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Abstract

A major challenge in vaccine design is to identify an-
tigen presentation and delivery systems capable of
rapidly stimulating both the humoral and cellular com-
ponents of the immune system to elicit a strong and
sustained immunity against different viral isolates. Ap-
proaches to achieve this end involve live attenuated
and inactivated virions, viral vectors, DNA, and protein
subunits. This review reports the state of current an-
tigen delivery, and focuses on two innovative systems
recently established at our labs. These systems are
the filamentous bacteriophage fd and an icosahedral
scaffold formed by the acyltransferase component (E2
protein) of the pyruvate dehydrogenase complex of Ba-
cillus stearothermophilus.
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LIVE ATTENUATED VIRAL VACCINES

Historically, live attenuated virus vaccines were used to
control many viral diseases, such as measles, smallpox,
mumps and rubella. These vaccines elicit both humoral
and cell-mediated immune memory responses' ), howev-
er, they are associated with genetic instability and residual
virulence!”. For these reasons, current human clinical
trials using live attenuated viral vaccines are rare, and re-
search has been limited to non-human primate studies”
to understand the mechanisms about the protection elic-
ited. The possible causes of pathogenicity may include:
(1) reversion to a virulent form of the attenuated virus';
(2) recombination of the vaccine strain with wild type,
pathogenic virus""; (3) ability of viral genomes to persist
in tissues or the proviral genomes to integrate into the
host genome!'; and (4) the dysregulation of the immune
system by viral proteins'”. As alternatives to live vectors,
a variety of other antigen delivery systems ate available
for vaccine research.

VIRAL AND BACTERIAL VECTORS

One of the most pursued strategies is based upon the use
of a huge range of viral and bacterial vectors, which are
defined as non-pathogenic vehicles containing inserted

genes from pathogens for their expression and subse-
quent induction of specific immune responses. Viral
vectors such as poxvirus, adenovirus, vesicular stomatitis
virus, adenovirus-associated virus (AAV), alphavirus, cy-
tomegalovirus and lentivirus, to name some but not all,
have been exploredm]. In addition, vectors have been de-
veloped from bacteria such as Shigelld"™ and Sabmonelld™,
by exploiting their ability to be delivered »ia the oral
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route, which is the natural route of infection for a variety
of bacteria. Because so many of the factors governing
the induction of optimal immunity are incompletely un-
derstood (such as the activation of the innate immune
system by various components of vectors and their ef-
fects upon adaptive immunity), it is hard to know exactly
what would make the best vector for any given vaccine.
Given the expensive and long development process re-
quired for clinical testing, the choice of one vector over
another for each vaccine has been largely based upon the
key characteristics of the vector and results of preclinical
studies rather than comparison of vectors and admin-
istration protocols, since regimens, doses, and matrices
of prime-boost combinations could lead to innumerable
variables. Some of these vectors, in particular adenovec-
tors and poxvectors, including both canarypox and modi-
fied vaccinia Ankara, have been employed in clinical trials
for an anti-HIV-1 vaccine!**" all obtaining unsatisfactory
results. More recently, "The STEP trial", which utilized
an adenovirus vector encoding HIV proteins, was per-
formed as a proof of concept for prevention or control
of HIV infection™. The trial was stopped when it was
clear that the vaccine was not demonstrating efficacy.
One major concern regarding the use of vectors is
[23.24) espe-
cially in persons who have been previously exposed to the

the immune response against the vector itself,

virus or a related virus. Other concerns are the disputed
risk of integration[zs], the limited gene-insert capacity (in
AAV and alphavirus Vectors[%m), the safety issue in neu-
rotropism (such as in the vectors based on herpes virus
or vesicular stomatitis Virus[zs]), and in bacterial vaccine
vectors given orally, the transfer of heterologous genes to
other bacteria™.

DNA VACCINES

In addition to the use of vectors, antigens can be deliv-

ered by injecting plasmid DNA encoding immunogenic
proteins under the control of eukaryotic promoters.
DNA vaccination was first described in 1993"" and
accepted as one of the most promising ways of immu-
nization. Overall, available evidence suggests that DNA
vaccination is generally well tolerated™ ™, and two vet-
erinary vaccines have been already licensed™. The fate
of the DNA after injection has been a matter of concern
due to the risk of integration of the nucleic acids into
the host genome. However, all available data suggest that
frequency of integration is below the frequency of spon-
taneous mutation” ", Notwithstanding these premises,
failures and triggering of disease exacerbation instead of
protection have also been reported on the use of DNA
vaccines. One of the main criticisms for DNA vaccina-
tion is their relatively low efficacy, mainly because a large
amount of DNA is needed to be injected in order to
b7 Improvement of the im-
mune response to DNA vaccines has been attempted by

achieve a strong response

aiming at enhanced plasmid uptake by exploring different
routes of administration (gene-gun, electroporation), de-
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livery of the antigen in combination with vatious immu-
nostimulatory C}ftokines[38], and by using DNA vaccines
in combination with adjuvants or cytokines in order to
locally recruit different subsets of professional antigen-
presenting cells (APCs) .

VIRUS-LIKE PARTICLES

Virus-like particles (VLPs) represent another recent im-
portant biotechnological advancement. They are com-

posed of one or several recombinantly expressed viral
proteins, which spontaneously assemble into supramo-
lecular structures resembling infectious viruses o, in some
cases, subviral particles.

VLPs, like viruses, are comprised of one or more pro-
teins arranged geometrically into dense, repetitive arrays.
These structures are characteristics of microbial antigens,
and the mammalian immune system has evolved to re-
spond vigorously to this arrangement of antigens. Thus,
due to their highly repetitive surface, VLPs are able to
induce strong B-cell responses by efficiently crosslinking
the membrane-associated immunoglobulin molecules that
constitute the B-cell receptor. In addition to their ability
to stimulate B-cell-mediated immune responses, VLPs
have been shown to be highly effective in stimulating
CD#4 proliferative responses and cytotoxic T lymphocyte
(CTL) responsesmw. Currently, VLP-based vaccines are
in various stages of development, spanning preclinical
evaluation to market. Vaccines for hepatitis B (Recom-
bivax and Energix) and human papillomavirus (Garda-
sil and Cervarix) have been licensed commercially™'.,
Furthermore, VLPs may also be used as a platform for
inducing immune responses against antigens of choice.
This can be achieved by constructing chimeric VLPs that
display heterologous epitopesm’%}. However, generating
chimeric VLPs is largely empirical; it is almost impossible
to predict whether individual peptides will be compat-
ible with VLP assembly or whether the insertion will be
immunogenic. Another important limitation of this ap-
proach is the size and the nature of the epitopes that can
be inserted into the VLPs, in particular into their immu-
nodominant regions.

MISCELLANEOUS STRATEGIES

Other promising strategies for vaccine delivery include

the use of virosomes (liposomes carrying viral envelope
proteins)®*! or subunit vaccines expressed in plant™
or insect cells® !,

In summary, a variety of vaccine carriers and de-
livery modalities have been developed in recent years.
However, the failure of clinical trials, based on available
formulations, indicates that novel vaccine modalities are
still very much needed to complement the existing array
of options. In this context, we propose two innovative
concepts for vaccine design based on the filamentous
bacteriophage fd and the E2 protein from the pyruvate de-

hydrogenase (PDH) complex of Bacillus stearothermophilus (B.
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stearothermophilus). Both of the delivery systems combine
the advantages of safety with the capability to elicit both
humoral and cellular antigen-specific immune responses.

NOVEL ANTIGEN DELIVERY SYSTEMS

Filamentous bacteriophage fd system
The system of antigen delivery by bacteriophage is based
on modification of the phage display technology. Phage
libraries with specific antisera have been screened to
identify phage displaying peptides, which correspond
to or mimic antigenic epitopes’ . Immunization with
phages displaying these peptides has proven capable of
eliciting protective antibodies in animal models of vari-
ous diseases™!. The filamentous bacteriophage fd (oth-
ers are M13, f1) is well understood at both the structural
and genetic levels'®. The capsid contains five types of
coat protein, four minor (approximately five copies of
each, encoded by phage genes I, VI, VI, and IX) and
one major (approximately 2700 copies, encoded by phage
gene V). The potential to display a large number of cop-
ies on the surface of these filamentous bacteriophages
makes them an attractive vehicle for the expression of
foreign peptides. There is evidence from immunoassays
and nuclear magnetic resonance (NMR) spectroscopy
that the exposed peptides have a stable three-dimensional
structure closely resembling what they exhibit in the wild-
type parent protein™. We have shown that the peptides
expressed on the pVll phage major coat protein can
both produce specific antibodies and present T helper
epitopesm. Moreover, we have observed that the fila-
mentous bacteriophages are taken up and processed by
major histocompatibility complex: (MHC) class 1 and class I
pathwaysms]. In addition, because co-expression of linked
helper T-cell and cytotoxic T-cell (CTL) epitopes on the
surface of the same APC is a strict requirement for prim-
ing a CTL response, we designed hybrid bacteriophages
simultaneously displaying helper and/or cytotoxic epit-
opes on the same virion. They were obtained by infecting
bacterial cells, harboring a plasmid encoding a modified
gene VII, with an engineered bacteriophage carrying a
second and different copy of a modified gene VII. Us-
ing phage particles coexpressing both helper and CTL
peptides, we demonstrated the ability of bacteriophage
virions to evoke an antigen specific CTL response both
|, This surprising finding supports the
further exploration of this benign bacteriophage as a
powerful and versatile antigen-delivery system and makes
the fd virions particularly attractive for vaccine design.
The efficacy of filamentous bacteriophage fd antigen
delivery system can be further improved by exploit-
ing the possibility of displaying additional peptides or
target sequences on one of the minor coat proteins. In
particular, targeting APCs can enhance subsequent im-
mune responses and avoid tolerance induction, should
this occur in the presence of a co-stimulatory signal. This
has been shown, for example, for the DEC-205 recep-
tor, a decalectin involved in the uptake and presentation

in vitro and in MDO
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Figure 1 Selective targeting of antigens to dendritic cells. Schematic dia-
gram of the new bacteriophage vector displaying at the N-terminus of the pII
gene a single chain antibody fragment (scFv) binding the mouse dendritic cells
DEC-205 receptor and an antigenic peptide as N-terminal fusion to the major
coat pVII protein. The scFv is composed of heavy (VH) and light (VL) chain
variable regions of the mouse monoclonal antibody NLDC-145, assembled with
a (Gly4Sert)3 linker to yield a 750 bp long single-chain fragment. g: Gene; p:
Protein.

by dendritic cells (DCs)"™. For this purpose, we have
engineered two unique restriction sites into the fdAMP-
LAY388 bacteriophage vector by site-directed mutagen-
esis, which allows the insertion of peptides/proteins at
the N-terminus of the plll gene. Thus, we cloned into
the fdAMPLAY vector a single chain antibody fragments
(scFvs) from NLDC-145 mouse monoclonal antibody,
which is known to bind the mouse dendritic cell-surface
molecule DEC-205 (Figure 1). Functional phage particles
were purified and Western immunoblotting analysis con-
firmed the identity of the 90 kDa scFv fusion protein
expressed by the recombinant fd. We have recently dem-
onstrated that bacteriophage fd particles displaying the
scFv from NLDC-145 mouse monoclonal antibody at
the N-terminus of the plll gene were able to induce ac-
tivation and maturation of mouse DCs, both 7z vive ot in
vitro, in absence of other stimuli. Furthermore, DCs tar-
geting with fd particles induced a strong antigen specific
immune response and, in experiments investigating inhi-
bition of tumor growth, had a protective efficacy similar
to adoptive transferred DCs"™". These results further vali-
date the potential employment of this safe, versatile, and
inexpensive delivery system for vaccine formulation.

E2 system

This novel antigen-presenting system is based on the
PDH complex of B. stearothermophilns™. The PDH com-
plex belongs to the family of 2-oxo acid dehydrogenase
complexes. They consist of multiple copies of three dif-
ferent enzymes that catalyze the oxidative decarboxilation
of 2-oxo acids. In the case of the PDH complex, two of
its component enzymes, E1 and E3, assemble over the
surface of a large structural scaffold formed by the core
enzyme, E2, a dihydrolipoyl acyltransferase. The E2 chain
of B. stearothermophilus is composed of three independent-
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Figure 2 Schematic image of the E2 acetyltransferase display system derived from the Bacillus stearothermophilus pyruvate dehydrogenase complex. A:
The E2 chain as it occurs in the native pyruvate dehydrogenase complex. Twenty trimers of the E2 polypeptide chain form a pentagonal dodecahedron (60-mer) with
icosahedral symmetry; B: Representation of the E2 core displaying the HIV-1 Envelope (Env) third hypervariable region V3 on the surface of the scaffold. LIP: Lypoil
domain; PSBD: Peripheral subunit-binding domain; CD: Catalytic domain; E2DISP: E2 acetyltransferase display system.

ly folded domains separated by flexible linker regions:
a lipoyl domain (LIP) of 9.5 kDa, a peripheral subunit-
binding domain (PSBD) of 5.3 kDa and a catalytic (acet-
yltransferase) core domain (CD) of 28 kDa. The core
C-terminal catalytic domain of E2 self-assembles into
trimers, which in turn aggregates to generate a 60-chain
core with icosahedral symmetry”. The 60-mer has a mo-
lecular weight of > 1.5 MDa and a diameter of 24 nm as
visualized under electron microscope!’. Surprisingly, E2
can be renatured from denaturing conditions 7 vitro to
assemble into the 60-mer virus-like particle, without the
need of chaperonins". This finding may be attributed to
the heat-stable properties often found in proteins from
this thermophilic bacterium. Efficient refolding of E2
into the 60-mer is also possible by replacing the natural
peripheral domains with foreign peptides as N-terminal
fusions to the CD. The display of exogenous peptides on
the E2 scaffold is obtained by using engineered plasmids
which allows the insertion of exogenous oligonucleotides
at the 5” of the gene coding for the acyltransferase do-
main of the E2 protein”. Thus, a suitably engineered
E2 core (E2DISP) can display 60 copies of heterologous
polypeptides on the surface of a high molecular mass
scaffold”. This property can be exploited for vaccine
design. Previous work from our laboratory has described
that small epitopes (9-15 aa) displayed on the E2 scaffold
elicit both cellular and humoral specific immune respons-
es™™. However, displaying larger protein antigens may
be mote useful, as they contain multiple T cell epitopes
as well as antibody determinants.

In theory, there should be no limitation to the size of
amino acid sequences displayed on the E2 scaffold. In
fact, at the N-terminus of the acyltransferase CD each
B2 chain in the B. stearothermophilus PDH complex natu-
rally displays 187 amino acid residues in the form of the
two folded protein domains (LIP and PSBD domains)
and two flexible linkers (Figure 2A). Moreover, the E2
system is naturally designed to present up to 60 copies of
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the E1 (about 150 kDa) or E3 (about 100 kDa) enzymes
noncovalently attached on its surface. Thus, up to 60
large polypeptides can be presented on the E2 scaffold
as N-terminal fusions to the acetyltransferase CD. In
practice, several proteins, such as the green fluorescent
protein (GFP), have been expressed as an N-terminal fu-
sions

These properties of E2 VLPs compare favorably to
other types of VLPs, such as the VLPs based on human
papillomavirus that can only accept approximately 60
amino acids of foreign antigenm or on Hepatitis B sur-
face antigen (HBsAg) that has a limit of approximately 36
amino acids". E2DISP fusion proteins are produced in
E. coli, and if soluble, the proteins can be purified directly
and endotoxin can be removed using standard biochemi-
cal techniques. If insoluble, they can be denatured and
refolded slowly by step-down dialysis to obtain soluble
VLPs. Solubility can also be improved by refolding the
fusion proteins in the presence of E2DISP monomers
at different molar ratios, which reduces the number of
displayed heterologous proteins per VLP. Thus, produc-
tion of E2 particles is trelatively simple and inexpensive,
as compared with the mammalian ot baculovirus cell
culture. In this context we have successfully expressed
and refolded a large array of HIV antigens and protein
domains. In particular, we have constructed stable VLPs
displaying the HIV-1 Gag (p17) protein as an N-terminal
fusion to the E2 CD and found that mice immunized
with the Gag (p17)-E2 60mer particles mounted a strong
and sustained antibody response. Using transgenic mouse
model systems, we also demonstrated that CD8+ T cells
primed with E2 recombinant particles were able to exert
Iytic activity!”. In addition, as schematically represented
in Figure 2B, we displayed the HIV-1 Envelope (Env)
third hypervariable region (V3), which is known to bind
neutralizing antibodies™ on the E2DISP system. We
evaluated the immunogenicity of these purified 60mer
VLPs in mice and rabbits, alone and in combination with
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an HIV Env glycoprotein (gp160) expression plasmid in
an attempt to enhance immunogenicity. Using this system
we demonstrated that simultaneous co-immunization
with Env(V3)-E2 VLPs and gp160 encoded DNA was
more effective than each individual component alone or
the DNA-prime/protein-boost immunization regimen
in eliciting both neutralizing antibodies in rabbits and
CD8+ T cells responses in mice, even in the absence of

adjuvants®’

CONCLUDING REMARKS

Vaccine is one of the most powerful and cost-effective
tools of modern medicine. Currently, there is a renais-
sance in vaccine research due to the fact that healthcare
authorities are increasingly recognizing the public health
benefit and cost-effectiveness of vaccines. Since vaccines

are administered a few times at most, they are also more
cost-effective than many other drugs in treating the sub-
sequent diseases. In recent years, several economists have
argued convincingly that the cost savings are even more
impressive because they go beyond the cost of medical
care, and should include income lost due to illness and
its sequelac™. The revival of interest in vaccines has of
course also been underpinned by a rapidly expanding
body of knowledge in the fields of immunology and by
the impressive biotechnological advancement in recent
years. Today, purification of microbial elements, ge-
netic engineering, and improved knowledge of immune
protection allow direct creation of attenuated mutants,
expression of vaccine proteins in a variety of vectors,
purification and even synthesis of microbial antigens, and
induction of immune responses through manipulation
of DNA, RNA, and proteins. A major aim is to integrate
information gathered from classical pre-clinical trials
with that derived from different fields of investigation.
In this context, several approaches are being pursued to
improve rationally designed delivery systems. We have
been exploring the advantages of two innovative antigen
display systems derived from non-pathogenic prokaryotic
organisms, based on the filamentous bacteriophages fd
and the acyltransferase component (the E2 protein) from
the PDH complex of B. stearothermophilus. The td and E2
antigen delivery systems combine the safety with the ca-
pability to trigger both humoral and cellular antigen-spe-
cific immune response, even in the absence of adjuvants.
Both of these vehicles gain access to APCs, and intersect
the human leukocyte antigen class [ and II intracellular
compartments, inducing specific cytotoxic T-lymphocyte
responses. Moreover, the E2DISP delivery system offers
a unique opportunity to display up to 60 copies of indi-
vidual or multiple heterologous polypeptides, by preserv-
ing their native structure on the surface of a single VLP.
These antigen presentation systems could be combined
with other well-studied vaccines in an attempt to elicit
full-spectrum immune responses.
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