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Abstract

Viruses like particles (VLPs), assembled from capsid structural subunits of several different viruses,
have found a number of biomedical applications such as vaccines and novel delivery systems for
nucleic acids and small molecules. Production of recombinant proteins in different plant systems has
been intensely investigated and improved upon in the last two decades. Plant derived antibodies,
vaccines, and microbicides have received great attention and shown immense promise. In the case
of mucosal vaccines, orally delivered plant produced VVLPs require minimal processing of the plant
tissue, thus offering an inexpensive and safe alternative to more conventional live attenuated and
killed virus vaccines. For other applications which require higher level of purification, recent progress
in expression levels using plant viral vectors have shown that plants can compete with traditional
fermentation systems. In this review the different methods used in the production of VLPs in green
plants are described. Specific examples of expression, assembly, and immunogenicity of several
plant-derived VLPs are presented.
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1. Introduction

The minimal structural features of a typical virus consist of one molecule of nucleic acid
encased in a protective capsid that is assembled from several identical proteins. More complex
viruses have genomes made up of several nucleic acid molecules. Their capsids may be formed
by several different structural proteins, which can be surrounded by a lipid membrane envelope
acquired from the cell membranes, or functional proteins involved in virus replication. Unlike
viruses with very complex nucleocapsids whose structures are not fully understood, such as
members of the Poxviridae and Retroviridae family, most virions follow one of two basic
structural symmetries: helical or icosahedral, giving a rod and spherical shape, respectively.
The study of virus assembly dates back to 1955 when Fraenckel-Conrat and Williams [1]
demonstrated that the simple capsid of the rod-shaped Tobacco Mosaic Virus (TMV) could be
reconstituted in vitro from separated RNA and protein components. In fact, 2130 copies of the
158 amino acid coat protein (CP) self-assemble in a helical viral particle 300 nm in length.
Since that time, structurally simple viruses have been found to be an excellent model for many
aspects of self-assembly of macromolecular structures, because their molecules seem to have
all the properties needed for the formation of large particles. This is not the case for more
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complex viruses such as the phage T4, which must follow an obligate assembly pathway and
is mediated by several scaffolding factors and other viral or host components [2-5]

The assembly of the viral structural proteins into organized macromolecular structures
(capsids) generates viral “empty shells” known as Virus Like Particles (VLPs). All VLPs lack
viral nucleic acid and are noninfectious. In the last ten years methods used to directly visualize
particles structure, such as cryo-electron microscopy (cryo-EM) and X-ray crystallography, as
well as bio-molecular and biochemical methods like recombinant expression and mutational
analysis of the structural subunits, have generated remarkable progress in different areas of
structural virology and in the understanding of the assembly, shape, and functional properties
of different VLPs [6]. The coat proteins that form a VLP can self-assemble or follow the more
intricate assembly pathway. Viral coat proteins and VLPs have been produced in different
prokaryotic and eukaryotic heterologous expression systems (Table 1). VLPs can be directly
purified and used after the in vivo self-assembly or can be subjected to ex vivo reassembly to
improve efficiency, product homogeneity and, if desired, may be packed together with
therapeutically active molecules.

The major application of VVLPs is their use in vaccines, especially as a safer alternative to
attenuated live or inactivated killed virus based vaccines, including non-cultivable viruses. The
fact that VLPs can induce protective antiviral immune responses without having the risk of
infection represents a major advantage for the design safer vaccines. VLPs derived from viruses
that infect the gastrointestinal system are very well suited to study mucosal immunization and
oral delivery of antigens. In particular, extensive data relating to expression, assembly and
immunity has been generated using VLPs derived from rotavirus and Norwalk virus (NV),
both of which cause acute gastroenteritis in man and animals [7]. VLPs can generate a strong
general humoral and mucosal immune response [8]. Like particulate emulsions, microparticles,
and liposomes, VLPs can be targeted to antigen presenting cells (APC) indirectly and directly,
in the latter case displaying or incorporating specific molecules that interact with dendritic cells
(DC). Contact with monocytes and DC induces maturation and triggers a lymphoproliferative
response together with production of inflammatory cytokines [9,10]. A very successful use of
VLPs is the development of effective vaccines against the hepatitis B virus (HBV), the human
papillomavirus (HPV), and NV. The HBV surface antigen (HBsAg-S) can self-assemble in to
22 nm lipoprotein VVLPs containing about 100 HBsAg-S molecules without the contribution
of nucleocapsid. HBV-like particles produced in Saccharomyces cerevisiae were the first
example of a vaccine effective against a human viral infection created in a recombinant system
[11]. Currently in the US, Merck & Co. and GlaxoSmithKline (GSK) are marketing FDA
approved yeast derived HBV-like particles, known commercially as Recombivax HB and
Energix-B respectively.

Papillomavirus VLPs are non-enveloped icosahedral structures of 55 nm in diameter,
consisting of a regular array of 72 pentameric oligomers composed of the major coat protein,
L1. They are able to induce a strong B-cell response at a very low dose even without the use
of adjuvants. Merck and GSK are again playing a major role, having successfully completed
Phase I1 clinical trials and are currently performing Phase 111 trials. The Merck vaccine, called
Gardasil, targets HPV types 16 and 18, which cause about 70% of cervical cancer cases, and
types 6 and 11 which cause about 90% of all cases of genital warts. L1 VLPs are synthesized
in Saccharomyces cerevisiae [12]. The GSK vaccine called Cervarix is a bivalent vaccine
targeting HPV 16 and 18, produced by the baculovirus system in Spodoptera frugiperda Sf-9
and Trichoplusia ni Hi-5 insect cells, respectively [13].

Aseries of studies, conducted mainly by the group of M. K. Estes (Baylor College of Medicine),
revealed that NV-like particles, made from a single recombinant coat protein, are a very
promising orally delivered vaccine. These VLPs are composed of 90 dimers of the virus coat
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protein arranged in a T=3 symmetry; they are stable at low pH and to Iyophilization, and easily
produced and purified in large quantities using the baculovirus expression system [14]. The
VLP vaccine stimulated systemic and mucosal immune response when administered orally in
mice [8] and humoral, mucosal and cellular immune response in human volunteers [10,15].

Another possible application of VLPs explored in recent years is their use as vessels for the
delivery of small therapeutics and as display systems for biologically active molecules.
Particularly attractive is their use in transporting viral vectors for gene therapy and DNA
vaccines, exploiting in some cases the natural tropism of the viral particles. It has been reported
that supercoiled plasmid DNA up to 17 kb was encapsidated in vitro inside simian virus 40
capsid proteins [15] and that the HPV-16 L1 VLPs are able to package unrelated plasmid DNA
invitro and then to deliver this foreign DNA to eukaryotic cells with the consequent expression
of the encoded gene. The gene transfer rate observed was higher than DNA delivered alone or
with liposome [16]. HBV nanoparticles have been recently proven to be incredibly successful
in specifically delivering genes or drugs to human hepatocytes. HBsAg-L particles, derived
from the expression of the L gene encoding preS2 + preS1 + S, are surrounded by a layer of
phospholipids derived from the endoplasmic reticulum membrane, like HBV virions. Nucleic
acids or small molecules can be introduced in to the yeast-derived VLPs by electroporation,
and high targeting specificity was demonstrated using human cell lines and a mouse xenograft
model [17]. The incorporation of oligodeoxynucleotides containing CpG motifs, a vaccine
adjuvant known to interact with the toll-VLPs was also recently reported [18].

Heterologous epitope presentation is another attractive use of VLPs. Chimeric HBsAg particles
displaying a poliovirus neutralization epitope stimulated the production of neutralizing
antibodies against poliovirus [19], and another fusion of selected epitopes from HIV-1 and
HCV to the HBsAg were immunogenic in rodents and primates [20,21]. A fusion between a
9 amino acid peptide derived from the Japanese encephalitis virus (JEV) E protein and a C-
terminal truncated version of the Johnson grass mosaic virus (JGMV) generated chimeric VLPs
in E. coli [22].

The immense potential of VLPs technology is just beginning to be fully understood and
developed. In this review paper we describe the various methods of production of VLPs in
green plants as an alternative expression system for large-scale production. In particular, we
focus on vaccines as the major application, including updates on expression and assembly of
VLPs in plant as well as their immunogenicity in model animals and in humans.

2. Green plant production

There are three main methods for production of recombinant proteins in plants: stable
transformation of the nuclear or chloroplast genomes, and viral transient infection. Only
nuclear and viral systems are considered below, as chloroplast transformation has never been
reported for VVLPs production.

2.1. Stable nuclear transformation

The introduction and expression of foreign DNA in the plant nuclear genome has been used
to create commercially important new genetic characteristics such as viral, insect and herbicide
resistance. Moreover, stably transformed plants can be used to produce valuable recombinant
proteins. Transgenic plants have the advantage of permitting large scale, low-cost biomass
production of selected high-expressing genes using agricultural practice, and the potential for
crossing transgenic lines to obtain multiple proteins expressed in the same plant [23]. The first
transgenic plants were produced in 1983 when the ability of Agrobacterium to transfer DNA
plasmids to plants was first discovered [24,25].
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DNA can be transferred into plants by either direct or indirect methods, the choice depending
on the target species and on the traits being introduced. Direct DNA transfer techniques range
from transfection of protoplast by electroporation or chemical methods to laser micropuncture
of isolated cells [26,27]. The most common method is particle bombardment, also known as
the biolistic method, a combination of biological and ballistic. Microprojectile bombardment
is an important tool, especially when plants are recalcitrant to Agrobacterium mediated DNA
transfer. Naked DNA is adsorbed on small metal particles, usually gold, tungsten or platinum,
and shot inside the plant tissue using either gas or powder discharged systems (gene gun,
[28]). Indirect DNA transfer implies the use of Agrobacterium for the delivery of exogenous
DNA into plant cells. The natural host range of Agrobacterium includes several species of
dicots, gymnosperms and a few monocots. Efficient transformation protocols have been
developed for these plants, including several crop species. However, transformation efficiency
varies in different species, and some are altogether recalcitrant. Agrobacterium-mediated
transfer requires that the gene of interest be inserted in a DNA vector between the natural
borders of the transfer DNA (T-DNA) present in the original plasmid of the bacteria, called
the tumor inducing (Ti) plasmid. These borders are two sequences of imperfect direct repeats
25 base pairs long and are the only cis-elements required for DNA transfer from the bacteria
to the plant cell nucleus [29].

Regardless of the method used to introduce the exogenous DNA, the gene of interest must be
cloned into an expression cassette whose minimal requirements are a promoter and a terminator
of transcription functional in the plant system. Another critical aspect is the early selection of
the transformed cells from the non-transformed tissue, achieved by inclusion of a selectable
marker that is often a resistance gene for an antibiotic or herbicide. From the transformed cells
afertile plant can be regenerated (Fig. 1 (A-E)). Unfortunately homologous recombination has
not been efficiently achieved for plants. Thus, the transferred DNA integrates randomly in the
genome so that its expression is subject to positional effects. Moreover, multiple locus
insertions can occur, increasing the probability of unstable gene expression, gene silencing,
and complex patterns of transgene inheritance. The analysis of several independently
transformed lines to select the one that performs best in a standard agronomic environment is
therefore a common practice. This, together with the length of time required to develop the
transgenic plants and the often low level of expression, are the major disadvantages of stable
genetic transformation.

An alternative to whole plants is the use of plant cell cultures. Cells lack the extreme scalability
of agricultural production systems, similar to bacterial and mammalian cells. On the other hand,
like bacteria, they can be cultivated in simple media and, like mammalian and other eukaryotic
cells, are able to synthesized complex multimeric proteins and perform eukaryotic
posttranslational processes. They can be cultivated in different vessels according to the required
scale of production, from normal shaker flasks and small fermenters up to large certified good
manufacturing practice (cGMP) controlled bioreactors. Cell suspension cultures are claimed
to be an excellent system for production of recombinant proteins under cGMP and certified
good laboratory practice (cGLP), a detail that assumes great importance when the recombinant
proteins are intended for clinical use, as are most VLPs based applications. Techniques for
plant cell propagation were developed more than 50 years ago mainly for the production of
small therapeutic molecules. At present, plant cell culture is regularly used to investigate basic
questions in plant science and for the production of recombinant proteins.

Suspension cells are produced from an aggregate of undifferentiated cells (callus) generated
by treating tissue explants from leaves, stems and roots with a combination of hormones that
induce proliferation (Fig. 1 (A-D)). Calli and the derived cell lines can be created from a
genetically modified plant, or unmodified plant cell lines may be transformed. Levels of
expression are variable according to the construct used (promoter/enhancers/terminator

Methods. Author manuscript; available in PMC 2009 May 4.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Santi et al.

Page 5

combination), the kind of protein expressed, and the performance of the specific cell line.
Several lines from different plant species such as Arabidopsis thaliana, rice, tomato, tobacco,
alfalfa and soybean have been successfully used. The most popular lines, widely used for good
efficiency of transformation, ease of propagation and growth rate characteristics, are derived
from tobacco: BY2 cells from the Bright Yellow cultivar and NT1 cells from Nicotiana
tobacco 1 [30-36].

2.2. Plant virus based expression systems

The use of viral gene vectors has found many applications in several molecular biology
laboratories. Bacteriophages, in bacterial systems, are commonly used for gene cloning and
gene library screening purposes, as well as recombinant protein display. In animal systems,
double-stranded DNA viruses and RNA viruses have found application as expression and gene
delivery systems.

Autonomously replicating plant viruses provide an alternative to stable genetic transformation
for the expression of recombinant proteins in plants. The use of such vectors offers numerous
advantages. Heterologous protein production can reach very high levels in a relatively short
time ranging from 3 to 14 days post-infection, depending on the system used. Viral vectors
provide the advantage of easily producing large numbers of different constructs that can be
quickly tested. Moreover, fully functional and systemic infectious vectors are easily
transmissible by mechanical inoculation, making large-scale infections feasible.

Plant viruses from which robust expression systems are being developed are single-stranded
DNA geminiviruses, double-stranded non-integrating DNA pararetroviruses, and plus-sense
RNA viruses. Within the past three decades, several genetic manipulation techniques have been
developed to overcome the limitations in the use of viral vectors. Reverse transcription of viral
RNA into cDNA allowed their insertion into plasmid vectors for molecular cloning. In vitro
transcription systems facilitated the synthesis of infectious RNA transcripts from full-length
cDNA clones [37]. In addition, the ability to clone viral genes into Agrobacterium
tumefaciens enabled this bacterium to be used as a vector to deliver viral genomes into the
plant cell’s nucleus, allowing the virus to be transcribed, to replicate and move throughout the
plant [38]. Thus, viruses that are not mechanically transmissible, such as luteoviruses and many
geminiviruses, can be introduced into plants after manipulation in vitro and cloning in E.

coli and A. tumefaciens (Fig. 1G). In the case of the fully infectious Potato Virus X (PVX)
based vector, the direct injection of a DNA plasmid carrying a cDNA copy of the viral RNA
genome could initiate the viral infection [39,40].

The first viral vectors developed were the so-called “gene insertion vectors” or “full virus
vectors” which consisted of a viral element that behaved as a wild type virus but also able to
express an additional heterologous sequence. These vectors were essentially fully functional
viruses that, despite carrying and expressing sequences of the gene of interest, retained
infectivity, were relatively stable, had the ability to move systemically within their host, and
produced infectious virus particles. The next step, mainly elicited by the instability of large
insertions of foreign DNA and by the understanding that not all of the viral functions are
necessary in an expression vector, was to develop “gene replacement vectors” substituting
existing viral genes with foreign genes. The extreme evolution of this concept lead to
deconstructed viral vectors missing several components of the original virus and usually
delivered to the plant by independent constructs.

Two full virus vectors, the potato virus X (PVX) and the cowpea mosaic virus (CPMV), and
two deconstructed vectors, based upon bean yellow dwarf virus (BeYDV) and magnlCON®
tobacco mosaic virus based (TMV), have been used to produced heterologous VLPs in plants.
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2.2.1. Full virus vectors: PVX and CPMV—Historically both vectors have been
extensively used for epitope display. Immunodominant peptides were fused with the viral coat
proteins and the resulting chimeric full viral particles were able to assemble and showed
different degrees of immunogenicity when delivered in animal studies [39,41-43]. These
chimeric viruses differ from VLPs in that they are fully infectious agents containing the viral
genome. However, recently the two systems have been used for the production of heterologous
VLPs [40].

CPMYV belongs to the Comoviridae family and has an icosahedral virion made of two capsid
proteins. The viral genome consists of two separately positive-strand RNA molecules of 6 kb
(RNAL) and 3.5 kb (RNA2). RNA1 encodes the proteins involved in replication while RNA2
encodes the proteins necessary for cell-to-cell movement and the two capsid proteins. PVX
belongs to the Potexviridae family and has a rod-shaped virion made of different copies of the
same coat protein. The genome consists of a single stranded positive monopartite RNA.

2.2.2. Deconstructed viral vectors: BeYDV and the ICON expression systems—
Geminiviruses, named for their unique geminate capsid morphology, have small single-
stranded circular DNA genomes that replicate in the nuclei of the infected cells via a rolling
circle, forming a double-stranded DNA intermediate. BeYDV is monopartite and belongs to
the Mastreviruses genus adapted to dicotyledonous plants. The system does not involve the
use of the viral movement and coat protein and is deconstructed into two vectors, each
containing different portions of the viral genome. One vector encodes for the Rep protein, the
“trans-factor” which is necessary for rolling circle replication. The second vector incorporates
the cis-acting elements of the BeYDV genome, essential for its episomal replication. In the
context of a plant expression cassette, the gene of interest is contained between the viral DNA
elements. The proof of concept for this system was shown using NT1 cell suspension culture
[44] but the system is also functional on whole leaf delivered by agroinfection.

Icon Genetics (Halle, Germany) developed an extraordinary deconstructed system from TMV,
a positive single stranded RNA virus. The system is divided into two major cDNA modules,
the 5” of which contains the viral RNA dependent RNA polymerase and the movement protein,
and the 3° module that carries the gene of interest and is depleted of the coat protein. The
modules are delivered to the plant cell nucleus by Agrobacterium mediated infection and are
assembled together in vivo by the action of a site specific recombinase driven by a constitutive
promoter delivered as well by a third Agrobacterium cell line. In addition, different 5° modules
carry different organelle targeting signals, which fuse in frame with the gene of interest after
recombination and nuclear processing. This feature allows the easy testing of different cell
compartment accumulation with minimal cloning effort [45,46]. Both systems are being
extensively used in our laboratory to produce VLPs assembled from Norovirus virus capsid
proteins, L1 protein from HPV-16, HBsAg, and HBc (unpublished results).

3. Expression, assembly and immunogenicity of VLPs produced in plants

The production of correctly formed VLPs in different plant systems has been extensively
reported (Table 2). Our group has examined the use of plants for expression of vaccine antigens
with the aim of convenient delivery of minimally processed plant material by ingestion [47].
Antigens having the ability to assemble VVLPs are of particular interest, because: 1) the compact,
highly ordered structures of VLPs may provide resistance to degradative enzymes in the gut;
2) the particulate nature of VLPs allows them to be efficiently sampled by the “M” cells of the
gut epithelium that transport antigens across the mucosal barrier; and 3) the presence of a
structure that mimics the authentic viral particle may present a “danger signal” that can
overcome the perception of gut antigens as benign and thus provoke potent immune responses.
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3.1. Hepatitis B surface antigen (HBsAQ)

Vaccination is the best way to prevent hepatitis B virus (HBV) infection. Plasma-derived 22
nm virus-like particles consisting of HBsAg were used as the first-generation HBV vaccine
[48]. Extraction and purification of HBsSAg from recombinant yeast resulted in homogeneous
HBsAg particles that constituted the second-generation vaccine [11].

Inspired by this first and the most successful example of recombinant subunit vaccine in history,
our group first tested the expression of HBsAg in plants [49]. When expressed in transgenic
tobacco, HBsAg was correctly folded to form the conformational ‘a’ determinant, at levels up
to 66 ng/mg of total soluble protein from leaf. To facilitate oral delivery, HBsAg was expressed
in lettuce leaves and cherry tomatillos, however, at very low levels (<0.000001% of fresh
weight) [50,51]. The highest HBsAg expression was obtained in transgenic potato at levels up
to 16 pg/g tuber [52] by optimizing the regulatory elements and subcellular targeting signals.
Production of HBsAg in plant cell culture systems has also been attempted. The yield of HBsAg
approached 22 mg/L in soybean culture while it was one tenth of that in tobacco culture [53].
NT1 cell lines were used to express S gene either with or without a C-terminal ER retention
signal [54]. Both versions correctly assembled 22 nm VLPs as demonstrated by sedimentation
analysis. Interestingly, the version not retained in the ER was secreted in the medium. The
possibility of having the recombinant protein in the culture medium would greatly facilitate
downstream processing, bypassing problems relating to plant cell-derived contaminants.
However, the levels of secreted HBsAg were very poor, at 10 ug per liter of medium [54]. The
authors suggested that optimization, in terms of stronger promoters, 5° UTR translational
enhancer as well as the employment of different secretion signals to increase the export of
particles in the medium, is required for production purposes.

In mammalian cells, HBsAg is co-translationally inserted into the endoplasmic reticulum (ER)
membrane [55] and dimerized via intermolecular disulfide bonds in the ER lumen. Dimers are
then transported to the post-ER, pre-Golgi compartment where oligomerization and VLP
formation occur prior to secretion [56]. For plant systems, HBsAg dimer formation was
demonstrated by Western blot of protein extracts from cultured plant cells [53,57] and from
infiltrated leaves [58], indicating that plants can provide a suitable environment for correct
processing of HBsAg. The ability of plant-produced HBsAg to assemble VLPs was determined
by sucrose gradients and electron microscopy. Mason et al. found that HBsAg purified from
extracts of transgenic tobacco leaves was present as spherical VLPs with an average diameter
of 22 nm (Fig. 2A), similar to those derived from yeast [49]. Similar results were obtained
from N. benthamiana leaves transiently expressing HBsAg [58]. Electron microscopy of
sectioned plant samples expressing HBsAg further revealed the structure of HBsAg in
planta. In transgenic potato leaves, HBsAg was found inside membrane vesicles as 17 nm
particulate structures. In transgenic cell cultures and potato tubers (which were used in the oral
immunization of mice [59,60] and human clinical trials [60]), the antigen accumulated within
dilated ER membranes as tubular structures [61], similar to those observed in Chinese hamster
ovary (CHO) cells expressing HBsAg [62], but with a complex size distribution. Thus, HBsAg
expression in plant cells seems to adopt the same mechanism as in mammalian cells for ER
insertion and post-translational processing. The resulting VLP formation and ER dilation may
interfere with normal cell functions, and most likely explains the low HBsAg expression and
toxic effects observed in plant systems.

When delivered by intraperitoneal (i.p.) injection, partially purified HBsAg VLPs from
transgenic tobacco leaves stimulated antibody and T cell responses in mice, as did the yeast
recombinant vaccine [63]. Feeding mice with 5 grams of raw potato containing ~42 ng of
HBsAg primed and boosted high-level anti-HBsAg 1gG responses, although 10 pug of cholera
toxin (CT) adjuvant was required. It was also found that cooking HBsAg potato significantly
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reduced its immunogenicity, with the highest anti-HBsAg titer being 135 mlU/ml, in contrast
to the peak secondary response of 3,300 mlU/ml in mice fed uncooked tubers [59].

For humans, the protective anti-HBsAg level has been defined as >10 mIU/ml. The ability of
HBsAg-expressing plant materials to elicit such antibody responses has been demonstrated in
two clinical trials. Kapusta and colleagues showed that ingestion of two doses of transgenic
lettuce containing 1pg of HBsAg elicited serum anti-HBsAg IgG at >10 mIU/ml in two out of
three naive human individuals, although antibody levels declined rapidly [50]. In a larger
clinical trial, doses of 100 g of uncooked potato tuber containing ~850 ug of HBsAg were
administered by ingestion to volunteers who were previously vaccinated against HBV; in 10
of 16 volunteers who ate three doses of potatoes and 9 of 17 who ate 2 doses, serum anti-HBsAg
titers increased significantly after oral doses [60].

Most efforts in plant expression of HBsAg have focused on the major surface antigen (also
called small surface antigen, S-protein or SHBs). Some groups have also examined plant
expression of HBsAg middle protein (M-protein), which has an additional 55 amino acid pre-
S2 region at the N-terminus of the S-protein. The yeast-derived recombinant pre-S2 component
provides additional T-cell help to render higher titer [64] and earlier appearance [65] of anti-
HBsAg response in clinical trials and to overcome non-responsiveness to S protein
immunization in mice [66] and humans [65]. Indeed, our group showed that i.p. injection of
transgenic N. benthamiana-derived HBsAg M protein generated better serum anti-HBsAg
responses in mice than the S protein [67]. However, the levels of M protein expression in N.
benthamiana [67] and in potato [68,69] are consistently lower than those of S protein by 3- to
10-fold.

Our group also demonstrated that it is feasible to modify the HBsAg with an N-terminal fusion
of up to 239 amino acids without altering its major antigenic properties. We showed that a
fusion between the green fluorescent protein (GFP) and the HBSAg S-protein transiently
expressed in N. benthamiana leaves retained its abilities to form immunogenic ‘a’ determinants
and to assemble VLPs. Interesting, co-expression of the fusion and native HBsAg led to the
formation of heterodimers, suggesting the assembly of mosaic VLPs [58]. Furthermore, a plant
signal peptide-HBsAg fusion produced in tobacco culture cells accumulates better as ‘a’
determinant, is more stable, and is more immunogenic than the unmodified HBsAg when i.p.
injected into mice [57]. In some studies (unpublished), we found that plant-derived HBsAg
particles could be used to present foreign T-cell and B-cell epitopes as well as a mucosal-
targeting protein, resulting in enhanced or multivalent immune responses.

3.2. Hepatitis B core antigen (HBcAQ)

During HBV infection, HBcAg self-assembles into subviral nucleocapsid particles packaging
the viral polymerase and pregenomic RNA during HBV infection. Recombinant HBcAg from
a variety of non-plant expression systems assembles VLPs composed of 180 or 240 subunits
arranged with T=3 or T=4 icosahedral symmetry [70], and stimulates high-titer, long-lasting
antibody responses, making it an attractive carrier for high-density presentation of foreign
epitopes (reviewed in [71-73]). HBcAg-specific antibody does not provide protection against
HBYV infection. However, it was found that HBcAg has an immunoenhancing effect on co-
delivered HBsAg, and was hence suggested for inclusion in the design of more potent
therapeutic and preventive vaccines against HBV infection [74,75].

HBCcAg was expressed in transgenic tobacco leaves at levels up to 24 ug per gram of fresh
weight [76]. HBcAg was also transiently expressed in plants using two viral vector systems
based on PVX and CPMV. In the PV X vector, the HBCAg gene was inserted as an extra ORF
downstream of the triple gene block and upstream of the coat protein and a duplication of the
coat protein subgenomic promoter was used to drive the transgene expression. N.
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benthamiana plants were inoculated directly with the DNA from this construct and systemic
infection was achieved. In the CPMV vector system, the HBc coding sequence was fused to
the CPMV small coat protein via the foot and mouth disease virus (FMDV) 2A peptide, which
mediates, by ribosomal skip [77], the discrete production of separate HBc and small coat
proteins. Immunosorbent electron microscopy clearly demonstrated that both systems were
able to produce correctly assembled HBc VLPs. However, especially in the case of CPMV,
the expression levels were very low, 10 pg per g fresh weight, perhaps due to a lack of plant
codon optimization. Another disadvantage of full virus based vectors for the production of
VLPs is the co-production of wild-type virus particles that can create problems in downstream
bioprocessing, purification, and manufacture. The immunogenicity of VLPs produced by both
the PV X and CPMV vector systems was not tested.

Recently, our group used a “deconstructed”, TMV-based expression system [45] for rapid
production of HBCAg using a plant-optimized gene, and obtained striking results. The antigen
produced in N. benthamiana leaves makes up to 7% of total soluble protein (TSP) or 0.2% of
fresh weight (FW), and is present as 30 nm VLPs with morphology similar to that of its
E.coli-derived counterpart (Fig. 2B). When i.p. injected into mice, the partially purified HBcAg
VLPs from plant leaves stimulated serum 1gG responses with the same timing and intensity as
E. coli-derived VLPs. Furthermore, mucosal immunization with plant-derived VLPs without
any adjuvants evoked the serum IgG and mucosal IgA responses [78], suggesting that the plant-
derived HBcAg VLPs is an excellent system for epitope presentation and mucosal delivery.
Indeed, we produced a fusion between HBcAg and the neutralizing epitope of HPV16 L2
protein [79] in plant leaves, and found that the fusion formed chimeric VLPs (unpublished
result).

Norwalk virus (NV) is a member of the Caliciviridae family and cause epidemic acute
gastroenteritis in humans [80]. Efforts to develop vaccines against NV infection have been
made mainly by the research group led by M. Estes. They discovered that Norwalk virus capsid
protein (NVCP) expressed in insect cells yield VLPs with sizes of 38 nm and 23 nm [81,82],
react with sera from infected humans, are acid-stable and stimulate serum responses in humans.
More significantly, oral immunization with NVLP induced systemic and mucosal responses
in mice [8] and in humans [10,83].

NVCP expression in transgenic plants was first demonstrated by our group. The level of NVCP
accumulation was up to 0.23% of the total soluble protein in the leaves of tobacco transformants
and up to 0.37% in potato tubers (34 ug per g of tuber weight) (Table 2). The presence of 38
nm VLPs purified from transgenic tobacco leaves was demonstrated by negative staining and
electron microscopy (Fig. 2C). However, only ~50% of the NV CP subunits were assembled
as VLPs in the potato cells. Oral immunization of mice with purified VLPs from tobacco or
with raw NVCP potato tubers induced serum IgG and fecal IgA responses, which were slightly
enhanced by the supplement of CT adjuvant [84]. NVCP was later produced in tomato at up
to 20 ug per gram fruit mass, primarily in the form of the 23 nm VLP. Feeding mice with
freeze-dried NVVCP-expressing tomato powder stimulated excellent IgG and IgA responses
against NVCP [67]. By using a synthetic, plant codon-optimized gene, NVCP accumulation
in tomato fruit was increased to 8% of total soluble protein or 160 ug per g dry weight, with
the majority of NVCP being 38 nm and 23 nm VVLPs (Zhang & Mason, manuscript submitted).

A clinical trial with transgenic potatoes expressing NVCP VLPs was conducted at the Center
for Vaccine Development [85]. Twenty adult volunteers ingested either two or three doses each
of 150 g raw transgenic potato containing 215-750 ug NVVCP (expression was variable).
Nineteen of the 20 subjects showed significant increases in the numbers of specific anti-NVCP
antibody-secreting cells of the IgA subtype, and six out of 20 developed increases in 1gG
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antibody-secreting cells. Although only six volunteers showed increased anti-NVCP IgA in
their stool samples, the 17-fold mean increase among these was substantial. This study proved
that orally delivered plant-expressed VLPs could stimulate immune responses. In light of these
supporting studies using plant derived material we are currently utilizing the magnlCON® and
the BeYDV replicon systems to reach higher levels of expression. With both systems VLPs
are properly assembled and the levels of accumulation are at least 20 times higher than reported
in stably transformed lines (Santi & Mason, unpublished result).

3.4. Human papillomavirus L1 protein

More than 99% of cervical cancers are associated with infection by high-risk types of human
papillomavirus (HPV). The HPV major capsid L1 protein produced in insect cells self
assembles into VLP structures and induce high titers of antibodies [86] that prevent infection
by authentic virions [87]. Several clinical trials with injectable HPV L1 VLP-based vaccines
have been carried out and their prophylactic efficacy was demonstrated [88—93]. Oral
immunization with HPV VLPs was also found to be successful in mice with the addition of
Escherichia coli heat-labile enterotoxin mutant R192G or CpG DNA as adjuvants [94].

Several attempts have been made to produce HPV L1 protein in transgenic plants. Our group
expressed a plant codon-optimized gene for HPV11 L1 protein in potato and found that deletion
of the nuclear localization signal enhanced mRNA stability and protein accumulation [95].
Two other groups produced HPV16 L1 protein in transgenic tobacco and potato [96,97].
Interestingly, Biemelt et al found that the L1 gene optimized for expression in human cells,
resulted in better protein accumulation than the unmodified plant codon-optimized gene, and
a translation enhancer derived from the tobacco mosaic virus greatly increased transcript
stability and L1 protein accumulation. In general, L1 protein expression level in transgenic
plants was from low to modest (Table 2). However, in all three cases, the plant-expressed L1
protein obtained correctly folded conformations and, more importantly, assembled into VLPs
with the diameter of 55 nm as evidenced by electron microscopy. By sucrose gradient
fractionation it was further shown that the L1 protein is present primarily in a VLP form in
transgenic potatoes and with a small portion of capsomeres in transgenic tobacco [97].

Plant-derived HPV16 VLPs were found to be as immunogenic as those from insect cells in
mice when administered subcutaneously (s.c.). However, feeding mice four times with 5 g of
transgenic potatoes did not evoke detectable serum antibody responses; with the supplement
of CpG plasmid DNA or cholera toxin B subunit as adjuvants, weak and transient responses
against L1 were observed in 3 out of 16 mice. Similar results were obtained from oral
vaccination of mice with HPV11 L1-expressing potatoes. Both groups found that the L1-
specific responses could be significantly boosted by a subimmunogenic dose of purified VLPs
delivered by s.c. injection or by oral gavage, indicating the priming effect and the establishment
of VLP-specific immune memory by the feeding of L1-containing tubers. No clinical trial with
transgenic plant materials is being conducted at this point, because the low level of expression
(such as ~20 ng per g of fresh tuber) in plants precludes the direct use of these materials in
human subjects[95,97]. It is apparent that constitutive high expression of L1 protein is toxic
to plants; thus, future efforts should be focused on the use of developmentally regulated or
chemically inducible promoters to control its expression. With regard to viral infection, we are
currently using the magnICON® system for the expression of a plant optimized HPV16 L1
antigen gene and have achieved expression levels of up to 86 ug per gram of fresh leaf weight
(~ 1% TSP).

4. Conclusions

VLP production in plant systems is a very promising technology that has been studied primarily
for vaccine production. Although much research has focused on oral vaccine delivery of
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minimally processed (e.g. freeze-dried) plant materials, extraction and purification of VLPs
for parenteral delivery is also a highly feasible strategy. Recent developments in plant viral
vectors for transient expression, as well as regulated induction of stably integrated viral
replicons, have greatly increased expression levels and indicate that plant systems can compete
with microbial fermentation for production of VVLPs. Future work will focus on scaling up to
commercial production levels in cGMP conditions for selected antigens, and development of
chimeric VLPs that display heterologous antigenic determinants.
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Fig. 1.

Different stages of plant transformation, nuclear stable (A—F) and viral transient (G-I). (A)
Selection of explants after co-cultivation with A. tumefaciens, (B-D) calli formation, (E)
regeneration of whole transgenic plants, (F) generation of stable transgenic cell suspension
culture (G-H) A. tumefaciens mediated viral infection in contained greenhouse environment,
() expression of GFP reporter gene after 10 days post infection.
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Fig. 2.

Plant produced VLPs visualized by negative staining and electron microscopy. (A) HBsAg
particles from transgenic tobacco, (B) HBcAg particles from N. benthamiana infected with the
MagnICON viral vector, (C) NVCP particles from transgenic tobacco.
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HOST Structural subunit Viral origin Ref.
Bacteria E. coli JGMV CP Johnson grass mosaic virus [22]
DGNNV CP Dragon grouper nervous necrosis [98]
virus
(IPCV) -H CP Indian peanut clump virus [99]
S. thyphimurium HBc/p re-S2 Hepatitis B virus [100]
HPV16 L1 Human papilloma virus [101]
Yeast S. cerevisiae HBsAg Hepatitis B virus [11]
HBc Hepatitis B virus [102]
S. pombe HPV 16 L1 Human papilloma virus [103]
P. pastoris HCVCc/EL Hepatitis C virus [104]
Insect cells S. frugiperda (Sf-9) SIvV Simian immunodeficiency virus [105]
NV CP Norwalk virus [81]
T. ni (Hi-5) HPV 18 L1 Human papilloma virus [13]
Xenopus oocytes X. laevis HBc Hepatitis B virus [106]
Mammalian cells COS-1 DENV2 E Dengue virus 2 [107]
CHO DENV2 E Dengue virus 2 [107]
HepG2 L-HDAg Hepatitis delta virus [108]
HelLa L-HDAg Hepatitis delta virus [108]
BHK L-HDAg Hepatitis delta virus [108]
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VLPs produced in plants

Table 2
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Antigen Expression system Highest Yield VLP proof Ref.
S-HBsAg Transgenic tobacco 0.01% TSP leaf G,EM [49]
Transgenic potato 16 pg/g tuber EM [52]
Transgenic lupine callus 150 ng/g FW ND [50]
Transgenic lettuce 5.5 ng/g leaf ND [50]
Transgenic tobacco cells 2 ug/g of FW G [54]
8 ugl/g FW G, EM [53]
Transgenic cherry tomatillo 10 ng/g FW fruit ND [51]
Transgenic soybean cells 74 nglg FW G, EM [53]
M-HBsAg Transgenic N. benthamiana 394 ng/mg TSP leaf G [67]
Transgenic potato 15 ng/mg TSP tuber ND [68]
0.09% TSP tuber ND [69]
VSP4-S-HBsAg Transgenic tobacco cells 226 ng/mg TSP G [57]
GFP-HBsAg Transient/N. benthamiana 25 ng/mg TSP leaf G, EM [58]
HBcAg Transgenic tobacco 24 ug/g FW leaf EM [76]
PVX/ N. benthamiana 50 ug/g leaf EM [40]
CPMV/cowpea 10 pg/g leaf EM [40]
MagnICON/ N. benthamiana 2 mg/g FW leaf G, EM [78]
NVCP Transgenic tobacco 0.23% of TSP leaf EM, 38nm [84]
Transgenic potato 10-20 pg/g tuber ND [84]
Transgenic tomato 20-30 pg/g dry fruit G [67]
MagnICON/ N. benthamiana 0.8 mg/g FW leaf G,EM [UR]
HPV11-L1 Transgenic potato 20 ng per g tuber EM [95]
HPV16 L1 Transgenic tobacco 0.5% of TSP leaf G [97]
Transgenic potato 0.2% of TSP tuber G, EM [97]
Transgenic tobacco 2-4 pg/kg FW leaf EM [95]
MagnICON/ N. benthamiana 86 pg/g FW leaf ND [UR]

Abbreviation used: TSP, total soluble protein; FW, fresh weight; G, gradient; EM, electron microscopy; ND, not determined; UR unpublished result.
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