
Hepatitis C Virus 
and Antiviral Treatment 

 

 
 

 
 
 
 
 
 
 
 

Author: Marloes Sol (S1968815) 
Master Essay Biomedical Sciences 
Department of Medical Microbiology, Tumour virology 
Supervisor: Prof. Dr. C.A.H.H. Daemen 
Date: December 2014  



2 
 

Figure obtained from WebMD.com 

  



3 
 

Abstract  
 
Worldwide, around 200 million individuals are infected with hepatitis C virus (HCV) and every year 
350.000 persons die because of the consequences of HCV. HCV infection is therefore determined to 
be a serious global public health problem. Standard of care therapy has limited efficacy and is 
associated with multiple frequent and serious side effects. Thanks to available information about the 
molecular biology of the virus, the development of direct-acting treatment against the HCV non-
structural proteins NS3, NS4A, NS5A has expanded for the first time since the discovery of HCV. 
However, the newly developed treatments still contain several limitations, including low genetic 
barrier to viral resistance, adverse effects, drug tolerability by the virus. Another concern is that HCV 
will never be eradicated by antiviral drugs since reinfection can occur after antiviral treatment. 
Another not insignificant problem of antiviral treatment are the very high, and even in most of the 
world, unaffordable costs. In this essay, the standard of care therapy, newly developed antiviral 
treatments and eventually, future perspectives of these antivirals are discussed. 
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Introduction  
 
In 1989 it was discovered that hepatitis C virus (HCV) is the cause of non-A-hepatitis and non-B-
hepatitis (Tosone et al., 2014, Kim et al., 2013). Since then, HCV is determined to be a serious global 
public health problem. Almost 10 years ago, the World Health Organization estimated the prevalence 
of HCV (Shepard et al., 2005). 2,2-3% of the world population is infected with this virus, which is 
around 200 million people. Every year, more than 350.000 individuals die because of HCV (Shahid et 
al., 2014). The highest reported prevalence rates are found in countries located in Africa and Asia 
(Shepard et al., 2005), as shown in figure 1. 
 

 
 
 
 
 
HCV is a blood-borne virus and transmission of HCV can therefore occur through contact with 
infected blood, sharing of infected injection equipment for drug use, medical practices in which 
medical equipment is reused or inadequate sterilized. HCV can also be transmitted from an infected 
mother to her baby. Sexual transmission also occurs (Lacombe, 2014, Sebastiani et al., 2014). 
 
HCV can cause acute and chronic infection. Acute infection of HCV is very often asymptomatic and  
therefore often not recognized clinically. Acute HCV infections in most cases do not resolve 
spontaneously (Clark & Nelson, 2009). In the majority of the patients (80%), the viral infection 
persists and chronic HCV infection develops (sebastiani et al., 2014, Ip et al., 2012). 
The innate as well as the adaptive immune responses fail to clear the viral infection. The virus 
possesses efficient strategies to escape from the immune responses, resulting in viral persistence 
(Thimme et al., 2012). Not only the fact that the hepatitis C virus possesses strategies to escape the 
immune system plays a pivotal role in persistence of the viral infection. It is found that the HCV-
specific CD8+ T cells isolated from chronic infected patients have an impaired effector function 
resulting in inefficient clearance of the virus (Wedemeyer et al., 2002). Thus also impaired effector 
functions of the immune system play a major role in the inefficient clearance of the virus, resulting in 
the development of chronic HCV infection. Chronic HCV infection can lead to the development of 

Figure 1 Global prevalence of Hepatitis C virus (HCV) infection reported by World Health Organization. Worldwide, HCV-
infected individuals are registrated. However, there is a large degree of geographic variability in the distribution of HCV 
infection. Highest prevalence rates are registered in countries in Africa and Asia (dark grey and darker grey). Countries with 
lower prevalence rates are located in northern and western Europe, north America, South America and India (light grey) 
(Figure obtained from Shepard et al., 2005). 
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severe liver disease including cirrhosis and hepatocellular carcinoma. In some cases, liver cirrhosis 
caused by chronic HCV infection affects the liver such that liver transplantation is needed. Even 
extra-hepatic complications, such as lymphoma, have been reported to be linked with HCV (Tosone 
et al., 2014). To cure HCV infection and prevent the consequences of HCV infection, treatment of 
HCV infection is highly important.  
Since the discovery of HCV, available standard of care treatment had limited effect (Coilly et al., 
2014). Recently, for the first time the development of antiviral therapies has expanded, especially the 
development of direct-acting antiviral treatment (Fusco & Chung, 2012). Despite, these antiviral 
therapies have several limitations (Shahid et al., 2014). 
 
In this essay, I will first describe the molecular biology of the Hepatitis C virus to provide more 
understanding about the virus. Next, I will describe and discuss the standard of care therapy, newly 
developed antiviral treatments and eventually, the future perspectives of these antivirals. 

  



7 
 

Virology and life cycle 
 
Hepatitis C virus is a small, enveloped virus containing positive sense, single-stranded RNA consisting 
of 9600 nucleotides. HCV is a member of the Flaviviridae family in the genus Hepacivirus (Ip et al., 
2012, Kim et al., 2013). The HCV genome consists of one open reading frame which encodes a 
polyprotein build of 3000 amino acids which is flanked by 5’ and 3’ untranslated regions (UTRs). Viral 
particles are lipidated with LDL and VLDL when circulating in the human body. Via these lipoproteins, 
the virus can bind to several receptors on the hepatocyte cell surface allowing entrance of the virus 
particle through endocytosis. Receptors identified to be involved in HCV endocytosis are 
tetraspandin CD81, scavenger receptor class B type 1, occluding and claudin-1 (Ip et al., 2012, Lin et 
al., 2014).  
Following receptor-dependent endocytosis, the viral RNA genome is uncoated and released in the 
cytoplasm (Kim et al., 2013). Here, host ribosomes translate the viral RNA genome into a single 
polypeptide (Lin et al., 2014). Subsequently, the polypeptide is cleaved posttranscriptionally by viral 
as well as host proteases resulting in the production of 10 viral proteins. These 10 proteins include 
the structural proteins C, E1 and E2, and the non-structural (NS) proteins p7, NS2, NS3, NS4A, NS4B, 
NS5A and NS5B (Fusco & Chung, 2012). The translation and posttranslational cleavage into the 10 
viral proteins is illustrated in figure 2. 

 
 
 
 
 
 
The structural proteins, protein C and the envelope proteins E1 and E2 serve to assemble the newly 
formed viral particles, whereas the non-structural proteins are vital for replication, polyprotein 
processing and propagation of the virus (Lin et al., 2014, Saeed et al., 2013). Below, the functions of 
non-structural proteins NS3, NS4A, NS5A and NS5B are discussed, since these proteins are targets for 
treatment of HCV infection (Kronenberger & Zeuzem, 2012). Inhibitors of these non-structural HCV 
proteins are already developed and studied, as will be described in the next chapter.  
NS3 is a serine protease and belongs to the trypsin/chymotrypsin superfamily. NS4A is the cofactor 
of NS3 and together they can form the NS3/4A complex which exerts protease activities. The NS3/4A 
complex catalyses the cleavage of the viral polyprotein at four sites. The polyprotein is cleaved 
between NS3, NS4A, NS4B, NS5A and NS5B (Shahid et al., 2014), which is also shown by the black 
arrows on top of the polyprotein in figure 2.  

Figure 2 The translation of the HCV genome and the posttranscriptional cleavage of HCV peptide in 10 proteins. The RNA 
genome of HCV consisting of 9600 nucleotides and at the 5’ and 3’ end an UTR region, is translated in one polypeptide. 
Posttranscriptionally, this peptide is cleaved into 10 viral proteins, including the structural proteins protein C (core protein), 
E1 and E2 (envelope glycoproteins), p7 and NS2 (proteases), NS3 (serine protease and helicase), NS4A (serine protease 
cofactor), NS4B and NS5A, and eventually NS5B (RNA-dependent RNA polymerase). The NS3/NS4A complex cleaves the 
polyprotein at four sites (arrows from NS3 to the cleavage sites) (Figure obtained from Fusco & Chung, 2012). 
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NS5A is a regulatory, non-enzymatic phosphoprotein found in phosphorylated and  
hyperphosphorylated forms (Gerold & Pietschmann, 2014, Dhingra et al., 2014, Moradpour et al., 
2007). Ascher and colleagues reported that NS5A binds to the 3’UTR of the newly formed RNA.  
Here, NS5A plays a role in viral RNA replication partially through the interaction with viral RNA-
dependent RNA polymerase NS5B (Ascher et al., 2014). The NS5A is thus essential for HCV 
replication, assembly and propagation. However, others state that the function of the NS5A protein 
in not exactly known (Dhingra et al., 2014, Belda & Targett-Adams, 2012).  
NS5B is the RNA-dependent RNA polymerase of HCV and replicates RNA required for new virus 
particles (Marascio et al., 2014). During replication, the NS5B RNA-dependent RNA polymerase uses 
the positive sense RNA genome as template to generate negative sense RNA intermediates. These 
negative sense RNA intermediates are subsequently used to generate new positive stranded 
genomes (Kim et al., 2013). 
 
The replication of the viral genome occurs in a so-called ‘membranous web’, which is an endoplasmic 
reticulum membrane–derived replication complex including double-membrane vesicles. These 
vesicles contain viral RNA, ER membranes, lipid droplets and the non-structural viral proteins NS3, 
NS4A, NS4B, NS5A, and NS5B (Kim et al., 2013, Schaefer & Chung, 2012). The newly synthesized HCV 
RNA is packed in new viral particles. Subsequently, the hepatocytes release the viral particles (Kim et 
al., 2013). A schematic overview of the HCV life cycle and replication is shown in figure 3. 
 

 
 
 

 

 
In patients with chronic HCV, the virus produces approximately 1012 viral particles each day. Due to 
this rapid viral replication and the high error rate of NS5B RNA dependent RNA polymerase, which is 
approximately 1.92 x 10-3 base substitutions per site per year, nucleotide mis-incorporations 
accumulate (Ip et al., 2012). These mutations give rise to genetic diversity in HCV. Already 7 major 
genotypes are determined which are classified in 67 subtypes (Smith et al., 2014). Genotypes 1, 2, 3 
and 4 are most common, whereas genotype 7 is extremely rare (Feeney & Chung, 2014). Due to this 

Figure 3 Hepatitis C virus life cycle and replication. The HCV particle is surrounded by lipoproteins, together called the 
lipoviroparticle. This viral particle binds to receptors on the hepatocyte cell surface (1). Due to the engagement with the 
cell surface receptors, the viral particle is entering the cell through endocytosis (2). The membranes of the viral particle and 
the endocytosis vesicle fuse, resulting in uncoating of the viral RNA and nucleocapsid (3). The viral RNA is translated into 
the viral polypeptide by host ribosomes and posttranscriptionally cleaved by host and viral proteases (4). The viral RNA is 
replicated in the membranous web (5) and hereafter the newly synthesized RNA is assembled  into new lipoviral particles  
(6). Eventually, the virus particle is released by the cell (7). (Figure obtained from Kim et al., 2013). 
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genetic variability, the replication of the virus improves, mutants are established escaping the host 
immune system. Hereby the virus is not recognized and cleared and the virus also gains persistence 
to antiviral therapy whereby treatment of HCV is difficult (Cox et al., 2005, Lin et al., 2014). The 
treatment of HCV infection is therefore dependent on the genotype of HCV the patient is infected 
with. Genotyping is thus needed to determine the type and duration of the treatment (Feeney & 
Chung, 2014).  
 

Anti-viral treatment 
 
Currently, antiviral treatment is used to treat HCV. The goal of the treatment is to achieve viral 
clearance, also called sustained virologic response. This is defined as no detection of HCV RNA in the 
patients 24 weeks after completion of treatment (Feeney & Chung, 2014). Below, the different 
treatments against HCV are explained.  

Indirect-acting antivirals 
Even before the identification of HCV in 1989, interferon-α had already been shown to have 
beneficial effects in chronic HCV (Hoofnagle et al., 1986). Since then interferon-α has been used as 
treatment against HCV infection. Interferon-α is a protein present in the human body produced after 
infection (Hoofnagle et al., 1986, Feeney & Chung, 2014). Interferon-α does not directly act on the 
virus. However, upon engagement with its receptor, it induces the expression of interferon-
stimulated genes resulting in a non-virus-specific antiviral state within the cell (Bekisz et al., 2004). 
Treatment with interferon-α for 6 months had only limited sustained responses of 6-12%. Therefore, 
interferon-α administration was combined with administration of ribavirin. Ribavirin is an oral 
guanosine analog with antiviral activity against several viruses, including HCV. The simultaneous 
administration of interferon-α and ribavirin more than doubled the sustained response rate to 35-
40%. Another improvement of the interferon-ribavirin treatment was the covalent attachment of 
poly(ethylene glycol) to interferon-α (peg-interferon-α). Peg-interferon-α administration in 
combination with ribavirin resulted in better virologic responses of 54-56% (Feld & Hoofnagle, 2005). 
The combination of administration of interferon and ribavirin has therefore until recently been used 
as standard of care treatment for HCV infection (Feeney & Chung, 2014). Although the 
administration of peg-interferon-α in combination with ribavirin results in 54-56% virological 
response rates, 44-46% of the HCV infected patients do not show improvement with this therapy. 
The response of this treatment is also genotype dependent (Feeney & Chung, 2014). Other 
limitations of this therapy are the fact that this combination therapy is expensive (Feld & Hoofnagle, 
2005) and it is associated with multiple side effects. Side effects are serious and include flu-like 
symptoms, anemia, thrombocytopenia, autoimmunity, and thyroid dysfunction (Feeney & Chung, 
2014, Shahid et al., 2014). Some groups of patients who suffer from advanced liver disease or liver 
transplant failure are even contraindicated to treatment with Peg-interferon and Ribavirin, resulting 
in further limited treatment access (Shahid et al., 2014, Degasperi & Aghemo, 2014).  

Direct-acting antivirals 
Therefore, antiviral treatment has been developed which directly acts on hepatitis C virus proteins, 
unlike ribavirin and (peg-)interferon. Recently, the development of direct-acting antiviral therapies 
has expanded for the first time since the discovery of HCV (Fusco & Chung, 2012). In particular the 
non-structural HCV proteins are attractive targets for the development of direct-acting antivirals. 
Different types of direct-acting antivirals against HCV have already been developed, including NS3/4A 
inhibitors, NS5A inhibitors, and NS5B inhibitors (Feeney & Chung, 2014). Currently, multiple 
improved NS3/4A inhibitors, NS5A inhibitors, and NS5B inhibitors are studied (clinicaltrials.gov). 
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Below, the different types of direct-acting antivirals are discussed. Some already licensed antivirals, 
as well as some antivirals that are currently studied in clinical trials are given.  
 
NS3/4A protease inhibitors 
The NS3/4A inhibitors, also called protease inhibitors, inhibit the non-structural proteins NS3 and 
NS4A of the hepatitis C virus. NS3/4A protease inhibitors are the first class of direct-acting antivirals 
(DeLuca et al., 2014). As already shown, NS3 and NS4A together from the serine protease of the virus 
(figure 2) that cleaves the polyprotein at four sites (Dhingra et al., 2014). When the viral serine 
protease is inhibited, the viral polyprotein will not be cleaved after transcription. The virus can 
therefore not produce functional structural and non-structural proteins anymore, including the RNA-
dependent RNA polymerase NS5B which is responsible for viral RNA replication. This results in 
inhibition of the viral propagation, replication and assembly (Marascio et al., 2014). NS3/4A protease 
inhibitors have high antiviral effects (Shahid et al., 2014). 
First generation protease inhibitors were telaprevir and boceprevir, and were also the first direct 
acting antivirals (DAAs) (Feeney & Chung, 2014, Dhingra et al., 2014). Treatment of telaprevir or 
boceprevir in combination with peg-interferon and ribavirin has been shown to have high efficacy 
against HCV genotype 1 compared to standard of care therapy (Kim et al., 2014). Multiple other 
NS3/4A protease inhibitors have been investigated since the discovery of telaprevir and boceprevir 
(Dhingra et al., 2014).  
Currently, second wave first generation NS3/4A protease inhibitors are developed and studied in 
clinical trials. The second-wave, first-generation NS3/4A protease inhibitor simeprevir has just been 
licensed (Feeney & Chung, 2014). Simeprevir is used as treatment against genotype 1 and its efficacy 
increases when administered in combination with interferon and ribavirin. A benefit of this antiviral 
is that the dose should be taken once daily, compared to two or three times per day. In combination 
with interferon and ribavirin, Simeprevir is very efficient (Kanda et al., 2014).  At the moment, 
Asunaprevir and Faldaprevir are studied in phase II and phase III respectively (Kim et al., 2014). 
Asunaprevir can be used as treatment against HCV genotype 1 and 4. This drug has to be taken twice 
daily (Gentile et al., 2014). Faldaprevir, however, can be taken once daily, which is an advantage over 
the daily intake of Asunaprevir. HCV genotype 1 can be treated with Faldaprevir. Combination 
therapy of Faldaprevir and interferon and ribavirin is very efficient (Chen et al., 2014). Danoprevir has 
been studied in a phase I study (Canini et al., 2014). This drug is a twice daily protease inhibitor. In 
combination with interferon and ribavirin, Danoprevir is very efficient in treating HCV genotype 1 
(Feeney & Chung, 2014). Second-generation protease inhibitors are in clinical trials (Kim et al., 2014). 
Resistance of HCV to protease inhibitors through resistance mutations is a common occurrence when 
treatment fails (Feeney & Chung, 2014, Gentile et al., 2014).  
 
NS5A inhibitors 
NS5A inhibitors have also been developed as direct-acting antivirals. NS5A is one of the proteins 
produced from the HCV polyprotein (Fusco & Chung, 2012) as shown in figure 2. As mentioned 
before, some state that the exact function of the NS5A protein in not exactly known (Dhingra et al., 
2014, Belda & Targett-Adams, 2012). Others mention that the NS5A protein is essential for HCV 
replication, assembly and propagation (Ascher et al., 2014). Despite these inconsistencies, the NS5A 
inhibitors may be the most potent antivirals ever discovered (Belda &Targett-Adams, 2012). Like 
NS3/4A protease inhibitors, NS5A inhibitors have high antiviral efficacy (Shahid et al., 2014).  
Currently, multiple potent NS5A inhibitors are under investigation. A very promising and also the first 
approved NS5A inhibitor is Daclatasvir (Kim et al., 2014), which targets HCV genotype 1a, 1b, 2a, 3a 
and 4 (Lee, 2013). Combination therapy with Daclatasvir and other drugs is currently extensively 
studied in clinical studies (clinicaltrials.gov). Kim et al. states that combination therapy with 
Daclatasvir is essential for all HCV genotypes (Kim et al., 2014). The investigation of another NS5A 
inhibitor, Ledipasvir, just completed phase III (clinicaltrials.gov). Unlike Daclatasvir, Ledipasvir also 
targets genotype 6a (Gentile et al., 2014). A phase-II study with ABT-267 has also just been 
completed (clinicaltrials.gov). ABT-267 targets all HCV genotypes (Stirnimann et al., 2014). The drugs 
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tested until recently, do not show much drug-drug interactions and also the adverse effects are 
minimal (Feeney & Chung, 2014). 
 
NS5B inhibitors 
NS5B inhibitors inhibit the RNA-dependent RNA polymerase NS5B of hepatitis C virus, which 
replicates the RNA to synthesize viral progeny (Marascio et al., 2014), as stated before. Two types of 
NS5B inhibitors exist, namely the nucleotide/nucleoside analogue inhibitors (NIs) and the non-
nucleoside inhibitors (NNIs). Nucleotide/nucleoside analogue inhibitors (NIs) bind to the active site of 
the RNA polymerase and cause direct termination of the RNA chain. Examples of NIs are Mericitabine 
(RG1728) and Sofosbuvir (ALS-220) (Shahid et al., 2014). Sofosbuvir was the first 
nucleoside/nucleotide inhibitor to be licensed and has high antiviral capacity. Sofosbuvir is also 
promising due to the genetic barrier to resistance (Kim et al., 2014).  
Non-nucleoside inhibitors (NNIs) cause conformational changes of the RNA polymerase by binding to 
multiple domains on the outside of the active site. The RNA polymerase activity will thereby be 
inhibited (Shahid et al., 2014, Feeney & Chung, 2014). Dasabuvir is a non-nucleoside inhibitor which 
is still studied in clinical trials. Combination therapy of Dasasbuvir with other direct-acting antivirals 
increases the sustained virologic rates to 95% in patients infected with HCV genotype 1 (Gentile et 
al., 2014). VX-222 and ABT-072, other NNIs, are also under investigation (De Clercq, 2014). VX-222 
has been shown to exhibit antiviral activity against genotype 1a, 1b and 2a (Jiang et al., 2014). Lawitz 
and colleagues studied the effect of ABT-072 against HCV genotype 1 (Lawitz et al., 2013). These 
NNIs, in combination with other direct-acting antivirals or interferon and/or ribavirin have recently 
been studied in phase II studies (clinicaltrials.gov, Lawitz et al., 2013).  
Unlike in protease inhibitor-based therapy, in NS5B polymerase inhibitor-based therapy resistance to 
antivirals is not seen very often. NS5B polymerase inhibitors contain thus a high genetic barrier to 
viral resistance. Nucleoside/nucleotide analogue inhibitors do not show much toxicity (Feeney & 
Chung, 2014).  
 

Combination therapy and limitations 
 
Most of the clinical trials study the efficacy of DDA therapy in combination with standard of care 
therapy, which include interferons and ribavirin (Chae et al., 2013). These combination therapies are 
called triple and quadruple therapies. These therapies are an option for difficult to treat HCV patients 
and for prior null responders. Not many combination therapies have been licensed yet, indicating 
that the development of combination therapies is in initial stages (Shahid et al., 2014). An example of 
a combination therapy is the therapy in which the protease inhibitors Telaprevir and Boceprevir are 
used in combination with standard of care therapy. This therapy has been licensed in 2011 by the US 
Food and Drug Administration (Ip et al., 2012). The sustained virologic response has significantly 
been improved due to this therapy (Kim et al., 2014). 
 
Although these treatment strategies show improved sustained virologic responses, these therapies 
still have several limitations. First, the prevention of emergence of viral escape and viral 
breakthrough by the treatment is still dependent on the addition of peg-interferon and ribavirin. Peg-
interferon and ribavirin are thus still responsible for the success rate of the treatment (Salam & 
Akimitsu, 2013, Shahid et al., 2014). Secondly, a main concern of this treatment strategy is that it still 
causes adverse effects (McHutchinson  et al., 2009). Third, in prior null responders triple therapy is 
less effective and patients contraindicated for peg-interferon and ribavirin cannot be administered 
with triple therapies (Shahid et al., 2014). Furthermore, Telaprevir and Boceprevir are designed to 
treat HCV genotype 1, which accounts for 60% of all global infections. Patients infected with HCV 
genotype 1 did respond the least to current therapy (Salam & Akimitsu, 2013). The approval of these 
protease inhibitors as therapy is therefore thus a major result for HCV genotype 1 patients. However, 
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patients infected with other HCV genotypes than genotype 1, accounting for 40% of the infected 
individuals worldwide, will not respond to this combination therapy.  
 
Direct-acting antivirals are not only studied in combination with peg-interferon and/or ribavirin. 
Currently, in clinical studies the efficacy of direct-acting antivirals without addition of peg-interferon 
and/or ribavirin is studied, in order to overcome the limitations of triple and quadruple therapies. 
Also the adverse effects of interferons and ribavirin could be eliminated (Shahid et al., 2014, Chae et 
al., 2013). Not only the limitations and adverse effects of triple and quadruple therapies are main 
concerns in HCV therapy. Also the error-prone replication of HCV is a major issue due to the 
development of drug resistance. Therefore combinations of two or more direct-acting antivirals 
without peg-interferon and ribavirin as treatment are under investigation (Ip et al., 2012). These 
interferon free and ribavirin free therapies may be a good option for patients contraindicated for 
peg-interferon and/or ribavirin. A combination of direct-acting antivirals as therapy is the 
combination of NS3 inhibitor Asunaprevir and the NS5A inhibitor Daclatasvir. This combination of 
therapy achieved a promising sustained virologic rate of 95%. The combination of NS5B nucleoside 
analogue inhibitor Mericitabine and NS3/4A protease inhibitor Danoprevir also showed a high 
sustained virologic rate, namely 71%. These results indicate that future therapies with DDAs do not 
need addition of interferons and/or ribavirin (Chae et al., 2013). Although the combination therapies 
achieve high sustained virologic rates, drug-drug interactions could still occur and should therefore 
be monitored very carefully (Delaborde et al., 2014).  
 

Other limitations of  antiviral treatment 
 
New direct-acting antiviral treatments are thus developed and are under investigation. In several 
studies researchers mention that direct-antiviral treatment will be the future treatment of HCV (Chae 
et al., 2013, Welsch et al., 2012). However, the problems of the anti-viral treatments as previously 
written, limit the capacity of antiviral treatment and are a main concern. Problems include viral drug 
resistance and viral drug tolerability, as well as adverse effects of the standard of care therapies and 
some newly developed DDAs. These problems are not the only concern. Anti-viral treatments have 
not been shown to prevent reinfection with HCV. Once a patient is cured from HCV infection by anti-
viral treatment, the patient has not gained immunity against HCV. Especially in ongoing high-risk 
populations, including people who use drugs, reinfection occurs frequently. The effectiveness of the 
anti-viral treatments is thus low in these population groups (Cox & Thomas, 2013).  
 
Another problem of antiviral treatment are the very high costs of these drugs. Annual costs for Peg-
interferon/ribavirin treatment per individual are more than US$20.000. Treatment with 
combinations of newly developed anti-viral drugs for only one individual are US$82.000 per year. 
These high costs make anti-viral drugs unaffordable in the majority of the world (Verma et al., 2014). 
Also the just licensed therapy against HCV consisting of interferon, ribavirin and NS3/4A protease 
inhibitors is even most probably unaffordable and therefore unavailable in certain regions due to the 
high costs (Zingaretti et al., 2014). To implement the antivirals worldwide, the high costs of the 
antivirals may be the biggest challenge (Feeney & Chung, 2014). 
 
Due to the failure of effectiveness of antiviral treatment in high-risk populations, HCV infection will 
never be eradicated. Also the already very high costs of anti-viral treatments, will obviously increase 
when reinfection occurs since patients need to be treated again. Thus not only the adverse effects 
and resistance of the drug limit the capacity to treat HCV. Also low effectiveness and the 
unaffordable costs of anti-viral treatment limit the capacity to treat HCV, especially when reinfection 
occurs.  
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Therefore prevention of HCV is enormously favourable, which can possibly be achieved by the 
production of a HCV vaccine (Zingaretti et al., 2014). An effective vaccine could potentially eradicate 
HCV infection. According to a calculation made by Massad and colleagues, a 100% efficient selective 
vaccination responsible for life-long immunity is the most cost-effective strategy in treating HCV. The 
costs for one vaccination are much lower than individual anti-HCV therapy. Massad et al., even used 
an overestimation of the costs for a vaccine in their calculation. They also calculated that selective 
vaccination would not even be necessary since indiscriminate vaccination strategies would be more 
cost-effective compared to anti-viral treatment (Massad et al., 2009). Also in a study almost ten years 
ago performed by Krahn and collaborators, it was shown that vaccination of high-risk populations 
including persons who inject drugs would prevent a large amount of new HCV infection cases and 
HCV-related deaths. Also costs would be reduced. They concluded that vaccination would be very 
cost-effective, even in average risk populations (Krahn et al., 2005).  

Progress of hepatitis C virus vaccines 
 
Although there is no vaccine for the prevention of HCV available yet, the possibility for an effective 
vaccine against HCV is supported by the observation that around 25% of the patients infected with 
acute HCV are able to clear the viral infection spontaneously. This shows that effective immune 
responses can occur during HCV infection (Zingaretti et al., 2014). Progress has been made in the 
study of HCV vaccines. Prophylactic as well as therapeutic vaccines are under investigation. 
Prophylactic vaccines induce the production of neutralizing antibodies by activating the humoral 
response. Neutralizing antibodies bind the virus particles and block receptor binding and cell entry 
(Ip et al., 2012). The HCV structural proteins E1 and E2 have been used as targets for neutralizing 
antibodies. Already in 1994, a potential prophylactic HCV vaccine was tested in chimpanzees that 
were injected with recombinant HCV envelope proteins, E1 and E2. The animals were protected 
against infection for a brief period. (Choo et al., 1994). Also other prophylactic vaccines have been 
tested in chimpanzees since (Forns et al., 2000, Verstrepen et al., 2011). According to 
clinicaltrials.gov, a phase I study was completed in 2013 in which a prophylactic peptide vaccine 
derived from HCV E1 and HCV E2 was used for immunization of healthy humans. Currently, even a 
phase II study is performed to assess the safety, efficacy and immunogenicity of a prophylactic HCV 
vaccine based on the sequential use of AdCh3NSmut1 (clinicaltrials.gov).   
However, vaccines inducing neutralizing antibodies may not completely control HCV infection (Cox & 
Thomas, 2013). Due to HCV infection, T-cell responses which are needed to clear the infection are 
reduced in the host, as described  by Wedemeyer et al. (Wedemeyer et al., 2002). Therapeutic 
vaccines activate both the humoral as well as the cellular immune responses. Both neutralizing 
antibodies as well as virus-specific CD8+ cytotoxic T lymphocytes eliminating virus-infected cells are 
produced. Multiple sorts of therapeutic vaccines have already been studied, including peptide- or 
protein-based vaccines, DNA vaccines, viral vector vaccines, recombinant yeast-based vaccines and 
vaccines based on dendritic cells (Ip et al., 2012). Ip and colleagues investigated the efficacy of a 
Semliki Forest virus vector expressing all HCV non-structural proteins. This vaccine seemed to be very 
potential for treatment of HCV since T-cell activity was vigorously induced (Ip et al., 2014). Barnes 
and colleagues currently study an adenovirus-based vaccine. They show that this vaccine provides 
protective immunity. This study will be completed in 2016 (Barnes et al., 2012). The development of 
vaccines against HCV is thus in progress and will hopefully lead to an effective HCV vaccine in the 
near future.  
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Discussion 
 
Worldwide, around 200 million individuals are infected with hepatitis C virus and every year 350.000 
persons die because of the consequences of HCV. HCV infection is therefore a serious global public 
health problem (Shahid et al., 2014).  
In this essay it has been described that standard of care therapy has limited efficacy and is associated 
with multiple frequent and serious side effects. Thanks to available information about the molecular 
biology of the virus, direct-acting treatment against the HCV non-structural proteins NS3, NS4A, 
NS5A and NS5B have been developed. However, the newly developed treatments also contain 
several limitations, including low genetic barrier to viral resistance, adverse effects, and drug 
tolerability by the virus. Not only these limitations are a problem. Antiviral treatment does not 
induce immunity in patients. Reinfection can therefore occur, especially in high-risk populations 
including people who inject drugs. Due to the low efficiency of antiviral treatment in these 
population groups, the virus will never be eradicated by antiviral drugs. Another not insignificant 
problem of antiviral treatment are the very high costs which are unaffordable in most of the world. 
Due to these high costs, antivirals cannot be implemented all over the world. Due to reinfection, the 
unaffordable costs will increase resulting in reduced capacity to treat viral infection. Therefore 
prevention of HCV is enormously favourable to eradicate HCV infection, which can probably be 
achieved by the production of a HCV vaccine. Several studies provided calculations about the cost-
effectiveness of a potential effective vaccine, showing that vaccination would be the most cost-
effective to reduce mortality and morbidity worldwide compared to antiviral treatment  
 
Future perspectives of antiviral treatment  
Of course, the development of new direct-acting antivirals is enormously favourable for the 
treatment of HCV and to reduce the burden of HCV-related diseases. These newly developed drugs 
could potentially overcome the adverse effects of standard of care therapies and the limitations of 
current direct-acting antivirals. However, these direct-acting antivirals would never eradicate HCV 
completely, since antivirals do not immunize individuals against viral infection. Only an effective 
vaccine could totally eradicate the virus. If such a vaccine would be available in the near future, 
antiviral treatment would still be needed for a certain period of time to treat already infected 
patients. But the costs of these antiviral drugs should be reduced to become available for all regions 
of the world, especially for those which cannot afford the current prices. 

Conclusion 
In conclusion, at the moment antiviral treatment is needed to treat HCV infected individuals. Due the 
limitations, high costs and low efficacy of antiviral treatment, the development of an effective HCV 
vaccine is more favourable to prevent HCV infections, HCV-related diseases and HCV-related deaths.  
 
  



15 
 

References 
 

Ascher DB, Wielens J, Nero TL, Doughty L, Morton CJ, Parker MW. Potent hepatitis C inhibitors bind directly to NS5A 
and reduce its affinity for RNA. Sci Rep. 2014 Apr 23;4:4765. doi:  10.1038/srep04765. PubMed PMID: 24755925; 
PubMed Central PMCID: PMC3996483. 

 
Barnes E, Folgori A, Capone S, Swadling L, Aston S, Kurioka A, Meyer J, Huddart R, Smith K, Townsend R, Brown A, 
Antrobus R, Ammendola V, Naddeo M, O'Hara G, Willberg C, Harrison A, Grazioli F, Esposito ML, Siani L, Traboni C, Oo 
Y, Adams D, Hill A, Colloca S, Nicosia A, Cortese R, Klenerman P. Novel adenovirus-based vaccines induce broad and 
sustained T cell responses to HCV in man. Sci Transl Med. 2012 Jan 4;4(115):115ra1. doi: 
10.1126/scitranslmed.3003155. PubMed PMID: 22218690; PubMed Central PMCID: PMC3627207. 

 
Belda O, Targett-Adams P. Small molecule inhibitors of the hepatitis C virus-encoded NS5A protein. Virus Res. 2012 
Dec;170(1-2):1-14. doi: 10.1016/j.virusres.2012.09.007. Epub 2012 Sep 23. Review. PubMed PMID: 23009750. 
 
Bekisz J, Schmeisser H, Hernandez J, Goldman ND, Zoon KC. Human interferons alpha, beta and omega. Growth 
Factors. 2004 Dec;22(4):243-51. Review. PubMed PMID: 15621727. 

 
Chae HB, Park SM, Youn SJ. Direct-acting antivirals for the treatment of chronic hepatitis C: open issues and future 
perspectives. ScientificWorldJournal. 2013 Jun 5;2013:704912. doi: 10.1155/2013/704912. Print 2013. Review. 
PubMed PMID: 23844410; PubMed Central PMCID: PMC3687480. 
 
Canini L, Chatterjee A, Guedj J, Lemenuel-Diot A, Brennan B, Smith PF, Perelson AS. A pharmacokinetic/viral kinetic 
model to evaluate the treatment effectiveness of danoprevir against chronic HCV. Antivir Ther. 2014 Oct 16. doi:  
10.3851/IMP2879. [Epub ahead of print] PubMed PMID: 25321394. 
 
Chen LZ, Rose P, Mao Y, Yong CL, St George R, Huang F, Latli B, Mandarino D, Li Y. Mass balance and metabolite 
profiling of steady-state faldaprevir, a hepatitis C virus NS3/4 protease inhibitor, in healthy male subjects. Antimicrob 
Agents Chemother. 2014;58(4):2369-76. doi: 10.1128/AAC.02156-13. Epub 2014 Feb 10. PubMed PMID: 24514093; 
PubMed Central PMCID: PMC4023727. 
 
Coilly A, Roche B, Duclos-Vallée JC, Samuel D. Optimal therapy in HCV liver transplant patients with direct acting 
antivirals. Liver Int. 2014 Nov 6. doi: 10.1111/liv.12728. [Epub ahead of print] PubMed PMID: 25377540. 

 
Choo QL, Kuo G, Ralston R, Weiner A, Chien D, Van Nest G, Han J, Berger K, Thudium K, Kuo C, et al. Vaccination of 
chimpanzees against infection by the hepatitis C virus. Proc Natl Acad Sci U S A. 1994 Feb 15;91(4):1294-8. PubMed 
PMID: 7509068; PubMed Central PMCID: PMC43144. 

 
Clark V, Nelson DR. Novel interferons for treatment of hepatitis C virus. Clin Liver Dis. 2009 Aug;13(3):351-63. doi: 
10.1016/j.cld.2009.05.004. Review. PubMed PMID: 19628153. 
 
Cox AL, Mosbruger T, Mao Q, Liu Z, Wang XH, Yang HC, Sidney J, Sette A, Pardoll D, Thomas DL, Ray SC. Cellular 
immune selection with hepatitis C virus persistence in humans. J Exp Med. 2005 Jun 6;201(11):1741-52. PubMed 
PMID: 15939790; PubMed Central PMCID: PMC2213263. 
 
Cox AL, Thomas DL. Hepatitis C virus vaccines among people who inject drugs. Clin Infect Dis. 2013 Aug;57 Suppl 2:S46-
50. doi: 10.1093/cid/cit329. Review. PubMed PMID: 23884065; PubMed Central PMCID: PMC3722079. 
 
Degasperi E, Aghemo A. Sofosbuvir for the treatment of chronic hepatitis C: between current evidence and future 
perspectives. Hepat Med. 2014 Apr 29;6:25-33. doi: 10.2147/HMER.S44375. eCollection 2014. Review. PubMed PMID: 
24822024; PubMed Central PMCID: PMC4010630. 

 
Delaborde L, Logerot S, Fonrose X. [Drug-drug Interaction with Telaprevir or Boceprevir in Liver Transplant Patients: 
About Four Cases.]. Therapie. 2014 Oct 17. [Epub ahead of print] French. PubMed PMID: 25320939. 
 
De Luca A, Bianco C, Rossetti B. Treatment of HCV infection with the novel NS3/4A protease inhibitors. Curr Opin 
Pharmacol. 2014 Aug 9;18C:9-17. doi: 10.1016/j.coph.2014.07.016. [Epub ahead of print] Review. PubMed PMID: 
25117198. 
 
Dhingra A, Kapoor S, Alqahtani SA. Recent advances in the treatment of hepatitis C. Discov Med. 2014 Oct;18(99):203-
8. PubMed PMID: 25336034. 

 



16 
 

Feeney ER, Chung RT. Antiviral treatment of hepatitis C. BMJ. 2014 Jul 7;348:g3308. doi: 10.1136/bmj.g3308. Review. 
PubMed PMID: 25002352. 

 

Feld JJ, Hoofnagle JH. Mechanism of action of interferon and ribavirin in treatment of hepatitis C. Nature. 2005 Aug 
18;436(7053):967-72. Review. PubMed PMID: 16107837. 
 
Forns X, Payette PJ, Ma X, Satterfield W, Eder G, Mushahwar IK, Govindarajan S, Davis HL, Emerson SU, Purcell RH, 
Bukh J. Vaccination of chimpanzees with plasmid DNA encoding the hepatitis C virus (HCV) envelope E2 protein 
modified the infection after challenge with homologous monoclonal HCV. Hepatology. 2000 Sep;32(3):618-25. 
PubMed PMID: 10960458. 

 
Fusco DN, Chung RT. Novel therapies for hepatitis C: insights from the structure of the virus. Annu Rev Med. 
2012;63:373-87. doi: 10.1146/annurev-med-042010-085715. Epub 2011 Sep 14. Review. PubMed PMID: 21942423. 
 
Gentile I, Buonomo AR, Borgia G. Dasabuvir: A Non-Nucleoside Inhibitor of NS5B for the Treatment of Hepatitis C Virus 
Infection. Rev Recent Clin Trials. 2014 May 29. [Epub ahead of print] PubMed PMID: 24882169. 
 
Gentile I, Buonomo AR, Borgia F, Castaldo G, Borgia G. Ledipasvir : a novel synthetic antiviral for the treatment of HCV 
infection. Expert Opin Investig Drugs. 2014 Apr;23(4):561-71. doi: 10.1517/13543784.2014.892581. Epub 2014 Mar 4. 
Review. PubMed PMID: 24593285. 
 
Gentile I, Buonomo AR, Zappulo E, Minei G, Morisco F, Borrelli F, Coppola N, Borgia G. Asunaprevir, a protease 
inhibitor for the treatment of hepatitis C infection. Ther Clin Risk Manag. 2014 Jun 26;10:493-504. doi: 
10.2147/TCRM.S66731. eCollection 2014. Review. PubMed PMID: 25061308; PubMed Central PMCID: PMC4079632. 

 
Hoofnagle JH, Mullen KD, Jones DB, Rustgi V, Di Bisceglie A, Peters M, Waggoner JG, Park Y, Jones EA. Treatment of 
chronic non-A,non-B hepatitis with recombinant human alpha interferon. A preliminary report. N Engl J Med. 1986 Dec 
18;315(25):1575-8. PubMed PMID: 3097544. 
 
Ip PP, Boerma A, Regts J, Meijerhof T, Wilschut J, Nijman HW, Daemen T. Alphavirus-based vaccines encoding 
nonstructural proteins of hepatitis C virus induce robust and protective T-cell responses. Mol Ther. 2014 
Apr;22(4):881-90. doi: 10.1038/mt.2013.287. Epub 2013 Dec 27. PubMed PMID: 24370701; PubMed Central PMCID: 
PMC3982487. 

 
Ip PP, Nijman HW, Wilschut J, Daemen T. Therapeutic vaccination against  chronic hepatitis C virus infection. Antiviral 
Res. 2012 Oct;96(1):36-50. doi: 10.1016/j.antiviral.2012.07.006. Epub 2012 Jul 25. Review. PubMed PMID: 22841700. 
 
Jiang M, Zhang EZ, Ardzinski A, Tigges A, Davis A, Sullivan JC, Nelson M, Spanks J, Dorrian J, Nicolas O, Bartels DJ, Rao 
BG, Rijnbrand R, Kieffer TL. Genotypic and phenotypic analyses of hepatitis C virus variants observed in clinical studies 
of VX-222, a nonnucleoside NS5B polymerase inhibitor. Antimicrob Agents Chemother. 2014 Sep;58(9):5456-65. doi: 
10.1128/AAC.03052-14. Epub 2014 Jun 30. PubMed PMID: 24982088; PubMed Central PMCID: PMC4135882. 
 
Kim CW, Chang KM. Hepatitis C virus: virology and life cycle. Clin Mol Hepatol. 2013 Mar;19(1):17-25. doi: 
10.3350/cmh.2013.19.1.17. Epub 2013 Mar 25. Review. PubMed PMID: 23593605; PubMed Central PMCID: 
PMC3622851. 

 
Kim do Y, Ahn SH, Han KH. Emerging therapies for hepatitis C. Gut Liver. 2014 Sep;8(5):471-9. doi: 10.5009/gnl14083. 
Epub 2014 Aug 18. PubMed PMID: 25228970; PubMed Central PMCID: PMC4164256. 
 
Krahn MD, John-Baptiste A, Yi Q, Doria A, Remis RS, Ritvo P, Friedman S. Potential cost-effectiveness of a preventive 
hepatitis C vaccine in high risk and average risk populations in Canada. Vaccine. 2005 Feb 18;23(13):1549-58. PubMed 
PMID: 15694507. 
 
Kronenberger B, Zeuzem S. New developments in HCV therapy. J Viral Hepat. 2012 Jan;19 Suppl 1:48-51. doi: 
10.1111/j.1365- 2893.2011.01526.x. PubMed PMID: 22233414. 

 
Lacombe K. Hepatitis C, from screening to treatment, a revolution. J Int AIDS Soc. 2014 Nov 2;17(4 Suppl 3):19499. doi: 
10.7448/IAS.17.4.19499. eCollection 2014. PubMed PMID: 25394008; PubMed Central PMCID: PMC4224876.  
 
 
 



17 
 

Lawitz E, Poordad F, Kowdley KV, Cohen DE, Podsadecki T, Siggelkow S, Larsen L, Menon R, Koev G, Tripathi R, Pilot-
Matias T, Bernstein B. A phase 2a trial of 12-week interferon-free therapy with two direct-acting antivirals (ABT-450/r, 
ABT-072) and ribavirin in IL28B C/C patients with chronic hepatitis C genotype 1. J Hepatol. 2013 Jul;59(1):18-23. doi: 
10.1016/j.jhep.2013.02.009. Epub 2013 Feb 22. PubMed PMID: 23439262. 
 
Lee C. Daclatasvir: potential role in hepatitis C. Drug Des Devel Ther. 2013 Oct 16;7:1223-33. doi: 
10.2147/DDDT.S40310. eCollection 2013. Review. Erratum in: Drug Des Devel Ther. 2014;8:325. PubMed PMID: 
24204123; PubMed Central PMCID: PMC3804593. 
 
Lin MV, King LY, Chung RT. Hepatitis C Virus-Associated Cancer. Annu Rev Pathol. 2014 Nov 5. [Epub ahead of print] 
PubMed PMID: 25387053. 
 
Marascio N, Torti C, Liberto M, Focà A. Update on different aspects of HCV variability: focus on NS5B polymerase. BMC 
Infect Dis. 2014;14 Suppl 5:S1. doi: 10.1186/1471-2334-14-S5-S1. Epub 2014 Sep 5. Review. PubMed PMID: 25234810; 
PubMed Central PMCID: PMC4160895. 

 
Massad E, Coutinho FA, Chaib E, Burattini MN. Cost-effectiveness analysis of a hypothetical hepatitis C vaccine 
compared to antiviral therapy. Epidemiol Infect. 2009 Feb;137(2):241-9. doi: 10.1017/S0950268808000873. Epub 2008 
Jul 17. PubMed PMID: 18631422. 

 
McHutchison JG, Lawitz EJ, Shiffman ML, Muir AJ, Galler GW, McCone J, Nyberg LM, Lee WM, Ghalib RH, Schiff ER, 
Galati JS, Bacon BR, Davis MN, Mukhopadhyay P, Koury K, Noviello S, Pedicone LD, Brass CA, Albrecht JK, Sulkowski 
MS; IDEAL Study Team. Peginterferon alfa-2b or alfa-2a with ribavirin for treatment of hepatitis C infection. N Engl J 
Med. 2009 Aug 6;361(6):580-93. doi: 10.1056/NEJMoa0808010. Epub 2009 Jul 22. Erratum in: N Engl J Med. 2009 Sep 
3;361(10):1027. PubMed PMID: 19625712. 

 
Moradpour D, Penin F, Rice CM. Replication of hepatitis C virus. Nat Rev Microbiol. 2007 Jun;5(6):453-63. Epub 2007 
May 8. Review. PubMed PMID: 17487147. 
 
Ogata N, Alter HJ, Miller RH, Purcell RH. Nucleotide sequence and mutation rate of the H strain of hepatitis C virus. 
Proc Natl Acad Sci U S A. 1991 Apr 15;88(8):3392-6. PubMed PMID: 1849654; PubMed Central PMCID: PMC51453. 
 
Pawlotsky JM. Hepatitis C virus genetic variability: pathogenic and clinical implications. Clin Liver Dis. 2003 Feb;7(1):45-
66. Review. PubMed PMID: 12691458. 

 
Puig M, Major ME, Mihalik K, Feinstone SM. Immunization of chimpanzees with an envelope protein-based vaccine 
enhances specific humoral and cellular immune responses that delay hepatitis C virus infection. Vaccine. 2004 Feb 
25;22(8):991-1000. PubMed PMID: 15161076. 
 
Saeed M, Gondeau C, Hmwe S, Yokokawa H, Date T, Suzuki T, Kato T, Maurel P, Wakita T. Replication of hepatitis C 
virus genotype 3a in cultured cells. Gastroenterology. 2013 Jan;144(1):56-58.e7. doi: 10.1053/j.gastro.2012.09.017. 
Epub 2012 Sep 19. PubMed PMID: 22999961. 
 
Salam KA, Akimitsu N. Hepatitis C virus NS3 inhibitors: current and future perspectives. Biomed Res Int. 
2013;2013:467869. doi: 10.1155/2013/467869. Epub 2013 Oct 27. Review. PubMed PMID: 24282816; PubMed Central 
PMCID: PMC3825274. 

 
Sebastiani G, Gkouvatsos K, Pantopoulos K. Chronic hepatitis C and liver fibrosis. World J Gastroenterol. 2014 Aug 
28;20(32):11033-53. doi: 10.3748/wjg.v20.i32.11033. PubMed PMID: 25170193; PubMed Central PMCID: 
PMC4145747. 

 
Shahid I, ALMalki WH, Hafeez MH, Hassan S. Hepatitis C virus infection treatment: An era of game changer direct 
acting antivirals and novel treatment strategies. Crit Rev Microbiol. 2014 Nov 6:1-13. [Epub ahead of print] PubMed 
PMID: 25373616. 

 
Shepard CW, Finelli L, Alter MJ. Global epidemiology of hepatitis C virus infection. Lancet Infect Dis. 2005 Sep;5(9):558-
67. Review. PubMed PMID: 16122679. 
 
Smith DB, Bukh J, Kuiken C, Muerhoff AS, Rice CM, Stapleton JT, Simmonds P. Expanded classification of hepatitis C 
virus into 7 genotypes and 67 subtypes: updated criteria and genotype assignment web resource. Hepatology. 2014 
Jan;59(1):318-27. doi: 10.1002/hep.26744. PubMed PMID: 24115039; PubMed Central PMCID: PMC4063340. 
 



18 
 

Stirnimann G. Ombitasvir (ABT-267), a novel NS5A inhibitor for the treatment of hepatitis C. Expert Opin 
Pharmacother. 2014 Dec;15(17):2609-22. doi: 10.1517/14656566.2014.972364. Epub 2014 Oct 27. PubMed PMID: 
25347030. 
 
Thimme R, Binder M, Bartenschlager R. Failure of innate and adaptive immune responses in controlling hepatitis C 
virus infection. FEMS Microbiol Rev. 2012 May;36(3):663-83. doi: 10.1111/j.1574-6976.2011.00319.x. Epub 2012 Jan 4. 
Review. PubMed PMID: 22142141. 

 
Tosone G, Maraolo AE, Mascolo S, Palmiero G, Tambaro O, Orlando R. Vertical hepatitis C virus transmission: Main 
questions and answers. World J Hepatol. 2014 Aug 27;6(8):538-48. doi: 10.4254/wjh.v6.i8.538. Review. PubMed PMID: 
25232447; PubMed Central PMCID: PMC4163737. 
 
Verma R, Khanna P, Chawla S. Hepatitis C vaccine: Need of the hour. Hum Vaccin Immunother. 2014 May 8;10(8). 
[Epub ahead of print] PubMed PMID: 24809484. 

 
Verstrepen BE, Depla E, Rollier CS, Mares G, Drexhage JA, Priem S, Verschoor EJ, Koopman G, Granier C, Dreux M, 
Cosset FL, Maertens G, Heeney JL. Clearance of genotype 1b hepatitis C virus in chimpanzees in the presence of 
vaccine-induced E1-neutralizing antibodies. J Infect Dis. 2011 Sep 15;204(6):837-44. doi: 10.1093/infdis/jir423. 
PubMed PMID: 21849281; PubMed Central PMCID: PMC3156919. 

 
Wedemeyer H, He XS, Nascimbeni M, Davis AR, Greenberg HB, Hoofnagle JH, Liang TJ, Alter H, Rehermann B. Impaired 
effector function of hepatitis C virus-specific CD8+ T cells in chronic hepatitis C virus infection. J Immunol. 2002 Sep 
15;169(6):3447-58. PubMed PMID: 12218168. 
 
Welsch C, Jesudian A, Zeuzem S, Jacobson I. New direct-acting antiviral agents for the treatment of hepatitis C virus 
infection and perspectives. Gut. 2012 May;61 Suppl 1:i36-46. doi: 10.1136/gutjnl-2012-302144. Review. Erratum in: 
Gut. 2012 Aug;61(8):1145. PubMed PMID: 22504918. 

 
Zingaretti C, De Francesco R, Abrignani S. Why is it so difficult to develop a hepatitis C virus preventive vaccine? Clin 
Microbiol Infect. 2014 May;20 Suppl 5:103-9. Epub 2013 Dec 19. PubMed PMID: 24829939. 

 

 


