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SUMMARY

Hepatitis C virus (HCV) is a major chronic disease and infected individ-
uals are at risk of developing multiple and highly severe liver compli-
cations, such as cirrhosis or liver carcinoma. The current standard of
care for the treatment of HCV is a combination of pegylated interferon
alfa and ribavirin, a poorly tolerated regimen with limiting side effects
and low sustained virological response rates in genotype I-infected
patients. Therefore, the exploration of alternative treatment regimens
is of utmost importance. Daclatasvir dihydrochloride (BMS-790052)
is a novel, small-molecule, first-in-class inhibitor of HCV replication
that targets non-structural protein 5A (NS5A). It has shown impres-
sive clinical efficacy, high selectivity, picomolar activity and broad
genotype coverage in vitro. Daclatasvir is safe and generally well toler-
ated, and it has a pharmacokinetic profile suggestive of once-daily
administration. With its extraordinary potency and non-overlapping
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resistance profile, daclatasvir has the potential to be an important
component in future combination strategies for HCV therapy.

SYNTHESIS*

Daclatasvir can be prepared by two alternative methods:

Bromination of 4,4'-diacetylbiphenyl (I) with Br, in CH,CL, generates
4,4'-bis(bromoacetyl)biphenyl (I1), which is then condensed with N-
Boc-L-proline (I11) in the presence of DIEA in acetonitrile to give the
diester (IV). Subsequent cyclization of the keto ester (IV) with
NH,OAc in toluene at 95-100 °C affords the bis(imidazole) precur-
sor (V) (1-3). In an alternative method, coupling of N-Boc-L-proline
(1) with 2-amino-4'-bromoacetophenone (VI) by means of HATU
and DIEA in DMF provides the keto amide (VII), which undergoes
cyclization to the imidazolyl-pyrrolidine (VIII) upon heating to 140 °C
with NH,OAc in xylenes in a sealed tube. Treatment of the aryl bro-
mide (VIII) with bis(pinacolato)diboron in the presence of Pd(PPh,),
and KOAc in dioxane at 80 °C gives rise to the boronate ester (IX).
Then, Suzuki coupling between bromide (VIII) and boronate (IX)
using Pd(PPh3)4 and NaHCO, in DME/H,0 at 80 °C also affords the
bis(imidazolyl)biphenyl precursor (V) (1). Deprotection of compound
(V) with either TFA in CH.CL, (1) or HCL in MeOH or i-PrOH/H.O at
50 °C (1-3) provides the N-unsubstituted-bis(pyrrolidine) compound
(X), which is then acylated with N-(methoxycarbonyl)-L-valine (XI)
by means of EDC, HOBt-H,O and DIEA in acetonitrile, followed by
treatment with HCL in EtOH (1-3). Scheme 1.
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Scheme 1. Synthesis of Daclatasvir
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BACKGROUND

Up to 200 million individuals worldwide are infected with hepatitis C
virus (HCV), a major cause of chronic liver disease (4, 5). Individuals
affected with HCV are at considerable risk of developing cirrhosis,
end-stage liver disease and hepatocellular carcinoma (6). HCV is an
enveloped, positive-strand RNA virus and is the only member of the
Hepacivirus genus of the Flaviviridae family (7). HCV is classified into
six major genotypes, each with multiple subtypes based on
sequence diversity (7, 8).

Currently, optimal therapy for HCV treatment relies upon a combi-
nation of weekly subcutaneous (s.c.) injection of peginterferon alfa
and twice-daily oral doses of ribavirin (4, 9, 10). Treatment can last
for periods ranging from 24 to 72 weeks depending on genotype (9,
10). The inadequacies of this treatment are evident in the poor toler-
ability and the significant incidence of side effects (9-13). Moreover,
its effectiveness is highly genotype-dependent (11-13). For genotypes
Ta and 1b, accounting for approximately 60% of global infections,
long-term efficacy or a sustained virological response is only
achieved in around 50% of chronically infected individuals (11, 14).

There are an increasing number of small-molecule inhibitors target-
ing specific viral proteins entering late-stage clinical development
(12, 13, 15-17). The most advanced direct-acting HCV antiviral drug
candidates (direct-acting antiviral agents, or DAAs) target enzymat-
ic activities of the HCV non-structural proteins NS3 (serine protease)
and NS5B (RNA-dependent RNA polymerase) (15, 17). Although
these compounds are currently being developed as add-on therapy
to the standard of care and have demonstrated potent antiviral
activity, trials have also revealed the rapid emergence of resistant
viral variants (15, 18-21).

In this context, daclatasvir dihydrochloride (BMS-790052) is a
potent small-molecule inhibitor of HCV RNA replication that targets
HCV NS5A, unlike most HCV inhibitors under clinical evaluation (22,
23). In fact, daclatasvir is the compound that established proof of
concept for HCV NS5A inhibition as a treatment for HCV infection
(24). NS5A is an essential component of the HCV replication com-
plex, is not known to possess any enzymatic activities thus far, and
its role in viral replication remains poorly defined (25, 26).

Daclatasvir is the most potent HCV inhibitor reported to date. It has
demonstrated remarkable antiviral efficacy in HCV genotype 1-
infected subjects at single oral doses, and proved to be well tolerat-
ed in a phase | clinical study. Preliminary in vitro results and its clin-
ical profile make daclatasvir a potentially valuable component of any
interferon-free treatment regimen (22). However, given the high
degree of genetic variability in infected individuals, it is unlikely that
daclatasvir or any other DAA alone will be successful as a monother-
apy for HCV infection (27). In this context, the latest clinical results
suggest that daclatasvir may have high antiviral potential in combi-
nation with other DAAs and/or peginterferon alfa/ribavirin for diffi-
cult-to-treat individuals (28-30).

PRECLINICAL PHARMACOLOGY

In vitro, daclatasvir demonstrated potent inhibitory activity towards all
genotypes tested, including genotypes Ta and 1b, with EC., values
within the picomolar range (22, 23, 31). In combination studies,
daclatasvir displayed additive to synergistic effects with interferon

THOMSON REUTERS - Drugs of the Future 2071, 36(10)

DACLATASVIR DIHYDROCHLORIDE

alfa/ribavirin, an inhibitor of NS3 protease, and both nucleoside and
allosteric inhibitors of NS5B polymerase, which is indicative of the
potential of this molecule as a candidate for combination therapy with
other HCV therapeutic agents. Daclatasvir has also been tested
against other viruses and did not inhibit a panel of several RNA and
DNA viruses, including, among others, HIV, herpes simplex virus
(human herpesvirus, HHV), influenza and poliovirus, with EC, values
of > 10 uM, which confirms its specificity for HCV. More significantly,
daclatasvir displayed similar potency in multiple cell types, suggesting
that the function or functions of NS5A inhibited by daclatasvir are
highly conserved in different cellular environments (22, 31).

Daclatasvir exhibited no significant effects in an extensive battery of
in vitro receptor binding and enzymatic assays designed to assess
promiscuity (22).

PHARMACOKINETICS AND METABOLISM

Kinetic studies with DAAs including telaprevir and daclatasvir
against HCV demonstrated an especially rapid first-phase viral
decline slope. In fact, mean HCV t,,, estimates during peginterferon
alfa, telaprevir and daclatasvir treatment were 2.8, 1.5 and 0.6
hours, respectively, meaning that the HCV half-life is significantly
shortened during DAA therapy compared to interferon therapy (32).

In a double-blind, randomized, placebo-controlled, single-ascend-
ing-dose study, daclatasvir was administered orally at six dose levels
to healthy, non-HCV-infected subjects. The compound was readily
absorbed, with dose-proportional exposure over the studied dose
range and all subjects had drug concentrations greater than the
protein binding-adjusted ECy, for genotypes 1a and b, as measured
in the replicon assay, at and beyond 24 hours post-dose (22).

Comparable results were observed in a similar study, where
daclatasvir was administered orally to subjects with genotype 1
chronic HCV at doses of 1, 10 and 100 mg (22, 33-35).

In HCV-infected patients, daclatasvir gave a mean plasma elimina-
tion half-life of 10-14 hours, and plasma drug levels were similar to
those in non-HCV-infected individuals (22, 34, 35). In parallel, a mul-
tiple-ascending-dose study in treatment-naive subjects infected
with genotype THCV exhibited similar results; peak plasma concen-
trations were achieved approximately 1-2 hours post-dose and
steady state was achieved by day 4, consistent with a terminal half-
life of approximately 13-15 hours (36).

The initial pharmacokinetic profile suggested the possibility for
once-daily administration (22, 34, 35), and this was confirmed in
subsequent multiple-dose studies (36), where the optimal dose
range for maximal antiviral effect beyond the first phase of viral
decline was studied.

Coadministration of daclatasvir and the HCV NS3 inhibitor
asunaprevir (BMS-650032) in healthy subjects did not result in a
clinically meaningful pharmacokinetic interaction, and this is not
anticipated to occur when both drugs are administered to HCV-
infected patients (37).

SAFETY

Daclatasvir was safe and well tolerated after single oral doses up to
100 mg in HCV-infected patients (22, 33) and 200 mg in healthy
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non-HCV-infected subjects (22). Similarly, daclatasvir was shown to
be well tolerated in a multiple-ascending-dose study in both healthy
and treatment-naive subjects infected with genotype 1T HCV, with a
safety profile similar to that of placebo (36). Specifically, there were
no deaths, no serious adverse events reported, nor discontinuations
due to adverse events or clinically relevant adverse events (22, 30,
36). In fact, headache was the most frequent adverse event seen in
both single- and multiple-ascending-dose studies in genotype 1
HCV-infected subjects (22, 36).

Daclatasvir was generally well tolerated when administered in com-
bination with asunaprevir plus peginterferon alfa/ribavirin for 12
weeks (28, 30). However, mild to moderate diarrhea was a common
adverse event in 70% of the subjects (29). The safety/tolerability
profile for the quadruple treatment was similar to that for peginter-
feron alfa/ribavirin alone (30, 38).

CLINICAL STUDIES

A double-blind, randomized, placebo-controlled, multiple-ascend-
ing-dose study was designed to evaluate the antiviral activity, safety,
tolerability and pharmacokinetics of daclatasvir in treatment-naive
subjects infected with genotype 1 HCV. Patients infected with geno-
type 1o HCV generally demonstrated greater antiviral responses
than patients with HCV genotype 1a. However, the antiviral effect
was not sustained for the entire 14 days of dosing and some subjects
experienced viral rebound on or before day 7 (36).

A randomized, open-label phase lla study to evaluate the antiviral
activity and safety of daclatasvir and asunaprevir with or without
peginterferon alfa/ribavirin revealed that double therapy including
daclatasvir and asunaprevir can lead to sustained virological
response (SVR) in difficult-to-treat individuals. Quadruple therapy
suppressed the emergence of resistance variants, resulting in a
100% rate of SVR12, with SVR12 defined as undetectable HCV RNA
at week 12 post-treatment (29).

Comparable results were observed in a double-blind phase lla study
enrolling treatment-naive subjects infected with genotype THCV using
a combination of daclatasvir and peginterferon alfa/ribavirin (30, 38).

Patients receiving two DAAs alone, daclatasvir and asunaprevir,
experienced viral breakthrough while on treatment. However, the
addition of peginterferon alfa/ribavirin resulted in further suppres-
sion of HCV RNA in most of these patients (29).

The genotypic and phenotypic characteristics of viral breakthrough
were studied in a clinical trial. The results showed that HCV NS3 pro-
tease and NS5A variants reported to confer resistance to daclatasvir
and asunaprevir, respectively, were detected at the time of break-
through. No breakthrough was observed in patients infected with
genotype 1Tb HCV or receiving quadruple therapy including two DAAs
and peginterferon alfa/ribavirin (39).

Plasma HCV RNA levels were measured for up to 6 days after
administration and a significant antiviral effect was observed at 24
hours post-dose with both the 10- and 100-mg doses. In fact, the
dose of 100 mg exhibited a prolonged response in genotype Tb-
infected subjects, which was maintained at 144 hours (22, 33-35).
Furthermore, even a 1-mg dose of daclatasvir produced an HCV viral
load reduction 24 hours after drug administration (22).
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A phase Il trial in treatment-naive subjects with HCV genotypes
1 and 4 evaluating daclatasvir in combination with peginterferon
alfa-2a and ribavirin is scheduled to commence in December 2011
(ClinicalTrials.gov Identifier: NCT01448044).

DRUG INTERACTIONS

Coadministration of daclatasvir and asunaprevir in healthy subjects
did not exhibit any pharmacokinetic interaction (37). However,
administration of daclatasvir and asunaprevir, with and without
peginterferon alfa/ribavirin displayed a very interesting virological
response after 12 weeks post-treatment in HCV-infected subjects
(28, 29). Similar results were observed when only daclatasvir was
administered in combination with peginterferon alfa/ribavirin (30).

SOURCES

Bristol-Myers Squibb (US); being codeveloped with Pharmasset in
combination with the nucleotide polymerase inhibitor PSI-7977.
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