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Abstract

In the last decade, standard of care (SOC) anti-HCV treatment has been represented by the combination of
Peginterferon (Peg-IFN) plus ribavirin (Rbv). The main disadvantages of Peg-IFN plus Rbv therapy were
suboptimal rates of sustained virological response (SVR) in difficult-to-treat patients and side effects profile
resulting in poor tolerability. Therefore, strategies to improve SVR rates and limited side effects have been an
important issue for clinical physicians. Recently, direct antiviral agents (DAAs) opened the gate for a new era
for management of HCV and have revolutionized the treatment of chronic hepatitis ¢ (CHC) patients.
Furthermore, the approval of sofosbuvir by FDA represents the first key step towards the new era in the
management of CHC patients, since it is the first approved DAAs with excellent tolerability and favorable
pharmacokinetic profile, limited potential for drug interactions, higher specificity, shorter treatment durations,
low side effects, oral administration, potent antiviral activity and high genetic barrier against all HCV genotypes
and acts as a chain terminator during the HCV replication process. Sofosbuvir efficacy and safety was
demonstrated in many large and well-designed phase 2 and phase 3 clinical trials like PROTON, ATOMIC,
NEUTRINO, ELECTRON, QUANTUM, FISSION, FUSION, POSITRON and LONSTAR studies. In this
concept, sofosbuvir represents an almost ideal backbone, especially in difficult-to-treat CHC patients with
cirrhosis or liver impairment, liver transplant recipients, and co-infection with HIV. This review summarizes the
development of different anti-HCV agents, and also provides an overview of sofosbuvir clinical efficacy and

discussing key results and potential future developments.
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1. Introduction

Chronic hepatitis C virus (HCV) infection is currently a major global health problem that affects 170 million
people worldwide and is one of the main causes of chronic liver cirrhosis and hepatocellular carcinoma [1].
Epidemiological studies indicate that each year approximately 3-4 million people worldwide are affected and >
350000 individuals die due to liver disease [2]. A smaller but significant number of infected patients also show
extrahepatic complications such as mixed cryoglobulinemia, glomerulonephritis, arthritis, and some varieties of
B-cell lymphoma [3]. Genotypes 1-3 have a worldwide distribution with genotypes la and 1b accounting for
nearly 60% of global hepatitis C infections [4]. Central and East Asia and North Africa/Middle East are
estimated to have the highest prevalence of hepatitis C virus (HCV) infection (>3.5%) [5]. In USA, the HCV
prevalence is estimated to range between 1.3% and 1.9% [6]. In addition, untreated chronic HCV infection
imposes a considerable financial burden with average individual lifetime costs estimated at around $65,000 US
dollars and total costs of approximately $6.5 billion US dollars [7]. In European countries, the HCV prevalence
varies from 0.4% in Sweden, Germany and the Netherlands to over 2%-3% in some Mediterranean countries
and even over 5% in some communities in Italy [8]. In Egypt, HCV is considered the most common etiology of

chronic liver disease [9].

HCV is classified into 6 major genotypes. Some genotypes have a restricted geographical distribution
(genotypes 4-6), while others (genotypes 1-3) are more broadly disseminated. Genotype 1 (subtypes la and 1b)
is the most prevalent genotype in the world. Genotype 2 is found in clusters in the Mediterranean region,
genotype 3 is most prevalent among intravenous drug users and genotype 4 is found mostly in Egypt, while
genotypes 5 and 6 are less frequent [10].The clinical presentation and management of infection arising from
viral genotypes has advanced rapidly. In contrast, genotype 4, 5 and 6 have not been adequately studied,

therefore, the management strategies for patients infected with these genotypes are not as well developed [11].

HCV is a small, 9,500- nucleotide, plus- strand ribonucleic acid (RNA) virus that replicates in the cytoplasm
with a single open — reading frame [12]. Similar to other positive — strand RNA viruses, the genomic RNA of
HCV serves as messenger RNA (mRNA) for the translation of viral proteins. HCV encodes a polyprotein of
~3,000 amino acids that is cleaved into at least 10 mature proteins by cellular and viral proteases [13]. During
viral replication the poly protein is cleaved by viral as well host enzymes into three structural proteins (core, E1,
E 2) and seven non-structural proteins (p7, NS3, NS4A, NS4B, NS5A, and NS5B) [14].0Once the virus is
released into the cell, the viral polyprotein is translated and cleaved by host proteases and the viral NS3-4A
protease into ten mature proteins. Next, viral RNA is replicated into progeny RNA by the viral NS5B
polymerase [15].

The C-terminal component of the polyprotein contains the non-structural proteins (NS2, NS3, NS4A, NS4B,
NSS5A and NS5B). NS2 and NS3 are viral proteases required for the processing of the HCV non-structural
portion of the polyprotein [16]. NS3 is a multifunctional enzyme, with serine protease, helicase and nucleotide
triphosphatase activities, that forms a stable heterodimeric complex with its NS4A cofactor, essential for protein
folding and stabilization. Moreover, the NS3A/NS4A complex cleaves the junctions between NS3/4A,
NS4A/NS4B, NS4B/NS5A and NS5A/NS5B. NS3 has also helicase activity necessary for the unwinding of the
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HCV genome during replication of the RNA [17]. NS4B, a hydrophobic transmembrane protein, is the
presumed central organizer of the HCV replicase complex and a main inducer of intracellular membrane
rearrangements that constitute the membraneous web. Additionally, NS5SA is an RNA-binding phosphoprotein
required for RNA replication and assembly of infectious virus particles whilst NS5B is the RNA-dependent
RNA-polymerase required for viral replication. The nonstructural proteins mentioned above have been the target

for DAAs or Specifically Targeted Antiviral Therapy for hepatitis C (STAT-C) [18].

2. Current treatment regimens available for HCV

The goal of HCV treatment is to achieve sustained virological response (SVR) defined as undetectable HCV
RNA at 24 weeks or recently at 12 weeks after the end of therapy [19]. Also, the HCV treatment aimed to
decrease the risk of virus-related conditions such as cirrhosis, hepatocellular carcinoma (HCC), decompensated
liver disease, liver transplant, or death from other liver-related causes. SVR is associated with improved
outcomes in the form of reduction in the rate of hepatocellular carcinoma (HCC) and liver decompensation, and

improved survival; patients who achieve SVR are considered to be cured [20].

2.1. Early antiviral therapy

2.1.1. Interferon monotherapy

Early treatment of acute hepatitis C with interferon alpha (a-IFN) for 24 weeks prevents chronic infection in
almost all patients. Type I a-IFN was the first effective antiviral agent approved for use against chronic HCV
infection in the early 1990s, although response rates were generally <20% [21]. Pegylated interferons (PEG-
IFN) have replaced conventional interferon in the therapy of chronic hepatitis C. Several reports have
documented improved SVR with PEG-IFN monotherapy. In a study of patients with chronic hepatitis C, it was
found that PEG-IFN alfa-2a administered once per week was associated with a higher rate of virologic response
than IFN alfa-2a at 6 million U subcutaneously administered 3 times per week for 12 weeks followed by 3
million U 3 times per week for 36 weeks. Findings were 69% versus 28% at week 48 of therapy and 39% versus
19% at week 72 of therapy [22].In a controlled trial of persons with cirrhosis, it reported an SVR rate of 30%
after 48 weeks of therapy with PEG-IFN alfa-2a, compared with 8% for patients treated with standard IFN alfa.
Adverse effects were not significantly higher with the pegylated product [23].

Side effects of interferon or peg-interferon include predictable constitutional or “flu-like” symptoms of fever,
chills, headache, and myalgia, nausea, anorexia, and less commonly, diarrhea, skin dryness, pruritus, rash, hair
thinning, exacerbation of immune-mediated disorders, such as thyroiditis, inflammatory bowel disease, atopic
dermatitis, or psoriasis. Moreover, the effect of IFN on bone marrow results in decreased granulocytes and

thrombocytes during treatment [24].

2.1.2.PEG-IFN therapy with ribavirin

In the last decade, standard of care anti-HCV treatment has been founded on the combination of Peg-interferon

(Peg-IFN) plus ribavirin (RBV). In a study of ribavirin in combination with either PEG-IFN alfa-2b or PEG-IFN
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alfa-2a for the treatment of chronic HCV infection, it reported a higher SVR rate with PEG-IFN alfa-2a than
with PEG-IFN alfa-2b (68% versus 54.4%) [25]. In a study of patients coinfected with HCV and HIV with
compensated cirrhosis, it was found that SVR to PEG-IFN plus ribavirin significantly reduced the incidence of
liver-related decompensations and overall mortality [26]. Furthermore, [27] reported a significantly higher SVR
rate in patients given higher-dose PEG-IFN alfa-2b plus ribavirin than in patients given lower-dose PEG-IFN
alfa-2b plus ribavirin or given IFN alfa-2b plus ribavirin. Adverse effect profiles in the 3 treatment groups were

similar (Figure 1)

Figure 1: Peg-INF+Rbv virologic response by genotype [27].

In addition, the patients who received PEG-IFN alfa-2a plus ribavirin had a significantly higher SVR rate than
patients who received IFN alfa-2b plus ribavirin (56% vs 44%) or PEG-IFN alfa-2a alone (56% vs 29%)[28].
The SVR rates for patients with HCV genotype 1 were 46%, 36%, and 21%, respectively, for the 3 regimens.
Moreover, [29] reported that in patients infected with HCV genotype 1, treatment for 48 weeks was statistically

superior to 24 weeks, and standard-dose ribavirin was statistically superior to low-dose ribavirin.

A major barrier to successful treatment is the association of peginterferon/ribavirin therapy with frequent and
sometimes serious adverse effects. In clinical trials, approximately 10-15% of treated patients discontinue
peginterferon and ribavirin due to adverse events; however, in routine clinical practice, the rate of treatment
discontinuation has been reported to be substantially higher, and the side effects of peginterferon/ribavirin

therapy affect virtually all organ systems [30].

2.2. A new era of HCV management's

In the last decade, standard of care anti-HCV treatment has been founded on the combination of Peginterferon
(Peg-IFN) plus ribavirin (Rbv), whose main disadvantages were suboptimal rates of sustained virological
response (SVR) in difficult-to-treat patients (HCV genotype 1-4, advanced liver fibrosis) and, most of all, side
effects profile resulting in poor tolerability and treatment contraindication in some patient subsets

(decompensated liver disease and autoimmune disorders)[31].Therefore, strategies to improve SVR rates have
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been an important issue for clinical physicians. During the last years, intensive efforts focused on the
development of direct acting antiviral agents (DAAs) that can block the activity of viral enzymes targeting
either NS3-4A serine protease, which block HCV polyprotein processing, or HCV replication [32]. DAAs of all
the major classes were designed to directly inhibit viral enzymes and proteins. The NS proteins NS3/4A
protease—helicase and NS5B RdRp and the NS5A protein all perform crucial activities for the viral life cycle
and potentially, each step of the viral cycle is a target for drug development. The new group of protease
inhibitors has improved SVR to a great extent and various other groups of drugs nucleotide and non-nucleoside
NS5B inhibitors, NS5A inhibitors and others have certainly opened the flood gates, with various drugs standing

in line for approval [33].

Moreover, direct acting antivirals (DAAs) promised to open a new era in treating chronic HCV infection by
increasing SVR rates, providing shortened and simplified regimens while also minimizing treatment-related side
effects. Three major classes of DAA dominated the scenario at different stages of development and clinical
practice: 1-NS3/4A protease inhibitors, 2-NS5A inhibitors and 3-NS5B polymerase inhibitors, which can be
subdivided into nucleoside inhibitors (NIS) or nonnucleoside inhibitors (NNIs) [34] (Table 1).

Table 1: Comparisons between the major direct-acting antiviral drugs in safety and efficacy [34]

Characteristic NS3/4A NIs NNIs NS5A inhibitors
Potency High for GT1 Moderate to high Variable among High; multiple
Variable for GT2—4 GTs among GT
Barrier to Low; GTla<lb Very high; GT1a=1b Very low; Low; GT1a<lb
resistance GT1a<lb
Drug interaction High Low Variable Low to moderate
Toxicity High for first generation Variable Variable Variable
Rash, anemia, mitochondrial
hyperbilirubinemia nuclear interactions
Agents approved | Telaprevir, boceprevir, Sofosbuvir None None
simeprevir
Examples in Faldaprevir (BI-201335) | VX-135 Mercitabine | ABT-072 Daclatsavir (BMS-
pipeline MK-5172 Dasabuvir 790052)
Danoprevir (ABT-333) Ledipsavir (GS-
(RG7227/ITMN-191) BMS-791325 5885)
Veruprevir (ABT-450/r) Samatasvir
Vaniprevir-MK-7009 (IDX21437)
Ombitasvir (ABT-
267)

Abbreviations: GT, genotype; NIs, nucleotide polymerase inhibitors; NNIs, non-nucleoside inhibitors; NS3/4A
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protease inhibitors.

2.2.1. NS3/4A protease inhibitors

The NS3 protease is an enzyme that catalyzes the post-transcriptional processing of proteins important for viral
replication. NS4A is a cofactor that works with NS3 to expedite this process. The serine protease inhibitors
telaprevir is a linear peptidomimetic HCV NS3/4A serine protease inhibitor, and boceprevir is a protease
inhibitor that binds to the HCV NS3 active site [35]. Newer, NS3/4A inhibitors under development are mainly
macrocyclic compounds (simeprevir-TMC-435, danoprevir-R7227, and vaniprevir-MK-7009) and the linear
asunaprevir (BMS-650032). In addition, newer first generation as well as second- and third-generation NS3/4A
inhibitors (faldaprevir-BI 201335, GS-9256, ABT-450, etc.) are expected to have better pharmacokinetics for
once daily dosage, less complicated treatment algorithms and less side effects compared to boceprevir and

telaprevir [18] (Table 1).

2.2.1.1. Telaprevir and boceprevir

Two first-generation, linear NS3/4A PIs, boceprevir and telaprevir, were approved in the USA and Europe in
2011 for clinical use in patients with genotype 1, while numerous new NS3/4 PIs are currently under evaluation
in clinical trials. However, these first generation DAAs have a low genetic barrier to resistance, their efficacy is
limited to HCV genotype 1 and co-administration of peg-IFN and RBV is needed. In addition, the triple
regimens are associated with unfavorable tolerance and safety profiles, particularly in patients with underlying

cirrhosis [32].

2.2.1.2. Simeprevir

Simeprevir (formerly TMC435; trade name Olysio) is a new direct acting antiviral drug and a second
generation NS3/4A serine protease inhibitor. Food and Drug Administration (FDA) has approved
Olysio (simeprevir), a hepatitis C virus (HCV) NS3/4A protease inhibitor, in combination with sofosbuvir as an
all-oral, interferon- and ribavirin-free treatment option for genotype 1 chronic hepatitis C (CHC) infection in
adult patients as part of a combination antiviral treatment regimen. It was introduced by Janssen and Medivir for
the oral treatment of patients with genotype 1 and/or genotype 4 chronic HCV infections [36]. In vitro, it is
active against all six genotypes with lesser efficacy against genotype 3a [37]. Simeprevir (SMV) prevents viral
maturation through inhibition of protein synthesis. SMV is also a substrate and mild inhibitor of P-glycoprotein
which may help predict other drug interactions [38]. SMV is metabolized mainly by the cytochrome P450 3A
(CYP3A) pathway in the liver and can cause drug-drug interactions with inhibitors and inducers of CYP3A. The
all-oral, interferon-free treatment regimen with simeprevir and sofosbuvir resulted in an overall SVR12 rate of
92%, consistent SVR12 rates regardless of METAVIR score, and was an effective and well-tolerated therapeutic
regimen in both treatment-naive and prior null-responder patients [39]. Moreover, simeprevir proved to have
several advantages such as its high efficacy, short treatment duration (12-24 weeks), better safety profile than

first generation drugs and the decreased pill burden being taken once daily [40].
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2.2.1.3. Faldaprevir;

Faldaprevir is a second-generation HCV NS3/4A protease inhibitor with significant improvement in potency
and adverse event profile compared with first-generation protease inhibitors. Faldaprevir has an acceptable
tolerability and safety at all dose levels [41]. Several studies used it with different drug combinations. SILEN-
C1 (for naive G1 HCV patients) and SILEN-C2 (for prior nonresponders) were enrolled on 429 and 290 patients
respectively. Of interest, faldaprevir in combination with pegylated interferon and ribavirin, and interferon-free
treatment with faldaprevir in combination with deleobuvir plus ribavirin provides high sustained virological
response rates for HCV genotype 1 infection % respectively [42]. SILEN-C3 is a phase II trial for 160 naive G1
infected patients. Faldaprevir was taken for 12-24 weeks with 24-48 weeks of pegylated interferon and

ribavirin. SVR rates were 67% (if 12 weeks) and 74% (if 24 weeks) [41].

2.2.2. NS5A inhibitors;

The NSS5A protein is a regulator of replication. NS5A inhibitors have high antiviral activity against different
genotypes, but a low genetic barrier to resistance. Resistance variants to NS5A inhibitors are not associated with
impaired viral replication fitness and they do not disappear after the end of treatment. Persistence of NS5A
resistance mutations was detected up to one year after stopping treatment [43]. Other NS5A inhibitors such as
ACH-3102 samatasvir and GS-5816 BMS-824393, PPI-461, ledipasvir (GS-5885) and ABT-267 are still under
clinical development [44], [45], [46] (Table 1).

2.2.2.1. Daclatasvir

Daclatasvir (BMS-790052), produced by Bristol-Myers Squibb, is the first-in-class NSS5A inhibitor that
demonstrated a satisfactory multiphase rapid HCV RNA decline without significant adverse events. It is highly
effective against genotypes 1—4 [47] . Several clinical trials assessed the efficacy of daclatasvir with different
compounds. Using daclatasvir with interferon and ribavirin, Suzuki et al. managed HCV patients who were
treatment naive, prior null or partial responders. Two Different concentrations of daclatasvir were used (10 and
60 mg) versus a placebo group. SVR24 reached 66.7-90% in naive group versus 62.5% in placebo group and
much less satisfactory results in prior null responders (22—-33.3%) [48]. Naive group had SVR24 89—100% while
null responders group 50-78% [49].

2.2.2.2. Ledipasvir

Ledipasvir is another NS5A inhibitor that showed promising results in different trials that evaluated its
combination to sofosbuvir. It provided high potency against HCV genotypes la, 1b, 4a and 6a while it was less
efficacious against genotypes 2a and 3a [50]. It cannot be used alone due to quick development of resistance

[51].

2.2.2.3. Cyclophilin A inhibitors

Cyclophilins are host proteins involved in protein folding. They play an important role in the HCV lifecycle as


http://www.sciencedirect.com/science/article/pii/S2090123214001374%23b0205
http://www.sciencedirect.com/science/article/pii/S2090123214001374%23b0215
http://www.sciencedirect.com/science/article/pii/S2090123214001374%23b0220
http://www.sciencedirect.com/science/article/pii/S2090123214001374%23b0325
http://www.sciencedirect.com/science/article/pii/S2090123214001374%23b0330
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regulators of replication. The cyclophilin inhibitor alisporivir (DEB-025) is a cyclosporine analog without its
immunosuppressive properties that has shown pan-genotypic antiviral activity and has been used both alone and

in combination with PEG-IFN and RBV with promising results [52].

2.2.3. NS5B polymerase inhibitors

There are two categories of NS5B polymerase inhibitors: nucleos(t)ide (NIs) and non-nucleoside inhibitors
(NNIs) (Table 1). NIs mimic the naturally occurring nucleos(t)ides and thus are incorporated into the nascent
RNA chain causing premature chain termination [53]. NIs are considered to have a high genetic barrier to
resistance, although single amino acid substitutions are able to confer drug resistance in vitro. NIs have antiviral
activity against all HCV genotypes (pan-genotype activity) as the active site of NS5B is well conserved across
genotypes [54].NS5A inhibitors showed promising results among the different DAA drug studies due to their

multigenotypic efficacy, high potency but low to intermediate barrier to resistance.

Several nonnucleoside inhibitors (NNIs) of the HCV polymerase can prevent either de novo initiated RNA
synthesis, primer-extended RNA synthesis, or both. These NNIs inhibitors achieve polymerase inhibition by
binding to one of the at least four allosteric enzyme sites [55]. Most of them have a genotype-specific activity

and they may select rapidly drug-resistant variants if HCV replication is not completely suppressed [56].

2.2.3.1. Dasabuvir

Dasabuvir (ABT-333) is a NS5B non-nucleoside polymerase inhibitor (NNPIs). Dasabuvir containing regimens
achieve high rates of sustained virologic response in HCV genotype la and 1b—infected patients when combined
with other DAAs, namely paritaprevir (ABT-450), ritonavir and ombitasvir (ABT-267). In the populations
studied, dasabuvir seems to be well tolerated and safe and the major limitations of this novel drug are its
genotype-restricted activity, the necessity to include ribavirin for HCV genotype la and the emergence of

resistance if not combined with other DDAs [57].

2.2.3.2. Sofosbuvir

Sofosbuvir (Sovaldi®, Gilead Sciences) is a new drug, formerly named GS-7977, the first NS5B HCV
nucleotide polymerase inhibitor (NPIs), who's US Food and Drug Administration (FDA) and European
Medicines Agency (EMA) approvals have been granted at the end of 2013 and at the beginning of 2014,
respectively [58]. Sofosbuvir with the chemical name L-Alanine, N-[[P(S),2'R]-2'-deoxy-2'-fluoro-2'-methyl-P-
phenyl-5'-uridylyl]-, 1-methyl-ethyl ester and a molecular formula of C22H29FN3QO9P. It is administered at a
dosage of 400 mg once daily, taken with or without food, and has a potent activity against all HCV genotypes
[59]. Sofosbuvir is used in combination with other medicines. Several varieties (genotypes) of hepatitis C virus
exist, and the duration of treatment with Sofosbuvir will depend on the genotype of the virus and on which
medicines are used together with Sofosbuvir. Metabolism of sofosbuvir and the other related drugs of the same

family have no relation with the CYP3A4 pathway [60].

The price of sofosbuvir, quoted in various media sources as $84,000 to $168,000 for a course of treatment in the


http://informahealthcare.com/action/doSearch?type=advanced&displaySummary=true&displaySummary=true&field1=keywords&text1=dasabuvir&logicalOpe1=OR&field2=articletitle&text2=dasabuvir&logicalOpe2=AND&field3=all&text3=&search=Search&categoryId=41010274&categoryId=40002416&categoryId=40004717&categoryId=40004717&filter=multiple&AfterMonth=1&AfterYear=&BeforeMonth=12&BeforeYear=&sortBy=date&nh=20
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U.S., £35,000 for 12 weeks in the UK, has engendered considerable controversy. In September 2014, Gilead
announced that it would permit generic manufacturers to sell sofosbuvir in 91 developing countries and that it

would sell a name brand version of the product in India for approximately $300 per course of treatment [61].

2.2.4. Mechanism of actions of antiviral drugs

2.2.4.1. Anti-HCV mechanisms of interferon

These are glycoproteins of low molecular weight produced by fibroblasts, epithelial cells hepatocytes and
predominantly dendritic cells in response to various pathogens like virus, tumor cells, bacteria, parasites. It is
the first drug approved by FDA to treat hepatitis C (IFN-a got FDA approval in 1991). There are several types
of IFNs grouped into three types (types I, II and III), type I (o and B) and type II (gamma) exhibits significant
activity and hence IFN-02a and 2b produced by recombinant DNA technology used commercially [33].
Pegylated (PEG) IFN-a2a is absorbed slowly and sustained twice longer in plasma compared to IFN-a2b. IFN
receptors have JAK-STAT (Janus Kinase-signal transduction and transducer mechanism) signaling pathway.
The phosphorylated STAT binds with p48 protein and forms an ISGF-3 (IFN-stimulated gene factor-3) which in
turn enters into nucleus, stimulating IFN-stimulated regulatory element leading to synthesis of various proteins
which interfere in viral penetration, synthesis of viral m-RNA, assembly of viral particles and its release (Figure

3) [62].

Figure 2: Mechanism of action of IFN in HCV infection (Red arrow = inhibition, Green arrow = stimulation).

2.2.4.2. Mechanism of Action of Ribavirin

The addition of ribavirin to IFN-a—based regimens produces dramatic improvement in SVR rates among
patients with chronic hepatitis C. Clinically; ribavirin appears both to increase the end-of-treatment response
rate and to decrease the subsequent relapse rate (Figure 3). It is a synthetic guanosine analog with a broad
spectrum of antiviral activity, administered along with IFN at a dose of 800-1200 mg/day with an oral

bioavailability of 50% and an elimination half-life of >10 days [33]. When combined with standard IFN-a,
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ribavirin appears to increase the second phase decline in HCV RNA levels; however, this effect is slight and is
not observed when standard IFN is given daily or peg-interferon is used. These results suggest that ribavirin
does not have direct antiviral activity against HCV. Although ribavirin is an IMPDH inhibitor, there is little
clinical data to support this mechanism of action. Other IMPDH inhibitors have failed to demonstrate antiviral

activity in vivo against HCV either alone or in combination with ribavirin [63].

Figure 3: Mechanism of action of Ribavirin in HCV infection (Red arrow = inhibition, Green arrow =

stimulation).

2.2.4.3. Mechanism of action of sofosbuvir

Sofosbuvir is aprotide prodrug metabolized to the active antiviral agent 2'-deoxy-2'-a-fluoro-p-C-
methyluridine-5'-triphosphate. The triphosphate serves as a defective substrate for the NS5B protein, which is
the viral RNA polymerase, thus acts as an inhibitor of viral RNA synthesis [64]. The active substance in
sofosbuvir, blocks the action of an enzyme called ‘NS5B RNA-dependent RNA polymerase’ in the hepatitis C
virus, which is essential for the virus to multiply. This stops the hepatitis C virus from multiplying and infecting
new cells. NS5B is one of the non-structural proteins essential for viral RNA replication, and has been found to
be a valuable target for directly acting antiviral agents (DAAs) [65]. Prior to the discovery of sofosbuvir, a
variety of nucleoside analogs had been examined as anti-hepatitis C treatments, but these exhibited relatively
low potency. This low potency arises in part because the enzymatic addition of the first of the three phosphate
groups of the triphosphate is slow. The design of sofosbuvir, based on the protide approach, avoids this slow
step by building the first phosphate group into the structure of the drug during synthesis. Additional groups are
attached to the phosphorus to temporarily mask the two negative charges of the phosphate group, thereby
facilitating entry of the drug into the infected cell [66]. Moreover, sofosbuvir and other nucleotide inhibitors of
the HCV RNA polymerase exhibit a very high barrier to resistance development. This is an important advantage
relative to HCV drugs that target other viral enzymes such as the protease, for which rapid resistance

development has proved to be an important cause of therapeutic failure [67].
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Figure 4; The activation and metabolic pathway of sofosbuvir [69].

2.2.5. Pharmacokinetics of sofosbuvir

The main goals in SOF development for historically “easy-to-treat” genotypes were to shorten treatment
duration, but most of all, to improve tolerability through an IFN-free regimen [68]). Sofosbuvir has a beneficial
pharmacokinetic profile, being effective orally as a single daily dose, and has rather limited potential for drug-
drug interactions. However, some issues remain to be elucidated including the reasons for HCV relapse after
stopping a sofosbuvir-based regimen, the possible impact of host and viral factors associated with HCV
eradication, the optimal duration in difficult-to-treat population, such as prior non-responders with cirrhosis and
its use in patients with advanced decompensated cirrhosis [69]. SOF is a second-generation NI, for treatment of
HCV genotypes 2 and 3 in combination with RBV, and for genotypes 1 and 4 in combination with PR, based on
data from nearly 3,000 patients studied in Phase II and III trials [70]. It enters the hepatocytes as a prodrug of
uridine monophosphate and is phosphorylated within the cells to active triphosphate form. Dephosphorylation of
the active molecule results in the formation of the metabolite GS-331007, which lacks anti-HCV activity; GS-
331007 is the main circulating metabolite of SOF and undergoes renal elimination. The median half-lives of
SOF and GS-331007 are 0.4 and 27 hours, respectively. Population pharmacokinetic (PK) models developed for
GS-331007 and SOF revealed that demographic variables such as age, sex, BMI, race, common concomitant

medications, and cirrhosis did not influence GS-331007 or SOF exposure (Fig. 4) [71].

2.2.5.1. Efficacy and safety;

The efficacy and safety of sofosbuvir in patients with different HCV genotypes and with various combinations
of drugs have been tested in numerous clinical trials. A dose of 400 mg of sofosbuvir has been found to be most
effective, with treatment durations ranging from 12 to 24 weeks, in various combinations of PEG-IFN and
ribavirin. Sofosbuvir has been studied in different combinations [72]. The value of adding sofosbuvir to the

combination of Peg-IFNa in genotype 1 patients was first addressed in two phase II trials (PROTON and
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ATOMIC) (Table 2).

The first study PROTON was a double-blind, randomized, placebo-controlled, dose-ranging phase II study that
demonstrated that sofosbuvir was highly effective against genotypes 1, 2 and 3 HCV when used in combination
with peg-interferon and ribavirin as 12-week triple therapy, followed by additional peg-interferon and ribavirin

in the genotype 1 patients, results greater than 90% in all sofosbuvir-containing arms of the study [73].

The other trial (ATOMIC) evaluated the role of maintenance therapy after the initial 12 week response. The
ATOMIC study explored shorter treatment durations of sofosbuvir-based triple therapy, and randomized 316
treatment-naive patients with genotype 1 HCV into three treatment arms that included sofosbuvir 400 mg plus
peg-interferon and ribavirin therapy of 12 or 24 weeks duration, and one arm who received sofosbuvir triple
therapy for 12 weeks, and then subjects were randomized to receive a further 12 weeks of sofosbuvir alone or
with ribavirin. SVR rates remained greater than 90% in all arms of this study, with minimal differences in SVR
seen in patients with factors traditionally associated with reduced response to interferon-based therapy such as

high baseline viral load, patients with non-CC IL28B genotypes or bridging fibrosis on liver biopsy [74].

Following on from PROTON and ATOMIC, the ELECTRON study evaluated sofosbuvir in interferon-sparing
and interferon-free regimens for the treatment of HCV infection in noncirrhotic patients. The ELECTRON trial
was the first Phase II study in treatment-naive patients to explore an IFN-free arm of SOF/Rbv for 12 weeks
compared to three arms of variable PegIFN duration (4/8/12 weeks), with 100% SVR in both the PegIFN-based
and IFN-free arms [75]. The ELECTRON trial also demonstrated that the key role of Rbv could not be
superseded, as a SOF monotherapy 12-week arm reported SVR of 60% due to a 40% virological relapse rate.
Based on these results, the SOF/Rbv combination administered for 12 weeks was chosen to be further evaluated
in Phase III trials. Studies that tested for sofosbuvir in genotype 1 included QUANTUM and ELECTRON
studies. Fifty naive patients were treated with sofosbuvir and ribavirin for 12 weeks. SVR12 rates were 56% and

88% respectively [79].

NEUTRINO was the first SOF Phase III trial in naive patients with the aim to evaluate the safety and efficacy
of the combination regimen SOF/PegIlFN/Rbv for 12 weeks. The NEUTRINO trial included 28 CHC patients
with genotype 4 and 7 patients with genotype 5 or 6 who were treated with sofosbuvir plus pegIFN and weight-
based RBV for 12 weeks. The SVR rates were 96% in genotype 4 and 100% in genotype 5-6 patients [71].The
combination of SOF/PegIFN/Rbv for 12 weeks demonstrated high rates of on-treatment response, with 91% of
patients achieving HCV-RNA undetectability at week 2 and 99% at week 4, which resulted in an overall SVR
rate of 90%. Concerning safety profile, the most common side effects reported were fatigue (59%), headache
(36%), nausea (34%), and insomnia (25%), which are mainly consistent with Rbv or PegIFN safety profiles.
Anemia with Hb <10 g/dL was observed in 23%, while only 2% of patients had Hb <8.5 g/dL [77].

In a phase III non-inferiority trial study named FISSION, nearly 500 genotype 2 or 3 naive CHC patients were
randomized to receive sofosbuvir plus weight-based RBV for 12 weeks (n=256) or SOC, i.e. peglFN plus RBV
(800 mg daily) for 24 weeks (n=243). Approximately 20% had cirrhosis and 29% had interleukin-28B (IL28B)
CC genotype. The combination of sofosbuvir plus RBV achieved SVR in 97% of genotype 2 (78% with SOC)
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and 56% of genotype 3 patients (63% with SOC). SVR rates under sofosbuvir and RBV were lower in patients
with cirrhosis (genotype 2: 91%, genotype 3: 34%) compared to those without cirrhosis (genotype 2: 98%,
genotype 3: 61%) without significant difference from the SVR achieved by SOC in any subgroup [77].

The efficacy of the SOF/Rbv IFN-free combination in patients with a previous treatment failure to PegIFN/Rbv
was investigated in the FUSION trial. Overall SVR in treatment experienced patients with SOF/Rbv was
significantly lower in the 12-week compared to 16-week arms (50% vs 73%). Cirrhosis and HCV genotype 3
were confirmed as predictors of treatment failure: indeed, in the two treatment arms (12/16 weeks) SVR rates
were respectively 96%/100% in non-cirrhotic vs 60%/78% in cirrthotic HCV-2 patients, while in HCV-3
patients, SVR decreased to 37%/63% in non-cirrhotics vs 19%/61% in cirrhotics [70].

In another phase III, placebo-controlled trial named POSITRON, 278 patients with CHC genotype 2 or 3 who
were interferon intolerant or ineligible or had refused peglFN therapy were randomized to receive sofosbuvir
plus weight-based RBV (n=207) or placebo (n=71) for 12 weeks. SVR was achieved in 78% of patients in the
sofosbuvir arm and 0% in the placebo arm. SVR rate was significantly higher in genotype 2 than genotype 3
patients (93% vs. 61%, P<0.001). The presence of cirrhosis did not affect the SVR rates in genotype 2 patients
(94% vs. 92%), but it had a great impact on the SVR rates in genotype 3 patients (21% vs. 68%, P=0.002) [70].
Concerning safety, the combination of SOF/Rbv showed an optimal tolerability profile: the most frequent
adverse events were fatigue (44%), nausea (22%), headache (21%), insomnia (19%), and pruritus (11%), mainly
consistent with Rbv. Hemoglobin decline <10 g/dL occurred in only 7% of patients (<8.5 g/dL in 1%), while no

reduction in platelets and neutrophil values were reported [70].

In a third phase III trial named VALENCE including genotype 2 and 3 naive CHC patients, sofosbuvir plus
weight-based RBV was given for 12 weeks in genotype 2 (n=32) and for 24 weeks in genotype 3 patients
(n=105). SVR was achieved in 97% of genotype 2 (non-cirrhotics: 97%, cirrhotics: 100%) and 93% of genotype
3 patients (non-cirrhotics: 94%, cirrhotics: 92%). The rates of discontinuation were negligible without evidence

of viral resistance among the patients who relapsed after treatment [78].

2.2.5.2. SOF in combination with other DAAs

Overall, SOF appears to be an attractive choice to serve as a backbone for future DAA combinations. The
possibility of developing an IFN-free regimen for difficult-to-treat genotypes requires the combination of
different DAA classes to provide high antiviral efficacy as well as a high barrier to resistance. In another open-
label, phase II study named LONESTAR, one tablet co-formulation of sofosbuvir and ledipasvir (NS5A
inhibitor) with or without weight-based RBV were given for 8 or 12 weeks in 100 genotype 1 CHC patients who
were treatment-naive or had failed a course with triple combination including a 1st generation protease inhibitor.
The SVR rates were 95-100% in all subgroups regardless of previous treatment history or presence of cirrhosis.
Adverse events were rare and always mild (nausea, anemia and headache), while one patient in the RBV-
containing arm developed severe anemia [79]. In a single arm phase II trial named LONESTAR-2, such a triple

combination offered SVR rates of 96% (22/23) in genotype 2 and of 83% (20/24) in genotype 3 patients [80].
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The combination of 12 or 24 weeks of SOF plus the NS3 inhibitor simeprevir was evaluated by the COSMOS
Phase II study, where an overall 93% SVRI2 rate in non-cirrhotic HCV-1 previous null-responder to
PeglFN/Rbv was obtained. Interim analysis of a second cohort including cirrhotic HCV-1 naive and null-

responder patients showed 100% SVR4 with the 12-week regimen [39].

The two DAA drug combinations, regardless of whether RBV was included, performed impressively and led to
SVR rates between 79% and 100%. Recently, the FDA granted priority review to Gilead’s New Drug
Application for a once-daily fixed-dose combination of SOF (400 mg) and LDV (90 mg) for the treatment of
chronic hepatitis C genotype 1 infection in adults called Harvoni. Furthermore, it now appears that SOF in
combination with LDV for 8 weeks may be just as effective as 12 weeks in genotype 1 patients without
cirrhosis, as established by LONESTAR and ION-3 data. SOF + DCV were tested against genotypes 2 and 3. In
particular, 8-12 week courses with the combination of sofosbuvir with a potent NS5A inhibitor (e.g. ledipasvir
or daclatasvir) or NS3 protease inhibitor (e.g. simeprevir) have been shown to achieve SVR in almost all

genotype 1 patients without safety and tolerability concerns [81].

Its excellent safety profile makes sofosbuvir an optimal choice for patients with decompensated cirrhosis and
liver transplant recipients as well as for patients who cannot tolerate interferon and/or RBV. The safety profile
was good in all the patients, thus suggesting that no dosage or interval modification was required in patients
with moderate-to-severe hepatic impairment [20]. Safety profile did not differ in patients with well compensated
liver cirrhosis who were included in the phase III sofosbuvir trials and no hepatic decompensation was observed

while on any of the IFNa-free treatment arms [81].

Table (2): Different sofosbuvir efficacy studies [72].

Name of study Design Genotype SVR (%)
PROTON Sof, IFN/RBV 1 91
ATOMIC Sof, IFN/RBV 1,4,6 90-94
NEUTRINO Sof, IFN/RBV 1,4,5,6 89-100

Sof, RBV 88

Sof, RBV, Ledipasvir 100
ELECTRON Sof, RBV, GS-9669 ! 92
QUANTUM Sof, RBV 1 56
FISSION Sof, RBV 2,3 67
FUSION Sof, RBV 2,3 56-73
POSITRON Sof, RBV 2,3 61-93
LONESTAR Sof, RBV, Ledipasvir 1 95-100

2.2.5.3. Potential for sofosbuvir in liver transplantation

One obvious clinical need is for data regarding safety and efficacy of sofosbuvir in patients who have

decompensated chronic liver disease, are peri-transplant or post-liver-transplant. The excellent safety data to
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date and the lack of significant drug interactions makes sofosbuvir an appealing choice to be studied in these
groups. To date there is one case report published of a patient with severe recurrent cholestatic hepatitis C, 6
months post-transplant, who was effectively rescued and achieved SVR with treatment with sofosbuvir and
daclatasvir in combination [83]. This is promising, and results of future trials of sofosbuvir in these types of
patient groups are awaited with interest. Moreover, [66] reported that sofosbuvir and ribavirin combination
therapy for 24 weeks is an effective and well-tolerated interferon-free treatment for post-transplantation HCV

infection.

2.2.5.4. Resistance to sofosbuvir

SOF has been studied in several thousand patients to date, and effective in vivo drug resistance leading to viral
escape and relapse in response to therapy appears to be, at best, a rare event. In the registration Phase I1I studies,
no genotypic or phenotypic resistance was detected. In Phase II trials, S282T mutation was detected in only one
relapse patient, and this occurred after SOF monotherapy [75]. Overall, SOF has eliminated most of the
treatment barriers for patients that were present in the IFN era. Nevertheless, making treatment decisions among
patients still requires thoughtful consideration, as host factors such as cirrhosis and viral factors such as
genotype still have significant influences on treatment times and, in some cases, outcome. An important

principle is that monotherapy with SOF is not recommended [34].

Cross-resistance studies have been conducted using panels of replicons with mutations in the NS3/4A protease,
NS5A, and NS5B, which remained susceptible to sofosbuvir (except for HCV type 1b S282T), thus indicating
that sofosbuvir can be combined with other directly acting antiviral agents. It has been suggested that additional
mutations with amino acids change in both the finger and palm domains and are required to compensate for poor
HCV fitness, resulting from S282T mutation, in order to confer resistance to sofosbuvir [20]. The S282T
mutation has so far only been detected in one patient, with HCV type 2b; a relapse has been seen in this patient
after sofosbuvir monotherapy. Genotype or subtype-specific resistance has not been seen with sofosbuvir [92].
In the clinical studies, although relapse leading to treatment failure was seen in a few patients, no virological
resistance was detected in these patients receiving sofosbuvir 400 mg monotherapy or in combination with

ribavirin, PEG-INF or both [84].

2.2.5.5. Adverse events of sofosbuvir

Adverse events associated with ribavirin therapy (fatigue, insomnia and anemia) were commonly reported, and
headache was also frequently reported. Sofosbuvir has shown a good safety profile in clinical trials; a small
decrease in the Hb levels (0.54 mg/dl) and reduction in the cumulative events in comparison to interferon-
containing regimens is seen. Common adverse events observed include: Headache, insomnia, fatigue, nausea,
dizziness, pruritis, upper respiratory tract infections, rash, back pain, grade 1 anemia, and grade 4 lymphopenia
[70]. Depression is a common side effect of interferon therapy, and in the FISSION study, occurred in 14% of
patients receiving peginterferon, as compared with 5% of patients receiving sofosbuvir plus ribavirin. In a recent
analysis of the impact of HCV treatment on quality of life, in the FISSION and POSITRON trials, sofosbuvir

plus ribavirin was associated with better health-related quality of life than peginterferon plus ribavirin, and was
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similar to patients not receiving active treatment [85]. In the monotherapy treatment groups, nausea and fatigue
seemed to be the only adverse events possibly correlated to sofosbuvir. An overall improved tolerability was

seen with sofosbuvir compared to the interferon-based regimens.

In March 2015, Gilead Sciences said warnings to health care providers about nine patients that began taking its
hepatitis C  drugs Harvoni (ledipasvir/sofosbuvir)  or Sovaldi(sofosbuvir) along with the heart
treatments amiodarone, Bristol-Myers ~ Squibb's Daklinza  (daclatasvir), or Olysio  Johnson &
Johnson's  (simeprevir) developed abnormally slow heartbeats and one died of cardiac arrest. Three required
a pacemaker to be inserted. Gilead said the combinations aren't recommended and product labels will be

updated [86].

2.2.5.6. Drug interactions

Sofosbuvir is a substrate of P-glycoprotein, a transporter protein that pumps drugs and other substances
from intestinal epithelium cells back into the gut. Therefore, inducers of intestinal P-glycoprotein, such as
rifampicin could reduce the absorption of sofosbuvir. In addition, coadministration of sofosbuvir with
anticonvulsants, antimycobacterials, and the HIV protease inhibitor tipranavir is expected to decrease sofosbuvir
concentration. Thus, coadministration is not recommended [87]. Studies have shown no clinically significant
interactions between sofosbuvir and the following drugs: Cyclosporine, tacrolimus, methadone, efavirenz,
rilpivirine, darunavir/ritonavir, raltegravir, and tenofovir. No dose adjustments are required in patients receiving

these drugs along with sofosbuvir [88].

3. Conclusions and future perspectives

From the above data, it seems that clinical research in the field of new treatments for chronic hepatitis C (HCV)
has been devoted to developing regimens based on direct-acting antivirals (DAAs), with the goal of increasing
treatment efficacy and improving tolerability and safety. A new era of successful interferon-free DAA therapy
for HCV is emerging, with potential to broaden treatment of HCV to include patient groups who have either
avoided or not been suitable for previous interferon-based therapy, and it is likely that sofosbuvir will form the
backbone of this treatment approach. Sofosbuvir considered a promising therapy for chronic HCV infection, as
it offers several advantages over the existing therapies, particularly in dealing with patients with decompensated
liver disease and patients who cannot tolerate interferon-containing therapies. Large post-marketing studies,
including pharmacovigilance and pharmacoepidemiological studies, can solve many unanswered questions for
the future of this novel drug. Hepatitis C virus (HCV) continues to be a global problem but with the arrival of
new drugs era it is expected to move towards exile and it is likely that sofosbuvir will form the cornerstone of
this treatment approach. On the other hand, sofosbuvir commercialization will be the key moment to address
some open questions with these new regimens, as the huge raise in treatment costs will represent the first
problem to solve for national health care services. Consequently, affordability could be the driving force for the
development of new strategies in treatment individualization and the approval of drugs from several
pharmaceutical companies and the ensuing competition may result in lower drug costs in the future. Moreover,

the future will evidence the development of much more compounds that will provide 100% efficacy within very
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short periods of therapy, simplification of treatment management, lower costs and the dream of HCV eradication

seems to be possible in the near future.
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