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Abstract: Hepatitis C virus (HCV) has chronically infected more than 200 million populations. It is 

a giant global public-health issue of this era. A significant effort has been made in the field of HCV 

therapy both in prophylactic and therapeutic strategies. There appears to be a high degree of 

variation and inconsistency in the understanding of pathophysiology of the disease and its 

pathogen due to different patterns of study, diagnostics and prediction criteria of the vaccine against 

the pathogen. However, few studies have so far been reported across the world on the reverse 

vaccinology approach and peptide vaccine prediction. Nevertheless, more study is required in order 

to enhance the accuracy and fine-tuning the previously known facts. This review summarizes the 

risk factors associated with the virus and its complete understanding of HCV linked cancer based 

on findings from epidemiologic and meta-analyses data. 
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1. Introduction 

Hepatitis C virus (HCV) is an infectious disease-causing agent. The prevalence rate 

is nearly 3% of the total population worldwide (Amer 2014). A person with HCV infection 

sometimes re main asymptomatic or undiagnosed for several years and thus it leads to 

chronic hepatitis and results into severe fibrosis, cirrhosis (Freeman et al. 2001) and 

hepatocellular carcinoma (HCC) (Mühlberger et al. 2009), thus requiring liver 

transplantation in many patients (Mühlberger et al. 2009, Perz et al. 2006 ) or may cause 

death of the patient. The genus was identified in 1988. Research work has revealed that 

the developing countries are at more risk for viral diseases like hepatitis C virus (Hunziker 

et al. 2001). Recent discovery of direct acting antiviral agents (DAAs) against HCV has 

made an endeavor for therapeutic advancement (Au and Pockros 2014, Casey and Lee 

2013). In addition, challenge remains in employing modern antivirals in patients with 

asymptomatic HCV infection and targeted result must be achieved through different  
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strategies. Numerous clinical trials have shown various combinations of agents, including interferon-free regimens, to 

be favorably effective in the clearance or sustained viral response (SVR) to chronic infection of hepatitis C. HCC ranked 

the fifth common type of cancer  and accounts about ~5.6% of all cancers worldwide (Bosch et al. 2004, Sherman 2010). 

The cases of HCC are rising colossally. If we do not follow the safety measures from now only then it will take little 

time to turn into a drastic condition near future. Liver fibrosis is  emphatically linked with HCC, on an average 80-90% 

of HCC cases are emerging in cirrhotic livers (Lok et al. 2009, Seitz and Stickel 2006). HCC development is additionally 

associated to alcoholic cirrhosis (Fattovich et al. 2004), non-alcoholic steato-hepatitis (NASH) (Ascha et al. 2010). 

 2. Risk of HCV infection 

            HCV is a very tiny, circular, encased, single sense-stranded RNA virus and comes under the hepacivirus genus 

within the Flaviviridae family with a diameter of approximately 50 -60nm (Bostan and Mahmood 2010) Fig.1. The 

genome of the infectious virus is about 9.6 kb in size and it is structured within an ORF that synthesizes a long protein  

sequence roughly around 3000 amino acids. The protein is translated through multiple sequence of events from the 

starting of the genome and consequently sliced by cell proteases and viral peptidase into three different types of fibrous  

proteins i.e. Core protein, environmental proteins (E1 and E2) and other non-structural (NS) proteins like are p7, NS2, 

NS3, NS4A, NS4B, NS5A and NS5B (Reed and Rice 2000). The processes within the cell of the virus life are closely 

associated with non-structural (NS) proteins (Grakoui et al. 2003). The N-terminal region of the ORF encodes structural 

proteins, while the other part of the ORF encodes the nonstructural proteins Fig.2 (Miller and Purcell 1990). HCV is 

characterized by exceptionally high hereditary variability,which is especially true for envelope proteins responsible for 

viral entry into the target cell (Smith et al. 2014). HCV has 1-7 distinct genotypes with about 30% genetic variability 

(Messina et al. 2015). Constant efforts are being made to prevent transmission and to develop chemotherapeutic 

regimens for this leading public health problem.  

 

Figure 1. Structure of Hepatitis C Virus 
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      The core protein combines to form the viral nucleocapsid and contains the viral RNA genome Fig.3. The HCV 

5′-UTR (untranslated region) contains a 341nt sequence, the main conserved region of the genome, an d located upstream 

of the ORF translation start codon (Choo et al. 1991). The 3′-UTR consists of 225nt approximately where it is arranged 

into more than two different locales; an extremely variable region (30–40nt), poly(U)-poly(U/UC) tail, and the last one 

is a very highly conserved 3′-terminal stretch (98nt) i.e. 3′ X region (Han et al. 1991). The stem-loop structures of 3′ X 

region consists of Stem-Loop 1, Stem-Loop 2 and Stem-Loop 3 (Kolykhalov et al. 1996). Several studies revealed that 

some of the 3′ UTR regions appear to improve the replication of virus (Friebe and Bartenschlager 2002, Ito and Lai 1997). 

 

Figure 2: Organization of HCV genome (Courtesy: Miller and Purcell 1990). 

           The viral nucleocapsid is enclosed by the envelope glycoproteins i.e. E1 and E2 which are covalently linked 

complexes of transmembrane proteins (Hill and Cooke 2014), and the surfaces of these proteins are highly  glycosylated 

(Vieyres et al. 2010). These envelope glycoproteins are necessary for initiation of a disease in a host cell. Additionally, 

one of the major contents of E1 protein is C-terminal transmembrane domain (TMD) and 4-5 glycosylation  sites with 

9–11 N-linked sites (El Omari et al. 2014, Vieyres et al. 2010).  The E2 protein contains about four O-linked glycosylation 

sites  (El Omari et al. 2014, Falkowska et al. 2007) and 18 conserved cysteines residues (Drummer and Poumbourios  

2004). Apart from their glycosylation dissimilarities they both perform as a heterodimer to mediate the viral passage 

(Falkowska et al. 2007). Furthermore, TMD contains the ectodomain to the virion (Falkowska et al. 2007). The TMD is 

associated with a perpetuated C-terminal strand towards RBD. The most important cell receptor for all strains of the 

virus is the binding location for CD81 which is comprised of conserved portions within E2 RBD (Drummer and 

Poumbourios 2004). There is no HCV immunization however accessible till date, either for prophylactic 

or therapeutic utility. Improvement of immunizations against HCV still remains a challenge to the scientists. It is one 
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of the serious reasons for liver cancer and end-stage liver infection, requiring liver transplantation in numerous patients 

(Perz et al. 2006).  

The struggle for the development of new vaccines against hepatitis-C still exists as 

an extremely troublesome issue since the conventional way of vaccine design that is culture and cultivation of the 

virus, identification of protective immunogens, preparation of attenuated or inactivated virus or protective immunogen, 

and determination of molecular composition of the vaccine and its production technology. Further, testing the efficacy 

of the vaccine on animal model appears impracticable and remains a matter of great concern. No system of HCV 

replication suitable for virus production in preparative quantities has yet been successful. Constant efforts are being 

made to prevent transmission of the virus and to develop chemotherapeutic regimens for  this leading public health 

problem. HCV infection is recognized by multiple innate immune pathways, but often not evacuated by immune 

responses, resulting in a chronic infection and the IFN response pathway is also blocked by HCV through several 

mechanisms.  

                          

 

Figure 3. The hepatitis C virus (HCV) genome (Courtesy: Tan et al. 2002) 

Evidently, various prospective reports has supported that HCV infection can cause HCC and significantly 

increases the rate of incidence of the infection among HCV-infected individuals when contrasted with HCV-negative 

cohorts.  The prevalence rate of HCC among HCV-infected persons ranges from 1% to 3% over more than 30 years. 
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Similarly, HCV infection is linked with a 15 to 20-fold increase in risk for HCC compared with HCV-negative subjects 

in cross-sectional and case-control studies. It increases the risk for HCC by inducing fibrosis and, eventually into, 

cirrhosis. Mostly, cases of HCV-related HCC occurs among patient with advanced fibrosis or cirrhosis, making it a 

dramatic condition listed for HCC surveillance in current recommendations. Once HCV-related cirrhosis is developed, 

HCC occurs at an annual rate of 1%–4%; although increased rates up to 8% have been reported in Japan Yang and Kim 

2015). The incidence of cirrhosis in the later years (20–25 years) after HCV infection ranges from 15% to 35% and is 

highest among recipients of HCV-contaminated blood products and hemophiliac patients, and lowest among women 

who received a single dose of contaminated anti-D immunoglobulin. HCC risk also might vary based on the amount of 

viral load in the contaminated product or repeated exposure. Other risk factors for HCC include the sex of the HCV -

infected individual, co-morbidities (co-infection with HBV or HIV, diabetes, obesity, steatosis), viral genotype (HCV 

1b), level of alcohol consumption, and age. Among patients with HCV-related cirrhosis, low numbers of platelets or 

increased levels of -fetoprotein are risk factors for HCC. 

3. Viral entry into host 

            A sequence of events can occur after infection with HCV. The viral entry into the cell is a complex mechanism. 

The virus attacks  hepatic cells via several steps controlled by multiple intracellular signaling events  (Duns 2013). It 

requires four essential receptors and co-receptors i.e. CD-81, the scavenger receptor class B type-I (SR-BI), and junction 

proteins sequences named occludin and claudin-1 (Khan et al. 2014b). The virus particles are also linked with certain 

lipoproteins such as apolipoprotein E (ApoE), low-density lipoprotein to form the lipoviral particles and high-density 

lipoprotein (Duns 2013).  SR-BI receptor first interacts with ApoE (apolipoprotein E) on the lipoviral molecule of the 

virus (Khan et al. 2014a), the virus is then mediated into the cell by the action of clathrin-mediated endocytosis process 

that finally leads to discharge of the viral genome into the host cell (Sharma et al. 2011). E2 is compact and globular in 

structure, and it does not show any conformation of class II fusion proteins. Earlier it was believed that, E2 is a fusion 

protein of class II, similar to the other organisms belonging to flaviviruses, for mediating fusion event (Khan et al. 

2014a).                                    

4. Infection by HCV 

            If an individual is found to be infected by HCV then the virus  can be detected in the inception of the 

contamination in serum within 3 weeks, but T-cells or antibodies particular to HCV are recognizable only after an 

incubation period of 1–2 months (Vernelen et al. 1994), however, this leads to the chronic infection (Park and Rehermann 

2014). In that case, chronic infection and re-infection of the virus can be controlled in the acute phase by the role of 
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neutralizing antibodies (nAbs) (Park and Rehermann 2014), but the delayed response of these nAbs may lead to the 

chronicity in the patients (Pestka et al. 2007). A HCV vaccine will be successful if it can stimulate both adaptive immune 

response i.e. cellular as well as humoral immune responses. For viral elimination and defense, it has been observed that 

a protective cellular response is essential (Ashfaq et al. 2011). However, for eliciting a humoral immune response i.e. B-

cell response against viral infections prophylactic vaccines are preferred, while for activating both hum oral and cellular 

(T-cell) immune responses therapeutic vaccines are favored (Ip et al. 2012).  

5. Recent advancement in HCV Vaccine 

           Peptide vaccines are made of amino acids. A specific antigen is required for the cancer vaccine production along 

with the immune response boosting factors. This helps in attacking and diminishing the cancer cells. There has been a 

significant development in the field of peptide vaccines based on the technique of reverse vaccinology.  The first 

peptide-based vaccine clinical trial on melanoma antigen was first carried out in 1995, after that several clinical trials 

for many other diseases have also been carried out. Previous studies reported that, the peptide vaccines were only 

limited to the only antigen of human leukocyte. Therapeutic peptide vaccines have several applications due to its site 

specificity, easy production, safety parameters and it has quiet good consequences in preclinical testing. Recognition of 

tumor cell antigen stimulates the immune response constantly. Multiple epitope based peptide vaccines can be 

continuously modified or upgraded to enhance its effectiveness in the treatment of tumor a s compared to conventional 

whole organism based vaccines (Wang and Walfield 2005)s (Wang and Walfield 2005).  

          Peptide vaccines require a carrier system such as lipid mixtures, bacterial cells, or virus particles for very good 

drug delivery systems. Peptide vaccines are now extensively and effectively growing with advanced technology and 

used for the treatment of various ailments like cancer, diabetes, and cardiovascular diseases. For instance,  glioma cancer 

is observed due to the mutation of human epidermal growth factor receptor (EGFR) known as EGFRvIII and is highly 

expressed. In such cases, chemotherapy results into systemic toxicity and affects adjacent normal cells very drastically. 

Targeted cancer therapies hold great potential for these problems with enhanced drug potential and efficiency (Gaugler 

et al. 1994). 

          In this study the prime objective is to predict peptide vaccine against all genotypes of HCV which will form a 

part of combination therapy. Peptide vaccines often offer several advantages. To induce strong and protective immunity 

against viral infections and malignancies, synthetic vaccines need to be administered subcutaneously along with an 

adjuvant, observed in several murine model systems. Therefore, it is a novel strategy to stimulate immune response 

very purposefully based on a selected epitope or even a mixture of desired epitopes. Using a suitable adjuva nt along 
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with a peptide vaccine results in very straight forward method of immunization (Hunziker et al. 2001).  Recombinant 

or attenuated viruses always have the high risk of reverse-mutation as compared to the peptide-based vaccines, which 

do not turn into a dangerous or potential virus as the former does. Peptide vaccines are easily produced at low cost and 

do not need an uninterrupted cold preservation system unlike traditional vaccines.  

            Traditional vaccines comprise of either live attenuated or whole inactivated microbes but can be risky and 

unsafe as virus can turn into active form by reverse mechanism and might produce several side effects, such as 

inflammation of tissues (Harrison et al. 1999). The vaccine that contains purified or recombinant molecules of the 

infectious agents like surface proteins or polysaccharides seems to have low side effects and hence less risky in contrast 

to the traditional ones (Chakraborty 2014). In case of pathogens where no vaccine is either yet available for example 

against HCV or difficult to develop on the basis of the pathogen’s polysaccharide, the first attempt was made to develop 

a peptide-based multiple-epitope loaded vaccine as a preventive measure against the pathogen for immediate 

application using the modern tools of proteomics. Vaccine designing, either peptide or DNA vaccine, using 

bioinformatic tools is a risk-free and rapid process to design the effective vaccines against many deadly diseases. Since, 

peptides have shorter half-life in-vivo, novel drug delivery system has been developed with alteration in peptide 

sequences.  To overcome the obstacle peptides are being utilized by the means of bearers like radio-nuclide carriers, 

cytotoxic drug or by targeting drug to tumor directly.  

Other advantages of peptide-based vaccines include:  

(a)   T cell responses induced by the vaccine can be directly screened and supervised 

(b)   epitope introduction may avoid antigens that may have non-therapeutic autoimmune activity, 

(c)   directly triggers strong CD8+ T cell response,  

(d)   specific screening of the patient’s immune reactions, and  

(e)  regular booster dose application of vaccines. 

A peptide-based vaccine is often associated with some demerits such as:  

(a)  Class I MHC restriction that limits the effectiveness of particular peptide to certain  HLA types, sometimes short 

peptides may bind to MHC on non-professional APCs directly (which may induce tolerance),  

(b)     degradation of peptide in absence of an adjuvant. Adjuvant is often needed to protect the peptide from protease 

degradation and direct it into an immune response pathway, although immune responses may be of low magnitude.  

  In the late 20th century, most of the known vaccines developed had their roots in traditional process, but this 

process had several limitations. Scientists searched for new methods to develop vaccines against disease causing 
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pathogens. Exploring beyond the principles given by Pasteur, they used computers to analyze genomic data of pathogens 

to design desirable vaccines and forwarding them for further clinical trials without the need of growing them in 

laboratories. A break-through revolution came with the introduction of new technologies like recombinant DNA 

technology for vaccine production. In 1995 Craig Venter first made public the genome of the first free-living life form 

(Fleischmann et al. 1995).  Advances in use of conjugated polysaccharides, adjuvants and capacity to access the pathogen’s 

genome paved the way for development of a novel technology to harness genomic data to design peptide vaccine and 

this new technology was coined as “reverse vaccinology” (Fleischmann et al. 1995, Rappuoli 2000). 

 6. Epidemiology of HCV 

 Amino acids are the main building blocks of peptide vaccines. The peptide components of vaccine contains 

about 10-30 amino acids including the specific epitope of an antigen found in an infectious agent. Studies showed that 

peptide vaccine can target viral diseases and even some allergies (Nava-Parada et al. 2007). There are several vaccines 

discovered till date after Edward Jenner pioneered the concept of vaccine and discovered it against small pox in late 

1760s (Ingolotti et al. 2010).  A few decades later, Louis Pasteur started working on vaccines after the discovery of the 

fact that many diseases are caused by microbes, and developed the basic rules of vaccinology (Yang and Kim 2015).  

            The idea of triggering the immune response of a patient against any type of cancer has been proposed 

long back. William Coley was the pioneer for initiating work on immunotherapy for proposing a basic treatment of 

cancer during 1890 to 1891. Coley first observed the tumor development, and later infused a strain of live Streptococcus 

pyogenes into the lump of the patients. He then hypothesized the fact that the body would battle against 

the contamination and demolish the tumor by the method of “collateral damage”. After the administration of the 

regimen the patients developed severe fever and headache in conjunction with bacterial sepsis. As per the observation, 

Coley suggested that, the tumor showed a decreasing pattern in the size due to hemorrhagic necrosis. But 

the test brought about a number of deaths due to bacterial sepsis. Later, Coley altered the investigation on 

immunization by utilizing the filtrates and made bacterial cells free, that too in a combined culture of Streptococcus and 

Serratia marcescens (Coley 1891). Later, Telaprevir (TVR), Direct-acting antivirals (DAAs), and Boceprevir (BOC) were 

the first ones to be licensed against HCV genotype 1 infection in 2011. The effectiveness of the triple therapy regimens 

proved to be useful to some extent with certain side effects as well such as  fever, nausea with additional psychiatric 

effects of insomnia, fatigue, headaches, irritability, and depression were reported. Because of the high genetic 

variability, resistance to DAA started increasing and cropped up as a new problem. Significant drawbacks of the recent 

therapies (including the DAAs) are after-effects, high cost, and delayed identification of the ailment (which 



JOI 2021, 1, 1  

120 

 

commonly appears after a long time of persistent infection). Numerous patients initially develop irreversible liver 

problems that finally lead to liver cancer. It has been estimated that with an aging population by 2030, the frequency of 

cirrhosis and cancer is likely to be tripled in the developed nations. 

Vaccines against diphtheria and tetanus were developed after Ramon and Glenny in the year 1923. They first 

isolated the required components from the cultures, inactivated them, and directed for the development of DTP & DTaP 

subunit-based vaccines composed of purified antigens from Corynebacterium diptheriae, Clostridium tetani and Bordetella 

pertussis. It was in the year 1948, when DTP was licensed by the FDA in United States. After that, DTP vaccine became 

the first version of a collective diphtheria, tetanus and pertussis bacterial vaccine that was routinely admini stered to 

children from the 1940's to the mid 1990s (Fine 2003). 

In 1982, the first synthetic vaccine for Diphtheria was developed  from diphtheria toxin by Louis Chedid. The 

production of diphtheria vaccine involved synthesis of three peptides corresponding to the fragment of diphtheria 

toxin. They included already reported several structural analogs, tetradecapeptide, hexadecapeptide and 

octadecapeptide. Peptides or synthetic carriers were introduced in guinea pig for protection against the vigorous  

activity of diphtheria toxin. The conjugation of peptides showed a positive immune response toward the 

octadecapeptide and was observed in mice (Maione et al. 2005).  

The first synthetic vaccine developed against malaria was SPf66 produced by Manuel Elkin Patarroyo in 1986. 

The SPf66 synthetic polypeptide vaccine was based on Plasmodium falciparum. Studies showed that immune response to 

SPf66 was not dependent of age and the efficacy of vaccine varied depending on person -time of exposure 

(Lamabadusuriya 2009).  

  Moreover, for the rapid vaccine development, reverse vaccinology method is widely applied against several 

infectious agents. With the advent of this procedure, it is now possible to predict epitopes of high efficacy without the 

need for culturing any extremely infectious agent.  It also made possible, the studies on antigen structure and function 

without direct contact with the extremely infectious agent. The prime requirement of this technique is the availability 

of whole genome sequence of that infectious organism.  

          In 2009, during the H1N1 outbreak, the company Novartis Vaccine and Diagnostics first put forward the synthetic 

approach of vaccine designing. Furthermore, monovalent vaccine for influenza A (H1N1) was licensed for the first time 

by the FDAs (Control and Prevention 2009b). The company manufactured the vaccine in the similar way, as it was used 

for the manufacturing of its seasonal trivalent inactivated vaccine. They first experimented with a two-dose regimen of 

15 μg-30 μg antigen of hemagglutinin, because of the uncertainty about the fact that whether a high antigen preparation 
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or a two-dose series will produce a satisfactory immune response (Clark et al. 2009). The vaccine either contained live 

attenuated monovalent vaccine (LAMV) for nasal induction or monovalent inactivated split-virus or subunit vaccines 

for injection (MIV) (Control and Prevention 2009a). 

Using reverse vaccinology approach, the first pathogen against which the synthetic vaccine was prepared was 

for serogroup B Neisseria meningitides (Kaboré et al. 2012). Until now, only single candidate vaccine for HCV was aimed 

at eliciting neutralizing antibodies (nAbs) and was tested in human volunteers. In a virus, the envelope may have more 

chances for neutralizing antibody triggering vaccine, while early studies suggested that the epitopes of the envelope 

protein are highly variable amongst infected individuals (Sarobe et al. 2003, Ray et al. 2010)).Chiron Corporation 

pioneered the vaccine based on recombinant DNA technology. Glycoproteins E1 and E2 were extracted from cells of 

mammals as a weapon. Akazawa has successfully demonstrated that sufficient cell culture derived HCV (HCVcc) can 

be produced (Akazawa et al. 2013 [1]). Akazawa first inactivated the HCV and then immunized mice. The antibodies 

released in the body of mice was observed to neutralize the HCV genotypes that is 1a, 1b, and 2a viruses that showed 

positive results and prevention against the infection in human liver transplantation on the uPA +/+ SCID mice model but 

only at low doses of the infection. He then collected the immunized serum from the body of model mice and immuniz ed 

it with the attenuated HCVcc substance and found it more effective and reliable at neutralizing the homologous viral 

challenge as compared to the immunized serum collected from the mice model vaccinated with the recombinant-E2  

protein only or may be with both recombinant-E1/E2 simultaneously. Later, the part of antibodies in defense against 

infection by HCV was studied by the mechanism of passive immunization in both animal and human models. This was 

observed in individuals with commercial intravenous immunoglobulin (IVIG) applications administered to 

elicit primary immune response. The exclusion of plasma containing anti-HCV made it irresistible than 

former clusters of IVIG produced from unscreened plasma and so it started losing its effectiveness. Clinical trials based 

on this technique are being continuously tested for observing the adequacy of HCV nAbs to avoid re-infection in liver 

transplant patients. 

           In the portfolio of vaccines, we cannot forget about polio vaccine that not left so far behind. This vaccine sets an 

example for a combination vaccine that provides protection against multiple variants of a single disease. Hence, the 

inactivated polio vaccine (IPV) is developed by the combination of inactivated poliovirus types 1, 2, and 3 vac cine strains 

(Thompson and Duintjer Tebbens 2014).  
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7. Conclusion  

            HCV-induced hepatocellular cancer causes significant morbidity among affected individuals worldwide. Quite 

a good number of studies were done on HCV epitopes of different genotypes. The studies revealed the requirement of 

using immunoinformatics as a good predictor for identifying both T cell and B cell epitopes, along with their 

immunogenicity potential and other biochemical properties of epitopes. Reverse vaccinology opened up a new 

dimension in the field of vaccine prediction using bioinformatics. The basic idea behind this technique is to use the 

complete genomic sequence of an organism to predict potential antigens for a candidate vaccine with the help of 

prediction algorithms. For any synthetic vaccine, immune dominant epitopes must be present for triggering immune 

response against the pathogen. With the advent of reverse vaccinology, it is now possible to predict epitopes of high 

efficacy without the need for culturing any extremely infectious agent.  It also made possible the studies on antigen 

structure and function. The prime requirement of this technique is the availability of whole genome sequence of an 

infectious organism. However, known facts are not conclusive enough for understanding the etiology the infection. 

More research and epidemiologic data are required for in-depth knowledge of the diagnostic criteria and its 

improvement, the natural course of the disorder, as well as to validate any strength of true associations with comorbid 

syndrome or disorder, as the existing data is not conclusive enough to determine the accurate prevalence.   
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ApoE Apolipoprotein E 

BOC Boceprevir 
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Human Leukocyte Antigen 

IEDB Immune Epitope Database 

IFN Interferon 

pl Isoelectric Point 

IVIG Intravenous Immunoglobulin 

sLC_MS Mass Spectrometry 

MHC Major Histocompatibility Complex 
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nAbs Neutralizing antibodies 

NCBI National Centre of Biotechnology 

NASH Non-alcoholic Stearohpatitis 

NS Non-structural 

Nt Nucleotide 

ORF Open Reading Frame 

RBD Receptor Binding Domain 

RNA Ribonucleic acid 

SL Stem-Loop structures 

SMM Stabilized Matrix Method 

Sr Scavenger Receptor 

SVR Sustained Viral Response 

TVR Telaprevir 

TMD Terminal Transmembrane Domain 

UTR Untranslated region 

WHO World Health Organization 

 

References  

1. Akazawa D, Moriyama M, Yokokawa H, Omi N, Watanabe N, Date T, Morikawa K, Aizaki H, Ishii K, Kato 

T. 2013. Neutralizing antibodies induced by cell culture–derived hepatitis c virus protect against infection 

in mice. Gastroenterology 145: 447-455.  

2. Alonso P, Smith T, Schellenberg JA, Masanja H, Mwankusye S, Urassa H, De Azevedo IB, Chongela J, 

Kobero S, Menendez C. 1994. Randomised trial of efficacy of SPf66 vaccine against Plasmodium falciparum 

malaria in children in southern Tanzania. The Lancet 344: 1175-1181. 

3. Amador R, Moreno A, Murillo LA, Sierra O, Saavedra D, Rojas M, Mora AL, Rocha CL, Alvarado F, Falla 

JC. 1992. Safety and immunogenicity of the synthetic malaria vaccine SPf66 in a large field trial. Journal of 

Infectious Diseases 166: 139-144. 

4. Amer FA. 2014. Progress in developing hepatitis C virus prophylactic and therapeutic vaccines. Int. J. Curr. 

Microbiol. App. Sci 3: 891-906. 

5. Ascha MS, Hanouneh IA, Lopez R, Tamimi TAR, Feldstein AF, Zein NN. 2010. The incidence and risk 

factors of hepatocellular carcinoma in patients with nonalcoholic steatohepatitis. Hepatology 51: 1972 -1978. 

6. Ashfaq UA, Javed T, Rehman S, Nawaz Z, Riazuddin S. 2011. An overview of HCV molecular biology, 

replication and immune responses. Virology journal 8: 161. 



JOI 2021, 1, 1  

124 

 

7. Au J, Pockros P. 2014. Novel therapeutic approaches for hepatitis C. Clinical Pharmacology & Therapeutics 

95: 78-88. 

8. Audibert F, Chedid L. 1980. New developments with human and veterinary vaccines. Prog Clin Biol Res A 

47: 325. 

9. Audibert F, Jolivet M, Chedid L, Arnon Rt, Sela M. 1982. Successful immunization with a totally synthetic 

diphtheria vaccine. Proceedings of the National Academy of Sciences 79: 5042 -5046. 

10. Bardhan P, Dutta H, Krishnaswami P. 1963. Intradermal TAB immunization against enteric infections. Th e 

Journal of hygiene 61: 365. 

11. Barnes E, Folgori A, Capone S, Swadling L, Aston S, Kurioka A, Meyer J, Huddart R, Smith K, Townsend 

R. 2012. Novel adenovirus-based vaccines induce broad and sustained T cell responses to HCV in man. 

Science translational medicine 4: 115ra111-115ra111. 

12. Baxby D. 1999. Edward Jenner's Inquiry; a bicentenary analysis. Vaccine 17: 301 -307. 

13. Bosch FX, Ribes J, Díaz M, Cléries R. 2004. Primary liver cancer: worldwide incidence and trends. 

Gastroenterology 127: S5-S16. 

14. Bostan N, Mahmood T. 2010. An overview about hepatitis C: a devastating virus. Critical reviews in 

microbiology 36: 91-133. 

15. Casey LC, Lee WM. 2013. Hepatitis C virus therapy update 2013. Current opinion in gastroenterology 29: 

243-249. 

16. Chakraborty S. 2014. Ebola vaccine: multiple peptide-epitope loaded vaccine formulation from proteome 

using reverse vaccinology approach. Int J Pharm Pharm Sci 6: 407-412. 

17. Choo Q, Richman K, Han J, Berger K, Lee C, Dong C, Gallegos C, Coit D, Medina-Selby R, Barr P. 1991. 

Genetic organization and diversity of the hepatitis C virus. Proceedings of the national academy of sciences 

88: 2451-2455. 

18. Choo Q, Kuo G, Ralston R, Weiner A, Chien D, Van Nest G, Han J, Berger K, Thudium K, Kuo C. 1994. 

Vaccination of chimpanzees against infection by the hepatitis C virus. Proceedings of the National Academy 

of Sciences 91: 1294-1298. 

19. Clark TW, Pareek M, Hoschler K, Dillon H, Nicholson KG, Groth N, Stephenson I. 2009. Trial of 2009 

influenza A (H1N1) monovalent MF59-adjuvanted vaccine. New England Journal of Medicine 361: 2424-

2435. 

20. Coley WB. 1891. II. Contribution to the Knowledge of Sarcoma. Annals of surgery 14: 199. 

21. Control CfD, Prevention. 2009a. Safety of influenza A (H1N1) 2009 monovalent vaccines -United States, 

October 1-November 24, 2009. MMWR. Morbidity and mortality weekly report 58: 1351. 2009b. Update on 

influenza A (H1N1) 2009 monovalent vaccines. MMWR. Morbidity and mortality weekly report 58: 1100.  

22. Diepolder HM, Zachoval R, Hoffmann RM, Jung M, Pape G, Wierenga E, Santantonio T, Eichenlaub D. 

1995. Possible mechanism involving T-lymphocyte response to non-structural protein 3 in viral clearance 

in acute hepatitis C virus infection. The Lancet 346: 1006-1007. 



JOI 2021, 1, 1  

125 

 

23. Drummer HE, Poumbourios P. 2004. Hepatitis C virus glycoprotein E2 contains a membrane-proximal 

heptad repeat sequence that is essential for E1E2 glycoprotein heterodimerization and viral entry. Journal 

of Biological Chemistry 279: 30066-30072. 

24. Duns G. 2013. Challenges and rewards: a career as a generalist. Australian family physician 42: 4 39. 

25. El Omari K, Iourin O, Kadlec J, Sutton G, Harlos K, Grimes JM, Stuart DI. 2014. Unexpected structure for 

the N-terminal domain of hepatitis C virus envelope glycoprotein E1. Nature communications 5: 4874. 

26. Falkowska E, Kajumo F, Garcia E, Reinus J, Dragic T. 2007. Hepatitis C virus envelope glycoprotein E2 

glycans modulate entry, CD81 binding, and neutralization. Journal of virology 81: 8072 -8079. 

27. Farci P, Shimoda A, Wong D, Cabezon T, De Gioannis D, Strazzera A, Shimizu Y, Shapiro M, Alter HJ, 

Purcell RH. 1996. Prevention of hepatitis C virus infection in chimpanzees by hyperimmune serum against 

the hypervariable region 1 of the envelope 2 protein. Proceedings of the National Academy of Sciences 93: 

15394-15399. 

28. Fattovich G, Stroffolini T, Zagni I, Donato F. 2004. Hepatocellular carcinoma in cirrhosis: incidence and risk 

factors. Gastroenterology 127: S35-S50. 

29. Fine A. 2003. Diphtheria, tetanus and acellular pertussis vaccine (DTaP): a case study. Committee on the 

Evaluation of Vaccine Purchase Financing in the United States. 

30. Fleischmann RD, Adams MD, White O, Clayton RA, Kirkness EF, Kerlavage AR, Bult CJ, Tomb J-F, 

Dougherty BA, Merrick JM. 1995. Whole-genome random sequencing and assembly of Haemophilus 

influenzae Rd. Science 269: 496-512. 

31. Freeman AJ, Dore GJ, Law MG, Thorpe M, Von Overbeck J, Lloyd AR, Marinos G, Kaldor JM. 2001. 

Estimating progression to cirrhosis in chronic hepatitis C virus infection. Hepatology 34: 809 -816. 

32. Friebe P, Bartenschlager R. 2002. Genetic analysis of sequences in the 3′ nontranslated region of hepatitis C 

virus that are important for RNA replication. Journal of virology 76: 5326-5338. 

33. Gaugler B, Van den Eynde B, van der Bruggen P, Romero P, Gaforio JJ, De Plaen E, Lethé B, Brasseur F, 

Boon T. 1994. Human gene MAGE-3 codes for an antigen recognized on a melanoma by autologous  

cytolytic T lymphocytes. Journal of Experimental Medicine 179: 921-930. 

34. Grakoui A, Shoukry NH, Woollard DJ, Han J-H, Hanson HL, Ghrayeb J, Murthy KK, Rice CM, Walker CM. 

2003. HCV persistence and immune evasion in the absence of memory T cell help. Science 302: 659-662. 

35. Haeusler GM, Curtis N. 2013. Non-typhoidal Salmonella in children: microbiology, epidemiology and 

treatment. Pages 13-26. Hot Topics in Infection and Immunity in Children IX,  Springer. 

36. Halliday J, Klenerman P, Barnes E. 2011. Vaccination for hepatitis C virus: closing in on an evasive target. 

Expert review of vaccines 10: 659-672. 

37. Han J, Shyamala V, Richman K, Brauer M, Irvine B, Urdea M, Tekamp-Olson P, Kuo G, Choo Q, Houghton 

M. 1991. Characterization of the terminal regions of hepatitis C viral RNA: identification of conserved 

sequences in the 5'untranslated region and poly (A) tails at the 3'end. Proceedings of the National Academy 

of Sciences 88: 1711-1715. 



JOI 2021, 1, 1  

126 

 

38. Harrison G, Shakes T, Robinson C, Lawrence S, Heath D, Dempster R, Lightowlers M, Rickard M. 1999. 

Duration of immunity, efficacy and safety in sheep of a recombinant Taenia ovis vaccine formulated with 

saponin or selected adjuvants. Veterinary immunology and immunopathology 70: 16 1-172. 

39. He H, Chen E, Chen H, Wang Z, Li Q, Yan R, Guo J, Zhou Y, Pan J, Xie S. 2014. Similar immunogenicity of 

measles–mumps–rubella (MMR) vaccine administrated at 8 months versus 12 months age in children. 

Vaccine 32: 4001-4005. 

40. Hill A, Cooke G. 2014. Hepatitis C can be cured globally, but at what cost? Science 345: 141-142. 

41. Hunziker IP, Zurbriggen R, Glueck R, Engler OB, Reichen J, Dai WJ, Pichler WJ, Cerny A. 2001. Perspectives: 

towards a peptide-based vaccine against hepatitis C virus. Molecular immunology 38: 475-484. 

42. Ingolotti M, Kawalekar O, Shedlock DJ, Muthumani K, Weiner DB. 2010. DNA vaccines for targeting 

bacterial infections. Expert review of vaccines 9: 747-763. 

43. Ip PP, Nijman HW, Wilschut J, Daemen T. 2012. Therapeutic vaccination against chron ic hepatitis C virus 

infection. Antiviral research 96: 36-50. 

44. Ito T, Lai M. 1997. Determination of the secondary structure of and cellular protein binding to the 3' -

untranslated region of the hepatitis C virus RNA genome. Journal of virology 71: 8698 -8706. 

45. Jensen H, Benn CS, Aaby P. 2005. DTP in low income countries: improved child survival or survival bias? 

Bmj 330: 845-846. 

46. Kaboré N, Poda G, Barro M, Cessouma R, Héma A, Ouedraogo A, Sawadogo A, Nacro B. 2012. Impact de 

la vaccination sur les admissions pour méningites à Haemophilus influenzae b de 2004 à 2008, à Bobo 

Dioulasso (Burkina Faso). Medecine et sante tropicales 22: 425-429. 

47. Khan AG, Whidby J, Miller MT, Scarborough H, Zatorski AV, Cygan A, Price AA, Yost SA, Bohannon CD, 

Jacob J. 2014a. Structure of the core ectodomain of the hepatitis C virus envelope glycoprotein 2. Nature 

509: 381-384. 2014b. Structure of the core ectodomain of the hepatitis C virus envelope glycoprotein 2. 

Nature 509: 381. 

48. Kolykhalov AA, Feinstone SM, Rice CM. 1996. Identification of a highly conserved sequence element at the 

3'terminus of hepatitis C virus genome RNA. Journal of virology 70: 3363-3371. 

49. Kotloff KL, Blackwelder WC, Nasrin D, Nataro JP, Farag TH, van Eijk A, Adegbola RA, Alonso PL, Breiman 

RF, Golam Faruque AS. 2012. The Global Enteric Multicenter Study (GEMS) of diarrheal disease in infants 

and young children in developing countries: epidemiologic and clinical methods of the case/control study. 

Clinical infectious diseases 55: S232-S245. 

50. Kotloff KL, Nataro JP, Blackwelder WC, Nasrin D, Farag TH, Panchalingam S, Wu Y, Sow SO, Sur D, 

Breiman RF. 2013. Burden and aetiology of diarrhoeal disease in infants and young children in developing 

countries (the Global Enteric Multicenter Study, GEMS): a prospective, case-control study. The Lancet 382: 

209-222. 

51. Lamabadusuriya S. 2009. Immunisation of children: a sound investment for the Millenium. Sri Lanka 

Journal of Child Health 29. 

52. Lanata CF, Fischer-Walker CL, Olascoaga AC, Torres CX, Aryee MJ, Black RE. 2013. Global causes of 

diarrheal disease mortality in children< 5 years of age: a systematic review. PloS one 8: e72788. 



JOI 2021, 1, 1  

127 

 

53. Large MK, Kittlesen DJ, Hahn YS. 1999. Suppression of host immune response by the core protein of 

hepatitis C virus: possible implications for hepatitis C virus persistence. The Journal of Immunology 162: 

931-938. 

54. Le Menach A, Boxall N, Amirthalingam G, Maddock L, Balasegaram S, Mindlin M. 2014. Increased measles –

mumps–rubella (MMR) vaccine uptake in the context of a targeted immunisation campaign during a 

measles outbreak in a vaccine-reluctant community in England. Vaccine 32: 1147-1152. 

55. Lok AS, Seeff LB, Morgan TR, Di Bisceglie AM, Sterling RK, Curto TM, Everson GT, Lindsay KL, Lee WM, 

Bonkovsky HL. 2009. Incidence of hepatocellular carcinoma and associated risk factors in hepatitis C-

related advanced liver disease. Gastroenterology 136: 138-148. 

56. Maione D, Margarit I, Rinaudo CD, Masignani V, Mora M, Scarselli M, Tettelin H, Brettoni C, Iacobini ET, 

Rosini R. 2005. Identification of a universal Group B streptococcus vaccine by multiple genome screen. 

Science 309: 148-150. 

57. McKiernan SM, Hagan R, Curry M, McDonald GS, Kelly A, Nolan N, Walsh A, Hegarty J, Lawlor E, 

Kelleher D. 2004. Distinct MHC class I and II alleles are associated with hepatitis C viral clearance, 

originating from a single source. Hepatology 40: 108-114. 

58. Messina JP, Humphreys I, Flaxman A, Brown A, Cooke GS, Pybus OG, Barnes E. 2015. Global distribution 

and prevalence of hepatitis C virus genotypes. Hepatology 61: 77-87. 

59. Miller Jr JJ, Humber JB, Dowrie JO. 1944. Immunization with combined diphtheria and tetanus toxoids 

(aluminum hydroxide adsorbed) containing hemophilus pertussis vaccine. The Journal of Pediatrics 24: 

281-289. 

60. Miller RH, Purcell RH. 1990. Hepatitis C virus shares amino acid sequence similarity with pestiviruses and 

flaviviruses as well as members of two plant virus supergroups. Proceedings of the National Academy of 

Sciences 87: 2057-2061. 

61. Modlin JF. 2012. Inactivated polio vaccine and global polio eradication. The Lancet infectious diseases 12: 

93-94. 

62. Mühlberger N, Schwarzer R, Lettmeier B, Sroczynski G, Zeuzem S, Siebert U. 2009. HCV-related burden of 

disease in Europe: a systematic assessment of incidence, prevalence, morbidity, and mortality. BMC public 

health 9: 34. 

63. Nabel GJ. 2012. Rational design of vaccines for AIDS and influenza. Transactions of the American Clinical 

and Climatological Association 123: 9. 

64. Nava-Parada P, Forni G, Knutson KL, Pease LR, Celis E. 2007. Peptide vaccine given with a Toll -like 

receptor agonist is effective for the treatment and prevention of spontaneous breast tumors. Cancer research 

67: 1326-1334. 

65. Neumann-Haefelin C, Thimme R. 2007. Impact of the genetic restriction of virus-specific T-cell responses 

in hepatitis C virus infection. Genes and immunity 8: 181. 

66. Noble J, Fielding P. 1965. Combined enteric and cholera vaccination by the intradermal route. Epidemiology 

& Infection 63: 345-355. 



JOI 2021, 1, 1  

128 

 

67. Offit PA. 2007. Vaccinated: one man's quest to defeat the world's deadliest diseases: Smithsonian Books  

Washington, DC. 

68. Organization WH. 2014. Guidelines on post-exposure prophylaxis for HIV and the use of co-trimoxazole 

prophylaxis for HIV-related infections among adults, adolescents and children: recommendations for a 

public health approach: December 2014 supplement to the 2013 consolidated guidelines on the use of 

antiretroviral drugs for treating and preventing HIV infection: World Health Organization. 

69. Palena C, Abrams SI, Schlom J, Hodge JW. 2006. Cancer vaccines: preclinical studies and n ovel strategies. 

Advances in cancer research 95: 115-145. 

70. Park S-H, Rehermann B. 2014. Immune responses to HCV and other hepatitis viruses. Immunity 40: 13 -24. 

71. Pasteur L. 1880. De l’attenuation du virus du cholera des poules. CR Acad. Sci. Paris 91: 673 -680. 

72. Perz JF, Armstrong GL, Farrington LA, Hutin YJ, Bell BP. 2006. The contributions of hepatitis B virus and 

hepatitis C virus infections to cirrhosis and primary liver cancer worldwide. Journal of hepatology 45: 529 -

538. 

73. Pestka JM, Zeisel MB, Bläser E, Schürmann P, Bartosch B, Cosset F-L, Patel AH, Meisel H, Baumert J, Viazov 

S. 2007. Rapid induction of virus-neutralizing antibodies and viral clearance in a single-source outbreak of 

hepatitis C. Proceedings of the National Academy of Sciences 104: 6025-6030. 

74. Pizza M, Scarlato V, Masignani V, Giuliani MM, Aricò B, Comanducci M, Jennings GT, Baldi L, Bartolini E, 

Capecchi B. 2000. Identification of vaccine candidates against serogroup B meningococcus by whole-

genome sequencing. Science 287: 1816-1820. 

75. Rappuoli R. 2000. Reverse vaccinology. Current opinion in microbiology 3: 445-450. 

76. Ray R, Meyer K, Banerjee A, Basu A, Coates S, Abrignani S, Houghton M, Frey SE, Belshe RB. 2010. 

Characterization of antibodies induced by vaccination with hepatitis C virus envelope glycoproteins . 

Journal of Infectious Diseases 202: 862-866. 

77. Reardon S. 2013. News: United States to approve potent oral drugs for hepatitis C. Nature 14059. 

78. Reed K, Rice C. 2000. Overview of hepatitis C virus genome structure, polyprotein processing, an d protein  

properties. Pages 55-84. The Hepatitis C Viruses,  Springer. 

79. Sánchez-Vargas FM, Abu-El-Haija MA, Gómez-Duarte OG. 2011. Salmonella infections: an update on 

epidemiology, management, and prevention. Travel medicine and infectious disease 9: 263 -277. 

80. Sarobe P, Lasarte JJ, Zabaleta A, Arribillaga L, Arina A, Melero I, Borrás-Cuesta F, Prieto J. 2003. Hepatitis 

C virus structural proteins impair dendritic cell maturation and inhibit in vivo induction of cellular immune 

responses. Journal of virology 77: 10862-10871. 

81. Sarrazin C, Hézode C, Zeuzem S, Pawlotsky J-M. 2012. Antiviral strategies in hepatitis C virus infection. 

Journal of hepatology 56: S88-S100. 

82. Seitz HK, Stickel F. 2006. Risk factors and mechanisms of hepatocarcinogenesis with special emphas is on 

alcohol and oxidative stress. Biological chemistry 387: 349-360. 

83. Sharma NR, Mateu G, Dreux M, Grakoui A, Cosset F-L, Melikyan GB. 2011. Hepatitis C virus is primed by 

CD81 protein for low pH-dependent fusion. Journal of Biological Chemistry 286: 30361-30376. 



JOI 2021, 1, 1  

129 

 

84. Sherman M. 2010. Hepatocellular carcinoma: epidemiology, surveillance, and diagnosis. Pages 003 -016. 

Seminars in liver disease: © Thieme Medical Publishers. 

85. Shoukry NH, Grakoui A, Houghton M, Chien DY, Ghrayeb J, Reimann KA, Walker CM. 2003. Memor y 

CD8+ T cells are required for protection from persistent hepatitis C virus infection. Journal of Experimental 

Medicine 197: 1645-1655. 

86. Smith DB, Bukh J, Kuiken C, Muerhoff AS, Rice CM, Stapleton JT, Simmonds P. 2014. Expanded 

classification of hepatitis C virus into 7 genotypes and 67 subtypes: updated criteria and genotype 

assignment web resource. Hepatology 59: 318-327. 

87. Tan S-L, Pause A, Shi Y, Sonenberg N. 2002. Hepatitis C therapeutics: current status and emerging 

strategies. Nature Reviews Drug Discovery 1: 867. 

88. Thimme R, Oldach D, Chang K-M, Steiger C, Ray SC, Chisari FV. 2001. Determinants of viral clearance and 

persistence during acute hepatitis C virus infection. Journal of Experimental Medicine 194: 1395 -1406. 

89. Thompson KM, Duintjer Tebbens RJ. 2014. National choices related to inactivated poliovirus vaccine, 

innovation and the endgame of global polio eradication. Expert review of vaccines 13: 221 -234. 

90. Vernelen K, Claeys H, Verhaert H, Volckaerts A, Vermylen C, Courouce A-M, Bouchardeau F, Girault A, 

Marrec N, Goffin E. 1994. Significance of NS3 and NS5 antigens in screening for HCV antibody. The Lancet 

343: 853-854. 

91. Vieyres G, Thomas X, Descamps V, Duverlie G, Patel AH, Dubuisson J. 2010. Characterization of the 

envelope glycoproteins associated with infectious hepatitis C virus. Journal of virology 84: 10159-10168. 

92. Wang CY, Walfield AM. 2005. Site-specific peptide vaccines for immunotherapy and immunization against 

chronic diseases, cancer, infectious diseases, and for veterinary applications. Vaccine 23: 2049-2056. 

93. Wertheimer AM, Miner C, Lewinsohn DM, Sasaki AW, Kaufman E, Rosen HR. 2003. Novel CD4+ and CD8+ 

T‐cell determinants within the NS3 protein in subjects with spontaneously resolved HCV infection. 

Hepatology 37: 577-589. 

94. Yang H, Kim DS. 2015. Peptide immunotherapy in vaccine development: from epitope to adjuvant. Pages 

1-14. Advances in protein chemistry and structural biology, vol. 99 Elsevier. 

95. Young S. 2013. Synthetic biology could speed flu vaccine production: MIT Technology Review. 

96. zur Wiesch JS, Lauer GM, Day CL, Kim AY, Ouchi K, Duncan JE, Wurcel AG, Timm J, Jones AM, Mothe B. 

2005. Broad repertoire of the CD4+ Th cell response in spontaneously controlled hepatitis C virus infection 

includes dominant and highly promiscuous epitopes. The Journal of Immunology 175: 3603-3613. 

 

 

 

 

 


