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The introduction of direct-acting antivirals (DAAs) has revolutionized hepatitis C treatment. Short courses of treatment with these drugs are highly beneficial to patients, eliminating the hepatitis C virus (HCV) without adverse effects. However, this outstanding success is tempered by the continuing difficulty eradicating the virus worldwide. These new treatments are slowing the epidemic in some parts of the world, but the screening of subjects for treatment remains a difficult task. In other parts of the world and in specific populations, the epidemic is continuing to spread, via various modes of transmission, including unsafe medical procedures and intracommunity transmission in low-income countries, and principally intravenous drug use in high-income countries. Modeling studies have shown that, globally, the number of subjects cured by DAAs only slightly exceeds the number of new infections. Eradication thus remains a distant goal. Moreover, DAAs eliminate the virus efficiently, but they cannot prevent reinfection in subjects with persistent risk factors. More importantly, they do not completely eliminate the risk of a residual fibrotic process and the development of hepatocellular carcinoma. For all these reasons, the development of a prophylactic vaccine against hepatitis C remains a necessity. Modeling studies have shown that such a vaccine, even if only partially protective, would reduce the epidemic in the highly exposed drug-user population. If used in combination with the hepatitis B vaccine, it could contribute to WHO global viral hepatitis control plan.

Introduction

Highly effective direct-acting antivirals (DAAs) have revolutionized the treatment of chronic hepatitis C virus (HCV) infection. With treatment durations as short as eight to twelve weeks, and no side effects, these drugs can eliminate the virus in more than 90% of patients.

This remarkable success has generated a momentum leading to the World Health Organization (WHO) adopting a global strategy that should lead to a combined 90% reduction in the incidence of hepatitis B virus (HBV) and HCV infections. (1) One negative aspect of the outstanding success of DAAs is that many people now consider HCV to be a pathogen that will shortly be overcome, controlled and even eradicated worldwide. This general perception has spread to some policy makers, who now consider it unnecessary to develop a prophylactic HCV vaccine. However, this view ignores several major obstacles to the global control of HCV by antivirals. We demonstrate in this review that there are at least 10 good reasons for continuing to develop such a vaccine.

The number of chronic carriers of HCV is very high worldwide

The WHO estimates that between 130 and 150 million people worldwide are positive for anti-HCV antibodies, and that 71 million of these individuals are currently viremic. [START_REF]Hepatitis C, Fact Sheet[END_REF] The six countries with the largest numbers of chronically infected subjects are Pakistan (10 million), China (10 million), Egypt (6 million), India (6 million), Russia (5 million) and the USA (4 million). The combination of this very large number of chronic HCV carriers worldwide and the limited healthcare capacities of some countries greatly decreases the chances of all these patients being effectively treated.

The epidemic is growing

The WHO estimates that there are still two million new infections worldwide each year. [START_REF]Hepatitis C, Fact Sheet[END_REF] This phenomenon is not limited to low-income countries, since the incidence of acute cases of HCV-induced hepatitis has increased in recent years in the USA, from 0.3 cases per 100,000 population in 2004 to 0.7 per 100,000 in 2014. [START_REF] Zibbell | Increases in acute hepatitis C virus infection related to a growing opioid epidemic and associated injection drug use, United States, 2004 to 2014[END_REF] This very large increase is mostly due to intravenous drug use. These cases of acute hepatitis detected in young IVDUs correspond to only a small fraction of the actual number of cases of HCV transmission, as most new infections go unnoticed, due to the asymptomatic nature of the infection. In 2016, the number of new HCV infections in the USA was estimated at 41,000. [START_REF] Chhatwal | Universal screening for hepatitis C: an important step in virus elimination[END_REF] In Egypt, the number of new infections probably lies between 200,000 and 500,000 per year. [START_REF] Miller | Evidence of intense ongoing endemic transmission of hepatitis C virus in Egypt[END_REF][START_REF] Kouyoumjian | Characterizing hepatitis C virus epidemiology in Egypt: systematic reviews, meta-analyses, and meta-regressions[END_REF] An analysis of acute HCV hepatitis cases showed that the main risk factors for these new infections were hospital care and intravenous drug use in urban areas. [START_REF] Kandeel | Case control study to identify risk factors for acute hepatitis C virus infection in Egypt[END_REF] Intrafamilial transmission of the virus may also play a role in its spread. [START_REF] Omar | Role of intrafamilial transmission in high prevalence of hepatitis C virus in Egypt[END_REF] A significant progression of the disease is also reported in China, although the epidemiological reasons for this increase was not mentioned. [START_REF] Wu | The burden of chronic hepatitis C in China from 2004 to 2050: an individual-based modeling study[END_REF] 

Treatment costs remain high

The cost of DAA treatment was initially between US$ 50,000 and 100,000, when these drugs were first released onto the market in the USA. Treatment costs have since fallen and are currently about US$ 25,000. However, even this lower cost is prohibitive for individuals without medical insurance. In 2018, only 37% of subjects with confirmed viremia were treated in the USA, for reasons of cost. [START_REF] Chhatwal | The impact of directacting anti-virals on the hepatitis C care cascade: identifying progress and gaps towards hepatitis C elimination in the United States[END_REF] The pharmaceutical companies producing DAAs have made considerable efforts to reduce treatment costs in low-income countries. Negotiated pricing systems can allow the pharmaceutical companies to sell DAAs at higher prices in high-income countries whilst lowering prices in low-income countries. [START_REF] Hill | The road to elimination of hepatitis C: analysis of cures versus new infections in 91 countries[END_REF] In Pakistan, generic drugs have decreased the cost of DAAs to US$ 60 per treatment, which is currently the lowest price anywhere in the world. [START_REF] Hill | The road to elimination of hepatitis C: analysis of cures versus new infections in 91 countries[END_REF] The cost of DAAs will undoubtedly continue to decrease in highincome countries but is likely to remain a problem for the poorest populations, in which full medical insurance covering all treatment costs is rare. Significant price differences are likely to remain between high-income and low-income countries, potentially resulting in excessively high prices in middle-income countries.

The screening of chronic carriers for antiviral treatment generates major logistic and economic problems

As chronically infected individuals remain asymptomatic for several years before developing signs suggestive of infection, 90% of people chronically infected with HCV worldwide are unaware of their infection, with wide variations from one country to another. [START_REF] Spearman | Hepatitis C[END_REF] Some countries have already implemented well-defined screening strategies. In the European Union, current guidelines recommend the early screening of pregnant women, subjects from high-risk groups, and pre-testing based on serum liver enzyme assays during routine medical check-ups. This strategy has been successful in France, where it is estimated that the percentage of chronic carriers of HCV unaware of their HCV status has decreased strongly, to about 25%. [START_REF] Brouard | The undiagnosed chronically infected HCV population in France. Implications for expanded testing recommendations in 2014[END_REF] However, this still leaves about 75,000 individuals, mostly in precarious situations, not followed by the healthcare system, and thus particularly difficult to diagnose. In Georgia, despite considerable effort to set up an HCV elimination program, 65% of the estimated 150,000 adults living with chronic HCV infection remain to be identified. [START_REF] Tsertsvadze | Three years of progress towards achieving hepatitis C elimination in the country of Georgia, April 2015 -March 2018[END_REF] In the USA, the Centers for Disease Control (CDC) recommend identifying chronic HCV carriers by performing serological tests on individuals attending the emergency department, targeting "baby-boomers", born between 1945 and 1965. This has been effective to identify a significant number of subjects for treatment. [START_REF] Galbraith | Unrecognized chronic hepatitis C virus infection among baby boomers in the emergency department[END_REF] However, this strategy could identify, at best, 70 to 75% of the infected subjects, suggesting a change in the epidemiology of HCV infection in the USA. [START_REF] Hsieh | Evaluation of the Centers for Disease Control and Prevention recommendations for hepatitis C virus testing in an urban emergency department[END_REF] If the incidence of HCV infection was highest in the "baby-boomer" population a few years ago, it is now higher among young adults (20-39 years of age) in many states. [START_REF] Terrault | Hepatitis C elimination: challenges with under-diagnosis and undertreatment[END_REF] In Pakistan, almost all of the estimated 10 million chronic carriers of HCV remain unidentified. [START_REF] Chhatwal | Assessment of the feasibility and cost of hepatitis C elimination in Pakistan[END_REF] Generic DAAs are now available at very low cost, but like other low income countries, Pakistan lacks the resources necessary for a large scale screening. [START_REF] Chhatwal | Assessment of the feasibility and cost of hepatitis C elimination in Pakistan[END_REF] 

Studies modeling the progression of the epidemic suggest that there is little hope of achieving the WHO targets for 2030

One study modeling the impact of DAA treatments on the course of the HCV epidemic showed that the achievement of the WHO targets for 2030 would require the worldwide epidemic to recede by 7% per year. [START_REF] Hill | The road to elimination of hepatitis C: analysis of cures versus new infections in 91 countries[END_REF] Some countries that have defined an elimination policy have been able to reduce the epidemic, to various extents. However, in many countries, the number of new HCV infections each year still exceeds the number of people cured of infection. [START_REF] Hill | The road to elimination of hepatitis C: analysis of cures versus new infections in 91 countries[END_REF] Data are not available in all countries, but the projections made suggest that the annual net regression of the epidemic is currently only 0.4% worldwide. At this rate, it will not be possible to eradicate hepatitis C. [START_REF] Hill | The road to elimination of hepatitis C: analysis of cures versus new infections in 91 countries[END_REF] Other modeling studies based on different political scenarios in highly affected countries such as Pakistan [START_REF] Chhatwal | Assessment of the feasibility and cost of hepatitis C elimination in Pakistan[END_REF] , or more globally [START_REF] Heffernan | Scaling up prevention and treatment towards the elimination of hepatitis C: a global mathematical model[END_REF] , have suggested that HCV eradication is potentially feasible, but would require political decisions leading to substantial new investment from national budgets to cover the need for safe medical procedures, needle exchange programs for IVDUs, and systematic screening. Such programs would probably require a budget of at least US$ 12 billion in the coming years. [START_REF] Wiktor | How feasible is the global elimination of HCV infection?[END_REF] For Pakistan alone, the amount required has been estimated at nearly US$ 3 billion. [START_REF] Chhatwal | Assessment of the feasibility and cost of hepatitis C elimination in Pakistan[END_REF] In the USA, a modeling study based on the systematic use of DAA treatment in seropositive subjects has estimated that the number of chronic carriers would probably decrease to one million by 2020, but with about 550,000 chronic carriers of HCV remaining unidentified. [START_REF] Chhatwal | Hepatitis C disease burden in the United States in the era of oral direct-acting antivirals[END_REF] However, this study did not take into account the fact that treatment is far from systematic, due to the high cost of these drugs, which remain beyond the means of many individuals without medical insurance that cover treatment expenses. [START_REF] Chhatwal | The impact of directacting anti-virals on the hepatitis C care cascade: identifying progress and gaps towards hepatitis C elimination in the United States[END_REF] Furthermore, HCV infection is very common in the US prison population, probably more than one million viremic subjects, on which only 5% have received treatment. [START_REF] Chhatwal | The impact of directacting anti-virals on the hepatitis C care cascade: identifying progress and gaps towards hepatitis C elimination in the United States[END_REF] In China, in the absence of large-scale screening for infection, the epidemic could progress to reach almost 30 million chronic carriers of HCV by 2050. [START_REF] Wu | The burden of chronic hepatitis C in China from 2004 to 2050: an individual-based modeling study[END_REF] 

Subjects cured with antiviral drugs may be re-infected with HCV

DAAs eliminate the virus very effectively, but cannot prevent re-infection in patients with persistent risk factors. Numerous studies have reported a risk of HCV re-infection of 10 to 15% five years after a successful antiviral treatment. [START_REF] Simmons | Risk of late relapse or reinfection with hepatitis C virus after achieving a sustained virological response: a systematic review and meta-analysis[END_REF] More than 10 million IVDUs worldwide are HCV-positive. [START_REF] Nelson | Global epidemiology of hepatitis B and hepatitis C in people who inject drugs: results of systematic reviews[END_REF] The three countries with the largest numbers of IVDUs -China, Russia and the USA -have high HCV prevalence rates in the IVDU population, of 67%, 72% and 73%, respectively. Thus, even if serological screening programs and DAA treatment programs for HCV are implemented in these countries, the problem of re-infection is likely to counteract, at least in part, the beneficial effects of treatment. The risk of re-infection in DAAtreated patients has not been studied in low-income countries, in which the virus is more frequently transmitted by unsafe medical practices or intracommunity transmission.

The risk of HCC persists after successful treatment with DAAs

Even before the advent of DAAs, the elimination of the virus by conventional interferon-based antiviral therapies was shown to decrease, but not to abolish, the risk of HCC development. Recently, the follow-up of a cohort of almost 20,000 DAAs-cured patients showed that the annual incidence of HCC in these subjects was 1%. [START_REF] Kanwal | Risk of hepatocellular cancer in HCV patients treated with direct-acting antiviral agents[END_REF] This risk of HCC development persists, particularly in patients displaying fibrosis and/or cirrhosis even after the virus has been eliminated. It has thus become clear that any decrease in the incidence of HCC after successful DAA treatment depends on the progression of liver disease at the time at which treatment is initiated. HCV induces epigenetic changes that persist after the elimination of the virus by DAAs, suggesting that the virus leaves a long-term "epigenetic signature" maintaining the risk of HCC development. [START_REF] Hamdane | HCVinduced epigenetic changes associated with liver cancer risk persist after sustained virologic response[END_REF] Thus, a significant part of the two million individuals infected annually with HCV worldwide will have a risk to develop HCVinduced HCC over a period of 20 to 30 years. The chances of these HCV infected individuals being detected depend greatly on the country in which they live or to which they may migrate, and on public health policies relating to these issues. Finally, even if these individuals are eventually detected by serological screening, their chances of avoiding progression to liver fibrosis and HCC depend on the timing of DAA treatment.

Modeling studies have shown that a vaccine could significantly decrease the HCV epidemic among IVDUs

Needle exchange or substitution treatment programs for opioid-dependent individuals can reduce the risk of HCV infection in IVDUs. However, they are insufficiently effective to decrease the prevalence of infection significantly and sustainably. [START_REF] Martin | Combination interventions to prevent HCV transmission among people who inject drugs: modeling the impact of antiviral treatment, needle and syringe programs, and opiate substitution therapy[END_REF][START_REF] Platt | Needle and syringe programmes and opioid substitution therapy for preventing HCV transmission among 15 people who inject drugs: findings from a Cochrane Review and meta-analysis[END_REF] Models based on the HCV epidemic in the United Kingdom [START_REF] Stone | The potential impact of a hepatitis C vaccine for people who inject drugs: is a vaccine needed in the age of direct-acting antivirals?[END_REF] or the USA [START_REF] Echevarria | Modeling indicates efficient vaccine-based interventions for the elimination of hepatitis C virus among persons who inject drugs in metropolitan Chicago[END_REF] have shown that a prophylactic HCV vaccine, even partially effective, would help to decrease the prevalence of HCV infection significantly in this population. Even a vaccine only decreasing viral load in IVDUs following infection would significantly decrease the epidemic in this population. [START_REF] Major | Modeling of patient virus titers suggests that availability of a vaccine could reduce hepatitis C virus transmission among injecting drug users[END_REF] Unfortunately, no studies have yet been performed to model the benefits of an HCV vaccine in low-income countries with different modes of contamination.

Only one human infectious disease has been eradicated to date, and this eradication was achieved with a vaccine

Before the implementation in 1958 of the major global immunization program against smallpox, this infection caused more than two million deaths annually worldwide. This program was one of the most successful international cooperation projects ever in the field of public health, and the WHO declared in 1980 that smallpox had officially been eradicated.

The next infectious disease to be eradicated could be polio. Since the beginning of the major immunization programs in 1988, the number of cases has decreased by 99.99%. There is only one known example of a chronic human infectious disease that is close to being eradicated in the absence of a vaccine: yaws, caused by Treponema pallidum pertenue, a spirochete bacterium. [START_REF] Fitzpatrick | Prioritizing surveillance activities for certification of yaws eradication based on a review and model of historical case reporting[END_REF] However, this disease is highly localized, and it can be effectively treated with conventional antibiotics, at very low cost.

A prophylactic HCV vaccine with at least partial efficacy is a realistic goal

At least partial natural immunity has been demonstrated in experimentally infected chimpanzees and humans. This immunity is correlated with virus-specific CD4 + and CD8 + T-cell responses and neutralizing antibody production. A first experimental vaccine consisting of purified HCV envelope proteins resulted in a decrease in viral replication soon after challenge in chimpanzees, indicating that the vaccine effectively primed antibody and T-cell responses that could attenuate viral replication. [START_REF] Houghton | Prospects for prophylactic and therapeutic vaccines against the hepatitis C viruses[END_REF] This prophylactic vaccine significantly decreased the frequency of persistent infections in experimentally infected chimpanzees. This vaccine has also been tested for immunization in human volunteers, in whom it induced neutralizing antibodies. [START_REF] Frey | Safety and immunogenicity of HCV E1E2 vaccine adjuvanted with MF59 administered to healthy adults[END_REF] Another type of experimental vaccine based on viral vectors expressing the nonstructural proteins of the virus, to induce a specific T-cell response, has also been extensively investigated [START_REF] Swadling | A human vaccine strategy based on chimpanzee adenoviral and MVA vectors that primes, boosts, and sustains functional HCV-specific T cell memory[END_REF] This vaccine was clinically tested for its potential prophylactic properties in a phase I/II trial in IVDUs (Clinicaltrials.gov NCT01436357). Unfortunately, the protection provided by this T-cell vaccine against HCV infection was found to be no greater than that provided by the placebo. [START_REF]Trial evaluating experimental hepatitis C vaccine concludes[END_REF] Nevertheless, this failure should act as a stimulus for the development of further prophylactic vaccination strategies based on HCV envelope proteins, or combining both strategies. Many studies are currently underway to optimize the production, purification and immunogenicity of HCV envelope proteins. [START_REF] Logan | Native folding of a recombinant gpE1/gpE2 heterodimer vaccine antigen from a precursor protein fused with Fc IgG[END_REF][START_REF] Vietheer | The core domain of hepatitis C virus glycoprotein E2 generates potent cross-neutralizing antibodies in guinea pigs[END_REF] Immunogenicity could be enhanced by presentation of these envelope proteins in a particulate form, such as ferritin-based nanoparticles [START_REF] Yan | A nanoparticle-based HCV vaccine with enhanced potency[END_REF] , or chimeric HBV-HCV envelope particles similar to those of the HBV vaccine but also carrying HCV envelope proteins. [START_REF] Beaumont | Chimeric hepatitis B virus/hepatitis C virus envelope proteins elicit broadly neutralizing antibodies and constitute a potential bivalent prophylactic vaccine[END_REF] 

Conclusion

Hepatitis C can be eliminated from individuals, as demonstrated on a daily basis in patients treated with DAAs. However, the population-scale elimination of this virus, leading to its ultimate eradication, currently appears to be out of reach. Even if eradication is a realistic objective for several countries, it would be a mistake to think that the successful elimination of HCV in a given country will result in its population being risk-free. Viruses do not stop at frontiers and HCV seropositivity rates are high in individuals from Asia, sub-Saharan Africa and Eastern Europe migrating to Western Europe and North America. [START_REF] Sharma | Immigration and viral hepatitis[END_REF] Moreover, recent studies conducted in France and England demonstrated that migrants from Africa may be infected with unusual HCV subtypes that are resistant to DAAs therapy. [START_REF] Fourati | Frequent Antiviral Treatment Failures in Patients Infected With Hepatitis C Virus Genotype 4, Subtype 4r[END_REF][START_REF] Childs | Suboptimal SVR rates in African patients with atypical Genotype 1 subtypes: implications for global elimination of Hepatitis C[END_REF] Under these conditions, an HCV vaccine, even if only partially effective, would decrease the epidemic, if used alongside economically reasonable measures for screening and treating chronic carriers of HCV. The place of such a vaccine in current vaccination schedules remains a key issue. A combined HBV/HCV vaccine would be both convenient and practical. Such a vaccine could be produced by combining the envelope proteins of the two viruses into the same vaccine, or, more simply, by using chimeric envelope particles. In higher-income countries, individuals could be vaccinated against HCV by building on existing measures for hepatitis B prevention, including programs in which HBV vaccination is associated with needle exchange or substitution treatment for drug users, or when vaccination is offered to prisoners. In lower income countries, vaccination against HCV could find its place in the vaccination schemes currently used for hepatitis B prevention. However, it would be necessary to determine whether a combined vaccine, used primarily to prevent HBV infection in early childhood, could provide sustained protection against HCV until adulthood. If successful, this approach could certainly contribute to the overall plan to control viral hepatitis, as the WHO also wishes to strengthen hepatitis B vaccination programs.
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