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Abstract: Many studies have been performed to develop an antiviral therapy against the hepatitis C virus (HCV)
infections. The usual treatment for HCV infection is a combination of PEGylated interferon and ribavirin which
offer restricted efficiency and major side effects. Thus, recent development in molecular biology of HCV and its
life cycle led to the design of many drugs that target viral proteins and host factors required for viral replication.
These drugs were named as direct-acting antivirals (DAAs) that were specifically designed for inhibition of viral
life cycle, promising tolerability, short duration of treatment, higher barrier to resistance, and fewer drug interac-
tions. The use of DAAs for the treatment of HCV infection resulted in high virological cure rates in patients.
However, the use of combined DAA regimens may present drug interactions especially in patients under treat-
ment for other co-morbidities. On the other hand, drug resistance against virus infection determines the success of
long-term therapy. High genetic diversity among HCV virions due to error-prone polymerase activity led to the
reduced susceptibility to DAA-therapy. Therefore, preclinical and clinical analysis of HCV resistance to novel
drugs is needed. In this review, we describe pharmaceutical approaches for HCV treatment, structural and func-
tional properties of DAAsS, the principles of HCV drug-drug interaction, and finally HCV resistance to DAAs.
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1. INTRODUCTION

Hepatitis C virus (HCV) is an enveloped virus with a 9.6 kb
positive-sense single-strand RNA. This virus was classified in the
Flaviviridae family and the Hepacivirus genus causing both acute
and chronic infections [1, 2]. Approximately 15%-45% of patients
with acute infection spontaneously clear hepatitis C virus during
several months after viral infection. In contrast, about 55%-85% of
patients suffer from chronic infection leading to cirrhosis, liver
failure, and hepatocellular carcinoma (HCC) which can be asymp-
tomatic for many years [1, 2]. Moreover, HCV infection is involved
in various extra-hepatic diseases affecting several organs and sys-
tems such as immune system [3, 4]. The rapid replication of virus
and the lack of error editing by the viral RNA polymerase are often
reasons of mutations in the HCV genome resulting in the generation
of six genotypes and more than 50 subtypes [5]. No effective vac-
cine was found for HCV infection. Thus, the HCV therapy relies on
antiviral drugs [1]. Indeed, HCV treatment eradicates the virus for
the prevention of both liver and extra-hepatic symptoms. Nowa-
days, some novel and effective agents are available to treat chronic
HCV infection including the direct-acting antivirals (DAAs) that
specifically target viral proteins (i.e., NS3, NS5A and NS5B). Al-
though DAAs are proposed as a potent HCV treatment; but about 5-
10% of people still fail to clear virus [6-8]. Furthermore, it was
observed that some compounds can influence HCV replication in
the cells. For instance, supercharged GFP protein (+36 GFP) sig-
nificantly decreased HCV replication up to 75% in HCV-infected
Huh7.5 cells [9]. Other study indicated that the heat shock proteins
(Hsps) could suppress virus entry and/ or interact with viral pro-
teins. For example, overexpression of small Hsp20 in HCV-infected
Huh7.5 cells reduced HCV replication, but in contrast, overexpres-
sion of small Hsp27 did not affect virus replication [10]. These data
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will help to find some effective natural compounds against HCV
infections.

2. GLOBAL EPIDEMIOLOGY AND PROGNOSIS OF HCV
INFECTION

HCV is a blood-borne virus that can be transmitted through sex,
intravenous drug use, the transfusion of infected blood, and delivery
from an infected mother to baby [11]. The studies showed that the
transmission approach, optimal treatment and geographical distribu-
tion changes among various genotypes [3]. Epidemiology of HCV
infection is different worldwide and the risk of disease is high in
certain groups such as people with other infections (e.g., HIV),
hemodialysis patients or individuals who inject drugs [12, 13]. The
HCV prevalence is mainly high (~3%) in Central Asia, Eastern
Europe, Central Europe, North Africa, Central Africa, West Africa,
the Middle East and Australasia. In contrast, the prevalence of HCV
is less than 1% in other regions of the world such as Western Euro-
pean countries [14, 15]. The Chronic Hepatitis Cohort Study indi-
cated that the risk of mortality and progression to cirrhosis or hepa-
tocellular carcinoma (HCC) were significantly augmented by fibro-
sis stage in the lack of a potent treatment [3].

3. HCV GENOME ORGANIZATION

HCV genome includes a 9.6 kb positive-strand RNA composed
of a 5'-nontranslational region (NTR) containing the internal ribo-
some entry site (IRES) and a 3'-NTR [16]. The structural proteins
(i.e., Core, E1 & E2 envelope glycoproteins) along with p7 and
NS2 have an important role in the virus assembly. The naonstruc-
tural (NS) proteins make the replication complex. About 10"~ viral
particles (diameter: ~ 50 nm) are produced daily in chronic HCV-
infected patients [17-19]. After virus entry through receptor-
mediated endocytosis, HCV particles release their RNA genome
into the cytoplasm. HCV genome translation generates a single
polyprotein precursor (~3000 amino acid) that is further processed
by cellular (i.e., signal peptidases) and viral proteases (i.e., NS2,
NS3/4A) to produce ten different viral proteins (i.e., core, E1 and
E2, p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B) [18, 20]. Fig.
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Fig. (1). The main proteins encoded by HCV genome as targets for DAAs: The HCV open reading frame (ORF) encodes at least 11 proteins including 3 struc-
tural proteins (Core, E1 and E2), a small protein (p7), 6 nonstructural (NS) proteins (NS2, NS3, NS4A, NS4B, NS5A and NS5B), and the so-called "F" protein
which results from a frameshift in the core coding region. The 5' untranslated region (UTR) consists of four highly structured domains and the internal ribo-
some entry site (IRES). The 3'UTR consists of stable stem-loop structures and an internal poly (U)-poly (U/C) tract. (4 higher resolution / colour version of

this figure is available in the electronic copy of the article).

(1) shows the main proteins encoded by HCV genome as targets for
DAAs.

4. HCV-ENCODED PROTEINS

HCV-encoded proteins include structural (S) proteins and non-
structural (NS) proteins as follows.

4.1. Structural Proteins

4.1.1. Core Protein

The core protein is the first structural protein encoded by the
HCV open reading frame making the viral nucleocapsid [16]. This
protein is generated as a 191 aa precursor of ~ 23 kDa (P23). Al-
though proteins of various sizes (17-23 kDa) were detectable, the
21 kDa core protein (P21) appeared to be the predominant form.
The N-terminal domain of the core protein is highly basic, whereas
its C-terminal domain is hydrophobic [21]. The core protein is nec-
essary for viral replication and maturation, and pathogenesis. It has
various regulatory functions such as cellular and viral gene expres-
sion, cell transformation, apoptosis, modulation of signaling path-
ways, and lipid metabolism [21].

4.1.2. Envelope Proteins

The E1 and E2 glycoproteins form a non-covalent complex.
The transmembrane domains located at their C-terminal regions
have main roles in heterodimerization and endoplasmic reticulum
(ER) retention [16].

4.2. Non-structural Proteins
4.2.1. p7

The p7 protein is a small hydrophobic polypeptide (63 aa) that
increases membrane permeability. Moreover, HCV p7 is necessary
to generate infection in vivo [16, 21].

4.2.2. NS2-3 Protease

This protease system is important for viral replication cycle in
vitro and in vivo. NS2 is linked to intracellular membranes [16].
NS3 is a multifunctional protein with a serine protease located in
the N-terminal, and an RNA helicase/NTPase located in the C-
terminal of the protein [16]. The NS3 protein possesses antigenic
properties and plays an important role in viral clearance [22]. In-
deed, NS3 was known as a proper candidate antigen for improve-
ment of HCV therapeutic vaccine [23, 24].

4.2.3. NS44

NS4A is a small hydrophobic protein (54 aa), which acts as a
cofactor for the NS3 serine protease as well as regulates NS5A
phosphorylation [25].

4.2.4. NS4B

The NS4B (~27 kDa) protein induces the formation of a spe-
cific membrane compartment where viral RNA replication may
occur [21].

4.2.5. NS54

NS5A is a phosphoprotein with different forms including ba-
sally phosphorylated (56 kDa) or hyperphosphorylated (58 kDa)
types [16]. NS5A can interact with other HCV nonstructural pro-
teins. Furthermore, some cellular proteins interact with NSSA lead-
ing to the regulation of virus replication or assembly of the viral
replication complex [21].

4.2.6. NS5B

NS5B protein (~ 68 kDa) has the conserved sequence motifs of
viral RNA-dependent RNA polymerases (RdRps). Interaction of
NS5B with NS3 and NS4A sequentially leads to the formation of
complexes with NS4B and NSS5A proteins. These interactions are
important for the assembly of viral replication complexes [25]. This
viral enzyme was determined as a main target for antiviral interven-
tion [16].

5. IMMUNOLOGY OF HCV

Mature dendritic cells (DCs) play a major role in presenting
viral antigen, activating T-cells (i.e., release of different cytokines),
and inducing anti-viral immunity [26]. Moreover, natural killer
(NK) cells are known as the first line of host defense against viruses
through stimulation of antiviral immunity in the liver [26]. Gener-
ally, cellular immune responses play a major role in the control of
HCV infection. The infected hepatocyte cells interact with lympho-
cytes directly and/or indirectly via the secretion of cytokines and
chemokines leading to the death of infected hepatocytes or inhibi-
tion of viral replication, and to the death of T lymphocytes or down-
regulation of their function [27]. Indeed, activation of lymphocytes
in lymphoid organs resulted in the generation of effector T cells
(positive loop), while at the same time, these responses were de-
creased by presentation of antigen on hepatocytes or other specific
antigen presenting cells (APCs) (negative loop). Thus, the result of
HCV infection is likely determined by the balance between these
loops [27]. After HCV infection, the serum ALT levels were in-
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creased about 8-14 weeks, when the intrahepatic expression of
genes encoding the components of the adaptive immune responses
(e.g., MHC class II molecules and chemokines) was up-regulated
[28, 29]. Although this phase is clinically asymptomatic for pa-
tients, it is interesting that symptomatic patients have a higher
chance of recovery than asymptomatic patients [30]. HCV infection
in chimpanzees indicated that the induction of IFN-y by T-cells in
the liver was exactly related to a decrease in HCV RNA titers. Di-
rect antiviral effects showed that IFN-y suppressed the replication
of HCV in vitro [31]. First screening for HCV antibodies (HCV
Ab) was performed by immunoassay. For patients with positive
results of HCV Ab, HCV RNA testing was necessary to discrimi-
nate those who have spontaneously cleared the infection from those
who have become chronically infected and need further medical
care [2]. The patients with detectable HCV RNA may need geno-
typing to determine their type of therapy, and also dose/duration.
Furthermore, monitoring of treatment requires additional HCV
RNA testing for a sustained virologic response (SVR) [2].

6. HCV TREATMENT

The goal of HCV treatment is eradication of the virus to
achieve a sustained virological response (SVR), defined as unde-
tectable HCV RNA in blood, 12 weeks (SVR12) or 24 weeks
(SVR24) after the end of therapy [3]. In 1989, IFN-based therapy
(sofosbuvir, faldaprevir and simeprevir) was the backbone of HCV
therapy (genotype 1) as the standard of care [32-34]. In these tests,
only 10-25% of patients achieved a treatment response. In 1990, the
combination therapy of IFN-o and ribavirin (~38%) led to a higher
percentage of treated patients compared with IFN monotherapy
(~13%) [35]. In 2001, the pegylated IFN (PEG-IFN) showed a
longer half-life and more favorable pharmacokinetics in combina-
tion with ribavirin leading to the improvement in SVR rates (~55%)
[36]. Significant advances in understanding of the molecular and
structural virology and pathogenesis as well as the ability to pro-
duce the recombinant infectious HCV by tissue culture resulted
directly in the development of the first direct-acting antivirals
(DAAs) [36]. The direct-acting antivirals include: a) NS3/4A prote-
ase inhibitors (with -previr suffixes) have a high antiviral potency
against genotypes 1 and 4 but not against genotypes 2 or 3. The
resistant strains improve quickly and side effects and drug-drug
interactions are common [3]; b) NS5B polymerase inhibitors (with -
buvir suffixes) contain nucleoside and non-nucleoside analogue
inhibitors. Nucleoside analogues have high efficiency, broad geno-
typic coverage (pangenotypic), low probability of drug resistance,
minimal drug-drug interactions but possess several adverse effects.
Also, non-nucleoside inhibitors have low to medium efficacy, nar-
row genotypic coverage, high probability of resistance, side effects
dependent on specific drugs, and minor drug-drug interactions [3];
¢) NS5A inhibitors (with -asvir suffixes) have high efficiency, me-
dium genotypic coverage, low probability of drug resistance (geno-
type-dependent), modest side effects and low drug-drug interactions
[3]. Some important drugs were discussed as follows.

7. DRUGS

7.1. Type I Interferon

The type-1 IFNs including interferons-a, 3, ® and A play a ma-
jor role in the innate antiviral immune response [37]. The current
commercial forms of IFN-a used for hepatitis C (o 2a, o 2b and
consensus IFN) possess similar response rates in treated patients.
Interestingly, IFN-A has anti-HCV activity in vitro but without
effect on HCV RNA levels in humans [37]. On the other hand, the
circulating IFN-a binds to IFN cell-surface-receptor subunits lead-
ing to their dimerization and the activation of the receptor-
associated Janus-activated kinase 1 (Jakl) and tyrosine kinase 2
(Tyk2) [38, 39]. This activation upregulates IFN-stimulated genes
(ISGs) with the expression of several types of antiviral effector
protein and stimulates a multidirectional response by increasing the
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concentrations of 2°, 5’-oligoadenylate synthase and [32-
microglobulin in serum [38, 39]. Side effects of IFN-o containing
flu-like symptoms, fatigue, depression, skin reactions and hemato-
logical disorders limit tolerability and treatment in some patients.
Moreover, IFN-based HCV treatment was related to high allograft
rejection and low rates of viral eradication in kidney transplant
recipients [3]. Viral load and HCV genotypes are key factors in an
effective IFN-therapy. For example, HCV genotype-1 responded
poorly to IFN therapy (SVR: ~50%) in comparison with HCV
genotypes 2 and 3 (SVR: ~85%) [39]. Furthermore, some HCV
proteins interfere in the antiviral action of IFN-a. The reports indi-
cated that various HCV proteins including core, E2, NS3/4A and
NS5A/5B antagonize antiviral effect of IFN-o [39]. For example,
HCV core induced the expression of cytokine signaling-3 and -1
(SOCS-3 and SOCS-1) suppressors, which antagonize IFN-a action
by blocking JAK/STAT-pathway and ISGs expression. HCV core
also inhibited IFN-induced phosphorylation and nuclear transloca-
tion of STAT-1 [39]. In addition, HCV E2 was found to inactivate
IFN-a through inhibition of protein kinase R (PKR), especially in
patients infected with HCV genotype-1. HCV NS3/4A protease was
also found to disrupt the IFN induction pathway through cleavage
of different proteins (e.g., antiviral signaling proteins (MAVs), the
Toll/interleukin-1 receptor (TIR) domain containing adaptor induc-
ing IFN-a (TRIF) and adapter protein of RIG-1 TLR-3 signaling
pathways), and finally down-regulation of the transcription of IFN-
a-inducible genes [39-42]. In addition, HCV NS4B and NS5A sup-
pressed the protective action of IFN-o. NS4B reduced IFN-a-
induced phosphorylation of STAT-1 and expression of IFN recep-
tors. On the other hand, NS5A inactivates PKR and inhibits IFN-
induced JAK-STAT signaling pathway leading to down-regulation
of interferon-stimulated genes (ISGs)-induced expression [39-42].

7.2. Ribavirin

In 1990, ribavirin (a nucleoside analogue containing a 1, 2, 4-
triazol ring) monotherapy was used for the treatment of HCV infec-
tion [37]. Ribavirin 5’-triphosphate specifically inhibits viral po-
lymerase activity [43]. Ribavirin has antiviral effects through direct
inhibition of HCV replication, competitive inhibition of IMPDH
enzyme (participating in the de novo synthesis of guanine nucleo-
tides), enhancement of the frequency of viral mutations due to the
mutagenic activity of ribavirin leading to HCV replication errors
and subsequently virus death, and immunomodulation by inducing
a T-helper 1 (Th1) immune response [43]. It was reported that after
oral administration of Ribavirin, its half-life in plasma is 9 h [38,
43]. The adverse effects of ribavirin include hemolytic anemia,
CNS disturbances, gastrointestinal/ respiratory tract disturbances,
rash, allergy, hyperbilirubinemia, increased levels of iron and re-
ticulocytes in the blood, hyperuricemia as well as its teratogenic
and embriotoxic action [38, 43].

7.3. Interferon-o and Ribavirin

Ribavirin monotherapy improved serum aminotransferase lev-
els in at least half of patients, but patients did not clear HCV even
with prolonged treatment [37]. In contrast, the addition of ribavirin
to IFN-a therapy led to a major improvement in SVR rates. Thus,
Ribavirin was approved for use in chronic hepatitis C, but only as a
combination therapy with IFN-a [37]. Some studies showed that
ribavirin could increase or stabilize the intracellular mediators of
IFN activity against HCV, e.g., up-regulation of several ISGs, en-
hancement of STAT1 binding to DNA, and/ or down-regulation of
IL-8 in ribavirin therapy [37, 44, 45]. Further improvement has
recently been achieved by the development of pegylated interferon,
in which a large molecule of poly(ethylene glycol) (PEG) was co-
valently attached to recombinant IFN-o, resulting in an active
molecule with a longer half-life, and better pharmacokinetic profile
and virological response rate [37]. Prior to 2011, treatment was
based on the use of a combination of pegylated interferon-a and
ribavirin for a period of 24 or 48 weeks, depending on the HCV
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genotype [38]. Genotype 1 is more resistant to interferon therapy
than other HCV genotypes. The success rates were 70% and 80%
for genotypes 2 and 3, respectively, and 45-70% for genotypes 1
and 4 [38]. In general, PEG-IFN with ribavirin can eradicate HCV
infection in 40-90% of patients; however, there are some serious
hematologic, dermatologic, neurologic, or immunologic side effects
[46]. It is interesting that in the all-oral DAA treatments, there is
still a major role for ribavirin, especially in the DAAs, with a low
barrier to resistance. Ribavirin is relatively well tolerated as part of
all-oral DAA regimens and delays (/ prevents) the appearance of
resistance, leading to a lower relapse rate and a higher chance of
SVR [47]. It was reported that the severity of anaemia was signifi-
cantly reduced by ribavirin in the absence of interferon. Indeed, the
safety profile of ribavirin was improved when co-administered with
all-oral DAA combinations in the lack of interferon [47].

7.4. Direct Acting Antivirals (DAAs)

Recently, novel virus-specific direct acting antivirals (DAAs)
were developed following the design of an HCV replication system
similar to virus replication in cell culture [3]. In 2011, the first gen-
eration of DAAs (i.e., boceprevir and telaprevir) was approved for
the treatment of chronic HCV genotype 1-infected patients [3].
These two drugs were non-structural protease inhibitors (NS3/4A
PIs), which significantly decreased viral replication. Then, they
were combined with PEG-IFN-a and RBV to prevent the occur-
rence of drug resistance. SVR rates were increased to about 75% in
some patients with the potential to reduce treatment duration to 24-
28 weeks [3]. Recently, three classes of DAAs targeting HCV pro-
teins were considered for their structural and functional properties
such as NS3-NS4A protease inhibitors, NS5A inhibitors and NS5B
polymerase inhibitors [48]. Up to now, five NS3 protease inhibitors
(i.e., boceprevir, telaprevir, simeprevir, asunaprevir, paritaprevir),
three NS5A inhibitors (i.e., daclatasvir, ledipasvir, ombitasvir), one
non-nucleoside (i.e., dasabuvir), and one nucleotide NS5B inhibitor
(i.e., sofosbuvir) were approved for the treatment of chronic hepati-
tis C in the world [48]. Protease inhibitors (PIs) inhibited the proc-
essing step, and drugs such as the nucleoside inhibitors (NIs), non-
nucleoside inhibitors (NNIs), and the NS5A inhibitors (NS5AIs)
targeted HCV RNA replication. Moreover, IFNs (IFN-o, and IFN-
A1) inhibited at least the steps of translation and replication [48].
Table 1 shows important DAAs with their pharmaceutical proper-
ties. Mechanistically, DAAs inhibit specific HCV non-structural
proteins (NS) that are vital for its replication [49]. Up to now, many
promising DAA candidates have been identified; but however, sev-
eral mutations were associated with viral resistance to DAAs. Thus,
combination of drugs with various mechanisms was necessary to
prevent the development of drug-resistant HCV and to generate a
good sustained virological response [50]. Moreover, a DAA may
have differential activity against different HCV genotypes or sub-
types; thus, sponsors can target drug development to a specific
genotype or to regimens that are optimized for specific subtypes
[51], (Table 2). Indeed, due to the error prone nature of HCV NS5B
polymerase, there is a large diversity of genomic variants of the
virus. As known, Genotypes 1 and 3 are the most prevalent HCV
genotypes in the world. Genotype 3 is more dangerous than other
genotypes because it has a high tendency to cause liver cirrhosis
and hepatocellular carcinoma [52]. All new DAAs were primarily
developed to eradicate genotype 1 infections and thus possess a
limited potency against genotype 3 [53].

7.4.1. NS3/4A Protease Inhibitors

The NS3/4A serine protease is a non-covalent, heterodimer
complex formed by the N-terminal serine protease domain of NS3
(catalytic subunit), and the NS4A cofactor (activation subunit).
NS3/4A plays a key role in host immune evasion [54]. The NS3/4A
protease inhibitors can be divided into two chemical classes: mac-
rocyclic inhibitors, and linear tetrapeptide o-ketoamid derivatives
[32]. In 2011, the first generation of NS3/4A protease inhibitors,
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telaprevir and boceprevir, were approved by the US Food and Drug
Administration (FDA) and then by the European Medicines Agency
(EMA) for the treatment of patients with chronic genotype 1 HCV
infection [55]. Although protease inhibitors were potent against
HCV infection but they were restricted by adverse effects and their
low barrier to resistance. Moreover, their activity varied among
different genotypes. For instance, in a small clinical trial, telaprevir
was effective against HCV genotype 2 but not HCV genotype 3
[55]. The next reports showed that with the addition of boceprevir
or telaprevir to PEG-IFN/RBV, cure rates for HCV genotype 1
increased to 65%-75% [1]. Subsequently, the second generation of
NS3/4A protease inhibitors, simprevir, resulted in similar SVR
rates after addition to PEG-IFN/RBV. By 2014, IFN-free regimens
had broadly replaced interferon-based therapy [1].

7.4.2. NS5B Polymerase Inhibitors

Unlike the NS3-4A protease, the RNA-dependent RNA polym-
erase (RdRp) within the NS5B protein is an excellent drug discov-
ery target [56]. For example, sofosbuvir is converted in hepatocytes
to an active nucleoside triphosphate form that competes with
uridine triphoshate for incorporation into the new positive RNA
strand leading to premature chain termination, and interruption of
RNA synthesis [56]. Drug binding to HCV NS5B polymerase's
active site (This site is highly conserved) demonstrated antiviral
activity across all HCV genotypes referred to pan-genotypic DAAs.
Some of them also showed a high genetic barrier to the develop-
ment of drug resistance [32, 38]. By 2013, the second generation of
DAA drugs such as sofosbuvir enhanced SVR rates (~90%-100%).
In clinical trials of sofosbuvir/ PEG-IFN/RBV, patients with geno-
type 1 or 4 HCV infection increased SVR rates (~92%), as well [1].
The combination of sofosbuvir and RBV achieved SVR rates of
100% and 91% for genotypes 2 and 3, respectively. Sofosbu-
vir/ledipasvir and sofosbuvir/simeprevir/RBV resulted in genotype
1 SVR rates of 92%-100% [1]. In 2013, FDA approved sofosbuvir
(brand name: Sovaldi) for use in the treatment of chronic HCV
genotypes 1, 2, 3 and 4 combined with PEG-IFN and RBV, or with
RBV alone (depending on the genotype). Sofosbuvir was also
highly effective in HCV patients who are co-infected with HIV [1].
Compared to the nucleoside HCV polymerase inhibitors, there are
many non-nucleoside HCV polymerase inhibitors that have pro-
gressed into clinical trials [57]. Among them, dasabuvir was the
only approved non-nucleoside inhibitor of the NS5B polymerase
with a low to medium antiviral activity [58, 59]. However, resis-
tance was more frequent with NNI compared with NI [32].

7.4.3. NS5A Inhibitors

A novel class of DAAs was developed to inhibit the viral NSSA
including ledipasvir, daclatasvir, ombitasvir, elbasvir and velpatas-
vir. NS5A is a phosphorylated protein that plays a major role in
viral replication, assembly and secretion [60]. HCV-NS5A inhibi-
tors are interesting because of their high efficiency, safety and high
barrier to resistance. Some in vitro data indicated that their activity
changes against different genotypes, but however, two of them
showed a pan-genotypic activity. NS5A inhibitors significantly act
through two various mechanisms such as suppression of HCV-RNA
replication, and inhibition of intracellular virion assembly quickly
[60]. The antiviral activity of the first approved NS5A inhibitor
“daclatasvir” was extensive with little differences between all HCV
genotypes except for HCV genotype 3 [59]. A broad genotypic
coverage was also observed for antiviral activity of ledipasvir ex-
cept for HCV genotypes 2 & 3. Ombitasvir was also characterized
by coverage of HCV genotypes 1 to 5 with high antiviral activities
except for HCV genotype 6 [59]. Ombitasvir was available only in
a fixed dosed combination with the protease inhibitor paritaprevir
indicating high antiviral activities in HCV genotypes 1 and 4 [59].
Combinations of ombitasvir/paritaprevir/ritonavir/dasabuvir with or
without RBV increased SVR rates (~100%) [1].
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States in 2014-2015
Faldaprevir | NS3/4A prote- Phase I1I moderate low Boehringer, Macrocyclic 1-10 nM 1,2 [32]
ase inhibitor Ingelheim
=g /{, <
OIN, . N
| - J © o7 on
Danoprevir | NS3/4A prote- approved in China moderate low Roche Macrocyclic 1-10 nM 1,2,4 [32]
ase inhibitor . Q
N
OZ\Q
>(O H,, %ﬁ' Hf’s °
Iy
Hu, o
Z
Grazopre- | NS3/4A prote- | Elbasvir/grazoprevir high low Merck Macrocyclic 1-10 nM 1,2,4,,5,6 [32]
vir ase inhibitor approved by FDA in MN\I)\
January 2016 W oW o
O)\NH
Lo
X 0 [;n 0
0 a 4
Mo
J o
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. Drug- - In vitro potenc, i i
General . Genetic Drug P}}armaceu p Y | Active against
Mechanism Status tical com- Structure IC<* or EC HCYV Geno- Reference
name barriers | Interac- an s o s tvpe
tions pany (nM) YP!
Sovaprevir | NS3/4A prote- | Sovaprevir combined | moderate low Achillion Macrocyclic 1-10 nM 1 [32]
ase inhibitor with atazanavir and Oy 0\
ritonavir in a phase 1 - {—C} P
study . //\ﬁ ’(M
N ° oé‘w
SO D;’SW
Glecaprevir | NS3/4A prote- | FDA approved (2017) high low Abbvie & RS 3.5-11.3 nM pangenotypic [78]
ase inhibitor Enanta Cf :w\ﬁ::l/)
O)\NN
® “ﬂ% W
o Iy
FFF
Ledipasvir | NS5A protein | Approved (February low low Gilead 0.11-1.1 nM 1 [79]
inhibitor 10,2014) Sciences
Ombitasvir | NS5A protein | Technivie (ombitasvir, low low AbbVie % d For genotypes pangenotypic | https://www.dr
inhibitor paritaprevir and o={ =0 1,2,3,4,5: 0.82- ugs.com/his-
ritonavir): Approved > (NH A1 i}{ 19.3 pmol/L; tory/technivie.h
July 24,2015 fN>:0H M HO \ For genotype 6a: 'tml; o
/ Y'T(N @ @/NN 366 pmol/L https.//:nAW1k1p
° :Vb ° dia.org/wiki/O
mbitasvir
Daclatasvir | NSS5A protein Daklinza: Approved | moderately low Daklinza N , 0.14-1.25nM | pan-genotypic [80]
inhibitor (Europ:e in 2014 and high (trade name) 0 0
the United States and in BMS
India: in 2015)
Elbasvir NSS5A protein Approved by high low Merck 4-690 pM la,1b,2a,3a,4a | https://en.wikip
inhibitor the FDA in January e-
2016 dia.org/wiki/El
basvir
Velpatasvir | NS5A protein Epclusa, Sofosvel, high low Gilead Y 0.36-3.3 uM pangenotypic | Application for
inhibitor Velpanat (all in \Om inclusion of
combination with 7 sofosbu-
sofosbuvir) ap- ) vir/velpatasvir
proved by US FDA in lu HN( (Epclusa®)
June 2016 ; f M " O‘ ! tablets on the
U w O WHO Model
EN)“ </N List of Essen-
A N tial Medicines;
2016
Pibrentas- | NSS5A protein MAVIRET high low abbvie f 43 pM pangenotypic [81]
vir inhibitor (glecapre- . @
vir/pibrentasvir) ap- 0:<O 0):0
proved by FDA in o Q W p-
December 2016 /—N\FD RAF R
@) A U WA
- N, N N
ainenls
F F
Samatasvir | NS5A protein Phase II high low Merck - 2-24 pM 1,234 [82]
inhibitor HLAN A
Y Y NoLs Y },
»«ci‘ﬂ A
) V‘;:N -EC\_ny\ )
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General ) Genetic ]])):l:lgg- P}}armaceu- In vitro potency | Active against
Mechanism Status tical com- Structure IC<* or EC HCYV Geno- Reference
name barriers | Interac- pany S(OnM)** 50 type
tions
Dasabuvir | Nonnucleoside | approved for medical low low Exviera la: 2.2 nM; 1b: 1 [66]
HCV polym- use in 2014 (trade name) 0 O SN 7.7nM
erase inhibitor in BMS . OO 00
A u,‘ <
Sofobuvir | NS5B polym- | Sovaldi: Approved in high low Gilead 2 0.92nM 1,234 [1]
erase inhibitor 12/2013 Science Q 9 KLNH
oo N/&O
HiC, NH | O
L\
i © ok
HiC” CHy
Deleobuvir | RNA polym- Phase I1I high low Boehringer 50 nM 1 http://www.pro
erase inhibitor Ingelheim bechem.com/pr
oducts_Deleob
uvir.aspx;
https://en.wikip
e-
dia.org/wiki/De
feobuvir
Beclabuvir | Nonnucleoside Phase II high low BMS 50 nM 1 https://en.wikip
HCV polym- e-
erase inhibitor dia.org/wiki/Be
clabuvir
Sofobuvir | NS5B polym- | Harvoni: Approved in high low Gilead Mixture For 1a: 0.018 nM 1 [1]
(GS-7977)( | erase inhibitoF + 10/2014 Sciences For 1b: 0.006 nM
400 mg) NSS5A protein
+ Ledipas- inhibitor
vir (GS-
5855)(90
mg)
Ombitasvir | NS5A protein Viekira Pak: Ap- high low AbbVie Mixture 0.18-0.43 nM 1 [1]
(ABT-267) inhibitor + proved in 12/2014
+ Pari- NS3/4A prote-
taprevir | ase inhibitor +a
(ABT-450) cytochrome
+ Ritonavir P450 3A4
+ Dasabu- inhibitor +
vir (BT- NS5B polym-
333) erase inhibitor
Asunapre- | NS3/4A prote- Phase I1I high low Bristol- Mixture 0.9 nM 1 [1]
vir (BMS- | ase inhibitor + Myers
650032) + NSSA Protein Squibb
Daclatasvir inhibitor +
(BMS7900 | NS5B polym-
52)+ erase inhibitor
Beclabuvir
(BMS7913
25)
Grazopre- | NS3/4A prote- Phase I1I high high Merck mixture 25 uM 1 [1]
vir (MK- | ase inhibitor +
5172) + NSS5A protein
Elbasvir inhibitor
(MK-8742)
Ombitasvir | NS5A protein Viekirax: Phase III low low AbbVie mixture 24-42 M 1.4 [1]
(ABT-267) inhibitor +
+ Pari- NS3/4A prote-
taprevir | ase inhibitor +a
(ABT-450) cytochrome
+ Ritonavir P450 3A4
inhibitor

*IC50 is the half maximal inhibitory concentration of a drug

** ECS0 is the concentration of a drug that gives half-maximal response
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Table2. The commonly DAA combinations in experimental phase [49].
DAA combination Genotype
Sofosbuvir/ Daclatasvir +/- Ribavirin 1,2,3,4
Sofosbuvir / Ledipasvir +/- Ribavirin 1,4,5,6

Sofosbuvir/ Velpatasvir

Pan-genotypic

Sofosbuvir/ Velpatasvir/ Voxilaprevir

Pan-genotypic

Grazoprevir/ Elbasvir

1,4

Glecaprevir/ Pibrentasvir

Pan-genotypic

Paritaprevir/ Ritonavir/ Ombitasvir/ Dasabuvir +/- Ribavirin 1
Sofosbuvir/ Simeprevir +/- Ribavirin 1,4

Paritaprevir/ Ritonavir/ Ombitasvir +/- Ribavirin 4
Sofosbuvir/ Ribavirin 2,3

8. DRUG-DRUG INTERACTIONS

The risk of morbidity and mortality related to HCV infection
was significantly reduced in patients who achieve a sustained vi-
rologic response (SVR) with antiviral therapy [61]. At present,
improvement of direct-acting antiviral agents targeting different
steps in the HCV life cycle has led to further efficiency and reduc-
tion in toxicity compared to previous interferon-based therapies
[61]. However, the use of these DAAs required special attention to
drug-drug interactions because all HCV combination regimens
interact with drug metabolizing enzymes, drug transporters, or both
of them [61]. For every drug, there is a range of doses that balances
its efficiency with toxicity. Many factors can influence drug doses
including organ dysfunction, body weight, diet, host genetics, and
drug interactions [62]. Drugs with a broad therapeutic range have a
high tolerance to drug-drug interactions. Drug-drug interactions
possess important clinical implications for drugs with a narrow
therapeutic range [62]. Drug interactions increased concentration-
dependent toxicities due to the use of higher doses. On the other
hand, sub-therapeutic doses led to the development of drug resis-
tance, which can prevent the success of current and future treat-
ments [62]. A large number of membrane transporters were identi-
fied, but only few of them were used in clinically relevant drug-
drug interactions such as P-glycoprotein (P-gp), organic anion
transporting polypeptide 1B1 (OATP1B1), and breast cancer resis-
tance protein (BCRP) [62, 63]. Drug interactions with transporters
have the potential to influence drug bioavailability by either in-
creasing elimination or decreasing cellular absorption. The studies
showed that the NS3 protease inhibitors, boceprevir and telaprevir,
were inhibitors of the transporter P-glycoprotein and the cyto-
chrome P450 enzyme 3A4, and thus were prone to clinically rele-
vant drug interactions [49, 62]. Most of DAA agents are mainly
metabolized by CYP450 enzyme [49]. It was reported that first
generation of protease inhibitors (DAA agents) was metabolized
through the CYP3A system. They showed different drug interac-
tions. The newer DAA agents such as sofosbuvir and ledipasvir
which were only slightly affected by CYP450 enzymes were rela-
tively less susceptible to major hepatic pharmacokinetic interactions
[49]. Drug interactions should be carefully evaluated in patients
with HIV/HCV co-infection. All HCV DAA regimens have the
potential for drug interactions with some HIV antiretroviral (ARV)
combinations [63]. In general, progress in DAA-based regimens has
led to pan-genotypic combinations with high efficacy and minimal
adverse effects. However, it is important to prevent side effects of
drug-drug interactions. For example, the nucleotide polymerase

inhibitor sofosbuvir was the backbone of treatment for many DAA
regimens. Sofosbuvir is a p-glycoprotein substrate, and thus strong
p-glycoprotein inducers should not be co-administered with sofos-
buvir-based therapy [64].

9. HCV RESISTANCE TO DAAS

The high rate of HCV replication and low fidelity of the HCV
polymerase (i.e., the lack of proofreading and post-replication re-
pair) led to heterogeneous virus populations [17, 65]. The genetic
barrier to resistance was defined as the number of amino acid sub-
stitutions required to confer full resistance to a drug. Usually, DAA
with a low genetic barrier to resistance needed only one or two
amino acid substitutions for high resistance [32]. DAA with a high
barrier to resistance usually required three or more amino acid sub-
stitutions in the same region to cause loss of activity [32]. The term
“resistance-associated variant” or RAV that was used to character-
ize substitutions reduced susceptibility to a drug or drug class. The
substitutions (i.e., amino acid changes) that confer resistance were
called “resistance-associated substitutions” (RAS), whereas the
viral variants that carry these RASs were named “resistant variants”
[66]. In general, HCV resistance to DAAs was affected by three
main parameters: a) the genetic barrier to resistance: The genetic
barrier to resistance changed with the drug class and the HCV geno-
type/subtype. It determines the probability of resistant viruses gen-
erated during replication [66]; b) the ability of resistant virus popu-
lations which is independent of the level of resistance conferred by
the RASs. It determines the probability of resistant viruses gener-
ated in minor or major populations [66]; ¢) drug exposure as com-
pared to the 50% and 90% inhibitory concentrations of drug in vi-
tro. It determines the ability of the drug to suppress replication of
resistant variants [66]. The genetic barrier to protease inhibitors was
usually low, and the resistance changed broadly between HCV
genotypes [67]. Viral resistance to telaprevir occurred significantly
in genotype la compared to genotype 1b due to nucleotide differ-
ences at position 155 in HCV subtype 1a (AGA, encodes R) versus
1b (CGA, also encodes R). Indeed, the major limitation of the first-
generation PIs was their low genetic barrier to resistance. Second
generation of PIs had a higher barrier to resistance, better activity
against several genotypes, more suitable dosing programs, and im-
proved safety and tolerance. The use of RAS testing depends on
patients and DAA regimen [67-70].

The role of the PEG-IFN/ribavirin backbone in the DAAs and
host-targeting agents (HTAs) was to effectively suppress RAVs that
emerged during therapy [71]. Protease inhibitors (PI)-triple therapy
containing the PEG-IFN/RBV backbone showed high potency to
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inhibit HCV replication and consequently overcome resistance to
DAAs. The PROVE 1/2 [69, 70] and SPRINT-2 [71] studies re-
ported no significant effect of baseline RAVs on SVR in patients
that responded to PEG-IFN/RBV. Interferon exerted its antiviral
effect through several interferon-stimulated genes (ISGs) with the
best host immune response in non-cirrhotic patients that are IL28
CC-genotype [72]. In contrast, patients with inherent unresponsive-
ness to interferon were at high-risk for treatment failure in triple
regimens containing PEG-IFN/RBV plus only one DAA. Thus,
prior PEG-IFN/RBV null responders were considered for ‘quad
regimens’ containing two DAAs plus PEG-IFN/RBV backbone or
interferon-free regimens with multiple DAAs with or without RBV
[72]. The anti-HCV mechanisms of RBV remained unclear likely
due to lethal mutagenesis and/or immunomodulatory functions, but
its simultaneous administration was clearly shown to reduce viral
breakthrough in PI-containing triple versus PEG-IFN/PI dual ther-
apy (2% versus 26%) [72]. Generally, HCV DAAs have difference
in the resistance barrier, and DAA treatment is clearly genotype
dependent. HCV resistant variants were observed in most patients
who did not achieve SVR. These resistance-associated mutations
were dependent on the class of direct-acting antiviral drugs used,
and also varied between HCV genotypes and subtypes. It was
shown that NS5A, NS3/4A inhibitors and non-nucleoside inhibitors
had relatively low barriers to resistance [73]. Thus, the understand-
ing of resistance-associated mutations showed a clear clinical im-
plication in terms of choice and combination of drugs used [74].

CONCLUSION

Among the non-structural proteins, NS3/4A, NS5A and NS5B
proteins were known as HCV drug targets because they initiate the
replication process inside the host cells. Recently, DAAs with or
without pegylated IFN and RBV treatment has been recommended
to the patients based on the genotypes. The combination therapies
with DAAs were found to be effective for chronic hepatitis. How-
ever, HCV resistance was a common phenomenon related to DAA
failure. Natural resistance and clinical conditions (e.g., cirrhosis or
high viral load) may contribute to virological failure in some geno-
types (e.g., genotype la and 3). Thus, finding the novel DAAs is
useful and can be accelerated with the use of chemogenomics ap-
proaches. On the other hand, drug-drug interaction is the modifica-
tion of the action of one drug by another and may be pharmacody-
namic or pharmacokinetic in nature. Thus, the use of the DAAs
needs special attention to drug-drug interactions because all HCV
combination regimens interact with drug metabolizing enzymes,
drug transporters, or both of them.

LIST OF ABBREVIATIONS

DAAs = Direct-acting antivirals

HCV = Hepatitis C virus

HCC = Hepatocellular carcinoma

NTR = Nontranslational region

IRES = Internal ribosome entry site

NS = Nonstructural

ER = Endoplasmic reticulum

DC = Dendritic cell

NK = Natural killer

APC = Antigen presenting cell

SVR = Sustained virological response

= IFN-stimulated gene

TRIF = Toll/interleukin-1 receptor domain containing
adaptor inducing IFN-a

Thl = T-helper 1

FDA = Food and Drug Administration
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RdRp = RNA-dependent RNA polymerase
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