin
but did not achieve SVR12 had virologic failure. A total of
18 patients had virologic failure, 16 of whom were not receiv-
ing ribavirin. Of these 16 patients, six had a virologic rebound
while on treatment, and 10 had a relapse after treatment. All
18 patients who had virologic failure had at least one resist-
ance-associated variant. The most frequently detected var-
iants were D168V in NS3, M28T and Q30R in NS5A, and
S556G in NS5B. In SAPPHIRE-L,®® one patient had virologic
failure while on treatment, and seven patients had a relapse.
Each of these patients had at least one resistance-associated
variant, most frequently D168V in NS3, M28T and Q30R in
NS5A, and S556G in NS5B for HCV genotype 1a and Y56H
and D168V in NS3, L31M and Y93H in NS5A, and S556G in
NS5B for HCV genotype 1b. In SAPPHIRE-II,®® seven patients
had a relapse, all of whom were adherent to treatment. Five of
these patients had resistance-associated variants at the time
of relapse, most frequently D168V in NS3, M28V and Q30R in
NS5A, and S556G in NS5B for HCV genotype 1a and Y56H and
D168A in NS3, Y93H in NS5A, and C316N and S556G in NS5B
for HCV genotype 1b. In TURQUOISE-IL2” virologic failure
occurred in 13 patients receiving 12 weeks of treatment
(group A), with one patient failing while on treatment, the
remaining 12 relapsing, and four patients receiving 24
weeks of treatment (group B). Seven of the 12 patients with
a relapse in group A had HCV genotype 1la and a prior null
response. Only two of the 17 patients who had virologic
failure did not have resistance-associated variants at the
time of virologic failure. The remaining 15 patients had resist-
ance-associated variants in two or more of the drug targets,
most commonly D168V in NS3 and Q30R in NS5A for HCV
genotype 1a and D168V in NS3, Y93H in NS5A, and G316Y
and M414I in NS5B for HCV genotype 1b. In CORAL-I study,®®
the only patient who had a relapse (on day 3 of treatment)
had resistance-associated variants R155K in NS3, M28T and
Q30R in NS5A, and G554S in NS5B at the time of relapse but
not at baseline.

Sofosbuvir and daclatasvir

Daclatasvir (DaklinzaTM) is a once-daily, oral tablet manufac-
tured by Bristol-Myers Squibb. It is available as 30 mg or
60 mg tablets. It was approved by the FDA on July 24, 2015.
Daclatasvir is currently indicated for the treatment of HCV
genotypes 1 and 3 in combination with sofosbuvir.8? It is a
first-generation HCV NS5A inhibitor, which prevents the rep-
lication of RNA and assembly of the virion by inhibiting con-
formational change of NS5A protein through impairing
phosphatidylinositol-4-kinase III « activation.®® It has activity
against HCV genotypes 1 through 6 in vitro.°* The pharmaco-
kinetic properties of daclatasvir are shown in Table 5. It can be
taken with or without food. While co-administration with
proton pump inhibitors results in decreased daclatasvir expo-
sure, the interaction is not clinically significant.®2 Although
high-fat meals reduce its absorption, no dosage adjustments
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are recommended.®? This effect is not observed with low-fat,
low-caloric meals (approximately 277 total kcal).8° Daclatas-
vir is a substrate of CYP 3A. Therefore, a dose reduction to 30
mg of daclatasvir is needed when used in combination with a
strong CYP 3A inhibitor, such as ketoconazole, atazanavir,
ritonavir, or cobicistat. No dosage adjustments are needed
when used in combination with moderate CYP 3A inhibitors.
The use of daclatasvir in combination with strong CYP 3A
inducers is contraindicated. A dose increase to 90 mg of
daclatasvir is needed when used in combination with a mod-
erate CYP 3A inducer, such as dexamethasone, efavirenz, or
nevirapine.®? About 88% of the drug is eliminated in feces,
and 7% is excreted in the urine. Therefore, renal adjustment
of daclatasvir dosage is unnecessary. Daclatasvir is highly
protein bound and is unlikely to be removed by dialysis.
When used in combination with sofosbuvir, daclatasvir is gen-
erally well tolerated. The most common adverse effects are
headache, fatigue, and nausea. Daclatasvir, in combination
with sofosbuvir, has been evaluated for treatment of HCV
genotype 1 in phase 3 trials.

In ALLY-2,%3 an open-label, multi-center phase 3 trial in
the United States, 203 patients co-infected with HIV-1 and
HCV genotypes 1 through 4 were randomly assigned to one
of the three arms. The study included both HCV treatment-
naive and -experienced patients. Patients who were HCV
treatment-naive were assigned in a 2:1 ratio to receive
either 12 weeks or 8 weeks of daclatasvir 60 mg once daily,
with dose adjustment for concomitant medications, plus
sofosbuvir 400 mg once daily. Patients previously treated
for HCV were assigned to receive 12 weeks of treatment at
the same doses. The standard 60 mg dose of daclatasvir was
adjusted to 30 mg in patients receiving ritonavir-boosted pro-
tease inhibitors and to 90 mg in those receiving efavirenz or
nevirapine. Patients with creatinine clearance less than 50
mL/min were excluded. About 83% of the patients had HCV
genotype 1, and 29 patients (14%) had compensated cirrho-
sis. Among previously treated patients, 94% had received an
interferon-containing regimen, and 22% had received a HCV
protease inhibitor. The rate of SVR12 was 96.4% in treat-
ment-naive patients with HCV genotype 1 who received 12
weeks of treatment, 75.6% with 8 weeks of treatment, and
97.7% in treatment-experienced patients who received 12
weeks of treatment. There was no difference in the rate of
SVR12 based on any subgroups except for baseline viral
load in the 8-week treatment group. Patients with baseline
viral load < 2 million IU/mL had SVR12 rate of 100%
(18/18) compared to 62% (20/32) in patients with baseline
viral load = 2 million IU/mL. Although a small number of
patients had cirrhosis, there was similar rate of SVR12
(92%) among these patients. The combination of daclatasvir
and sofosbuvir was well tolerated. None of the patients dis-
continued treatment due to an adverse event. The most
common adverse events were fatigue, nausea, and head-
ache. Two patients died during post-treatment follow-up.

ALLY-1 was an open-label, phase 3 trial that enrolled 113
patients infected with HCV (any genotype) who either had
advanced cirrhosis or had recurrence of HCV infection post-
liver transplant.®* Both treatment-naive and -experienced
patients were included. The study consisted of 60 patients
with advanced cirrhosis and 53 patients post-liver transplant.
All patients received 12 weeks of daclatasvir 60 mg once daily
plus sofosbuvir 400 mg once daily plus ribavirin initially
600 mg per day, adjusted to 1,000 mg per day based on
hemoglobin levels and renal function. Overall, 83% (50/60)

of patients with advanced cirrhosis and 95% (39/41) of
patients post-transplant achieved SVR12. In patients with
HCV genotype 1, SVR12 rate was 82% (37/45) in patients
with advanced cirrhosis and 95% (39/41) in patients post-
transplant. There was no difference based on gender, age,
IL28B, or HCV RNA level in the advanced cirrhosis cohort
with HCV genotype 1. Overall, the combination was tolerated
well. Only one patient in each arm discontinued treatment
due to adverse effects. Most common adverse effects
included headache, fatigue, anemia, diarrhea, nausea, and
arthralgia.

Unlike sofosbuvir, daclatasvir has a low barrier to resist-
ance. While monotherapy with daclatasvir selects for resistant
variants in both genotype 1a and 1b, most of these variants
are susceptible to NS3 protease inhibitors and NS5B polymer-
ase inhibitors, so daclatasvir as part of a combination therapy
remains effective.®® In ALLY-2,°3 none of the patients in the
study had a HCV virologic breakthrough. Overall, 12 patients
had a relapse, 10 of whom were in the 8-week treatment
arm, and nine patients had HCV genotype 1a. Baseline NS5A
resistance-associated polymorphisms did not seem to affect
significantly response. Only three of the 12 patients with
relapse had daclatasvir-resistance polymorphism at baseline.
In ALLY-1,°* nine patients had a relapse in the advanced cir-
rhosis group, whereas only three patients had a relapse in the
post-transplant group. One patient with advanced cirrhosis
had a breakthrough. All 13 patients who had virologic failure
had NSG5A resistance variants present at the time of failure.
Only four of these patients had these variants at baseline. No
NS5B-S282 variants were detected at baseline or failure.

Elbasvir and grazoprevir

Elbasvir-grazoprevir (ZepatierTM) is a once daily, fixed-dose,
film-coated one-pill combination manufactured by Merck & Co.
It was approved by the FDA on January 29, 2016 for the
treatment of HCV genotypes 1 and 4.°® Grazoprevir is a
second-generation NS3/4A protease inhibitor, which has
shown high potency against HCV genotypes 1, 2, 4, 5, and 6,
with less potency against genotype 3.°7 It also has activity
against variants that are resistant to earlier first-generation
NS3/4A protease inhibitors.®® The pharmacokinetic properties
of grazoprevir are shown in Table 4. Less than 1% of grazopre-
vir is renally excreted; and, hence, dose adjustments in the
setting of chronic kidney disease is not necessary.®® It is a
substrate of CYP 3A, P-glycoprotein, and the organic anion
transporter protein 1B and an inhibitor of intestinal breast
cancer resistance protein.!°® Thus, co-administration with
strong CYP 3A inducers or efavirenz is contraindicated.®®
Elbasvir is a second-generation NS5A inhibitor. It has activity
against genotype 1, 2a, 3, 4, 5, and 6, including variants that
are resistant to first-generation NS5A inhibitors, such as dacla-
tasvir and ledipasvir.1°11%2 However, testing for the presence
of NS5A resistance-associated polymorphisms is recommen-
ded prior to the initiation of treatment in patients with HCV
genotype 1a.°® The pharmacokinetic properties of elbasvir
are shown in Table 6. Elbasvir is a substrate of CYP 3A and
P-glycoprotein. No clinically meaningful pharmacokinetic inter-
actions between elbasvir-grazoprevir with tacrolimus, myco-
phenolate mofetil, and prednisone have been identified, but
cyclosporine seems to increase exposure to elbasvir-grazopre-
vir.193 Co-administration with famotidine or pantoprazole does
not affect the pharmacokinetics of elbasvir-grazoprevir.14
There are no drug interactions between elbasvir-grazoprevir
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Table 6. Pharmacokinetics of second-generation NS5A inhibitors

Agent Elbasvir®® Velpatasvir®®:120
Dosage 50 mg once daily 100 mg once
daily

Half-life 24 h 16-19 h

Protein- 99.9% Unknown

binding

Elimination Feces (> 90%), urine  Feces (99%),
(1%) urine (1%)

Pregnancy Unknown Unknown

risk

Substrate CYP 3A, P-glycoprotein
P-glycoprotein

Inhibition — Intestinal BCRP,

P-glycoprotein

Abbreviation: BCRP, breast cancer resistance protein.

and either tenofovir or raltegravir.1°> However, boosted HIV-1
protease inhibitors are not recommended for use in combina-
tion with elbasvir-grazoprevir due to potential drug-drug inter-
actions. The combination elbasvir-grazoprevir has been
evaluated in phase 3 trials.

C-EDGE Treatment-Naive was an international, single-
blind, phase 3 trial that randomized 421 adult patients
infected with HCV genotypes 1, 4, and 6 in a 3:1 ratio to
receive treatment with a fixed-dose combination tablet of
grazoprevir 100 mg/elbasvir 50 mg or a matching placebo
once daily, without regards to food, for 12 weeks.1°® The
study was conducted in Australia, the Czech Republic,
France, Germany, Israel, Puerto Rico, South Korea, Sweden,
Taiwan, and the United States. About 91% of the patients had
HCV genotype 1, of which 50% were genotype 1a, and 22% of
patients had cirrhosis. The majority of the patients from Aus-
tralia, Sweden, and the United States had HCV genotype 1a.
Patients with creatinine clearance less than 50 mL/min were
excluded. SVR12 was achieved in 92% of the patients with
HCV genotype 1a and 99% of patients with genotype 1b. Fur-
thermore, SVR12 was achieved in 97% of cirrhotic patients
and 94% of non-cirrhotic patients. One patient with HCV gen-
otype la had a breakthrough. A relapse occurred in nine
patients with HCV genotype 1a and one patient with genotype
1b. Elbasvir-grazoprevir was well-tolerated with a similar
safety profile between the active and placebo groups.
Serious adverse events were reported in about 2.8% of
patients in both groups, none of which was considered drug
related. Although two patients in the treatment group died,
neither death was considered drug related. The most common
adverse events were headache (17%), fatigue (15%), and
nausea (9%), which were similar in frequency in both
groups. Three patients discontinued treatment, two patients
with elevated aminotransferase levels and one patient with
palpitations and anxiety on day 4 of treatment. One patient
in the placebo group discontinued placebo pills because of a
rash on day 2. Two patients discontinued treatment due to
elevations in aminotransferase level.

C-SURFER was a double-blind, phase 3 trial consisting
of a randomized study of safety and an observational study
of efficacy in the United States, Argentina, Australia,
Canada, Estonia, France, Israel, South Korea, Lithuania,
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the Netherlands, Spain, and Sweden.!%® The study random-
ized 224 HCV genotype 1 infected adult patients with chronic
kidney disease stage 4-5, of whom 76% were hemodialysis
dependent, to receive either grazoprevir 100 mg/elbasvir
50 mg once daily or placebo for 12 weeks. Patients receiving
placebo were given active treatment for 4 weeks after the end
of the treatment period (week 16). About 80% of the patients
were HCV treatment-naive, and the remaining 20% had pre-
viously received an interferon regimen. Only 6% of the
patients had cirrhosis. Six of 122 patients in the treatment
group were excluded from the modified full analysis for
reasons other than virological failure. SVR12 rate was
99.1% (115/116). The frequencies of adverse events were
similar between the two groups; most commonly headache,
nausea, and fatigue. There were no drug-related serious
adverse events. Two cases of congestive heart failure
occurred in the treatment group within 14 days of the end of
treatment, one of which was judged to be drug-related. There
were no treatment discontinuations due to an adverse event
in the treatment group. One patient in the treatment group
died from cardiac arrest, but it was not considered related to
study drugs. Although first-generation HCV protease inhibi-
tors have been shown to cause a reversible decline in renal
function,'®” no differences in renal function were noted
between the groups in this study.

C-EDGE CO-INFECTION was an open-label, single-arm,
multicenter, phase 3 trial in Europe, the United States, and
Australia.'®® The study enrolled 218 treatment-naive adult
patients co-infected with HCV and HIV-1 to receive grazopre-
vir 100 mg/elbasvir 50 mg fixed-dose combination tablet
once daily for 12 weeks without food restriction. About 86%
of the patients were infected with HCV genotype 1, 13% with
genotype 4, and the remaining 2 patients (1%) with genotype
6. With the exception of seven patients, most patients
received anti-retroviral therapy (ART) with undetectable HIV
RNA. ART-naive patients had to have CD3 or CD4 T-cell counts
of at least 500 cells/mcL and HIV RNA viral load of less than
50,000 copies/mL to be included. Otherwise, patients had to
have CD3 or CD4 T-cell counts of at least 200 cells/mcL and
undetectable HIV RNA levels. Patients with decompensated
liver disease, cirrhosis who were Child-Pugh class B or C,
and hepatitis B virus co-infection were excluded. SVR12 was
achieved in 96.3% of patients infected with HCV genotype 1
and in all 35 patients with cirrhosis. The treatment was gen-
erally well tolerated. The most common adverse events were
fatigue, headache and nausea. Six patients experienced
serious adverse events, but they were not considered to be
related to treatment. Two patients had a late increase in
ALT/AST > 5x upper limit of normal (ULN) after treatment
week 4, and this increase normalized without discontinuation
of treatment. There was no notable change in CD3 or CD4
T-cell count at treatment week 12 or follow-up week 12.

Elbasvir-grazoprevir has a high barrier to resistance.%? In
C-EDGE Treatment-Naive,°® virologic analysis of the 10
patients with HCV genotype la who had virologic failure
showed that NS3 RAVs were present in six patients (most
commonly Q80K and D168A), and NS5A RAVs were present
in all 10 patients (most commonly M28V/A/G, Q30H/L/R,
L31M, and Y93H). However, an association of genotype 1la
RAVs with virologic failure was present only in patients with
baseline viral levels greater than 800,000 IU/mL. In
C-SURFER, % only one patient relapsed. This noncirrhotic
patient with diabetes had a baseline HCV genotype 1b viral
load > 800,000 IU/mL and relapsed 12 weeks after the end of
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treatment. Analysis showed that this patient had an NS5A
L31M mutation at baseline. In C-EDGE CO-INFECTION,?®
four noncirrhotic patients with genotype 1a relapsed after
having undetectable HCV RNA levels at the end of treatment.
Two of these patients had D168A variant in the NS3 region,
and three had Q30R/K variants in the NS5A region. In
patients with HCV genotype 1, SVR12 was achieved in 87%
of patients who had baseline NS5A resistance-associated
variants compared to 98% in patients without resistance-
associated variants. Baseline NS3 resistance-associated var-
iants, as well as Q80K polymorphism in genotype 1a, did not
seem to affect SVR12.

Daclatasvir, beclabuvir, and asunaprevir

Daclatasvir-asunaprevir-beclabusvir, or DCV-TRIO, is a fixed-
dose, film-coated tablet under development by Bristol Myers
Squibb. It contains three direct-acting agents: 30 mg dacla-
tasvir, 200 mg asunaprevir, and 75 mg beclabuvir. Daclatasvir
is currently FDA-approved for the treatment of HCV genotype
3 in combination with sofosbuvir.8% Asunaprevir is a second-
wave first-generation protease inhibitor that inhibits NS3
serine protease, ultimately preventing the cleavage of the
HCV polypeptide into individual proteins.®® The pharmacoki-
netic properties of asunaprevir are shown in Table 4. It has
in vitro activity against HCV genotypes 1, 4, 5, and 6, with
less potency against HCV genotypes 2 and 3.1%° Unlike NS5A
inhibitors, NS3 protease inhibitors are more specific to geno-
type as the viral protease active site can vary according to
genotype. In addition, asunaprevir has a low barrier to resist-
ance, such that it should be used in combination with other
DAA similar to daclatasvir. Beclabuvir is a non-nucleoside
NS5B inhibitor and acts by binding allosterically to the NS5B
RNA polymerase, ultimately inhibiting the elongation of the
nascent viral RNA chain.'? This process differs from nucleo-
side NS5B inhibitors that bind directly to the active site of the
RNA polymerase. This difference in mechanism between the
non-nucleoside and nucleoside NS5B inhibitors is what deter-
mines the degree of barrier to resistance. Nucleoside NS5B
polymerase inhibitors have a high barrier to resistance since
the RNA polymerase active site must maintain a particular
amino acid sequence for viral replication, whereas non-
nucleoside NS5B inhibitors like beclabuvir have a low barrier
to resistance since they bind elsewhere to RNA polymerase.
As such, beclabuvir is best used in combination with
other DAAs.**! The pharmacokinetic properties of beclabuvir
are shown in Table 3. Beclabuvir has in vitro activity against
HCV genotypes 1, 3a, 4a, and 6, with reduced potency against
HCV genotype 2.112 Daclatasvir, asunaprevir, and beclabuvir
all undergo CYP 3A metabolism and are excreted mainly in the
feces. Additionally, all and have increased exposure with renal
insufficiency.*1%113 patients enrolled in trials taking the com-
bination tablet were instructed to take it with food. DCV-TRIO
fixed-dose combination was evaluated recently in two phase
3 trials.

The UNITY-1 trial was a multi-national, phase 3 trial in the
United States, Canada, France, and Australia, with an open-
label, single-group, uncontrolled design.''* It enrolled
415 non-cirrhotic patients with HCV genotype 1 and a
plasma HCV RNA level of at least 10,000 IU/mL to receive
DCV-TRIO twice daily for 12 weeks. Three-hundred twelve
patients were treatment-naive, and 103 were treatment-
experienced. Patients with a creatinine clearance < 50
mL/min were excluded. Previous exposure to NS5A, NS3

protease, or nonnucleoside NS5B polymerase inhibitors was
not permitted. Overall, 91% (379/415) of patients achieved
an SVR12. In the treatment-naive group, 92% (287/312) of
patients achieved SVR12, while in the treatment-experienced
group, 89% (92/103) achieved SVR12. Fewer patients
achieved SVR12 with HCV genotype 1la in both the treat-
ment-naive (90%) and —experienced (85%) group compared
to HCV genotype 1b (98% and 100%, respectively). The rates
of SVR12 were similar across all subgroups. The most
common side effects, which occurred in more than 10% of
patients, included headache, fatigue, diarrhea, and nausea.

The UNITY-2 trial was a multinational, phase 3 trial in the
United States, Canada, France, and Australia, with a two-
cohort, four-arm, design.!*> It enrolled 202 compensated-
cirrhotic patients with chronic HCV genotype 1 and a plasma
HCV RNA level of at least 10,000 IU/mL to receive open-label
DCV-TRIO twice daily for 12 weeks. Additionally, patients
were randomized in double-blind fashion to receive ribavirin
or matching placebo twice daily. One-hundred twelve patients
were treatment-naive, and 90 patients were treatment-
experienced. Patients previously exposed to NS5A, NS3 pro-
tease, or nonnucleoside NS5B polymerase inhibitors and those
with a creatinine clearance < 50 mL/min were excluded.
Overall, 93% (188/202) of patients achieved SVR12. In treat-
ment-naive groups, SVR12 rate was 98% (54/55) in the group
receiving ribavirin and 93% (53/57) in the group receiving
placebo. The treatment-experienced group on ribavirin
achieved an SVR12 rate of 93% (42/45), and the placebo
group achieved an SVR12 rate of 87% (39/45). Fewer patients
with HCV genotype 1a achieved SVR12, as shown in the UNITY-1
trial; however, improved SVR12 rates in the HCV genotype 1a
population were seen with the addition of ribavirin. Patients
with HCV genotype 1a in the treatment-naive group that
received ribavirin had an SVR12 of 97% (38/39) compared
to 90% (36/40) in those without ribavirin; and in the treat-
ment-experienced group, SVR12 was 91% (32/35) and 86%
(30/35), respectively. Evaluation of statistical significance
was not reported. SVR12 rates were similar across all sub-
groups. The most common side effects, which were reported
in more than 10% of patients, included headache, nausea,
diarrhea, fatigue, insomnia, and pruritus. Three serious,
treatment-related adverse events occurred and included
anemia, aminotransferase and bilirubin elevations, and riba-
virin overdose.

DCV-TRIO has a low barrier to resistance. In UNITY-1
trial,*'* virologic failure occurred in 34 patients while data
were missing for two patients. Eight patients had virologic
breakthrough, and 21 patients had relapse (15 treatment-
naive patients and six treatment-experienced patients). The
majority of treatment failures were in patients infected with
HCV genotype 1a. Of the 31 patients with HCV genotype 1a
infection with available baseline and failure genetic sequenc-
ing, 30 patients had RAVs emerge in NS5A (most frequently
Q30), 29 had RAVs emerge in NS3 (most frequently R155),
and 12 had RAVs emerge in NS5B (most frequently P495).
Both patients with HCV genotype 1b who had virologic
failure had a different genotype at the time of failure. In
UNITY-2 trial,''®> emergent RAVs in those patients with viro-
logic failure occurred primarily in patients infected with HCV
genotype la. Twelve patients infected with HCV genotype 1a
with virologic failure had emergent RAVs: 11 NS5A (Q30), 10
NS3 (R155K), and two NS5B (P495). Only one patient with
HCV genotype 1b had an emergent NS5A RAV.
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Sofosbuvir and velpatasvir

Velpatasvir (formerly known as GS-5816) is a second-
generation NS5A protease inhibitor and is under development
in combination with sofosbuvir by Gilead Sciences. It has
shown pangenotypic antiviral activity in vitro.**® The pharma-
cokinetic properties of velpatasvir are shown in Table 6. No
clinically important drug interactions between sofosbuvir and
velpatasvir have been identified in pharmacology studies.
Velpatasvir is primarily eliminated in the feces with < 1% of
the dose excreted in the urine.!!” The combination of sofos-
buvir and velpatasvir was evaluated in phase 3 trials.

ASTRAL-1 was a double-blind, multi-center, phase 3 trial in
the United States, Canada, Europe, and Hong Kong.''® The
study enrolled 741 patients with HCV genotype 1, 2, 4, 5, or 6,
68% of whom were treatment-naive. The remaining patients
were previously treated with peginterferon or peginterferon
plus ribavirin with or without a protease inhibitor, 51% of
whom had a virologic relapse or breakthrough and 48% who
were non-responders. Patients, with the exception of those
with HCV genotype 5, were randomized to receive sofosbuvir
400 mg/velpatasvir 100 mg once daily or placebo for
12 weeks. Patients with creatinine clearance of less than
60 mL/min and those who had received previous treatment
with any NS5B inhibitors or NS5A inhibitors were excluded.
Overall, 121 patients had cirrhosis, 210 patients had HCV gen-
otype 1a, and 118 patients had HCV genotype 1b. SVR12 was
achieved in 99% of all patients, including 98% of patients with
HCV genotype 1a and 99% of patients with HCV genotype 1b.
The treatment was well tolerated, with only one patient dis-
continuing treatment due to an adverse events. Common
adverse events included headache (29%), fatigue (20%),
nasopharyngitis (13%), nausea (12%), insomnia (8%), diar-
rhea (8%), asthenia (7%), arthralgia (6%), cough (6%), back
pain (5%), and myalgia (4%), all of which occurred in the
placebo arm with similar frequencies.

In ASTRAL-4,'° an open-label, multicenter, phase 3 trial in
the United States, 267 patients with decompensated cirrhosis
(Child-Pugh-Turcotte class B) were randomly assigned at a
1:1:1 ratio to one of three arms to receive fixed-dose sofos-
buvir 400 mg/velpatasvir 100 mg once daily for 12 weeks,
sofosbuvir-velpatasvir plus ribavirin for 12 weeks, or sofosbu-
vir-velpatasvir for 24 weeks. About 60% of patients had HCV
genotype 1a, and 18% had genotype 1b, with 55% of patients
having received prior treatment with either peginterferon and
ribavirin or a protease inhibitor regimen. Patients with crea-
tinine clearance of less than 50 mL/min, those who had
received previous treatment with any NS5A inhibitor or
nucleotide analogue NS5B inhibitor, and patients who had
undergone liver transplantation were excluded from this
study. Among patients with HCV genotype 1, SVR12 rate
was 88% with 12 weeks of sofosbuvir-velpatasvir, 96% with
12 weeks of sofosbuvir-velpatasvir plus ribavirin, and 92%
with 24 weeks of sofosbuvir-velpatasvir. This regimen was
well tolerated. A total of nine patients discontinued treatment
due to an adverse events, one of whom had received 12
weeks of treatment, four had received 12 weeks of ribavirin-
containing treatment, and four had received 24 weeks of
treatment. The most common adverse events in all groups
were fatigue (29%), nausea (23%), and headache (22%).
Anemia, diarrhea, and insomnia were also common among
patients who received ribavirin. Reductions in hemoglobin,
lymphocytes, and platelets were common in all patients
but more frequently in patients who were receiving ribavirin.
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Nine patients died during the study, mostly due to complica-
tions of end-stage liver disease, none of which were consid-
ered to be related to therapy.

Both sofosbuvir and velpatasvir have a high barrier to
resistance. In ASTRAL-1,18 two patients had virologic relapse
by post-treatment week 4, both of whom had NS5A-resistant
variants at baseline. However, 99% of patients with baseline
NS5A-resistant variants achieved SVR12. In ASTRAL-4,'*° a
total of 22 patients had virologic failure, nine of whom had
HCV genotype 1. In the arm receiving sofosbuvir-velpatasvir
for 12 weeks, three patients with genotype la and two
patients with genotype 1b had relapse, while one patient
with genotype 1a in the arm receiving 12 weeks of sofosbu-
vir-velpatasvir plus ribavirin had relapse. In the arm receiving
24 weeks of sofosbuvir-velpatasvir, two patients with HCV
genotype 1a and one patient with genotype 1b had relapse.
Among patients with HCV genotype 1 and baseline NS5A
resistance-associated variants, the rate of SVR12 was 80%
and 90% with 12 and 24 weeks of sofosbuvir-velpatasvir,
respectively, and 100% with the addition of ribavirin. All
patients with baseline NS5B resistance-associated variants
achieved SVR12.

Conclusions

The American Association for the Study of Liver Diseases
(AASLD) and Infectious Diseases Society of America (IDSA)
have jointly developed a HCV Guidance, which provides up-
to-date recommendations for testing, managing, and treat-
ing hepatitis C (Table 7).2! The recommended regimens for
treatment-naive noncirrhotic patients with HCV genotype 1
are 12 weeks of simeprevir plus sofosbuvir, 12 weeks of
sofosbuvir-ledipasvir, 12 weeks of ombitasvir-paritaprevir-
ritonavir plus dasabuvir without ribavirin for HCV genotype
1b and with ribavirin for HCV genotype 1a, and 12 weeks of
daclatasvir plus sofosbuvir. For treatment-naive patients
with cirrhosis, the recommended regimens are simeprevir
plus sofosbuvir for 24 weeks, sofosbuvir-ledipasvir for
12 weeks, ombitasvir-paritaprevir-ritonavir plus dasabuvir
without ribavirin for 12 weeks for HCV genotype 1b and
with ribavirin for 24 weeks for HCV genotype 1a, and dacla-
tasvir plus sofosbuvir for 24 weeks.

The recommended regimens for treatment-experienced
noncirrhotic patients with HCV genotype 1 are 12 weeks of
simeprevir plus sofosbuvir, 12 weeks of sofosbuvir-ledipasvir
(with ribavirin if prior treatment failure with sofosbuvir plus
ribavirin), 12 weeks of ombitasvir-paritaprevir-ritonavir plus
dasabuvir without ribavirin for HCV genotype 1b and with
ribavirin for HCV genotype 1a, and 12 weeks of daclatasvir
plus sofosbuvir. For treatment-experienced patients with
cirrhosis, the recommended regimens are simeprevir plus
sofosbuvir for 24 weeks, sofosbuvir-ledipasvir for 24 weeks
(with ribavirin if prior treatment failure with sofosbuvir plus
ribavirin), sofosbuvir-ledipasvir with ribavirin for 12 weeks
(if prior treatment failure with telaprevir, boceprevir, or
simeprevir), ombitasvir-paritaprevir-ritonavir plus dasabuvir
with ribavirin for 12 weeks for HCV genotype 1b and for
24 weeks for HCV genotype 1a, and daclatasvir plus sofosbu-
vir for 24 weeks.

Over the past few years, we have seen great advance-
ments in the treatment of HCV. New treatments have shown
high cure rates in clinical trials. For most treatment-naive
patients without cirrhosis, ribavirin-free treatments are effec-
tive. However, treatment-experienced patients with cirrhosis
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Table 7. Recommendations by American Association for the Study of Liver Diseases and Infectious Diseases Society of America

Genotype Cirrhosis Treatment-naive Treatment-experienced
GT1b No Cirrhosis Recommended: Recommended:”
GZR/EBR x 12 weeks (I, A) GZR/EBR x 12 weeks (I, A)
LDV/SOF x 12 weeks (I, A) LDV/SOF x 12 weeks (I, A)
OBV/PTV/r + DSV x 12 weeks (I, A) OBV/PTV/r + DSV X 12 weeks (I, A)
SMV + SOF X 12 weeks (I, A) SMV + SOF X 12 weeks (I, A)
DCV + SOF x 12 weeks (I, B) DCV + SOF x 12 weeks (IIa, B)
Recommended:**
LDV/SOF + RBV x 12 weeks (IIb, C)
Recommended: ™"
LDV/SOF x 12 weeks (I, A)
DCV+SOF x 12 weeks (IlIa, B)
GZR/EBR + RBV x 12 weeks (IIa, B)
Compensated Recommended: Recommended:”
Cirrhosis GZR/EBR X 12 weeks (I, A) GZR/EBR X 12 weeks (I, A)
LDV/SOF x 12 weeks (I, A) LDV/SOF + RBV x 12 weeks (I, A)
OBV/PTV/r + DSV x 12 weeks (I, A) LDV/SOF X 24 weeks (I, A)
Alternative: OBV/PTV/r + DSV X 12 weeks (I, A)
SMV + SOF = RBV x 24 weeks (I, A) Alternative:”
DCV + SOF + RBV X 24 weeks (IIa, B) DCV + SOF + RBV x 24 weeks (IIa, B)
SMV + SOF + RBV X 24 weeks (IIa, B)
Recommended: ™"
LDV/SOF + RBV x 24 weeks (IIb, C)
Recommended: ™™
LDV/SOF + RBV X 12 weeks (I, A)
LDV/SOF x 24 weeks (I, A)
DCV + SOF = RBV x 24 weeks (IIa, B)
GZR/EBR + RBV X 12 weeks (IIa, B)
Decompensated Recommended: Prior SOF failure:
Cirrhosis LDV/SOF + RBV low-dose X LDV/SOF + RBV low-dose X
12 weeks (I, A) 24 weeks (II, C)
DCV + SOF + RBV low-dose X 12 weeks
(1, B)
RBV ineligible:
DCV + SOF x 24 weeks (II, C)
LDV/SOF x 24 weeks (II, C)
GTla No Cirrhosis Recommended: Recommended:”
GZR/EBR x 12 weeks (I, A)**" GZR/EBR x 12 weeks (I, A)*"
LDV/SOF x 12 weeks (I, A) LDV/SOF x 12 weeks (I, A)
OBV/PTV/r + DSV + RBV OBV/PTV/r + DSV + RBV
X 12 weeks (I, A) X 12 weeks (I, A)
SMV + SOF X 12 weeks (I, A) SMV + SOF X 12 weeks (I, A)
DCV + SOF x 12 weeks (I, B) DCV + SOF x 12 weeks (IIa, B)
Alternative: Alternative:™
GZR/EBR + RBV X GZR/EBR + RBV X
16 weeks (IIa, B)*™"* 16 weeks (I, B)"™*
Compensated Recommended: Recommended:”
Cirrhosis GZR/EBR x 12 weeks (I, A)"™™" GZR/EBR x 12 weeks (I, A)"™™"

LDV/SOF x 12 weeks (I, A)
Alternative:

OBV/PTV/r + DSV + RBV X

24 weeks (I, A)

SMV + SOF = RBV X 24 weeks (I, A)
DCV + SOF = RBV x

24 weeks (Ila, B)

GZR/EBR + RBV X

16 weeks (IIa, B)*™"

LDV/SOF X 24 weeks (I, A)
LDV/SOF + RBV x 12 weeks (I, A)
Alternative:”

OBV/PTV/r + DSV + RBV

X 24 weeks (I, A)

GZR/EBR + RBV x 16 weeks (I, B)
DCV + SOF = RBV X

24 weeks (IIa, B)

SMV + SOF = RBV X

24 weeks (IIa, B)

Kok kKK

(continued)
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Table 7. Recommendations by American Association for the Study of Liver Diseases and Infectious Diseases Society of America (continued)

Genotype Cirrhosis Treatment-naive Treatment-experienced
Decompensated Recommended: Prior SOF failure:
Cirrhosis LDV/SOF + RBV low-dose X 12 weeks LDV/SOF + RBV low-dose X 24 weeks
(I, A) (11, C)
DCV + SOF + RBV low-dose X 12 weeks
(1, B)
RBV ineligible:

DCV + SOF x 24 weeks (II, C)
LDV/SOF x 24 weeks (1II, C)

(Class of recommendation, level of evidence)

*prior treatment failure with PEG-IFN and RBV; **prior treatment failure with SOF + RBV; ***prior treatment failure with (telaprevir, boceprevir, or SMV) + PEG-IFN + RBV
or SMV + SOF (no prior NS5A treatment); ****if no baseline high fold-change NS5A RAVs; *****if baseline high fold-change NS5A RAVs.

Abbreviations: EBR, elbasvir; DCV, daclatasvir; DSV, dasabuvir; GT, genotype; GZR, grazoprevir; LDV, ledipasvir; OBV, ombitasvir; PEG-IFN, pegylated-interferon; PTV/r,

paritaprevir/ritonavir; RBYV, ribavirin; SMV, simeprevir; SOF, sofosbuvir.

remain difficult to treat and, hence, the need for ribavirin-
containing regimens for these patients. Emerging therapies
could potentially eliminate the need for ribavirin in the coming
years. While most DAAs have a low barrier to resistance,
using them in combination seems to overcome this limitation.
Further evaluation is needed to establish the role of resistance
testing in clinical practice. As more regimens become avail-
able, more patients may have access to medications over
time as they become more affordable, presenting great
opportunities to decrease the burden of HCV infection, to
decrease morbidity and mortality, and ultimately to improve
the quality of life of patients.

Conflict of interest

None

Author contributions

Wrote the following sections: abstract, introduction, virology,
HCV life cycle, treatment, sofosbuvir and simeprevir, sofos-
buvir and ledipasvir, sofosbuvir and daclatasvir, elbasvir and
grazoprevir, sofosbuvir and velpatasvir, and conclusions (AF),
wrote the following sections: clinical manifestations, screen-
ing and diagnosis, pathogenesis, and ombitasvir-paritaprevir-
ritonavir and dasabuvir (MM), wrote the following section:
daclatasvir, beclabusvir, and asunaprevir (RB).

References

[1] Rosen HR. Clinical practice. Chronic hepatitis C infection. N Engl J Med 2011;
364:2429-2438. doi: 10.1056/NEIJMcp1006613.

[2] Choo QL, Kuo G, Weiner AJ, Overby LR, Bradley DW, Houghton M. Isolation
of a cDNA clone derived from a blood-borne non-A, non-B viral hepatitis
genome. Science 1989;244:359-362. doi: 10.1126/science.2523562.

[3] Messina JP, Humphreys I, Flaxman A, Brown A, Cooke GS, Pybus OG, et al.
Global distribution and prevalence of hepatitis C virus genotypes. Hepatol-
ogy 2015;61:77-87. doi: 10.1002/hep.27259.

[4] Kohli A, Shaffer A, Sherman A, Kottilil S. Treatment of hepatitis C: a system-
atic review. JAMA 2014;312:631-640. doi: 10.1001/jama.2014.7085.

[5] Marcellin P. Hepatitis C: the clinical spectrum of the disease. J Hepatol 1999;
31 Suppl 1:9-16. doi: 10.1016/S0168-8278(99)80368-7.

[6] Kamili S, Drobeniuc ], Araujo AC, Hayden TM. Laboratory diagnostics for
hepatitis C virus infection. Clin Infect Dis 2012;55 Suppl 1:543-S48. doi:
10.1093/cid/cis368.

[7] Westbrook RH, Dusheiko G. Natural history of hepatitis C. J Hepatol 2014;
61:558-568. doi: 10.1016/j.jhep.2014.07.012.

[8] Butt AA, Yan P, Lo Re V 3rd, Rimland D, Goetz MB, Leaf D, et al. Liver fibrosis
progression in hepatitis C virus infection after seroconversion. JAMA Intern
Med 2015;175:178-185. doi: 10.1001/jamainternmed.2014.6502.

[9] Mohd Hanafiah K, GroegerJ, Flaxman AD, Wiersma ST. Global epidemiology of
hepatitis C virus infection: new estimates of age-specific antibody to HCV
seroprevalence. Hepatology 2013;57:1333-1342. doi: 10.1002/hep.26141.

[10] Liang TJ, Ghany MG. Current and future therapies for hepatitis C virus infec-
tion. N Engl J Med 2013;368:1907-1917. doi: 10.1056/NEJMra1213651.

[11] Moradpour D, Penin F, Rice CM. Replication of hepatitis C virus. Nat Rev
Microbiol 2007;5:453-463. doi: 10.1038/nrmicro1645.

[12] Smith DB, Bukh J, Kuiken C, Muerhoff AS, Rice CM, Stapleton JT, et al.
Expanded classification of hepatitis C virus into 7 genotypes and 67 sub-
types: updated criteria and genotype assignment web resource. Hepatology
2014;59:318-327. doi: 10.1002/hep.26744.

[13] Scheel TK, Rice CM. Understanding the hepatitis C virus life cycle paves the
way for highly effective therapies. Nat Med 2013;19:837-849. doi: 10.
1038/nm.3248.

[14] Gottwein JM, Bukh J. Cutting the gordian knot-development and biological
relevance of hepatitis C virus cell culture systems. Adv Virus Res 2008;71:
51-133. doi: 10.1016/S0065-3527(08)00002-X.

[15] Williams IT, Bell BP, Kuhnert W, Alter MJ. Incidence and transmission pat-
terns of acute hepatitis C in the United States, 1982-2006. Arch Intern Med
2011;171:242-248. doi: 10.1001/archinternmed.2010.511.

[16] Alter MJ, Margolis HS, Krawczynski K, Judson FN, Mares A, Alexander WJ,
et al. The natural history of community-acquired hepatitis C in the United
States. The Sentinel Counties Chronic non-A, non-B Hepatitis Study Team.
N EnglJMed 1992;327:1899-1905. doi: 10.1056/NEJM199212313272702.

[17] Shintani Y, Fujie H, Miyoshi H, Tsutsumi T, Tsukamoto K, Kimura S, et al.
Hepatitis C virus infection and diabetes: direct involvement of the virus
in the development of insulin resistance. Gastroenterology 2004;126:
840-848. doi: 10.1053/j.gastro.2003.11.056.

[18] Monto A, Alonzo J, Watson 13, Grunfeld C, Wright TL. Steatosis in chronic
hepatitis C: relative contributions of obesity, diabetes mellitus, and alcohol.
Hepatology 2002;36:729-736. doi: 10.1053/jhep.2002.35064.

[19] Cheng Z, Zhou B, Shi X, Zhang Y, Zhang L, Chen L, et al. Extrahepatic
manifestations of chronic hepatitis C virus infection: 297 cases from a ter-
tiary medical center in Beijing, China. Chin Med J (Engl) 2014;127:1206-
1210.

[20] Maheshwari A, Ray S, Thuluvath PJ. Acute hepatitis C. Lancet 2008;372:
321-332. doi: 10.1016/S0140-6736(08)61116-2.

[21] AASLD/IDSA HCV Guidance Panel. Hepatitis C guidance: AASLD-IDSA rec-
ommendations for testing, managing, and treating adults infected with hep-
atitis C virus. Hepatology 2015;62:932-954. doi: 10.1002/hep.27950.

[22] Feeney ER, Chung RT. Antiviral treatment of hepatitis C. BMJ 2014;348:
g3308. doi: 10.1136/bmj.g3308.

[23] Gao M, Nettles RE, Belema M, Snyder LB, Nguyen VN, Fridell RA, et al.
Chemical genetics strategy identifies an HCV NS5A inhibitor with a potent
clinical effect. Nature 2010;465:96-100. doi: 10.1038/nature08960.

[24] Kohla M, Bonacini M. Pathogenesis of hepatitis C virus infection. Minerva
Gastroenterol Dietol 2006;52:107-123.

[25] Hoofnagle JH, Seeff LB. Peginterferon and ribavirin for chronic hepatitis C.
N Engl J Med 2006;355:2444-2451. doi: 10.1056/NEJMct061675.

[26] McHutchison JG, Gordon SC, Schiff ER, Shiffman ML, Lee WM, Rustgi VK,
et al. Interferon alfa-2b alone or in combination with ribavirin as initial treat-
ment for chronic hepatitis C. Hepatitis Interventional Therapy Group. N Engl
J Med 1998;339:1485-1492. doi: 10.1056/NEIJM199811193392101.

110 Journal of Clinical and Translational Hepatology 2016 vol. 4 | 97-112



FakhriRavari A. et al: Hepatitis C genotype 1 infection treatment

[27] Poynard T, Marcellin P, Lee SS, Niederau C, Minuk GS, Ideo G, et al. Rando-
mised trial of interferon alpha2b plus ribavirin for 48 weeks or for 24 weeks
versus interferon alpha2b plus placebo for 48 weeks for treatment of chronic
infection with hepatitis C virus. International Hepatitis Interventional Therapy
Group (IHIT). Lancet 1998;352:1426-1432. doi: 10.1016/S0140-6736(98)
07124-4.

[28] Manns MP, McHutchison ]G, Gordon SC, Rustgi VK, Shiffman M, Reindollar
R, et al. Peginterferon alfa-2b plus ribavirin compared with interferon alfa-
2b plus ribavirin for initial treatment of chronic hepatitis C: a randomised
trial. Lancet 2001;358:958-965. doi: 10.1016/S0140-6736(01)06102-5.

[29] McHutchison JG, Lawitz EJ, Shiffman ML, Muir AJ, Galler GW, McCone J, et al.
Peginterferon alfa-2b or alfa-2a with ribavirin for treatment of hepatitis C
infection. N Engl J Med 2009;361:580-593. doi: 10.1056/NEJM0a0808010.

[30] Poordad F, McCone J Jr, Bacon BR, Bruno S, Manns MP, Sulkowski MS, et al.
Boceprevir for untreated chronic HCV genotype 1 infection. N Engl J Med
2011;364:1195-1206. doi: 10.1056/NEIJM0a1010494.

[31] Fried MW, Shiffman ML, Reddy KR, Smith C, Marinos G, Goncales FL Jr, et al.
Peginterferon alfa-2a plus ribavirin for chronic hepatitis C virus infection.
N Engl J Med 2002;347:975-982. doi: 10.1056/NEJM0a020047.

[32] Chung RT, Andersen J, Volberding P, Robbins GK, Liu T, Sherman KE, et al.
Peginterferon Alfa-2a plus ribavirin versus interferon alfa-2a plus ribavirin
for chronic hepatitis C in HIV-coinfected persons. N Engl J Med 2004;351:
451-459. doi: 10.1056/NEJM0a032653.

[33] Muir A, Bornstein ID, Killenberg PG, Atlantic Coast Hepatitis Treatment
Group. Peginterferon alfa-2b and ribavirin for the treatment of chronic hep-
atitis C in blacks and non-Hispanic whites. N Engl J Med 2004;350:2265-
2271. doi: 10.1056/NEJM0a032502.

[34] Torriani FJ, Rodriguez-Torres M, Rockstroh JK, Lissen E, Gonzalez-Garcia J,
Lazzarin A, et al. Peginterferon Alfa-2a plus ribavirin for chronic hepatitis C
virus infection in HIV-infected patients. N Engl J Med 2004;351:438-450.
doi: 10.1056/NEJM0a040842.

[35] Webster DP, Klenerman P, Dusheiko GM. Hepatitis C. Lancet 2015;385:
1124-1135. doi: 10.1016/S0140-6736(14)62401-6.

[36] Ghany MG, Liang TJ. Current and future therapies for hepatitis C virus infec-
tion. N Engl J Med 2013;369:679-680. doi: 10.1056/NEJMc1307589.

[37] Ge D, Fellay J, Thompson AJ, Simon JS, Shianna KV, Urban TJ, et al. Genetic
variation in IL28B predicts hepatitis C treatment-induced viral clearance.
Nature 2009;461:399-401. doi: 10.1038/nature08309.

[38] Afdhal N, Zeuzem S, Kwo P, Chojkier M, Gitlin N, Puoti M, et al. Ledipasvir
and sofosbuvir for untreated HCV genotype 1 infection. N Engl J Med 2014;
370:1889-1898. doi: 10.1056/NEIJMoa1402454.

[39] Afdhal N, Reddy KR, Nelson DR, Lawitz E, Gordon SC, Schiff E, et al. Ledi-
pasvir and sofosbuvir for previously treated HCV genotype 1 infection.
N Engl J Med 2014;370:1483-1493. doi: 10.1056/NEJMoal316366.

[40] Kowdley KV, Gordon SC, Reddy KR, Rossaro L, Bernstein DE, Lawitz E, et al.
Ledipasvir and sofosbuvir for 8 or 12 weeks for chronic HCV without cirrho-
sis. N Engl J Med 2014;370:1879-1888. doi: 10.1056/NEJM0oa1402355.

[41] Chen J, Florian J, Carter W, Fleischer RD, Hammerstrom TS, Jadhav PR,
et al. Earlier sustained virologic response end points for regulatory approval
and dose selection of hepatitis C therapies. Gastroenterology 2013;144:
1450-1455.e2. doi: 10.1053/j.gastro.2013.02.039.

[42] Yoshida EM, Sulkowski MS, Gane EJ, Herring RW Jr, Ratziu V, Ding X, et al.
Concordance of sustained virological response 4, 12, and 24 weeks post-
treatment with sofosbuvir-containing regimens for hepatitis C virus. Hepa-
tology 2015;61:41-45. doi: 10.1002/hep.27366.

[43] Guidance for Industry. Chronic Hepatitis C Virus Infection: Developing Direct-
Acting Antiviral Drugs for Treatment. U.S. Department of Health and Human
Services, Food and Drug Administration, Center for Drug Evaluation and
Research (CDER). October 2013. at http://www.fda.gov/downloads/Drugs/
GuidanceComplianceRegulatoryInformation/Guidances/UCM225333.pdf.

[44] van der Meer AJ, Veldt BJ, Feld JJ, Wedemeyer H, Dufour JF, Lammert F,
et al. Association between sustained virological response and all-cause
mortality among patients with chronic hepatitis C and advanced hepatic
fibrosis. JAMA 2012;308:2584-2493. doi: 10.1001/jama.2012.144878.

[45] Backus LI, Boothroyd DB, Phillips BR, Belperio P, Halloran ], Mole LA.
A sustained virologic response reduces risk of all-cause mortality in patients
with hepatitis C. Clin Gastroenterol Hepatol 2011;9:509-516.e1. doi: 10.
1016/j.cgh.2011.03.004.

[46] Berenguer J, Rodriguez E, Miralles P, Von Wichmann MA, Lopez-Aldeguer J,
Mallolas J, et al. Sustained virological response to interferon plus ribavirin
reduces non-liver-related mortality in patients coinfected with HIV and Hep-
atitis C virus. Clin Infect Dis 2012;55:728-736. doi: 10.1093/cid/cis500.

[47] Berenguer J, Alvarez-Pellicer ], Martin PM, Lépez-Aldeguer J, Von-Wich-
mann MA, Quereda C, et al. Sustained virological response to interferon
plus ribavirin reduces liver-related complications and mortality in patients
coinfected with human immunodeficiency virus and hepatitis C virus. Hep-
atology 2009;50:407-413. doi: 10.1002/hep.23020.

[48] Sovaldi(R) [package insert]. Gilead Sciences, Inc, Foster City, CA; 2015.

[49] Rose L, Bias TE, Mathias CB, Trooskin SB, Fong JJ. Sofosbuvir: A Nucleotide
NS5B Inhibitor for the Treatment of Chronic Hepatitis C Infection. Ann Phar-
macother 2014;48:1019-1029. doi: 10.1177/1060028014534194.

[50] Kirby BJ, Symonds WT, Kearney BP, Mathias AA. Pharmacokinetic, pharmaco-
dynamic, and drug-interaction profile of the hepatitis C virus NS5B polymerase
inhibitor sofosbuvir. Clin Pharmacokinet 2015;54:677-690. doi: 10.1007/
s40262-015-0261-7.

[51] Hill L. Hepatitis C virus direct-acting antiviral drug interactions and use in
renal and hepatic impairment. Top Antivir Med 2015;23:92-96.

[52] In brief: severe bradycardia with sofosbuvir and amiodarone. Med Lett
Drugs Ther 2015;57:58.

[53] Olysio(R) [package insert]. Janssen Products, LP, Titusville, NJ; 2015.

[54] Sanford M. Simeprevir: a review of its use in patients with chronic hepatitis
C virus infection. Drugs 2015;75:183-196. doi: 10.1007/s40265-014-
0341-2.

[55] Moreno C, Berg T, Tanwandee T, Thongsawat S, Van Vlierberghe H, Zeuzem
S, et al. Antiviral activity of TMC435 monotherapy in patients infected with
HCV genotypes 2-6: TMC435-C202, a phase Ila, open-label study. ]
Hepatol 2012;56:1247-1253. doi: 10.1016/j.jhep.2011.12.033.

[56] Chopp S, Vanderwall R, Hult A, Klepser M. Simeprevir and sofosbuvir for
treatment of hepatitis C infection. Am J Health Syst Pharm 2015;72:1445-
1455. doi: 10.2146/ajhp140290.

[57] Simeprevir (Olysio) for chronic hepatitis C. Med Lett Drugs Ther 2014;56:
1-3.

[58] Kwo P, Gitlin N, Nahass R, Bernstein D, Etzkorn K, Rojter S, et al. Simeprevir
plus sofosbuvir (12 and 8 weeks) in HCV genotype 1-infected patients
without cirrhosis: optimist-1, a phase 3, randomized study. Hepatology
2016. doi: 10.1002/hep.28467.

[59] Lawitz E, Matusow G, Delesus E, Yoshida EM, Felizarta F, Ghalib R, et al.
Simeprevir plus sofosbuvir in patients with chronic hepatitis C virus geno-
type 1 infection and cirrhosis: A Phase 3 study (OPTIMIST-2). Hepatology
2015. doi: 10.1002/hep.28422.

[60] Lawitz E, Lalezari JP, Hassanein T, Kowdley KV, Poordad FF, Sheikh AM, et al.
Sofosbuvir in combination with peginterferon alfa-2a and ribavirin for non-
cirrhotic, treatment-naive patients with genotypes 1, 2, and 3 hepatitis C
infection: a randomised, double-blind, phase 2 trial. Lancet Infect Dis 2013;
13:401-408. doi: 10.1016/S1473-3099(13)70033-1.

[61] Kowdley KV, Lawitz E, Crespo I, Hassanein T, Davis MN, DeMicco M, et al.
Sofosbuvir with pegylated interferon alfa-2a and ribavirin for treatment-
naive patients with hepatitis C genotype-1 infection (ATOMIC): an open-
label, randomised, multicentre phase 2 trial. Lancet 2013;381:2100-2107.
doi: 10.1016/S0140-6736(13)60247-0.

[62] Gane EJ, Stedman CA, Hyland RH, Ding X, Svarovskaia E, Symonds WT,
et al. Nucleotide polymerase inhibitor sofosbuvir plus ribavirin for hepatitis
C. N Engl J Med 2013;368:34-44. doi: 10.1056/NEJM0a1208953.

[63] Jacobson IM, Dore GJ, Foster GR, Fried MW, Radu M, Rafalsky VV, et al. Sime-
previr with pegylated interferon alfa 2a plus ribavirin in treatment-naive
patients with chronic hepatitis C virus genotype 1 infection (QUEST-1): a
phase 3, randomised, double-blind, placebo-controlled trial. Lancet 2014;
384:403-413. doi: 10.1016/S0140-6736(14)60494-3.

[64] Manns M, Marcellin P, Poordad F, de Araujo ES, Buti M, Horsmans Y, et al. Sime-
previr with pegylated interferon alfa 2a or 2b plus ribavirin in treatment-naive
patients with chronic hepatitis C virus genotype 1 infection (QUEST-2): a rand-
omised, double-blind, placebo-controlled phase 3 trial. Lancet 2014;384:
414-426. doi: 10.1016/S0140-6736(14)60538-9.

[65] Lawitz E, Sulkowski MS, Ghalib R, Rodriguez-Torres M, Younossi ZM, Corre-
gidor A, et al. Simeprevir plus sofosbuvir, with or without ribavirin, to treat
chronic infection with hepatitis C virus genotype 1 in non-responders to
pegylated interferon and ribavirin and treatment-naive patients: the
COSMOS randomised study. Lancet 2014;384:1756-1765. doi: 10.1016/
S0140-6736(14)61036-9.

[66] Childs-Kean LM, Hand EO. Simeprevir and sofosbuvir for treatment of
chronic hepatitis C infection. Clin Ther 2015;37:243-267. doi: 10.1016/j.
clinthera.2014.12.012.

[67] Harvoni(TM) [package insert]. Gilead Sciences, Inc, Foster City, CA; 2015.

[68] Pawlotsky JM. New hepatitis C therapies: the toolbox, strategies, and chal-
lenges. Gastroenterology 2014;146:1176-1192. doi: 10.1053/j.gastro.
2014.03.003.

[69] Pawlotsky JM. NS5A inhibitors in the treatment of hepatitis C. J Hepatol
2013;59:375-382. doi: 10.1016/j.jhep.2013.03.030.

[70] A combination of ledipasvir and sofosbuvir (Harvoni) for hepatitis C. Med
Lett Drugs Ther 2014;56:111-112,

[71] Smith MA, Chan ], Mohammad RA. Ledipasvir-sofosbuvir: interferon-/
ribavirin-free regimen for chronic hepatitis C virus infection. Ann Pharmac-
other 2015;49:343-350. doi: 10.1177/1060028014563952.

[72] Naggie S, Cooper C, Saag M, Workowski K, Ruane P, Towner WJ, et al.
Ledipasvir and Sofosbuvir for HCV in Patients Coinfected with HIV-1.
N Engl J Med 2015;373:705-713. doi: 10.1056/NEJM0oa1501315.

[73] VIEKIRA PAK(TM) [package insert]. AbbVie Inc., North Chicago, IL; 2015.

Journal of Clinical and Translational Hepatology 2016 vol. 4 | 97-112 111



[74] Carrion AF, Gutierrez J, Martin P. New antiviral agents for the treatment of
hepatitis C: ABT-450. Expert Opin Pharmacother 2014;15:711-716. doi:
10.1517/14656566.2014.889116.

[75] DeGoey DA, Randolph JT, Liu D, Pratt J, Hutchins C, Donner P, et al. Discov-
ery of ABT-267, a pan-genotypic inhibitor of HCV NS5A. J Med Chem 2014;
57:2047-2057. doi: 10.1021/jm401398x.

[76] Klibanov OM, Gale SE, Santevecchi B. Ombitasvir/paritaprevir/ritonavir and
dasabuvir tablets for hepatitis C virus genotype 1 infection. Ann Pharmac-
other 2015;49:566-581. doi: 10.1177/1060028015570729.

[77] A 4-drug combination (Viekira Pak) for hepatitis C. JAMA 2015;313:1857-
1858. doi: 10.1001/jama.2015.4562.

[78] Deeks ED. Ombitasvir/Paritaprevir/Ritonavir plus Dasabuvir: a review in
chronic HCV genotype 1 infection. Drugs 2015;75:1027-1038. doi: 10.
1007/s40265-015-0412-z.

[79] Pockros P, Reddy K, Mantry P. RUBY-I: Ombitasvir/Paritaprevir/Ritonavir +
Dasabuvir +/- Ribavirin in Non-cirrhotic HCV Genotype 1-infected Patients
With Severe Renal Impairment or End-Stage Renal Disease. Presented at
AASLD 2015, Boston, November 7-11, 2014. abstract.

[80] Badri P, Dutta S, Coakley E, Cohen D, Ding B, Podsadecki T, et al. Pharma-
cokinetics and dose recommendations for cyclosporine and tacrolimus when
coadministered with ABT-450, ombitasvir, and dasabuvir. Am J Transplant
2015;15:1313-1322. doi: 10.1111/ajt.13111.

[81] Poordad F, Lawitz E, Kowdley KV, Cohen DE, Podsadecki T, Siggelkow S,
et al. Exploratory study of oral combination antiviral therapy for hepatitis
C. N Engl J Med 2013;368:45-53. doi: 10.1056/NEJM0a1208809.

[82] Copegus(TM) [package insert]. Genentech, Inc, South San Francisco, CA;
2015.

[83] Andreone P, Colombo MG, Enejosa ]V, Koksal I, Ferenci P, Maieron A, et al.
ABT-450, ritonavir, ombitasvir, and dasabuvir achieves 97% and 100% sus-
tained virologic response with or without ribavirin in treatment-experienced
patients with HCV genotype 1b infection. Gastroenterology 2014;147:359-
365.el. doi: 10.1053/j.gastro.2014.04.045.

[84] Ferenci P, Bernstein D, Lalezari ], Cohen D, Luo Y, Cooper C, et al. ABT-450/
r-ombitasvir and dasabuvir with or without ribavirin for HCV. N Engl J Med
2014;370:1983-1992. doi: 10.1056/NEIJM0oa1402338.

[85] Feld 11, Kowdley KV, Coakley E, Sigal S, Nelson DR, Crawford D, et al. Treat-
ment of HCV with ABT-450/r-ombitasvir and dasabuvir with ribavirin. N Engl
J Med 2014;370:1594-1603. doi: 10.1056/NEJMoal1315722.

[86] Zeuzem S, Jacobson IM, Baykal T, Marinho RT, Poordad F, Bourliere M, et al.
Retreatment of HCV with ABT-450/r-ombitasvir and dasabuvir with riba-
virin. N Engl J Med 2014;370:1604-1614. doi: 10.1056/NEJM0a1401561.

[87] Poordad F, Hezode C, Trinh R, Kowdley KV, Zeuzem S, Agarwal K, et al. ABT-
450/r-ombitasvir and dasabuvir with ribavirin for hepatitis C with cirrhosis.
N Engl J Med 2014;370:1973-1782. doi: 10.1056/NEJM0a1402869.

[88] Kwo PY, Mantry PS, Coakley E, Te HS, Vargas HE, Brown R Jr, et al. An
interferon-free antiviral regimen for HCV after liver transplantation. N Engl
J Med 2014;371:2375-2382. doi: 10.1056/NEJM0a1408921.

[89] Daklinza(TM) [package insert]. Bristol-Myers Squibb Company, Princeton,
NJ; 2015.

[90] Chukkapalli V, Berger KL, Kelly SM, Thomas M, Deiters A, Randall G. Dacla-
tasvir inhibits hepatitis C virus NS5A motility and hyper-accumulation of
phosphoinositides. Virology 2015;476:168-179. doi: 10.1016/j.virol.
2014.12.018.

[91] Wang C, Jia L, O'Boyle DR 2nd, Sun JH, Rigat K, Valera L, et al. Comparison
of daclatasvir resistance barriers on NS5A from hepatitis C virus genotypes
1 to 6: implications for cross-genotype activity. Antimicrob Agents Chemo-
ther 2014;58:5155-5163. doi: 10.1128/AAC.02788-14.

[92] Smith MA, Regal RE, Mohammad RA. Daclatasvir: A NS5A replication
complex inhibitor for hepatitis C infection. Ann Pharmacother 2016;50:
39-46. doi: 10.1177/1060028015610342.

[93] Wyles DL, Ruane PJ, Sulkowski MS, Dieterich D, Luetkemeyer A, Morgan TR,
et al. Daclatasvir plus Sofosbuvir for HCV in patients coinfected with HIV-1.
N Engl J Med 2015;373:714-725. doi: 10.1056/NEJMoa1503153.

[94] Poordad F, Schiff ER, Vierling JM, Landis C, Fontana RJ, Yang R, et al. Dacla-
tasvir with Sofosbuvir and Ribavirin for HCV infection with advanced cirrho-
sis or post-liver transplant recurrence. Hepatology 2016. doi: 10.1002/hep.
28446.

[95] FridellRA,QiuD, Wang C, Valera L, Gao M. Resistance analysis of the hepatitis C
virus NS5A inhibitor BMS-790052 in an in vitro replicon system. Antimicrob
Agents Chemother 2010;54:3641-3650. doi: 10.1128/AAC.00556-10.

[96] Zepatier(TM) [package insert]. Merck & Co., INC., Whitehouse Station, NJ;
2016.

[97] Fraser I, Petry A, van Dyke K. Safety and antiviral activity of MK-5172, a
next generation HCV NS3/4A protease inhibitor with a broad HCV genotypic
activity spectrum and potent activity against known resistance mutants, in
genotype-1 and -3 HCV-infected patients. Presented at HEP DART 2011,
Hawaii, December 4-8, 2011. abstract.

[98] McCune JM. The dynamics of CD4+ T-cell depletion in HIV disease. Nature
2001;410:974-979. doi: 10.1038/35073648.

FakhriRavari A. et al: Hepatitis C genotype 1 infection treatment

[99] Yeh W, Caro L, Guo Z. Pharmacokinetics of co-administered hcv protease
inhibitor MK-5172 and NS5A inhibitor MK-8742 in volunteers with end-stage
renal disease on hemodialysis or severe renal impairment not on hemodial-
ysis. Presented at AASLD 2014, Boston, November 7-11, 2014. abstract.

[100] De Luca A, Bianco C, Rossetti B. Treatment of HCV infection with the novel
NS3/4A protease inhibitors. Curr Opin Pharmacol 2014;18:9-17. doi: 10.
1016/j.coph.2014.07.016.

[101] Yeh W, Lipardi C, Jumes P. MK8742, an HCV NS5A inhibitor with a broad
spectrum of HCV genotypic activity, demonstrates potent antiviral activity
in genotypel and 3 HCV infected patients. Presented at AASLD 2013, Wash-
ington, November 1-5, 2013. abstract.

[102] Lahser F, Liu R, Bystol K. A combination containing MK5172 (HCV NS3 pro-
tease inhibitor) and MK8742 (HCV NS5A inhibitor) demonstrates high
barrier to resistance in HCV replicon. Presented at AASLD 2012, Boston,
November 9-12, 2012. abstract.

[103] Yeh W, Feng H, Dunnington K. No clinically meaningful pharmacokinetic
interactions between HCV inhibitors Grazoprevir/Elbasvir with Tacrolimus,
Mycophenolate Mofetil, and Prednisone, but Cyclosprine increases Grazo-
previr/Elbasvir Exposures in healthy subjects. Presented at AASLD 2015,
Boston, November 7-11, 2014. abstract.

[104] Feng H, Auger P, Vaddady P. No pharmacokinetic interaction between HCV
inhibitors Grazoprevir/Elbasvir with Famotidine and Pantoprazole. Pre-
sented at AASLD 2015, Boston, November 7-11, 2014. abstract.

[105] Yeh W, Fraser I, Caro L. No meaningful pharmacokinetic interaction between
HCV protease inhibitor MK-5172 and Tenofovir or Raltegravir. Presented at
Conference on Retroviruses and Opportunistic Infections 2014, Boston,
March 3-6, 2014. abstract.

[106] Zeuzem S, Ghalib R, Reddy KR, Pockros PJ, Ari ZB, Zhao Y, et al. Grazopre-
vir-Elbasvir combination therapy for treatment-naive cirrhotic and noncir-
rhotic patients with chronic hepatitis C virus genotype 1, 4, or 6 infection: a
randomized trial. Ann Intern Med 2015;163:1-13. doi: 10.7326/M15-
0785.

[107] Mauss S, Hueppe D, Alshuth U. Renal impairment is frequent in chronic
hepatitis C patients under triple therapy with telaprevir or boceprevir. Hep-
atology 2014;59:46-48. doi: 10.1002/hep.26602.

[108] Drawz SM, Bonomo RA. Three decades of beta-lactamase inhibitors. Clin
Microbiol Rev 2010;23:160-201. doi: 10.1128/CMR.00037-09.

[109] Gentile I, Zappulo E, Buonomo AR, Scotto R, Borgia G. Asunaprevir for
hepatitis C: a safety evaluation. Expert Opin Drug Saf 2015;14:1631-
1646. doi: 10.1517/14740338.2015.1084287.

[110] Gentile I, Zappulo E, Buonomo AR, Maraolo AE, Borgia G. Beclabuvir for the
treatment of hepatitis C. Expert Opin Investig Drugs 2015;24:1111-1121.
doi: 10.1517/13543784.2015.1059820.

[111] Gutierrez JA, Lawitz EJ, Poordad F. Interferon-free, direct-acting antiviral
therapy for chronic hepatitis C. J Viral Hepat 2015;22:861-870. doi: 10.
1111/jvh.12422.

[112] Liu M, Tuttle M, Gao M, Lemm JA. Potency and resistance analysis of hep-
atitis C virus NS5B polymerase inhibitor BMS-791325 on all major geno-
types. Antimicrob Agents Chemother 2014;58:7416-7423. doi: 10.1128/
AAC.03851-14,

[113] Poole RM. Daclatasvir + asunaprevir: first global approval. Drugs 2014;74:
1559-1571. doi: 10.1007/s40265-014-0279-4.

[114] Poordad F, Sievert W, Mollison L, Bennett M, Tse E, Brau N, et al. Fixed-dose
combination therapy with daclatasvir, asunaprevir, and beclabuvir for non-
cirrhotic patients with HCV genotype 1 infection. JAMA 2015;313:1728-
1735. doi: 10.1001/jama.2015.3860.

[115] Muir AJ, Poordad F, Lalezari ], Everson G, Dore GJ, Herring R, et al. Dacla-
tasvir in combination with asunaprevir and beclabuvir for hepatitis C virus
genotype 1 infection with compensated cirrhosis. JAMA 2015;313:1736-
1744. doi: 10.1001/jama.2015.3868.

[116] Lawitz E, Freilich B, Link J, German P, Mo H, Han L, et al. A phase 1, random-
ized, dose-ranging study of GS-5816, a once-daily NS5A inhibitor, in
patients with genotype 1-4 hepatitis C virus. J Viral Hepat 2015;22:
1011-1019. doi: 10.1111/jvh.12435.

[117] Mogalian E, Mathias A, Brainard D. The pharmacokinetics of GS-5816, a
pangenotypic HCV-specific NS5A inhibitor, in HCV-uninfected subjects
with severe renal impairment. J Hepatol 2015;62:5590-S591. doi: 10.
1016/50168-8278(15)30915-6.

[118] Feld JJ, Jacobson IM, Hezode C, Asselah T, Ruane PJ], Gruener N, et al.
Sofosbuvir and Velpatasvir for HCV genotype 1, 2, 4, 5, and 6 infection.
N Engl J Med 2015;373:2599-2607. doi: 10.1056/NEJM0oal1512610.

[119] Curry MP, O’Leary JG, Bzowej N, Muir AJ, Korenblat KM, Fenkel M, et al.
Sofosbuvir and Velpatasvir for HCV in patients with decompensated cirrho-
sis. N Engl J Med 2015;373:2618-2628. doi: 10.1056/NEJMoal512614.

[120] Mogalian E, German P, Kearney BP, Yang CY, Brainard D, McNally J, et al. Use
of multiple probes to assess transporter- and cytochrome P450-mediated
drug-drug interaction potential of the pangenotypic HCV NS5A inhibitor
Velpatasvir. Clin Pharmacokinet 2016;55:605-613. doi: 10.1007/s40262-
015-0334-7.

112 Journal of Clinical and Translational Hepatology 2016 vol. 4 | 97-112



