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Abstract: Hepatitis B and C viruses chronically affect approximately 3.5% of the global population,
causing more than 800,000 deaths yearly due to severe liver pathogenesis. Current HBV vaccines
have significantly contributed to the reduction of chronic HBV infections, supporting the notion
that virus eradication is a feasible public health objective in the near future. In contrast to HBV, a
prophylactic vaccine against HCV infection is not available yet; however, intense research efforts
within the last decade have significantly advanced the field and several vaccine candidates are
shortlisted for clinical trials. A successful vaccine against an infectious disease of global importance
must not only be efficient and safe, but also easy to produce, distribute, administer, and economically
affordable to ensure appropriate coverage. Some of these requirements could be fulfilled by oral
vaccines that could complement traditional immunization strategies. In this review, we discuss the
potential of edible plant-based oral vaccines in assisting the worldwide fight against hepatitis B and
C infections. We highlight the latest research efforts to reveal the potential of oral vaccines, discuss
novel antigen designs and delivery strategies, as well as the limitations and controversies of oral
administration that remain to be addressed to make this approach successful.

Keywords: HBV; HCV; oral vaccines; edible plants; mucosal immunity

1. Introduction

Undoubtedly, vaccination is the primary and most effective tool in combating infec-
tious diseases in both humans and animals; however, the success of immunization critically
depends on achieving a broad level of coverage, sufficient to interrupt transmission of
pathogens [1]. To reach this goal, a vaccine must not only be safe and efficient against the
pathogen but also easy to manufacture, distribute (e.g., thermally stable) and administer
(e.g., orally), as well as affordable to low-income populations. The fast advancement in
COVID-19 vaccine development followed by a rapid global vaccination against the coron-
avirus (CoV-2) are good examples that demonstrate the importance of effective and safe
vaccines for human and animal health.

The majority of pathogenic microorganisms or antigens penetrate the body through the
enormous mucosal surfaces which form the boundary between the interior of the body and
the external environment [2]. However, most currently licensed vaccines are administered
through systemic routes, by using intramuscular or subcutaneous injections, which trigger
a protective systemic immune response but are less effective in eliciting antigen-specific
immune responses at the mucosal surface [3]. In contrast, oral delivery of vaccines has
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the potential to enhance the mucosal immune response at the site of infection but can
also trigger systemic immunity. In addition, oral immunization is noninvasive, safe, and
simple, thereby ensuring better patient compliance and clinical practicality. These features
promote oral immunization as a viable approach in controlling infectious diseases of global
significance. However, the potency of oral vaccines against blood-borne pathogens that
invade the host and disseminate by systemic routes is still a matter of debate.

In this review, we provide a concise update on the development of plant-based oral
vaccines against two major human pathogens, the hepatitis B and C viruses, currently
affecting more than 325 million chronic carriers worldwide [4]. We highlight the latest
research efforts to unfold the full potential of mucosal vaccines in fighting these infections,
discuss novel antigen designs and delivery strategies, as well as the weaknesses and contro-
versies of oral administration that still remain to be addressed to make this immunization
strategy successful.

2. Mechanisms of Mucosal Immunity and Relevance for Fighting Systemic
Viral Infections

As mentioned above, oral administration of vaccines offers several key advantages
over parenteral immunization. It is therefore intriguing that only a few oral vaccines,
mostly based on inactivated or live-attenuated pathogens, have made their way to clinical
approval for use in humans [5].

One possible reason lies in the complexity of mechanisms regulating the mucosal
immune system that have evolved to achieve and maintain tolerance against self-antigens
and a multitude of foreign antigens from microflora and food [6]. While this physiological
process protects the organism from damaging inflammatory responses in the intestine, it
represents a major impediment for the development of oral vaccines.

At the intestinal mucosa, adaptive immune responses to antigens are initiated in
gut-associated lymphoid tissues (GALT), which include the Peyer’s patches (PPs), cecal
patches, colonic patches, isolated lymphoid follicles (ILFs), cryptopatches, and draining
mesenteric lymph nodes (MLNs) [7].

The mucosal epithelial surface has a unique structure, containing microfold (M) cells
specialized in antigen capturing and transport, overlying organized mucosal lymphoid
tissue, lymphocytes, plasma cells, dendritic cells (DCs), and macrophages. Moreover,
mucosal epithelial cells express various molecules with different functions: (a) polymeric
immunoglobulin receptor (pIgR), which binds dimeric IgA (dIgA); (b) polymeric IgM,
which mediates the transport of soluble immune complexes to the apical surface after en-
dopeptidase cleavage; (c) major histocompatibility complex (MHC) class I and II molecules
responsible for antigen presentation; and (d) a variety of immune response regulators such
as cytokines, chemokines, and adhesion molecules [8–11].

Upon ingestion, antigens face the first critical barrier on the way to GALT, having to
get through the low gastric pH and the protease rich environment of the gastrointestinal
tract. Surviving antigens are taken up from the intestinal lumen by M cells and transported
to the underlying DCs, the professional antigen presenting cells in PPs (Figure 1).

The efficacy of oral vaccines is influenced by the antigen delivery and the immu-
nization protocols which influence activation of naive CD4+T lymphocytes. Orally-
administered HBV/HCV antigens can be either endocytosed by specialized M cells overly-
ing the organized mucosal lymphoid tissue or specifically captured by DCs through the
epithelial cell layer, via dendrites projection into the lumen. Regardless, the interaction
between DCs and antigens triggers the priming of naïve T cells. Primed helper T cells
then interact with antigen specific B cells, inducing class-switching to immunoglobulin
secreting cells. Notably, the isotype switching of B cells to surface IgA positive (Bα) B cells
and then differentiation to polymeric IgA producing plasma cells require the presence
of TGFβ. Moreover, the presence of additional cytokines, such as IL-4, IL-5, IL-6, IL-10,
and IL-13, as well as various receptors and ligands of innate and acquired immunity, are
required to support the immune response induced by orally-administered vaccines. For
cell-mediated immunity, activated T cells can become tissue-resident memory T cells or
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circulating-memory T cells. The differentiation and regulation of the cellular immune
response is driven by cytokines such as IL-12/IL-18, which are produced by macrophages
and DCs and promote the Th1 cellular immune response and IFNγ production. Moreover,
CD4+ T cells which become antigen responsive express the homing markers α4β7 integrin
and CCR9 chemokine receptors and can migrate to the mucosa. Activated B cells then
enter systemic circulation and migrate to distant effector sites where they differentiate and
mature into plasma cells. Finally, mucosal DCs can induce Tregs via production of TGF-β
and IL-10, thereby mediating immune tolerance via suppression of Th1 and Th2 responses
(figure created with BioRender.com accessed on 9 September 2021).

Figure 1. Mechanism of mucosal immunity.

Processed antigens are then loaded onto the MHC and presented by migratory DCs
that travel to the inductive sites of PPs or MLNs, thereby providing costimulatory signals
to activate naive CD4+ T cells. These cells become antigen responsive once they express
α4β7 integrin and CCR9 chemokine receptors with homing affinity to the mucosa, the
effector site. Primed helper T cells further interact with antigen-specific B-cells that undergo
class-switching to become immunoglobulin-secreting cells. The isotype switching of B
cells to surface IgA (sIgA+) and differentiation to polymeric IgA-producing plasma cells
require the presence of transforming growth factor β (TGFβ). Importantly, depending
on the antigen type, a cellular immune response can also be triggered by activated T
cells which may become tissue-resident or circulating-memory T cells, thus controlling
the infection via the production of a specific set of cytokines and recruitment of other
immune cells. Differentiation and regulation of the cellular immune response are driven by
cytokines such as IL-12/IL-18 which are produced by macrophages and DCs that, in turn,
promote Th1 cellular immune response and IFNγ production. In contrast, a Th2 response
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is characterized by the production of a different set of cytokines such as IL-4, IL-5, IL-6,
IL-10, and IL-13, which further support humoral immunity.

This complex signaling leading to lymphocyte activation may occur in any individ-
ual PPs or MLNs, but, depending on the context of antigenic exposure can either trigger
antigen-specific humoral and cellular immune responses or be oriented to immune tol-
erance, another major drawback of oral vaccination [12,13] (Figure 1). T regulatory cells
(Tregs) are the major suppressors of effector T-cell differentiation and proliferation by
producing IL-10 and TGF-β, thus maintaining the intestinal homeostasis through promot-
ing immune tolerance to commensal microbiota and food antigens [14]. Oral tolerance is
currently tackled by ensuring sufficient protection of antigens against the gastrointestinal
environment and microbiota interactions, high antigen loading or encapsulating capacity
of vehicles, prolonged exposure of antigens to antigen-presenting cells, sufficient targeting
ability to intestinal cells, especially M cells, and enough production of long-term mucosal
and systemic effect, while maintaining adequate safety [15,16].

3. Oral Vaccines Produced in Edible Plants, Advantages, Disadvantages and
Lessons Learnt

Plants as an ideal green factory have been exploited in the past three decades for the
production of various biopharmaceuticals and vaccines for human and animal health as
well as high value proteins [17–21].

Compared to traditional platforms for recombinant protein expression (i.e., bacterial,
mammalian, or insect cells), plants offer several key advantages. As eukaryotic organ-
isms, plants enable posttranslational modifications of proteins. With regard to vaccine
production, plant-specific N- and O-glycosylation have various effects on recombinant
antigens, increasing or attenuating their immunogenicity as compared to their mammalian
cell counterparts [22,23]. Processing of complex transmembrane viral proteins, assembly
of functional oligomers, and virus-like particles (VLPs) are also possible in plants [21,23].
Plants’ components associated with VLPs may have adjuvant properties increasing the
protein immunogenicity and thus preventing the use of additional adjuvants. Among the
disadvantages of plants as vaccine production platforms are the requirement for complex
(Good Manufactory Practice-GMP) infrastructure for downstream processing of plant ex-
tracts, the low production and often unpredictable protein yield, and the limited regulatory
framework. A comprehensive review of the advantages and disadvantages of plant made
vaccines has been very recently published, during the revision of this manuscript [24].

Edible plants are of special importance for the production of antigens [18,25] and
have been long exploited for the production of vaccines for humans and animals through
oral administration [17,24,26]. To date, lettuce-based platforms for drug and vaccine pro-
duction are well established and are being used for the successful production of several
candidate drugs and vaccines [17,18,27,28]. Among the plant genetic engineering tech-
nologies developed, plant transient expression, in particular the production of VLPs and
stable chloroplast genome engineering, are fully established for lettuce-based edible plant
production platforms. Drugs and vaccines for oral administration produced in lettuce
have several advantages when compared with the same products made in other plant
species, e.g., tobacco, Nicotiana tabacum or N. benthamiana plants, which need to be sub-
sequently purified before being tested. Previous studies and techno-economic analyses
have revealed that the cost for downstream processing of plant derived medicines and
vaccines accounts for almost 80% of the total vaccine production cost [17,29]. Given that
low and middle income countries (LMICs) are often devastated by infectious diseases such
as the COVID-19 pandemic, affordable vaccines are essential to control infections and save
lives. Oral vaccines made in edible crops do offer this economic advantage. Stability at
room temperature with no requirement for cold storage and easy transportation are also
worth mentioning as unique advantages of oral vaccines made in edible-plants. These are
of particular significance for LMICs where cold storage and vaccine transport can be rather
limited. In addition, the employment of recently developed freeze-drying [30] or lipid
depletion technologies [31] have also significantly improved the shelf-life of these vaccines,
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eliminating the need for cold-storage, facilitating distribution and further improving their
availability. An encouraging case was reported recently demonstrating the first protein
drug encapsulated in plant cells approved by the FDA demonstrating the advantages and
potential of oral vaccines made in edible crops [17]. Another significant advantage of
oral vaccination is the simplification of the immunization protocols, normally requiring
multiple injectable doses to ensure sufficient protection, as it is the case for the HBV vaccine.
An oral vaccine used as a booster (boost vaccine) after priming with an injectable vaccine
was reported [21,25].

Despite the advantages and potential of oral vaccines produced in edible plants, there
are several challenges and hurdles that must be dealt with and more clinical trials of plant-
made oral vaccines are required. One of the challenges is the efficiency of the immune
response of a vaccine administrated through an oral route. The second challenge is the
stability of oral vaccines when passing through the gastrointestinal tract. Van Eerde et al.
performed an in vitro gastrointestinal digestion analysis and revealed that the lettuce-made
dengue EDIII-1-4 antigens are well protected when passing through the oral and gastric
digestion phases but underwent degradation during the intestinal phase [20]. The targeted
release of oral vaccine antigens into the human intestine and vaccine protection efficacy are
therefore among the other challenges encountered in edible vaccine development [25].

Another significant disadvantage regarding the production of oral vaccines is the
yield of recombinant antigens, which varies considerably depending on the characteristics
of the candidate antigen, the nature and biomass of the edible plant host, protein stability,
and the technology utilized (i.e., transient expression or stable chloroplast transformation).
Establishing optimal dosages and effective prime-boosting immunization schemes to
induce sufficient immune response and prevent immune tolerance are also major issues
that need to be addressed. Current approaches considering improvement of adjuvants
and antigens delivery to the intestinal immune cells, together with recent technological
advancements in plant genetic engineering, increasing expression of recombinant proteins
in plant cells [32], might overcome some of these challenges in the future.

Finally, the burden of the regulatory framework associated with the use of genetically
modified plants for the development of oral vaccines needs to be evaluated. Biosafety
regulations and guidelines of molecular farming for production of biopharmaceuticals need
to be made applicable, while new legal directives must regulate a smooth transition of plant-
derived oral vaccines research to clinical trials and marketing. Therefore, international
efforts in conducting more clinical studies and sharing the data and outcomes from the
clinical trials of oral vaccines are of importance for the future development of oral plant
vaccines against viral infections such as HBV and HCV [18,33].

4. Features of HBV and HCV Biology Relevant for Vaccine Development:
Viral Antigens and Vaccine Candidates

Approximately 3.5% of the world population is chronically infected with either HBV
or HCV and over 800,000 people die yearly due to liver complications such as cirrho-
sis and hepatocellular carcinoma, flagging these pathogens as leading human health
threats [4,34,35]. Understanding the structure and mechanisms employed by these viruses
to target the hepatocyte, their replication host, are essential for the development of preven-
tive vaccines.

4.1. HBV

HBV is an enveloped DNA virus, a member of the Hepadnaviridae family, and was
first described in 1970 by Dane et al. as a 42 nm in diameter particle [36]. Its tiny genome
consists of a partially double-stranded relaxed circular DNA of 3.2 kb, containing four
partially overlapping open reading frames (ORFs), namely the core (pre-C/C), envelope
(pre-S/S), polymerase (P), and transactivating protein X (X) genes, altogether encoding
seven viral proteins [37,38].

The Pre-S/S ORF encodes the overlapping large (L), middle (M), and small (S) enve-
lope glycoproteins, collectively called HBV surface antigens (HBsAg). These proteins share
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the common S-domain displaying the major antigenic determinant that triggers production
of virus-neutralizing antibodies [39]. The S protein is the most abundant constituent of the
viral envelope, but also self-assembles into subviral particles (SVPs) lacking DNA, which
are produced in great excess over mature virions. The M and L proteins contain additional
domains at their N-terminal end, the preS2 and preS1, respectively [40]. Notably, a 48 amino
acids region in the N-terminal region of the pre-S1 domain mediates HBV attachment to its
receptor, NTCP, and is a major target for virus neutralization antibodies [41–43].

SVPs are noninfectious but highly immunogenic due to their particulate nature, two
features promoting these particles as ideal candidates for vaccine development. Indeed,
the first HBV vaccine licensed in 1982 contained SVPs purified from inactivated plasma of
HBV carriers [44]. This was later replaced by a second generation of HBV vaccines using
recombinant S-HBsAg produced in yeast [45]. These vaccines have been commercially
available since 1986 and have significantly contributed to the reduction of chronic HBV
infection worldwide [46]. However, approximately 10% of the vaccinated population fails
to develop appropriate levels of protective antibodies due to either genetic resistance,
older age at immunization, severe liver and renal disease, immunosuppression, or simply
lack of compliance to the complex 3-dose administration schedule [47]. In addition, the
duration of the immune response triggered by current HBV vaccines is questioned by
recent epidemiologic data indicating that protective immunity might be lost in some cases
at 15 years post-primary vaccination [48].

To address these issues, a new generation of HBV vaccines including the L and M
proteins in addition to S have been produced and are currently awaiting FDA approval.
Clinical trials have concluded on the ability of these novel vaccines to induce higher
antibody titers with a larger spectrum of antibodies as compared with traditional S-HBsAg-
based vaccines [49]. However, these antigens are not easily expressed in bacteria or yeast,
thereby requiring costly production in mammalian cells, which may hamper large-scale
administration. A currently investigated alternative takes advantage of the structural
properties of the S protein and employs it as a scaffold to expose relevant preS1/preS2
epitopes in chimeric SVPs produced in various expression systems [23,50–53].

The complexity of the vaccine research field and industry is illustrated by the recent
success of the only FDA-approved HBV vaccine in more than two decades since the first
commercial formulation. This novel vaccine, available since 2018, still contains yeast-
derived HBsAg, but in combination with cytosine phosphoguanosine (CpG) 1018, a more
immunogenic adjuvant [54]. Notably, the protocol involves administration of two injections
over the course of one month, which is a great improvement of the three doses over six
months classical HBV vaccine. This can potentially increase patient compliance and
therefore the number of people who are protected against HBV; however, it can only be
administered to individuals over the age of 18 [55].

4.2. HCV

HCV, an enveloped, single stranded positive RNA virus and the main representative
of the Flaviviridae family, was discovered in 1989 [56]. The 9.6 kb HCV genome consists
of a long open reading frame encoding a polyprotein of about 3000 amino acids which is
processed by cellular and viral proteases into 10 structural (core, E1, E2) and non-structural
proteins (p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B) [57]. The viral envelope contains
the complex type 1 transmembrane glycoproteins E1 and E2 that form a heterodimer
stabilized by disulfide bonds.

HCV entry is a complicated process involving sequential interactions of the viral
particles with several host cell receptors. Infection is initiated by virus concentration at the
basolateral membrane of the hepatocyte following binding of the viral particle associated
lipoproteins to LDL receptors [58,59]. Exposure of viral envelope glycoproteins at the
virus surface then allows for a specific interaction with SR-BI, CD81, and CLDN1 forming
the co-receptor complex on the hepatocyte plasma membrane, which facilitates virus
internalization through clathrin-mediated endocytosis [60,61].



Plants 2021, 10, 2037 7 of 17

As a prerequisite for infection, the HCV entry process is an excellent target for a
protective immune response. It is therefore not surprising that most antibodies with broad
virus neutralizing activities to different HCV genotypes recognize conformational epitopes
in E2 or the E1E2 heterodimer, making these antigens the primary candidates for vaccine
development [62].

Despite tremendous research efforts towards the development of a prophylactic treat-
ment, a vaccine against HCV is not currently available. There are several reasons that could
explain the failure of this scientific endeavor hitherto.

One main challenge is the immense HCV genetic diversity, with seven known geno-
types and more than 80 subtypes [63], exceeding even the diversity of the human immun-
odeficiency virus-1. Moreover, host immune pressure generates a diverse quasispecies of
related but distinct variants at the nucleotide level, within each infected individual [64–66].
This explains why even though spontaneous HCV infection clearance occurs in 25% of
infected individuals [67], recurrent infections following new exposures can happen. Thus,
a primary cleared infection does not ensure a full protective immunity [68,69].

Despite the vast heterogeneity of the HCV genome, vaccination remains feasible
because viral replication can trigger specific HCV T-cell and humoral responses at the
beginning of the infection [70]. To be effective against a pathogen with such sequence
variability, the ideal vaccine should induce broad immune responses that would target
highly conserved regions of the antigenic determinants. However, the role of antibodies
in neutralizing HCV appears much more complex. Probably, a more realistic approach
towards developing an HCV vaccine would be to consider its potential use as a chronic
infection suppressor or immunological booster.

Another challenge in developing an HCV vaccine resides in its ability to evade the
host’s adaptative immune response using different strategies. The first is the use of the
hypervariable region 1 (HVR1) of E2, which elicits non-neutralizing antibodies acting as an
immunodominant epitope. It is also believed that HVR1 shields more conserved epitopes
of E2 that are critical to CD81 binding [71,72]. Epitope shielding is also achieved through
heavy glycosylation of E2 which contains 11 N-linked glycans [73]. Glycan shifting also
appears in the context of antibody escape mutants which indicates an important role in the
HCV defense mechanisms [74,75].

As the target of nAb response is represented by envelope proteins, full length or
soluble versions of the recombinant (r) E1E2 dimer or E2 alone have been the major vaccine
candidates [76]. The low level of expression of this antigen in different expression hosts,
achieving the correct folding and processing were the main challenges of these strategies.
Preclinical tests have indicated that immunization of chimpanzees with rE1E2 triggered
humoral response along with protective immunity [77]. This study moved to human
trials and revealed that rE1E2 was safe in humans and elicited an immune response, but
disappointingly, not a neutralizing one [78]. More recently, it has been shown that E1E2
can be expressed in their native assembly state through the insertion of a scaffold instead
of the transmembrane domain that enforces assembly while aiding in expression and
purification [79]. Furthermore, this antigen induced a virus neutralizing immune response,
promoting this strategy as a promising alternative for future E1E2 vaccine designs.

5. Could Oral Vaccines Have a Future in Controlling HBV/HCV Infections?

As discussed above, eliminating parenteral administration or reducing the number of
injections from the vaccination schedule would certainly mark a great progress towards
increasing vaccine acceptance and coverage. Despite the controversies regarding their
efficacy and the challenging regulatory barriers, research in edible plant-derived vaccines
indicates their potential to overcome some of the difficulties associated with conventional
vaccines.
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5.1. Oral Vaccine Candidates against HBV

Given the complexity of the HBsAg folding, the delivery of the first proof-of-concept
demonstrating expression of this antigen in plants (i.e., Nicotiana tobaccum) was considered
a real breakthrough in molecular farming [80]. Moreover, the plant-expressed HBsAg was
able to elicit a similar immune response to that obtained for the yeast-derived counterpart,
when administered intramuscularly in mice [81]. This success has attracted a tremendous
interest towards employing the plants as antigen factories and has led to further research
investigating other plant species as hosts for viral antigen production, as well as the
potential use of plant-derived antigens for oral immunizations. Notably, while S-HBsAg
production has been investigated in many plant species, the production of M- and L-HBsAg
in plants has been comparably less intensively researched, possibly due to their cellular
toxicity when expressed alone. In recent years, the production of the HBV core antigen
(HBcAg), which is also known to elicit a strong immune response and protective antibodies
when produced in plants, has also received increasing interest.

Of the vast body of research in this field, this review focuses on the work conducted
on edible plant-produced HBV antigens that provides data on the immunogenic properties
in tissue cultures, animal models, or clinical studies (summarized in Table 1).

The first study which evaluated the ability of plant-produced HBsAg to function as
oral vaccines was published in 1999 by Kapusta et al. [82]. In this study, mice fed transgenic
Lupin callus expressing HBsAg produced significant levels of HBsAg-specific antibodies,
underlying the importance of antigen doses and immunization protocols. The HBV anti-
gen was later produced in potato tubers [83–87], tomatoes [88,89], maize [31,90,91], and
lettuce [30,33,82,92–94], and immunizations were performed in the presence of adjuvants,
such as the cholera toxin (CT), which activates GALT enhancing delivery of the antigens
to the immune system. However, currently there are no mucosal adjuvants approved for
human use, which is a critical issue regarding the use of edible vaccines in humans.

Interestingly, tomato-expressed HBsAg did not elicit an immune response in mice,
when administered orally, but it could work as a booster vaccine [88]. However, this study
was limited by low HBsAg expression levels and the amounts which could be consumed
in 24 h. Another study evaluated tomatoes expressing M-HBsAg, which were shown to
elicit significant antibody titers (<200 mUI/mL) that were maintained at 3-months post
immunization [95].

Maize is also an attractive expression system for oral vaccines, as it is more palat-
able than potatoes and ensures delivery of higher doses of antigen in a smaller amount
of plant material. Oral administration of maize expressing HBsAg following immuniza-
tion with a commercial HBV vaccine has led to a significant increase in antibody titers
(>3000 mUI/mL), even in the absence of adjuvants [90]. High IgA titers were also found in
feces, suggesting activation of the mucosal immune response, which may help protect par-
enteral non-responders. Notably, novel strategies to prolong the shelf-life of maize vaccines
without affecting antigen properties, such as lipid extraction, have been developed [90].
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Table 1. Oral HBV plant vaccines with proven immune responses.

Plant System HBV Antigen Adjuvant Immunization Protocol Characteristics of the Immune Response Reference

Lupin
(Lupinus luteus) HBsAg None Oral administration in mice of two doses at 1-month intervals IgG antibodies in serum (maximum 19 mIU/mL) [82]

Nicotiana benthamiana HBcAg None Oral administration in mice of 2 doses via oral gavage at 2-week intervals
followed by boost via intranasal administration at week 12 IgG antibodies in serum and IgA antibodies in feces [96]

Potato

S-HBsAg

Cholera Toxin Oral administration in mice of three doses
(1 dose/week)

IgG antibodies in serum
(maximum 73 mIU/mL for primary response;

maximum 1680 mIU/mL after boost injection with
subimmunogenic yeast-derived rHBsAg)

[83]

None Oral administration of 2 (28-day interval) or 3 doses (14- day interval) in
humans previously vaccinated with licensed HBV vaccine

IgG antibodies in the serum of 57.57% (19/33)
of volunteers

(maximum 4785 mIU/mL)
[97]

Cholera Toxin
Oral administration in mice of 3 doses (1 dose/week) followed by

intraperitoneal boost with subimmunogenic dose of yeast-derived rHBsAg
after 5 weeks

IgG antibodies in serum
(maximum 700 mIU/mL) [84]

Cholera Toxin Oral administration in mice of 3 doses (1 dose/week)

IgG antibodies in serum
(maximum 103 mIU/mL for primary response;

maximum 3300 mIU/mL after boost injection with
subimmunogenic yeast-derived rHBsAg)

[87]

None
Oral administration in mice of 3 doses (1 dose/week) followed by

intraperitoneal boost with subimmunogenic dose of yeast-derived rHBsAg
after 8 weeks

IgG antibodies in serum
(maximum 179 mIU/mL for primary response;

maximum 350 mIU/mL after boost injection with
subimmunogenic yeast-derived rHBsAg)

[86]

M-HBsAg

Cholera Toxin
Oral administration in mice of 3 doses (1 dose/week) followed by

intraperitoneal boost with subimmunogenic dose of yeast-derived rHBsAg
after 5 weeks

IgG antibodies in serum
(maximum 700 mIU/mL), [84]

Cholera Toxin
Oral administration in mice of 3 doses (1 dose/week) followed by

intraperitoneal boost with subimmunogenic dose of yeast-derived rHBsAg
after 8 weeks and E. coli-derived recombinant preS region after 32 weeks

IgG antibodies in serum (maximum 558 mIU/mL at
week 21) and IgA antibodies in feces [85]

Tomato
S-HBsAg None

Oral administration in mice every day for 4 weeks followed by
intraperitoneal boost with subimmunogenic dose of yeast-derived rHBsAg No IgG antibodies in serum

[88]
Oral administration in mice as a boost at 3–5 weeks after intraperitoneal

boost with subimmunogenic dose of yeast-derived rHBsAg IgG antibodies in serum increase after oral boost

M-HBsAg None Oral administration in mice of 2 doses at 2-week intervals. IgG antibodies in serum (<200 mIU/mL) and IgA
antibodies in feces [95,98]
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Table 1. Cont.

Plant System HBV Antigen Adjuvant Immunization Protocol Characteristics of the Immune Response Reference

Lettuce
(Lactuca sativa)

S-HBsAg

None Oral administration in humans of 2 doses at 2-month intervals IgG antibodies in serum >10 mIU/mL in
2/5 volunteers [82]

None Oral administration in humans of 3 doses, the second at 1 week
post-immunization and the third at 4 weeks post-secondary immunization Maximum IgG antibodies in serum of 6.3 mIU/mL [92]

None Oral administration in mice 30 or 60 days IgG antibodies in serum
(maximum 38 mIU/mL) and IgA antibodies in feces [93]

None Oral administration in mice of PBS-suspended lyophilized tissue at 42 days
after priming with subimmunogenic dose of commercial vaccine

IgG antibodies in serum
(maximum 193 mIU/mL) [30]

None Oral administration in mice of 2 doses at 4-week intervals IgG antibodies in serum
(maximum >3 mIU/mL)

[94]
None or Cholera

toxin B-subunit or
saponins from
quillaja bark or

10% v/v alhydrogel

Oral administration in mice of 2 doses at 6-week intervals after priming
with subimmunogenic dose of commercial vaccine

IgG antibodies in serum
(maximum >500 mIU/mL for lyophilizate and

>800 mIU/mL for tissue extract)

S/preS121-47-
HBsAg

None Oral administration in mice of 4 doses, 3 at 1-week intervals and the final
on day 68

IgG antibodies in serum that were able to neutralize
HBV infection in in vitro infection models [33]

Maize S-HBsAg

None or
LT(R192G/L211A)

Oral administration in mice of 3 doses (0.83 mg/day for 3 consecutive
days) at 2-week intervals at 13 weeks post-priming with subimmunogenic

dose of commercial vaccine

IgG antibodies in serum (3003 mIU/mL without
adjuvant or 4632 mIU/mL with adjuvant) and IgA

antibodies in feces
[90]

None Oral administration in mice of 2 booster doses at day 112 and 126
post-priming with subimmunogenic dose of commercial vaccine IgG antibodies in serum and IgA antibodies in feces [31]

None Oral administration in mice of 4 booster doses at 13-, 15-, 47-, and 50-weeks
post-priming with subimmunogenic dose of commercial vaccine

IgG antibodies in serum (maximum 12,755 mIU/mL)
and IgA antibodies in feces [91]
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Finally, L. sativa (lettuce) has proved of particular interest for the development of edible
vaccines as it is generally consumed raw, thereby eliminating the issues regarding palata-
bility and degradation of antigenic structure due to cooking. Additionally, freeze-drying
techniques have been developed which permit the long-term storage and concentration of
plants expressing HBsAg, without compromising the characteristics of SVPs [30]. Moreover,
studies have shown that L. sativa may have intrinsic anti-HBV properties, due to its high
glucosidase content [99]. Thus, oral administration of transgenic lettuce expressing HBsAg
was shown to elicit both systemic and mucosal immune responses in mice [93] using a
low-dose and an extended administration immunization protocol. This is of particular
interest as studies have shown that high expression of HBV viral envelope proteins in L.
sativa hinders their assembly into SVPs [100], possibly by overloading the ER folding path-
way. Moreover, studies have also evaluated the effects of different immunization protocols
using lyophilized L. sativa expressing HBsAg, mainly by varying the administered dose,
delivering adjuvanted or non-adjuvanted plant tissue, and by using an oral immunization
protocol vs. oral boost post-priming with a commercial vaccine [94]. The results showed
that lower doses induced a more robust immune response and that oral administration of L.
sativa-expressed HBsAg is most effective as a boost after priming with a subimmunogenic
dose of the commercial vaccine.

During the past several years, we have exploited a lettuce-transient expression plat-
form for the production of oral HBV and HCV vaccines followed by immunological studies
in mice [18,20,23]. Our results indicated that oral administration of unadjuvanted lettuce
containing chimeric S/preS121-47 SVPs induced significant serum antibody titers which
inhibited HBV infection in a cell culture infection model [33]. However, mucosal responses
were not detected in our study, suggesting that further optimization of immunization
protocols is necessary.

Transgenic L. sativa was also used in one of the first studies evaluating the immuno-
genicity of edible vaccines in humans [82], in which three human volunteers were fed
two doses of lettuce containing HBsAg. They found that two of the three volunteers
developed antibody titers of >10 mUI/mL, which is considered to be protective. However,
antibody levels dropped significantly at 4-weeks post-immunization. The ability of L.
sativa-expressing HBsAg to induce an immune response in humans was further investi-
gated by a later study, involving 12 participants who were fed transgenic L. sativa in three
doses. However, in this study, none of the volunteers reached protective antibody titer
levels, possibly due to the low dose of HBsAg administered (less than 2.2 µg in 3 doses) or
the lack of adjuvants.

The efficiency of orally administered plant-based vaccines against chronic HBV infec-
tion has also been investigated, based on the ability of the HBcAg of assembly into highly
immunogenic capsid-like particles, which were shown to activate the immune system
after parenteral [101] or mucosal [96] administration of purified HBcAg. More recently, the
efficacy of plant-produced HBcAg as a parenteral-oral vaccine was evaluated, in which
HBcAg in N. benthamiana extract was injected as a priming dose, followed by boosting with
oral administration of lettuce expressing HBcAg, which was shown to induce high titers of
serum anti-HBc antibodies (>25,000 mUI/mL), as well as a predominantly Th1 response
that is particularly useful in treatment of chronic infections [102].

Altogether, these results suggest that oral administration of HBsAg-expressing plants
could function as an effective and low-cost alternative to booster vaccination. However, the
immunization protocols need to be further optimized, particularly in regard to the dosage
and mucosal adjuvant, before such vaccines could become useful in clinical practice.

5.2. Oral Vaccine Candidates against HCV

In contrast to the enormous data accumulated on HBV antigens, only a few attempts
have been made to express HCV envelope proteins in plants, most probably, due to the
complexity of E1 and E2 folding and assembly. Thus, initial studies have focused on
production of immunogenic peptides rather than of entire proteins and do not necessarily
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involve an oral administration of antigens. Nevertheless, these studies are important for
highlighting the potential use and development of HCV antigens as plant produced oral
vaccine boosters.

An HCV mimotope generated by fusing the E2 HVR1 epitope to the B subunit of
cholera toxin (CTB) was expressed in N. benthamiana and further used as a crude extract
for intranasal immunization. Interestingly, immunized mice developed antibodies that
recognized different HCV virus particles genotypes [103]. Although these antibodies failed
to neutralize the HCV infection, the study provided important knowledge regarding the use
of adjuvants for mucosal administration of HCV chimeric antigens. Core-derived peptides
have also been successfully expressed in tobacco plants, either alone, or fused to HBsAg
while preserving their native antigenicity [104]. Madesis et al. successfully expressed a
long N-terminal sequence of the Core antigen in chloroplasts of tobacco plants with good
antigenicity [104]. Another study showed how the Core protein can be fused to HBsAg
and be expressed in tobacco plants using a potato virus X-based vector [105]. One study
showed how a crude extract of N. tabacum infected with the Cucumber mosaic virus (CMV),
expressing an HCV epitope on its surface, can stimulate cultured blood mononuclear cells
isolated from chronically HCV infected patients, thus strengthening the hypothesis that
plant-derived antigens are potent immunological boosters [106]. The same group reveals
that this CMV-based antigen has a good gastric stability and has potential use as an oral
vaccine booster [107,108]. More recently, a study has explored the immunogenic properties
of canola seed-produced HCV core protein, along with an E. coli produced counterpart
indicating the interesting property of canola oil-bodies as adjuvants in core immunization
strategies [109].

It is worth noting that while strategies to produce HCV proteins in plants have
advanced a lot, the immunogenicity and virus neutralization to confirm correct structural
and functional properties of the antigen and the efficacy of the immune response are mostly
lacking. Our group has shown for the first time that the full length E2 can be expressed
in plant-based platforms either as a E1E2 dimer or alone, while retaining the molecular
and functional properties of the native antigen [18,21]. Importantly, plant produced HCV
proteins induced a strong humoral immune response in vaccinated mice when used as a
boost following parenteral immunization with the mammalian cell-derived antigen. This
highlights the potential use of plant-expressed HCV antigens and reveals the feasibility of
using these antigens to boost an initiated immune response.

We believe that integrating recent design strategies, such as stabilizing key E2 immun-
odominant epitopes, improving E1E2 expression, and using engineered plants to allow for
mammalian-like post-translational modifications such as humanized N-glycosylation [110],
will smooth the way to the development of a plant HCV vaccine. Nevertheless, further
work should fill the gap between finding the perfect HCV immunogen and expressing it at
sufficient levels in plants while retaining its native properties.

6. Conclusions

While the proof of concept that an immune response induced by oral vaccines has
all the required properties to neutralize viral infections is well documented, making this
immunity efficient is still problematic. Public concerns regarding the use of genetically
modified plants and environmental risk assessments should also be considered for the
economical evaluation of these vaccines’ production on a large scale [111].

Nevertheless, progress has been made during the last decade and extensive research
regarding the use of delivery systems and adjuvants has improved the effectiveness of
oral vaccination. Previous obstacles, such as the harsh gastro-intestinal environment
and oral tolerance, now appear surmountable. A continuous exchange of information
between preclinical research and clinical vaccine development is needed to secure improved
formulations and adjuvants for the next generation of effective mucosal vaccines. Most
importantly, optimization of administration protocols, even combining parenteral with
oral delivery, which can not only offer systemic and local protection at the site of infection
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but can also decrease the number of injections, should contribute to a better vaccination
outcome at reduced costs.
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