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Abstract: The efficacy of drugs and vaccines depends on their stability and ability to interact with
their targets in vivo. Many drugs benefit from encapsulation, which protects them from harsh
conditions and allows targeted delivery and controlled release. Although many encapsulation
methods are inexpensive, such as the formulation of tablets for oral delivery, others require complex
procedures that add significantly to production costs and require low-temperature transport and
storage, making them inaccessible in developing countries. In this review we consider the benefits of
encapsulation technologies based on plants. Plant-derived biopolymers such as starch and the maize
storage protein zein are already used as protective coatings, but plant cells used as production host
provide natural in vivo bioencapsulation that survives passage through the stomach and releases
drugs in the intestine, due to the presence of microbes that can digest the cell wall. Proteins can
also be encapsulated in subcellular compartments such as protein bodies, which ensure stability
and activity while often conferring additional immunomodulatory effects. Finally, we consider the
incorporation of drugs and vaccines into plant-derived nanoparticles assembled from the components
of viruses. These are extremely versatile, allowing the display of epitopes and targeting peptides as
well as carrying cargoes of drugs and imaging molecules.

Keywords: bio-encapsulation; plant molecular farming; microparticles; protein bodies; virus-like
particles; drug delivery vehicle

1. Introduction

The ability of drugs to interact with specific targets is facilitated by the use of appro-
priate carriers, known as drug delivery vehicles (DDVs). The most suitable DDV depends
on the selected delivery route. Although many drugs are injected directly into the systemic
circulation, others are administered topically or orally, the latter often preferred because it
is simple and noninvasive, and dosing is easy to control [1]. However, oral delivery places
additional demands on the drug, such as oral bioavailability, ability to withstand stomach
acid, and resistance to digestive enzymes. If these hurdles cannot be overcome, a different
administration route is necessary [2]. Syringe-assisted administration requires trained staff,
high standards of hygiene, and typically a cold chain for drug transport and storage, all of
which are expensive and place a disproportionate burden on developing countries with
incomplete healthcare infrastructure. This has prompted research into new DDVs that
facilitate mucosal delivery, typically via the oral and nasal routes.

All drugs encounter some barriers before they reach their site of action, and the
role of the DDV is to overcome such barriers while protecting the drug and, if necessary,
avoiding premature release that may cause off-target effects. The encapsulation of drugs
not only provides protection but can also achieve additional useful functions, such as
the enhancement of solubility or controlled release. In recent years for instance, the
nanoencapsulation of poorly water-soluble bioactive substances found in nutraceuticals has
led to enhanced delivery and thereby improved activity [3–5]. Formulation into colloidal
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systems typically involves particles or matrix systems at sub-micrometer scales [6]. Various
in vitro encapsulation techniques have been developed, including coacervation, liposome
entrapment and spray drying, as comprehensively described in a recent review [7].

Among the more recent developments in encapsulation technology is the exploitation
of the natural properties of plant cells, which can be used to produce microparticles based
on cellular or subcellular sequestration, and nanoparticles based on protein assemblies.
This approach, known as bioencapsulation, produces drug products already formulated in
the DDV. The same term is used in agriculture and tissue engineering to describe living
cells (such as bacteria or stem cells) incorporated into a protective matrix [8,9]. This review
focuses on the bioencapsulation of protein drugs in plant cells and specifically considers
the utilization of plant organelles and assemblies such as virus-like particles (VLPs) for the
development of innovative DDVs.

2. The Benefits of Encapsulation and Particulate Formulations

The increasing demand for drugs with new mechanisms of action has made drug
delivery more challenging. Many of the most active small-molecule drugs are poorly
water-soluble and therefore unfavorable for absorption. At the same time, advances in
molecular biology have led to the explosive growth of biologics, including many drugs
based on macromolecules such as antibodies, which are sensitive to enzymatic degradation
and difficult to transport across biological barriers. This has prompted research into the de-
velopment of new DDVs, including colloidal systems for the solubilization and controlled
release of poorly water-soluble drugs, and particulate systems for the targeted delivery of
proteins [6]. The advantages that can be achieved by encapsulating pharmaceuticals into
particles are summarized in Figure 1.
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Figure 1. Benefits of encapsulating drugs into particles.

The encapsulation of drugs into nanoparticles, microparticles or polymer-based carri-
ers protects the cargo from environmental effects. Oral drugs are usually administered as
capsules or tablets, which are acceptable to most patients [1]. Shielding the active phar-
maceutical ingredient from the environment not only protects the drug from the effects of
stomach acid and digestive enzymes but also prevents off-target effects. However, although
capsules and tablets are considered the gold standard of oral drug delivery, they only confer
primary (macroscale) protection. For the precise control of drug release on a molecular
scale, the active pharmaceutical ingredient needs to be encapsulated in additional layers
such as nanoparticles that allow controlled diffusion into the environment, in some cases
only following interaction with a specific target. This approach has already found clinical
success by reducing dosing frequencies for certain drugs [1].

One of the best examples of the benefits of controlled delivery and release is chemother-
apy, where drugs targeting a tumor show enhanced efficacy and pharmacokinetic behavior
while preventing side effects [10]. By modifying the surface of nanocarriers with cell-
specific ligands, drugs can be released directly in the vicinity of cancer cells, or even after



Vaccines 2021, 9, 369 3 of 18

the carrier is taken up by endocytosis, thus protecting healthy cells from exposure [11].
Strategies driven by receptor-mediated translocation are also used in vaccinology. Encap-
sulated antigens can be targeted to antigen-presenting cells (APCs) in a complex tissue
(such as the intestinal lumen) using cell-penetrating peptides or tags like the cholera toxin
B subunit (CTB). The latter binds to the GM1 ganglioside receptor expressed on intestinal
epithelial and dendritic cells, ensuring that antigens fused to CTB are internalized and
processed [12].

Particulate DDVs are also beneficial for vaccines because they possess inherent im-
munostimulatory properties. Accordingly, encapsulated antigens are taken up more effi-
ciently by APCs than the corresponding soluble protein [13,14]. Furthermore, particulate
protein assemblies display multiple copies of the antigen, typically in a regular array,
which enhances the antibody response [13]. The benefits of particulate DDVs can be maxi-
mized by combining the antigen, a receptor-binding ligand and an adjuvant in one particle.
Depending on efficacy, the carrier can even replace the adjuvant by providing the same
biological function. This is because the beneficial effects of adjuvants are often derived
from their particulate structure, which is common to many nanomaterials [14–16].

Encapsulation is particularly useful for the mucosal delivery of vaccines, which
induces not only systemic immunity but also mucosal immunity, protecting mucosal
barriers such as the intestine from invading pathogens. This is important because many
of the most serious human pathogens enter the body via mucosal surfaces, leading to
gastroenteric, genitourinary or respiratory diseases [17,18]. Similarly, many allergens enter
the body via mucosal surfaces thus mucosal delivery is also the preferred route for allergen-
specific immunotherapy and the induction of tolerance. Biocompatible polymers such as
poly(lactic-co-glycolic acid), chitosan, silica and liposomes are commonly used as DDVs
for this purpose, with chitosan favored due to its mucoadhesive properties [19,20].

The shift to non-invasive drug delivery strategies is not only desirable because patients
find it more acceptable but also because it facilitates drug administration in farm animals
and domestic pets to control diseases that pose an economic risk for farmers and/or the risk
of zoonotic transmission to humans. Mucosal immunization, such as the administration
of vaccines via drinking water or feed or (for aquatic species) via immersion, enables the
vaccination of hundreds or thousands of animals over a short period of time without the
effort required for injection and the stress caused to the vaccinated animals. Most licensed
mucosal vaccines for veterinary applications are live-attenuated viruses for injection. Due
to risks associated with those vaccines, there is an urgent need for new vaccine technologies
to combat emerging zoonotic diseases more efficiently [21]. Vaccines based on particulate
carriers may contribute to these new products, including the development of VLPs as
mucosal vaccines against influenza A [22,23].

3. Plants as a Means to Achieve Bioencapsulation

Plants can facilitate bioencapsulation at the cellular and subcellular levels and also
allow the synthesis of proteinaceous nanoparticles, thus providing many opportunities
for the development of novel DDVs. Because of the high content of lignin and cellulose
in the plant cell wall, plant cells are remarkably resistant to physical stress and enzymatic
digestion. Although plants serve as the primary food source for many animals, the nutrients
within plant cells can only be accessed with the help of commensal intestinal bacteria. The
encapsulation of drugs and vaccines in plant cells therefore provides protection during
passage through the upper digestive system but subsequently allows drug delivery to
the intestinal lining. Cell-specific ligands fused to the encapsulated protein then promote
uptake into intestinal epithelial cells and delivery to mucosal immune cells or across
the endothelium into the circulation, promoting a systemic immune response and even
allowing oral drugs to cross the blood-brain barrier [24].

Within the cell wall, plant cells feature a number of subcellular compartments that can
provide an additional protective barrier. For example, storage organelles allow the stable
intracellular accumulation of nutrients and energy reserves, including lipids, carbohydrates
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and proteins (Figure 2) [25]. Such organelles are mainly found in the cells of storage
organs such as seeds and tubers, but they can be induced to form in other tissues by the
overexpression of recombinant proteins, particularly those with structures that resemble
native storage proteins. This endogenous encapsulation mechanism allows the long-term
storage of recombinant proteins without degradation or loss of activity and offers a platform
for the production of microparticles as DDVs.
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Figure 2. Plant-produced micro- and nanoparticles can be used to incorporate recombinant proteins
(green circles). Specialized tissues in seeds (lower panel) are characterized by the presence of starch
granules (S), oil bodies (OBs) or protein bodies (PBs), which may also be sequestrated into the protein
storage vacuole (PSV). In leaves (upper panel), the formation of recombinant PBs can be induced
ectopically, and plastid transformation enables the expression and accumulation of recombinant
proteins in chloroplasts (Ch). In addition, nanoparticles such as enveloped and non-enveloped
virus-like particles (VLPs) can be produced in planta. Recombinant proteins (green circles) may be
incorporated into PBs or starch granules, associated to the surface of OBs, or they may be enclosed
within or displayed on VLPs. N . . . Nucleus, V . . . Vacuole, G . . . Golgi, Apo . . . Apoplast.

Plant-derived polymers extracted from storage organelles can also be used as in vitro
encapsulation materials. For example, zein is the major storage protein found in maize
seeds and has been extensively studied due to its unique physicochemical and biolog-
ical properties. It forms edible films that are tough, hydrophobic and resistant to mi-
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crobial degradation, making them ideal as food and pharmaceutical coatings [26]. Zein
nanoparticles are used for the in vitro encapsulation of sparingly-soluble molecules such
as curcumin [27], aceclofenac [28], quercetin [29], and α-tocopherol [30].

Starch grains store high-energy carbohydrate resources in plants, and both the or-
ganelles and the starch polymers they contain have been developed as DDVs [31,32]. Starch
polymers offer good biocompatibility and are therefore used in many different biomed-
ical and pharmacological applications [33]. Even a potential adjuvant effect of starch
microparticles was recently demonstrated [30].

Sporopollenin is a plant-based biopolymer known as “the diamond of the plant world”
due to its extraordinary stability [34]. It is derived from plant spores and pollen, and when
extracted it forms empty exines or microcapsules that can be loaded with enzymes [35],
fish oils and drugs such as ibuprofen [36]. Sporopollenin not only shows remarkable
physical and chemical resistance, it also has mucoadhesive properties and enhances the
bioavailability of encapsulated molecules such as eicosapentaenoic acid from fish oil [34].
This has promoted interest in the development of sporopollenin microcarriers for oral drug
and vaccine delivery [37,38].

One of the main advantages of using plant cells, organelles and plant-derived biopoly-
mers for encapsulation is the ability to produce recombinant pharmaceutical proteins in
plants and encapsulate them in vivo, without extraction and formulation. The produc-
tion of recombinant proteins in plants (molecular farming) began in the 1990s following
the assembly of functional monoclonal antibodies in tobacco leaves [39] and the expres-
sion of human serum albumin in tobacco and potato plants and cell cultures [40]. The
first combined use of plants as an expression host and DDV involved the expression of
vaccine antigens in potato tubers [41]. Raw tuber was administered to mice (and later
humans) in a series of preclinical and clinical trials against bacterial diarrhea, hepatitis
and norovirus [42,43]. This approach was proposed as a strategy to facilitate vaccination
in developing countries by eliminating the reliance on sterile injections and allowing the
source of vaccines to be grown locally, thus removing the need for a cold chain. However,
one of the drawbacks of plant tissues expressing recombinant proteins for oral vaccination
is the variable dose. It is now recognized that some form of minimal processing (such as
lyophilization) is necessary to evaluate quality attributes such as antigen concentration in
order to ensure standardized doses. Even so, the plant cell wall survives lyophilization
and continues to protect the encapsulated recombinant protein, which remains properly
folded and active following rehydration even after storage at ambient temperatures for
more than 2 years [44–46].

The early years of molecular farming saw the exploration of many alternative platforms,
but the community has now consolidated around a small number of well-characterized
systems that make it easier to apply the principles of pharmaceutical good manufacturing
practice (GMP). The principal systems are transgenic plants (typically tobacco, cereals and
fruit/vegetable crops), transient expression in tobacco, and plant cell suspension cultures, al-
lowing competition with traditional platforms based on microbial and mammalian cells [47].
Stable expression involves the integration of DNA into the plant genome, resulting in
transgenic plants/cell lines when the DNA integrates into the nucleus, or transplastomic
plants/cell lines if DNA integrates into the plastids. Nuclear transformation is more widely
practiced because this approach works in many species, and the resulting proteins can be
directed to the secretory pathway or other subcellular compartments for post-translational
modification (PTM). In contrast, plastid transformation causes the recombinant protein
to accumulate directly in the plastid and PTM is not possible. The advantages of plas-
tid transformation are the enhanced containment (the plastid genome of most crops is
maternally inherited, minimizing the risk of gene transfer by outcrossing) and the high
protein yields, because there may be up to 10,000 copies of the plastid genome in leaf
cells [48,49]. Several therapeutic proteins have been produced in transplastomic plants,
including ACE-2/Ang(1-7) [44], pro-IGF1 [50] and vaccine antigens against polio [12,51],
dengue [52], tetanus toxin [53] and tuberculosis [54].
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Whereas transgenic and transplastomic plants/cells are stable resources providing
a permanent, scalable platform for recombinant protein production, transient expression
systems involve the short-term expression of proteins in the leaves of plants infiltrated with
genetically modified bacteria or infected with recombinant viruses. Transient expression
is much faster than stable transformation and is ideal for urgent responses to emerging
epidemic or pandemic diseases. Large-scale facilities to manufacture vaccines by transient
expression in Nicotiana benthamiana have been established by companies such as Kentucky
Bioprocessing (Owensboro, KT, USA), iBio (Bryan, TX, USA) and Medicago Inc. (Quebec,
QC, Canada), the latter producing VLP-based vaccines against seasonal and pandemic
influenza strains [55] and also against COVID-19 [56]. Plants have therefore emerged as a
scalable, safe, sustainable and cost-effective platform for the rapid production of vaccines
and drugs to address new pandemic diseases [57]. The ability to assemble particulate
structures such as VLPs provides opportunities for the production of low-cost vaccines, a
necessity for developing countries [58] particularly when minimally processed edible plant
tissues are administered via the mucosal route [59–61].

4. Plant-Derived Microparticles: Storage Organelles for Bioencapsulation

Seeds have evolved an extraordinary capacity to accumulate nutrients and energy
reserves within specialized tissues, thus providing resources for the germinating embryo
even after years of storage. Seeds can store protein reserves in protein bodies or storage vac-
uoles, lipids in oil bodies, and carbohydrates in starch granules. This native encapsulation
strategy can be exploited to stockpile recombinant proteins in a stable environment that
prevents proteolytic degradation. In molecular farming, this strategy is used to enhance
the yields of recombinant proteins and for drug delivery. The latter is discussed in more
detail below, and examples are listed in Table 1.

Table 1. Selected examples and comparison of in planta produced microparticles.

Particles Expression
System Size [µm] PTMs In Vivo

Studies Ref.

Protein
bodies

Rice ~1 + ASIT against Japanese
Cedar pollen allergen [62,63]

Tobacco 1–2 + Immunization against H5 [64]

Tobacco 0.6–1 n.d. Immunization against
BTV serotypes [65]

Oil
bodies

Safflower
seeds 0.5–2.5 -

Transdermal drug
delivery of hormones:

rhFGF9, hEGF
[66,67]

Starch
granules

Maize ~2 -
n.a.; only in vitro

digestion of encapsulated
LT-B antigen

[68]

Algae ~1.5 - Immunization against
plasmodial antigens [69]

Abbreviations: PTMs: posttranslational modifications; Ref.: references; ASIT: allergen-specific immunotherapy; n.d.: not determined; H5:
hemagglutinin subtype 5; BTV: bluetongue mosaic virus; rhFGF9: recombinant human fibroblast growth factor-9; hEGF: human epidermal
growth factor; n.a.: not available.

4.1. Encapsulation in Protein Bodies

Cereal and legume seeds contain a large number of storage compartments for proteins,
and this is the typical destination of recombinant proteins expressed in seeds. The two
main types of protein storage compartments are known as protein bodies, which are
derived directly from the membrane of the endoplasmic reticulum (ER), and protein storage
vacuoles, which can be reached via Golgi-independent or Golgi-dependent pathways [70].
The deposition of recombinant proteins within such organelles extends the basic protection
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of the plant cell wall by providing an extra membrane barrier, and further protection
against proteolysis is conferred by the dense packing of the protein [71,72].

The protection offered by protein bodies is useful for oral drug administration because
the DDV can better resist the harsh conditions of the gastrointestinal tract. For example,
allergen-specific immunotherapy requires the regular administration of antigens over
a long period, so oral administration is more convenient than injection. However, the
oral administration of crude allergen extracts requires up to 100-fold higher doses than
injected allergens due to premature degradation in the gut [62,73]. To overcome this
drawback, transgenic rice seeds were used for the production and delivery of T-cell epitopes
corresponding to various allergenic proteins, such as Japanese cedar pollen or dust mite
allergens [74]. By targeting cedar pollen allergens to protein storage organelles such as
protein bodies (PB-I in rice) and protein storage vacuoles (PB-II in rice), the encapsulated
allergens were protected against proteolytic digestion following oral delivery in mice. The
immunostimulatory peptides were delivered to the lymphoid tissue in the gut and taken up
by immune cells, leading to the significant suppression of allergen-specific IgE antibodies.
Interestingly, in vitro digestion assays showed that the antigens were more stable in PB-I
than PB-II, with the latter requiring a three-fold higher dose to achieve the same efficacy as
the antigen encapsulated in PB-I [74].

Small proteins have also been stably incorporated into protein bodies in rice en-
dosperm. Griffithsin is a 12.7-kDa algal lectin that significantly inhibits the ability of
several viruses (including HIV) to enter target cells by binding selectively to mannose-rich
glycans on viral glycoproteins. The encapsulation of griffithsin preserved its activity in
crude endosperm extracts, which were shown to inhibit HIV entry in cell lines [59]. This
provides an opportunity to produce inexpensive topical microbicides for the prevention of
HIV, based on the preparation of crude extracts from transgenic rice seeds.

The mechanism of protein body biogenesis and the sequestration mechanism in cereals
have been extensively studied [75–79]. Although the process is not fully understood, some
aspects have been characterized in sufficient detail to induce ectopic protein bodies in
non-storage tissues such as leaves. The maize storage protein γ-zein has gained particular
recognition because it can induce protein body formation even when the other zeins are
absent. A truncated version of γ-zein, corresponding to the first 112 N-terminal amino
acids including a 19-kDa signal peptide, was found to be sufficient to induce protein body
formation. Ectopic protein storage bodies have been induced not only in the vegetative
tissues of plants but also in fungi and mammalian cells [80,81].

The formation of ectopic protein bodies opened up new approaches for the bioen-
capsulation of recombinant proteins by fusing a target protein to the γ-zein N-terminal
fragment as a protein body-inducing tag, commercially developed as the Zera tag by Era
Biotech [82–84]. Pharmaceutically relevant proteins such as calcitonin, human epidermal
growth factor (hEGF) and human growth hormone were among the first targeted to ectopic
protein bodies in Nicotiana benthamiana leaves [81]. Although these artificial protein bodies
are structurally dissimilar to those naturally produced in maize, which feature multiple
layers of different zeins [85], they share similar properties. The spherical, membrane-bound
particles are ~1 µm in diameter with a density of ~1.20 g/cm3 (determined for protein bod-
ies containing green fluorescent protein (GFP)), which facilitates downstream processing.
Interactions with chaperones, as seen in native protein bodies, encourage efficient protein
folding [81].

Zein protein bodies not only accumulate and protect recombinant proteins, they also
act as an adjuvant when injected into mice, providing an ideal strategy to deliver vaccines.
This became evident when the immune response to antigens incorporated into protein
bodies could not be enhanced by adding Freund’s adjuvant [64]. This supports earlier
work showing that empty protein bodies administered with the soluble antigen enhanced
the immune response compared to the antigen alone [86].

Another important characteristic of zein protein bodies is their ability to interact with
cell membranes, reflecting the presence of proline-rich repeats in the γ-zein polypeptide.
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The repetitive domain (VHLPPP)8 was linked to a cell-penetrating peptide, suggesting
zein-protein bodies are taken up efficiently by cells [87,88]. Our recent in vitro work has
also revealed that zein-GFP protein bodies are taken up more efficiently than synthetic
polystyrene particles of the same size when administered to intestinal epithelial cells
(Figure 3) [89].
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described in Schwestka et al. 2020 [89]. Upon 2 h of incubation, zein-GFP protein bodies (green) are
taken up by U937 cells. Inset shows an enlarged confocal image of a cell. Bars represent 10 µm.

However, the induction of artificial protein bodies is not always successful when the
zein sequence is used as a fusion tag. The ectodomain of influenza hemagglutinin is, to
our knowledge, the largest fusion partner that has been incorporated into artificial protein
bodies [64]. Other viral antigens, such as the HIV negative factor (Nef) and CAP256 gp140
envelope antigen, were not incorporated into protein bodies even though the recombinant
protein accumulated in the ER, and subsequent immunization was successful [90]. It is
unclear why ectopic protein body formation was inhibited by these proteins, and under-
standing (and overcoming) these limitations would make the strategy feasible for a wider
range of proteins.

The large-scale production of protein bodies requires an effective purification method.
Currently, this is usually achieved by gradient ultracentrifugation, which is a barrier to
commercial development [65,86]. We recently established an alternative procedure based
on serial filtration, which is much more scalable. However, the two consecutive tangential
flow filtration steps only concentrate particles of a specific size, thus achieving a protein
body purity of 66.5% with the remainder being host cell debris [89]. As a result, future
applications must focus on drug delivery strategies such as oral delivery that do not
require extensive purification and sterile conditions. Such vaccine formulations may even
benefit from the immunostimulatory properties of plant subcellular debris such as starch
particles [32,86,87].
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4.2. Oleosin-Targeted Deposition

Many seeds are rich in lipids, mainly triacylglycerols, which are stored in organelles
known as oil bodies. These are 0.5–2.5 µm in diameter enclosed within a phospholipid
layer that is densely covered with at least three types of protein: steroleosin, caleosin and
oleosin. The latter is the most abundant and gives rise to the most intriguing properties
of oil bodies, shielding the underlying phospholipids and thus avoiding aggregation and
coalescence. Oil bodies are not only remarkably stable in planta but also remain as discrete
particles after extraction and long-term storage [91–93].

Recombinant proteins can be targeted to the surface of oil bodies by expressing
them as fusions with oleosin. The oleosin fusion protein is transported through the
ER to the oil bodies in the cytosol, and the recombinant protein accumulates to high
levels on the surface [93,94]. The lipophilic nature of oil bodies makes them easy
to separate from the aqueous extraction medium by floating centrifugation, which
simplifies downstream processing [95]. This technology has enabled the accumulation
of proteins such as β-glucuronidase (the first to be reported), xylanase and hirudin
in Brassica napus seeds [95–97], insulin, human fibroblast growth factor 9 (hFGF-9)
and hEGF in Arabidopsis thaliana seeds [98–100], and hFGF-9, hEGF and antimicrobial
peptides in safflower seeds [66,67,101,102]. All of these proteins remained functional
in vitro. The emulsifying properties of oil bodies in safflower seeds were shown to
promote absorption when topically applied to the skin of wounded rodents [66]. The
transdermal drug delivery of oil body-linked hEGF significantly accelerated wound
healing and tissue regeneration, and the mechanism may be similar to that seen with
drugs delivered via liposomes [66].

Growth factors such as FGF and EGF were able to promote cell proliferation even
when bound to oil bodies [96,97,99]. However only a few of the many proteins expressed
as oleosin fusions remain active as part of the oil body and most need to be cleaved from
their oleosin fusion partner. This requires the incorporation of a protease cleavage site at
the fusion protein junction. Following cleavage, in all studies reported thus far, the released
protein retained full activity and did not require refolding. For example, the anticoagulant
hirudin was inactive in the oil body but regained its function after cleavage [95] showing
that it must have retained the three disulfide bonds required for full activity [103]. Other
PTMs have not been detected on oleosin-fusion proteins. For example, xylanase expressed
as an oleosin fusion lacked the N-linked glycans found on the native protein, but these
are not required for its activity [97]. Similarly, the N-glycans normally found on human
growth factors such as hFGF-9 were also missing from the oleosin fusion protein [66].
Oleosin fusion technology is therefore unsuitable for proteins that require complex PTMs
for activity. Other limitations, such as the size and biochemical properties of proteins
needed to form stable particles, remain to be determined.

The use of recombinant oil bodies as a platform for antigen display has not been
reported thus far. However, this approach offers potential advantages such as oral admin-
istration following limited purification based on established protocols [95], stability when
isolated and stored at room temperature, and resistance to digestion in the stomach. The
tight packing of oleosins on the surface of oil bodies and the presence of pepsin-resistant
domains seem to confer protection, which would be enhanced even further if encapsulated
by the cell wall [104]. It is unclear whether antigens displayed on the surface would be
taken up by APCs to elicit a protective immune response.

Oil body formation is not entirely restricted to seeds, although they show the strongest
potential given the abundance of lipids in these organs. Oleosin-GFP fusion proteins were
successfully targeted to bona fide oil bodies in N. benthamiana leaves, which were remark-
ably similar to the oil bodies in embryos. However, leafy tissues cannot compete with
the lipid metabolism in oilseeds—the number of recovered oil bodies was therefore very
low, and they were prone to aggregation in planta [93]. For commercial development, oily
seed crops amenable to genetic transformation are ideal. SemBioSys Bio-Pharmaceutical
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established a platform based on the oleosin-fusion technology in safflower seeds and tested
several products in clinical trials.

4.3. Deposition in Starch Granules

Starch is the main storage carbohydrate in higher plants. Extensive research focusing
on the regulation of starch biosynthesis in plants has facilitated the bioengineering of starch
synthesis, improving the nutritional quality of food crops and producing starch with modi-
fied physicochemical properties for industrial applications [105,106]. Starch is deposited in
starch granules that form within organelles known as amyloplasts. The enzymes required
for starch biosynthesis (e.g., starch synthase and starch branching enzyme) are found within
the amyloplasts associated with starch granules. Interestingly, the binding of proteins to the
polysaccharide matrix confers both stability and resistance against protease degradation,
even after extraction [107]. Starch granules have been used for the encapsulation of malaria
vaccines by attaching antigens from the parasite Plasmodium falciparum to the enzyme
granule-bound starch synthase in algae. Immunization of mice by the intraperitoneal
and oral administration of starch particles together with an adjuvant conferred protection
against P. falciparum [69]. Furthermore, the heat labile enterotoxin B subunit (LT-B) of
Escherichia coli was unintentionally deposited into the starch granules of transgenic maize,
probably reflecting the presence of intrinsic amyloplast targeting signals [68]. Although
starch-based antigens can induce an oral immune response in mice and the potent oral
immunogen LT-B appears preferentially targeted to starch granules, follow-up studies
have yet to be reported. Current research focuses mainly on the use of starch for in vitro
encapsulation because it is an inexpensive, biocompatible polymer. However, amyloplast
targeting allows the encapsulation process to occur in planta at the same time as protein
expression, making extensive in vitro formulation procedures obsolete. Edible plant tis-
sues containing starch grains would allow the oral administration of minimally processed
vaccines, significantly reducing the costs of production and administration.

5. Plant-Derived Nanoparticles

In 1882, a “filterable infectious agent” was defined as the cause of tobacco mosaic
disease in plants, marking the first research into viruses and VLPs [108]. Almost four
decades later, electron microscopy enabled the visualization of tobacco mosaic virus as rod-
shaped structures [109]. Since then, more than 5000 different viruses have been identified
that infect all forms of life. Researchers are not only interested in their status as pathogens,
but also in the unique physicochemical properties that make them suitable for medical
applications, such as their remarkable stability, their nanoscale structures and their ability
to assemble spontaneously from their components [110,111]. VLPs are particularly useful
as vaccines because they resemble the structure of the genuine virus but lack the nucleic
acid and therefore provoke an immune response without causing infection. VLPs also
possess inherent immunostimulatory properties because they are particulate structures,
and this can be exploited in immunotherapy [112]. A summary of the most recent studies,
carried out with plant-produced VLPs, is presented in Table 2.

5.1. Animal-Derived VLPs Expressed in Plants

Until recently, most studies on the use of VLPs as vaccines have focused on animal
viruses because these are the agents that cause disease in humans [113,114]. The first com-
mercially available recombinant vaccine was a VLP based on hepatitis B virus produced in
yeast, and it was approved in 1986 [113,115]. This was followed by the approval of VLP
vaccines based on human papilloma virus (HPV) produced in yeast and insect cells [116].
As highlighted elsewhere in this issue [117], the use of fermenter-based expression plat-
forms is expensive and the vaccines are largely inaccessible in developing countries, but
plants offer an inexpensive and more scalable alternative [47,118]. Indeed, the hepatitis B
surface antigen (HBsAg) was among the first recombinant proteins expressed in transgenic
tobacco plants and was also shown to form VLPs that elicited humoral and cellular immune



Vaccines 2021, 9, 369 11 of 18

responses in mice, similar to those obtained with a commercial vaccine [119]. Since then,
many other virus structural proteins have been expressed in plants, including foot and
mouth disease coat protein and the HPV L1 coat protein [58,120–122].

Table 2. Most recent examples of in planta produced virus-like particles (VLPs).

Virus-Like
Particles

Expression
System Size In Vivo Studies Ref.

Enveloped

Tobacco 0.05–0.150 Immunization against
H5/H1 [123]

Tobacco 0.025–0.04
Immunization against

dengue
viral protein

[124,125]

Tobacco ~0.1 Immunization against
SARS-CoV-2 [56]

Non-enveloped

Cowpea 0.030 Adjuvant in anti-cancer
vaccines [126,127]

Tobacco 0.07 Immunization against
African horse sickness [128,129]

Tobacco 0.016 Immunization against
PCV-2 [130]

Tobacco 0.025–0.039 Immunization against
various HPV types [117]

Tobacco 0.025–0.03 Immunization against VNN [131]

Tobacco ~0.03
Enhanced immunogenicity

of ZE3 antigen via RIC
vaccine platform

[132]

Tobacco 0.025–0.03 Immunization against
WNV [133]

Abbreviations: Ref.: references; H5: hemagglutinin subtype 5; PCV-2: porcine circovirus type 2; HPV: human
papilloma virus; VNN: viral nervous necrosis; ZE3: Zika envelope domain III; RIC: recombinant immune complex;
WNV: West Nile virus.

Following the successful production of VLPs based on HBsAg, more complex particles
were produced containing more than one type of protein subunit, and even enveloped par-
ticles have now been expressed in plants [58,122,125,134–136]. The hepatitis B core antigen
(HbcAg) has been expressed not only as a potential VLP-based vaccine against hepatitis
B virus but also as a carrier for other vaccines due to its strong inherent immunogenic-
ity [134]. For example, in a recent study using N. benthamiana, the high-level production
and immunogenicity of HBcAg-based VLPs presenting a West Nile virus antigen has been
demonstrated [133]. An important development was the generation of VLPs containing
tandem core HBcAgs dimers, which enables the display of full proteins such as GFP or
nanobodies in one of the major insertion regions within one of the two tandem HBcAg
copies [135]. Further improvements were achieved by the use of the SpyTag/SpyCatcher
conjugation system, which exploits the formation of a strong isopeptide bond within the
Streptococcus pyogenes FbaB protein CnaB2 domain. If the tandem HBcAg core particles
carry the SpyCatcher sequence (a 12.3-kDa portion of the CnaB2 domain), then any protein
carrying the 13-amino-acid SpyTag can form an irreversible isopeptide bond. This has been
used, for example, to conjugate the HIV antigen p24 to HBcAg VLPs in planta [136].

One of the most promising VLP-based vaccine candidates is Medicago’s quadrivalent
VLP influenza vaccine, which recently completed phase III clinical trials [55]. The influenza
hemagglutinin protein can form enveloped VLPs in planta by budding from the plasma
membrane, independent of any carrier protein [123]. The quadrivalent vaccine was there-
fore produced by co-expressing hemagglutinins from different viral strains, resulting in
the formation of heterologous VLPs carrying a mixture of antigens [137]. The vaccines
can be produced in plants in a matter of weeks, compared to 6 months or more for the
conventional vaccine produced in chicken eggs, also overcoming the risk of reinfection and
the unsuitability of egg-based vaccines for recipients with egg allergies. The same approach
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is now being applied to SARS-CoV-2 in an attempt to develop vaccines against COVID-
19. Just 20 days after receiving the SARS-CoV-2 gene sequence, Medicago successfully
produced VLPs that are currently undergoing phase III testing [56].

5.2. Plant-Derived VLPs and Viral Nanoparticles

Although plants can synthesize VLPs based on animal viruses, all such products carry
a residual risk of infection because they could theoretically accommodate viral nucleic
acid present in the vaccine recipient. In contrast, plant viruses cannot replicate in animals
and therefore can be used safely as vaccines or DDVs even if the original viral genome
is present. Plant viruses can therefore be developed as either VLPs (resembling the virus
but lacking the genome) or so-called viral nanoparticles (VNPs) with the genome intact.
The advantage of VNPs is that they still replicate in plants, allowing large quantities to be
produced naturally, but they can still be used as DDVs or nanoscale scaffolds for the display
of antigens, thus functioning as recombinant vaccines [138]. One of the first examples of
plant-derived VNPs was cowpea mosaic virus (CPMV), which can produce high yields
when inoculated onto N. benthamiana even though this is not its natural host [139]. The
expression of CPMV coat proteins can also be used to produce VLPs [110]. Both VLPs
and VNPs can be engineered to display external peptides (such as vaccine antigens or
targeting peptides for drug delivery) but the VLPs are advantageous as DDVs because the
empty capsid can be loaded with drugs, fluorophores or contrast agents, allowing their
development as therapeutic, diagnostic or even theranostic reagents [138,140–142]. The
medical applications of CPMV are facilitated by its inherent ability to interact with vimentin,
an intermediate filament protein present on all mesenchymal cells but upregulated in
certain tumors, allowing the targeted delivery of drugs and imaging reagents to breast
and prostate tumors [143,144]. VLPs are usually administered by injection but CPMV-
derived VLPs were recently shown to be robust and stable in a simulated gastrointestinal
environment in vitro and in the presence of porcine gastrointestinal fluids [145]. This
suggests that CPMV may be suitable as an oral DDV.

6. Remaining Challenges

As elaborated in this review, it has been demonstrated that plants are suitable ex-
pression systems for a variety of particulate structures. Despite the high potential of
plant-derived particulate structures, the corresponding products under development have
yet to reach the market. One of the most challenging technical aspects concerns down-
stream processing. The separation of the desired particles from the plant extract often
requires extensive clarification which renders the process cost-intensive. For the isolation of
PBs and VLPs, separation by density gradient ultracentrifugation has become the method
of choice. However, this requires expensive equipment and time-intensive centrifugation
and fractionation steps. For upscaled production, alternative purification strategies such
as tangential-flow filtration or depth filtration have to be established [129]. Despite this
challenge, Medicago Inc. produces influenza and SARS-CoV-2 VLPs at industrial scales
with high purity and a favorable safety profile [55,56].

7. Conclusions and Perspectives

Plant-based expression platforms allow the direct bioencapsulation of recombinant
proteins during the manufacturing process, which could facilitate the development of
new DDVs. Natural plant-derived polymers such as storage proteins and starch have
long been used to encapsulate drugs in vitro but can also be exploited directly within
the production host. Recombinant proteins accumulating inside plant cells are naturally
encapsulated by the cell wall, and additional, subcellular levels of protection can be
achieved by exploiting natural storage organelles for proteins, lipid and carbohydrates, or
inducing the formation of these structures in other tissues, including leaves. In addition to
the microparticles formed by encapsulation in cells and organelles, nanoparticles can be
produced by expressing virus components that spontaneously assemble into VLPs. These
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can be derived from animal or plant viruses, providing ample scope for the development
of novel vaccines based on self-assembling animal virus proteins or chimeric systems in
which animal virus epitopes are displayed on a plant virus scaffold. VLPs are among
the most promising plant-derived pharmaceutical products because they can display
heterologous peptides and carry an internal cargo of drugs or imaging molecules, making
them extremely versatile. By successfully completing the clinical phase III, the quadrivalent
VLP influenza vaccine candidate of Medicago Inc. is close to entering the market, and
this would boost the acceptance of plant-derived pharmaceuticals and open avenues
also for other companies. The current COVID-19 pandemic has once more highlighted
the need for alternative expression platforms to satisfy the huge demand for diagnostic,
therapeutic and prophylactic reagents. Similar to its VLP-based vaccine candidate against
influenza, Medicago Inc. have recently entered clinical phase III studies with their VLP-
based vaccine candidate against SARS-CoV-2. Moreover, iBio have announced to focus on
the production of VLP-based vaccines produced in N. benthamiana. The diverse particulate
or encapsulated formulations that can be manufactured in plants provide a broad range of
strategies for drug and vaccine delivery by injection but also via oral and other mucosal
routes for the prevention and treatment of enteral or respiratory diseases. The latter routes
of administration can certainly help to improve the reach of vaccination campaigns and
thereby contribute to disease management in the future.
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