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Abstract: Viral diseases, including avian influenza (AlI) and Newcastle disease (ND), are an important
cause of morbidity and mortality in poultry, resulting in significant economic losses. Despite the
availability of commercial vaccines for the major viral diseases of poultry, these diseases continue
to pose a significant risk to global food security. There are multiple factors for this: vaccine costs
may be prohibitive, cold chain storage for attenuated live-virus vaccines may not be achievable, and
commercial vaccines may protect poorly against local emerging strains. The development of transient
gene expression systems in plants provides a versatile and robust tool to generate a high yield of
recombinant proteins with superior speed while managing to achieve cost-efficient production. Plant-
derived vaccines offer good stability and safety these include both subunit and virus-like particle
(VLP) vaccines. VLPs offer potential benefits compared to currently available traditional vaccines,
including significant reductions in virus shedding and the ability to differentiate between infected
and vaccinated birds (DIVA). This review discusses the current state of plant-based vaccines for
prevention of the Al and ND in poultry, challenges in their development, and potential for expanding

their use in low- and middle-income countries.

Keywords: plant-based vaccines; avian influenza virus; Newcastle disease virus; haemagglutinin
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1. Introduction

Poultry are a major source of animal protein, particularly chicken. The worldwide
chicken population is over 20 billion birds and production systems range from intensive
units, containing over 100,000 birds, to small backyard flocks. Poultry provide not only a
valuable supply of dietary protein but also an important source of income in rural areas of
developing countries. Viral diseases continue to threaten poultry production and cause
significant economic loss through mortality and reduced growth. Avian influenza (AI)
and Newcastle disease (ND) are the most prevalent viral infections in poultry. Given
their economic and societal impact, both ND and some forms of Al are notifiable to the
World Organisation of Animal Health (OIE). Control of Al and ND relies heavily on
vaccination, and intensive systems underpin this with high levels of biosecurity. Despite
the availability of Al and ND vaccines, outbreaks of Al and ND will likely persist due to
issues with commercial vaccines. Commercial Al and ND vaccines are expensive, require
cold chain storage, and often poorly protect against local emerging strains, which limits
their benefits for low-resource markets. Therefore, there is an urgent need for vaccines
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that can be produced at relatively low cost, are stable and can be readily adapted to local
virus variants. Plant-based vaccines offer such advantages and are suitable for use in
developing economies. This review addresses the current state of plant-based vaccines for
the prevention of Al and ND, challenges in their development, and potential for expanding
their use in low- and middle-income countries. In particular, we highlight the development
of plant-based virus-like particle (VLP) vaccines against Al and ND.

2. Avian Influenza Virus (AIV)

Influenza viruses belong to the family Orthomyxoviridae, which is comprised of seven
genera [1]. Avian influenza is caused by the species Influenza A virus (IAV) in the genus
Alphainfluenzavirus. Virus particles are spherical, approximately 100 nm in diameter, or
filamentous, about 300 nm in length [2]. The virus particle is covered with glycoprotein
spikes of haemagglutinin (HA), which represents nearly 80% of the total surface proteins,
and neuraminidase (NA), which represents 17% of the total surface proteins (Figure 1).
Matrix protein 2 (M2) is a minor surface protein, with around 16 to 20 molecules per
virus particle. The host-cell-derived lipid membrane covers a matrix of M1 protein, which
surrounds the virus particle core. Within the M1 matrix are the nuclear export protein (NEP)
and the ribonucleoprotein (RNP) complex, which is composed of eight viral negative-sense
RNA segments covered with nucleoprotein (NP) and the RNA-dependent RNA polymerase
(RdRp), comprised of two basic and one acidic polymerase subunit (PB1, PB2, and PA).

HA
NA
M2
M1

RNA genome
segment

Figure 1. Graphical representation of the avian Influenza A virus particle. HA, haemagglutinin, NA,
neuraminidase, M2, matrix protein 2, M1, matrix protein 1. Image created using BioRender.com.

Avian influenza viruses (AIV) are classified into 16 HA and 9 NA subtypes, which
occur in many different combinations (e.g., HSN1). Due to the segmented nature of the
RNA genome, reassortment can occur during co-infection with different AIV subtypes.
Where this involves exchange of the HA and/or NA segments, it is referred to as “antigenic
shift”. In addition, replication is error prone and the viral polymerase lacks proofreading
activity, resulting in considerable genetic drift over time, which can lead to “antigenic
drift” and the ability of emergent viruses to escape natural or vaccine-induced immune
responses [3]. Avian influenza viruses can also be classified into two pathotypes. Low
pathogenic avian influenza (LPAI) viruses are the most common but, nonetheless, can
have a significant economic impact. During the late 1990s, poultry-adapted HIN2 became
endemic in several different countries in the Middle East, Asia, Africa, and Europe. In
chickens, LPAI H9N2 infections can produce mild to intense respiratory disease signs,
significant economic loss due to reduced egg production, elevated rates of morbidity, and
up to 20% mortality [4]. Occasionally, mutation in the HA of H5 and H7 LPAI strains
results in the acquisition of a polybasic cleavage site, giving rise to highly pathogenic avian
influenza (HPAI) viruses. These produce intense, generalised disease in chickens, turkeys,
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and other gallinaceous poultry; mortality can reach 100% in a few days. In acute cases,
lesions include cyanosis and oedema of the head, comb and wattle; oedema and inflamed
shanks and feet due to subcutaneous haemorrhages; petechial haemorrhages on visceral
organs and in muscles; and bloody oral and nasal discharges [5]. On the other hand, in
peracute cases, death may occur in the absence of clinical signs.

3. Newcastle Disease Virus

The causative agent of ND was initially called Newcastle disease virus (NDV). After
classification as a member of the family Paramyxoviridae, it was renamed Avian paramyxovirus-
1 (genus Avulavirus). However, the ICTV recently reclassified paramyxoviruses based on
phylogenetic distances between the complete large (L) protein amino acid sequences.
Therefore, the official nomenclature of the species that causes ND is Avian orthoavulavirus 1
(AOaV-1), genus Orthoavulavirus, subfamily Avulavirinae [1]. Nonetheless, NDV is still in
common usage.

Based on disease severity in chickens, NDV strains are further classified into four
pathotypes: (i) asymptomatic enteric (considered as clinically non-problematic); (ii) lento-
genic (causing subclinical to mild respiratory infections in younger birds); (iii) mesogenic
(causing respiratory infection with low mortality); and (iv) velogenic (causing high morbid-
ity and up to 100% mortality). Velogenic viruses can be further divided into two categories:
viscerotropic velogenic viruses cause acute lethal infection and occasional haemorrhagic
lesions in the intestines, and neurotropic velogenic viruses cause neurological and respi-
ratory disorders [6,7]. NDV can be transmitted to healthy birds through oropharyngeal
secretions and faecal matter. Susceptible birds can be infected by inhaling contaminated
dust or aerosolised virus or by the ingestion of virus shed in bird droppings.

NDV is an enveloped virus with a non-segmented negative-sense RNA genome. The
genome of NDV encodes six structural proteins: nucleoprotein (NP), phosphoprotein (P),
matrix protein (M), fusion protein (F), haemagglutinin-neuraminidase (HN), and large
polymerase (L) (Figure 2). The HN, F, and M proteins are tightly linked to the viral envelope.
Anchored to and protruding from the viral envelope are HN and F glycoproteins. HN
and F mediate viral entry into the host cell and virus particle release. Furthermore, upon
infection, neutralising antibodies are directed against both the HN and F proteins [8].
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Figure 2. Graphical representation of the Newcastle disease virus particle structure. Anchored to
the surface of the virus particle envelope are haemagglutinin-neuraminidase (HN) and fusion (F)
glycoproteins. Matrix (M) proteins are peripherally attached to the NDV envelope. The interior of the
virus particle is composed of negative-sense single-stranded RNA and RNA-associated nucleoprotein
(NP), phosphoprotein (P), and large polymerase (L). Adapted from [9].
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The non-glycosylated M protein is peripherally attached to the inner surface of the
viral envelope and involved in the morphogenesis and budding of NDV. NP is the most
abundant protein in NDV particles. NP encapsidates the RNA genome to protect it from
host nucleases. Each NP subunit is predicted to be associated with six nucleotides of
RNA. The combination of NP-RNA is termed “nucleocapsid core”. Two additional viral
proteins, P and L, are bound to the core forming a herringbone-like ribonucleoprotein (RNP)
complex. The RNP complex can be visualised with electron microscopy using negative
staining [10]. The RNP complex is associated with transcription and replication processes,
which determine NDV virulence [11].

The nucleocapsid RNA serves as a template for transcription and replication by the
viral RdRp, which consists of L and P proteins [8]. Apart from these structural proteins,
the accessory proteins, V and W, are generated during P gene transcription by means
of RNA editing in the virus-infected cells [12]. V protein has been suggested to direct
host-immune evasion upon NDV infection, whereas the function of the W protein remains
elusive [13-15].

4. Overview of Vaccines for AI and ND Immunisation

The different types of vaccine licensed or under development for Al and ND may be
classified into six groups: (1) inactivated, (2) live-attenuated, (3) subunit, (4) vector-based,
(5) DNA, and (6) VLP (Table 1).

Inactivated vaccines have a long history of use for the control of Al; similarly, ND
vaccines have been used since the 1940s [16]. A number of inactivated Al vaccines are
commercially available. These include monovalent inactivated vaccines comprising either
H5 or H7 strains, bivalent vaccines with H5 and H7 strains, and both monovalent and
bivalent vaccines with homologous or heterologous NA [17]. Both live-attenuated and
inactivated vaccines, developed from non-pathogenic and lentogenic NDV isolates (e.g.,
LaSota and Hitchner B1), are the most commonly administered for the control of NDV [7,18].
However, there is evidence that LaSota-based vaccines are no longer effective against newly
evolved NDV strains [7,19]. Protection afforded by inactivated vaccines depends on the
quantity of antigen in each dose and how well matched the vaccine is to circulating viruses.
Inactivated vaccines also require the use of an appropriate adjuvant. Live-attenuated
virus vaccines have the potential for reversion to virulence and recombination with field
virus. Consequently, live-attenuated Al vaccines against any subtype are generally not
recommended for use in poultry. However, the use of both live-attenuated and inactivated
vaccines does not allow for easy differentiation of infected from vaccinated animals (DIVA),
which can make diagnosis and control more difficult [20].

The most rationally designed vaccines to meet the full criteria for an excellent NDV
vaccine are the recombinant genotype-matched live-attenuated vaccines. The vaccine
candidates are generated by reverse genetic technology and attenuated by modification
of the multibasic cleavage site to a monobasic site in the F protein. These vaccines can
protect against circulating virulent strains in certain regions and significantly reduce the
viral shedding. In addition, they are compatible with a DIVA strategy. However, genotype-
matched live-attenuated vaccines are not widely used as these are often geographically
specific and require cold chain storage [9].

Subunit vaccines are efficient at inducing humoral and cellular immune responses
against specific viral proteins without the risk of handling live virus during vaccine produc-
tion or reversion to virulence. However, subunit vaccines have a more restricted antigenic
repertoire than attenuated viral vaccines; as such, it is important to ensure that the elicited
immune responses provide robust protection against viral challenge. For example, an
ND subunit vaccine that is derived from a single glycoprotein may be poorly immuno-
genic; the use of both NDV F and HN leads to a broader antibody response that provides
greater protection against viral challenge [21]. In addition, subunit vaccines may be poorly
immunogenic due to misfolding of protein or poor identification by the immune system.
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Viral vector-based vaccines for NDV induce strong humoral and cellular immune
responses. The common poultry viruses, such as Fowlpox virus (FPV), Herpesvirus of turkeys
(HVT), and Infectious bursal disease virus, have been used as vectors for expressing and
delivering NDV F and HN proteins in chickens [22]. Recombinant FPV (the main vector
used in approved Al vaccines) and HVT have also been used for Al vaccines as well as
recombinant NDV containing H5 or H7 AIV gene inserts. Vector-based vaccines can be
delivered by aerosol spray or eye drops at the hatchery to minimises administration costs.
The use of FPV as a vector is only limited to chickens, and they must be naive to the fowlpox
vector for immunisation to be efficient. Pre-existing maternally derived antibodies against
the virus vector can inhibit the replication of the vaccines, limiting the immune response.
This is essentially the major hurdle for application of vector-based vaccines [20,23].

Table 1. Common types of vaccine and their respective advantages and disadvantages; modified
from [24].

Vaccine Advantages Disadvantages
Inactivated vaccine

__/Viral glycoprotein Low immunogenicity

Y Transient immunity
Frequent and multiple doses may be

e  Safe needed
C e  Good humoral responses e  Poor stimulation of cellular

immunity

{I) Viral"nucleic
acids

Poor DIVA * compatibility
Requires direct inoculation

Live-attenuated vaccine
/Viral glycoprotein

° Safety hazard in

Viral nucleic
acids

Contain important epitopes
Single dose sufficient
Enhanced cellular immunity

immunocompromised birds
Reversion to virulence

Interference by maternal antibodies
Poor DIVA * compatibility

Subunit vaccine
Viral glycoproteins

-
-
-0-9
-

Safe
Choice of most effective antigen

Low immunogenicity
Transient immunity

Poor stimulation of cellular
immunity

Requires direct inoculation

Vector-based vaccine
Viral vector

( J— /Target gene
- & | =

Viral vector
nucleic acids

_\
P
[ ]

Safe

Contain important epitopes

Choice of most effective antigen °
Stimulation of humoral and cellular
immunity

Effective in heterologous
prime-boost

Often multiple doses required
Interference by vector-specific
immunity
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Table 1. Cont.
Vaccine Advantages Disadvantages
DNA vaccine e  Contain important epitopes
DNA e  Choice of most effective antigen e  Usually, poor protection without

e  Stimulation of cellular immunity adjuvant

e  Efficient in heterologous prime e  Humoral responses can be weak
boost

Virus-like particles (VLPs)

Safe

Contain important epitopes
Stimulation of humoral and cellular
immunity

Complex production process

* DIVA, differentiation of infected from vaccinated animals.

DNA vaccines, in which gene segments encoding viral proteins are cloned into an
expression plasmid, have been in development for Al and ND for 15 to 20 years. They
offer the advantages of being safe (non-infectious) and effective at inducing cell-mediated
immunity, but they are poor at inducing antibody responses, typically require multiple
doses, and are therefore unsuitable for mass immunisation of poultry [9]. Non-replicating,
haemagglutinin-based H5 RNA particle, H5 expressed baculovirus, and H5 DNA vaccines
have been licensed for use in chickens since 2015; however, their usage has been limited [5].

VLPs form structures resembling that of the target virus particles but are unable to
replicate because they lack nucleic acid. The particulate nature of VLPs enable their uptake
by dendritic cells (DCs) for processing and presentation by major histocompatibility com-
plex (MHC) class II. Their self-adjuvanting effect stimulates DC maturation and migration,
leading to innate immune response stimulation [25,26]. Many VLPs that maintain virus
receptor binding regions are capable of targeting and penetrating cells via their normal
receptor. VLPs can therefore be processed via the MHC class I pathway, leading to the
activation of CD8+ T-cells; such a cellular immune response is often critical to the control of
infections by intracellular pathogens such as viruses. The ability of VLPs to target DCs is a
significant feature of VLP vaccines that is crucial for the stimulation of innate and adaptive
immune responses. Due to potent activation of dendritic cells, VLPs are less susceptible to
immune tolerance [27].

The functional NDV VLP requires the assembly of viral envelope proteins consisting
of F, HN, and M proteins, which complicate the production steps without the appropriate
expression system [28,29]. On the contrary, influenza HA is able to self-assemble into
VLPs under suitable conditions. The technical challenges for the generation of VLPs from
enveloped viruses (enveloped VLPs/eVLPs) such as AIV and NDV remain a major hurdle
to the success of this technology going forward. The stability of eVLPs requires thorough
considerations of the appropriate temperature, shear force, and processes that are used in
purification. Improper purification may lead to degradation of VLPs and a consequent
reduction in immunogenicity. Most often, this leads to more complex downstream process-
ing than conventional vaccines [30]. Alternative approaches for the assembly of VLPs are
also being investigated, including the development of “hybrid” VLPs, which use the core
of one virus as a scaffold for the surface glycoproteins of another virus. Hepatitis B cores
(HBc) are one example of this, where the HBc structure has been used as a VLP core to
present surface antigens from heterologous viruses including HIV, foot and mouth disease
virus, and influenza A (reviewed in [31]). Such hybrid VLPs may offer a universal platform
for VLP production and have the advantage of producing non-enveloped particles, which
are inherently more stable than enveloped VLPs [32].
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However, the technology for eVLPs production has shown significant advances. Re-
cently, the Canadian biotechnology company Medicago reported that Health Canada
approved the new drug submission (NDS) for a plant-based seasonal human influenza
recombinant vaccine for scientific review. This is a quadrivalent virus-like particle (QVLP)
vaccine including the HA of two influenza A virus subtypes and two lineages of influenza
B virus transiently expressed using Agrobacterium tumefaciens-mediated transient transfor-
mation (also known as ‘agroinfiltration’). The QVLP vaccine elicited both homologous and
heterologous antibody responses at higher doses, with the introduction of adjuvant having
little or no effect. In the first phase III efficacy study, the candidate vaccine also reliably
elicited both homologous and heterologous CD4+ T helper cells identified by generation
of interferon-gamma (IFN-y), interleukin-2 (IL-2) and/or tumour necrosis factor alpha
(TNF-«) [33].

5. Pipeline for Production of Plant-Based Vaccines

The production of plant-based virus vaccines involves the transfer of the target virus
gene into the plant for protein expression (Figure 3). The initial step is the choice of antigen
from the virus. Viral glycoproteins are excellent antigens for veterinary vaccines as they are
usually the main targets for virus-neutralising antibodies.

The target gene can be amplified via PCR-based methods, but usually, the gene is
synthesised, which removes the need to isolate and handle highly pathogenic viruses. The
design of the expression construct usually involves codon optimisation of the virus gene for
expression in plants to increase the protein yield. Nevertheless, optimising an increasing
percentage of codons does not necessarily lead to an improvement in protein espression
levels above a certain level. Moreover, the extent of codon optimisation required may vary
depending on the gene [34]. Undesired introns and RNA motifs can also be removed if the
gene is synthesised. Flanking restriction sites should be added to ease the cloning process.
There are some additional sequences that may be added at the 5 untranslated region (UTR)
such as a Kozak sequence to enhance initiation of translation of the gene [35] and a signal
peptide to direct protein translocation. Typically, a peptide tag such as six histidine residues
(6-His) is added at the carboxy terminal to enable affinity-based purification.

Protein expression can be achieved by transient or stable transformation of plants
(reviewed in [36]). In stable transformation, the desired gene is permanently incorporated
into the plant cell genome via nuclear or plastid integration to generate transgenic lines.
Transformation is achieved using A. tumefaciens or, where this is not possible, biolistic
or microparticle bombardment. The disadvantage of this system is that it is more time
consuming, the protein yield is relatively low, and the random nature of entry into the plant
nucleus can affect the transgene expression due to epigenetic regulation and silencing phe-
nomena. Post-transcriptional gene silencing (PTGS) is a natural defence of the plant against
pathogenic or heterologous RNA, and this phenomenon affects the transgene expression
levels. Co-expression of silencing gene suppressors such as Cucumber mosaic virus (CMV)
2b or Tomato bushy stunt virus (TBSV) p19 with the transgene leads to improved expression
levels in plants [37—40]. In contrast, transient transformation involves the production of
the desired protein without integration into the plant cell genome. Transient expression
systems may also use agroinfiltration for delivery of the vector containing the desired
gene into plant cells for recombinant protein expression [41]. Agroinfiltration refers to
the introduction of the A. tumefaciens containing the vector into the extracellular spaces of
the plant leaf by a needleless syringe or under a vacuum (Figure 3). Transient expression
is a simple method that allows the production of high yields of protein in as little as 3
to 7 days [42,43]. Transient expression also diminishes regulatory and public concerns
regarding the use of genetically modified plants and transgene spread via pollen or seeds.
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Figure 3. Summary of steps for production of plant-based vaccines. Created using some elements
from Biorender.com (modified from Takeyama et al. [44]).

A. tumefaciens, which is a soil bacterium that is responsible for tumour formation
in plants, has been modified for use in the delivery of desired genes without tumour
formation [45] by disabling the tumour-controlling genes of the Ti plasmid. A variety of
‘disarmed” A. tumefaciens strains with different marker genes have been developed that
may have differing translational efficiencies in different plant species [46]. The addition of
acetosyringone, a potent enhancer of A. tumefaciens virulence genes, in the infiltration buffer
can improve the transformation efficiency and recombinant protein production levels [39].
The density of the bacterial culture is a crucial factor to consider. Low culture densities lead
to low protein yields, while high densities can lead to host cell death [46].

Binary vectors are the standard of choice for the generation of transgenic plants. The
term binary reflects the combination of T-DNA binary vector and vir helper plasmid that
originate from the disarmed Ti plasmid of A. tumefaciens. A convenient feature of binary
vectors is that they accommodate replication in multiple hosts (E. coli and A. tumefaciens).
The T-DNA portion of binary vectors is flanked by left and right border sequences; this
portion also consists of multiple cloning sites and plant selectable markers. The vir gene is
located outside the T-DNA portion and is important to facilitate transfer and integration of
T-DNA into the plant genome. Adjacent to the vir gene are bacterial selectable markers and
a bacterial origin of replication (ori) [47].

Alternatively, plant virus vectors designated as first-generation virus expression vec-
tors are also used for stable genetic transformation. This system is essentially an entire
virus genome encoding the gene of interest, which may be fused to the viral coat protein
(CP) to avoid vector instability. The first-generation expression vectors present several
limitations, particularly the need of multiple promoters and size constraints [48].

The use of second-generation expression plasmids that can carry larger size genes have
overcome problems of low protein production [41,49]. These “deconstructed vectors” con-
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tain the gene(s) of interest and the essential plant virus elements needed for replication [50].
Typically, for deconstructed vectors, the CP gene is removed from the viral backbone along
with modification of the 3’ and 5" UTRs as well as the addition of a suppressor of gene
silencing [51]. Many plant viruses have been used as viral backbones for deconstructed
vectors including Tobacco mosaic virus (TMV), Turnip vein clearing virus (TVCV), Potato virus
X (PVX), Cowpea mosaic virus (CPMV), and the DNA genome geminivirus Bean yellow dwarf
virus (BeYDV) (Table 2). The pEAQ-HT vector is based on CPMV and produces high
levels of proteins through high translational efficiency without virus replication [52]. The
PEAQ-HT vector was further modified to generate pHREAC, in which synthetic 5’ UTRs
enhance expression. pHREAC is also designed with type IIS restriction enzymes, for easier
cloning [43].

Table 2. List of commonly used RNA and DNA plant virus-based deconstructed vectors for Agrobac-
terium tumefaciens-mediated transient transformation in planta.

Vector Name

Vector Backbone Features and Modification(s) References

Magnifection system
developed by Icon Genetics,
Germany (MagnICON)

Consist of 3 modules:

a. 5" module: Arabidopsis actin 2 (ACT2)

promoter, TMV polymerase and

movement protein genes;

3’ module: gene of interest (GOI) fused to

viral coat protein (CP) and nos terminator;

c. PhiC31 integrase gene (from Streptomyces
phage C31)

Hybrid between TMV and

TVCV b, [50,53]

pEAQ-HT

. Based on a deleted version of CPMV

RNA-2 and uses the 5’ and 3/ UTRs from

CPMV RNA-2

Removal of the upstream AUG codons of 5/

UTR to enhance translational efficiency

° Incorporation of p19 sequence from Tomato
bushy stunt virus into the T-DNA region

CPMV [ [41,52,54]

pHREAC

e Modification of synthetic 5 UTR from

CPMV CPMV-HT

[43]

TRBO
(TMV-RNA-overexpression)

. Deletion of TMV splicing sites

e  Addition of RNA-dependent
RNA-polymerase (RdRp)

° Deletion of TMV CP to allow addition of
GOI(s) beside the 3’ UTR

™™V

pBID4

Consist of binary vector pBI121 and TMV
Replacement of TMV CP gene by the GOI(s)
resulting in self-replicating vector

T™V . [56]

PVX vector

e Removal of PVX CP gene and triple gene
block

e  Addition of Potato virus A suppressor of
gene silencing

e  Addition 5 UTR upstream GOI open
reading frame

PVX [57]

BeYDV

° Deletion of BeYDV movement and CP
genes

. Addition of p19 gene into the expression
cassettes

Geminivirus

The expression method, protein yield, and cost are factors to consider when selecting
plants to use for expression [59]. They should have a rapid growth rate and elevated
protein production. Potato (Solanum tuberosum cv. Kennebec) and tobacco (Nicotiana spp.)
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are commonly used for production of recombinant proteins because they are amenable
to genetic alteration. Nicotiana benthamiana is frequently used for recombinant protein
expression due to its susceptibility to most of the plant viruses as a result of a defective
form of host RdRp [60]. The interest in developing edible vaccines in low-and middle-
income countries also motivates the use of other staple crops such as corn (Zea mays) and
rice (Oryza sativa).

The downstream processing of recombinant protein(s) expressed in plants includes
protein extraction, filtration, and purification to remove plant tissue contaminants [61].
Protein extraction begins with grinding of infiltrated leaves in the presence of an extraction
buffer, which should be optimised with the appropriate pH, salinity, and supplemented
with protease inhibitors to ensure protein stability and prevent proteolysis [62-64]. Leaves
can be dried prior to protein extraction to reduce the volume of buffers required [65].
Ultrafiltration can be used for concentration, but direct use of filtered plant extract has
been reported for VLP vaccines, which would provide a cost-effective method for vaccine
preparation [66,67].

Vaccine candidates are finally assessed using model or target animal species to demon-
strate their efficacy and safety [68]. The efficacy of vaccine candidates is thoroughly evalu-
ated based on the ability to confer protection against viral challenge. The ideal veterinary
viral vaccines should be able to induce humoral and T-cell-mediated immune responses
that are able to prevent viraemia or reduce viral loads to prevent virus shedding. A safety
profile of vaccine candidates must be evaluated at a very high dose (overdose) on the most
susceptible animals by different routes of administration [69]. A safe vaccine is expected to
exhibit low or zero adverse reactions.

5.1. Plant-Based Vaccines against Avian Influenza

Most published studies describing plant expression for AIV vaccine preparation have
used on HPAI H5 HA as a prototypical antigen. This is likely due to the interest in
developing such vaccines for human administration, with the potential for H5 to be a
serious zoonotic disease. Thus, mice rather than chickens are often used as a model for
assessing immunogenicity and protective efficacy of the vaccines. For poultry, vaccine
development aims to protect against a range of HPAI and LPAI viruses including HPAI
viruses H5 and H7, and LPAI HIN2 [4]. Examples of avian influenza plant-based vaccines
are summarised in Table 3.

Early studies using transient expression in N. benthamiana focused on the expression
of full-length HA. For example, the HA of an H7 AIV synthesised with modifications
including a Kozak sequence, PR1a signal peptide, a C-terminal 6xHis tag for purification,
and an endoplasmic retention signal (SEKDEL) was cloned into the pEAQ-HT vector,
which was then co-infiltrated with a vector (pJL3:p19) containing the viral gene-silencing
suppressor p19 from Tomato bushy stunt virus [70]. Gene expression was measured by RT-
gPCR to determine that mRNA expression peaked at day 6 post-infiltration. On the other
hand, in a study comparing expression in alfalfa, lettuce, and soybean, despite having the
highest transcription rate determined by RT-qPCR, lettuce had the lowest protein expression
levels [71]. The authors also compared different signal peptides to target expression to
different cell compartments (the ER, apoplastic spaces or protein bodies) and found the
highest level of expression in alfalfa leaves with a signal peptide targeting the apoplastic
space. Mortimer et al. [72] also used vectors that targeted expression to different cell
compartments (apoplastic spaces, chloroplasts and cytoplasm) and compared transient (in
N. benthamiana) and transgenic (in N. tabacum) expression of full-length HA and HA missing
the transmembrane domain. The study found that for the full-length HA, expression was
highest in the apoplastic spaces, whereas the truncated form accumulated at higher levels
in the ER. The authors speculated that the SEKDEL-tagged H5 may be less stable than
the tagged truncated form. They were able to extract apoplast-targeted H5 protein by
simply infiltrating the leaves with buffer containing Triton X-100 followed by low-speed
centrifugation of whole leaves. Avoiding the need to homogenise the leaves reduces
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contamination with plant intracellular proteins and insoluble plant material. In another
study, expression of the extracellular domain of an H5 HA was targeted to N. tabacum seeds
using two regulatory sequences of seed storage protein genes from Phaseolus vulgaris [73].
The rationale for this was that due to their function, seeds accumulate high levels of protein
and dehydration enables longer-term storage with reduced protein degradation. Chickens
were immunised with two doses, 28 days apart, of crude seed extracts with Montanide
adjuvant. Antibody responses, measured by haemagglutination inhibition, were predicted
to be sufficient to be protective; however, no virus challenge was performed, and the
responses were not compared with chickens immunised with leaf-produced protein.

The immunogenicity of recombinant proteins can be improved by oligomerisation,
for example, by attaching proteins to nanoparticles using SpyTag/SpyCatcher technol-
ogy [74]. Disadvantages of this technology are that it requires purified antigens and is
patented. Lower-cost alternatives to generate oligomers have been explored. Fusion of
the ectodomain of H5 HA with the intrinsic trigger motif of GCN4 enables the expression
of HA trimers. The addition of the tailpiece sequence from the C-terminal sequence of
mouse IgM (which cross-links trimers via disulphide bonds), homo-antiparallel peptides
or homodimer proteins leads to oligomerisation of the trimers. Crude leaf extracts were
used to immunise mice; extracts containing HA oligomers were found to induce higher
titres of neutralising antibody than extracts containing HA trimers [75]. Similarly, more
chickens survived a lethal challenge after immunisation with crude leaf extracts containing
HA oligomers than with trimers [67].

Table 3. Examples of avian influenza plant-based vaccines.

Antigen Expression Host Immunity Notes References
HA (H?7) N. benthamiana Not mentioned Transient expression [70]
Expression targeted to
HA1 Alfalfa,lza);kzeéan, and Not mentioned ER, apoplastic space [71]

and protein bodies

Full-length and

N. benthamiana, N. Specific immune response Targeting of different

truncated HA (H5) tabacum in mice and chicken cell compartments [72]
HA (H5) N. tabacum HAI antlb.ody raised in Targeted expression in (73]
chickens seeds
Neutralising antibody in Oligomerisation
Oligomeric HA (H5) N. benthamiana . 8 ody achieved by several [75-77]
chicken and mice
approaches
Neutralising antibody in Co-expression of M2
HA+M2 VLPs (H6) N. benthamiana '8 y and HA increased yield [78]
chicken
of VLPs
HA Arabidopsis thaliana HA-specific a ntll.)od.les a.nd Oral administration [79]
mucosal antibodies in mice
Truncated HA (H5) N. benthamiana Specific antibodies in mice In’.cra.masahl [80]
and ferrets administration
M2e peptide (H5) N. tabacum Not mentioned Stable transfection [81]
M2e fused to ricin toxin Specific antibodies against ~ Oral administration to
B chain (H5) Duckweed M2e peptide in mice mice [82]
Neutralising antibodies Oil-in-water emulsion
HA (H5) Duckweed and protective immunity in [83]

birds protected chickens

L N. benthamiana lacking plant-specific N-glycan residues.

Although HA will self-assemble to produce VLPs, it was reported that infiltration of
equal amounts of A. tumefaciens transformed with the pEAQ-HT vector expressing HA
and M2 enhanced VLP production compared to HA alone [78]. The authors also used N.
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benthamania plants engineered to significantly reduce xylosylated and/or core alphal,3-
fucosylated glycan structures resulting in more vertebrate-like N-glycosylation patterns [80].
A single dose of VLPs formulated with Montanide adjuvant elicited comparable immune
responses, measured by haemagglutination inhibition, and better protection in chickens,
against challenge with a heterologous virus, compared to two doses of a commercially
available traditional inactivated oil-in-water vaccine. The authors estimated that 1 kg of
plant material would produce sufficient doses of VLP vaccine for the immunisation of up
to 30,000 chickens; such a cost-effective approach is vital to allow the widespread use of
vaccines for poultry, particularly in resource-poor settings.

In most studies that tested the protective efficacy and/or immunogenicity of plant-
expressed proteins in vivo, the protein is administered by intramuscular (IM) immunisation
with an adjuvant. However, the induction of an immune response including secretory
immunoglobulin A (sIgA) antibodies at mucosal surfaces, where pathogens such as AIV
and NDV invade, is expected to afford better protection than a purely systemic immune
response. One study demonstrated that oral administration of freeze-dried leaf powders
from transgenic A. thaliana expressing H5 HA in the ER induced robust immune responses
in mice and protected them from lethal challenge [79]. They found that saponin was
more effective as an adjuvant than cholera toxin or flagellin. In another study, mice
and ferrets inoculated intranasally with truncated H5 HA protein produced by transient
expression of N. benthamiana with a mucosal adjuvant (c-di-GMP) were protected from
virus challenge [80].

There have been numerous reports of the expression of M2e peptide in plants (e.g., [81]).
The 23 amino acid peptide is the extracellular domain of M2 and is highly conserved among
all influenza A viruses, making it a candidate for a universal vaccine (i.e., effective against
all subtypes). Tarasenko et al. [81] found that expression failed if a longer sequence (43
amino acids) was encoded, presumably because this included the transmembrane domain,
which forms an ion channel. However, short peptides are usually poorly immunogenic.
Oral immunisation with four doses of the M2e peptide fused to ricin toxin B chain in
nuclear-transformed duckweed induced a specific antibody response (measured by ELISA)
in mice [82]. However, it was necessary to administer partially purified preparations
by gastric gavage because the mice would not eat the duckweed, whether it was fresh
or lyophilised, even when mixed with dry feed. On the other hand, supplementation
of chicken feed with duckweed is advocated, particularly for developing countries, as a
source of protein instead of soya bean or fishmeal supplements [84]. A further advantage
of duckweed is that it can be cultivated in bioreactors, providing a relatively contained
system that minimises the potential for accidental release of genetically modified (i.e., stably
transfected) plants into the environment.

In recent years, there has been increasing awareness of the importance of antibodies to
NA as a component of a protective immune response [85]. Although antibodies to NA do
not prevent infection, they can significantly reduce disease severity and can provide het-
erologous immunity. Similarly, the potential value of including the highly conserved NP in
vaccines to provide cross-protective T-cell-mediated immunity in the event of an antigenic
mismatch between the HA of vaccine and circulating HA has long been recognised [86],
though this has been explored less in relation to plant-based vaccines.

5.2. Plant-Based Vaccines against Newcastle Disease Virus

The production of NDV VLP vaccines has yet to be implemented in plants. Neverthe-
less, plant expression systems have been shown to be a robust system for the production of
NDV structural proteins, particularly glycoproteins F and HN (Table 4). Plant expression
systems can ensure proper folding and post-translational modifications of NDV glycopro-
teins. These are crucial factors for future development of plant-based NDV VLP.

Initially, recombinant HN protein was produced using transgenic plant cell cultures.
In 2006, Dow AgroSciences received approval from the United States Department of
Agriculture (USDA) for the first HN-based NDV vaccine produced in a tobacco-derived
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suspension cell line, although they did not bring the vaccine to market. Three doses of the
vaccine injected subcutaneously was reported to show 90% protection against lethal NDV
challenge in chickens [87].

Table 4. Plant-based vaccines against Newcastle disease.

Antigen Host Notes References
Compared SP of HN

HN (LaSota) N. benthamiana 1 with sea anemone [88]
equistatin

HN (LaSota) N. tabacum N/A [89]

Neutralising
F (LaSota) Zea mays antibodies elicited in [90,91]

chickens

Humoral and

F and HN (LaSota) Solanum tuberosum cv. . cell-mediated . 88,92]
Kennebec immune responses in
mice
ELISA 2 detection of
F and HN (LaSota) N. tabacum anti-NDV antibodies [93,94]
in Rabbit
Fand HN Zea mays ggciizltfelfilloCYalilz [95]
(chicken/SPVC /Karachi) Y e s
chickens
F (X]J-2/97) Oryza sativa Challenge of chickens [96]

! Transient expression. 2 ELISA: enzyme-linked immunosorbent assay.

Attempts have also been made to express the NDV HN protein using Agrobacterium-
mediated transient expression systems. Gomez et al. (2009) tested several binary vector
constructs that varied with regards to a substitution of the native N-terminal signal peptide
(SP) of HN with the signal peptide of sea anemone equistatin (SPE) and addition of KDEL
at the C-terminus [88]. The construct with a native signal peptide and KDEL sequence
resulted in the highest protein yield. Interestingly, the substitution of a native signal
peptide with SPE was reported to disrupt protein folding and resulted in a low yield of
recombinant HN. The lack of plant-derived glycans, a result of inclusion of the KDEL
sequence, was indicated by a qualitative assay using PNGase F, an endoglycosidase that
cleaves oligosaccharides from N-linked glycoproteins [81].

The application of transgenic plants as edible vaccines has also been explored for ND
prevention. However, immune tolerance has long been considered a potential barrier for
development of a protective immune response from edible vaccines. Immune tolerance may
be an over-estimated problem for some species due to the ease of inducing oral tolerance in
the most common laboratory animals such as mice and rats. Interestingly, oral tolerance
has been shown to be much less of an issue in poultry older than 3 days of age, potentially
making edible vaccines more suitable for use in poultry [97]. Hahn et al. [89] explored the
use of transgenic tobacco for developing an edible vaccine for ND. In their system, the DNA
construct was derived from plant binary vector p221 and the expression of the HN gene
was driven by Cauliflower mosaic virus (CaMV) 35S promoter. Leaf disc transformation of
tobacco was carried out using A. tumefaciens EHA105 strain. Unfortunately, immunisation
of 6-week-old chickens using lyophilised tobacco leaf extract failed to induce production of
neutralising antibodies [89].

In contrast, animal studies suggested that recombinant HN and F expressed in trans-
genic potato were able to induce a mucosal immune response [92,98]. Adult Balb/c mice
were fed with potato leaves expressing either recombinant HN or F protein. Intestinal
washes were collected on day 36 and further analysed using ELISA and immunofluores-
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cence assays. The results indicated the presence of NDV-specific IgA secreting plasma cells
in the intestinal tissue that was comparable to the response induced by oral immunisation
with LaSota virus-soaked potato leaves. Furthermore, oral immunisation of mice with
transgenic potato expressing HN and F protein was also able to induce the production of
locally secreted IgY (avian IgG equivalent) and CD8+ T cells [92]. Similarly, the production
of locally secreted IgY was observed in chickens orally fed with transgenic corn expressing
F and HN protein [95].

The recombinant F protein has been successfully expressed and extracted from other
staple crops such as transgenic rice and corn [90,91,96]. The extracted F protein was able to
induce the production of neutralising antibodies post-challenge with a velogenic strain in
chickens [90,91]. The survival rates of chickens immunised with F protein were comparable
to those immunised with LaSota virus vaccine.

Another approach suggested the feasibility of producing concatenated F and HN
epitopes without a genetic fusion to M protein in transgenic tobacco [94]. The authors
established a DNA construct with four 96 base-pair tandem repeats of an HN epitope
followed by three 153 base-pair tandem repeats of an F epitope. An N-terminal 6xHis
tag and omega sequence as a ribosome binding site were attached upstream of the DNA
construct. Lastly, the authors also included the ER retention signal SEKDEL. In follow-
up studies, the authors reported that the transgenic plant extract was only moderately
immunogenic in rabbits. Using ELISA, the transgenic plant extract was shown to induce
lower production of anti-NDV antibodies in comparison to commercial NDV vaccines [94].

Some, but not all, viral glycoproteins are expressed at a low yield in plant transient
systems [99]. The influenza glycoprotein seems to be an exception to this issue. In contrast,
the expression of NDV HN from a velogenic strain using pEAQ-HT expression vector
shows a relatively low yield with plants showing severe tissue necrosis starting at day 5
post-infiltration (Nurzijah, unpublished data). The combination of low expression and
tissue necrosis in transient plant expression systems may be related to ER stress [100,101].
Complex viral glycoproteins undergo post-translational modification in the ER; discrep-
ancies between viral native host and plant cellular machinery may contribute, in some
instances, to improper N-glycosylation of viral glycoproteins [102-104]. N-glycans are
recognised as a signal to the ER quality control machinery in eukaryotic organisms. ER
quality control comprises enzymatic constituents: glycoprotein glucosyl transferase (UGGT)
and glucosidase II as well as ER chaperone proteins. This cellular machinery will retain mis-
folded secretory proteins in the ER [105-107], and the accumulated misfolded protein will
undergo degradation, and hence, low protein expression in plants. In theory, the amount
of misfolded protein can be reduced by extending the transit period of newly transcribed
protein in the ER. This has been carried out by targeting viral glycoproteins to sub cellular
organelles with the conjugation of C-terminus ER retention signal (KDEL/SEKDEL) or
replacing protein native signal peptide using those originated from plants [85]. Recently,
the use of heterologous chaperone proteins is receiving attention. Co-expression of hu-
man chaperone proteins calnexin and/or calreticulin was able to improve the expression
of human immunodeficiency virus (HIV) type 1 soluble gp140 in a N. benthamiana tran-
sient expression system. The benefit of this approach was also observed for other viral
glycoproteins derived from Epstein-Barr virus, Rift Valley fever virus and Chikungunya
virus [103].

6. Advantages of Plant-Based Vaccines

Ultimately, the future success of plant-based vaccines depends on their ability to
protect against infectious disease in a safe and cost-effective manner, and offer advan-
tages compared to conventional vaccine platforms. A number of studies have shown the
protective ability of plant-expressed vaccines to be equal to or greater than conventional
vaccines. In one study, H5 (HA) was synthesised from A/chicken/Indonesia/7/2003
(H5N1) (Indo/03) and expressed in duckweed. Birds immunised (IM) with the recombi-
nant H5 protein were fully protected against the homologous HPAI H5N1 challenge, with
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partial protection against heterologous virus challenge. The protection afforded by the
recombinant proteins was similar to a commercial inactivated whole virus vaccine [83].
In another trial, H5 HA (H5N1) oligomers and trimers were transiently expressed in N.
benthamiana, and the proteins were extracted and purified. Chickens were immunised
with the purified oligomers and trimers and survived against lethal virus challenge with
a protection rate of 92% for oligomers and 75% for trimers [75]. Regarding VLPs, H6 HA
was co-expressed with M2 in N. benthamiana. Birds were vaccinated twice (IM), with the
partially purified VLPs, which induced a high titre of antibody measured by HI. Virus
shedding was reduced significantly following heterologous LPAI H6N2 challenge in com-
parison with unvaccinated birds or those vaccinated with a conventional whole inactivated
H6N?2 oil-emulsion vaccine prepared using eggs [78].

The production of traditional vaccines can be very expensive, especially the production
of killed virus vaccines for HPAI because of the requirement for high levels of containment
due to the zoonotic risk. In contrast, plant vaccine production has relatively low costs. The
plants are cheap, able to be grown relatively easily, and offer a safe production system
for recombinant proteins. The design of target gene(s) is now relatively trivial using gene
synthesis, which is now more affordable than before. The production of vaccine constructs
using gene synthesis allows the incorporation of features to improve the protein expression
as outlined above. The infiltration of plants is an easy method, with no need for expensive
equipment, allowing rapid vaccine production. The administration of plant vaccines can be
performed either parenterally or orally. Oral administration in feed allows vaccines to be
administered with relatively little purification, thus reducing the associated costs [108,109].
Edible vaccines, administered orally, can generate both systemic and mucosal immunity.
Plant vaccines can be stored at room temperature [110]. Yields of recombinant proteins,
when optimised, can be high [78]. Plants ease mass production without the need for
complicated procedures and equipment, which will be helpful for use in developing
countries [110].

The ability to produce vaccines that do not require cold-chain storage and transporta-
tion is highly desirable. There has been some success in realising this for plant-based
vaccines, for example, a tuberculosis vaccine expressed in tobacco or lettuce was stable
for six months at room temperature following lyophilisation [111]. Plant vaccines are free
from toxic substances and animal pathogens [112]. Plants have their own machinery for
assembly, folding, and glycosylation of the recombinant protein; generally, these do not
have the disadvantages associated with the glycosylation observed in yeast or bacterial
systems [113]. Furthermore, there have been significant efforts to engineer plants that show
a more mammalian glycosylation pattern [114].

7. Challenges for Oral Delivery of Plant-Based Vaccines?

Determining and delivering an appropriate dose of vaccine may be difficult, especially
when vaccines are administered orally. The effective dose may differ according to the type
of the vaccine, age, and weight of the bird. Multiple doses with the vaccine may lead to
immune tolerance, and a lower dose leads to poor immunogenicity. However, delivery
of vaccines via injection is not ideal in the majority of poultry-rearing systems due to the
high number of birds, but it may be suitable for small numbers of birds in backyard poultry
flocks [115].

Oral (immune) tolerance has been observed following exposure to or feeding of protein
antigens to animals. When an antigen is presented among the intestinal contents to the
mucosal immune system, it may induce oral tolerance, likely due to the activity of T
regulatory cells [116]. This may subsequently lead to a suboptimal immune response if
the body encounters the same antigen again during natural infection. Mucosal immune
tolerance has therefore been highlighted as a significant hurdle that must be overcome by
oral vaccines. [117]. Oral adjuvants have been used to try to overcome this problem, but
this raises concerns over the potential development of allergies to other food proteins [118].
VLPs do not need any adjuvant and may therefore overcome this problem, perhaps because
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VLPs are able to directly stimulate dendritic cells, leading to antigenic recognition and
the activation of T and B cells [27]. It is worth emphasising that most studies on oral
tolerance have been performed on mice or other mammals. Studies performed on chickens
have shown that oral tolerance can be induced in 1-3-day-old chicks, but in older chicks,
recombinant proteins elicit solid immune responses rather than tolerance [97].

8. Conclusions and Future Prospects

The prevalence of Al and ND infections in poultry worldwide poses a great risk for
food security, particularly in low- and middle-income countries. Rapid and cost-effective
vaccine production is certainly a pre-requisite for managing future outbreaks of poultry viral
diseases such as Al and ND. Recombinant AIV and NDV proteins expressed in plants can
induce humoral and T-cell-mediated immune responses comparable to commercial vaccines.
Additionally, transient plant expression systems can properly assemble influenza HA-based
VLPs, which further emphasise its role as a suitable host for production of VLP-based vac-
cines [119,120]. Although stable or transient gene expression can be used, transient expression
systems are favoured for rapid protein production. The application of disarmed A. tumefaciens
for plant transformation has ensured high yields of recombinant viral proteins [45]. Plant
vaccines are safe and the post-translational machinery ensures the immunogenic properties of
the recombinant protein are authentic [113]. Challenges related to expression of viral glyco-
proteins have recently begun to be addressed using chaperone proteins. Some plant vaccines
can be lyophilised, allowing them to be stored and distributed at room temperature [110].
The prospects for oral delivery of plant-derived vaccines in poultry is enticing, offering the
potential to reduce greatly the costs of purification [97,108,109]. The use of deconstructed
expression systems derived from plant viruses, which can carry larger genes, has circumvented
many problems of low protein production [50]. While the development of cheap and effective
plant-based vaccines faces developmental challenges, there have been notable successes, which
should encourage optimism for their future prospects.

Author Contributions: LN. and O.A.E. formulated and wrote the manuscript, KK., ] M.D. and S.D.
critically reviewed, edited, and revised the paper. All authors have read and agreed to the published
version of the manuscript.

Funding: IN. is funded by the University of Nottingham-Rothamsted Research Future Food Beacon
of Excellence; O.A.E. is funded by Newton-Mosharafa scholarship from the Ministry of Higher
Education of the Arab Republic of Egypt, and the British Council.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. ICTV. International Committee on Taxonomy of Viruses. Available online: https://ictv.global/taxonomy/ (accessed on 26 May
2021).

2. Palese, P. Orthomyxoviridae: The viruses and their replication. In Fields Virology, 5th ed.; Fields, B.N., Knipe, D.M., Howley, PM.,
Eds.; Wolters Kluwer Health/Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2007; pp. 1647-1689.

3. Harder, T.C; Buda, S.; Hengel, H.; Beer, M.; Mettenleiter, T.C. Poultry food products—A source of avian influenza virus
transmission to humans? Clin. Microbiol. Infect. 2016, 22, 141-146. [CrossRef] [PubMed]

4. Pusch, E.A.; Suarez, D.L. The Multifaceted Zoonotic Risk of HIN2 Avian Influenza. Vet. Sci. 2018, 5, 82. [CrossRef] [PubMed]

5. Swayne, D.E.; Sims, L. Avian influenza. In Veterinary Vaccines: Principles and Applications; Metwally, S., El Idrissi, M., Viljoen, G.,
Eds.; Wiley-Blackwell: Chichester, UK, 2021.

6.  Aldous, EW,; Alexander, D.J. Detection and differentiation of Newcastle disease virus (avian paramyxovirus type 1). Avian Pathol.
2001, 30, 117-128. [CrossRef] [PubMed]

7. Alexander, D.J. Newcastle disease and other avian paramyxoviruses. Rev. Sci. Technol. 2000, 19, 443—462. [CrossRef] [PubMed]

8. Maclachlan, N.J.; Dubovi, E.J. Fenner’s Veterinary Virology, 5th ed.; Academic Press: Cambridge, MA, USA, 2010.

9.  Bello, M.B,; Yusoff, K.; Ideris, A.; Hair-Bejo, M.; Peeters, B.P.H.; Omar, A.R. Diagnostic and Vaccination Approaches for Newcastle
Disease Virus in Poultry: The Current and Emerging Perspectives. Biomed Res. Int. 2018, 2018, 7278459. [CrossRef] [PubMed]

10. Kolakofsky, D.; Pelet, T.; Garcin, D.; Hausmann, S.; Curran, J.; Roux, L. Paramyxovirus RNA synthesis and the requirement for

hexamer genome length: The rule of six revisited. J. Virol. 1998, 72, 891-899. [CrossRef] [PubMed]


https://ictv.global/taxonomy/
http://doi.org/10.1016/j.cmi.2015.11.015
http://www.ncbi.nlm.nih.gov/pubmed/26686812
http://doi.org/10.3390/vetsci5040082
http://www.ncbi.nlm.nih.gov/pubmed/30248906
http://doi.org/10.1080/03079450120044515
http://www.ncbi.nlm.nih.gov/pubmed/19184885
http://doi.org/10.20506/rst.19.2.1231
http://www.ncbi.nlm.nih.gov/pubmed/10935273
http://doi.org/10.1155/2018/7278459
http://www.ncbi.nlm.nih.gov/pubmed/30175140
http://doi.org/10.1128/JVI.72.2.891-899.1998
http://www.ncbi.nlm.nih.gov/pubmed/9444980

Vaccines 2022, 10, 478 17 of 21

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

Dortmans, J.C.; Rottier, PJ.; Koch, G.; Peeters, B.P. The viral replication complex is associated with the virulence of Newcastle
disease virus. J. Virol. 2010, 84, 10113-10120. [CrossRef] [PubMed]

Steward, M.; Vipond, L.B.; Millar, N.S.; Emmerson, P.T. RNA editing in Newcastle disease virus. . Gen. Virol. 1993, 74, 2539-2547.
[CrossRef] [PubMed]

Huang, Z.; Krishnamurthy, S.; Panda, A.; Samal, S.K. Newcastle disease virus V protein is associated with viral pathogenesis and
functions as an alpha interferon antagonist. J. Virol. 2003, 77, 8676-8685. [CrossRef]

Karsunke, J.; Heiden, S.; Murr, M.; Karger, A.; Franzke, K.; Mettenleiter, T.C.; Romer-Oberdorfer, A. W protein expression by
Newecastle disease virus. Virus Res. 2019, 263, 207-216. [CrossRef]

Qiu, X.; Fu, Q.; Meng, C,; Yu, S.; Zhan, Y,; Dong, L.; Song, C.; Sun, Y.; Tan, L.; Hu, S.; et al. Newcastle Disease Virus V Protein
Targets Phosphorylated STAT1 to Block IFN-I Signaling. PLoS ONE 2016, 11, e0148560. [CrossRef]

Alexander, D.J. Newcastle Disease; Springer: Boston, MA, USA, 1988.

Swayne, D.E. Impact of vaccines and vaccination on global control of avian influenza. Avian Dis. 2012, 56, 818-828. [CrossRef]
Cosset, FL.; Bouquet, ].E; Drynda, A.; Chebloune, Y.; Rey-Senelonge, A.; Kohen, G.; Nigon, V.M.; Desmettre, P.; Verdier, G. New-
castle disease virus (NDV) vaccine based on immunization with avian cells expressing the NDV hemagglutinin-neuraminidase
glycoprotein. Virology 1991, 185, 862-866. [CrossRef]

Dimitrov, K.M.; Lee, D.H.; Williams-Coplin, D.; Olivier, T.L.; Miller, PJ.; Afonso, C.L. Newcastle Disease Viruses Causing Recent
Outbreaks Worldwide Show Unexpectedly High Genetic Similarity to Historical Virulent Isolates from the 1940s. J. Clin. Microbiol.
2016, 54, 1228-1235. [CrossRef] [PubMed]

Swayne, D.E. Avian influenza vaccines and therapies for poultry. Comp. Immunol. Microbiol. Infect. Dis. 2009, 32, 351-363.
[CrossRef] [PubMed]

Lee, YJ.; Sung, HW.; Choi, ].G.; Lee, EK,; Yoon, H.; Kim, J.H.; Song, C.S. Protection of chickens from Newcastle disease with a
recombinant baculovirus subunit vaccine expressing the fusion and hemagglutinin-neuraminidase proteins. J. Vet. Sci. 2008, 9,
301-308. [CrossRef]

Dimitrov, K.M.; Afonso, C.L.; Yu, Q.; Miller, PJ. Newcastle disease vaccines—A solved problem or a continuous challenge? Vet.
Microbiol. 2017, 206, 126-136. [CrossRef]

Bertran, K.; Lee, D.H.; Criado, M.E,; Balzli, C.L.; Killmaster, L.F; Kapczynski, D.R.; Swayne, D.E. Maternal antibody inhibition of
recombinant Newcastle disease virus vectored vaccine in a primary or booster avian influenza vaccination program of broiler
chickens. Vaccine 2018, 36, 6361-6372. [CrossRef]

de Vries, R.D.; Herfst, S.; Richard, M. Avian Influenza A Virus Pandemic Preparedness and Vaccine Development. Vaccines 2018,
6,46. [CrossRef] [PubMed]

Gamvrellis, A.; Leong, D.; Hanley, ].C.; Xiang, S.D.; Mottram, P.; Plebanski, M. Vaccines that facilitate antigen entry into dendritic
cells. Immunol. Cell Biol. 2004, 82, 506-516. [CrossRef]

Grgacic, E.V,; Anderson, D.A. Virus-like particles: Passport to immune recognition. Methods 2006, 40, 60—-65. [CrossRef] [PubMed]
Zepeda-Cervantes, J.; Ramirez-Jarquin, J.O.; Vaca, L. Interaction Between Virus-Like Particles (VLPs) and Pattern Recognition
Receptors (PRRs) From Dendritic Cells (DCs): Toward Better Engineering of VLPs. Front. Immunol. 2020, 11, 1100. [CrossRef]
[PubMed]

McGinnes, L.W.; Morrison, T.G. Newcastle disease virus-like particles: Preparation, purification, quantification, and incorporation
of foreign glycoproteins. Curr. Protoc. Microbiol. 2013, 30, 18.12.11-18.12.21. [CrossRef] [PubMed]

McGinnes, L.W.,; Pantua, H.; Laliberte, ].P.; Gravel, K.A; Jain, S.; Morrison, T.G. Assembly and biological and immunological
properties of Newcastle disease virus-like particles. J. Virol. 2010, 84, 4513-4523. [CrossRef] [PubMed]

Nooraei, S.B.H.; Hoseini, Z.S.; Katalani, C.; Hajizade, A.; Easton, A.J.; Ahmadian, G. Virus-like particles: Preparation, immuno-
genicity and their roles as nanovaccines and drug nanocarriers. J. Nanobiotechnol. 2021, 19, 59. [CrossRef] [PubMed]

Moradi Vahdat, M.; Hemmati, F.; Ghorbani, A.; Rutkowska, D.; Afsharifar, A.; Eskandari, M.H.; Rezaei, N.; Niazi, A. Hepatitis
B core-based virus-like particles: A platform for vaccine development in plants. Biotechnol. Rep. 2021, 29, e00605. [CrossRef]
[PubMed]

Spice, A.].; Aw, R.; Bracewell, D.G.; Polizzi, K.M. Synthesis and Assembly of Hepatitis B Virus-Like Particles in a Pichia pastoris
Cell-Free System. Front. Bioeng. Biotechnol. 2020, 8, 72. [CrossRef] [PubMed]

Pillet, S.; Aubin, E.; Trépanier, S.; Bussiere, D.; Dargis, M.; Poulin, J.-F,; Yassine-Diab, B.; Ward, B.].; Landry, N. A plant-derived
quadrivalent virus like particle influenza vaccine induces cross-reactive antibody and T cell response in healthy adults. Clin.
Immunol. 2016, 168, 72-87. [CrossRef]

Agarwal, P; Gautam, T.; Singh, A.K.; Burma, PK. Evaluating the effect of codon optimization on expression of bar gene in
transgenic tobacco plants. J. Plant Biochem. Biotechnol. 2019, 28, 189-202. [CrossRef]

Kozak, M. The scanning model for translation: An update. J. Cell Biol. 1989, 108, 229-241. [CrossRef]

Merig, S.; Glimiis, T.; Ayan, A. Plant-based Vaccines: The Future of Preventive Healthcare? In Botany—~Recent Advances and
Applications; Ghimire, B.K., Ed.; IntechOpen: Rijeka, Croatia, 2021. [CrossRef]

Johansen, L.K.; Carrington, J.C. Silencing on the spot. Induction and suppression of RNA silencing in the Agrobacterium-mediated
transient expression system Plant Physiol. 2001, 126, 930-938. [CrossRef] [PubMed]

Koizumi, M.; Shimotori, Y.; Saeki, Y.; Hirai, S.; Oka, S. Effects of the 2b Protein of Cucumber mosaic virus Subgroup IB Strain IA
on Different Transgene-Induced RNA Silencing Pathways. Plant Mol. Biol. Rep. 2017, 35, 265-272. [CrossRef]


http://doi.org/10.1128/JVI.00097-10
http://www.ncbi.nlm.nih.gov/pubmed/20660202
http://doi.org/10.1099/0022-1317-74-12-2539
http://www.ncbi.nlm.nih.gov/pubmed/8277263
http://doi.org/10.1128/JVI.77.16.8676-8685.2003
http://doi.org/10.1016/j.virusres.2019.02.003
http://doi.org/10.1371/journal.pone.0148560
http://doi.org/10.1637/10183-041012-Review.1
http://doi.org/10.1016/0042-6822(91)90560-X
http://doi.org/10.1128/JCM.03044-15
http://www.ncbi.nlm.nih.gov/pubmed/26888902
http://doi.org/10.1016/j.cimid.2008.01.006
http://www.ncbi.nlm.nih.gov/pubmed/18442853
http://doi.org/10.4142/jvs.2008.9.3.301
http://doi.org/10.1016/j.vetmic.2016.12.019
http://doi.org/10.1016/j.vaccine.2018.09.015
http://doi.org/10.3390/vaccines6030046
http://www.ncbi.nlm.nih.gov/pubmed/30044370
http://doi.org/10.1111/j.0818-9641.2004.01271.x
http://doi.org/10.1016/j.ymeth.2006.07.018
http://www.ncbi.nlm.nih.gov/pubmed/16997714
http://doi.org/10.3389/fimmu.2020.01100
http://www.ncbi.nlm.nih.gov/pubmed/32582186
http://doi.org/10.1002/9780471729259.mc1802s30
http://www.ncbi.nlm.nih.gov/pubmed/24510891
http://doi.org/10.1128/JVI.01931-09
http://www.ncbi.nlm.nih.gov/pubmed/20181713
http://doi.org/10.1186/s12951-021-00806-7
http://www.ncbi.nlm.nih.gov/pubmed/33632278
http://doi.org/10.1016/j.btre.2021.e00605
http://www.ncbi.nlm.nih.gov/pubmed/33732633
http://doi.org/10.3389/fbioe.2020.00072
http://www.ncbi.nlm.nih.gov/pubmed/32117947
http://doi.org/10.1016/j.clim.2016.03.008
http://doi.org/10.1007/s13562-019-00506-2
http://doi.org/10.1083/jcb.108.2.229
http://doi.org/10.5772/intechopen.97861
http://doi.org/10.1104/pp.126.3.930
http://www.ncbi.nlm.nih.gov/pubmed/11457942
http://doi.org/10.1007/s11105-016-1020-0

Vaccines 2022, 10, 478 18 of 21

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

Norkunas, K.; Harding, R.; Dale, J.; Dugdale, B. Improving agroinfiltration-based transient gene expression in Nicotiana
benthamiana. Plant Methods 2018, 14, 71. [CrossRef] [PubMed]

Lindbo, J.A. High-efficiency protein expression in plants from agroinfection-compatible Tobacco mosaic virus expression vectors.
BMC Biotechnol. 2007, 7, 52. [CrossRef] [PubMed]

Sainsbury, F.; Lomonossoff, G.P. Extremely High-Level and Rapid Transient Protein Production in Plants without the Use of Viral
Replication. Plant Physiol. 2008, 148, 1212-1218. [CrossRef] [PubMed]

Leuzinger, K.; Dent, M.; Hurtado, J.; Stahnke, J.; Lai, H.; Zhou, X.; Chen, Q. Efficient agroinfiltration of plants for high-level
transient expression of recombinant proteins. JoVE 2013, 77, e50521. [CrossRef] [PubMed]

Peyret, H.; Brown, ] K.M.; Lomonossoff, G.P. Improving plant transient expression through the rational design of synthetic 5" and
3’ untranslated regions. Plant Methods 2019, 15, 108. [CrossRef]

Takeyama, N.; Kiyono, H.; Yuki, Y. Plant-based vaccines for animals and humans: Recent advances in technology and clinical
trials. Ther. Adv. Vaccines 2015, 3, 139-154. [CrossRef] [PubMed]

Hellens, R.; Mullineaux, P.; Klee, H. Technical focus: A guide to agrobacterium binary Ti vectors. Trends Plant Sci. 2000, 5, 446—451.
[CrossRef]

Wroblewski, T.; Tomczak, A.; Michelmore, R. Optimization of Agrobacterium-mediated transient assays of gene expression in
lettuce, tomato and Arabidopsis. Plant Biotechnol. J. 2005, 3, 259-273. [CrossRef] [PubMed]

Pratiwi, R.A.; Surya, M.I. Agrobacterium-Mediated Transformation. In Genetic Transformation in Crops; To, K.Y., Ed.; IntechOpen:
Rijeka, Croatia, 2020. [CrossRef]

Hefferon, K. Plant virus expression vectors: A powerhouse for global health. Biomedicines 2017, 5, 44. [CrossRef] [PubMed]
Gleba, Y.; Klimyuk, V.; Marillonnet, S. Magnifection—A new platform for expressing recombinant vaccines in plants. Vaccine
2005, 23, 2042-2048. [CrossRef] [PubMed]

Peyret, H.; Lomonossoff, G.P. When plant virology met Agrobacterium: The rise of the deconstructed clones. Plant Biotechnol. ].
2015, 13, 1121-1135. [CrossRef] [PubMed]

Mardanova, E.S.; Kotlyarov, R.Y.; Ravin, N.V. The optimization of viral vector translation improves the production of recombinant
proteins in plants. Mol. Biol. 2009, 43, 524-527. [CrossRef]

Sainsbury, F.; Thuenemann, E.C.; Lomonossoff, G.P. pEAQ: Versatile expression vectors for easy and quick transient expression of
heterologous proteins in plants. Plant Biotechnol. ]. 2009, 7, 682—-693. [CrossRef] [PubMed]

Marillonnet, S.; Giritch, A.; Gils, M.; Kandzia, R.; Klimyuk, V.; Gleba, Y. In planta engineering of viral RNA replicons: Efficient
assembly by recombination of DNA modules delivered by Agrobacterium. Proc. Natl. Acad. Sci. USA 2004, 101, 6852-6857.
[CrossRef] [PubMed]

Peyret, H.; Lomonossoff, G.P. The pEAQ vector series: The easy and quick way to produce recombinant proteins in plants. Plant
Mol. Biol. 2013, 83, 51-58. [CrossRef] [PubMed]

Lindbo, J.A. TRBO: A High-Efficiency Tobacco Mosaic Virus RNA-Based Overexpression Vector. Plant Physiol. 2007, 145,
1232-1240. [CrossRef] [PubMed]

Kagale, S.; Uzuhashi, S.; Wigness, M.; Bender, T.; Yang, W.; Borhan, M.H.; Rozwadowski, K. TMV-Gate vectors: Gateway
compatible tobacco mosaic virus based expression vectors for functional analysis of proteins. Sci. Rep. 2012, 2, 874. [CrossRef]
[PubMed]

Chapman, S.; Kavanagh, T.; Baulcombe, D. Potato virus X as a vector for gene expression in plants. Plant J. 1992, 2, 549-557.
[CrossRef]

Chen, Q.; He, J.; Phoolcharoen, W.; Mason, H.S. Geminiviral vectors based on bean yellow dwarf virus for production of vaccine
antigens and monoclonal antibodies in plants. Hum. Vaccines 2011, 7, 331-338. [CrossRef] [PubMed]

Sharma, A.K.; Sharma, M.K. Plants as bioreactors: Recent developments and emerging opportunities. Biotechnol. Adv. 2009, 27,
811-832. [CrossRef] [PubMed]

Yamamoto, T.; Hoshikawa, K.; Ezura, K.; Okazawa, R.; Fujita, S.; Takaoka, M.; Mason, H.S.; Ezura, H.; Miura, K. Improvement of
the transient expression system for production of recombinant proteins in plants. Sci. Rep. 2018, 8, 4755. [CrossRef] [PubMed]
Chen, Q.; Lai, H. Plant-derived virus-like particles as vaccines. Hum. Vaccines Immunother. 2013, 9, 26-49. [CrossRef] [PubMed]
Aojewska, E.; Kowalczyk, T.; Olejniczak, S.; Sakowicz, T. Extraction and purification methods in downstream processing of
plant-based recombinant proteins. Protein Expr. Purif. 2016, 120, 110-117. [CrossRef] [PubMed]

Azzoni, A.R.; Kusnadi, A.R.; Miranda, E.A.; Nikolov, Z.L. Recombinant aprotinin produced in transgenic corn seed: Extraction
and purification studies. Biotechnol. Bioeng. 2002, 80, 268-276. [CrossRef] [PubMed]

Grosse-Holz, F.; Madeira, L.; Zahid, M.A.; Songer, M.; Kourelis, J.; Fesenko, M.; Ninck, S.; Kaschani, F; Kaiser, M.; van der
Hoorn, R.A L. Three unrelated protease inhibitors enhance accumulation of pharmaceutical recombinant proteins in Nicotiana
benthamiana. Plant Biotechnol. |. 2018, 16, 1797-1810. [CrossRef] [PubMed]

Schillberg, S.; Twyman, R.M.; Fischer, R. Opportunities for recombinant antigen and antibody expression in transgenic plants—
Technology assessment. Vaccine 2005, 23, 1764-1769. [CrossRef]

Ruiz, V.; Baztarrica, J.; Rybicki, E.P; Meyers, A.E.; Wigdorovitz, A. Minimally processed crude leaf extracts of Nicotiana benthamiana
containing recombinant foot and mouth disease virus-like particles are immunogenic in mice. Biotechnol. Rep. 2018, 20, e00283.
[CrossRef]


http://doi.org/10.1186/s13007-018-0343-2
http://www.ncbi.nlm.nih.gov/pubmed/30159002
http://doi.org/10.1186/1472-6750-7-52
http://www.ncbi.nlm.nih.gov/pubmed/17723150
http://doi.org/10.1104/pp.108.126284
http://www.ncbi.nlm.nih.gov/pubmed/18775971
http://doi.org/10.3791/50521
http://www.ncbi.nlm.nih.gov/pubmed/23913006
http://doi.org/10.1186/s13007-019-0494-9
http://doi.org/10.1177/2051013615613272
http://www.ncbi.nlm.nih.gov/pubmed/26668752
http://doi.org/10.1016/S1360-1385(00)01740-4
http://doi.org/10.1111/j.1467-7652.2005.00123.x
http://www.ncbi.nlm.nih.gov/pubmed/17173625
http://doi.org/10.5772/intechopen.91132
http://doi.org/10.3390/biomedicines5030044
http://www.ncbi.nlm.nih.gov/pubmed/28758953
http://doi.org/10.1016/j.vaccine.2005.01.006
http://www.ncbi.nlm.nih.gov/pubmed/15755568
http://doi.org/10.1111/pbi.12412
http://www.ncbi.nlm.nih.gov/pubmed/26073158
http://doi.org/10.1134/S0026893309030212
http://doi.org/10.1111/j.1467-7652.2009.00434.x
http://www.ncbi.nlm.nih.gov/pubmed/19627561
http://doi.org/10.1073/pnas.0400149101
http://www.ncbi.nlm.nih.gov/pubmed/15103020
http://doi.org/10.1007/s11103-013-0036-1
http://www.ncbi.nlm.nih.gov/pubmed/23479085
http://doi.org/10.1104/pp.107.106377
http://www.ncbi.nlm.nih.gov/pubmed/17720752
http://doi.org/10.1038/srep00874
http://www.ncbi.nlm.nih.gov/pubmed/23166857
http://doi.org/10.1046/j.1365-313x.1992.t01-24-00999.x
http://doi.org/10.4161/hv.7.3.14262
http://www.ncbi.nlm.nih.gov/pubmed/21358270
http://doi.org/10.1016/j.biotechadv.2009.06.004
http://www.ncbi.nlm.nih.gov/pubmed/19576278
http://doi.org/10.1038/s41598-018-23024-y
http://www.ncbi.nlm.nih.gov/pubmed/29555968
http://doi.org/10.4161/hv.22218
http://www.ncbi.nlm.nih.gov/pubmed/22995837
http://doi.org/10.1016/j.pep.2015.12.018
http://www.ncbi.nlm.nih.gov/pubmed/26742898
http://doi.org/10.1002/bit.10408
http://www.ncbi.nlm.nih.gov/pubmed/12226858
http://doi.org/10.1111/pbi.12916
http://www.ncbi.nlm.nih.gov/pubmed/29509983
http://doi.org/10.1016/j.vaccine.2004.11.002
http://doi.org/10.1016/j.btre.2018.e00283

Vaccines 2022, 10, 478 19 of 21

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Mokoena, N.B.; Moetlhoa, B.; Rutkowska, D.A.; Mamputha, S.; Dibakwane, V.S.; Tsekoa, T.L.; O’Kennedy, M.M. Plant-produced
Bluetongue chimaeric VLP vaccine candidates elicit serotype-specific immunity in sheep. Vaccine 2019, 37, 6068—6075. [CrossRef]
Farnos, O.; Gelaye, E.; Trabelsi, K.; Bernier, A.; Subramani, K.; Kallel, H.; Yami, M.; Kamen, A.A. Establishing a Robust
Manufacturing Platform for Recombinant Veterinary Vaccines: An Adenovirus-Vector Vaccine to Control Newcastle Disease
Virus Infections of Poultry in Sub-Saharan Africa. Vaccines 2020, 8, 338. [CrossRef]

Poulet, H.; Minke, ]J.; Pardo, M.C; Juillard, V.; Nordgren, B.; Audonnet, J.C. Development and registration of recombinant
veterinary vaccines. The example of the canarypox vector platform. Vaccine 2007, 25, 5606-5612. [CrossRef] [PubMed]
Kanagarajan, S.; Tolf, C.; Lundgren, A.; Waldenstrom, J.; Brodelius, PE. Transient expression of hemagglutinin antigen from low
pathogenic avian influenza A (H7N7) in Nicotiana benthamiana. PLoS ONE 2012, 7, e33010. [CrossRef] [PubMed]

Farsad, A.s.; Malek Zadeh, S.; Moshtaqi, N.; Fotouhi, F; Zibaei, S. Transient expression of HA1 antigen of avian influenza virus
(H5N1) in alfalfa, soybean and lettuce leaves by agroinfiltration. Agric. Biotechnol. ]. 2016, 8, 61-80. [CrossRef]

Mortimer, E.; Maclean, ].M.; Mbewana, S.; Buys, A.; Williamson, A.-L.; Hitzeroth, LI.; Rybicki, E.P. Setting up a platform for
plant-based influenza virus vaccine production in South Africa. BMC Biotechnol. 2012, 12, 14. [CrossRef]

Ceballo, Y.; Tiel, K.; Lopez, A.; Cabrera, G.; Pérez, M.; Ramos, O.; Rosabal, Y.; Montero, C.; Menassa, R.; Depicker, A.; et al.
High accumulation in tobacco seeds of hemagglutinin antigen from avian (H5N1) influenza. Transgenic Res. 2017, 26, 775-789.
[CrossRef]

Zakeri, B.; Fierer, ].O.; Celik, E.; Chittock, E.C.; Schwarz-Linek, U.; Moy, V.T.; Howarth, M. Peptide tag forming a rapid covalent
bond to a protein, through engineering a bacterial adhesin. Proc. Natl. Acad. Sci. USA 2012, 109, E690-E697. [CrossRef]

Phan, H.T.; Pham, V.T.; Ho, T.T.; Pham, N.B.; Chu, H.H.; Vu, T.H.; Abdelwhab, E.M.; Scheibner, D.; Mettenleiter, T.C.; Hanh,
T.X.; et al. Immunization with Plant-Derived Multimeric H5 Hemagglutinins Protect Chicken against Highly Pathogenic Avian
Influenza Virus H5N1. Vaccines 2020, 8, 593. [CrossRef] [PubMed]

Thi Pham, V.; Thi Ho, T.; Trong Phan, H.; Le, T.H.; Bich Pham, N.; Conrad, U.; Huyen Vu, T.; Hoang Chu, H. A Plant-Based
Artificial Haemagglutinin (A/H5N1) Strongly Induced Neutralizing Immune Responses in Mice. Appl. Sci. 2019, 9, 4605.
[CrossRef]

Phan, H.T; Gresch, U.; Conrad, U. In vitro-Formulated Oligomers of Strep-Tagged Avian Influenza Haemagglutinin Produced in
Plants Cause Neutralizing Immune Responses. Front. Bioeng. Biotechnol. 2018, 6, 115. [CrossRef]

Smith, T.; O’Kennedy, M.M.; Wandrag, D.B.R.; Adeyemi, M.; Abolnik, C. Efficacy of a plant-produced virus-like particle vaccine
in chickens challenged with Influenza A H6N2 virus. Plant Biotechnol. ]. 2020, 18, 502-512. [CrossRef]

Lee, G.; Na, YJ.; Yang, B.G.; Choi, ].P; Seo, Y.B.; Hong, C.P,; Yun, C.H.; Kim, D.H.; Sohn, E.J.; Kim, ].H.; et al. Oral immunization
of haemaggulutinin H5 expressed in plant endoplasmic reticulum with adjuvant saponin protects mice against highly pathogenic
avian influenza A virus infection. Plant Biotechnol. J. 2015, 13, 62-72. [CrossRef] [PubMed]

Major, D.; Chichester, J.A.; Pathirana, R.D.; Guilfoyle, K.; Shoji, Y.; Guzman, C.A.; Yusibov, V.; Cox, R.J. Intranasal vaccination
with a plant-derived H5 HA vaccine protects mice and ferrets against highly pathogenic avian influenza virus challenge. Hum.
Vaccines Immunother. 2015, 11, 1235-1243. [CrossRef]

Tarasenko, 1.V.; Taranov, A.L; Firsov, A.P.; Dolgov, S.V. Expression of the nucleotide sequence for the M2e peptide of avian
influenza virus in transgenic tobacco plants. Appl. Biochem. Microbiol. 2013, 49, 695-701. [CrossRef]

Firsov, A.; Tarasenko, I.; Mitiouchkina, T.; Shaloiko, L.; Kozlov, O.; Vinokurov, L.; Rasskazova, E.; Murashev, A.; Vainstein,
A.; Dolgov, S. Expression and Immunogenicity of M2e Peptide of Avian Influenza Virus H5N1 Fused to Ricin Toxin B Chain
Produced in Duckweed Plants. Front. Chem. 2018, 6, 22. [CrossRef] [PubMed]

Bertran, K.; Thomas, C.; Guo, X.; Bublot, M.; Pritchard, N.; Regan, J.T.; Cox, KM.; Gasdaska, J.R.; Dickey, L.E.; Kapczynski,
D.R;; et al. Expression of H5 hemagglutinin vaccine antigen in common duckweed (Lemna minor) protects against H5N1 high
pathogenicity avian influenza virus challenge in immunized chickens. Vaccine 2015, 33, 3456-3462. [CrossRef]

Haustein, A.T.; Gilman, R.H.; Skillicorn, PW.; Hannan, H.; Diaz, F; Guevara, V.; Vergara, V.; Gastafiaduy, A.; Gilman, ].B.
Performance of broiler chickens fed diets containing duckweed (Lemna gibba). ]. Agric. Sci. 1994, 122, 285-289. [CrossRef]
Eichelberger, M.C.; Wan, H. Influenza neuraminidase as a vaccine antigen. Curr. Top. Microbiol. Immunol. 2015, 386, 275-299.
[CrossRef]

Epstein, S.L.; Kong, W.P,; Misplon, J.A.; Lo, C.Y.,; Tumpey, T.M.; Xu, L.; Nabel, G.]J. Protection against multiple influenza A
subtypes by vaccination with highly conserved nucleoprotein. Vaccine 2005, 23, 5404-5410. [CrossRef]

Yusibov, V.; Streatfield, S.J.; Kushnir, N. Clinical development of plant-produced recombinant pharmaceuticals: Vaccines,
antibodies and beyond. Hum. Vaccine 2011, 7, 313-321. [CrossRef]

Gomez, E.; Zoth, S.C.; Asurmendi, S.; Vazquez Rovere, C.; Berinstein, A. Expression of hemagglutinin-neuraminidase glycoprotein
of newcastle disease Virus in agroinfiltrated Nicotiana benthamiana plants. J. Biotechnol. 2009, 144, 337-340. [CrossRef] [PubMed]
Hahn, B.-S.; Jeon, L.-S.; Jung, Y.-].; Kim, J.-B.; Park, J.-S.; Ha, S.-H.; Kim, K.-H.; Kim, H.-M.; Yang, ].-S.; Kim, Y.-H. Expression of
hemagglutinin-neuraminidase protein of Newcastle disease virus in transgenic tobacco. Plant Biotechnol. Rep. 2007, 1, 85-92.
[CrossRef]

Guerrero-Andrade, O.; Loza-Rubio, E.; Olivera-Flores, T.; Fehervari-Bone, T.; Gomez-Lim, M.A. Expression of the Newcastle
disease virus fusion protein in transgenic maize and immunological studies. Transgenic Res. 2006, 15, 455-463. [CrossRef]
[PubMed]


http://doi.org/10.1016/j.vaccine.2019.08.042
http://doi.org/10.3390/vaccines8020338
http://doi.org/10.1016/j.vaccine.2006.11.066
http://www.ncbi.nlm.nih.gov/pubmed/17227690
http://doi.org/10.1371/journal.pone.0033010
http://www.ncbi.nlm.nih.gov/pubmed/22442675
http://doi.org/10.22103/jab.2016.1419
http://doi.org/10.1186/1472-6750-12-14
http://doi.org/10.1007/s11248-017-0047-9
http://doi.org/10.1073/pnas.1115485109
http://doi.org/10.3390/vaccines8040593
http://www.ncbi.nlm.nih.gov/pubmed/33050224
http://doi.org/10.3390/app9214605
http://doi.org/10.3389/fbioe.2018.00115
http://doi.org/10.1111/pbi.13219
http://doi.org/10.1111/pbi.12235
http://www.ncbi.nlm.nih.gov/pubmed/25065685
http://doi.org/10.4161/21645515.2014.988554
http://doi.org/10.1134/S0003683813080061
http://doi.org/10.3389/fchem.2018.00022
http://www.ncbi.nlm.nih.gov/pubmed/29487846
http://doi.org/10.1016/j.vaccine.2015.05.076
http://doi.org/10.1017/S0021859600087475
http://doi.org/10.1007/82_2014_398
http://doi.org/10.1016/j.vaccine.2005.04.047
http://doi.org/10.4161/hv.7.3.14207
http://doi.org/10.1016/j.jbiotec.2009.09.015
http://www.ncbi.nlm.nih.gov/pubmed/19799942
http://doi.org/10.1007/s11816-007-0012-9
http://doi.org/10.1007/s11248-006-0017-0
http://www.ncbi.nlm.nih.gov/pubmed/16906446

Vaccines 2022, 10, 478 20 of 21

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.
111.

112.
113.
114.
115.
116.
117.
118.

119.

Yang, Z.Q.; Liu, Q.Q.; Pan, Z.M.; Yu, H.X; Jiao, X.A. Expression of the fusion glycoprotein of Newcastle disease virus in transgenic
rice and its immunogenicity in mice. Vaccine 2007, 25, 591-598. [CrossRef] [PubMed]

Berinstein, A.; Vazquez-Rovere, C.; Asurmendi, S.; Gomez, E.; Zanetti, F; Zabal, O.; Tozzini, A.; Conte Grand, D.; Taboga, O.;
Calamante, G.; et al. Mucosal and systemic immunization elicited by Newcastle disease virus (NDV) transgenic plants as antigens.
Vaccine 2005, 23, 5583-5589. [CrossRef]

Shahriari, A.G.; Bagheri, A.; Bassami, M.R.; Malekzadeh-Shafaroudi, S.; Afsharifar, A.; Niazi, A. Expression of Hemagglutinin—
Neuraminidase and fusion epitopes of Newcastle Disease Virus in transgenic tobacco. Electron. ]. Biotechnol. 2016, 22, 38—43.
[CrossRef]

Shahriari, A.G.; Bagheri, A.; Afsharifar, A.; Habibi-Pirkoohi, M. Induction of Immune Response in Animal Model Using
Recombinant Anti-NDV Vaccine. Iran. |. Biotechnol. 2019, 17, €2215. [CrossRef]

Shahid, N.; Samiullah, T.R.; Shakoor, S.; Latif, A.; Yasmeen, A.; Azam, S.; Shahid, A.A.; Husnain, T.; Rao, A.Q. Early Stage
Development of a Newcastle Disease Vaccine Candidate in Corn. Front Vet. Sci. 2020, 7, 499. [CrossRef] [PubMed]

Ma, F; Zhang, E.; Li, Q.; Xu, Q.; Ou, J; Yin, H,; Li, K.; Wang, L.; Zhao, X.; Niu, X,; et al. A Plant-Produced Recombinant Fusion
Protein-Based Newcastle Disease Subunit Vaccine and Rapid Differential Diagnosis Platform. Vaccines 2020, 8, 122. [CrossRef]
[PubMed]

Friedman, A. Oral Tolerance in Birds and Mammals: Digestive Tract Development Determines the Strategy. J. Appl. Poult. Res.
2008, 17, 168-173. [CrossRef]

Gomez, E.; Chimeno Zoth, S.; Carrillo, E.; Estela Roux, M.; Berinstein, A. Mucosal immunity induced by orally administered
transgenic plants. Immunobiology 2008, 213, 671-675. [CrossRef] [PubMed]

Margolin, E.; Chapman, R.; Williamson, A.L.; Rybicki, E.P.; Meyers, A.E. Production of complex viral glycoproteins in plants as
vaccine immunogens. Plant Biotechnol. J. 2018, 16, 1531-1545. [CrossRef] [PubMed]

Nakajima, Y.; Suzuki, S. Environmental stresses induce misfolded protein aggregation in plant cells in a microtubule-dependent
manner. Int. J. Mol. Sci. 2013, 14, 7771-7783. [CrossRef] [PubMed]

Zhang, L.; Wang, A. Virus-induced ER stress and the unfolded protein response. Front. Plant Sci. 2012, 3, 293. [CrossRef]
Margolin, E.; Allen, ].D.; Verbeek, M.; van Diepen, M.; Ximba, P.; Chapman, R.; Meyers, A.; Williamson, A.L.; Crispin, M.; Rybicki,
E. Site-Specific Glycosylation of Recombinant Viral Glycoproteins Produced in Nicotiana benthamiana. Front. Plant Sci. 2021, 12,
709344. [CrossRef] [PubMed]

Margolin, E.; Crispin, M.; Meyers, A.; Chapman, R.; Rybicki, E.P. A roadmap for the molecular farming of viral glycoprotein
vaccines: Engineering glycosylation and glycosylation-directed folding. Front. Plant Sci. 2020, 11, 609207. [CrossRef] [PubMed]
Wilbers, R.H.; Westerhof, L.B.; van Noort, K.; Obieglo, K.; Driessen, N.N.; Everts, B.; Gringhuis, S.I.; Schramm, G.; Goverse, A;
Smant, G.; et al. Production and glyco-engineering of immunomodulatory helminth glycoproteins in plants. Sci. Rep. 2017, 7,
45910. [CrossRef]

Dejgaard, S.; Nicolay, J.; Taheri, M.; Thomas, D.Y.; Bergeron, ].J. The ER glycoprotein quality control system. Curr. Issues Mol. Biol.
2004, 6, 29-42. [PubMed]

Michalak, M.; Corbett, E.F.; Mesaeli, N.; Nakamura, K.; Opas, M. Calreticulin: One protein, one gene, many functions. Biochem. ].
1999, 344, 281-292. [CrossRef]

Shin, Y.J.; Konig-Beihammer, J.; Vavra, U.; Schwestka, J.; Kienzl, N.E; Klausberger, M.; Laurent, E.; Grunwald-Gruber, C.;
Vierlinger, K.; Hofner, M.; et al. N-Glycosylation of the SARS-CoV-2 Receptor Binding Domain Is Important for Functional
Expression in Plants. Front. Plant Sci. 2021, 12, 689104. [CrossRef]

Govea-Alonso, D.; Cardineau, G.; Rosales-Mendoza, S. Principles of Plant-Based Vaccines. In Genetically Engineered Plants as a
Source of Vaccines against Wide Spread Diseases; Rosales-Mendoza, S., Ed.; Springer: New York, NY, USA, 2014.

Streatfield, S.J. Regulatory issues for plant-made pharmaceuticals and vaccines. Expert Rev. Vaccines 2005, 4, 591-601. [CrossRef]
[PubMed]

Parvathy, S. Engineering plants as platforms for production of vaccines. Am. J. Plant Sci. 2020, 11, 707-735. [CrossRef]
Lakshmi, P.S.; Verma, D.; Yang, X.; Lloyd, B.; Daniell, H. Low cost tuberculosis vaccine antigens in capsules: Expression in
chloroplasts, bio-encapsulation, stability and functional evaluation in vitro. PLoS ONE 2013, 8, e54708. [CrossRef]

Singh, A.; Kaur, G.; Singh, S.; Singh, N.; Saxena, G.; Verma, P.C. Recombinant plant engineering for immunotherapeutic
production. Curr. Mol. Biol. Rep. 2017, 3, 306-316. [CrossRef] [PubMed]

Rogalska, T.; Day, J.C.; AbouHaidar, M.; Hefferon, K. Current status of plants as vaccine production platforms. J. Clin. Cell
Immunol. 2011, 54, 003. [CrossRef]

Gomord, V.; Fitchette, A.-C.; Menu-Bouaouiche, L.; Saint-Jore-Dupas, C.; Plasson, C.; Michaud, D.; Faye, L. Plant-specific
glycosylation patterns in the context of therapeutic protein production. Plant Biotechnol. |. 2010, 8, 564-587. [CrossRef] [PubMed]
Sharma, M.; Sood, B. A banana or a syringe: Journey to edible vaccines. World J. Microbiol. Biotechnol. 2011, 27, 471-477. [CrossRef]
Pabst, O.; Mowat, A.M. Oral tolerance to food protein. Mucosal Immunol. 2012, 5, 232-239. [CrossRef]

Pascual, D.W. Vaccines are for dinner. Proc. Natl. Acad. Sci. USA 2007, 104, 10757-10758. [CrossRef] [PubMed]

Kirk, D.D.; McIntosh, K.; Walmsley, A.M.; Peterson, R.K.D. Risk analysis for plant-made vaccines. Transgenic Res. 2005, 14,
449-462. [CrossRef] [PubMed]

Peyret, H.; Steele, ].F.C.; Jung, ].W.; Thuenemann, E.C.; Meshcheriakova, Y.; Lomonossoff, G.P. Producing vaccines against
enveloped viruses in plants: Making the impossible, difficult. Vaccines 2021, 9, 780. [CrossRef] [PubMed]


http://doi.org/10.1016/j.vaccine.2006.08.016
http://www.ncbi.nlm.nih.gov/pubmed/17049688
http://doi.org/10.1016/j.vaccine.2005.06.033
http://doi.org/10.1016/j.ejbt.2016.05.003
http://doi.org/10.21859/ijb.2215
http://doi.org/10.3389/fvets.2020.00499
http://www.ncbi.nlm.nih.gov/pubmed/33062645
http://doi.org/10.3390/vaccines8010122
http://www.ncbi.nlm.nih.gov/pubmed/32182813
http://doi.org/10.3382/japr.2007-00099
http://doi.org/10.1016/j.imbio.2008.02.002
http://www.ncbi.nlm.nih.gov/pubmed/18950595
http://doi.org/10.1111/pbi.12963
http://www.ncbi.nlm.nih.gov/pubmed/29890031
http://doi.org/10.3390/ijms14047771
http://www.ncbi.nlm.nih.gov/pubmed/23574938
http://doi.org/10.3389/fpls.2012.00293
http://doi.org/10.3389/fpls.2021.709344
http://www.ncbi.nlm.nih.gov/pubmed/34367227
http://doi.org/10.3389/fpls.2020.609207
http://www.ncbi.nlm.nih.gov/pubmed/33343609
http://doi.org/10.1038/srep45910
http://www.ncbi.nlm.nih.gov/pubmed/14632257
http://doi.org/10.1042/bj3440281
http://doi.org/10.3389/fpls.2021.689104
http://doi.org/10.1586/14760584.4.4.591
http://www.ncbi.nlm.nih.gov/pubmed/16117714
http://doi.org/10.4236/ajps.2020.115052
http://doi.org/10.1371/journal.pone.0054708
http://doi.org/10.1007/s40610-017-0078-2
http://www.ncbi.nlm.nih.gov/pubmed/32226727
http://doi.org/10.4172/2155-9899.S4-003
http://doi.org/10.1111/j.1467-7652.2009.00497.x
http://www.ncbi.nlm.nih.gov/pubmed/20233335
http://doi.org/10.1007/s11274-010-0481-9
http://doi.org/10.1038/mi.2012.4
http://doi.org/10.1073/pnas.0704516104
http://www.ncbi.nlm.nih.gov/pubmed/17581867
http://doi.org/10.1007/s11248-005-5697-3
http://www.ncbi.nlm.nih.gov/pubmed/16201411
http://doi.org/10.3390/vaccines9070780
http://www.ncbi.nlm.nih.gov/pubmed/34358196

Vaccines 2022, 10, 478 21 of 21

120. Ward, B.J.; Makarkov, A.; Séguin, A.; Pillet, S.; Trépanier, S.; Dhaliwall, J.; Libman, M.D.; Vesikari, T.; Landry, N. Efficacy,
immunogenicity, and safety of a plant-derived, quadrivalent, virus-like particle influenza vaccine in adults (18-64 years) and
older adults (>65 years): Two multicentre, randomised phase 3 trials. Lancet 2020, 396, 1491-1503. [CrossRef]


http://doi.org/10.1016/S0140-6736(20)32014-6

	Introduction 
	Avian Influenza Virus (AIV) 
	Newcastle Disease Virus 
	Overview of Vaccines for AI and ND Immunisation 
	Pipeline for Production of Plant-Based Vaccines 
	Plant-Based Vaccines against Avian Influenza 
	Plant-Based Vaccines against Newcastle Disease Virus 

	Advantages of Plant-Based Vaccines 
	Challenges for Oral Delivery of Plant-Based Vaccines? 
	Conclusions and Future Prospects 
	References

