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Abstract—The paper discusses the techniques which are currently implemented for vaccine production based
on virus-like particles (VLPs). The factors which determine the characteristics of VLP monomers assembly
are provided in detail. Analysis of the literature demonstrates that the development of the techniques of VLP
production and immobilization of target antigens on their surface have led to the development of universal
platforms which make it possible for virtually any known antigen to be exposed on the particle surface in a
highly concentrated form. As a result, the focus of attention has shifted from the approaches to VLP produc-
tion to the development of a precise interface between the organism’s immune system and the peptides induc-
ing a strong immune response to pathogens or the organism’s own pathological cells. Immunome-specified
methods for vaccine design and the prospects of immunoprophylaxis are discussed. Certain examples of vac-
cines against viral diseases and cancers are considered.
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INTRODUCTION
Immunoprophylaxis has long been used to control

infectious diseases exerting an enormous impact not
only on the global health but also on the safety of
numerous populations of agricultural animals. In the
past decades, the focus on vaccine production tech-
nologies has changed from handling intact pathogens
to producing recombinant subunit vaccines based on
isolated target antigens [1]. Intensive development of
recombinant vaccines began in the 1980s when it
became possible to clone the desired DNA sequences
into expression plasmids and produce the target pro-
teins. The construction of a recombinant vaccine takes
advantage of the knowledge of the nucleotide sequences
of genes encoded by a pathogen, and involves identifi-
cation of the antigenic determinant, synthesis of the
nucleotide sequence encoding the antigen, its cloning
into an expression vector, and production of the target
peptide in a certain expression system. The expression
systems for individual heterologous proteins has been
developed based on the prokaryotic and eukaryotic
cells, which allow us to produce target proteins both
on laboratory and industrial scales [2].

The interest in recombinant vaccines is a conse-
quence of the emergence of new infectious diseases,
most often zoonotic ones. Among them are the out-
breaks of human diseases caused by the Ebola virus,

Zika virus, Marburg virus, the Middle East respiratory
syndrome, and severe acute respiratory syndrome
coronaviruses [3]. Oncology also places great hopes in
recombinant vaccines, which may help to overcome
immune tolerance in the case of cancer treatment [4].
Moreover, there exists a constant threat of the emer-
gence of new highly virulent strains of well-known
viruses due to unceasing mutational processes in virus
genomes [5]. Against this background, a new scientific
concept, vaccinomics [6], which consists of identify-
ing the minimum subset of antigens, which are able to
induce a competent immune response to a pathogen or
tumor by their specific interaction with the B and T
immune cells, is being actively developed. Using this
approach it appears possible to design vaccines based on
the minimum subset of antigens which most specifically
characterize the pathogen in its interaction with the
immunome (the set of all immune receptor sequences,
which are present in the individual organism) [7].

Target detection of epitopes, the regions located on
the surface of the protein, is possible with the aid of
X-ray analysis, which is rather labor-consuming since
it requires obtaining protein crystals. Presently, the 3-D
protein structure modeling has found broad use. This
approach is based on identification of the physico-
chemical and electrostatic characteristics of the poly-
peptide chain regions and correlation of these charac-
teristics with antigenic properties. Two strategies are
currently utilized, namely, modeling by homology andAbbreviations: VLP, virus-like particles.
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de novo modeling. In the first case, the Protein Data
Bank (http://www.ncbi.nlm.nih.qov/genbank/) data-
base of 3-D protein structures is used to model the pro-
tein. The commonly used MODELLER [8], as well as
other software such as I-TASSER [9], SWISS-MODEL
[10], EsyPred3D [11], 3D-JIGSAW [12], Phyre [13],
and CPHmodels [14], can be used as homology mod-
eling tools. The limitation of this approach lies in the
requirement that the structures of homologous pro-
teins should demonstrate more than 30% identicality
[15]. The de novo modeling strategy is based on the
computer simulation of the protein folding process
(Rosetta [16] and TASSER [17] software). In this case,
all possible variants of polypeptide chain folding are
considered, and the most energetically favorable con-
formation, i.e., the one with the lowest potential
energy, is chosen.

Predicted antigenic determinants are synthesized
using genetic engineering vector techniques and heter-
ologous protein expression systems, and then are
experimentally tested using, for example, the antibody
neutralization assay. Using protein expression systems
it is possible to produce virus-like particles (VLPs),
which are made up of monomers, which are able to
multimerize into VLPs, and display the antigenic
determinants of target pathogens on their surface. This
point will be addressed further in the review, we will
just observe here that even complex epitopes repre-
sented by trimers may be obtained using heterologous
expression systems. This has been demonstrated, for
instance, for the trimeres of the human immunodefi-
ciency virus (HIV-1) envelope glycoprotein [18, 19]
and influenza virus haemagglutinin [20].

In order to choose the most specific antigens of the
pathological agent of a new infectious disease, it
appears inevitable to work with the infected material if
only to isolate and sequence the nucleic acids contain-
ing the genetic information of the pathogen. However,
in order to produce a vaccine based on epitopes char-
acteristic for the target pathogen, there is no need to
work with the pathogen itself. Therefore, apart from
all other advantages of the vaccines of this kind, they
appear to be improved in terms of biological safety.
Vaccines based on the presentation of a subset of anti-
genic determinants of the infectious agent are charac-
terized by a high level of reproducibility when com-
mercially manufactured and are highly effective [21],
since in this case, the immune response is directed
exclusively against the most significant antigenic ele-
ments of the pathogenic microorganism or tumor.

PEPTIDES AS PROTECTIVE ANTIGENS
A number of vaccines specifically interacting with

certain immune system receptors have been tested to
date. For example, a vaccine containing only a single
Epstein-Barr virus epitope specifically recognized by
CD8+ T-cells is proposed for the prophylaxis of
mononucleosis in human [22]. This vaccine prevents
the development of the disease, although it does not
protect the organism from the entry of the virus.
Another example is classical swine fever virus (CSFV).
It has been demonstrated that the E2 viral protein pro-
duced in the baculovirus expression system induces the
synthesis of CSFV-neutralizing antibodies in pigs [23].

Vaccines are designed to produce immunity to a
disease. Although a single epitope is able to induce a
strong immune response, it appears usually insuffi-
cient to induce protective immunity. The in vitro syn-
thesized peptide properly representing the main anti-
genic determinant of the pathogen is highly likely not
to be itself a strong immunogene primarily because of
its small size (<10 nm) and high risk of proteolytic
degradation. This problem may be overcome by the
use of nanoparticles. It has been shown in a consider-
able number of works that in order to induce a strong
immune response, antigenic determinants should be
exposed on the surface of nanoparticles whose shape
and size (20–150 nm) mimic those of the virus (Fig. 1).
In this respect also, VLPs, the nanoparticles com-
posed by viral proteins capable of self-assembly (mul-
timerization) into structures morphologically resem-
bling viruses, are the choice selection for the role of a
strong immunogene. Antigenic determinants multiply
repeatedly on the VLP surface and promote comple-
ment fixation and B-lymphocyte receptor clusteriza-
tion leading to the activation of the immune response.
Additionally, the same antigen multiply displayed on the
surface of the particle promotes the multiplication of the
pool of autoreactive B-cells, which is the primary objec-
tive when designing vaccines against autoimmune dis-
eases and tumors [29].

NATURAL SOURCES FOR VLP 
BIOENGINEERING AND THE SPECIFIC 

FEATURES OF THEIR ASSEMBLY
Structural proteins of various viruses are capable of

autonomous self-assembly into VLPs. They interact
with the formation of globular, icosahedral, or rod-
like structures. So far, the structural proteins of several
dozen viruses have been obtained in heterologous
expression systems, and almost all of them proved able
to form VLPs. The VLP size varies from 20 to 200 nm and
is similar to the size of the corresponding viruses [30].
Being similar to viruses allows VLPs to penetrate into
the lymph and to be efficiently entrapped by antigen-
presenting cells [31].

Currently, several heterologous expression systems
and the corresponding expression vectors which can
be used with them are available. These systems are
based on both the bacterial cells (the pET system
based on Escherichia coli cells is often exploited) and
different eukaryotic cells. In the case of eukaryotic
cells, the most commonly used systems are yeast
expression systems and the ones which rely on Dro-
sophila [32] and Spodoptera frugiperda insect cell lines
[33]. Mammalian cells are also utilized, the most pop-
MOLECULAR BIOLOGY  Vol. 53  No. 3  2019
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Fig. 1. Schematic representation of main types of nanoparticles used for vaccine production: (1) VLPs, (2) liposome-based par-
ticles [24], (3) nondegradable spherical nanoparticles (for example, metal nanoparticles) [25], (4) polymer nanoparticles [26],
(5) graphene nanosheets [27] and nanotubes [28].
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ular among them being CHO and HEK293 [34]. The
cost of heterologous protein production in bacterial
systems is lower than in eukaryotic cells. However,
when studying the functional activity of the protein or
VLP associated, for example, with the potential glyco-
sylation sites or interaction with ubiquitin, or other
ubiquitin-like peptides [35], no alternative to eukary-
otic expression systems is available. It should be noted
that the choice of the expression system is up to the
researcher and is driven by the research task. For
example, in different laboratories different eukaryotic
systems for viral protein expression, including plant
cells, are used to produce VLPs which are used for vac-
cination against the hepatitis C virus (HCV) [36].

In most cases, VLPs assembled from a virus protein
are considered as a candidate vaccine against this very
virus, since protein monomers in multimeric configu-
ration (VLP) induce a more potent immune response
than protein monomers [29, 30]. The strong immuno-
genic properties of VLPs are determined by several
factors. First of all, the dominant epitope of the struc-
tural protein is displayed as a part of the particle and is
present in a multimeric form as is the case with a native
virion [21]. Second, VLPs stimulate B-lymphocytes
and induce T-lymphocytes in the same manner as
MOLECULAR BIOLOGY  Vol. 53  No. 3  2019
does the virus infecting the host organism [30]. For
example, VLPs formed by the main capsid protein L1
of the human papilloma virus of several serotypes are
successfully used as vaccines against cervical cancer
[37]. A vaccine against hepatitis B virus has been pro-
duced which contains VLPs in the lipid membrane
envelope [38]. The vaccine against coxsackievirus A6
contains VLPs assembled from the virus capsid pro-
teins produced in the baculovirus expression system
[39]. Scientists from China [40] have demonstrated
that the capsid protein (VP60) of the rabbit hemor-
rhagic disease virus (RHDV) efficiently multimerize
into VLPs, and a single intramuscular injection of the
obtained VLP preparation completely protects the
immunized rabbits against RHDV infection for at least
180 days. The porcine circovirus capsid protein is also
able to efficiently assemble into VLPs when synthe-
sized either in the human embryonic kidney cell cul-
ture (HEK293) [41], or yeast [42] and baculovirus [43]
expression systems, as well as in bacteria [44]. Foot-
and-mouth disease VLPs are assembled from three
structural polypeptides VP0, VP1, and VP3 (naturally
produced as a result of processing the P1-2A precursor
polypeptide), simultaneously produced in E. coli [45].
It has been recently demonstrated that the polyprotein
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of the duck hepatitis A virus produced in the baculovi-
rus expression system assembles into VLPs immedi-
ately in the cultured Spodoptera frugiperda (sf9) cells,
while immunization of ducklings with the obtained
VLPs induces a high level humoral immune response
and protects them from developing the disease [46].
The abilities of VLPs resulting from multimerization
of the cloned virus protein to play the role of an immu-
nogen are not limited just to the presentation of their
proper epitopes but may also be taken advantage of to
display heterologous proteins.

Multimerization of capsid proteins into a particle
requires the presence of nucleic acid, while for in vitro
assembly, a short oligonucleotide (7–10 nt) is suffi-
cient [47]. Therefore, VPLs formed by capsid proteins
are free from the infectious virus RNA or DNA.
Moreover, the above-mentioned property, which trig-
gers protein monomer multimerization by nucleic
acid, may be taken advantage of to package RNA or
DNA into a particle with two different objectives.
Hence, antisense RNA can be used to suppress virus
expression. For example, in the case of the vaccine
against foot-and-mouth disease, researchers from
China [48] not only displayed the VP1 epitope of the
foot-and-mouth disease virus on the surface of VLPs but
also packaged the antisense RNA complementary to the
fragment of the viral genomic RNA into a particle.

Another goal of nucleic acid packaging into a par-
ticle lies in the presentation of viral nucleic acids lead-
ing to the activation of specific immune receptors
which induce the synthesis of type I interferons (INF)
and other cytokines triggering the antivirus response
[49]. It has been demonstrated that long DNA and
RNA molecules may be incorporated into VLPs. For
example, mRNA for the reporter protein, red f luores-
cent protein, was packaged into particles representing
the hepatitis E capsids [50]. The plasmid containing
the green fluorescent protein (GFP) gene was encap-
sidated into the VLPs assembled in vitro from the main
capsid protein of the hamster polyoma virus [51]. A
strategy for the packaging of up to 17 kbp double-
stranded circular DNA into the particles was devel-
oped using the structural protein of the SV40 simian
retrovirus expressed in baculovirus system [52].

There exist two fundamentally different approaches
for nucleic acid incorporation into VLPs: (1) in vitro
VLP assembly from protein monomers in the presence
of RNA or DNA, which is to be encapsidated into the
VLP; (2) exposure of the assembled VLPs to osmotic
shock in the presence of nucleic acids. Osmotic shock
is produced by using a solution with a low ionic
strength; nucleic acid enters into a VLP as a result of
the shift in the surface structures [53]. However, the
incubation of VLPs in the presence of nucleic acids
without exposure to osmotic stress results in a certain
part of the nucleic acids becoming associated with the
particles [54]. A far more predictable approach is the
in vitro assembly of VLPs from the mixture of protein
monomers and nucleic acids which should be encap-
sidated in them. In this case, after synthesis in a heter-
ologous system, the obtained protein monomers are
purified to completely remove the contaminating
nucleic acids from the protein preparation; then the
proteins are denatured in 7–8 M urea, nucleic acids
which should be packaged are added, and the proteins
are assembled into the particles by eliminating urea
from the solution. The use of this strategy was demon-
strated, for instance, in the works [47, 55, 56].

Protein association into a particle is a reversible
process. VLP dissociation can be easily achieved by
the addition of a denaturing agent. Further, it may be
removed and VLPs may be reassembled in vitro [47]
with the encapsidation of the target RNA or DNA into
the particle. This approach was implemented for the
P21 protein of the hepatitis B virus. Virus proteins pro-
duced in the heterologous expression system were
denatured in 7 M urea solution, and their assembly
into VLPs in the presence of the nucleic acid was fur-
ther induced [57].

Protective immunity is controlled by specific
humoral and cellular mechanisms activated by the anti-
gen. Posttranslational protein modifications and cova-
lent bonds between the modifying molecules and the
functional groups in the polypeptide chains are of great
importance for immune homeostasis during the antiviral
response. The balance between phosphorylation, ubiq-
uitination, methylation, acetylation, SUMOylation,
ADP-ribosylation, and glutamilation of a certain anti-
gen performs the fine adjustment of the host’s antiviral
response [49, 58]. The structural proteins for VLP
production when synthesized in the eukaryotic
expression systems undergo a number of posttransla-
tional modifications. In particular, the Gag gypsy
monomer proved to be a natural substrate for type 2
casein kinase [59]. Moreover, while produced in the
eukaryotic cell, Gag gypsy monomers become associ-
ated with ubiquitin and SUMO, the cellular protein
partners of the viral structural protein [33].

Generally, ubiquitin and SUMO can bind with any
lysine residue within the protein molecule, although
there are preferable binding sites; it should also be
noted that phosphorylation determines which of these
two partners binds with the protein [60, 61]. Addition-
ally, binding with a limited number of the above-men-
tioned signal peptides, such as monoubiquitination
[62], usually plays a regulatory role and controls the
transport of the protein itself, or the particle formed by
it. In the case of polyubiquitination, the protein is des-
tined for proteasome degradation [60, 63].

RECOMBINANT VLPs FOR PRESENTATION 
OF FOREIGN ANTIGENIC DETERMINANTS

By constructing recombinant polypeptides based on
the viral capsid proteins it is possible to obtain VLPs
bearing several antigens. For example, DNA encoding
MOLECULAR BIOLOGY  Vol. 53  No. 3  2019
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the VP2 capsid protein of the porcine parvovirus was
fused with the DNA fragment encoding 35 amino acid
residues of the main antigen of porcine circovirus
(PCV2) nucleoprotein. The resulting hybrid DNA was
used to produce protein in heterologous cells which
further formed VLPs. These VLPs induced a signifi-
cantly stronger immune response against PCV2 than
the recombinant adenovirus encoding the open read-
ing frame 2 (ORF2) of PCV2 [41]. Another interesting
example is represented by the VLPs formed by the
influenza virus matrix protein and displaying a Toxo-
plasma gondii antigen on their surface [64]. There
exists another approach to designing therapeutic vac-
cines based on VLPs. In this case, the VLP surface dis-
plays the variable fragment of an antibody specific to
the antigen of the target virus [65]. Moreover, knowing
which receptor is bound by the virus proteins renders
it possible to produce particles possessing tropism to
the cells of certain tissues. For example, the pre-S-
protein of the hepatitis B virus exposed as a ligand on
the VLP surface provided for their specific binding
with hepatocytes [66].

VLPs assembled from the structural proteins of
bacteriophages are also considered as carriers for
human and animal vaccine production. For example,
the DNA fragment encoding foreign protein was
inserted into the DNA region encoding the N-termi-
nal β-hairpin of the coat protein of the E. coli MS2
phage. It has been demonstrated that the expression of
the obtained construct in bacterial cells resulted in the
production of the recombinant protein in which a for-
eign peptide was present in the central part of the hair-
pin. The obtained chimeric protein monomers were
able to self-assemble into particles morphologically
similar to the phage capsid both in vivo and in vitro
[67]. Using the mentioned property of the MS2 coat
protein, VLPs displaying the EP141–160 epitope of
the foot-and-mouth disease VP1 structural protein on
their surface were obtained. These chimeric VLPs
induced string immune response in the animals,
which allowed regarding them as a promising base for
the development of a prophylactic vaccine [68]. It is
worth noting that the exposure of EP141–160 on the
VLP surface resolved a long-standing problem of how
to make use of the beneficial properties of this peptide.
Researchers from several laboratories have demon-
strated that this antigenic determinant of the foot-
and-mouth disease not only induces the production of
neutralizing antibodies but also stimulates T-lympho-
cytes [69]. However, when isolated, EP141–160 is not
able to induce the immune response protecting ani-
mals against the foot-and-mouth virus infection [70].
Many attempts were made to solve this problem, for
example, by combining the antigenic determinant
with large molecules, such as for instance, T cell-spe-
cific molecules [71]. However, only integration of
EP141–160 into VLPs resulted in the possibility of
using this antigenic determinant as a strong immuno-
gen for vaccine production [68].
MOLECULAR BIOLOGY  Vol. 53  No. 3  2019
Practically all structural proteins of phages infect-
ing various species of bacteria are able to autono-
mously form VLPs. For example, Salmonella typh-
imurium phages are able to autonomously multimerize
into VLPs on whose surface the epitopes of eukaryotic
viruses, including the epitopes of the human influenza
virus may be exposed [72]. At the same time, however,
bacteriophages are apparently incapable of presenting
large epitopes, whose length exceeds 24 amino acid
residues [67].

Structural proteins of retroviruses and retrotrans-
posons have a higher capacity compared to bacterio-
phage proteins. This means that protein monomers
forming the particle may be fused with a longer pep-
tide and still retain the ability to multimerize. In par-
ticular, it has been shown for the Gag gypsy capsid pro-
tein [73], that at least 26% of its amino acid sequence
(more than 100 amino acid residues) is of little impor-
tance for multimerization into VLPs [55]. Therefore,
the truncated form of this protein may be fused with a
heterologous peptide with the length similar to the
length of the deleted fragments and a recombinant
protein may be obtained which will retain its ability to
self-assemble into VLPs. In such a way, the truncated
Gag gypsy fused with the heterologous peptide formed
particles when it was synthesized in bacterial cells. We
were also able to assemble particles from the purified
protein monomers in vitro [47, 55, 74]. The obtained
particles resembled the native gypsy virus by their mor-
phology [75]. The substitution of the deleted region in
the DNA encoding Gag gypsy by the nucleotide
sequence encoding the main antigenic determinant of
the foot-and-mouth virus VP1 protein (EP141-160)
and His6-tag resulted in the formation of particles
which displayed EP141-160 as the target antigen. The
advantage of the technique used is that VLPs formed
by the protein containing His6-tag can be readily iso-
lated and purified by affinity chromatography [76].

Chimeric VLPs may be obtained through the con-
struction of recombinant DNA molecules encoding
both the corresponding virus protein and a foreign
peptide or protein. Another way is VLP pseudotyping.
This approach was elaborated using the hamster poly-
omavirus. The V1 capsid protein of this virus first
forms pentamers which further assemble into VLPs
comprised of 72 pentamers. When V1 is expressed
together with the minor capsid protein V2, the latter
binds with the central part of each V1 pentamer. It has
been demonstrated that the N-terminal part of V2 is
not involved in this interaction and therefore may be
removed and substituted by the target epitope [77].

Another approach is also known. Antigen is immo-
bilized on the VLP via covalent binding between the
reactive groups of the amino acid residues of the anti-
gen and VLP. This approach proved to be ineffective
due to the disruption of the native conformation of the
antigen attached to the particle surface [77, 78]. This
problem was countered in the following way. GlyGly-
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LysGlyGly sequence was inserted into the monomer
subunits for VLP assembly. In this environment, the
reactive ε-amino group of Lys residue is exposed and
ready to interact with the Cys-group of any protein in
the presence of the cross-linking agent, such as m-
Maleimidobenzoyl-N-hydroxysulfosuccinimide ester
(Sulfo-MBS) [79], or Succinimidyl-6-[(β-maleimi-
dopropionamido)hexanoate] (SMPH) [80]. Although
the authors claimed that the described system of
molecular assembly may be used to induce strong B-
lymphocyte response against most antigens and pro-
spective vaccine prototypes were suggested, this plat-
form became the prototype only for a single prospec-
tive preparation based on VLPs, the medication for
lowering blood pressure in patients with hypertension
[80], due to the development of the new improved
techniques for antigen immobilization of the VLP sur-
face, which will be discussed below.

One of them takes advantage of the ability of His6-
tag to bind with multivalent Tris-nitrilotriacetic acid
(trisNTA) which in turn binds with a broad range of
molecules, in particular, with biotin. The possibilities
of this elegant technique for the functionalization of
noninfectious viral nanoparticles were demonstrated
in the case of VLPs formed by the norovirus (NoV)
structural proteins. Using the baculovirus expression
system, the authors obtained NoV VLPs, displaying
His6-tag on their surface, which was first used to purify
VLPs, and further to bind trisNTA molecules conju-
gated with a f luorescent dye, or biotin which in turn
successfully bound streptavidin [81]. Notwithstanding
some authors suggesting the described technique to be
promising for VLP vaccine production, this approach
continues to be only a prototype and has not advanced
further than model experiments.

The search for techniques providing efficient and
stable immobilization of the antigen on the VLP sur-
face led to the development of a versatile platform
which allows us to covalently attach large antigens to
the VLP surface [82]. This molecular assembly system
uses the tag-catcher conjugation system which was
derived from the CnaB2 domain of fibronectin-bind-
ing protein FbaB from Streptococcus pyogenes. As a
result a highly reactive SpyTag peptide (13 amino acid
residues) was obtained which efficiently interacted
with the SpyCatcher protein with the formation of iso-
peptide bonds in a broad range of buffer solutions [83].
The SpyTag peptide was inserted into the VLP-form-
ing polypeptide of the Acinetobacter-infecting phage
(these particles were called AP205), so that each
monomer forming AP205 displayed two SpyTag pep-
tides. A recombinant antigen consisting of the target
protein and the SpyCatcher peptide was produced
using bacterial or baculovirus expression systems [84].
The obtained antigen efficiently bound with the VLP
surface and induced a very strong immune response.
Almost the same effect was observed in the case of the
reverse combination of the conjugating peptides, that
is when SpyCatcher was incorporated into VLPs, and
SpyTag was fused to the antigen. This system is already
utilized to design different types of vaccines, including
the vaccines against tuberculosis and malaria [84, 85].
A recent report has demonstrated that it was success-
fully used to develop a vaccine against breast cancer
[86]. This work is remarkable due to the fact that the
high density of the HER2 antigen (human epidermal
factor receptor 2) synthesized in the cultured Drosoph-
ila melanogaster cells could be obtained on the AP204
VLP surface [32]. The obtained particles induced a
strong immune response to the antigen in the patients,
which rendered it possible to overcome the immune
tolerance to HER2 known for patients with the
HER2-dependent breast cancer [85, 86].

In summary, the analysis of the discussed pub-
lished data allows us to conclude that the nature of the
VLP-forming protein is not as important for VLP
functionalization as the technique which makes it pos-
sible to obtain high antigen density on the surface of
VLPs (Table 1).

COMMERCIAL VACCINES BASED
ON VLP AND PROSPECTS OF BROADENING 

THE PRODUCT RANGE
A number of VLP vaccines are available on phar-

maceutical markets in many countries. The most well-
known are the Cervarix® and Gardasil® vaccines
against cervical cancer, which have been successfully
used for prophylaxis of this disease in girls for more
than ten years. Both vaccines are based on VLPs
formed by the main capsid protein L1 of the human
papilloma virus belonging to several serotypes [37].
Engerix and Recombivax HB vaccines against the
hepatitis B virus representing VLPs enveloped in a
lipid membrane [38], as well as Hecolin and Xiamen
Innovax vaccines against hepatitis E [88], were devel-
oped and commercialized. The anti-malaria vaccine
Malaria RTS has been certified, which represents the
C-terminal part of the CS protein of Plasmodium fal-
ciparum attached to the surface antigen of the hepatitis
B virus (HBsAg), which is also used in the certified
vaccines against hepatitis B. To stabilize recombinant
VLPs, the fused protein is expressed together with the
HBsAg protein in Saccharomyces cerevisease [89]. A
vaccine against the porcine circovirus representing
VLPs assembled from the VP2PCV2 capsid protein
synthesized in a heterologous system has also been
commercialized [41].

An increasing number of works have appeared that
report on the development of vaccines based on
nanoparticles, including VLPs and/or replication-
inactive viruses. Among the apparent advantages of
vaccines of this kind are their high specificity, effi-
ciency, and good pharmacokinetic characteristics. It
has been demonstrated that in an organism VLPs
reach lymphatic nodes in less than 10 min, while the
particle mixture bearing different antigens may be pro-
MOLECULAR BIOLOGY  Vol. 53  No. 3  2019
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Table 1. Examples of universal VLP platforms for antigen presentation

Strategy of antigen immobilization 
on particle surface Examples of use for antigen exposure Reference

Covalent bond formation between ε-amino 
group of Lys and antigen containing free Cys 
group with aid of cross-linking agent

Diphtheria toxin, tumor necrosis factor (TNFα), model 
vaccines against number of diseases, including rheuma-
toid arthritis, osteoporosis, autoimmune encephalitis, 
myocarditis, hypertension, Alzheimer’s disease, obesity, 
atherosclerosis

[79, 80]

His6-tag binding with antigen via trisNTA 
molecule on VLP surface

Model molecules including biotin, Alexa 488 (f luores-
cent dye), and GFP protein conjugated with trisNTA

[81, 87]

Isopeptide bond formation between SpyTag 
(integrated into VLP monomers) and Spy-
Catcher (fused with antigen) peptides

Vaccine against breast cancer (HER2 antigen presentation). 
It is also implemented to develop vaccines against 
malaria and tuberculosis

[82–86]
cessed by the same antigen-presenting cells simultane-
ously [90].

It should be noted that nanoprticle-based vaccines
offer new possibilities in the development of immuno-
prophylaxis strategies, especially, the development of
injection-free formulations, in particular, intranasal
vaccines and inhalers. The administration of these
vaccines may not involve humans, which is especially
important in the case of industrial animal breeding in
large agricultural enterprises characteristic of present-
day Russia [19], since it proves to be extremely diffi-
cult to administer identical injections to a large num-
ber of animals at the same time. This problem may be
resolved by nebulizing aerosol vaccines in the area
where animals are kept. The potential of this approach
was demonstrated for the first time in 1947 with mice
[92]; then, in the 1950s–1970s, attempts were made to
introduce this approach into animal and poultry farms
in many countries. Starting from the 1960s, attempts
were also made in the Soviet Union [93]. However, at
that time, the method of inhaled administration of
vaccines was not introduced in practice since protec-
tive immunity could only be obtained when the toler-
able dose was exceeded many times. For example, the
inhaled administration of the vaccine against the
Newcastle disease led to 10–20% lethality in birds
[94]. However, due to the introduction of vaccines
based on the exposure of the epitopes of a pathogen on
the surface of nanoparticles, including recombinant
VLPs, together with the development of innovative
approaches to aerosol production, inhaled vaccines
again became a topical issue. For example, biodegrad-
able polymer nanoparticles formed by poly(glycero-
ladipate-co-ω-pentadecalactone), PGA-co-PDL,
proved themselves as an effective antigen carrier for
inhaled vaccination [95], while the vaccine based on the
adenovirus with the particles ranging from 4 to 10 µm
induced stable protective immunity when administered
via inhalation to monkeys [96]. Lastly, a method for
VLP-vaccination via inhalation was proposed as protec-
tion against the human papilloma virus [97].
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One of the most important properties of VLPs is
mimicking virus particles and the consequent ability to
induce a strong immune response to the antigen which
they demonstrate irrespective of the source of the
monomers which multimerize into VLPs, these being
either insect viruses, in particular the gypsy virus [56,
61], or plant viruses [98]. VLPs based on the structural
proteins of plant viruses produced in plants [99] make
it possible to obtain vaccines with another nonconven-
tional way of administration, edible vaccines [100].
Vaccines of this type may be synthesized directly in
plant forage, with the oral vaccination of this kind
inducing an immune response. Expression vectors for
foreign protein production in plants have been devel-
oped based on plant viruses, which allows obtaining
plant-producing recombinant viruses or VLPs dis-
playing the target antigen on their surface [101, 102].
VLPs assembled from the structural proteins of plant
viruses are also used to design functionalization plat-
forms for antigen binding. These platforms are based
on the strategies described above. In particular, they
take advantage of the reactivity of the Lys ε-group to
immobilize the antigen on the surface of the plant’s
VLPs [102–105]. Using the tobacco mosaic virus
[106] and potato X virus [104], it has been shown that
a considerably large antigen can be immobilized on
the surface of the corresponding VLPs via the forma-
tion of the streptavidin–biotin complex. Finally, based
on the structural protein of the plant virus, the plat-
form for antigen immobilization using the tag-catcher
conjugation system is being developed [107]. It should
be noted that among the drawbacks of VLP vaccines
manufactured using proteins which are not specific for
mammals, for example, the plant virus proteins,
include the development of the immune response to
the structural component of the particles, which is the
plant virus protein. Undoubtedly, there is no thera-
peutical benefit in developing such immunity; how-
ever, whether there are adverse effects will be demon-
strated by further studies.
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The use of VLPs for vaccination in medicine is
becoming increasingly widespread. This point is rein-
forced by the list of clinical trials of VLP vaccines pre-
pared by the United States National Institute of Health.
Currently, more than hundred VLP vaccines, which are
directed against human and avian influenza viruses, the
Norwalk virus, norovirus, HIV-1, and the Chikungunya
virus, the foot-and-mouth disease virus, as well as
against melanoma, adenocarcinoma, papillomatoses,
and cervical cancer, are undergoing clinical trials
(http://clinicaltrials.gov/ct2/search/index). It may be
expected that the variety of nanoparticle vaccines
against different cancers and viral infections will grow
steadily, and VLPs which can be used for immuniza-
tion against microorganisms belonging to different
taxons as well helminthes will also be developed.
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