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organisms have suggested that plant viruses and virus-like particles (VLPs) are safe and noninfectious to humans
and animals. Plant viruses with introduced antigens are powerful vaccine components due to their strongly or-
ganized, repetitive spatial structure; they can elicit strong immune responses similar to those observed with in-
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S%V:j:ﬁi fectious mammalian viruses. The analysis of published data demonstrated that at least 73 experimental vaccines,
Vaccine engineering including 61 prophylactic and 12 therapeutic vaccines, have been constructed using plant viruses as a carrier
Recombinant structure for presentation of different antigens. This information clearly demonstrates that noninfectious viruses
Viral coat are also applicable as vaccine carriers. Moreover, several plant viruses have been used for platform development,
EDit_ODe and corresponding vaccines are currently being tested in human and veterinary clinical trials. This review there-
Antigen fore discusses the main principles of plant VLP vaccine construction, emphasizing the physical, chemical, genetic

Immune response and immunological aspects. Results of the latest studies suggest that several plant virus-based vaccines will join

the list of approved human and animal vaccines in the near future.
© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Vaccination is one of the most successful medical achievements of
the XX century, preventing an estimated six million deaths per year
[1]. From a historical perspective, vaccination as a public health inter-
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The term “vaccination” was introduced by Jenner at the end of the
XVIII century, when he successfully demonstrated the use of live atten-
uated material from infected cows (lat. “vacca”) for protection of
humans against smallpox [2].

The discovery by Luis Pasteur in 1881 can be considered a starting
point of targeted vaccine development, as he hypothesized that ele-
vated temperatures, oxidation and different chemicals can attenuate
pathogens for subsequent use as vaccines. Later, vaccine development
strategies, such as passages in vitro, cold adaptation, and auxotrophy,
were introduced [3]. The significant idea about vaccines based on pro-
tein(s) originating from pathogens (subunit vaccines) came from the
development of influenza, pertussis, anthrax and rabies vaccines [2]. It
should be emphasized that the majority of current vaccines are still pro-
duced according to the above principles.

As in all other areas of biology and biotechnology, the development
of gene engineering techniques has also significantly influenced vaccine
creation. As a result, the cloning of viral structural genes and their ex-
pression in heterologous host cells have enabled virus-like particle
(VLP) technology. In the early 1980s, this technology resulted in the cre-
ation of a new vaccine against hepatitis B (HBV) using recombinant
yeast cells carrying the HBV S antigen coding sequence (HBsAg [4]). Re-
combinant yeast-derived vaccine development has allowed the large-
scale production of noninfectious particles and has replaced the vaccine
prepared from blood serum of chronically HBV-infected patients [5].
Additionally, electron microscopy visualizations confirmed the high
similarity of Escherichia coli-produced VLPs with HBV core (HBcAg)
shells that have been purified from human liver samples [6]. The ob-
served structural equivalence between native viruses and VLPs is one
of the most important principles of creating new nanomaterials, includ-
ing VLP vaccines. Therefore, achievements in the production of recombi-
nant viral structural proteins have been decisive for the initiation of the
VLP era in vaccinology.

The efforts of researchers and technologists in subsequent decades
have resulted in four types of prophylactic VLP-based vaccines out of
the approximately 50 [7] licensed for human use, which are the
following:

1) Vaccines against HBV: these differ in production systems and used
antigens (Engerix and Recombivax - yeast system, HBsAg [4]; Sci-
B-Vac - mammalian CHO cells, 3 antigens in the same VLP: 75-77%
of HbsAg, 4-7% of preS1 and 17-21% of preS2 [8]);

2) Cervical cancer vaccine variants based on human papilloma virus
(HPV) major structural protein L1 VLPs: vaccines differ in produc-
tion systems and HPV L1 subtypes (Gardasil - yeast, 4 subtypes
[9]; Gardasil-9 - yeast, 9 subtypes [10], Cervarix - insect cells/
baculovirus, 2 subtypes [11]);

Hepatitis E vaccine, constructed from a single, truncated capsid pro-
tein of HEV and produced in Escherichia coli (E. coli) cells [12]: the
vaccine is licensed for the Chinese market;

Malaria RTS, S vaccine, containing the fusion protein of the C-
terminal part of circumsporozoite CS antigen and HBsAg, which is
coexpressed in yeast cells together with unmodified HBsAg (20% an-
tigen incorporation in VLPs; [13]). The newest version of the vaccine
with enhanced efficacy represents a yeast-produced direct fusion
between HBsAg and CS antigen and is being evaluated in human
clinical trials [14].
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In the future, after successful tests in different phases of clinical tri-
als, an additional 30-40 prophylactic and therapeutic vaccines will
join the list of approved VLP vaccines [15].

All of the abovementioned licensed vaccines are based on artificial
VLPs derived from human pathogenic viruses, including the malaria
RTS vaccine, where HBsAg serves as an antigen carrier. The carrier
idea has been known since the 1980s from studies of peptide-derived
vaccines, when protein carriers such as keyhole limpet hemocyanin, bo-
vine serum albumin, diphtheria and tetanus toxoids [16,17] were used

to stabilize antigenic peptides and enhance the immune response. One
of the first VLP carriers to be exploited for peptide display in experimen-
tal vaccines was a plant virus - tobacco mosaic virus (TMV) [18]. The re-
combinant TMV VLPs presenting poliovirus epitopes on the VLP surface
have turned out to be immunogenic and elicit the formation of antibod-
ies against poliovirus in a rat model.

This study demonstrated several important principles for the con-
struction of VLP-based vaccines. First, the construction process of VLPs
is significantly facilitated if the data of basic research on the progenitor
virus, including nucleotide sequences of structural protein genes, are
available. Next, oligonucleotide-mediated synthesis of the coding se-
quence of viral coat and the chosen antigen considerably simplifies
the gene cloning process by avoiding cDNA amplification from the na-
tive source. Further, viral coats tolerate antigen additions or insertions
without affecting the characteristic viral structures; thus, cultivation of
heterologous, recombinant hosts enables VLP production in nearly un-
limited amounts. Finally, the study clearly demonstrated that, after cor-
responding modifications, nonpathogenic viruses can also be adapted
for vaccine purposes.

In this review, we attempt to summarize the publicly available data
on plant virus-like particles and vaccines derived from them, emphasiz-
ing aspects of vaccine construction. Two databases were used as a
source of information: Web of Science (https://apps.webofknowledge.
com) and PubMed database of the US National Institutes of Health
(https://www.ncbi.nlm.nih.gov/pubmed/). In this paper, we use the
term “viral particles” for native and recombinant infectious viruses
and the term “VLPs” for noninfectious virus-derived structures gener-
ated from viral structural genes. The graphical summary of this review
is presented in Fig. 1.

2. Plant viruses and VLPs: a short overview

Plant viruses are small plant-infecting agents that require host cells
for their lifecycle. In nature, plant viruses are transferred from infected
to uninfected plants by mechanical injury of plant tissues, mainly
caused by insects feeding on plant leaves or stems. Thus, plant viruses
use fundamentally different expansion strategies compared to those of
mammalian or bacterial viruses, which infect susceptible organisms
using receptor mechanisms.

Plant viruses have been intensively studied since the end of the XIX
century, when Adolf Mayer discovered the agent that causes tobacco
mosaic disease, and Beijerinck used the term “virus” for this agent. For
more than 100 years, tobacco-infecting TMV has served as a model
virus for research and has significantly contributed to our understand-
ing of viral structures, assembly mechanisms, and viral lifecycle, as
well as biotechnological applications of viruses, including model vac-
cines [19-21]. Along with viruses, such as tomato spotted wilt virus
(TSWV), tomato yellow leaf curl virus (TYLCV), cucumber mosaic
virus (CMV) and potato virus Y (PVY), TMV remains the most important
virus based on evaluations of scientific and economic significance [22].

According to the IX Virus Taxonomy report of the ICTV, there are ap-
proximately 900 species of plant viruses [23]. This number mainly rep-
resents viruses that are isolated from agricultural crops and can only be
a minor part of naturally existing species.

Plant virus genomes are built from nucleic acids (DNA or RNA),
which encode at least three types of viral proteins: polymerases for
viral genome replication, movement proteins (MP) necessary for virus
spread from one plant cell to another, and hundreds or thousands of
coat protein (CP) molecules protecting the viral genome from environ-
mental stress. Plant viruses utilize different strategies for gene expres-
sion of encoded proteins, such as polyproteins, translation from
subgenomic RNAs, ribosomal frameshift signals, internal ribosome
entry sites and “leaky-stop” codons to achieve maximal coding capacity
of the genome. Knowledge of these strategies is highly important for the
construction of virus-based plant expression systems (see Chapter 3.4).
These and other aspects of plant viruses are discussed in Refs. [24-26].
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Fig. 1. Overview of typical steps in construction process of plant virus-derived vaccines.

One of the most important milestones in the development of plant
virus-based molecular technologies is the discovery made by Gierer
and Schramm in 1956, who demonstrated that RNA of native TMV
alone can be infectious [27]. Further development of recombinant
technologies has resulted in the complete genomic sequence of TMV
[28] and has allowed targeted manipulations with viral nucleotide se-
quences, which resulted in the first artificially synthesized, infectious
cDNA of a plant virus in 1984 [29].

Structurally, a significant part of plant virus particles is organized
into flexible or rigid rod-shaped structures, while other viruses are iso-
metric with icosahedral symmetry. Examples of some plant virus struc-
tures used in the construction of vaccines are shown in Fig. 2.
Achievements in three-dimensional (3D) structural studies of viruses
are the next turning point in technology development, which allow
the prediction of exposed regions in viral structure for the surface pre-
sentation of antigens and significantly facilitate the construction of effi-
cient recombinant VLP vaccines. The very first high-resolution
icosahedral virus structural model has been suggested by Harrisson
and coworkers [30] and is based on tomato bushy stunt virus (TBSV)

crystallographic studies. TMV is the first helical virus for which the 3D
structure has been determined using fiber diffraction [31]. Additionally,
this study clearly demonstrated the spatial position of viral nucleic acids
in the viral particle. Based on these pioneering studies, numerous plant
virus structures have been elucidated using crystallography and fiber
diffraction methods. Additionally, the latest progress in cryoelectron
microscopy (cryo-EM) has allowed determination of the near-atomic
structures of flexous helical viruses, such as potexviruses [32]. In some
cases, the CP subunits of flexible viruses are crystallized and their atomic
structures resolved; the crystal structure and cryo-EM data combination
can be used to build a virus spatial model [33].

As already mentioned, the first plant VLPs were constructed from
TMV and were obtained after structural gene expression in bacterial
cells. Since then, plant viruses have been widely used for different
nanotechnological applications, including vaccine carriers. In the litera-
ture, we found 55 different species of plant viruses belonging to 29 virus
genera that have been shown to be useful for these purposes, taking into
account native and different variants of recombinant infectious viruses
and their noninfectious VLP analogs (see Supplement Table 3; the data

Fig. 2. Structure examples of icosahedral and helical plant viruses, used for vaccine development. Images were created using Protein Data Bank and NGL 3D viewer [147]. The surface model
of the virus is shown on the left side of corresponding panel, on the right - side view of the coat protein(s) structure. a-helices are shown in red, 3-sheets - in yellow. A - Cowpea mosaic
virus (CPMV) structure (T = 3 symmetry, diameter - 28 nm). Image of 1NY7 [148]. B - Tobacco mosaic virus (TMV) structure (cryo-EM reconstruction of a TMV fragment; particle length -
300 nm, diameter - 18 nm). Image of 3 J06 [149]. C - Cucumber mosaic virus (CMV) structure (T = 3 symmetry, diameter - 28 nm). Image of 50V6 [65].
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are grouped according to virus genera). Significant parts of the viruses
(21 virus species) have been tested as antigen carriers for different vac-
cines, including 8 isometric and 13 helical virus derivatives.

The fact that plant viruses are able to elicit antibody formation in
mammalian organisms has been known since 1940s [34]; later, that
idea resulted in commercial use of plant virus-specific antibodies as sen-
sitive tools to identify infected plants in agriculture. In previous decades,
immunologists substantially changed our basic knowledge about viral
immunology [3], resulting in impressive achievements in viral and
VLP vaccine development, by far exceeding the simple generation of an-
tibodies for identification of virus-infected plants. Several excellent re-
view articles about nanoparticle and VLP immunological properties,
including plant virus-derived vaccines, have recently been published
[35-41].

3. Construction of vaccines

One of the most important properties of VLPs is the ability to mimic
the macromolecular structures of viruses and induce in mammalian or-
ganisms strong immune responses that are comparable to those in-
duced by native, infectious viruses [35]. The immune system
recognizes the viral and virus-like particles based on the following char-
acteristics [42], which have to be considered in the vaccine construction
process:

1) Viral and VLP surfaces are highly structurally organized and contain
repetitive amino-acid (AA) stretches built up of several hundred to
thousands of viral CP molecules; these repetitive structures can
crosslink B cell receptors, leading to strong stimulation of B cells
and inducing long-lasting antibody responses. From the vaccine con-
struction point of view, viral particles and VLPs have to retain their
typical viral morphology after all manipulations;

The size, shape and rigidity of the vaccine spatial structure can also
influence the immune response; viruses and VLPs have optimal
sizes (20-200 nm), allowing them to enter the lymphatic system
and be taken up by antigen presenting cells (APCs). To ensure effi-
cient transport in the lymphatic system, massive aggregation of
VLPs in vaccine preparations must be avoided;

3) Viruses and VLPs contain specific and/or host nucleic acids, which
activate Toll-like receptors in antigen-presenting cells; if necessary,
VLPs can be experimentally filled with the DNA or RNA of choice.

\S)
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Several examples demonstrate the importance of antigen multiplic-
ity in the generation of specific antibodies. Repeated administrations of
potato virus X (PVX; [43]) lead to specific immune responses mediated
by immunoglobulins M (IgM) and G (IgG); these responses result in the
formation of large immune complexes containing aggregated VLPs at
early stages of the response. Next, multiple antigens placed on the sur-
face of PapMV VLPs stimulate a strong, long-lasting immune response,
whereas monomeric PapMV CP-antigen fusion is not efficient despite
the observed internalization of both model vaccines in APCs [44]. More-
over, the epitope density on the VLP surface plays an important role in
the immunogenicity of plant VLP vaccines; the use of VLPs as a peptide
carrier stimulates formation of the IgG2a isotype, whereas the peptide-
KHL conjugate predominantly elicits the IgG1 subtype against model
peptides [45]. In mice, it is well known that interferon-producing Th1
T cells stimulate antibody switch towards IgG2a, while Th2 cells pro-
mote IgG1 synthesis; I[gG2a is the most potent antibody isotype against
viral and bacterial pathogens and ensures rapid host immune responses
to infections [46,47].

An additional aspect that should be considered in vaccine generation
already in the construction stage is that viruses and VLPs, including
those derived from plant virus CPs, can contain natural Th epitopes,
which are presented on the surface of APCs by MHC presentation and
can stimulate antibody generation [48]. The use of searchable databases,
such as RANKPEP [49] or IEDB [50], can identify MHC binding AA motifs

among MHC alleles of humans, chimpanzees, cows, pigs, mice and
others. A bioinformatic approach can considerably facilitate the identifi-
cation of potential vaccines [51] and enable early screening for viral
structural proteins with high-binding affinity to several MHC alleles to
cover a major population of potential recipients.

As we found in our literature search, plant viruses serve as central el-
ements for at least 61 prophylactic and 12 therapeutic vaccine candi-
dates (Supplement Tables 1 and 2). In this Chapter, we provide a short
overview of genetic, enzymatic, chemical and physical approaches and
how to obtain and adapt plant viruses and VLPs for vaccine applications.
It should be stressed that these methods are frequently combined for
the construction of VLPs with desired immunological properties. We
also include here successful examples of other VLPs to demonstrate im-
portant construction principles, which can also be applied to plant VLPs
in the future.

3.1. Genetic methods

Genetic techniques are powerful tools for creating virus-derived
vaccines, allowing introduction of AA into VLP coats and inserting or re-
placing peptides, or even whole proteins, at defined CP positions. More-
over, these techniques allow better quantitative control of the amounts
of introduced antigens than that of chemical techniques.

If natural CP sequences do not ensure the desired properties of target
VLPs, AA introduction is frequently required. As discussed in the next
Chapter, Lys- or Cys-residue insertions onto the VLP surface is necessary
for subsequent chemical coupling [52]. Taking into account the impor-
tance of VLP stability, artificial Cys bridges can be engineered between
neighboring viral CPs. The resulting VLPs demonstrate significantly en-
hanced self-assembly capability and stability under different environ-
mental conditions [53].

As already discussed, the first recombinant peptide-VLP candidate
vaccine has been obtained from TMV CP with a C-terminally fused po-
liovirus epitope. Since then, vaccine construction strategies have also in-
cluded N-, C- and internal fusions of peptides to viral CPs. For vaccine
construction, it is important to achieve optimal peptide presentation
on the particle surface without affecting the overall viral structure. For
peptide fusion, the availability of the virus spatial model is very helpful
for the identification of insertion sites. For viruses such as TMV [54], PVX
[55], PVY [56] and other helical viruses, the N- and/or C-terminal por-
tions of CPs are located on the VLP surface, allowing insertion of anti-
genic peptide sequences. As a general rule, tolerated peptide sizes
vary between 10 and 50 AA [37]; in exceptional cases, VLPs are able to
accommodate more than 70 AA-long protein domains and retain the
typical VLP morphology [56].

For icosahedral plant viruses, CP N-terminal portions are frequently
located in the internal part of the virion and are involved in CP-nucleic
acid interactions, which are usually necessary for VLP formation. How-
ever, some plant VLPs accept peptide fusions at the N- and C-termini
of CPs and even the N-terminus removal, whereas the internal inser-
tions interfere with VLP formation [57]. Other icosahedral plant viral
particles, such as the well-studied CPMV, contain several internal sites
for peptide insertions, such as 3B-BC and 3C’'-3C” loops of the S subunit
and BE-aB loops of the L subunit [58]. It should be stressed that peptide
properties, such as charge and hydrophobicity, influence VLP formation.
For example, positively charged epitopes can have a negative impact on
virion formation and virus infectivity in plant expression systems [59];
placing hydrophobic peptides such as the “padre” T-cell epitope onto
the VLP surface significantly reduces the vaccine solubility [60]. How-
ever, specially designed charged linkers can help to improve the solubil-
ity and stability of foreign peptide-containing VLPs [61]. It should be
added that the use of VLPs with a surface-engineered random peptide
library is an attractive alternative for vaccine construction, as shown
with bacteriophage PP7 VLPs [62].

It is known that T-cell activation involves a complex formation be-
tween major histocompatibility complex (MHC) and a corresponding
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antigen peptide [63]. Targeted incorporation of peptides derived from
well-characterized antigens in VLP vaccines results in strong T-cell stim-
ulation and antibody formation [60,64], even under limiting conditions
(low antigen doses, aged recipients, self-antigens), as shown with teta-
nus toxin peptide-containing plant VLPs derived from CMV [65].
Sometimes, peptide-VLP vaccines do not elicit the expected immune
response and/or antibody specificity; altered peptide conformations or
interactions with VLP carriers reduce the specificity of obtained anti-
bodies against native antigens. Therefore, the introduction of protein
domains, or even whole proteins, into the VLP structure can consider-
ably improve the vaccine quality due to the closer spatial structure of
the recombinant antigen to that found in the native protein. Direct fu-
sions with whole proteins are challenging if the antigen sizes are com-
parable or even exceed that of viral CPs; successful examples are rare
[66]. As a solution, several construction strategies are suggested for
placing larger antigens onto the surface of plant VLPs. One solution is
the construction of mosaic VLPs, containing a mixture of unchanged
CPs and CPs with the foreign protein domain fusions in the same viral
particle or VLP. As shown with infectious PVX in the plant expression
system, the introduction of a self-processing peptide between the anti-
gen sequence and the CP N-terminus results in filamentous VLPs that
are partially decorated with the antigen ([67]; see also Fig. 3). Occasion-
ally, the mosaic particles are formed after spontaneous proteolysis of
the fusion protein during assembly in the host, resulting, for example,

AILI Rep >{MP¥CP =N
sgP T RB

LB P35S

> L
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E ce | | «cp
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Fig. 3.. Design examples of gene vectors used for introduction of different antigens in viral
structures. A - «launch» vector [106] based on TMV for production of peptide-containing
viruses in plants. LB and RB denotes agrobacterial shuttle vector T-DNA region left and
right borders; P35S - CaMV promoter; sgP - subgenomic promoter; T - transcription ter-
minator; Rep, MP, CP - TMV replicase, movement protein and coat protein genes, respec-
tively. Green arrow denotes the relative position of the inserted epitope (E). B - PVX-based
vector for production of mosaic antigen (ANT)-containing viruses in plants [67]. PT7 - bac-
terial promoter for in vitro generation of infectious RNA; sgP - subgenomic promoter; 2A -
self-processing peptide sequence; Pol, TGB, CP - polymerase, triple gene block and coat
protein genes. C — Split-core system for incorporation of large antigens in VLP structure
[69]. The antigen (ANT) gene is fused with coreN part of HBcAg and coexpressed with
coreC part. After self-assembly of coreN and coreC parts, ANT is incorporated in VLP struc-
ture. PT7 - bacterial promoter for VLP production in E.coli; rbs - ribosomal binding sites.
D - Two gene coexpression system [70] for production of mosaic VLPs containing antigens
(ANT) in baculovirus/insect cell system. Ppolh - polyhedrin gene promoter. E - Tandem
gene system for production of antigen-containing mosaic VLPs in E.coli cells [71]. PT7 -
bacterial promoter; linker - flexible AA stretch connecting two CPs.

in 30% incorporation of the antigen into the VLP structure, as shown
with the alfalfa mosaic virus (AIMV)-based antimalaria vaccine [68].
Other potentially applicable ideas for plant VLPs originate from
nonplant VLP studies (see Fig. 3). Full-sized antigen presentation on
the VLP surface is enabled by the split-core system [69]; mosaic VLPs
with incorporated large antigens can be generated by targeted
coexpression of two CP genes [70] and an in tandem gene system [71].

3.2. Chemical and enzymatic methods

Chemical conjugates between antigens and protein carriers are very
useful for vaccine purposes, as shown more than 80 years ago when the
immunostimulating properties of protein-coupled sugar derivatives
were demonstrated. In the 1980s, this idea resulted in the creation of
several vaccines against Haemophylus influenza (for review, see [72]).

The chemical coupling of peptides and protein domains with viruses
and VLPs involves the use of different bifunctional crosslinking agents.
Using crosslinkers, the amino-, sulfhydryl-, carboxyl- and other func-
tional groups in the protein structure can be modified for coupling
under specific reaction conditions (for reviews, see [73,74]). Some of
these conditions are not compatible with preservation of the virus
structure; therefore, process optimization is necessary to find the best
reaction environment (pH, ionic strength, temperature, additives).

The primary amines of lysine residues located on the VLP surface are
likely the most common coupling targets of different functional mole-
cules with VLPs, including peptides and proteins. After reaction with dif-
ferent N-hydroxysuccinimide (NHS) esters, these amines form stable
amide-bonds (Fig. 4). This method is widely used for fluorescent label-
ing and PEGylation of plant viruses [75] and for the construction of sev-
eral model vaccines [36], including those derived from plant VLPs
[65,76,77].

Fig. 4. Antigen incorporation in plant virus structure by chemical coupling. Primary amines
of free accessible Lys residues are reacting with heterobifunctional crosslinking reagent
SMPH (succinimidyl-6-[(3-maleimidopropionamido)hexanoate]), forming stable amide
bound (A). In the next step (B), the thiol group in the Cys-containing antigen structure
selectively reacts with the maleimide derivative, resulting in VLPs decorated with
multiple antigen molecules (C).
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Viruses and VLPs may also contain freely accessible carboxylic
groups, which can be used for antigen coupling. As a recent example,
CCMV plant virus has 1980 carboxylate residues on the particle surface,
which can be activated by water-soluble carbodiimide. A subsequent re-
action with NHS results in succinimide-esterified CCMV VLPs, which can
form an amide bond with molecules containing a primary amine group
[78].

Sulfhydryl groups of natural and engineered cysteine residues in
viral and VLP structures can also be useful for antigen coupling. As
shown in a recent study with a TMV-Cys mutant, free sulfhydryl groups
actively react with maleimide derivatives, forming stable thioether link-
ages [79]. The use of the corresponding maleimide-containing bifunc-
tional linker results in the covalent bond between sulfthydryls in
recombinant plant viruses and amine groups of the chosen ligand.

To complete the discussion regarding chemical and enzymatic ap-
proaches for synthesis of antigen-VLP conjugates, it is important to
mention two additional recently developed systems based on
transpeptidase and isopeptidase reactions (see also Fig. 5):

1) Sortase A-mediated epitope coupling system involves the use of bac-
terial transpeptidase for formation of an amide bond between VLP
and a peptide of interest; papaya mosaic virus (PapMV) VLPs with
an engineered sortase recognition site can be useful as a vaccine
platform [80];

2) Spy-Catcher system originates from Streptococcus pyogenes bacte-
rium, which exploits peptides that are able to spontaneously form
isopeptide bonds; the Spy-Tag-conjugated antigens form covalent
bonds with Spy-Catcher-VLPs derived from the bacteriophage
AP205 [81].

B

SpyCatcher
modified VLPs

Sortase

GGG-ﬂ?S'

Antigen

Fig. 5. Enzymatic approaches for synthesis of antigen-VLP conjugates. A - Sortase A
mediated coupling of VLPs to antigens [80,150]; B - Spy-Catcher system for covalent
binding of SpyTag conjugated antigens to VLPs containing exposed SpyCatcher domain
[81,151]

3.3. Physical methods

An important physical manipulation in vaccine development is the
disassembly and reassembly process, which is based on the intrinsic
property of viral structural proteins to self-assemble under optimal con-
ditions. This process can be used for improvement of VLP structural
properties and for the introduction of chosen antigens in the VLP struc-
ture. The reassembly approach was very efficient in the production of
prophylactic vaccines against cervical cancer. As parameters of ionic
strength, pH and other factors in heterologous host cells are typically
different from those in the native host, VLPs can have reduced immuno-
genicity and antigenicity properties. Therefore, after expression in the
baculovirus/insect cell system, recombinant HPV L1 protein oligomers
are purified and assembled in vitro. Resulting VLP structures are identi-
cal to those of native virions, including spatial arrangement of confor-
mational epitopes, which are necessary for the formation of
neutralizing antibodies. Additionally, the reassembly process ensures
the required batch-to-batch consistency and VLP stability under differ-
ent conditions, including vaccine formulations with adjuvants [82].
The disassembly/reassembly strategy is also used in preparations of
the hepatitis E vaccine: E. coli-produced inclusion bodies of CPs are sol-
ubilized in concentrated urea solution, purified under denaturing condi-
tions and refolded by tangential filtration [83].

Similar to other VLPs, plant viral CPs can be produced in the form of
inclusion bodies in E. coli cells, refolded, assembled in the form of VLPs
and used for different nanotechnological applications, including vac-
cines. Cowpea chlorotic mottle virus (CCMV) is a typical example that
serves as a model nanoparticle in numerous studies (see CCMV refer-
ences in Supplement Table 3). CCMV CPs are able to form VLPs after pu-
rification under denaturing conditions and the reassembly procedure,
including genetically modified CPs, which contain foreign epitopes de-
rived from human or animal viruses (for example, [57]).

Additionally, the disassembly/reassembly procedure is very useful
when the intended application requires the packaging of chosen active
molecules, including nucleic acids in the interior of VLPs. To remove
specific nucleic acids from virions, viral particles are disassembled in
high-salt buffer and reassembled in the presence of short oligonucleo-
tides [84]. Interestingly, this procedure can pave the way for manipula-
tions with VLP morphology, converting icosahedral VLPs to rod-shaped
particles, as shown in DNA packaging experiments with Cucumber mo-
saic virus (CMV) [85]. Using viruses and VLPs filled with host RNAs or
artificially loaded with unmethylated DNA oligonucleotides, model vac-
cines stimulate Toll-like receptors (TLR7/8 and TLR9) in APCs that re-
sults in antibody isotype switching to IgG2a [47,86]. As discussed in
[87], vaccination with PVX particles containing infectious RNA results
in enhanced IL12 production by dendritic cells, which further activate
CD4 Th1 cells. Additionally, packaged nucleic acid can stimulate TLR re-
ceptors directly in B cells, resulting in antibody switching to IgG2a. The
stimulation of Th1 cells and isotype switching have also been shown for
other vaccine candidates derived from plant viruses, such as CPMV [88],
PapMV [89] and tobacco etch virus [90].

Other physical manipulations with plant virus-derived particles can
be useful for vaccine construction. For TMV, thermal treatment of viral
particles results in transformation of rods into spherical particles that
are applicable as potential vaccines [91]. Additionally, after purification
from recombinant bacterial cells, some truncated plant viral CPs are able
to form smaller VLPs (T = 1 symmetry instead of T = 3) [92]. These ex-
periments demonstrate ideas of how to adapt vaccine carriers to the
above-discussed size requirements of efficient VLP vaccines.

Full-sized viral structural proteins usually serve as building blocks
for VLPs. However, comparably short structural elements of different
CPs can promote the multimerization of model proteins, as previously
shown with TBSV and SeMV plant viruses. In these viruses, specific in-
ternally located CP domains interact with each other and stabilize the
virion structure. Furthermore, these domains are sufficient to mediate
the formation of large protein assemblies up to sizes of typical VLPs, if
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genetically fused to antigens of choice. The addition of such viral CP
fragments to the antigen proteins can have an application in vaccine
construction [93,94].

Different physical techniques can be used for the introduction of
peptides and protein domains into VLP-based nanoparticles. The inter-
action between streptavidin and biotin is one of the strongest protein-
molecule complexes in nature. As previously demonstrated with modi-
fied TMV [95] and PVX [ 76], the streptavidin-biotin complex strategy al-
lows simple introduction of different antigens, including large proteins
that exceed the size limitations of genetically introduced antigens.

Additionally, the strong antigen binding to the VLP carrier has been
demonstrated using other noncovalent complexes, such as strong elec-
trostatic interactions between VLPs and antigen [96] and the introduc-
tion of the S. aureus protein A fragment into VLPs for antibody binding
[97,98]. Other methods include the inclusion of elastin-like [99] and
coiled-coil motifs into plant VLP structures [100], antigen-peptide com-
plex formation after library screening [101] and simple absorption of
antigen onto the VLP surface [91]. Additionally, a recent study suggested
that a simple mixture of different VLPs reaches the lymph nodes in less
than 10 min and is processed by the same antigen-presenting cells
(APCs). This finding suggests that mixtures of VLPs can also be used in
vaccination [102].

3.4. Expression systems

The production of viral material in preparative amounts is an impor-
tant task during the development of VLP vaccines. Plant viruses are gen-
erally recognized as safe for humans and animals, and this aspect will be
discussed in Chapter 4. Therefore, native plant viruses are promising ob-
jects for vaccine development, especially due to the availability of some
plant viruses in large quantities. Plant viruses, such as TMV, PVX, CPMV
and CCMV, are highly stable at elevated temperatures, pressure and pH
conditions and can be purified from their native plant hosts in quantities
exceeding hundreds of mg/kg plant biomass (reviewed in [74]). The use
of native viruses facilitates the vaccine construction process and ex-
cludes the requirement for viral gene cloning and elaborate heterolo-
gous expression systems. However, native and recombinant plant
VLPs may contain infectious nucleic acids. Therefore, additional virus in-
activation step(s) are included in the production schemes to reduce po-
tential environmental risks [103].

For vaccine purposes, significant portions of the plant virus infec-
tious particles and VLPs are produced in different plant systems; out
of 72 cases discussed in this review, 49 (68%) vaccine candidates origi-
nated from plants (see Supplement Tables 1 and 2).

As discussed earlier, plants can be artificially infected by simple
in vitro-prepared transcripts derived from the full cDNA of a plant
virus [104,105]. However, this approach is inefficient due to RNA vector
instability and low production levels. More effective plant systems are
based on the agrobacterial transfer of viral nucleic acids into the plant
cell nucleus, where viral transcripts are synthesized and translocated
to the cytosol for the initiation of infection. Moreover, the plant cells be-
come up to 100% infected if agrobacteria carrying virus cDNA are trans-
ferred into plant cells by vacuum infiltration. Based on this principle,
two efficient systems have been constructed - the “launch” vector
([106]; Fig. 3A) and “magnifection” system [107]. Both systems allow
production of different recombinant proteins, including vaccines with
a high output. Additional information about developed plant expression
systems can be found in recent review articles [108,109].

Many (30%) plant VLP-based vaccines are produced in well-
characterized E. coli expression strains using commercially available
plasmid vectors (see Supplement Tables 1 and 2). Typically, eukaryotic
proteins, including structural proteins of plant viruses, form insoluble
inclusion bodies after synthesis in E. coli. The VLP production from inclu-
sion bodies requires purification under denaturing conditions and
in vitro self-assembly, as shown with plant VLPs derived from CCMV
and CMV [85,110]. However, our recent study demonstrated that simple

temperature reduction during the recombinant E. coli cultivation con-
siderably enhances the formation of CMV VLPs in a soluble form and en-
ables VLP production with high output [65]. For production of soluble
CCMV VLPs, an alternative Pseudomonas-based bacterial system is sug-
gested [111].

Yeast expression systems have traditionally been used in vaccine
production since the first commercial VLP vaccine against HBV. Some
plant VLPs are produced in yeast Pichia pastoris, which allows VLPs to
be obtained in soluble form [112].

Plant VLPs are also produced in insect cells using baculovirus vectors.
To elucidate the mechanism of virus formation, CPMV RNA-2-encoded
precursor proteins have been expressed in insect cells, resulting in for-
mation of CPMV-like particles [113]. For vaccine purposes, the TBSV epi-
tope display system has been developed based on baculovirus-
mediated expression in insect cells [114].

Additionally, mammalian cells can also be useful for plant VLP pro-
duction [115].

The advantages, drawbacks and other aspects of VLP vaccine produc-
tion in different recombinant hosts are extensively discussed in several
review articles [15,74,116,117].

3.5. Plant virus-derived platforms

The concept of a platform can be defined as a complex of technology
measures that are used for creation, production and quality evaluation
of a group of marketable products with similar properties or modes of
action. The platform idea includes several requirements, such as broad
applicability, addressing a wide spectrum of problems; platforms repre-
sent alternatives to existing processes and are efficient and scalable
[118].

For viral particle- and VLP-based vaccine platforms, virus-derived
structures are the central elements of the platform. We have already
discussed the main properties of viral particles and VLPs, which ensure
their broad applicability as vaccines, such as antigen multiplicity and
structural organization, particle dimensions and presence of
encapsidated nucleic acids. To generate vaccines against different tar-
gets based on the same viral or virus-like particle, the creation process
includes linking the VLP carrier with corresponding antigens using
physical, chemical and/or genetic methods, as discussed in previous
chapters. The principles of modular vaccine design and manufacturing
as well as the advantages of the platform technologies in vaccine pro-
duction and marketing are described in a recent review article [119].

Plant virus- and VLP-based vaccines meet all these criteria, including
additional important advantages, such as low risk of preexisting immu-
nity, excellent stability properties under different environmental condi-
tions, simple engineering procedures and low-cost production [37].
There are several examples of plant viruses that have been developed
as vaccine platforms, such as AIMV, CMV, CPMV, PapMV, PVX, and
TMV (for additional information and references, see Supplement
Table 3).

Several vaccines obtained from plant virus platforms have been an-
alyzed for tolerability, safety and efficacy in human clinical studies.
One of the first plant virus-based vaccines is an edible vaccine in the
form of spinach leaves containing recombinant the antigenic determi-
nant of rabies virus fused to AIMV. Although the vaccine efficacy in
Phase I clinical trial has not been sufficiently high for further develop-
ments, the most important finding of this study is the lack of any ad-
verse effects in human volunteers after oral immunization with rabies
antigen-containing spinach plants [120].

Additionally, two other plant virus-derived vaccines are currently
being evaluated in human trials. Based on the same AIMV platform, a re-
cent clinical Phase I study of a Pfs25-based malaria vaccine has demon-
strated acceptable tolerability and moderate transmission-blocking
activity of induced antibodies in human volunteers. Using alternative
antigens from Plasmodium falciparum, a new version of the vaccine is
under development [121,122]. The second human trial is still ongoing
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and aims to assess the safety and reactogenicity of PapMV VLPs as the
adjuvant for use in the seasonal flu trivalent vaccine in healthy individ-
uals [123].

Taking into account the excellent immunological properties of plant
virus-based vaccines, these are also being evaluated in veterinary trials.
As one such vaccine, the CMV-based porcine circovirus (PCV) peptide
vaccine is safe, immunogenic and confers partial protection against
viral challenge. Additionally, this study demonstrated the favorable in-
ternal sites for peptide insertions in the structure of CMV CP, allowing
optimal display of the peptides on the particle surface [124]. The next
vaccine based on CPMV protects vaccinated dogs against a lethal chal-
lenge of canine parvovirus. To exclude the spread of infectious plant vi-
ruses in the environment, recombinant CPMV virions can be inactivated
by UV treatment without a loss of immunogenicity [125]. Another vac-
cine against foot and mouth disease virus (FMDV) is designed on bam-
boo mosaic virus (BaMV); the vaccine protects animals against FMDV
infection [126].

Recently, we constructed a new vaccine platform based on the CMV
plant VLPs [65]. First, we demonstrated that the internally located N-
terminal part of CMV CP can be replaced by a well-characterized T-cell
stimulating epitope derived from tetanus toxin without affecting the
VLP morphology. Next, Lys residues exposed on the VLP surface enable
the linkage of any antigen of choice to VLPs via chemical crosslinking.
Accordingly, our vaccine platform represents genetically modified
CMV-VLPs that are produced in E. coli; the necessary native or recombi-
nant antigens are coupled to the VLP surface using bifunctional chemical
linkers. The chosen modular strategy allows us to create various pro-
phylactic and therapeutic vaccines against different infectious agents
and self-antigens. Using this platform, we generated several therapeutic
veterinary vaccines displaying several antigens, including canine IL31
[127] and horse IL5 [128], on the surface of CMV VLPs for the treatment
of atopic dermatitis in dogs and insect bite hypersensitivity in horses. As
found in veterinary clinical experiments, both vaccines are well toler-
ated and reduce the symptoms in vaccinated dogs and horses.

4. Plant viruses and mammalian organisms

It is generally recognized that plant viruses are not infectious to
mammalian organisms, including humans. However, plants used in
human and animal nutrition can contain viruses. In recent years, several
research groups have studied the fate of plant viruses in mammalian or-
ganisms. In one such study, a metagenomic analysis of uncultured RNA
viruses in the gastrointestinal tract of healthy humans, resulted in a sur-
prising outcome: researchers found that a significant portion of isolated
RNA populations represent RNA from 34 different plant viruses instead
of the expected human enteric viruses. Moreover, pepper mild mottle
virus (PMMoV) isolated from human feces is infectious to susceptible
plant hosts. The obtained data suggest that plant viruses are stable in
the gastrointestinal tract, and humans are the dissemination vehicles
for spread of some plant viruses in nature [129]. Subsequent studies
renewed discussions concerning the infectivity of plant viruses in mam-
malian organisms and explained the antibody formation against PPMoV
in human patients as possible result of virus pathogenicity [130]. How-
ever, other authors suggest that the “pathogenicity” effect is a result of
PPMoV's extreme environmental stability [23].

The ideas of edible vaccines originating directly from plant biomass
[131] and the plant virus-based “new agriculture” [132] have signifi-
cantly stimulated studies aimed at elucidating the relationships be-
tween plant viruses and mammalian organisms. The CPMV plant virus
has been shown to remain structurally stable after incubation in simu-
lated gastric and intestinal fluids containing digestive enzymes. More-
over, fluorescently labeled CCMV and CPMV demonstrate the ability of
systemic distribution in different organs of experimental animals
(brain, bone marrow, liver, lungs, spleen, stomach) independently of
the administration route. However, viruses are rapidly cleared from
mice within several days [133,134]. Toxicology studies suggest that

large doses of injected plant viruses do not cause significant necroses,
tissue degeneration or hemolysis in tested animals [135,136]. As
reviewed in [137], CPMV interacts with specific mammalian cell targets,
facilitating virus uptake; other plant viruses enter the cells via nonspe-
cific or unknown mechanisms, and the effect can be reduced using
PEGylated viruses.

If we analyze vaccine injections in mammalian organisms, the initial
events are interactions between plasma proteins and vaccine antigens.
The multimeric structure of viruses and VLPs stimulates spontaneous
deposition of complement proteins on the foreign agent surface, leading
to the opsonization and activation of APCs [41,138]. As shown in exper-
iments with TMV-derived nanoparticles, TMV virions are able to bind
up to 140 plasma proteins, and a significant portion of them is immuno-
globulins. Interestingly, the pattern and amounts of bound complement
proteins can be manipulated by changing the surface charge or by
chemical coupling of peptides and PEGs [139]. As shown in another
study, the role of native antibodies and complement proteins in plant
VLP recognition and phagocytosis can be different from that found in
experiments with infectious mammalian viruses [140].

Another aspect that should discussed is molecular mimicry, suggest-
ing that a foreign agent-like plant virus can share antigens with the het-
erologous host. As a result, these antigens can be involved in
autoimmune reactions and protect individuals against diseases. A re-
cent study demonstrated interesting properties of antibodies against
TMV, possibly preventing smokers from Parkinson's disease; other
plant viruses may also contain epitopes that allow interactions with
mammalian cells. Therefore, before introducing a new proteinaceous
drug, including vaccines, the search for homologous AA sequences in re-
cipients should be carried out to predict unexpected immune responses
[141].

5. Concluding remarks

In this review, we have summarized the publicly available data
about plant virus-derived vaccines and have discussed the main aspects
of efficient vaccine construction. Plant viruses, along with other virus-
like carriers, are highly promising agents for antigen presentation, stim-
ulating the response of different immune cells and eliciting the forma-
tion of specific antibodies against infectious and self-antigen targets,
as has been demonstrated in numerous studies. Plant VLP-based vac-
cines have additional advantages, such as uncomplicated and flexible
techniques of vaccine construction, simple procedures for virus and
VLP production and purification, remarkable stability properties and a
low possibility of preexisting immunity. All these advantages make
plant viruses an attractive alternative to animal and human VLPs.

Several plant viruses and VLPs have been constructed based on vac-
cine platform principles, allowing scientists to obtain vaccines against
different targets using the same plant virus-based carrier.

One of the most important problems yet to be solved during the vac-
cine construction process is antigen spatial conformation. The chosen
experimental methods for the incorporation of recombinant antigens
into VLPs must ensure a maximal structural equivalence to their native
analogs. First, different computer-based modeling methods have been
suggested [142]. Next, the construction process of an efficient vaccine
is considerably facilitated if several available VLP platforms are com-
pared. Such an approach can improve the quality of antibodies, as
shown with the PVX- and CMV-derived anti-HCV vaccines [143,144];
other examples of the same antigen displayed on different carriers can
be found in Supplement Tables 1 and 2. Moreover, the same principle
can be applied to the method used for antigen presentation on the
VLP surface: comparisons of physical mixture, chemical coupling and
genetic fusions are useful in choosing the optimal strategy for subse-
quent VLP vaccine development [102,145,146].

Future viral particle and VLP vaccines will be more sophisticated and
will contain antigens arranged in multimeric arrays on carrier surfaces,
different immunostimulating components, such as special nucleic acids,
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and well-characterized T-cell epitopes. The experience gained from
other virus-like vaccines is very valuable and will promote the construc-
tion of more universal plant VLPs. The achievements in plant virus-
based vaccine development suggest that native plant viruses and their
recombinant derivatives are fully adaptable to vaccine requirements
and will serve as central components of new prophylactic and therapeu-
tic vaccines for broad applications in humans and animals in the near
future.
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