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Abstract

The advancement in hepatitis C virus (HCV) therapeutics has been profoundly enhanced 
by an improved understanding of viral life cycle in host cells, development of novel 
direct-acting antivirals (DAAs), and exploring other emerging treatment paradigms 
on the horizon. The approvals of first-, second-, and next-wave direct-acting antivirals 
highlight the swift pace of progress in the successful development of an expanding vari-
ety of therapeutic regimens for use in patients with chronic hepatitis C virus infection. 
Triple or quadruple therapies based on a combination of different direct-acting anti-
virals with or without pegylated interferon (IFN) and ribavirin (RBV) have raised the 
hopes to improve the current treatment strategies for other difficult-to-treat individuals. 
The development of more efficacious, well-tolerated, and cost-effective interferons with 
a low frequency of adverse events and short treatment durations is also in the pipeline. 
An experimental protective vaccine against hepatitis C virus demonstrated promise in 
preliminary human safety trials, and a larger phase II clinical trials are under consid-
eration to further determine the efficacy of the vaccine. This pragmatic book chapter 
discusses the current state of knowledge in hepatitis C virus therapeutics and provides 
a conceptual framework of emerging and investigational treatment strategies directed 
against this silent epidemic.

Keywords: HCV medications, direct-acting antivirals, NS3/4A serine protease 
inhibitors, NS5A inhibitors, polymerase inhibitors, antiviral resistance, all oral 
interferon-free antivirals, triple or quadruple therapies, interferon lambda, anti-HCV 
vaccine model
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1. Introduction

Afflicting around 170 million people worldwide, hepatitis C virus (HCV) infection represents 
a disease of significant global impact. The regional prevalence for HCV varies substantially 
around the world, where the infection presents the state of universal coverage in East and 
South Asia (e.g., in Egypt, the prevalence is as high as 22 %) to no access at all to  others 
(i.e., some North American and European countries) [1, 2]. The new incidents of chronic 
HCV infection are increasing 3–4 million every year without previous ascertainment of HCV 
risk, and it seems tough to determine because many acute HCV cases are not noticed clini-
cally [2, 3]. Analogously, acute HCV infection, a multifaceted disease is often asymptom-

atic or sometimes linked with nonspecific symptoms that lead to chronic hepatitis C in 80 % 
of infected individuals [4]. Chronic HCV-infected patients may at high risk of developing 
HCV-associated liver diseases (fibrosis, cirrhosis, and hepatocellular carcinoma) if not treated 
timely, and infection persists for an extended time [5]. The morbidity and the mortality rate 
is rising unexpectedly in developing world and even in resource-replete countries (e.g., the 
United States and the United Kingdom), where more patients are now dying from HCV and 
associated hepatic diseases (e.g., hepatocellular carcinoma) than HIV [6].

Pegylated interferon alpha (PEG-IFNα) and weight-based nucleoside analog ribavirin (RBV) 
were recommended as “gold standard of care” more than a decade and still considered an inte-

gral part of some newly developed anti-HCV direct-acting antiviral therapeutic  regimens [2]. 
The therapy is used in combination to attain a sustained virologic response rate (SVR; HCV 
RNA undetectable after 6-month treatment completion) in acute and chronic HCV-infected 
individuals [2, 7]. The SVR rates achieve up to 80 % in HCV genotype 3-infected patients and 
not more than 50–60 % of genotype 1- and 4-infected patients [2, 7]. At present, less than 10 % 
of patients with chronic HCV have been treated successfully because of the failure of risk-based 
screening to identify all infected patients and the low efficacy and high rate of side effects from 
regimens based on IFN and RBV [2, 8]. By this token then, PEG-IFN/RBV has proven an inef-
fective means of managing the HCV infection burden. It is highly significant then that we 
stand today, at the cusp of a pharmacological revolution.

The current therapeutic approaches in the pipeline to coup HCV infection are the develop-

ment of novel direct-acting antivirals (DAAs), which directly target viral genome via covalent 
or non-covalent interactions and disrupt HCV replication and translation [9]. The most widely 
studied direct-acting antivirals are protease inhibitors (PIs), NS5A inhibitors, and polymerase 
inhibitors which inhibit HCV translation and replication, respectively, by achieving higher 
sustained virologic response rates (SVR) with or without PEG-IFNα/RBV in treated patients 
(Table 1) [10]. Two first-generation protease inhibitors (i.e., telaprevir (TLV) and boceprevir 
(BOC)) were approved by the United States (US) Food and Drug Administration (FDA) in 
2011 to treat chronic HCV genotype 1 infection [11]. Simeprevir classified as second-gener-

ation protease inhibitor got approval in 2013 to treat chronic HCV genotype 1 populations, 
and sofosbuvir (SOF) (a viral RNA-dependent RNA polymerase inhibitor) was also recom-

mended in the same year to treat chronic HCV genotype 1-, 2-, 3 and 4-infected patients [11]. 
These innovative treatment regimens have revolutionized the field of HCV medicine and 
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Drug name Drug 

efficacya

Drug-resistance 

barrierb

Pan-genotype 

coveragec

Adverse 

effectsd

Drug-drug 

interactionse

Development 

phase

Target site

(1) Protease inhibitors

Telaprevir ++ + + +++ +++ Discontinued NS3/4A Serine 
protease

Boceprevir ++ + + ++ ++ Discontinued NS3/4A Serine 
protease

Simeprevir +++ ++ ++ + ++ Approved NS3/4A Serine 
protease

Simeprevir 
plus 

sofosbuvir

+++ ++ ++ + ++ Approved NS3/4A Serine 
protease/NS5B 
Inhibitor

Faldaprevir ++ +++ ++ + + + Withdraw NS3/4A Serine 
protease

Asunaprevir ++ +++ + ++ + Phase III 
clinical trials

NS3/4A Serine 
protease

Danoprevir ++ ++ + ++ + Phase III 
clinical trials

NS3/4A Serine 
protease

Vaniprevir ++ + + ++ + Phase III 
clinical trials

NS3/4A Serine 
protease

(2) NS5A inhibitors

Daclatasvir +++ ++ ++ + + Approved NS5A inhibitors

Daclatasvir 

plus 

sofosbuvir

+++ ++ ++ + + Approved NS5A inhibitors/
NS5B inhibitors

(3) RNA-dependent RNA polymerase inhibitors (NS5B inhibitors)

(3.1) Nucleoside analog inhibitors (NIs)

Sofosbuvir +++ +++ +++ + + Approved NS5B inhibitors

Sofosbuvir 
plus ledipasvir

+++ +++ +++ + + Approved NS5B inhibitors/
NS5A inhibitors

Sofosbuvir 
plus 

velpatasvir

+++ +++ +++ + + Approved NS5B inhibitors/
NS5A inhibitors

Elbasvir plus 
grazoprevir

+++ ++ +++ ++ ++ Approved NS3-4A Serine 
protease/NS5A 
Inhibitor

Mericitabine +++ +++ ++ + + Phase III 
clinical trials

NS5B inhibitors

Paritaprevir 

ombitasvir-

ritonavir and 

dasabuvir 

combination

+++ +++ ++ + + Approved NS3-4A Serine 
protease/NS5A 
Inhibitor/NNIs
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 provided optimism that cure rates in chronically infected HCV patients have much improved 

with these new drugs.

From 2015, HCV therapy has achieved higher response rates, fewer contraindications, shorter 
durations, and greater tolerability after the approval of interferon-free antiviral therapies. 

All oral interferon-free therapeutic regimens directed against hepatitis C virus are shown to 
be highly effective in the entire spectrum of patient populations, including the previously 

Drug name Drug 

efficacya

Drug-resistance 

barrierb

Pan-genotype 

coveragec

Adverse 

effectsd

Drug-drug 

interactionse

Development 

phase

Target site

(3.2) Non-nucleoside analog inhibitors (NNIs)

Tegobuvir ++ + ++ ++ + Phase II 
clinical trials

NS5B/NNI site 1/
thumb 1

Setrobuvir ++ +++ + + + Phase II 
clinical trials

NS5B/NNI site 1/
thumb 1

Filibuvir ++ ++ + + + Phase II 
clinical trials

NS5B/NNI site 2/
thumb 2

BMS-791325 ++ ++ + + + Phase II 
clinical trials

NS5B/NNI site 4/
palm 1

(4) Interferon derivatives

Consensus 

interferon

+ - ++ +++ − Approved Type 1 interferon

Interferon 
lambda

+++ − − + + Phase II 
clinical trials

Type 1 interferon 
receptors

(5) HCV vaccines

ChronVac-C − − − − − Phase I/II 
clinical trials

−

GI-5005 − − − − − Phase II 
clinical trials

−

TG4040 − − − − − Phase I clinical 
trials

−

ChAd3/MVA − − − − − Phase I/II 
clinical trials

−

a Drug efficacy profile was based on the overall SVR rates achieved in phase II/III clinical trials where SVRs > 95 % = high 
profile, SVRs > 90 % = average profile, and SVRs > 85–90 % = low profile.

b Drug-resistance barrier profile is based upon the clinical data registered to clinicaltrials.gov.
c Pan-genotypic coverage was based on the fact that the DAA combination was therapeutically effective against 1–6 

genotypes = high profile, two/three genotypes = average profile, and one genotype > = low profile.
d Adverse event (AE) profile was accomplished on the basis of percentage occurrence of adverse effects in phase II/III 

clinical trials which caused treatment discontinuation in treated individuals, where 10 % AEs > high profile, 10→5 % 
AEs > average profile, and 5→0 % AEs > low profile.

e Drug-drug interaction profile was established on the basis of the DAA ability to induce/inhibit hepatic cytochrome 
P450 system, P-glycoprotein (P-gp), and organic anion-transporting polypeptide (OATP) induction/inhibition. CYP 
450, P-gp, and OATP induction/inhibition = high profile, P-gp and OATP induction/inhibition = average profile, and 
one or none of these CYP 450 or P-gp or OATP inductions/inhibitions = low profile.

 High profile = +++, average profile = ++, and low profile = +

Table 1. The most promising direct-acting antivirals against HCV with their therapeutic activity profile, current stage of 
development, and targeted active sites.
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difficult-to-treat “special” situations (e.g., HCV subtype 1a patients with resistance-associated 
amino acid variants (RAVs), partial or null responders to first-generation protease and PEG-
IFN/RBV-based triple therapies, decompensated cirrhosis, IL28 polymorphism, chronic kid-

ney diseases, and HCV/HIV-coinfected patients). These revolutionary drug strategies now 
incorporate a cocktail of agents blended to take advantage of the synergistic mechanism of 
action. With these patient-friendlier attributes, the demand for treatment will conceivably 
reach unprecedented heights, but will health services be able to match this demand with 
supply? HCV antiviral therapy is not cheap; the current going rate, which new therapies 
are likely to exceed, stands at approximately US $ 80,000–100,000 per treatment course. So 
with more than 170 million people living with chronic infection around the world, clearly we 
 cannot afford at least immediately to treat everyone.

On the other hand, treatment-emergent adverse events (e.g., risk of developing hepatocel-
lular carcinoma and adverse cardiovascular effects) in treated individuals are also posing 
some serious challenges to the newly developed DAAs. The developers of prophylactic or 
protective vaccines have faced the most difficult challenges of rapid mutation rate (10−5 to 10−4 

nucleotides per HCV replication cycle) and remarkable genetic heterogeneity of the virus in 
experimental trials [12,13]. It is beyond the scope of this article to cover every anti-HCV drug 
studies in details, so we primarily focus on FDA-approved direct-acting antivirals whose clin-

ical efficacies have proven against chronic HCV both in vitro and in vivo (Table 1). We also 

highlight some interferon derivatives and investigational HCV vaccine models which mark 
the recent trends and new paradigms in the treatment strategies against HCV (Table 1).

2. Potential active sites for anti-HCV agents

HCV replication and translation into the cytoplasm of host cells facilitate the direct exposure 

of direct-acting antivirals to their targeted active sites [14]. Moreover, the direct-acting antivi-
rals are structure specific to their targeted active sites (Figure 1) [15]. Viral-encoded proteases 
(e.g., NS3/4A serine protease), HCV replication complex (NS5A), and viral RNA-dependent 
RNA polymerase (RdRp; NS5B) enzyme are the core targeted sites for the first-, second-, and 
next-wave direct-acting antivirals (Figure 1) [16]. Viral attachment and entry into the host cell, 
viral assembly, packaging, and virion release are the less specific anti-HCV drug targets but 
still important to develop novel anti-HCV compounds with promising therapeutic activity 
(Figure 1) [17]. NS3/4A inhibitors inhibit viral translation by disrupting the downstream poly-

protein processing of HCV genome. NS5B inhibitors obstruct HCV replication by blocking the 
addition of further nucleotide in growing mRNA chain (Figure 1) [15]. NS5A inhibitors prevent 
the formation of a membranous web structure which is crucial for HCV replication [16]. Viral 
assembly and packaging are disturbed by host-targeting agents which target a host-encoded 
enzyme responsible for viral assembly [18]. Cyclophilin (nonimmune suppressive cyclospo-

rins) inhibitors block the interaction of cyclophilin (a family of a highly conserved cellular 
peptidylprolyl isomerase involved in protein folding and  trafficking) with other HCV proteins 
to prevent the formation of a functional replication complex (Figure 1) [17]. α-Glucosidase 
inhibitors interrupt the release of newly formed viral particles from the host cells [17]. Some 
immunoglobulins (i.e., monoclonal and polyclonal antibodies) prevent the viral attachment 
and entry into host cells, but their therapeutic benefits are not highly significant [11].

Hepatitis C Virus Infection Treatment: Recent Advances and New Paradigms in the Treatment Strategies
http://dx.doi.org/10.5772/65873

289



3. NS3-4A serine protease inhibitors

3.1. First-generation protease inhibitors

Telaprevir and boceprevir represent the first in class of direct-acting antivirals or more 
correctly the first-generation protease inhibitors which were approved by the US FDA in 
2011 for the treatment of genotype 1 hepatitis C infection. Telaprevir (TLV, Incivek®) is an 
orally bioavailable, a peptidomimetic NS3-4A protease inhibitor, which forms a revers-
ible covalent bond with NS3/4A serine protease and impedes downstream HCV polypro-
tein  processing [19]. The therapy was recommended along with PEG-IFN α and RBV for 
treatment-naïve genotype 1 adult patients with associated liver diseases, in null responders 
(i.e., HCV RNA decline <2 log10 at week 12 during PEG-IFN α plus RBV therapy), in poor 
or partial responders (HCV RNA decline ≥2 log10 at week 12 but positive at week 24 dur-
ing PEG-IFN α plus RBV therapy), and in the relapsers (HCV RNA negative at the end of 
treatment but recurrence of HCV RNA during the follow-up of 6 months) of PEG-IFN α 
plus RBV dual therapy [20]. The therapeutic efficacy was evaluated in a series of multi-
center phase II and III clinical trials named as PROVE 1, PROVE 2, PROVE 3, ADVANCE, 
ILLUMINATE, and REALIZE (Table 2) [20]. The overall SVR rates were achieved from 60 
to 90 % in treated patients. However, TLV monotherapy and suboptimal doses resulted in 

Figure 1. Potential active sites for direct-acting antivirals against hepatitis C virus. NS3/4A serine protease, NS5A 
replication complex, and RNA-dependent RNA polymerase are the key targeted sites for anti-HCV drug development. 
Some other anti-HCV drug targets have also been demonstrated by the investigators including viral attachment and 
entry into host cells, host-targeting agents, and α-glucosidase. However, these drug targets are less specific but still 
significant to develop novel anti-HCV agents. Direct-acting antivirals according to their target specificity are also 
enlisted in and rectangular square boxes in the figure. NIs, nucleoside analog inhibitors; NNIs, non-nucleoside analog 
inhibitors; CLDN1, claudin 1; OCLN, occludin.
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Referenced clinical studies Trials name/phase ±PEG-IFN/RBV Treatment-

naïve patient

Treatment-

experienced

Genotype 

coverage

NCT# Overall SVR

(1) NS3-4A serine protease inhibitors

(1.1) Ketoamide derivative inhibitors

Telaprevir

McHutchison et al., [116] PROVE-1 + + − 1 NCT00336479 PROVE-1 = 61 %

Hezode et al., [115] PROVE-2 + + − 1 NCT00372385 PROVE-2 = 69 %

McHutchison et al., [117] PROVE-3 + − + 1 NCT00420784 PROVE-3 = 53 %

Jacobson et al., [118] ADVANCE + + − 1 NCT00627926 ADVANCE = 69 %

Sherman et al., [119] ILLUMINATE + + − 1 NCT00758043 ILLUMINATE = 92 %

Zeuzem et al., [120] REALIZE + − + 1 NCT00703118 REALIZE = 66 %

Boceprevir

Kwo et al., [121] SPRINT-1 + − + 1 NCT00423670 SPRINT-1 = 75 %

Poordad et al., [122] SPRINT-2 + + − 1 NCT00705432 SPRINT-2 = 68 %

Bacon et al., [123] RESPOND-2 + − + 1 NCT00708500 RESPOND-2 = 65 %

(1.2) Tripeptide or macrocyclic inhibitors

Simeprevir

Jacobson et al. [21] QUEST-1 + + − 1 NCT01289782 QUEST-1 = 80–90 %

Manns et al., [124] QUEST-2 + + − 1 NCT01290679 QUEST-2 = 67–80 %

Forns et al., [125] PROMISE + − + 1 NCT01281839 PROMISE = 79 %

Moreno et al., [126] RESTORE + + + 4 NCT01567735 RESTORE = 66 %

Simeprevir and sofosbuvir combination

Lawitz et al., [109] COSMOS ±RBV + + 1 NCT01466790 Overall SVR = 90–94 %

Kwo et al. [22] OPTIMIST-1 - + + 1 NCT02114177 Overall SVR = 97 %

Lawitz et al. [23] OPTIMIST-2 − + + 1 NCT02114151 Overall SVR = 83 %
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Referenced clinical studies Trials name/phase ±PEG-IFN/RBV Treatment-

naïve patient

Treatment-

experienced

Genotype 

coverage

NCT# Overall SVR

(2) NS5A inhibitors

Daclatasvir

Phase III + + + 1-6 − Overall SVRs = 59–100 %

Hezode et al. [24] COMMAND-1 + + − 1/4 NCT01125189 GT1 (20 mg) = 65 %

GT1 (60 mg) = 90 %

GT4 (20 mg) = 75 %

GT4 (60 mg) = 100 %

Hezode et al. [24] COMMAND-4 + + − 4 NCT01448044 COMMAND-4 = 82–86 %

Daclatasvir and sofosbuvir combination

Poordad et al. [25] ALLY-1 ±RBV + + 1/3 NCT02032875 GT1 (cirrhotics) = 83 %

GT1(posttransplant) = 95 %

GT3 = 88%

Sulkowski et al., [110] A1444040 ±RBV + + 1/3 NCT01359644 GT3 T.N = 89 %

GT2 T.N = 92 %

GT1 T. N = 98 %

GT1T. E = 98 %

Wyles et al. [26] ALLY-2 − + + 1/4 NCT02032888 GT1/4 T.N (12 weeks) = 97 %

GT1/4 T.N (8 weeks) = 76 %

GT1/4 T.E (12 weeks) = 98 %

Nelson et al. [27] ALLY-3 − + + 3 NCT02032901 GT3 T. N = 90 %

GT3 T. E = 86 %

Leroy et al. [28] ALLY-3+ ±RBV + + 3 − GT3 T. N (12 weeks) = 88 %

GT3 T. E (16 weeks) = 92 %

Daclatasvir asunaprevir and beclabuvir combination

Poordad et al. [29] UNITY-1 − + + 1 NCT01979939 GT1 T.N = 92 %
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Referenced clinical studies Trials name/phase ±PEG-IFN/RBV Treatment-

naïve patient

Treatment-

experienced

Genotype 

coverage

NCT# Overall SVR

GT1 T.E = 89 %

Muir et al. [30] UNITY-2 ±RBV + + 1 NCT01973049 GT1 T.N = 93–98 %

GT1 T.E = 87–93 %

Ledipasvir and sofosbuvir combination

Afdhal et al. [31] ION-1 ±RBV + − 1 NCT01701401 ION-1 = 97–99 %

Afdhal et al. [31] ION-2 ±RBV − + 1 NCT01768286 ION-2 = 94–96 %

Kowdely et al., [111] ION-3 ±RBV + − 1 NCT01851330 ION-3 = 93–95 %

Naggie et al., [112] ION-4 − + + 1/4 NCT02073656 ION-4 = 96 %

(3) RNA-dependent RNA polymerase inhibitors (NS5B inhibitors)

(3.1) Nucleoside analog inhibitors (NIs)

Sofosbuvir

Lawitz et al. [32] NEUTRINO + + − 1/4/5/6 NCT01641640 NEUTRINO = 90 %

Lawitz et al. [33] FISSION +RBV + − 2/3 NCT01497366 FISSION = 67 %

Jacobson et al. [34] POSITRON +RBV − + 2/3 NCT01542788 POSITRON = 78 %

Jacobson et al. [35] FUSION +RBV − + 2/3 NCT01604850 FUSION = 50–73 %

Sofosbuvir and velpatasvir combination

Feld et al. [36] ASTRAL-1 − + + 1/2/4/5/6 NCT02201940 ASTRAL-1 = 99 %

Foster et al., [113] ASTRAL-3 − + + 3 NCT02201953 ASTRAL-3 = 95 %

Foster et al., [113] ASTRAL-2 − + + 2 NCT02220998 ASTRAL-2 = 99 %

Curry et al., [114] ASTRAL-4 − + + 1-6 NCT02201901 ASTRAL-4 = 83 %

Wyles et al., [127] ASTRAL-5 − + + 1-6 NCT02480712 ASTRAL-5 = 95 %

Elbasvir and grazoprevir combination

Dore et al. [37] C-EDGE CO-STAR − + − 1/4/6 NCT02105688 Overall SVR = 95 %
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Referenced clinical studies Trials name/phase ±PEG-IFN/RBV Treatment-

naïve patient

Treatment-

experienced

Genotype 

coverage

NCT# Overall SVR

Rockstroh et al. [38] C-EDGE 
coinfection

− + − 1/4/6 NCT02105662 Overall SVR = 96 %

Kwo et al. [39] C-EDGE T. E ±RBV − + 1/4/6 NCT02105701 C-EDGE + RBV(12) = 94 %

C-EDGE-RBV(12) = 92 %

C-EDGE + RBV(16) = 97 %

C-EDGE-RBV(16) = 92 %

Zeuzem et al. [40] C-EDGE T. N − + − 1/4/6 NCT02105467 C-EDGE T. N = 95 %

Roth et al. [41] C-SURFER − + − 1 NCT02092350 C-SURFER = 99 %

Paritaprevir-ombitasvir-ritonavir and dasabuvir combination

Feld et al. [42] SAPPHIRE I +RBV + − 1 NCT01716585 Overall SVR = 96 %

Zeuzem et al. [43] SAPPHIRE II +RBV − + 1 NCT01715415 Overall SVR = 96 %

Sulkowski et al. [44] TURQUOISE I +RBV + + 1/HIV NCT01704755 Overall SVR = 91–94 %

Poordad et al. [45] TURQUOISE II +RBV + + 1 NCT01939197 Overall SVR = 92–96 %

Andreone et al. [46] PEARL II ±RBV − + 1b NCT01674725 Overall SVR = 96–100 %

Ferenci et al. [47] PEARL III ±RBV + − 1b NCT01767116 Overall SVR = 99–99.5 %

Ferenci et al. [47] PEARL IV ±RBV + − 1a NCT01833533 Overall SVR = 90–97 %

Paritaprevir-ombitasvir-and ritonavir combination

Hezode et al. [24] PEARL-I ±RBV + + 4 NCT01685203 Overall SVR = 91–100 %

Asselah et al., [129] AGATE-I +RBV + + 4 NCT02265237 Overall SVR = 97–98 %

Waked et al., [128] AGATE-II +RBV + + 4 NCT02247401 Overall SVR = 93–97 %
a Only those clinical studies/trials were referenced which were considered by the US FDA for the approval of anti-HCV compounds and which were registered to 

clinicaltrials.gov. Similarly, the clinical trial data regarding the inclusion of patients, genotype coverage, and SVR rates were extracted only from FDA, NCBI, and 
clinicaltrials.gov websites. + = included, - = not included, ± = with or without, T.N = treatment-naïve, T.E = treatment-experienced, RBV = ribavirin, GT = genotype, 
SVR = sustained virologic response

Table 2. The most promising phase II and III clinical trials for novel direct-acting antivirals with overall SVRs in HCV-infected patientsa.
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the rapid emergence of viral escape mutants followed by viral breakthrough (HCV RNA 
remains lower limit of quantification but increased to ≥100 IU/ml or ≥1 log10 during tela-

previr therapy) in some patients during therapy and significantly in all the patients after 
treatment completion [48]. The addition of PEG-IFN α plus RBV reduced the frequency of 
viral escape mutants and achieved higher SVR rates in both treatment-naive and treatment-
experienced patients in phase II and III clinical trials than PEG-IFN α plus RBV therapy 
alone [49]. Similarly, some studies also describe that telaprevir is not equally useful for dif-
ficult-to-treat populations (i.e., patients with decompensated liver diseases, IL28B polymor-

phism, HCV genotype 3, 4, 5, and 6 infections) as compared with HCV genotype 1 infection 
[48]. For such HCV-infected patients, interferon-free antiviral combination therapies are the 
best treatment options. Boceprevir (BOC; Victrelis®) another first-generation protease inhib-

itor shares the similar pharmacokinetics and pharmacodynamics like telaprevir to confer 
anti-HCV activity. The clinical efficacy of boceprevir-based triple therapy (along with PEG-
IFN α plus RBV) was evaluated in phase III clinical trials both in treatment-naïve (SPRINT-2 
clinical trial) and poor responders to PEG-IFN α and RBV therapy (RESPOND-2 clinical 
trial) patients (Table 2) [50–52]. The overall cure rates were almost equivalent to telapre-

vir-based triple therapy. However, the treatment-naïve patients achieved higher SVR rates 
than treatment-experienced patients (Table 2). Telaprevir or boceprevir monotherapy seems 

effective in treatment-naïve HCV genotype 1-infected patients. However, administration 
of telaprevir or boceprevir as monotherapy in infected individuals is not a suitable option 

because of the early emergence of viral escape mutants during therapy and followed by 
viral breakthrough after treatment completion [53]. The minor resistant populations exist at 
baseline in all HCV-infected individuals and are selected rapidly with telaprevir or bocepre-

vir monotherapy (Table 3) [51]. Consequently, the first-generation DAAs/PIs still require a 
platform of PEG-IFN α and RBV to prevent the emergence of viral escape mutants and also 
to achieve significantly higher SVR rates [54]. Similarly, notable drug-drug interactions with 
many HIV antiretrovirals and calcineurin inhibitors also decrease the therapeutic activity 
of telaprevir and boceprevir monotherapy [54]. Drug toxicities and unusual adverse event 
profile (anemia, rashes, dysgeusia, and depression) of first-generation protease inhibitors 
also limit their clinical efficacy in treated patients [54]. These adverse effects result in treat-
ment withdrawal in the majority of treated individuals, and this ratio is 10 % much higher 
in telaprevir- or boceprevir-based triple therapy vs. PEG-IFNα and RBV therapy alone [50, 
52]. The physicians and hepatologists do not recommend telaprevir or boceprevir mono-

therapy or even in combination with PEG-IFN/RBV due to the harsh adverse event profile 
and the emergence of viral escape mutants. Similarly, premature treatment discontinuation 
and mandatory intake of food have heightened the adherence concern related to first-gener-

ation protease inhibitors. The treatment has already discontinued in the United States and 
expected to be stopped from other parts of the world after the approval of interferon-free 
therapeutic regimens.

3.2. Second-generation protease inhibitors

Telaprevir and boceprevir were found more effective in treatment-naive HCV genotype 
1 patients and had to be administered three times daily [54]. The situation demanded to 
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develop the regimens, which must be effective against other difficult-to-treat HCV popula-

tions with an improved dosing schedule. Simeprevir (Olysio®) was approved by the US 
FDA to treat chronic HCV genotype 1 infection in 2013 (www.hcvonline.org/page/treat-
ment/drugs/simeprevir-drug) [55, 56]. The drug was approved along with PEG-IFN α-2a 
or 2b and RBV for treatment-naive HCV genotype 1-infected patients [35], for patients with 
compensated liver diseases (fibrosis and cirrhosis), and for those who are relapsers and 
nonresponders to interferon-based therapy [32,57]. Simeprevir 150 mg once daily along 
with PEG-IFN/RBV achieved overall SVR rates approximately 80–90 % in treatment-naïve 
and relapsers [56] and 67–80 % of previously treated and null responders to interferon-
based therapy (Table 2) (QUEST-1 and QUEST-2 clinical trials). The therapy seems to be 
more efficient than telaprevir/boceprevir-based triple therapies; however, there are cer-

tain disadvantages. For example, SVR rates were lower at the start of antiviral therapy in 
patients with advanced hepatic fibrosis as well as in patients with Q80R/K polymorphism of 
NS3  protein [58]. It is a naturally occurring amino acid substitution at NS3 codon 80, where 
 glutamine is replaced to lysine. The Q80K polymorphism exists naturally in HCV genotype 
1a (30–50 %)- and 1b (0.5 %)-infected patients [56]. It substantially reduces the efficacy of 
simeprevir-based triple therapy in HCV genotype 1a-infected patients. In QUEST-1 clinical 

Drug name Resistance amino acid variants

Telaprevir V36A/M; T54S/A; R155K/T/Q; A156S; B156T/V

Boceprevir V36A/M; T54S/A; V55A; R155K/T/Q; A156S; B156T/V; 
V170A/T

Simeprevir Q80R/K; R155K/T/Q; B156T/V; D168A/V/T/H

Faldaprevir R155K/T/Q; D168A/V/T/H

Danoprevir R155K/T/Q; D168A/V/T/H

Asunaprevir Q80R/K; R155K/T/Q; D168A/V/T/H

ABT-450 R155K/T/Q; D168A/V/T/H

Daclatasvir M28; Q30; L31; Y93Y/H

Sofosbuvir 282 T

Ledipasvir K24R, M28T/V, Q30R/H/K/L, L31M, Y93H/N

Velpatasvir Q30R, Y93H/N, L31M

Elbasvir A156T, D168A/Y, R155K

Grazoprevir M28, Q30, L31, Y93

Paritaprevir V36A/M/T, F43L, V55I, Y56H, Q80L, I132V, R155K, A156G

Ombitasvir K24R, M28A/T/V, Q30E/K/R, H/Q54Y, H58D/P/R, 
Y93C/H/N

Dasabuvir G307R, C316Y, M414I/T, E446K/Q, A450V, Y561H

Table 3. Resistance amino acid variants (RAVs) associated with antiviral drug resistance to direct-acting antivirals.
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studies, SVR rates were demonstrated 20 % lower in HCV genotype 1a-infected individu-

als than 1b [21, 56]. Furthermore, approximately one-third HCV genotype 1a patients were 
found with Q80K NS3 protein mutation at baseline [21]. Interestingly, the mutation was 
infrequent, was nonexistent, and did not impact the SVR rates significantly in HCV geno-

type 1b patients [56, 59]. HCV genotype 1a-infected patients are strongly recommended 
for Q80K polymorphism screening and NS3 genotype test before the start of treatment and 
to avoid any complications during therapy. The mutations associated with NS3 protease 
inhibitors may detect by reverse transcribing HCV RNA, followed by PCR amplification 
and then DNA sequencing of NS3 gene [21, 60]. Some institute/laboratories in the United 
States have launched the tests for Q80K polymorphism (Quest Diagnostics®) and HCV 
drug-resistance test for NS3/4A protease inhibitors (LabCorp®). Treatment withdrawal 
and alternative treatment strategies may adopt for the patients found with a Q80K poly-

morphism in NS3 genotype analysis. Skin rashes, itching, nausea, and photosensitivity 
reactions are the most commonly observed adverse events with simeprevir-based triple 
therapies [56]. Sunscreen creams and lotions are highly recommended to use while taking 
the drug [61].

In 2014, simeprevir was approved in combination with sofosbuvir to treat chronic HCV geno-

type 1 patients with or without cirrhosis. The combination regimen (150/400 mg q.d.) without 
PEG-IFN/RBV was found almost equally effective in both patient arms; however, relatively 
better in treatment-naïve than treatment-experienced patients (OPTIMIST-1 and OPTIMIST-2 
clinical trials) (Table 2) [22, 23]. Similarly, the therapeutic outcome was much significant in 
subtype 1a patients without Q80K polymorphism and in noncirrhotics as compared to those 
with cirrhosis and Q80K polymorphism (Table 2). The frequency of treatment-emergent 

adverse events was similar in both clinical trials, and the drug combination was well tolerated 
and safe even in patients with Q80K polymorphism as compared to simeprevir and PEG-IFN/
RBV-based triple therapies.

4. NS5A inhibitor-based direct-acting antivirals

Daclatasvir (Daklinza®) is the first in a new class of direct-acting antivirals, which inhibit 
the action of NS5A, a protein essential to play a diverse role in HCV replication, assembly, 
and release [62]. The US FDA approved initially daclatasvir and sofosbuvir combination 
to treat chronic HCV genotype 3-infected patients in July 2015. However, the indications 
were modified and expanded to treat HCV genotype 1- and 3-infected patients, patients 
with decompensated cirrhosis, patients with post-liver transplantation, and HCV/HIV-
coinfected patients in February 2016 [63]. Daclatasvir monotherapy along with PEG-IFN/
RBV leads initially to higher SVR rates in treated patients, but viral escape mutants occur 
rapidly indicating its relatively lower genetic barrier to resistance (COMMAND-1 and 
COMMAND-4 clinical trials) (Table 2) [64]. To overcome the emergence of viral escape 
mutants and to achieve high SVR rates, the treatment is recommended along with sofos-

buvir and with or without ribavirin. Higher SVR rates were documented in HCV  genotype 
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1 and 3 treatment-naive patients when administered to daclatasvir and sofosbuvir com-

bination [24]. Other multi-series clinical  trials also demonstrate high clinical efficacy and 
well tolerability of daclatasvir-sofosbuvir with or without RBV against HCV genotype 1–6 
infected patients (ALLY 1–3 clinical trial) (Table 2) [25–28]. Similarly, higher SVR rates 
(87–98 %) were achieved in HCV genotype 1-infected patients treated with a combina-

tion of daclatasvir, asunaprevir, and beclabuvir for 12 weeks (UNITY 1–2 clinical trial) 
(Table 2) [29, 30]. Headache, nausea, and vomiting were the most commonly noticed 
adverse effects, and the adverse event profile was almost similar in all genotype-treated 
patients and managed during or after the treatment completion [62]. The viral-resistant 
mutants were found commonly at residue M28, Q30, L31, and Y93 of NS5A region in HCV 
genotype 1a patients (Table 3) [25, 28]. However, viral-resistant mutants were reported 
less frequently at position L31 and Y93 in HCV genotype 1b patients [64]. Some experi-
mental studies demonstrate that these mutations are responsible for increasing the EC50 

(i.e., the concentration of a drug which produces therapeutic response halfway between 
the baseline and maximum after a certain period of time) of daclatasvir in treated patients 

[64]. In contrast to NS3 protease, viral-resistant mutants against NS5A inhibitors do not 
impair  replication fitness and do not disappear during follow-up examinations at the 
end of treatment. One-year follow-up studies predict the persistence of NS5A-resistance 
mutants, but no cross-resistance has reported between daclatasvir and other direct-acting 
antivirals as yet [65]. The approval of daclatasvir monotherapy and daclatasvir with other 
different regimens is expected soon.

5. HCV polymerase inhibitor-based therapeutic regimens

Sofosbuvir (Sovaldi®; SOF) was approved by the US FDA in 2013 to treat treatment-naïve 
and treatment-experienced HCV genotype 1–6-infected patients [66]. SOF is a uridine nucle-

otide analog inhibitor, which exerts its antiviral activity by competing with endogenous 
uridine triphosphate of the growing HCV mRNA chain incorporated by HCV polymerase 
enzyme [66,67]. After incorporation into growing mRNA chain, no further nucleotides can be 
added, and mRNA chain is terminated [67]. The drug is active against all HCV genotypes (1–6) 
as well as difficult-to-treat HCV populations [68]. The approval was momentous and based 
on the results of four registration studies in phase III clinical trials (FISSION, POSITRON, 
FUSION, and NEUTRINO clinical trials) where the therapy endpoint was to achieve a sus-

tained virologic response rate at week 12 after stopping the active treatment (i.e., SVR12) 
(Table 2) [69]. Sofosbuvir in combination with ribavirin presented very promising clinical 
efficacy data against HCV genotype 1–4-treated patients (Table 2) [33, 34]. The relapse rate 
was only 9 % among all the four phase III drug registration studies [34]. No major side effects 
or severe cardiac adverse events were reported during SOF plus RBV dual therapy. However, 
the adverse event profiles of sofosbuvir monotherapy and even in combination with RBV are 
not sufficiently addressed because of the lack of controlled trials [66]. Meaningful  historical 
controls, as well as ribavirin monotherapy arm as a comparator, are not available due to 
which we may not draw conclusions about the eventual adverse effects of sofosbuvir [33, 34]. 
However, adverse events associated with sofosbuvir-related therapies are not frequent and 

Advances in Treatment of Hepatitis C and B298



severe in nature. Antiviral resistance was only observed in a single patient after sofosbuvir 
monotherapy, which was successfully re-treated with SOF plus RBV dual therapy [69].

Sofosbuvir in combination with ledipasvir (Harvoni®; the first fixed-dose drug combination 
claims to “two firsts”) with or without RBV was approved in 2014 for HCV genotype 1 infec-

tion treatment. Later on, the approval was expanded to treat HCV genotype 4-, 5-, 6-, and 
HCV/HIV-coinfected patients in 2015. Recently, the US FDA has extended the treatment rec-

ommendation to liver transplant genotype 1 and 4 patients with compensated cirrhosis and 
in genotype 1 patients with decompensated cirrhosis (http://www.hepatitisc.uw.edu/page/
treatment/drugs/ledipasvir-sofosbuvir#drug-summary) [31, 70]. Ledipasvir (90 mg) and 
sofosbuvir (400 mg) have formulated as a single coformulated pill [31]. However, ledipas-

vir (an NS5A inhibitor) monotherapy is not approved by the US FDA to treat the infection 
as yet. This combo drug seems very efficient to achieve SVR rates more than 90 % of HCV 
genotype 1- and 4-treated patients without cirrhosis when administered to 8, 12, or 24 weeks 
(Table 2) [31, 71]. Cirrhotic patients may also achieve higher SVR rates with 12- or 24-week 
treatment schedule [72]. Severe adverse events are rare and manageable during or after the 
therapy. The inclusion of ribavirin does not affect the therapeutic efficacy and achievement 
of higher SVR rates. Consequently, the addition of RBV does not seem prerequisite in every 
all-oral DAA combinations against HCV. RBV results in hemolytic anemia and is highly tera-

togenic [11], and for this reason, RBV-sparing regimens are considerably advantageous and 
eagerly awaited in the future.

6. Treatment paradigms for difficult-to-treat populations

As the treatment success in HCV-infected patients mainly depends on HCV genotype, previ-

ous treatment history, cirrhosis or fibrosis score, and the high barrier to antiviral drug resis-

tance, the combination of experimental drug velpatasvir and sofosbuvir might simplify the 

treatment strategies in “difficult-to-treat subgroups” in the future. Velpatasvir (An NS5A 
inhibitor) and sofosbuvir in a fixed-dose combination (100 mg/400 mg) exhibit the pan-geno-

typic coverage with a simple 12-week regimen in treatment-naïve, treatment-experienced, as 
well as in cirrhotic patients as determined in multicentered clinical trials (i.e., ASTRAL 1–5) 
conducted at 81 sites including the United States, Canada, and Europe in 2014 (Table 2) [36]. 
The adverse event profile was almost similar to each clinical trials, and headache, nausea, 
and vomiting were the most common ones. However, overall the drug combination was well 
tolerated and safe in treated patients. The US FDA has approved the fixed-dose combina-

tion of velpatasvir and sofosbuvir (Epclusa®) in June 2016 to treat chronic HCV genotype 
1–6-infected adult patients.

The discovery and development of elbasvir/grazoprevir fixed-dose combination have shifted 
the treatment paradigm for genotype 1 and 4 patients with stage 4–5 chronic kidney  disease 
(CKD) and HCV/HIV coinfection [40, 41]. The US FDA has approved elbasvir/grazoprevir 
(50/100 mg q.d.) (Zepatier®) combination for HCV genotype 1 and 4 infection with chronic 
kidney diseases and HCV/HIV coinfection with some specific clinical requirements (i.e., 
viral genotype, prior treatment experience, NS5A-associated RAVs at position M28, Q30, 
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L31, or Y93) (http://www.hepatitisc.uw.edu/page/treatment/dugs/elbasvir-grazoprevir#drug-
summary) [73, 74]. Similarly, the treatment regimen is prescribed with many precautions in 
subtype 1a patient with prior testing of NS5A-associated RAVs, because it determines the 
overall treatment duration and the inclusion of ribavirin to therapy (Table 3) [38, 40, 41]. The 
FDA approval was granted on the findings of a series of multicenter phase III clinical trials 
(C-EDGE and C-SURFER) in treatment-naïve, treatment-experienced, and other difficult-to-
cure populations (i.e., HCV/HIV coinfection, stage 4/5 CKD including hemodialysis patients) 
where overall SVR rates were highly promising (i.e., 92–99 %) (Table 2) [37–41]. The adverse 
event profile was not serious in the treatment groups, and the renal system adverse effects 
were comparable without significant changes in estimated glomerular filtration rate (eGFR) 
value and creatinine levels [38, 40, 41]. Headache, nausea, and fatigue were the most com-

monly observed adverse events with an elevation in alanine aminotransferase (ALT) levels 
five times more than the normal one [38, 40, 41]. However, most of the adverse effects resolved 
at or after the treatment completion.

The first 3D regimen, “Viekira Pak®” (i.e., a combination of three direct-acting antivirals: 
ombitasvir, paritaprevir, and dasabuvir) along with ritonavir, to treat chronic HCV genotype 
1 infection was approved by the US FDA in 2014 (http://www.hepatitisc.uw.edu/page/treat-
ment/drugs/3d#drug-summary) [75]. The drug combination is prescribed to genotype 1-com-

pensated cirrhotic patients, however, still contraindicated to decompensated cirrhotics [42]. 
The approval was based on phase II/III multicenter clinical trials (Table 2) involving more 

than 2300 patients with chronic HCV 1 infection, some of whom had cirrhosis [43–47, 76]. 
Cure rates across the various groups were ranged from 91 % to 100 % (Table 2). The therapeu-

tic outcomes demonstrated that the drug combination was safe with no significant adverse 
effects in a population with compensated cirrhosis [47]; however, the drug combination is 
forbidden in decompensated cirrhotic patients.

A recent ongoing clinical trial conducted in HCV genotype 4 noncirrhotic patients showed 
the promising therapeutic activity of ombitasvir, paritaprevir, and ritonavir with or without 
RBV for a 12-week course (PEARL-I clinical studies) [24]. Similarly, the therapeutic regimen 
along with RBV was also found highly effective to treat genotype 4, cirrhotic patients, as 
shown by the results of AGATE-I and AGATE-II ongoing clinical studies. PEARL-I, phase 2 
open-label, randomized, and multicentre clinical trials were conducted in Europe, Turkey, 
and the United States [24]. The treatment-naïve patients included in the study received the 
ombitasvir, paritaprevir, and ritonavir combination with or without RBV; however, all treat-
ment-experienced patients (i.e., previously treated with PEG-IFN/RBV) received the active 
treatment with RBV. Interestingly, dasabuvir was not included in the treatment regimen as 
it does not show therapeutic activity against HCV genotype 4. The overall SVR rates were 
achieved 91 % (40/44) in treatment-naïve patients who received active treatment without RBV 
and 100 % (42/42) in those who took RBV along with the regimen. All treatment-experienced 
patients achieved SVR12 at the treatment completion (49/49, 100 %) (Table 2). Viral relapse 

occurred in two patients, and the virologic breakthrough was experienced in one patient. The 
adverse event profile was almost negligible including headache and decreased hemoglobin 
level (i.e., 100 g/L, anemic state), but no treatment discontinuation was attributed to active 
regimen except the dose modification of RBV to nullify anemic state [24].
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The AGATE-I open-label phase 3 multicenter and randomized clinical trial revealed the 
therapeutic outcome of ombitasvir, paritaprevir, and ritonavir plus RBV in HCV genotype 
4 patients with compensated cirrhosis [77]. The study was conducted in both treatment-naïve 
and treatment-experienced patients (PEG-IFN/RBV treated) at different locations in Europe 
and the United States. Overall, 120 adult patients were enrolled in the study of which 59 
patients received 12-week treatment (i.e., ombitasvir, paritaprevir, and ritonavir plus RBV) 
and 61 patients were assigned to take 16 weeks of the same treatment regimen. The overall 
SVR rates were achieved 97 % (57/59) in the 12-week group and 98 % (60/61) in the 16-week 
group. The adverse event frequency was significantly higher, mixed in both patient arms, 
and noticed in more than 10 % of all patients including asthenia, fatigue, headache, anemia, 
pruritus, nausea, and dizziness more common ones. However, virologic breakthrough was 
reported in one patient, and one patient discontinued the treatment at day 1 in the 12-week 
treatment group, and one missed the posttreatment week 12 visit in the 16-week group [77].

The AGATE-II open label and partly randomized clinical studies were conducted in native 
Egyptian population infected with HCV genotype 4 [77]. Overall 182 patients both treatment-
naïve and treatment-experienced (previously treated to PEG-IFN/RBV-based dual therapies) 
anticipated in the clinical trial of whom 160 were eligible for inclusion criteria. 100 patients 
had no cirrhosis and received active regimen and RBV for 12 weeks. The remaining 60 hav-

ing cirrhosis were randomly assigned to 12-week active treatment (n = 31) or 24-week treat-
ment group (n = 29). The SVR rates were achieved 94 % in the noncirrhotic 12-week patient 
arm (94/100), 97 % in cirrhotic patients (30/31) enrolled in the 12-week treatment group, and 
93 % (27/29) in cirrhotic patients administered for 24-week active treatment (Table 2). The 

adverse event profile was significantly higher particularly in noncirrhotic patients includ-

ing headache and fatigue the most common (i.e., 41 % and 35 %, respectively) ones than the 
cirrhotic ones (29–38 %, respectively). However, no treatment discontinuation was related to 
drug side effects or active treatment itself [77].

The findings of the ongoing PEARL-I, AGATE-I, and AGATE-II clinical trials are promising 
while treating HCV genotype 4 cirrhotic and noncirrhotic patients; however, no additional 
benefits were reported in terms of higher SVR, when treatment duration was extended for 
cirrhotic patients from 12 weeks to 16 weeks or even 24 weeks in native Egyptian population. 
Similarly, a small number of patients enrolled in the clinical trials limit the comprehensive 
determination of the drug side effects. Further studies are eagerly awaited in this prospect, 
and as a precaution, any HCV cirrhotic patients using such combination therapeutic regi-

mens should be hepatically intact for any hepatic complications/comorbidities because the 
patients in clinical trials are often very carefully monitored than patients in real-world clini-
cal practice [40].

7. Interferon derivatives

Over the years, the principal objectives to develop novel interferon formulations include 
the replacement of conventional interferon with the new ones, to reduce the adverse effects 
of current interferon and ease of administration with an improved dosing schedule [78]. 
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The treatment success for HCV is primarily dependent on the patient adherence to therapy 

so that the development of unique IFN formulations with improved pharmacokinetics is a 
prime objective of HCV therapeutics nowadays. The main advantage of this approach may 
seem to maintain viral suppression across the longer dose interval, avoid of inter-dose trough, 

and reduce dosage frequencies (twice or even once per month as compared to once per week 
for the current PEG-IFN and consensus interferons). Although the development of new inter-

feron formulations primarily focuses on HCV genotype 1 patients, their administration can 
also be prized for HCV genotype 2- and 3-infected individuals [79]. Similarly, the duration of 
treatment can also be reduced in easy-to-treat populations (HCV genotype 2- and 3-infected 
patients) up to 12 weeks if a rapid virologic response achieves earlier [79]. This approach may 
suggest a very convenient therapeutic regimen of only three injections if long-acting IFNs are 
used in treated patients.

7.1. Interferon lambda

Interferon lambda (IFN-λ) is still promising and may be beneficial as an adjuvant therapy to 
treat HCV infection in combination with other DAAs in the near future. It has also raised the 
hopes to replace the conventional interferons (IFN-α 2a, IFN-α 2b, PEG-IFN α) to reduce the 
frequency of side effects and treatment discomfort during and after the treatment completion 
in infected individuals. The discovery of three interferon-λ cytokines (i.e., interferons λ1, λ2, 
and λ3 encoded by IL29, IL28A, and IL28B, respectively) in 2003 has suggested their plausible 
role in suppression of HCV replication [80]. This fact was supported by the identification of 
common genetic variants in IL28B genome, which are highly associated with responses to 
PEG-IFN α/RBV treatment for chronic HCV infection [81]. Similarly, genome-wide associa-

tion studies and in vitro studies also demonstrate an interactive and complementary relation-

ship between IFN-α and IFN-λ for suppressing HCV replication [82]. IFN-λ like another type 
3 interferons binds to different host cell receptors than type 1 interferons (e.g., IFN-α 2a, 2b) to 
trigger the JAK-STAT antiviral pathways (Figure 2). However, the downstream cell signaling 
pathways are largely comparable to interferon-α which upregulate several hundreds of inter-

feron-stimulated genes to initiate antiviral activity [80]. IFN-λ binds mainly to IL28 receptors, 
which are positioned only to hepatocytes, plasmacytoid dendritic cells, peripheral B cells, and 
epithelial cells [83]. This restricted distribution of IL28 receptors for interferon-λ facilitates its 
targeted hepatic delivery, better tolerability, and increase safety profile than the conventional 
interferons [83]. IFN-λ may also escalate the subsaturating levels of IFN-α and increase its 
antiviral efficacy. In vitro studies reveal that IFN-α induces the expression of IFN-λ genes 
that upregulate a distinct pattern of signal transduction and interferon-stimulated genes than 
IFN-α to abort HCV replication [84]. Consequently, the combination of IFN-λ and IFN-α may 
provide additive therapeutic effects due to the complementary roles of two types of cytokines. 
Interferon-λ has been pegylated and phase I clinical trials with or without ribavirin have 
been completed [85]. Subsequent phase II clinical trials demonstrated that the administration 
of PEG-IFN λ (240 μg, 180 μg, or 120 μg once weekly) showed 10 % higher rapid virologic 
response (RVR; HCV RNA negative after 4 weeks of therapy) rates and 20 % higher extended 
rapid virologic response (eRVR; HCV RNA negative at the lower limit of detection but not 
the lower limit of quantification between week 4 and week 12 during PEG-IFN therapy) rates 
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than PEG-IFN α-2a in treatment-naïve patients [86]. IFN-λ is associated with less adverse 
event profile, including less hematologic toxicity, flu-like symptoms, and muscular pain, but 
increased aminotransferase and bilirubin levels in treated patients [86]. Now, full phase III 
clinical trials of interferon-λ with other DAAs (i.e., in combination with daclatasvir and asu-

naprevir plus RBV) are under consideration [87].

8. HCV vaccine technology

8.1. Barriers to developing prophylactic and protective HCV vaccines

The tendency of acute HCV infection to develop into chronic infection and optimal outcomes 

of the current therapies in the majority of treated patients underscores an urgent need to search 
and develop potential anti-HCV vaccine molecules. Interestingly, the efforts to develop HCV 
vaccines are facing real challenges due to some reasons. First, despite the consistent efforts by 
the researchers, still now there is no permissive cell culture system available where HCV can 
replicate persistently at high enough levels to evaluate antibodies which may neutralize [88]. 
Second, there is no authenticated and handy animal model available which is susceptible to 
HCV and can tackle the candidate vaccine challenge studies [88]. Although the chimpanzee 
model is the first choice for the investigators in HCV replication and candidate vaccine stud-

ies, it is expensive, endangered, and difficult to handle [89]. Third, genome variations in HCV 
genotypes, subtypes, and quasispecies nature of HCV may require the construction of poly-

valent vaccines, which protect against a significant number of closely related epitopes [90]. 
In fact, the genetic heterogeneity of HCV in an infected individual and immune responses 

Figure 2. Interferon-lambda (λ) cell signaling pathways to induce anti-HCV activity. Interferon lambda binds to different 
cell receptors than IFN alpha to activate JAK-STAT pathways and initiate the antiviral activity by upregulating a distinct 
pattern of signal transduction. IFN, interferon; IL, interleukin; R, receptor; JAK, Janus kinase; TYK, tyrosine kinase; 
STAT, signal transducer and activator of transcription; IRF, interferon regulatory factor; P, phosphate; ISRE, interferon-
stimulated response element.
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selected for neutralization of escape mutants within the hypervariable regions (HVR1) of E1 
envelope glycoprotein as well as cytotoxic T lymphocytes (CTL) escape mutants may limit the 
effectiveness and utility of any HCV vaccine model [91]. Fourth, it is unclear that either HCV 
envelope glycoproteins contain all the antigenic determinants require for effective neutraliza-

tion or not [92]. Fifth, acute HCV infection persists in the majority of infected individuals, 
even though innate and acquired immune responses accelerate against nearly all of the HCV-

encoded polyproteins [93]. T-cell responses immediately accelerate to clear HCV in acutely 
infected individuals; therefore, a successful anti-HCV vaccine has to elicit both CD4+ and CD8+ 

T-cell responses in infected individuals [94]. Sixth, HCV may associate with immunoglobulin 
or β-lipoprotein in the blood, which may “mask” the virus and reduce the efficiency of neu-

tralization [95].

8.2. Current anti-HCV vaccine models

Due to the above-mentioned qualms, the development of prophylactic or protective HCV 

vaccine is a highly challenging task and fraught with barriers. Anyhow, the advancement 
in vaccinology has inspired the researchers to work out different models of protective HCV 
candidate vaccines (Table 1). In this vein, the principle goal of an anti-HCV vaccine design 
should be to wipe out the chronic infection in exposed individuals or remove the virus from 
already infected individuals by boosting the innate and acquired host immune responses, 

which also seems an uphill task [94]. In this context, the strategy paradigms have been shifted 
from the production of traditional recombinant envelope proteins to the engineering of com-

plex viral vectors directing the expression of multiple hepatitis C viral antigens (i.e., Core, 

NS3, NS4, and NS5B) [94]. We briefly describe here the recent advancement in HCV vaccine 
technology, which may consider as the role models for the successful development of an 
effective preventive/protective vaccine in the future.

An HCV immunoglobulin (Civacir) has studied for its therapeutic effects on recurrent hepa-

titis C following liver transplantation in phase II clinical trials, but the SVR data from these 
trials are not yet available [96]. Similarly, the high-dose monoclonal antibodies were evalu-

ated against HCV glycoprotein E2 in genotype 1a patients undergoing liver transplantation in 
phase II clinical trials [97]. Although the strategy was not effective to prevent the recurrence of 
HCV infection, the reappearance of viremia in liver transplant patients significantly delayed 
as compared to the placebo control population [97]. Now, this regimen along with a direct-
acting antiviral is under consideration for further clinical trials.

Currently, a DNA vector-based vaccine (ChronVac-C) is in clinical development against 
chronic HCV genotype 1 infection [98]. By using DNA electroporation, the gene-encoding 
HCV NS3/4A protein was introduced into the patient skeletal muscle. The skeletal muscle 
expressed NS3/4A protein, which in turn stimulated the particular host innate and acquired 
immune responses against HCV. The clinical efficacy of ChronVac-C was evaluated in 12 treat-
ment-naïve HCV genotype 1-infected patients with four different doses given monthly for 
four months in phase I/II clinical trials [98]. T-cell responses were detected in one patient, and 
viral load reduction up to 1.2 log10–2.4 log10 was reported in two out of three patients with 
the highest dose [98]. Further clinical trials of this candidate vaccine are under consideration.
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8.3. T-cell-based vaccines

Vaccines based on robust T-cell responses are vital and crucial because such vaccine  triggers 

both antibodies and cytotoxic T-cell responses against an insidious virus [11]. The HCV-
infected cells display the viral surface and internal particles/molecules (i.e., HCV genome) to 
the immune system of the body, especially to CD4+ and CD8+ killer cells, which induce the host 
innate and acquired immune responses against the virus surface particles as well as the HCV 
genome [11]. CD8+ T-cell immunity induced by CD4+ T cells is mainly responsible for HCV 

viral infection control in human as well as in chimpanzee challenge studies [11]. Recently 
researchers have evaluated heterologous T-cell vaccine (ChAd3/MVA) targeting HCV non-

structural proteins in HCV genotype 1b-infected individuals [13]. The vaccine is a combina-

tion of replication-defective chimpanzee adenovirus (ChAd3) and modified vaccinia Ankara 
(MVA) vectors so named as ChAd3/MVA [13]. The vaccine induced higher magnitude of T-cell 
responses in most infected individuals against all six nonstructural (from NS2 to NS5B) anti-
genic pools in phase I clinical studies [13]. CD8+ memory T cells were also generated, and CD8+ 

T-cell polyfunctionality was also increased in vaccinated individuals [13]. There were no signs 
of regulatory T-cell induction which might suppress an anti-HCV immune response [13]. The 
viral heterogeneity and high mutation rate of HCV are always potential biological barriers 
to developing protective HCV vaccine. ChAd3/MVA vaccine generates cross-reactive T-cell 
responses between heterologous viral genotypes so may be tested in diverse HCV popula-

tions [13]. Now, this vaccine is under consideration for a larger phase II clinical trials to fur-

ther determine the efficacy of the vaccine.

Another therapeutic T-cell-based vaccine (GI-5005) is in clinical development which contains 
a fusion of HCV structural “core” and nonstructural “NS3” protein in yeast vector. The thera-

peutic efficacy of the vaccine was tested in both treatment-naïve and prior null responders 
to PEG-IFNα/RBV treatment in phase IIb clinical trials [99, 100]. Overall, 133 HCV genotype 
1-infected patients (96 treatment-naïve patients) were administered to once monthly dose of 
vaccine along with PEG-IFNα plus RBV vs. placebo (PEG-IFNα/RBV) for 48 weeks [100]. SVR 
rates were reported slightly higher in vaccinated patient’s arm than the patients in placebo 
(47 % vs. 35 %, respectively) [100]. However, the achieved SVR rates were not statistically sig-

nificant. The same trends in SVR rates were reported for the patients who were stratified by 
their prior treatment status. In that case, the previous null responders of PEG-IFNα plus RBV 
therapy achieved SVR rates only 17 % upon vaccination as compared to control studies who 
received PEG-IFN/RBV (SVR 5 % only) [101]. At subtype levels, treatment-naïve patients with 
unfavorable IL28B TT polymorphism met SVR24 in vaccinated patient’s arm as compared to 
those who treated with PEG- IFNα plus RBV alone [100]. The study was further expanded 
to 17 additional treatment-naïve patients with IL28B TT polymorphism, and the results were 
compared to the original 10 IL28B TT patients from the first cohort [100]. An undetectable 
HCV RNA level at the end of treatment was reported in 10 out of 16 patients (63 %) who 
received GI-5005 as compared to 3 out of 11 patients (27 %) who were treated with PEG-IFNα 
plus RBV alone [100].

Another recombinant poxvirus vaccine (TG-4040) expressing HCV nonstructural proteins 
(NS3, NS4, and NS5B) is in phase I clinical trials and demonstrated significantly higher SVR 
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rates in treated patients [102]. Some other potential anti-HCV vaccine models are also in the 
pipeline, including T-cell-based peptide vaccines, recombinant HCV subunit vaccines, and 

pseudo-viral particles expressing HCV glycoproteins (E1 and E2) [103, 104]. Preclinical stud-

ies of some of these vaccine models have shown spectacular results, but a lot of further clinical 
studies are required to evaluate their therapeutic outcomes.

8.4. Clinical issues regarding HCV vaccine trials

No doubt, much work is being done on the development of an effective anti-HCV vaccine 
model, but all the efforts revolve around HCV genotype 1 infection. We know very well that 
more than 100 million people worldwide are infected with HCV genotype 3, 4, 5, and 6 infec-

tions, and in some countries like Egypt, the infection is almost an endemic [11]. It may indi-
cate that the cross-reactive protective immunity induced by a proposed HCV vaccine model 

against one genotype would not be sufficient for selecting the best candidate HCV vaccine 
for the whole world. The other potential challenge is the lack of vaccine clinical trials in a 
high-risk population where some other factors are responsible for HCV transmission. In the 
United States and the Western world, where only 1–2 % general population are infected with 
HCV, more than 100,000 infected individuals have to be enrolled in clinical trials to determine 
vaccine efficacy[94]. The situation is different in developing world where HCV prevalence 
depends on various predisposing factors including injection drug users (IDUs), blood trans-

fusion without screening anti-HCV antibodies, unsterilized medical instruments use, pierc-

ing of ears and nose, unprotected sexual act, and healthcare workers. Such regions represent 
an alternative place to conduct HCV vaccine clinical trials. Similarly, in a highly endemic area 
(e.g., Egypt, where almost 22 % of the country’s population have afflicted with HCV), preven-

tive or protective vaccine trials may initiate. Unfortunately, the test results would be geno-

type specific in that area (i.e., HCV genotype 4 is the most prevalent genotype in Egypt and 
the Middle East) and may not apply to the other parts of the world. The lack of basic health 
infrastructure and intrinsic ethical and drug regulatory issues are also potential challenges in 

developing countries to initiate vaccine clinical trials.

Designing of vaccine clinical trials in some concrete and high-risk populations also depends 
on certain crucial factors including HCV prevalence, exposure frequency of the infection, viral 

infectivity, and infection chronicity. The infection rate should be reduced up to 50 % in the 
appropriate population size for the acceptable vaccine efficacy. By assigning a certain value 
to the above mentioned parameters in a high-risk population, at least, 500–10,000 individuals 
are required in vaccine clinical trials [105]. Although this number can be managed easily with 
the high-risk population and in HCV endemic area, but the testing and handling of large candi-
date vaccines pose particular challenges in this context. The ultimate success and realistic goal 

of HCV vaccines must be to prevent the chronic infection in infected individuals. To achieve this 

objective, the term “chronic HCV infection” must be clearly defined and should not rely on the 
classical definition based on chronic HBV infection (i.e., the persistence of HCV viral replication 
more than 6 months detected quantitatively by polymerase chain reaction). Some studies have 
demonstrated that during acute HCV infection, viral RNA fluctuates markedly from undetect-
able limit to a higher level of quantification (106 IU/ml) [106]. In such acutely infected  individuals, 
the viral clearance may not occur until 1 year later. Consequently, the clinical  trials for HCV 
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 vaccines need longer test duration (approximately 2 years). Withholding therapy is another ethi-
cal issue while treating acutely infected patients with PEG-IFNα and RBV after a close follow-up 
of 6–9 months [107]. Development of surrogate biomarkers and their validation to evaluate vac-

cine efficacy is also challenging. In all clinical trials, a standard methodology should be applied 
to compare the vaccine efficacy results with each other especially in high-risk populations.

One of the big concerns which is always debatable among doctors, researchers, public health-

care workers, policy makers, and patient groups is how to implement a successful vaccine 
program when once effective vaccines would be available in the future. In this scenario, cost-
effective analysis, careful monitoring of the adverse effects, and compliance with futility rules 
must be extensively scrutinized before issuing public health policies regarding mass vacci-

nation program [108]. Implementation of a universal HCV vaccination program instead of 
targeting high-risk populations would be more appropriate and have a profound impact in 
some developing countries where HCV is highly prevalent.

9. Conclusions

The development of novel direct-acting antivirals has simplified the treatment paradigm for 
chronically infected and difficult-to-treat HCV genotype populations around the globe. These 
game changer regimens have revolutionized the HCV therapeutics regarding pan-genotypic 

coverage, low pill burden, fewer drug-drug interactions, improved adverse event profile, and 
high barrier to drug resistance. However, the treatment cost and accessibility of the drugs to 
infected patients are major issues which must be resolved to get full therapeutic benefits of 
such therapeutic regimens. Interferon lambda is promising as more efficacious, well toler-

ated, and short treatment of duration and has been entered into phase III clinical trials with 
several direct-acting antivirals. It may be beneficial as an adjuvant therapy in IFN-α-intolerant 
patients as well as in individuals where IL28B genetic polymorphism is highly associated to 
lower SVR rates. The steadily improved DAAs are playing a frontline role to surmount the 
burden of HCV around the globe, but the development and implementation of a success-

ful HCV vaccine program would be mandatory to win an uphill battle against this silent 
epidemic. In this context, the core knowledge of intricate interplays between molecular and 
cellular immune responses toward HCV, viral clearance and persistence, and long-lasting 
immune responses would play a significant role to develop an effective protective HCV vac-

cine model. Adenovirus-based vector vaccines have shown promising results while gen-

erating durable, broad, sustained, and balanced innate and acquired immune response in 

chimpanzees and humans. A heterologous T-cell vaccine (ChAd3/MVA) has also shown very 
high levels of T-cell responses against multiple HCV antigens in HCV genotype 1b patients. 
If HCV vaccines are available in the near future, then mass vaccination program in high-risk 
populations would probably have a profound impact on eradicating HCV infection. The tech-

nology and scientific innovation definitely play its part, but the role of scientific community, 
implementation of controlled HCV healthcare policies, applications of risk prediction tools, 
collective will, and public health notes will galvanize the efforts to a proper ending of this 
silent epidemic from the world. Thus, this two-pronged attack on HCV—a variety of novel 
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direct-acting antivirals and the possibility of a vaccine—suggests the global eradication of 
HCV. Overall, the achievements and improvements in the field of HCV medicine predict that 
the future of HCV therapeutics is bright and becoming brighter every day.
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