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Abstract

Until recently the traditional treatment for hepatitis C
infection included pegylated interferon and ribavirin
combination therapy. The sustained virological response
(SVR) seen with this combination is poor and requires
lengthy treatment to achieve. Additionally, significant
side effects and numerous contraindications prevented
many patients from being successfully treated with
this therapy. In 2011, two new protease inhibitors,
telaprevir and boceprevir, were approved for use with
pegylated interferon and ribavirin in the United States
by the United States Food and Drug Administration.
These agents have significantly improved SVR rates;
however significant problems with toxicity remain in-
cluding severe skin rash and neutropenia. There are a
wide range of compounds in late stage development for
the future treatment of hepatitis C that exploit many
different mechanisms of viral inhibition. Some of these
compounds include additional protease inhibitors, like
telaprevir and boceprevir, as well as inhibitors of other
nonstructural proteins in the viral genome such as
NS5A and NS5B, and compounds that target host pro-
teins within the virus. Some of these agents are being
developed for oral administration once daily and various
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combinations are being assessed for use without the
need for pegylated interferon and ribavirin. This paper
reviews agents in late phase development that may be
commercially available within 1-2 years.
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Core tip: A plethora of new agents for the management
of hepatitis C promising higher response rates and bet-
ter tolerated side effect profiles is upon us. Many of
these new drugs in development utilize novel pharma-
cologic mechanisms and may replace older more toxic
therapies such as interferon and ribavirin. In addition,
once daily dosing and shorter treatment durations
should help improve adherence and optimize therapeu-
tic outcomes for hepatitis C infection.
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INTRODUCTION

The hepatitis C virus (HCV) is a major cause of gastroin-
testinal morbidity and mortality wotldwide. According to
the World Health Organization (WHO), approximately
170 million people have chronic HCV infection with 3-4
million new infections occurring each year. In the United
States, up to four million people have chronic HCV and
18-20000 new infections are diagnosed annually per the
Centers for Disease Control (CDC).
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Until recently treatment for HCV infection relied
upon pegylated-interferon (PEG-IFN) and ribavirin
combination therapy. The sustained virological response
(SVR) seen with this combination is poor and requires
lengthy treatment to achieve!. Additionally, significant
side effects and numerous contraindications, prevent
most patients from being successfully treated with these
agents.

Recently two new protease inhibitors, telaprevir and
boceprevir, have been approved by the Food and Drug
Administration in the United States and the use of direct-
acting antiviral (DAA) triple therapy has substantially
improved SVRs™. In addition, a plethora of new chemi-
cal entities directed against various components of the
nonstructural proteins in the hepatitis C virion are in
late phase development and offer the promise of greater
efficacy and fewer side effects, with once or twice daily
oral administration and perhaps no longer requiring in-
terferon and ribavirin. This paper will review telaprevir
and boceprevir as well as agents that are in late phase
development and may come available within the next 1-2
years.

TRADITIONAL TREATMENT APPROACH
TO HEPATITIS C

The traditional treatment approach to hepatitis C relies
heavily on combination therapy with pegylated interferon
and ribavirin™’. For genotype 1 disease, patients less than
75 kg receive peginterferon alpha-2a 180 ug by injection
per week plus ribavirin 1000 mg daily in divided doses for
48 wk or peginterferon alpha-2b 1.5 pg/kg per week by
injection plus ribavirin 800-1000 mg (based on weight)
daily in divided doses for 48 wk. Patients greater than 75
kg receive peginterferon alpha-2a 180 ug by injection per
week plus ribavirin 1200 mg daily in divided doses for
48 wk or peginterferon alpha-2b 1.5 pg/kg per week by
injection plus ribavirin 1000-1400 mg (based on weight)
daily in divided doses for 48 wk. Patients with genotypes
2 or 3 disease may be treated with peginterferon alpha-2a
180 pg by injection per week plus ribavirin 800 mg daily
in divided doses for 24 wk or peginterferon alpha-2b 1.5
ug/kg per week by injection plus tibavirin 800-1400 mg
(based on weight) daily in divided doses for 24 wk. Dose
reductions may be necessary for patients with significant
renal disease or those experience serious adverse reactions.
For patients with contraindications or intolerance to riba-
virin, monotherapy with peginterferon alpha-2a 180 g by
injection per week for 48 wk or peginterferon alpha-2b 1
ug/kg per week by injection for one year may be used.
Clinical success is greater with combination therapy,
but SVR rates remain less than optimal at 54%-56%"",
Numerous contraindications to tibavirin preclude some
patients from receiving combination therapy. These
contraindications include autoimmune hepatitis, decom-
pensated liver disease, pregnancy, hemoglobinopathy,
renal insufficiency, hemodialysis, thyroid disease, dia-
betes, theumatoid arthritis, asthma or chronic obstruc-
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tive pulmonary disease, and ischemic cardiovascular or
cerebrovascular disease. Also, side effects associated with
both pegylated interferon and ribavirin are substantial
and include fatigue, fever, headache, nausea, arthralgia,
musculoskeletal pain, insomnia, depression, neutropenia,
thrombocytopenia, and anemia. For these reasons, only
about 10% of patients with hepatitis C are successfully
treated with traditional therapy.

TRIPLE THERAPY WITH PROTEASE
INHIBITORS FOR HEPATITIS C

The hepatitis C virus contains six nonstructural HCV
proteins that are processed by both viral and host prote-
ases'”. These nonstructural proteins (NS2, NS3, NS4A,
NS4B, NS5A, and NS5B) are primarily enzymes that
are essential in the HCV life cycle (Figure 1). A number
of compounds have been developed which target these

proteases involved in HCV polyprotein procession. They
are divided into two chemical classes, macrocyclic inhibi-
tors and linear tetra-peptide o-ketoamid derivatives. The
NS3/4A protease inhibitors are potent anti-viral agents
as monotherapy against HCV replication, but may cause
selection of resistance species. However, this resistance
appears to be attenuated when the drugs are used in com-
bination with standard peginterferon/ribavirin therapy.
The first two drugs to reach the commercial marketplace
in this class are telaprevir and boceprevir.

Telaprevir

Telaprevir is an orally bioavailable NS3 protease in-
hibitor of the a-ketoamid class that binds the enzyme
in a covalent but reversible manner with an enzyme-
inhibitor complex half-life of 58 min. A phase I, placebo-
controlled dose ranging study compared telaprevir 450
mg or 750 mg every 8 h with 1250 mg every 12 h in
treatment-naive genotype | patients and found the 750
mg dose to be most effective with a median reduction in
HCV RNA of 4.4 loguo after 14 d™ A subsequent similar
phase [ study compared this dose following a 1250 mg
loading dose either alone or in combination with pegin-
terferon alpha-2a with peginterferon alpha-2a monother-
apy for 14 d. The reduction in HCV RNA was 1.09 logio
in the peginterferon alpha-2a/placebo group, 3.99 logio in
the telaprevit/placebo group, and 5.49 logio in the pegin-
terferon alpha-2a/telaprevir group at the end of therapy.
The development of resistant mutants was significantly
lower in the peginterferon combination treatment group
and no breakthrough of virus was seen throughout the
study period[gl. An additional 28 d trial in treatment-naive
genotype | patients showed undetectable HCV RNA
serum levels following telaprevir 750 mg every 8 h com-
bined with peginterferon alpha-2a and weight-based dos-
ing of ribavirin",

These carly results were further validated in two
phase I trials, PROVE 1 (American) and PROVE 2
(European) in treatment naive, genotype [ patients. In
the PROVE 1 trial, combination therapy with telaprevir
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Figure 1 Hepatitis C genomic targets for drug development. HCV: Hepatitis C virus; IFN: Interferon.

1250 mg loading dose followed by 750 mg every 8 h or
placebo, peginterferon alfa-2a 180 pg weekly, and riba-
virin 1000-1200 mg/d based on weight for 12 wk was
followed by interferon alfa-2a and ribavirin at the same
dosages for an additional 0, 12, or 36 wk. Treatment was
stopped after 12 or 24 wk only when a rapid virologic
response (RVR) was achieved. This produced SVR rates
of 35%, 61% and 67% at 12, 24, and 48 wk, respectively,
25 41% SVR with 48 wk standard therapy"”. The PROVE
2 trial compared telaprevir + peginterferon alone for 12
wk, telaprevir + peginterferon and ribavirin for 12 wk,
and telaprevir + peginterferon and ribavirin for 12 wk
followed by an additional 12 wk of peginterferon and
ribavirin alone, against standard peginterferon and riba-
virin therapy. SVRs of 36%, 60%, and 69% respectively,
v5 46% with standard therapy were documented'". thus,
ribavirin appears important to achieve high SVRs and 12
wk of therapy appears insufficient to prevent relapse. In
these trials skin rash, anemia, and gastrointestinal disor-
ders were the most common side effects, causing up to
18% of patients to discontinue thetapy.

A third trial, PROVE 3, evaluated telaprevir-based
combination therapy in patients who had prior non-
response or relapse with standard peginterferon and riba-
virin therapy''”. SVRs in patients retreated with telaprevir,
interferon and ribavirin for 12 or 24 wk followed by pe-
ginterferon and ribavirin alone for up to 24 wk were 51%
and 53%, respectively, compared with standard therapy at
14%. Howevert, retreatment with telaprevir and interferon
alone for 24 wk followed by peginterferon and ribavirin
alone for an additional 24 wk gave only a 24% SVR rate,
again demonstrating the need for ribavirin in initial thera-
py with telaprevir.
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Telaprevir has since been evaluated in three large,
randomized, controlled trials in both treatment naive and
standard treatment failure patients. The ADVANCE trial
enrolled a total of 1095 patients with treatment naive
genotype 1 chronic hepatitis C and compared three treat-
ment arms: telaprevir 750 mg three times daily for 8 wk
followed by peginterferon and ribavirin or placebo for an
additional 4 wk and then peginterferon and ribavirin in
both groups for 12 subsequent weeks (or 36 subsequent
weeks in patients who did not have a RVR at 24 wk); tela-
previr 750 mg three times daily for 12 wk followed by pe-
ginterferon and ribavirin for 12 subsequent weeks (or 36
subsequent weeks in patients who did not have a RVR at
24 wk); and peginterferon and ribavirin or placebo for 12
wk followed by peginterferon and ribavirin for the sub-
sequent 36 wk. SVRs were seen in 72% of the telaprevir
8-wk arm, 79% in the telaprevir 12-wk arm, but only
46% in the peginterferon and ribavirin or placebo 48-wk
group (P < 0.001)", A 24-wk treatment period appeared
sufficient for patients who achieved an early RVR.

The REALIZE trial evaluated telaprevir in 662 pa-
tients of which 354 were prior relapsers and 308 were
prior non-responders to standard treatment with pegin-
terferon and ribavirin. This study compared telaprevir
750 mg three times daily with peginterferon and ribavirin
for 12 wk followed by peginterferon and ribavirin for
an additional 36 wk; peginterferon and ribavirin for 4
wk followed by telaprevir 750 mg three times daily with
peginterferon and ribavirin for an additional 12 wk, and
then peginterferon and ribavirin alone for a subsequent
32 wk; or standard therapy with peginterferon and riba-
virin for a full 48 wk course. In patients who had previ-
ously relapsed, SVR rates were 84%0-88% in the telaprevir
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groups compared with only 22% in the placebo or pegin-
terferon and ribavirin standard therapy groups' . In pa-
tients who had previously partially responded to standard
therapy, SVR rates were 56%-61% in telaprevir treated
patients compared with 15% in placebo or peginterferon
and ribavirin treated patients. Previous nonresponders
to standard therapy achieved SVRs of 31%-33% with
telaprevir compared with only 5% with placebo or pegin-
terferon and ribavirin standard therapy. The 4 wk lead-
in exposure to interferon and ribavirin did not produce
substantially different results than starting simultaneously
with telaprevir. Patients with on-treatment virologic fail-
ure were fewer in telaprevir groups and relapse rates were
lower than the control subjects for prior relapsers and
prior non-responders.

A third phase Il clinical trial, ILLUMINATE, evalu-
ated the efficacy of telaprevir therapy for 12 wk with
either 24 or 48 wk of peginterferon and ribavirin based
upon an achievement of extended RVR (eRVR) at 24
wk. Treatment naive patients with genotype I chronic
hepatitis C were given telaprevir 750 mg three times daily
for 12 wk with peginterferon and ribavirin for at least 24
wk. Patients who achieved an extended rapid virologic
response as evidenced by undetectable HCV RNA levels
at weeks 4 and 12 were randomized to cither stop treat-
ment at week 24 or continue peginterferon and ribavirin
therapy for a full 48 wk. Patients who did not achieve an
eRVR continued peginterferon and ribavirin therapy for
the full 48 wk as well. SVRs were at least 90% in both
groups and total treatment for 24 wk was non-inferior
to 48 wk for those achieving an extended rapid virologic
response. The SVR rate was > 70% for all groups, com-
pared with historical standards of 46%-52%, and this
study population included patients with historically lower
SVRs with standard therapy. In addition, the relapse rate
was low for both eRVR" and eRVR' patients at an overall
rate of 9.2%".

The safety profile of telaprevir was evaluated in a
pooled analysis of adverse events reported in all five
phase I and I placebo-controlled trials""”. During
these trials, 2012 patients received at least one dose of
telaprevir and 1346 patients were randomized to receive
telaprevir 750 mg three times daily for 12 wk with pe-
ginterferon and ribavirin for 24-48 wk and 764 patients
were randomized to receive placebo with peginterferon
and ribavirin. A total of 73% of telaprevir-treated pa-
tients and 49.1% of placebo-treated patients completed
the full duration of therapy. The most frequently oc-
curring adverse events in the telaprevir group (> 20%)
included pruritus, nausea, rash, anemia, and diarrhea.
Hemorrhoids, anorectal discomfort, anal pruritus, dys-
geusia, and generalized pruritus occurred less frequently.
Anemia caused discontinuation of participation in
2.7% of telaprevir treated patients and 0.5% of placebo
treated patients. Hemoglobin concentrations decreased
rapidly over the first four weeks of treatment in both
groups, but continued to decrease to a greater extent
thereafter in telaprevir treated patients. The initial onset
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of rash occurred at any time following treatment with
telaprevir, but most commonly occurred within the first
four weeks. Progression of severity was reported for
< 10% of cases, and many cases of rash resolved over
the first 24 wk of therapy. A Dermatology Expert Panel
reviewed the rashes and determined that the visual ap-
pearance of rash in telaprevir-treated patients was virtu-
ally indistinguishable from that seen in peginterferon
and ribavirin-treated patients. One case of rash was
suggestive of Stevens-Johnson syndrome, but it was not
thought to be drug related as it occurred 11 wk after the
last dose of telaprevir.

Boceprevir

Boceprevir is another orally bioavailable NS3 protease
inhibitor of the a-ketoamid class that binds the enzyme
in a covalent but reversible manner. In an early dose
ranging trial of 100-400 mg daily for 14 d as mono-
therapy in genotype I patients with prior treatment
failure on standard therapy, the maximum dose achieved
a 2.06 logio reduction in HCV RNA load and was well
tolerated. Viral breakthrough occurred in some patients,
however''. A later phase I trial compared boceprevir
200 or 400 mg every 8 h for 7 d alone or in combination
with peginterferon alpha 2b for 14 d with peginterferon
alpha 2b monotherapy for 14 d in genotype I patients
who were nonresponders to standard therapy. This
approach achieved maximal reductions in HCV RNA
of 2.45 and 2.88 logio for boceprevir 200 and 400 mg,
respectively, with peginterferon alpha 2b, 1.08 and 1.61
logio for boceprevir 200 and 400 mg monotherapy, and
1.08 and 1.26 logio for peginterferon alpha 2b alone in
the respective boceprevir dose groups'”. Boceprevir
was well tolerated in this trial as well, both alone and
in combination with peginterferon alpha-2b, but viral
breakthrough was observed again, primarily in patients
receiving monotherapy.

The addition of ribavirin to boceprevir and pe-
ginterferon alpha-2b was evaluated in a phase II trial
(SPRINT-1) in treatment naive, genotype [ patients. In
this trial patients received 28 or 48 wk of boceprevir 800
mg three times daily, peginterferon alpha-2b, and ribavirin
or a 4 wk lead-in treatment of peginterferon alpha-2b
with ribavirin followed by 24 or 44 wk of boceprevir 800
mg three times daily, peginterferon alpha-2b, and ribavirin
compared with standard therapy with peginterferon alpha-
2b and ribavirin for a full 48 wk. The four week lead-
in treatment with peginterferon alpha-2b and ribavirin
boosted SVR rates from 54% to 56% at 28 wk and from
67% to 75% at 48 wk, compared with 38% with standard
peginterferon alpha-2b and ribavirin therapy for 48 wk!™,
However, RVR rates with boceprevir triple therapy were
only 38% compared with 70% seen in telaprevir triple
therapy trials. The most common side effects seen with
boceprevir in this trial were anemia, nausea, vomiting, and
dysgeusia. A subsequent phase II trial evaluated bocepre-
vir triple therapy in HCV genotype I nonresponders, but
SVR rates were poor, ranging from 2% for control to 14%
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Table 1 Protease inhibitors currently under development

First generation (wave 2)
Simeprevir
Faldaprevir
Danoprevir
Vaniprevir
ABT-450/ ABT-450r
Asunaprevir

Second generation
MK-5172
ACH-2684

with boceprevir™.

Boceprevir has subsequently been evaluated in
two large, well-controlled, multicenter clinical trials in
both untreated and previously treated patients with
genotype I chronic HCV infection. The SPRINT-2
trial enrolled a total of 1099 patients with untreated
genotype I HCV infection who were randomized to re-
ceive triple therapy with boceprevir 800 mg three times
daily with peginterferon alpha-2b and ribavirin for 24
or 44 wk following a lead-in treatment of 4 wk with
standard peginterferon alpha-2b and ribavirin therapy
and compared with a full 48 wk course of standard pe-
ginterferon alpha-2b and ribavirin therapy. One arm of
the trial was allowed to discontinue therapy at 24 wk if
HCV RNA levels were undetectable, while those with
detectable levels received additional interferon alpha-
2b and ribavirin with placebo from weeks 28 to 48.
Black patients and nonblack patients were enrolled and
analyzed separately. In the larger, nonblack cohort, an
SVR rate of 40% was achieved with standard pegylated
interferon alpha-2b and ribavirin for 48 wk, compared
with 67% in patients treated with boceprevir for 24 wk
and 68% in patients treated with boceprevir for 44 wk
(P < 0.001)*". In the black cohort, an SVR rate of 23%
was achieved with standard pegylated interferon alpha-2b
and ribavirin for 48 wk, compared with 42% in patients
treated with boceprevir for 24 wk (P < 0.04) and 53% in
patients treated with boceprevir for 44 wk (P < 0.004). In
the variable duration arm, 44% of patients had nonde-
tectable HCV RNA levels and were able to discontinue
therapy at 24 wk. Adverse events occurred in 98% of pa-
tients and were similar in number across groups. Fatigue,
headache, and nausea were the most common clinical
adverse events. Dysgeusia was twice as frequent in bo-
ceprevir treated patients and anemia occurred in 49% of
boceprevir treated patients compared with 29% of those
receiving peginterferon alpha-2b only. This led to dose
reduction in 13% of the control patients and 21% of bo-
ceprevir treated patients and discontinuation of therapy
in 1% and 2%, respectively.

The RESPOND-2 trial provided a similar evalu-
ation of boceprevir in patients with chronic HCV
genotype | infection, who had been previously treated
with standard therapy and experienced either a nonre-
sponse or relapse. This trial enrolled 403 patients and ran-
domized them in a 1:2:2 fashion to standard therapy with
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peginterferon alpha-2b and ribavirin for 48 wk, bocepre-
vir 800 mg three times daily with peginterferon alpha-2b
and ribavirin for 32 wk, or boceprevir 800 mg three times
daily with peginterferon alpha-2b and ribavirin for 44 wk.
Both boceprevir triple therapy arms were preceded by 4
wk of treatment with standard peginterferon alpha-2b
and ribavitin therapy. One arm of the trial was allowed
to discontinue therapy at 32 wk if HCV RNA levels were
undetectable, while those with detectable levels received
additional interferon alpha-2b and ribavirin with placebo
from weeks 36 to 48. The overall rate of SVR for bo-
ceprevir treated patients was significantly higher in this
trial (59% at 32 wk and 66% at 44 wk) compared with
standard therapy (21%, P < 0.001) for the full 48 wk"™.
Patients who had undetectable HCV RNA levels at week
8 had SVR rates of 86% after 32 wk of boceprevir triple
therapy and 88% after 44 wk. Patients whose HCV RNA
level decreased by less than 1 logio at 4 wk had SVR rates
of 33% and 34% after boceprevir triple therapy com-
pared with 0% after standard therapy. Side effects seen
in this trial were similar to those seen in SPRINT-2, with
anemia being more common in boceprevir treated pa-
tients (43%-46%) compared with standard therapy (20%).
Erythropoeitin was required to manage the anemia in
41%-46% of boceprevir treated patients compared with
21% with standard therapy.

DEVELOPMENTAL PROTEASE
INHIBITORS

. . ¢ . 1
Protease inhibitors are classified as 1™ generation or 2™

generation based upon resistance profiles. The genera-
tions are further subdivided into waves based on im-
proved potency and dosing™. Telaprevir and boceprevir
represent the first wave of the first generation of pro-
tease inhibitors. A number of agents are currently being
investigated, which constitute the second wave. These
agents have resistance profiles similar to telaprevir and
boceprevir. Second generation protease inhibitors have
pan-genotypic activity and a higher barrier for resistance
than first generation Pls. Table 1 lists protease inhibitors
currently under development.

Simeprevir

Simeprevir is a macrocyclic NS3/4A protease inhibitor
that is active against all genotypes of hepatitis C except
genotype 3. It undergoes hepatic metabolism through
cytochrome p4503A with an elimination half-life of 40 h,
which makes it suitable for once daily dosing™. In a large
phase Il clinical trial, simeprevir 150 mg once daily with
pegylated interferon and ribavirin for 12 wk followed by
pegylated interferon and ribavirin alone for an additional
12-36 wk produced SVRs at 12 wk post-treatment (SVR12)
of 81% in genotype 1, treatment naive patients””. Re-
sponse rates were even higher in patients with the II.28B
polymorphism and lower stage liver fibrosis. Frequently
reported adverse effects included rash and indirect hyper-
bilirubinemia.
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Table 2 Additional drugs in development for hepatitis C

NS5A hepatitis C virus replication inhibitors
Daclatasvir
Ledipasvir
ACH-3102
ABT-267
NS5B RNA dependent RNA polymerase inhibitors
Sofosbuvir
Mericitabine
ABT-333
Host targeted agents
Alisporivir
Miravirsen
Interferon-A

Faldaprevir

Faldaprevir is another potent NS3 protease inhibitor that
can be dosed on a once daily basis. However, its activity is
limited to genotype 1 disease. In a large phase Il trial of
genotype 1, treatment-naive patients, faldaprevir 120 or
240 mg once daily with pegylated interferon and ribavirin
for 12 wk achieved 80% SVRizwith even higher respons-
es seen in patients with the II.25B polymorphisml%]. Indi-
rect hyperbilirubinemia was reported in this trial as well.

Danoprevir

Danoprevir is also a potent macrocyclic protease inhibi-
tor with activity against HCV genotypes 1, 4, and 6.
Unlike simeprevir and faldaprevir, however, danoprevir
requires twice daily dosing, In a recent phase IIb study,
danoprevir 300 mg every 8 h, 600 mg every 12 h, 900 mg
every 12 h or placebo was given with pegylated interferon
and ribavirin for 12 wk in genotype 1 patients and fol-
lowed with pegylated interferon/ribavirin alone for an
additional 48 wk”". Treatment was stopped at 24 wk if
an extended rapid virologic response (eRVR) with HCV
RNA below 15 TU/mL during weeks 4-20 was achieved.
This occurred in 65% of the 300 mg group and 70% of
the 600 mg group. Unfortunately, the 900 mg group was
discontinued early due to reversible, grade 4 increases in
alanine aminotransferase in three patients. SVR at 24 wk
post-treatment was 68%, 85%, and 76% in the 300 mg,
600 mg, and 900 mg groups, respectively, »s 42% in the
placebo group. Serious adverse effects occurred in 19%
of patients in the placebo group »s 7%-8% of patients in
the active treatment groups.

Vaniprevir

Vaniprevir is a potent NS3/4A protease inhibitor in
genotypes 1 and 2 that has shown efficacy in phase II tri-
als when given twice daily to non-cirrhotic patients who
failed previous pegylated interferon/ribavirin therapy.
Vaniprevir 300 mg and 600 mg twice daily for 24-48
wk with pegylated intetferon/ribavirin therapy pro-
duced SVR rates at 24 wk post-treatment ranging from
66.7%-78% vs only 19% with placebo and pegylated in-
terferon/ribavirin™. Higher rates of gastrointestinal ad-
verse events were seen with vaniprevir, but no difference
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in rash or anemia occurred between the two groups.

ABT-450/ABT-450r

ABT-450 is an NS3/4A protease inhibitor that is metab-
olized by cytochrome p4503A and coadministered with
ritonavir 100 mg (ABT-450r) to allow once daily dosing,
It has been studied in combination with ABT-333, an
NS5B nonnucleoside polymerase inhibitor, as part of
an interferon-free regimen”. Clinical trial results of this
combination will be discussed later.

Asunaprevir

Asunaprevir is also a potent NS3 inhibitor that is dosed
twice daily, but is limited in efficacy to genotype 1 dis-
ease. It has been studied in combination with daclatasvir,
a potent NS5A replication complex inhibitor, as a part of
an interferon-free regimenm. Clinical trial results of this
combination will be discussed later.

MK-5172

MK-5172 is a second generation protease inhibitor with
pan-genotypic activity. In a phase I trial, MK-5172 100,
200, 400 and 800 mg once daily combined with pegylated
interferon and ribavirin for 12 wk gave SVRs of 86%,
92%, 91%, and 87%, respectively, compared with 54% in
the control group receiving triple therapy with pegylated
interferon/ribavirin and boceprevirp”. Elevations in bili-
rubin and serum transaminases were seen mostly in the
higher dose groups. Rates of serious adverse events were
similar between all groups but half as many patients dis-
continued therapy due to adverse events in the MK-5172
treatment arms (7% vs 14%).

ACH-2684

ACH-2684 is also a pan-genotypic, highly potent second
generation protease inhibitor. This compound can be
dosed orally once daily and does not inhibit cytochrome
p450 microsomal enzymes or activate transcription™,
ACH-2684 has completed phase I trials and is currently
being evaluated in phase II.

NS5A HCV REPLICATION INHIBITORS

Daclatasvir

Unlike protease inhibitors that generally interfere with
protein processing within the HCV genome, a number
of compounds in development target nonstructural pro-
teins involved in viral replication. (Table 2) Daclatasvir
works by inhibiting the function of a viral replication
complex by binding to the NS5A protein. It is highly po-
tent orally, pan-genotypic in coverage and can be dosed
once daily, but offers a lower barrier to resistance so will
likely be used as combination therapy. Initial studies in
combination with pegylated interferon/ribavirin showed
10 and 60 mg doses once daily produced SVRs at 24 wk
post-treatment of 83% compared to 25% with standard
therapy alone™. More recently, daclatasvir combined
with sofosbuvit, an NS5B polymerase inhibitor discussed
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below, was shown to produce a 100% SVR at 24 wk in
genotype 1 patients who had failed triple therapy with pe-
gylated interferon/ribavirin and telaprevir or boceprevir
without tibavirin®. The combination was generally well
tolerated without serious adverse events or discontinua-
tions related to adverse events. Daclatasvir has also been
studied in combination with asunaprevir and another
NS5B polymerase inhibitor (BMS-791325) in treatment-
naive, genotype 1 non-cirrhotic patients for 12 and 24 wk
with SVRs of 88% and 94%, respectivelym.

Ledipasvir

Ledipasvir is also an NS5A replication inhibitor that has
been studied in combination with sofosbuvit, an NS5B
polymerase inhibitor, in phase II trials. Ledipasvir 90
mg orally once daily in combination with both sofos-
buvir and ribavirin in genotype 1 treatment-naive and
prior nonresponse patients increased SVRs to 100%
at 12 wk post-treatment #s 84% in naive patients given
sofosbuvir and ribavirin alone and 10% in sofosbuvir/
ribavirin nonrespondersm. These agents are currently in
phase I trials in a fixed-dose, once daily oral combina-
tion formulation.

ACH-3102

ACH-3102 is a structurally distinct, pan-genotypic, sec-
ond generation NS5A replication inhibitor with a high
barrier to resistance. An ongoing phase II clinical trial is
evaluating an oral, interferon-free combination regimen
of ACH-3102 and sovaprevir with and without ribavirin
for 12 and 8 wk durations of treatment in genotype 1
patients with HCVP, ACH-3102 has been granted fast-
track status from the United States Food and Drug Ad-
ministration.

ABT-267

ABT-267 is an additional NS5A replication inhibitor
that has been studied at a dose of 25 mg once daily in
combination with ABT-450/r and ABT-333, an NS5B
polymerase inhibitor, and ribavirin in non-cirrhotic, treat-
ment-naive patients with genotype 1 disease and prior
pegylated interferon/ribavirin nonresponders. Phase I
trial data showed a greater than 90% SVR in both groups
at both 12 and 24 wk post—treatmentm. This combination
regimen is currently being evaluated in a large phase Il
trial.

NS5B RNA DEPENDENT RNA

POLYMERASE INHIBITORS
Nucleoside/tide inhibitors (NIs) block HCV RNA tran-

scription and elongation by acting as chain terminators.
Because of the highly conserved nature of the poly-
merase catalytic site, NIs as a class are pan-genotypic in
coverage and they have the highest barrier to resistance.
Non-NIs (NNIs) bind allosteric polymerase sites away
from the catalytic site and, while potent, have a much
lower bartier to resistance.
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Sofosbuvir

Sofosbuvir is an NS5B nucleoside inhibitor that is pan-
genotypic, highly potent, and suitable for once daily oral
dosing. This compound has now completed study in
four large, phase Il trials and has been awarded priority
review status by the United States Food and Drug Ad-
ministration. Additionally, phase I studies of sofosbuvir
combination therapies as interferon-free regimens are
currently underway.

Sofosbuvir 400 mg once daily was initially studied in
combination with pegylated interferon/ribavitin therapy
in 327 HCV patients with genotypes 1, 4, 5, or 6 for 12
wk (98% of patients were genotype 1 or 4P A SVR of
90% was achieved in these patients. A subsequent follow
up study compared 499 patients with HCV genotypes 2
or 3 receiving sofosbuvir 400 mg once daily plus ribavirin
or pegylated interferon plus ribavirin for 12 wk. The so-
fosbuvir/ribavirin regimen was shown to be non-inferior
to the pegylated interferon/tibavirin regimen achieving as
SVR of 67%"". Adverse events were less common with
sofosbuvir than pegylated interferon and consisted pri-
marily of headache, fatigue, nausea, and neutropenia.

Sofosbuvir has since been evaluated in HCV patients
with genotype 2 or 3 who were not eligible to receive
pegylated interferon or who had previous failed therapy
with this agent. Sofosbuvir 400 mg once daily in combi-
nation with ribavirin or matching placebos was studied in
278 patients who had previously discontinued pegylated
interferon therapy secondary to side effects, who had
a current medical condition precluding treatment with
pegylated interferon, or who decided against treatment
with pegylated interferon for other reasons. Sofosbuvir
produced a SVR at 12 wk of 78% »s 0% with placebo in
these patientsmj. In a study of 201 similar patients who
had failed previous therapy with pegylated interferon, so-
fosbuvir 400 mg once daily plus ribavirin was compared
in 12 and 16 wk treatment groups. Sofosbuvir achieved
SVR rates of 50% and 73% in these treatment arms re-
spectively, compared with historical controls of 25%",
The drug was well tolerated in both of these trials with
primary side effects of fatigue and insomnia occurring
in 3%-5% of patients and few patients discontinuing use
because of adverse effects.

Mericitabine

Mericitabine is also an NS5B nucleoside inhibitor with
pan-genotypic activity, but requiring twice daily dosing,
Mericitabine 1000 mg twice daily or placebo was given
with pegylated interferon/ribavitin to 166 patients with
HCV genotypes 1 ot 4 for 24 wk. Patients who achieved
an HCV RNA level < 15 TU/mL (eRVR) from weeks 4
to 22 stopped all treatment at that time, but all other pa-
tients continued to receive pegylated interferon/ribavirin
for a full 48 wk of therapy. Mericitabine-treated patients
achieved a SVR at 24 wk post-treatment of 56.8%, com-
pared with 36.5% of placebo-treated patients™’. Relapse
rates wetre 27.7% and 32% in patients treated with mer-
icitabine and placebo, respectively. The safety profile was
similar in both groups, but fewer patients in the meric-
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itabine group discontinued therapy for reasons of safety.

ABT-333

ABT-333 is a NS5B non-nucleoside polymerase inhibitor
that has been evaluated in combination with the protease
inhibitor, ABT450/t, and tibavirin in HCV genotype 1
treatment-naive patients, as well as null or partial prior re-
sponders to pegylated interferon and ribavirin. ABT-333
at a dose of 400 mg twice daily plus ABT-450/r 150 or
250 mg and ribavirin produced SVRs of 93%-95% at
12 wk post-treatment in previously untreated patientsm
Only 47% of prior null or partial responders to pegylated
interferon and ribavirin achieved an SVRi2, however. As
mentioned previously, this drug is currently being studied
in a phase I trial in combination with ABT-450/r and
ABT-267, with or without ribavirin in genotype 1b pa-
tients with HCV.

HOST TARGETED AGENTS FOR
HEPATITIS C

Alisporivir

Alisporivir is a nonimmunosuppressive form of cyclo-
sporine that blocks HCV replication by neutralizing the
peptidyl-prolyl isomerase activity of the host protein, cy-
clophilin, which is required by NS5B for maximum RNA
bindingm]. Alisporivir 600 mg twice daily for one week
followed by 600 mg daily thereafter or placebo combined
with pegylated interferon and ribavirin was evaluated in
288 patients with treatment-naive genotype 1 HCV for
24 and 48 wk of therapym]. SVR rates at 24 wk post-
treatment were 76% in patients receiving triple therapy
with alisporivir and pegylated intetferon/ribavitin for 48
wk 25 55% in the control arm. The drug was well toler-
ated overall with serious adverse events occurring in 7%
of patients treated with alisporivir for 24 wk and 10% of
patients treated with alisporivir for 48 wk. Subsequent to
this trial, 3 patients developed pancreatitis, including one
who died, and the FDA asked the manufacturer to place
further trials on clinical hold until it can be determined if
alisporivir potentiates the risk of hepatitis that is known
with interferon therapy.

Miravirsen

Miravirsen is an antisense oligonucleotide that works by
inhibiting miR-122, a micro-RNA found in the liver es-
sential to the stability and propagation of HCV RNA.
Miravirsen can be dose subcutancously once daily, is pan-
genotypic in activity, and has a high barrier to resistance.
In a phase Ila dose-ranging trial, miravirsen resulted
in dose-dependent reduction in HCV RNA levels that
were still not present 14 wk post—treatment[44]. No dose-
limiting adverse events or escape mutations were noted in
this small trial.

Interferon-1
Pegylated interferon lambda is a type 3 interferon that
signals through a different receptor than type 1 inter-
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feron, but can inhibit HCV viral replication in vitro. In
early trials it was well tolerated without the usual flu-like
syndrome and hematopoietic effects typically seen with
interferon alpha. A phase II trial comparing pegylated
interferon lambda with pegylated interferon alpha each in
combination with ribavirin found comparable SVR rates
but less interferon side effects with pegylated interferon
lambda™. This could prove to be a useful option for
patients who do not respond to interferon-free regimens
currently in development.

PLACE IN THERAPY OF NEW AGENTS
FOR HEPATITIS C

Clearly the availability of both telaprevir and boceprevir,
as well as other anti-HCV drugs in development, will
vastly improve our antiviral armamentarium for patients
with hepatitis C. Telaprevir and boceprevir must be used
in conjunction with standard pegylated interferon and
ribavirin therapy. However, the duration of treatment
may be reduced substantially for many patients, based

upon the clinical trial results from patients receiving a
rapid virologic response. Substantial improvement in the
SVR should be seen with these new agents for both treat-
ment-naive as well as prior relapsed or non-responsive
patients. The further development of non-protease inhib-
itor based therapy offers the potential for interferon and
ribavirin free therapy with once or twice daily oral dosing
and a better tolerated side-effect profile. Additional stud-
ies are needed to determine which agent or agents should
be used initially and the optimal combination regimen for
patients needing additional therapy.

At this point in time, it appears that second generation
protease inhibitors will supplant current protease inhibi-
tor therapy on the basis of broader genotypic coverage
and a higher barrier to resistance. Both NS5A replication
inhibitors and NS5B RNA dependent RNA polymerase
inhibitors offer greater potency than currently available
drugs, but a lower barrier to resistance with the NS5As
will likely require combination therapy. The availability of
these new agents should preclude the continued need for
interferon therapy and possibly for ribavirin therapy as
well.
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