THE NEED FOR A HEPATITIS C VACCINE

We are currently in an exciting era of hepatitis C virus
(HCV) treatment in which direct-acting antiviral (DAA)
therapy is associated with viral eradication rates exceeding
90%. Public health authorities, including the World Health
Organization, have launched strategies for global elimina-
tion of HCV by 2030, defined by an 80% reduction in inci-
dent HCV and 65% reduction in HCV-associated mortality.
As demonstrated by historical examples such as tuberculo-
sis and syphilis, however, infectious disease eradication is
not likely to be achieved by treatment alone in the absence
of an effective vaccine.'

Persistent deficits across the HCV care cascade remain
important barriers to HCV elimination in the United States
and worldwide, including screening and diagnosis, linkage
to care, drug access, and treatment failure. Despite support
by national guidelines of the Centers for Disease Control
and Prevention and US Preventive Services Task Force, birth
cohort screening of individuals born from 1945 to 1965
is estimated to miss 25% of patients with chronic HCV
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infection.? Simplified regimens, improved efficacy, and
decreased stigma have contributed to an increase in HCV
treatment in high-risk populations, particularly people who
inject drugs. However, ongoing challenges in addressing
the opiate epidemic and substance abuse have been asso-
ciated with rising incidence of new HCV cases, as well as a
measurable rate of reinfection post-DAA therapy, ranging
from 11% to 26% across several studies.®> Furthermore,
the high cost of DAA regimens has limited patient access
to HCV therapy both in the United States and in multiple
resource-limited regions worldwide® and remains a vexing
barrier to global eradication. In this context, HCV vaccine
development represents an important and perhaps essen-
tial tool to achieve this goal.

WHAT IS A PROTECTIVE IMMUNE
RESPONSE TO HCV?

Because the complications of HCV infection arise from
chronic viral persistence rather than acute infection, which
is characterized by few or no symptoms, prevention of viral
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persistence represents the primary goal of vaccination.” The
potential for achieving this goal is evident from the observa-
tion that individuals who have spontaneously cleared the
virus are at a substantially reduced risk for persistent infec-
tion on reexposure.” Variability within the host is believed
to stem from the lack of proofreading function of the NS5B
RNA-dependent polymerase, which results in a high error
rate per replication cycle and the development of variants
known as quasispecies.® Other mechanisms through which
HCV evades an effective host immune response include im-
munogenic decoy epitopes that direct the immune response
away from effective targets, epitope shielding (such as by
nonneutralizing antibodies), major histocompatibility com-
plex downregulation, and direct cell-to-cell transmission.”

Important evidence exists for the significance of T cell-
based immunity to HCV. CD4* “helper” T cells play a key role,
with a broadly directed CD4* T cell response to HCV asso-
ciated with spontaneous clearance of infection. Conversely,
chronic infection is associated with a “defective” CD4* T
cell phenotype as well as with the selection of mutants that
evade the CD8" cytotoxic T cell response. Animal data pro-
vide further evidence for the importance of CD8* T cells, as
chimpanzees infected with HCV after previously clearing the
virus experienced prolonged viremia in the setting of CD8* T
cell depletion, resolving with recovery of these cells.®®

Neutralizing antibodies play a role in immunity to HCV,
although the exact nature of this role is somewhat con-
troversial. Patients with hypogammaglobulinemia are able
to clear HCV infection, indicating that antibody-mediated
immunity is not essential; however, antibodies are also
associated with spontaneous clearance of infection in pa-
tients,® and passive immunization prior to HCV challenge
has prevented infection in animal models.”

CURRENT PROGRESS IN VACCINE
DEVELOPMENT

HCV vaccine development is uniquely challenging due to
the high level of diversity present both in the population,
with seven different genotypes identified, and in individuals,

TABLE 1. TARGETS FOR HCV VACCINE DEVELOPMENT
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in whom numerous quasispecies of the virus exist due to
the high error rate in viral replication and high replication
rate of the virus. This high viral diversity implies that classic
antibody-mediated sterilizing immunity may not be feasible
for HCV, although it remains under investigation in vaccine
development.'® The two major pathways through which
candidate vaccines mediate immunity, neutralizing antibod-
ies and T cell-mediated immunity, are listed in Table 1. An
ideal HCV vaccine would prevent viral persistence, confer
protection across genotypes, and generate an immune re-
sponse resistant to viral evasion on an individual level.

Common targets of neutralizing antibodies in HCV in-
fection include the envelope glycoproteins E1 and E2 or the
E1E2 heterodimer.” E2 plays a role in virus entry, interact-
ing with scavenger receptor class B type | and tetraspanin
(CD81), and therefore most neutralizing antibodies are di-
rected against this protein. Of interest is the hypervariable
region 1 (HVR1) of E2 because antibodies to this region can
mediate viral neutralization but are not broadly beneficial
due to being isolate specific and exert selection pressure,
resulting in the emergence of quasispecies that have evaded
their neutralizing ability. Antibody binding to HVR1 of E2
may also limit the binding of other broadly neutralizing anti-
bodies because of steric hindrance.!” A Chiron Corporation
Genotype 1a E1/E2 vaccine designed to elicit neutralizing an-
tibodies has been tested in chimpanzees, resulting in steril-
izing immunity in some animals but breakthrough infections
in others; however, compared with controls, these break-
through infections were often attenuated and more likely to
resolve.” Current data suggest that antigenic E2 epitopes are
mobile, prompting interest in the development of a novel
vaccine strategy targeted at stabilization of these epitopes.'?

Inducing T cell-mediated immunity is another important
approach to HCV vaccination. CD8* T cells specific to HCV
can clear the virus through the cytolytic mechanism (caus-
ing apoptosis of infected hepatocytes) or the noncytolytic
mechanism (suppressing HCV replication through secreted
cytokines). However, CD8* T cell exhaustion occurs in HCV
infection because of upregulation of T cell-inhibitory re-
ceptors.”® The majority of currently registered clinical trials

Approach Example Targets Rationale Challenges
Neutralizing E1 and E2 envelope glycoproteins and Known conserved epitopes bound by Hypervariable regions on these proteins serve as
antibodies their heferodimer ET1E2 well-characterized neutralizing antibodies “decoys”'? and result in epitope shielding’

T cell-mediated ~ Nonstructural proteins NS3 fo NS5b
immunity
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TABLE 2. SUMMARY OF HCV VACCINE TRIALS

Mechanism Phase 1-4 Status Trial(s)
Neutralizing Phase 1 Completed NCT00500747
antfibodies
T cell-mediated ~ Phase 1 Active, not recruiting ~ NCT02362217
immunity NCT02568332
T cell-mediated ~ Phase 1/2 Active, not recruiting ~ NCT01436357
immunity or recruiting NCTO3119025
T cell-mediated  Phase 1 Suspended NCT02772003
immunity
T cell-mediated ~ Phase 1 Completed NCT01701336
immunity NCT00445419
NCT01094873
NCT01070407
NCT01296451
NCT00124215
NCT02027116
T cell-mediated  Phase 2 Completed NCT00602784
immunity NCT01055821
NCT00601770
NCT00606086

with a known status are of vaccines using T cell-mediated
immunity (Table 2) with some encouraging results from
phase 2 studies."*™ In addition, a recent preclinical study
has characterized an adenoviral vaccine using conserved,
immunogenic HCV epitopes to generate HCV-specific T
cell responses in mice across a range of HCV genotypes.'®
Further progress in this field is eagerly awaited.

In another approach to inducing protective immunity,
research continues into the role that HCV-like particles may
be able to play in vaccination. Virus-like particles, collections
of viral structural proteins that form structures mimicking vi-
ruses but without the necessary components for infection,
are attractive in HCV vaccination because of their improved
safety profile over killed or live-attenuated viruses. A num-
ber of preclinical studies have produced HCV-specific neu-
tralizing antibody and T cell responses using these particles,
and there is hope that continuing research will yield promis-
ing results with vaccines amenable to human trials.>"

CONCLUSION

Despite transformative advances in the efficacy of DAA
regimens, global HCV eradication remains a vexing chal-
lenge because of ongoing deficits across the care cascade,
as well as new concerns for rising incident infection and
reinfection in high-risk populations, including people who
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inject drugs. HCV vaccine development remains a vitally
important component of HCV elimination strategy and will
require ongoing investment in basic and translational re-
search. Significant advances in our understanding of HCV
immunology provide optimism that effective vaccines may
be developed, and several are currently under investigation
in clinical trials.
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