1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Curr Opin Immunol. Author manuscript; available in PMC 2015 December 16.

-, HHS Public Access
«

Published in final edited form as:
Curr Opin Immunol. 2015 August ; 35: 137-143. doi:10.1016/j.c0i.2015.06.010.

Hepatitis C virus: why do we need a vaccine to prevent a curable
persistent infection?

Christopher M Walker® and Arash Grakoui23
1Department of Pediatrics, Nationwide Children’s Hospital and The Ohio State University School
of Medicine, 700 Children’s Drive, Columbus, OH 43004, United States

2Yerkes National Primate Research Center, Emory Vaccine Center, Emory University, Atlanta,
GA 30329, United States

3Department of Medicine, Division of Infectious Diseases, Emory University School of Medicine,
Atlanta, GA 30322, United States

Abstract

Chronic hepatitis C virus infection is now curable by antiviral therapy but the global burden of
liver disease is unlikely to diminish without a vaccine to prevent transmission. The objective of
HCV vaccination is not to induce sterilizing immunity, but instead to prevent persistent infection.
One vaccine that incorporates only non-structural HCV proteins is now in phase /11 efficacy trials
to test the novel concept that T cell priming alone is sufficient for protection. Evidence also
suggests that antibodies contribute to infection resolution. Vaccines comprised of recombinant
envelope glycoproteins targeted by neutralizing antibodies have been assessed in humans for
immunogenicity. Here, we discuss current concepts in protective immunity and divergent
approaches to vaccination against a highly mutable RNA virus.

The need for a vaccine to prevent persistent HCV infection

The hepatitis C virus (HCV) is a small, positive-stranded RNA virus discovered in 1989 as
the cause of most transfusion and community-acquired non-A, non-B hepatitis [1]. Globally,
an estimated 180 million people have been exposed to the virus [2]. An estimated 70% of
infections persist for life [3]. Introduction of effective blood screening approximately 20
years ago resulted in a precipitous drop in new HCV infections. This early progress towards
reducing HCV transmission has reversed in the last decade because of a sharp increase in
injection drug use amongst adolescents and young adults. Recent studies in the United States
documented an increased incidence of new HCV infections, particularly in suburban and
rural populations [4°,5]. HCV is also still transmitted in some developing countries through
unsafe medical practices and so effective strategies to interrupt transmission globally are
still needed.

Direct acting antiviral (DAA) regimens that do not contain type I interferon can now safely
cure most chronic HCV infections [6]. At least conceptually, widespread adoption of DAA
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therapy could also reduce HCV transmission by shrinking the pool of virus donors with
chronic hepatitis C [6]. However, implementation of this approach is complicated by the
cost of antivirals and surveillance programs to detect new, largely asymptomatic HCV
infections in at-risk populations [6]. A vaccine to prevent HCV infection would not have the
same limitations and would be useful in two settings. Most obvious is prevention of primary
HCV infection in those not yet been exposed to the virus. A more unique and targeted use
for a vaccine is prevention of reinfection after cure of chronic hepatitis C with costly DAA.
This second use may be of critical importance in extending antiviral therapy to individuals
with ongoing risk for exposure to the virus.

Feasibility and objectives of preventive HCV vaccination

There is compelling evidence that spontaneous resolution of HCV infection, observed in
30% of cases, protects against persistence upon re-exposure to the virus. Rechallenge of
immune chimpanzees with HCV results in viremia, but of much shorter duration and peak
magnitude than in primary infections [7°]. Most importantly, the rate of persistence is much
lower in second versus first HCV infections, even when rechallenge was undertaken years
later [7°]. A protective effect of a prior resolved infection is also apparent in humans;
prospective studies in injection drug users revealed that 80 percent of primary HCV
infections persist, compared with only 20 percent of secondary infections in those who
cleared an earlier infection [8,9].

These observations suggested that prevention of persistence, rather than infection, would be
an acceptable objective for HCV vaccination. Sterilizing immunity is also less important
because acute hepatitis C is often clinically silent, and there is no apparent latency or long-
lived cellular reservoir that can lead to resurgence of replication [3]. At the same time, there
are also scientific challenges for vaccine development. Globally, HCV exists as seven
distinct genotypes with nucleotide sequences that differ by at least 70 percent [10]. The virus
is also highly mutable and can readily escape selection pressure by antibodies and CD8+ T
cells. More practically, the lack of a tractable, fully immunocompetent animal model or
HCV infection has limited progress to identify and refine promising vaccine candidates.

Protective immune responses and divergent approaches to HCV

vaccination

Many candidate HCV vaccines have been assessed for immunogenicity in rodents over the
past two decades (Figure 1). They span the spectrum from synthetic peptides, proteins, and
virus-like particles to recombinant viruses and DNA plasmids [11]. The potential for a
whole inactivated or even a live attenuated HCV vaccine has also recently emerged with
development of cell culture models that support virus replication [12]. Very few of these
candidate vaccines have been assessed for protection of chimpanzees from persistent HCV
infection [7°] and represents a bottleneck in vaccine development. Of those HCV vaccines
that showed promise in protecting chimpanzees, only two have been assessed for
immunogenicity in humans. One vaccine developed by Chiron (now Novartis) is comprised
of recombinant envelope glycoproteins E1 and E2 that are the target of neutralizing
antibodies [13]. The other, developed by Okairos (now GlaxoS-mithKline), relies on
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expression of HCV non-structural proteins from recombinant viruses for induction of CD8+
T cell immunity [14°°]. Here, we review progress in development of these two vaccines.
These very different approaches to antigen selection and delivery are summarized in Figure
2. They reflect an unsettled debate about the role of antibodies versus T cells in protection
from chronic hepatitis C.

Neutralizing antibodies and vaccine-mediated protection from HCV

persistence

Seroconversion against envelope glycoproteins E1 and E2 usually occurs several weeks after
infection with HCV infection, regardless of whether the virus is cleared or persists [3].
Progress in understanding serum neutralization patterns was slow until about 10 years ago
when HCV pseudoparticle (HCVpp) and cell culture (HCVcc) models of virus entry and
replication were established [15]. Recent identification of multiple receptors for HCV also
led to development of rodent models for measuring antibody-mediated blockade of virus
entry into hepatocytes [16], including one genetically humanized mouse that facilitates
measurement of vaccine-induced humoral responses [17]. The molecular structure of the E2
ectodomain has been solved [18,19] and key antibody epitopes have been identified [15],
providing new structural models to explain HCV entry into cells, mechanisms of
neutralization, and evasion through mutational escape or generation of inhibitory antibodies.

Despite this progress, there is still uncertainty about the capacity of anti-envelope antibodies
to protect from persistent infection. Neutralization of HCV infectivity was demonstrated
first in chimpanzees [20,21] and later in mice with humanized livers [22,23]. In these
studies, incubation of the HCV inoculum with anti-HCV antibodies prevented infection [20],
as did passive transfer of the antibodies before challenge in humanized mice [22,23] and
some chimpanzees [21]. Several observations from acutely infected animals and humans
suggest that antibodies can also inhibit replication of HCV once infection is established.
Passive transfer of immune serum [24] or an anti-E2 monoclonal antibody [21] to
chimpanzees after virus challenge at least transiently suppressed HCV replication.
Additionally, one very recent study has demonstrated that neutralizing antibodies expressed
from a recombinant adeno-associated virus can cure an established HCV infection in human
liver chimeric mice [25]. In humans, broadly neutralizing activity developed more rapidly in
individuals with acute resolving versus persisting infections and the virus was less prone to
mutational escape in key E2 epitopes [26—28]. Higher neutralization titers were also
associated with lower viremia [29] or more frequent resolution of acute infection in two
single source HCV outbreaks [30]. Recall of broad neutralizing antibody responses has been
observed in human subjects re-infected with HCV after resolution of a prior infection.
Although the number of subjects studied was small, some individuals with this broadly
neutralizing response did develop persistent infection after reinfection, suggesting that
humoral immunity provides incomplete protection [31]. As noted above, control of HCV
infection by antibodies can be compromised by rapid mutational escape of key epitopes in
the E2 envelope glycoprotein [26] and by direct cell to cell spread of the virus so that it is
not susceptible to neutralization [32-34].
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Development of the prototypical vaccine for generation of neutralizing anti-HCV antibodies
began at Chiron almost 25 years ago [13]. The recombinant hepatitis B virus (HBV) surface
antigen vaccine developed a short time before discovery of HCV provided conceptual
support for the use of envelope glycoproteins to prevent persistent virus infection.
Recombinant E1 and E2 envelope glycoproteins from a genotype 1a HCV strain elicited
high-titer antibody responses in chimpanzees when formulated with an oil:water emulsion
adjuvant [13]. Retrospective studies conducted several years later with the HCVpp and
HCVcc cell assay documented serum neutralization of several HCV genotypes [35]. A
subset of vaccinated animals had no virological or immunological evidence of infection after
challenge with related HCV genotype 1a or 1b viruses [13], suggesting the potential for
sterilizing immunity. Importantly, the majority of vaccinated animals developed viremia
despite the presence of serum anti-E1 and E2 antibodies, but had an attenuated course of
infection compared to unvaccinated controls [13]. One meta-analyses demonstrated that
vaccination of chimpanzees with subunit envelope proteins provided protection equivalent
to spontaneous resolution of infection when peak viremia, infection duration, and rate of
persistence were compared [7°]. These studies provided the first evidence that a vaccine
designed to elicit antibodies might provide protection even when breakthrough virus
replication is observed.

Humans vaccinated with the recombinant E1 and E2 vaccine also developed pan-genotypic
neutralizing antibodies [36]. It is important to note that that vaccine also elicits a strong
CDA4+ T cell response against the envelope proteins [37°°]. As described below, CD4+ T
cells are essential for control of acute hepatitis C. At present, the relative contribution of this
cellular immune response versus neutralizing antibodies in protection from persistence
cannot be determined. No follow-up trials of the Chiron/Novartis vaccine have been
described and plans for further development are unknown.

CD8+ T cells and vaccine-mediated protection from HCV persistence

Detailed characterization of immunity during acute primary hepatitis C in humans and
chimpanzees over the past 2 decades documented a temporal relationship between the T cell
response and infection outcome [38,39]. A rapid drop in viremia typical of most acute
human and chimpanzee infections is kinetically associated with the onset of virus-specific T
cell immunity [38,39]. Importantly, failure to sustain this cellular immune response is
perhaps the most reliable predictor of a persistent outcome. Long-lived memory CD4+ and
CD8+ T cell responses that develop after successful resolution of a primary infection are
rapidly recalled after re-exposure to the virus [40,41°,42]. These responses are temporally
associated with accelerated control of the second infection. Moreover, antibody-mediated
depletion of CD4+ T cells from immune chimpanzees just before rechallenge with HCV
resulted in persistent infection [42]. HCV-specific CD8+ T cells were compromised by
CDA4+ T cell depletion; they were functionally exhausted and selected for immune escape
variants [42]. Depletion of CD8+ T cells by administration of antibodies resulted in
prolonged HCV replication until recovery of the response in liver [41°].

These observations provided the rationale for development of the Okairos/GSK genetic
vaccine encoding HCV genotype 1b non-structural HCV proteins, from the NS3 protease/
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helicase to the NS5b polymerase, that are dominant targets of CD4+ and CD8+ T cells
[14°°]. Immunization of five chimpanzees with recombinant adenovirus vectors (Ad serotype
6 followed by serotype 24) primed strong, functional CD8+ T cell responses against the non-
structural proteins [14°]. CD4+ T cell responses induced by the recombinant adenovirus
vectors were somewhat weaker, but frequencies were substantially increased after boosting
with a plasmid DNA vaccine that encoded the same HCV proteins. Challenge of the
immunized animals with a heterologous (genotype 1a) HCV strain resulted in accelerated T
cell immunity and sharply reduced peak HCV viremia when compared to mock-vaccinated
controls [14°°]. HCV infection persisted in only 1 vaccinated animal. HCV RNA was
detected for several weeks or months in the other 4, but these infections eventually cleared.
Persistent infection was established in 3 of the 5 mock-vaccinated controls [14*]. A follow-
up study revealed that reduced HCV replication in the vaccinated animals was associated
with rapid and sustained multifunctional CD8+ T cell activity. They also transitioned rapidly
to a memory phenotype, defined by increased expression of CD127, a component of the

IL-7 receptor required for memory cell homeostasis, and decreased expression of
programmed cell death-1 (PD-1), an inhibitory receptor that can contribute to CD8+ T cell
exhaustion [43].

This vaccine strategy, with some modification, has been assessed for immunogenicity in
humans at low risk of exposure to HCV. In an initial study, priming with a recombinant
human adenovirus (serotype Ad6) followed by boosting with a chimpanzee adenovirus
(serotype chAd63), resulted in vigorous CD4+ and CD8+ T cell immunity against the
encoded HCV genotype 1b NS3-NS5b proteins [44°°]. The T cells were multifunctional and
cross-reactivity for HCV genotype 3 non-structural proteins was reported. Phenotypic
analysis of the CD8+ T cells revealed expression of activation markers (CD38 and HLA-
DR) at the earliest time points, and a transition to long-term effector and central memory
populations distinguished by expression of CD45RA and the chemokine receptor CCR7
[44°°]. A second modification of the vaccine regimen involving priming with a chimpanzee
adenovirus (serotype chAd3) and boosting with modified vaccinia virus Ankara was recently
evaluated [45°"]. When compared with the heterologous adenovirus boost used in the first
study, MV A boosting provided a very substantial increase in CD4+ and CD8+ T cell
frequencies and broadening of the response to non-structural proteins of multiple HCV
genotypes [45°°]. Multiparameter CyTof analysis revealed that more of the CD8+ T cells
responding to the MVVA boost had a central or effector memory versus a naive phenotype at
the end of the study [45°]. A phase I/liclinical trial of this vaccine is now underway in
individuals at risk for HCV infection because of intravenous drug use (see Clinical
Trials.gov NCT01436357 for details). From a practical perspective, it will establish the
feasibility of preventive vaccine trials in humans at greatest risk for HCV infection, where
the objective is to prevent persistence rather than infection.

While immunogenicity data for this vaccine are impressive, a cautious approach to
development of vaccines that prime CD8+ T cells with the goal of preventing HCV
persistence is warranted. Some vaccines designed to induce CD8+ T cell immunity against
non-structural HCV proteins may not protect chimpanzees from persistent infection despite
a similar sharp reduction in HCV replication after challenge [13]. The significance of
prolonged, low-level persistence of HCV in vaccinated animals, and conditions under which
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it might result in chronic infection, are poorly understood. Even adaptive immunity that is
naturally acquired by resolution of infection can fail in chimpanzees and humans. In these
cases, CD8+ T cell expansion after reinfection is weaker, they express more PD-1 and less
CD127, and do not broaden to recognize new epitopes for reasons that are not yet
understood. Perhaps most importantly, how HCV silences CD4+ T cells during primary and
sometimes secondary infection is not yet understood. The possibility that some vaccines
prime a T cell response that is more susceptible to failure or mutational escape after HCV
infection [46] cannot be excluded. Combining T cell and antibody vaccines may optimize
protection against HCV. Recent immunogenicity studies in monkeys have demonstrated the
potential for combining the Okairos/GSK genetic vaccine with adjuvanted subunit envelope
proteins in generating humoral and cellular immunity [47].

Key questions for the future of HCV research and vaccine development

The Okairos/GSK vaccine is the first to enter phase I/11 trials to prevent persistent HCV
infection. The study is groundbreaking for vaccine science because it will test the very novel
hypothesis that a vaccine designed to prime T cell immunity alone can prevent a serious
human viral disease. Whether a reduction in the rate of HCV persistence, but not necessarily
infection, is a viable endpoint for a vaccine clinical trial will also be established. The
vaccine is being assessed in individuals who have no evidence of prior HCV infection, but
who are at risk because of needle sharing associated with intravenous drug use (see Clinical
Trials.gov NCT01436357 for details). However, preventing reinfection after DAA cure of
chronic hepatitis C may be the most pragmatic and targeted use of a preventive HCV
vaccine. Whether a vaccine that prevents infection in HCV naive humans will also afford
protection in this population is uncertain. During chronic infection, CD8+ T cells are highly
localized to the liver, functionally exhausted and/or target escaped epitopes. CD4+ T cells
are difficult to detect in blood or liver during persistent HCV infection. Loss of antigen-
specific CD4+ T cell activity occurs during the acute phase of infection and has not yet been
explained.

There may be multiple layers of negative regulation involving inhibitory signaling through
receptors like PD-1 and possibly regulatory T cell activity [38]. Whether these defects are
restored after cure of chronic hepatitis C with DAA is one of the most pressing questions
when strategies to control HCV transmission using antiviral therapy or vaccines are
considered. Two recent studies of CD8+ T cell immunity after DAA cure of chronic
hepatitis C have addressed this question. A comparison of all CD8+ T cell responses in
DAA treated humans revealed enhanced antigen-driven proliferation after successful
therapy, especially for those populations targeting invariant HCV epitopes thought to be
more exhausted [48°°]. Detailed longitudinal study of two patients before and after cure
documented increased CD127 expression on CD8+ T cells targeting an invariant epitope.
PD-1 expression decreased slightly, suggesting at least partial recovery of circulating CD8+
T cells from exhaustion [48°*]. Another recent study in a chimpanzee cured of chronic
hepatitis C directly assessed recovery of CD8+ T cells and protection from re-infection
[49]. Intrahepatic CD8+ T cells targeting intact epitopes retained an exhausted phenotype
characterized by high PD-1 and low CD127 for up to 2 years after cure [49°°]. They did not
expand in liver after rechallenge with HCV. Transient control of the second infection was
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associated with expansion of CD8+ T cells targeting class | epitopes prone to escape.
Persistence was kinetically linked to the rapid appearance of escape mutations in these
epitopes [49°]. Because the impact of DAA therapy on phenotype and effector function was
studied in very few CD8+ T cell populations from a small number of humans and
chimpanzees, the need for a vaccine to prevent reinfection remains uncertain.

Summary and prospects for a preventive HCV vaccine

Paradoxically, the development of highly effective DAA to treat chronic hepatitis C should
intensify efforts to identify defects in T cell immunity before and after cure of persistent
infection. It is not yet known if infections that occur after DAA cure will resolve at the same
high rate as primary HCV infections. If not, it will be important to determine if vaccines
designed to prevent HCV persistence in naive individuals will also restore immunity in those
successfully treated with DAA. Success will depend on the ability of the vaccine to restore
potentially exhausted CD8+ T cell responses against epitopes that are not prone to escape,
and to broaden the response to new epitopes not targeted during HCV infection. The
possibility that very low levels of persistent virus [50] or antigen can interfere with
induction of T cell immunity by vaccines for a period of time after DAA cure cannot be
excluded. Under these circumstances, the distinction between preventive and therapeutic
vaccination may begin to blur for HCV infection.
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Figure 1.
Bottlenecks in HCV vaccine development. HCV was discovered approximately 25 years ago

when there was rapid progress in understanding pathways of antigen processing and
presentation, as well as development of recombinant proteins and vectors as vaccines. These
advances provided a rich pipeline of ideas for strategies to vaccinate against HCV. Many
candidate vaccines were tested for immunogenicity in rodents or other species not
susceptible to HCV infection. Very few vaccines were assessed for protection of
chimpanzees, the only immunocompetent animal model for human HCV infection.
Approximately half of chimpanzees infected with HCV resolve the infection spontaneously.
Because chimpanzee vaccine studies necessarily involve very few individuals, it is difficult
to detect an increased frequency of resolved infections compared to mock vaccinated
controls. The lack of a more tractable animal model is a significant bottleneck in vaccine
development. To date, only two vaccine approaches have been assessed for immunogenicity
in humans. The difficulty in designing phase Il and 111 human vaccine studies in populations
who are at risk for infection, with protection from persistence rather than protection as an
endpoint, is also a barrier to progress.
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Figure2.
Summary of two HCV vaccines that advanced to human clinical trials. Very different

approaches to vaccine antigen selection and delivery reflect uncertainty about mechanisms
of protective immunity against HCV. The Chiron vaccine is comprised of adjuvanted
recombinant envelope glycoproteins E1 and E2. The Okairos vaccine is comprised of
recombinant viruses expressing the non-structural 3 to 5 genes as indicated in the figure.
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