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Abstract Over the last three decades, virus-like particles
(VLPs) have evolved to become a widely accepted tech-
nology, especially in the field of vaccinology. In fact, some
VLP-based vaccines are currently used as commercial
medical products, and other VLP-based products are at
different stages of clinical study. Several remarkable
advantages have been achieved in the development of
VLPs as gene therapy tools and new nanomaterials. The
analysis of published data reveals that at least 110 VLPs
have been constructed from viruses belonging to 35 dif-
ferent families. This review therefore discusses the main
principles in the cloning of viral structural genes, the rel-
evant host systems and the purification procedures that
have been developed. In addition, the methods that are used
to characterize the structural integrity, stability, and com-
ponents, including the encapsidated nucleic acids, of newly
synthesized VLPs are analyzed. Moreover, some of the
modifications that are required to construct VLP-based
carriers of viral origin with defined properties are dis-
cussed, and examples are provided.
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Introduction

Virus-like particles (VLPs) are multisubunit self-assembly-
competent protein structures with identical or highly rela-
ted overall structure to their corresponding native viruses
[1]. The term “VLP” has been used to describe a number
of biological objects, such as uncharacterized structures
with viral morphology that are found in biological samples,
empty structures of viral origin that are not composed of
nucleic acids, infectious viruses with chemically or
genetically introduced structure modifications and nonin-
fectious, self-assembled gene products resulting from the
cloning and expression of viral structural genes in heter-
ologous host systems. A cumulative search for the term
“virus-like,” which is the most accepted name for these
particles, in Google Scholar yielded 15,700 publication
records through 1995, approximately 42,000 through 2005,
and at least 102,000 publications through the middle of
2012. These data demonstrate the continuously increasing
interest of scientists and technologists in different aspects
of VLP-based technologies.

The interest in new VLPs was largely inspired by the
successful development and introduction of the hepatitis B
virus (HBV) surface antigen [2] and the human papilloma
virus (HPV) capsid protein L1 [3] as commercial vaccines
against hepatitis B and HPV-induced cervical cancer,
respectively. Recently, several VLP-based vaccine candi-
dates have entered different stages of clinical investigations
with the aim to develop VLP-based vaccines for medical
and veterinary purposes in the near future [4, 5].

The results of numerous studies suggest the high-immune
response-stimulating activity of VLPs and demonstrate the B
cell activation and high-titer antibody production that is
triggered by the surface-displayed, structured and densely
repeated amino acid (AA) motifs of the VLPs [6, 7]. In
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addition, the nanometer-sized VLPs can be taken up by
antigen-presenting cells and degraded, which ultimately
leads to T cell activation [8]. Moreover, due to their sym-
metric and highly repetitive AA structures, VLPs are capable
of inducing strong humoral and cellular immune responses
even in the absence of frequently used adjuvants [9].

VLPs have great potential for a number of applications
in addition to vaccines. The treatment of many hereditary
and acquired genetic disorders by different gene therapy
tools is one of the most important challenges that are being
addressed through the progress of nanotechnology. Com-
parisons of different nanocontainers suggest that icosahe-
dral, filamentous, and lipid-enveloped virus-like vectors
are the most promising gene carriers [10]. The current
success of gene therapy is largely based on viral vectors
and synthetic liposomes, although both have a number of
limitations, such as restricted packaging capacity, produc-
tion difficulties, and undesirable immunological properties.
However, due to their construction flexibility, VLPs can be
engineered to overcome these disadvantages, which
include the use of chemical modifications to reduce
unwanted immunological responses after repeated use [11].

In addition to the potential applications of VLPs as vac-
cines and gene therapy tools, particular interest has recently
been paid to the development of new nanomaterials that are
composed of different viruses and VLPs. This new area of
biotechnology, which is called bionanotechnology, repre-
sents a broad multidisciplinary approach that employs con-
cepts and methodologies from biology, chemistry, physics,
and engineering [12]. As new nanomaterials, viruses and
VLPs possess several advantages over the products that are
produced by chemical synthesis, including their size, which
ranges from 10 to 2000 nm, the availability of high-resolu-
tion three-dimensional (3D) models of their structure, their
construction flexibility through chemical and molecular
biological techniques, their high- production yields in natu-
ral and/or heterologous hosts, and the structural uniformity
of each type of virus or VLP [13].

Narrowly, VLPs can also be defined as replication-
incompetent macromolecular protein assemblies that con-
sist of one or several structural proteins of different viruses
and can be obtained from recombinant organisms via the
expression of the corresponding cloned genes [14]. This
review summarizes the publicly available data on VLPs
from recombinant sources and discusses the main princi-
ples and methods that are used to construct and charac-
terize these macromolecular assemblies. In some cases,
examples from experiments that use native viral structural
proteins as a source of VLPs are included to demonstrate
the remarkable ideas and techniques that are used to obtain
and characterize VLPs. Information on replication-com-
petent VLPs and synthetic nanoparticles with virus-like
properties can be found in other review articles [1, 15, 16].

Recombinant VLPs

Since the beginning of the 1980s, over 100 VLPs that
originated from microbial, plant, insect, and mammalian
viruses have been constructed and characterized. The aim
of these studies was to use these particles for a variety of
purposes, from basic virus assembly and structure studies
to the production of commercial human and animal vac-
cines. Examples of VLPs from 35 different virus families,
which are grouped according to the structure of their en-
capsidated nucleic acids, are summarized in Tables 1, 2, 3,
4. A list of the 110 published VLPs that were used for the
data analysis in this review, along with their expression
systems, properties and application examples, can be found
in Supplemental Tables 1-4. The supplemental data are
grouped according to the hosts from which the native
viruses were isolated (bacterial, plant, mammalian, and
other VLPs).

Cloning and Expression of Viral Structural Genes

Historically, the first recombinant VLPs were obtained
from synthesized and cloned coat protein (CP) genes from
the HBV core antigen (HBcAg) [17], the HBV surface
antigen (HBsAg) [18], and the Tobacco mosaic virus
(TMV) [19]. The first visualization of recombinant VLPs
using electron microscopy was published in 1982, which
demonstrated that the HBcAg VLPs were indistinguishable
from the core shells that were isolated from an HBV-
infected liver [20].

These first examples established several important
ground rules for the construction of recombinant VLPs:
(i) the construction of recombinant VLPs is largely based
on several years (or even tens of years) of basic research on
the corresponding virus; (ii) the necessary coding nucleic
acids for the carrier coat protein(s) and for foreign func-
tional peptides can be obtained synthetically from the
aligned oligonucleotides; (iii) the foreign peptides can be
inserted or added to the virus-based carrier molecule
without influencing the self-assembly; (iv) VLPs can be
obtained from heterologous hosts; and (v) newly con-
structed recombinant VLPs have significant advantages
over native viruses, such as their availability in nearly
unlimited amounts and similar or even better functional
properties.

The first stage of VLP construction is the cloning of the
necessary structural genes. Clinical or veterinary speci-
mens, as well as some environmental samples, such as
infected plant or microorganism cells, typically serve as the
source of these genes. Taking into account the fact that
over 1,500,000 nucleotide sequence records can be found
after a search of the Entrez site (The Life Science Search

@ Springer



Mol Biotechnol (2013) 53:92-107

94

[62] (AJNL) sSnIiA dresowr 0998qo],
[6¥1] (AINUd) Snata spiowr siesAyd

[S6] (ASEL) snuajums Aysng ojewo],
(L] (AMIHD) snita e ununyry)
[8%1] (A®L) sniia euSise vasoy],
[L¥1] (AINdD) snara oresowr Badmo))

[ov1]
(Z-AIH) T SnIIA ASUQroyop-ounwiil UewWny

[LZ] (XAD) A snaia ojelod
[£€] (AQINA) SDIIA 3SBISIP YINOW-PUB-}00]
[S1] (AH:D) SnItA snoy YO0[q

(111 (A1) SnaiA [[o1ea] 0JeI0d
[evT] (dO) ®2qQ o8eyd erloRqoIIUy
[ci1] (AFH) snna g sunedoy

[171] (ANAA) SnIIA 9IN 1S9M

[071] (AOD-SYVS) SnIIA BUOI0D
POJR[QI-QWOIPUAS A10JelIdsal 9Jnoe 9I9AQS

[6€1] (AQH¥) SnIIA 9seasip o13eyroway 1qquy

[9€] (AINDD) snaia 9powr onj0I10[yd eadmo)

juerd ‘Teno)oRg

[eLeloRg

098Uy

ueljewiwew
)09sul ‘[erraloeg

198U
098U

ueIewIwew
9o9sug

JseaA ‘TerroyoRg

JO9sUl ‘[eLIOIORY

098Uy

109su]
Jseak ‘TenooRg
309su]

ueIewwew
)09sur
9seak ‘[eudjoeg

uBIRwwew
“900su]

JO9SUT “ISBA X

juerd
Jseak ‘[erreloeg

urojoxd 180D

urajoxd jeOD
urajoxd 180D
dD 10 [d-39-¢H-¢d-dO
urojoxd 180D

sdD Jo uorssardxa0)

surojold 3e3 jo uorssardxyg
urajoxd 180D

asedqjoad

[ed1A oY) pue Josindaid
prsdes jo uorssaxdxeo)

urojoxd 180D

urojoxd 180D
urajoxd 180D

uraoxd 180D

D 10 g ‘I Jo uorssaidxa0)

W ‘A ‘S Jo uorssardxao)
urajoxd 180D

urojoxd 80D

uag gD 9[3urs

‘SYNRISS ‘qQY 6'9 ‘pauawidas 10 nredouoiy

Qua3d D 9[3urs ‘YNRISS ‘qY G'L—9 ‘@mredouoiy
Quag

dD Q[3uls “YNY3s ‘qY 46— “@mnediq 1o -OUON
19-39-¢d-€H-dD SuIpoous dus3

urajordAod “YNY3S ‘@ 8 11-L'6 ‘@mredouoiy
dD Surpoous

Qua3d gD 9[3uts “YNRSS ‘qY 6’9 ‘dmaedouo]y
dd

JUQIQHJIP € J0J sauad ‘qy ,—f pue §—9 maedig
ON
pue v ‘VIA sepndadAjod [ermonns Surpooud

Quag urajoxdLjod Sed ‘qy 11—, ‘@nredouoy
dD 9[3urs 3urpooud

quag urajordAtod ‘qy 71—¢'] @Imredouoy
PdA ‘€dA
‘ZdA ‘1dA sepnadAjod [ermonns 4 Surpooud

qua3 ursyordAtod ‘qy ¢'8—1 L nredouoy

Quad gD o[3uls ‘YNYSS ‘qY [ pue ['¢ anedrg
Juag

dD [8uts ‘SYNYSS ‘Y L'6—¢'S amedouoy

Quag gD 9[Surs ‘qy 4 moqe ‘anredouoyy

Quag JD 9[3urs ‘qy g'L ‘vmredouoy

surajoxd () adofoaus pue (J) sueIqUIdW
‘(D) prsdeod 10J souad ‘qy ¢1—L'6 ‘@mredouojy

(N) pisdeooaonu pue surjoid () dueiquou
(gH) 9se1a1se urunni3seway ‘(g) 2dooaua (S)
yids 10J souad ‘SYNY3S ‘qQY ge—L¢ ‘@maedouoy

Quag
dD o[3urs ‘SYNYSs ‘Y ¢'8—¢"L ‘mnredouopy

Quad gD o[3urs ‘nredry,

SPOI[BDI[AY IDPLIADSIIA

€ = L [BIPAYBSOOI aDPLIIAOUIL]
€ = L TeIpayesodl avpLIIASnquio ]
= L [BIPAYeSO0DI 2DpLIADSO]
§ = 1 [eIpYeS0dl aDPLIADAII]

€ = L [eIPAYEBSODL aDPLIIA0IIS

[eouoyds avpriao.ajay

snojuawe[y avprialioq

[eIPYLSODT IVPLIADULOII]

€ = L [eIPAYEBSOII 2DPLIIADPON

€ = L [BIPAYBSOD1 2DPLIIAOIINT
€ = L [eIPaYesodl avpLi1A1ad]

1 = L [eIpayesodt avpriiaadag]

[eouoyds avpriaav)]

reoudyds avpriapuoio))

€ = 1 [eIpaYBSOOT 20PLIAIINDD)

=110

€ = L [eIPOYESOdI 2DPLIIAOUIOLG

[8€1] (1-AISVH) 1 2dfjo1es sniaomnse uewny j09suU] urajord 180Dy ouad gD orSurs “YNISS ‘qY /-89 ‘emredouoy € = I [eIPoyes0dl anpLIAOLISY
[L£1] (AINdeq) snaia oresowr eAedeq [e1R10eg urajoxd 380y Quad gD 93uIs ‘SYNUSS ‘QY 6—+'S ‘@nredouoy SnoJuSWe[y avpLiAIXaYydly

nEBm\Am
SSdTA 9dwrexg uorssaxdxg soua3 passardxyg soua3 [ermonis ‘sonredord swouon amons  A[Iwey snaA

sosnIIA 9suds-oAanIsod YN popuens-o[Suls wolj poALdp sdIA T dIqelL

pringer

A's



Mol Biotechnol (2013) 53:92-107 95

Engine, NCBI) using the keyword “virus,” the sequence of
the viral structural protein of interest can likely be found in
the databases. In most cases, this sequence is sufficient to
use oligonucleotides for the gene synthesis in the absence
of infected material. It should be noted that the gene syn-
thesis permits the inclusion of typical AA codons for the
heterologous host in the target gene, which enhances the
expression level of the target protein. Alternatively, at least
in the case of E. coli, the usage of special host strains that

Sesbania mosaic virus (SeMV) [108]

% synthesize rare AA codon-recognizing tRNAs can stimu-
N late the efficient synthesis of the VLPs from their original
= sequence [21]. Typically, all known VLPs are derived from
= viruses that are well characterized, at least at the level of
& full-length nucleotide sequence and genome organization.
Due to the vast amount of information that is available
on different VLPs, it is not possible to analyze the details
g of the cloning of the viral structural genes in each case.
% ”E % Tables 1, 2, 3, 4 contain the list of structural genes for each
&% 9 virus family, the expressed genes that are necessary for the
i construction of the respective VLPs and examples with
citations.
2 Expression Host Systems
5 | =
3 § One of the crucial factors in the construction of new VLPs
g g is the choice of expression system. The analysis of the
i) 3 published reports on the successful construction of 174

VLP (Supplemental Tables 1-4) indicates that bacterial
systems are used in 28 % of the cases, particularly for the
production of bacterial and plant VLPs. The yeast (20 %)
and insect systems (28 %) are more universal, and these
expression hosts have been successfully used for the con-
struction of VLPs from different sources. Plant (9 %) and
mammalian hosts (15 %) are typically used to insure the
production of VLPs with specific properties.

Bacterial Systems

Bacterial systems are mostly based on well-characterized
commercial Escherichia coli strains and expression vec-
tors. Despite their disadvantages, such as their inability to
produce recombinant proteins with post-translational
modifications, their inability to generate the proper disul-
fide bonds, the protein solubility problems, and the pres-
ence of endotoxins in the preparations of recombinant
proteins. E. coli systems are a generally accepted tech-
nology that satisfies many research and industrial require-
ments and have been widely used for VLP production. A
successful VLP production using E. coli is likely achiev-
able in cases in which the target VLPs contain only one
coat protein (CP; see Tables 1, 3, 4) that is soluble in the
cells after cultivation. However, recombinant proteins,

Monopartite, 4-4.5 kb, sgRNA, single CP gene

Genome properties, structural genes

icosahedral T = 3

¢ Additional information and further examples with corresponding citations can be found in Supplement Tables

® Additional information with corresponding citations can be found in Supplement Tables

# Characteristics of virus families obtained from Viral Zone Home page [136]

Table 1 continued
Virus family®, structure
Unclassified Sobemovirus
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Table 2 VLPs derived from single-stranded RNA negative-sense viruses

Virus family®, structure ~ Genome properties, structural genes Expressed genes Expression Example VLPs®

system®
Arenaviridae spherical Segmented, 7.5 and 3.5 kb, genes for NP, GP1, GP2 and Z Mammalian Lassa virus (LASV)
nucleoprotein (NP), envelope glycoproteins [88]
(GP1 and GP2), Z matrix protein

Bunyaviridae spherical Segmented, 6.8-12, 3.2-4.9, and 1-3 kb, genes N, Gn, Gc Insect, Hantaan virus
for nucleo-capsid (N) envelope glyco-proteins mammalian (HNTV) [150]
(Gn and Gc)

Filoviridae filamentous ~ Monopartite, 18—19 kb, genes for nucleoproteins VP40 and GP Mammalian Ebola virus [151]
(N and VP30), glycoprotein (GP), matrix
protein (VP40)

Orthomyxoviridae Segmented, genes for hemmaglutinin (HA), HA, NA, and M1 Insect, HON2 avian
spherical or neuraminidase (NA), nucleo-protein (NP), mammalian influenza virus
filamentous matrix protein (M1), ion channel (M2), nuclear [55]

export protein (NEP)

Paramyxoviridae Monopartite, —15 kb, genes for nucleoprotein G, Fand M or N Yeast, Nipah virus (NiV)

spherical (N), capsid glycoproteins (G and F), mammalian [152]

neuraminidase (HN), matrix protein (M)

% Characteristics of virus families obtained from Viral Zone Home page [136]

° Additional information with corresponding citations can be found in Supplement Tables

¢ Additional information and further examples with corresponding citations can be found in Supplement Tables

Table 3 VLPs derived from double-1 stranded RNA viruses

Virus family®, structure ~ Genome properties, structural genes

Expressed genes

Expression system®

Example VLPs®

Birnaviridae
icosahedral T = 13

Segmented, both 2.3-3 kb, genes for
capsid VP2 and VP3

Reoviridae icosahedral ~ 10-12 segments, genes for structural
proteins VP2, VP6, VP7 and spike

protein VP4

Monopartite, 4.6-6.7 kb, single capsid
gene (CP)

Totiviridaex icosahedral
T=2

Polyprotein VP2,
VP3, VP4 (protease)
or VP2

VP2, VP6, VP7 or
VP2 and VP6

Cp

Bacterial, yeast, insect,
mammalian

Yeast, insect, plant,
mammalian

Yeast

Infectious bursal
disease virus
(IBDV) [153]

Rotavirus [48]

S. cerevisiae virus

L-A [41]

# Characteristics of virus families obtained from Viral Zone Home page [136]

° Additional information with corresponding citations can be found in Supplement Tables

¢ Additional information and further examples with corresponding citations can be found in Supplement Tables

especially those that originate from eukaryotic hosts, are
often insoluble in E. coli systems. As demonstrated with
the parvovirus B19 [22] and the CCMV [23] and CMV [24]
plant viruses, viral CPs can also be efficiently produced in
the form of insoluble inclusion bodies, purified under
denaturing conditions, refolded, and self-assembled.
Moreover, the self-assembly of VLPs in E. coli cells can be
initiated by the simultaneous coexpression of a specific
RNA structure, e.g., origin of assembly, with the CP gene
[25].

However, a simple change in the cultivation conditions
can solve the problem of inclusion bodies. Low-tempera-
ture cultivations, which are rather atypical for E. coli, may
stimulate the formation of soluble VLPs, as shown in the
case of the densovirus IHHNV [26] and the potyvirus PVY

@ Springer

[27]. In addition, several factors, such as the resistance
markers of the expression plasmids and the composition of
the cultivation medium, can influence the assembly of
VLPs, as demonstrated with the bacteriophage Qff VLPs
[28].

E. coli cells have also been used for the complicated
production of VLPs that require more than one type of
structural protein for their formation. After the cloning
and expression in E. coli of the avibirnavirus IBDV
VP2-, VP4-, and VP3-containing polyprotein gene
(Table 3), the polyprotein was cotranslationally autopro-
cessed by protease VP4 activity, which enables the for-
mation of immunologically active VLPs in bacterial cells
[29]. However, as shown with the plant virus MRFV, the
inclusion of the corresponding protease gene in the
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Table 4 VLPs derived from single- and double-1 stranded DNA viruses

Virus family®, structure ~ Genome properties, structural genes

Expressed genes

Expression system” Example VLPs®

Adenoviridae
icosahedral T = 25

DsDNA, 35-36 kb, 7 genes for different
structural proteins

Circoviridae
icosahedral T = 1

SsDNA, 1.8-2 kb, single CP gene

Hepadnaviridae
icosahedral T = 4

Partially dsDNA, —3.2 kb, genes for
surface (HBsAg) and core (HBcAg)
proteins

Monopartite, dsDNA, 120-240 kb, genes
for major (VP5) and minor capsid
(VP19C, VP23) proteins and
scaffolding protein (pre-VP22a)

Circular dsDNA, =~ 8 kb, genes for
structural proteins L1 and L2

Herpesviridae
icosahedral T = 16

Papillomaviridae
icosahedral T = 7

Parvoviridae
icosahedral T = 1

SsDNA, 4-6 kb, single CP gene

Circular dsDNA, —5 kb, genes for
structural proteins VP1, VP2

Polyomaviridae
icosahedral T = 7

Penton base and fiber Insect Human adenovirus
proteins B (type3) Ad3
[154]
Coat protein Bacterial Porcine circovirus

HBsAg or HBcAg
proteins

VPS5, VP19C, V23, pre-

(PCV) [155]

Hepatitis B virus
(HBV) [18]

Bacterial, yeast, insect,
plant

Insect, mammalian Herpes simplex

VP22a virus type 1
(HSV-1) [156]
L1 Bacterial, yeast, insect, Human
plant papillomavirus
(HPV) [45]
Coat protein Bacterial, yeast, insect, Canine
mammalian parvovirus(CPV)
[157]
VP1 Bacterial, yeast, insect ~ JC polyomavirus
[158]

? Characteristics of virus families obtained from Viral Zone Home page [136]

° Additional information with corresponding citations can be found in Supplement Tables

¢ Additional information and further examples with corresponding citations can be found in Supplement Tables

expression cassette is not always necessary; the synthesis
of these VLPs can be achieved through the simple
coexpression of two engineered CP genes from a single
expression vector [30].

Another approach that can be used to achieve higher
expression levels and solubility involves the usage of dif-
ferent fusion protein systems. The papillomavirus HPV L1
protein was obtained from recombinant E. coli cells in the
form of a glutathione-S-transferase (GST) fusion protein,
and the VLP assembly of the L1 protein was completed
after the GST section was removed with thrombin. The
quality of the resulting particles was sufficient to obtain L1
crystals for subsequent X-ray crystallographic analysis,
which resulted in the construction of a 3D model of T = 1
icosahedral HPV L1 particles [31]. This fusion protein
strategy has also been successfully exploited with the
polyomavirus MuPyV [21, 32] and the picornavirus FMDV
[33] VLPs. When the N-terminal part of the CP is located
on the VLP surface, the N-terminally added short peptides,
such as His-tag or small protein epitopes, do not influence
the particle formation and can be directly introduced into
the VLP structure without proteolytic cleavage and reas-
sembly in vitro [27, 34].

Other prokaryotic organisms can also be used for VLP
production. For example, Lactobacillus has been used for
the production of the HPV L1 protein to generate edible
vaccine candidates [35], and Pseudomonas was used to
improve the low solubility of the CP of CCMV [36].

Yeast Systems

Since the first successful experiments with HBV surface
protein, which led to the production of commercial pro-
phylactic vaccines against hepatitis B and the use of HPV
L1 VLPs as a vaccine against cervical cancer, different
yeast systems have been used for the construction of
numerous VLPs, including the expression of viral struc-
tural genes of bacterial [37-39], yeast [40, 41], plant [42,
43], and mammalian [18, 44-48] origin (see also Supple-
mental Tables). Yeast expression systems, especially those
that are based on Pichia and Hansenula strains, are more
complicated than E. coli expression systems from the point
of view of construction because yeast shuttle-vectors have
to first be prepared in bacteria and then introduced into the
yeast cells as plasmid vectors or selected to obtain stable
yeast recombinants with a genome-integrated transgene.
Comparative studies of the yeast expression systems
revealed the efficiency of Pichia in the production of RNA
bacteriophage VLPs. However, this production results in
approximately 30 % of the yield that is obtained in E. coli,
as was observed with the Qf VLPs [38]. A yeast system
can also be used for the packaging of functional heterolo-
gous mRNA in bacteriophage MS2 VLPs if the simulta-
neous synthesis of the CP and the mRNA of the model
protein is accomplished from the same expression vector.
In this case, the design of the expression cassette requires
the presence of special packaging RNA sequence that is
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found in the native MS2 genome [37]. However, these
packaging signals are not always necessary for the for-
mation of VLPs in yeast cells. The Saccharomyces
expression system produces soluble CCMV VLPs that
contain mostly host-derived RNA [43], which is contrary to
the E. coli-based expression system, in which the CPs form
inclusion bodies.

Another advantage of yeast systems is the possibility of
introducing post-translational modifications, such as gly-
cosylation or phosphorylation, to the VLP structure, as
shown with the hepatitis B VLPs [44, 47]. Similar to the
VLPs from recombinant bacteria, successful multigene
expression systems have also been constructed in yeasts.
The expression of three rotavirus structural genes (Table 3)
from a single plasmid vector lead to the formation of triple-
layered VLPs in S. cerevisiae cells [48]. However, in the
case of enveloped viruses, such as HIV-2, S. cerevisiae
cells do not support the multimerization of the Gag protein
into VLPs and particle budding, which suggests that yeast
does not contain the necessary host factors [49]. It is
important to note that VLP formation does not always take
place during the cultivation process of the yeast cells.
Experiments with HBsAg from Pichia suggest that the self-
assembly of the VLPs should be completed during the
purification of the target product [50].

Insect Systems

Insect cell-based expression systems are widely used for
VLP production on the laboratory or industrial scale due to
a number of advantages, such as the fast growth rates in
animal product-free media, the capacity for large-scale
cultivations, and the ability of post-translationally modi-
fying the recombinant proteins similarly to mammalian
cells [51]. The insect cell line derived from Trichoplusia ni
is used for the production of the commercial HPV L1-VLP
vaccine. In addition, at least 7 additional VLPs that are
isolated from recombinant insect cells are at different
stages of development as vaccine candidates [52].

For the expression of foreign viral protein genes in
insect cells, the construction of vectors based on the
modified baculoviruses is necessary. To obtain VLPs that
contain more than one structural protein, insect cell lines
are infected with multiple different monocistronic baculo-
viruses (coinfection) or with a single polycistronic bacu-
lovirus (coexpression). The coinfection strategy is the more
accepted approach because it allows the manipulation of
the relative expression levels of the corresponding struc-
tural proteins [53]. Moreover, this strategy allows the
identification of the proteins that are necessary for VLP
formation. Using a coinfection methodology, 6 different
proteins have been shown to be simultaneously expressed
and self-assembled into VLPs within the same cell, as

@ Springer

demonstrated with the herpesvirus HSV [54]. The coex-
pression strategy was also shown to be effective in the
construction of some VLPs, including those derived from
influenza, using a tricistronic baculovirus with a triplicated
polyhedron promoter [55] or even a quadrupole baculovi-
rus with three polyhedrin and one p10 promoter [56].

The construction of VLPs from viruses with a poly-
protein genome organization can be accomplished through
the cloning of the whole polyprotein gene into the bacu-
lovirus vector. The polyprotein strategy has been success-
fully used in the case of the alphavirus SAV. The concerted
action of the alphavirus protease from the polyprotein and
the host-derived proteases at atypically low-cell culture
cultivation temperatures are crucial factors for the forma-
tion and maturation of the VLP [57]. Similar results using
the polyprotein cleavage approach were obtained with the
plant virus CPMV [58]. As demonstrated in experiments
with the entorovirus-71 VLPs, the polyprotein strategy can
be more efficient in terms of VLP yields than the coin-
fection method [59].

Interestingly, baculovirus-based vectors can also be used
with the whole insect larvae, including silkworm larvae
[51], as a cheaper alternative to produce VLPs [60]. The
most recent baculovirus-silkworm multigene expression
system insures the simultaneous expression of six different
transgenes from a single recombinant baculovirus [61].

Plant Systems

Initially, the attempts to generate VLPs in whole transgenic
or natural plants with different transient expression vectors
were tightly bound to the idea of edible vaccines. However,
modern medical concepts require precisely formulated
vaccine products and supervised administration to insure
reproducible effects, which has made injectable vaccines
more acceptable [62]. Despite the revision of the concept,
plant systems remain a cost-effective and scalable alter-
native for the production of different medicinal proteins,
including vaccines [63]. Some recent developments, such
as the Norwalk VLPs that were manufactured under Good
Manufacturing Practice (GMP) conditions for subsequent
clinical trials [64] and the results of the first human trials of
edible vaccines [65], continue to support the idea that
VLPs from plant sources can be used as vaccines and
suggest the necessity for further research in this area.

The principles for the construction of VLPs in different
plant expression systems, the successful production of
VLPs in plants and the self-assembly of numerous viral
structural proteins in plant hosts are extensively discussed
in several review articles [63, 66, 67]. As an example, one
of the most effective plant expression systems is based on
the Agrobacterium-mediated transfer of a tobamovirus-
derived expression vector in whole plant cells, which
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resulted in yields of up to 3 g of recombinant VLPs per kg
of leaf biomass [68].

It should be mentioned that plant hosts that are infected
with native viruses can serve as a source of assembly-
competent viral structural proteins for the construction of
new nanomaterials [69].

Mammalian Cell Systems

For over two decades, the use of mammalian cell cultures
as a source of commercial therapeutic proteins has been
developed [70]. Taking advantage of the product authen-
ticity and the correct glycosylation pattern that are obtained
with this system, more than half of all of the recombinant
proteins in the pharmaceutical industry are produced in
different mammalian cell lines [71]. Despite the com-
plexity in the construction and practical applications,
mammalian cell line systems are widely used for VLP
production both in basic experiments and on the industrial
scale with the aim to construct vaccine candidates and gene
therapy agents. Different mammalian cells are especially
efficient hosts for the construction of complex enveloped
viruses, including influenza viruses. If a stable mammalian
cell line expressing four influenza structural proteins is
constructed, it is possible to create hybrid VLPs that con-
tain matrix proteins from one influenza type (H3N2) and
surface glycoproteins from another type (HSN1) [72]. This
system would allow the generation of correctly glycosyl-
ated VLPs, which are similar in size to the native viruses,
with encapsidated host cellular proteins and high-immu-
nological activity. The most complicated system that has
been developed to obtain VLPs was shown with influenza
viruses. A cell line that was infected with recombinant
vaccinia virus vector that expresses the T7 polymerase and
transfected with bacterial plasmids containing the cDNAs
of all ten influenza virus proteins was able to produce
VLPs. Moreover, the model protein mRNA after cDNA
transcription was rescued into the influenza VLPs [73].

The polyprotein strategy, which was described above,
can also be used in mammalian cells. The polyprotein
cDNA that encodes all of the structural proteins of the
alphavirus CHIKV was cloned into a eukaryotic expression
vector, which was then introduced into a human cell line;
the resultant cells produced CHIKV VLPs, as demonstrated
through immunological and electron microscopy analyses
[74]. Interestingly, these experiments demonstrated that the
CHIKYV VLPs are able to elicit stronger antibody responses
than the corresponding DNA vaccines [74].

Cell-Free Systems

Crude cell extracts have been used as a tool for protein
synthesis for over 50 years. In the past, cell-free protein

synthesis (CFPS) was mostly used in basic studies of the
transcription and translation mechanisms, as well as for
the rapid evaluation of different expression systems. In
recent years, the development of CFPS has reached the
stage of an independent expression system with potential
industrial significance. CFPS systems based on E. coli,
wheat germs, insect cells, and rabbit reticulocytes are now
commercially available. The most popular is the E. coli-
derived CFPS due to the simple preparation of the extract
and the comparably high yields of the desired proteins
[75]. Recently, the synthesis of the RNA bacteriophage
MS2-, Qf-, and HBV core-derived VLPs has been dem-
onstrated using E. coli-based CFPS technology. In the
case of the Qf VLPs, the CFPS allows the incorporation
of the A2 protein, which is toxic for living cells [76],
whereas the production of the HBcAg, MS2 and Qf VLPs
in the chosen cell-free system provides considerable sta-
bilization of the particles through the introduction of
disulfide bonds [77]. It is notable that the yield of the
VLPs is almost 1 mg/ml and the efficiency of the VLP
assembly exceeds 80 % in the case of HBcAg and Qf.
These proof of concept experiments using well-estab-
lished VLP models suggest that CFPS can also be used
with more complicated cases, especially when the
expression of the viral structural protein genes is toxic for
living cells or if the conditions for the traditional systems
do not allow the production of VLPs with the desired
properties, e.g., when the incorporation of unnatural
amino acids is necessary [78].

Purification and Characterization

To insure that the constructed and synthesized VLPs
remain intact for the intended downstream applications, the
selection of the correct purification scheme is of the utmost
importance. The VLP purification and characterization is
largely based on experience that has been obtained in
experiments with different viruses. Therefore, the initial
conditions for the development of a purification protocol
for a newly constructed and uncharacterized VLP can be
based on those used with the corresponding native virus. In
this section, the most important methods that are currently
used in VLP purification, identification, and characteriza-
tion will be reviewed.

Purification

Because VLPs have been industrial products for over two
decades, the general principles of VLP purification are well
known and include the following steps: (i) the lysis of the
cell to transfer the synthesized VLPs to the solution; (ii) the
clarification process to insure the removal of cell debris and
other large aggregates; (iii) the concentration step; and (iv)
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the polishing step to remove the residual host or target
product-derived impurities [79].

The cell lysis is a very important step in VLP purifica-
tion. However, because many mammalian and insect cell
systems insure the secretion of the VLPs into the culture
supernatants, the cell lysis step is not always necessary
[52]. The VLPs produced in non-secreting systems require
the use of a suitable approach to prepare the cell-free
extract. For example, the simple treatment of eukaryotic
cells with detergent-containing solutions is sufficient. In
contrast, bacterial, yeast, and plant cells require strong
mechanical treatment, such as various mills or French
presses, ultrasonication, grinding with abrasives (e.g., alu-
minum oxide), repeated freezing/thawing cycles, and
enzymatic treatments [80, 81]. For the purification of
uncharacterized VLPs with unknown stability properties,
different cell lysis protocols and extraction buffer compo-
sitions are tested to identify the optimal method that pre-
serves the integrity of particles.

To protect the VLPs from oxidation and host proteases
during the purification process, the extraction buffers are
often supplemented with reducing and chelating agents and
protease inhibitors. In addition, nucleases are sometimes
added at this stage to reduce the amount of host nucleic
acids in the extracts. After clarification by low-speed
centrifugation or ultrafiltration, the VLP-containing solu-
tions have to be further concentrated and purified. A
number of viruses and VLPs are stable enough to withstand
precipitation with ammonium sulfate and/or polyethylene
glycol (PEG). The precipitation significantly decreases the
volume of the extract and the amount of host-derived
impurities, which ultimately results in a reduced number of
subsequent centrifugal and chromatography purification
steps. In laboratory-scale purifications, further VLP puri-
fication by ultracentrifugation in CsCl or sucrose gradients
is often sufficient to obtain suitable preparations for sub-
sequent applications, especially when successive rounds of
low- and high-speed centrifugations are applied. In indus-
trial-scale processes, the use of ultracentrifugation has
some restrictions due to the risk of VLP aggregation, the
lack of scalability, and the enhancement of labor intensity
[52]. Thus, instead of using ultracentrifugation, the nec-
essary purity of VLPs is often achieved through special
chromatographic processes. Depending on the properties of
the VLP, different size-exclusion, ion exchange, and
affinity columns are used in the purification process.
However, additional steps, such as the treatment of the
VLP solution with diatomic earth before the column
chromatography, may be necessary to achieve the desired
vaccine-grade purity level, as demonstrated with the pro-
duction of HBsAg in Pichia [82].

The purification schemes not only include the removal
of host or target product-derived impurities from VLPs. In
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special cases, to improve the functional properties of the
target VLPs, a disassembly/reassembly stage is necessary.
For example, reassembled human papilloma VLPs exhibit
enhanced immunoreactivity and stability properties [83].

Characterization of VLPs

It is necessary to emphasize the methods that allow the
identification of the VLP during the initial stages of con-
struction. Different VLP properties can be useful for early
detection and screening, and the methods partially overlap
with those used in the purification. The application of PEG
or ammonium sulfate, which have the ability to bind water
molecules, until the solubility level of the VLP is exceeded
can be used to precipitate high-molecular VLPs and leave
the low-molecular impurities in the extract solution [84].
The purity of the precipitate is usually sufficient for simple
downstream analysis to identify the VLP structural proteins
by SDS/PAGE, agarose gel retardation tests of protein-
nucleic acid complexes, which are typically used for VLPs
[36, 85], and sucrose gradient and size-exclusion chroma-
tography for demonstrations of the high-molecular state of
the VLPs [86]. Alternatively, if the precipitation conditions
can disassemble the particles, the VLP-containing extracts
can be directly concentrated by ultracentrifugation. If
mono- or polyclonal antibodies against corresponding
native virus or VLPs are available, additional proofs of the
VLP formation can be obtained using ELISA, Western
blots [87], and immune diffusion tests as Ouchterlony’s
double radial immune diffusion in agarose [38]. An elec-
tron microscopy analysis is necessary as a final visual proof
of the new synthesized VLPs because above-mentioned
indirect tests may identify large, unstructured protein
aggregates as VLPs.

After purification, the different properties of the target
VLPs have to be tested to demonstrate their accordance
with the indented downstream applications. A valuable tool
in the analysis of the VLP composition is mass spectrom-
etry, which allows the measurement of the molecular mass
of the assembled proteins. This technique has been used to
identify proteolytically degraded [27] or post-translation-
ally modified [44] proteins in the VLP structure. In the
analysis of the glycosylation pattern of mammalian VLPs,
the lectin-based glycan differentiation assay is a useful and
rapid method for the identification of structural protein
modifications [88]. The structural integrity of the VLPs can
also be demonstrated by trypsin treatments in the presence
or absence of detergents that are capable of dissociating the
VLP-forming subunits [88].

Different VLP physical parameters are significant fac-
tors in the development of new identification methods and
applications. The VLP concentration measurements can be
complicated due to the protein/nucleic acid content of the
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particles. Nevertheless, simple but accurate concentration
measurements based on UV spectra are available for the
plant virus BMV and HBcAg VLPs; these are also appli-
cable for other viruses and VLPs [89]. In addition, iso-
electric point measurements by capillary isoelectric
focusing have been found to be useful in the differentiation
of the VLPs from different norovirus genogroups [90].

In complicated cases, immune and electron cryomi-
croscopy images can provide the necessary proof of the
correctness of the constructed VLPs. Immunoelectron
microscopy using colloidal gold that is conjugated to the
antibodies has been widely used in VLP research and has
been found to be necessary for the visualization and
localization of antigens on the VLP surface. Electron cry-
omicroscopy provides images with comparably high reso-
lution and has been used in a number of cases, including
bluetongue [91], HIV-1 [92], HCV [93], CHIKV [94], and
other VLPs. This method is also useful for the visualization
of the displayed foreign peptides on the VLP surface [95].
More detailed information on electron microscopy and
additional examples can be found in other review articles
[96, 97]. Crystallization and subsequent X-ray structure
analysis is usually applied for further resolution charac-
terization of the VLP properties. VLPs are also used in
cases in which the corresponding native viruses are not
available in preparative amounts and in stepwise virus
assembly studies [98—101].

Because VLPs are mostly produced for different
downstream applications, the stability of the recombinant
particles is one of the most significant issues. Another
important reason to perform stability experiments is the
necessary determination of the conditions that support
the disassembly of the particles for subsequent reas-
sembly and packaging of the foreign agents, such as
proteins, nucleic acids, and low-molecular mass com-
pounds. To obtain data on their stability, the purified
VLPs are incubated in different buffer solutions and/or at
elevated temperatures. One of the most popular methods
that demonstrates the influence of the incubation condi-
tions on the VLP structure is the above-mentioned native
agarose gel analysis, which was used with the plant virus
CCMV and the RNA bacteriophages Cb5, MS2, and
PRR1 [36, 98, 99]. However, this method is only
applicable when the VLPs contain nucleic acids and
when the dimensions of the VLP are compatible with
agarose gel analysis. For filamentous or empty VLPs,
other methods can be appropriate, such as various
spectroscopic techniques, which were used with Norwalk
VLPs [102], and the detection of the appearance of low-
molecular structures through the separation of the sam-
ples by ultracentrifugation [27]. In the case of norovirus,
the mechanical stability of the corresponding VLPs was
tested by atomic force microscopy [103]. For high-

throughput analyses, the structural changes in the VLPs
at elevated temperatures are monitored in the presence of
Sypro-Orange dye using a real-time PCR system and a
DNA melting point determination program [27]. In some
cases, the results of the stability studies should be cor-
rected by electron microscopy visualizations, as was
necessary for the hybrid rod-like VLPs of the bacterio-
phages GA and fr [104].

If the conventional expression system does not insure
the production of oxidized VLPs, the stability of the VLPs
can be considerably enhanced through the introduction of
disulfide bridges to crosslink the individual structural
proteins with hydrogen peroxide in the cell-free system. As
a result, disulfide bridges-containing Qff VLPs can with-
stand temperatures of up to 75 °C, whereas reduced VLPs
are only stable at a temperature of approximately 45 °C
[77]. Simple additives can also enhance the VLP stability.
From vaccine formulation studies, it is known that the
addition of additives, such as polysorbate, sorbitol, and
disaccharide trehalose, effectively prevents VLP aggrega-
tion [105, 106].

Viral structural proteins are typical nucleic acid-bind-
ing proteins. Numerous studies demonstrate the ability of
recombinant VLPs to bind and encapsidate nucleic acids
that are present in the host cells, such as the mRNA of the
transgene, ribosomal and/or transport RNAs [88, 107-
109]. In some cases, the mRNA of the cloned gene is not
found in the VLPs [30]. DNA microarray experiments
suggest that CCMV VLPs, along with its own mRNA, are
capable of encapsidating a large number of Pseudomonas
mRNAs, except for the ribosomal RNA, which is the
most abundant cell RNA [36]. As was found in the case
of FHV through the use of a next-generation sequencing
technique, VLPs mostly encapsidate ribosomal RNA and
the transcripts from the introduced baculovirus expression
vectors. Interestingly, native FHV virions also exhibit the
ability to package host RNAs, although these particles
package only approximately 1 % of the total amount
[110]. To identify the RNA secondary structures that are
responsible for the encapsidation process, the SELEX
system was recently developed for nucleic acid-binding
tests with the plant virus STNV VLPs. After 10 rounds of
selection, no single RNA stem loop was identified as a
potential VLP assembly initiation site; instead, eight dif-
ferent secondary structures in the SNTV genome partially
corresponded to the consensus sequence found by the
SELEX method [111]. These data suggest a possible
mechanism for host nucleic acid encapsidation in the
recombinant VLPs: if the transcriptoma of the heterolo-
gous host with the cloned viral structural gene contains
RNA(s) with the necessary secondary structures in suffi-
cient amounts, these can serve as factors that stimulate or
even initiate the VLP formation.
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VLPs with Defined Properties

In many cases, the construction of VLPs is tightly bound
with the aim to obtain structured multimeric protein
assemblies with specific properties for subsequent appli-
cations. In the case of a successful construction, VLPs are
to some extent “universal,” e.g., useful for different pur-
poses with the same or a similar principle of action, which
is highly important for the development of the technology
platform. In this section, the examples of VLPs with
noticeable universal properties are discussed.

First, VLPs can be used for different purposes based on
their intrinsic properties without any changes to the struc-
tural proteins. Mammalian VLPs recognize cells from the
corresponding organism and are able to deliver cargo, such
as therapeutic nucleic acids or proteins, to the recipient
organism [112, 113]. The ability to bind specific nucleic
acids is common for viral structural proteins and is used for
the binding and encapsidation of other negatively charged
substances, such as oligonucleotides and biological and
chemical polymers, as shown with the recombinant
HBcAg, Qff, and CCMV VLPs [114-116]. This binding
property seems to be universal. However, the packaging is
limited by the size of the negatively charged polymer. This
limitation is apparently bound by the internal volume of the
corresponding VLPs and the availability of positively
charged AAs in the VLP structure. Therefore, the polyo-
mavirus JC VLPs, which are gene therapy vector candi-
dates, are able to package different plasmid DNAs in sizes
that exceed 9 kbp but not 14.5 kbp during the cultivation of
E. coli cells [117].

In addition to the packaging, VLP intrinsic properties,
such as surface-located AA regions, can serve as targets for
the introduction of various functional molecules. There are
two general methods for introducing molecules into the
carrier VLPs: chemical coupling and genetic fusion. In the
chemical coupling process, any method that is known to
modify a protein can be used provided that the conditions
of the reaction preserve the structural integrity of the VLPs.
In most cases, the surface-located lysine residues are tar-
gets for coupling [118], although other AAs, such as cys-
teine, tyrosine, aspartic, and glutamic acids, can also be
modified [13]. Some VLPs are shown to possess nearly
universal properties for chemical conjugation; one of the
best-studied VLPs with this property is the plant virus
CPMYV [119]. Other VLPs, such as those derived from the
bacteriophages Qff and AP205 have been validated for the
coupling of different antigens, including low-molecular
substances, such as nicotine and whole proteins, with the
aim to obtain prophylactic and therapeutic vaccines [120—
123].

For VLPs without reactive AAs on the surface, the nec-
essary universality can be achieved by targeted mutagenesis,
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as shown in the case of TMV. After the incorporation of an
accessible lysine residue, the subsequent coupling of biotin
moieties to the virus enabled the tight binding of 2,200
molecules of recombinant streptavidin-containing model
protein per viral particle [124]. The introduction of AAs such
as cysteine to some VLPs has been found to be useful for the
subsequent coupling and multivalent display of ligands
[125].

Genetic methods have been widely used for the intro-
duction of different peptides, including immunologically
relevant epitopes, to the VLP structure [1]. In addition, the
introduction of specific peptides can contribute to
the broadening of the potential VLP applications. Recently,
the heterodimeric coiled-coil AA motifs were found to be
useful for the packaging of different proteins in the VLP
interior without chemical coupling or genetic fusions [126,
127]. The interaction between the coiled-coil motif-con-
taining CCMV CP and the protein of interest insured a
strong binding between the two components, which
allowed the encapsidation of up to 14 molecules of the
model protein inside the 28 nm CCMYV particle.

The introduction of a whole protein into the VLP
structure can also be achieved by genetic fusion, especially
in the case of larger VLPs [112, 128]. A versatile system
called SplitCore was recently developed for the HBcAg
VLPs [129]. The splitting of the HBcAg gene at the
encoded immunodominant region into two parts and the
expression of both fragments in E. coli retained the ability
of VLP formation. This system allows the display of sev-
eral proteins of medicinal relevance, which have sizes of
more than 300 AA, on the VLP surface. This splitting
principle is also applicable to other VLPs [129].

Another interesting development that has made VLPs
suitable for different applications is the incorporation of
protein A-derived domains in the particle structure. These
domains are known to effectively bind to the constant
regions of the antibody molecules (IgG) of different
organisms. After displaying this domain on the particle
surface, the VLPs are able to bindup to 2 g of [gGper 1 g
of carrier [130], which offers a simple procedure for the
purification of different monoclonal antibodies. VLPs with
protein A domains and bound antibodies can also be used
for the addressed delivery of therapeutic nucleic acid to
specific cells [131] or as sensitive diagnostic agents [132].
Other examples of multifunctional VLPs for protein
delivery can be found in a recent review [133].

Concluding Remarks
The latest metagenomic evaluations suggest that virologists

are using less than 1 % of the existing viral diversity
[134]. Therefore, the environmental samples represent an
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inexhaustible source of new viral structural genes, from
which new VLPs with defined properties can be con-
structed. However, the construction process of new VLPs is
still expensive and labor-intensive. The use of mammalian
expression systems is acceptable for the construction of
structurally complicated VLPs, particularly if the intro-
duction of the correct post-translational modifications and/
or the production of VLPs that contain multiple structural
proteins are necessary. As confirmed by numerous exper-
iments, insect and yeast cell systems can be an effective
alternative to mammalian hosts. However, when the con-
struction of a new VLP is considered, E. coli hosts should
first be tested because these hosts have lower costs and
require a shorter construction time. Due to the absence of
generally applicable, rapid screening methods and the
inefficiency of in silico predictions, the only approach that
can be used to construct new and modify existing VLPs is
the trial and error method with subsequent visual confir-
mation by electron microscopy [135].

Taking into account the advances in vaccine develop-
ment, VLPs have a positive reputation as systems of aca-
demic, industrial, and commercial significance and are no
longer only “mere laboratory curiosities” [14]. However,
in some fields, such as gene therapy and nanomaterials, the
potential VLP application technologies are based only on
laboratory experiments. The study of the most perspective
VLP-based objects and applications must be continued to
demonstrate the predictability, sustainability, and cost
efficiency of this technology.
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