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Abstract: Nucleic acid delivery through extracellular vesicles (EVs) is a well-preserved evolutionary
mechanism in all life kingdoms including eukaryotes, prokaryotes, and plants. EVs naturally allow
horizontal transfer of native as well as exogenous functional mRNAs, which once incorporated in
EVs are protected from enzymatic degradation. This observation has prompted researchers to in-
vestigate whether EVs from different sources, including plants, could be used for vaccine delivery.
Several studies using human or bacterial EVs expressing mRNA or recombinant SARS-CoV-2 pro-
teins showed induction of a humoral and cell mediated immune response. Moreover, EV-based vac-
cines presenting the natural configuration of viral antigens have demonstrated advantages in con-
ferring long-lasting immunization and lower toxicity than synthetic nanoparticles. Edible plant-de-
rived EVs were shown to be an alternative to human EVs for vaccine delivery, especially via oral
administration. EVs obtained from orange juice (0EVs) loaded with SARS-CoV-2 mRNAs protected
their cargo from enzymatic degradation, were stable at room temperature for one year, and were
able to trigger a SARS-CoV-2 immune response in mice. Lyophilized oEVs containing the S1 mRNA
administered to rats via gavage induced a specific humoral immune response with generation of
blocking antibodies, including IgA and Thl lymphocyte activation. In conclusion, mRNA-contain-
ing oEVs could be used for developing new oral vaccines due to optimal mucosal absorption, re-
sistance to stress conditions, and ability to stimulate a humoral and cellular immune response.
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1. Introduction

Vesiculation is a mechanism of cell-to-cell communication present in all life king-
doms [1]. Vesicles actively secreted from cells were originally studied in eukaryotes and
were subsequently found to be present in prokaryotes and plants. Secreted vesicles are
constituted by a bilayer lipid membrane derived from the cell of origin and may carry
molecular messages including bioactive lipids, proteins, and nucleic acids that can be
shared from the cell of origin to neighboring or distant cells [2,3]. Membrane vesicles con-
taining cytosolic components included in the lipid bilayer were suggested to be inclu-
sively named extracellular vesicles (EVs), comprising exosomes secreted from the mul-
tivesicular bodies and microvesicles secreted by budding of the plasma membrane [2,3].
Originally, plasma membrane-derived vesicles were named microvesicles, a misleading
term as it included vesicles originated by membrane buddings of a wide range of sizes,
comprising pre-apoptotic larger vesicles (500-1000 nm) and smaller vesicles in the nano
range (50250 nm) that are actively released by healthy cells. It is therefore preferred to
refer to the latter as ectosomes [4]. The subset of small vesicles indicated as exosomes (30—
120 nm) originates from inside the cell membrane in three subsequent phases: internal
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membrane budding of the plasma membrane with the first formation of early and late
endosomes that merge into multivesicular bodies, the fusion of the multivesicular body
membrane with the plasma membrane, and the subsequent release of nanovesicles in the
extracellular space as exosomes [5,6]. During early exosome formation, proteins and nu-
cleic acids can be captured and loaded into late exosomes that originate the multivesicular
bodies and finally generate exosomes [7].

The molecular mechanisms involved in ectosome and exosome biogenesis are partly
similar and partly distinctive. However, the mechanism of assembling and sorting of se-
creted vesicles may differ in different cell types, and a common mechanism for all cells
has not yet been identified [8]. The formation of multivesicular bodies has been linked to
the involvement of the endosomal sorting complex required for transport (ESCRT), the
apoptosis gene 2-interacting protein X (ALIX), and tetraspanins (CD63, CD81, and CD?9).
The intracellular transport of vesicles to the cell surface involves Ras-associated binding
protein (RAB) and several proteins of the cytoskeleton. Exosome exocytosis occurs after
interaction with the N-ethylmaleimide-sensitive fusion protein attachment protein recep-
tor (SNARE) protein [9] and involves the activation of the cytoskeleton, regulated by p53
protein [10]. However, an ESCRT-independent exosome formation has also been de-
scribed [11]. Ectosome formation by plasma membrane budding is related to calcium in-
flux, calpain, and cytoskeleton reorganization [2—4]. The formation of microvesicles/ecto-
somes depends on two physical mechanisms described by Schara et al. [12]: curvature due
to lateral redistribution of membrane components generating membrane nanodomains,
and the attractive forces between membranes. The asymmetric phospholipid distribution
of plasma membranes is modulated by the intracellular level of calcium and by enzymes
known as flippase, floppase, and scramblase [13]. Translocation of phosphatidylserine
from the inner to the outer leaflet of the plasma membrane due to translocase inhibition
caused by calcium ions influx and scramblase activation exposes large amounts of phos-
phatidylserine and lipid rafts-associated proteins [14]. The ensuing reorganization of the
cytoskeleton allows the detachment of plasma membrane projections from cortical actin.
Moreover, calcium influx favors calpain-dependent cleavage of talin, activin, and gelsolin,
which in turn cleave actin-capping proteins [15].

During biogenesis, several biologically active molecules are recruited within EVs, ei-
ther through being constituents of the plasma membrane such as membrane receptors and
bioactive lipids, by interaction with membrane components, or through being constituents
of the cytosol, which remain included within the EV membrane. They may include me-
tabolites, cytokines, and nucleic acids [16,17].

Several studies have shed light on the physio-pathological role of secreted vesicles
abundantly present in the human body [18,19]. The role of EVs as a mechanism of cell-to-
cell communication has been ascribed to their ability to transfer modulatory transcripts
from neighboring or distant cells. In particular, the role of EV-mediated nucleic acid trans-
fer in the induction of functional and phenotypic changes in recipient cells has been
demonstrated. Ratajczak et al. [20] first showed that vesicles secreted from embryonic
stem cells may induce epigenetic changes in human hemopoietic stem cells. A vesicle-
mediated horizontal transfer of mRNA from endothelial progenitors was shown to acti-
vate an angiogenic program in quiescent endothelial cells [21]. Valadi et al. [22] demon-
strated that EVs may transfer not only biologically active mRNA, but also microRNA.
Subsequent studies investigated different subsets of nucleic acids incorporated in EVs of
different origin [23-28]. It was found that EVs allow horizontal transfer of native but also
exogenous functional nucleic acids. The first demonstration of the fact that an exogenous
mRNA could be loaded into EVs, transferred to target cells, and translated into proteins
was shown using green fluorescent protein (GFP) mRNA [21,29]. Therefore, EVs could be
useful carriers for drug delivery, and they may overcome the limitations of synthetic drug
carriers, including polymeric nanoparticles and liposomes that have found wide applica-
tions in clinical settings [30,31]. EVs have emerged as an appealing delivery system com-
pared to synthetic carriers due to their biosafety and intrinsic abilities to cross biological
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barriers and reach targets [32,33]. These natural carriers appear particularly suitable for
the delivery of nucleic acids because the protective bilayer membrane prevents enzyme
degradation and confers stability. Moreover, their low immunogenicity may allow re-
peated administrations [34].

The interest in EVs as candidates for the development of new vaccine strategies relies
on their ability to carry different molecules at defined anatomical sites [32,35], allowing
antigen presentation and activation of an immune response [36,37].

2. EV Loading Methods

To optimize drug delivery, it is necessary to modify EV cargo or surface molecules
[38]. Several studies have investigated various methods of cargo modification to exploit
EVs as a drug delivery system [39—41]. The two main strategies are the indirect modifica-
tion of the EV cargo via manipulation of the donor cells, and direct interventions on puri-
fied EVs. The first strategy is based on the loading of donor cells with a specific molecule,
or the induction of genetic modification to obtain EVs selectively enriched with the desired
molecules [36,42]. Genetic modification can be induced using expression vectors for se-
lected genes fused with EV native surface proteins. This enables the directed secretion of
EVs expressing the target peptide. This strategy can be used to modify EVs for drug or
gene delivery purposes. However, vector selection should consider the potential risks of
immunogenicity, teratogenesis, and pathogenicity when devised for clinical application.
Moreover, this approach for loading functional mRNA met substantial failure, as despite
the presence of mRNA within EVs using a bioluminescent reporter, the effect was caused
by plasmids loaded into EVs [43].

The direct modification of purified EVs can be either an active or a passive process
[38]. Passive loading is based on the incubation of EVs with a high concentration of a de-
fined molecule, allowing diffusion through the EV membrane. The efficiency of this pro-
cess may depend on hydrophobicity and/or the charge of loading molecules, as well as
the time of incubation [44]. One of the merits of passive loading is that it does not damage
the EV structure. EVs contain several RNA binding proteins that may be instrumental in
endogenous RNA binding [21,45]. Specific proteins able to bind RNAs present on the sur-
face of EVs can enable EV loading [46,47]. Annexin A2 was identified as one of the surface
molecules able to bind exogenous RNAs in human serum EVs, allowing loading of func-
tional miRNAs [48]. siRNAs conjugated with cholesterol, as well as lipophilic drugs, also
allow successful passive loading into EVs [49,50]. To enhance loading efficacy, several ac-
tive loading techniques have also been developed based on alterations of EV membrane
permeability. These include electroporation, osmotic shock, sonication, and the use of ten-
sion-active molecules [51,52]. Several studies have shown successful EV loading via elec-
troporation for siRNA [53], miRNA [54], and pDNA [55], even if with low efficiency. How-
ever, electroporation, despite being effective, may induce aggregation of RNA molecules
and damage to the EV membrane and surface [56].

The membrane anchor technique has shown better efficiency for siRNA loading and
is largely dependent on siRNA/EV ratio [49]. For siRNA and miRNA, loading has also
successfully been performed using cationic transfection [49,57,58]. These techniques have
a variable efficiency of loading depending on the source of vesicles and on the type of
loading molecules. Further limitations of these techniques are related to the stability of
different EVs and their resistance to membrane disruption. Most of the direct loading tech-
niques are based on enhancement of EV membrane permeability and are associated with
a differential out/in gradient of loading molecules. To our knowledge, no formal study
has been performed on native content depletion after the loading of exogenous molecules,
and the magnitude of this effect may vary depending on the type of techniques used. In
experiments performed on human EVs engineered by electroporation [59] we observed
the depletion of selected endogenous miRNAs used as markers after loading.

Several techniques have also been developed for EV surface functionalization in or-
der to modify their biodistribution and to achieve targeted drug delivery. These
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techniques are based on surface engineering using genetic or chemical modification or the
generation of hybrid membranes [32]. Generation of EV-liposome hybrids exploiting the
spontaneous ability of EV plasma membranes to fuse with lipid nanoparticles has been
used to deliver large molecules [60], including CRISPR-Cas9 for gene editing [61].

3. Plant-Derived EVs

As EVs of human origin exhibit several technical difficulties relating to manufactur-
ing scalability and are extremely high cost, especially when isolated for drug delivery
purposes, plant-derived EVs are emerging as an attractive alternative solution.

Several studies have demonstrated that plants are able to secrete EVs morphologi-
cally similar to those released by eukaryotic cells (for review see [62,63]). Transmission
electron microscopy has revealed that plant-derived EVs have a spherical appearance with
a bilayer membrane and an electron-dense core, similar to human EVs (Figure 1).

Figure 1. Transmission electron microscopy of plant EVs. Representative image of EVs purified from
orange juice negatively stained with NanoVan (Nanoprobes Inc, Yaphank, NY, USA) and examined
with a Jeol JEM 1400 Flash transmission electron microscope (Jeol, Peabody, MA, USA) (bar 100 nm).
The inset shows a representative image of an EV purified from cultured media of human stem cells,
stained and observed using the same procedures [64].

The presence of vesicles morphologically resembling exosomes released from mul-
tivesicular bodies of a plant culture was originally described by Halperin and Jensen [65].
Subsequent studies demonstrated the origin of EVs from multivesicular bodies after fu-
sion with the cell plasma membrane, similar to as described in eukaryotes [66]. As in eu-
karyotes, the ESCRT machinery is considered to be relevant for multivesicular bodies-
dependent formation of EVs, since ESCRT I, II, and III, but not ESCRT-0, and accessory
proteins are conserved in plants [67]. Several candidate molecules were proposed to sub-
stitute ESCRT-0, which is involved in ubiquitinated cargo and recruitment of ESCRT [, II,
and III complexes, such as the FYVE domain protein required for endosomal sorting and
the orthologue of mammalian TOM-1 [65]. Similarities between plant EV biogenesis and
that of mammalian EVs with respect to the involvement of ESCRT genes have been re-
cently suggested following the detection of TET8 and TET9 tetraspanins and PEN1 syn-
taxin protein in plant EVs [68].

Exocyst-positive organelle (EXPO)-mediated secretion, autophagosome-mediated
secretion, and vacuole-PM fusion have also been described as pathways for biogenesis
alternative to multivesicular bodies-dependent plant EV secretion [69,70].
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The mechanisms involved in the cell wall crossing of EVs are unclear. It has been
suggested that some hydrolases associated with EVs, as well as their lipidic structure, may
favor transition through the cell wall pores [71,72].

Several studies focused on plant EV structure and cargo have revealed their potential
physiological role in the plant response to pathogens, in interactions with microbes, and
in the organization of cell walls [73-75].

Edible plants are an abundant natural source of EVs, and they easily allow EV extrac-
tion with high yields on a large scale. In addition, EVs derived from edible plants are ideal
for the oral administration of drugs and nucleic acids because they are nontoxic and non-
immunogenic due to oral tolerance [76] in most of the human population.

As recently observed, EVs are contained in food, and they physiologically interact
with human metabolism. After intestinal absorption, food-derived EVs transfer molecules
modulating several metabolic pathways [77]. For instance, it has been shown that edible
plant-derived EVs induce the expression of anti-inflammatory cytokine genes and antiox-
idant molecules that maintain intestinal homeostasis [78]. Plant-derived EVs have been
shown to have natural beneficial effects for human health and potential therapeutic activ-
ities such as antitumor, anti-inflammatory, and wound healing properties, while no ad-
verse effects have been reported [78]. The unique lipidic composition of plant-derived EV
membranes confers high resistance to physical and chemical stresses. This makes them
particularly suitable for engineering and drug loading for delivery purposes [79].

Several studies in eukaryotes have shown that nucleic acids incorporated in EVs are
protected from degrading enzymes present in all biological fluids [20-28]. This property
has been exploited to cultivate the use of plant-derived EVs as a delivery system for nu-
cleic acids. For instance, it has been shown that EVs derived from grapefruit loaded with
miR-17 inhibited the progression of brain tumors in mice [80]. Similarly, ginger-derived
EVs loaded with siRNA showed a beneficial effect in the treatment of ulcerative colitis
[81]. Several new strategies for engineering plant-derived EVs have been recently devel-
oped, allowing not only the incorporation of small RNAs but also mRNA and exogenous
DNA plasmids [82-84], suggesting that plant EVs are adaptable to nucleic acids of a wide
range of sizes.

4. EVs as a Delivery System for Vaccines

It has been shown that EVs may trigger cell and humoral immune responses by car-
rying antigens on their surface, along with immunostimulatory molecules [85,86]. For in-
stance, EVs containing tumor-derived antigens can interact with antigen-presenting cells,
triggering a CD8+ T cell-mediated immune response in mice vaccinated with tumor-EVs
[87]. Compared to soluble molecules, the antigens associated with EVs released after DNA
vaccination were shown to be more immunogenic in mice [88]. Based on these properties,
EVs have been investigated in clinical trials of tumor immunotherapy [89].

The potential use of bacteria outer membrane vesicles to develop vaccines has also
become a topic of interest [90]. Bacteria also secrete EVs, which play a crucial role in cross-
talk with the host, playing a relevant role in pathogenesis [91]. EVs secreted by H. pylori
carry several bacterial constituents acting as pathogenic factors for the host [92]. Since
bacterial EVs carry antigenic components of bacteria, they may be exploited to stimulate
the host immunity. By interacting with dendritic cells, they may activate both innate and
adaptive immune responses [90]. Since bacterial EVs are non-replicative, they may repre-
sent a suitable strategy to immunize the host without the risk of infection associated with
intact bacterial cells. It has been shown that intranasal immunization with EVs derived
from Neisseria meningitidis induces an effective mucosal immune response with the pro-
duction of specific IgG and IgA [92]. Moreover, it has been shown that EV-based vaccines
trigger not only the humoral but also the cell-mediated immune response [93]. This rep-
resents an advantage in the targeting of mucosal tissues as compared to existing adju-
vants.
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Genetically modified bacteria may be used to generate EVs displaying neoantigens,
acting both as an adjuvant and immunogen for vaccine development [90,94]. The adjuvant
activity of bacterial EVs has been associated with the presence of EV-associated LPS. LPS
toxicity may represent a limitation, and a balance should be found in the production of
EVs with low LPS toxicity before their potential clinical use. Another limitation is the low
yield of EV production from bacteria, and several studies are currently ongoing to define
the optimal stress and temperature culture conditions for EV secretion.

In the viral vaccine field, a growing interest in EVs was stimulated by the observation
that virally infected cells released EVs carrying viral antigens able to trigger an immune
response [95,96]. In COVID-19 patients, the SARS-CoV-2 Spike (S) protein presented on
EVs was correlated with the severity of the disease [97]. Moreover, S protein-associated
EVs detectable in infected patients were suggested to be instrumental in triggering a hu-
moral-specific immune response [97-99]. Therefore, the possible use of EVs as carriers for
viral antigens has been investigated to develop vaccines, as summarized in Table 1.

Table 1. List of studies using EVs as a delivery system for vaccine delivery.

Presence of

Administrati
Vaccine Type MIMISHAtON  gerum Antibodies Neutralizing IFNy Secretion References
Route . .
Antibodies
. . Presence of serum
SARS-S protein in EVs (compared to AAV)  Footpad injection antibodies Yes / [100]
SARS-CoV-2 S or N protein on the surface of . Presenc.e of 'serum Yes Yes [101,102]
EVs antibodies
Endogenous engineered E'Vs expressing SARS- im. Presenc.e of .serum / Yes [103,104]
CoV-2 antigens antibodies
Presence of serum
EVs of Salmonella typhimurium decorated with . o
SARS-CoV-2 S protein in. antibodies: IgG, IgM, Yes / [105]
IgA
Presence of serum
EVs f i D .C. 1
Vs from engineered DCs s.c antibodies: I5G / / [106]
SARS-CoV-2 S mRNA in Lung-derived EVs in Presence of serum / / [107]
(compared to LNPs) o antibodies IgG, IgA
SARS-CoV-2 S and N mRNA in EVs (compared im Presence of serum / / [108]
to LNPs) o antibodies
Presence of serum
SARS-CoV-2 S mRNA in oEV, liquid im, in,oral antibodies: IgG, IgM, Yes Yes [109]
IgA
Presence of serum
SARS-CoV-2 S mRNA in oEV, lyophilized oral antibodies: IgG, IgM, Yes Yes [110]

IgA

Abbreviations: S: spike protein, N: nucleocapsid protein, i.m.: intramuscular, i.n.: intranasal, s.c.:
subcutaneous.

A SARS-CoV-2 vaccine was developed based on EVs from Salmonella typhimurium
decorated with Spike receptor-binding domain (RBD). Golden Syrian hamsters (Mesocri-
cetus auratus) immunized intranasally developed high titers of blood anti-Spike RBD IgG
as well as a mucosal response, and after infection with the virus they developed much less
severe lung pathology [105]. Genetically engineered dendritic cells expressing SARS-CoV-
2 S protein were used to generate extracellular blebs that were used as vaccines, inducing
the production of neutralizing antibodies [106]. Wang et al. [107] developed a vaccine us-
ing human lung-derived EVs conjugated with recombinant SARS-CoV-2 RBD. The vac-
cine efficiently immunized mice and induced variance in liposomes, triggering specific
IgG, humoral IgA, and CD4+ and CD8+ T cell responses. Immunized hamsters encoun-
tered a significant reduction in severe pneumonitis after infection with live SARS-CoV-2.
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Interestingly, the EV-based vaccine was demonstrated to be stable for three months after
lyophilization.

Popowski et al. [111] developed an inhalable vaccine in the form of a dry powder
containing lung-derived EVs carrying an mRNA encoding for SARS-CoV-2 S protein. Ad-
ministration of the vaccine in vivo was shown to elicit IgG and IgA immune responses at
a significantly higher rate than liposomes. The comparison of EVs with synthetic lipo-
somes showed superior efficacy of EVs due to a better distribution into bronchioles and
lung parenchyma after nebulization, both in rodents and in non-human primates
[108,111]. In addition, dry mRNA-loaded EVs remained functional when stored at room
temperature for one month. Tsai et al. [112] created a vaccine based on HEK293-derived
EVs fused with lipid-coated mRNAs encoding SARS-CoV-2 S and N proteins. Unlike
RNA-loaded synthetic lipid nanoparticles, which possess marked cell toxicity, the EV vac-
cine was devoid of any toxicity both in vitro and in vivo and induced a long-lasting hu-
moral and cellular immune response.

Taken together, these findings confirm that EVs are a good candidate for the devel-
opment of innovative, versatile, and effective vaccine formulations.

5. Edible Plant-Derived EVs as a Platform for Mucosal Vaccine Delivery

The large-scale production of EVs from human cells is still problematic, due to the
extremely expensive and time-consuming manufacturing process. To circumvent these
difficulties, EVs derived from transfected yeast or bacteria have been proposed as an al-
ternative [105]. However, the use of genetically modified organisms (GMOs) as a source
of EVs may pose questions relative to the complex and diverse legislation regulating
GMOs in different countries.

Edible plants may represent a largely available and low-cost source for the large-scale
production of EVs. EVs are particularly abundant in the juice of some edible plants and
can be easily extracted with scalable techniques. Moreover, edible plant EVs are com-
monly ingested as part of fruits and vegetables; thus, they are nontoxic and nonimmuno-
genic. This makes them a good candidate for oral drug delivery. Numerous studies have
investigated the loading techniques of plant-derived EVs with nucleic acids and have
shown that EVs can protect loaded nucleic acids from enzymatic degradation and deliver
them in an intact and functional form [113,114]. Techniques used for plant EV loading
include electroporation, which causes transient pore formation and allows nucleic acid
entrance into EVs; sonication of EVs in the presence of nucleic acids to alter membrane
structures; passive nucleic acid internalization in the presence of appropriate salt, pH, and
temperature conditions; and mechanically (extrusion techniques) or chemically increased
membrane permeability to allow nucleic acids entrance. The efficacy of these techniques
varies depending on the EV source and the nucleic acid type [113].

Using a proprietary technique [115], we engineered EVs purified from orange juice
(Citrus sinensis) (0EVs) with SARS-CoV-2 mRNA coding for Spike S1 subunit (S), Full
Spike (FS), and nucleocapsid (N) proteins using cation-based interaction combined with
controlled osmotic shock (Figure 2) [110].
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A oEV mRNA mRNA Loaded oEV
Negative charge Negative charge

+ o+
Positively charged linker Osmotic shock

SARS-CoV-2 mRNA mRNA Loaded oEV
so—®®EM Spike-S1-RBD 835nt W
56— PO® Surface Glycoprotein 3980 nt
sc—mo®eell Nucleocapside Phosphoprotein 1420 nt

Figure 2. Schematic representation of oEV loading procedure. Panel (A): oEV engineering based on
charge interactions and controlled osmotic stress. Panel (B): oEVs were efficiently loaded with
mRNAs coding SARS-CoV-2 antigens.

The efficiency of loading was about 72 + 11% for all the studied mRNAs, with a load-
ing capacity of 3.51 + 1.09 ng/10"" oEVs independently from the mRNA length (S1 mRNA
669 nt; N mRNA 1260 nt and FS mRNA 3822 nt). Once incorporated in oEVs, mRNA was
protected from RNase and gastroenteric enzyme degradation. Protection was due to en-
capsulation into oEVs, since Triton X-100 permeabilization of oEV lipid membrane abro-
gated the resistance to RNase. In vitro experiments demonstrated that the oEV-mediated
delivery of viral mRNAs to macrophages was followed by translation into N, S1, and FS
proteins and lymphocyte activation [110]. Moreover, oEV incorporation of mRNA con-
ferred resistance at room temperature up to one year after lyophilization [110]. S1 or FS-
loaded oEVs in a liquid formulation without adjuvants were administered orally via ga-
vage in vivo to mice models and were compared with intra-muscle administration. The
vaccination with S1 or FS-loaded oEVs induced comparable production, as related to both
the oral and intra-muscular administrations, of specific IgM and IgG and of neutralizing
antibodies. Interestingly, the oral administration route induced a significant production
of specific secretory IgA. IgA antibodies are the first mucosal barrier in adaptive immunity
[116] and represent one of the major advantages of oral vaccines [117,118]. Moreover, mice
immunized with Sl-loaded oEVs showed specific splenic lymphocyte activation after
stimulation with the S1 peptide with a Th1 profile of cytokine secretion. This observation
agrees with studies that showed prevalent activation of the Th1 response after vaccination
with mRNA coding for SARS-CoV-2 antigens [119]. Similarly, Zhang et al. [120] used a
vaccine based on nanoparticle-encapsulated mRNA encoding the SARS-CoV-2 RBD and
showed that, in vitro, stimulated splenocytes induced a Th1 activation with significant
secretion of IFN-y and IL-2.

Biodistribution studies of orally administered oEVs showed that the vaccine reaches
the small intestine, where the majority of immune cells are localized, but most of the oEVs
were absorbed at the gastric level [109]. To avoid gastric dispersion, a formulation of ly-
ophilized S1-loaded oEVs encapsulated in gastro-resistant capsules was prepared [110].
Capsules were used for immunizing rats and were administered orally via gavage. As
previously observed in mice, rats developed a humoral immune response, involving the
production of blocking antibodies and specific IgM, IgG, and IgA. The vaccination also
triggered a Th1l immune response [110]. Moreover, the stability of the vaccine formulation
was evaluated after one year and showed intact and functional mRNA inside lyophilized
oEVs [110].

Experience relating to mRNA-based oral vaccines is so far very limited and research
often stalls due to mRNA fragility and the need for formulations that provide in vivo sta-
bility [116]. Mucosal vaccines currently undergoing clinical trials are mainly based on pro-
tein antigens and live attenuated viruses and are preferentially delivered via viral vectors
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[117]. The formulation of lyophilized mRNA-EVs could be an efficient strategy for oral
vaccine development due to the fact that they are stable at room temperature, optimally
absorbed at the mucosal level, and able to induce an immune response [110,120].

In general, oral vaccine administration has several pros and cons (reviewed in
[37,118,121]). Oral vaccines have several advantages, including improved patient compli-
ance, the possibility of self-administration, no needle-associated risks, logistic advantages
relating to storage and distribution, and induction not only of IgG but also of IgA and T
cell immune responses. More than ninety per cent of pathogens enter the body trough
gastrointestinal, respiratory, and urinary mucosae. Therefore, the mucosal immune re-
sponse is particularly relevant for preventing pathogen invasion. Indeed, vaccination
through the mucosal route elicits production of IgA, which represents the first mucosal
barrier in the adaptive immune response. The oral administered vaccines require much
less purification than the injectable ones due to the non-sterile environment for the abun-
dant microbiome of gastrointestinal tract. This may allow a significant reduction in man-
ufacturing costs. The main challenges are related to vaccine degradation due to the gas-
troenteric pH, and the presence of proteolytic enzymes and bile salt. However, these ob-
stacles may, at least in part, be overcome by formulation with gastro-resistant capsules.
Moreover, absorption of the vaccine at mucosal levels usually requires the administration
of high and repeated doses of antigens, and that might induce oral tolerance. The devel-
opment of oral vaccines is also impaired by inefficient absorption and scarceness of mu-
cosal adjuvants. Therefore, research is focusing on carriers that may implement mucosal
absorption such as nanoparticles that encapsulating the vaccine may protect and stabilize
it (reviewed in [122]).

The use of intranasal administration constitutes a possible approach for the induction
of mucosal immunity in order to reduce the risk of inactivation due to gastroenteric en-
zymes, and several clinical trials are currently ongoing [116,117].

The intranasal application of EV-based SARS-CoV-2 mRNA vaccines has been shown
to induce responses in resident memory T cells and B cells, as well as stimulating IgA
production [105-108,111,112].

We performed intranasal administration of oEVs loaded with S1 mRNA in mice,
showing the induction of a humoral and T cell immune response as obtained with oral
immunization [109]. In this study, we demonstrated the presence of specific IgA in the
bronchoalveolar lavage of the immunized mice. We used a nasal drop of S1-loaded oEVs
in solution, but lyophilized oEVs can also be administered via direct nebulization. The
efficacy of intra-nasal immunization using salmonella typhimurium EVs [105] or lung-
derived EVs [107,108,111] as carriers for mRNA coding SARS-CoV-2 antigens has been
previously shown.

6. Conclusions

In conclusion, EVs as carriers of bacterial/viral antigens are good candidates for the
development of new vaccine strategies. Engineered EVs derived from yeast, bacteria, or
mammalians may also allow effective delivery of mRNA vaccines. However, these sources
of EVs have limitations related to low yield and complex and expensive production and
purification techniques.

Most of the preclinical studies for vaccine delivery used human derived EVs purified
from cell culture conditioned media. Nevertheless, the requirement for the stringent use
of clean rooms under good manufacturing practice (GMP) conditions during the entire
cell culture process, along with the required use of stringent sterile purification standards,
are the major impediments to their use in clinical applications due to high cost and low
productivity. Thus, for potential industrial use, the focus was turned to plant-derived EVs
that due to already being present in nature are an extractive product and do not require
cell culture [78-81]. Moreover, an additional cost reduction can be achieved through using
the EVs purified from the juice of edible plants, such as orange juice, where EVs are par-
ticularly abundant. Using filtration methods such as tangential flow filtration to avoid
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ultracentrifugation, purification of EVs can be achieved at a high degree of productivity.
EVs from oranges can be considered part of a circular green economy due to the possibility
of reusing fibers and peels discarded during purification, as well as the use of the juice,
once deprived of EVs, for other commercial purposes.

Edible plant-derived EVs have the advantage of enabling oral administration, which
elicits mucosal immunity and provides a first line of defense at the site of virus entry.
Edible plant EVs are effective delivery systems because they can protect nucleic acids from
enzyme degradation and environmental stress conditions. The native membrane envelope
facilitates entry into target cells and the delivery of cargo. Compared to other synthetic
delivery systems (e.g., LNP, synthetic lipoparticles, and adenovirus), plant-derived EVs
have several advantages. They are biocompatible and do not elicit cytotoxicity. Being a
natural product and part of the diet, they have an optimal safety profile. Moreover, their
high resistance to stress allows lyophilization and storage at room temperature. For all
these reasons, plant-derived EVs can be further studied as a versatile system for the mu-
cosal delivery of mRNA vaccines.
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