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Abstract

Virus-like particle (VLP) technology is a promising approach
for the construction of novel vaccines, diagnostic tools, and
gene therapy vectors. Initially, VLPs were primarily derived
from non-enveloped icosahedral or helical viruses and
proved to be viable vaccine candidates due to their effective
presentation of epitopes in a native conformation. VLP tech-
nology has also been used to prepare chimeric VLPs deco-
rated with genetically fused or chemically coupled epitope
stretches selected from immunologically defined target pro-
teins. However, structural constraints associated with the
rigid geometrical architecture of icosahedral or helical VLPs
pose challenges for the expression and presentation of large
epitopes. Complex VLPs derived from non-symmetric envel-
oped viruses are increasingly being used to incorporate
large epitopes and even full-length foreign proteins. Pleo-
morphic VLPs derived from influenza or other enveloped vi-
ruses can accommodate multiple full-length and/or chime-
ric proteins that can be rationally designed for multifunc-
tional purposes, including multivalent vaccines. Therefore, a

second generation of VLP carriers is represented by complex
particles reconstructed from natural or chimeric structural
proteins derived from complex enveloped viruses. Further
development of safe and efficient VLP nanotechnology may
require a rational combination of both approaches.

Copyright © 2013 S. Karger AG, Basel

VLP Concept and Its Evolution from Simple
Icosahedral to Complex Enveloped Particles

Recombinant virus-like particles (VLPs) are nanodi-
mensional structures that (1) are built from one or sev-
eral viral structural constituents in the form of recombi-
nant proteins synthesized in efficient homologous or pri-
marily heterologous expression systems (bacteria, yeast,
or eukaryotic cell culture); (3) are identical or closely re-
lated by their three-dimensional architecture and immu-
nochemical characteristics to naturally occurring viral
structures, and (3) lack genomes or infectivity [1-5].
VLPs can be formed from nucleocapsid or envelope pro-
teins alone and the term VLP will be used here to describe
any multimolecular structure formed by viral capsid and/
or envelope proteins or by capsid and envelope combina-
tions. The term non-chimeric VLPs is used for particles
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that are constructed from the original native non-modi-
fied viral proteins, whereas VLPs are defined as chimeric
when the original structural proteins are covalently mod-
ified by the addition or substitution of foreign polypep-
tide stretches with functional properties, such as immu-
nological epitopes or cell-targeting or encapsidation sig-
nals [5]. Covalent integration into chimeric VLPs can be
achieved either by the expression of VLP monomer genes
containing the appropriate insertions encoding the de-
sired protein stretches [1-3, 5] or by the chemical cou-
pling of peptides, proteins, or other molecules to VLPs
[6]. Complex VLPs carrying full-length foreign proteins
are defined here as hybrids.

Chimeric and/or hybrid VLPs target three main func-
tional applications: (1) presentation of foreign epitopes
leading to novel immunological content and subsequently
to the creation of novel vaccines; (2) encapsidation of var-
ious therapeutic or diagnostic agents, such as nucleic acids
as adjuvants for vaccines or gene therapy, proteins or
mRNAs for diagnostic or therapeutic purposes, or low-
molecular-weight drugs to be delivered to specific cells,
and (3) specific targeting of desired organs, tissues, or cells.

Historically, the first two VLPs were derived from hep-
atitis B virus (HBV) and expressed in Escherichia coli and
Saccharomyces cerevisiae during the mid-1980s. These
VLPs were hepatitis B core (HBc) [7-9] and surface (HBs)
[10] particles, which possessed icosahedral and octahe-
dral symmetry, respectively [for a detailed review, see 11].
Later, the first representatives of VLPs derived from small
RNA bacteriophages, non-enveloped bacterial viruses,
were described [12-16]. The first rod-shaped chimeric
VLPs with helical symmetry were derived at the same
time from tobacco mosaic virus [17]. Enveloped VLPs
from complex enveloped viruses, such as influenza virus-
es or the Ebola virus, were only introduced after more
than 20 years of research [18-20].

In this review, we illustrate the evolution of the VLP
concept from highly ordered symmetric VLPs to large
complex VLPs derived from enveloped viruses. In most
cases, symmetric VLPs are structurally well characterized
by high-resolution techniques (protein X-ray crystallog-
raphy and cryo-electron microscopy), whereas complex
enveloped VLPs are often less structurally characterized.
Figure 1 presents images of crystal structures of non-en-
veloped icosahedral viruses and experimental photomi-
crographs of complex enveloped viruses that have been
used for the preparation of VLPs. Table 1 summarizes
data on the various VLPs and demonstrates that almost
all viral families have contributed to the development of
VLP technology.
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Non-Enveloped Icosahedral and Helical VLPs

Native Non-Chimeric VLPs

Non-enveloped native VLPs composed of unmodified
viral proteins have been used as vaccines and configured
as epitope display carriers (table 1). Recombinant icosa-
hedral and, to lesser extent, helical VLP structures pro-
vide exceptionally effective environments for a high-den-
sity symmetric display of foreign oligopeptides, whereas
three-dimensional maps of VLPs allow for the rational
design of sites for epitope insertion. The regular repetitive
pattern and correct conformation of the initial and in-
serted epitopes of symmetric VLPs have been recognized
as critical features for the induction of a strong immuno-
logical response and for their potential use as highly ef-
ficient vaccines [for reviews, see 5, 6, 11, 21-28].

The interest in rationally designed manipulations of
chimeric VLPs has been reinforced by the determination
of the structures of many viral capsids by protein X-ray
crystallography. The upper part of figure 1 shows crystal
structures of representative icosahedral VLPs. As is evi-
dent, VLPs have been derived from all classes of viral ge-
nomes, i.e., double- and single-stranded DNA and RNA.
Thus far, most VLPs have been derived from viruses with
single-stranded RNA genomes of positive polarity lack-
ing a DNA intermediate. Complex VLPs were recently
constructed from large enveloped negative-strand RNA
viruses such as influenza viruses and Ebola virus (see the
section ‘Complex VLPs derived from enveloped viruses’
below).

As indicated in table 1, some icosahedral and helical
VLPs have been used as vaccines in their native, non-chi-
meric form without the introduction of foreign sequenc-
es (for references, see table 1). For example, the HBs an-
tigen that represents 22-nm particles produced in yeast
has been a successful HBV vaccine since 1986. Another
structural HBV protein, a nucleocapsid or HBc particle,
is being tested as a component of a therapeutic HBV vac-
cine (table 1). Yet another example of a native, non-chi-
meric VLP vaccine are human papillomavirus (HPV)
VLPs produced in yeast or baculovirus expression sys-
tems, which went onto the market in 2006 and 2007, re-
spectively, as vaccines against cervical cancer. Norwalk
virus and rotavirus VLPs against the major etiologic
agents of epidemic gastroenteritis in humans are current-
ly in clinical trials.

Animal circovirus and parvovirus VLP vaccines have
been designed against infections in pigs and dogs (ta-
ble 1). Other animal vaccines that are based on non-mod-
ified native VLPs have been prepared against calicivirus
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Fig. 1. Size-scaled presentation of the crystal structures of non-
enveloped icosahedral viruses and experimental photomicro-
graphs of the complex enveloped viruses that have been used for
the preparation of VLPs. Three-dimensional models of structur-

(RHDV), papillomavirus (BPV and CRPV), reovirus
(BTV), and birnavirus (AHSV) infections.

Chimeric VLPs

Table 1 lists the published chimeric VLPs (including
hybrid VLPs) that have been prepared by either gene fu-
sion or chemical coupling of epitope peptides to the VLP
surface, with an emphasis on vaccine and drug delivery
applications.

The earliest chimeric structures, which appeared dur-
ing the mid-1980s, were either based on tobacco mosaic
virus [17] or derived from HBs protein [29, 30]. The de-
velopment of the HBs protein has recently resulted in the
first successful phase III clinical trial of a chimeric VLP
vaccine, specifically the RTS,S vaccine against malaria
[31,32]. Among icosahedral VLPs, which appeared at the
same time in the 1980s, HBc and VLPs derived from RNA
phages have often been used as scaffolds for the construc-
tion of both prophylactic and therapeutic vaccine candi-

From Highly Symmetric to Complex VLP
Carriers

ally resolved particles are from the VIPERdb database [400, 401].
The structure of the HBs particle with octagonal symmetry is from
Gilbert et al. [402]. Photomicrographs of enveloped viruses are
from publicly available resources. For abbreviations, see table 1.

dates, which are in clinical trials. For example, single-
stranded RNA phages have been extensively used for the
development of therapeutic vaccines by attaching geneti-
cally fused and chemically coupled epitopes (for refer-
ences, see table 1).

Among other icosahedra that have advanced to chime-
ric VLPs, capsids from parvoviruses (B19, PPV, and
CPV), comoviruses (CPMV), nodaviruses (FHV), poly-
omaviruses (MuPV and HaPV), and papillomaviruses
(HPV and BPV) have proved to be sufficiently flexible to
retain the ability to self-assemble after genetic fusion with
foreign peptides. CMV, a representative of cucumovirus-
es, has demonstrated the unique ability to remain repli-
cation-competent and to produce progeny of chimeric
viruses carrying foreign insertions. Bromoviruses, along
with the CPMYV [for a review, see 33], have formed a niche
of nanotechnological materials involved mostly in a vari-
ety of packaging protocols using BrMV and CCMV VLPs
[for a review, see 34, 35].
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VLPs as delivery tools to
the specified cell targets

transportation of the following

VLPs as nanocages for the
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Zaire ebolavirus hybrid MARV and EBOV [396]

(18, 397-399]

Filoviridae Ebolavirus

From Highly Symmetric to Complex VLP
Carriers

Zaire ebolavirus (EBOV)

(mammalian, insect cells)

VLPs are listed in the order of size according to figure 1. Clinically and veterinary-approved vaccines are depicted in bold. Expression systems used for the production of VLPs are shown in

parentheses.

2011. LMW =

The taxonomic orders of VLP sources are provided in accordance with the official ICTV 2011 virus taxonomy available at http://ictvonline.org/virusTaxonomy.asp?version

Low-molecular-weight.

Rod-shaped plant viruses of helical symmetry provide
a number of replication-competent examples allowing
the production of chimeric viruses, with the exception of
potexviruses (papaya and bamboo mosaic viruses and
PVX) and some potyviruses (JGMV, PVA, and PVY),
which accept foreign insertions in the VLPs after propa-
gation in E. coli and baculovirus expression systems (for
references, see table 1).

Complex VLPs Derived from Enveloped Viruses

Construction of Complex Enveloped VLPs

Enveloped viruses are widely used for the development
of VLPs. The viral envelope represents a lipoprotein
membrane that surrounds a nucleocapsid [36, 37]. The
lipid bilayer is derived from host cell membranes and
contains embedded viral proteins responsible for recep-
tor recognition or other functions. It can also include car-
bohydrates and proteins derived from the host cell. Enve-
lope proteins usually contain hydrophobic domains that
allow their localization within the lipid bilayer. Similar to
non-enveloped VLPs, the repeated regular patterns of
epitopes in the native conformation make complex envel-
oped VLPs exceptionally effective immunogens [24, 38].

From the point of view of their spatial structure, the
majority of viral envelopes are asymmetrical. However,
for some enveloped viruses, viral proteins within the en-
velope reflect the symmetry of the inner nucleocapsid.
For example, alphaviruses contain 240 heterodimers of
E2-E1 proteins arranged in an icosahedral lattice accord-
ing to the 240 subunits of the capsid protein within the
inner icosahedral nucleocapsid [39, 40]. Other viruses,
such as the orthomyxovirus influenza virus, contain en-
velopes that do not possess an apparent regular geometric
symmetry, although they may contain elements of sym-
metry such as the trimers of hemagglutinin (HA) or tet-
ramers of neuraminidase (NA) in influenza viruses.

The preparation of complex enveloped VLPs is chal-
lenging. Unlike simple icosahedral particles, enveloped
VLPs often contain multiple species of lipid-associated
structural proteins. In most cases, the protein-protein in-
teractions and the roles of the proteins, lipids, and host
cell factors in the assembly of VLPs are not fully under-
stood. To achieve correct assembly of enveloped VLPs,
proper interactions must occur between the nucleocapsid
proteins, between the envelope proteins within the lipid
bilayer, and between the envelope and the nucleocapsid
proteins. The production must include an appropriate
cell line and expression system, which should express suf-

Intervirology 2013;56:141-165 149

DOI: 10,1159/000346773


http://dx.doi.org/10.1159%2F000346773

ficient quantities of enveloped VLPs that are immuno-
logically similar to their cognate virus, including the ar-
rangement of the proteins within the envelope. Further-
more, purification of enveloped VLPs can be a difficult
task. During production and purification of VLPs, vari-
ous cellular lipids, carbohydrates, proteins, and nucleic
acids co-purify with VLPs, which may cause difficulties
in purification as well as safety and regulatory concerns if
VLPs are intended for clinical applications.

Despite the challenges, enveloped VLPs of several
viruses have been constructed, including VLPs for HIV,
influenza viruses, Ebola virus, Lassa virus, and other
viruses (table 1). VLPs have been shown to induce ad-
vantageous immune responses compared with soluble re-
combinant proteins. For example, membrane-embedded
HIV-1 envelope proteins on the surface of VLPs elicited
broader immune responses than did soluble envelope
proteins [41]. Similarly, influenza VLPs containing HA
protein within the envelope demonstrated greater immu-
nogenicity than subunit HA [19, 42, 43]. In some studies,
native enveloped VLPs could be made with unmodified
viral proteins [19, 38, 44-46]. In other cases, extensive
optimization and engineering of component proteins
were required to generate VLPs [46-48].

Rational Design of Enveloped VLPs

Rational design of VLPs has been used extensively to
improve the properties of enveloped VLPs, including
expression levels, stability, immunogenicity, and other
characteristics. First, attempts have been made to im-
prove the expression of component proteins to improve
the production of the assembled VLPs. For example, co-
don optimization of the expressed viral genes has im-
proved the expression of HIV and HTLV-1 VLPs [49,
50]. Second, efforts have been made to optimize the com-
position of VLPs and the interactions between the indi-
vidual VLP components. For example, in many cases, in-
fluenza VLPs were prepared using HA, NA, and M1 pro-
teins derived from the same strain [19, 42-44]. Other
configurations of VLPs have included a heterologous M1
derived from an unrelated influenza virus strain [51] or
even a retrovirus Gag protein in place of M1 [52]. Fur-
thermore, influenza VLPs have been made from HA and
NA only [53], from HA and M1 proteins only [54], and
from NA and M1 only [55]. VLPs have also been gener-
ated in the presence of additional influenza virus pro-
teins, such as M2 [56-58], or in the presence of immu-
nostimulatory antigens such as flagellin, a ligand for
Toll-like receptor 5 [59]. These studies have helped elu-
cidate the contributions of individual components to in-
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fluenza VLP formation. For example, M1 protein is the
major component of the virus and an important antigen
due to the presence of subtype cross-reactive epitopes
[60]. However, the role of M1 in the formation of VLPs
or viral particles is not completely understood. Accord-
ing to one view, M1 is the driving force for influenza
virus particle formation, penetrating through the cell
membrane from inside the cell and interacting with the
cytoplasmic tails (CT) of the structural glycoproteins HA
and NA during budding [61-63]. An alternative model
suggests that HA and NA partition into lipid raft micro-
domains and recruit the internal viral components, in-
cluding M1, into the budding viral particle [53]. VLP
studies have shown that VLPs can be formed either with
or without M1, suggesting both M1-dependent and M1-
independent mechanisms of VLP formation. This hy-
pothesis is further supported by the fact that both M1-
deficient and M1-containing types of the mature en-
veloped virions have been observed by cryo-electron
microscopy [64].

Rational design has also been applied to HIV VLPs to
improve immunogenicity and efficacy. One approach
utilized consensus Env protein sequences [65]. To ad-
dress the sequence diversity in Env sequences, consensus
sequences were made for clade B and clade C envelope
proteins. The rationale for using a consensus sequence is
that the genetic difference between the vaccine strain and
any given viral isolate is decreased, and, therefore, a con-
sensus sequence will provide broader vaccine coverage.
The consensus Env sequence elicited broader cell-medi-
ated peripheral and mucosal immune responses than did
polyvalent and monovalent Env protein vaccines [65]. In
another study, the consensus approach was combined
with protein engineering methods to increase the density
of Env glycoprotein within the VLP envelopes [46]. Chi-
meric Env gene constructs have been engineered, in
which the coding sequences for the signal peptide (SP),
transmembrane (TM), and CT domains of HIV-1 Env
were replaced with those of other viral or cellular pro-
teins. Substitution of the SP from the honeybee mellitin
protein resulted in 3-fold higher expression of recombi-
nant HIV-1 Env on insect cell surfaces and increased Env
incorporation into VLPs. Substitution of the HIV TM-
CT with sequences derived from mouse mammary tu-
mour virus (MMTV) envelope glycoprotein, influenza
virus HA, or baculovirus (BV) gp64, but not Lassa fever
virus glycoprotein, was shown to enhance Env incorpora-
tion into VLPs. The highest level of Env incorporation
into VLPs was observed in constructs containing the
MMTYV and BV gp64 TM-CT domains in which the Gag/
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Env molar ratios were estimated to be 4:1 and 5:1, respec-
tively, compared with a 56:1 ratio for full-length consen-
sus gp160 [46].

Additional examples of rational design include en-
gineering of simian human immunodeficiency virus
(SHIV) VLPs containing mutant HIV Env with reduced
glycosylation, variable loop-deleted mutations, or combi-
nations of both types of mutations [66].

Presentation of Foreign Proteins within Enveloped

VLPs

Unlike VLPs from icosahedral viruses such as HPV,
which are composed of a specific number of subunits
symmetrically arranged in a geometric structure [67, 68],
enveloped VLPs allow considerable structural flexibility.
The lipid bilayer is relatively fluid, allowing greater flex-
ibility than the rigid geometric lattice of icosahedral
VLPs. This flexibility may provide considerable structur-
al capacity and allow the expression of large epitopes or
even entire foreign proteins as an integral part of envel-
oped VLPs.

In addition to accommodating larger foreign epitopes,
the structural flexibility of enveloped VLPs makes possi-
ble the preparation of chimeric and hybrid VLPs that co-
localize proteins from distinct strains or even from dis-
tinct viruses.

Influenza VLPs have been used as carriers for foreign
antigenic epitopes or proteins. For example, it has been
shown that influenza VLPs can incorporate vesicular sto-
matitis virus (VSV) G protein [56]. As mentioned previ-
ously, influenza VLPs can also incorporate flagellin [59].
In another study, Bacillus anthracis protective antigen
(BPA) fragments 90 or 140 aa in length were inserted at
the C-terminal flank of the HA SP and expressed as the
HAT1 subunit [69]. The chimeric proteins could be cleaved
into the HA1 and HA?2 subunits by trypsin and incorpo-
rated into influenza viruses, suggesting that the viral en-
velope can tolerate foreign insertions without precluding
assembly. The inserted BPA domains were maintained in
the HA gene segments following several passages in
MDCK cells or embryonated chicken eggs. Immuniza-
tion of mice with viruses that expressed the chimeric
BPA/HA proteins induced antibody responses against
both the HA and BPA components of the protein [69].
Although VLPs were not generated in this study, these
experiments suggest that similar modifications of HA
with foreign epitopes may be compatible with the forma-
tion of chimeric influenza VLPs.

A novel influenza VLP platform containing HA sub-
types derived from three distinct strains has also been re-

From Highly Symmetric to Complex VLP
Carriers

ported [70]. This recombinant VLP design resulted in the
expression of three HA subtypes co-localized within a
VLP (fig. 2). Experimental triple-HA VLPs containing
HA proteins derived from seasonal HIN1, H3N2, and
type B influenza viruses were immunogenic and protect-
ed ferrets from challenge with all three seasonal viruses.
Similarly, VLPs containing HA subtypes derived from
H5N1, H7N2, and H2N2 viruses protected ferrets from
three potentially pandemic influenza viruses [70]. This
technology may represent a novel strategy for the rapid
development of trivalent seasonal and pandemic influ-
enza vaccines.

The possibility of co-localizing proteins from distinct
viruses within the VLP is somewhat similar to the pheno-
typic mixing that has been observed with live viruses.
Phenotypic mixing of proteins from different enveloped
viruses has been described between SV5, a paramyxovi-
rus, and VSV, a rhabdovirus, as well as between Sendai
and VSV [71, 72]. Reassortant viruses have also been gen-
erated by co-infection of embryonated chicken eggs with
influenza type A and type B viruses [73]. Recently, live-
attenuated chimeric viruses containing HA from A/PR8
(H1), A/HK68 (H3), or A/VN (H5) strains in the back-
bone of the B/Yamagata/88 virus were reported [74]. Re-
assortment is routinely used in licensed influenza vac-
cines. In the reassortant vaccine virus, vaccine-relevant
HA and NA glycoproteins are embedded into the enve-
lope, whereas other viral proteins are derived from type-
specific donor strains, such as the A/PR/8/34 (HIN1) or
B/Ann Arbor/1/66 viruses [75].

In some cases, foreign antigens can only be expressed
as VLPs by displaying them within chimeric/hybrid
VLPs. For example, VLPs composed entirely of RSV pro-
teins were produced at levels that were inadequate for
their use as vaccines [47]. However, VLPs composed of
the Newcastle disease virus (NDV) nucleocapsid and
membrane proteins and chimeric proteins containing the
ectodomains of RSV F and G proteins fused to the TM
and cytoplasmic domains of NDV F and HN proteins,
respectively, were quantitatively prepared from cultured
avian cells. Immunization with a single dose of VLPs re-
sulted in the complete protection of mice against RSV
replication in lungs [47]. Another chimeric VLP was
composed of the NP and M proteins of NDV and a chi-
meric protein containing the cytoplasmic and TM do-
mains of the NDV HN protein and the ectodomain of the
human RSV G protein (H/G) [76]. The VLP-H/G candi-
date vaccine was immunogenic in BALB/c mice and pre-
vented replication of RSV in murine lungs with no evi-
dence of immunopathology [76]. Chimeric VLPs consist-
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Fig. 2. Preparation and electron microsco-
py of a triple-subtype VLP vaccine contain-
ing seasonal influenza A H1 and H3 sub-
types and influenza B virus HA. Recombi-
nant baculovirus (rBV) for the expression
of the triple-HA VLPs in Sf9 cells con-
tained influenza HA gene sequences de-
rived from A/New Caledonia/20/1999
(HIN1), A/New York/55/2004 (H3N2)
and B/Shanghai/361/2002. NA and Ml
gene sequences were from the A/Indone-
sia/05/2005 (H5N1) virus [70]. Negative
stain transmission electron microscopy
(bottom middle) was performed by stain-
ing with 1% phosphotungstic acid. Immu-
noelectron microscopy (bottom right) was
performed using sucrose gradient-purified
VLPs. VLPs were probed with a mixture of
primary antibodies specific for H1, H3, and
type B influenza from rabbit, mouse, and
guinea pigs, respectively. Secondary anti-
bodies were donkey anti-rabbit labelled
with 18-nm gold particles, anti-mouse la-
belled with 6-nm gold particles, and anti-
guinea pig labelled with 12-nm gold parti-
cles. Bars: 100 nm.

Recombinant Baculovirus

4

Spodoptera frugiperda (Sf9) cell

3
&

=S

Influenza MR

"U

Influenza HA
C-terminus

Fig. 3. Preparation of hybrid/chimeric SARS-CoV VLPs using in-
fluenza M1 protein and chimeric SARS-CoV S protein (GenBank
AAP13441), containing a carboxy-terminal TM sequence derived
from influenza HA. TM helices were predicted using TransMem
based upon a Hidden Markov Model. The TM domain was derived
from influenza A/Indonesia/5/2005 HA (aa 531-568). Chimeric
SARS-CoV S and influenza M1 proteins (ABI36004) were co-ex-
pressed from recombinant baculovirus in Spodoptera frugiperda
Sf9 cells [48]. An electron photomicrograph of hybrid/chimeric
SARS-CoV VLPs is shown with a schematic model.
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ing of an influenza virus matrix (M1) protein core and
RSV-F or RSV-G on the surface have also been produced
[77]. These data support the further development of VLPs
as vaccines for protection against RSV.

Similar to RSV VLPs, VLPs composed entirely of
SARS-CoV proteins have been produced at low levels
[48]. A method was developed to produce higher levels of
SARS VLPs containing the SARS spike (S) protein and the
influenza M1 protein (fig. 3). The SARS VLPs protected
mice from death when administered via the intramuscu-
lar or intranasal routes [48].

Conclusions

It has been more than 25 years since the idea of using
highly symmetric self-assembling VLPs for vaccine pur-
poses attracted considerable attention (fig. 1). Appli-
cations of VLPs have included their use as carriers to
improve the immunogenicity of poorly immunogenic
epitopes. With time, over-optimistic expectations for
simple and rapid generation of effective VLP-based vac-
cines have encountered numerous challenges. Neverthe-
less, as shown in this review, many promising vaccine
candidates have been produced (table 1). Renewal of the
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previous optimism is due at least in part to the recent
development of VLPs of large complex viruses, such as
orthomyxoviruses, filoviruses, and paramyxoviruses.
Due to their larger size and versatile structure, complex
VLPs demonstrate greater capacity and flexibility than
highly symmetric icosahedral VLPs for the inclusion of
full-length, properly folded foreign proteins. Further-
more, complex VLPs are capable of simultaneously ac-
cepting various foreign proteins, enabling construction
of multivalent vaccines. Full-length foreign proteins or
epitopes delivered by large complex VLPs offer many
immunological advantages over short epitopes, which
have been inserted onto the surface of icosahedral scaf-
folds. First, complex VLPs can enhance T helper and cy-
totoxic T cell responses by inducing highly specific im-
munological responses directed against conformational
epitopes, which is difficult to achieve with chimeric sym-
metric VLPs. Second, due to their size and organization,
complex VLPs may be stable in the blood and thereby
obviate the need for adjuvants. Third, if necessary, com-
plex VLPs can be configured to contain specific and ef-
ficient adjuvants, including immune stimulatory se-
quences such as CpGs [78-81]. The presence of a lipid
envelope may contribute to the correct folding of certain
vaccine antigens and thereby improve immunogenicity.
For example, the immunogenicity of purified subunit
HA could be improved by adding liposomes [19]. The
immunogenicity of split influenza vaccines could also be
improved by adding liposomes or lipid-based adjuvants,
such as MF59, an oil-in-water emulsion containing the
unsaturated aliphatic hydrocarbon squalene [82]. Inter-
estingly, highly immunogenic influenza vaccines, such
as whole virus vaccines, VLPs, and virosomes, all have a
lipid component in common, suggesting that lipids may
play an important role in influenza vaccine immunoge-
nicity.

Growing interest in knowledge-based applications of
complex VLPs is strengthened by the development of
high-resolution methods [64, 83, 84].

The rapid development of therapeutic candidates
based on complex VLPs is propelled by the constant
progress of cGMP-compliant production systems, such
as baculovirus system-driven production, and the recent
approval of a baculovirus-derived HPV VLP vaccine by
the US Food and Drug Administration and other regula-
tory agencies (table 1). However, purification of complex
enveloped VLPs to a standard that meets regulatory and
safety requirements can be a difficult task. Unlike icosa-
hedral VLPs such as HPV, complex enveloped VLPs are
difficult to purify by conventional methods such as re-
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folding in vitro. Therefore, the icosahedral VLP platform
remains a good option for many applications due to the
advantages of purification as well as a clear regulatory
pathway due to the availability of licensed vaccines. The
introduction of yeast expression systems into the produc-
tion of complex VLPs can potentially improve the safety
and quality control of biotechnological processes [85-
91].

One potential method for the development of VLP-
based vaccines may involve the combination of both
complex and icosahedral particles, from a simple mixing
of potential vaccine candidates (e.g., the therapeutic hep-
atitis B vaccine DV-601, http://www.dynavax.com/hep-
atitis_bt.html) to the knowledge-based packaging of
small icosahedral VLPs into large complex VLPs in the
future.

Finally, both symmetric and complex VLPs, which
were initially used primarily for vaccine development, are
now evolving in the direction of broader applications, in-
cluding gene and drug therapies. New applications for
VLPs include the targeting of specific cells and encapsi-
dation of new materials, from oligonucleotides, genes,
proteins, and peptides to therapeutic drugs and inorgan-
ic compounds such as gold and iron nanoparticles. For
each application, careful consideration of both non-en-
veloped and enveloped VLPs may be necessary.
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