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Abstract
The first virus-like particle to be tested for use as a vaccine carrier was based on the hepatitis B virus
nucleocapsid protein. This viral subunit, while not infectious on its own, is a 36-nm particle that is
highly immunogenic during a natural infection. The self-assembly and high degree of
immunogenicity is maintained when expressed as a recombinant protein and, moreover, can confer
a high degree of immunogenicity on foreign antigens linked to the particle, either chemically or
genetically. This review describes the current state of the hepadnaviral core protein as a vaccine
carrier.
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The growing body of knowledge on immune epitopes and the resulting increase in the number
of neutralizing peptide epitopes identified has further enhanced interest in the use of these
subunits for the design of prophylactic and therapeutic vaccines [1]. Indeed, vaccines that target
peptide subunits of a pathogen offer a number of advantages, including the ability to precisely
target B- and T-cell epitopes known to be neutralizing, rather than using the whole organism
or even a complete protein from a given pathogen. Because the target epitopes are small they
can easily be mutated to match any naturally occurring sequences in the wild population or
escape mutants that arise. Additionally, subunit vaccines have the advantages of being easy to
produce and purify, which yields lower costs, greater safety and improved stability compared
with live-attenuated or killed pathogens. However, the use of peptide epitopes for vaccines is
limited by the fact that these small antigens are poorly immunogenic and must be conjugated
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to an immunogenic carrier for delivery to the immune system. One method of delivering peptide
antigen epitopes that has proven very successful is the virus-like particle (VLP), which is an
inert, noninfectious, self-assembling particle [2].

In the 1980s, HBV (Hepadnaviridae) provided the source for one of the prototypical VLPs
when the HBV core antigen (HBcAg) was used to display a foreign epitope, namely one from
the foot-and-mouth disease virus (Picornaviridae) [3]. HBcAg forms the nucleocapsid of the
intact HBV virion, which is a small 42-nm virus surrounded by a lipid envelope with embedded
HBV surface antigen (HBsAg) surrounding the HBcAg, which in turn encapsidates the
partially double-stranded HBV genome [4,5]. HBV also encodes a splice variant of the core
protein, known as the secreted e antigen (HBeAg), and a polymerase associated with the
genome (Figure 1). The surface antigen has been used as a vaccine carrier, but HBcAg is
significantly more immunogenic than HBsAg both during a natural infection [6] and as a
recombinant protein [7]. Moreover, it is increasingly clear that this HBcAg-based VLP
possesses a number of characteristics that make it highly favored as an efficient and flexible
carrier for foreign immune epitopes.

The HBV core protein is a 21-kDa polypeptide, which spontaneously assembles into an
icosahedral particulate structure of approximately 36 nm diameter made up of 120
homodimers, that is, 240 copies of the HBcAg protein. Crystallographic and cryoelectron
microscopy studies have elucidated the structure of HBcAg particles and show that dimers
align to form spikes on the surface of the particle, each composed of four long bundled α-
helices connected by a loop [8–10]. We and others determined that the immunodominant B-
cell epitope on HBcAg is localized around amino acids 76–82 [11,12]. This is consistent with
the finding that a heterologous sequence inserted into the internal 75–83 loop region of HBcAg
is significantly more antigenic and immunogenic than the same sequence positioned at the N-
or C-terminus [12], and that the inserted sequence is more immunogenic than it is in the context
of its native protein. The arginine-rich nucleic acid-binding domain in the C-terminal tail is
not required for assembly of the particles, and as little as the first 140 amino acids of the core
gene are sufficient to achieve assembly [13,14].

Researchers have faced two challenges in applying the HBcAg technology to VLP vaccine
design for human use. First, this VLP is based on a human pathogen, so it will not be effective
in the 450 million chronic HBV carriers worldwide and may be less effective for those already
exposed to the virus. Second, many of the foreign epitopes inserted into the core gene destroy
the self-assembly property of the HBcAg particle. The first challenge has been addressed by
using the core particles of related hepadnaviruses that infect species other than humans,
primarily woodchuck and duck hepadnavirus [15–17], although hepadnaviruses have also been
reported in several squirrel species, herons, storks, kangaroos and even reptiles [4]. The second
challenge has been addressed in two ways: thorough characterization and optimization of the
features that limit assembly and by a novel technology that relieves internal stresses imposed
by insertion of certain proteins into the loop of the HBcAg gene [18,19]. This review will cover
the properties of hepadnavirus core proteins that make them well suited as vaccine carriers,
summarized in Box 1, as well as how research on the core particles from different species has
enhanced the technology.

Box 1

Characteristics indicating that hepadnaviral core proteins are excellent
carrier moieties

• Efficient self-assembly into 36-nm particles

• Fully amenable to Escherichia coli expression
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• Availability of free sulfhydryls on the particle surface

• High immunogenicity during HBV infection in humans

• No MHC nonresponder phenotypes identified

• Noncytotoxic in humans

• Highly immunogenic in animal models (i.e., >100 × vs HBsAg)

• T-cell independence

• Function as T-cell carriers for envelope antigens within the virion

• Delivery of internalized TLR ligands directly to B cells

• Flexibility of many insertion sites and C-terminal modifications enable greater
than 95% efficiency of assembly*

• Rodent core proteins circumvent HBcAg-specific immune tolerance in humans*

• Use of rodent core proteins will not compromise use of the anti-HBcAg diagnostic
assay*

*Characteristics common only to nonhuman hepadnaviral core proteins.
Note: due to conservation at the amino acid level (i.e., 67%), many characteristics are shared
among the human and rodent hepadnaviral core proteins except, of course, bullet points 4
and 6, which are based on observation in natural human infection. HBcAg: HBV core
antigen; HBsAg: HBV surface antigen; TLR: Toll-like receptor.

Structure & flexibility to carry foreign epitopes
The hepadnaviral core protein has proven highly flexible, partly owing to the multiple roles it
plays during the natural hepadnaviral infection. Evidence of the multiple roles is seen in the
two in-frame initiation codons of the hepadnaviral core gene. Translation from the first codon
results in synthesis of the precore protein, which includes 29 N-terminal residues that represent
a hydrophobic signaling sequence that directs the nascent precore protein to the endoplasmic
reticulum. The precore protein is processed and secreted as HBeAg, which possesses
immunologic properties strikingly different from HBcAg [20]. Initiation of translation from
the second AUG results in expression of the 21-kDa core protein, which is not proteolytically
processed. This protein self-assembles into the 240-subunit icosahedral HBcAg nucleocapsid
particle, which in conjunction with the HBV polymerase, is capable of specifically
encapsidating the viral pregenomic RNA [8,21]. This assembly process occurs not only during
the course of native virion assembly, but also when expressed in heterologous systems, both
prokaryotic and eukaryotic, including expression in plants [22]. When expressed in exogenous
systems, the C-terminal nucleic acid-binding domain of the full-length core particle will
encapsidate host RNA of approximately 100–3000 bp in length during assembly [13].

While the hepadnaviral e protein and core particle are serologically distinct, these antigens are
cross-reactive at the T helper (Th) cell level of recognition since most of their primary sequence
is shared as the same open reading frame (ORF) [23]. For example, in B10.S (H-2S) mice and
B10 (H-2b) mice, the dominant Th recognition sites are at amino acids 120–131 and 129–140,
respectively. Both of these sequences are identical between HBeAg and HBcAg as they are
contained within the overlapping ORF region of the proteins.

*Characteristics common only to nonhuman hepadnaviral core proteins.
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The core antigen protein contains four cysteine residues, all of which are involved to varying
extents in forming disulfide bonds between monomers (although not within a single
polypeptide chain), but experiments on HBcAg have shown that formation of these disulfide
bonds is not required for particle assembly [24]. This feature allows flexibility to genetically
insert heterologous epitopes into the core particle without the consideration for preserving the
native disulfide bridges. The cysteine at position 48 in HBcAg is known to be exposed and
approximately half of these residues are tied up in intermonomer disulfide bonds, leaving the
remaining half of the residues available to react with alkylating agents [24]. This means that
there are approximately 120 cysteine residues on the surface of each core particle (at position
48 and conserved in the rodent hepadnaviral core proteins) with free sulfhydryl groups as
‘handles’ to chemically couple antigens.

In addition to the native cysteine residues, it is possible to genetically engineer reactive groups
onto the core particle and chemically link peptides and larger protein domains. Inserting a
lysine residue into the immunodominant loop allowed chemical conjugation of peptides to the
HBcAg VLP, resulting in a sufficiently high peptide density to elicit a strong antibody response
to the coupled peptide in the absence of exogenous adjuvants [25,26]. This HBcAg VLP
conjugation technology has been used to couple a 23-amino acid peptide corresponding to the
extracellular domain of the M2 protein for use as a universal influenza A vaccine. However,
this chemically conjugated VLP elicited only weak protective efficacy in mice [27]. A recently
published report examined genetic fusion of M2 to HBcAg, and chemical coupling of M2 to
the carboxyl groups of M2. By coupling to carboxyl groups on the HBcAg particle, 4300 sites
are available and the researchers achieved 32% loading for approximately 1400 M2 peptides
per particle, compared with the 100% efficiency of genetic fusion yielding 240 M2 peptides
per HBcAg particle. Immunizing with an equal mass of M2 peptide revealed that genetic fusion
of M2 to HBcAg elicited higher anti-M2 peptide antibody responses and more potent protection
in a mouse model of influenza infection [28].

The ability of the hepadnaviral core particle to self-assemble, despite disruption of the native
disulfide bridges and insertion of a lysine residue in the loop, underscores the resiliency of the
protein’s assembly function, suggesting that the core particle is well suited for genetic insertion
of foreign antigens. This theory was born out by the early success in inserting a wide variety
of foreign epitopes, as large as 55 amino acids, into HBcAg and achieving assembly of the
chimeric particles [3,12,29–37]. However, there are limits to the genetic insertions tolerated
by the hepadnaviral core proteins and many epitopes inserted into HBcAg can disrupt assembly,
causing some groups to turn to chemical linkage systems [25]. The disruption by insertion of
foreign sequences can affect both the expression level and/or the correct assembly of chimeric
core particles. This phenomenon has been investigated by analyzing the biochemical and
biophysical properties of the amino acid sequence inserted into chimeric particles, revealing
that parameters such as length, hydrophobicity, high β-strand index or large volume may
impede the proper folding and assembly of chimeric HBcAg particles [38]. Our own work has
indicated that insert charge is the most important characteristic in terms of determining
chimeric core particle assembly (see later).

Our laboratory has approached the problem of some insertions abrogating assembly by
exploiting the inherent flexibility of the hepadnaviral core particle. We have concentrated our
efforts on the core particle from one of the rodent hepadnaviruses, namely the woodchuck
hepadnaviral core antigen (WHcAg), which is 67% identical and 78% similar to HBcAg at the
amino acid level. Multiple epitopes were systematically tested by insertion at numerous sites
within and outside the immunodominant region of the WHcAg protein. These epitopes and
insertion sites were tested with a panel of modified C-terminal tails and we discovered that the
optimal insertion site and C-terminal tail can be different for each epitope sequence [18]. Thus,
by determining the correct combination of insertion site and C-terminal tail, WHcAg particles
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could be successfully assembled for most inserted epitopes. An additional discovery allowed
the successful particle assembly for more than 95% of the epitopes chosen for genetic insertion
into WHcAg. It was noted that the presence of highly basic amino acids in an insert epitope
correlated with poor or negative assembly of chimeric core particles. However, acidifying the
insert with amino acids (such as glutamic acid), either flanking the insert or substitution at
noncritical sites within the insert, rescued assembly of the core particle that would not assemble
with the basic insert [18]. This acidification worked for HBcAg and WHcAg, as well as the
core proteins from ground squirrel and arctic ground squirrel hepadnaviruses.

Another successful approach has been developed to insert large domain epitopes and even
entire proteins into the immunodominant region of the HBcAg protein. For proteins whose N-
and C-termini are sufficiently closely juxtaposed, it is possible to engineer them into the HBcAg
loop region and achieve independent folding of the core and fused proteins and also assembly
of the chimeric core particles [39,40]. However, for proteins whose N- and C-termini are distant
in the tertiary structure, long linkers must be used and chimeric HBcAg particle assembly is
perturbed, giving rise to irregular particles and various aggregates [41]. This was addressed by
cleaving the HBcAg protein in the immunodominant loop adjacent to the inserted protein.
Cleaving the protein and relieving the constraint on the HBcAg monomers makes particle
assembly significantly more efficient [19]. This technology allows the genetic fusion of large
domains or proteins to the HBcAg particle in addition to the incorporation of small targeted
epitopes.

Inherent immunogenicity
The HBcAg particle is known to be highly immunogenic in humans, because during an HBV
infection virtually 100% of patients produce high titer antibody to it despite the fact that the
core particle is an internal virion structure [42]. In both acute and chronic HBV infection, the
antibody titer raised to HBcAg is significantly greater than the antibody raised even to the
envelope and may be the only component of the virus to induce antibody production in patients
with asymptomatic chronic infections [43]. The core particle itself is apparently not cytotoxic
and is well tolerated, as the anti-HBV core protein (HBc) response is observed both in the
presence or absence of liver damage [44].

Research on HBcAg VLPs has been aided by the fact that the high immunogenicity observed
in humans is similarly seen in mice [23,45]. Moreover, in mice the core particles derived from
rodent hepadnaviruses (woodchuck, ground squirrel and arctic ground squirrel) are at least as
immunogenic as HBcAg [16]. In testing the HBcAg and three rodent hepadnaviral core
particles in a broad panel of mouse strains, a strong IgG anti-core response was measured and
no nonresponder strains were identified, consistent with the data on the anti-HBc response in
humans. The enhanced immunogenicity of core particles seems to derive from factors intrinsic
to the core particle structure.

Classic cognate T-cell help requires direct T-cell–B-cell interaction. Therefore, the antigenic
determinants recognized by Th and B cells must be covalently linked on a single molecule.
However, particulate antigens, such as viruses, may represent a special case, since B cells
expressing an immunoglobulin receptor for any determinant exposed on the particle would
internalize all the molecules of a given particle. Consequently, T-cell recognition of an epitope
within a particle would be predicted to supply Th-cell function to numerous B-cell specificities,
representing intermolecular/intrastructural T-cell help. In view of this phenomenon, we
examined the ability of HBcAg-primed T cells to function as Th cells for antibody production
to envelope HBsAg epitopes, even though HBsAg and HBcAg are on distinct molecules, albeit
within the same virions. Mice primed with HBcAg and subsequently challenged with
subimmunogenic amounts of virions (HBV) produced anti-HBs (HBV surface protein). This
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result indicated that HBcAg-primed T cells could function to help anti-envelope antibody
production, and the Th-cell activity required the HBcAg and HBsAg to be present within the
same particle, since the mixture was ineffective [7]. To confirm the T-cell nature of this effect,
an identical experiment was performed using a peptide containing the HBcAg-derived
synthetic T-cell recognition site, p120–131, as the priming antigen. Mice primed with p120–
131 and challenged with HBV produced anti-envelope antibodies, whereas mice primed with
p120–131 and challenged with an HBcAg/HBsAg mixture did not. These results were the first
indication that HBcAg may represent an efficient carrier moiety for heterologous epitopes. The
results of these experiments are consistent with serological data suggesting that HBcAg/HBe-
specific Th cells may also mediate anti-envelope antibody production during HBV infection
[43].

The high immunogenicity of hepadnaviral core particles can also be attributed to functions
independent of T cells. We have examined the ability of HBcAg to activate B cells directly by
immunizing euthymic and athymic mice with various doses of HBcAg [46]. Euthymic mice
produced dose-dependent anti-HBc antibody at 10 days and a four- to 16-fold increase in anti-
HBc titer at 24 days. However, athymic mice also produced dose-dependent anti-HBc antibody
at 10 days after immunization, but showed no increase in the anti-HBcAg titer at 24 days. To
determine if T-cell independence required the HBcAg to be particulate, we also immunized
euthymic and athymic mice with the nonparticulate HBeAg. Athymic mice were nonresponsive
to HBeAg, indicating that the response to HBeAg was T-cell dependent and that T-cell
independence requires the particulate structure. However, the particulate protein structure,
while necessary, was not itself sufficient for T-cell independence as illustrated by the fact that
the HBsAg (a 22-nm particle) is a T cell-dependent antigen. Rather, the particulate structure
more likely acts to display the epitopes in a repetitive array with spacing for optimal
crosslinking of the B-cell receptor [47–49].

Since HBcAg can act as a T-cell-independent antigen and activate B cells directly in the absence
of T cells, it was of interest to determine if this T-cell independence could be conveyed to an
antigen coupled to HBcAg. BALB/c nu/nu (athymic) mice were immunized with dinitrophenol
(DNP) conjugates: HBcAg–DNP1 or BCG–DNP50. BALB/c nu/nu mice produced anti-DNP
antibodies after HBcAg–DNP1 but not after BCG–DNP50 immunization. This indicates that
the T-cell-independent characteristic of HBcAg can be conveyed to a normally T-cell-
dependent antigen by coupling to the particle. Other putative T-cell carrier moieties (i.e., BCG,
tetanus toxoid or diphtheria toxoid) do not possess this characteristic since these proteins are
not T-cell-independent antigens.

A variety of theories have been proposed to explain the robust immunogenicity of core
particles, including binding of the C-terminal domain to membrane heparin sulfates, interaction
with Toll-like receptor (TLR)2, and contaminating TLR ligands derived from the bacterial
purification [50–53]. However, the hepadnaviral core particle characteristic most likely to
explain the enhanced immunogenicity, especially in terms of antibody production, is that B
cells are the primary antigen-presenting cell (APC) for HBcAg [48]. This was a surprising
finding since dendritic cells (DCs) are normally regarded as being the primary professional
APC. Not only are B cells the primary APC for core particles, but we further found that specific
subsets, splenic B1a and B1b cells, are the most efficient presenters for core particles [54].
Naive B1a cells are capable of binding HBcAg particles, perhaps explaining their high
efficiency in presentation of core particles. Conversely, both in vitro cell assays and in vivo
immunizations demonstrated that DCs are unable to efficiently present core particles because
they do not internalize this particulate antigen at physiologic concentrations [54].

A significant consequence of B cells being the primary APC for core particles is that immune
stimulants integral to the particle, for example, the RNA encapsidated by the core particles,
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can be delivered directly to the antibody-producing cell along with the antigen, which leads to
co-ligation of the B-cell receptor and TLR and the resulting immune synergy [54,55]. We have
demonstrated that the host RNA (Escherichia coli, yeast and mammals) encapsidated in core
particles acts as a TLR7 ligand and enhances immunogenicity of the antigen [54]. For example,
the full-length HBcAg containing RNA elicited a 25-fold higher antibody response than the
truncated version that lacks encapsidated RNA. However, this increase in immunogenicity is
entirely abrogated in TLR7 knockout mice, demonstrating that the improved immune response
to full-length core particles is attributable to the encapsidated RNA and that this RNA acts
through TLR7.

Although anti-HBc antibody production can occur through a T-cell-independent pathway, the
protein nature of HBcAg also allows for T-cell recognition, unlike a number of strictly T-cell-
independent antigens. In fact, HBcAg represents a very efficient T-cell immunogen. The order
of T-cell responsiveness among a panel of B10, H-2 congenic strains correlates with their
ability to produce anti-HBc antibody in vivo [45]. It is noteworthy that HBcAg-primed T cells
of high responding strains (i.e., B10.BR, B10.S and B10.D2) demonstrate HBcAg-specific T-
cell activation (i.e., IL-2 production) at an in vitro HBcAg concentration as low as 0.03 ng/ml,
which is approximately 100-fold more efficient than HBsAg-specific T cells from similarly
high responder strains. This characteristic is useful in vaccine design because foreign CD4+

T-cell sites can be fused to the core particle and are functional [56].

Insertion of foreign epitopes into core particles
The immunologic characteristics of HBcAg have long been known to be very favorable for its
use as a vaccine carrier. The multiplicity of epitopes fused to the HBcAg gene over the last 20
years has grown past the point of enumeration being informative. However, a relatively recent
list has been compiled [57]. The most recent advance in the use of core genes as vaccine carriers
has been the development of core particles derived from the rodent hepadnaviruses. The
woodchuck-derived WHcAg has proven to be at least as immunogenic as the human-derived
HBcAg, but is not burdened by the problem of pre-existing immunity and, more importantly,
avoids immune tolerance in the human population since WHcAg is minimally cross-reactive
with HBcAg at the T-cell level [15,16].

We have subjected WHcAg chimeric particles to the same detailed analysis applied to HBcAg,
testing insertion of a large panel of model epitopes at various positions on the WHcAg particle.
Model epitopes were genetically inserted at the N- and C-terminal ends of the core gene as
well as at several sites around the immunodominant spike, and both accessibility and
immunogenicity were assessed by the ability to bind monoclonal antibodies and raise a
polyclonal antibody response in mice, respectively. As was previously found for HBcAg
chimeric particles, we found that insert position has a significant influence on the display and
immunogenicity of the epitope carried by the WHcAg particle [12,18]. The overall trend is
that C-terminally fused epitopes are the least well exposed and least immunogenic, while N-
terminally fused eptiopes are better exposed and more immunogenic, and insertion of epitopes
into the loop provides for the best accessibility and highest immunogenicity. The precise
insertion point within (or adjacent to) the immunodominant spike that provides the best
immunogenicity varies by epitope and, similar to the case for optimal assembly, is influenced
by the sequence of the C-terminal domain [18]. The deliberate and systematic analysis of the
suitability of multiple insertion sites for various inserted sequences has enabled the routine use
of the full-length core gene or one that includes the C-terminal domain to bind RNA and
encapsidate it into the chimeric particle. This RNA has the advantage of producing a better
antibody response against the insert as a result of the integral TLR signaling [54].
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In addition to the knowledge derived from the thorough and systematic characterization of the
WHcAg particle as a vaccine platform, this rodent hepadnaviral particle has the inherent
advantage of being derived from a nonhuman pathogen. The cross-reactivity between HBcAg
and WHcAg (as well as the core particles derived from the ground squirrel and arctic ground
squirrel hepadnaviruses) have been directly assessed. Antibody against HBcAg does not cross-
react with WHcAg and shows very little cross-reactivity with the other rodent hepadnaviral
core particles, thus pre-existing antibody to HBcAg in the human population should not
interfere with the WHcAg as a vaccine carrier [16]. HBcAg and WHcAg are only partially
cross-reactive at the CD4+ T-cell level. Therefore, use of the rodent core particles can
circumvent immune tolerance to the HBcAg present in the 450 million chronic HBV carriers
worldwide [15].

Application of core particle VLPs as human vaccine carriers
Studies in the 1980s demonstrated that the repeat sequences in circumsporozoite coat (CS)
protein are the dominant target of protective antibodies against human and rodent malaria
parasites, Plasmodium falciparum and Plasmodium berghei, respectively [58–61]. We have
inserted the DNA sequence encoding a P. berghei CS repeat sequence, that is, (DP4NPN)2,
into a recombinant HBcAg to produce chimeric vaccine particles. P. berghei is the causative
agent of rat malaria and is capable of infecting mice, and therefore can be used to study
protection in a very accessible model.

The P. berghei CS repeat sequence inserted into the immunodominant loop of HBcAg was
expressed in E. coli and purified chimeric HBcAg–CS particles were found to elicit high titer
anti-CS IgG antibodies. In challenge studies, mice immunized with HBcAg–CS showed 100%
protection against P. berghei, while control mice immunized with HBcAg or PBS showed no
protection [56]. These results were confirmed and extended in a subsequent set of experiments
in which the CS repeat epitope from the Plasmodium yoelii rodent malaria was inserted into
the HBcAg and used to immunize mice. The HBcAg–CS specific for P. yoelii malaria also
raised high anti-CS IgG antibodies and protected 90 and 100% of mice in separate challenge
studies [62].

The successful production of a model malaria vaccine based on a hepadnaviral core particle
laid the groundwork for the first use of an HBcAg-based vaccine in human clinical trials.
Malariavax (also known as ICC-1132) is an experimental human malaria vaccine conceptually
based on the HBcAg–CS rodent malaria vaccines described above. Malariavax is a VLP based
on HBcAg and contains the P. falciparum (human malaria) CS repeat B-cell epitopes inserted
in the immunodominant loop, as well as a universal human T-cell epitope from the P.
falciparum CS fused to the C-terminus of the carrier. Based on promising animal data in mice
and nonhuman primates [63–65], human clinical trials were initiated in which volunteers were
vaccinated with either multiple doses in alum adjuvant or a single dose in the water-in-oil
adjuvant, Montanide ISA 720 [66–69]. A single-dose vaccination elicited modest anti-CS
antibody production in the majority of volunteers and only weak T-cell responses, so the lack
of protection against malarial sporozoite challenge was unsurprising [69]. In animal studies, a
booster immunization results in an increase in anti-CS antibody titer, so it is likely that the
efficacy of this vaccine could be improved simply by using multiple vaccinations.

The other HBcAg-based VLP vaccine to have been tested in humans is ACAM-FLU-A, which
targets the influenza A M2 protein, proposed to contain a universal influenza epitope, M2e,
owing to its high sequence conservation [70,71]. While the results of the clinical trial have not
yet been published in a peer-reviewed journal, Acambis announced that the trial demonstrated
the vaccine to be safe and immunogenic. The vaccine, as described in the scientific literature,
was constructed by fusing the M2e epitope to the N-terminus of HBcAg, consistent with this
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epitope being at the N-terminus of the native M2 protein [72]. In a mouse model, the HBcAg–
M2 chimeric VLP provided 90–100% protection in a lethal influenza challenge study.
Protection against lethal flu challenge can also be achieved by immunizing mice via the
intranasal route [73].

The early promise and later success of the core particle-based VLPs demonstrated the value
of self-assembling viral nucleocapsids for use as vaccine carriers and consequently other VLPs
are being developed. VLPs based on the human papillomavirus (HPV; Papillomaviridae) and
bacteriophage Qβ (Leviviridae) coat proteins have each been extensively developed as carriers
of chemically conjugated epitopes [74,75]. Genetic fusion of foreign epitopes has been less
widespread, but some success has been reported with the HPV capsid as well as with some
novel VLPs derived from plant viruses [76–78].

Summary
The hepadnaviral core particle was among the first of the VLP vaccine carrier moieties, owing
to its many advantageous characteristics. These characteristics include the robust self-assembly
of a single protein into a 240-subunit particle, the ability to use yeast and bacterial expression
systems, high immunogenicity, and the flexibility to genetically fuse foreign epitopes and still
preserve the advantages of the native particle. The reasons core particles were originally chosen
as promising entities for vaccine carriers are many of the same reasons that they continue to
be developed and that, more than 20 years later, they remain one of the best-developed chimeric
vaccine carrier moieties. The flexibility of the core gene and robustness of assembly have aided
in developing new improvements to the platform, including the encapsidation of TLR ligands
and fusion of larger and more difficult immunogens. Studies in vitro and in vivo have elucidated
some of the underlying mechanisms of the core particles’ high immunogenicity, which should
allow further enhancements to the technology. Two different vaccines based on hepadnaviral
core particles have now been tested in clinical trials and were found to be safe, and improved
dosing will likely provide more robust demonstration of effectiveness in humans.

Expert commentary
The use of killed and live-attenuated pathogens has provided many effective vaccines that have
had a great positive impact on human health through the prevention of diseases. Some
pathogens have proven resistant to this vaccine strategy for various reasons and the scientific
community has developed new approaches, including the use of pathogen subunits known to
be capable of eliciting a neutralizing immune response. A major limitation of this approach is
that clean, safe proteins are generally not very immunogenic on their own. The most promising
method of addressing this limitation has been the use of highly immunogenic, noninfectious
VLPs to deliver the relevant epitopes to the immune system. The hepadnaviral core proteins
are one of the most promising of the VLP platforms because they are so immunogenic, eliciting
strong B-cell and T-cell responses, and they are sufficiently flexible to allow the recombinant
or chemical inclusion of a wide variety of foreign insertions. The vaccines based on HBcAg
VLPs have already show protective efficacy in animal models of malaria, influenza and Lyme
disease. With the existing knowledge that low doses of these HBcAg-based VLPs are safe, the
current focus is on finding the proper formulation for eliciting human immune responses strong
enough to neutralize the targeted pathogens.

Five-year view
There is a great deal of interest in developing subunit vaccines and many are already in clinical
trials. The indications are that an effective formulation for the HBcAg-based VLPs will soon
be established and we are optimistic that this knowledge will lead to the demonstration of
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protective efficacy for one or more diseases. Such a demonstration will underscore the value
of this vaccine platform, and we believe that in 5 years the result of this development will be
that the focus will be in the process of shifting from assessments of safety and potency to
identifying epitopes and disease indications that are best suited to the particular strengths of
the HBcAg-based VLPs.

Key issues

• The use of subunit vaccines offers the advantages of increased safety and precisely
targeted immune responses.

• The HBV-based core protein was the first recombinant virus-like particle (VLP)
shown to convey a high level of immunogenicity to a foreign peptide.

• The hepadnaviral core proteins represent a highly immunogenic and very flexible
platform for delivering poorly immunogenic subunits.

• Rodent hepadnaviral core proteins posses all of the advantages of the human HBV
core antigen (HBcAg), but avoid the problem of immune tolerance to a human
pathogen.

• VLPs based on HBcAg have shown protective efficacy in animal models.

• The HBcAg VLP has been shown in multiple clinical trials to be safe, and
additional formulations are likely to provide better immune responses in humans.
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Figure 1. Diagrammatic representation of the HBV virion
Large outer circles represent HBsAg embedded in the lipid envelope. Smaller inner circles
represent core proteins that form the HBcAg nucleocapsid, while diamonds represent the
secreted form of the core protein, HBeAg (expressed during infection). The partial rings
represent the partially dsDNA genome and the trapezoid represents the viral polymerase. The
X protein is not represented.
HBcAg: HBV core antigen; HBeAg: HBV e antigen; HBsAg: HBV surface antigen.
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