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ARTICLE INFO ABSTRACT

Keywords: Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) first appeared in Wuhan, China, in December
SARS-CoV-2 2019. The 2019 coronavirus disease (COVID-19) pandemic, caused by SARS-CoV-2, has spread to almost all
COVI.D'19 corners of the world at an alarming rate. Vaccination is important for the prevention and control of the COVID-19
xi;csmes pandemic. Efforts are underway worldwide to develop an effective vaccine against COVID-19 using both

traditional and innovative vaccine strategies. Compared to other vaccine platforms, SARS-CoV-2 virus-like
particles ( VLPs ) vaccines, as a new vaccine platform, have unique advantages: they have artificial nano-
structures similar to natural SARS-CoV-2, which can stimulate good cellular and humoral immune responses in
the organism; they have no viral nucleic acids, have good safety and thermal stability, and can be mass-produced
and stored; their surfaces can be processed and modified, such as the adjuvant addition, etc.; they can be
considered as an ideal platform for COVID-19 vaccine development. This review aims to shed light on the current

knowledge and progress of VLPs vaccines against COVID-19, especially those undergoing clinical trials.

1. Introduction

An outbreak of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) with cases of severe pneumonia of unknown origin has
been reported in China (Wuhan, Hubei Province) since December 2019.
The 2019 coronavirus disease (COVID-19) outbreak caused by the SARS-
CoV-2 coronavirus was declared a global pandemic by the World Health
Organization (WHO) on March 11, 2020, and COVID-19 has swept the
globe, affecting nearly 208 countries. Globally, as of 16 December 2022
there have been 647,972,911 confirmed cases of COVID-19, including
6,642,832 deaths, and a total of 13,008,560,983 vaccine doses have
been administered ( https://covid19.who.int ) . SARS-CoV-2 caused the
third viral pandemic of the 21st century, and the third zoonotic coro-
navirus pandemic outbreak in the past 20 years [1]. SARS-CoV-2 has
genetically mutated under genetic evolutionary pressures and will
continue to drift mutations. As the SARS-CoV-2 epidemic continues, it
will lead to greater transmissibility or higher mortality. Vaccines are an
important tool for preventing and controlling outbreaks; therefore,

developing a safe and effective SARS-CoV-2 vaccine is today’s highest
priority and most urgent issue. To date, more than a dozen vaccines have
been approved for use by the World Health Organization (WHO) (htt
ps://www.who.int/emergencies/diseases/novel-coronavirus-2019/
covid-19-vaccines). Currently, there are 175 vaccine candidates in
clinical trials and 199 vaccine candidates in preclinical trials (https://
www.who.int/publications/m/item/draft-landscape-of-covid-19-candi
date-vaccines).

A variety of different vaccine platforms are being used to develop
these vaccine candidates: protein-based subunit and virus-like particle
vaccines, virus-based attenuated and inactivated vaccines, and gene
delivery strategy vaccines such as nucleic acid vaccines and viral vector
vaccines (https://www.who.int/publications/). Although traditional
vaccines, such as inactivated viruses, live attenuated and subunit vac-
cines are widely used, they often pose safety, limited cross-protection
and immunogenicity issues [2]. In this regard, new vaccine platforms
with virus-like particles can highlight their unique advantages.

VLPs are nanoscale particles self-assembled from one or more viral
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structural proteins with a spatial conformation and antigenic epitopes
closer to natural viral particles [3]. These antigenic epitopes are pre-
sented in a concentrated and dense manner through VLPs to induce
efficient and long-lasting humoral immune responses in vivo. The
granular morphology of VLPs makes them more susceptible to phago-
cytosis by dendritic cells (DCs) and presentation to major histocom-
patibility complexes class I (MHC I) and class IT (MHC II), thus activating
an adaptive immune response and inducing strong cellular and humoral
immune responses [4]. Furthermore, VLPs do not contain viral genetic
material and therefore cannot infect or replicate and have a good safety
profile [5]. The immunological advantages of VLPs have made them a
hot topic in current vaccine research.

VLPs platforms are not only used for vaccine development but also as
vehicles to carry exogenous antigens or deliver adjuvants [6]. VLPs
vaccines that have been approved for marketing include Sci-B-Vac™ for
hepatitis B, Cervarix®, Gardasil®, Gardasil 9® and Cecolin® for cervical
cancer, Mosquirix™ for malaria, and Hecolin® for hepatitis E. In addi-
tion, many SARS-CoV and MERS-CoV VLPs vaccines have been reported
and some SARS-CoV-2 VLPs vaccines have undergone preclinical and
clinical trials.

This review aims to elucidate the current progress and discuss the use
of VLPs vaccines against COVID-19.

2. SARS-CoV-2

SARS-CoV-2, a member of the coronavirus family, belongs to the
beta-coronavirus, which has a genome size of 26.5-31.7 kb [7]. SARS-
CoV-2 contains four structural proteins, a spike protein (S), an enve-
lope protein (E), a nucleocapsid protein (N), and a membrane protein
(M) [8]. The S protein is a very important surface protein of the novel
coronavirus and is closely related to the infectivity of the virus. S protein
contains S1, S2, and RBD (receptor binding domain). It binds to the host
cell receptor and mediates the attachment and fusion of the virus and
host membrane. The E protein is a component of the viral particle en-
velope and interacts with the M-protein to form the viral membrane. N
protein is abundant in SARS-CoV-2, a highly immunogenic protein
involved in the regulation of genome replication and cellular signaling
pathways. It binds to the genomic RNA of the virus to form the nucle-
ocapsid. The M protein is also a component of the viral particle enve-
lope. It is involved in the assembly and release of next-generation viral
particles and is important for the structural stability and functional
expression of other structural proteins (S, E, and N proteins). The M
protein determines the viral shape and is the central organizer of coro-
navirus assembly [9].

SARS-CoV-2 is human-transmissible [10]. The outbreak character-
istics and symptoms of COVID-19 share similarities with the Middle East
respiratory syndrome coronavirus (MERS-CoV) in 2012 and the severe
acute respiratory syndrome coronavirus (SARS-CoV) in 2002, both of
which are also the $-coronavirus [8,10]. Although SARS-CoV-2 shares
most of the sequence similarities with MERS-CoV, SARS-CoV, however,
SARS-CoV-2 shows a longer incubation period, higher infection rate, and

Table 1
Properties of SARS-CoV-2 variants (https://outbreak.info/).
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faster asymptomatic transmission [11,12]. From the beginning of the
outbreak to the present, SARS-CoV-2 has evolved and mutated, pro-
ducing more transmissible and virulent variant strains. Some variants
have been reported to increase transmissibility and infectivity while
evading host antibody recognition. For example, the Alpha (B.1.1.7)
variant in the UK, the Beta (B.1.351) variant in South Africa, the Gamma
(P.1) variant in Brazil, the Delta (B.1.617.2) variant in India, the Omi-
cron (B.1.1.529) variant in South Africa, the Lambda (C.37) variant in
Peru or Chile and the Colombian Mu (B.1.621) variant in Colombia
[13-18]. Since October 11, 2021, there has been a significant increase in
confirmed cases worldwide. The properties of SARS-CoV-2 variants have
been listed in Table 1.

2.1. Alpha (B.1.1.7) variant

The B.1.1.7 mutant strain swept the UK in December 2020 after 2
months of first appearance [19], spread to the US in April 2021, and then
rapidly swept the world. The mutant strain belongs to the B.1.1.7
spectrum of SARS-CoV-2 with 17 mutations, 9 of which are on the spike
S protein [20,21]. B.1.1.7 is more infectious than the identified SARS-
CoV-2 variants and may cause more severe disease [22,23].

2.2. Beta (B.1.351) variant

The Beta variant strain, also known as 20H/501Y.V2, includes
B.1.351 and its 2 branches, B.1.351.2 and B.1.351.3 [24,25]. The B.1.
351 variant was first detected in a sample collected in South Africa in
December 2020 and became the dominant variant in South Africa within
afew weeks [21,26]. The B.1. 351 variants can alter the conformation of
the RBD, increase the affinity for the ACE2 (angiotensin-converting
enzyme 2) receptor, and enhances infectivity [27,28].

2.3. Gamma (P.1) variant

The P.1 variant strain, also known as 20J/501Y.V3, is a branch of the
B.1.1.28 spectrum that first appeared in the city of Manaus, Brazil, in
December 2020 and caused a massive outbreak throughout the city by
mid-January 2021, resulting in approximately 85.4 % of the population
being infected with the P.1 variant. This mutant strain has 11 mutations
in the spike S protein [29]. There is evidence that some mutations in the
P.1 variant strain may affect its transmissibility and antigenicity and
may also evade recognition and neutralization of the virus by antibodies
produced by prior natural infection or vaccination [30].

2.4. Delta (B.1.617.2) variant

B.1.617.2 first appeared in India in October 2020. In March 2021,
this variant triggered a second wave of the COVID-19 epidemic in India,
infecting approximately 0.36 % of the population in 2 months, with
more than 9.02 million new cases of COVID-19 in India alone as of May
2021, the worst month of the global epidemic since the 2019 epidemic

Earliest documented
samples

Lineage Key mutations of spike protein

Transmissibility

Alpha (B.1.1.7) UK, September 2020 DEL69/70, DEL144/145,N501Y

Beta (B.1.351) South Africa, September

2020

Gamma (P.1) Brazil, December 2020 L18F,K417T,E484K,N501Y
Delta(B.1.617.2) India, December 2020 G142D,E156G,DEL157/158,L452R,T478K
Omicron South Africa, November DEL143/145,5373P,S375F,K417N,S477N,T478K,E484A,
(B.1.1.529) 2021 Q493R,Q498R,N501Y,Y505H
Lambda(C.37) Peru and Chile, April T76I, F490S and L452Q
2021
Mu (B.1.621) Colombia, January 2021 E484K,N501Y,P681H,D614G

L18F,DEL241/243, K417N,E484K,N501Y

~50 % increase in comparison with previously circulating
strains [22,23]
50 % increase [26-28]

1.4-2.2 times more transmissible [32]

97 % increase [33-38]

Compared with Delta variant, the transmission of Omicron is
enhanced [42]

Increased transmissibility relative to that of the parental
Wuhan strain [43-45]

Mu is likely to be less transmissible than Delta [46-48]
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[31,32]. B.1.617.2 rapidly becoming the most prevalent variant in India
and several countries worldwide [33-36].

2.5. Omicron (B.1.1.529) variant

The first case of B.1.1.529 infection was detected in South Africa on
November 24, 2021 [37], and the variant spread rapidly in South Africa,
becoming the major epidemic variant and spreading to several countries
worldwide. This variant has more than 30 mutations in spike protein S
[38,39]. Omicron’s mutation builds on the Delta and Alpha variants and
is ultra-transmissible and infectious [40]. As previously reported in
China’s Health Times, on September 28, 2022, a case of indigenous
COVID-19 infection was reported in Hohhot, Inner Mongolia Autono-
mous Region, which belongs to the evolutionary branch of the COVID-
19 Omicron variant strain bf.7. In just a few days, the infection has
spread to more than 500 people confirmed. As early as September 23,
2022, the British newspaper Coventry Telegraph reported that the new
mutant strain bf.7 was spreading rapidly in Belgium, Germany, France,
Denmark, and the United States. The World Health Organization issued
a warning that bf.7 may become mainstream globally within weeks.

2.6. Lambda (C.37) variant and Mu (B.1.621) variant

C.37 was first detected in Peru and Chile in April 2021, and in June
2021 it was classified as a virus variant of “concern” by the WHO. The
variant subsequently spread to North America, Europe, and the Middle
East. The Lambda variant carries a mutation L452Q in the RBD of the
Spike protein. The L452R mutation has been reported to be associated
with immune evasion and stronger cellular attachment, which can in-
crease viral transmissibility, infectivity, and pathogenicity [41-43].
B.1.621 is also classified as a virus variant of “concern” by the WHO.
Mehul Suthar et al. found that the vaccine had a significantly lower
neutralization capacity against the emerging B.1.621 variant than the
original strain [44-46].

Conventional SARS-CoV-2 vaccines generally exert immune protec-
tion based on a specific strain s protein. Undoubtedly, as more variants
emerge, the protective effect of this vaccine class will be significantly
reduced, increasing viral transmissibility and immune escape and posing
a significant challenge for COVID-19 control [13]. Rapid mass produc-
tion of next-generation vaccines against these variants is critical in
controlling the COVID-19 pandemic. VLPs are self-assembled bio-
molecules that closely resemble natural viruses and can be produced on
a large scale in short cycles [47]. VLPs exhibit repetitive and dense viral
epitopes that can elicit enhanced immunostimulatory effects. VLPs can
display SARS-CoV-2 multivalent homologous or variant antigens on
their surface and have the potential to become SARS-CoV-2 vaccine
candidates that exert broad protection against multiple variants [48].

Non-infectious
Safe for immune-compromised individuals
Fast manufacturing process
More stable than other subunit vaccines
No allergens

High yield

No risk of mutation due to lack of genetic material
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3. VLPs vaccine platform

VLPs are highly structured hollow particles, 20-200 nm in diameter,
that are structurally identical or similar to natural viral particles, do not
contain viral genetic material, and are formed by inserting one or more
genes encoding viral structural proteins into an expression vector and
then transferring them into a heterologous expression system, such as
prokaryotic or eukaryotic cells, for self-assembly [47]. VLPs vaccines are
similar to conventional vaccines, the only difference being that VLPs do
not contain viral nucleic acids and therefore cannot proliferate [49].
This also means that VLPs vaccines are not infectious and have a higher
safety profile. VLPs technology provides an enabling platform for
developing effective vaccines against virulent infectious diseases and
has been developed in parallel with RNA and viral vector vaccine [50].
VLPs are potentially efficient vaccine candidates due to their unique
properties (Fig. 1). VLPs are more immunogenic compared to other
subunit vaccines. They are potent immunostimulatory molecules that
can display repetitive antigenic epitopes on their surface, triggering
efficient T and B cell immune responses. The VLPs platform can over-
come various side effects associated with conventional vaccines, such as,
live attenuated vaccines having a risk of reversion to toxicity and genetic
variation, inactivated vaccines having low immunogenicity, unstable
toxicity, and low yield, subunit vaccines having a low potential for im-
mune response, poor efficacy, and stability, and some viral vector or
RNA vaccines may be associated with complications such as thrombo-
cytopenia and myocarditis [51]. Most VLPs are derived from viral capsid
or envelope proteins, and nucleoproteins can also be used [52].

VLPs are non-infectious with a good safety profile, as they lack the
virus’s genetic material and cannot replicate. They are considered safer
than conventional viral vaccines [53]. In addition, VLPs are naturally
biocompatible and are highly versatile molecules with sizes ranging
from 20 to 200 nm. This size range is optimal, allowing them to freely
drain into lymph nodes and be more readily taken up by antigen-
presenting cells (APCs) [52,54], particularly DCs, which are then anti-
genically processed and presented by MHC II molecules [55]. VLPs are
highly self-assembling and can self-assemble into different geometri-
cally symmetric conformations, usually icosahedral, helical symmetric,
rod-like structures, or spherical, depending on the characteristics of the
virus [56]. VLPs can increase their functionality by using different
methods such as peptide ligation, gene fusion, and chemical cross-
linking, displaying targeted heterologous epitopes, and modifying
their external or internal surface proteins [57,58]. VLPs technology of-
fers significant advantages as it is a more rapid method for vaccine
synthesis. New VLPs vaccines against specific strains can be prepared
within 12-14 weeks after strain sequencing, compared to the usual
24-32 weeks for conventional vaccines. Different host expression sys-
tems (ES) are available for the manufacture of VLPs vaccines, including
bacterial, yeast, plant, mammalian, insect, and cell-free expression
systems [49].

Reversion to virulent form
Toxicity
Lengthy formulation time
Stability issues
Risk of allergic response
Low yield

Mutation risks

Fig. 1. The unique advantages of VLPs vaccines compared to conventional vaccines.
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4. Mechanism of action of VLPs vaccines

VLPs significantly induced cellular immune responses with the pro-
liferation of CD4" T and CD8" T cells, and induced B cell-mediated
humoral immune responses [58]. The structure of VLPs is closely
related to their efficiency in inducing immune responses in the organ-
ism. Studies have shown that the interaction of VLPs with the immune
system is mainly related to two factors, VLPs size and their surface ge-
ometry [59]. VLPs of appropriate size (20-200 nm) can be drained to
lymph nodes through lymphatic vessels. As the injection time increases,
VLPs are dispersed to different areas, and myeloid and B cells residing in
lymph nodes will carry free VLPs to B-cell follicles [60]. The different
distribution pattern of VLPs increases the contact and interaction of
particles with immune cells [DCs, macrophages, B cells] in secondary
lymphoid organs, facilitating the generation of an immune response
against VLPs (Fig. 2).

4.1. Intrinsic immune responses of VLPs

Appropriately sized VLPs can be taken up by DCs through phago-
cytosis and infiltration mechanisms. VLPs enter DCs and induce their
maturation, upregulate the expression levels of cell surface molecules
such as CD40, CD80, CD86, and promote the secretion of various che-
mokines and anti-inflammatory cytokines from DCs [49]. Toll-like re-
ceptor (TLR) stimulation with ligands also plays an important role in the
VLPs immune response. APC-expressed TLR binds to pathogen-
associated pattern molecules and promotes the release of multiple cy-
tokines (IL-12, IL-6, IFN-y) [61]. Toll-like receptors (TLRs) on B cells
promote antibody-type switching. Tian et al. have found that TLR on B
cells can bind to TLR ligand-containing QB-VLPs by detecting the im-
mune response of B cells to phage Q-derived VLPs and promote signal
transduction by binding to myeloid differentiation protein 88 to cause
IFN-y secretion and IgG2a/c type switching [62]. Nucleic acid molecules
contained within the VLPs can also induce TLR-mediated activation.
Some studies have shown the possible regulatory role by incorporating
the ligand non-coding RNA of TLR in retroviral VLPs and found that non-
coding RNA could be effectively encapsulated by VLPs and induce
TLR7/8, which in turn activates the immune response [63].

4.2. Adaptive immune responses of VLPs

The highly repetitive surface structure of VLPs facilitates their
interaction with the complement system. Studies have shown that IgM
or members of the pentapeptide protein family (including C-reactive

Pt

e OTNF-a
VLPs

CD86

CD80 QyL-12
~ \* - \MCHI /

é) ®IL-6

DCs CD40L DCs \\cozs

CD40

International Immunopharmacology 115 (2023) 109650

protein, serum amyloid P, and penetration 3) can bind with high affinity
to VLPs with a highly repetitive surface structure and produce a regu-
latory effect by recruiting C1q, which sequentially activates C1rCls and
triggers a cascade of enzymatic processes in the classical pathway of
complement, thereby allowing VLPs entry into cells to activate an
adaptive immune response [64].

Adaptive immune responses include both humoral and cellular im-
mune responses, and VLPs can effectively elicit both specific humoral
and specific cellular immune responses. As an exogenous antigen, VLPs
can be efficiently presented by both MHC I and II. The efficiency of VLPs
presentation by MHC I and II was investigated by in vivo experiments,
which showed that MHC II cross-presented exogenous antigenic VLPs
10-fold more efficiently than MHC I [65]. Wang et al. [66] induced
immune responses in mice with HIV gag-enterovirus 71 (EV71) VP1
VLPs and showed that chimeric VLPs (cVLPs) induced high titer
neutralizing antibodies and associated cytokine production, indicating
that mixed Th1/Th2 immune response could be generated. Dai et al.
[67] successfully packaged Zika virus (Zikavirus, ZIKV) VLPs with an
insect baculovirus expression system and performed immune assays in
vivo and in vitro, and found that ZIKV VLPs not only induced the pro-
duction of virus-specific IgG antibodies and Th cytokines (IL-2, IL-4, IL-
10) but also stimulated T cells to secrete IFN-y and induced specific anti-
ZIKV T cell immune response.

5. Significance of developing VLPs vaccines against COVID-19

The ongoing SARS-CoV-2 epidemic has caused severe damage to the
global economy and has become a concern for every citizen in the world.
The COVID-19 global pandemic caused by SARS-CoV-2 was so large that
it became the second global pandemic of the 21st century [68].
Currently, three antiviral drugs have been approved by the FDA and
WHO for the treatment of humans infected with SARS-CoV-2, including
Remdesivir R (Gilead Sciences), Paxlovid R (Pfizer), and Molnupiravir R
(Merck and Co.). Based on various considerations of the process and cost
of the development of drugs against SARS-CoV-2, researchers are
focusing on developing an effective vaccine against COVID-19 for the
long term. VLPs against SARS-CoV-2 have played a good role in the
prevention and control of the SARS-CoV-2 pandemic. In addition to
being a viable vaccine against SARS-CoV-2, VLPs can also be used as a
therapeutic agent and a viable diagnostic tool [69]. SARS-CoV-2 must
enter the host cell via the endosomal route, and its infection mechanism
is slow to evade the immune system effectively, and it typically takes
5-15 days to show symptoms after entering the body. In animal model
studies, vaccines against SARS and other coronaviruses (CoVs) strains of

/ @ Memory Cytotoxic T cell
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Fig. 2. Induction of Intrinsic and adaptive immunological responses after immunization with SARS-CoV-2 VLPs vaccines. The administration VLPs stimulates both
humoral and cell-mediated immunity. VLPs interact with pattern recognition receptors (PRRs) present on the dendritic cells (DCs), such as the toll-like receptors
(TLRs). DCs then engulf the VLPs through phagocytosis. This leads to the maturation of DCs, which then secrete pro-inflammatory cytokines such as TNF-a to IL-12
and recruit more antigen-presenting cells (APCs). VLPs taken up by DCs are subsequently enzymatically cleaved into short peptides that bind to major histocom-
patibility complexes class I (MHC I) and class II (MHC II) and are translocated to the DCs surface. The short peptide displayed on MHC II, together with CD40 and
CD80/86 then interact with T cell receptor (TCR), CD40L, and CD28 presence on the naive helper T cell (Th), respectively. This promotes the proliferation and
differentiation of Th cells into type 1 (Th1) and type 2 (Th2) Th cells. Aided by Th1, naive CTL proliferates and differentiates into effector and memory CTLs,
providing immediate and long-lasting cellular immunity, respectively. On other hand, aided by Th2, the naive B cell differentiates into plasma B cells which actively
secrete antibodies and memory B cells which provide long-lasting humoral immunity.
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Middle East Respiratory Syndrome (MERS) could resist infection with
some SARS-CoV-2 strains [70]. Like other CoVs, SARS-CoV-2 consists of
four proteins S, N, E, and M, which are structurally conserved in
different SARS-CoV-2 strains. The precise contribution of the above four
proteins and their associated interaction patterns are essential for the
production and assembly of SARS-CoV-2 VLPs [71]. The S protein is
common in different coronavirus strains and becomes a potential target
for SARS-CoV-2 VLPs vaccine development. Before developing vaccine
SARS-CoV-2 VLPs vaccine, they must first be based on previous work on
VLPs of closely related viral strains. VLPs of MERS-CoV can be produced
by expressing S proteins in insect host cell ES [72,73]. Previous findings
suggested that VLPs produced in rBV ES can effectively induce specific
humoral and cellular immune responses to SARS-CoV in mice [74].

As of 13 December 2022, scientists have developed multiple SARS-
CoV-2 VLPs vaccine candidates, 19 in the preclinical stage, 6 in the
clinical stage, and some in the preliminary stage for use in laboratory
animal models (https://www.who.int/publications/m/item/draft-la
ndscape-of-covid-19-candidate-vaccines). Studies have shown that
SARS-CoV-2 VLPs vaccine candidates in these three experimental stages
can exhibit good safety and immunogenicity. Due to the flexibility of the
virus-like particle vaccine platform, antigens of different SARS-CoV-2
variants can be demonstrated on VLPs. The SARS-CoV-2 VLPs vaccine
designed on this basis will show good cross-immunogenicity [75]. Due
to the advantages of good safety, short production cycles, and mass
production, the VLPs vaccine platform had been used in the preparation
of vaccines for many human diseases, among them, VLPs vaccines for
hepatitis virus, cervical cancer, and influenza have been marketed one
after another. Compared to other platform vaccines on the market, the
SARS-CoV-2 VLPs vaccine is expected to be a universal cross-immune
candidate against multiple variants and may even provide a basis for
the development of vaccine candidates for other life-threatening viruses.

6. Current status of research on VLPs vaccines against COVID-19

VLPs is a self-assembled nanostructures containing key viral struc-
tural proteins. VLPs have molecular and morphological characteristics
like those of true viruses but are not infectious and non-replicating due
to the lack of genetic material. The successful application of VLPs in
vaccinology and virology studies has been demonstrated. As a safe and
relevant alternative to naturally pathogenic viruses, the construction of
SARS-CoV-2 VLPs is necessary for the current fight against the COVID-
19 pandemic [76]. Understanding the genomic structure of the SARS-
CoV-2 virus is key to developing a COVID-19 vaccine [77,78]. During
viral infection, the body produces antibodies mainly against the N and S
proteins. The N protein covers the genome of the virus and is also
involved in the release of viral particles from the cell. In contrast, the S
protein plays an important role in pathogenesis by binding to host cells
through its receptor-binding domain, thus initiating the infection of host
cells [79]. S and N proteins have been used as preferred antigens for the
development of VLPs vaccines.

6.1. SARS-CoV-2 VLPs based on various expression systems

Currently, researchers in laboratories around the world have utilized
conventional host expression systems (ES) for SARS-CoV-2 VLPs vaccine
preparation, such as yeast, plant, mammalian, and insect expression
systems.

The S, E, and M proteins from the surface capsid of SARS-CoV-2 vi-
ruses are important vaccine targets. Saumyabrata et al. [80] reported the
recombinant co-expression of three proteins (S, E, and M) in an engi-
neered brewer’s yeast platform (D-Crypt™) that self-assembles into
virus-like particles (VLPs). This design, as a multi-antigen VLP for SARS
CoV-2, has the potential to be a scalable vaccine candidate. Trans-
mission electron microscopy (TEM) images of SARS-CoV-2 along with
supporting High-Performance Liquid Chromatography (HPLC), dynamic
light scattering (DLS), and correlation analysis data confirmed the VLPs.
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These images clearly outline the “Corona”-like morphology and uniform
size distribution.

Ghorbani et al. [81] used molecular farming biotechnology to syn-
thesize SARS-CoV-2 VLPs vaccines in different plant species, targeting
the antigenic epitopes of S proteins and inducing specific immunogenic
responses. Moon KB et al. [82] demonstrated that non-infectious SARS-
CoV-2 VLPs can be successfully assembled by co-expressing three
important viral proteins membrane (M), envelope (E), and nucleocapsid
(N) in plants. The shape and size of plant-derived VLPs are similar to
native SARS-CoV-2 VLPs without spikes. Although the assembled VLPs
do not have S protein spikes, they could be developed as formulations
that can improve the immunogenicity of vaccines including S antigens,
and further could be used as platforms that can carry S antigens of
concern for various mutations.

Xu et al. [83] effectively constructed SARS-CoV-2 VLPs using a
mammalian expression system (which has advantages in maintaining
the correct protein glycosylation pattern). The results indicate that
among the four SARS-CoV-2 structural proteins, the expression of
membrane protein (M) and small envelope protein (E) is essential for the
efficient formation and release of SARS-CoV-2 VLPs. Furthermore,
SARS-CoV-2 VLPs from Vero E6 cells showed a more stable and homo-
geneous coronal structure compared to SARS-CoV-2 VLPs from HEK-
293T cells. The data suggest that SARS-CoV-2 VLPs have the molecu-
lar and morphological properties of native viral particles, and these
properties confer VLPs as a promising vaccine candidate and a powerful
tool for studying SARS-CoV-2. Swann et al. [84] made SARS-CoV-2 VLPs
by co-expressing viral proteins S, M, and E in mammalian HEK-293T
cells. Such VLPs maintain their structural integrity after being natu-
rally air-dried under environmental conditions, which facilitates the
transportation and storage of VLPs for application as vaccines.

Chu et al. [85] developed SARS-CoV-2 virus-like particles (VLPs),
which are assembled from full-length spike (S) glycoprotein (S full), S1
or S2, and influenza matrix protein 1 (M1), M1 is the core protein. VLPs
expressing full S, S1, and S2, which were successfully constructed by
transfecting Sf9 cells. VLPs were confirmed and characterized by
Western blot and transmission electron microscopy (TEM). Compared to
controls, VLP-immunized mice induced higher levels of spike protein-
specific IgG and its subclasses, with IgG2a being the predominant sub-
class. The intact S and S1 immune sera elicited virus-neutralizing ac-
tivities, but these were not sufficient to completely inhibit the receptor-
ligand binding of SARS-CoV-2. No neutralizing activity was observed for
the S2 VLP immune serum. Overall, our results suggest that all-S or S1-
containing VLPs can be developed into effective vaccines.

6.2. SARS-CoV-2 VLPs vaccine in clinical trials

The SARS-CoV-2 VLPs vaccines have been developed more rapidly
than SARS-CoV and MERS. The average period for vaccine research and
commercial development is typically 10 to 15 years, and in response to
the SARS-CoV-2 pandemic worldwide, the development time for the
SARS-CoV-2 VLPs vaccine has been shortened to 12-18 months. Six
SARS-CoV-2 VLPs vaccine candidates are currently in clinical trials
(Table 2), and one SARS-CoV-2 VLPs vaccine candidate has been
commercialized [75].

ABNCoV2 is a clinically tested SARS-CoV-2 VLP vaccine developed
by Bavarian Nordic. The vaccine is a Capsid VLP vaccine consisting of a
combination of S-RBD antigens expressed by ExpreS2ion Bio-
technologies’ Drosophila S2 insect cell protein expression system
(ExpreS2ion) and AdaptVac’s proprietary Capsid VLP (cVLP). The RBD
antigen on the cVLP was demonstrated to be targeted and highly
reproducible. Preclinical results showed that the vaccine exhibited
effective neutralization of SARS-CoV-2 in a mouse model [86]. The
virus-neutralizing antibody titers induced by a single injection of the
ABNCoV2 vaccine in mice were similar to those detected in patients
recovering from SARS-CoV-2 [87]. Currently, A Phase II clinical trial
(NCT05077267) has been initiated.
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Table 2
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Overview of the clinical trials of VLPs vaccines against COVID-19 as of November 1, 2022 (https://www.who.int/publications/m/item/draft-landscape-of-covid-19-ca

ndidate-vaccines).

Developers/Study identifier Study Type of candidate vaccine Via Subjects Number Study Project title
phase of location
subjects
Radboud University/ Phase ABNCoV2 capsid virus-like M Adults (18 Years 4000 United States,  Evaluation of the Immunogenicity,
NCT05329220 3 particle (cVLP) +/- adjuvant and older) Georgia Safety, and Tolerability of a Single
MF59 Dose of ABNCoV2 Vaccine in Adult
Subjects Previously Vaccinated for
SARS-CoV-2: a Phase 3 Trial in Two
Parts-Randomized, Double-blind,
Active Controlled and Open-label,
Single-arm
Medicago Inc./NCT05040789 Phase Coronavirus-Like Particle M Adults (18-49 900 Canada, A Randomized, Observer-Blind,
3 COVID-19 (CoVLP) MT-2766 years old) Ontario Multicenter Study to Evaluate the
Other Name: CoVLP, AS03 (Not yet Lot Consistency of a Recombinant
adjuvant recruiting) Coronavirus-Like Particle COVID-19
Vaccine in Healthy Adults
The Scientific and Technological Phase SARS-CoV-2 VLP: Vaccine/ SC Adults (18-59 349 Turkey Assess the Safety, Efficacy, and
Research Council of Turkey/ 2 Vaccine-Wuhan; Vaccine- years old) Immunogenicity of Authentic SARS-
NCT04962893 Alpha variant; Vaccine- CoV-2 or Alpha Variant Spike
Wuhan + Alpha variant Containing VLP Vaccines and Their
Combination for the Prevention of
COVID-19 in Healthy Adult
Volunteers (SAVE STUDY)
VBI Vaccines Inc./NCT04773665 Phase VBI-2902a. An enveloped M Adults (18-54 114 Canada, Nova A Randomized, Observer-Blind,
172 virus-like particle (eVLP) of years old) Scotia Placebo-Controlled Study to
SARS-CoV-2 spike (S)/ Evaluate the Safety, Tolerability,
glycoprotein and aluminum and Immunogenicity of the COVID-
phosphate adjuvant 19 (SARS-CoV-2) Vaccine
Candidates VBI-2902a and VBI-
2905a in Healthy Adults
Serum Institute of India + Phase RBD SARS-CoV-2 HBsAg IM/  Adults (18-79 280/255 Australia/ A randomized, placebo-controlled,
Accelagen Pty + SpyBiotech/ 172 VLP/RBD SARS-CoV-2 ™M years old)/ Australia multi-centre study to evaluate the
ACTRN12620000817943/ HBsAg VLP (Adjuvanted with Adults (18-79 (Not yet safety and immunogenicity of
ACTRN12620001308987 Alum + CpG 1018/Alum years old)(Not recruiting) COVID-19 Vaccine in Healthy
alone) yet recruiting) Adults/
A randomized, placebo-controlled,
multi-centre study to evaluate the
safety and immunogenicity of a
novel Receptor Binding Domain
(RBD) COVID-19 Vaccine in Healthy
Adults
Yantai Patronus Biotech Co., Ltd./ Phase SARS-CoV-2 Vaccine M Adults(18 Years 100 Not yet Safety, Reactogenicity, and
NCT05125926 1 LYBO0O1, a receptor-binding and older) (Not recruiting Immunogenicity of a SARS-CoV-2

domain (RBD) from SARS-
CoV-2 and virus-like particle
(VLP) vector, adjuvanted
with aluminum hydroxide.

yet recruiting) Vaccine LYB0O1 in Healthy Adults:
a Randomized, Double Blinded,

Placebo-controlled Phase I Trial

IV, intramuscular; SC, subcutaneous injection.

The use of transient plant expression to produce vaccines is a rapid
and effective technology in response to pandemic infectious diseases
such as SARS-CoV-2. Glaxo SmithKline (GSK), the world’s largest vac-
cine manufacturer, has partnered with Canadian biopharmaceutical
company Medicago to develop CoVLP, a SARS-CoV-2 VLP vaccine
candidate based on Australian weed plants. The CoVLP vaccine consists
of stabilized pre-fusion S protein self-assembled VLPs formulated with
Adjuvant System 03 ( ASO3 ) and Nonmethylated cytosine phosphate
guanine dinucleotide sequence (CpG) as adjuvants. Results of clinical
phase I trials have shown that IL-4 and IFN-y immune responses are well
elicited in individuals [88,89]. CoVLP is currently in phase III clinical
trial (NCT04636697) enrolling 30,918 participants in North America
and has shown favorable efficacy and safety profiles for CoVLP [90,91].

Unlike most VLP-based SARS-CoV-2 vaccines undergoing clinical
trials, this SARS-CoV-2 VLPs vaccine was developed by the Scientific and
Technical Research Council of Turkey containing the M, N, E, and
HexaPro S antigens of the virus, supplemented with K-3CpG ODN [92].
The phase I study is designed as a double-blinded, randomized, placebo-
controlled, three-armed study composed of two different dose arms
against SARS-CoV-2 in dose escalations (first low dose group, followed

by high dose group) and placebo arm. Each dose of vaccine will be
defined as a cohort, with vaccine administration to 12 participants and
placebo administration to 6 participants. The Phase II trial is to evaluate
the humoral and cellular immune response of VLP vaccine candidates, as
an efficacy criterion. Approximately 330 subjects will be randomized in
a 1:1:1 ratio to receive two doses of 40 mcg VLPs vaccines for Wuhan (n
=110) or 40 mcg VLPs vaccines for the Alpha (British) variant (n = 110)
or 40 mcg VLP vaccine for Wuhan Alpha variant (n = 110) 21 days apart.
The route of administration of this vaccine differs from other clinically
tested VLPs vaccines in that this SARS-CoV-2 vaccine is administered
subcutaneously [93].

VBI (Viva Biolnnovator) Vaccines has also invested in the develop-
ment of a SARS-CoV-2 VLPs vaccine. Mouse leukemia virus (MLV)-based
enveloped virus-like particles (eVLPs) were used to produce the SARS-
CoV-2 vaccine candidate, VBI-2900 [94,95]. VBI-2900 consists of
three enveloped virus-like particle (eVLP) vaccine candidates: VBI-2901,
a multivalent coronavirus vaccine expressing SARS-CoV-2, SARS-CoV,
and MERS-CoV spike proteins. VBI-2902, a monovalent COVID-19 vac-
cine expressing a modified pre-fusion form of the SARS-CoV-2 ancestral
spike protein. VBI-2905, a monovalent COVID-19 vaccine expressing a


https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines
https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines

X. Gao et al.

modified pre-fusion form of the modified Beta variant (also known as
B.1.351) spike protein. The vaccine program was developed through a
partnership with the National Research Council of Canada (NRC), the
Consortium for Epidemic Prevention Innovation (CEPI), and the Gov-
ernment of Canada through its Strategic Innovation Fund. Phase I/1I
clinical trials of VBI-2902 and VBI-2905, which evaluated safety,
tolerability, and immunogenicity, showed that VBI-2902 was well
tolerated, had a good safety profile, and induced a robust immune
response in all subjects. On October 1, 2021, VBI Vaccines announced
the recent initiation of the Phase I clinical study of VBI-2901. The study
is expected to enroll approximately 100 adults in Canada and is sup-
ported by the Canadian government.

COVIVAXX is a conjugated SpyCatcher: VLPs vaccine that are ob-
tained by fusing the RBD of the S protein of SARS-CoV-2 to the SpyTag
peptide using SpyBiotech’s SpyCatcher/SpyTag technology to present
the RBD on the surface of hepatitis B surface antigen (HBsAg) VLPs.
SpyCatcher/SpyTag technology has been widely used in vaccine devel-
opment to display highly repetitive antigens in specific directions on
VLPs through irreversible covalent bonding [96]. HBsAg VLPs is a vac-
cine that has been licensed by the FDA and has demonstrated high
immunogenicity and safety in humans. It can be used as a very attractive
universal plug-and-play vector for the presentation of any antigen of
interest. Studies have shown that pre-existing immunity to HBsAg does
not affect the immunogenicity of VLPs [97]. The COVIVAXX vaccine
requires only refrigerated storage at 2-8 degrees Celsius, and the vaccine
is currently in phase III clinical trials.

Based on the unique technology platform of VLP, LYB0O1, a virus-
binding particle-like neocrown vaccine developed independently by
Yantai PaiNuo Biotechnology Co., Ltd. has been included in the key
follow-up vaccine by the State Council’s Task Force on Research and
Development of Vaccines for Joint Prevention and Control Mechanism.
LYBOO1 is a demonstration of RBD on a VLP vector formulated with
aluminum hydroxide. This vaccine has multiple advantages such as high
efficiency, broad spectrum, and no genetic material, and is one of the
most promising vaccines for blocking new crown mutant strains such as
Delta. At a time when Omicron mutants are spreading rapidly, this
vaccine is expected to contribute to a more effective solution for the
prevention and control of global neocrown outbreaks. It has completed
its Phase III clinical trial, the completion of which requires a 360-day
safety observation of all participants after the third dose of vaccine.
(https://covid19.trackvaccines.org/agency/who/).

Currently, NVX-CoV2372, produced by Novavax, is considered the
only marketed VLPs-based SARS-CoV-2 vaccine. Novavax NVX-
CoV2373 consists of a full-length SARS-CoV-2 S protein expressed by
baculovirus produced in insect cells and Matrix-M1 adjuvant. The vac-
cine can be prepared on a large scale using an insect cell baculovirus
expression system. The vaccine has shown varying degrees of efficacy in
different trials in different countries [98-100]. Novavax claims that the
vaccine has some cross-immune protection against the Omicron mutant
strain, but is also developing a new generation of Omicron-specific
crown vaccines [101].

7. Conclusion and future perspectives

Zoonotic viruses are an unavoidable threat to humans. It always
brings new challenges to the prevention and control of related diseases.
Prevention is always considered a better approach than treatment in
how to control related diseases without causing the loss of human lives.
It can be done effectively by vaccinating the population to save human
lives.

COVID-19, as a human-animal pathogen, spreads rapidly around the
world and poses an unusual threat to global health. With healthcare
systems at high risk of collapse in some countries, governments have had
to adopt embargoes, including international travel bans and other public
containment measures, to try to reduce morbidity and mortality from
the virus globally. These actions, while effective, have resulted in
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significant economic destruction. With the continued emergence of new
variants and the alarming increase in confirmed cases of COVID-19
worldwide, there are concerns about the severity of the disease and its
global spread, as well as the efficacy of existing vaccines against new
variants. Considering this, when undertaking COVID-19 vaccine devel-
opment, it is important to have a vaccine platform that is flexible enough
to allow manufacturers to respond appropriately to new viral variants.

As a novel direction for vaccine research, VLPs have great potential
for the development of vaccines against infectious diseases that are
similar to SARS-CoV-2 because of their safety, high immunogenicity,
and flexibility to be processed and modified according to the needs of
manufacturers. Both SARS-CoV-2 vaccines formed using viral structural
proteins and SARS-CoV-2 antigens presented by the VLPs platform
induce effective humoral and cellular immune responses with the
advantage of high safety and mass production. With its unique advan-
tages, the VLPs platform is now widely used in the development of the
SARS-CoV-2 vaccine.

Despite the unique advantages of VLPs as a vaccine platform, the
following issues still need to be focused on when conducting VLPs
vaccine research: target gene selection, manufacturing process research,
structural validation, quality control, and immunogenicity evaluation. It
is also noteworthy that self-assembled VLPs cannot be applied to the
development of all viral vaccines. The viral structure itself, the choice of
target genes, and the properties of the expressed structural proteins
themselves may affect the success of developing a VLPs vaccine with
uniform particle size, stable properties, and good immunogenicity.
These need to be fully studied and demonstrated. Improvement and
optimization of separation and purification techniques are also impor-
tant for the successful preparation of VLPs vaccines. The option of the
expression system, the improvement of the assembly efficiency of VLPs,
and the immune evasion caused by virus mutation are also issues that
also must be considered. In addition, some adjuvants may cause side
effects and need to be chosen carefully when adding adjuvants for VLPs.

Fortunately, our research experience from SARS-CoV and MERS-CoV
VLPs vaccines, as well as our experience in vaccine development from
other diseases, has guided us to propose multiple promising SARS-CoV-2
VLPs vaccines. Because VLPs vaccines are highly immunogenic, self-
adjuvant, and versatile, VLPs vaccines will be the most potential to
become one of the most effective vaccines against coronaviruses if
development efforts can be increased.

In conclusion, we hope that countries around the world, regardless of
their political ideology, will unite and work together to achieve rapid
and successful development of a COVID-19 vaccine shortly to address
the COVID-19 pandemic.
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