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Abstract Virus-like particles (VLPs) are macromolecular assemblies of recombi-
nant viral structural proteins. Self-assembling with high precision, the repetitive
nature of VLPs, their size, and particulate form result in the capacity for effective
stimulation of humoral and cellular immune responses. VLP vaccines have achieved
commercial success for protection against cognate viruses. However, there is a rich
field of research dedicated to harnessing the immune-stimulatory properties of VLPs
for the presentation of heterologous antigens for protection and treatment of chronic
and infectious diseases. Peptides, proteins, carbohydrates, and small molecules have
been converted into effective immunogens via presentation on various VLP plat-
forms. In each case, unique bioengineering challenges must be overcome to allow
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the recovery, assembly, and structural fidelity of the VLP platform, as well as the
immunogenicity of the antigen. This review highlights some of the biomolecular
engineering approaches that are being employed to effectively present diverse
biological molecules and chemical moieties on VLP platforms and bioprocessing
strategies for their efficient recovery from the prokaryotic expression host
Escherichia coli.
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1 Introduction

Virus-like particles are generally derived from the structural proteins of viruses,
which self-assemble into spherical or rod-shaped structures, mimicking the original
virus. A VLP does not contain other viral components such as pathogenic proteins or
genetic material and is thus nonpathogenic and noninfectious (Teunissen et al. 2013;
Lua et al. 2014; Rodriguez-Limas et al. 2013). VLPs can be constructed from the
capsid proteins of enveloped or non-enveloped viruses. In the case of enveloped
viruses, a lipid bilayer coats the capsid supporting the presentation of glycoproteins
embedded in the membrane (Kushnir et al. 2012). The existence of naturally
occurring VLPs was first reported in 1965 (Blumberg et al. 1965), and their ability
to induce cellular and humoral immunity was subsequently identified in 1968 (Bayer
et al. 1968). The development of genetic engineering further allowed the expression
and purification of synthetic VLPs (Hagensee et al. 1993; Kirnbauer et al. 1992; Li
et al. 1997), which enabled characterization and understanding of their assembly
(Li et al. 1997; Salunke et al. 1986). Over the course of more than 4 decades, at least
110 VLPs from 75 different viral families have been constructed and evaluated
(Zeltins 2013; Yan et al. 2015). VLPs are deemed an ideal biological vehicle due to
their biocompatibility, solubility, uptake efficiency, and their capability for targeted
delivery and drug loading (Yan et al. 2015). Amenable to both genetic engineering
and chemical modification, recombinant VLPs have been developed for various uses
such as antigen carriers (Babin et al. 2013; Kawano et al. 2014; Wibowo et al. 2012)
or as carriers of other cargos such as drugs (Glasgow and Tullman-Ercek 2014),
proteins (Abbing et al. 2004), and both oligonucleotides and plasmid DNA (Braun
et al. 1999).

To date, there are three VLP-based vaccines that have been officially approved
for clinical use (Kushnir et al. 2012). The first to be approved was the recombinant
hepatitis B (HB) VLP expressed in yeast (Recombivax HB, Merck), approved by the
Food and Drug Administration (FDA) for use as a vaccine in 1986. The second was
recombinant HPV VLP vaccine produced either in yeast (Gardasil, Merck),
approved by the FDA in 2006, or in insect cells (Cervarix, GlaxoSmithKline),
approved by the FDA in 2009. The third was a recombinant hepatitis E (HE) VLP
vaccine produced in Escherichia coli (Hecolin, Xiamen Innovax Biotech), approved
by Chinese FDA in 2011 (Rodriguez-Limas et al. 2013). Of note, is the fact that
these VLP vaccines are all active against the cognate virus. The inherent immuno-
genicity of VLPs, related to their size and structure, suggests that they also make



promising platforms for the presentation of heterologous antigens either by genetic
fusion, chemical conjugation, or encapsidation. Such bioengineering efforts to
expand the use of VLP platforms produced in E. coli as vaccines for both infectious
and chronic diseases are the focus of this review.
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2 VLPs and Immunogenicity

VLP-based vaccines are engineered to carry heterologous antigens with the goal of
stimulating one or both branches of adaptive immunity: humoral or cellular immu-
nity. VLP vaccine candidates carrying non-proteinaceous antigens primarily aim to
stimulate an antibody response. Humoral immunity relies on antibody production,
which is initiated by B-cell receptor (BCR) recognition of foreign antigen (Murphy
et al. 2008). BCR binds specifically and sterically to a surface-exposed region of the
antigen known as the antigenic determinant or B-cell epitope. In proteins, the
antigenic determinant may be a conformational epitope, in that it relies on the tertiary
or quaternary structure of the antigen. Or, an epitope could simply be a string of
amino acids, which is thus known as a continuous or linear epitope. Heterologous
peptide antigens displayed on a VLP carrier usually come in the form of identified
conformational or linear epitopes fused or conjugated to the VLP (Lee et al. 2016).
The display of conformational epitopes poses a significant protein engineering
challenge (Lua et al. 2014) and will be discussed in later sections.

Cellular immunity, on the other hand, relies on the activation of T cells by T-cell
receptor (TCR) recognition of the antigenic determinant displayed on the surface of
antigen-presenting cells (APCs). In this case, the antigenic determinant is a combi-
nation of a major histocompatibility complex (MHC) molecule and a string of amino
acids derived from the antigen, the T-cell epitope (Murphy et al. 2008). Cytotoxic
T-cell (Tc) epitopes are processed via cytosolic proteolysis as a part of the MHC
Class I pathway, while helper T-cell (Th) epitopes are processed via lysosomal
proteolysis as a part of the MHC Class II pathway. Tc epitopes are usually 8–10
amino acids long, while Th epitopes are usually longer (10–15 amino acids), and
both are often hydrophobic (Mitic et al. 2014). For the delivery of heterologous Tc or
Th epitopes by VLP vaccines, the peptides can either be displayed on the VLP
surface or encapsidated within the interior of a VLP. However, the hydrophobicity of
T-cell epitopes imposes stringent constraints on the location and context of epitope
insertion to permit efficient expression and recovery of recombinant subunits and on
the assembly and stability of VLPs.

The versatility of VLPs as heterologous antigen vaccine carriers is enhanced by
the inherent properties of the particles that determine their immunostimulatory
capacity. Principally, the repetitive nature of VLP structures activates innate as
well as adaptive immunity by recognition of repetitive patterns as a characteristic
of foreign entities (Bachmann and Jennings 2010). The repetitive structure of VLPs
is due to the assembly of identical VLP subunits composed of one or more proteins.
Therefore, VLP subunits can be manipulated to display foreign antigens in a



repetitive array that mirrors the structure on which it is presented. The multivalent
display of heterologous antigens on the surface of a VLP augments humoral
immunity by BCR cross-linking, which has been shown to strengthen B-cell acti-
vation and, in the case of self-antigen presentation, break B-cell tolerance
(Bachmann and Jennings 2010; Schiller and Chackerian 2014). Furthermore, opti-
mal BCR-mediated B-cell activation depends on antigen spacing. A distance of
5–10 nm between antigens is optimal for B-cell activation (Jegerlehner et al. 2002;
Bachmann and Zinkernagel 1997), and, while this is not achievable with
non-repetitive soluble antigens, the geometry of VLPs generally directs such spac-
ing. In addition, there is some evidence to say that the repetitive pattern also permits
complement activation, which can also enhance B-cell responses (Barrington et al.
2001).
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The size of VLPs (20–200 nm) also contributes to their inherent immunogenicity.
On one hand, their size allows them to migrate directly to secondary lymphoid
organs where they may present intact antigens with a native configuration to B cells
in the germinal center, which is a prerequisite for the stimulation of antibody
production (Swartz 2001; Reddy et al. 2006; Oussoren et al. 1997). On the other
hand, the size of VLPs also enables efficient uptake by professional antigen-
presenting cells (APCs), especially dendritic cells. APC stimulation activates the
MHC Class II pathway to further support the humoral response and antibody
production by B cells. However, APC stimulation also activates the MHC Class I
pathway, either directly or via cross-presentation, to support the cytotoxic activity of
T cells (Bachmann and Jennings 2010). Recombinant icosahedral capsids may also
have an empty cavity, which opens the possibility of loading immunogenic cargos
such as polypeptides and nucleic acids. Uptake of VLPs can result in the intracellular
release of their cargo, which is essential for cross-presentation and the stimulation of
cellular immunity.

3 Bioengineering Strategies for Surface Presentation

Bioengineering approaches to presenting pathogenic antigens on heterologous VLP
platforms must consider several factors such as immunogenicity, structural preser-
vation, upstream and downstream bioprocess development, scalability, cost of
production, and stability/shelf life. To improve humoral immunogenicity, antigens
should be presented on the surface of the VLPs and their conformation preserved in
the case of discontinuous epitopes. To improve cellular immunogenicity, vaccine
design and VLP selection must ensure that the VLPs are taken up by APCs and are
correctly processed by the MHC Class I or Class II pathways. Furthermore,
VLP-based vaccine development must ensure that foreign antigen coupling does
not interfere with assembly competency of the VLP and does not cause aggregation.
In this review, we will focus on bioengineering design to improve immunogenicity
and structural preservation while touching on the other factors briefly.
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3.1 Genetic Fusion

VLPs subjected to bioengineering via genetic means generally consist of capsid
protein monomers or assembly subunits, called capsomeres, composed of homo-
multimers. For stimulation of antibody production, antigenic sequences are fused to
surface-exposed regions of the capsid monomer. To achieve this, the fusion of
peptide or subunit antigens can be located at surface-exposed loops, the
N-terminal domain, or the C-terminal domain of the capsid monomer, depending
on the structure of the VLP platform used.

3.1.1 Genetic Fusion to Surface-Exposed Loops

Antigen insertion on heterologous VLPs is frequently done by replacing an
immunodominant region of a surface-exposed loop with the antigenic sequence
(Chackerian et al. 1999; Cheong et al. 2009), or simply by inserting the antigen
without native amino acid removal (Kawano et al. 2014; Tumban et al. 2011;
Zamora et al. 2006; Anggraeni et al. 2013; Rivera-Hernandez et al. 2013; Abidin
et al. 2015; Tekewe et al. 2015; Pattinson et al. 2019). This approach often poses a
bioengineering challenge as the removal of native regions of the capsid monomer or
the addition of foreign antigens has been shown to interfere with the assembly VLPs.
For example, while the removal of different immunodominant regions in the bovine
papilloma virus (BPV) L1 protein has been reported not to interfere with assembly
(Chackerian et al. 1999), replacing these regions with the heterologous CCR5
extracellular loop resulted in the loss of assembly competency in three out of four
constructs depending on which native immunodominant region was replaced. Con-
versely, removal of hepatitis B virus surface antigen (Hbs-Ag) Tc epitopes resulted
in a loss of assembly in three out of four constructs, while replacement with an
influenza M1 Tc epitope could restore assembly for one of these constructs. More-
over, the one Hbs-Ag construct that retained the ability to assemble after native Tc
epitope removal subsequently lost its ability to assemble following foreign epitope
insertion (Cheong et al. 2009). Nevertheless, insertion of nine amino acid
N-terminus of Aβ protein into an immunodominant loop of BPV L1 (Zamora et al.
2006) and insertion of conserved regions of HPV L2 protein into the AB loop of PP7
bacteriophage (Tumban et al. 2011) did not seem to interfere with assembly. These
examples underline that while removal of capsid regions and replacing them with
foreign sequences are likely to affect capsid protein assembly, such an impact is not
predictable, and insertion without removal of native sequences is often less likely to
interfere with assembly.

Bioengineering strategies to maintain assembly competency and to maintain
antigen conformational structure have been reported in the literature. For example,
Anggraeni et al. (Anggraeni et al. 2013) compared two bioengineering approaches
when inserting the H190 loop of the influenza hemagglutinin (HA) onto the HI loop
of the murine polyomavirus (MPyV) VP1 major capsid protein. Both computational



modeling and biochemical analysis confirmed that the presentation of a dual tandem
repeat of H190 on VP1 surface-exposed loop produced more stably assembled VLPs
in comparison to antigen presentation with flanking linker sequences. The dual
tandem repeat approach also showed better antibody reactivity, which indicated
that this approach might have better preserved the H190 antigen conformation.
The introduction of flexible peptide linker sequences is a common strategy to
reduced interference of the inserted sequence with capsid protein structure. Flanking
GGG linker sequences may have helped the insertion of a hydrophobic influenza M1
Tc epitope on the surface-exposed DE and HI loops of the SV40 capsid protein, as
the recombinant VLP assembled well when expressed in insect cells (Kawano et al.
2014). However, insertion of the same epitope on HI loop on the closely related
MPyV VP1, expressed in a bacterial host, resulted in aggregation of the capsid
subunit (Abidin et al. 2015). The different outcomes of the modification of these
closely related VLP platforms may be due to the difference in the expression host.
While the modified SV40 VP1 was expressed in insect cells and assembly occurred
in vivo, the modified MPyV VP1 was expressed in a bacterial host and purified as
capsomeres for further assembly in vitro. This underlines the important role of
expression host and downstream processes in recombinant VLP bioengineering. In
this case, to overcome aggregation of purified capsomeres in vitro, the inserted
hydrophobic Tc epitope was flanked with double charged amino acid (DD) (Abidin
et al. 2015).
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3.1.2 Genetic Fusion to the N-Terminus or C-Terminus

Antigen fusion to free termini of a capsid monomer is possible and, in the case of
longer sequences or structured domain insertions, preferable for antibody stimula-
tion if either terminal domain is surface-exposed. Reported VLP platforms with
surface-exposed N-terminal domain include the alfalfa mosaic virus (AIMV)
(Yusibov et al. 1997), potato X virus (PVX) (Marusic et al. 2001), and the MS2
bacteriophage (Tumban et al. 2012). Fusion of the V3 loop of an HIV-1 protein or a
rabies virus derived glycoprotein to the N-terminus of AIMV, and insertion of a
linear B-cell epitope of the HIV gp41 protein onto the N-terminus of PVX, both
expressed in plants, did not seem to interfere with assembly and stimulated consid-
erable antibody production against the respective antigens. On the other hand, of
four different HPV L2 epitopes separately fused to the N-terminus of the bacterio-
phage MS2 coat protein, three resulted in more regular recombinant VLPs, while one
did not form VLP at all (Tumban et al. 2012). The higher proportion of constructs
that form stable VLPs may have been aided by the application of a particular
bioengineering strategy where the coding sequences of two capsid monomers were
connected as a dual tandem repeat. This was based on structural studies which
demonstrated that the C-terminus of one monomer is in close proximity with the
N-terminus of an adjacent monomer in an assembled MS2 VLP. To avoid disruption
in assembly by steric hindrance, the heterologous antigen was inserted only at the
N-terminus of the upstream capsid monomer.
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The C-terminal domains of VLP components have also been modified to stimu-
late either the humoral or cellular immunity. For humoral immunity, the C-terminal
domain needs to be externally presented or at least available for the presentation of
fused antigenic sequences on the surface. Li et al. (2021) inserted model linear T-
and B-cell epitopes on the surface-exposed C-terminus of the P22 capsid protein.
P22 VLPs assemble in vivo during expression in E. coli into stable VLPs, and the
vaccine candidates produced stimulated high antibody titer and allowed T-cell
antigen cross-presentation for a strong T-cell response.

Comparison of genetic fusion at different regions of the same capsid protein has
provided more insights on the bioengineering of antigens on heterologous VLP
platforms. Research reported in the literature once more highlight that the formation
of stable recombinant VLP vaccines depends very much on the compatibility of the
inserted antigens with the site of insertion and their effect on the overall structure of
the recombinant VLP. Babin et al. (2013) compared influenza NP Tc epitope fusion
to the N-terminal or the C-terminal domains of the papaya mosaic virus (PapMV)
capsid protein. Fusion to the N-terminus yielded higher expression levels of the
recombinant VLPs produced than fusion to the C-terminus. Interestingly, since
fusion into the N-terminus domain results in a loss of the localization signal needed
for effective expression of the original plant expression host, expression host was
changed E. coli host where in vivo assembly was retained and expression yield was
improved.

3.2 Chemical Conjugation

In addition to biological approach via genetic fusion, presentation of antigens on the
surface of heterologous VLP platforms can be achieved by chemical conjugation.
The advantage of chemical conjugation is the ability to not only conjugate protein
antigens but also antigens of other biochemical nature such as alkaloids and poly-
saccharides. There are many ways to conjugate a heterologous antigen to the surface
of VLPs depending on the nature of the antigen (Pokorski and Steinmetz 2011). It is
most frequently carried out via common bioconjugation chemistries exploiting
addressable, or surface-exposed, cysteine or lysine residues.
N-hydroxysuccinimide (NHS) and maleimide reactive groups can form covalent
linkages with side chains of lysine or cysteine residues, respectively, under aqueous
and generally benign conditions that preserve antigenicity.

The versatility of the chemical conjugation approach has been shown in examples
using the Qβ bacteriophage VLP. The alkaloid nicotine was conjugated via a
succinimate linker, leading to an anti-smoking vaccine candidate that reached
clinical trials (Maurer et al. 2005). The success of this approach was a result of the
high density of nicotine presented on the Qβ VLP surface (565 per VLP) and
subsequently high antibody response. A variation of this approach is to first intro-
duce or modify chemical functionality, permitted further flexibility and control. Yin
et al. (2013) conjugated the tumor-associated carbohydrate antigen (TACA) to



introduce alkyne groups on the VLP surface via the copper (I)-catalyzed azide-
alkyne cycloaddition reaction (CuAAC), or “click” chemistry. Using this approach
they were able to conjugate TACA to Qβ VLPs at different densities and demon-
strate that rather than the amount of the antigen, it is the density and organized
display of the antigen that play an important role in eliciting antibody production and
IgG isotype switching.

278 R. S. Abidin and F. Sainsbury

Chemical conjugation can also be a useful strategy for peptide and protein
display. Pastori et al. (2012) used a hetero-bifunctional linker to conjugate several
alpha-helix regions of the HIV gp41 protein with the A205 bacteriophage VLP. The
linker contains an NHS-ester on one end designed to bind with an introduced lysine
on the surface of the A205 bacteriophage VLP, while on the other end contains a
maleimide designed to bind with a terminal cysteine of different variants of the
alpha-helical antigen. The conjugated VLP vaccine candidate was formed via
successive mixing of the vaccine candidate components. However, in this case the
number of antigens and their density on the surface of the VLP was dependent on the
length and the amino acid composition of the conjugated antigen, resulting in limited
control over the number and density of surface antigens. In another example, a
malaria antigen, circumsporozoite protein (CSP), was conjugated as an entire protein
domain to QβVLPs (Khan et al. 2015), resulting in a much higher antibody response
than that against the nonconjugated soluble protein. As noted earlier, genetic fusion
of long or structure antigenic sequences is unpredictable and frequently disrupts
VLP assembly. Since chemical conjugation is performed post-assembly, it provides
a means to overcome this limitation for larger antigens. Furthermore, it enables the
presentation of antigens with posttranslational requirements such as glycosylation
not possible in prokaryotic cells whereby antigens can be produced in suitable
eukaryotic cells for subsequent conjugation to a VLP platform.

3.3 Biochemical Conjugation

Recently, a new conjugation strategy using the SpyTag-SpyCatcher system to
display antigens on heterologous VLP has been reported. The SpyTag and
SpyCatcher elements are optimized split components derived from the second
immunoglobulin-like collagen adhesion domain (CnB2) from the fibronectin-
binding protein FbaB of Streptococcus pyogenes. The folding of the CnB2 domain
is known to be stabilized by an isopeptide bond between the C-terminal aspartate and
a lysine in the protein, catalyzed by adjacent glutamine. Zakeri et al. (2012) split the
C-terminal β strand of CnB2 which contains the aspartate (SpyTag) from the rest of
the protein domain (SpyCatcher). Further modification and optimization (Zakeri
et al. 2012; Li et al. 2014) resulted in accelerated binding just by mixing. The
resulting amide bond is formed under physiological conditions, yet is resistant to
extreme pH, temperature, and diverse buffer conditions and allowed the use of these
split components as tag partners.
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Thrane et al. (2016) tested several combinations of the tag partners on the surface
of the A205 bacteriophage. They either inserted SpyCatcher to the N-terminus
(SpyCatcher-VLP), SpyTag on the N-terminus (SpyTag-VLP), or both the N and
C-terminus (2xSpyTag-VLP) of the A205 capsid protein. They paired these modi-
fied VLPs with their respective tag partners fused separately at either the N- or
C-terminus of a variety of antigens. The antigens tested included a total of 12 anti-
gens derived from malaria, tuberculosis, and cancer, the size of which ranged from
15 to 118 kDa. Their research showed that the coupling efficiency of a variety
VLP-antigen combination using the SpyTag-SpyCatcher tag partners resulted in a
22–88% coupling efficiency, where the number of conjugated antigens decreased
with increasing antigen size. Moreover, they concluded that SpyTag-VLP is prefer-
able for small antigen display, while SpyCatcher-VLP is preferable for large antigen
display. The variety of SpyCatcher-SpyTag antigen-tagged VLPs elicited high IgG
titer and, in the case of self-antigens, were able to break B-cell tolerance. Similar
results with malaria antigens have also been reported by Brune et al. (2016), and
Janitzek et al. (2016) tested this strategy further by fusion of whole CSP with
SpyCatcher and conjugating this large whole protein antigen into a SpyTag-VLP.
Interestingly, while the SpyTag fused A205 VLP was produced in a bacterial host,
the CSP-SpyCatcher antigen was produced in insect cells for the desired posttrans-
lational modification important for antibody recognition. The development of the
SpyCatcher-SpyTag tag partner strategy opens up new possibilities in displaying
conformational antigens, especially large antigens, onto the surface of heterologous
VLP platforms.

3.4 Capsid Protein Stoichiometry

Aside from modification at the capsid monomer protein level, bioengineering strat-
egies to develop effective vaccines also encompass modification at the VLP assem-
bly level. This includes, for example, presentation of multiple antigens or a
combination of differential capsid monomers or subunits to form mosaic VLPs.
Mosaic VLPs are VLPs composed of differently modified monomers or subunit
proteins. Mosaic VLPs are developed for different purposes, such as to restore
assembly lost due to steric hindrance or other factors, to broaden immune response,
and to reduce surface hydrophobicity-related aggregation.

Tyler et al. (2014) used the co-expression strategy to assemble mosaic VLPs
containing two different antigens for broader cross-protection against heterologous
HPV strains. They did this by co-expressing two dual tandem repeats of either the
PP7 or MS2 capsid monomer, where each of the dual tandem repeats contains
different HPV L2-derived antigens. Their experiments showed that the
co-expression of dual tandem repeats, each displaying different antigens, resulted
in recombinant mosaic VLPs which elicited broader cross-protection against a wider
spectrum of heterologous HPV strains in comparison to their single dual tandem
repeat designs.



280 R. S. Abidin and F. Sainsbury

Co-expression of modified and unmodified capsid monomers or subunit have also
been applied to prevent surface crowding and steric hindrance or to reduce surface
hydrophobicity to prevent aggregation. Though not in an explicit vaccine context,
steric hindrance that interfered with assembly was experienced by Brown et al.
(2009) and Pokorski et al. (2011) when they inserted the Z protein or the epidermal
growth factor (EGF), respectively, onto Qβ particles assembled in vivo.
Co-expression of the modified and unmodified Qβ monomers restored the assembly
competency of recombinant mosaic VLPs. The former was able to bind IgG with
high capacity (Brown et al. 2009), and the latter was shown to specifically react with
EGF receptor on mammalian cells (Pokorski et al. 2011).

Tekewe et al. (2017) co-expressed unmodified MPyV VP1 with modular MPyV
VP1 displaying the rotavirus VP8* antigen on the surface in a bacterial host.
Co-expression in the bacterial host resulted in mosaic pentameric capsomeres that
could then be assembled into recombinant mosaic VLPs in vitro. Without the
co-expression strategy, the pentameric subunit experienced aggregation due to the
hydrophobic nature of the antigen, and mosaic subunit formation with unmodified
VP1 reduced aggregation and restored the capacity for assembly. The resulting
recombinant mosaic VLP induced a high level of VP8* antibodies in immunized
mice. The ability of expression host cells to accommodate in vivo assembly is
preferable in several ways such as shorter bioprocess steps and the inclusion of
nucleic acid which may stimulate the innate immunity via TLR activation (Bessa
et al. 2009). However, platforms that employ in vitro assembly provide the ability to
control the composition of the mosaic VLPs as in the above example and, theoret-
ically, the ability to modulate encapsulation of antigens inside VLPs.

3.5 Encapsulation

Bioengineering strategy to encapsulate antigens inside the cavity of heterologous
VLP platform could be an option for antigens which do not need to be externally
displayed to stimulate the adaptive immunity. This is especially preferable for
antigens to stimulate the cellular immunity due to several reasons. First, T-cell
epitopes are mostly hydrophobic, and their display on the surface of the VLPs is
prone to aggregation. Second, T-cell epitope recognition does not depend on antigen
conformation but rather on the ability to be taken up by APCs, especially dendritic
cells, and be presented by either the MHC Class I and Class I pathways. Third, to
ensure that the antigen is able to reach the intracellular compartments, encapsulation
would be preferable to avoid extracellular antibody neutralization. Fourth, the ability
to encapsulate larger protein antigen consisted of T-cell epitopes specific to a variety
of HLAs does not only prevent hydrophobicity-related aggregation but also protect
broadly against heterologous strains and a broader population coverage.

The MPyV platform has been shown to provide programmed encapsulation of
heterologous proteins and even to co-encapsulation of multiple proteins during
in vitro assembly (Dashti et al. 2018). Incorporation is driven by specific interactions



between the pentameric capsomeres and the C-terminus of the minor capsid protein,
VP2 (Abbing et al. 2004; Boura et al. 2005; Pleckaityte et al. 2015), and examples
where production and in vivo assembly have been carried out in enkaryotic cells
show the potential of this platform as carriers of encapsulated antigens. Eriksson
et al. (2011) fused the prostate-specific antigen (PSA) to the C-terminus of VP2 and
demonstrated that while no PSA-specific antibodies where produced, dendritic cells
loaded with PSA-MPyV VLPs strengthen protection against PSA-expressing
tumors. Cellular immunity such as Tc and Th response was also high in loaded
dendritic cell treatment, indicating efficient delivery of the antigen to the cytosol of
these cells. Similar results were shown when HER2, a breast cancer antigen, was
fused to MPyV VP2 instead of PSA (Tegerstedt et al. 2007).
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Co-encapsidation of two different proteins, such as the M and M2 proteins of the
respiratory syncytial virus (RSV) inside the P22 VLP, has also been reported
(Schwarz et al. 2016). The P22 VLP is able to encapsulate heterologous proteins
fused to the C-terminus of the scaffold protein that binds to the interior of the capsid
during assembly. Schwarz et al. concatenated the M and M2 gene for encapsulation
in this manner. Despite the quaternary structure of the fusion, VLPs of well-rounded
and correct sizes bearing both the CP and M/M2-SP proteins were assembled in vivo
when co-expressed in E. coli (Schwarz et al. 2016). Administration of the M/M2-
P22 VLP alone resulted in reduced lung viral titer in RSV challenged mice and
elevated Tc response. However, it was not known whether loading M/M2 P22 VLP
into dendritic cells prior to immunization in mice would improve protection and Tc
response.

4 Bioengineering Strategies for Bioprocess Optimization

As has been described throughout this review, the bioengineering of VLPs to
incorporate heterologous antigens often poses challenges to be addressed for suc-
cessful manufacturing. These challenges include improvement in overall bioprocess
development; overcoming biosynthetic challenges such as soluble protein yield,
aggregation, upstream, and downstream method selection and validation; and reduc-
ing overall production cost. A few example approaches to address these challenges
are described in this section that demonstrate the effectiveness of designing process
optimization experiments with increased throughput.

4.1 Upstream Bioprocess Optimization

The optimal result in protein expression at the upstream bioprocess depends on many
interacting factors such as temperature, oxygen availability, initial culture concen-
tration, culture acidity, additives, inducer concentration, induction time, and harvest
time. Assessing these factors one by one or in combination in laboratory scale would



be resource, labor, and time-consuming. Therefore, a high-throughput method to
assess different culture condition combinations at once at milliliter scale would be a
versatile and informative option to optimize upstream bioprocess.
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In producing vaccine candidates based in MPyV VP1, Lad Effio et al. (2016a)
examined a triplicate of 16 culture conditions varied by pH, the presence of
additives, 2 different inducer concentrations, and 2 different induction times in a
miniaturized 48 well plates which were then incubated at 3 different temperatures
and 2 different shaking speeds. The high-throughput multiparametric culture condi-
tions screen aimed to discover the best culture condition for the expression of
untagged MPyV VP1 protein in E. coli, adapted from GST-tagged MPyV VP1
upstream platform previously reported (Chuan et al. 2008). The results showed
that the best culture condition for the untagged protein was different from the
previously reported optimum condition for GST-tagged MPyV VP1. The selected
condition was scalable in 2.5 L culture flasks, and the amount of purified VP1
obtained from this laboratory scale expression was similar to quantitated soluble
VP1 derived from the miniaturized culture. This work showed that a high-
throughput culture condition screen can be a robust approach for bacterially pro-
duced VLP subunits and would be useful in upstream bioprocess optimization of
other microbially expressed industrial proteins.

4.2 Downstream Bioprocess Optimization by
High-Throughput Screening

Along with upstream bioprocess optimization, high-throughput approaches to opti-
mize downstream bioprocess in bioengineering heterologous antigens of VLP plat-
forms have also been reported. Abidin et al. (2015) reported the use of a
multiparametric high-throughput buffer screen to determine the most suitable con-
dition to prevent aggregation of MPyV capsomeres displaying hydrophobic epi-
topes. The buffer screen tested 40 buffer conditions in a miniaturized 96-well format
examining 6 different additives across 5 different pH. The results, based on spec-
trophotometry and light scattering analysis, showed that the addition of L-arginine
(L-Arg) was the most promising additive to recover soluble capsomere during tag
removal before in vitro assembly. Tekewe et al. (2015) also reported light scattering-
based rapid screening method to select appropriate additives to stabilize MPyV
capsomeres displaying rotaviral epitopes, though at lower throughput.

The development of VLP-based vaccines necessitates a robust VLP purification
method to isolate VLPs assembled in vivo or in vitro. An ideal VLP purification
method would have a good resolution to separate between aggregates, VLPs, and
unassembled VLP subunits as well as capacity for rapid throughput for condition
screening. The current methods to assess the quality of developed VLP purification
methods involve TEM and light scattering analysis. Ladd Effio et al. (2016b)
recently reported a novel high-throughput interlaced size exclusion-ultrahigh-



performance chromatography (SE-UHPLC) which allows rapid assessment of VLP
purification conditions. The interlaced SE-UHPLC was designed to shorten analysis
time by overlapping the hold-up phase of one sample application with the lag phase
of the next sample application, reducing run times to approximately 3 minutes per
sample. The analysis tool was validated with multiple commercially available VLP
vaccines as well as E. coli-produced hepatitis B and MPyV VLPs. The particle size
distribution and aggregate percentage analysis of the iSE-UHPLC were compared
with dynamic light scattering (DLS) and TEM analysis, and it was shown that the
iSE-HPLC was more sensitive in detecting aggregates and more accurate in calcu-
lating particle size. The iSE-HPLC analysis tool was then used to assess four VLP
purification methods and conduct stability studies.
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4.3 Platform Development to Reduce Production Cost

One of the important aspects of vaccine development, besides as a preventive and
therapeutic measure, is the reduction in production cost and time. Production cost
and production time are necessary aspects to ensure that the vaccines are affordable,
widely distributable, and timely available.

A bacterial platform and process was developed for the production of the MPyV
VLP platform as a commercially viable system using E. coli as the expression host
(Chuan et al. 2008; Liew et al. 2010). Briefly, at laboratory scale, capsomeres are
produced in bacteria (Chuan et al. 2008; Middelberg et al. 2011) and harvested as
capsomeres by affinity chromatography and further purified by gel filtration after tag
removal (Lipin et al. 2009). The capsomeres can be maintained in capsomere form or
assembled into VLP in vitro using optimized buffer conditions (Chuan et al. 2010).
The laboratory scale production has subsequently been translated into a large-scale
process, involving fed-batch E. coli expression with a volumetric protein yield of
4.38 g/l which is 15-fold laboratory scale production (Liew et al. 2010). Capsomere
purification can also be achieved by ion exchange chromatography (IEX) (Chuan
et al. 2014), and assembly into VLP can be performed by either diafiltration or
dilution methods (Liew et al. 2012a; Liew et al. 2012b). Optimized assembly buffer
for the assembly via diafiltration increased yield by 42–56% in comparison to
laboratory scale assembly by dialysis (Liew et al. 2012a). Analysis of this extensive
process development estimated the cost of optimized large-scale production of
capsomeres and VLPs at 500 L and 1500 L volume, respectively, to be at less than
1 cent (USD) per dose (50 μg per dose). Moreover, it was predicted that in a 10 k-L
production scale, 320 million capsomere or VLP vaccine doses could be produced
within 2.3 or 4.7 days, respectively (Chuan et al. 2014). In addition, an ammonium
sulfate-based precipitation method to harvest MPyV capsomeres to skip laborious
and costly chromatographic process has also been developed (Wibowo et al. 2015).
The precipitation method was successfully used to purify mosaic capsomeres, and
in vitro assembled VLPs elicited high titer antibody in immunized mice (Tekewe
et al. 2017). Although this approach is not suitable for human vaccine production



due to unacceptable levels of host cell contaminants, it may stimulate use in
veterinary settings and demonstrate the remarkable capacity of prokaryotes for
cost-effective vaccine production.
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5 Conclusions and Perspective

VLPs have a now long track record as successful subunit vaccines. Although those
VLPs that are currently available commercially as vaccines are designed to raise
immunity against the virus from which they are derived, there is a growing interest in
the development of VLPs as carriers of heterologous antigens. Their inherent
physical properties, leading to high immunogenicity, make them ideal platforms to
develop as vaccines against not just infectious diseases but also nonpathogen-related
cancers and other chronic diseases and conditions. They are amenable to precise
modification by genetic or chemical means and are characterized by structural
fidelity. As we have described herein, the use of prokaryotes, specifically E. coli,
to produce VLPs provides an accessible and low-cost source of VLPs or VLP
subunits for further development. One of the drawbacks of marketed VLPs vaccines
has been relatively high cost, limiting their immediate use to developed countries.
Bioengineering and bioprocessing improvements, including the use of prokaryotic
production hosts such as E. coli, aim to reduce the cost and improve the efficacy of
VLP vaccines. While challenges remain with regard to the manufacture of VLP
vaccines incorporating heterologous antigens, a myriad of bioengineering
approaches combined with recent developments in bioprocessing hold great
promise.
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