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Abstract

Virus-like particles (VLPs), which mimic the structure of authentic virus, are of significant importance owing
to their wide ranging applications. VLPs have the potential to serve as candidate vaccine in addition to subunit
vaccines and also serve as a nano-bioparticle scaffold for displaying complex foreign proteins. Here, we review
different methods available to produce VLPs with various host expression systems including from microorganisms
to mammalian cells and the current potential of silkworms as producers of these VLPs. Recently, silkworms have
been used for efficient production of VLPs too in addition to mass production of recombinant proteins, which have
contributed to molecular structural analysis, molecule—molecule interactions in biology and biotechnology.
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Introduction

Silkworm larvae and pupae have been used as biofactories for
large-scale protein production due to their high capacity for protein
production, easy scale-up and low-cost performance. Silkworm
expression systems have been also used to produce Virus-like particles
(VLPs) efficiently and the surface of VLPs can be modified by several
methods, irrespective of non-enveloped and enveloped VLPs (Figure
1). VLPs are composed of virus-derived capsid or envelope proteins
and have empty shells similar to native viruses [1,2]. VLPs do not have
genetic material and are no longer infectious, indicating that VLPs
are safer than live attenuated vaccines and inactivated vaccines. VLPs
are still able to enter target cells and are released from cells and can
induce cellular and humoral immune responses without any adjuvants,
compared to subunit vaccines. Commercial human papilloma virus
(HPV) vaccines, Gardasil and Cervarix, are composed of HPV-VLPs
and adjuvants, Alum or Alum and monoposphoryl lipid A, which
increase vaccine-induced antibody titers [3]. VLPs are now attractive
tools for vaccine strategies in terms of safety and efficacy. Moreover,
VLPs have considerable medical and clinical impacts and they have
also been applied to drug delivery systems (DDSs) to targeted cells
and tissues as chemical, drug and vaccine carriers. VLPs as functional
biomolecules have been produced in bacteria, yeasts, plants and insect
and mammalian cells. Recently, production of VLPs including several
subunit vaccines has been investigated in silkworms and other insect
larvae. This review gives an overview of VLP production in silkworm
with various expression systems and evaluation of targeting for valuable
biomaterials.

Virus-like Particles
VLPs as vaccines

Vaccines are powerful means of preventing virus infections
and their spread in humans and animals. Vaccines for various virus
infections have been developed using inactivated vaccines including
protein subunits, peptides and DNA, inactivated and live attenuated
viruses, recombinant viruses and VLPs. Although many vaccines
are commercially available for human and animal use, protective
vaccines against several pathogens, for example, HIV, respiratory
syncytial virus and dengue virus, have not yet been developed in spite
of enormous efforts (Table 1). A replicating virus infection can elicit

a strong immune response in the host and the immune response may
last for several years. In the case of live attenuated vaccines, heat and
chemicals, which partially denature surface antigens, attenuate virus
replication. Alternatively, viral variants that lack replication capacity
and deleterious effects and are non-pathogenic can be used as vaccines.
A reduced capacity for replication may cause reduced immunogenicity.
However, attenuated viruses still have superior capacities to enhance
immunogenicity compared to non-replicating and inactivated vaccines,
including subunit proteins and DNA vectors. Live attenuated viruses
reach the host immune system and are taken up by APCs, including
dendritic cells (DCs) and elicit immune responses similar to those
induced by natural viruses [4]. However, live attenuated viruses have
the possibility to revert to virulent forms and evolve to virulent viruses
by recombination with endemic viruses [5]. Intra-dermal injection of
non-replicating and inactivated vaccines, including subunit proteins
and DNA vectors, induces protective immune responses [6,7]. Non-
replicating and inactivated vaccines have a safety advantage compared
to live attenuated vaccines, but are less effective processing and
presentation to the immune system because only humoral immune
response is induced by non-replicating and inactivated vaccines.
Various adjuvants, mineral salts, emulsions and microbial derivatives
have been utilized together with non-replicating vaccines to activate
the innate and adaptive immune systems [8]. Some viruses can be
used as virus-vector-based vaccines when antigen-encoding genes of
infectious viruses are heterologously inserted. Vaccinia virus, human
adenovirus (AdV) and lentiviruses have been used as virus-vector-
based vaccines [9,10]. Recombinant AdV can prime and boost T cell
and B cell responses. VLPs have been utilized as vaccines owing to
their capability of stimulating strong cellular and humoral responses
as direct immunogens [1]. VLPs mimic the structure of native viruses
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Figure 1: Application of VLPs produced in silkworms. A: A human papilloma-
virus L1 VLP produced in silkworm larvae, B: A Rous sarcoma virus Gag VLP
produced in silkworm larvae.

Virus Disease
Acquired immunodeficiency syndrome
Respiratory infection

Liver cancer

Human immunodeficiency virus (HIV)
Respiratory syncytial virus(RSV)
Hepatitis B

Hepatitis C

Epstein barr virus

Cirrhosis/cancer

Lymphomas, nasopharyngeal carcinoma

Cervical cancer
Pneumonia (infants)
Pneumonia

Human papilloma virus (HPV)
Measles

Influenza

Table 1: List of prominent virus causing epidemic in recent human history.

similarly. Therefore, they can enhance the production of neutralizing
antibodies against viruses. VLPs represent a safe alternative vaccine to
attenuated live virus vaccines because they cannot replicate and are non-
infectious. Most VLPs can stimulate potent immune responses without
adjuvants. VLPs are 20-200 nm in diameter and can be taken up by
DCs via macro pinocytosis and endocytosis [11]. VLPs induce CD4
proliferative responses and cytotoxic T lymphocyte (CTL) responses, in
addition to B-cell-mediated humoral responses [2].

To enhance the immune response by VLPs, chimeric VLPs have
been constructed by the fusion of heterologous epitopes with VLP
proteins or incorporation of heterologous protein in VLPs. Insertion
of the V3 loop domain of HIV gpl20 to p24 domain in HIV gag
protein or at the HIV gag protein C terminus enhances a strong V3
domain-specific cytolytic CD8 CTL reactivity [12]. This chimera
gag protein forms HIV-like particles in insect cells. Chimeric rabbit
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Table 2: VLPs their advantages and disadvantages.

hemorrhagic disease viruses VLPs have been produced by expression
of VP60 fused with hemagglutinin helper T cell epitope (HAT) at its
N-terminus in insect cells and enhance the activation and proliferation
of T cells [13]. Chimeric HPV-VLPs composed of L1 capsid protein
fused with T-cell epitopes of HPV E6 and E7 proteins at its C-terminus
have been produced in tomato plants and induce humoral and CTL
responses [14]. This fusion strategy is applicable to enveloped and non-
enveloped VLPs and permits heterologous antigens that cannot self-
assemble into VLPs to be incorporated into VLPs. Alternatively, in the
case of enveloped VLPs, incorporation of foreign proteins into VLPs is
achieved by co-expression of gag proteins with foreign proteins; mostly
trans-membrane proteins. Foreign proteins are imbedded into VLP
envelopes during budding and are displayed on the surface of the VLPs.
HIV-VLPs displaying Env glycoprotein (gp120) have been produced
in insect cells and induce humoral and cellular immune responses
[15,16]. HIV-1-specific CTLs and cross-clade neutralizing antibodies
have been detected in immunized mice. The trans-membrane domain
of Epstein-Barr virus gp220/350 enhances gp120 expression on the
surface of HIV VLPsin insect cells [17]. Moreover, trans-membrane
and cytoplasmic domains of mouse mammary tumor virus (MMTV)
envelope glycoprotein, influenza virus HA and baculovirus gp64 also
enhance gpl20 expression on the surface of VLPs, indicating that
transmembrane and cytoplasmic domains play an important role
in determining the gpl20 expression on the surface of VLPs [18].
Incorporation of CD40L into Simian immune-deficiency virus (SHIV)
VLPs induces DC activation and enhances humoral and cellular
immune responses in mice [19]. These CD40-incorporated VLPs
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are increased in HIV Env-specific IgG production and CTL activity
compared with SHIV-VLPs in mice.

VLPs as carriers for DDSs

Non-enveloped VLPs: Normally, non-enveloped VLPs are
composed of virus-derived capsid proteins. To modify the surface of
VLPs, chemical and genetic engineering methods have been adopted
[20]. Lysine, cysteine, glutamate and aspartate have reactive side
chains. These amino acid residues in VLPs can be conjugated with
peptides, oligonucleotides, carbohydrates and fluorescent molecules
using N-hydroxysuccinimidyl ester (NHS) and maleimide, therefore,
functional groups can be displayed on the surface of VLPs. These
functionalized VLPs have been utilized for various studies on vaccines,
drug carriers and imaging probes. To insert some peptide sequences
into capsid proteins, of which VLPs are composed and display these
peptide sequences on the VLP surface, genetic engineering methods
have been used. Functional moieties can be displayed on the surface of
VLPs through these peptide sequences. In this case, peptide sequences
are fused into VLPs and then chemical reactions, which often are harsh,
can be omitted. HBsAg protein particles (bionanoparticles) displaying
HER2 antibody genetically deliver encapsulated molecules to HER2-
expressing cells (SK-BR-3 cells) [21]. However, these bio-nanoparticles
have lipid bi-layers from host endoplasmic reticulum membranes.
Simian virus 40 VP1 VLPs display RDF-motif bound to integrin or cells
in an RGD-dependent manner [22]. HBV core protein can incorporate
whole proteins (e.g. GFP, Borreliaburgdorferi outer surface protein
A) into itself and form VLPs [23]. This indicates that whole proteins
can display on the surface of VLPs and this method could lead to the
development of novel vaccines and drug carriers.

Envelope VLPs: VLPs are merely basic envelope proteins of the
virus, which have the unique ability to self-assemble and form VLPs
[24,25]. The VLPs self-assembly theory can be explained by a well-
known viral capsid protein gag and its assembly on the membrane
using the lipid raft mobility mechanism. This process occurs efficiently
in cells in which a continuous flow in anterograde and retrograde
directions takes place, transporting proteins in transport machinery.
The gag proteins “hitch a ride” on these lipid rafts and in theory, any
protein that binds to these rafts is destined for the plasma membrane.
This property makes them an ideal candidate for presenting antigenic
proteins in a form that closely resembles the native state and thus
provides a method to produce vaccines [26]. Gag proteins usually
form VLPs of fixed size but this shape and size can be manipulated by
addition of spacer peptides or deletion of specific regions [27]. Almost
all the proteins have to interact with cell membranes and many are
associated with membranes. To study membrane proteins, it is difficult
to express and purify in sufficient quantity trans-membrane and
complex proteins. Enveloped VLPs provide an answer to this problem
as VLPs formed from enveloped virus structural proteins are the most
suited for display of proteins [26]. They have a lipid bi-layer, thus they
can provide the support required for the membrane proteins [28]. VLPs
aggregate on the plasma membrane, which supports the theory that
the VLPs accumulate on the plasma membrane where they are self-
assembled (Figure 1). When a sufficient number of gag monomers has
accumulated, the decrease in surface tension causes pinching of the
VLPs from the surface of the plasma membrane. As a result of this,
the VLPs can be easily collected from the supernatant [29]. Using this
approach, many proteins that are difficult to express and study are
being pseudo typed on VLPs [30]. This has led to development of many
vaccine candidates undergoing clinical trials [31]. VLPs are empty-
cage-like proteins that have the potential to serve as carriers. The inner

core of the VLPs is protein with a lipid envelope, which can be used for
packaging. These approaches have to date been at the conceptual level.
VLP-based DDSs are unique because they can provide target-specific
delivery mechanisms. VLPs can be easily pseudo typed with markers
specific for affected regions and packaged with drugs.

Production of VLPs

Until now, various kinds of VLPs have been produced in bacteria,
yeasts, insect cells, plants and mammalian cells. In particular, VLPs
composed of human HPV L1 protein in the baculovirus expression
system and Saccharomyces cerevisiae have been approved for marketing
as Gardasil and Cervarix, respectively. Hepatitis B virus (HBV)
VLPs produced in S. cerevisiae and CHO cells are also available as
Recombivax-HB, Engerix-B and Sci-B-Vac.Other VLPs as vaccine
candidates are in clinical trials or preclinical stages [1].

Bacteria

Most recombinant proteins including some VLPs have been
produced in Escherichia coli. E.coli expression systems have several
advantages for protein expression, availability of many commercial
expression vectors for high-level expression, ease of scaling-up and high-
density cultivation using bioreactors that permit control of cultivation
conditions (pH, dissolved oxygen, culture mode), less expensive
production cost. Murine polyomavirus VP1 capsid protein has been
produced in E.coli as a glutathione S-transferase (GST) fusion protein
on a largescale using bioreactors [32]. In this case, in vitro assembly has
yielded murine polyomavirus VP1VLPs that have a diameter of ~50 nm
after GST cleavage. Porcine circovirus type 2 capsid protein fused with
small ubiquitin like modifiers (SUMOs) is self-assembled in vitro after
SUMO cleavage [33]. Porcine circovirus type 2-capsid protein can also
be assembled in E.coli [34]. However, the E.coli expression system also
has several disadvantages. The most important problem is endotoxin
contamination. Removal of endotoxin in VLPs originated from E.coli is
needed for its vaccine application [35]. No E.coli-derived VLP vaccine
has reached the market yet [36]. Alternatively, a food-grade bacterium,
Lactococcuslactis, has been used as a vehicle for the production and
oral delivery of HPV L1 protein [37]. HPV L1 capsid protein can be
assembled in Lactobacilluscasei [38]. Gram-positive lactic acid bacteria
(LAB) are normally known as a safety because of the common use in
the food industry and do not have any endotoxins. However, to use
LAB as a delivery vector, more efforts to improve the efficiency of gene
delivery are still required for human clinical trials [39].

Yeast

Yeast expression systems have been used for the production of
eukaryotic proteins because yeasts permit several protein modifications,
including glycosylation and phosphorylation. Moreover, recombinant
proteins from yeasts are free of pyrogens, toxins and infectious viruses.
A prophylactic quadrivalentHPV L1-VLP vaccine, Gardasil, has been
produced and highly purified in S. cerevisiae. This vaccine is conjugated
with a proprietary amorphous aluminum hydroxyphosphate sulfate
adjuvant [40]. HBV core protein (HBc)-VLPs have been produced in
methylotrophic yeast Pichia pastoris on a large scale using a fermentor
[41]. In this case, the endotoxin level of the purified HBc-VLPs is lower
than that of VLPs from E.coli. HBV surface antigen (HBsAg) vaccines
from S. cerevisiae are commercially available [1]. Production of HBsAg-
VLPs has been performed using P. pastoris [42,43]. Apart from virus
VLPs, theTyl and Ty3 particles were observed intracellularly in yeast
and these particles have a diameter of 40-50 nm [44]. The particles
are from transposons in yeast, which permit adaptation to extreme
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environments by giving opportunities for genetic modifications. These
particles can be used as vaccine adjuvants because an antigen-presenting
cell (APCs) takes up them. Now four yeast-based VLP vaccines have
been already approved for commercialization [36].

Insects

Insect cells have the capability to modify recombinant proteins
similar to mammalian cells and correctly folded VLPs can be obtained
more efficiently and sufficiently than by using microbial expression
systems. Moreover, insect cells are amenable to scaling up for mass
VLP production [45]. Insect cells have been widely used for VLP
production and commercial HPV L1-VLP vaccine, CERVARIX, has
been produced in Trichoplusia ni cells using a recombinant baculovirus.
Insect cells allow VLP production, irrespective of the type of viruses
(enveloped and non-enveloped). One enveloped virus protein, human
immunodeficiency virus (HIV) type 1 gag protein, cannot assemble
efficiently in yeast but in spheroplasts [46] and the formation of HIV
type 2 virus gag protein VLPs has also failed in yeast [47]. However,
in insect cells, HIV 1 gag protein VLPs can be formed and secreted
into culture medium efficiently using baculovirus expression systems
[15,16] and stably transformed cell systems [48]. Another enveloped
virus protein, influenza A virus matrix protein (M1), can be assembled
in insect cells and its VLPs are produced rapidly and easily in sufficient
amounts [49] using Spodopterafrugiperda 9 (Sf-9) and High Five cells.

Insect cells are also useful for non-enveloped virus VLP production.
Enhanced production yield of HPV-57L1-VLPs has been achieved
by using two L1 expression cassettes under the control of polyhedrin
and pl0 promoter independently [50]. Multiple capsid proteins can
be expressed simultaneously in insect cells using a single recombinant
baculovirus containing multiple gene expression cassettes. Triple-
layered rotavirus VLPs composed of capsid proteins, VP2, VP6 and
VP7,have been produced in Sf-9 and Sf-21 cells using a recombinant
baculovirus containing atricistronicgene expression cassette [51].
Double-layered rotavirus VLPs are also produced in stably transformed
Drosophila melanogaster S2 cells using encephalomyocarditis-virus-
derived internal ribosomal entry site element [52]. Improved production
of enterovirus 71 VLPs was performed by co-expression of P1 and
3CD protease under the control of polyhedrin and cytomegalovirus
immediate early promoters, respectively, in a single recombinant
bacmid [53]. Insect larvae have also been used for large-scale VLP
production. A baculovirus expression system using insect larvae is
described afterward (VLPs production using silkworm larvae and their
applications as subunit vaccine). Baculovirus, expression systems are
also suitable for the production of subunit vaccines and VLPs (Table 2).
CERVARIX is the first human commercial product to be produced in a
baculovirus expression system and FluBlok is now in phase III trials as
an influenza type a vaccine [54]. Many vaccines produced by baculovirus
expression system will be on the market for human and veterinary use
in the future. However, in baculovirus expression system, baculovirus
particles are also co-produced and purified together with expressed
VLPs. It is difficult to separate baculovirus particles and expressed VLP
completely. For clinical trials, chemical inactivation of contaminating
baculovirusesin VLPs expressed and purified in baculovirus expression
system has to be performed [55]. Otherwise baculovirus-free expression
system is required to avoid baculovirus contamination.

Plants

Recombinant protein production in plants has several merits
compared to other expression systems; its low production cost, safety
and scalability [56]. The most important merit is the possibility of oral

therapy by feeding with edible plants expressing vaccines or antigens
[57]. Especially, regarding mucosal vaccines, merely minimal processing
of plant tissues expressing VLPs is needed as an oral immunization
and plant expression system provide a less expensive alternative
compared to the conventional vaccines and compete with microbial
expression system. For recombinant protein expression in plants, stable
transformation method of the nuclear or chloroplast genomes and
transient virus infection methods have been performed. Transgenic
plants have the merit of easy large-scale protein production with its low
cost. Transgenic potato plants expressing HPV 16 L1-VLPs have been
generated and feeding transgenic potato tubers to mice orally induces
an anti-HPV 16 L1 antibody responses, but this is mostly transient
[58]. HIV1/HBV-VLPs expressed in Nicotianatabacum and Arabidopsis
thaliana have been orally administered to mice to elicit anHIV1-
specific cellular immune response [59]. HIV1 gag-VLPs transgenically
produced in tobacco plastids are formed with the same shape as those
produced in baculovirus expression systems [60]. However, VLP
production in plants needs to be optimized and developed to stabilize
VLP production and enhance yield.

Mammalian cells

Most of therapeutic proteins arrived to the market are produced in
mammalian cells [61]. Mammalian cells have host-specific glycosylation
of virus antigens, which is different from that in insect cells, plants and
yeasts. Especially, glycosylation (N- and O-glycosylation) is important
for protein function because glycan that attached to proteins has the
effects on functionality, immunogenicity of proteins and half-life of
proteins in serum. Baculovirus expression systems are superior to
mammalian cells with regard to VLP production yield. However,
authentic VLPs cannot be obtained in baculovirus expression systems
and immature HIV1-VLPs are released from Sf-9 cells [62]. Mammalian
influenza a virus VLPs composed of four virus proteins, M1 matrix
protein (M1), M2 matrix protein (M2), hemagglutinin (HA) and
neuraminidase (NA) have been produced in Vero cells [63]. These VLPs
mimic authentic virions in terms of their morphology and HA function
and glycosylation. M1 has only limited budding in human embryonic
kidney (HEK-293T) cells and co-expressed NA enhances secretion of
influenza virus (pandemic H5N1) M1-VLPs from cells, indicating that
NA is a major factor in virus budding [64]. However, mammalian cell
culture requires tedious culture adaptation before doing suspension cell
culture and addition of serum, which may be adventitious viruses and
pathogens, into culture medium.

VLPs Production Using Silkworm Larvae and their
Applications as Subunit Vaccine

Silkworms have a high capacity for producing recombinant proteins
and can produce human therapeutic proteins. Moreover, silkworms
make the easy and inexpensive scale-up of protein production possible.
Several studies have demonstrated that insect larvae [silkworms, T.ni
(cabbage looper)] are useful as living biofactories for the inexpensive
production of recombinant antigens and vaccines [65]. Insect larvae
have also been used for large-scale VLP production. Rotavirus and
HPV VLPs have been produced in S. frugiperda and T. ni larvae
[66,67]. This baculovirus expression system using larvae leads to VLP
vaccine production at a low cost compared to other expression systems.
In particular, silkworms have been used widely for the production
of recombinant proteins because the cost is low and the expression
protocol is easy. Two decades ago, protein expression in silkworms
was difficult and time-consuming, because of cultured insect cells were
mainly used as baculovirus hosts for protein production. However,
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Bombyx mori nucleopolyhedrovirus (BmNPV) bacmid (a baculovirus
shuttle vector), which can be replicated in E. coli and generate the
recombinant baculovirus DNA by site-specific transposition in E.coli,
has been developed [68] and many reports on recombinant protein
expression in silkworms are being published [69].

Many types of VLP have been expressed in cultured insect cells,
but in silkworms only a few reports were published. Human HBsAg
has been expressed in silkworm larvae using recombinant BmNPV (a
traditional method of protein expression in silkworms) and purified
as VLPs, which have a diameter of 22 nm [70]. Beet western yellow
luteovirus capsid protein has also been expressed in silkworm larvae
using recombinant BmNPV and purified from fat bodies as VLPs [71].
Recently, canine parvovirus capsid protein, VP2, has been expressed
as VLPs in silkworm larvae and pupae using BmNPV bacmid [72].
Regarding enveloped VLPs, Rous sarcoma virus gag protein has been
expressed in silkworm larvae using BmNPV bacmid and enveloped gag
VLPs have been purified from hemolymph [73,74]. When human (pro)
renin receptor (hPRR), which has one trans-membrane domain at its
Cterminus, is co-expressed with this gag protein, hPRRis displayed on
the surface of gag VLPs. Foot-and-mouth disease virus (FMDV) capsid
protein (P1-A2, 3C) has been expressed in silkworm larvae using
recombinant BmNPV and its diluted hemolymph is used as a vaccine.
In this case, specific antibody against FMDV has been induced in
vaccinated animals and four of five animals were completely protected
from virus challenge [76]. Alternatively to VLPs, FMDV capsid
proteins have been expressed in silkworm larvae and expressed capsid
proteins have been used as a subunit vaccine to immunize cattle [75].
However, this capsid forms VLPsin silkworms. In this case, expressed
capsid proteins are used as a VLP vaccine rather than a subunit vaccine.
Four of five cattle were completely protected against the challenge with
a virulent virus after vaccine immunization. In another study, capsid
proteins from other FMDYV expressed in silkworm larvae were used to
immunize cattle [76]. In both cases, hemolymph containing expressed
capsid proteins was used as a crude vaccine solution. In the cabbage
looper system, when HAfrom A/PR/8/34 influenza virus (HIN1)
expressed in Cabbage looper larvae was immunized into mice using its
hemolymph as a crude vaccine solution, anaphylaxis was not observed
in the immunized mice [65]. These results suggest that hemolymph that
contains subunit vaccines or antigens could be used to vaccinate cattle
with an inexpensive formulation. Antigen-fusion proteins have also
been produced in silkworm larvae as subunit vaccines. Classical swine
fever virus envelope glycoprotein, E2, fused with polyhedron from
baculovirus has been expressed in silkworm larvae and E2 has been
purified by solubilization of recombinant polyhedra. Virus-neutralizing
activity is induced when purified E2 is used to immunize mice [77].
In this case, virus-neutralizing activity is induced after immunization
with recombinant polyhedra. Oral administration of a cholera toxin
B subunit-insulin fusion protein produced in silkworm larvae, using
its hemolymph, reduces pancreatic islet inflammation and delays
progression of diabetes in non-obese diabetic mice [78]. Alternatively,
BmNPV displaying HA from A/Zhejiang 16/06 (H5N1) influenza
virus produced in silkworm pupae has been used to immunize rhesus
monkeys, which produce virus-neutralizing antibody and protection
against influenza virus challenge [79]. BmNPV displaying antigens
produced in silkworms can also be used as a vaccine.

Conclusion

VLPs are potential candidate vaccines and are used as carriers of
DDSs. Silkworm expression systems are used to produce VLPs efficiently
and the surface of VLPs can be modified by several methods, irrespective

whether they are enveloped or not (Figure 1). Some commercial
vaccines have been manufactured by insect cell technology. Bacteria,
especially E.coli, can produce a large amount of recombinant proteins,
but cannot perform most of co- and post-translational modifications,
phosphorylation, glycosylation and processing. Alternatively, silkworms
have a high capacity for producing recombinant proteins, compared
to insect cell culture and low-cost productivity comparable to E.coli
expression system Silkworms make the easy and inexpensive scale-up
of protein production possible. Moreover, hemolymph containing VLPs
or antigens can be directly used as a veterinary vaccine formulation
without purification; indicating silkworm hemolymph does not cause
any anaphylactic reaction in immunized animals, though further
purification is undoubtedly needed for human use. Silkworm’s have
contributed to the textile industry in the past, but will contribute in the
future to prevention of infectious diseases.
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