Development of hepatitis C virus vaccines: challenges and progress
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Abstract
Summary

Development of an effective vaccine against hepatitis C virus (HCV) has long been defined as a difficult challenge due to the
considerable variability of this RNA virus and the observation that convalescent humans and chimpanzees could be re-infected after
re-exposure. On the other hand, progress in the understanding of antiviral immune responses in patients with viral clearance has
elucidated key mechanisms playing a role for control of viral infection. Studies investigating prophylactic vaccine approaches in
chimpanzees have confirmed that the induction and maintenance of strong helper and cytotoxic T cell immune responses against
multiple viral epitopes is necessary for protection against viral clearance and chronic infection. A multispecific B cell response
resulting in rapid induction of cross-neutralizing antibodies may assist cellular responses. Therapeutic vaccination formulations
currently evaluated in clinical phase are facing the fact that the immune system of chronic carriers is impaired and need the
restoration of T cellsfunctionsto enhancetheir efficacy.
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I ntroduction

An estimated 170 million persons are chronically infected with HCV and 3 to 4 million individuals are newly infected each year [1].
Region-specific estimates of HCV prevalence range from < 1.0% in Northern Europe to > 2.9% in Northern Africa. The lowest prevalence
(0.01%-0.1%) has been reported from countries in the United Kingdom and Scandinavia; the highest prevalence (up to 15-20%) has been
reported from Egypt [2 ]. About 80% of newly infected subjects progress to chronic infection. Cirrhosis which developsin about 10% to 20
% of chronically infected patients is associated with a high risk of liver cancer (1% to 5% of chronically infected persons over a period of
20 to 30 years) [3 ]. No vaccine is currently available to prevent hepatitis C [4 ]. Treatment options for chronic hepatitis C [5 ], are of
limited efficacy and too costly for most persons in developing countries to afford [6 ,7 ,8 ]. Thus, the development of a vaccine will be
pivotal to decrease the burden of HCV-induced liver diseases including liver cirrhosis and hepatocellular carcinoma world-wide. In this
review, we will first summarize the impact of recent progress in molecular virology and antiviral immune responses for the design of novel
HCV vaccine strategies. We will then review progress in vaccine development by reviewing the investigation of vaccine candidates in
chimpanzees and HCV -infected patients.

Genetic variability - amajor challenge for vaccine development

HCV is an enveloped single stranded RNA virus of positive polarity which is the sole member of the genus Hepacivirus within the
family Flaviviridae. The HCV RNA genome encodes a unique polyprotein of about 3000 amino acids, and is flanked at its 5" and 3' ends
by two highly conserved untranslated regions involved in the translation and replication processes of the virus, respectively. The
polyprotein encodes at least 10 proteins. The structural proteins, which form the viral particle, include the core protein and the envelope
glycoproteins E1 and E2. The non-structural proteins include the p7 ion channel, the NS2-3 protease, the NS3 serine protease and RNA
helicase, the NS4A polypeptide, the NS4B and NSBA proteins and the NS5B RNA-dependent RNA polymerase [9,10].

HCV infection in vivo is highly dynamic, with aviral half-life of only afew hours and production and clearance of an estimated 1012
particles per day in agiven individual [11 ]. This high replicative activity, together with the lack of a proof-reading function of the NS5B
viral polymerase is at the origin of a high genetic variability of HCV [12 ]. HCV mutates nearly one nucleotide per replication cycle. Six
major HCV genotypes and 100 subtypes have been identified world wide [13 ]. Furthermore, several distinct but closely related HCV
variants coexist within each infected individual referred as quasipecies. The envelope glycoprotein genes display some of the highest
levels of genetic heterogeneity with E2 exhibiting greater variability at the quasispecies level than E1 [14 ]. Analysis of viral evolution has
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shown that amino terminus of the E2 envelope contains residues that have a very high propensity for adaptive change. This region known
as the first hypervariable region (HVR-1) has important functions in viral binding and entry, including CD81 binding and membrane
fusion [15 ] and is targeted by neutralizing antibodies [14 ]. HCV variability has also been described for cytotoxic T lymphocyte (CTL)
epitopes[16,17 ,18 ,19].

Progressin the development of model systemsfor the study of host immune responses

The lack of an efficient in vitro replication and infection model system [20 ] has long hampered the characterization of neutralizing
antibodies and functional studies of viral variants escaping B and T cell responses. In 2003, the development of retroviral particles
pseudotyped with HCV envelope glycoproteins (HCVpps) for the first allowed the study of viral entry and antibody-mediated
neutralization [21 ,22 1. This model has not only alowed the identification of novel identify HCV entry factors such as claudin-1 [23 ,24 ,
25] but also the investigation of neutralizing antibodies in HCV-infected chimpanzees and humans [14 ,26 ,27 ,28 ]. The development of a
tissue culture model based on recombinant cell-culture derived HCV (HCVcc) infecting human hepatoma cells in 2005 has been a
breakthrough for hepatitis C virus research [29 ,30 ,31 ]. This robust model system based on a unique viral isolate allowing efficient viral
replication in the human hepatoma cell line Huh7 for the first time allows the investigation of the entire viral life cycle and virus-host
interactions during vira infection. Furthermore, this system has been successfully applied to study the molecular mechanisms of
antibody-mediated neutralization [32 ,33 ] and mechanisms of viral escape from B and T cell responses[19,26 ,28].

Challenge for the development of a B cell vaccine: viral escape from neutralizing antibodies

In the last few years, substantial progress has been made in the understanding of the impact of humoral immune responses for control
of HCV infection. Recent data obtained from unique patient cohorts with well defined viral isolates provided new insights into the
perspectives and challenges for vaccine devel opment.

Recently, longitudinal studies of two cohorts of acute phase patients revealed, a correlation between the rapid induction of circulating
neutralizing antibodies and viral clearance [27 ,34 ]. High-titer cross-neutralizing antibodies were detected during the acute phase in
patients who subsequently cleared viral infection [27 ]. In contrast, patients progressing into chronic HCV infection were characterized by
a delayed induction of neutralizing antibodies [27 ]. Paradoxically, these antibodies were not able to control HCV infection. An elegant
study by von Hahn and colleagues provided insights into the molecular mechanisms of this finding [35 ]. This latter study demonstrated
elegantly that HCV continuously escapes the host neutralizing response, suggesting that the neutralizing antibody response of the host lags
behind the rapidly evolving HCV envelope glycoprotein sequences of the quasi species population [35 ]. This observation may explain the
fact that neutralizing antibodies identified in chronic HCV patients are not able to control chronic HCV infection. This hypothesis was
further confirmed by a recent study in liver transplant patients, demonstrating that escape from antibody-mediated neutralization plays a
key role for selection of viral variants re-infecting the liver graft (Fafi-Kremer et al., Oral presentation, 43 Annual Meeting of the
European Association for the Study of the Liver, Milan 2008).

Polyclonal and monoclonal antibodies which are capable of neutralizing diverse variants of HCV, at least in vitro recognise
discontinuous (conformational) regions of the HCV glycoproteins [27 ,35 ]. Most recently, it was shown that HCV neutralizing responses
in HCV-infected patients target vira entry after HCV binding most likely related to HCV-CD81 and HCV-SR-BI interaction as well as
membrane fusion [36 ]. It is thus conceivable that the combination of cross-neutralizing antibodies targeting distinct HCV epitopes
involved in distinct entry steps might alow to efficiently neutralize HCV in vivo.

In addition to its variability HCV has developed different other means to escape the neutralizing antibody response: (1) the induction
of antibodies interfering with neutralizing antibodies [37 ]; (2) the association of HCV with serum factors such as LDL and very
low-density lipoprotein (VLDL) [38 ]; (3) the interplay of HCV glycoproteins and SR-BI with HDL [39 ,40 ,41 ,42 ]; (4) the shielding of
neutralizing epitopes by glycosylation of defined amino acids of envelope glycoproteins [43 ,44 1; and (5) direct cell-to-cell transfer of the
virus [45 1. Thus, a combination of different mechanisms (for example, masking of neutralizing epitopes or receptor binding sites by
mutational variation or by glycosylation) as described for viruses such as HIV [46 ,47 ] may also apply to HCV and provide an explanation
for why neutralizing antibodies detected in acute and chronic-phase patients may not be effective in vivo [33].

These studies highlight the importance of the characterization of the molecular mechanisms for escape from neutralizing antibodies for
the development of antibody-based therapeutic strategies and the formulation of an efficient B-cell immunogens. The development of aB
vaccine is essentially challenged by the identification of epitopes largely conserved among different genotypes and isolates that could
induce antibodies capable to neutralize efficiently a heterologous inoculum before it reaches its target cell. Most importantly, the recent
report of human monoclona antibodies (mAbs) that neutralize genetically diverse HCV isolates and protect against heterologous HCV
quasispecies challenge in a human liver-chimeric mouse model [48 ] validates the concept of the use of neutralizing antibodies in
prevention of HCV infection. These data also provide evidence that broadly neutralizing antibodies to HCV can protect against
heterologous viral infection and that a prophylactic vaccine against HCV may be achievable.
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T cell responses and control of viral infection

Studies in humans and chimpanzees have shown that a self-limited course of acute hepatitis C is associated with a vigorous and
sustained CD4+ and CD8+ T cell response targeting multiple HCV regions [49 ,50 ,51 ,52 ,53 ]. After resolution of infection memory T
cells maintained over decades and can mediate protective immunity in spontaneously HCV-recovered chimpanzees following re-challenge
with homologous and heterologous HCV [54 ,55 ,56 1. The rapid control of HCV replication following re-challenge was found to be
associated with early anamnestic HCV-specific CD4+ and CD8+ T cell responses, including memory CD4+ T cell responses [57 ,58 ,59 ,
60 ]. However, recent studies in chimpanzees contradict the early studies [61 ]. Thus, a chimpanzee that had previously demonstrated
protective immunity following multiple re-challenges with heterologous viruses became chronically infected when re-exposed to the virus
originally inoculated into the animal [61 ]. These findings indicate that further studies are needed to fully understand the immunological
correlates of protective immunity against HCV.

In contrast to acute resolving HCV infection, persisting acute HCV infection is associated with aweak and only monospecific CD4+ T
cell responses [62 ]. Regarding the role of CD8+ T cells during acute HCV infection with persistence, the picture is currently less clear.
Recent studies in humans have revealed that even strong CD8+ T cell responses in the acute phase of infection may not be adequate to
prevent progression to chronicity [17 ,63 ,64 ]. Urbani et al. showed that at clinical onset, CD8 responses are similarly weak and narrowly
focused in both self-limited and chronically evolving infections [63 ]. At this stage, CD4 responses are deeply impaired in patients with a
chronic outcome as they are weak and of narrow specificity, unlike the strong, broad and T helper 1-oriented CD4 responses associated
with resolving infections. Only patients able to finally control infection show maturation of CD8 memory sustained by progressive
expansion of CD127+ CD8 cells [63 ]. Thus, a poor CD8 response in the acute stage of infection may enhance the overall probability of
chronic viral persistence. The presence of functional CD4 responses represents one of the factors dictating the fate of infection by directly
contributing to control of the virus and by promoting maturation of protective memory CD8 responses. Viral escape to CD8+T cell is
another important mechanism of T cell response failure in patients developing persistent infection and needs to be taken in account in
vaccination setting [17 ,65 ,66 ,67 ]. Studies in humans and chimpanzees have shown that mutations in HLA class | restricted epitopes
targeted by CD8+ T cells, occur early in HCV infection and are associated with persistence [68 ,69 ]. The role of HLA alleles in
determining the outcome of an HCV infection has been recently studied in an Irish cohort of women accidentally infected with HCV [70].
The HLA class | alleles A3, B27 and Cw*01 were significantly associated with vira clearance whereas B8 was associated with viral
persistence indicating that the host genetic background is an important variable that can influence infection outcome [70 1. Interestingly
stable cytotoxic T cell escape mutations have been linked to maintenance of viral fitness [19 ]. According to these authors, these
observations elucidate potential mechanism by which viral persistence is established. Whereas consequences of stable integration of
escape mutations into viral genomes are not clear, it is formally possible that epitopes presented by the most prevalent MHC class |
molecules in human population will eventually be lost or become less dominant, an outcome that could have implications for vaccine
development.

In the chronic phase, virus specific CD4+ and CD8+ T cell responses are also detectable and mechanisms responsible for their failure
to control infection could help to efficiently develop immunotherapeutic vaccine. HCV-specific CD4+ and CD8+ T cells isolated from
chronically infected patients usually display functional and maturation defects including reduced cytotoxic potential, reduced secretion of
Thi-type cytokines and a reduced proliferative capacity in response to ex vivo antigenic stimulation [53 ,71 ,72 ]. Different mechanisms
may be involved in secondary T cell failure of HCV-specific CD4+ and CD8+ T cellsin chronic HCV infection, such as down-regulation
of virus-specific T cell responses via T regulatory cells (Treg) and signalling through programmed death 1 receptor (PD-1). An increased
frequency of Treg cells has been observed in patients with chronic HCV infection compared to individuals who spontaneously resolve
HCV infection [73 ,74 ,75 ,76 1. However, a recent study in chimpanzees showed no difference in the frequency of Treg cells and the
extent of suppression irrespective of the outcome of the infection [77 1. Down-regulation of virus-specific T cell responses via signalling
through PD-1 on T cells has been linked with virus-specific T cell deficiency during chronic viral infections in a murine model and in
humans [78 ,79 ]. Several recent studies demonstrated high expression levels of PD1 on HCV specific CD8+ T cells in patients with
persistent HCV infection [80 ]. Moreover, HCV-specific T cells that showed increased expression of PD1 on their surface exhibited
impaired IFN-y production and reduced proliferative potential in response to ex vivo HCV antigen stimulation emphasizing the general
state of immunosuppression characterising HCV specific T cellsin chronic infection [80,81 ,82].

Taken together, the outcome of an HCV infection appears to be modulated by a complex interplay of immunologica factors (primary
and secondary T-cell failure), host genetics (HLA background) and virological factors (viral escape mutations). Thus, the development of
prophylactic and therapeutic vaccine approaches for HCV is challenged by: (1) the technical challenge involved in formulating a vaccine
that is effective against different HCV genotypes and the multiple circulating viral quasispecies, (2) designing a vaccine targeted at
eiciting broad T cell responses in spite of the fact that the quality of a successful T cell response is not completely understood (3) the long
term maintenance of long-lived memory CD4+ and CD8+ T cells responses generated by a successful HCV vaccine.
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Finally, the development of a therapeutic vaccine is challenged by secondary T cell failure associated with persistent HCV infection.
Thus, therapeutic vaccine design has not only to overcome an impaired or suppressed T cell response in patients with persistent HCV
infection but also has to ensure that vaccine induced immune enhancement does not result in detrimental immunopathology.

Novel approachesfor HCV vaccine development

Although a robust tissue culture system for the production of infectious particles has been established [29 ,30 ,31 ], this system does
not yet allow the production of virus in quantities required to design vaccines based on killed or attenuated virus. In addition, a live
attenuated approach appears not to be realistic because of the high tendency of the virus to persist in the host. Even recombinant viruses,
such as those with deletions of the 3" untranslated region or HVR1, which appear to cause attenuated acute disease, readily persist in the
host [83 ]. Thus, novel vaccine strategies are pursued. These strategies include among others recombinant subunit proteins, virus-like
particles, peptides, DNA, recombinant non-pathogenic live vectors, and prime boost approaches (Table 1) [4 ,84 ,85,86 ]. Recent progress
using the HCV tissue culture model, allowed production of noninfectious trans-complemented HCV particles which may represent another
promising vaccine approach based on virus-like particles [87 1.

Based on the current knowledge of the mechanisms being involved in control of viral infection, a vaccine should induce a
multi-specific and vigorous cellular host response, implicating both CD4+ and CD8+ T cells, and a strong and cross-neutralizing antibody
response (Figure 1) [4 ,84 ,85 ]. Since acute HCV infection is usually asymptomatic and not associated with liver failure, protection
against chronic HCV infection isthe key goal of current vaccine approaches [4].

Evaluation of prophylactic vaccine candidatesin the chimpanzee model

In this review we are focussing on vaccine formulations with preclinical evaluation in chimpanzees, the only established in vivo model
for the study of HCV infection in an immunocompetent host (Table 2 ). One of the first vaccine studies in chimpanzees was conducted by
Choo and colleagues at Chiron Corp. using recombinant HCV envelope proteins. Derived from mammalian cells, the two glycoproteins
associate together to form a non-disulfide linked gpE1-gpE2 heterodimer that is thought to resemble the pre-virion envelope structure.
When combined with oil/water based adjuvants and used to vaccinate naive chimpanzees, this vaccine candidate €elicits anti-envelope
antibodies as well as CD4+ T cell responses to E1 and E2. Table 2 shows that HCV carrier rate in chimpanzees that have been vaccinated
with E1E2 and challenged with heterologous virus was significantly lower than in unimmunised control chimpanzees [4 ,88 ]. These results
clearly demonstrate the promise of this approach athough protection against chronic infection could not be achieved in all animals.

Another small study explored a different glycoprotein E1E2 vaccine formulation (aal92-715; produced using a Sindbis virus
expression system) in two chimpanzees: one naive and one recovered from HCV acute infection: the animals became persistently infected
despite apparent control of virus replication [89].

Two studies have shown that progression to chronicity appeared be prevented in HCV-infected chimpanzees via DNA-based and/or
adenovirus vector-based immunization inducing HCV E1E2 immune responses [90 ,91 ] (Table 2). In 2000, Forns et al. [90 ] showed that
DNA vaccine encoding cell surface-expressed E2 did not elicit sterilizing immunity in two vaccinated chimpanzees against challenge with
amonoclonal homologous virus. However, both vaccinated chimpanzees resolved the infection early, whereas the control animal became
chronically infected. The limitation of this study is the use of a homologous challenge and the small number of animals included.

Interestingly, Youn et al. [91 ] demonstrated that vaccination by DNA prime recombinant adenovirus boost induces HCV-specific T
cell responses and a long lasting E2-specific antibody response that correlates inversely with peak viral loads. They report that one
vaccinated chimpanzee that had sterilizing immunity against heterologous virus generated the highest level of E2 specific total and
neutralizing antibody responses as well as strong NS3/NS5 specific T cell proliferative responses. The vaccine and challenge strains were
both genotype 1b, but HCV-BK challenge strain differed from HCV vaccine strain in about 7% of total amino acids (Table 2 ). These
results suggest that it could be an advantage to combine in the same vaccine formulation immunogens capable to induce both humoral
neutralizing and cellular responses of broad spectrums. Furthermore, this study shows the high immunogenicity of a prime-boost protocol
capable to decrease the viral load following challenge with heterologous virus. Nevertheless the frequency of chronic infection was very
high.

Folgori et al. [92 ] used the NS proteins as an immunogen. Indeed NS proteins represent about two thirds of the entire HCV
polyprotein (about 2000 amino acids) and contain a large number of previously mapped T cell epitopes [93 ]. They showed that
vaccination with adenoviral vectors and electroporated plasmid DNA coding for the HCV non structural region NS3 to NS5B, protected
chimpanzees from acute hepatitis induced by challenge with a heterologous virus differing from the vaccine sequence by more than 13% at
the amino acid level (Table 2 ). All vaccinated chimpanzees that developed a cross-reactive T cell response against the challenge virus
(four of five) were capable of resolving the infection after atransient viremia of lower level. The average peak viremia was more than 100
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times lower in the HCV vaccine group than in the control group. T cell responses were detected also within the liver. CD8 escape
mutations were detectable only in the vaccinated that did not control infection. These results suggest that as in natural infection viral
escape may contribute to virus-specific CD8+ T cell failure in the vaccination setting. In absence of neutralizing antibodies, none
developed a sterilizing immunity. Although the protection rate was not markedly different in vaccinees and controls (4/5 vaccines and 3/5
controls cleared the virus), these data suggest that the immune responses induced by this strategy could control HCV infection.

Another promising approach consists of non-infectious hepatitis C virus-like particles (HCV-LPs) produced in insect cells. HCV-LPs
derived from the HCV structural proteins are characterized by similar morphological, antigenic and functional properties as HCV virions [
94,95 ,96 ]. Similar to virions, HCV-LPs bind and enter human hepatocytes, hepatoma and lymphoma cell lines using heparan sulfate and
scavenger receptor B1 as co-receptors [97 ,98 |. HCV-LPs are efficiently taken up, processed and presented to T cells by human dendritic
cells[99,100 ]. Cross-presentation of HCV-LPs to cytotoxic T cells by dendritic cells underlines the functional and structural similarity of
HCV-LPs to HCV virions [99 ,100 ]. Since HCV-LPs are derived from a partia genome, entry of HCV-LPs does not lead to productive
vira infection. In various mouse models including transgenic HLA-A2 and -B7 mice, HCV-LPs induce a strong virus-specific humoral
and cellular immune response including HCV-specific cytotoxic T cells[101,102 ,103 ]. To evaluate this approach as a vaccine strategy,
preclinical studies were performed in 4 chimpanzees [104 ]. Animals received HCV-LPs with or without ASO1B adjuvant by injection into
the gluteal muscle. The chimpanzees were boosted at weeks 4, 8 and 32. All HCV-LP immunized chimpanzees were challenged 3 weeks
after the fourth immunization doses by an intravenous administration of 100 CID, (50% chimpanzee infectious doses) of homologous
monoclonal HCV-CG1b virus. HCV-LP immunization induced HCV-specific cellular immune responses that could control HCV viremia
in the 4 animals 10 weeks after the challenge. Four naive chimpanzees were infected with the same inoculum, and three developed
persistent infection with high viremia. Although the challenging virus was homologous to the vaccine strain, these preclinical data
obtained in animal model systems suggest that HCV-LPs represent a promising vaccine candidate for the prevention of chronic HCV
infection.

Rollier et al. [105 ] described an immunization protocol with two DNA plasmids expressing core-E1E2 and NS3 (genotype 1b, J4
strain) and booster immunizations given at weeks 14 and 20 with MVA (modified vaccinia Ankara) encoding core-E1E2 and NS3.
Animals were challenged with 25 CID., of in vivo titrated HCV 1bJ4. The vaccine and challenge strains were both genotype 1b, differing
in approximately 5% of total amino acids (Table 2 ). A robust specific immune response capable of reducing acute phase vira load both in
plasma and liver was induced in all 4 vaccinees but poor protection against chronicity (3 out of 4 chronic infections). Longitudinal liver
biopsies revealed higher PD-1, CTLA-4 (cytotoxic T lymphocyte-associated antigen 4) and IDO (indoleamine 2,3-dioxygenase)
expression in the 4 animals (3 vaccinated, 1 control) which became chronically infected in contrast to the lower levelsin the 2 animals
which cleared infection. Stimulation of IDO activity by CTLA-4 favours development of tolerogenic dendritic cells [106 ]. This
vaccination protocol with heterologous prime-booster DNA confirms the high immunogenicity of this approach. Although the viremiawas
reduced in vaccinated animals these data bring evidence of a virus-associated tolerogenic-like state which can develop in the liver and
brings new insights into the challenges of the induction of effective immunity to HCV.

Most recently [107 ] Youn et al. hypothesized that a replicating viral vector such as recombinant vaccinia virus (VV) may provide
stimulation of long-lasting humoral and cell-mediated immunity after a single injection. Thus 4 chimpanzees were immunized
transdermally twice with recombinant VV expressing HCV genotype 1b: capsid, E1, E2, p7, NS2 and NS3 genes. After challenge with 24
CID50 chimpanzee infective doses of homologous HCV, the two control animals that had received only the parental VV developed
chronic infection. All 4 immunized animals resolved HCV infection and developed strong cell-mediated immune responses predominantly
directed to NS3. Neutralizing antibody responses after the vaccine booster were relatively weak. To investigate cross-genotype protection,
the immunized recovered chimpanzees were challenged with a pool of six major HCV genotypes. During the acute phase after the
multigenotype challenge, all animals had high titer viremia in which genotype 4 dominated (87%) followed by genotype 5 (13%).
However, after fluctuating low-level viremia, the viremiafinally turned in one negative or persisted at very low levels in the other one up
to 102 weeks, end of follow-up. The use of highly attenuated VV strains deserves to be explored in further studies.

All the preclinical studies described here have been based on the chimpanzee as anima model. Given that many chimpanzees
spontaneously resolve acute hepatitis C, definite conclusions await human studies. Interestingly, most vaccine candidates succeeded in
inducing an immune response capable of reducing acute phase viral load. However, protection against chronic infection following
challenge with heterologous strains was limited. This limited protection highlights the difficulty of developing a vaccine protecting against
different isolates and emphasizes the challenge of HCV variability. Nevertheless, chimpanzees studies performed using homologous
challenges are useful to provide information of potential relevance for the design of vaccine candidates (Table 2).

Populationsfor HCV vaccine evaluation and suitability

Vaccines that prevent initial infection should be tested in human cohorts at high risk of infection [108 ]. Efficacy would be defined as
reduction in incidence of acute or chronic infections. Even in human populations with annual incidence rate as high as 1%, enrolment of a
very large number of participants would be required to show efficacy of vaccines in preventing infection of viral persistence. Intravenous
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drug users have a high incidence of HCV infections and could be helpful [1,109 ]. However, it is to be as certain that efficacy studiesin
such a population will allow licensure of a prophylactic vaccine in the general population. In rural regions of Egypt prevalence of HCV in
older adult populations is often 40-50% and health care providers working in hospitals that care for these patients are at high risk of
exposureto HCV infection.

The cost effectiveness of the HCV vaccine will depend on the population. It will be given according to individual’s risk of infection.
Intravenous drug users, the population with the highest incidence of infection, and health care providers at risk of needle stick injuries and
other exposures to HCV would benefit from a protective vaccine. Other groups that should be considered for vaccination are individuals
with potential exposures to blood (i.e. fire-fighters, military personnel), sex workers, household contacts of infected individuals [1,109 ].
Since people who are coinfected with HIV present a substantial excess morbidity and mortality associated with HCV [110 ], their
protection might be beneficial aslong as the efficacy of the vaccine has been established in this immunocompromised popul ation.

However, the design of vaccine trials in human cannot be the same as in chimpanzees: once an immunized human individual develops
an acute infection following immunization, anti-viral treatment has to be offered. Thus, it will be amgjor challenge to evaluate the ability
of avaccine candidate to protect against chronic HCV infection.

Immunoprophylaxis by anti-HCV antibodies

There are two primary areas where a strong and broadly reactive antibody to HCV would have clinical relevance. The first is in
post-exposure prophylaxis for accidental needlestick or other percutaneous or mucosal exposure. The second and most relevant application
would be in the prevention of recurrent HCV infection in the liver transplant setting. Re-infection of the transplanted liver is universal and
20% to 30% of recurrence results in accelerated progression of fibrosis that can lead to cirrhosisin 5 years. Through a cohort effect, as the
large population infected with HCV 25 to 40 years ago now reaches the age when the untoward complications of HCV infection are more
common, the demands for liver transplantation will increase considerably. Thus, new therapeutic modalities that enhance transplant and
patient survival are sorely needed. Passively administered neutralizing antibody, probably with concomitant antiviral therapy, offers a
viable and promising option to suppresseradicate HCV before it infects the naive transplanted liver. Anti-HCV immune globulin
preparations, similar to those used successfully to treat hepatitis B virus infections, might be useful in preventing or controlling HCV
infections. Indeed, immune globulin prepared from unscreened donors with chronic HCV infection has prevented hepatitis C in liver
recipients when administered before exposure to the virus [111 ]. In terms of therapeutic antibodies for preventing HCV infection or
treating hepatitis C, antibodies with the broadest specificity for E2 from different HCV genotypes are obviously desirable. That patients
can produce broadly reactive antibodies in response to monotypic infection has been shown recently for one well-studied patient (Patient
H) [112 ,113 ]. The significance of this broad reactivity and the identity of the epitopes involved remains to be determined. These data
suggest that the epitopes detected by polyclonal antibodies derived from chronically infected individuals late in their disease may be highly
conserved and this bodes well for the development of passive immunoprophylaxis against hepatitis C. Unfortunately studies using
anti-HCV antibodies in liver transplanted patients have not been successful to date [114 ]. It has been suggested that this might be due to
insufficient antibody doses or frequency of administration. It has also been suggested that the presence of non neutralizing antibodies in
some anti-HCV antibody containing immunoglobulin preparations may mask epitopes for neutralizing antibodies, thereby rendering these
preparations less efficient [37 ]. Enrichment of anti-HCV antibodies containing immunoglobulin preparations with efficient neutralizing
antibodies by depletion of interfering antibodies might allow improving the efficiency of immunotherapy in HCV-infected patients.
Human monoclona antibodies provide an attractive alternative to polyclonal hyperimmune globulin for immunoprophylaxis and
immunotherapy, since monoclonal antibodies can be more readily standardized [14 ]. Interestingly, human monoclonal antibodies capable
to neutralize genetically diverse HCV isolates and protect against heterologous HCV quasispecies challenge in a human liver-chimeric
mouse model have been described [48 ]. However, high concentrations of the monoclonal antibodies were required for protection
suggesting that more potent antibody preparations will likely be needed for immunctherapy.

Therapeutic vaccinesin clinical trials

Several industrial and academic teams have worked on the development of therapeutic vaccine formulations. The aim of therapeutic
vaccination is to induce de novo HCV-specific cellular immune responses or correct pre-existing T cell dysfunction in individuals already
infected with the virus resulting in control of vira infection or clearance. Therapeutic vaccination is the only area where multiple human
trials have been performed [84 ,85 ]. Several formulations of therapeutic vaccines against hepatitis C have reached the clinical phase: In a
pilot study of therapeutic vaccination using recombinant envelope protein E1 (adjuvanted on alum) 35 patients with chronic hepatitis C
were randomized to receive 20 ug of recombinant HCV E1 or placebo intramuscularly [115 ,116 ]. Thirty-four patients then received
open-label E1 vaccine. Administration of two courses of 6 doses of E1 was well tolerated and induced strong humoral and cellular immune
responses in most patients. Twenty-four patients underwent a biopsy before and after two courses of E1 17 months later. Liver histology
was scored by two blinded pathologists according to the Ishak and Metavir systems. Nine of 24 patients (38%) showed an improvement of
2 points or more, 10 (41%) remained unchanged, and 5 (21%) showed worsening in total Ishak score. Nine patients (38%) improved
according to the Ishak and Metavir fibrosis score. Plasma HCV-RNA levels however remained unchanged whereas alanine
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aminotransferase levels showed a trend toward a decrease during treatment [115 ,116 ]. However, larger studies showing an impact of this
immunogen on viral load or liver disease (e. g. fibrosis) were not published. Another approach used |C41, a synthetic peptide containing 7
relevant HCV T cell epitopes and the T helper cell (Th)L/Tcl adjuvant poly-L-arginine, as vaccine. Sixty HLA-A2 positive chronic HCV
patients not responding to or relapsing from standard therapy were randomized in a double blind phase Il study into5 groups to receive 6
vaccinations of 1C41 (3 different dose groups), HCV peptides alone or poly-L-arginine alone. IC41 could induce HCV-specific Th1/Tcl
responses in a subset of difficult to treat HCV non responder patients despite persisting viremia. Changesin HCV RNA occurred only in
single patients. Since strongest T cell responses correlated with HCV RNA decrease in individual patients [117 ], this approach could have
promise when modified, or used in combination with antiviral therapies. The limitation of these two therapeutic vaccines may liein severa
factors, among which the fact that they are based on a single immunogen (E1) [115,116 ] or on areduced number of T cell epitopesto face
the high HCV variability [117 ,118]. There use might need a combination with antiviral treatment.

Two open-label, multi-center, dose-escalation studies testing the safety and potential biological activity and immunogenicity of a
T-cell inducing vaccine (TG4040) based on the highly attenuated pox virus strain MVA expressing NS3 NS4 and NS5B proteins are
ongoing (Fournillier et al., Oral presentation, 15™ International Symposium on HCV and Related Viruses, San Antonio 2008). The first
results show that TG4040 is well tolerated, has a good safety profile and appears to have an impact on viral load in individual patients
despite ongoing infection.

A phase | clinical study of a personalized peptide vaccination for patients infected with HCV 1b who failed to respond to interferon
based therapy has been conducted in Japan [119 ]. This group assessed the safety and efficacy of 3 doses of personalized HCV 1b-derived
peptidesin 12 HCV 1b positive patients. Decrease of serum ALT and HCV RNA levels after the 14" vaccination was observed in five and
three patients, respectively, in a dose dependent manner. Whether these effects have an impact for chronic HCV liver disease remainsto be
determined.

The marked diversity of approaches used for immunotherapies for HCV illustrates the need to improve our understanding of the
interactions of HCV with the host’'s immune system and how viral proteins are able to modulate immune responses in the chronically
infected patient [108 ]. An interesting future approach will be the combination of therapeutic vaccines with interferon-based anti-viral
therapies, allowing the combination of complementary antiviral effects of anti-virals and therapeutic vaccines.

Expert commentary

While most vaccine devel opment programs have been based on improving HCV cellular immunity, current knowledge suggests that it
is desirable to include, in a same vaccine formulation, immunogens capable to induce both humoral neutralizing and cellular responses of
broad spectrums. High viral variability and several immune escape mechanisms render antigen selection difficult and require efforts to
identify conserved T cell as well as neutralization epitopes and to decipher neutralization mechanisms. The aim is to discover the optimal
target of the HCV life cycle and how to counteract viral escape strategies. At the same time, it will be important to develop antigen
presentation systems that are efficient in patients with an impaired antiviral immune response, as observed during chronic hepatitis C. A
vaccine preventing chronic hepatitis C will be sufficient to prevent HCV-induced liver disease such as end-stage liver cirrhosis and
hepatocellular carcinoma.

Five year view

Recent development of cell culture model systems should help to (i) identify highly conserved epitopes and cross neutralizing
antibodies, (ii) better understand the mechanisms associated to chronicity: escape mechanisms, dendritic cells/T cell interaction,
tolerogenic state, immune dysfunction, lipid interaction.

Progress in the understanding of virus-host interactions and viral escape will most likely result in new prophylactic vaccine
formulations with improved cross protection against diverse genotypes and increase duration of vaccine-mediated protection.

The efficacy of therapeutic vaccines will be investigated in combination with interferon-based antiviral strategies and/or
immunomodul ators.

The development of human cross-neutralizing monoclonal antibodies will offer a perspective for prevention of liver graft re-infection.
Key issues
® Hepatitis C virus (HCV) isamajor cause of chronic hepatitis, liver cirrhosis and hepatocellular carcinomaworld-wide
® Therapeutic options are till limited, a vaccine is not available.

* A major challenge for vaccine development is the high genetic variability of the virus
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® HCV evades innate and adaptive immune responses.

® Resolution of infection is associated with vigorous, broad and sustained HCV specific T cell responses in combination with
rapid-induction of cross-neutralizing antibodies.

¢ |In chronically infected patients virus-specific T cell responses are impaired and the mechanisms are not clearly understood.
® Trialsinvestigating prophylactic vaccines in chimpanzees suggest that protection against chronic infection appears to be possible.

® Therapeutic vaccines are facing the impairment of antiviral T cell responses in chronic infected patients and may need a combination
with antiviral or immunomodulatory molecules.
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Figurel
Diired immune responses for an HCV vaccine. Immunization with HCV vaccine should induce broadly cross-neutralizing neutralizing
antibodies to inhibit viral spread, and cellular immune response to clear virus and infected hepatocytes via cytolytic and non cytolytic
mechanisms.
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Tablel

HCV vaccine strategies*
Currently explored vaccine strategies including potential advantages and limitations are listed.
Vaccine Strategy Advantages Limitations
Peptides Induction of humoral and cellular immune responses, low toxicity Immunogenicity limited to few epitopes
Recombinant envelope Induction of cross-neutralizing neutralizing antibodies, low toxicity, Proof-of-concept as a vaccine for other Limited cellular immune response
glycoproteins viruses successful (HBV) Epitopes restricted to structural proteins
Virus-like particles Induction of humoral and cellular immune responses, Proof-of-concept as a vaccine for other viruses successful Epitopes restricted to structural proteins
(HPV) Challenge of clinical grade purification
Plasmid DNA Humoral and strong cellular immune responses, multigenotype approach Reduced immunogenicity in humans
Liveviral vectors
Gene-deleted adenovirus Efficient induction of cellular immune responses, experiencein clinical trials Pre-existing immunity to adenovirus may limit immunogenicity
in humans
Vacciniavirus Efficient induction of cellular immune responses, experiencein clinical trials Dissemination in patients with immunodeficiency
Semliki forest virus Efficient induction of humoral and cellular immune responses Limited experience in humans

: Adapted from Barth H., Blum H.E., Liang T.J., Baumert T.F. Novel vaccine strategies. In: “State-of the-Art of Hepatology” (Blum, H.E, Grisham, JW., Manns, M.P., eds) Kluwer Academic Publishers,
Dordrecht, 2004, p. 516-522.

Table2

Main prophylactic HCV vaccine candidates tested in chimpanzees

PROTOCOL OUTCOME Ref

Recombinant gpEl/gpE2 combined with oil/water 21 vaccinated chimpanzees/24 controls (pooled results) Choo Q.L. et a. and reviewed by

adjuvents on months 0, 1 and 7

Challenge: 10-100 infectious doses of homologous 2/12 chronic infection after homologous challenge (pooled results)
HCV 1 or heterologous HCV-H

Houghton M. et al. [88]

® 1/9 chronic infection after heterologous challenge (pooled results)

® Strong humoral immune response

® 15/24 chronic infection in control animals (pooled results)
Recombinant DNA Plasmid: truncated E2, HCV la 2 vaccinated chimpanzees/1 control Forns X, et a [90]
Challenge: 100 CID50 homologous monoclonal HCV ' '

® 2/2 vaccinees: vird clearance

¢ High anti-E2 antibodies in one vaccinee

® E2-specific CD4+ response in the second
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Recombinant DNA plasmid: core-E1-E2 + NS3-5, 6 vaccinated chimpanzees/2 controls Youn JW. etal. (1]
gHCV1b

Booster: recombinant adenovirus NS3-5 ® 2/6 vaccinees: viral clearance

Challenge: CID50 close but heter ologous HCV 1b

® HCV specific antibody and T cell response
® Reduced peak viral load in al animals

® 1 sterilizing immunity: high anti-E2 and strong cellular response

® 1/2 control: viral clearance

Recombinant adenovirus NS3 -NS5B, HCV BK 1b 5 vaccinated chimpanzees/5 controls Folgori A. et a [92]
Booster: plasmid DNA NS3-5B ’ '
Challenge: heterologous H77 1a ® 4/5 vaccinees: viral clearance after18 months

® Peripheral and intra-hepatic CD8+ T Ly cross-reacting with vaccine and challenge virus
® 3/5 control: viral clearance

HCV-LP: core E1-E2, HCV1b 4 vaccinated chimpanzees/4 controls Elmowalid GA. et al. [104]
Booster: HCV-LPs
Challenge: 100 CID 50 homologous HCV-CG1b ® 4/4 vaccinees: vira clearance after 12 months

® HCV specific IFN-y+, IL-2+ CD4+, CD8+ T cell response in all vaccinees
® No neutralizing antibodies

® 1/4 control: viral clearance

Recombinant DNA plasmids: 4 vaccinated chimpanzees/2 controls Rollier C. et al [105]
Core E1-E2 and NS3, HCV 1b M4 ' '
Booster: MVA core E1-E2 and NS3 ® 1/4 vaccinees: vira clearance

Challenge: heter ologous HCV 1bJ4
® Reduction of HCV load in serum and liver

® Strong HCV CD4+ T cell response in al vaccinees
® Anti-E1 and anti-E2 specific antibodiesin all vaccinees

® 3/4 chronic infections with high liver PD-1

Recombinant vaccinia virus rVV: HCV 1b Core E1-4 vaccinated chimpanzees/2 controls YounJW. et al. [107]
E2-P7-NS2-NS3
Booster after 52 week: rvVV ® 4/4 vaccinees: vira clearance after homologous
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Challenge: 24 CID50 homologous HCV
Rechallenge: pool 20 CID50 of each 6 genotypes * VVigorous gammarinterferon enzyme-linked immunospot responses — moderate proliferative responses

After multigenotype rechallenge: genotype 4 predominant during the early phase and 1a during the late phase; 2
negative after 60 weeks, 2 positive (low titer viremia)
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