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Hepatitis C virus:
Here comes all-oral treatment

B ABSTRACT N LATE 2013, the US Food and Drug Ad-

Treatment for chronic hepatitis C virus (HCV) infection is
evolving rapidly. The approval in 2013 of two new direct-
acting antivirals—sofosbuvir (a polymerase inhibitor)
and simeprevir (a second-generation protease inhibi-
tor)—opens the door for an all-oral regimen, potentially
avoiding interferon and its harsh side effects. Other
direct-acting antivirals are under development.

B KEY POINTS

In clinical trials of treatment for chronic HCV infection,
regimens that included a direct-acting antiviral agent
were more effective than ones that did not.

Sofosbuvir is approved in an oral dose of 400 mg once
daily in combination with ribavirin for patients infected
with HCV genotype 2 or 3, and in combination with
ribavirin and interferon in patients infected with HCV
genotype 1 or 4. It is also recommended in combination
with ribavirin in HCV-infected patients with hepatocellu-
lar carcinoma who are awaiting liver transplantation.

Simeprevir is approved in an oral dose of 150 mg once
daily in combination with ribavirin and interferon for
patients with HCV genotype 1.

The new drugs are expensive, a potential barrier for many
patients. As more direct-acting antiviral agents become
available, their cost will likely decrease.

Combinations of direct-acting antiviral agents of differ-
ent classes may prove even more effective and could
eliminate the need for interferon entirely.
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ministration (FDA) approved sofosbuvir
and simeprevir, the newest direct-acting an-
tiviral agents for treating chronic hepatitis C
virus (HCV) infection. Multiple clinical tri-
als have demonstrated dramatically improved
treatment outcomes with these agents, open-
ing the door to all-oral regimens or interfer-
on-free regimens as the future standard of

care for HCV.

See related editorial, page 173

In this article, we discuss the results of the
trials that established the efficacy and safety
of sofosbuvir and simeprevir and led to their
FDA approval. We also summarize the impor-
tance of these agents and evaluate other di-
rect-acting antivirals currently in the pipeline
for HCV treatment.

B HCV IS ARISING PROBLEM

Chronic HCV infection is a major clinical
and public health problem, with the estimated
number of people infected exceeding 170 mil-
lion worldwide, including 3.2 million in the
United States.! It is a leading cause of cirrho-
sis, and its complications include hepatocel-
lular carcinoma and liver failure. Cirrhosis
due to HCV remains the leading indication
for liver transplantation in the United States,
accounting for nearly 40% of liver transplants
in adults.?

The clinical impact of HCV will only con-
tinue to escalate, and in parallel, so will the cost
to society. Models suggest that HCV-related
deaths will double between 2010 and 2019,
and considering only direct medical costs, the
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Trials discussed in this paper

ASPIRE—A Safety and Efficacy Study in Chronic, Genotype 1,
Hepatitis C Patients That Failed Previous Standard Treatment?’

ATOMIC—A Multicenter, Open-label, Randomized, Duration Finding
Study to Investigate the Safety, Tolerability, Pharmacokinetics, and
Pharmacodynamics Following Oral Administration of PSI-7977 in
Combination With Pegylated Interferon and Ribavirin in Treatment-
Naive Patients With Chronic HCV Infection Genotype 1,4, 5, or 6C'®

COSMOS—An Exploratory Phase lla, Randomized, Open-Label Trial
to Investigate the Efficacy and Safety of 12 Weeks or 24 Weeks of
TMC435 in Combination With PSI-7977 (GS7977) With or Without Rib-
avirin in Chronic Hepatitis C Genotype 1-Infected Prior Null Responders
to Peginterferon/Ribavirin Therapy or HCV Treatment-Naive Subjects?

ELECTRON—Nucleotide Polymerase Inhibitor Sofosbuvir Plus
Ribavirin for Hepatitis C'®

FISSION—A Phase 3, Multicenter, Randomized, Active-Controlled
Study to Investigate the Safety and Efficacy of PSI-7977 and Ribavirin
for 12 Weeks Compared to Pegylated Interferon and Ribavirin for 24
Weeks in Treatment-Naive Patients With Chronic Genotype 2 or 3
HCV Infection™

FUSION—A Phase 3, Multicenter, Randomized, Double-Blind, Study
to Investigate the Efficacy and Safety of GS-7977 + Ribavirin for 12
or 16 Weeks in Treatment Experienced Subjects With Chronic Geno-
type 2 or 3 HCV Infection?®

LONESTAR— Sofosbuvir and Ledipasvir Fixed-dose Combination
With and Without Ribavirin in Treatment-naive and Previously Treated
Patients With Genotype 1 Hepatitis C Virus Infection®

NEUTRINO—A Phase 3, Multicenter, Open-Label Study to Investi-
gate the Efficacy and Safety of GS-7977 With Peginterferon Alfa 2a
and Ribavirin for 12 Weeks in Treatment-Naive Subjects With Chronic
Genotype 1, 4, 5, or 6 HCV Infection'

POSITRON—A Phase 3, Multicenter, Randomized, Double-Blind,
Placebo-Controlled Study to Investigate the Efficacy and Safety of GS-
7977 + Ribavirin for 12 Weeks in Subjects With Chronic Genotype 2
or 3 HCV Infection Who Are Interferon Intolerant, Interferon Ineligible,
or Unwilling to Take Interferon?®

PROMISE—Phase Ill, Randomized, Double-blind, Placebo-controlled
Study to Investigate the Efficacy, Safety, and Tolerability of TMC435

vs Placebo as Part of a Treatment Regimen Including Peginterferon
Alfa-2a and Ribavirin in Hepatitis C Genotype 1 Infected Subjects Who
Relapsed After Previous Therapy®

QUEST—A Phase Ill, Randomized, Double-blind, Placebo-controlled
Study to Investigate the Efficacy, Safety, and Tolerability of TMC435 vs. Pla-
cebo as Part of a Treatment Regimen Including Peginterferon Alfa-2a and
Ribavirin in Treatment-naive, Genotype 1 Hepatitis C-infected Subjects?#?°

VALENCE— A Phase 3, Multicenter, Randomized, Double-Blind,
Placebo Controlled Study to Investigate the Efficacy and Safety of
GS-7977 + Ribavirin for 12 Weeks in Treatment-Naive and Treatment-
Experienced Subjects With Chronic Genotype 2 or 3 HCV Infection '

Drugs mentioned in this paper

boceprevir (Victrelis) simeprevir (Olysio)

interferon sofosbuvir (Sovaldi)

ribavirin (Rebetol, Copegus)  telaprevir (Incivek)

projected financial burden of treating HCV-
related disease during this interval is estimated
at between $6.5 and $13.6 billion.?

@ AN RNA VIRUS WITH SIX GENOTYPES

HCV, first identified in 1989, is an enveloped,
single-stranded RN A flavivirus of the Hepacivi-
rus genus measuring 50 to 60 nm in diameter.*
There are six viral genotypes, with genotype 1
being the most common in the United States
and traditionally the most difficult to treat.

Once inside the host cell, the virus releas-
es its RNA strand, which is translated into
a single polyprotein of about 3,000 amino
acids. This large molecule is then cleaved
by proteases into several domains: three
structural proteins (C, El, and E2), a small
protein called p7, and six nonstructural pro-
teins (NS2, NS3, NS4A, NS4B, NS5A, and
NS5B) (rmcure 1).° These nonstructural pro-
teins enable the virus to replicate.

@ GOAL OF TREATING HCV:
A SUSTAINED VIROLOGIC RESPONSE

The aim of HCV treatment is to achieve a sus-
tained virologic response, defined as having no
detectable viral RNA after completion of an-
tiviral therapy. This is associated with substan-
tially better clinical outcomes, lower rates of
liver-related morbidity and all-cause mortality,
and stabilization of or even improvement in
liver histology.®” This end point has tradition-
ally been assessed at 6 months after the end of
therapy, but recent data suggest the rates at 12
weeks are essentially equivalent.

TABLE 1 summarizes the patterns of virologic
response in treating HCV infection.

Interferon plus ribavirin:

The standard of care for many years

HCV treatment has evolved over the past 20
years. Before 2011, the standard of care was
a combination of interferon alfa-polyethylene
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B Blocking the HCV life cycle

Hepatitis C virus (HCV) undergoes a number

of steps in order to infect a host cell and replicate.
NS5B

New direct-acting antiviral agents can block the leosid NS5B
process at different points, offering hope of a r}ﬁﬁiﬁﬁ:ﬁe Aon-ficitoside
sustained virologic response (ie, a cure) with an NS5A (eg, sofosbuvir) inhibitors
all-oral regimen. inhibitors

| Inhibitors
of host
targets

NS3 protease inhibitors
inhibitors
(eg, simeprevir)

Cleavage of polyprotein blocked.
Viral replication suppressed.

Attachment |
and entry .

Virus enters cell and
releases RNA, which is
translated into a large
polyprotein that must

be cleaved into its smaller
proteins by proteases.

Protease inhibitors prevent
the viral polyprotein from

being cleaved into its
constituent proteins.

Nucleus

CCF
Medical Illustrator: David Schumick ©2014

FIGURE 1
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TABLE 1
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Patterns of virologic response in treating
hepatitis C virus (HCV) infection

Rapid virologic response
Undetectable HCV RNA at week 4 of treatment

Extended rapid virologic response
Undetectable HCV RNA at week 4 through week 12 of treatment

Sustained virologic response
Undetectable HCV RNA after treatment completion (currently com-
monly defined as 12 weeks after treatment completion)

Virologic relapse
Undetectable HCV RNA during treatment or at the end of treatment,
but subsequent detection of HCV RNA following treatment cessation

Virologic breakthrough
Reappearance of HCV RNA while still on treatment in a patient who
had a suppressed viral level earlier in the course of treatment

Partial response
At least a 2-log,, reduction in HCV RNA, but inability to fully remove
the virus from the blood

No response

A reduction of less than 2 log,, from baseline HCV RNA during treatment

Nearly all
patients

on interferon
experience
side effects,
which can

be serious
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glycol (peg-interferon), given as a weekly in-
jection, and oral ribavirin. Neither drug has
specific antiviral activity, and when they are
used together they result in a sustained viro-
logic response in fewer than 50% of patients
with HCV genotype 1 and, at best, in 70% to
80% of patients with other genotypes.®

Nearly all patients receiving interferon
experience side effects, which can be serious.
Fatigue and flu-like symptoms are common,
and the drug can also cause psychiatric symp-
toms (including depression or psychosis),
weight loss, seizures, peripheral neuropathy,
and bone marrow suppression. Ribavirin
causes hemolysis and skin complications and
is teratogenic.’

An important bit of information to know
when using interferon is the patient’s IL28B
genotype. This refers to a single-nucleotide
polymorphism (C or T) on chromosome
19q13 (rs12979860) upstream of the IL28B
gene encoding for interferon lambda-3. It
is strongly associated with responsiveness
to interferon: patients with the IL28B CC
genotype have a much better chance of a

VOLUME 81 ¢ NUMBER 3

sustained virologic response with interferon
than do patients with CT or TT.

Boceprevir and telaprevir:

First-generation protease inhibitors

In May 2011, the FDA approved the NS3/4A
protease inhibitors boceprevir and telaprevir
for treating HCV genotype 1, marking the
beginning of the era of direct-acting antiviral
agents.'® When these drugs are used in combi-
nation with peg-interferon alfa and ribavirin,
up to 75% of patients with HCV genotype 1
who have had no previous treatment achieve
a sustained virologic response.

But despite greatly improving the response
rate, these first-generation protease inhibitors
have substantial limitations. Twenty-five per-
cent of patients with HCV genotype 1 who
have received no previous treatment and 71%
of patients who did not respond to previous
treatment will not achieve a sustained viro-
logic response with these agents.!! Further,
they are effective only against HCV genotype
1, being highly specific for the amino acid tar-
get sequence of the NS3 region.

Also, they must be used in combination
with interferon alfa and ribavirin because
the virus needs to mutate only a little—a few
amino-acid substitutions—to gain resistance
to them.!” Therefore, patients are still ex-
posed to interferon and ribavirin, with their
toxicity. In addition, dysgeusia is seen with
boceprevir, rash with telaprevir, and anemia
with both.!>1

Finally, serious drug-drug interactions
prompted the FDA to impose warnings for
the use of these agents with other medications
that interact with CYP3A4, the principal en-
zyme responsible for their metabolism. Thus,
these significant adverse effects dampen the
enthusiasm of patients contemplating a long
course of treatment with these agents.

The need to improve the rate of sustained
virologic response, shorten the duration of
treatment, avoid serious side effects, improve
efficacy in treating patients infected with gen-
otypes other than 1, and, importantly, elimi-
nate the need for interferon alfa and its serious
adverse effects have driven the development
of new direct-acting antiviral agents, includ-
ing the two newly FDA -approved drugs, sofos-
buvir and simeprevir.
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TABLE 2

Clinical trials of sofosbuvir

DUGUM AND O'SHEA

Trial name Trial Population Treatment groups and duration Rate of sustained
phase virologic response
ATOMIC™® 2 Previously untreat-  Genotype 1: sofosbuvir + peg-interferon and ribavirin:
ed, noncirrhotic, For 12 weeks 89%
with HCV genotype ~ For 24 weeks 89%
1,4,0r6 For 12 weeks, then sofosbuvir alone or 87%
sofosbuvir + ribavirin for another 12 weeks
Genotypes 4 or 6: sofosbuvir + peg-interferon Genotype 4  82%
and ribavirin for 24 weeks Genotype 6 100%
Lawitz et al” 2 Previously untreat-  Genotype 1: peg-interferon and ribavirin for 12 weeks:
ed, noncirrhotic, + sofosbuvir 200 mg daily for 12 weeks 90%
with HCV genotype  + sofosbuvir 400 mg daily for 12 weeks 91%
1,2,0r3 + placebo 58%
If extended rapid virologic response achieved:
interferon and ribavirin for another 12 weeks
If not, interferon and ribavirin for another 36 weeks
Genotypes 2 and 3: sofosbuvir 400 mg daily 92%
+ peg-interferon and ribavirin for 12 weeks
ELECTRON™ 2 HCV genotype Genotypes 2 and 3:
1,2,0r3 Sofosbuvir + ribavirin for 12 weeks 100%
Sofosbuvir + ribavirin for 12 weeks 100%
and peg-interferon for 4, 8, or 12 weeks
Sofosbuvir for 12 weeks 60%
Sofosbuvir + peg-interferon and ribavirin 100%
for 8 weeks
Genotype 1: sofosbuvir + ribavirin for 12 weeks
No prior therapy 84%
No response to prior therapy 10%
NEUTRINO"™ 3 Previously Sofosbuvir + peg-interferon and ribavirin Overall 90%
untreated, with for 12 weeks Genotype 1a 92%
HCV genotype Genotype 1b 82%
1,4,5,0r6 Genotype 4  96%
Genotype 5 100%
Genotype 6 100%
FISSION™ 3 Previously Sofosbuvir + ribavirin for 12 weeks Overall 67%
untreated, with Genotype 2 97%
HCV genotype Genotype 3 56%
ACITE) Peg-interferon and ribavirin for 24 weeks Overall 67%
Genotype 2 78%
Genotype 3 63%
POSITRON® 3 Interferon-intol- Sofosbuvir + ribavirin for 12 weeks 78%
erant, with HCV Placebo 0%
genotype 2 or 3
FUSION? 3 Interferon failure, Sofosbuvir + ribavirin for 12 weeks 50%
HCV genotype 2 or3  Sofosbuvir + ribavirin for 16 weeks 73%
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Sofoshuvir has
been tested

in combination
with interferon
and ribavirin,
as well as in
interferon-free
regimens
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I SOFOSBUVIR:
A POLYMERASE INHIBITOR

Sofosbuvir is a uridine nucleotide analogue
that selectively inhibits the HCV NS5B
RNA-dependent RNA polymerase (FIGURE 1).
[t targets the highly conserved nucleotide-
binding pocket of this enzyme and functions
as a chain terminator.” While the protease
inhibitors are genotype-dependent, inhibition
of the highly conserved viral polymerase has
an impact that spans genotypes.

Early clinical trials of sofosbuvir

Sofosbuvir has been tested in combination

with interferon alfa and ribavirin, as well as in

interferon-free regimens (TABLE 2).16-2°

Rodriguez-Torres et al,"” in an early dou-
ble-blind clinical trial, randomized 64 previ-
ously untreated patients with HCV genotype
1 to receive one of three doses of oral sofos-
buvir (100, 200, or 400 mg) plus interferon
and ribavirin or placebo plus interferon and
ribavirin for 4 weeks, followed by 44 weeks of
interferon and ribavirin alone. The rates of
sustained virologic response were:
® 56% with sofosbuvir 100 mg, peg-interfer-

on, and ribavirin

e 83% with sofosbuvir 200 mg, peg-interfer-
on, and ribavirin

e 80% with sofosbuvir 400 mg, peg-interfer-
on, and ribavirin
43% with peg-interferon and ribavirin
alone.

The ATOMIC trial'® tested the efficacy
and safety of sofosbuvir in combination with
peg-interferon and ribavirin in patients with
HCV genotype 1, 4, or 6, without cirrhosis,
who had not received any previous treatment.
Patients with HCV genotype 1 were random-
ized to three treatments:

e Sofosbuvir 400 mg orally once daily plus
peg-interferon and ribavirin for 12 weeks
The same regimen, but for 24 weeks
Sofosbuvir plus peg-interferon and ribavi-
rin for 12 weeks, followed by 12 weeks of
either sofosbuvir monotherapy or sofosbu-
vir plus ribavirin.

The rates of sustained virologic response
were very high and were not significantly dif-
ferent among the three groups: 89%, 89%,
and 87%, respectively. Patients who were able

VOLUME 81 ¢ NUMBER 3

to complete a full course of therapy achieved
even higher rates of sustained virologic re-
sponse, ranging from 96% to 98%. The like-
lihood of response was not adversely affected
by the usual markers of a poorer prognosis,
such as a high viral load (> 800,000 IU/mL)
or a non-CC IL28B genotype. Although pa-
tients with cirrhosis (another predictor of no
response) were excluded from this study, the
presence of bridging fibrosis did not seem to
affect the rate of sustained virologic response.
The results in patients with genotypes other
than 1 were very encouraging, but the small
number of patients enrolled precluded draw-
ing firm conclusions in this group.

Important implications of the ATOMIC
trial include the following:

There is no benefit in prolonging treatment
with sofosbuvir beyond 12 weeks, since adverse
events increased without any improvement in
the rate of sustained virologic response.

There is a very low likelihood of developing
viral resistance or mutation when using sofos-
buvir.

There is no role for response-guided therapy,
a concept used with protease inhibitor-based
regimens in which patients who have com-
plete clearance of the virus within the first
4 weeks of treatment (a rapid virologic re-
sponse) and remain clear through 12 weeks
of treatment (an extended rapid viral re-
sponse) can be treated for a shorter duration
without decreasing the likelihood of a sus-
tained virologic response.

Lawitz et al'” conducted a randomized
double-blind phase 2 trial to evaluate the ef-
fect of sofosbuvir dosing on response in non-
cirrhotic, previously untreated patients with
HCV genotype 1, 2, or 3. Patients with HCV
genotype 1 were randomized to one of three
treatment groups in a 2:2:1 ratio: sofosbuvir
200 mg orally once daily, sofosbuvir 400 mg
orally once daily, or placebo, all for 12 weeks
in combination with peg-interferon (180 pg
weekly) and ribavirin in a dosage based on
weight. Depending on the viral response, pa-
tients continued peg-interferon and ribavirin
for an additional 12 weeks if they achieved
an extended rapid viral response, or 36 weeks
if they did not achieve an extended rapid vi-
rologic response, and in all patients who re-
ceived placebo. Patients with HCV genotype
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2 or 3 were given sofosbuvir 400 mg once daily
in combination with interferon and ribavirin
for 12 weeks.

As in the ATOMIC trial, all patients treat-
ed with sofosbuvir had a very rapid reduction
in viral load: 98% of patients with genotype
1 developed a rapid virologic response, and
therefore almost all were eligible for the short-
er treatment course of 24 weeks.!” The latter
finding again suggested that response-guided
treatment is not relevant with sofosbuvir-
based regimens.

Very high rates of sustained virologic re-
sponse were seen: 90% in patients with geno-
type 1 treated with sofosbuvir 200 mg, 91% in
those with genotype 1 treated with 400 mg,
and 92% in those with genotype 2 or 3. Al-
though 6% of patients in the 200-mg group
had virologic breakthrough after complet-
ing sofosbuvir treatment, no virologic break-
through was observed in the 400-mg group,
suggesting that the 400-mg dose might sup-
press the virus more effectively.!?

The ELECTRON trial’® was a phase 2
study designed to evaluate the efficacy and
safety of sofosbuvir and ribavirin in interfer-
on-sparing and interferon-free regimens in pa-
tients with HCV genotype 1, 2, or 3 infection.
Sofosbuvir was tested with peg-interferon and
ribavirin, with ribavirin alone, and as mono-
therapy in previously untreated patients with
genotype 2 or 3. A small number of patients
with genotype 1 who were previously untreat-
ed and who were previously nonresponders
were also treated with sofosbuvir and ribavi-
rin.

All patients had a rapid virologic re-
sponse, and viral suppression was sustained
through the end of treatment. All patients
with genotype 2 or 3 treated with double
therapy (sofosbuvir and ribavirin) or triple
therapy (sofosbuvir, peg-interferon, and
ribavirin) achieved a sustained virologic re-
sponse, compared with only 60% of patients
treated with sofosbuvir monotherapy. The
monotherapy group had an equal number
of relapsers among those with genotype 2 or
3. Of the genotype 1 patients treated with
sofosbuvir and ribavirin, 84% of those pre-
viously untreated developed a sustained vi-
rologic response, whereas only 10% of the
previous nonresponders did.
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Phase 3 clinical trials of sofosbuvir

The NEUTRINO trial" studied the effi-
cacy and safety of sofosbuvir in previously un-
treated patients with HCV genotype 1, 4, 5, or
6. In this phase 3 open-label study, all patients
received sofosbuvir plus peg-interferon and
weight-based ribavirin therapy for 12 weeks.
Of the patients enrolled, 89% had genotype 1,
while 9% had genotype 4 and 2% had geno-
type 5 or 6. Overall, 17% of the patients had
cirrhosis.

The viral load rapidly decreased in all pa-
tients treated with sofosbuvir irrespective of
the HCV genotype, IL28B status, race, or the
presence or absence of cirrhosis. Ninety-nine
percent of patients with genotype 1, 4, 5, or 6
achieved a rapid virologic response, and 90%
achieved a sustained virologic response at 12
weeks after completion of treatment with so-
fosbuvir and ribavirin. Patients with cirrhosis
had a slightly lower rate of sustained virologic
response (80%, compared with 92% in pa-
tients without cirrhosis). Also, patients with
non-CC IL28B genotypes had a lower rate of
sustained virologic response (87% in non-CC
allele vs 98% in patients with the favorable
CC allele).

The FISSION trial® recruited previously
untreated patients with genotype 2 or 3 and
randomized them to therapy with either sofos-
buvir plus ribavirin in a weight-based dose for
12 weeks, or 24 weeks of interferon and riba-
virin. In this study, 20% of patients in each
treatment group had cirrhosis.

As in the NEUTRINO trial, the viral load
rapidly decreased in all patients treated with
sofosbuvir irrespective of HCV genotype,
IL28B status, race, or the presence or absence
of cirthosis. Here, 100% of patients with gen-
otype 2 or 3 who were treated with sofosbuvir
and ribavirin achieved a rapid virologic re-
sponse. Differences in outcome emerged based
on genotype: 97% of those with genotype 2
and 56% of those with genotype 3 achieved a
sustained virologic response. The overall rate
was 67%, which was not different from pa-
tients treated with peg-interferon and ribavi-
rin. In the subgroup of patients with cirrhosis,
47% of those treated with sofosbuvir and riba-
virin achieved a sustained virologic response,
vs 38% of those who received peg-interferon
plus ribavirin.

VOLUME 81 ¢ NUMBER 3

Response rates
with sofoshuvir

are lower
in patients

with cirrhosis
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TABLE 3
Approved regimens of sofoshuvir
HCV Regimen Duration
genotype
lord Sofosbuvir 400 mg once daily, 12 weeks
peg-interferon alfa 180 pg once weekly,
and ribavirin 1,000 mg (if < 75 kg) or
1,200 mg (if > 75 kg) daily in two divided
doses
2 Sofosbuvir with ribavirin 12 weeks
3 Sofosbuvir with ribavirin 24 weeks
In both the NEUTRINO and FISSION
trials, few patients discontinued treatment,
with higher rates of most adverse events oc-
curring in patients treated with peg-interferon
and ribavirin.
POSITRON,? a phase 3 clinical trial, test-
ed sofosbuvir in patients with HCV genotype
2 or 3 who were ineligible for peg-interferon,
unwilling to take peg-interferon, or unable
to tolerate peg-interferon (mainly because of
. clinically significant psychiatric disorders).
Side effects Patients were randomized to two treatment
occurred most  groups for 12 weeks: sofosbuvir plus ribavirin,
ft h or placebo. About 50% of patients had HCV
often when genotype 3, and 16% had cirrhosis.
sofoshuvir The overall rate of sustained virologic re-
was combined  SPonse at 12 weeks after treatment was 78%

with interferon
and ribavirin

166 CLEVELAND CLINIC JOURNAL OF MEDICINE

in the sofosbuvir-and-ribavirin group (93% in
genotype 2 patients and 61% in genotype 3 pa-
tients). Again, cirrhosis was associated with a
lower rate of sustained virologic response (61%
of patients with cirrhosis achieved a sustained
virologic response vs 81% of patients without
cirrhosis). None of the sofosbuvir-treated pa-
tients had virologic failure while on treatment.

FUSION,® another phase 3 trial, evalu-
ated sofosbuvir in patients infected with HCV
genotype 2 or 3 for whom interferon-based
treatment had failed. They were randomized
to either 12 weeks or 16 weeks of sofosbuvir
and weight-based ribavirin treatment. About
60% of patients had HCV genotype 3, and
34% had cirrhosis.

The overall sustained virologic response
rate was 50% in the patients treated for 12
weeks and 73% in those treated for 16 weeks:

VOLUME 81 ¢ NUMBER 3

specifically, 86% of patients with genotype 2
achieved a sustained virologic response at 12
weeks and 94% at 16 weeks, whereas in those
with genotype 3 the rates were 30% at 12
weeks and 62% at 16 weeks.

Cirrhosis was again a predictor of lack of
response to sofosbuvir. In the group treated for
12 weeks, 31% of those with cirrhosis achieved
a sustained virologic response compared with
61% in those without cirrhosis. In the group
treated for 16 weeks, 61% of those with cit-
thosis achieved a sustained virologic response
compared with 76% in those without cirrhosis.

In both the POSITRON and FUSION
trials, relapse accounted for all treatment fail-
ures, and no virologic resistance was detected
in patients who did not have a sustained vi-
rologic response. The investigators concluded
that 12 weeks of treatment with sofosbuvir
and ribavirin can be effective for HCV geno-
type 2 infection, but extending the treatment
to 16 weeks may be beneficial for genotype 3.
This may be especially important in patients
with cirrhosis or those who did not have a re-
sponse to peg-interferon-based treatment.

VALENCE,* an ongoing phase 3 trial in
Europe, is assessing the safety and efficacy of
sofosbuvir 400 mg once daily and weight-based
ribavirin in patients with HCV genotype 2 or
3. Eighty-five percent of the trial participants
have received previous treatment, and 21%
have cirrhosis. Patients were originally ran-
domized in a 4:1 ratio to receive sofosbuvir
plus ribavirin for 12 weeks or matching place-
bo, but as a result of emerging data suggesting
that patients with genotype 3 would benefit
from more than 12 weeks of treatment, the
study was subsequently amended to extend
treatment to 24 weeks for patients with geno-
type 3.

Overall rates of sustained virologic re-
sponse were 93% in patients with genotype
2 and 85% in patients with genotype 3. In
previously treated patients with genotype
2 who were treated for 12 weeks, the rates
of sustained virologic response were 91% in
those without cirrhosis vs 88% in those with
cirrhosis. In previously treated patients with
genotype 3, the rates in those treated for 24
weeks were 87% in patients without cirrhosis
vs 60% with cirrhosis. The safety profile was
consistent with that of ribavirin.
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TABLE 4

Clinical trials of simeprevir in HCV genotype 1

Trial name Phase Population

Treatment groups and duration

Rate of sustained

virologic response

QUEST-1*and 3 Previously untreated

QUEST-2%

PROMISE?* 3 Relapsed after
prior interferon-based
therapy

ASPIRE” 2 Failed prior therapy

with peg-interferon
and ribavirin

Side effects of sofosbuvir
In clinical trials, side effects occurred most
often when sofosbuvir was combined with
interferon and ribavirin and were consistent
with the known side effects of the latter two
agents. The most frequently reported side
effects included fatigue, insomnia, nausea,
rash, anemia, headache, and arthralgia,
with most of these adverse events rated by
treating clinicians as being mild in sever-
ity. 1520

In the ATOMIC trial, the most common

events leading to drug discontinuation were
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Simeprevir 150 mg daily + peg-interferon Overall 80%
and ribavirin for 12 weeks and, if Genotype 1a 75%
extended rapid virologic response Genotype 1b 85%
achieved: peg-interferon and ribavirin
for another 12 weeks
(total 24 weeks)

If not: peg-interferon and ribavirin for
another 36 weeks (total 48 weeks)

Placebo + peg-interferon and ribavirin Overall 50%
for 48 weeks Genotype 1a 47%

Genotype 1b 53%

Simeprevir 150 mg daily + peg-interferon Overall 79%
and ribavirin for 12 weeks and (if Genotype 1a 70%
extended rapid virologic response Genotype 1b 86%
achieved): peg-interferon and ribavirin
for another 12 weeks (total 24 weeks)

If not: peg-interferon and ribavirin
for another 36 weeks (total 48 weeks)

Placebo + peg-interferon and ribavirin Overall 37%
for 48 weeks Genotype 1a 28%

Genotype 1b 43%

Simeprevir 100 mg or 150 mg daily Overallat  61%-80%
for 12, 24, or 48 weeks + peg-interferon 24 weeks
and ribavirin for 48 weeks In prior 77%—-89%

relapsers
In prior 48%—-86%

partial responders

In prior

38%-59%

null responders

Placebo + peg-interferon and ribavirin
for 48 weeks

anemia and neutropenia, both associated
with interferon and ribavirin. Patients receiv-
ing sofosbuvir monotherapy after 12 weeks
of triple therapy showed rapid improvement
in hemoglobin levels and neutrophil counts,
indicating that hematologic abnormalities at-
tributed solely to sofosbuvir are minimal. In
the FISSION trial, the incidence of adverse
events was consistently lower in those receiv-
ing sofosbuvir-ribavirin than in patients re-
ceiving interferon-ribavirin without sofosbu-

vir.1?

In the POSITRON trial, discontinuation
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Advantages
of simeprevir:
once-daily
dosing,

fewer adverse
effects, fewer
interactions
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TABLE 5
Approved regimens of simeprevir for HCV genotype 1
Patient group Regimen Duration
Previously untreated Simeprevir 150 mg once daily, 24 weeks
and prior relapsers peg-interferon alfa 180 pg once weekly, and

ribavirin 1,000 mg (if < 75 kg) or 1,200 mg (if > 75 kg) daily in

two divided doses for 12 weeks, then

peg-interferon alfa and ribavirin alone for an additional

12 weeks
Prior partial responders  Simeprevir with peg-interferon alfa and ribavirin for 12 weeks, 48 weeks

and nonresponders
36 weeks

of sofosbuvir because of adverse events was
uncommon, and there were no differences in
the incidence of adverse events and labora-
tory abnormalities between patients with and
without cirrhosis when they received sofosbu-
vir and ribavirin.?

Sofosbuvir dosage and indications
Sofosbuvir is approved in an oral dose of 400
mg once daily in combination with ribavirin
for patients infected with HCV genotype 2 or
3 and in combination with ribavirin and in-
terferon alfa in patients infected with HCV
genotype 1 or 4 (masLe 3). It could be consid-
ered for HCV genotype 1 in combination with
ribavirin alone for 24 weeks in patients who
are ineligible for interferon.

Sofosbuvir is also recommended in com-
bination with ribavirin in HCV-infected
patients with hepatocellular carcinoma who
are awaiting liver transplantation, for up to
48 weeks or until they receive a transplant,
to prevent posttransplant reinfection with
HCV.

Sofosbuvir is expensive

A course of therapy is expected to cost about
$84,000, which is significantly more than the
cost of previous triple therapy (peg-interferon,
ribavirin, and either boceprevir or telapre-
vir).?2 This high cost will undoubtedly lead to
less widespread use in developing countries,
and potentially even in the United States. As
newer direct-acting antiviral agents become
available, the price will likely come down, en-
hancing access to these drugs.

VOLUME 81 ¢ NUMBER 3

then peg-interferon alfa and ribavirin alone for an additional

M SIMEPREVIR: A SECOND-GENERATION
PROTEASE INHIBITOR

Telaprevir and boceprevir are NS3/A4 prote-
ase inhibitors that belong to the alfa-ketoamid
derivative class. Simeprevir belongs to the
macrocyclic class and has a different way of
binding to the target enzyme.” Like sofosbu-
vir, simeprevir was recently approved by the
FDA for the treatment of HCV genotype 1.

The therapeutic efficacy of simeprevir has
been tested in several clinical trials (1aBLE 4),
including QUEST-1%* and QUEST-2? (in pre-
viously untreated patients), PROMISE* (in
prior relapsers), and ASPIRE* (in prior partial
and null responders). Results from these trials
showed high overall rates of sustained virolog-
ic response with triple therapy (ie, simeprevir
combined with peg-interferon and ribavirin).
[t was generally well tolerated, and most ad-
verse events reported during 12 weeks of treat-
ment were of mild to moderate severity.

In QUEST-1 and QUEST-2, both dou-
ble-blind phase 3 clinical trials, previously un-
treated patients infected with HCV genotype
1 were randomized in a 2:1 ratio to receive
either simeprevir 150 mg daily or placebo for
12 weeks; both groups also received peg-in-
terferon and ribavirin. Patients then received
peg-interferon and ribavirin alone for 12 or 36
weeks in the simeprevir group (based on re-
sponse) and for 36 weeks in the placebo group.

The overall rate of sustained virologic re-
sponse at 12 weeks was 80% in the simeprevir
group (75% in those with genotype la and
85% in those with genotype 1b) vs 50% in the
placebo group (receiving peg-interferon and
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ribavirin alone).?#?

PROMISE,* another double-blind ran-
domized phase 3 clinical trial, evaluated
simeprevir in patients with HCV genotype 1
who relapsed after previous interferon-based
therapy. It had a similar design to QUEST-1
and QUEST-2, and 15% of all patients had
cirrhosis.

The overall sustained virologic response
rate at 12 weeks after treatment was 79% in
the simeprevir group (70% in patients with
genotype la and 86% in those with genotype
1b) vs 37% in the placebo group. Rates were
similar in patients with absent to moderate fi-
brosis (82%), advanced fibrosis (73%), or cit-
rhosis (74%).

ASPIRE.?” Simeprevir efficacy in patients
with HCV genotype 1 for whom previous
therapy with peg-interferon and ribavirin had
failed was tested in ASPIRE, a double-blind
randomized phase 2 clinical trial. Patients
were randomized to receive simeprevir (ei-
ther 100 mg or 150 mg daily) for 12, 24, or 48
weeks in combination with 48 weeks of peg-
interferon and ribavirin, or placebo plus peg-
interferon and ribavirin for 48 weeks.

The primary end point was the rate of sus-
tained virologic response at 24 weeks. Overall,
rates were 61% to 80% for the simeprevir treat-
ment groups compared with 23% with placebo,
regardless of prior response to peg-interferon
and ribavirin. By subgroup, rates were:
® 77% to 89% with simeprevir vs 37% with

placebo in prior relapsers
® 48% to 86% with simeprevir vs 9% with

placebo in prior partial responders
® 38% to 59% with placebo vs 19% for prior
nonresponders.

The best rates of sustained viral response
at 24 weeks were in the groups that received
simeprevir 150 mg daily: 85% in prior relaps-
ers, 75% in prior partial responders, and 51%
in prior nonresponders.

Simeprevir vs other

direct-acting antiviral drugs

Advantages of simeprevir over the earlier
protease inhibitors include once-daily dos-
ing, a lower rate of adverse events (the most
common being fatigue, headache, rash, pho-
tosensitivity, and pruritus), a lower likelihood
of discontinuation because of adverse events,

CLEVELAND CLINIC JOURNAL OF MEDICINE

TABLE 6

Direct-acting antiviral drugs for hepatitis C
virus infection in clinical development

INHIBITORS OF VIRAL TARGETS

NS3 protease inhibitors
Danoprevir, faldaprevir, asunaprevir, sovaprevir, vaniprevir, GS-9451,
GS-9256, ABT-450, MK-5172, BILN-2061, ACH-2684

NS4B inhibitors
Clemizole, silibinin

NS5A inhibitors
Daclatasvir, ledipasvir, ABT-267, GSK-2336805, ACH-2928,
BMS824393, IDX719, PPI-461, PPI-668, ACH-3102, MK-8742

NS5B nucleoside inhibitors
Mericitabine, ALS-2200

NS5B Non-nucleoside inhibitors
Tegobuvir, filibuvir, lomibuvir, setrobuvir, MK-3281, GS-9669,
BI-207127, TMC-647055, BMS-791325

INHIBITORS OF HOST TARGETS

Cyclophilin A inhibitors
Cyclosporin A, alisporivir, NIM811, SCY-635

MiR122 inhibitors
Miravirsen

Entry inhibitors
ITX5061

INFORMATION COMPILED FROM REFERENCES 30, 31, 32, 33, 34, AND 35.

and fewer drug-drug interactions (since it is a
weak inhibitor of the CYP3A4 enzyme).

Unlike sofosbuvir, simeprevir was FDA-

approved only for HCV genotype 1 and in
combination with interferon alfa and ribavi-
rin. Compared with sofosbuvir, the treatment
duration with simeprevir regimens is longer
overall (interferon alfa and ribavirin are given
for 12 weeks in sofosbuvir-based regimens vs
24 to 48 weeks with simeprevir). As with so-
fosbuvir, the estimated cost of simeprevir is

high, about $66,000 for a 12-week course.

Simeprevir dosage and indications
Simeprevir was approved at an oral dose of

150 mg once daily in combination with riba-

virin and interferon alfa in patients with HCV
genotype 1 (TABLE5).

The approved regimens for simeprevir are
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TABLE 7

HEPATITIS C VIRUS DRUGS

Overall rates of sustained virologic response
of approved HCV treatment regimens

Treatment regimen

Overall rate of sustained
virologic response

Peg-interferon alfa and ribavirin (for 24 to 48 weeks depending on HCV genotype)

Telaprevir or boceprevir with peg-interferon alfa and ribavirin
(in HCV genotype 1 for 24 to 48 weeks)

Sofosbuvir with peg-interferon alfa and ribavirin (in HCV genotype 1 for 12 weeks)

Sofosbuvir with peg-interferon alfa and ribavirin (in HCV genotype 4 for 12 weeks)

Sofosbuvir with ribavirin (in HCV genotype 2 for 12 weeks)

Sofosbuvir with ribavirin (in HCV genotype 3 for 24 weeks)

Simeprevir with peg-interferon alfa and ribavirin (in HCV genotype 1 for 24 to 48 weeks)

Patients

with HCV
genotype 1a
should be
screened for
the NS3 Q80K
polymorphism
when starting
simeprevir

170 CLEVELAND CLINIC JOURNAL OF MEDICINE

fixed in total duration based on the patient’s
treatment history. Specifically, all patients re-
ceive the drug in combination with peg-inter-
feron and ribavirin for 12 weeks. Then, pre-
viously untreated patients and prior relapsers
continue to receive peg-interferon and ribavi-
rin alone for another 12 weeks, and those with
a partial or null response continue with these
drugs for another 36 weeks.

Patients infected with HCV genotype la
should be screened for the NS3 Q80K poly-
morphism at baseline, as it has been associ-
ated with substantially reduced response to
simeprevir.

Sofosbuvir and simeprevir in combination
The COSMOS trial.”® Given their differ-
ences in mechanism of action, sofosbuvir and
simeprevir are being tested in combination.
The COSMOS trial is an ongoing phase 2
randomized open-label study investigating the
efficacy and safety of simeprevir and sofosbu-
vir in combination with and without ribavirin
in patients with HCV genotype 1, including
nonresponders and those with cirrhosis. Early
results are promising, with very high rates of
sustained virologic response with the sofosbu-
vir-simeprevir combination (93% to 100%)
and indicate that the addition of ribavirin
might not be needed to achieve sustained vi-
rologic response in this patient population.

VOLUME 81 ¢ NUMBER 3

56%
75%

90%

96%
95%
85%
80%

B THE FUTURE

The emergence of all-oral regimens for HCV
treatment with increasingly sophisticated
agents such as sofosbuvir and simeprevir will
dramatically alter the management of HCV
patients. In view of the improvement in sus-
tained virologic response rates with these
treatments, and since most HCV-infected
persons have no symptoms, the US Centers
for Disease Control and Prevention? recently
recommended one-time testing of the cohort
in which the prevalence of HCV infection is
highest: all persons born between 1945 and
1965. This undoubtedly will increase the de-
tection of this infection—and the number of
new patients expecting treatment.

Future drugs promise further improve-
ments (TaBLE 6).>°% Advances in knowledge of
the HCV molecular structure have led to the
development of numerous direct-acting an-
tiviral agents with very specific viral targets.
A second wave of protease inhibitors and of
nucleoside and nonnucleoside polymerase in-
hibitors will soon be available. Inhibitors of
NS5A (a protein important in the assembly
of the viral replication complex) such as da-
clatasvir and ledipasvir, are currently in phase
3 clinical trials. Other viral proteins involved
in assembly of the virus, including the core
protein and p7, are being explored as drug tar-
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gets. In addition, inhibiting host targets such
as cyclophilin A and miR122 has gained trac-
tion recently, with specific agents currently in
phase 2 and 3 clinical trials.

Factors that previously were major de-
terminants of response to treatment, such as
IL28B genotype, viral load, race, age, extent of
fibrosis, and genotype 1 subtypes, will become
much less important with the introduction of
highly potent direct-acting antiviral agents.

Many all-oral combinations are being eval-
uated in clinical trials. For example, the open-
label, phase 2 LONESTAR trial tested the
utility of combining sofosbuvir and ledipasvir
(an NS5A inhibitor) with and without ribavi-
rin for 8 or 12 weeks in previously untreated
patients with HCV genotype 1, and for 12
weeks in patients with HCV genotype 1 who
did not achieve a sustained virologic response
after receiving a protease inhibitor-based regi-
men (half of whom had compensated cirrho-
sis).*® Sustained virologic response rates were
very high (95% to 100%) in both previously
treated and previously untreated patients, in-
cluding those with cirrhosis. Similar rates were
achieved by the 8-week and 12-week groups in
noncirrhotic patients who had not been pre-
viously treated for HCV. The typical hemato-
logic abnormalities associated with interferon
were not observed except for mild anemia in
patients who received ribavirin. These results
suggest that the combination of sofosbuvir and
ledipasvir could offer a very effective, short,
all-oral treatment for patients with HCV geno-
type 1, including those with cirrhosis, who up
to now have been difficult to treat.

Challenges remaining

The success of sofosbuvir and simeprevir paves
the way for interferon-free regimens.”” For a
long time, the treatment of HCV infection
required close monitoring of patients while
managing the side effects of interferon, but

the current and emerging direct-acting an-
tiviral agents will soon change this practice.
Given the synergistic effects of combination
therapy—targeting the virus at multiple loca-
tions, decreasing the likelihood of drug resis-
tance, and improving efficacy—combination
regimens seem to be the optimal solution to
the HCV epidemic. Lower risk of side effects
and shorter treatment duration will definitely
improve the acceptance of any new regimen.
New agents that act against conserved viral
targets, thereby yielding activity across mul-
tiple genotypes, will be advantageous as well.
TABLE 7 compares the rates of sustained virolog-
ic response of the different currently approved
HCV treatment regimens.

Clinical challenges remain, including the
management of special patient populations for
whom data are still limited. These include pa-
tients with cirrhosis, chronic kidney disease,
renal failure, and concurrent infection with
human immunodeficiency virus, and patients
who have undergone solid organ transplanta-
tion. Clinical trials are under way to evaluate
the treatment options for these patients, who
will likely need to wait for the emergence of
additional agents before dramatic improve-
ment in sustained virologic response rates may
be expected.”

As the treatment of HCV becomes simpler,
safer, and more effective, primary care physi-
cians will increasingly be expected to manage
it. Difficult-to-treat patients, including the spe-
cial populations above, will require specialist
management and individualized treatment reg-
imens, at least until better therapies are avail-
able. The high projected cost of the new agents
may limit access, at least initially. However, the
dramatic improvement in sustained virologic
response rates and all that that implies in terms
of decreased risk of advanced liver disease and
its complications will undoubtedly make these
therapies cost-effective.” [ |
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