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Hepatitis C virus (HCV) infects more than 170 million people globally and is a leading cause of
liver cirrhosis, transplantation and hepatocellular carcinoma. Current gold-standard therapy
often fails, has significant side effects in many cases and is expensive. No vaccine is currently
available. The fact that a significant proportion of infected people spontaneously control HCV
infection in the setting of an appropriate immune response suggests that a vaccine for HCV is
a realistic goal. A comparative analysis of infected people with distinct clinical outcomes has
enabled the characterization of many important innate and adaptive immune processes
associated with viral control. It is clear that a successful HCV vaccine will need to exploit and
enhance these natural immune defense mechanisms. New HCV vaccine approaches, including
peptide, recombinant protein, DNA and vector-based vaccines, have recently reached Phase I/1l
human clinical trials. Some of these technologies have generated robust antiviral immunity in
healthy volunteers and infected patients. The challenge now is to move forward into larger

at-risk or infected populations to truly test efficacy.
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Hepatitis C virus (HCV) infects more than
170 million people globally with another
3 million people newly infected each year [1.2].
Following acute infection, 20% of people eradi-
cate the virus over weeks or months and are often
asymptomatic. The remaining 80% of people
will develop chronic disease, of whom approxi-
mately 20% will eventually develop liver cirr-
hosis and 1-5% will develop liver cancer [3-5].
HCV infection is now the leading cause for liver
transplantation in the Western world. Disease
prevalence varies by region, with the highest
rates in parts of Asia and Africa where up to 20%
of the population are infected [6]. The current
treatment for HCV is pegylated interferon and
ribavirin. This is expensive, prolonged, has an
extensive side-effect profile and frequently fails.
Clearly then, there is a real need for both a pro-
phylactic vaccine that will prevent or attenuate
primary infection, and also a therapeutic HCV
vaccine that will increase cure rates of infected
patients, and substantial progress has been made
in this endeavor in recent years.

This article will first detail our current under-
standing of HCV infection, pathogenesis and
treatment, and highlight the significant degree

of viral diversity that presents a real challenge
to vaccine development. Next we will review
host—viral immune interactions and the broader
challenges to the successful development of
a vaccine. Finally, we will examine vaccine
approaches that have reached human clinical tri-
als and present our vision of this rapidly moving

field for the future.

HCV diversity: implications for

vaccine development

Studies based on the molecular evolution of
African and Asian HCVs suggest that HCV first
appeared over 1000 years ago [7]. Subsequently,
HCYV evolved in discrete geographical regions
giving rise to six distinct genotypes (1-6).
These genotypes share a genetic homology of
approximately 80% and are further subdivided
into more than 100 subtypes [89]. In recent
decades there has been a global epidemic of a
few subtypes (1a, 1b, 3a, 2a and 4a) associated
with intravenous drug use (IVDU) and modern
medical practice. The HCV genotype not only
has relevance in relation to geographic distri-
bution but more importantly in determining
response to current medical therapy [10].
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HCV is a particularly fastidious virus and has only been dem-
onstrated reproducibly to replicate in the hepatocytes of humans
and chimpanzees. It is a ssRNA virus with an enveloped virion
belonging to the family Flaviviridae [11]. The positive-sense RNA
genome is 9600 nucleotides in length. A single HCV polyprotein
comprised of 3011 amino acids is translated from the genome and
subsequently cleaved by cellular and viral proteases into three
structural proteins (core, E1 and E2) and seven nonstructural
(NS) proteins (p7, NS2, NS3, NS4A, NS4B, NS5A and NS5B)
(12,13]. The envelope proteins mediate viral cell entry by binding
to a number of cell surface receptors (e.g., low-density lipoprotein
receptor, CD81, scavenger receptor Bl and claudin) [14].

HCV mutates at nearly one nucleotide per replication cycle as
a consequence of the poor fidelity of the NS5B viral polymerase
(which lacks proofreading function). This, in conjunction with a
short viral half-life and rapid turnover (just a few hours), results in
a high genetic variability. Consequently, many distinct but closely
related HCV variants (known as quasispecies) are typically found
in each infected individual [15]. It is estimated that HCV viral
diversity is ten-times greater than that found in HIV infection
and this clearly represents a significant challenge to successful
vaccine development.

The need for a therapeutic HCV vaccine

Current gold-standard therapy for HCV infection is weekly
subcutaneous injections of pegylated interferon (PEG-IFN)
combined with daily oral ribavirin for a period of 24 weeks for
genotypes 2 and 3, and 48 weeks for genotypes 1 and 4. Therapy
is fraught with significant side effects and leads to a sustained
virological response (SVR; patients are negative for the virus by
reverse transcription PCR 6 months after finishing therapy) in
approximately 40-50% of patients with genotype 1 infection,
65-70% with genotype 3 and 80% of those with genotype 2.
PEG-IFN and ribavirin treatment is also expensive and, at an
average cost of approximately GB£7000 in the UK for a treatment
course, is unaffordable in developing countries [16].

Two viral protease inhibitors (telaprevir and boceprevir) are cur-
rently in Phase III clinical trials for HCV and more are in devel-
opment. These drugs will need concomitant PEG-IFN/ribavirin
therapy to avoid the rapid emergence of viral mutants and are
currently only effective against genotype 1 infection. It is expected
they will increase SVR rates following treatment to 70% [17.18].
Because these drugs will be used together with PEG-IFN/ribavirin,
the cost of treatment will rise further and additional side effects, in
particular skin rashes, can be anticipated. The cost of a 3-month
course of protease inhibitor in the UK is currently predicted to
be GB£18,000—22,000 [VERTEX PHARMACEUTICALS, PERS. COMM.]. Many
other direct antiviral therapies are in development but these are
unlikely to reach clinical application in the next few years.

Interestingly, the SVR rate of individuals that are treated in the
early phase of infection with IFN alone is very high (70-90%) [19].
The reasons for this are not known but may relate to the fact that
the infecting virus has not yet evolved to subvert the effects of IFN
— or alternatively, that IFN therapy harnesses the host’s robust
natural immunity that is present in acute infection in a way that it

is unable to do so once chronic infection is established. Similarly,
it is plausible that a therapeutic vaccination strategy may prove
more efficacious in early infection. In clinical practice, however,
acute infection is frequently asymptomatic and patients usually
do not present to clinicians until chronic infection is established.

Clearly, a therapeutic vaccine that increases SVR rates in chronic
infection, or reduces the duration of therapy would represent a
major step forward.

The need for a prophylactic HCV vaccine

The need for a prophylactic HCV vaccine may be debated, since
a change in social or cultural practices, such as the prevention of
IVDU and the efficient screening of blood products and medical
instruments worldwide would abort most new HCV infections.
In practice, however, eradication through cultural change may be
unachievable since the source of HCV infection is unclear (with no
risk factors identified) in up to 20% of infected people, the preven-
tion of IVDU has, to date, not been possible, and HCV is particu-
larly prevalent in poorer countries where there is limited capacity
for the financial investment required to reduce transmission during
medical procedures.

Antiviral host immunity: relevance to
vaccine development
Following acute infection with HCV, approximately 20% of
people will spontaneously clear the infection [4]. This is in stark
contrast to HIV where infection inevitably persists. The distinct
clinical outcomes that follow acute HCV infection allow com-
parative analysis of antiviral immunity between these clinical
groups — this has been the major focus of many research groups
over the last decade. Although the exact mechanisms behind suc-
cessful viral clearance are still not yet fully elucidated, it appears
that multiple components of the immune system, both innate
and adaptive, play a crucial role in this process (Ficure 1). A key
observation is that strong, broad adaptive immune responses are
detected during acute infection and these persist in those who
resolve infection — whereas persistent infection is associated with
a weak, frequently undetectable HCV-specific T-cell response.
Is there any evidence, then, that the induction of adaptive
immune responses during acute-resolved infection protects the
host from subsequent viral challenge? If so, a HCV vaccine that
mimics these responses may well afford protection. Findings from
early seminal work demonstrated that chimpanzees that had
recovered from HCV infection could be reinfected with the same
inoculum [20,21]. However, we now have evidence that both chim-
panzees and humans who have previously cleared HCV are at least
partially protected against reinfection in the majority of cases
[22-25]. Rather than preventing acute infection with sterilizing
immunity, typically this form of protective immunity works by
preventing progression to chronic infection following repeat HCV
exposure. These findings suggest that a vaccine that induces and
exploits similar immunogenic responses may ultimately succeed
in preventing chronic HCV infection. Since chronic infection,
and not acute infection, is associated with significant morbidity
and mortality, prevention of chronicity is an acceptable end point.
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Figure 1. Viral-host immune interactions during acute and chronic HCV infection.

HCV: Hepatitis C virus; TCR: T-cell receptor.

Anti-HCV-specific T-cell responses

The HCV-specific T-cell response has been shown to play a crucial
role in determining the outcome of primary HCV infection. First,
comparative studies in man have demonstrated that a broad and
sustained CD8* and CD4* T-cell response targeting multiple HCV
regions is associated with spontaneous viral clearance. Conversely, a
weak and narrowly targeted T-cell response is a hallmark of persistent
infection [26-30]. Second, immunogenetic studies from single-source
outbreaks and from mixed populations have shown a clear associa-
tion between different HLA class I and II alleles and viral clearance
(3132]. Both HLA B27 and HLA A3 were shown to be protective
against the development of chronic infection following an outbreak
of HCV genotype 1b infection in Irish women in 1977. Third, evi-
dence from the chimpanzee model has shown that once protective
responses are induced, depletion of either CD4* and CD8* T cells
leads to loss of control over repeated HCV challenge [27.33].

In comparison to those who clear acute HCV infection, studies
examining patients who develop chronic infection suggest that both
the quality and quantity of their CD4* and CD8* T-cell responses
are impaired [34.35]. It is not yet clear, however, to what extent
this is a cause or a consequence of chronic infection. Proposed
mechanisms by which the T-cell response is attenuated include:

* Viral escape from T-cell recognition: T cells recognize short
viral peptides (T-cell epitopes) bound in the groove of MHC
molecules. In the presence of selective pressure driven by T cells,
viral variation in T-cell epitopes that arise during viral replica-
tion may abrogate this recognition — so called ‘viral escape’. To
varying degrees, viral escape mutations may be associated with
reduced viral fitness. T-cell escape in HCV infection has clearly
been demonstrated such that many T-cell responses detected
during chronic infection target a ‘historical epitope that is no
longer found in circulating virus. However, in many cases
T cells clearly do target autologous circulating virus — therefore,
T-cell escape cannot fully explain the paucity of responses seen
in chronic infection. This also means that therapeutic vaccina-
tion may be able to rescue responses that are still able to target
the host’s circulating virus;

e T-cell exhaustion: chronic antigen stimulation results in a
reduction in antigen-specific T-cell frequency and function.
This concept was first recognized in murine models of chronic
viral infection. T-cell exhaustion is now thought to play a role
in chronic HCV infection [36-39]. The mechanisms underlying
exhaustion are poorly understood, but include expression of
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inhibitory receptors such as the molecules programmed death
receptor-1 and cytotoxic T-lymphocyte-associated protein 4,
which mediate T-cell function [40]. These receptors are nor-
mally involved in self tolerance, but in the setting of chronic
infections may be upregulated, presumably to evade immun-
opathology. One of the key suggestions from murine models
of persistent viral infection is that repair of these ‘defective’
T-cell responses is most readily achieved in the setting of a
lowered viral load. Thus, the idea of vaccination or immuno-
modulation as an adjunct to conventional antiviral therapy has
recently emerged;

e Regulatory immune cell subsets: Tregs (FOXP3*) that may
actively suppress CD8* and CD4* T-cell responses are increased
in chronic HCV infection. Indeed, the depletion of Treg activ-
ity does lead to a consistent boost in T-cell function during
HCYV infection [41]. This may well be a consequence of chronic-
ity rather than a cause, but nevertheless it may serve to limit
the efficacy of immunotherapy unless it is reversed;

e Finally, the liver itself is thought to represent a tolerogenic envi-
ronment. In evolutionary terms this would serve to protect the
liver, which is constantly exposed to antigens via the portal
tract, from chronic inflammation. Interestingly, in organ trans-
plantation the liver is the only organ where HLA matching
between donor and recipient is not required [42]. This observa-
tion raises the intriguing possibility that antiviral T cells primed
in the periphery during vaccination may induce T cells that are
of a ‘superior’ quality to those primed in the liver during natural
infection.

Humoral immunity towards HCV

Circulating antibodies to HCV are usually detectable within
1-3 months of HCV infection [43] and appear to be an impor-
tant component to viral control in early infection. There is a
direct correlation between viral clearance during acute infection
and the rapid induction of a high-titer of circulating cross-neu-
tralizing antibodies [44]. However, neutralizing antibodies are
also found in high titers in the majority of chronically infected
patients and clearly, in these cases, are unable to control infec-
tion [45]. The envelope protein, which is the major target for
HCV antibodies, displays some of the virus’ highest levels of
genetic heterogeneity. It is likely that variation between quasi-
species in these envelope proteins allows the virus to evade host
neutralizing antibodies [46]. This contrasts to other viruses such
as the genetically stable hepatitis B virus in which persistent
humoral immunity has allowed successful development of a
preventative vaccine.

There are several other mechanisms by which HCV evades
humoral immunity including direct cell-to-cell viral transfer
(47), induction of antibodies that interfere with neutralizing anti-
bodies [46,48] and the shielding of neutralizing epitopes by gly-
cosylation of defined amino acids of envelope glycoproteins [49].
For these reasons, it seems unlikely that an antibody-mediated
vaccine in isolation will successfully induce sterilizing immunity,

however, such a strategy may have an important role either as
an adjunct with other approaches, or in attenuating the course
of acute infection.

Innate immunity

The fact that IFN-a forms the mainstay of treatment of HCV
clearly demonstrates that innate immune cytokines can eradicate
the virus. However, the mechanism of action of IFN is compli-
cated, having both direct antiviral actions through the inhibition
of protein kinase R and cellular protein production, and through
diverse effects on immune cellular function. Although some early
studies suggested that HCV-specific T-cell responses are enhanced
by IFN [5051], more recently, this has been challenged in stud-
ies that show that HCV-specific T cells and total T-cell counts
decline in peripheral blood as treatment proceeds [52.53]. The rea-
sons for this decline are unclear, but if they reflect a true failure of
T-cell production, rather than migration, then therapeutic T-cell
vaccination strategies will need to overcome this.

Recent genome-wide association studies and candidate gene
studies have further highlighted the crucial importance of innate
immunity during HCV infection. These studies identified a clus-
ter of seven host single-nucleotide genetic polymorphisms linked
to IFN-A3 (also known as IL-28B) that are important in deter-
mining both spontaneous viral clearance during acute infection
and also the response to standard PEG-IFN/ribavirin therapy
(54-57]. Individuals homozygous for the protective alleles have
viral clearance rates following treatment that are approximately
three-times higher than those of patients who are homozygotes
for the risk allele [56]. As yet, the causal genetic variant has not yet
been identified. These observations have created intense interest
in the field, and the biological role of IFN-A3 is currently under
intense scrutiny. The mechanism by which IFN-A3 acts during
HCV infection is not yet fully elucidated, although this cytokine
clearly has direct antiviral actions 77 vivo and readily inhibits
HCV replication in hepatoma cells (Huh-7.5) [ss].

A Phase IT human study of IFN-A3 for the treatment for HCV
is currently underway [201], and while it is not yet known if this
cytokine administered to patients will be of benefit, it is already
clear that HCV vaccine studies will need to stratify patients
according to IFN-A3 host genotype.

The ideal vaccine

The requirements...

Based on the viral-host interactions of HCV infection, as delin-
eated in the previous sections, there are three characteristic prop-
erties that are likely to be shared by successful preventive and
therapeutic vaccine approaches alike:

* These vaccines will need to deal with high levels of viral genetic
diversity both between and within hosts — as such, vaccines that
target relatively conserved viral regions will be required;

* The ‘magnitude’ of antiviral immunity associated with viral
control is not precisely defined. Nevertheless, it is likely that a
robust, broad and functional T cell, and possibly also a humoral,
immune response will be required;
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* Clearly, to be safe, a successful vaccine will need to eradicate
HCYV from the liver without inducing liver immunopathology.
Human studies to date suggest that this is a realistic goal.

...and the challenges

In addition to overcoming the diverse mechanisms by which HCV
evades immune clearance, there are practical obstacles that have
hindered the development of both a preventive and therapeutic
HCYV vaccine. HCV is highly fastidious and there is no readily
accessible animal model of infection. In 2003, study of viral entry
and antibody-mediated neutralization was enabled for the first time
through the development of retroviral particles pseudotyped with
HCYV envelope glycoproteins [59]. It was not until 2005 that a suc-
cessful tissue model of HCV infection was developed [60]. This
model uses the human hepatoma cell line Huh-7 and a unique viral
variant capable of ongoing viral replication. This discovery allowed
researchers to characterize the viral life cycle and viral-host interac-
tions during infection for the first time. Transgenic mice expressing
human MHC class I molecules have been used for specific HCV
epitope analysis. Severe combined immunodeficieny (SCID) mouse
models with chimeric human livers have been used to evaluate
in vivo effects of antibodies to envelope glycoproteins [61].

To date, the only immunocompetent animal model for the
pathogenesis or immune control of viral infection is the chimpan-
zee. This model has proved very useful in the preclinical phases
of vaccine development since the immune mechanisms associ-
ated with viral control are broadly similar. For example, a study
by Folgori was cleatly able to demonstrate a reduction in HCV
viremia, associated with the induction of robust immunity, using
asmall number of animals [62]. This study subsequently facilitated
the use of adenoviral vector technology in human trials. However,
there are practical, financial and, for some, ethical limitations in
using these animals for research [63]. As a result, the small number
of chimpanzees that can be used in HCV studies may limit the
power of any conclusions that can be drawn.

Designing clinical studies in humans to evaluate a prophylactic
vaccine is also challenging since the incidence of HCV infection
in developed countries is relatively low other than in intravenous
drug-using populations — targeting this patient group raises its
own set of ethical and practical difficulties [64]. Large studies in
developing countries where the incidence may be higher raises
logistical difficulties. Assessing the efficacy of a prophylactic HCV
vaccine will require large numbers of patients and careful follow-
up, since acute infection is often asymptomatic. Furthermore, it
is possible that a prophylactic vaccine may be unable to achieve
sterilizing immunity. However, a vaccine that led to an attenu-
ated course of acute infection associated with viral clearance may
be sufficient to ultimately prevent chronic infection, as has been
suggested by studies in the chimpanzee model [62]. In addition,
this has study design implications; careful consideration must be
given to the timing of IFN therapy during primary infection, in
the context of a clinical study that is assessing vaccine efficacy.
In theory, the vaccine may facilitate viral clearance weeks after
current guidelines suggest IFN treatment should be given.

Vaccine approaches: current status

Over the last decade numerous HCV vaccine approaches have
been assessed in mice and primates. Only a small fraction of ani-
mal HCV vaccine studies have progressed to human trials. The
majority of these trials have evaluated potential therapeutic vac-
cines in HCV-infected patients. A smaller number have assessed
vaccines in healthy volunteers; either with the aim of developing
a prophylactic HCV vaccine or as a bridge to evaluating vaccine
in HCV-infected patients.

The question as to which HCV antigen a vaccine should tar-
get is a key one. The envelope region, which is essential for viral
cell entry, may seem the obvious target for a prophylactic HCV
antibody-inducing vaccine — but as discussed previously, the major
antigenic determinants of the envelope protein are hypervariable
both between, and within, infected individuals. Chimpanzee data
have demonstrated that the induction of HCV envelope antibod-
ies will afford protection with challenge with homologous viral
strains only [65]. This view has been recently challenged using
collated chimpanzee data that have demonstrated protection
from heterologous viral strains (both genotype-1a) [66.67], and
cross-genotype neutralizing antibodies have been demonstrated
using a SCID mouse model transplanted with human hepatocytes
(68]. A prophylactic vaccine that induces anti-envelope immunity
and attenuates the course of primary infection either alone, or in
combination with other approaches, remains an attractive goal.

The HCV core protein might seem the obvious candidate for
a therapeutic T-cell vaccine, since this is the most highly con-
served region of the translated HCV genome both within, and
between, different HCV genotypes. However, studies have shown
that the core protein can interfere with innate and adaptive anti-
HCV immune responses [69,70]. Furthermore, our own data sug-
gests that in persistent infection, anticore T-cell responses are
frequently detected in the absence of viral escape, suggesting that
these responses in particular are unable to control viral replication
(71]. Many core-based DNA vaccines have been tested in small
animal models, and clearly robust anticore cellular responses can
be generated. However, a heterologous prime-boost (plasmid-
encoding DNA, boost with recombinant protein) vaccination
strategy in chimpanzees vaccinated with core, E1, E2 and NS3
failed to induce any anticore responses [72].

For these reasons, the most recent strategies have focused on
inducing T-cell responses to the NS HCV antigens, which are
genetically conserved compared with the HCV envelope, and which
are known to contain multiple CD4* and CD8"* T-cell epitopes [73].

Four main vaccine strategies have been investigated in human
clinical studies: recombinant protein vaccines, peptide vaccines,
DNA vaccines and vector vaccines. The advantages and limita-
tions of each of these approaches, in combination with a summary
of human trials in HCV vaccine development, will be outlined
in the following sections.

Recombinant protein vaccines

The use of recombinant proteins as potential vaccine candidates
assumes that inducing an immune response to a limited number
of viral epitopes is sufficient to develop protective immunity. The
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principle of this approach is to isolate the gene(s) encoding the
appropriate protein and clone it in bacteria, yeast or mammalian
cells. Recombinant proteins are prepared either from culture
medium or transfected cells. While some recombinant proteins
are sufficient in isolation to elicit a strong immune response, oth-
ers require adjuvant therapy. Generally, protein-based approaches
induce antibody and CD4* T-cell responses.

Envelope protein vaccines

The hepatitis B vaccine was the first successful recombinant pro-
tein vaccine used in humans. This vaccine employs a conserved
hepatitis B surface antigen and is effective in preventing hepatitis B
infection through the production of antibodies. By contrast, the
genetic variability of the HCV viral envelope, which is the main
target for anti-HCV antibodies, makes such an approach for a
HCV vaccine challenging. Nevertheless, recognition that the
presence of pre-existing antibodies to HCV envelope proteins is
associated with a better response to PEG-IFN therapy [74], and
that anti-envelope antibodies can lead to an attenuated course
of primary infection (75], has led to therapeutic and prophylactic
vaccine studies, respectively, which aim to induce anti-envelope
antibodies.

Prophylactic vaccine

The only published clinical trial of a prophylactic vaccine for
HCV utilized a recombinant E1/E2 heterodimer adjuvanted
with adjuvant MF59C (an oil-in-water emulsion) (76]. This
placebo-controlled, dose-escalation Phase I study evaluated the
vaccine in 60 healthy subjects. All subjects developed neutraliz-
ing antibodies and T-cell lymphocyte proliferation responses to
E1/E2 and an inverse response to increasing amounts of antigen
was noted. The vaccine was well tolerated. The study authors
suggest that larger clinical trials to evaluate vaccine efficacy
are indicated.

Therapeutic vaccines
The first candidate therapeutic vaccine for HCV was adminis-
tered to humans in 2003 (Tase 1) [77.78]. The vaccine consisted of
a recombinant HCV-ELI protein in alum adjuvant. It was admin-
istered over 6 months via multiple injections to 20 healthy, and
34 chronically infected, treatment-naive patients. The vaccine
induced HCV-specific antibody and T-cell responses in both
patient groups (50 out of 54). Assessment of efficacy showed no
change in HCV RNA levels but, in some subjects, improvements
in liver histology were seen; a total of 24 HCV-infected patients
underwent liver biopsies before and after vaccination. In nine of
these patients there was histological improvement after 17 months.
The observed increase in anti-E1 antibody levels correlated with
improvement in liver histological scores and reduction in serum
alanine transaminase levels (a measure of liver inflammation).
As a result, this work progressed to a placebo-controlled, mul-
ticenter trial (presented in abstract form in 2008 [79]) that evalu-
ated 122 patients who received four courses of six injections over
3 years. Humoral and cellular immune responses to the E1 protein
were induced but vaccination did not prevent histological progres-
sion of liver disease [79]. Innogenetics, the company investigating
this vaccine, ceased its program in 2008 and no further work has

been published.

Core proteins

Heat-killed yeast cells (Saccharomyces cervisiae) expressing con-
served core—NS3 fusion protein have been trialed as a therapeutic
vaccine candidate (GI5005) [80]. In a Phase II, placebo-controlled
trial, GI5005 was combined with standard therapy (PEG-IFN/
ribavirin) in 66 chronic HCV-1 patients. The protocol consisted
of a 12-week run-in of standard therapy, followed by weekly doses
for 5 weeks followed by monthly doses for 2 months of GI5005
vaccine, administered subcutaneously. Prior nonresponders
received 72 weeks of standard therapy while treatment-naive

Table 1. Recombinant protein hepatitis C vaccine studies.

HCV E1 + alum adjuvant [ (2003) 20 healthy volunteers + 34 Well tolerated. No HCV viral load change. 50 out of 54 [7778]
(Innogenetics/Genlmmune) HCV-infected, treatment-  patient T-cell response. Humoral response correlated
naive patients with improvement in ALT and liver histology
I1(2008) 122 HCV-infected patients Well tolerated. Induced humoral and cellular immune [79]
randomized (3:1) responses. No change in histological progression of
liver disease over 3 years
HCV E1/E2 glycoproteins/ 1 (2010) 60 healthy volunteers Well tolerated. Induced antibody and E1/E2-specific (76]
MF59C adjuvant (Novartis) T-cell responses in all patients independent of
vaccine dose
GI5005: recombinant yeast I1(2009) 66 patients with chronic 17% SVR with vaccine + standard care, compared with (80]
transfected with HCV NS3-core HCV-G1 (treatment-naive  standard therapy response of 5% in prior
fusion protein (Globeimmune) and nonresponders) nonresponders
HCV core protein/ISCOMATRIX® [/lla (2009) 30 healthy volunteers Well tolerated, mild local redness; all developed (82]

(CSL Ltd)

antibody response

Recombinant protein hepatitis C vaccine advantages: well tolerated with low toxicity; induces cross-neutralizing antibodies; proof-of-concept (HBV vaccine).

Disadvantages: generally only weak T-cell responses elicited.

ALT: Alanine transaminase; HCV: Hepatitis C virus; SVR: Sustained virological response.
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patients received 48 weeks. No data on immunological response
have been published. The investigators report an increase in
SVR rates in patients homozygous for the IFN-A3 risk alleles
81]. Published peer-reviewed data are awaited.

A vaccine using conserved HCV core protein with an adju-
vant composed of saponin, cholesterol and phospholipid, called
ISCOMATRIX®, has been evaluated in a Phase I trial of 30
healthy volunteers [82]. The vaccine was safe and all eight volun-
teers who received the highest dose (50 pg) developed a specific
humoral response to the core protein. However, HCV-specific
CD8* T cells could only be detected in two patients. Further stud-
ies are planned by the same investigators to evaluate this approach
as a therapeutic vaccine in HCV-infected patients.

Peptide vaccines

Like recombinant protein vaccines, peptide-based vaccines are
well tolerated (Taeie 2). They induce HCV-specific T-cell immu-
nity through the direct presentation of vaccine peptide to the
T-cell receptor via HLA molecules. However, the major limitation
of this approach is that peptide vaccines are HLA-specific and,
as such, coverage will be restricted to a subset of the population.
Additionally, HCV peptide vaccines to date have included only
a handful of peptides — and the breadth of the induced T-cell
response may be insufficient to control infection. In addition,
some peptides may potentially induce tolerance of effector cells
or Treg cells rather than inducing immunity [83].

IC41 is a peptide vaccine currently in clinical development. It
consists of five synthetic peptides from core, NS3 and NS4 proteins
that are conserved across HCV genotypes 1 and 2, combined with
the adjuvant poly-L-arginine. The peptides include three CD4* T-cell
and five HLA A2-restricted CD8* T-cell HCV epitopes. In a Phase
11, double-blind study, this vaccine was administered subcutaneously
to 36 HLA A2 patients with genotype 1 chronic HCV infection
who had previously been nonresponsive to PEG-IFN/ribavirin and
compared with 24 controls (84]. The vaccine was well tolerated with

Table 2. Peptide hepatitis C vaccine studies.

no serious adverse events. Weak HCV-specific T-cell proliferative and
IFN-y enzyme-linked immunosorbent spot (ELISpot) responses were
observed in 67 and 42% of patients, respectively. Three responders
with the strongest IFN-y-secreting T-cell response had a transient
decline in serum RNA (>1 log). A subsequent Phase II study com-
bined IC41 with PEG-IFN/ribavirin therapy in 35 patients with
HCV genotype 1 infection. T-cell responses were observed in 73%
of vaccinated patients and associated with higher rates of viral clear-
ance [85]. The lack of an unvaccinated control arm makes it difficult
to draw any significant conclusion regarding vaccine efficacy.

More recently, biweekly intradermal IC41 administration was
found to induce stronger T-cell responses compared with the
original monthly subcutaneous injection approach [86]. This opti-
mized vaccine schedule has been tested in 50 patients with chronic
hepatitis C. A significant decline in viral load was observed after
4 months according to results currently presented in abstract
form only [87]. Intercell AG (Austria, Vienna), the company
developing IC41, recently announced plans for a Phase II trial
to begin in 2011 that will combine IC41 with nitazoxanide (a
new broad-spectrum antiviral drug (88,89]) in 60 treatment-naive
genotype-l-infected HCV patients.

In 2009, a peptide derived from HCV core region (C35-44)
was evaluated in a Phase I, dose-escalation, Japanese study of
26 patients (23 nonresponders to PEG-IFN/ribavirin and three
who had declined standard therapy) [90]. A series of six biweekly
subcutaneous injections was sufficient to induce peripheral pep-
tide-specific CD8" activity in 15 out of 25 patients (measured
with ELISpot) and 12 injections augmented peptide-specific IgG
production. A greater than 30% improvement in alanine trans-
aminase was observed in seven out of 24 patients and two patients
had a >1 log reduction in viral load. Further evaluation with a
Phase II study is under consideration.

Another Japanese study adopted a ‘personalized’ peptide
vaccine approach. In this study, 12 patients with HCV-1b,
who had previously failed PEG-IFN/ribavirin therapy, were

IC41: five peptides from core, NS3 11 (2008) 60 chronic HLA A2 HCV-infected Well tolerated. 67% T-cell response. Transient (84]
and NS4 + poly-t-arginine nonresponders serum HCV RNA decline (>1 log) in three

adjuvant (Intercell AG) patients

Peptide derived from core protein |(2009) 26 patients with chronic HCV (23  Well tolerated. 15 out of 25 responded, two out ~ [90]
(C35-44) (Karume University) nonresponders, three untreated) of 25 had a 1 log decline in HCV RNA

Personalized peptide approach 1(2007) 12 chronic HCV-1b-infected Well tolerated. Majority developed peptide- 1]
CD8* A24 peptides + Freund's nonresponders specific T-cell responses. Five patients reduced

adjuvant (Karume University) ALT and three patients had a HCV RNA decline
Autologous dendritic cell 1(2010)  Six chronic HCV-infected Well tolerated. Transient T-cell responses [92]
delivered HLA A2 epitopes nonresponders

(Burnet Institute + others)

NS3/Virosome (Pevion Biotech) N/A 30 healthy volunteers Results pending

Peptide hepatitis C vaccine advantages: well tolerated with low toxicity; induces both cellular and humoral responses.
Disadvantages: limited immunogenicity (few epitopes only); need to tailor to patient HLA type; concern regarding appropriate peptide choice (e.g., induce Tregs

rather than CD8* cells).
ALT: Alanine transaminase; HCV: Hepatitis C virus; N/A: Not available.
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administered four CD8* A24 peptides in combination with
Freund’s adjuvant. Only those peptides that induced an
immune response in each individual following the first vac-
cine dose were then administered fortnightly for another 14
vaccinations [91]. At the first assessment (following seven vaccine
doses), the majority of patients had developed peptide-specific
T-cell responses. A dose-dependent decrease in serum alanine
transaminase and HCV RNA levels was observed in five and
three patients, respectively.

A novel method of peptide delivery using autologous monocyte-
derived dendritic cells was recently explored in a small Australian
study [92]. Dendritic cells were first harvested and then loaded and
activated ex vivo with HLA A2 I-restricted T-cell epitopes. Six
patients chronically infected with HCV who had previously failed
PEG-IFN/ribavirin therapy received the vaccine. All patients
developed weak de novo HCV-specific CD8* T-cell responses
(measured by IFN-y ELISpot assays). The authors hypothesize
that T-cell responses induced to viral epitopes not included in the
vaccine may have been caused by epitope spreading. There was no
change in viral load or anti-HCV core antibody levels and T-cell
responses were not sustained.

Finally, a Phase I, placebo-controlled trial assessing a viro-
some-based vaccine containing NS3 peptides has recently been
completed but no data have been released [202].

In summary, peptide-based vaccines are well tolerated and able
to induce weak peptide-specific T-cell and humoral responses.
Efficacy needs to be optimized, as trials show a significant
reduction in viral load in only a few patients.

DNA vaccines
In 2001, the first DNA vaccine was licensed for use to protect
horses from West Nile virus [93]. Initial work in the decade leading
up to this significant accomplishment demonstrated that injec-
tion of a plasmid containing a gene could effectively result in
protein expression iz vivo and subsequently induce a host immune
response [94-96]. Substantial research efforts have been aimed at
developing an effective hepatitis C DNA vaccine (Taste 3) [97].
Unfortunately, the initial success observed with DNA vaccina-
tion-induced immunity in mice did not translate well into similar
results in humans — probably, in part, because the efficacy of
DNA uptake and gene expression decreases as the size of the

immunized host grows [98.99]. Subsequently, several methods were
developed to improve DNA delivery and hence immunogenicity.
These methods include:

* Biolistic technology (biological ballistic or ‘gene gun’): tungsten
particles are loaded with genetic material and, using a device
known as a particle gun, fired at living plant cells [100]. This
resulted in delivery of DNA into a proportion of plant cells. In
2000, a clinical trial using a gene gun for DNA vaccination
against hepatitis B was performed with successful induction of
protective humoral immunity as well as hepatitis B surface
antigen-specific T-cell responses [101];

¢ Electroporation (EP): electrical impulses create transient pores
in living cells and subsequently allow delivery of DNA across
the cell membrane. The local damage to cell membranes is also
thought to enhance the local inflammatory response [102-104].
EP, at least in mice, is said to enhance the immunogenic
response by DNA vaccination tenfold. This method has been
successfully used in DNA vaccine trials in prostate cancer and
is currently under evaluation in a Phase I/II HCV trial [105].

The first DNA-based vaccine to reach clinical trial for HCV
infection did not employ either of these adjuvant vaccine delivery
techniques. This Phase I trial based in Cuba evaluated a vaccine
(CICGB-230) combining plasmid expressing HCV structural
antigens (core/E1/E2) with recombinant core protein (Co.120)
(106]. A total of 15 patients with HCV genotype-1 infection
who had previously failed PEG-IFN/ribavirin therapy received
monthly intramuscular injections for 6 months. The vaccine was
well tolerated. The T-cell response to the vaccine components (as
well as NS3) was measured using ELISpot and proliferation assays
1 month following the final vaccine. Although low levels of T-cell
immunity were observed in 11 patients, others showed a reduction
in responses. Six patients developed weak de novo neutralizing
antibody responses against heterologous viral pseudoparticles.
Only one patient had a drop in viral load of >1 log, . In addition,
the authors reported stabilization or improvement in liver histol-
ogy, however, the absence of a control arm makes this finding
difficult to interpret.

The second HCV DNA-based vaccine (ChronVac-C, Tripep)
to reach human trials employed electroporation to enhance the
immunogenicity of intramuscular injection of plasmid expressing

Table 3. DNA hepatitis C vaccine studies®.

CICGB-230: plasmid core/E1/E2 + 1 (2009) 15 genotype-1- Well tolerated, no viral clearance, 11 out of 15 — weak (106]
recombinant core protein infected specific T-cell responses (ELISpot and proliferation).

(University of Montreal + others) nonresponders Six out of 15 — weak humoral response

ChonVac-C: plasmid NS3/4a + I/lla (2009) 12 HCV-1-infected, Well tolerated. A total of four out of six who received [105]

treatment-naive
patients

electroporation (Tripep)

higher doses: viral load reduction >0.5 log with
corresponding T-cell response in three patients

Ideal genes should represent part of the genome with limited genetic variability and maximal immunogenicity.

DNA hepatitis C vaccine advantages: presents a broad range of epitopes.
Disadvantage: electroporation is painful.
ELISpot: Enzyme-linked immunosorbent spot; HCV: Hepatitis C virus.
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HCYV antigens NS3/4a. Extensive codon modification was under-
taken to allow effective DNA expression and enhance in vivo
T-cell responses. A total of 12, treatment-naive, genotype-1 HCV-
infected patients with a low viral load (<800,000 IU/ml) received
four monthly doses of DNA (three groups: 167, 500 and 1500 pg)
in this Phase I/I1a clinical trial. Preliminary results from this trial
were reported in 2009 [105]. A total of 67% (four out of six) of
patients who received the higher doses had reductions in viral load
exceeding 0.5 log lasting for 2 to more than 10 weeks, with cor-
responding activation of T-cell responses in three of these patients.
No severe adverse reactions were observed.

Vector vaccines

The use of viral vectors for the delivery of HCV RNA is an appeal-
ing vaccine choice. Adenoviral vectors have shown to be potent
inducers of HCV-specific T-cell responses in the chimpanzee
model and to reduce peak HCV viremia during primary infection
(62]. This approach may induce a broader range of viral epitopes
than a peptide-based approach since the immunogen contained
within the vaccine is not HLA restricted.

Modified vaccinia Ankara (MVA) is a highly attenuated
poxvirus strain that has been used safely in several vaccine
designs for conditions such as HIV, colorectal cancer, TB and
melanoma. A therapeutic vaccine (TG4040) using MVA that
expresses NS3/4/5B proteins has been evaluated for safety and
immunogenicity in an open-label, multicenter, dose-escalation
study (Tasee 4). Preliminary results were presented at the European
Association for the Study of Liver Disease conference in 2009
(107]. A total of 15 chronically infected HCV patients received
three weekly injections, nine of whom received a fourth injection
at 6 months. In six out of 15 patients, a decline in HCV viral
load (0.5-1.4 log ) was observed in association with a signifi-
cant CD8* T-cell response. A Phase II trial using the vaccine in
combination with standard treatment is planned [203].

Adenovirus vectors are also being employed in a Phase I vac-
cine trial to deliver NS HCV proteins (NS3—5B) to 36 healthy
volunteers [204]. The vaccine vectors are genetically modified so
that they are unable to replicate and the polymerase activity of
the NS proteins is inactivated to further enhance vaccine safety.
To overcome the problem of pre-existing anti-adenoviral anti-
bodies, which may limit vector efficacy, two adenoviral vectors
to which humans are rarely exposed are used: Ad6 and a simian
vector AdCh3. Early data from this trial were presented at the

Table 4. Viral-vectored hepatitis C vaccine studies.

TG4040: MVA vector expressing
NS3/4/5B proteins (Transgene)

Adenovirus vector (Ad6 and AdCh3)
expressing NS3-5B proteins
(Okairos and Oxford University).

| (2009)
HCV patients

1 (2009)

American Association for the Study of Liver Disease in 2009
where this approach was reported to be highly immunogenic in
healthy volunteers following a single priming injection (Ad6) [73].
Further studies are planned in HCV-infected patients.

Future vaccine approaches
Novel future vaccine approaches include virus-like particle
(VLP)-based vaccines that have been successfully employed for
viral infections such as hepatitis B [108,109]. A HCV VLP vac-
cine approach could facilitate delivery of neutralizing antibody-
and core-specific T-cell epitopes in a single construct resembling
mature HCV virions. In theory, the delivery of important anti-
genic determinants in this form rather than as linear recombinant
protein or synthetic peptides could enhance immunity.
Additional strategies include molecules that induce innate
immune responses, with secondary effects on adaptive responses
(such as TLR-9 ligands [110]) that are either encoded within a
vaccine construct or used as a vaccine adjuvant.

Expert commentary

Progress in our understanding of HCV pathogenesis and the
treatment of infected patients is remarkable given that HCV
was discovered only 21 years ago. Nevertheless, current gold-
standard therapy (IFN/ribavirin) is ineffective in 30-50% of
patients depending on viral genotype. Direct antivirals (protease
inhibitors) will be available in the clinic in the next 2 years. These
will increase viral clearance rates in genotype-1 patients in par-
ticular. However, these novel agents will be given in combination
with IFN/ribavirin, costs will be prohibitive in many countries,
and treatment will remain ineffective in approximately 30% of
patients overall. So, while the authors welcome the addition of
these drugs to the anti-HCV therapeutic armory, a HCV vaccine
that prevented or increased the cure rates when treating infected
patients remains an attractive goal.

The challenges in developing a prophylactic and a therapeutic
vaccine overlap but are not identical. The diversity of the HCV
genome is a significant challenge to vaccine development and may be
greater once chronic infection is established. Similarly, the ability of
HCV to subvert and evade antiviral immunity increases over time.
Indeed, a hallmark of chronic HCV infection is a weak and narrowly
focused HCV-specific T-cell response. The challenge to developing
a successful therapeutic vaccination strategy will be to safely recover
these responses and to broadly target circulating viral strains.

15 chronically infected A total of six out of 15 declined HCV viral load (0.5— [107]

1.4 log) associated with T-cell response (IFN-y ELISpot)

36 healthy volunteers Highly immunogenic and well tolerated (73]

Viral-vectored hepatitis C vaccine advantages: efficient induction of cellular immune responses; presentation of a broader range of viral epitopes.
Disadvantages: pre-existing immunity to viral vector (adenovirus; may be overcome by the use of rare serotypes); limited experience in humans.
Ad: Adenovirus; ELISpot: Enzyme-linked immunosorbent spot; HCV: Hepatitis C virus; MVA: Modified vaccinia Ankara.
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The fact that a significant proportion of acutely infected patients
spontaneously eradicate infection in association with robust anti-
viral immunity suggests that the development of a prophylactic
vaccine is an attainable goal. The ability to compare hosts who
spontaneously clear HCV infection with those who develop persis-
tent disease has allowed characterization of many important innate
and adaptive immune processes that determine outcome. Although
a broad CD4* and CD8* T-cell response is clearly important in
clearing infection, humoral and innate immune responses also
play an important part in this complex and dynamic process, and
a single ‘correlate of protection” has not been defined. It is, how-
ever, clear that a successful prophylactic HCV vaccine will need to
exploit and enhance these natural immune defense mechanisms.
Some of the challenges to prophylactic HCV vaccine develop-
ment are the assessment of efficacy in clinical studies. In Western
countries with the infrastructure and finance needed to support
large clinical trials, the ‘HCV atrisk population’ are those who
abuse intravenous drugs, and assessment of this cohort is not easy.

Significant advances in genomics and proteomics in recent years
have enabled a variety of new HCV vaccine approaches to reach
clinical trials. Peptide, recombinant protein, DNA and vector-based
vaccines have all been explored with varying degrees of success.
Recombinant protein vaccines that induce anti-envelope antibody
responses are unlikely to provide sterilizing immunity owing to the
genetic variability of the HCV envelope region — but may yet play
a role in attenuating the course of primary infection or serve as an
adjunct to a T-cell-based vaccine. Peptide and protein-based T-cell
vaccines have induced weak T-cell responses only — this approach is
likely to only progress with the development of novel adjuvants. DNA
vaccines with additional techniques to enhance delivery and immu-
nogenicity show some promise and have been shown to decrease viral
load in some chronically infected patients. Adenoviral vectors appear
to be highly immunogenic in healthy volunteers and Phase II studies
in at-risk populations are required to assess efficacy. The effects of
these vectors in HCV-infected patients is not yet known.

Ultimately, since HCV infection can be cleared by an appropriate
immune response — vaccination remains a realistic goal.

Five-year view
There are several promising vaccine trials currently recruiting
patients that will undoubtedly further expand our understand-
ing of the complex interplay of HCV and host immunity and
our ability to modulate this in favor of the host. New therapeutic
HCYV vaccine approaches are likely to continue to be explored in
combination with standard medical therapy rather than in isola-
tion. The new directly acting viral protease inhibitors that will
become available in the next few years will further influence this
process. While these drugs will improve treatment outcomes for
patients with HCV genotype-1 infection, their high cost will
limit availability. Approaches for nongenotype-1 strains also
need some consideration given the major genetic divergence of
the six major genotypes and their distinct immunoreactivity.
Vaccines that produce substantial antiviral T-cell responses
are being developed, but in the absence of a clear correlate
of protection, efficacy will need to be demonstrated in well-
designed clinical trials. The organization and monitoring of
these is a substantial issue for the field, but moves to harmonize
studies of at-risk and acutely infected cohorts might accelerate
this process.
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Key issues

e Hepatitis C virus (HCV) infects more than 170 million people globally and is now the leading cause of liver transplantation worldwide.
e A total of 20% of acute HCV infections in humans will clear spontaneously — clearance is associated with some degree of (but not

complete) protective immunity.

e Current gold-standard treatment is prolonged, fraught with side effects, often ineffective and prohibitively expensive in

developing countries.

e The host T-cell response is most important in determining the outcome of acute HCV infection but humoral and innate immune

responses are also important.

e During chronic HCV infection, the host HCV-specific T-cell response is impaired — whether this is a consequence or a cause of chronic

infection is not known.

e HCV has a remarkable ability to evade the natural host immune response through a number of mechanisms including genetic variation.
e |t is unlikely that sterilizing immunity can be obtained through vaccination, but a vaccine that attenuates the course of primary infection

may afford protection from chronic carriage.

e Many promising vaccine approaches have reached clinical trials including peptide, protein, DNA and vector-based vaccines.

o A successful T-cell vaccine strategy will need to induce a broad and strong T-cell response. Adenoviral vectors are highly immunogenic
in healthy volunteers; it is not yet known if these vaccines can adequately recover T-cell responses in HCV-infected patients.

o Well-characterized cohorts of at-risk and acutely infected HCV patients are required to move Phase | vaccine studies forward into

studies of efficacy.
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