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Abstract Virus-like particles (VLPs) are viral structural
protein that are noninfectious as they do not contain viral
genetic materials. They are safe and effective immune
stimulators and play important roles in vaccine development
because of their intrinsic immunogenicity to induce cellular
and humoral immune responses. In the design of antiviral
vaccine, VLPs based vaccines are appealing multifunctional
candidates with the advantages such as self-assembling
nanoscaled structures, repetitive surface epitopes, ease of
genetic and chemical modifications, versatility as antigen
presenting platforms, intrinsic immunogenicity, higher
safety profile in comparison with live-attenuated vaccines
and inactivated vaccines. In this review, we discuss the
mechanism of VLPs vaccine inducing cellular and humoral
immune responses. We outline the impact of size, shape,
surface charge, antigen presentation, genetic and chemical
modification, and expression systems when constructing
effective VLPs based vaccines. Recent applications of anti-
viral VLPs vaccines and their clinical trials are summarized.

Keywords: virus-like particles, viral infection, immune
response, antiviral vaccine, antigen presentation

1. Introduction

Virus-like particles (VLPs) are multimeric self-assembling

virus capsid protein devoid of viral genetic materials that
structurally resemble to their parental viruses. The size of
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most VLPs range from 10 to 200 nm in diameter, with
repetitive viral surface epitopes self-assemble into icosahedral
or rod like structures [1,2]. There are two categories of
VLPs classified, the non-enveloped VLPs and enveloped
VLPs. Non-enveloped VLPs are virus coat protein that
normally expressed as single or multilayered protein
particles without the outer lipid envelope. Enveloped VLPs
represent viral coat proteins that are encapsulated within
the lipid layer during virus replication process. The envelop
layer itself, named as “virosome’, comprises a phospholipid
bilayer membrane derived from the host cellular membrane
and membrane-stabilizing glycoprotein. Currently, over
100 VLPs originated from human, animal, plant and
bacteriophage viruses grouped into 35 families have been
constructed for applications in drug delivery, medical
imaging, bio-catalysis and vaccine [3].

Owing to the intrinsic properties inherited from their
parental viruses, VLPs are recognized as ideal templates in
vaccine development. VLPs interact with both innate and
adaptive immune cells, inducing strong humoral immune
response, and cellular immune response is commonly
observed as well. In comparison with live-attenuated
vaccines and inactivated vaccines, VLPs have a higher
safety profile as they are non-infectious because of the lack
of viral genome. Not only VLPs can elicit an immune
response against the viruses from the same origin, VLPs
are also ideal vaccine platforms to display foreign antigens
inducing immune response for the prevention and treatment
of different pathogens [4]. VLPs enhance the immunogenicity
of many soluble antigens by presenting multiple copies of
antigens on their exterior, resulting in a tunable immune
response by controlling the antigen valence. These advan-
tages make VLPs appealing candidate in antiviral vaccine
development, and researchers highly appreciate them in the
battle against emerging viral infections. Several VLPs
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vaccines have received Food and Drug Administration
(FDA) approval to treat viral infection, including hepatitis B
virus (HBV), hepatitis E virus (HEV), human papilloma-
viruses (HPV) and Influenza, and increasing number of
VLPs vaccines have entered clinical trials [5].

2. Mechanism

Inherited from their parental viruses, both enveloped and
non-enveloped VLPs still possess the capabilities to target
and enter antigen-presenting cells (APCs) and other target
cells without viral genome. Cellular uptake of VLPs into
host cells uses different mechanisms, including phagocytosis,
micropinocytosis, receptor-mediated endocytosis, caveolae-
dependent or independent uptake [6,7]. The highly repetitive
surface epitopes of VLPs are potent pathogen-associated
molecular patterns (PAMPs) that engage with the pattern
recognition receptors (PRRs) such as toll-like receptors
(TLRs), nod-like receptors and RIG1-like receptors of both
innate and adaptive immune cells enticing immunogenicity
in vivo [8,9].

Interactions between PAMPs and the PRRs activate APCs
such as dendritic cells (DCs) and elicit subsequent VLPs
internalization within the APCs, followed by lysosomal
digestion result in the loading of VLPs derived antigens
peptide onto the MHC II molecules (Fig. 1A). The presen-
tation of VLPs derived antigen via MHC II molecules
mediates the activation of the CD4+ T cells. T cell receptors
(TCRs) of the CD4+ helper T cells then recognize specific
antigen epitopes on MHC II surface, inducing cytokine and
co-stimulatory receptor signaling that activates the CD4+
helper T cells [6]. CD4+ T cells mediate the activation of
macrophagocyte, CD8+ cytotoxic T lymphocyte (CTL) and
T cell dependent B cells activation through the release of
cytokines including the interleukins and interferons. Acti-
vation of the macrophagocyte provides positive feedback
for amplifying the T cells activation effect owing to its
enhanced function as APCs. CD8+ T cell and T cell
dependent B cell activation elicit downstream cellular and
humoral immunity. The repetitive VLPs surface epitopes can
induce T cell independent B cell activation by cross-linking
B cell receptors (BCRs), stimulating antibody production
[10].

PAMPs interact with the PRRs expressed on the surface
of innate immune cells such as phagocyte, NK cells, DCs,
B-1 cells, mastocyte and granulocyte resulting the activation
of the innate immune responses such as phagocytosis,
target cell lysis and inflammatory response. Resemble to
their parental virus, many VLPs can induce antigen cross
presentation on the MHC I surface of innate immune cells
such as DCs, mediating CTL immune response through
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interaction with the TCR of CD8+ T cells [6,11,12]. Signaling
through co-stimulatory receptors and cytokines from CD4+
T cells is also required for the activation of CD8+ T cells.
Activated CD8+ T cells induce target cells lysis and apoptosis
through the release of perforin, granzymes and initiation
of the Fas/FasL pathway. Although CD8+ T cell response
is commonly observed, it seems VLPs rarely excel in
cytotoxic T cells induction in comparison with other ways
of vaccination [13].

It is noteworthy that VLPs may encounter intracellular
host defense such as TRIM (Tripartite Motif) proteins post
entry the membrance of target cells, resulting in the
proteasomal degradation of the VLPs or changing their
ability to interact with other proteins via ubiquitination
process [14-16]. K48 linked ubiquitination elicits proteasomal
degradation, whereas K63 linked polyubiquitination often
modulates interaction of VLPs with other protein [17]. These
mechnisms may potentially affect the antigen presentation
and downstream immune response of VLPs vaccine. It has
been reported that the intervention of TRIM with HIV-1
viral capsid is associated with enhanced the CD8+ T cells
activation, however further investigation is warranted to
valid the mechnism of this effect [18].

Owing to the highly organized and repetitive surface
epitope, VLPs are endorsed with high valence to cross link
BCRs surpassing the activation threshold of B cells,
inducing strong humoral responses (Fig. 1B). This process
can occur sometimes even without help from T cells [10].
Most VLPs comprise structurally identical surface epitopes
that provide a stimulatory advantage over subunit vaccines
in protective antibody induction, as high valence promotes
binding avidity and enhances activation of unresponsive or
B cells with low BCRs affinity [19,20]. CD4+ helper T cells
recognise VLPs derived antigen on the MHC II surface,
inducing cytokine and co-stimulatory receptor signaling,
which initiates the transition of B cells into antibody
producing plasma cells and memory B cells. Alternatively,
some VLPs induce T cell independent B cell activation and
antibody production, resulting in a rapid immune response
[21]. The biological activities of the protective antibody
include neutralization of pathogen, activation of complement,
antibody dependent cellular cytotoxicity (ADCC) and
opsonization of pathogen. In general, VLPs can stimulate
both cellular and humoral immune response [22,23], hence
are optimal candidates for vaccine design owing to their
advantages in inducing protective immunity and as platforms
for antigen display.

3. Considerations for VLPs Vaccines Design

To develop VLPs based vaccines with high efficacy and



Antiviral Virus-like Particles Vaccnine 3

A ' » PRRs (TLRs) B

- O B %

S5 VLPs (PAMP)

VLPs (PAMP)

VLPs (PAMP)

MHC Il and
co-stimulatory

BCR crosslinking

k| receptor
APC (Immature DC) 2
-
— \ . B cell g o
Cellular uptake ‘%.
- O CDa+Teell
T ’ Enzymatic digestion within endosome T cell independent activation T cell dependent activation iy
B \ / cytokines
“ / \ “ MHC I
MHC| APC (Mature DC)

Plasma cells Memory B cells
ﬁ. -
Nz k_,‘ \
cross V . antigen }
presentation presentation
L r <
Y
MHC | and } \ " MHC Il and x{
co-stimulatory ’ co-stimulatory _ )
receptor i l receptor Antibody production

)\
T

-?:\ .
“"‘"-?r.r}q,, - I Complement activation } -

FAS/FAS Ligand  cytokines \‘

CDB + T cells CD4 + T cells

perforin granzyme M

\* activation

Target cell lysis Bcell macrophagocyte

Fig. 1. Hypothesized mechanisms of virus-like particles (VLPs) inducing humoral and cellular immune responses. (A) Pattern
recognition receptors (PRRs) of antigen-presenting cells (APCs) recognise pathogen-associated molecular patterns (PAMPs) epitopes of
VLPs resulting in the maturation of APCs and cellular internalization of VLPs. VLPs are internally processed within the endosome of
APCs, and their antigen epitopes are presented on the surface of MHC molecules. Antigen peptide presented on MHC Il surface
inducing costimulatory receptor signaling and the release of cytokines, mediating the activation of CD4+ T cells. CD4+ T cells induce T
cell dependent B cell activation and macrophagocyte activation. Antigen epitope presented on the MHC 1 surface through cross-
presentation pathway result in the activation of CD8+ T cell, which induces target cells lysis and apoptosis through the release of
perforin, granzymes and initiation of the Fas/FasL pathway. (B) The repetitive VLPs surface epitopes cross link B cell receptors (BCRs),
inducing T cell independent B cell activation. Both T cell dependent and independent activation induce the transition of B cells into
memory B cells and antibody producing plasma cells. The downstream biological activities of protective antibody include neutralization
of pathogens, activation of complements, antibody dependent cellular cytotoxicity (ADCC) and opsonization of pathogens. TLRs: toll-
like receptors, DC: dendritic cell.

safety profiles, multiple factors related to improving
internalization and interaction with immune cells need to

3.1. Size and shape
The lymphatic vessel walls are porous, which allow particles

be considered. We are discussing in below some aspects
which we believe will impact the design of an effective
VLPs based vaccine in the case of either using VLPs as
vaccine against their parental viruses or antigen (or immune
adjuvants) display platform.

smaller than 200 nm to diffuse through freely. As the size
of most VLPs are between 10-200 nm which allow the
trafficking of VLPs into lymphatic system to interact with
immune cells [1]. VLPs can diffuse through the porous
lymphatic vessel walls, then accumulate in the subcapsular
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sinus of the lymph nodes by passive transportation [24].
VLPs have similar size with their parental virus, which
facilitates direct interactions with immune cells, enabling
antigen presentation via MHC molecules, antibody production
and CTL response. It may also induce similar effects in the
case of utilizing VLPs as antigen displaying platform.
Immune system recognises the highly repetitive and
organized structure of VLPs as PAMPs to elicit cellular and
humoral immune response. The ordered structure pattern
of VLPs conveniently cross link BCRs that serves as a
strong activation signal for humoral immune response. Most
viral coat proteins are 5-10 nm apart, this spacing may
apply when presenting foreign antigens on VLPs surface
for optimal BCR crosslinking [25]. Owing to their unique
structure pattern, some VLPs can induce T cell independent
B cell activation, result in a rapid release of IgM against
pathogens.

Size also determines whether VLPs can be efficiently
taken up by APCs. VLPs are endowed with pathogen size,
charged or hydrophobic surface area, receptor binding
modality, which all contribute to a better APCs induction in
contrast to some small and soluble protein antigens [4].
Induction of adaptive immune response requires activation
of APCs to produce cytokine and upregulation of co-
stimulatory molecules. The geometrical configuration and
size are important factors for the induction of DCs maturation,
as we have noted that some VLPs, but not unassembled VLPs
monomers can trigger this process. For example, DCs
should be activated prior to induction of CTL response, as
cross-presentation pathway alone is not sufficient [4,26].
The TLRs of DCs recognise the shape and repetitive surface
epitopes of many VLPs as PAMPs resulting in functional
maturation of DCs, releasing cytokines and over express
costimulatory molecules which will regulate subsequent
adaptive immune response [27].

3.2. Surface charge

Surface charge may affect the internalization of VLPs particles
into immune cells and possibly altering immune response.
Cationic nanoparticles tend to induce higher cellular
internalization in comparison with negatively or neutrally
charged nanoparticles, which may attribute to the electrostatic
interaction between nanoparticles and anionic cell membrane
lipid bilayer. VLPs with positive surface charge shield their
negatively charged cargo such as nucleic acid, and can be
readily taken up by cells [28]. However, acute inflammation
and nonspecific immune stimulation are associated with
positively charged nanoparticles, as they may activate the
pattern-recognition receptors [29,30]. Cage like nanoparticles
with high positive or negative surface charge exhibit higher
nonspecific cellular delivery into murine macrophage,
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result in liver accumulation in a preclinical study [31]. This
may attribute to the active phagocytosis of Kuffer cell
within liver. The nonspecific accumulation within normal
tissues including liver can be reduced when the net charge
of nanoparticles is weak negative [31]. The formation of
protein corona will change the surface properties of the VLPs
under preclinical and clinical conditions [32], potentially
affecting cellular uptake and downstream cell signaling. In
a study using iron oxide based nanoparticles, cationic and
neutral nanoparticles exhibit higher serum absorption in
comparison with negatively charged nanoparticles [33].
Overall, predicting the outcome of immune response by
altering the surface charge of VLPs still requires significant
efforts in the future, in order to obtain definitive conclusions
guiding the design of VLPs vaccines.

3.3. Antigen presentation

VLPs are not only validated candidates in vaccine design,
they are also suitable to serve as platforms for multimeric
antigen presentation to induce optimal immune response.
Because VLPs themselves have immunogenicity, hence
they will not only serve as a multivalent scaffold for three-
dimensional antigen display, but as immunoadjuvant to
enhance the immune response. The incapability of many
soluble antigens to elicit sufficient immune response can be
solved by attaching them to a multivalent platform such as
VLPs [34]. It seems APCs have evolved to process pathogen
sized (20-100 nm) antigen more effectively, hence increase
the size of a soluble antigen to this range may promote
antigen uptake and presentation by APCs, eventually
boosting cellular and humoral immunity. The efficiency of
a soluble antigen to enter MHC I cross presentation pathway
in DCs is often 3-4 orders of magnitude higher after
presenting on VLPs, which enhance the CTL response [4].
For VLPs presenting T cell epitopes, it is not required that
the antigen has to be exposed at the exterior surface, as
VLPs would be degraded within the lysosomal-endosomal
system of APCs and the resulting epitope peptides will be
subsequently presented to the target TCRs. In this case,
antigen can also be inserted within the sites of VLPs that
are normally unexposed to the environment. Attempts must
be made to identify the optimal insertion site based on
structural analysis and prediction, as some antigen insertion
sites may endanger VLPs structural integrity or alter
immunogenicity [4]. The size of antigen is usually restricted
to 20-30 amino acids when inserting into VLPs, especially
into the immunodominant regions, sequence longer than
that often fail to fold into complete VLPs structure. Unlike
T cell epitopes, direct interaction between BCR and B cell
epitopes is necessary for the induction of BCR crosslinking
and antibody production. This requires B cell epitopes to
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be displayed at exposed sites of VLPs surface, optimally at
the immunodominant regions. Insertion at the surface loop
of VLPs is often a preferable choice as it is the site where
many viruses interact with BCRs. Besides, exterior N or C
terminus is another choice for insertion. The size tolerance
could reach tenfold higher (200-300 aa) at these exposed
sites of VLPs [35]. It is difficult to predict whether an
antigen epitope will be successfully integrated within
defined insertion site without affecting VLPs structural
stability, and the general immunogenicity after the insertion.
For instance, minor change of insertion site at primary
sequence (such as 2-3 amino acid) could lead to a large
shift at three-dimensional space where structural hindrance
may occur. Antigen with a long sequence, strong positive
charge, high hydrophobicity and B-strand index may cause
problems to the structural integrity of VLPs [4]. It has been
reported that slight variation of the insertion site could also
result in a drastic change in immunogenicity of both VLPs
and inserted antigen [36]. Protein-protein docking is an
established technique to predict protein structures. LZerD
docking server (https://lzerd.kiharalab.org/) enables full
atomic modeling based on protein sequences, which requires
no pre-determined structre information to be submited [37].
In the area of protein structural prediction, deep learning
has become the dominant technology in analysing and
modeling of the protein folding process, hence has significant
impact in vaccine development [38]. De novo structure
prediction tool Rosetta suite (https://www.rosettacommons.
org/) assembles protein segments from protein strcture
database and use Rosetta algorithm to form final prediction
[39]. The recently released Alpha Fold 2 algorithm (https://
github.com/deepmind/alphafold/) may contribute to a better
prediction result when inserting antigen to VLPs, as it has
achieved a very high fidelity (global distance test score
92.4) in three-dimensional structural prediction, however
further validation at larger sampling scale with Alpha Fold
is required.

3.4. Interior surface

The interior surface of VLPs is for the storage of genetic
materials, including DNA and RNA encoding enzymes
and structural protein that are essential for virus replication
and structural stability. The inner surface of VLPs is
normally positively charged, hence can package negatively
charged nuclear acids or other immune adjuvants, inducing
potent immune response to synergize with the immuno-
genicity of the VLPs. VLPs protect its cargo from enzymatic
degradation (DNases, RNases, and proteinase) within their
hollow cavity, enhancing the cellular uptake of payload
within target cells, and release the immune adjuvants to
boost the immunogenicity of VLPs within the endosomal-

lysosomal compartment where the delivery vehicle is
degraded [40]. Adjuvants including dsRNA, ssRNA, and
CpGs that activate APCs can be encapsulated within
interior surface of VLPs to stimulate respective TLRs
receptors of APCs releasing cytokines such as interferons
for the induction of APCs activation and pro-inflammatory
reaction [1,41-43]. Two simple ways of packaging adjuvants
within VLPs named nanoreactor or reassembly route may
be employed [44]. Adjuvants can diffuse directly through
pores of VLPs shell and accumulate within interior surface
via the nanoreactor route, or the VLPs protein shell can be
disassembled to mix with adjuvants, then reassemble the
VLPs cage in the presence of adjuvants via reassembly
route.

3.5. Genetic and chemical modification of VLPs platform
Genetic modification is commonly used when introducing
foreign antigens into VLPs platform. Antigen gene can be
inserted at specific sites of VLPs DNA sequence, result in
a chimeric display of antigens on each subunit of VLPs
scaffold. The antigen and VLPs chimeric gene normally go
through codon optimization according to the preference of
the eukaryotic or prokaryotic expression systems, then the
fusion gene is artificially synthesized and subjected to the
chosen protein expression system to produce the recombinant
chimeric protein. However, the drawback of this technique
is as previously mentioned, that the size of antigen, insertion
site will affect the structural integrity and the overall
immunogenicity of the final product. Such problem can be
circumvented by chemical modification on the preformed
VLPs platform. VLPs and antigens can be synthesized
separately and chemically attached via covalent or non-
covalent bonds. The covalent attachment of antigens to
VLPs relies on the presence of functional moieties on the
surface of VLPs, which are naturally presented or artificially
introduced to the VLPs scaffold. Commonly used VLPs
surface function groups are amino groups, carboxylic groups,
sulthydryl groups, and hydroxyl groups [1]. Chemical
conjugation via acylation of amino groups of lysine,
alkylation of the sulthydryl group of cysteine and amine
coupling with activated carboxylic acid residues can be
employed to attach antigens to VLPs [4]. The covalent and
non-covalent chemical modifications of VLPs platform are
listed in Table 1. EDC-NHS-amino coupling is widely used
to attach drugs including folic acid and doxorubicin to the
amino group on the exterior surface of VLPs such as cowpea
mosaic virus (CPMV) for cancer theraputic applications
[45,46]. Cysteine residues of VLPs provides a useful handle
to perform maleimide-thiol conjugation, however they often
form disulfide bonds rather than exsit as free cysteine.
Recently disulfide-bridging maleimide derivatives such as
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Table 1. Chemical functionalization of VLPs

Method VLPs Ligands Reference
EDC-NHS-Amide group CPMV Folic acid, Doxorubicin [45,46]
Maleimide-thiol group Bacteriophage Qbeta Dibromo-maleimide (Fluoresent) [47,49]
Click chemistry Bacteriophage Qbeta Tn antigen (GalNAc-a-O-Ser/Thr) [50]

Non covalent streptavidin-biotin HPV16 L1 Monovalent streptavidin (mSA)-fused malaria ~ [51]
interaction antigen (VAR2CSA)

VLPs: virus-like particles, CPMV: cowpea mosaic virus, HPV: human papillomaviruses.

dibromo-maleimide are developed to attach functional group
to cystine without affecting the covalent disulfide bonds
[47]. The fluoresent dibromo-maleimide is attached to 180
cysteine residues on the surface of bacteriophage Qbeta
VLPs for the application of intracellular imaging [48,49].
Unnatural amino acids can be artificially introduced to
VLPs, which enable chemical modification such as ‘click
chemistry’ to conjugate antigens at specific site of VLPs.
Alkyne group of unnatural amino acids is introduced to the
surface of Qbeta VLPs, which enables copper-catalyzed
azide-alkyne cycloaddition reaction to covalently attach
azide functionalized Tn antigen (GalNAc-0-O-Ser/Thr) [50].
In addition, non-covalent interaction betwenn streptavidin
and biotin can be used to functionalize VLPs with antigens.
HPV16 L1 VLPs is genetically fused with biotin acceptor
Avitag, monovalent streptavidin (mSA)-fused malaria
antigen (VAR2CSA) can be attached to the biotinylated
Avitag-VLPs forming a VLPs based anti-malaria vaccine
[51]. Chemical modification provides substantial benefits
compared to genetic modification, however, it is not without
its own disadvantages. Although it avoids steric hindrance
when inserting antigens to VLPs, the modification rate of
chemical conjugation is often less than 100% in comparison
with genetic modification, and the reaction process is not
as easy to control and reproduce [4]. The complexity and
cost of chemical modification will also increase, which can
hamper the industrialization process from a manufacturing
point of view.

3.6. Expression platforms
To overcome the barriers to market entry, producing VLPs
vaccines in a timely, reproducible, low cost, high yield and
safe manners should be critically considered. Hence, the
significance of expression platforms is seriously appreciated
in the manufacturing process of VLPs vaccine. Currently,
a few expression hosts have been developed for VLPs
vaccine production, including bacteria, yeast, insect cells,
plants, mammalian cells, cell-free expression systems and
living animal [4,52-54].

Bacterial system (especially Escherichia coli expression
system) is probably the most widely used and well
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characterized in VLPs expression. About 30% of VLPs are
cloned and codon optimized for expression in this system
under strong bacterial promotors [1]. This host provides
high expression yield, short cultivation time, low-cost and
simple process control in comparison with other expression
platforms. However, disadvantages of this host may be
encountered during expression process, which include
incapable of performing posttranslational modifications
(PTMs), solubility issue, and introduction of endotoxin
[55]. In some cases, the introducing glycosylation will not
affect the immunogenicity of a target protein, hence the
inability of performing PTMs may not be a major issue
when producing VLPs vaccine in bacterial host [56]. The
solubility issue could be eased by lowering the cultivation
temperature, clone the genes sequence to a low temperature
plasmid vector (such as pCold vector) or genetically fuse
the target gene with a highly soluble protein tag (such as
GST tag). In the case of forming the inclusion body,
denaturing and refolding steps could be introduced to help
the target protein forming native structure. The contamination
of endotoxin can also be reduced to an acceptable level by
polishing the protein product with endotoxin binding matrix.
Since the FDA approval of the first HBV S protein
VLPs vaccine against HBV and the HPV L1 VLPs vaccine
against HPV, yeast expression system (especially Pichia
pastoris, Hansenula polymorpha, and Saccharomyces
cerevisiae strains) has been proved as a validated host for
VLPs vaccine production. Although the overall production
yield is often less than the bacterial system and the PTMs
is different compared to mammalian cells, yeast host can
provide PTMs such as glycosylation or phosphorylation,
which affects the surface charge, hydrophobicity, stability
and function of the VLPs vaccine. Yeast expression host is
also used to express more complexed structures, such as
enveloped VLPs [52]. Insect cell-baculovirus expression
system is gaining its popularity as it offers advantages such
as mammalian-like PTMs, high yield and fast cultivation
time compared to the bacterial and yeast host. We may
need to pay attention to the contamination issue when
using this host as an expression platform [53].
Mammalian cell is one of the most widely used hosts for
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the manufacturing of biopharmaceutics, including VLPs
vaccine. Mammalian system not only offers more complete
PTMs, it can also be used to co-express multiple protein
which allow construction of more complicated VLPs
vaccine structure. However, the production cost is higher
and downstream processing is more complex in comparison
with the bacterial expression system. Plant based expression
system is a cost effective and scalable platform for vaccine
production, but it may require strict regulation according to
local ecological status. Take advantage of the highly
polyploid property of the plant chloroplast genomes (up to
10,000 copies per cell), integrate exogenous VLPs genes
into chloroplast genomes resulting in high level of protein
expression [57,58]. Cell-free system can be an attractive
alternative when expressing proteins that are toxic to living
cells, or in the case of introducing unnatural amino acids to
VLPs vaccines [53].

Living animal is another source for the expression of
VLPs vaccines. Protozoan Leishmania tarentolae (L.
tarentolae) expression system offers mammalian-like post-
translational modification machinery and is non-pathogenic
for humans. Protozoan derived Norovirus GII.4 VP1 VLPs
is immunogenic and can stimulate the production of
neutralizing antibodies [59]. Norovirus GII.4 VP1 is cloned

into the Bombyx mori nucleopolyhedrovirus vector and
expressed in silkworm larva. The silkworm fat body lysate
goes through a two-step purification of the sucrose gradient
centrifugation and immobilized metal affinity chromato-
graphy, and the final purity of Norovirus VLPs is above
90% [54]. The advantages of living animal expression
system include more complete PTMs, relatively low cost,
robustness and ease of mass production in comparison with
other systems.

4. Applications and Recent Clinical Trials of Antiviral
VLPs Vaccines

VLPs are ideal candidate in vaccine development as they
share many characteristics of their parental virus [60]. They
preserve strong immunogenicity of virus as they display
highly repetitive surface antigen epitopes which stimulate
immune cells. The absence of viral nuclear acids also
enhances the safety profiles of VLPs to be developed as
vaccine platforms. In this section, we have reviewed
applications of antiviral VLPs vaccines, and we present the
clinical trials within recent five years of the VLPs vaccines
in Table 2.

Table 2. Clinical trials of VLPs based vaccines within recent five years

References Pathogens VLPs vaccine constructs Phase Trial number  Sponsor
Development of AAVLP(HPV16/31L2)  Human L2 peptide of HPV 16 and | NCT03929172 2A Pharma
Particles as Broadly Protective HPV papillomavirus 31 displays on VP3 VLPs of
Vaccine Candidate [71] (HPV) the adeno-associated virus
Phase 1 randomized trial of a plant-derived SARS-CoV-2  CoVLP, SARS-CoV-2 S II/IIT NCT04636697 Medicago
virus-like particle vaccine for COVID-19 protein (with S2P, GSAS
[107] substitution) fused with the

transmembrane and

cytoplasmic domain of

influenza A hemagglutinin

(H5)
An enveloped virus-like particle vaccine ~ SARS-CoV-2  VBI-2902a, transmembrane I/l NCT04773665 VBI vaccines
expressing a stabilized prefusion form of cytoplasmic domain of the
the SARS-CoV-2 spike protein elicits vesicular stomatitis virus
highly potent immunity [108] (VSV) displaying prefusion

state S protein
Capsid-like particles decorated with the SARS-CoV-2  ABNCoV2,SRBDfusedto I/l NCT04839146 AdaptVac
SARS-CoV-2 receptor-binding domain bacteriophage scaffold
elicit strong virus neutralization activity surface
[109]
A modular protein subunit vaccine SARS-CoV-2 RBD SARS-CoV-2 HBsAg I/l ACTRN1262000 Accelagen Pty Ltd
candidate produced in yeast confers VLP vaccine, S RBD 0817943
protection against SARS-CoV-2 in non- display on the surface of
human primates [110] HBYV surface antigen VLPs
Study of a Severe Acute Respiratory SARS-CoV-2  VLP vaccine harboring M, 1 NCTO04818281 Thsan GURSEL,
Syndrome CoV-2 (SARS-CoV-2) Vrus-like N, E, and hexapro modified PhD, Prof.

Particle (VLP) Vaccine in Healthy Adults
(COVID-19)

S proteins of SARS-CoV-2
virus
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Table 2. Continued

References

VLPs vaccine constructs Phase

Trial number Sponsor

Effect of a Chikungunya Virus—Like
Particle Vaccine on Safety and Tolerability

Outcomes [117]

Immunogenicity and safety of a
quadrivalent plant-derived virus like
particle influenza vaccine candidate-Two
randomized Phase II clinical trials in 18 to
49 and > 50 years old adults [118] &
Efficacy, immunogenicity, and safety of a
plant-derived, quadrivalent, virus-like
particle influenza vaccine in adults (18-64
years) and older adults (65 years): two
multicentre, randomised phase 3 trials

[119]

Safety and Immunogenicity of a
Respiratory Syncytial Virus Fusion (F)
Protein Nanoparticle Vaccine in Healthy
Third-Trimester Pregnant Women and
Their Infants [120]

A ten-year study of immunogenicity and
safety of the AS04-HPV-16/18 vaccine in
adolescent girls aged 10-14 years [121]

Persistence of Antibodies to 2 Virus-Like
Particle Norovirus Vaccine Candidate
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4.1. HBV vaccine

Intense interest and research have been intrigued since the
FDA approval of the VLPs based Hepatitis B vaccine
Engerix-B (GSK) and Recombivax (Merck) in 1986. These
HBYV surface antigen HBsAg (S protein, 226 aa) based
vaccines form a 22 nm spherical shell with host cell (yeast,
mammalian) glycosylation [61]. They provoke long lasting
immune protection although their response rate is only 90-
95% because of the lack of Pre-S epitopes on the surface
of the vaccines [62]. The risk of central nervous system-
inflammatory demyelination in infant boys is threefold
higher during vaccination using Engerix-B [63]. To overcome
these issues, the VLPs based HBV vaccine Sci-B-Vac
which incorporates S, Pre-S1 and Pre-S2 surface antigens
has been licensed [1,64]. This vaccine induces high titer of
antibody against S antigen, also additional Pre S1 and Pre
S2 antibodies, that can be applied as a therapeutic vaccine
in the treatment of chronic HBV disease [65]. A long term
follow up study indicates that the vaccine induced antibody
titers against HBV surface antigen is strongly enhanced
with a single booster vaccination by Engerix-B or Sci-B-
Vac in Palestinian children [66].

4.2. HPV vaccine

The first prophylactic HPV vaccine Gardasil developed by
Merck is approved by FDA in 2006 in the battle against
human HPV infection. Gardasil is a recombinant protein
consist of the L1 major capsid protein (VLPs) of HPV type
6, 11, 16, and 18. In comparison with Gardasil, Cervarix
(GSK) comprises L1 protein of HPV type 16 and 18 is
approved by FDA in 2007. Although this vaccine generates
only 2 serotypes compare to 4 serotypes of Gardasil, Cevarix
induces stronger and longer immune response benefit from
the monophosphoryl lipid A within its formulation [67].
Gardasil9, marketed by Merck in 2014, offers broad-
spectrum inducing 9 serotypes including HPV type 31, 33,
45, and 58 in addition to Gardasil’s [1]. For adolescents
below the aga of 15, the initial 3 dose prime-boost schedule
has been changed to 2 does at birth and 6 or 12 months by
World Health Organization in 2014. For licenced vaccines,
limited evidence indicates that after priming doses, boost
vaccinations after 3,6, and 8 year intervals will elict a strong
anamnestic response [68]. As an alternative to Gardasil9,
equal molar stoichiometry of L1 mutants (C175A and
C428A) from 9 HPV genotypes co-assemble into a
capsomere-hybrid virus-like particle is able to generate
comparable neutralization antibody titers in mice [69].
Although L1 VLPs vaccines are highly immunogenic, L1
protein is not conserved hence offer little cross protection
among different HPV types [70]. In the meanwhile, the
minor capsid protein L2 is highly conserved across different

HPV types, which makes it an appealing candidate when
developing broadly protective HPV vaccine. Comparing
with L1 protein, L2 is less immunogenic and cannot form
VLPs on its own, displaying L2 protein on VLPs platform
may enhance its immunogenicity as a cross protective HPV
vaccine. The AAVLP-HPV (2A Pharma) is comprised of
L2 peptides of HPV 16 and 31 display on VP3 VLPs of the
adeno-associated virus [71]. This vaccine has shown
protection against more than 20 HPV types in pre-clinical tests
and has completed clinical phase I trials (NCT03929172).
Similarly, displaying HPV31/16 L2 peptides on the surface
of bacteriophage MS2 VLPs offers similar level of
protection to Gardasil9 in pre-clinical model [72].

4.3. Influenza A vaccine

Hemagglutinin (HA), neuraminidase (NA) and matrix
protein M1 are considered as the primary antigen source
when developing a recombinant influenza vaccine. Antibody
targeting the surface glycoproteins such as HA and NA can
neutralize viral infection and paralyze its invading mechanism,
stagnating viral progression at its initial phase. FluBlok is
the first recombinant influenza vaccine approved by FDA
in 2013, which uses the envelope glycoproteins HA as its
primary target [73]. Vaccines targeting the HA head may
require updates annually because of the antigenic drifting
nature in this region. However, the HA stem region is
evolutionally more stable across different influenza stains
hence may provide a solution for constructing ‘universal’
influenza vaccines that eliciting broad immune protection
and do not need to be updated yearly [74,75]. NA based
VLPs vaccines have not reached the market yet and are
under intense research and testing [76,77]. Influenza M1
protein structurally resembles to its parental virion and can
induce both humoral and cellular immune responses in mice
challenged with homologous and heterologous influenza
viruses [78]. M1 protein has also been employed as VLPs
scaffold protein to display different influenza antigens, such
as HA [79], NA [80], and M2 [81] on its surface. Influenza
ion channel protein M2 is another genetically conserved
target for universal influenza vaccine design, especially the
M2 ectodomain (M2e, 23 aa) is highly conserved across
different human influenza subtypes [61]. Tandem repeat of
heterologous M2e from different species (including human,
swine, and avian) has been presented on the surface of
influenza VLPs (transmembrane and cytoplasmic domains
of HA), which induced cross protective antibodies against
different influenza A H1 and H3 subtypes in mice [82].
Transdermal vaccination of this construct (AS04 adjuvanted)
induce both cellular and humoral immune response in mice
challenged with H3N2 influenza A virus [83]. In another
study, both influenza M2e and HA are attached to the
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surface of norovirus VLPs carrier (VP1 capsid) via SpyTag-
SpyCatcher conjugation [84]. Interestingly, in vitro data
indicates high antibody response against HA rather than
M2e is induced. Co-expression of NA and M1 in insect
cells produce NA VLPs (NA and M1 hybrid cage), which
can be used to induce protective immunity against influenza
A virus infection [85,86]. Simultaneous vaccination with
NAT1 and NA2 VLPs results in the production of anti-NA
serum IgG, which protect mice against lethal challenge
with HINT and H3N2 viruses [87]. In a preclinical study,
two does of intramuscular prime-boost imunization at day
0 and 21 with unadjuvanted H6N1-VLPs hybrid cage
(consist of viral HA, NA, M1, and M2 proteins) elicits
long-lasting antibody immunity in mice [88].

4.4. HIV-1 vaccine

Because of the incapability of generating sufficient
neutralizing antibodies against HIV-1 and simian immuno-
deficiency virus (SIV), production and purification obstacles
and difficulties in maintaining the conformational authenticity
of native HIV-1 surface glycoprotein epitopes, there is no
clinically approved prophylactic HIV-1 vaccine currently
available in the market. The first VLPs based HIV-1 vaccine
entered clinical trial 25 years ago [13,89]. The HIV-1 p24-
VLP derived from Gag (group antigen) capsid is the first
VLPs vaccine that reached phase I/II clinical trial, although
p24-VLP has showed a good safety profile, its low
immunogenicity do not elicit significant enhancement in
both humoral and cellular immune response [90,91].
Another HIV-1 vaccine RV144 combines a recombinant
canarypox vector (ALVAC) expressing HIV Gag, protease
and gp120 as a prime, and a gp120 secreted on Gag capsid
protein based VLPs (AIDSVAX) as a boost [92]. This
clinical trial has achieved partial protection, inducing a low
protective efficacy of 31.2% against HIV-1 infection in
Thailand [89,92]. The P18110 peptide (RGPGRAFVTI)
form the V3 loop of HIV-1 gp120 is inserted to the D-E
loop of the HPV L1 capsid, the resulting chimeric VLPs
vaccine named L1P18 is expressed in yeast aiming to elicit
protective effect against both HPV and HIV [93]. Further
efficiency test of this construct will be conducted in future
study. In another study, a VLPs expressing mRNA vaccine
consist of the SIV Gag capsid and HIV-1 Env (envelope)
proteins is able to generate neutralizing antibodies and
achieve 79% per-exposure risk reduction in rhesus macaques
[94]. Sublingual immunization is known for its efficiency
of inducing mucosal and systemic immune responses. The
Clq (CD91 ligand) surface conjugated CD40L/HIV VLPs
vaccine binds and cross the epithelial layer eliciting IgA
salivary antibody production and cellular immune response
when sublingually administrated to mice [95]. Owing to
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the efficient Ebola envelope glycoprotein (EboGP) mediated
viral entry into human macrophages and DCs, replacement
of the mucin-like domain of EboGP with HIV envelope
C2-V3-C3 (134 aa) region generates a chimeric VLPs
capable of inducing higher titers of HIV-1 antibody than
GP120 alone in mice [96]. A chimeric VLPs vaccine is
constructed by replacing the transmembrane and cytoplasmic
regions of HIV-1 Env with the coresponding domains of
influenza H5 HA [97]. However, this resulting in a decreased
neutralizing antibody response against HIV-1, indicating
full-length gp120 may be required in this case. Strong
cellular immune responses against HIV-1 is induced in mice
when using Pr55Gag based chimeric HIV-1 VLPs with
reverse transcriptase or a Tat-Nef protein fused at their C
terminal as a boost, and a HIV-1 DNA vaccine as a prime
[98]. The elicited cellular immunity is 2-3 fold higher than
HIV-1 DNA vaccination alone. When using HIV-1 envelope
VLPs functionalized with V3-glycan immunogen as a
prime, and native-like Env-VLPs as a boost, heterologous
neutralizing antibodies is induced in non-human primates
(NHPs), and this effect is more potent than Env-VLPs
vaccination alone [99].

4.5. Norovirus vaccine

Takeda’s bivalent norovirus VLPs vaccine (TAK-214) is
currently undergoing phase II clinical trial. This vaccine
consists of norovirus GI.1 and GII.4c major capsid protein
VLPs, which elicit neutralizing antibodies 8 days after
intramuscular vaccination and the antibody level stays
above the baseline for at least one year [100,101]. Cross
genotype protection is also observed against the heterotypic
GIL.2 genotype [102]. Another bivalent vaccine combines
the norovirus GII.4 VLPs and enterovirus 71 (EV71) VLPs
has showed neutralizing effects against EV71 infection and
GIL.4-VLP binding to mucin in a preclinical study [103]. A
major capsid protein VLPs of norovirus GII.17 has been
expressed in baculovirus insect cells system. The preclinical
study demonstrates this vaccine can generate protective
antibody against NoV GII.17 in immunized mice [104]. In
another study, a recombinant GII.P16-GII.2 VLPs vaccine
expressed in baculovirus system polarize the macrophages
to M1 type for the induction of CD4+ Thl oriented immune
response [105]. A preclinical study in mice indicates that
prime boost immunization of genetically close norovirus
VLPs antigens may induce strong blocking antibody
response, and vaccination using the mixure of these VLPs
antigens simultaneously is superior to sequential immuni-
zation in this study [106].

4.6. SARS-CoV-2 vaccine
The CoVLP from Medicago can generate high titer of
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neutralizing antibody and has entered phase III clinical
trials. The transmembrane and cytoplasmic domain of the
SARS-CoV-2 S protein (with S2P, GSAS substitution) of
the CoVLP are replaced with that of the influenza A HA
(H5), forming a heterologous VLPs vaccine [107]. Another
chimeric SARS-CoV-2 VLPs vaccine named VBI-2902a
consists of the S protein (in prefusion state) and the trans-
membrane cytoplasmic domain of the vesicular stomatitis
virus. This vaccine generate protective immunity in SARS-
CoV-2 challenged hamsters at a single dose, and is currently
undergoing phase I/ clinical trials [108]. In another study,
the receptor binding domain (RBD) of S protein is fused on
bacteriophage scaffold (Acinetobacter phage AP205 coat
protein) using SpyTag-SpyCatcher technology [109]. This
VLPs vaccine named ABNCoV2 (AdaptVac) elicits high
titers of neutralizing antibody in a preclinical study and is
undergoing phase I/II clinical trials at present. The SpyTag-
SpyCatcher linkage also enables the display of SARS-
CoV-2 RBD on the surface of HBV surface antigen VLPs
[110]. This construct induces high titers of neutralizing
antibodies that protect against SARS-CoV-2 challenge in
NHPs and has recently entered phase I/II clinical trials. The
capsid of tobacco mosaic virus is used to display the
SARS-CoV-2 RBD fused with a human IgG1 Fc domain
[111]. This vaccine candidate triggers neutralizing antibody
production in a preclinical study, the non-adjuvanted VLPs
vaccine induced a balanced Th1 and Th2 response, whereas
the CPG 7909 adjuvanted formulation elicits a Th1-oriented
response. In order to synergize both BCR signaling and TLR
signaling, a phage (acinetobacter phage AP205) derived
VLPs contains host cell derived RNA as TLRs ligands and
display SARS-CoV-2 RBD on its surface is developed [112].
This VLPs construct induces a Thl-biased response and
high titers of neutralizing antibodies with durable memory
in NHPs. The S1 modified AP205 can generate neutralizing
antibody against SARS-CoV-2 variants (Wuhan and UK/
B.1.1.7) in mice prime-boost with 0.5 pg of this agent
[113]. Both receptor binding motif and fusion peptide (S2
domain, AA 817-855) of SARS-CoV-2 spike protein are
displayed on CuMVTT VLPs (cucumber mosaic virus
with a universal Th activating tetanus toxin epitope) for the
induction of neutralizing antibody [114]. It is worth noting
that this vaccine candidate along with its fusion peptide
only version elicit neutralizing antibodies in mice, indicating
the potential application of S2 fusion peptide as immune
stimulating agent. A dodecahedric adenovirus VLP is
modified with 60 copy of SARS-CoV-2 RBD, the prime
vaccination with this vaccine induces neutralizing humoral
response which is enhanced by a single boost with the same
construct in mice [115]. In another in vitro study, CPMV or
QP VLPs are modified with antigen epitope peptides from

S protein of SARS-CoV-2, prime-boost administration of
these constructs induces neutralizing antibodies [116].

5. Future Perspective and Conclusion

VLPs based vaccines present a promising future in the
battle against the urgent viral infections and other diseases.
Despite the progresses have been achieved so far, barriers
still exist in the development of VLPs based antiviral
vaccines. The technical difficulty in the production of the
VLPs vaccines, especially the enveloped VLPs vaccines
need to be stressed, as the structural complexity of VLPs
may cause decreased immunogenicity during the expression
and purification process using current expression platforms.
New strategy and expression system using stable transgenic
cell lines need be developed to express proteins with
complex structures and PTMs. Substantial improvement in
term of inducing CD8+ T cell response is required in VLPs
vaccine development. Modifying the exterior or interior
surfaces of VLPs with immunoadjuvants that could induce
cross presentation on MHC I surface may help researchers
resolve this issue. To control the strength of immune
response, bioinformatics and protein structural predication
will shine a light on tuning interactions between VLPs
vaccines and the receptors of immune cells, as well as the
process of screening large number of VLPs assemblies for
optimal immune responses. We hope this review will
provide general background and useful guidance when
designing VLPs as antiviral vaccine.
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