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Abstract

The majority of individuals exposed to hepatitis C virus (HCV) establish a persistent infection, which is a leading cause of chronic liver disease, cirrhosis and hepatocellular carcinoma. Major progress has been made during the past twenty-five years in understanding the HCV life cycle and immune responses against HCV infection. Increasing evidence indicates that host genetic factors can significantly influence the outcome of HCV infection and the response to interferon alpha-based antiviral therapy. The arrival of highly effective and convenient treatment regimens for patients chronically infected with HCV has improved prospects for the eradication of HCV worldwide. Clinical trials are evaluating the best anti-viral drug combination, treatment doses and duration. The new treatments are better-tolerated and have shown success rates of more than 95%. However, the recent breakthrough in HCV treatment raises new questions and challenges, including the identification of HCV-infected patients and to link them to appropriate health care, the high pricing of HCV drugs, the emergence of drug resistance or naturally occurring polymorphism in HCV sequences which can compromise HCV treatment response. Finally, we still do not have a vaccine against HCV. In this concise review, we will highlight the progress made in understanding HCV infection and therapy. We will focus on the most significant unsolved problems and the key future challenges in the management of HCV infection.
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Core tip: Twenty-five years after the discovery of hepatitis C virus (HCV) as the major cause of non-A, non-B post-transfusion hepatitis, we have entered a new era in HCV treatment that indicates the prospect of eradication of this important human pathogen. In this article, we will discuss the promising opportunities ahead and key future challenges in the era of new hepatitis C treatments, i.e., barriers in identifying HCV infected individuals, access to new HCV drugs, emergence of drug resistance, and the current status of HCV vaccine development.
Barth H. Hepatitis C virus: Is it time to say goodbye yet? Perspectives and challenges for the next decade. World J Hepatol 2015; In press
INTRODUCTION

Hepatitis C virus (HCV) is a member of the Flaviviridae family, which also includes classical flaviviruses such as those of yellow fever and dengue. HCV is an enveloped virus with a single stranded RNA of positive polarity. The virus has a restricted host range, naturally infecting only humans and chimpanzees, though the origin of HCV still remains elusive. HCV is classified in the genus Hepacivirus of the Flaviviridae family, and the closest genetic relative to HCV is a non-primate hepacivirus, which infects horses[1]. Phylogenetic and sequence analysis of entire viral genomes splits HCV into seven major genotypes. HCV genotypes have been further classified into 67 confirmed and 20 provisional subtypes[2]. The HCV Genotype 1 is the most prevalent genotype worldwide (46% of all HCV cases), followed by Genotype 3 (30%). Genotypes 2, 4 and 6 are responsible for 23% of all HCV cases and Genotype 5 is responsible for less than 1% of all HCV cases. At present, HCV Genotype 7 has been isolated only in a patient from Central Africa[3]. Global distribution of HCV genotypes shows geographic variations, which reflect differences in mode of transmission and ethnic variability. In a recently conducted meta-analysis, the number of people with anti-HCV antibodies has been estimated at 185 million in 2005, or 2.8% of the human population, with an estimation of 130-170 million people chronically infected[4]. HCV transmission occurs through blood-to-blood contact. In the early 1990s, introduction of modern anti-HCV screening tests, including the detection of HCV-specific antibodies and HCV RNA[5], almost completely eliminated transmission of HCV through blood transfusions and organ transplants. Injection drug use is currently the primary transmission route for HCV, which usually occurs when blood-contaminated needles and syringes are shared. Unsafe medical procedures, including the reuse of single-use medical devices, remain a major mode of HCV transmission in developing countries[6]. 
HCV has often been referred to as the “silent virus,” as most HCV infections are clinically silent until the disease reaches a late stage, which often occurs several decades after initial infection. Chronic HCV infection is among the most common causes of cirrhosis and hepatocellular carcinoma, and the most frequent indication for liver transplantation[7]. Recurrence of HCV infection after liver transplantation is universal and a leading cause of graft failure[8]. Efforts to develop direct-acting antivirals (DAAs) for HCV treatment have long been hampered by the absence of an efficient cell culture system for propagation of HCV. Intensive research efforts over the last two decades have resulted in the development of HCV subgenomic replicons, capable of autonomous replication[9], and robust infectious cell culture models for HCV infection[


10-12 ADDIN EN.CITE ] that not only provide the opportunity to dissect mechanisms of the viral life cycle, but also facilitate the development of large-scale, high-throughput screening assays to identify antiviral targets and to develop highly effective anti-HCV compounds. In this article, we summarize the current state of knowledge and future perspectives for the management of HCV infection. 

Natural history of HCV infection and antiviral immune response 

Approximately 25 percent of patients exposed to hepatitis C surmount the infection naturally, but the remaining 75% face persistent or life-long HCV infection. Chronic HCV infection can cause severe liver disease, including cirrhosis, hepatic decompensation and hepatocellular carcinoma (HCC), with an interval of 20-30 years after being exposed to HCV[7]. The WHO’s Global Burden of Disease 2000 project estimated in 2002 that the attributable cirrhosis and liver cancer deaths due to HCV infection globally were 211000 and 155000 respectively[13]. In addition, chronic HCV infection is associated with several extrahepatic manifestations, including mixed cryoglobulinemia vasculitis, type 2 diabetes, lymphoproliferative disorders, renal disease and rheumatic disorders[14]. Considerable research effort has been devoted to understanding the heterogeneous clinical outcome of HCV infection. Comparative immunological studies in HCV-infected patients and experimentally infected chimpanzees demonstrated that clearance of HCV infection is associated with a strong and sustained HCV-specific CD4+ and CD8+ T cell response. Antibody-mediated depletion of either T cell population in chimpanzees provided further evidence that T cell-mediated immunity is crucial for clearance. During the chronic phase of HCV infection, HCV-specific T cells are down-regulated and display an exhausted and dysfunctional phenotype. Chronic liver inflammation, induced by HCV, promotes the generation of T regulatory cells, which contributes to further suppression of the HCV-specific T cell response[15]. HCV infection induces a strong B cell response and antibodies target epitopes within structural and non-structural HCV proteins. Neutralizing antibodies (nAb) arise during HCV infection and the majority of nAb targets epitopes on the envelope glycoproteins[16]. The relevance of neutralizing antibodies in HCV clearance is still unclear. It is important to know that HCV particles interact with serum lipoproteins to form so-called lipo-viro-particles (LVP). Although the overall architectural design of LVP is still unidentified, LVP can facilitate virus entry into hepatocytes and protect the virion from antibody-mediated neutralization[17]. The majority of chronically infected patients have high-titre and cross-reactive neutralizing antibodies[


18 ADDIN EN.CITE ], suggesting that neutralizing antibodies are unable to clear the infection. Long-term persistence of these antibodies in chronic HCV infection, however, may regulate viral replication and modulate chronic disease. Finally, the host’s immune system is confronted with a highly mutable virus (mutation rate: 10-5-10-4 nucleotides per replication cycle) due to an error-prone viral RNA polymerase that lacks a proofreading activity. Thus, apart from the described genotypes, HCV circulates in infected individuals as a collection of closely related but distinct genomes, called the “quasispecies”[19]. High genetic variability confers an important advantage for HCV, facilitating escape from neutralizing antibodies and cytotoxic T cell recognition. 

Human hepatocytes are the primary target cell for HCV infection. A highly sensitive detection system for HCV RNA in the liver demonstrated that the proportion of infected hepatocytes ranges from 1% to 54% and correlated positively with HCV RNA viremia[20]. The first line of immune defense in HCV infection comprises activation of cell-intrinsic innate immunity following HCV recognition. Local production of interferons (IFNs) triggers the expression of hundreds of IFN-stimulated genes (ISGs) disrupting HCV genome replication and spread in the liver parenchyma[21]. Knowledge of viral dynamics and evolution during the early phase of acute HCV infection is still limited because the majority of HCV infections are asymptomatic. The Baltimore Before-and-After Acute Study of Hepatitis enrolled and followed up monthly HCV-negative injection drug users to address these important issues. In this study, high initial HCV RNA viremia level strongly predicted spontaneous clearance of HCV infection[22]. Thus, it is likely that high level HCV replication makes the virus more visible to the innate immune system and, hence, rapidly activates innate immune signaling that result not only in efficient innate anti-viral effector functions but also supports the development of anti-HCV T cell immunity. However, HCV has developed efficient strategies to circumvent innate immune signaling and effector functions. The HCV NS3/NS4A protein - a serine protease responsible for the proteolytic cleavage of the HCV polyprotein precursor - is a key component of the HCV evasion strategy. For example, NS3/NS4A targets and cleaves the mitochondrial antiviral signaling protein (MAVS), resulting in disruption of innate antiviral signaling and attenuation of IFN production. Furthermore, HCV E2 and NS5A proteins inactivate the double-stranded RNA-dependent protein kinase R (PKR), which is a critical mediator of the antiviral effects exerted by IFNs[21].
Host genetic factors in HCV infection

The genetic background of the host has an important impact on the natural course of HCV infection. CD8+ T cells are the major effector cells that mediate viral clearance. CD8+ T cells recognize viral peptides bound to HLA class I molecules on virus-infected cells. HLA genes display a high degree of genetic variation among individuals, which is reflected in the variations in binding and presentation of viral epitopes. HLA-B27, HLA-B57 and HLA-A3 alleles have been significantly associated with spontaneous clearance of HCV infection. The protective role of these alleles has been linked to viral epitopes, which do not allow immune escape mutations because of profound negative effects on viral replication fitness, resulting in a highly crippled virus[


23,24 ADDIN EN.CITE ]. Genome-wide association studies (GWASs) that allow the detection of associations between mapped single nucleotide polymorphisms (SNP) and traits have become the standard approach to discovering the genetic basis of human disease. In 2009, a major breakthrough in the understanding of host genomics in HCV infection has been the discovery of several SNPs upstream of the interleukin-28B (IL28B) locus, in particular the SNP rs12979860, which can predict both spontaneous recovery from HCV infection and therapy-induced viral clearance in patients infected with Genotype 1[


25,26 ADDIN EN.CITE ]. The IL28B gene encodes the cytokine IFN-lambda3 (IFN-λ3), which belongs to the type III IFN family (IFN-λ). IFN-λ is rapidly induced during HCV infection and has antiviral activity against HCV[27]. Patients carrying rs12979860 CC genotype had a clearance rate three times higher compared to patients carrying the CT or TT genotype[


25 ADDIN EN.CITE ]. Interestingly, the frequency of the favorable CC genotype differs markedly across ethnic groups, reaching over 90% in certain North and Eastern Asian populations, an intermediate frequency in Europe, and the lowest frequencies in Africans[


25 ADDIN EN.CITE ]. Understanding the mechanism of IL28B polymorphism in HCV control is still limited. IL28B polymorphism appears to affect IFN-λ3 expression, with the unfavorable genotypes resulting in reduced IFNλ3 expression. Patients with the unfavorable genotypes also had a lower induction of innate immunity genes, suggesting that IL28B polymorphism may regulate innate immune functions[21].
Antiviral treatments

Until 2011, the standard-of-care (SOC) treatment for chronic hepatitis C was the combination of weekly pegylated interferon-alpha (pegIFNα) and daily doses of ribavirin (RBV) in a 24- or 48-week course. PegIFNα/RBV dual therapy is associated with several important side effects, including anemia, depression and nausea, which can lead to discontinuation of therapy. Cure of chronic HCV infection is tantamount to the sustained virological response (SVR), which is defined as undetectable HCV RNA in the blood at the end of treatment and again six months later[28]. SVR rates vary according the HCV genotype involved, with SVR rates of 70%-90% for Genotypes 2, 3, 5 and 6, but with less than 50% for Genotypes 1 and 4[


26,29 ADDIN EN.CITE ]. In addition to its substantial role as a predictive factor for spontaneous HCV clearance, the IL28B genetic background has been reported as the strongest predictor of response to SOC treatment among patients infected with HCV Genotypes 1 and 4[


26,30 ADDIN EN.CITE ]. Analyses of SOC treatment outcomes in the largest cohort, with more than 1,000 patients infected with HCV Genotype 1, demonstrated that patients carrying the favorable rs12979860 CC genotype were associated with a more than twofold greater chance of achieving SVR than patients with the unfavorable TT genotype[


26 ADDIN EN.CITE ]. The discovery of IL28B genetic polymorphism, as a factor predictive of SOC treatment, rapidly stimulated the development of a commercial test to define the IL28B genotype status in HCV genotype 1-infected patients. Although implementation of advanced diagnostic tools - which facilitate personalized medicine approaches - has been long awaited by clinicians, the rapid move in HCV therapy toward DAAs has weakened the relevance of IL28B genotyping in clinical prediction and management of chronic HCV infection. 
In 2011, the arrival of first-generation DAAs profoundly changed the landscape of HCV therapy and SVR rates. Though virtually every step of the HCV life cycle - including receptor binding and virus release - can be a target for drug development, DAA targeting of key steps of viral replication and subsequent viral polyprotein processing succeeded in clinical trials. The first available oral DAAs telaprevir (Incivek, Vertex) and boceprevir (Victrelis, Merck) were linear ketoamide inhibitors, which form a reversible but covalent complex with the HCV NS3/4A serine protease catalytic site. Adding one of two NS3/4A inhibitors to dual pegIFN/RBV therapy increased SVR rates up to 75% in treatment-naïve patients and up to 64% for previous non-responders to pegIFN/RBV dual therapy[


31-34 ADDIN EN.CITE ]. Analysis of SVR rates in the context of IL28B genotype demonstrated that the rs12979860 CC genotype IL28B genotype remained predictive of a favorable response in triple therapy patients[


35 ADDIN EN.CITE ]. Though the introduction of HCV protease inhibitors was a major milestone in HCV therapy, there are considerable drawbacks of these first-generation protease inhibitors: (1) The unfavorable pharmacokinetic profile of protease inhibitors, which necessitates doses on a thrice-a-day basis; (2) Drug interactions with other medicaments, since HCV protease inhibitors are metabolized by the liver via the cytochrome P450 3A; (3) Protease treatment-related adverse events, including severe skin rashes/pruritus, anemia and dysgeusia; and (4) the treatment option that is limited to HCV Genotype 1 infected patients. Drug development has been focused on HCV Genotype 1 because of its high prevalence in Europe and the United States, and the low SVR rates in HCV Genotype 1 infected patients following pegIFNα/RBV dual therapy[3]. Enormous efforts have been made to overcome these shortcomings, resulting in the development of numerous so-called second-wave protease inhibitors with pan-genotypic effect, improved pharmacokinetic profiles, and tolerability. In 2013, simeprevir (Olysio, Janssen), a once daily administered second-wave protease inhibitor, was approved in combination with pegIFNα/RBV dual therapy. This triple combination increased SVR rates up to 85% in treatment-naïve HCV genotype 1 infected patients, without worsening the known side effects associated with pegIFNα/RBV dual therapy[


36,37 ADDIN EN.CITE ]. 

Viral polymerases are prime targets for the development of antiviral drugs since their enzymatic sites are highly conserved between different genotypes. In addition, mutations in the active site of viral polymerases are rarely well tolerated, because they are often associated with reduced viral replication. However, the clinical use of numerous developed nucleoside and nucleotide NSB5 polymerase inhibitors has been halted for toxicity reasons. In 2014, the marketing approval of the first nucleotide NS5B polymerase inhibitor Sofosbuvir (Sovaldi, Gilead Sciences) represented a major milestone in the treatment of chronic hepatitis C. Considered safe and well-tolerated with pan-genotypic activity and a high barrier to resistance, Sofosbuvir - once daily in combination with pegIFNα/RBV dual therapy for 12 wk- improved SVR rates to 82%-100% in treatment naïve patients infected with Genotypes 1, 4, 5 or 6[


38 ADDIN EN.CITE ]. 

A further step forward toward the next generation of HCV treatment represented the first DAA only regimes (pegIFNα-free, RBV-free). Daclatasvir (Daklinza, Bristol-Myers Squibb) and ledipasvir (Gilead) are inhibitors of the HCV NS5A protein, which play an important role in HCV replication and assembly. Both molecules possess high potency, with a broad coverage of genotypes[39]. The combination of ledipasvir and sofosbuvir in a once-daily, single-tablet regime (Harvoni, Gilead) resulted in high rates of SVR (93%-99%) in treatment naïve HCV Genotype 1 patients and previous non-responders to pegIFNα/RBV dual therapy[


40-43 ADDIN EN.CITE ]. In October 2014, Harvoni was approved for the treatment of patients with chronic HCV genotype 1. The combination sofosbuvir and daclatasvir once daily in a two-tablet regime in patients infected with HCV Genotypes 1, 2 or 3 revealed SVR rates ranging from 89% to 100% in previously treated or untreated chronic HCV infection[


44 ADDIN EN.CITE ] and received also marketing authorization. Impressive SVR rates (> 90%) have been also reported for the dual regime of daclatasvir (Daklinza, Bristol-Myers Squibb) and the second-wave NS3/NS4A protease inhibitor asunaprevir (Sunvepra, Bristol-Myers Squibb)[


45 ADDIN EN.CITE ]. The first regulatory approval for this combination in patients with HCV Genotype 1 infection has been obtained in Japan[46]. Similarily, a combined regimen of simeprevir (Olysio, Janssen) and sofosbuvir (Sovaldi, Gilead Sciences) was efficacious, well tolerated and approved for HCV Genotype 1[


47 ADDIN EN.CITE ]. The so-called 3D combination containing the protease inhibitor ABT-450 with ritonavir (ABT-450/r, AbbVie), the NS5A inhibitor ombitasvir (ABT-267, AbbVie), the nonnucleoside polymerase inhibitor dasabuvir (ABT-333, AbbVie) was associated with cure rates of 99% and is expected to gain approval in 2015[


48 ADDIN EN.CITE ]. Grazoprevir (MK-5172, Merck) a second-generation protease inhibitor in combination with the NS5A inhibitor elbasvir (MK-8742, Merck) in a single tablet and once-daily regimen[


49,50 ADDIN EN.CITE ] demonstrated also impressive SVR rates and is expected to file for regulatory approval. 
The arrival of potent DAAs has revolutionized chronic hepatitis C treatment, and all-oral pegIFNα-free and RBV-free therapy, achieved by combining two or three DAAs, is no longer science fiction. DAAs promise a highly effective, pan-genotypic, well-tolerated HCV therapy with once-daily single-tablet regimens and shorter courses of treatment (8–12 wk or probably less). The rapid and dramatic reduction in plasma HCV RNA levels observed during DAA treatment (negative HCV-RNA 2–3 wk after starting DAA therapy) will probably also facilitate the management and clinical care of patients with chronic HCV infection. At present, DAA treatments have not been sufficiently studied in genotypes other than Genotype 1 and patients who are more difficult to treat, such as patients with advanced fibrosis and cirrhosis or severe liver disease, patients with HIV or HBV co-infection, patients with an indication for liver transplantation and recipients, and patients with renal failure and other co-morbidities. Results from these clinical trials are impatiently awaited to evaluate SVR rates, risk of drug-drug interactions, and rates of side effects in these subsets of patients. Finally, recent advances in high-throughput technologies assessing simultaneously inhibitor potency and specificity may guide to the development of anti-viral drugs with a high safety profile. Analysis of first-generation NS3 protease inhibitors using a high-throughput, super-family wide specificity profiling revealed that telaprevir (Incivek, Vertex) - but not boceprevir (Victrelis, Merck) – potently inhibited two human proteases that are exclusively expressed in the skin[


51 ADDIN EN.CITE ] suggesting that the serious skin reactions associated with telaprevir (Incivek, Vertex) is mediated by an off-target inhibition of a human protein.  
The SVR response is commonly used to describe the successful treatment of HCV infection. SVR is regarded as being equivalent to long-term viral eradication, though there is still an ongoing debate whether non-detectable serum HCV RNA, following spontaneous clearance or secondary to therapy, represents "true" viral eradication[52]. Reports of HCV reappearance have been described for patients who had developed a SVR following pegIFNα/RBV dual therapy[


53 ADDIN EN.CITE ]. Although the possibility of re-infection cannot be entirely excluded as a cause of HCV recurrence, HCV RNA sequence comparison studies in patients with late relapse demonstrated the presence of the original HCV sequence before treatment and after relapse[


54 ADDIN EN.CITE ], suggesting a "true" relapse of the original virus rather than re-infection. Interestingly, Veerapu et al reported trace amounts of HCV RNA that reappeared sporadically in the circulation within eight years in some patients who experienced a SVR after pegIFNα/RBV dual therapy[


55 ADDIN EN.CITE ]. Although reappearance of HCV RNA seems to be a rare event and did not result in high-level viremia, Veerapu et al demonstrated in subsequent studies that these minimal amounts of HCV RNA can cause infection in the chimpanzee model, indicating the presence of replication-competent virus[56]. It is unclear how HCV achieves low-level persistence for several years after successful pegIFNα/RBV dual therapy. In contrast to HBV and HIV, HCV does not integrate into the host genome. Whether HCV persists in the liver in a form that is also refractory to eradication by successful DAA treatment has to be evaluated in long-term follow-up studies. 

Future challenges in HCV infection

Highly effective DAA-based regimes for the treatment for chronic hepatitis C are available. In addition, current drugs in the anti-HCV pipeline promise further DAA with excellent potency, improved tolerance and safety profiles[57]. The burden of HCV-related cirrhosis and HCC is expected to rise over the next two decades[


58 ADDIN EN.CITE ], suggesting that advances in HCV therapy have arrived at just the right time. Undoubtedly, introduction of DAA-based treatment regimes will have a long-term effect on HCV prevalence and HCV mortality and morbidity. However, the real impact of DAA-based treatment on the rising burden of HCV-related liver disease is currently difficult to estimate and depends on the number of patients who are receiving treatment. To increase this population, a process of identifying HCV-infected patients and effectively linking them to appropriate care and DAA-based treatment will be essential.

HCV screening

In many countries, testing for HCV is recommended for persons who are at high risk, such as injection drug users, persons who received blood transfusions or organ transplants before July 1992, and HIV-infected patients. However, a national health and nutrition examination survey of US households from 2001 through 2008 revealed that half of the HCV-infected individuals were unaware of their HCV infection status, indicating limited effectiveness of current HCV testing recommendations[59]. Thus, despite highly effective DAA-based treatment regimes, there might be a modest impact on the rising burden of HCV-related liver disease due to the large pool of unidentified HCV-infected individuals. The so-called “hidden HCV population” may include individuals who deny past risk behaviors for HCV infection, individuals who had been exposed to blood products or invasive procedures in countries with high HCV endemicity or poor precautionary measures to prevent infections, former healthcare workers at risk for occupational exposure to blood or body fluids and, finally, recipients of blood products or organs before 1992 who had not yet been tested for HCV infection. To increase the identification of individuals with chronic hepatitis C and link them to appropriate care and treatment, the US Centers for Disease Control and Prevention now recommend that adults born during 1945 and 1965 should receive a one-time testing for HCV without prior ascertainment of HCV risk (the so-called “birth-cohort screening”) because several studies have shown that this cohort has the highest prevalence of anti-HCV antibodies[60]. Additional innovative HCV screening approaches and health policies to better identify those chronically infected by HCV are urgently needed. HCV screening programs in developed countries should also consider the epidemiological changes around the world caused by immigration from countries with high HCV prevalence, such as those in Africa[61]. HCV testing requires both an antibody test and HCV RNA follow-up testing. While simple and rapid tests for HCV-specific antibodies have been developed[62], HCV RNA testing still requires a specialized laboratory. Complete testing is critical to ensure that those who are chronically infected receive the care and treatment they need. Simplification of HCV diagnosis is warranted to reduce the number of patients lost before the HCV-RNA follow-up testing. The development of highly sensitive and specific tests for detection of the HCV core antigen, in combination with the detection of anti-HCV specific antibodies[


63 ADDIN EN.CITE ], may help identify patients with current infection more rapidly, and guide them to therapy in particular in countries where state-of-the-art molecular diagnostic methods are not widely available. The majority of HCV-infected individuals live in low-income or resource-limited regions of the world, where unsafe medical procedures and injections remain risks for HCV and where access to HCV testing is still limited. The key challenge for the next decade is to initiate appropriate HCV screening and counseling programs for countries with political and economic instability.

Cost of DAA-based treatments

Everything has a price, and the price of new HCV medicaments is currently too high, though DAAs are cheap to produce. In high income countries, the list price of Harvoni is US $ 1125 per pill, which corresponds to US $ 94000 for a 12-wk course of therapy. Although several countries negotiate price discounts, prolongation of treatment to 24 wk, as recommended in patients with cirrhosis, further explodes health care costs[64]. High HCV treatment costs have stimulated an ethical debate on whom to treat and whom not to. The highest priority is given to patients with advanced liver fibrosis and cirrhosis since, for these patients, the clock is ticking. It is expected that HCV drug prices will decrease over time due to approval processes of several other DAAs, competition from other drug manufacturers, and growing political pressure on drug companies. However, to allow widespread access to HCV therapy in low- and middle-income countries, a significant drop in HCV drug prices is necessary. The Egyptian government has negotiated a deal with Gilead to buy Sovaldi at a 99% discount to the United States price, which would imply a cost of about US $ 900 if Sovaldi is used as part of a 12-week treatment course. Similar deals for lower prices are expected by other countries with high HCV prevalence, such as India and China. Hill et al[


65,66 ADDIN EN.CITE ] calculated that within the next 15 years, with a large-scale manufacture of two or three DAAs, the cost for a 12-week course could be as low as United States $ 100-200, indicating that HCV drug prices can be dramatically lowered. High drug pricing has been often justified by the need to compensate for intense research and development. However, it is important to note that essential tools for HCV drug development, such as HCV replicons, have been discovered or developed in public research sectors. It is hoped the current costs of hepatitis C treatment would spur new political debates over patents, pricing for DAAs and government-owned industrial corporations, as well as the establishment of national and global HCV programs facilitating access to HCV treatment, in particular for patients who are not covered by health insurance. The key challenge for the next decade is widespread and affordable access to DAA treatment to everyone infected with HCV, irrespective of liver disease status. A broader implementation of DAAs will have a much larger impact on HCV prevalence and HCV-related morbidity and mortality. 

Viral resistance

Selective pressure exerted by antiviral drugs can lead to the emergence of drug-resistant viral variants. In fact, resistant variants are selected rapidly during DAA monotherapy with first generation protease inhibitors (PIs)[


67 ADDIN EN.CITE ]. PIs were, therefore, approved in a pegIFNα/RBV backbone to minimize the development of viral breakthroughs due to resistance mutations. Mutations alone, or in combination at amino acid positions V36, T54, V55, R155, A156, and V/I170, within the NS3/NS4A sequence, have been associated with resistance to first generation PIs. The pattern of resistance mutation depends on the drug and differs according the viral subtype. Nucleotide-heterogeneity leads to a lower genetic-barrier in HCV Genotype 1a versus 1b[68]. A retrospective study determined the frequency of PI-resistant variants in patients, who did not achieve an SVR following a telaprevir-containing pegIFNα/RBV regime. Resistant variants were frequently observed after the failure to achieve an SVR (86% for Genotype 1a and 56% for Genotype 1b). Selected resistant variants were replaced in the absence of an NS3/NS4A inhibitor by the wild type virus within approximately 16 months in most patients[


69 ADDIN EN.CITE ], indicating that in contrast to HIV, DAA-resistant variants are not archived. The recently approved second-wave PI simeprevir is a macrocyclic compound that non-covalently binds to the proteolytic activity of NS3. Although first-generation and second-wave PIs belong to different classes, viral variants carrying the R155K mutation confer marked cross-resistance[68]. 
In HIV infection, antiviral drug resistance testing before antiretroviral therapy initiation has become an essential part of clinical care. Like HIV, resistance-associated variants are naturally produced during the HCV life cycle and their frequency mainly depends on their replication efficacies relative to other pre-existing variants. Bartels et al[70] reported a low prevalence (< 3% of patients) of naturally occurring resistance variants with decreased sensitivity to first generation PIs. However, the presence of a natural polymorphism Q80K is clinically relevant and frequently found in HCV Genotype 1a sequences. For this variant, an approximately tenfold reduction in susceptibility to simeprevir has been observed[71]. HCV Genotype 1a Q80K polymorphism is heterogeneously distributed around the world, which probably reflects the different geographical distribution of two genotype 1a clades. A high prevalence of Q80K has been observed in NS3 protease sequences from HCV Genotype 1a infected patients in North America compared to those in Europe (48.1% vs 19.4%)[


72 ADDIN EN.CITE ]. Baseline Q80K mutation has a negative impact on treatment outcome. Patients with Q80K mutation showed reduced SVR rates in combination with PegIFN/RBV compared to patients without baseline Q80K[


73 ADDIN EN.CITE ]. Thus, Q80K genotyping should be performed in HCV Genotype 1a infected patients before treatment with simeprevir is initiated. Natural HCV sequence variations are likely to play an important role in the context of future antiviral drug development with pan-genotypic activity. This is evidenced by the fact that natural polymorphisms in genotypes 2b (i.e., S122R) and 3 (i.e., D168Q) render these virus isolates resistant to simeprevir [


72 ADDIN EN.CITE ].
Pan-genotypic NS5A inhibitors daclatasvir and ledipasvir will play an important role in all-oral DAA combinations, although their specific mechanism of action remains poorly defined. The NS5A protein is organized into three domains and the principal resistance mutations have been mapped on to the first 100 amino acids within the amino-terminal Domain I. The structure of Domain I is dimeric and contains a conserved zinc-binding site required for HCV replication[74]. Patterns of resistance-associated mutations of NS5A inhibitors differ among genotypes. For example, resistance to the NS5A inhibitor daclatasvir is primarily associated with amino acid substitutions at residues M28, Q30, L31, and Y93 for Genotype 1a and L31 and Y93 for Genotype 1b. The prevalence of natural polymorphism at positions associated with resistance to NS5A inhibitors ranges from 10% to 14%[


40,41 ADDIN EN.CITE ]. Preexisting NS5A-resistant variants have been associated in some NS5A-based regimes with lower SVR rates. In one study, half of the patients who had had a relapse after treatment with the DAA combination ledipasvir and sofosbuvir (Harvoni) NS5A-resistant variants were already present at baseline[


40 ADDIN EN.CITE ]. Similarily, the presence of baseline NS5A-resistant variants decreased SVR rates to 76% in a treatment regimen of grazoprevir (MK-5172) and elbasvir (NS5A inhibitor, MK-8742)[


49,50 ADDIN EN.CITE ].
 The pangenotypic inhibitor sofosbuvir is a uridine nucleotide analogue inhibitor of the HCV NS5B polymerase and has a high genetic barrier for resistance. The S282T mutation is the principal mutation that confers decreased susceptibility to sofosbuvir. However, S282T mutation has not been detected in treatment naïve patients and is rarely observed in sofosbuvir-treated patients, since S282T mutation induces a general cost in terms of polymerase efficiency, which may translate into decreased viral fitness[


72 ADDIN EN.CITE ]. However, low frequency NS5B substitutions at various amino acid positions (i.e., L159F, V321A, C316N) were observed and associated with treatment failure in a subset of patients[75], indicating that further studies are needed to understand the clinical significance of these substitutions. 

General drug resistance testing before DAA treatment and following treatment failure is currently not recommended for HCV patients. More complete resistance data and analyses from genotypic and phenotypic resistance assays are needed to determine the clinical impact of potential resistance-associated substitutions and naturally occurring polymorphisms in HCV genotypes that can confer differences in clinical response or complete resistance to DAAs. Based on the results of these studies, a defined drug resistance interpretation system can be developed, and help decide retreatment strategies for those subsets of patients who failed first-line DAA treatments. Finally, medication adherence is expected to be lower in real-word setting which may cause treatment failures due to the emergence or spread of resistant variants. 
Vaccine development

Vaccines play a crucial role in controlling infectious diseases and remain the most powerful tool to protect against viral diseases. Eradication of smallpox by worldwide vaccination represents the most crucial achievement[76]. Recent progress in poliovirus eradication further underlines the fundamental role of vaccination in combating viral diseases[77]. Major progress has been made in vaccine development for hepatotropic viruses, allowing the application of efficient vaccines against hepatitis A and B worldwide and, most recently, the first vaccine against hepatitis E virus[


78 ADDIN EN.CITE ] has been approved in China. However, despite major advances in understanding immunity against HCV, a prophylactic anti-HCV is still missing. Barriers that limit HCV vaccine development are multifaceted and also include limited efforts on part of the pharmaceutical industry. This is illustrated by the fact that only a few promising HCV candidate vaccines entered Phase 1 and Phase 2 clinical trials[79]. One of the major challenges in developing an effective HCV vaccine is the high level of genetic diversity among the different HCV strains and its high mutation rate[2]. The elicitation of a broad and durable neutralizing antibody response, which prevents HCV infection irrespective of the genotype, was first considered the most appealing vaccine strategy; however, due to high variability of HCV envelope glycoproteins, it is a difficult approach. Furthermore, extensive glycosylation of HCV envelope glycoproteins or their interaction with host lipoproteins can attenuate the effect of neutralizing antibodies[


80 ADDIN EN.CITE ]. Currently, we are beginning to reveal the crystal structures of the HCV envelope glycoprotein E2 alone and in its complex with a neutralizing antibody[


81,82 ADDIN EN.CITE ]. More of these studies are needed to identify sites in HCV envelope glycoproteins that are targets for neutralizing antibodies. The observation that the humoral immune response alone is insufficient to control HCV infection and that HCV rapidly accumulates mutations in envelope glycoproteins, facilitating escape from neutralizing antibodies[


83 ADDIN EN.CITE ], has shifted the primary focus in HCV vaccine development to T cell-based vaccines. The objective of an HCV T cell vaccine is to generate a functional and long-lived HCV-specific memory CD4+ and CD8+ T cell response that confers protection from chronic hepatitis C. Studies in humans have shown that HCV-specific memory CD4+ and CD8+ T cells are detectable for up to 20 years after spontaneous viral clearance[


84 ADDIN EN.CITE ]. To investigate the protective role of HCV-specific T cell memory responses, chimpanzees were re-challenged with HCV, or cohorts of injection drug users at high risk of HCV infection were followed up at close intervals to detect HCV re-infections. These studies demonstrated that resolution of HCV infection does not prevent the risk of HCV re-infection. However, HCV reinfection was characterized by attenuated HCV replication and high rates of spontaneous viral clearance of reinfection. Resolution of HCV reinfection was associated with a rapid recall of HCV-specific T cell immunity, indicating that HCV-specific memory T cells play an important role in protection against secondary HCV infection[85]. Although these findings are considered encouraging, the development of T cell-based HCV vaccines is challenged by the fact that we still do not have defined immunological correlates that predict a protective anti-HCV T cell response. 

The most promising HCV vaccine candidates are currently viral vectors, such as adenovirus and vaccinia virus, encoding HCV structural and non-structural proteins[


86-90 ADDIN EN.CITE ]. Some of these vaccine candidates have been applied in combination with plasmid DNA encoding the same HCV proteins, the so-called “prime-boost strategies”, to enhance the breadth of the elicited CD4+ and CD8+ T cell response. Protective effects of T cell-based vaccines have been tested in chimpanzees, which remain the only reliable model for preclinical studies of HCV vaccines. Folgori et al[


86 ADDIN EN.CITE ] demonstrated that vaccination with adenoviral vectors and plasmid DNA protected four of five vaccinated chimpanzees from acute hepatitis induced by challenge with a heterologous virus. Though these results are encouraging, it is difficult to draw any definite conclusion regarding the performance of these vaccines in humans, because there are important differences in the outcome of HCV infection in chimpanzees compared with humans. Chimpanzees clear HCV infection more frequently than humans and chronic hepatitis C is less severe in chimpanzees since they do not develop progressive hepatic fibrosis[91]. To advance HCV vaccine development, a Phase I study, assessing the safety and immunogenicity of adenoviral vectors engineered to express viral proteins of HCV Genotype 1b (ClinicalTrials.gov NCT01070407), has been tested in healthy volunteers. Vaccination was safe and well-tolerated, and induced long-lived CD4+ and CD8+ T cell response with cross-genotype recognition, indicating the potential of cross-genotypic protection of this vaccine candidate[


89 ADDIN EN.CITE ]. However, the boosting effect of adenoviral vectors was limited due to the induction of adenovirus-neutralizing antibodies and T cell responses after the first immunization. To circumvent this negative effect, alternative boosting vectors, such as vaccinia virus, are used to maintain a long-term memory response. Recently, Swadling et al[


92 ADDIN EN.CITE ] tested an HCV T cell vaccination strategy composed on heterologous viral vectors (adenovirus 3 and modified vaccinia virus Ankara) in a phase I human study. This approach generated high levels of both CD8+ and CD4+ HCV-specific T cells targeting multiple HCV antigens irrespective of the host HLA background. Currently, HCV-uninfected active injection drug users are vaccinated with adenoviral vectors and a modified vaccinia virus Ankara in a phase I/II, double-blinded, placebo-controlled study (NTC01436357). Results of this vaccine trial are expected to be available in 2016. 

Progress in HCV vaccine development is also hampered by the lack of a small and suitable animal model for the study of protective HCV-specific immunity and efficiency of HCV candidates. Mice and rats are naturally resistant to HCV infection. Engraftment of human hepatocytes into the liver of immunodeficient mice[93] has been proven to be an important model to study the HCV life cycle and the evaluation of anti-HCV drug candidates[94]. However, due to the immunodeficient background needed to prevent transplant rejection, these mice are not suitable to study HCV-specific immunity. A fully immunocompetent mouse model, which is susceptible to HCV infection, is urgently needed to spur testing and prioritizing of HCV vaccine candidates for clinical trials. Current concepts include the development of so-called humanized mouse models, in which human hepatocytes and immune cells are grafted in highly immunodeficient mice. Although various humanized mouse models engrafted with human hematopoietic stem cells have already been developed, dual engraftment of mice remains a difficult challenge[95]. Furthermore, there are a number of limitations in the currently available humanized models. The development and function of certain immune cell types have been shown to be defective or immature. The defects are probably due to the absence of human factors and cytokines required for the differentiation and maturation of immune cells[


95,96 ADDIN EN.CITE ]. Another approach toward a small animal model for HCV infection and immunity consists in the creation of a transgenic mouse model susceptible to HCV infection. Identification of human factors required for HCV uptake, such as human CD81 and occludin[97], has paved the way for the development of a transgenic mouse model. Expression of human CD81 and occludin in fully immunocompetent inbred mice rendered mice susceptible to HCV infection[


98,99 ADDIN EN.CITE ]. However, a sustained and prolonged HCV replication was observed only in a profoundly impaired innate immune background[


99 ADDIN EN.CITE ]. Though in the short term there will be no mouse model that accurately mimics the important hallmarks of HCV infection in humans, these models may give some clues to understanding protective immunity against HCV. 

Conclusion

Major progress has been made in HCV research and treatment over the last two decades (Figure 1). Although highly effective HCV drugs will be available and affordable for all countries of the world, this will probably not be the deathblow for HCV. Considerable challenges remain for the next few decades (Table 1) and will require reorientation of funding toward HCV testing and vaccine development. New partnerships between governments and industry should be established to better manage regulatory processes and, most importantly, to limit costs of future treatments. However, what happens to the liver after "getting rid" of the virus? Data collection from large clinical trials with pegIFNα/RBV dual therapy demonstrated that successful treatment of HCV infection is associated with reduced incidence of liver disease progression, including liver failure, cirrhosis and HCC[100]. Nevertheless, it is important to note that a virologic cure does not necessarily reflect a cure from risk of liver disease. Persistent hepatic inflammation and/or progression to cirrhosis have been reported in a small subset of patients following viral clearance. There is also evidence that patients with advanced fibrosis or cirrhosis remain at increased risk of HCC even several years after viral clearance[


101,102 ADDIN EN.CITE ]. HCV-related cirrhosis or HCC is projected to sharply climb in the next decade in most countries. It is hoped that the recent breakthrough in HCV treatment reaches the patient most in need, on time. 
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Table 1 Key elements in future hepatitis C virus management
	· Innovative HCV screening programs

	· Education and counseling programs to reduce HCV transmission

	· Development and implementation of a global coordinated HCV action plan 

	· Rapid, accurate and cost-effective diagnostic testing methods to detect HCV 

	· Affordable prices of DAAs to allow widespread access to HCV treatment

	· HCV drug resistance interpretation tools

	· Detailed understanding of cellular and molecular mechanisms involved in liver regeneration after HCV cure

	· Reinforcement of vaccine research and development 


HCV: Hepatitis C virus; DAAs: Direct-acting antivirals.
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Figure 1 Milestones in hepatitis C virus basic research and treatment. HCV: Hepatitis C virus; DAA: Direct-acting antiviral; IFN: Interferons; RBV: Ribavirin.
PAGE  
1

