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Abstract: Infection with hepatitis C virus (HCV) affects approximately 170 million people worldwide. However, no
vaccine or immunoglobulin is currently available for the prevention of HCV infection. The standard of care (SOC)
involving pegylated interferon-a (PEG-IFN a) plus ribavirin (RBV) for 48 weeks results in a sustained virologic re-
sponse in less than 50% of patients with chronic hepatitis C genotype 1, the most prevalent type of HCV in North
America and Europe. Recently, reliable in vitro culture systems have been developed for accelerating antiviral therapy
research, and many new specifically targeted antiviral therapies for hepatitis C (STAT-C) and treatment strategies are
being evaluated in clinical trials. These new antiviral agents are expected to improve present treatment significantly
and may potentially shorten treatment duration. The aim of this review is to summarize the current developments in

new anti-HCV drugs.
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1 Introduction

Hepatitis C virus (HCV), first characterized in
1989 as the major cause of non-A and non-B hepatitis
infections (Choo et al., 1989), has been described as a
“silent epidemic” and a “serious global health crisis”.
The World Health Organization estimates that the
prevalence of HCV infection is approximately
130-170 million people, with 3—4 million new infec-
tions each year (Shepard et al., 2005). The highest
prevalence of HCV cases is in the African and Eastern
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Mediterranean regions (Lavanchy, 2009). The Center
for Disease Control and Prevention estimates that
HCV is the most common chronic blood-borne viral
infection in the US. As many as 75%—85% of patients
newly infected with HCV will develop chronic in-
fection and face an increased risk of developing liver
cirrhosis or hepatocellular carcinoma (HCC). Al-
though only 25% of new infections are symptomatic,
60%—80% of patients develop chronic liver disease,
of whom an estimated 20% progress to cirrhosis, with
a 1%—-4% annual risk of developing HCC (Pawlotsky,
2006). HCV is currently a leading cause of death in
human immunodeficiency virus (HIV)-coinfected
patients (Salmon-Ceron et al., 2005). HCV-related
end-stage liver disease is the most common reason for
liver transplantation today in the US and Western
Europe (Tang and Grise, 2009). No vaccine is cur-
rently available to prevent hepatitis C infection
(Houghton and Abrignani, 2005).
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HCV, the only known member of the hepacivi-
rus genus in the family Flaviviridae, is a small, en-
veloped RNA virus transmitted by blood-to-blood
contact, including drug injection and blood transfu-
sion, or sexual exposure. Six major HCV genotypes
and 100 subtypes have been identified worldwide
(Simmonds, 2004). HCV genotype 1 (HCV-1), fol-
lowed by genotypes 2 (HCV-2) and 3 (HCV-3), is the
most common genotype found in North and South
America and Europe, and has therefore been the focus
of most clinical trials. Genotype 4 (HCV-4) is the
most frequent cause of chronic hepatitis C in the
Middle East, North Africa, and sub-Saharan Africa,
and has recently spread to Southern Europe (Nguyen
and Keeffe, 2005). Genotype 5 (HCV-5) was initially
reported in South Africa (Ohno et al., 1994), and
genotype 6 (HCV-6) is rare and confined to Southeast
Asia (Wong et al., 1998).

The HCV genome is composed of a positive,
single-stranded RNA of approximately 9600 nucleo-
tides in length, with a single open reading frame (ORF)
flanked by 5'- and 3'-untranslated regions (UTRs).
The 5'-UTR contains six secondary structure domains,
termed stem-loops (SLs) I-VI. SLII, SLIII, and SLIV
form an internal ribosome entry site (IRES) that faci-
litates translation of the capless HCV RNA (Wang et
al., 1993). The 5'-UTR also contains essential repli-
cation signals for the negative-strand RNA (Friebe
et al., 2001). The 3'-UTR is highly conserved and is
essential for HCV replication (Fried et al., 2002; Yi
and Lemon, 2003).

The HCV genome encodes a long, single pre-
cursor polypeptide of approximately 3000 amino
acids in the gene order of 5'-C-E1-E2-p7-NS2-NS3-
NS4A-NS4B-NS5A-NS5B-3'. Three structural pro-
teins, the capsid protein (core), two glycoproteins (E1
and E2), and a small ion channel protein (p7), reside
in the N-terminal half of the polyprotein. Six non-
structural proteins (NSs), NS2, NS3, NS4A, NS4B,
NSS5A, and NS5B, are situated at the C-terminus.

2 Current treatment for HCV

The lack of an efficient in vitro replication sys-
tem or small animal infection model has long ham-
pered therapeutic developments for chronic HCV.
The goal of anti-HCV treatment is to achieve a sus-

tained viral response (SVR), which is the absence of
serum HCV RNA up to six months after therapy is
concluded. The current standard of care (SOC) ap-
proved by the US Food and Drug Administration
(FDA) is a weekly injection of pegylated interferon-a
(PEG-IFN a), combined with oral administration of
ribavirin (RBV) twice-daily (BID). Although this
combination therapy results in over 54% SVR of
HCV-infected subjects, the response and rate of SVR
can be vary significantly dependent on HCV geno-
types (Manns et al., 2001; Fried et al., 2002; Had-
ziyannis et al., 2004). Also, current therapies are often
poorly tolerated because of a plethora of treatment-
associated adverse effects, including fatigue,
influenza-like symptoms, gastrointestinal distur-
bances, neuropsychiatric symptoms, anemia, and
hematologic abnormalities. Dose reduction is re-
quired in more than one third of patients, and drug
discontinuation is necessary in approximately 10% of
patients (Feld and Hoofnagle, 2005; Manns et al.,
2007). With few alternatives available, more effective
agents with fewer adverse effects are clearly needed.

3 Development of new drugs

The limitation of suboptimal response has driven
research toward developing more specifically tar-
geted antiviral therapy for HCV (STAT-C). The dis-
covery of HCV’s autonomous subgenomic replica-
tion system in 1999 (Lohmann et al., 1999) boosted
knowledge of the HCV replication cycle, and a robust
cell culture infection system JFH-1/HCVcc was es-
tablished in 2005. This system has allowed research-
ers to study the HCV life cycle (Cai et al., 2005;
Lindenbach et al., 2005; Wakita et al., 2005; Zhong
et al., 2005) and has accelerated the development of
new HCV therapies.

HCV encodes at least four enzymes required for
virus replication, including NS2/3 autoprotease, NS3
helicase, NS3/4A serine protease, and NS5B RNA-
dependent RNA polymerase (RdRp) (Kolykhalov et
al., 2000). Current studies have been focused on de-
veloping specific inhibitors of NS3/4A and NS5B
(Hayashi and Takehara, 2006). These targeted the-
rapeutics have advanced to phases II and III clinical
trials. The combination of current standard therapy
with novel, potent, multi-target inhibitors could sig-
nificantly reduce adverse effects and may prove to be
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more effective. This review highlights the recent
progress of clinical studies aimed at developing ef-
fective anti-HCV compounds.

4 Protease inhibitors

The C-terminal half of NS2 with the N-terminal
protease domain of NS3 forms a catalytically active
protease to cleave the NS2/3 junction (Grakoui et al.,
1993). Heterodimerization of serine protease with its
cofactor NS4A significantly enhances proteolytic
processing efficiency. This protease is responsible for
the cleavage of the viral polyprotein at four sites
(NS3/4A, NS4A/4B, NS4B/5A, and NS5A/5B). Both
the protease and the helicase activities are important
for HCV replication (Kolykhalov et al., 2000; Lam
and Frick, 2006). The HCV NS3/4A serine protease is
not only involved in viral polyprotein processing, but
also efficiently blocks the retinoic acid-inducible
gen I (RIG-I) and Toll-like receptor (TLR)-3 signal-
ing pathways and contributes to virus persistence by
enabling HCV to escape the interferon antiviral re-
sponse (Foy et al., 2005; Seth et al., 2006). NS3/4A
protease inhibition can prevent Cardif and/or Toll/
interleukin-1 receptor domain-containing adaptor-
inducing interferon (TRIF) inactivation during HCV
infection, thereby maintaining the innate immune
response (Franco et al., 2008). Thus, differences in
NS3/4A protease catalytic efficiency could be related
to viral pathogenicity. Both its essential role in the
HCYV life cycle and its ability to counteract host innate
immunity make the NS3/4A protease an ideal target
for the development of new anti-HCV agents and
control of the disease (Franco et al., 2007).

The development of small molecule inhibitors of
NS3/4A protease as antiviral agents has been inten-
sively pursued as a viable strategy to eradicate HCV
infection. Protease inhibitors are very efficacious in
lowering viral loads to undetectable levels. However,
the development of effective inhibitors is a daunting
task (Reiser and Timm, 2009). Inhibitors of the
NS3/4A protease have been the most extensively
studied direct antivirals to date. BILN 2061 (cilupre-
vir) was the first NS3/4A protease inhibitor to enter
clinical trials; however, trials were halted due to car-
diac toxicity in rhesus monkeys (Reiser et al., 2005).
Ciluprevir has opened the door to future trials with

NS3/4A protease inhibitors. Currently, a number of
compounds from Boehringer Ingelheim, Vertex, Vi-
roBay and Abbott/Enanta are in phase I clinical trials;
Merck, Roche, Achillion, and Bochringer Ingelheim
in phase II; and, Merck and Vertex in phase III (Chen
and Njoroge, 2009). Two agents, the peptidomimetic
inhibitors telaprevir and boceprevir, are most ad-
vanced; both have progressed to phase III clinical
trials (Table 1).

According to their chemical structures, HCV
protease inhibitors are classified as non-covalent
(linear peptidic inhibitors and macrocyclic inhibitors)
or covalent (linear peptidic inhibitors and macrocyc-
lic inhibitors).

4.1 Telaprevir (VX-950)

Telaprevir (VX-950) is a selective peroral
a-ketoamide peptidomimetic inhibitor of the HCV
NS3/4A serine protease. This drug possesses an ex-
cellent antiviral activity to both HCV-1a and HCV-1b
in vitro (Perni et al, 2006). A time- and
concentration-dependent reduction of HCV RNA in
replicon cells was observed (Lin C. et al., 2006).
Following a 9-d incubation of HCV replicon cells, a
combination of 2 pumol/L telaprevir and 50 U/ml
IFN-a resulted in a 3.8 log;o [U/ml reduction of HCV
RNA level. These results indicate that the therapeutic
effect of the combination can be sustained over time
(Lin et al., 2004).

In phase I clinical trials, telaprevir showed a
robust anti-HCV activity. In phase Ib clinical trials,
telaprevir was able to rapidly reduce the plasma viral
load of subjects chronically infected with HCV-1 by a
mean of 3 log;o [U/ml in 2 d and 4.4 log;o IU/ml after
14 d (Lin C. et al., 2006). Furthermore, phase Ib stu-
dies suggested that combining telaprevir with
PEG-IFN a with or without RBV, increases anti-HCV
effect and decreases the emergence of resistance
(Hezode et al., 2009). This drug was well tolerated at
doses of 25-1250 mg and exhibited good systemic
exposure (Lin et al., 2004). In addition, a large phase
IT controlled study of 250 treatment-naive, HCV-1-
infected individuals showed that triple therapy with
telaprevir, PEG-IFN o, and RBV led to increased
rates of rapid viral response (RVR) (74% vs. 14%)
and early virologic response (EVR) (79% vs. 43%)
over the standard treatment (Weisberg and Jacobson,
2009).
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Table 1 Ongoing clinical trials of anti-HCV protease inhibitors (PIs)

Company Compound Class  Clinical phase Structure”
Vertex Telaprevir (VX-950) PI 1 A
Merck Boceprevir (SCH 503034) PI 1 B
Tibotec Pharmaceuticals Ltd. TMC435 PI II C
Merck Narlaprevir (SCH 900518) PI II D
Boehringer Ingelheim BI1201335 PI 1T E
Merck Vaniprevir (MK-7009) PI II F
Roche Danoprevir (ITMN-191/R7227) PI I G
Bristol-Myers Squibb BMS-650032 PI I H
Achillion ACH-1625 PI II Undisclosed
Abbott/Enanta ABT-450 PI I Undisclosed
Vertex VX-500 PI I Undisclosed
Boehringer Ingelheim BI 207127 PI I Undisclosed
ViroBay VBY-376 PI I Undisclosed
Vertex VX-813 PI I Undisclosed

* Structure:

]
G JT$HQ3 ;B_XTﬁ\ o

To date, more than 2500 people infected with
HCYV have received telaprevir-based regimens as part
of the phase III ADVANCE, ILLUMINATE, and
REALIZE studies. The ADVANCE trial enrolled
approximately 1095 patients at 114 clinical sites
worldwide. The primary endpoint of the trial was
SVR and the secondary endpoint was to evaluate the
safety of telaprevir when dosed in combination with
PEG-IFN o and RBV. There were 75% of the subjects
achieved SVR or viral cure after receiving a 12-week
telaprevir-based combination regimen, followed by
treatment with PEG-IFN o and RBV alone. In total,
69% of the subjects achieved SVR after receiving an
eight-week telaprevir-based combination regimen,
followed by treatment with PEG-IFN o and RBV
alone. In total, 44% of the subjects in the control arm
achieved SVR after 48 weeks of treatment with the
currently approved regimen of PEG-IFN o and RBV.
Results from the phase III ILLUMINATE study
showed that there was no benefit to extend telaprevir-

based therapy to 48 weeks. Clinical studies of tela-
previr have been completed, except for those ad-
dressed in “VX-950-TiDP24-C219: A Roll over Trial
for Patients in the Control Group of the C216 Study
Who Received Telaprevir Placebo” (http://clinicaltrials.
gov/ct2/show/NCT01054573) and “Safety and Effi-
cacy of Telaprevir in Combination with PEG-IFN
a-2a and RBV in Subjects Co-Infected with HCV and
HIV”. In addition, current preliminary data suggests
that telaprevir has substantial antiviral activity against
HCV-2 and HCV-4 infections, but limited efficacy in
HCV-3 subjects (Hezode et al., 2009). The combina-
tion of telaprevir and PEG-IFN a also suppressed the
emergence of in vitro resistance mutations against
telaprevir in replicon cells (Lin K. ef al., 2006).

4.2 Boceprevir (SCH 503034)

Boceprevir (SCH 503034) is an HCV NS3/4A
protease inhibitor, developed by Merck as a capsule
formulation. Boceprevir is a structurally novel
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peptidomimetic ketoamide type inhibitor that binds
reversibly to the NS3 active site with robust anti-HCV
activity. Boceprevir treatment resulted in a 1.5-
2.0 logio IU/ml drop in HCV RNA levels at 72 h and a
3.5-4.0 logjo IU/ml drop by Day 15. No toxic hepa-
tocyte effects were observed. Cells treated with a
combination of boceprevir and IFN-a had a greater
HCYV replicon suppression than agent alone (Malcolm
et al., 2006). This promising in vitro data has allowed
boceprevir to enter clinical trials.

The boceprevir phase I clinical trial compared
boceprevir with PEG-IFN o-2b as monotherapy or
combined therapy in a nonresponder population who
previously did not achieve an EVR with PEG-IFN
0-2b, with or without RBV. It revealed that combi-
nation therapy yielded much greater reductions in
viral load than either drug given as monotherapy.
Patients treated with PEG-IFN a-2b and 400 mg of
boceprevir thrice-daily (TID) had a maximum mean
change in HCV RNA of (-2.68+1.12) log;o IU/ml. As
comparison, single-week monotherapy with 400 mg
TID of boceprevir resulted in viral load reductions by
(-1.61£0.21) log;o IU/ml. Two-week monotherapy
with PEG-IFN a-2b yielded RNA reductions of —1.08
to —1.26 log;p IU/ml. No new adverse events were
observed in the combined therapy trial. Additionally,
there was no difference in safety parameters in sub-
jects treated with 400 mg of boceprevir as compared
with PEG-IFN a-2b. Pharmacokinetic phase 1 data
did not reveal significant interaction between these
two drugs (Sarrazin et al., 2007). These preliminary
findings facilitated a phase II study which showed
that RBV is required for optimal response in combi-
nation with NS3/4A protease inhibitors such as bo-
ceprevir. When added to the SOC for treatment of
chronic HCV-1, the optimal dose of boceprevir,
800 mg TID (Schiff et al., 2008), significantly in-
creased SVR in both 28-week and 48-week regimens,
compared with the control of PEG-IFN a-2b and
RBV. The use of low-dose RBV in combination with
PEG-IFN 0-2b and boceprevir, while reducing hae-
matological toxic effects, did not improve SVR rates
compared with those of the control group. Also, the
combination was associated with a high rate of viral
breakthrough and a rate of relapse similar to that of
the control group. Boceprevir-based groups had
higher rates of anaemia and dysgeusia compared to
the control group (Kwo et al., 2010).

Phase III trials for boceprevir began in 2008.
Results available to date have demonstrated the
compound to be well tolerated, with adverse events
that were within the range of current SOC therapy.
The HCV RESPOND-2 and SPRINT-2 studies each
evaluated two treatment strategies with boceprevir in
order to assess the ability to improve SVR and po-
tentially shorten overall treatment duration compared
to standard therapy. In the first-line boceprevir study,
SPRINT-2, involving subjects who are new to treat-
ment, the 48-week boceprevir arm had an SVR of
66% vs. 38% for the control arm, and 63% for the
boceprevir response-guided therapy arm. In the
second-line boceprevir study, RESPOND-2, involv-
ing subjects who have previously been unsuccessfully
treated, the 48-week boceprevir arm had an SVR of
66% vs. 21% for the control arm, and 59% for the
boceprevir response-guided therapy arm. Clinical
studies of boceprevir are now complete, except for
that described in “A Phase IIb, Safety and Efficacy
Study of Boceprevir in Patients Coinfected with HIV
and Hepatitis C (P05411 AM3)” (http://clinicaltrials.
gov/ct2/show/NCT00959699).

4.3 Narlaprevir (SCH 900518)

Narlaprevir (SCH 900518), a next-generation
once-daily (QD) HCV protease inhibitor, is a novel
ketoamide protease inhibitor, which forms a reversi-
ble covalent bond with the active-site serine. It has an
overall inhibition constant (K;) of 7 nmol/L and a
dissociation half-life of 1 to 2 h. Narlaprevir inhibited
replicon RNA at a 90% effective concentration (ECo)
of (40+10) nmol/L (~28 ng/ml), and a 50% effective
concentration (ECsg) of (20+6) nmol/L. In biochem-
ical assays, narlaprevir was active against proteases of
HCV-1 to HCV-3. A two-week treatment with five
times ECy of the inhibitor reduced the replicon RNA
level by 3 logjy IU/ml. Cross-resistance studies
demonstrated that the majority of mutations for re-
sistance to boceprevir and telaprevir caused similar
fold losses of activity against all three inhibitors;
however, narlaprevir retained more activity against
these mutants due to its higher intrinsic potency.
Combination treatment with IFN-a enhanced the
inhibition of replicon RNA and suppressed the
emergence of resistant replicon colonies. The repli-
con data also suggest that combination therapy with
IFN-0 may enhance HCV RNA reduction and also
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suppress the selection of resistant HCV mutations in a
clinical setting (Tong et al., 2010). The ECs, data
indicate that narlaprevir is approximately 10-fold
more potent in vitro than other protease inhibitors
currently in phase III trials (telaprevir and boceprevir)
(Lin et al., 2004; Malcolm et al., 20006).

Narlaprevir, originally developed as an HIV
protease inhibitor, is a strong inhibitor of the cy-
tochrome P450 3A (CYP3A) enzyme. In the phase Ila
study, named NEXT-1, narlaprevir was tested to
boost with ritonavir. Potent antiviral activity of nar-
laprevir was observed in combination with PEG-IFN
a-2b and RBV among treatment-naive subjects in-
fected with HCV-1 chronic hepatitis C. Across the
doses tested, 53% to 87% of narlaprevir recipients
achieved undetectable HCV RNA by Week 4.
Nalraprevir/ritonavir demonstrated no unique or
treatment-limiting adverse effects. Adverse events
included gastrointestinal symptoms, lethargy, ele-
vated liver enzymes, loss of appetite, and psychiatric
symptoms. Adverse events generally occurred with
similar frequency, although anemia and dizziness
were more common in the narlaprevir arms.

4.4 BI 201335

BI 201335, developed by Boehringer Ingelheim,
is a non-covalent, reversible, and highly optimized
competitive inhibitor targeting the full-length viral
NS3/4A proteases of HCV-1a and HCV-1b (Lemke et
al., 2010). Kjvalues are 2.6 and 2.0 nmol/L, respec-
tively, and have a several thousand-fold selectivity
relative to host cell proteases. K; values of 2 to
250 nmol/L of BI 201335 were measured against the
NS3/4A proteases of HCV-2 to HCV-6. The ECsg
values of BI201335 are 6.5 and 3.0 nmol/L in
HCV-1a and HCV-1b replicon assays, with an in vitro
selectivity index of 4600 for HCV-1la. Its in vitro
absorption, distribution, metabolism, and excretion
(ADME) properties and animal pharmacokinetics are
consistent with its excellent human pharmacokinetics
profile (White et al., 2010b). Furthermore, drug levels
were significantly higher in rat liver than in plasma,
suggesting that distribution to the target organ may be
especially favorable (White et al., 2010a). When
resistance to BI 201335 was examined in vitro, phe-
notypic characterization of the mutants revealed shifts
in sensitivity to inhibition by BI201335. The
HCV-1a R155K and HCV-1b D168V variants re-

duced sensitivity to BI 201335 by 400- and 1000-fold,
respectively. BI 201335 maintained activity against
NS3/4A variants, such as V36M, that confer resistance
to other HCV protease inhibitors (Kukolj et al., 2010).
BI1201335 was studied with chronic HCV-1 infection
for 14 d as monotherapy in treating naive subjects,
followed by combination with PEG-IFN/RBV for an
additional 14 d. It has also been tested in treatment-
experienced subjects for 28 d as a combination ther-
apy with PEG-IFN/RBV. All dose groups achieved
median viral load reductions of >3 log;o IU/ml. HCV
NS3 variants that confer resistance to BI 201335 were
selected during treatment. These variants do not alter
the sensitivity to PEG-IFN/RBV, as the majority of
treatment-naive subjects with resistant virus subse-
quently displayed anti-viral responses during the
combination therapy (Kukolj et al., 2009). BI 201335
has currently advanced to clinical test and develop-
ment through phase IIb trials.

4.5 TMC435 (TMC435350)

TMC435 (TMC435350), under development by
Tibotec Pharmaceuticals Ltd. in collaboration with
Medivir, is an oral, macrocyclic inhibitor of the HCV
NS3/4A serine protease administered QD. TMC435
is currently in phase IIb development. Biochemical
analysis using NS3/4A proteases of HCV-la and
HCV-1b showed K values to be 0.5 and 0.4 nmol/L,
respectively. This compound inhibited HCV replica-
tion in an HCV-1b cellular assay with an ECsy of
8 nmol/L and a selectivity index of 5875. The com-
pound was synergistic with IFN-a and an NS5B in-
hibitor in the replicon model and additive with RBV.
In rats, TMC435 was extensively distributed to the
liver and intestinal tract, and the absolute bioavaila-
bility was 44% after a single oral administration.
Compound concentration detected in both plasma and
liver at 8 h post-dosing was above the ECyy value
measured in the replicon (Lin et al., 2009).

TMC435350-C101 is a phase I, double-blind,
randomized, placebo-controlled trial of TMC435 in
both treatment-naive and treatment-experienced sub-
jects infected with HCV-1. In this trial, there were no
serious adverse effects, no grade 3 reactions, and no
treatment-related discontinuations. Pharmacokinetics
supported a QD dosing regimen (200 mg QD).
Plasma HCV RNA levels dropped rapidly in all sub-
jects, with a median maximal reduction of
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3.9 log;o IU/ml and a median of 6 d to maximal re-
duction. The initial steep reduction of HCV RNA
(median 3.5 log;o IU/ml at Day 3) was followed by a
more gradual decline that was maintained over the
dosing period. No viral breakthrough (>1 log;o [U/ml
HCV RNA increase from nadir) was observed during
treatment nor in the 3 d post-treatment; HCV RNA
returned to pretreatment levels by Week 4 after
treatment cessation (Reesink ez al., 2010). Viral
breakthrough was infrequent in a TMC435 phase Ila
study named OPERA-1 (Manns et al., 2009). The
global phase IIb study ASPIRE (TMC435-C205) in
HCV-1 treatment-naive subjects has completed
enrollment of 400 subjects from study sites in North
America, Europe, and Australia/New Zealand; the
clinical trial is ongoing.

4.6 Vaniprevir (MK-7009)

Vaniprevir (MK-7009) is a new class of HCV
NS3/4A protease inhibitors that contain a P2 to P4
macrocyclic constraint. Vaniprevir is an inhibitor of
HCV-1a and HCV-1b proteases at subnanomolar
concentrations, with modestly shifted potency against
HCV-2a and HCV-2b proteases at low nanomolar
concentrations. The pharmacokinetic properties of
vaniprevir were evaluated in multiple species and
exhibited good liver exposure (McCauley et al.,
2010). Dosed vaniprevir was administered to chim-
panzees to evaluate plasma and liver pharmacoki-
netics at a 10 mg/kg oral dose. Excellent plasma and
liver exposures were observed, with a liver concen-
tration at 12 h 1500-fold greater than the serum-
shifted replicon ICsq (McCauley et al., 2010).
MK-7009 also had excellent selectivity against both a
range of human proteases and a broad panel of
pharmacologically relevant ion channels, receptors,
and enzymes (Liverton et al., 2010). The evaluation
of safety and efficacy of vaniprevir is still under re-
search in Merck.

4.7 Danoprevir ITMN-191/R7227)

Danoprevir (ITMN-191/R7227), under devel-
opment by Roche, is a highly potent and selective
inhibitor of NS3/4A HCV serine protease for the oral
treatment of HCV infection. Preclinical data demon-
strated that danoprevir binds with high affinity and
dissociates slowly from the HCV NS3 protease, al-
lowing high liver drug exposure with only modest

plasma drug exposure. A phase Ib, “IFN-free” clinical
trial demonstrated that danoprevir, combined with the
HCV polymerase inhibitor R7128, was effective in
reducing HCV RNA levels in a large proportion of
treatment-naive subjects with HCV infection and in
approximately half of previously non-responsive
subjects with HCV-1 infection, without resistance or
safety concerns (Gane et al., 2010e). In a phase IIb
trial in treatment-naive subjects with HCV-1 infection,
danoprevir plus PEG-IFN a-2a and RBV resulted in
undetectable levels of HCV RNA in the majority of
subjects, showing no evidence of viral resistance.
Ritonavir, developed as an HIV protease inhibitor, is
a strong inhibitor of the CYP3A enzyme and can
improve the pharmacokinetic profile of danoprevir
(Deutsch and Papatheodoridis, 2010). Danoprevir/
ritonavir was generally well tolerated and demon-
strated favorable antiviral activity in combination
with PEG-IFN and RBV (Gane et al, 2010d).
Therefore, at the time of publication, a phase IIb trial
to evaluate ritonavir-boosted, low-dose danoprevir in
combination with R7128 was planned. Another study
showed that HCV protease inhibitor may restore in-
sulin sensitivity in subjects with HCV-1 (Moucari et
al., 2010). Study results indicated that insulin resis-
tance (IR) may increase the progression of liver fi-
brosis and induce histological lesions of non-
alcoholic steatohepatitis in subjects with chronic he-
patitis C. Moreover, IR has shown to be a major pre-
dictor of non-response to treatment in subjects with
chronic hepatitis C who received PEG-IFN and RBV.

4.8 BMS-650032

BMS-650032 is a potent and selective inhibitor
that demonstrated antiviral activity in both single and
multiple ascending dose studies in HCV-la and
HCV-1b (McPhee, 2010). Comprehensive in vitro
antiviral activity profiles in enzyme- and cell-based
replicon assays showed good pharmacokinetic cha-
racteristics and strong tolerance. BMS-650032 ad-
ministered in the range of 10-600 mg BID for 14 d
was safe and well tolerated in healthy subjects. Based
on calculated PK parameters, BMS-650032 had high
oral clearance and preferential hepatic distribution
(Levin et al., 2010). After a single 600 mg dose of
BMS-650032, actively treated subjects experienced a
mean decline in HCV RNA by ~2.5 log;o [U/ml at
24 h (McPhee et al., 2009). The phase II study
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naming a single ascending dose of BMS-650032 in
HCV-infected subjects is now complete, and four
other phase II studies, including combination therapy
with current standard care, are still ongoing.

4.9 ACH-1625

ACH-1625, currently under development by
Achillion, is an inhibitor with high potency against
the HCV NS3 protease. The anti-HCV potency of this
compound was confirmed by targeting viral replicons
containing the NS3 protease domain from HCV-la
and HCV-1b clinical isolates. In addition, ACH-1625
showed no anti-viral activity against HIV-1, herpes
simplex virus 1 (HSV-1), respiratory syncytial virus
(RSV), influenza and bovine virus diarrhoea virus
(BVDV); and minimal cytotoxicity in a panel of cell
lines and primary cells (50% cytotoxicity concentra-
tion (CCs¢)>32 mmol/L). ACH-1625 was specifically
targeting the NS3 protease and showed no activity
against other cellular proteases (50% inhibition con-
centration (ICsp)>10 mmol/L). A combination of
ACH-1625 with IFN/RBV and other experimental

STAT-C agents yielded additive to synergistic effects.

Finally, different mutations emerged from HCV-1la
and HCV-1b replicons under ACH-1625 selection.
The role of these mutations is currently underway.
ACH-1625 shows high hepatoselective distribution in
the rat and the dog (Stauber et al., 2010).

In clinical trials, ACH-1625 was very well tole-
rated after administration of single and multiple as-
cending doses up to 2000 mg in healthy volunteers.
Currently, ACH-1625 is being evaluated in chroni-
cally infected HCV subjects. The placebo-controlled
phase Ila study is aimed at evaluating the safety, to-
lerability and antiviral activity as a candidate for HCV
combination therapy. The clinical data demonstrated
reductions in viral RNA between 3—4.25 log;o [U/ml.
These mathematical data quantitatively show the
percentage of total virus cleared after 5 d of
ACH-1625 monotherapy. Specifically, ACH-1625 is
being evaluated in conjunction with PEG-IFN a-2a
and RBV after 4 and 12 weeks of dosing in subjects
infected with chronic HCV-1.

4.10 GS-9256

GS-9256 is a novel HCV NS3 protease inhibitor
(in vitro ECs5yp of ~20 nmol/L in HCV-1b replicon
assays). GS-9256 was well tolerated, with significant

antiviral activity, even at the lowest dose studied.
Median HCV RNA declined sharply through Day 2 in
a dose-dependent manner. Median changes from
baseline in HCV RNA at Day 4 were —1.1, =2.7, 2.6,
and —2.9 log;o IU/ml for the 25 mg (capsule), 75 mg
(capsule), 75 mg (solution), and 200 mg (solution)
BID regimens, respectively. Phase II evaluation of
GS-9256 in combination with GS-9190 with or
without RBV is currently underway (Lawitz et al.,
2010).

Thus far, major shortcomings associated with
HCYV protease inhibitors are rapidly developing viral
resistance, frequent dosing (telaprevir and boceprevir
must be TID taken), and anemia/rash (telaprevir).
Since the protease inhibitors are designed for com-
bined use with PEG-IFN and RBYV, their toxicities is a
problem because of their adding to the known toxici-
ties of PEG-IFN and RBV. Phase Il studies have
made it clear that RBV will be needed to maximize
SVR, minimize viral breakthrough and resistance,
and avoid relapse (de Bruijne et al., 2009).

5 Polymerase inhibitors

Current HCV therapy has serious adverse effects
and leaves a significant proportion of patients in-
fected with HCV-1 with unsatisfactory results. The
most promising antiviral target is viral proteins or
processes that are not endogenous to host cells. The
HCV RNA-dependent RNA polymerase (RdRp) is
encoded by the NS5B region and is strictly required
for replication of the single-stranded, positive-sense
RNA genome. Close structural homologs of this en-
zyme do not exist within the uninfected host cell. In
addition to its active site, at least three known allos-
teric binding pockets that regulate RNA synthesis are
suitable for inhibitor design. Therefore, this well
characterized replicative enzyme represents an ex-
cellent target for anti-HCV drug development.

The HCV NS5B polymerase contains the classic
palm, fingers, and thumb structural subdomains of a
polymerase. The function of the palm subdomain is to
form the catalytic center of the nucleotidyl transfer
reaction. The fingers subdomain interacts with the
incoming nucleoside triphosphate, as well as the
template base to which it is paired, and the thumb
subdomain plays a role in positioning the RNA for
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initiation and elongation. The interaction of these
subdomains is believed to enhance coordinated
movement and assist in modulating initiation, elon-
gation, and termination of RNA synthesis by en-
couraging high processivity of viral replication
(Walker and Hong, 2002).

Polymerase inhibitors include nucleoside inhi-
bitors (NIs) and non-nucleoside inhibitors (NNIs)
(Table 2). NIs can act as alternative substrates for the
viral polymerase, and NNIs act as allosteric inhibitors
of the polymerase. In vitro studies showed that the
nucleoside type polymerase inhibitors have a higher

Table 2 Ongoing clinical trials of anti-HCV polymerase inhibitors

Company Compound Class Clinical phase Structure”
Idenix/Novartis NM283/NM107" (valopicitabine) NI II (withdrawn) A
Roche R7128 NI II B
Roche R1626/R1479" (balapiravir) NI  II (withdrawn) C
Merck MK-0608 NI unknown D
Idenix IDX184 NI I E
Anadys ANA598 NNI 1I Undisclosed
Boehringer Ingelheim BI 207127 NNI II Undisclosed
Bristol-Myers Squibb BMS 791325 NNI I Undisclosed
Vertex VCH-759 NNI I F
Pfizer PF-00868554 (filibuvir FBV) NNI II G
Gilead GS-9190 NNI 11 Undisclosed
Pharmasset PSI-7977 NNI 1T H
Pharmasset PSI-7851 NNI 11 Diastereoisomer of PSI-7977
ViroPharma/Wyeth HCV-796 NNI I (withdrawn) I
Abbott ABT-333 NNI II Undisclosed
Abbott ABT-072 NNI I Undisclosed
Vertex VCH-916 NNI II J
Boehringer Ingelheim BILB-1941 NNI I (withdrawn) Undisclosed
Pharmasset PSI-938 NNI I Undisclosed
GlaxoSmithKline GSK625433 NNI I K
Merck MK-3281 NNI 1 L
Inhibitex INX-189 NNI I M
Idenix IDX375 NNI 1 Undisclosed

NI: nucleoside polymerase inhibitor; NNI: non-nucleoside polymerase inhibitor. * Active moiety. * Structure:

HN3CI

@mf

COONa

NH,
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barrier to viral drug resistance than the non-nucleoside
type (McCown et al., 2008). Therefore, the combina-
tion of a non-nucleoside or protease inhibitor with a
nucleoside polymerase inhibitor could have a clear
clinical benefit through the delay of resistance
emergence. Early clinical data for several nucleosides
targeted to HCV RNA polymerase inhibitors indi-
cated marked antiviral effects and a likelihood of
relatively slow HCV resistance (Brown, 2009). Op-
timally effective anti-HCV therapies are likely to be
based on multi-class treatment regimens combining
polymerase inhibitors and protease inhibitors together
with PEG-IFN and RBV or pharmaceutical agents
from other mechanistic classes. RBV antagonizes the
in vitro anti-HCV activity of the pyrimidine nucleo-
side analogue 2'-C-methylcytidine (2'-C-MeCyt), the
active component of valopicitabine (formerly
NM283). Valopicitabine was the first polymerase
inhibitor to enter clinical trials, but this compound is
not being further pursued because of the overall
risk/benefit profile (Liu-Young and Kozal, 2008).
Although valopicitabine demonstrated good anti-
HCV activity in combination with PEG-IFN plus
RBYV in a phase II trial, the FDA still ruled that the
drug’s risk of gastrointestinal adverse effects ap-
peared to outweigh its benefits. Valopicitabine pro-
duced a high rate of gastrointestinal adverse effects
such as nausea, vomiting, and diarrhea, which are
more common at high dosing levels (e.g., 800 mg/d).
For this reason, a low dose of 200 mg was recom-
mended. However, although the lower dose improved
the drug’s adverse events profile, it was still asso-
ciated with considerable gastrointestinal toxicity.

5.1 Nucleoside polymerase inhibitors
5.1.1 R7128

R7128 (2'-a-fluoro-2'-B-methyl-3',5"-diiso-butyryl-
deoxycytidine) is the prodrug of PSI-6130 (2'-deoxy-
2'-fluoro-2'-C-methylcytidine). It is an oral cytidine
nucleoside analog with potent and selective inhibition
of the HCV NS5B polymerase. It is being developed
by Pharmasset and Roche for the treatment of chronic
HCV infections and currently in phase IIb trials.
PSI-6130 inhibits the replication of HCV through
formation of its 5'-triphosphate form, which functions
as an alternative substrate for the viral polymerase,
competitively inhibiting viral RNA synthesis by
preventing further extension after incorporation (Ka-

rakama et al., 2010). PSI-6130 presents a high barrier
to resistance selection in vitro, selects for variants ex-
hibiting only low level resistance, and lacks cross-
resistance with R1479 (a nucleoside analog) (Ali et al.,
2008). Phase I studies completed in 2008 investigated
the pharmacokinetics, pharmacodynamics, safety,
tolerability, and food effects of R7128 in healthy vo-
lunteers and in subjects chronically infected with
HCV-1, -2, or -3. Results indicated that all doses of
R7128 studied (500 to 9000 mg) were generally safe
and well tolerated. No gastrointestinal or other serious
adverse events were observed during the study, and no
hematologic or other laboratory safety abnormalities of
clinical significance were noted. No maximum tole-
rated dose was identified (Otto et al., 2007).

In a multiple ascending dose study conducted in
40 subjects chronically infected with HCV-1 who had
previously failed IFN therapy, R7128 demonstrated a
potent, dose-dependent antiviral activity. A maximum
4.2 logio IU/ml (99.9% reduction) HCV RNA de-
crease from baseline was demonstrated in a subject
cohort following 14 d of monotherapy with
1500 mg BID (Reddy et al., 2007).

A four-week study of R7128 was conducted in
combination with the current SOC for chronic HCV
infection, PEG-IFN plus RBV, in 81 treatment-naive
subjects chronically infected with HCV-1. Twenty-
five subjects chronically infected with HCV-2 or -3
who did not achieve an SVR with previous IFN-based
therapy were also included in the study. Following
four weeks of treatment with 500, 1500, or 1000 mg
R7128 BID with PEG-IFN plus RBV, or placebo with
PEG-IFN plus RBV, subjects achieved a mean 3.8,
5.1, 5.1, and 2.9 log;o IU/ml decrease in HCV RNA,
respectively. There were 30% (6 of 20), 85% (17 of 20),
88% (22 of 25), and 18.75% (3 of 16) subjects
achieved HCV RNA below the limit of detection
(<15 IU/ml), or RVR, respectively. Aside from head-
ache and fatigue in some subjects, no serious adverse
events were reported during the treatment period of
triple therapy. Thus, R7128 was shown to be gener-
ally safe and well tolerated when administered for
four weeks in combination with PEG-IFN plus RBV
in subjects infected with HCV-1 (Le Pogam et al.,
2010). Subjects chronically infected with HCV-2 or
-3 who did not achieve an SVR with standard therapy
or non-responders achieved a mean 5.0 log;y IU/ml
decrease in HCV RNA, and 95% (19 of 20) subjects
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achieved RVR. Subjects receiving a placebo with
PEG-IFN plus RBV achieved a mean 3.7 log;o [U/ml
decrease in HCV RNA, and 60% (3 of 5) achieved
RVR (Gane et al., 2010e).

In another study, a cohort of 88 subjects chron-
ically infected with HCV-1 received up to 13 d oral
combination treatment with R7128 (500 or 1000 mg
BID) and danoprevir (100 or 200 mg TID, or 600 or
900 mg BID), or placebo. The median reduction in
HCV RNA concentration from baseline to Day 14
ranged from —3.7 to —5.2 log;o [U/ml, as compared
with an increase of 0.1 logjo IU/ml in the placebo
group. The combination of R7128 and danoprevir was
well tolerated with no treatment-related severe ad-
verse events. Pharmacokinetic analysis confirmed
that there were no drug-drug interactions between the
compounds (Gane et al., 2010c). Another combina-
tion therapy study including a 13-d oral administra-
tion of R7128/danoprevir followed by PEG-IFN plus
RBYV revealed that all 55 subjects achieved profound
reductions in HCV RNA, with no evidence of treat-
ment emergent resistance (Gane et al., 2010b).

Ongoing phase IIb trials are aimed at evaluating
the dose and duration of R7128 treatment in combi-
nation with PEG-IFN plus RBV for the cohort of
treatment-naive, HCV-1 or HCV-4 infected subjects.
In May 2010, Roche announced that all 408 patients
enrolled in the study had completed their scheduled 8
or 12 weeks of the triple combination portion of the
assigned treatment. The results indicated that treat-
ment with R7128 administered with SOC was safe
and well tolerated, and the on-treatment efficacy data
demonstrated that >80% of subjects had undetectable
HCV RNA in all cohorts receiving the 12-week triple
regimen, compared with <50% for the placebo/SOC
cohort. There were no viral rebounds or resistance-
related breakthroughs during the time of triple com-
bination therapy. A longer duration trial is currently
being undertaken to evaluate the safety and efficacy
of R7128 in combination with SOC.

5.1.2 R1626 (balapiravir)

R1626 (balapiravir), the prodrug of the nucleo-
side analog R1479 (4'-azidocytidine), was developed
to increase oral bioavailability and improve antiviral
effect. R1479, identified as a selective inhibitor of
HCV replication with high antiviral potency across
HCV-la and HCV-1b, showed a time- and dose-

dependent reduction of HCV RNA levels and a high
barrier to resistance selection. R1626 achieved a more
than five-fold increase in oral bioavailability and dose
proportionality up to high dose levels (Klumpp et al.,
2007).

A phase Ib study was designed to evaluate the
safety, pharmacokinetics, antiviral activity, and
maximum tolerated dose of R1626 in subjects with
chronic hepatitis C. Forty-seven treatment-naive
subjects infected with HCV-1 were treated with
R1626 orally at doses of 500, 1500, 3000, 4500 mg,
or placebo BID for 14 d, with 14 d of follow-up.
Safety, tolerability, pharmacokinetics, and antiviral
activity were assessed. The pharmacokinetics of
R1626 was linear over the dose range evaluated.
Dose- and time-dependent reductions in HCV RNA
were observed. Mean decreases in viral load after 14 d
of treatment with doses of 500, 1500, 3000, or 4500
mg were 0.32, 1.20, 2.60, and 3.70 log;o IU/ml, re-
spectively. No resistance to R1626 was observed after
14 d of treatment (Roberts et al., 2008). However,
there was an increased frequency of adverse events at
the highest dose (4 500 mg). The study then evaluated
the efficacy and safety of R1626 administered for four
weeks in combination with PEG-IFN-y and RBV in
HCV-1-infected treatment-naive subjects. Subjects
were randomized to take 1500 or 3000 mg BID of
R1626 along with PEG-IFN-y, or 1500 mg BID of
R1626 along with PEG-IFN-y and RBV. Subjects
receiving the SOC treatment of PEG-IFN-y with RBV
were included as control. Following the four-week
treatment, HCV RNA was undetectable (<15 IU/ml)
in 29%, 69%, and 74% of subjects in the 1500 BID,
3000 BID, and 1500 TID arms, respectively, com-
pared with 5% of subjects receiving SOC. Respective
mean reductions in HCV RNA from baseline to
Week 4 were 3.6, 4.5, 5.2, and 2.4 logjo IU/ml. A
synergistic effect was observed between the three
drugs, and there was no evidence of viral resistance
development. The incidence of grade 4 neutropenia
was 48%, 78%, 39%, and 10% in 1500 BID, 3000
BID, 1500 TID, and SOC, respectively, and was the
main reason for dose reductions (Pockros et al.,
2008b). The highest rates of relapse were observed in
the combination arm of 1500 mg BID R1626 with
weekly PEG-IFN-y (1500 BID arm; 55%, 6 of 11)
and in the 1500 TID arm (28%, 7 of 25). In five of the
seven subjects in the 1 500 TID arm who experienced
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relapse, HCV RNA breakthrough occurred during the
early stages of treatment. These results further con-
firm the importance of achieving early and continued
suppression of HCV RNA to undetectable levels in
order to achieve sustained response (Pockros et al.,
2008a). Because of fatal drug-induced lymphopenia,
the development of R1626 was stopped at the end of
2008.

5.1.3 MK-0608

MK-0608 (2'-C-methyl-7-deaza-adenosine),
developed by Merck, possesses the most potent anti-
viral activity (ECsg of 0.25 mmol/L). An in vivo test
of MK-0608 revealed dose- and time-dependent de-
creases in plasma viral loads in HCV-infected chim-
panzees. In addition, chimpanzees dosed intrave-
nously for 7 d with MK-0608 at 0.2 and 2.0 mg/kg
body weight (BW) per day resulted in average reduc-
tions in viral load of 1.0 log;o IU/ml and >5 log;o [U/ml,
respectively. Two other HCV-infected chimpanzees
received daily doses of 1 mg MK-0608 per kg via oral
administration. After 37 d of oral dosing, one chim-
panzee with a high starting viral load experienced a
reduction in viral load of 4.6 log;o [U/ml, and the viral
load in the other chimpanzee fell below the limit of
quantification (LOQ) of the HCV TagMan assay
(20 IU/ml). Importantly, viral load remained below
the LOQ throughout the duration of dosing and for at
least 12 d after dosing ended. These results demon-
strate a robust antiviral effect on the administration of
MK-0608 to HCV-infected chimpanzees (Carroll et
al., 2009).

5.1.4 IDX184

IDX184 is a prodrug of 2'-methylguanosine
monophosphate. Unlike the first generation HCV
nucleoside inhibitors, IDX184 is a “liver-target”
prodrug, which theoretically will provide increased
anti-HCV efficacy and safety. Preliminary studies in
monkeys have shown approximately 95% hepatic
extraction of orally administered IDX184 with low
systemic IDX184 and nucleoside metabolite levels
(Cretton-Scott et al., 2008). In chimpanzees infected
with HCV-1, oral administration of 10 mg/kg BW
QD produced a mean viral load reduction of
2.3 logjo IU/ml after 4 d of dosing. IDX184 appeared
to be safe and well tolerated in healthy subjects at
single doses up to 100 mg (Zhou et al., 2009). In

treatment-naive HCV-1-infected subjects receiving
25, 50, 75, or 100 mg of IDX184 QD for 3 d and
monitored for 14 additional days, —0.47 to
—0.74 logyo IU/ml HCV RNA reductions were ob-
served with no serious side effects reported (Lalezari
et al., 2009). In addition, combining this analogue
with an NNI or protease inhibitor was effective in
suppressing the emergence of viral resistance (Lallos
et al., 2009). Studies are now underway to evaluate
the inhibitor efficacy when administered in combina-
tion with PEG-IFN/RBV in HCV-infected subjects.

5.2 Non-nucleoside polymerase inhibitors
5.2.1 ANA598

ANAS9S is a novel, orally available, and highly
potent “palm site”” non-nucleoside selective inhibitor
of HCV-la and HCV-1b NS5B polymerase
(ICsp<I nmol/L) and of HCV replication in cell cul-
ture. ECsy values for genotypes la and 1b HCV rep-
licons are 52 and 3 nmol/L, respectively. ANAS598
retains full activity against mutations conferring re-
sistance to protease, nucleoside and complementary
non-nucleoside inhibitors (Kirkovsky et al., 2007).
ANAS598 was combined pairwise in vitro with IFN-a.,
the HCV NS3/4 protease inhibitor telaprevir, the
NS5B nucleoside polymerase inhibitor PSI-6130, or
the TLR7 agonist ANA773 (currently in clinical de-
velopment by Anadys). Combinations were evaluated
in both wild type (WT) and mutant replicons con-
taining the M414T mutation that confers resistance to
palm site non-nucleoside NS5B inhibitors. No cyto-
toxicity was detected for any of the combinations
tested (Thompson et al., 2009; 2010a; 2010b; Patel et
al., 2010). ANA598 was shown to be synergistic
and/or additive with IFN-o (WT and M414T mutant
replicons), telaprevir, PSI-6130, and ANA773. RBV
was not antagonistic with ANAS598. No change in
susceptibility was observed when ANAS598 was
tested with replicons containing the primary muta-
tions known to confer resistance to other direct anti-
virals including A156T (NS3 protease active site),
S282T (NS5B active site) and M423T (NS5B non-
nucleoside thumb binding site). Genotypic mutations
resistant to ANAS5S98 (M414T, M414L, G554D,
D559G, and M414T/G554D) were identified in vitro.
Reduced potency was observed for ANAS598 against
all mutations with ECsy values of 0.47, 0.30, 0.63,
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0.085, and 20 mmol/L, determined for M414T,
M414L, G554D, D559G, and M414T/G554D, re-
spectively. Replicons containing mutations that con-
fer resistance to ANAS98 remained fully susceptible
to IFN-a, telaprevir (NS3 protease inhibitor), and
PSI-6130  (nucleoside  polymerase inhibitor)
(Thompson et al., 2008). For each combination eva-
luated, antiviral interactions were determined to be
additive to synergistic. Such combinations may pro-
duce a greater viral load reduction and potentially
delay the emergence of drug resistance in vivo.

In a phase I study of safety, tolerability, and
pharmacokinetics in healthy volunteers, ANAS598
showed to be well tolerated at all doses administered.
There were no serious adverse events and no with-
drawals from the study. ANAS98 systemic exposure
generally rose with increasing doses. The favorable
pharmacokinetic and tolerability profiles of ANAS598
support QD or BID administration (Rahimy ef al.,
2008). A phase I study in treating naive HCV-1 sub-
jects demonstrated a rapid and sustained reduction in
HCV RNA at all three dose levels tested. The median
viral load reduction was 2.4 log;o IU/ml at 200 mg
BID, 2.31logiy IU/ml at 400 mg BID, and
2.9 log;o IU/ml at 800 mg BID on Day 4. In phase IIb
trials, ANAS598 was well tolerated in HCV subjects
for the three tested doses for 3 d, and led to rapid
reduction in HCV RNA (median end of treatment
(EOT) range 2.3-2.9 log;o IU/ml). This study also
evaluated the safety and antiviral activity of ANA598
combined with PEG-IFN and RBV. Twelve-week
results for the first cohort (200 mg BID) reported no
serious adverse events except for those associated
with SOC. The combination of ANAS598 with SOC
was well tolerated; ANAS598 accelerated the rate of
achieving undetectable virus in HCV-1 subjects
(Lawitz et al., 2010a).

5.2.2 BI 207127

BI 207127, developed by Boehringer Ingelheim
Pharmaceuticals, is an orally bioavailable, reversible,
potent and specific thumb pocket 1 non-nucleoside
inhibitor of the HCV RNA-dependent RNA polyme-
rase in vitro. Cell-based HCV sub-genomic replicon
ECs values are 23 and 11 nmol/L for HCV-1a and
HCV-1b, respectively (Larrey et al., 2009b). In a
double blind, sequential group comparison of HCV-1
subjects with minimal to mild liver fibrosis, treat-

ments of 100-1200 mg BI 207127 TID were admi-
nistered over 5 d. All subjects were then tested for
plasma HCV RNA virus load (VL) using the Roche
COBAS TagMan assay in the following 10-14 d. As
compared to mean 6.4 log;o IU/ml, VL decreased by
>1 logyo IU/ml in 2/9, 6/9, 8/9, 8/9 and 10/10 subjects
treated with 100, 200, 400, 800, and 1200 mg, re-
spectively. No response was seen in subjects treated
with placebo, and no breakthrough was observed
during treatment. Median VL declines on Day 5 were
0.4,0.8,1.3,3.8, and 3.2 log;o IU/ml, respectively. BI
207127 showed reliable antiviral activity against
HCV-1 that correlated with BI 207127 plasma ex-
posure, and reached a maximal effect at 800 mg TID
dose (Larrey et al., 2009a). Phase II trials incorpo-
rating PEG-IFN and RBV combinations in chronic
HCYV subject are ongoing.

5.2.3 VCH-759

VCH-759, a substituted thiophene-2-carboxylic
acid derivative, is a novel, oral, non-nucleoside inhi-
bitor of HCV-1a and HCV-1b NS5B polymerase.
This compound inhibits NS5B (IC5, HCV-la
0.41 pymol/L and ICsp HCV-1b 0.38 umol/L) by
binding to an allosteric site in the ‘thumb’ domain
situated ~35A from the active site. VCH-759 is active
against the HCV sub-genomic replicon in Huh-7 cells
(IC5¢=0.3 umol/L for both HCV-1a and HCV-1b).
The compound is also selective for the HCV NS5B
polymerase relative to human DNA polymerases a, b,
and ¢ (ICs5o>100 pmol/L). VCH-759 shows a good in
vitro therapeutic index (TI; CCsy/ICsp) of >600 and a
non-clinical safety profile (Cooper et al., 2009b).

A multiple ascending dose study was designed to
assess the effect of VCH-759 on viral kinetics, viral
resistance, pharmacokinetics, safety, and tolerability
after a 10-d monotherapy plus a 14-d follow-up test.
Three cohorts of treatment-naive subjects chronically
infected with HCV-1 received 400 mg TID, 800 mg
TID, or 800 mg BID. The results showed that
VCH-759 was rapidly absorbed with peak plasma
levels at Day 1 of (1857+773), (3675+2213), and
(4627+1 688) ng/ml, respectively. The mean maximal
decrease in HCV RNA log;, was 1.9, 2.3, and 2.5 for
the 400 mg TID, 800 mg BID, and 800 mg TID doses,
respectively (Cooper et al., 2007). VCH-759 was well
tolerated, with the most frequent adverse events ap-
pearing to be gastrointestinal disorders. A 28-d
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non-clinical toxicology study has been completed and
VCH-759 phase IIb clinical trials are underway. HCV
variants with mutations conferring resistance to
VCH-759 were selected during the course of a 10-d
treatment. Results showed that VCH-759 should be
used in a combination therapy to maintain viral sup-
pression and prevent emergence of resistance (Nico-
las et al., 2008).

5.2.4 PF-00868554 (filibuvir)

PF-00868554 (filibuvir), a non-nucleoside inhi-
bitor of the HCV RNA polymerase, exerts its inhibi-
tory effect by binding to the thumb base domain of the
protein. It is also a potent and selective inhibitor, with
a mean ICsy of 0.019 pmol/L against HCV-1 poly-
merases and a mean ECs of 0.075 pmol/L against the
HCV-1b-Conl replicon. To determine the in vitro
antiviral activity of filibuvir against various HCV
strains, a panel of chimeric replicons was generated,
in which polymerase sequences derived from
HCV-1a and HCV-1b clinical isolates were cloned
into the HCV-1b-Conl subgenomic reporter replicon.
Results indicated that filibuvir has potent in vitro
antiviral activity against a majority (95.8%) of
HCV-1a and HCV-1b replicons, with an overall mean
ECsp of 0.059 pumol/L. Filibuvir showed no cytotoxic
effects in several human cell lines up to the highest
concentration evaluated (320 pmol/L). Furthermore,
the antiviral activity of filibuvir was retained in the
presence of human serum proteins. An in vitro resis-
tance study of filibuvir identified M423T as the pre-
dominant resistance mutation, resulting in a 761-fold
reduction in susceptibility to filibuvir, but no change
in susceptibility to IFN-a and a polymerase inhibitor
that binds to a different region. Filibuvir also showed
good pharmacokinetic properties in preclinical animal
species, revealing promising oral bioavailability in
both rodent and nonrodent species (Shi et al., 2009).
Also, filibuvir seemed not to affect any of the major
CYP isoforms (IC5¢>30 umol/L for 1A2, 2C8, 2D6,
3A4, 2C9, and 2C19) (Li et al., 2009).

In monotherapy studies, filibuvir exhibited to be
safe and well tolerated with mean reductions in
plasma HCV RNA of up to —2.33 log;o IU/ml (Troke
et al., 2009). In a combination therapy study, the
safety and efficacy of filibuvir in combination with
PEG-IFN o-2a and RBV was evaluated. The mean
reduction (logjp IU/ml) in HCV RNA at Day 4 for

placebo (n=8), 200 mg (n=10), 300 mg (»=9), and
500 mg (n=8) BID was —0.58, —2.29, —2.72, and
—2.83, respectively, and —2.10, —4.46, —4.67, and
—3.62 at Day 28, respectively. The percent of subjects
achieving RVR (undetectable HCV RNA by Week 4)
for placebo, 200, 300, and 500 mg BID was 0%, 60%,
75%, and 63%, respectively. Of those subjects treated
with 200, 300, and 500 mg BID who achieved RVR,
33%, 33%, and 80% achieved undetectable HCV
RNA following a two-week treatment, respectively
(Jacobson et al., 2009). Up to 75% of filibuvir-treated
subjects achieved RVR, and the majority remained
undetectable on PEG-IFN/RBV therapy, with 63%—
88% and 60%—-70% of all filibuvir-treated subjects
undetectable at Weeks 12 and 48, respectively.
However, 20%—-50% of those filibuvir-treated sub-
jects undetectable at Week 48 relapsed by Week 60,
compared to 0% of placebo-treated subjects. As a
result, response rates at Week 60 were similar for the
filibuvir- and placebo-treated groups. Filibuvir in
combination with PEG-IFN and RBV for four weeks
were well tolerated and resulted in higher
on-treatment virologic response rates relative to
PEG-IFN/RBV alone. However, longer durations of
triple therapy will be required to assess the potential
for reduced rates of relapse and improvement in SVR
rates. A study evaluating 24 weeks of filibuvir/PEG-
IFN/RBV is currently underway (Jacobson et al.,
2010). Another phase IIb study aimed at determining
dose selection of filibuvir for combination therapy
suggested that filibuvir doses of 300 and 600 mg BID
are expected to be efficacious when combined with
SOC (Neelakantan et al., 2010). Mutations at position
423 caused the predominant amino acid change in
subjects receiving filibuvir/PEG-IFN/RBV who did
not achieve an RVR, supporting earlier observations
that selection of mutations at 423 is the preferred
pathway of filibuvir resistance (Mori et al., 2010).

5.2.5 GS-9190

GS-9190 is a novel imidazopyridine analogue,
non-nucleoside inhibitor of the HCV RNA polyme-
rase. The GS-9190 binding pocket involves a
B-hairpin and is in close proximity to the catalytic
active site of NS5B, and GS-9190 shows higher in-
hibitory effect on HCV-1 replicons than on HCV-2
(Shih et al., 2007). The ECso values of HCV-1a and
HCV-1b replicon replication are 2.5 and 0.6 nmol/L,
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respectively. The CCsy of GS-9190 in various cell
lines is >50 pmol/L, illustrating a high degree of
selectivity (SI>20000). GS-9190 has lower potency
against an HCV-2a replicon and the JFH1 (HCV virus
stain) infectious virus (ECsp ~1 pumol/L), and is inac-
tive against a number of related and unrelated viruses.
Replicons resistant to various HCV protease and
polymerase inhibitors remained fully susceptible to
GS-9190. The combination of GS-9190 with either
IFN-a or several HCV protease and polymerase in-
hibitors resulted in an additive antiviral activity
(Vliegen et al., 2007). Oral bioavailability was greater
than 30% in all preclinical species and was not limited
by hepatic first pass extraction (Yang et al., 2007).
Median HCV RNA reduction at 24 h ranged from
~0.7-1.2 log;o IU/ml across all cohorts. Single doses
of GS-9190 were well tolerated, without serious or
treatment-limiting adverse events reported (Bavisotto
et al., 2007). Preliminary data from a study with 23
participants who received multiple ascending doses
over 8 d suggested that GS-9190 may be associated
with Q-T interval prolongation of electrocardiogram.
Gilead Sciences, the company developing the drug,
has initiated a specific Q-T interval study to look at
the potential cardiac risk of GS-9190 among healthy
volunteers without hepatitis C. After expert consulta-
tion and a separate dose-ranging study in healthy
volunteers, Gilead felt that the Q-T interval prolon-
gation at a lower dose of the drug was “clinically
manageable” (Susan, 2010). Gilead has begun re-
cruitment for a phase II study of GS-9190 in combi-
nation with PEG-IFN and RBV for treatment duration
of 24 or 48 weeks (Burton and Everson, 2009). Phase
II clinical trials showed that GS-9190 might be asso-
ciated with Q-T interval elongation.

5.2.6 VCH-222

VCH-222 is a selective inhibitor of the NS5B
polymerase of subgenomic HCV, including HCV-1a
and HCV-1b, at low-micromolar ICsy. VCH-222 was
found to be selective against human DNA polyme-
rases a, b, and g (IC50>56 umol/L). In the replicon
assay, VCH-222 was active against HCV-la and
HCV-1b with ECsy values of (23.3£9.0) and
(12.0+4.0) nmol/L, respectively; activity against
HCV-2a was (4.6£1.4) umol/L. The compound had
an average CCsy value of 45 umol/L when tested on
exponentially growing replicon cells with a TI of

about 4000 (Bedard et al., 2009). VCH-222 has
wonderful pharmacokinetic parameters in rats and
dogs; it displayed low total body clearance with ex-
cellent oral bioavailability (greater than 30%). The
exposure of VCH-222 in rat liver was 5-fold higher
than in plasma. VCH-222 has a good oral bioavaila-
bility and ADME properties in terms of permeability,
metabolic behaviors, and distribution in hepatic
tissue/cell. VCH-222 is neither a CYP inhibitor/
inducer nor a P-glycoprotein inhibitor, reducing the
likelihood of drug-drug interactions (Chauret et al.,
2009). Safety and pharmacokenetics studies in
healthy subjects were carried out using 250, 500,
1000, and 1500 mg VCH-222 as treatment. An open
cohort of six subjects with HCV-1 infection received
750 mg BID for 3 d. VCH-222 was well tolerated at
all doses tested. All adverse events observed were
classified as mild to moderate, not serious, without
apparent dose relationship. The half-life of VCH-222
was approximately 4 h, and the plasma levels ob-
served at 24 h were above the 1Cq replicon values in
all cohorts. In the subjects treated for 3 d with 750 mg
BID, there was a two-fold increase in the maximum
observed concentration (cmax) and the area under the
curve (AUC) observed between Day 1 and Day 3.
Preliminary efficacy results on the first four treatment-
naive subjects dosed for 3 d revealed a mean reduc-
tion of 3.2 logjo IU/ml within 24 h of dosing and of
3.7 logio IU/ml on Day 4 (Cooper et al., 2009a).

5.2.7 NSS5A inhibitors

HCV NSS5A is a 447 amino-acid, zinc-binding
phosphoprotein that plays a critically important but
enigmatic role in the virus life cycle (Schmitz and Tan,
2008). Although little is currently known regarding
the exact enzymatic activity, the NS5A protein is
involved in viral replication and is essential for the
production of infectious virus particles (Tellinghuisen
and Foss, 2008).

BMS-790052 is the first representative of a
group of highly selective HCV NS5A inhibitors with
potent activity against all HCV genotypes tested in
vitro. The ECsy of BMS-790052 ranges from 9 to
50 pmol/L for the HCV replicon genotypes la and 1b,
and reach up to 146 pmol/L for HCV-3a, making it
the most potent inhibitor of HCV replication publicly
identified to date. BMS-790052 is also a potent inhi-
bitor of the Japanese fulminant hepatitis-1 infectious
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virus (ECsy=28 pmol/L). Replicon combination stu-
dies also demonstrated additive-synergistic antiviral
activity of BMS-790052 with IFN and RBV, as well as
inhibitors of the NS3 protease and NS5B polymerase.

In the phase I trial, a randomized, double-blind,
placebo-controlled, single ascending dose study,
BMS-790052 was administered at six dose levels to
healthy, non-HCV-infected subjects over a range of
1-200 mg as an oral solution. The compound was safe
and well tolerated, showing no clinically relevant
adverse effects when amounts of up to 200 mg were
administered. In the phase II trial, a randomized,
double-blind, placebo-controlled, single ascending
dose study, BMS-790052 was administered to subjects
with chronic HCV-1 at oral doses of 1, 10, and 100 mg.
BMS-790052 was safe and well tolerated in HCV-
infected subjects up to 100 mg. There were no serious
adverse events, except for headaches, which were often
reported. After single oral doses of 10-100mg
BMS-790052, all subjects had 24 h plasma concentra-
tions above the 10-fold protein binding-adjusted ECy
for HCV-1a and HCV-1b, suggesting the possibility of
QD administration. A single milligram dose of BMS-
790052 produced a mean reduction of 1.8 logj, IU/ml
(0.2-3.0 logjo IU/ml) in HCV viral load when meas-
ured 24 h after drug administration. Both the 10 and
100 mg doses produced a greater antiviral effect, with
mean plasma viral RNA falling by 3.2 and
3.3 logo IU/ml, respectively, at 24 h post-drug ad-
ministration. Moreover, the 100 mg dose resulted in a
mean maximal HCV RNA decline of 3.6 log;o [U/ml,
and a prolonged antiviral response was observed in
two subjects infected with HCV-1b (Gao et al., 2010).
In a double-blind phase IIb study, 48 treatment-naive
HCV-1-infected subjects were randomized to receive
placebo, 3, 10, or 60 mg of BMS-790052, once-daily
in combination with PEG-IFN a-2a and RBV for 48
weeks. Subject baseline and demographic characte-
ristics were well balanced across treatment arms
(n=12 per arm), with mean baseline HCV RNA being
6.5 log;o IU/ml. The proportion of subjects achieving
RVR was 42%, 83%, and 75% in the 3, 10, and 60 mg
BMS-790052+SOC arms, respectively, compared to
8% for SOC. Confirmed viral breakthrough was not
observed in the 10 and 60 mg BMS-790052 arms
through Week 12 (Pol ef al., 2010). BMS-790052 is
currently being evaluated in further phase II clinical
trials. Because it targets NS5A (different than other

anti-HCV potent compounds), identifying BMS-
790052 resistance is necessary. As single mutations,
Q30E and Y93N in HCV-1la conferred the highest
levels of resistance. For HCV-1b, BMS-790052 re-
tained subnanomolar potency against all variants with
single amino acid substitutions. Importantly, BMS-
790052 resistant variants remained fully sensitive to
IFN-0 and small-molecule inhibitors of HCV pro-
tease and polymerase (Fridell et al., 2010).

AZD7295 is a selective inhibitor of HCV NS5A.
Preclinical studies demonstrated in vitro antiviral
activity of 7 nmol/L and 1.24 pmol/L against HCV-1b
and HCV-1a replicons, respectively, with a signifi-
cant liver concentration. The study assessed the safety,
tolerability, pharmacokinetics, and antiviral activity
of AZD7295 in HCV-infected subjects. AZD7295
oral solution or placebo was administered for 5 d to
treatment-naive and treatment-experienced subjects
without cirrhosis. Groups 1 and 2 (=10, HCV-1a/1b,
stratified according to subtype) received 90 mg TID
and 233 mg TID, respectively. Group 3 (n=6, HCV-3)
received 90 mg TID, and Group 4 (n=5, HCV-1b)
received 350 mg BID. HCV RNA declined in a dose-
dependent manner in HCV-1b subjects with mean
declines from baseline of —1.2 to —2.1 log;o IU/ml by
Day 6. HCV RNA levels did not change in HCV-1a or
HCV-3 subjects. There were no treatment-related
adverse events other than headache and GI effects
reported in groups receiving higher doses, which
contained higher volumes of recipients. AZD7295
shows a potent antiviral activity in HCV-1b subjects,
but no detectable effect on HCV-1a and HCV-3 sub-
jects, which is consistent with plasma levels below in
vitro ICsy values. A phase II study using a new for-
mulation of AZD7295 in combination with PEG-IFN/
RBYV is currently being tested in HCV-1b subjects
(Gane et al., 2010a).

6 Cyclophilin binding molecules

Cyclophilins are high-affinity protein ligands of
cyclosporine A in human cells. HCV relies on cyc-
lophilin A as an essential cofactor for cell infection
and viral replication. In humans, 19 cyclophilin iso-
forms with different cellular and tissue distributions
have been described (Galat, 2004). Gaither et al.
(2010) demonstrated that HCV replication relies on
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several cellular pathways linked to cyclophilins A, H,
40, and E. Cyclosporine A, the cyclophilin inhibitor,
was demonstrated to inhibit HCV replication directly,
both in vitro and in vivo (Watashi et al., 2003). The
finding that cyclosporine A’s anti-HCV effect was
independent of its immunosuppressive function was
promising. In a clinical trial, cyclosporine A was
shown to have anti-HCV activity in combination with
interferon. Combination of IFN and cyclosporine A
was clearly more effective in achieving SVR than IFN
monotherapy, especially in subjects with HCV-1,
high viral load, or both (Inoue ef al., 2003). Chatterji
et al. (2010) demonstrated that full-length NS5A and
cyclophilins A form a stable complex. Remarkably,
the interaction of cyclophilin A and NS5A is con-
served among genotypes, and cyclosporine A is able
to prevent the interaction of cyclophilin A and NS5A
in a dose-dependent manner (Chatterji et al., 2010).
More recently, several cyclosporine A derivatives
(Table 3) that are devoid of immunosuppressive
function have been demonstrated in both preclinical
and clinical studies to be efficacious in inhibiting
HCYV replication (Fischer et al., 2010).

6.1 Debio 025 (alisporivir)

Debio 025 (alisporivir), a non-immuno-
suppressive cyclosporine A derivative that selectively
inhibits cyclophilin, is being developed by Debio-
pharm S.A. for the potential oral treatment of HCV
infection. Debio 025 is at least 10-fold more potent as
an anti-HCV agent than cyclosporine (Paeshuyse et
al., 2006). In virus-infected chimeric mice, Debio 025
was better tolerated than cyclosporine, and the anti-
HCYV effect of Debio 025 appeared to be synergistic

when used in combination with PEG-IFN (Inoue et al.,
2007). Combining Debio 025 with IFN-a/RBV or
STAT-C inhibitors (protease or (non)-nucleoside
polymerase HCV inhibitors) resulted in an additive to
slightly synergistic antiviral activity in a 3-d test.
Debio 025 has the unique ability to rapidly clear he-
patoma cells from their HCV replicon when used
alone or in combination with IFN-a and STAT-C
inhibitors. Moreover, Debio 025 was able to delay the
development of escape variants against several
STAT-C inhibitors in colony formation assays.
Debio 025 proved to be potent against HCV replicons
that are resistant to various STAT-C inhibitors for
WT HCV. Subgenomic replicons that are resistant to
Debio 025 were selected (three independent selec-
tions). Mutations were identified in domain II of the
NSS5A gene. Reintroduction of these mutations in a
WT background partially recovered resistance.
Debio 025 resistant replicons remained fully sus-
ceptible to interferon and several STAT-C inhibitors
(Coelmont et al., 2009a; 2009b).

During a 15-d phase Ib study in which subjects
coinfected with HIV and HCV received 1200 mg BID
of Debio 025 or placebo, and Debio 025 resulted in a
mean decrease in the viral load of 3.6 log; IU/ml
(Flisiak et al., 2008b). In contrast, a phase I trial of
Debio 025 suggested that the drug has a limited effect
on HIV-1 replication. A phase II clinical trial dem-
onstrated that treatment with ascending doses of De-
bio 025 (200, 600, and 1000 mg) alone or combined
with PEG-IFN a-2a 180 pg/week reduced viral load
in subjects with chronic HCV infection. In subjects
with HCV-1/HCV-4 (n=12 per arm), the HCV RNA
reduction at Day 29 was —4.75 log;p IU/ml in the

Table 3 Ongoing clinical trials of anti-HCV cyclophilin inhibitors

Company Compound Class Clinical phase Structure”
Debiopharm S.A. Debio 025 (alisporivir) CPI I A

Novartis NIMS11 CPI I B

Scynexis SCY-635 CPI 1 C

CPI: cyclophilin inhibitor. * Structure:
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PEG-IFN/Debio 025 1000 mg arm, as compared to
—2.49 log;o IU/ml in the PEG-IFN/placebo and
—2.20 log;o IU/ml in the Debio 025 1000 mg mono-
therapy arms. In the groups receiving 200 or 600 mg
of Debio 025 in combination with PEG-IFN, HCV
RNA reductions were —1.8 and —4.61 log;o IU/ml,
respectively. Debio 025 at doses of 600 and 1000 mg
daily for 29 d shows a significantly additive anti-HCV
effect when co-administered with PEG-IFN a-2a in
treatment-naive HCV subjects (Flisiak et al., 2008a).
Viral kinetics revealed a significant dose-dependent
additive antiviral effect of Debio 025, which en-
hanced overall mean and maximum treatment effi-
ciencies. Viral kinetics does not indicate upcoming
resistance against Debio 025 (Herrmann et al., 2009).
In a double-blind, placebo-controlled study, different
dosing regimens of Debio 025 (200, 600, or
1000 mg/d) in monotherapy or with PEG-IFN
(180 pg/week) were tested in subjects infected with
HCV-1 or HCV-3. HCV RNA clearance was assessed
at the end of a 24-week SVR treatment, and/or at later
time points. HCV RNA was undetectable after 29 d of
treatment in the four subjects (<15 IU/ml). No other
anti-HCV treatment was initiated, and all four sub-
jects maintained undetectable HCV RNA until
24 weeks after treatment cessation. SVR was main-
tained beyond 24 weeks, and HCV RNA remained
undetectable for at least one year post-treatment in
three subjects (Horban et al., 2010). An additional
study was carried out in 29 subjects who received
Debio 025 plus weekly PEG-IFN a-2a for 29 d, fol-
lowed by a 21-d drug-free period, at which point they
began treatment with a standard regimen of PEG-IFN
a-2a plus RBV. The initial effect of a 29-d adminis-
tration with Debio 025 on HCV RNA levels was
maintained by follow-up treatment with SOC. This
resulted in a particularly high SVR rate of 67% in
subjects infected with HCV-1 or HCV-4. There were
no adverse events that could be traced back to the ini-
tial treatment with Debio 025 (Flisiak ef a/., 2010). An
in vitro study demonstrated that there is a high genetic
barrier to resistance for Debio 025. Mutation D320E in
NS5A was the only mutation consistently selected in
the replicon genome (Coelmont et al., 2010).

6.2 NIM811

NIMS811 ((melle-4)-cyclosporine) is a cyclospo-
rine derivative developed by Novartis that has higher

CYP-binding affinity than cyclosporine. NIM811 is
structurally very similar to cyclosporine, with an
isobutyl group replaced by a sec-butyl group. How-
ever, this small modification essentially blocks the
recognition site of CYPA/cyclosporine by calcineurin
and thus abolishes the immunosuppressive function
associated with cyclosporine. NIM811 induced a
concentration-dependent reduction of HCV RNA in
replicon cells with ICsy of 0.66 pmol/L at 48 h. Fur-
thermore, a greater than 3 log;y IU/ml viral RNA
reduction was achieved after treating the cells with as
little as 1 umol/L of NIM811 for 9 d (Ma et al., 2006).

In another study comparing the antiviral activity
of cyclosporin A with NIMS811 in vitro, treatment
with cyclosporin A and NIM811 for 7 d reduced HCV
RNA levels by 2-3 log;p IU/ml, and treatment for 3
weeks reduced HCV RNA to an undetectable level.
NIM811 exerted higher anti-HCV activity than cyc-
losporin at lower concentrations (Goto et al., 2006).
In addition, the combination of NIM811 with IFN-a
significantly enhanced anti-HCV activities without
causing any increase in cytotoxicity (Ma et al., 2006).
Antiviral effects of combining NIM811 with other
viral-specific inhibitors (including NS3/4A protease
and NS5B polymerase) were investigated in vitro
using an HCV replicon. All combinations tested led to
more pronounced antiviral effects than any single
agent alone, with no significant increase in cytotox-
icity. Moreover, the combination of NIM811 with an
NI (NM107) or an NNI (thiophene-2-carboxylic acid)
was synergistic, while the combination with a pro-
tease inhibitor (BILN 2061) was additive. Resistant
clones were selected in vitro with these inhibitors;
interestingly, it was much more difficult to develop
resistance against NIM811 than viral specific inhibi-
tors. No cross-resistance was observed. Most notably,
NIMS811 was highly effective in blocking the emer-
gence of resistance when used in combination with
viral protease or polymerase inhibitors. When the
combination activities of NIM811 and NM107 were
evaluated in vitro, there was a concentration-
dependent inhibition of the HCV replicon with
NTMS811 and NM107, either alone or in combination.
The combination of NTM811 and NM 107 resulted in
synergistic antiviral effect without any significant
increase in cytotoxicity, and also increased the barrier
to resistance for both agents (Boerner et al., 2007).
Single oral doses of NIM811 were tested among
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healthy volunteers who were enrolled in five sequen-
tial dose groups (50, 150, 400, 800, or 1600 mg) and
placebo; multiple oral doses of NIM811 (25-600 mg
QD or BID) were administered to HCV-1 subjects for
14 d. PK and safety assessments were conducted
throughout the study period. NIM811 was well tole-
rated both in healthy and HCV-infected subjects fol-
lowing single and multiple oral administrations of up
to 1600 mg. Blood exposure to NIM811 is dose-
dependent. Terminal half-life of NIM811 was around
12—20 h. NIM811 accumulated slightly upon reach-
ing steady state (accumulation factor ~1.2). Food
could affect the absorbance of NIM 811 (Ke et al.,
2009). Phase II trials then investigated the activity of
NIMS811 combination therapy. Twenty of 21 subjects
with relapse after PEG-IFN and RBV received one
dose of treatment in a double-blind, placebo con-
trolled trial. Subjects were randomized 1:1 to receive
oral 600 mg BID of NIMS811 or matching placebo for
14 d in combination with 180 mg PEG-IFN a-2a on
study Days 0 and 7. The mean drop in HCV RNA was
2.78 logjo IU/ml in subjects who received the com-
bination of NIM811+PEG-IFN, compared to a 0.58
logip IU/ml drop in the PEG-IFN arm. No serious
adverse events occurred. NIM811, when combined
with PEG-IFN o, shows a marked antiviral activity
(Lawitz et al., 2009).

6.3 SCY-635

SCY-635 is a novel, non-immunosuppressive,
cyclosporine-based analog that exhibits potent sup-
pression on HCV replication. SCY-635 inhibits the
peptidyl prolyl isomerase activity of cyclophilin A at
nanomolar concentrations. SCY-635 is orally bio-
available in multiple species and distributes exten-
sively to hepatocytes. Metabolic studies have indi-
cated that SCY-635 does not induce the major
CYP450 enzymes 1A2, 2B6, and 3A4. SCY-635 was
shown to produce blood and liver concentrations of
the parent drug that exceeded the ECsy determined in
the Dbicistronic conlb-derived replicon assay.
SCY-635 exhibited synergistic antiviral activity with
IFN o-2b and additive antiviral effect with RBV
(Houck and Hopkins, 2006; Hopkins et al., 2010). A
series of two-drug combination studies performed in
vitro showed that SCY-635 was able to combine with
non-nucleoside polymerase inhibitors, nucleoside
polymerase inhibitors, protease inhibitors, RBV, and

IFN o-2b, and all produced greater than expected
antiviral activity. No combinations exhibited greater
than expected cytotoxicity; in fact, less than expected
cell cytotoxicity was observed when SCY-635 was
combined with boceprevir and telaprevir (Hopkins et
al., 2009a). During a phase Ib clinical study, HCV-1
subjects were enrolled into one of three ascending
cohorts (total daily doses: 300, 600, 900 mg) for 15 d.
There were no serious adverse events or no discon-
tinuations, indicating a dose-limiting toxicity. Greater
than proportional increases in plasma exposure to
SCY-635 were observed and steady state was
achieved on Day 3. In the 900-mg treatment cohort,
mean trough plasma concentrations remained above
the replicon-derived ECqy value from Days 3 through
15 with consistent decreases in plasma RNA. Maxi-
mum responses were observed on Days 11 and 15.
Group mean and median nadir values were 2.20 and
1.82 logjo IU/ml below baseline. One subject
achieved undetectable RNA levels at Day 15
(Hopkins et al., 2009b).

7 Other small molecular anti-HCV compounds

Other compounds, such as entry inhibitors
(ITX4520, ITX5061, Pro 206, JTK-652, Cyanovirin-N),
P7 inhibitors (BIT225), NS4A binding inhibitors
(ACH-1095, GS9525), and cholesterol- and
sphingolipid-lowering compounds (statins), have
been designed to target other steps of the HCV rep-
lication cycle. All are currently being investigated in
clinical trials.

8 Combination therapy

Because HCV has a high replication rate without
proof-reading mechanism, the emergence of viral
resistance is a notable obstacle for STAT-C. The FDA
has restricted the use of monotherapy to 3 d in early
studies (Opar, 2010); thus, the combination of mole-
cules with different modes of action will be the focus
for future development of anti-HCV therapy. Com-
bination therapy will enable increased antiviral activity
while delaying the development of viral resistance.

The INFORM-1 trial is the first attempt to study
the combination of a nucleoside polymerase inhibitor
(R7128) and a protease inhibitor (danoprevir) in
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HCV-infected subjects (Delang et al., 2010). Roche
has also announced that it will not conduct the pre-
viously planned a 28-d INFORM-2 study, designed to
evaluate the combination of R7128 with R7227 with
and without PEG-IFN and RBV. A small study using
ritonavir (100 mg BID) could boost danoprevir (200
mg BID), achieved 100% undetectable HCV RNA
after 15 d and was generally well tolerated (Deutsch
and Papatheodoridis, 2010). Based on these findings,
Roche has decided to conduct longer duration studies,
including the INFORM-3 clinical study of R7128 and
R7227 with and without PEG-IFN and RBV.

Boehringer Ingelheim reported results from a
phase Ib study, named Sound-C1, which showed that
the combination of two oral HCV compounds, the
protease inhibitor BI 201335 and the polymerase
inhibitor BI 207127, in combination with RBV, re-
duced viral load to the lower limit of quantifiable
level in HCV treatment-naive subjects. The regimen
did not include interferon through the first 28 d of
treatment. This data was presented at the American
Association for the Study of Liver Diseases (AASLD)
2010 Liver Meeting in Boston, MA. In this rando-
mized, open-label trial, 32 treatment-naive HCV-1
subjects received a combination of BI 207127 in ei-
ther 400 mg or 600 mg TID, 120 mg QD of B1 201335,
and RBV (in two doses 1000 and 1200 mg daily) for
28 d. All subjects showed a rapid and sharp decline in
HCYV viral load during the first two days, followed by
a slower second phase decline. In the lower and
higher dose groups, 73% and 100% of subjects
achieved a rapid virological response, respectively.

In another study, a combination of BMS-650032
(protease inhibitor) and BMS-790052 was adminis-
tered to HCV-1 null-responders to a prior course of
therapy. The interim results at 12 weeks (total study
duration 24 weeks) produced early antiviral activity,
but 6 out of the 11 subjects treated exhibited viral
breakthrough, indicating that PEG-IFN and/or RBV
will be needed to completely suppress the virus (at
least in this study). When the combination was ac-
companied with PEG-IFN and RBV, 9 out of 10
subjects became HCV RNA undetectable by Week 12
(Lok et al., 2010).

A study with many doses and arms showed op-
timal anti-HCV effect when GS-9256 (HCV protease
inhibitor) and tegobuvir (GS-9190, a polymerase
inhibitor) were combined with PEG-IFN and RBV.

Of the 14 subjects that received quadruple therapy for
four weeks, followed by 44 weeks of PEG-IFN plus
RBV, all subjects were HCV RNA negative by
Day 28. An ongoing four-month study of the
quadruple therapy is underway. A phase Ila study has
shown that its investigational compounds, GS-9190
and GS-9256, used in conjunction with current SOC
therapies, produced substantial suppression of HCV
within 28 d of treatment (Susan, 2010).

9 Summary

One of the biggest challenges in HCV treatment
is that about half of patients are infected with HCV-1,
which is typically considered the most difficult ge-
notype for treatment. In addition, the arduous adverse
effects of present SOC have led many patients to
curtail their treatment. Furthermore, because the de-
velopment of HCV resistance is relatively rapid, it is
important and necessary to test and develop many
new target drugs to enhance current anti-HCV ther-
apy. Fortunately, important progress in the develop-
ment of potent and selective inhibitors of HCV rep-
lication has been made in the last decade. Some newly
developed drugs such as telaprevir, which is com-
peting to be the first protease inhibitor, are expected
to enter the market in the near future. We are now
entering a phase in which there are a large number of
antiviral drugs available, which will enable us to
choose selective inhibitors to block specific
replication steps (or targets) of the HCV life cycle and
different HCV genotypes may also be targeted. Ul-
timately, previous dependence on interferon and RBV,
and drugs that have serious adverse events, could
potentially be abolished.
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